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Borkowska, A.; Sotolář, R.; Danko, R.;
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Radek Sotolář 4 , Richard Danko 4 and Mojmir Baroň 4
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Abstract: The study assessed the yield and quality as well as the energy potential of biomass
from stalks and pomace of four grape varieties, Riesling, Chardonnay, Zweigelt, and Merlot
Vitis vinifera L., grown in temperate climate conditions. The research is innovative because
the evaluation of the energy potential of biomass originating from Vitis vinifera L. has not
been carried out so far in the northern wine-growing regions. Field studies were conducted
in 2023 in the Experimental Vineyard of the University of Life Sciences in Lublin, located
in southeastern Poland. Biometric yield assessment showed that Chardonnay vines were
characterized by the lowest mass of clusters and peduncles, number of berries in the cluster,
berry diameter, and peduncle size, and at the same time the highest berry mass among the
assessed biotypes. Merlot clusters were characterized by the highest mass of clusters and
the largest peduncles. Riesling had the most berries in the cluster, the heaviest peduncles,
and the highest share of peduncles in the cluster mass (8.99%). For grape pomace, the LHV
values range from 15.98 MJ kg−1 for the Chardonnay variety to 16.91 MJ kg−1 for Riesling,
while for peduncles, these values range from 15.11 MJ·kg−1 for Merlot and Riesling to
15.26 MJ kg−1 for Chardonnay. The differences in pollutant emissions are more pronounced
between grapevine varieties than between types of biomass (pomace vs. peduncles). The
greatest variation among varieties was observed for carbon dioxide (CO2) emissions in
the pomace category, while the smallest differences were noted for sulfur dioxide (SO2)
emissions. Total gas emissions were highest for Zweigelt pomace (7.72 Nm3 kg−1) and
lowest for Merlot (6.99 Nm3 kg−1), while for stalks, Chardonnay had the highest values
(6.77 Nm3 kg−1) and Merlot the lowest (7.32 Nm3 kg−1). The largest variation among
varieties was observed in the pomace category. These results indicate differences in exhaust
gas emissions for different plant parts and grape varieties, which are relevant for optimizing
production processes and ensuring sustainable development.
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1. Introduction
The strain on energy markets, initially exacerbated by the COVID-19 pandemic, inten-

sified considerably after the conflict between Russia and Ukraine erupted in late February
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2022, which in turn triggered a worldwide energy crisis [1]. The ongoing depletion of finite
fossil fuel resources has led to a re-evaluation of future energy strategies, anticipating a
scenario where such resources will no longer be accessible. As a result, renewable energy
sources have emerged as some of the most promising alternatives to fulfill future energy
demands [2]. Understanding the link between energy consumption and well-being is
essential for developing comprehensive energy policies. These policies must not only
address the need to mitigate climate change caused by current fossil-based energy systems
but also support human development, which is inherently dependent on energy access [3].
In scenarios designed to mitigate climate change, bioenergy holds a crucial role [4]. In 2020,
renewable energy consumption saw a 3% increase, largely driven by a nearly 7% growth in
renewable electricity production. This contributed significantly to the overall rise, pushing
the share of renewables in global electricity generation to 29%, compared to 27% in 2019 [5].
As a result, in the gradual shift towards a bioeconomy, there has been a marked rise in
interest in sustainable energy sources like solar, wind, geothermal, and biomass energy.
Biomass, in particular, has become one of the primary raw materials within the global bioen-
ergy network [6]. Throughout human evolution and technical development, biomass has
consistently been a vital energy source. Since the onset of the Industrial Revolution, rapid
economic growth has taken place. Alongside this, the global population has expanded
exponentially, leading to a significant rise in energy demand, yet no long-term sustainable
resource strategy has been established to adequately meet this growing demand [7]. The
Sustainable Development Goals (SDGs), adopted by all UN Member States in 2015, serve
as a framework to help societies attain a more sustainable and equitable future. At present,
the growing shift in nations towards a bioeconomy is driving an increased demand for
biomass. However, it is crucial to examine the various options for biomass allocation and
distribution to identify any potential negative consequences they may entail [8].

Bioenergy derived from agriculture relies on crop cultivation and livestock farming,
promoting an integrated model that combines plant, animal, and bioenergy production.
However, the exact effect of this integrated system on alleviating the various environmental
impacts linked to agricultural and livestock activities remains uncertain [9]. Agricultural
residues, wood biomass, and dedicated energy crops are regarded as essential raw materials
for improving energy security and decreasing reliance on fossil fuels. Over the past few
decades, considerable efforts have been focused on advancing efficient and cost-effective
technologies for converting biomass into energy [10]. A major environmental challenge
in producing countries is the rise in lignocellulosic waste, a byproduct of the expansion
of agroindustrial activities over the last century. To support environmental protection,
these wastes are transformed through mechanical, chemical, or biological processes into
raw materials for the creation of new products and applications. This strategy, rooted in
the principles of a circular economy, strives to achieve the “zero waste” objective within
society [11].

