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Abstract

The global wine industry is shifting from high-volume production to quality-focused
"premiumization," creating tension between efficiency (volume per unit of input) and resource-
intensive technologies (using inputs to increase quality). This paper provides an evidence-based
framework to assess how value chain choices, from viticulture to bottling, influence
performance across market segments. Using data from 10 countries, we apply a two-stage
approach: first, we measure relative efficiency scores for Value- and Premium-specializing

wineries via Data Envelopment Analysis (DEA); second, we use Simar-Wilson regression to

assess the impact of several technological factors on these scores. Results y that Value

boost efficiency. In Premium wineries, practices such as man 1ga tainless-steel
aging are key. Manual harvesting decreases efficiency by upgte,10. confirming that a focus
on quality reduces productive volume. We identified a fiset of significant variables,

with the same signs and similar absolute values, 1 cy across both wine types

under different hypotheses about returns to . stu detailed technologies to
global efficiency, showing that quality investfents can anaged for performance.
Keywords: Wine, Value chain ien ontiérs, DEA

1. Introductio

While the global Wine_indu transition from high-volume production to quality-driven
is well dd¢umented, a crucial tension remains unresolved: the inherent trade-
technical efficiency and achieving quality. Despite a robust body of
ta Envelopment Analysis (DEA) to the wine sector, existing studies have
inantly on organizational forms, regional performance, or firm size, leaving a
significant knowledge gap regarding the role of quality as an explicit technological driver of
performance. While prior research often treats wine quality as an unobserved background
variable, this study identifies a gap in the literature: the lack of evidence-based frameworks to
determine how granular technological decisions throughout the value chain—such as specific
training systems, maturation controls, or harvesting methods—systematically dictate a winery’s

distance to the efficiency frontier. We address this gap by moving beyond traditional single-

country or regional benchmarks to examine a unique cross-country database of 10 wine-
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producing nations, explicitly distinguishing between specialized Value and Premium segments.
Unlike two-stage DEA studies that often rely on potentially biased Tobit regressions, we use
the advanced Simar-Wilson double-bootstrap methodology to provide statistically valid
inferences on 40 technological determinants. The value added by this research lies in its ability
to empirically provide a decision-support framework that justifies the resource-intensive
choices required for quality-driven "premiumization" as strategic adaptations rather than
operational failures.

We examine the consequences of specific technological options on efficie at the vineyard

using Data Envelopment Analysis (DEA), and, in stage 2, add : glof value chain
choices on efficiency. We examine how these practices va i ine quality and how they
affect productive efficiency. A central finding is that seve X ciated with premium
production appear to reduce measured efficiency, s
practices and volume-based efficiency.

The DEA method is a mathematical programming ap aimed at estimating the relative

se, wineries. It builds a frontier of real-

etween value and premium wine producers?
We identified @consistent set of significant variables, with the same signs and similar absolute
values, influencing efficiency across both wine types under different hypotheses about returns
to scale. Our models account for approximately 80% of the variation in the efficiency of the
evaluated units.

After this Introduction, section 2 analyzes the literature; section 3 presents the materials and
methods (data, methodology, and models); section 4 presents the results; section 5 discusses the

results; and section 6 concludes.
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2. Literature review
The wine industry is currently a globalized sector characterized by increasing competition,
evolving consumer preferences, and technological advancements [4]. In a globalized market
with low margins and diminishing per capita consumption, identifying the specific value chain
drivers of technical efficiency is key to survival. In the late 1960s, traditional European
countries, known as the Old World (OW) of wine [5], began to shift their consumption patterns
from quantity to quality. In the 1970s—1980s, a wave of market globalization began, quickly
transforming the value chain [3]. The share of exports in global production 1

in the 1960s to 15% by 1990 and to 25% by 2000. NW producers gained m3

and experts were hired to improve NW industries [4]. The definitio
from terroir to consumer perception and market value [7] [
enhancing the quality and specificity of their regional traditi
Major forces of change can be focused on scale concern ange adaptation [11],
strong branding and adaptation to market tastes, p ficiency [12], quality and
premiumization [10], "mega-trends" such as h , authenticity, and offering

wine as a cultural experience, a tourism destifation, an spitality service [13].

precision, sustainability, and quality control in production. The use of
trolled fermentation, stainless-steel tanks, and filtration methods; the increased
application of enzymes, yeast selection, and other additives to manipulate wine characteristics;
and the implementation of quality control measures and sensory evaluation are common
throughout the winemaking process [15].

Wine markets have expanded due to increased global trade, online sales platforms, and wine
tourism. Demand has decreased in volume but increased across diverse niches, including

organic, no- or low-alcohol (NOLO), sulfite-free, and vegan wines. OW continues to dominate
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the premium market; however, NW producers have increased quality through innovation and
gained share [8].
We examine the consequences on the efficiency levels of technological options at the vineyard

and cellar levels.

2.2 Value chain options: vineyard level
We considered the following vineyard practices: planting, training systems, Canopy

management, weather forecasting, Phytosanitary protection, Maturation ‘€@ntrol, Irrigation,

green harvesting, Harvesting, and Ground and soil maintenance.
Regarding planting methods, manual planting requires skilled human reso

visually inspect and select the best position for each plant. Instead, t

GPS- or laser-guided straight lines. Nevertheless, machinery
during insertion. The choice is essentially a trade-off betwe tial for manual precision
and quality and mechanical efficiency and cost reductio
The Cordon system trains vines horizontally alon a inter pruning, making it
suitable for mechanized pruning and harvesti t al ipwarth, stable climates for robust
varieties and high yields. The Guyot systemWnvolves cane laying and removal of old

wood, requires manual pruning, and is bgst for lo derate-vigor varieties in cool climates.

eadstrained, bush-like vines that require manual
and produce concentrated grapes with low yields.

