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Abstract

The aim of this study was to assess the energy potential of woody grapevine (Vitis vinifera
L.) shoots depending on the cultivation system, cultivar, and fruit colour. Field studies
were conducted in 2024 at the Mendel University Vineyard in Lednice (Czech Republic)
on Chardonnay, Merlot, Riesling, and Zweigelt cultivars, cultivated using the Guyot and
Cordon systems. The cultivar analysis covered both the amount of biomass produced
during pruning and its energy and emission properties. Laboratory tests of the energy
potential of the biomass obtained were carried out at the University of Life Sciences in
Lublin. The results showed that the varietal factor significantly influenced the biomass
parameters—Chardonnay was characterised by the highest total plant weight (773.57 g),
while Zweigelt (8.60 pcs.) had the highest number of shoots with the lowest unit weight
(74.82 g). The Cordon system generated significantly higher biomass yields and more
favourable combustion properties compared to Guyot. Differences in fruit colour indicate
that, among the studied cultivars, white-berried varieties produce heavier shoots, whereas
red varieties produce a greater number of shoots. The analysis of gas emissions showed a
significant influence of the cultivar and training system, with the highest CO, CO,, and
NOx emissions recorded for the Zweigelt cultivar. The results emphasise that an integrated
approach, taking into account both genotypic factors, training systems and phenotypic
characteristics of the vines, is crucial for optimising the use of wine biomass as an energy
source in the context of a circular economy.

Keywords: grapevine; biomass; energy potential; guyot; cordon; Vitis vinifera varieties;
exhaust emissions; circular economy

1. Introduction

Wine production represents one of the oldest and most economically significant
branches of agriculture, generating millions of tons of by-products each year that pose
serious environmental challenges. Globally, around 75 million tons of grapes are produced
annually, with approximately 80% used for winemaking, resulting in substantial quantities
of residual biomass such as leaves, shoots, pomace, and stalks. Among these, grape pomace,

Agriculture 2025, 15, 2524

https://doi.org/10.3390/agriculture15242524


https://doi.org/10.3390/agriculture15242524
https://doi.org/10.3390/agriculture15242524
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0009-0005-6550-7210
https://orcid.org/0000-0002-8113-4195
https://orcid.org/0000-0002-3833-9275
https://orcid.org/0000-0001-6638-894X
https://orcid.org/0000-0001-9052-6265
https://doi.org/10.3390/agriculture15242524
https://www.mdpi.com/article/10.3390/agriculture15242524?type=check_update&version=2

Agriculture 2025, 15, 2524

2 of 24

composed of skins, seeds, and pulp, has been widely investigated for its potential in the
energy, pharmaceutical, and cosmetic industries [1-4]. Wine production is not only a
long-standing tradition but also a significant source of economic value. The global wine
market was worth approximately USD 302 billion in 2017, and was projected to grow to
USD 423 billion by 2023 [5]. At the same time, winemaking generates enormous amounts
of waste: 10-13 million tons of grape pomace [6] and approximately 2.7-3 million tons of
wine lees [5] are produced annually. This waste constitutes a significant percentage of the
grape mass (approximately 20-40%), and if improperly managed, it can generate serious
environmental problems [7]. Grape pomace, including skins, seeds, and pulp residues,
is relatively well known and widely researched for its use in the energy, pharmaceutical,
and cosmetics sectors. However, other vineyard residues—particularly lignified pruning
wood—remain largely underutilised despite their high energy potential and abundant
availability [1,8].

The wine industry, like many other agro-industrial sectors, is struggling with the
problem of increasing waste. Grape production and processing generate not only organic
waste, but also wastewater, greenhouse gas emissions, and significant burdens associated
with the transport and use of plant protection products. In the context of increasing pressure
to implement sustainable development principles, the wine sector is faced with the need to
not only reduce emissions and pollution, but also to find cost-effective and efficient ways
to use by-products. Recent studies highlight that grapevine pruning residues can reach
calorific values between 17 and 19 MJ-kg !, comparable to other woody biomasses used for
bioenergy production. In this regard, biomass from vines is not a problem, but a resource
with high energy potential [9,10].

Given the increasing emphasis on circular bioeconomy models in viticulture, the
valorisation of pruning wood offers a sustainable strategy for reducing waste, closing
nutrient cycles, and enhancing the energy efficiency of winegrowing systems. The dynamic
development of the energy sector and growing pressure to decarbonise make the search
for new renewable energy sources a priority. Currently, the energy sector accounts for
nearly 40% of global greenhouse gas emissions, making it a key area for action to mitigate
climate change. In this context, bioenergy appears to be a strategic element of the energy
transition [11-15].

Agricultural biomass, including by-products from the wine industry, has great po-
tential as an energy source. Across Europe, agricultural residues represent an estimated
annual potential of about 950 million tons, forming an important foundation for renewable
energy strategies. Utilising these resources helps to reduce dependence on fossil fuels
and supports the achievement of the Sustainable Development Goals, particularly SDG 7,
which emphasises access to clean and affordable energy. Incorporating vineyard residues
into the energy chain can therefore improve local energy security, decrease greenhouse gas
emissions, and provide additional income streams for grape growers and wineries [16-18].

In the context of climate change and the simultaneous increase in energy demand, the
use of renewable energy sources, including biomass, is becoming indispensable [19-21].
The use of such raw materials for energy production has a significant positive impact on the
improvement of agricultural management and should therefore be an important element
of agricultural policy [22]. Biomass from agriculture and horticulture, e.g., crop residues,
straw, leaves, or pruned shoots, is an important source of renewable energy [23]. Its use in
combustion, anaerobic fermentation, or biofuel production processes reduces dependence
on fossil fuels and greenhouse gas emissions [11]. The management of this type of waste
also promotes a circular economy, increasing local energy security and bringing economic
benefits to farmers and producers [24-26].



Agriculture 2025, 15, 2524

30f24

The energy characteristics of vine biomass are determined by several interacting fac-
tors, including cultivar, training system, climatic conditions, and even the colour of the
grape berries. These parameters influence the physicochemical composition of the wood—
especially ash content, moisture, elemental composition, and calorific value—which in
turn affect both energy efficiency and emission profiles during thermochemical conversion
processes. Notably, the contrasting phenolic and anthocyanin content of white and red
cultivars may alter their combustion behaviour and environmental footprint. Despite the
growing emphasis on sustainable vineyard management, comprehensive evaluations of
how grapevine cultivar, training system, and berry colour jointly influence the energy and
emission potential of lignified residues remain scarce. This knowledge gap is particularly
evident in Central European viticultural conditions, where climatic, varietal, and manage-
ment diversity significantly shape biomass quality [27,28]. Therefore, the present study
aims to provide an integrated analysis of these factors, assessing the elemental composi-
tion and emission behaviour of grapevine pruning residues. The findings are expected to
contribute to the sustainable management of vineyard biomass in the Czech Republic and
offer practical implications for improving energy recovery efficiency while supporting the
national economy [29-34].

In the Czech Republic, viticulture plays a vital role in horticultural and regional
agricultural production. The country’s vineyard area covers approximately 18,000 hectares,
producing around 60,000 tonnes of grapes annually, of which over 95% are used for
winemaking [35,36]. Modern Czech viticulture has undergone a major transformation in
recent decades, introducing advanced cultivars and clones such as Chardonnay, Ryzlink
rynsky (Riesling), Veltlinské zelené (Griiner Veltliner), Frankovka (Blaufrdnkisch), and
Zweigeltrebe [37-39]. These varieties are valued not only for their oenological potential but
also for their significant economic and cultural importance, contributing to the growth of
wine tourism and the sustainability of rural regions, in response to the rapid climate changes
in recent decades [40]. Nevertheless, the intensification of vineyard management and the
increasing use of high-yielding systems have also resulted in larger volumes of annual
pruning residues, which are usually burned or mulched without energetic recovery [41-43].