Grapes rank as the third most valuable horticultural crop globally, following pota-
toes and tomatoes. The cultivation of grapes for both fruit and wine dates back at least
7000 years to the Near East. Today, grapes are grown worldwide, predominantly in regions
with a temperate, Mediterranean-like climate, and are utilized to produce a wide range of
consumer goods, such as wine, table grapes, raisins, grape juice concentrate, and distil-
lates [12]. In New World countries leading in wine consumption, there remains a notable
and substantial increase in wine consumption, while emerging wine production markets
are exhibiting rapid growth. Approximately 80% of these countries have demonstrated
rising trends in wine imports, reflecting the influence of globalization on the wine market
and the increasing demand for foreign wines [13]. Historically, grape cultivation and
wine production have been important economic pursuits, profoundly shaping both the
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culture and the landscapes in which these activities have thrived [14]. Wine production
is a major sector within global agriculture. Despite the wine industry being generally
viewed as environmentally friendly, both grape cultivation and winemaking present var-
ious environmental challenges. A primary concern is the management of large volumes
of organic waste, with the nature of the waste varying significantly depending on the
specific winemaking processes employed [15,16]. Wine production results in substantial
quantities of both organic and inorganic waste. During grape cultivation and harvest,
about 5 tons of solid waste is generated per hectare each year. In the processing stage, it
is estimated that wineries globally produce approximately 13 million tons of solid waste
annually, which includes seeds, skins, and grape stalks, collectively known as grape po-
mace [17]. Annual wine production in Poland, regardless of the lack of power supply in
recent years, allowed achieving efficiency in the 2022/2023 marketing year: 16,084 hl for
white wines and 9591 hl for red wines. Currently, there are no statistics kept in Poland
regarding the amount of waste produced in the wine production process [18]. Traditional
waste processing methods are expensive due to the substantial financial and energy re-
sources required to safely dispose of waste in an environmentally responsible manner [19].
Not all waste is appropriate for composting, and in some instances, the process can be
inefficient and time-consuming. In such cases, thermal treatment may serve as a viable
alternative; however, this method must be optimized to reduce greenhouse gas emissions
to the minimum possible levels [20,21]. Biomass is commonly combusted in fixed-bed,
fluidized-bed, or pulverized-bed boilers to produce high-pressure steam, which in turn
powers a turbine to generate electricity [22]. Improving the global economic viability and
competitiveness of biomass necessitates continuous research efforts, supportive legislation,
and strengthened international cooperation [23].

Compared to conventional fossil fuels, bioenergy offers distinct advantages due to its
renewability and high availability. This phenomenon is a key element in strengthening
energy security.

Nevertheless, the development of bioenergy has the potential to cause significant
environmental changes, the full extent of which remains not fully explored [24].

In order to address the challenges facing the wine sector in terms of waste management
and to replace fossil fuels with renewable energy sources, this study analyzed and evaluated
the energy potential of biomass derived from Vitis vinifera stalks and pomace grown under
temperate climate conditions, with particular emphasis on Riesling, Chardonnay, Zweigelt,
and Merlot varieties. The research conducted is innovative in that the analysis of Vitis
vinifera L. varieties has not been conducted in northern wine-growing regions. The authors
of the paper in earlier studies focused on evaluating the energy potential from leaves, vine
pedicels, and post-production residues from wine-growing PIWI varieties [20,25–31].

2. Materials and Methods
Field studies were conducted in 2023 at the Experimental Vineyard of the University of

Life Sciences in Lublin, located in southeastern Poland. Vitis vinifera L. grapevine varieties,
including Chardonnay, Merlot, Riesling, and Zweigelt, were planted in the spring of 2020
with a spacing of 2.5 × 1.2 m (3333 plants per hectare) on loess soil. The grapevines
were trained using a single Guyot system, with a trunk height of 40 cm, a single shoot
approximately 1.0 m in length, and a single two-bud spur. Grapes were hand-harvested
upon reaching optimal ripeness, between 23.5 and 24.5 ◦Brix. A total of 25 kg of grapes
was collected from each combination. For morphological characterization, 50 clusters from
each combination were analyzed, with the following parameters determined: cluster mass,
the number of berries per cluster, the mass of 10 berries, and berry diameter. The stems
were subjected to biometric measurements, including weight, length, and width, and the
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percentage of stems in the total mass of the bunches was determined. The stems were
dried at a controlled temperature. Cluster, berry, and peduncle masses were estimated
by weighing them on an AXIS A250 (AXIS Sp. z o.o. 80-125 Gdańsk, Poland, Kartuska
375B, 2015) electronic scale with an accuracy of 0.001 kg. Berry diameter was measured
with an HG-DY064 (Benetech Poland Artur Rosa, Wrocławska 35-37, 62-800 Kalisz, Poland,
2017) digital caliper, and peduncle length and width were assessed with a caliper with an
accuracy of 0.1 cm.

The experiment was designed in a randomized block design, involving 4 combinations
with 5 replications. Replications consisted of plots, each containing 3 plants. After the
experiment was completed, the results obtained were subjected to a statistical analysis
using a one-way analysis of variance (ANOVA), comparisons between varieties within each
plant material separately, and comparisons of plant material for each variety separately.
Statistical inference was carried out at a significance level of p < 0.05. In addition, the results
were presented graphically. Multivariate data analysis techniques were applied, including
a cluster analysis and principal component analysis. The results of the cluster analysis were
presented using a dendrogram to show the yield and quality of the quantity of wine waste
and the calorific value of stalks and pomace. The relationship between the components of
the biomass of wine production vines not dependent on the plant material was determined
for each variety separately. All analyses were carried out using STATISTICA 13 software
(StatSoft, Inc.; TIBCO Software; Palo Alto, CA, USA; 2015).