The Smart-Dyson s verticall

requires manual wor is ideal for Vigorous varieties in fertile soil to manage canopy density

al methods. Manual canopy management requires a skilled labor force; it
s for precise timing of intervention. It is prioritized for premium wines and
delicate varieties. Mechanical canopy management is fast and efficient. It is more appropriate
when low cost and volume are prioritized, varieties are more robust and less susceptible to
sunburn, and some quality dispersion is acceptable [16] [19] [18] [17].

There are several options for meteorological forecasting. An own weather forecast implies
owning and operating facilities that collect hyper-local data. It requires initial investment and
demands maintenance costs. It is prioritized for high-value vineyards, precision viticulture, and

climates with high variability. Specialized public weather forecast focused on agricultural
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needs, is affordable by subscription, providing more accuracy, and aimed at mid- to high-quality
wine producers who need specific data, or whose microclimate is relatively uniform. Standard
Public forecasts provide free, broad regional predictions; however, the information provided
may be overly general [16] [14].

Phytosanitary protection defends vineyards against pests and diseases. Conventional methods
use chemical fungicides, herbicides, and insecticides, mainly in large vineyards, in humid
climates, or where manual labor is unavailable. These methods affect soil biodiversity, can lead

to resistance, and are heavily regulated. Sustainable and organic approaches

chemicals by relying on natural controls, but they increase costs. These pragti re certified
and favored by premium producers [16] [17] [20].

Maturation control methods determine the harvest date, crucial for
quality. Sugar maturation measures sugar content to predict alc
wine types. Juice pH controls acidity; a high pH increase
added, whereas a low pH yields a brighter, more stabl important for white,
sparkling, and premium reds. Titratable acidity ass alic acids; acidity is too

low if it needs to increase and too high if itgmee Sgparticularly for white and

sparkling wines in hot climates. Visual and tagte check lve tasting skins, pulp, and seeds

to evaluate flavor and color; they are Smited to ality wines and require skilled labor.

Organic control targets pheno sugh as tannins, which are key to premium reds.

Laboratory analyses ensure maxi , especially for premium wines [16] [15].

Irrigation strategies

Green harvesting involves intentionally removing unripe grape clusters to reduce the final yield
after the initial fruit set. It allows the vine to allocate all its resources to the remaining selected
clusters. This enhances the concentration of phenolic compounds, color, and flavor of the
grapes. It is a practice that sacrifices volume for quality [16] [15].

Manual harvesting increases labor costs and is lengthier than mechanical harvesting; however,

it enhances selectivity. It is prioritized for premium wines and for fragile varieties [16].



202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

Conventional ground and soil maintenance uses synthetic herbicides and fertilizers, which
ensure high yields but also cause erosion and biodiversity loss. It is prioritized for high-yield
vineyards. Sustainable practices minimize chemical use, require machinery and skills, and
increase costs. Organic maintenance avoids synthetic inputs, relies on mechanical weed control,
cover cropping, and natural fertilizers. It produces lower yields and complex wines, targeting

eco-conscious consumers [16] [19] [20] [17].

2.3 Value chain options: cellar level

We considered options for the following processes: Pressing, Malolagtietifermentation,

Commercial yeast, Fermentation activators, Chaptalization, Stabilization ification,
Blending, Aging, and Capping.
, aff

Pressing separates juice from solids, such as skins, seeds, crushing or

fermentation. Screw pressing uses a vertical screw and p press solids in a cage,
high-volume, low-cost wines. Pneumatic pressing e ble membrane in a rotating
tank, yielding less but higher-quality juice, i 2s. Other methods are slow
and labor-intensive and are only suitable for i ity batches [16] [15] [21].

Malolactic fermentation converts harsh-asting d into softer, buttery-tasting lactic acid,

making the wine smoother andix

Oundcr.
ensure stability, and in many pr ;

wine, ideal for oak-a ines [15

used)in nearly all red wines to soften tannins and

ite wines. It creates a stable, softer, more complex
Commercial yeast 1 must aims for clean fermentation results. It is prioritized

for most wines. In tive fermentation can add complexity and texture but carries

nd growth. It is prioritized in wines made from machine-harvested or

s, which can be nitrogen-deficient, and in high-alcohol wines where yeast stress

is high [22].

Chaptalization is the addition of sugar to the must before or during fermentation to increase
alcohol content. It is used when the wine is otherwise too thin or acidic. It is highly regulated
in cool European regions or illegal in many N'W regions. It can mask a lack of true phenolic or

flavor ripeness [21].
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Stabilization and clarification remove suspended particles. They require filters and chillers,
ensure a clear appearance, and are prioritized for all commercial wines. For high-quality, age-
worthy reds, minimal filtration preserves texture [16] [15].

Blending combines different wine varieties, vineyards, barrels, or vintages to compensate for
weaker parcels or vintages. It can correct flaws and add complexity, structure, and balance. It
is prioritized for all fine wines, especially those with an origin denomination [16].