The aim of this study is to conduct a comprehensive analysis, taking into account
the impact of cultivar, cultivation system, and fruit colour, which is necessary for a full
understanding of the bioenergy potential of wine biomass.

2. Materials and Methods
2.1. Cultivation Methodology

This study assessed the potential of woody vine shoots in relation to training system,
cultivar, and fruit colour. A two-factor experiment was conducted, comparing Guyot and
Cordon pruning in four varieties with different vigour and growth habits. The focus was
on quantitatively determining biomass production and assessing its suitability for energy
use, while also examining the impact of structural differences on annual wood formation
and the amount of waste generated during pruning.

The field experiment was conducted in 2024 at the Mendel University Vineyard in
Lednice (Moravia, Czech Republic), cultivated in a warm temperate climate zone. Vitis
vinifera L. grapevine varieties Chardonnay, Merlot, Riesling, and Zweigelt were grown
using two systems: Guyot and Cordon. The experiment was arranged in a randomised
block design. It comprised eight combinations (four varieties * two training systems) and
ten replicates. The replicates were plots with five plants each. The plants were planted
with a spacing of 2 x 1 m. The experimental vineyard was established between 2004 and
2006. Over the following years, the vineyard underwent gradual transformation under
three successive management regimes, during which the original “classic” cane-trained
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system was replaced by Guyot and Cordon formations. The current training systems were
consistently applied and structurally stabilised for approximately 12 years prior to the
2024 data collection, ensuring full comparability between treatments.

Vines grown using the single Guyot system had an 80 cm high trunk, a single two-
year-old shoot of approximately 1.0 m long, and a single two-bud spur. Vines trained using
the Cordon system had an 80 cm high trunk and a perennial frame of approximately 1.0 m
long with four branching nodes on which two-bud spurs/knots were left, from which two
fruiting shoots were obtained (Figure 1). Summer thinning of shoots, formative pruning of
tops, and winter pruning were carried out in accordance with the appropriate training type.
No excessive crown or yield load treatments were applied for experimental purposes; the
vine load was maintained within the standard range of 9-11 fruit buds per cane (lignified).
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Figure 1. Comprehensive visualisation of the experimental process, including important vegetation
phases, treatment variants, and sampling stages.

The fruiting shoots were harvested (annual pruned shoots) after lignification and defo-
liation during dormancy (induced by low temperatures and internal physiological changes)
and just before winter pruning on 17 December 2024. The total annual number of lignified
shoots of wood on each vine was counted. Shoots were collected from 10 representative
vines (random selection with uniform load). The shoots were cut at the base of the spur
and weighed in fresh condition (accuracy + 0.1 g).

2.2. Methodology for Fuel Characterisation

The detailed methodology for measuring energy parameters is discussed in Tables 1-3.
Prior to laboratory testing, the material was placed in a room with constant temperature
and humidity, where it was dried naturally in air-dry conditions at 20 °C and 55% to 60%
humidity for two weeks in order to standardise the assessment conditions. The laboratory
tests were carried out at the Laboratory of the Department of Energy and Transport at
the University of Life Sciences in Lublin. The material for analysis was first ground (to a
thickness of 0.5 mm) using a Retsch SM 100 mill (Retsch GmbH, Haan, Germany, 2022)
with a power of 1.5 kW. For the purposes of this study, 100 g of material was obtained in
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2 min, which consumed 0.045 kWh. Our results present values in an analytical condition;
additionally, in the case of HHYV, the analytical condition was converted to a dry condition
without ash.

Table 1. Fuel characterisation analysis.

Parameter Method Equipment
Energetic properties
Hi%l}—ll(;fl\l;l(;\‘j[t]illlg yla)lue isoperibolic calorimeter
Lower Heatirlgg Value EN-ISO 1928:2020 [44] (LECO COI‘;C)EIEﬁOOﬁ(éEi(I)S Joseph, MI,
(LHV; M]~l<g_1) USA, 2012)
Proximate Analysis
Ash (A; %) EN-ISO 18122:2022 [45] thermogravimetric analyser
Volatile matter (V; %) EN-ISO 18123:2023 [46] (LECO Cor;ﬁii;?; Zr?tlloseph, ML
Moisture (MC; %) EN-ISO 18134:2023 [47] USA, 2013)
Fixed carbon (FC; %) FC=100—-V — A — M [48]
Ultimate Analysis
Carbon (C; %)
Hydrogen (H; %) EN-ISO 16948:2015 [49] eggg“gﬁﬁglgzgr
Nitrogen (N; %) (LECO Corporation, Saint Joseph, MI,
Sulphur (S; %) EN-ISO 16994:2016 [50] USA, 2012)
Oxygen (O; %) O=100—A-H-C-S—-N|[51]

Table 2. Emission factors (emission factors calculated according to studies [52,53]).

Parameter Method and Equipment

CO = B.E.-(C/CO),
Carbon monoxide Emission factor (Ec) of CO—carbon monoxide emission factor (kg-kg 1), 28—molar mass ratio of
chemically pure coal (CO; kg:-Mg™!)  carbon monoxide and carbon, Ec—emission factor of chemically pure coal
(kg-kg~1), C/CO—part of the carbon emitted as CO (for biomass 0.06).

_ 4 12 12 264
CO, = ﬁ‘(Ec — 2%°CO— 1%-Ech, — m'ENMVOC>,
CO,—carbon dioxide emission factor (kg-keg 1), 4 —molar mass ratio of
&Xe )12
carbon dioxide and pure coal, %—molar mass ratio of carbon dioxide and

Carbon dioxide emission factor (CO5;
kg-Mg ™)

carbon monoxide, %—molar mass ratio of carbon and methane,
Ecpgs—methane emission factor, Exyyoc—emission index of
non-methane VOCs (for biomass 0.009).

SO, = 2% (1—7),
Sulphur dioxide emission factor (SO2;  SO,—sulphur dioxide emission factor (kg-kg~!), 2—molar mass ratio of
kg-Mg1) 50, and sulphur, S—sulphur content in fuel (%), r—coefficient
determining the part of total sulphur retained in the ash.

NO, = 18-E.-N/C:(Nyo,/N),

The emission factor was NO,—NOy emission factor (kg-kg_l), % molar mass ratio of nitrogen
calculated from dioxide to nitrogen. The molar mass of nitrogen dioxide is considered due
(NOy; kg-Mg 1) to the fact that nitrogen oxide in the air oxidises very quickly to nitrogen

dioxide, N/C—mnitrogen to carbon ratio in biomass, Nnox/N—part of
nitrogen emitted as NOy (for biomass 0.122).
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Table 3. Exhaust gas composition (exhaust gas composition was calculated according to [54,55]).

Parameter

Method and Equipment

Theoretical oxygen demand (Voy; Nm? -kgfl)

_ 2241 (C . H, SO
Vo, = g - ﬁ+I+T)'
C—Dbiomass carbon content (%), H—biomass hydrogen content (%),
S—biomass sulphur content (%), O—biomass oxygen content (%).