The detailed methodology for the measured parameters is discussed in Tables 1–3.
Before the tests, the material was placed in a room with a constant temperature and
humidity, where it was naturally dried in air-dry conditions at 20 ◦C and 55% to 60% air
humidity for two weeks to standardize the evaluation conditions. The material for the
laboratory analysis was first crushed (0.5 mm) using a Retsch SM 100 mill (Retsch GmbH,
Haan, Germany, 2022) with a power of 1.5 kW. For the purpose of this study, 100 g of
material was obtained in 2 min, which consumed 0.045 kWh. Our results represent values
in the analytical state; additionally, for HHV, the analytical state was converted to a dry
state without ash.

Table 1. Fuel Characterization Analysis.

Parameter Method Equipment

Energetic properties

Higher heating value
(HHV; MJ·kg−1)

EN-ISO 1928:2020 [32]
isoperibolic calorimeter

LECO AC 600
(LECO Corporation, Saint Joseph, MI, USA,

2012)
Lower heating value

(LHV; MJ·kg−1)

Proximate Analysis

Ash (A; %) EN-ISO 18122:2022 [33] thermogravimetric analyzer
LECO TGA 701

(LECO Corporation, Saint Joseph, MI, USA,
2013)

Volatile matter (V; %) EN-ISO 18123:2023 [34]

Moisture (M; %) EN-ISO 18134:2023 [35]

Fixed carbon (FC; %) FC = 100 − V − A − M [36]

Ultimate Analysis

Carbon (C; %)
EN-ISO 16948:2015 [37] elemental analyzer

LECO CHNS 628
(LECO Corporation, Saint Joseph, MI, USA,

2012)

Hydrogen (H; %)

Nitrogen (N; %)

Sulfur (S; %) EN-ISO 16994:2016 [38]

Oxygen (O; %) O = 100 − A − H − C − S − N [39]
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Table 2. Emission Factors (Emission factors calculated according to study [40]).

Parameter Method and Equipment

Carbon monoxide emission factor (Ec)
of chemically pure coal

(CO; kg·Mg−1)

CO = 28
12 ·Ec·(C/CO),

CO—carbon monoxide emission factor (kg·kg−1), 28
12 —molar mass ratio

of 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).

Carbon dioxide emission factor
(CO2; kg·Mg−1)

CO2 = 44
12 ·

(
Ec − 12

28 ·CO − 12
16 ·ECH4 −

26.4
31.4 ·ENMVOC

)
,

CO2—carbon dioxide emission factor (kg·kg−1)—molar mass ratio of
carbon dioxide and pure coal—molar mass ratio of carbon dioxide and

carbon monoxide—molar mass ratio of carbon and methane,
ECH4—methane emission factor, ENMVOC—emission index of

non-methane VOCs (for biomass 0.009).

Sulfur dioxide emission factor
(SO2; kg·Mg−1)

SO2 = 2S
100 ·(1 − r),

SO2—sulfur dioxide emission factor (kg·kg−1), 2—molar mass ratio of
SO2 and sulfur, S—sulfur content in fuel (%), r—coefficient determining

the part of total sulfur retained in the ash.

Emission factor was calculated from
NOX; kg·Mg−1

NOx = 46
14 ·Ec·N/C·(NNOx /N),

NOx—NOx emission factor (kg·kg−1)—molar mass ratio of nitrogen
dioxide to nitrogen. The molar mass of nitrogen dioxide is considered

due to the fact that nitrogen oxide in the air oxidizes very soon to
nitrogen dioxide; N/C—nitrogen to carbon ratio in biomass,

NOx/N—part of nitrogen emitted as NOx (for biomass 0.122).

Table 3. Exhaust gas composition (Exhaust gas composition was calculated according to [41,42]).

Parameter Method and Equipment

Theoretical oxygen demand
(VO2; Nm3·kg−1)

VO2 = 22.41
100 ·

(
C
12 + H

4 + S−O
32

)
,

C—biomass carbon content (%), H—biomass hydrogen content (%),
S—biomass sulfur content (%), O—biomass oxygen content (%).

The stoichiometric volume of dry air required to burn
1 kg of biomass
(Voa; Nm3·kg−1)

VOa =
VO2
0.21 ,

since the oxygen content in the air is 21%, which participates in the
combustion process in the boiler, and is the stoichiometric volume of

dry air required to burn 1 kg of biomass.

Carbon dioxide content of the combustion products
(VCO2; Nm3·kg−1) VCO2 = 22.41

12 · C
100

Content of sulfur dioxide
(VSO2; Nm3·kg−1) VSO2 = 22.41

32 · S
100

Water vapor content of the exhaust gas
(VH2O; Nm3·kg−1)

VH
H2O = 22.41

100 ·
( H

2 + M
18

)
is the component of water vapor volume from the hydrogen combustion

process(
VH

H2O ; Nm3H2O·kg −1 fuel
)

Va
H2O = 1.61·x·Voa

and the volume of moisture contained in the combustion air(
Va

H2O ; Nm3H2O·kg −1 fuel
)

VH2O = VH
H2O+Va

H2O;
M—fuel moisture content (%), x —air absolute humidity

(kg H2O·kg−1 dry air).