Aging affects wine's flavor, texture, stability, and longevity. No aging lowers inventory costs,

suitable for inexpensive, high-volume whites and rosé. Steel tanks, costl§ initially, ensure

complex aromas, and softens tannins; it is suited to high-quality reds
aging, which demands high initial costs, favors French oak fo
oak for bolder ones. Cement tanks are costly but durable, wi gen ingress and natural
lees stirring for modern, high-quality wines. Adding 03 hips, or powder to tanks
imparts flavor for high-volume wines [16], [15].
The choice of closure influences a wine's agin 1 i taint, and appeal. Natural
cork allows oxygen to flow, creating comple¥,aromas, 1s considered a quality. Technical

cork, made from molded granules, rese rk and reduces the risk of cork taint in

and aroma, making t i matic whites, ros¢, and early-drinking wines. Vino seals
and glass stoppers 1 for high-quality, fresh wines. Other options include synthetic
closures for premi es [16].

2.4 Effiei tudi ith DEA methodology

-based comparative efficiency studies in the wine industry that use both
cross-sectionaldand panel data to compare characteristics such as scale, region, origin,
organizational form, technological choices, innovation systems, and economies of scope.
Efficiency studies should compare similar wineries, examining whether efficiency differences
stem from input management or from environmental factors such as production scale, soil,
climate, or stimuli from different business types. Recent research gaps include the impact of
quality on efficiency and cross-country comparisons, which are scarce. Since wine quality

varies, efficiency analysis needs to account for differentiation, and our estimates compare
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wineries that produce wines of similar quality across countries while accounting for each
country's unique context.

[23] studied 27 Portuguese wineries (1996-2000), finding cooperatives typically more efficient
than private firms. Our sample has about 10% cooperatives and 90% corporations, examining
technological choices beyond legal forms. [24] analyzed 87 wineries in Navarra and Rioja
(2001), noting that conventional wineries were more efficient than organic ones, which are more
common in premium wines. We compare the effects of these technological options on

efficiency. [25] studied 300 Macedonian farms (2006—2008), finding that les

diversified farms
are more efficient; we explore this in another study. [26] examined 34 Spg DOs (2008—
2010), finding that larger DOs are less efficient, but this does not control fQ
studied 24 Spanish DOs, identifying technical inefficiency as pri
assessed efficiency in Ukraine, Bosnia, and internationally, findi ficieficy varies with
size and location, with the highest efficiencies in Germag ew Zealand. Our
ir optimal scale, yet
results show a high correlation. [9] analyzed Po 989-2007), noting stable
efficiency. [30] studied 36 German and Ukraini

legal form. [31] (Douro, Portugal, 2016-2017)found tha

dentifying optimal size and
positively affects efficiency, with
technological choices playing a role. [32}llooke n farms (2005, 2010), noting that larger
firms and those producing wi ap re more efficient. Our sample includes vertically

integrated wineries, not exclusivélgrap@ogwine producers. [33] examined innovation systems

estimated dressing quality; cross-country DEA efficiency studies are rare in the
literature, w normally they concentrate on specific countries or regions; value chain
decisions influencing efficiency are almost inexistent, and when two-stages DEA is used, the
method for the second stage (Tobit regression) is not worthwhile in the extant literature. We

employ the more advanced Simar-Wilson methodology.

2.5 Summary of the literature review implications
The global wine value chain is shifting from a traditional, producer-driven model to a

knowledge-based, market-driven one in which economic, environmental, and cultural factors
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are increasingly interlinked. The literature suggests that the technological choices made by
wineries—ranging from high-precision mechanization to heritage-based winemaking—are not
merely operational decisions but strategic responses to an increasingly complex value chain.
Wineries do not simply fail to be efficient; they choose to be "inefficient" to create strategic
value. We can analytically frame the sacrifice of technical efficiency (volume) as a deliberate
and necessary investment in vertical differentiation. This dialogue between economic viability
and quality attributes is further enriched by considering the industry's evolution from

historically rooted, supplier-driven models to the market-driven framework§described in [8].

Indeed, [8] see the New World’s success as driven by technological pization and

geographical indications, and European producers adopt scien
of scale to stay competitive. This economic shift is tied to gmwi tal goals; [24] note that
consumers. Technologies like precision viticulture vironmental resilience by
optimizing water use and reducing chemi ate change, enabling the
preservation of traditional varieties linked to onal stability. Integrated Territory
Management (ITM) turns territories inf@ syste ich cultural and landscape values add

intangible value. Finally, cons experiences blending sensory pleasure with local

heritage, turning geographical 1 into place-based brands that foster loyalty. These
technological descri

navigate the short-

tegrated elements transform the production chain into a repository of
"experiential abthority" and local savvy, ensuring that the unique landscape and traditional
knowledge add significant value that transcends mere volume-based productivity. Thus, this
study addresses a persistent gap by exploring how these diverse drivers collectively dictate a
winery’s position on the global efficiency frontier while reinforcing its territorial identity.

The positioning of the wine sector within existing Data Envelopment Analysis (DEA) research
in agriculture implicitly registers the tension between production efficiency (volume) and

product quality (value). While standard agricultural efficiency studies often equate technical

success with maximizing physical output, such as tons per hectare, the wine industry challenges
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this paradigm by treating efficiency and quality not as conflicting goals but as interdependent
strategic choices [28]. This shifts away from volume-based DEA toward revenue-oriented
models that can account for the "quality-quantity tradeoff" inherent in the sector [27]. For
instance, manual harvesting and selective canopy management, while reducing physical volume
efficiency, are essential for maintaining the premium status that commands higher price points.
Research by [25] highlights that the choice of grape variety (assortment) is a primary

determinant of farm efficiency, suggesting that the ability to align local resources with global

demand for "value" is the hallmark of an efficient winery. Moreover, whil&§gome agricultural

sectors prioritize economies of scale to survive on low margins [23], the wing o1 shows that

theoretically framed as a "scientific approach" to production th winemaking practices

to ensure consistent quality, allowing latecomers to catch o traditional leaders who relied

on historically protected but often less efficient exploitat %

3. Materials and Methods
3.1 Material: Data

Our study uses data from a large-scal@| intern urvey of wineries. The database was

riegacross 23 countries, conducted between 2019

For the specific purp i on production efficiency, we use a subsample covering
ten representative wi ducing countries: five from the Old World (France, Spain, Italy,

Germany, and Portagal rom the New World (South Africa, Chile, Argentina, Brazil,

winery(DMU) specializing in one type of wine: value (price under US$
10 < Price < US$ 40). Unfortunately, the study omits leading producers
tes, which casts doubt on the generalizability of the findings. The reason
a representative sample in the United States.