The stoichiometric volume of dry air required
to burn
1 kg of biomass
(Voa; Nm?3 'kg_l)

_ Vo,
VO,; — 021’
Since the oxygen content in the air is 21%, which participates in the combustion
process in the boiler, the stoichiometric volume of dry air required to burn 1 kg of

biomass

Carbon dioxide content of the combustion
products (Vcop; Nm3«kg_1)

_ 2241 C
Veo, = 52 100/

Content of sulphur dioxide (Vgop;
Nm?-kg~1)

_ 2241 S
Vso, = %5 100~

Water vapour content of the exhaust gas
(Vio; Nm?-kg ™)

H _ 2241 (H M
Viho = oo '<7 + ﬁ)f
is the component of water vapour volume from the hydrogen combustion process
(Vi 0 NmgHO-kg ™! fuel) Vf o = 1.61-x-Vog,
and the volume of moisture contained in the combustion air

(Vf,0: NmgHy0-kg ™! fuel) Vipo = Vi Vi
M-fuel moisture content (%), x-air absolute humidity
(kg HyO-kg ™! dry air).

The theoretical nitrogen content in the
exhaust gas (Vo; Nm3~kg*1)

Vo = 2581 55 +0.79-Vy,
Considering that the nitrogen in the exhaust comes from the fuel composition and
the combustion air, and the nitrogen content in the air is 79%.

The total stoichiometric volume of dry
exhaust gas (Vgy; Nm3-kg*1)

Veu = Veoz + Vsoz + Ve

The total volume of exhaust gases
(Vga; Nm3 kgfl)

Vga = Vgu + Voo
Assuming that biomass combustion is carried out under stoichiometric conditions,
i.e., using the minimum amount of air required for combustion (A = 1), a minimum
exhaust gas volume will be obtained.

2.3. Statistical Analysis

After the experiment was completed, the results were statistically analysed using
three-factor analysis of variance (ANOVA), comparisons between varieties, regardless of
plant material and vine colour, and comparisons between training systems and fruit colour.
Statistical inference was performed at a significance level of « = 0.05. Multivariate data
analysis techniques were used, including cluster analysis and principal component analysis.
The results of the cluster analysis were presented using a dendrogram to show the yield and
quality of wine waste and the caloric value of stems and pomace. The relationships between
the components of the biomass of productive vines, independent of plant material, were
determined separately for each cultivar. All analyses were performed using STATISTICA
13 software (StatSoft, Inc.; TIBCO Software; Palo Alto, CA, USA; 2015).

3. Results

The field and laboratory results obtained were analysed in the context of three factors:
cultivar, training system, and fruit colour.

3.1. Effect of Cultivar (Factor A)

Factor A—cultivar: This factor has a very significant effect on all parameters
(p =0.0001). This interaction shows a unique growth pattern for the cultivar: it pro-
duces a small number of shoots (6.15 £ 1.42), but these shoots are exceptionally
strong (132.86 =+ 31.30 g) (Table 4). This combination results in the highest total plant
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mass (773.57 £ 158.76 g) of all varieties. Zweigelt produces a large number of shoots
(8.60 & 0.99), but the individual shoots are the lightest (74.82 &= 11.21 g), resulting in the
lowest total plant weight (521.17 4= 124.23 g). This highlights an interesting compromise
between the number of shoots and the weight of individual shoots.

Table 4. Vine crown characteristics based on woody residues (pruning wood), depending on cultivar
and training system.

Number of Shoots (pcs.)

Mass of 1 Shoot (g)

Shoot Mass (g)

Chardonnay 6.15+1.42b 132.86 £ 31.30 a 773.57 + 158.76 a
5 Merlot 855+ 123a 88.22 +16.99 c 629.79 + 99.83 b
£Z Riesling 7.90 +0.85a 118.33 + 30.40 b 615.66 + 184.49 b
3 Zweigelt 8.60 +0.99a 74.82 +11.21d 521.17 4+ 124.23 ¢
p-value 0.0001 0.0001 0.0001
e Guyot 8.05+1.17a 84.22 +17.48b 510.24 4 105.59 b
Esa Cordon 7.55 +1.76 b 122.90 +33.95a 759.86 + 121.79 a
S8 p-value 0.0001 0.0001 0.0001
5 White 125.60 +31.33 a 694.62 + 187.77 a 7.02 +1.46b
1) Red 81.52 +15.74b 575.48 + 124.09 b 857+ 1.11a
) p-value 0.0001 0.0001 0.0001
A*B p-value 0.0001 0.0001 0.0001
A*C p-value 0.0001 0.0001 0.0001
B*C p-value 0.0001 0.0001 0.0001
A*B*C p-value 0.0001 0.0001 0.0001

Significant difference means that different letters in the column indicate significant differences at o = 0.05.

3.2. Effect of Training Systems (Factor B)

Factor B—Training system: This factor is highly significant for all parameters
(p = 0.0001). The Cordon training system ensures higher biomass yield, which is a sig-
nificant advantage for potential energy production.

Under the conditions studied, the Cordon system produces significantly heavier
individual shoots and a greater total plant weight than the Guyot system, indicating that
it is more effective in maximising biomass yield. Cordon training is significantly better
in terms of biomass yield. It provides heavier individual shoots (122.90 £ 33.95 g) and,
consequently, a significantly higher total plant weight (759.86 & 121.79 g) compared to the
Guyot system (510.24 4 105.59 g) (Table 4).

The Cordon system produced significantly heavier single shoots (122.90 4 33.95 g)
and greater total plant weight (759.86 £ 121.79 g) compared to the Guyot system
(84.22 +£17.48 g; 510.24 £ 105.59 g).

3.3. Effect of Colour (Factor C)

Factor C—Colour: The effect of grape colour is statistically significant (p = 0.0001).
The selected cultivars—Chardonnay, Riesling, Merlot, and Zweigelt—were intentionally
chosen as representatives of Central European viticulture, differing in vigour, wood density,
and canopy behaviour. This design ensured practical and comparative relevance to typical
vineyard management scenarios rather than broad extrapolation. Based on the numerical
values, the data suggest that white varieties have a higher shoot weight and total plant
weight, while red varieties have a higher number of shoots. The data probably indicate
that the biomass of white grapes has a higher weight per shoot (125.60 & 31.33 g) and a
higher total plant weight (694.62 + 187.77 g) compared to the biomass of red grapes [56].

The colour of the grapes also has a significant impact, although its role is indirect.
White grape varieties in our dataset (Chardonnay, Riesling) show a higher average shoot
weight (125.60 + 31.33 g) and total plant weight (694.62 £ 187.77 g) but produce fewer
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shoots (7.02 & 1.46). Blue-berried varieties (Merlot, Zweigelt) have more shoots (8.57 + 1.11)
but with a lower weight (81.52 & 15.74 g).

3.4. Interactions (A*B, A*C, B*C, A*B*C)

All interactions between factors (A*B, A*C, B*C, and A*B*C) are highly statistically
significant (p = 0.0001). Highly significant p-values for all interaction effects (A*B, A*C,
etc.) in all three tables confirm that the training system and biomass characteristics are not
independent. The yield of a particular cultivar and the original combination of physical
characteristics (clone, rootstock, density, age, etc.) are greatly influenced by the training
system and the physical characteristics of the woody shoots. This highlights the need for a
holistic approach to biomass assessment. This is the most important finding of this chapter,
as it shows that the impact of a single factor, such as cultivar, is not constant but depends
on its combination with the training system and colour.

The statistical significance of all interactions (p < 0.0001) confirms the synergistic
complexity of biomass production.

A*B: Variation: Training—Highly significant interactions (p < 0.0001) indicate that the
effect of one factor is dependent on the others—a characteristic feature of the complexity of
the viticulture system [57].

3.5. Analysis of the Energy Potential of the Tested Waste Biomass

The results of this study clearly show that three main factors—cultivar, training
system, and grape colour—have a significant and interdependent influence on the physical
properties of woody vine shoots. Consistent p-values (<0.0001) for all measured parameters
emphasise the robustness of these effects. From a sustainability perspective, incorporating
pruning residues into vineyard management has the potential to reduce on-site burning by
reducing greenhouse gas emissions, supporting a circular economy model. However, the
choice of grape cultivar and training system combination must remain tailored to specific
conditions: in the production of high-quality white or red wine, where fruit composition is
crucial, the potential yield or quality compromises resulting from pruning must be carefully
weighed against the energy benefits derived from biomass.