The theoretical nitrogen content in the exhaust gas
(VN2 ; Nm3·kg−1)

VN2 = 22.41
28 · N

100 + 0.79·Voa,
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
(V gu; Nm3·kg−1)

Vgu = VCO2 + VSO2 + VN2

The total volume of exhaust gasses(
Vga ; Nm3·kg−1)

Vga = Vgu + VH2O
Assuming that biomass combustion is carried out under stoichiometric

conditions, i.e., using the minimum amount of air required for
combustion (λ = 1), a minimum exhaust gas volume will be obtained.

3. Results
3.1. Biometric Characteristics

Table 4 presents the results of yield size and quality assessment of four Vitis vinifera L.
grapevine varieties: Chardonnay, Merlot, Riesling, and Zweigelt. The analysis includes
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parameters such as cluster mass (g), the number of berries per cluster (pcs), mass of
10 clusters (kg), berry diameter (mm), and the mass of 10 berries (g). The study indicates
statistically significant differences among the assessed varieties for most of the evaluated
parameters, highlighting a distinct variation between the varieties.

Table 4. Analyses of the size and quality of the yield of four Vitis Vinifera grape varieties.

Variety Bunch Weight
(g)

Number of Berries in a Bunch
(pcs.) Berry Diameter (mm) Weight of 10 Berries

(g)

Chardonnay 102.30 ± 39.63 B * 48.80 ± 9.31 C 13.99 ± 1.06 B 20.93 ± 10.57 A
Merlot 200.20 ± 98.40 A 110.20 ± 28.21 A 14.22 ± 0.40 B 19.23 ± 12.67 A

Riesling 186.80 ± 69.38 A 113.20 ± 19.19 A 14.72 ± 0.93 AB 15.86 ± 7.47 A
Zweigelt 170.92 ± 83.93 AB 91.60 ± 13.33 B 15.09 ± 0.86 A 17.99 ± 9.67 A

p-value 0.0042 <0.0001 0.0034 0.5873

* Significant difference; ±—standard deviation; A, B, C, AB—different letters in a column indicate significant
differences at α = 0.05 for significant differences between the analyzed grapevine varieties.

The assessment of the yield size and quality of grapevines is essential not only for
differentiating varieties but also for evaluating their potential applications in optimizing
cultivation technologies, wine production, and the use of winemaking residues for energy
purposes. An analysis of the data in Table 4 revealed that the Merlot variety had the highest
average cluster mass (200.2 g), while Chardonnay had the lowest (102.3 g). In the study
by Gombau et al. [43], Merlot clusters were found to be the smallest among the assessed
Vitis vinifera L. varieties, including Garnacha, Tempranillo, and Cabernet Sauvignon. The
opposite trend was observed in the present study. Kowalczyk et al. [44] demonstrated a
significant effect of variety, rootstock type, and study year on cluster mass when evaluating
hybrid grape varieties such as Solaris, Seyval Blanc, and Johanniter grown in a temperate
climate.

Significant differences are observed in the number of berries per cluster. The Riesling
variety had the highest number of berries per cluster (113.2 berries), while Chardonnay had
significantly fewer (48.8 berries). The substantial effect of variety on the berry count per
cluster was also demonstrated in the study by Gombau et al. [43]. In research by Klimek
et al. [45], it was shown that a biotic factor, such as the type of rootstock used, can influence
the number of berries per cluster, while Zombardo et al. [46] found no such effect.

Regarding berry diameter, the Zweigelt variety stands out with a significantly larger di-
ameter (15.09 mm), distinctly different from Chardonnay (13.99 mm) and Merlot (14.22 mm).
In the study by Tecchio et al. [47], berry size was assessed by analyzing both the length and
width of this parameter, revealing a significant effect of Vitis vinifera L. grapevine variety
on the evaluated parameters. Similarly, Kowalczyk et al. [48] determined this parameter by
measuring berry length and width. Their study demonstrated a significant effect of variety
on berry length, though no significant effect was found for width.

It was found that Chardonnay grapevines exhibited the highest mass of 10 berries,
amounting to 20.93 g, while the Riesling variety had the lowest (15.86 g). Notably, the
differences in the mass of 10 berries among varieties are not statistically significant, in-
dicating that these values are comparable despite the observed variations. In the study
by Tecchio et al. [47], which assessed the size and quality of the yield of five grapevine
varieties, a significant effect of variety type on berry mass was demonstrated. The Merlot
variety was found to have significantly smaller berries compared to Cabernet Franc, Syrah,
and Sauvignon Blanc. Similarly, Kowalczyk et al. [48], in their evaluation of PIWI grape
varieties, demonstrated a significant influence of variety on berry mass, a dependency
further confirmed by Gombau et al. [43].

Table 5 presents the results of the assessment of grape peduncle size and quality for
four Vitis vinifera L. varieties: Chardonnay, Merlot, Riesling, and Zweigelt. The analysis
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includes various parameters such as peduncle mass (g), peduncle length (cm), peduncle
width (mm), and the percentage contribution of the peduncle to the total cluster mass. The
study reveals statistically significant differences among the examined varieties for most
parameters, indicating a distinct variation between the varieties.

Table 5. Evaluation of size and quality of grape peduncles of four Vitis vinifera L. grape varieties.