The inputs considered are land, grape, labor, and capital (an index obtained from Principal
Component Analysis of 18 dummy variables denoting possession of key capital goods). The
use of a capital index derived from Principal Component Analysis (PCA) of 18 binary variables
is a limitation of the study. Binary variables cannot capture the actual intensity, age, or capacity
of capital, potentially biasing the first-stage efficiency scores. However, we do not have access

to a more accurate measure of the capital factor. Table 1 defines the variables used in the DEA

estimates.
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Table 1: Definition of the variables for DEA estimates.

Variable Definition Type Unit

DMU Winery Decision-Making Unit Code to preserve the anonymity
of answers

QValue Value wine production Output Liters

QPremium Premium wine production Output Liters

Surface Vineyard surface Input Hectares

Grape Grape production Input Tons

Capital Capital Index Input Index

Employees Labor force Input Persons

than value wine producers.

Table 2: Descriptive statistics of outputs and inputs.

Value N =540

Variable Mean Std. dew. Min Max Min Max
Qvalue 267580 684991 1000

Qpremium 79165 1000 507000
Grape 503946 2621410 1050, 000000 138177 2400 1400000
Surface 46 120 16 20 1 140
Capital 7.7 7.4 1.7 0.3 11.2
Employees 14 15 18 1 237

The mean winery specializing in value wine produces more volume, with more grapes per unit
of wine, on larger surfaces, with almost the same capital, and with slightly less personnel than

wineries specializing in premium wines.

3. eW(Ement Analysis Method
Data Envelgpme nalysis (DEA) is a non-parametric method for measuring the relative

efficiency of ID8cision-Making Units (DMUs) by using mathematical programming to estimate
efficiency frontiers. DEA evaluates each DMU individually by comparing its input-output
bundle to an empirical frontier constructed from the best-performing units in the sample. The
two primary models are CCR [35], which assumes constant returns to scale (CRS) globally, and
BCC [36], which allows for variable returns to scale (VRS).

An alternative to DEA is the parametric Stochastic Frontier Analysis (SFA). Unlike DEA, SFA
assumes a functional relationship between variables and can handle multiple inputs and outputs

simultaneously without aggregating outputs. DEA finds specific "best-practice" units for each
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inefficient unit to emulate, while SFA identifies an average trend. In DEA, input weights are
determined from the data, letting DMUs choose weights to maximize efficiency. Basic DEA
does not account for measurement error; deviations are treated as inefficiencies, and outliers
can skew scores. DEA is non-statistical, lacking standard errors or hypothesis testing unless
bolstered with techniques such as bootstrapping. Its discrimination ability decreases as inputs
and outputs grow relative to the sample size, and, being nonparametric, it does not estimate
marginal products or elasticities [1].

This text explains how environmental factors affect efficiency, using a two-‘stage process: first,
via DEA with discretionary inputs and outputs; then, via regression with these scores as
dependent variables and suspected influencing factors as independent variables. Since
efficiency scores are capped at 1, a Tobit regression is typically used, but standard results may
be invalid due to serial correlation in DEA estimates. To address this, a double bootstrap method
(Simar-Wilson) is recommended for valid confidence intervals, involving radial efficiency

measures, truncated regression, simulation of error correlation, and bootstrap error estimation

[2] [3].

3.3  Models D

We estimate two efficiency frontiers f(CRS a ) for each quality level (Value and

Premium), with wine product

It he
inputs. Under DEA, models are )

typically input-orient@d: given an otitput, how can DMUs reduce inputs to increase efficiency?

ut and surface area, grapes, capital, and labor as

t- or input-oriented. In utility sectors, models are

In wineries, models

models here are o i igher-quality wines often reduce volume, while cheap wines

the variables we test in the second stage. Because efficiency i1s understood
es per output unit, practices that trade off quantity for quality (or, equivalently,
consume more input units per output unit) are expected to have < 0 signs. Emphasis is expected
to differ across wine qualities. We also included country dummies to control for differences

attributable to institutional, climatic, historical, and other factors.