Table 5 shows the effect of grapevine cultivar, training system, and berry colour
of four varieties of Vitis vinifera L. on the technical analysis of combustion parameters
obtained from shoots. The analysed technical combustion parameters differed significantly
between varieties. The HHV level showed significant differences between the tested
varieties, with the lowest level observed in Riesling (15.97) and no significant differences
in the other varieties, while the highest level was obtained in Chardonnay and Zweigelt
(16.43). Identical relationships were observed among dry HHV, LHV, and MC (27.37,
14.89, and 37.75, respectively), where shoots obtained from the Chardonnay cultivar were
characterised by a significantly higher level among the studied varieties, while Zweigelt
(24.02,14.71, and 29.37) had the lowest by a significant degree.

The training system had a significant impact on the level of the assessed technical
parameters of combustion. It was shown that HHV, dry HHV, LHV, MC, and A obtained
from shoots trained using the Cordon system were significantly higher than those obtained
from shoots trained using the Guyot system. The opposite significant relationship was
demonstrated for the V parameter, which, in the case of FC, demonstrated no significant
effect of the training system on the level of the assessed parameter.
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Table 5. Technical and elemental analysis of grape varieties (A), cultivation form (B), colour, and the

combination of interactions of the given factors (dry matter).

Technical Analysis Parameters

HHV Dry
(MI;I-Iljv—l) Ash-Free (M}ilv—l) ME (%) A0 Ve et
8 M) kg~1) 8
2  Chardonnay 1643+044a 2737 +084a 1489+038a  37.75+057a 222+024b  4823+035c 1180 £ 0.24 ¢
> Merlot 1641 +045a 2674+125b 14.68+034b  3624+121b  234+027a 4860+1.03c 12.83 +043b
E Riesling 1597 +0.11b 2482+067c 1437+004c  3341+127c  222+015b 51.90+121b 1247 +054b
k= Zweigelt 1643+ 073a 24024+106d 1471 +047d  2937+011d  224+004b 5439 +£026a 14.00+028a
3 p-value 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
5% Guyot 1613+ 044b 2525+197b 1456+ 041b 3379 +£344b  211+010b 5121+27la 12.89+0.82a
ES&E Cordon 1649+ 050a 2622+119a 1476+032a 3459 +34la  239+015a 5035+272b 12.66+098a
S8 pvalue 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.1504
= White 1620+ 039a 2610+152a 1463+038a 3558 +246a 222+019a 5006 +210a 1213 +0.53b
Els) Red 1642+ 058a 2538+180a 1469+039a 3280 +368b 229+019a 5149+31la 1342+070a
S p-value 0.2883 03015 0.7068 0.0406 0.3807 0.2003 0.0001
A*B pvalue 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.3627
A*C  pvalue 0.0001 0.0001 0.0001 0.0001 0.0212 0.0001 0.0001
B'C  pvalue 0.0001 0.0001 0.0001 0.0051 0.0001 0.0001 0.3423
A*BC  p-value 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.2133

Explanations: HHV—higher heating value, LHV—lower heating value, MC—moisture, A—ash, V—volatile
matter, FC—fixed carbon. Significant difference means that different letters in the column indicate significant
differences at o« = 0.05.

The statistical analysis carried out on most of the technical parameters analysed did
not show a significant influence of berry colour on the parameters assessed. An exception
was found in the case of MC, where it was shown that varieties with light-coloured fruit
had a significantly higher level of the assessed parameter compared to red-coloured fruit.
Conversely, a significant correlation was found in the case of the FC parameter.

The double interaction between varieties and training system, and between training
system and berry colour, showed significant correlations between the analysed technical
combustion parameters, with the exception of the FC parameter. The same correlation
occurs in the case of the triple interaction between cultivar, training system, and fruit colour.
In the case of the interaction between the cultivar and the colour of the fruit, significant
correlations were found for all the parameters assessed.

Table 6 presents the results of the elementary analysis, which showed a significant
impact of cultivar and cultivation method on most of the evaluated elements. Analysis of
the fruit content of the evaluated grapevine varieties did not show a significant impact on
any evaluated parameters except oxygen. After burning, the shoots of white grapevine
varieties were characterised by a significantly higher oxygen level than red ones.

No significant differences between the analysed varieties of Vitis vinifera L. were found
in the case of sulphur (S) and N/C; a similar relationship between the parameters of the
elemental analysis was also observed in the case of the form of vine training. Ash from
Zweigelt shoots was characterised by significantly higher levels of carbon (C) and nitrogen
(N) (34.27; 0.77, respectively). The lowest levels of the above-mentioned parameters of
the elemental analysis were recorded for carbon (C) in the Chardonnay cultivar and for
nitrogen in the Chardonnay and Merlot varieties, which did not differ from each other.
The Chardonnay cultivar was characterised by significantly higher levels of hydrogen (H),
oxygen (O), H/C, and O/C (8.97; 57.91; 2.98; and 1.44, respectively), while the Zweigelt
cultivar showed significantly lower levels of these elements.
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Table 6. Elemental analysis of vine shoots depending on cultivar, cultivation method, colour, and the
combination of interactions between factors.

Ultimate Analysis%

C H N S o H/C N/C o/C
< Chardonnay 30.15+0.62d 8.97+£0.05a 0.71+£0.01b 0.04+0.00a 5791+ 045a 298+0.07a 0.02+0.00a 1.444+0.04a
= Merlot 30.89 £ 0.88 ¢ 8.81 £0.19 ab 0.70£0.04b 0.04+0.00a 57.22+045b 2.85+0.14b 0.02+0.00a 1.39+0.05b
E Riesling 32.39+0.72b 8.60 £ 0.33bc 0.73 +0.04 ab 0.04+0.00a 56.024+0.77 ¢ 2.65+0.09 ¢ 0.02+0.00a 1.30+0.05¢
5 Zweigelt 3427 +£0.23a 837 +0.11c 0.77 £0.07a 0.04+0.00a 54.31+0.31d 244 +£0.03d 0.02+0.00a 1.19+0.01d
O p-value 0.0001 0.0001 0.0001 0.3458 0.0001 0.0001 0.2607 0.0001
k) ‘g Guyot 32424+149a 8.67+0.22a 0.70£0.03b 0.04+0.00a 56.06 £1.39b 2.68 +0.19b 0.02+0.00a 1.30+0.09b
é g @ Cordon 31.43+1.85b 8.70+0.37 a 0.76 £0.05a 0.04+0.00a 56.68 +1.55a 278+ 0.26a 0.02+0.00a 1.36+0.11a
L8 p-value 0.0001 0.7541 0.0001 0.3548 0.0001 0.0001 0.4589 0.0001
5 White 3127 +£133a 878+ 0.30a 0.72+0.03a 0.04+0.00a 5697 £ 1.16a 281+0.19a 0.02+0.00a 1.37£0.09a
% Q Red 32.58 £ 1.86a 8.59+0.27 a 0.74+0.06 a 0.04+0.00a 55.76 £1.56 b 265+024a 0.02+0.00a 129+£0.11a
@) p-value 0.0606 0.1134 0.3936 0.1852 0.0427 0.0678 0.5520 0.0598
A*B p-value 0.0001 0.1487 0.1105 0.0001 0.2344 0.0195 0.2181 0.0392
A*C p-value 0.0001 0.0004 0.0041 0.0087 0.0001 0.0001 0.0037 0.0001
B*C p-value 0.0001 0.0027 0.0009 0.0001 0.0030 0.0039 0.0001 0.0001
A*B*C p-value 0.0038 0.1887 0.1941 0.0036 0.2453 0.0119 0.2951 0.0251

Explanations: C—carbon content, H—hydrogen content, N—nitrogen content, S—sulphur content, O—oxygen
content, H/C—ratio of hydrogen to carbon, N/C—ratio nitrogen to carbon, O/C—ratio oxygen to carbon.
Significant difference means that different letters in the column indicate significant differences at o = 0.05.