Variety Stem Weight
(g) Stem Length (cm) Stem Width

(cm)
Stem Share

in Bunch Weight (%)

Chardonnay 6.00 ± 2.42 B * 5.80 ± 1.78 C 5.31 ± 1.52 C 6.54 ± 3.39 A
Merlot 8.14 ± 3.84 B 13.50 ± 3.86 A 10.35 ± 3.72 A 5.25 ± 4.06 A

Riesling 14.56 ± 6.37 A 7.97 ± 2.28 BC 6.71 ± 1.39 BC 8.99 ± 5.32 A
Zweigelt 8.16 ± 4.13 B 9.61 ± 2.43 B 8.55 ± 2.99 AB 5.85 ± 3.49 A

p-value <0.0001 <0.0001 <0.0001 0.0814

* Significant difference; ±—standard deviation; A, B, C, AB, BC—different letters in a column indicate significant
differences at α = 0.05 for significant differences between the analyzed grapevine varieties.

Data from Table 5 indicate that the Riesling variety had the significantly highest
peduncle mass (14.56 g) among all evaluated varieties, while Chardonnay clusters had the
lowest peduncle mass (6.00 g) among the assessed varieties. Gombau et al. [43] did not find
a significant impact of variety on peduncle mass in their study of Tempranillo, Garnacha,
Merlot, and Cabernet Sauvignon grapevines.

Among the varieties studied, significant differences were observed in peduncle length,
with Merlot exhibiting the longest peduncles (13.50 cm) and Chardonnay the shortest
(5.80 cm). In terms of peduncle width, the widest peduncles were found in Merlot
(10.35 mm), while Chardonnay exhibited the narrowest (5.31 mm).

Regarding the peduncle’s contribution to cluster mass, Riesling recorded the highest
percentage (8.99%), while Merlot had the lowest (5.25%). However, it is worth noting that
differences in the peduncle’s contribution to cluster mass are not statistically significant,
suggesting that these values are comparable across varieties, despite some observed differ-
ences. In the study by Gombau et al. [43], a significant effect of variety on the peduncle’s
contribution to cluster mass was demonstrated. The authors found that Merlot had the
lowest percentage contribution of stem mass relative to cluster mass among Garnacha,
Tempranillo, Merlot, and Cabernet Sauvignon, a finding corroborated by the present study.

The collected data may suggest which varieties are more efficient in terms of specific
peduncle traits, offering valuable insights for selecting varieties suited to specific cultivation
objectives, wine production, or energy use. Analyzing these parameters is essential not
only for enhancing grape quality but also for optimizing cultivation and harvest techniques,
which could lead to more efficient and sustainable production. The above data highlight
the potential production capabilities of peduncles, which could be utilized in winemaking
or as a byproduct with energy-generation potential.

The cluster analysis presented in Figure 1a classifies grapevine varieties according
to their production potential, while Figure 1b classifies them based on the potential post-
production waste in the form of grape peduncles.
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Figure 1. The principal component analysis of the parameters determining the yield and quality (a)
and the amount of wine production waste (b) of four Vitis vinifera L. grape varieties.

Figure 1a displays a dendrogram with two main clusters, providing insight into the
differences in yield size and quality among the grapevine varieties. Chardonnay forms
a separate cluster, indicating marked differences in the assessment of these parameters
compared to other varieties. Merlot and Riesling show the highest similarity to each other,
while Zweigelt, clustering at a slightly higher level, demonstrates considerable similarity
in these parameters as well.

Figure 1b classifies the similarity of the examined grapevine varieties in terms of
post-production waste in the form of peduncles. Merlot and Zweigelt cluster closely at an
early level, indicating very similar values for the analyzed parameters. Chardonnay forms
a separate cluster, joining the previously mentioned varieties at the next level, indicating a
slightly divergent difference. Riesling is located in a distinct cluster, showing its uniqueness.

3.2. Energy Potential Assessment

Table 6 presents the results of a proximate and ultimate analysis for pomace and pedun-
cles from the four grapevine varieties. The analyzed parameters include the lower heating
value (LHV), higher heating value (HHV), moisture content (M), volatile compounds (V),
ash content (A), fixed carbon (FC), and elemental composition—carbon (C), hydrogen (H),
nitrogen (N), sulfur (S), and oxygen (O). Additionally, the analysis includes ratios such as
hydrogen to carbon (H/C), nitrogen to carbon (N/C), and oxygen to carbon (O/C). The
results illustrate differences between pomace and peduncles across the varieties, allowing
for an assessment of the energy potential and thermal properties of these biomaterials.
Furthermore, statistically significant differences were found among grapevine varieties for
both pomace and peduncles across all analyzed parameters, suggesting that both the choice
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of grapevine variety and plant part significantly impact the energy and thermal properties
of the biomass.

Table 6. Proximate and ultimate analysis for pomace and peduncles depending on variety used in
viticulture.

Parameter Chardonnay Merlot Riesling Zweigelt p-Value

LHV
(MJ·kg−1)

pomace 15.98 ± 0.07 Ca * 16.60 ± 0.03 Ba 16.91 ± 0.02 Aa 16.74 ± 0.10 ABa 0.0001
stalks 15.26 ± 0.11 Ab 15.11 ± 0.02 Ab 15.11 ± 0.06 Ab 14.55 ± 0.05 Bb 0.0001

p-value 0.0007 0.0001 0.0001 0.0001

HHV
(MJ·kg−1)

pomace 17.14 ± 0.07 Ca 17.79 ± 0.03 Ba 18.07 ± 0.02 Aa 17.90 ± 0.10 ABa 0.0001
stalks 16.41 ± 0.11 Ab 16.25 ± 0.02 Ab 16.25 ± 0.06 Ab 15.66 ± 0.05 Bb 0.0001