BOX 1: Value chain options to test as determinants of efficiency scores

Practices Variables Omitted
(hypothesis) category
Planting Manual (< 0) Mechanical
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Training system

Canopy
management
Weather forecast
Phytosanitary
protection
Maturation
control
Irrigation
Green harvest
Harvesting
Ground and soil
maintenance

Pressing
Malolactic
fermentation

Commercial yeast

Fermentation
activators
Chaptalization
Stabilization and
clarification
Blending

Aging

Capping

Cordon (20)
Manual (£ 0)

Own (£0)
Conventional (2 0)

Sugar (2 0)

None (< 0)

Green harvest (< 0)
Manual (< 0)
Conventional (2 0)

Screw (= 0)
Malolactic
fermentation
(=0)

Commercial yeast
(=0)
Fermentation
activators (> 0)
Chaptalization (= 0)
Stabilization and
clarification (= 0)
Blending (< 0)

No aging

(20)

Natural cork (< 0)

Guyot (< 0)

Specialized (= 0)
Sustainable (< 0)

Juice pH (< 0)

Manual (< 0)

Pneumatic (< 0)

Stainless steel
vats (2 0)

Technical cork
(=0

Gobelet (< 0) Geneva double

curtain (2 0)

Smart-Dyson (= 0)

General (> 0)
Organic (< 0)

Titratable Visual and taste (<
acidity (< 0) 0)
Surface (> 0) Sprinkler (2 0) Drip (£ 0)

A

Other
Mechanical

No need
No need

Other

Other

Not applied
Mechanical
Sustainable
or organic
Other

Not applied.

Not applied.

W

French or ts (< ttle
American oak 0)
(=0)

Synthetic cork Screw caps (2 0) Vino seal (< 0)
(z0)

Premium wines. Thos

4%, respectively;

predominate.

respectively. In contrast, for Premium

The average efficiency scores for Value

es, th T
of

Not applied
Not applied

Not applied
Other

Other

€S arc

o for premium wines).

nd 0.44 under CRS and VRS,
efficiency is 0.50 under CRS and 0.53

sults is lower under VRS. Both models are

S), yielding 0.94 for Value wines and 0.96 for

that, on average, units are scale-inefficient by 6% and

not clear whether economies or diseconomies of scale

the results of the four models: Value wines (CRS and VRS) and Premium wines

(CRS and VRS).

Table 3: Second Stage Estimates (Simar-Wilson method applied on Value wines under CRS and

VRS assumptions, and on Premium wines under CRS and VRS assumptions)

Dependent Veffcrs5 N =525 Veffurss N =520
Efficient DMUs VALUE (CRS) 15 VALUE (VRS) 31
Bootstraps replic. 1000 1000

Wald chi2(49) 121.9 109.89



Prob > chi2(49) 0 0

Coeff. Bootstrap SE z  P>0 Coeff. Bootstrap SE z P>0
Manual planting -0.002 0.027 -0.07 0.94 0.025 0.029 0.87 0.39
Cordon -0.013 0.025 -0.52 0.61 -0.033 0.025 -1.3 0.19
Guyot 0.014 0.025 0.56 0.58 -0.007 0.027 -0.26 0.79
Gobelet 0.057 0.031 1.8 0.07 * 0.05 0.032 1.54 0.12
Smart-Dyson -0.013 0.05 -0.25 0.8 -0.005 0.052 -0.09 0.93
Geneva double -0.062 0.058 -1.07 0.29 -0.045 0.059 -0.76 0.45
Manual canopy -0.062 0.031 -1.99 0.05 ** -0.072 0.031 -2.29 0.02 **
Own weather 0.077 0.032 238 0.02 ** 0.077 0.035 2.22 0.03 *E
Specialized weath 0.002 0.025 0.08 0.94 -0.005 0.026 \ 0.86
General weather 0.037 0.023 161 0.1 0.044 0.024 1.84 0.07 *
Conv. phyto. 0.032 0.028 1.13 0.26 0.047 0.03 57
Sugar -0.01 0.038 -0.25 0.8 0.003 0.9
Juice pH -0.002 0.024 -0.09 0.93
Titratable acid 0.036 0.024 153 0.13 0.14
Visual and taste 0.012 0.022 0.54 0.59 0.91
Manual irrigation 0.007 0.063 0.1 0.92 0.9
Surface irrigation 0.09 0.049 1.82 0.07 * 0.103 0.049 2.09 0.04 o
Sprinkler irrig. 0.01 0.04 0.26 0.79 Aw 0.042 0.53 0.59
Drip irrigation 0.093 0.023 4 Q *xx 0.084 0.024 3.45 0 Horx
Other irrigation -0.02 0.073 -0.27 0' ( )02 ‘ 0.076 -0.26 0.79
Manual harvest -0.082 0.031 -2.68 0.01 *** -0.1 0.032 -3.13 0 Horx
Conventional soil -0.035 0.028 - O.ZV -0.035 0.029 -1.21 0.23
Screw pressing 0.044 w39 1 0.26 A 0.038 0.039 0.99 0.32
Pneumatic press. 0.066 0.038 1.73 0.08 * 0.066 0.038 1.73 0.08 *
Malolactic -0.005 0.027 0.025 1.07 0.28
Commercial yeast 0.035 0.026 0.031 0.84 0.4
Fermentation act. -0.063 0.027 -2.35 0.02 o
Chaptalization 0.05 0.044 1.14 0.25
Stab. and clar. 0.032 0.029 1.09 0.28
Blending 0.004 0.023 0.19 0.85
Steel aging 0.004 0.024 0.18 0.86
Cement aging 016 0.027 0.59 0.56 0 0.027 0.01 1
Bottle aging -0.02 0.024 -0.83 0.41 -0.022 0.024 -0.93 0.35
Other aging -0.088 0.075 -1.18 0.24 -0.048 0.071 -0.67 0.5
Natural cork 0.014 0.03 046 064 0.032 0.032 1.02 0.31
Technical cork 0.012 0.026 0.46 0.65 0.036 0.027 1.36 0.17
Synthetic cork 0.023 0.03 0.77 044 0.036 003 121 0.23
Screw caps 0.028 0.031 0.89 0.38 0.037 0.032 1.13 0.26
Vino seal 0.152 0.072 211 0.04 ** 0.199 0.073 273 0.01 HEE
French or Am Oak -0.012 0.023 -0.52 0.6 -0.013 0.023 -0.56 0.57
Spain 0.071 0.049 147 0.14 0.054 0.047 1.15 0.25
Italy 0.092 0.039 238 0.02 ** 0.088 0.04 2.2 0.03 *k
South Africa -0.217 0.098 -2.22 0.03 ** -0.252 0.095 -2.64 0.01 HorE
Chile 0.012 0.074 0.17 0.87 0.009 0.073 0.12 0.91