Interactions between A*B, A*C, B*C, and A*B*C showed a significant relationship
between the examined characteristics and the parameters of elemental analysis, i.e., carbon
(C), sulphur (S), H/C, and O/C. Considering the influence of fruit colour, no significant
effect on the elemental analysis was observed in most cases, while in combination with the
cultivar and form of cultivation under consideration, significant interactions were observed
among all the elemental analysis parameters assessed. Identical interaction relationships
were found for the evaluated elements, i.e., hydrogen (H), nitrogen (N), oxygen (O), and
N/C, with a significant relationship between the tested cultivar and cultivation method,
as well as between the cultivar, cultivation method, and fruit colouring. No significant
interaction was found among the other interaction combinations.

Table 7 presents the emission parameters, which showed significant differences be-
tween the tested varieties and the forms of vine training, while the colour of the fruit had
no significant effect on the differences in the assessed parameters. The CO and CO; levels
were significantly higher in the Zweigelt cultivar and significantly lower in Chardonnay.
The significantly highest NOy level was recorded in the Zweigelt cultivar, which differed
significantly from Merlot and Chardonnay. The highest level of SO, was found in Zweigelt
and differed significantly from Chardonnay and Riesling, which had the lowest levels of
this gas. In the case of the above-mentioned parameters, it was observed that the Zweigelt
cultivar had the highest level, while Chardonnay had the lowest. After combustion, Merlot
shoots had the highest ash content of all the varieties assessed. The method of training used
in the Vitis vinifera L. vines had a significant impact on their emission levels. Vines trained
using the Guyot method generated significantly higher levels of CO and CO; than those
trained using the Cordon method. The opposite significant relationship was observed in the
case of NOy, SO, and dust. The interaction between the cultivar and the training system,
the cultivar and the colour of the fruit, the training system and the colour of the fruit, and
all three characteristics studied simultaneously had a significant effect on the emission
parameters, i.e., CO, CO,, and dust, while in the case of SO, only the triple relationship
was not demonstrated. Furthermore, no triple interaction was demonstrated for NOy,
which did not confirm a significant relationship between cultivar and training system.
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Table 7. Emission parameters for vine shoots depending on the cultivar, form of training, and

fruit colour.

Emission Factor (kg-Mg~1)

coO NOy CO, SO, Dust
< Chardonnay 37.15+£0.76d 250+0.03b 909.62+1871d 0.08£0.00b 2.80£0.30b
= Merlot 38.06 £1.08c 248 +0.14b 93198 +26.41c 0.08+00lab 296+034a
_g Riesling 3990+ 088b 257+0.15ab 977.17 +£21.62b 0.08+0.00b 2.80+0.19b
ﬁ Zweigelt 4222 +028a 272+023a 103378+t 6.82a 0.09=*£0.01a 2.83 £0.05b
> p-value 0.0001 0.0001 0.0001 0.0001 0.0001
kS 'g Guyot 3994 +184a 247+010b 97798 £45.05a 0.08 +0.00 b 2.67 £0.13b
é g ) Cordon 3873 £228b 2.66=+£0.18a 94829 £55.86b 0.09£0.01la 3.02+0.18a
£ 9 p-value 0.0001 0.0001 0.0001 0.0001 0.0001
5 White 3853 +1.64a 254£011a 943.40+40.20a 0.08-+£0.00a 280+£024a
% Q Red 4014 £230a 260+022a 98288 +5626a 0.08=+0.01a 289+024a
O p-value 0.0606 0.3936 0.0606 0.1852 0.3807
A*B p-value 0.0001 0.1105 0.0076 0.0001 0.0001
A*C p-value 0.0001 0.0041 0.0001 0.0087 0.0212
B*C p-value 0.0001 0.0009 0.0001 0.0001 0.0001
A*B*C p-value 0.0038 0.1941 0.0038 0.2436 0.0001

Explanation: CO—carbon monoxide, CO,—carbon dioxide, SO,—sulphur dioxide, NOx—mnitrogen oxides.
Significant difference means that different letters in the column indicate significant differences at o« = 0.05.

Table 8 presents a description of the parameters of the exhaust gas composition,
which showed significant differences between the tested varieties and the form of vine
training. The colour of the fruit did not have a significant impact on the differences in the
assessed parameters, with the exception of the Voo parameter, which was significantly
higher in white varieties than in red ones. The differences between the varieties in the
parameters tested are confirmed by the exhaust gas analysis presented. Most of the exhaust
gas parameters assessed showed significantly higher levels in the Zweigelt cultivar and
significantly lower levels in Chardonnay. The exception was the Vo(i20) parameter, for
which a significantly inverse relationship was observed.

In most combustion parameters, the type of training system used for the four grapevine
varieties studied had a significant impact, with the exception of V20, Ve, Vog, and Vogu.
Guyot training had significantly higher combustion parameters, i.e., VoO,, Vo,, Vcoz and
Vso2, than shoots trained using the Cordon method.

The interaction between fruit colour, training system, and cultivar showed a significant
effect on all combustion parameters studied. Furthermore, the triple interaction showed a
significant relationship only in the parameters Vcop and Vopo; the same relationship was
observed in the interaction between cultivar and cultivation method.

Table 9 presents correlations between all examined biomass combustion parameters,
the weight of one shoot, and the weight of shoots per plant, as well as the number of all
shoots, taking into account the training system. No correlations were found in Cordon-
trained shrubs between the weight of one shoot, the weight of shoots per plant, and energy
parameters. In the case of Guyot-trained shrubs, no relationship was found between the
energy parameters studied and the number of shoots per plant. Cordon-trained vines
showed strong relationships between the number of shoots per plant and biomass combus-
tion parameters, i.e., HHV dry without ash, C, H, MC, O, V, H/C, O/C, CO;, VoO3, Voa,
Vo2, Vir2o, V720, VN2, Voga, and Vogy. Identical correlations were observed between
the weight of one shoot and the weight of shoots per plant in Guyot-trained shrubs and the
energy parameters listed above.
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Table 8. Composition for vine shoots depending on the cultivar, form of training, and fruit colour