p-value 0.0006 0.0001 0.0001 0.0001

M
(%)

pomace 6.43 ± 0.01 Aa 4.23 ± 0.02 Db 5.97 ± 0.06 Ba 5.65 ± 0.02 Cb 0.0001
stalks 6.44 ± 0.02 Aa 6.47 ± 0.06 Aa 5.78 ± 0.07 Bb 6.36 ± 0.03 Aa 0.0001

p-value 0.6087 0.0001 0.0246 0.0001

V
(%)

pomace 68.22 ± 0.21 ABa 67.59 ± 0.37 Ba 68.51 ± 0.26 Aa 67.86 ± 0.32 ABa 0.0224
stalks 65.05 ± 0.33 Bb 62.77 ± 0.35 Cb 66.24 ± 0.27 Ab 64.45 ± 0.53 Bb 0.0001

p-value 0.0001 0.0001 0.0001 0.0001

A
(%)

pomace 8.33 ± 0.06 Aa 3.51 ± 0.46 Cb 7.66 ± 0.10 Bb 7.59 ± 0.06 Bb 0.0001
stalks 9.03 ± 0.35 Db 10.47 ± 0.12 Ba 9.73 ± 0.03 Ca 12.75 ± 0.11 Aa 0.0001

p-value 0.0259 0.0001 0.0001 0.0001

FC
(%)

pomace 17.01 ± 0.26 Cb 24.67 ± 0.81 Aa 17.86 ± 0.22 BCa 18.90 ± 0.27 Ba 0.0001
stalks 19.48 ± 0.04 Aa 20.30 ± 0.39 Ab 18.26 ± 0.30 Ba 16.44 ± 0.46 Cb 0.0001

p-value 0.0001 0.0011 0.1337 0.0001

C
(%)

pomace 45.03 ± 0.34 Ca 46.19 ± 0.13 Ba 46.66 ± 0.06 Aa 47.10 ± 0.11 ABa 0.0001
stalks 44.43 ± 0.23 ABa 44.81 ± 0.15 Ab 44.08 ± 0.26 BCb 43.41 ± 0.40 Cb 0.0016

p-value 0.0671 0.0003 0.0001 0.0001

H
(%)

pomace 7.37 ± 0.01 Aa 7.24 ± 0.03 Ba 7.29 ± 0.02 Ba 7.18 ± 0.03 Ca 0.0001
stalks 6.71 ± 0.06 Ab 5.83 ± 0.73 Ab 6.33 ± 0.58 Ab 6.36 ± 0.06 Ab 0.2209

p-value 0.0001 0.028 0.0444 0.0001

N
(%)

pomace 1.69 ± 0.04 Aa 1.06 ± 0.01 Bb 1.65 ± 0.05 Aa 1.67 ± 0.02 Aa 0.0001
stalks 1.75 ± 0.08 Aa 1.39 ± 0.05 Ca 1.49 ± 0.06 BCb 1.60 ± 0.09 ABa 0.0016

p-value 0.2805 0.0004 0.0256 0.2541

S
(%)

pomace 0.13 ± 0.01 Ba 0.08 ± 0.01 Ca 0.12 ± 0.01 Ba 0.15 ± 0.01 Aa 0.0001
stalks 0.07 ± 0.00 Bb 0.04 ± 0.00 Cb 0.06 ± 0.00 Bb 0.08 ± 0.00 Ab 0.0001

p-value 0.0001 0.0002 0.0001 0.0001

O
(%)

pomace 37.46 ± 0.43 Ba 41.91 ± 0.60 Aa 36.62 ± 0.12 BCb 36.31 ± 0.20 Ca 0.0001
stalks 38.00 ± 0.51 Aa 37.46 ± 0.81 Ab 38.32 ± 0.46 Aa 35.81 ± 0.43 Ba 0.0029

p-value 0.2314 0.0016 0.0034 0.1371

H/C
(%)

pomace 1.64 ± 0.01 Aa 1.57 ± 0.00 Ba 1.56 ± 0.00 Ba 1.52 ± 0.00 Ca 0.0001
stalks 1.51 ± 0.01 Ab 1.30 ± 0.16 Ab 1.44 ± 0.14 Aa 1.46 ± 0.01 Ab 0.1627

p-value 0.0002 0.0432 0.1817 0.0001

N/C
(%)

pomace 0.04 ± 0.00 Aa 0.02 ± 0.00 Cb 0.04 ± 0.00 Ba 0.04 ± 0.00 Ba 0.0001
stalks 0.04 ± 0.00 Aa 0.03 ± 0.00 Ca 0.03 ± 0.00 BCa 0.04 ± 0.00 ABa 0.0026

p-value 0.1822 0.0003 0.2415 0.3951

O/C
(%)

pomace 0.62 ± 0.01 Ba 0.68 ± 0.01 Aa 0.59 ± 0.00 Cb 0.58 ± 0.00 Cb 0.0001
stalks 0.64 ± 0.01 ABa 0.63 ± 0.02 ABb 0.65 ± 0.01 Aa 0.62 ± 0.01 Ba 0.0438

p-value 0.1453 0.0089 0.0002 0.0001

* Significant difference: a and b mean that different letters in the column, and A–D mean that different letters in
the row, indicate significant differences at α = 0.05.