Argentina 0.008 0.066 0.12 0.91 0.007 0.068 0.1 0.92
Brazil -0.031 0.127 -0.25 0.81 -0.077 0.136 -0.57 0.57
Uruguay 0.43 0.115 3.73 0 **x* 0.433 0.122 3.54 0 *Ex
Germany -0.02 0.059 -0.33 0.74 -0.008 0.063 -0.12 0.9
Portugal -0.098 0.06 -1.64 0.1 * -0.095 0.059 -1.6 0.11
Constant 0.242 0.076 3.16 Q *xx* 0.257 0.079 3.24 0 Horx
Sigma 0.196 0.008 25.56 Q *xx* 0.199 0.008 25.47 0 Horx
Dependent Peffcrs5 N =686 Peffvrs5 N =660
Efficient DMUs PREMIUM (CRS) 23 PREMIUM (VRS) 49
Bootstraps replic. 1000
Wald chi2(49) 123.1
Prob > chi2(49) 0

Coeff. Bootstrap SE z P>0 Coeff Bootstrap SE
Manual planting -0.003 0.027 -0.13 0.9
Cordon -0.024 0.021 -1.15 0.25 .
Guyot 0.012 0.023 0.52 0.6 0.”
Gobelet -0.042 0.025 -1.68 0.09 * 0.026 -1.82 0.07 *
Smart-Dyson 0.053 0.136 0.39 0.7 V -0.38 0.71
Geneva double -0.082 0.145 -0.56 0.57 0.145 -0.57 0.57
Manual canopy -0.008 0.03 -0.26 0.79 0.031 -0.46 0.64
Own weather 0.013 0.027 0.48 0.63 0.028 0.08 0.94
Specialized weath -0.024 0.022 -1.08 O 0.023 -1.09 0.27
General weather -0.022 0.021 -1.05__ 0. -0.021 0.022 -0.95 0.34
Conv. phyto. -0.004 0.029 -(ro.ss -0.014 0.031 -0.47 0.64
Sugar 0.07 0.029 239 0.02 ** 0.058 0.029 1.96 0.05 *E
Juice pH -0.076 0.023 -3.23 Q *xx -0.072 0.024 -2.97 0 ok
Titratable acid 0.038 0.021 1.77 0.08 * 0.034 0.022 1.53 0.13
Visual and taste ‘00% 0.'0.61 XS4 0.013 0.024 0.56 0.58
Manual irrigation 0.105 0.052 2.02 0.04 ** 0.136 0.055 2.49 0.01 *rK
Surface irrigation :01 0.061 v0.25 0.8 0.049 0.06 0.82 0.41
Sprinkler irrig. ‘ -0.084 64 -1.32 0.9 -0.028 0.067 -0.42 0.68
Drip irrigation 0.052 0.025 21 0.04 ** 0.067 0.026  2.55 0.01 HorE
Other irrigation \ O.V 0.061 1.11 0.27 0.086 0.064 1.35 0.18
Manual harvest -0.097 0.033 -2.97 Q *xx* -0.094 0.034 -2.73 0.01 HorE
Conventional soil 0.055 0.032 171 0.09 * 0.054 0.034 1.59 0.11
Screw pressing ) -0.027 003 -09 037 -0.012 0.032 -0.38 0.71
Pneumatic press. ' -0.01 0.03 -0.34 0.73 -0.008 0.033 -0.25 0.81
Malolactic -0.008 0.022 -036 0.72 -0.008 0.024 -0.35 0.73
Commercial yeast -0.019 0.021 -0.88 0.38 -0.012 0.022 -0.57 0.57
Fermentation act. 0.015 0.021 0.74 0.46 0.021 0.022 0.96 0.34
Chaptalization 0.099 0.037 2.68 0.01 *** 0.103 0.038 274 0.01 *orx
Stab. and clar. -0.007 0.02 -033 0.74 -0.01 0.02 -0.49 0.62
Blending 0.04 0.019 211 0.04 ** 0.036 0.019 1.85 0.07 *
Steel aging 0.045 0.019 232 0.02 ** 0.042 0.02 211 0.04 o
Cement aging 0.026 0.024 1.07 0.29 0.017 0.024 0.7 0.48
Bottle aging -0.004 0.018 -0.24 0.1 -0.007 0.019 -0.35 0.73
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Other aging 0.075 0.034 221 0.03 ** 0.082 0.035 2.32 0.02 *x
Natural cork -0.001 0.025 -0.02 0.98 -0.011 0.027 -0.39 0.69

Technical cork 0.022 0.024 095 0.34 0.02 0.024 0.81 0.42

Synthetic cork -0.034 0.037 -0.92 0.36 -0.011 0.039 -0.29 0.77

Screw caps 0.032 0.041 0.79 0.43 0.029 0.041 0.71 0.48

Vino seal -0.086 0.141 -0.61 0.54 -0.086 0.138 -0.62 0.53

French or Am Oak 0.017 0.019 0.92 0.36 0.016 0.02 0.78 0.44

Spain -0.02 0.037 -0.53 0.59 -0.026 0.038 -0.67 0.51

Italy 0.007 0.027 0.24 0381 -0.006 0.027 -0.23 0.82

South Africa -0.043 0.066 -0.65 0.51 -0.089 0.068 ‘-1.3 0.19

Chile -0.227 0.063 -3.58 Q xx* -0.23 0.066 -3.51 0 o
Argentina -0.126 0.056 -2.23 0.03 ** -0.183 0.057 -3.21 0 Horx
Brazil -0.476 0.302 -157 0.12 -0.5 0.292 -1.71 0.09 *
Uruguay -0.028 0.118 -0.23 0.82 -0.036 0.