cultivar.
Exhaust Gas Parameters (Nm?-kg~1)
VoO, Vo, Vcoz Vsoz Vom0 Ve Vog, Vogu
) Chardonnay  0.66 +0.01c¢ 3.14+0.06 ¢ 0.56 +0.01d 0.00 +0.00b 147 +£0.01a 3.05+£0.05¢ 5.60+0.07b 3.61 £0.06c
= Merlot 0.67 £0.01 bc 3.19 £0.05bc 0.58 £0.02¢ 0.00 £ 0.00 ab 144 +£0.03b 3.08£0.04c 5.61£0.05b 3.66 £0.05¢
g Riesling 0.69 £ 0.03b 3.31+£0.16b 0.60 £0.01b 0.00 £ 0.00 ab 1.38 £0.03 ¢ 320£0.11b 5.71£0.17 ab 3.80+0.12b
%’ Zweigelt 0.73+0.01a 3.47+0.05a 0.64+0.00a 0.00+0.00a 1.30+0.01d 3.36 £0.07 a 5.86+£0.09 a 4.00£0.07 a
V) p-value 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
ks g Guyot 0.70 £0.03a 3.33+£0.13a 0.61£0.03a 0.00 +0.00b 1.39+0.07a 319+011a 572+0.10a 3.80+0.14a
é ©S@m Cordon 0.68 = 0.03b 3.23+0.17b 0.59 £0.03b 0.00+0.00a 1.41+0.08a 315+0.17a 5.67+0.18a 3.74+02a
L § = p-value 0.0001 0.0001 0.0001 0.0001 0.1170 0.1898 0.1641 0.0671
5 White 0.68 +0.03 a 323+0.14a 0.58 +£0.02a 0.00+0.00 a 143 +0.06a 312+0.11a 565+0.14a 371+£0.13a
% g Red 0.70 £0.03a 3.33+£0.15a 0.61+0.03a 0.00+0.00a 1.37+£0.07b 3.22+0.15a 574+0.15a 3.83+0.19a
Q p-value 0.0971 0.0971 0.0606 0.1852 0.0477 0.0882 0.1703 0.0777
A*B p-value 0.2271 0.2271 0.0001 0.0076 0.0076 0.1178 0.5894 0.1488
A*C p-value 0.0001 0.0001 0.0001 0.0087 0.0001 0.0001 0.0008 0.0001
B*C p-value 0.0057 0.0057 0.0001 0.0001 0.1406 0.0067 0.0015 0.0345
A*B*C  p-value 0.3851 0.3851 0.0038 0.2436 0.0088 0.6068 0.8407 0.4646
Explanations: VoO,—the theoretical oxygen demand, Vo,—stoichiometric volume of dry air required to burn 1 kg
of biomass, Vcop—the carbon dioxide content, Vgop—the content of sulphur dioxide, Voppo—the water vapour
content of the exhaust gas, Vno—the theoretical nitrogen content in the exhaust gas, Vog,—the total stoichiometric
volume of dry exhaust gas, Vog,—the total volume of exhaust gases. Significant difference means that different
letters in the column indicate significant differences at & = 0.05.
Table 9. Analysis of the correlation between energy parameters and vine shoot waste biomass.
Cordon Guyot
Weight of 1 Weight of Number of Weight Weight of Number of
Shoot (g) Shoots Per Shoots (pcs.) of 1 Shoots Per Shoots s
Plant (g) “  Shoot (g) Plant (g) (pcs.)
HHV 0.06 0.26 -0.27 0.26 0.08 —0.36
HHYV dry without ash (M]-kgfl) 0.35 0.52 —0.65 0.55 0.67 -0.19
LHV 0.21 0.37 -0.43 0.44 0.47 -0.39
C —0.40 —0.50 0.66 -0.57 -0.76 0.08
H 0.28 0.38 —0.55 0.55 0.60 —0.26
N -0.25 -0.22 0.24 —-0.28 -0.31 —0.09
S -0.21 -0.07 0.17 -0.17 -0.31 -0.15
MC 0.35 0.46 —0.61 0.59 0.76 —0.01
(@) 0.39 0.48 —0.64 0.60 0.76 —0.01
A (%) 0.27 0.29 -0.20 0.15 0.12 -0.22
\Y% —0.40 —0.51 0.65 —0.55 -0.75 0.05
FC —0.16 —0.24 0.37 -0.32 —0.63 -0.07
CcO —0.40 —0.50 0.66 —0.52 -0.76 0.08
H/C 0.41 0.51 —0.68 0.55 0.75 -0.18
N/C 0.10 0.19 -0.29 0.14 0.30 —0.14
o/C 0.43 0.52 —0.68 0.54 0.77 —0.07
NOx -0.25 -0.22 0.24 —-0.28 -0.31 —-0.09
CO, 1 —0.40 —0.50 0.66 —0.52 -0.76 0.08
SO, (kg-Mg™) 91 —0.07 0.17 —-0.17 —0.31 —0.15
Dust 0.27 0.29 -0.20 0.15 0.12 —-0.22
VoO, —0.38 —0.45 0.58 —0.55 —0.68 —0.06
Voa —0.38 —0.45 0.58 —0.55 —0.68 —0.06
VCO, —0.40 —0.50 0.66 —0.56 -0.76 0.08
VSO, -0.21 -0.07 0.17 -0.17 -0.31 -0.15
V'H,0 (Nm3-kg=!) 034 0.45 —0.62 0.56 0.73 —0.13
V"H,O —0.38 —0.45 0.58 —0.55 —0.68 —0.06
VN, —0.40 —0.46 0.57 -0.57 —0.69 -0.07
Voga —-0.37 —0.41 0.55 —0.59 —0.60 —-0.12
Vogu -041 —0.47 0.60 —0.58 -0.71 —0.05
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The principal component analysis (Figure 2) presents an analysis of the composition of
selected energy parameters of the tested material in relation to four grape varieties grown
using the Cordon method. The sum of PC (PC1 and PC2) of the total variable characteristics
for Chardonnay, Merlot, Riesling, and Zweigelt grape varieties was 97.37% (84.45% for
PC1 and 15.92% for PC2). Four independent clusters were observed, the first of which
shows the relationships between Dust, H, and O. The second cluster shows a very strong
relationship between LHYV, S, SO,, and VSO,, while the third largest cluster represents the
relationship between Vogu, Voga, N, C, CO,, and VCO,. It was observed that biomass
parameters do not affect the assessed energy parameters, as shown by cluster number four.
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Figure 2. PCA analysis showing the relationship between selected energy parameters obtained from
grapevine shoots grown in the Cordon form (M_Plamt- Shoot mass).

Figure 3 presents the PCA analysis of grapevine shoots grown in the Guyot form. The
sum of PC (PC1 and PC2) of the total variable characteristics for grapevine pomace was
94.98% (66.84% for PC1 and 28.14% for PC2, respectively). Three independent clusters
were observed, where the first represents the relationship between the amount of waste
biomass and O, H, and LHV. The second cluster shows a very strong relationship between
S, SO,, and VSO,, N, Vogu, and Voga, while the last one shows relationships between C,
CO,, VCO,, and Dust.

Figure 4 presents an analysis of Cordon-trained shrubs, the aim of which is to deter-
mine the similarity between the amount of biomass obtained and the energy assessment.
It was found that Riesling and Merlot shrubs show a strong similarity between all the
combustion and biomass parameters assessed. The Zweigelt cultivar differs significantly
from the other varieties assessed.
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An analysis of grapevine clusters formed using the Guyot method revealed two
clusters, showing a high degree of similarity between individual varieties. The first clus-
ter included the Zweigelt and Riesling varieties, while the second included Merlot and
Chardonnay. The distribution of varieties in the same cluster indicates a high degree of
similarity in biomass production and energy potential (Figure 5).
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Figure 3. PCA analysis showing the relationship between selected energy parameters obtained from
grapevine shoots grown in the guyot form.

Zweigelt

Riesling

Merlot

Chardonnay

0.0 0.2 0.4 0.8 0.8 1.0 1.2

Figure 4. Comparative analysis of the values of tested biomass and energy obtained from grapevine
shoots of selected Vitis vinifera L. varieties grown in the Cordon form.
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Zweigelt
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Chardonnay
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Figure 5. Comparative analysis of the values of tested biomass and energy obtained from grapevine

shoots of selected Vitis vinifera L. varieties grown in the guyot form.

4. Discussion
4.1. Effect of Cultivar (Factor A)

Chardonnay achieved the highest biomass per plant despite having fewer shoots,
reflecting its moderate vigour and high basal bud fertility, characteristics that maximise the
yield of spurs to fully express their production potential in the Cordon system. Research
by Torres et al. [56] on canopy architecture confirms that varietal composition—basal bud
fertility and shoot thickness—strongly influences the chosen training system, affecting
biomass, grape yield, and seasonal reliability.