For grape marc, LHV values range from 15.98 MJ·kg−1 for the Chardonnay variety to
16.91 MJ·kg−1 for Riesling, while for stalks, the values range from 15.11 MJ·kg−1 for Merlot
and Riesling to 15.26 MJ·kg−1 for Chardonnay. The results indicate small differences in
biomass energy potential between varieties, amounting to 5.50% for pomace and 0.98 for
stalks.

In the case of grape marc, the highest HHV was recorded for the Riesling variety
(18.02 MJ·kg−1), and the lowest for Chardonnay (17.14 MJ·kg−1). For stalks, the highest
HHV was observed for Chardonnay (16.41 MJ·kg−1), while the lowest values were found
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for Merlot and Riesling (16.25 MJ·kg−1). The difference in biomass energy potential between
varieties is 4.88% for pomace, respectively, and the difference for cones is 0.97%.

Analyzing the data from Tables 6 and 7 and comparing the obtained results with
findings from the literature, it is noteworthy that the pomace from the Merlot variety
exhibits similar HHVs to the woody residues of this variety. Additionally, the pomace
from Chardonnay, Zweigelt, and Merlot has HHVs comparable to the woody residues
from Cabernet Sauvignon and Chardonnay grapevines. For peduncles, the HHV of the
Chardonnay variety shows a resemblance to the wood waste from Pinot grapevines [49,50].
In the study by Montari et al. [51] regarding grape marc obtained from wine production
in the southern region of Brazil, it was shown that the pre-treatment of grape marc has a
significant impact on the level of the higher heating value.

Table 7. Comparison of HHV and LHV of wood vineyard pruning residues.

Grape Variety HHV (MJ·kg−1) LHV (MJ·kg−1)

Merlot [49] 17.8 -
Prosecco 18.5 -
Cabernet 18.6 -
Verduzzo 18.9 -

Sauvignon Blanc [50] 18.7 17.3
Pinot 16.5 15.1

Cabernet Sauvignon 17.6 16.2
Chardonnay 17.6 16.2
Carmenere 18.7 17.3
RGP I [51] 21.2 -
WLGP II 22.1 -
RGPS III 27.4 -
RGPF IV 24.7 -

WLGPS V 28.4 -
WLGPF VI 30.9 -

I Raw Grape Pomace; II Water-Leached Grape Pomace; III RGP—Slow Pyrolysis; IV RGP—Fast Pyrolysis; V WLGP—
Slow Pyrolysis; VI WLGP—Fast Pyrolysis.

When examining the LHV results, it is observed that the peduncles from Merlot and
Riesling have values comparable to the woody residues of the Pinot variety [50]. In other
cases, lower LHV values are found in comparison to the woody residues of grapevines.
Comparing the HHV and LHV of peduncles to grapevine wood biomass indicates that
peduncles have a lower energy value than pomace and the woody biomass derived from
grapevine cultivation.

Moisture content, a key parameter influencing combustion quality, shows minor
variations, indicating a relatively similar moisture level across biomass from different
grape varieties. For pomace, moisture values (M) range from 4.23% in Merlot to 6.43% in
Chardonnay, while for peduncles, values range from 5.78% in Riesling to 6.47% in Merlot.
These results reveal differences in biomass moisture between varieties, amounting to 2.20%
for pomace and 0.69% for peduncles. These small differences suggest that biomass moisture
remains relatively consistent regardless of variety, which is beneficial for combustion
and energy processing, ensuring stability and predictability in combustion efficiency and
minimizing the need for additional drying.

In terms of volatile compounds (V), values for pomace and peduncles range from
67.59% and 62.77% in Merlot to 68.51% and 66.24% in Riesling. The results indicate differ-
ences in volatile content among the biomass of different varieties, amounting to 0.92% for
pomace and 3.47% for peduncles. These differences are relatively minor, indicating a similar
level of volatile content in the biomass of various grape varieties. This similarity suggests
that differences in volatile content may have a limited impact on combustion processes and
may not necessitate significant adjustments in processing technology depending on the
choice of variety.
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For grape pomace, ash content (A) ranges from 3.51% in Merlot to 8.33% in Chardonnay.
For peduncles, values range from 9.03% in Chardonnay to 12.75% in Zweigelt. These
findings reveal differences in ash content in biomass between varieties, amounting to
4.82% for pomace and 3.72% for peduncles. Although these differences are more noticeable
in pomace, they remain relatively modest, indicating a comparable level of ash content
in the biomass of various grape varieties. The results suggest that ash content has a
moderate effect on combustion quality, and the differences between grapevine varieties
may not necessitate substantial modifications in biomass processing. High ash content
was demonstrated for fuel, without being different from the ash content in biomass of
an agricultural origin [52]. In practice, such a high ash content negatively affects energy
yield and the creation of large dust emissions. However, the high content of microelements
and macroelements, especially potassium, calcium, and magnesium, may contribute to the
use of ash for fertilizing purposes. Ash also affects the occurrence of the boiler slagging
phenomenon; therefore, the composition of ash should be tested in order to assess its
fertilizing capacity and possible boiler slagging.

Fixed carbon (FC) values for grape pomace range from 17.01% in Chardonnay to
24.67% in Merlot. For peduncles, these values range from 16.44% in Zweigelt to 20.30%
in Merlot. The results indicate differences in fixed carbon content among the biomass of
different varieties, amounting to 7.66% for pomace and 3.86% for peduncles. Although
these differences are noticeable, they remain relatively minor, indicating a similar level of
fixed carbon content in the biomass of various grapevine varieties.