Germany -0.074 0.078 -0.96 0.34 -0.069 0.9

Portugal -0.123 0.088 -1.39 0.16 -O.~ -1.3’ 0.16

Constant 0.503 0.066 7.67 Q *xx* 0.53 0.068 7.75 0 Horx
Sigma 0.201 0.007 29.29 Q xxx* 0.205 0.007 29.51 0 Horx

e

Variables show consistent significance across mod ortant for Value and others
for Premium wines, mainly due to difference
correlated. For Value wines, CRS and VR,
(+7.7%), drip (+9.3%, +8.4%)), surface

and Vino seal (+15.2%, +19.

iciency scores are highly

Is sho 1itive impacts from weather forecast

igation +10.3%), pneumatic pressing (+6.6%),
om manual harvesting (-8.2%, -10%), and
nt (—0.062, —0.072). The Gobelet training system

hile the overall weather forecast (+4.4%) raises VRS

negative effects for Manual cano
(+5.7%),
efficiency, with fermenta activators reducing it (-6.3%). Country effects are positive for

Italy (+9.2%, +8.8 (+4.3%, +4.33%), negative for South Africa (-21%, -25%)

improves CRS effic

, relative to France, the omitted country.

es, 10 key variables influence both CRS and VRS models: 3 negatively
and 7 posit g obelet system (-4.2% and -4.7%) and Sugar maturation (+7% and 5.8%)
affect perfo ce, as do Juice pH control (-7.6% and -7.2%), Manual irrigation (+10.5% and
+13.6%), Drip irrigation (+5.2% and +6.7%), Manual harvest (-9.7% and -9.4%),
Chaptalization (+9.9% and +10.3%), Blending (+4% and +3.6%), Steel aging (+4.5% and
+4.2%), and Other aging (+7.5% and +8.2%). Negative effects also come from Chile (-22.7%
and -23%) and Argentina (-12.6% and -18.3%). A significant negative country effect for Brazil
(-50%) appears only in the VRS model. Country effects are relative to France, the omitted

country.
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The parameter ¢ represents the unexplained variability in efficiency levels by the environmental
variables included in the model. A small ¢ indicates that environmental variables account for a
large portion of the variation in the efficiency of the evaluated units (in our case, 0.196 < ¢ <
0.205 across the four models). Conversely, a high ¢ suggests significant "noise" or unobserved
factors influencing performance [12]. Thus, our models account for approximately 80% of the
variation in the efficiency of the evaluated units.

5. Discussion

Our analysis shows that specific technological choices within the valu@chain influence

technical efficiency in wineries across our ten-country sample. We fo hat wineries
specializing in Premium wines are generally smaller and more capital-inten
Value wine producers, yet they maintain higher average efficiency.
In the Value wine segment, the positive impact of Own weathe cas ggegts that wineries
using internal meteorological data are better equipped to rg e and optimize vineyard
operations. We also observed that the Gobelet training syS cantly improves efficiency
under VRS, likely because it is compatible with s cement practices in Value
vineyards.

For Premium wineries, efficiency drivers shi aturation and irrigation. Manual

to preci

and drip irrigation notably boost effici high-precision water delivery, unlike

cy by

other systems. In contrast, usi i matliration consistently reduces efficiency, likely

due to labor-intensive adjustmen per-liter input requirements. Notably, the Gobelet
training system lo i suggesting it does not effectively balance canopy
management and ha gh-end producers.

We identified Manual s significantly reducing scores in both Value and Premium
wineries. This ¢

rms oufcentral hypothesis: some practices that prioritize quality attributes

over uce technical efficiency. Similarly, we found that Stainless steel aging
enhances n Premium wines, likely because it reduces the long turnover times
associated withloak- or cement-vat aging.

Regarding scale, our estimates of scale efficiency suggest that most producers are operating
near their optimal size, and that further performance gains must come from technological
optimization within the value chain rather than from expansion. For managers, the "takeaway
messages" are: in the Value segment, prioritize mechanization and economic closures; in the
Premium segment, invest in high-precision training systems and steel-based aging to protect

volume while maintaining quality. For policymakers, the significant value of localized weather
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data suggests that providing public access to specialized meteorological infrastructure could
close the efficiency gap for smaller producers who cannot afford "Own weather" systems.