Merlot responded strongly to Cordon training, increasing shoot circumference, which
is consistent with its high vegetative vigour and sensitivity to basal node behaviour. Merlot
improved under Cordon training in terms of stem thickness and wood mass. Research on
canopy management practices in warm environments emphasises that vigorous varieties
such as Tempranillo or Merlot benefit structurally from dense architecture pruned to pin
shoots, showing increased wood density in such systems, Torres et al. [56].

Riesling maintained balanced biomass production in both systems, which is consistent
with its well-documented adaptability and moderate vigour. This was reflected in a
balanced number of shoots and their thickness in both the Guyot and Cordon systems.
Research conducted by Maniero [57] suggests that varieties such as Riesling, with moderate
vigour, maintain crown balance and high wood quality in different training systems, mainly
by avoiding excessive shading in the case of spur pruning.

Zweigelt produced the most shoots, but with the lowest stem weight, indicating the
cultivar’s predisposition to greater shoot initiation than secondary thickening—a trait less
favourable for energy recovery. The production of many thinner shoots, in line with the
growth strategy of the cultivar, which favours quantity over thickness, indicates rapid
internode elongation and the allocation of resources to reproduction [58].

Zweigelt, on the other hand, is characterised by high bud fertility and a large number
of shoots, as the distribution of resources favours crown growth at the expense of the
lignification of individual shoots. Research by Lisek [59] should confirm these observations,
as it has been shown that Zweigel and Riesling tend to have a high fertility rate for all
types of fertile buds (secondary, primary, and even latent). On the other hand, Chardonnay
showed significantly lower secondary and even primary fertility. However, varieties such
as Merlot and Chardonnay did not produce fertile latent buds. These differences are crucial
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because bud fertility is a precursor to shoot thinning, and the ratio of shoots to mass affects
wood maturation and total pruning waste.

The varietal patterns observed here are consistent with the hypothesis that internal
vigour, internode morphology, and canopy density—shaped by genetic background—
directly influence pruning residue yields [60]. The number of shoots has a direct impact on
dry biomass. In biomass-oriented vine cultivation, the transparency of the Cordon structure
translates into more predictable annual yields.

The cultivar factor was confirmed as the main determinant of shoot characteristics,
which is consistent with recent findings that genotypic differences have a strong influence
on vegetative growth patterns and wood allocation [26,61].

This structural profile suggests a growth habit conducive to fewer but more vigorous
shoots—an architecture conducive to increased lignification per unit length, as observed
in other moderately vigorous varieties [62]. In contrast, Anderson et al. [63] obtained the
same Dijon 76 Chardonnay clone, trained it to 12 shoots, and achieved a shoot weight
of 70 g and a total pruning weight of 1.8 kg. This increases the shoot load factor in the
context of clone-training interactions [63]. Our results confirm that genotype-determined
architecture should be considered, in addition to interactions with the root system, as a
dominant factor determining the volume of pruned biomass [64,65]. The clear differences
between Chardonnay and Zweigelt reflect the cultivar-specific balance between source and
sink and shoot growth allocation strategies.

4.2. Effect of Training Systems (Factor B)

Contrasting shoot development strategies—producing a few thick shoots versus nu-
merous thin ones—illustrate a biological trade-off between allocating resources to stem
thickening (lignification) and maximising reproductive efficiency. From an energy recovery
perspective, thicker stems generally exhibit higher density, lower ash content, and more
favourable combustion characteristics, as confirmed by previous studies on the fuel po-
tential of vine prunings [59,65]. Differences in biomass accumulation per plant between
Cordon and Guyot training systems may therefore substantially affect the potential energy
yield per hectare, if this parameter is of interest. Research on the recovery of residual
biomass in viticulture confirms that vine wood exhibits relatively stable fuel properties,
supporting its potential as a renewable energy source [59,65]. Thus, the approximately 50%
more biomass in Cordon systems can translate into a significant increase in energy [66].
However, the choice of training system must remain independent. Although Cordon
systems offer advantages such as grape quality, biomass impact, and shoot regeneration,
they are still overrated in cool climate regions where there is a risk of spring frosts [67,68].

The higher weight of individual shoots and total biomass of vines grown using the
Cordon method are consistent with recent findings linking pin pruning to improved
vascular connectivity, stronger carbohydrate allocation to basal nodes, and increased
secondary thickening. In biomass energy applications, the thicker and denser wood from
Cordon-trained vines is more advantageous because it typically has a higher volumetric
density and lower moisture content, which improves combustion efficiency [69]. Guyot-
trained vines, based on shoot pruning, produce more shoots from distal buds, but with
smaller diameters and lower lignin content due to increased competition between shoots
and reduced carbohydrate reserves in distal nodes [70].

These results are consistent with studies indicating that short-pruned Cordon systems
promote stable basal bud fertility and thicker, well-lignified shoots due to consistent shoot
spacing and perennial Cordon wood [71,72]. Guyot systems, on the other hand, allow for
greater flexibility in shoot length but may result in greater variability in shoot diameter and
weight [73,74]. This relationship was also suggested by Liu et al. [62]. Pruning shoots has
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the advantage of preserving the most fruitful nodes on the shoots, and when combined
with apical dominance, can lead to the M effect and uneven budding. Reserves, mainly
carbohydrates, may also potentially change after the removal of retained wood older than
2 years [60]. In this context, Cordon training appears to increase the uniformity of shoot
ripening, which is beneficial for maximising total lignified biomass per vine, especially
in varieties predisposed to strong basal shoot growth [53]. O’Brien et al. [72] made an
interesting observation about permanent trellises [72,74-76]: the optimal behaviour of
pin shoots is 2-3 nodes located along a permanent structure in one-year-old wood and
recent branches. The advantage of the trellis system in producing heavier shoots is due
to its architectural stability. Perennial Cordon arms maintain a fixed position of the spurs,
leading to uniform budding and more homogeneous shoot ripening. This contrasts with
the Guyot system, where the annual replacement of fruiting shoots increases the variability
in shoot diameter, as seen in our lower average shoot weight values [77]. In healthy vines,
most of the accumulated wood should be removed. In addition to the cost of pruning, this
system has the advantage of providing greater reserve storage capacity and often leads to
more balanced shoot growth. However, even Reynolds et al. [78] observed that the age of
planting Cordons has no effect on crown density or shoot composition, but it was found to
have a significant effect on the sensory analysis of wine.

4.3. Effect of Colour (Factor C)

This result is consistent with observations from recent studies on grapevine phys-
iology, in which morphological (vigour) and morphological-anatomical (leaves, habit)
characteristics often co-occur with berry colour, which is due to breeding effects rather than
pigmentation, indicating internal genealogical differences related to berry colour [56,79-82].
Testing only two varieties in each colour group does not provide sufficient evidence to
support generalisations or draw firm conclusions based on colour-related differences. Ac-
cording to Song et al. [83], significant correlations between colour and agronomic traits
should be observed, but most associations are weak or ambiguous. Red and white varieties
respond differently to the same support systems in terms of growth characteristics, includ-
ing stem length and position, highlighting inherent differences in structural characteristics
associated with pigmentation groups. Several grape groups are grouped based on common
agronomic characteristics such as ripening time, bunch weight, berry weight, and antho-
cyanin content based on bunch analysis, but correlations are often due to the influence of
specific combinations of varieties and colours. It is necessary to maintain an appropriate
source-to-sink ratio in line with production, agronomic, and vegetative objectives over
time to balance and exploit the potential of the vine. When assessing the vegetative and
production strategy of red and white varieties, very different quality objectives can be
observed. The use of long pruned shoots is often a very versatile form of vine cultivation
and supports a well-developed source-to-receiver ratio, resulting in better aromatic compo-
sition and yield for white varieties. However, short pruning and shoot pruning give better
results for the Ravaz index and red varieties [83]. These differences may reflect the history
of cultivation method selection: many white varieties in Central Europe are cultivated for
moderate vigour and denser shoot arrangement, while some red varieties prefer crown
expansion over shoot mass accumulation. Almanza-Merchdn et al. [84], assessing the
impact of production and vegetative balance in Cabernet Sauvignon (red) and Sauvignon
Blanc (white) grape varieties in Sutamarchan-Boyaca according to pruning type, showed
that vines pruned long showed the best behaviour and the most balanced source-to-sump
ratio, while Sauvignon Blanc showed better yield. Vines pruned short and mixed showed
better Ravaza index values, indicating their balanced development throughout the grape
production cycle.
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4.4. Interactions (A*B, A*C, B*C, A*B*C)