The global wine industry's restructuring can be viewed through the lens of production
economics, balancing efficiency (volume) and quality (value). In the "Value" segment,
economies of scale lower costs by spreading fixed costs over larger volumes through
automation such as mechanical harvesting and cheap sealing. In the "Premium" segment,
wineries prioritize quality standards, sacrificing efficiency by employing practices such as

manual harvesting, lower yields, or methods that limit productivity to Designation of

Origin (DO) regulations. Though these practices seem inefficient in terms o me, they are

moving wineries toward a technology-driven, knowledge-ba ach. The relationship
between scale and performance is polarized: large firms i by scale, while smaller
wineries focus on differentiation and niche products. & iveness depends on
aligning technological investments—for instance 7 or mass markets versus
maturation control for high-end—to market positio

Our findings on the technical efficiency of th@global dustry reveal a nuanced strategic
landscape that both aligns with and

llenge ng literature. We confirm prior DEA

evidence of the sector's large- fict ; results (0.94-0.96) are consistent with the
large-scale efficiency reported b

identified by [37]. Si

ith the prevalence of Constant Returns to Scale

y, our identification of significant country-level effects, notably the

strong performance lan wineries, corroborates the international benchmarking reported
in [33] and the régional lea ip noted in [38]. Furthermore, this study extends existing
the analytical focus from structural traits—such as legal form or general
chain practices. While previous research has emphasized broad inputs
such as ca nd, we provide specific evidence that "precision" tools, such as internal
weather forec@8ts and pneumatic pressing, are critical drivers of efficiency in the "Value"
segment. Our finding that stainless steel aging enhances efficiency in "Premium" wineries
provides a concrete managerial mechanism for the scientific codification of winemaking. Most
significantly, our results diverge from studies that suggest an unambiguous positive correlation
between firm size and technical efficiency, such as [32] and [38]. By segmenting by quality, we
reveal that smaller "Premium" wineries achieve higher average efficiency scores than their
larger "Value" counterparts, suggesting that efficiency is increasingly a product of masterful

resource allocation to meet quality standards rather than simple scale. Finally, while [24] found
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organic systems to be more technically efficient in specific contexts, our findings highlight that
labor-intensive practices -such as manual harvesting- systematically reduce technical efficiency
scores across all segments, underscoring the enduring "quality-quantity" trade-off in the global
value chain.

[39], [40], [41], and [42] offer a cohesive analysis of the wine industry in Italy and across
Europe, focusing on premiumization, competitiveness, CAP reforms, and organizational

models such as districts and cooperatives. Common themes include sustainability as a central

driver, the industry's adaptation to global consumption trends, and the demi@md for innovative
products such as NOLO wines. The need for small, fragmented producers tg alliances and
social capital to achieve economies of scale, as EU policies shift from strict f
to support for competitiveness and environmental goals. Our contrib @ :
oriented recommendations for large European producers as a g New World

competitors.

6. Conclusions

Our study empirically assessed the trade-off b € quality’amd volume efficiency, since

producing premium products entails sacrifictilg volume: ether, we explored technological

choices across the value chain to assess their in the distance to the efficiency frontier,

guidelines. We examined wineries' productive

efficiency for Value and Premiu ucers across 10 countries using a two-stage DEA

rent returns-to-scale hypotheses.
This study rgWeals that technological choices across the value chain largely determine
productive efficiency, accounting for about 80% of the variability among wineries in 10
countries. Average technical efficiency is higher in the Premium segment than in the Value
segment, indicating that high-end wineries allocate resources more efficiently to meet quality
standards. For Value producers, efficiency relates to modernization and automation, such as
using internal weather forecasts and modern sealing systems like Vino Seal. In contrast,

Premium wineries focus on precision practices such as manual or drip irrigation, stainless-steel

aging, and specialized training systems. Premium wineries focus on precision practices like
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stainless-steel aging and drip irrigation, which improve efficiency and berry quality. Manual
harvesting highlights the "quality-quantity trade-off,’ with wineries sacrificing volume for
sensory qualities and reputation. This suggests that while Value producers need mechanization
to compete in mass markets, Premium producers should embrace "strategic inefficiency,"
viewing resource-heavy choices as essential for product differentiation.

A fundamental finding is that practices prioritizing quality attributes over volume, such as
manual harvesting or manual canopy management in the production of Value wines,

systematically reduce technical efficiency in both segments. Quality is costlydm terms of inputs.

technological optimization rather than simple expansion.
From a managerial perspective, this work provides a decisio amework indicating
that wineries should align their investments with their mag ning: mechanization for
the mass segment and maturation and freshness-control t& e high-end segment.
Wineries should align technology investments w, tiers to support strategic

positioning and move beyond 'stuck-in-the-mi giespValilg,segment producers should

adopt cost-leadership strategies, using mechamization a formation tools, such as weather

waste, thereby closing efficiency gaps.

systéms to boost efficiency. Premium-segment
managers need to focus on va itions and invest in precision tools such as drip
irrigation to comma
productivity and re aturation times. All wineries must balance the "quality-quantity

trade-off': Value p

realities. For instance, the "New Delivery Model" (NDM) of the CAP (2023-2027) shifts the
focus from simple compliance to performance, requiring Member States to define National
Strategic Plans tailored to specific territorial needs [39], [40], [41], and [42]. Policy should
prioritize the National Support Program (NSP), specifically measures for vineyard restructuring
and conversion, which have been shown to directly enhance the technical efficiency and quality
of the supply chain. Public mechanisms must support the diffusion of fungus-resistant grape

varieties (PIWI) and de-alcoholization technologies. These are seen as "game-changers" for
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environmental sustainability but require long-term public R&D investment to reduce high
production costs and risks for early adopters. For New World producers, less tied to traditions
and regulations, flexibility in value chain adjustment offers an opportunity to catch up in quality
with Old World producers, while carefully considering the documented consequences for
efficiency.

Despite the value of the international database used, the study is limited by its cross-sectional
design and the omission of leading producers such as the United States; therefore, future
research should shift toward longitudinal analyses that capture the evolutio these practices

in response to climate change and market tendencies.
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