Koblet et al. [85] observed that different combinations of training system, cultivar, and
rootstock lead to a specific source-sink ratio, as demonstrated by the amount of pruning
waste. For example, Chardonnay grown using the Cordon method produced the highest
total plant mass in the entire study, exploiting both the vigour pattern of the genotype
and the stability of the Cordon architecture. Meanwhile, Zweigelt grown using the Guyot
system produced one of the lowest yields, combining a genotype with a high number
of shoots with a system that disperses resource allocation per shoot. This confirms that
cultivar-specific growth habits can be enhanced or weakened by the choice of training
system [86,87]. Similarly, the A x C interaction suggests that differences between colour
groups are not uniform within varieties; for example, Merlot (blue) showed greater weight
gain in Cordon training compared to Zweigelt, indicating varying adaptability to pruning
within the same colour group. As noted by Colugnati et al. [88], the genealogy of a cultivar
influences its interaction with the support. This is reflected in the interaction pathways
between varieties and colours. For example, red varieties may thrive with claw pruning,
but the Zweigelt origin alters claw interactions. Each cultivar, depending on berry colour
and wine style, requires specific agronomic practices. For red varieties, the use of a vertical
trellising system and spur pruning helps to modify yield and the ratio of leaf area to fruit
on the vine, which also accelerates grape ripening [29,89,90].

The B*C and A*B*C interactions further emphasise the independence of these factors:
optimal biomass yield only occurs when the genotype of the cultivar, the structural training
system, and the colour group are considered together, with the colour group serving as a
proxy indicator. Pérez-Lamela et al. [91] suggest that the combination of cultivar colour,
formation, and pruning even influences the phenolic composition of wine and oenological
processes. Ignoring these synergies can lead to suboptimal availability of pruning residues
and, consequently, to a reduction in their potential for further use. According to studies by
Reta et al. [92] and Yang et al. [93], the combination of sustainable pruning, comprehensive
canopy management, and the selection of an appropriate training system is an important
step towards achieving high yields in grapevine varieties and indicates that all these factors
must be considered together in order to maximise biomass production.

4.5. Analysis of the Energy Potential of the Tested Waste Biomass

Conversely, a significant relationship was found for the V and FC parameters. The
above relationships confirm earlier studies by Maj et al. [29], carried out on PIWI grapevine
varieties grown in Poland, which also showed a significant influence of the cultivar on the
technical and elemental analysis of fuel obtained from the combustion of woody shoots. A
significant influence of the Vitis vinifera L. cultivar on the technical analysis of combustion
parameters obtained from grape stems and pomace was demonstrated by Kaptan et al.
(2025) [30]. In turn, the studies by Klimek et al. [31] found a significant impact of rootstock
type on the HHV and MC, V, A, and FC coefficients during the combustion of woody shoots.
Similar relationships were demonstrated in the studies by Kaptan et al. [26] assessing the
energy potential of Regent grapevine leaves grafted onto different types of rootstocks. In
the study by Enes et al. [34], the HHV coefficient determined for biomass from vine shoots
collected from two different locations in Portugal did not differ significantly and ranged
from 17.3 to 17.4 M]-kg 1.

The levels of oxygen (O), H/C, and O/C differed significantly between all the va-
rieties assessed, and the varieties ranked in the same order for the elements in question:
Chardonnay, Merlot, Riesling, and Zweigelt. Previous studies by Maj et al. [29], which
aimed to assess the energy potential of biomass in the form of shoots from PIWI grapevine
varieties grown in Poland, showed a significant influence of the cultivar on the results of
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the elemental analysis in the case of carbon (C), sulphur (S), and O/C, while in the case of
the other parameters, i.e.,, H, N, O, H/C, N/C, and O/C, this influence was insignificant.

Elemental analysis of biomass from vine shoots grown in Portugal in two different
locations showed that the place of cultivation had a significant effect on the content of C, H,
O, S, and ash [34].

The above results confirm that the grapevine cultivar significantly modifies emission
parameters. Maj et al. [29] also demonstrated this relationship when evaluating PIWI
varieties, with the exception of NOx, whose level did not differ significantly. Kaptan
et al. [30] demonstrated in their research that the grapevine cultivar significantly affects the
combustion parameters of biomass obtained from grape stems and pomace.

A significant and unambiguous influence of the cultivar on the parameters of exhaust
gas composition was demonstrated by Kaptan et al. [30] when assessing biomass obtained
from grape stems and pomace. In the study by Maj et al. [29], a significant influence of
the cultivar on the composition of exhaust gases was demonstrated only in the case of
the parameters VoO, I VSO,, while the other components did not differ significantly from
each other. Klimek et al. [31] showed that the type of rootstock in Regent grapevines had
a significant impact on the composition of exhaust gases produced by the combustion of
woody shoots of this species.

5. Conclusions

The grape cultivar is the main factor determining the properties of biomass and its
behaviour during combustion. Zweigelt had the best energy parameters (high calorific
value, low moisture content), but at the same time generates the highest gas emissions (CO,
NOy, SO3). Chardonnay has the lowest exhaust emissions and the highest hydrogen and
oxygen content, but has higher moisture content, which can reduce combustion efficiency.
Riesling performs the worst in terms of calorific value and moisture content.

The form of vine training (Guyot vs. Cordon) has a significant impact on combustion
and emission parameters. The Guyot system generates higher carbon, CO, and CO; content,
but produces lower emissions of dust, SO;, and NOx. The Cordon system generates more
dust, nitrogen, and sulphur oxides, but less CO and CO,. The choice of training system
should be tailored to the objectives, e.g., greater energy efficiency (Guyot) or lower pollutant
emissions (Cordon).

The colour of the fruit (white vs. red) is of marginal importance. It primarily affects
the moisture and water vapour content in the exhaust gases—white varieties have higher
moisture and more water vapour. No significant differences in gas emissions or calorific
values were found.

The results of the study confirm that vine pruning residues are a valuable energy
resource, and their effective management can support the transition to a circular economy
and a reduction in greenhouse gas emissions.

This study highlights how the proper selection of cultivar and training system can
optimise both vineyard management and renewable energy output from pruning residues.
These insights are directly applicable to Czech grape growers or vintners from Central
European (cool climate) conditions, such as in Austria, Slovakia, or Poland. Results
may help to improve sustainability metrics, reduce waste management costs, and align
viticultural practices with international climate commitments.

In warmer or subtropical viticultural regions, such as Brazil, Chile, or California,
where biomass accumulation and moisture content dynamics differ, the present results
may guide the adaptation of pruning strategies for improved combustion efficiency and
emission control. Understanding cultivar-specific carbon and nitrogen profiles provides
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a foundation for selecting grape cultivars and training systems well-suited to bioenergy
production under diverse environmental conditions.
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