For organic carbon content (C), pomace values range from 45.03% for the Chardonnay
variety to 47.10% for Zweigelt. An inverse relationship is observed in peduncles, with
values ranging from 43.41% for Zweigelt to 44.81% for Chardonnay. These differences,
amounting to 2.07% for pomace and 1.40% for peduncles, indicate a relatively uniform
chemical composition of biomass across grape varieties. This suggests that organic car-
bon content does not significantly impact the energetic and combustion characteristics of
grapevine biomass, allowing for the use of various varieties without substantial changes to
processing technology.

Hydrogen content (H) in grape pomace ranges from 7.18% for Zweigelt to 7.37% for
Chardonnay. For peduncles, hydrogen content ranges from 5.83% in Merlot to 6.71% in
Chardonnay. Differences of 0.19% for pomace and 0.53% for peduncles suggest relatively
similar hydrogen content in biomass across different grape varieties, despite minor inter-
varietal differences. These small differences in hydrogen content indicate the stability of the
energetic properties of grapevine biomass, regardless of whether it is pomace or peduncles,
positively influencing combustion uniformity.

Nitrogen content (N) for grape pomace ranges from 1.06% in Merlot to 1.69% in
Chardonnay. For peduncles, values range from 1.39% in Merlot to 1.75% in Chardonnay.
These results show that nitrogen content is relatively consistent across varieties, for both
pomace and peduncles. The minor differences, at 0.63% for pomace and 0.36% for pedun-
cles, suggest that different plant parts and grape varieties have minimal impact on nitrogen
content in biomass. These small variations indicate nitrogen stability, which may lead to
similar combustion properties and nutritional values in biomass across grape varieties.

For sulfur content (S), grape pomace values range from 0.08% in Merlot to 0.15% in
Zweigelt. For peduncles, values range from 0.04% in Merlot to 0.08% in Zweigelt. These
results indicate that sulfur content varies across varieties for both pomace and peduncles.
Differences of 0.07% for pomace and 0.04% for peduncles suggest that both grape variety
and biomass type (pomace vs. peduncles) can influence sulfur content. Although moderate,
these differences may be relevant for pollution emissions during combustion, as a sulfur
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presence contributes to sulfur compound emissions, with implications for air quality and
industrial emission regulations.

Oxygen content (O) in grape pomace ranges from 36.31% in Zweigelt to 41.91% in
Chardonnay. For peduncles, values range from 35.81% in Zweigelt to 38.32% in Riesling.
These results show oxygen content differences across varieties, with ranges of 5.60% for
pomace and 2.51% for peduncles, indicating that both grape variety and biomass type
(pomace vs. peduncles) may influence oxygen content. These differences may be important
in combustion processes, as oxygen content affects combustion characteristics and the
energy efficiency of biomass.

The hydrogen-to-carbon (H/C) ratio for grape pomace ranges from 1.52% in Zweigelt
to 1.64% in Chardonnay. For peduncles, these values range from 1.30% in Merlot to 1.51%
in Chardonnay. These results show that the H/C ratio in biomass varies among varieties
within a similar range for both pomace and peduncles. Differences of 0.12% for pomace
and 0.21% for peduncles suggest that grape varieties have comparable hydrogen-to-carbon
proportions in their biomass, regardless of whether it is pomace or peduncles. These minor
differences may influence combustion characteristics but generally indicate homogeneity
in the H/C ratio, potentially facilitating standardization in grapevine biomass processing.

The nitrogen-to-carbon (N/C) ratio for grape pomace ranges from 0.02% in Merlot
to 0.04% in other varieties. For peduncles, these values range from 0.03% in Merlot and
Riesling to 0.04% in Zweigelt and Chardonnay. Differences of 0.02% for pomace and 0.01%
for peduncles are minimal, suggesting a similar nitrogen level relative to carbon across all
grapevine varieties analyzed. This stability in the N/C ratio is advantageous, as it suggests
that different grape varieties can be used in combustion processes without significantly
impacting nitrogen oxide (NOx) emissions, one of the primary air pollutants.

The oxygen-to-carbon (O/C) ratio for pomace ranges from 0.58% in Zweigelt to 0.68%
in Merlot. For peduncles, this parameter ranges from 0.62% in Zweigelt to 0.65% in Riesling.
These results indicate that the O/C ratio is relatively similar across grape varieties for both
pomace and peduncles. Differences of 0.10% for pomace and 0.03% for peduncles suggest
that the oxygen content relative to carbon is fairly stable in grapevine biomass.

In summary, while the analysis shows general stability and uniformity across many
parameters, there are noticeable differences that may require some adjustments depend-
ing on the specific variety and intended biomass processing purpose. These differences
could affect combustion quality, pollutant emissions, and the overall energy efficiency of
grapevine biomass.

The ash content for the studied pomace and peduncles is high (Table 8). When compar-
ing these results with the literature, a similar ash content is observed for Merlot pomace and
wood residues from the Salamino [53] and Thomson Seedless [54] varieties. In other cases,
significantly higher ash content is noted. Additionally, for Concord pomace, Madadian
et al. [55] reported lower values. The volatile matter content obtained for both pomace
and peduncles aligns closely with comparable materials. Carbon content is comparable
to wood biomass; however, Madadian et al. [55] noted a higher carbon concentration for
Concord. For peduncles, hydrogen content was similar to that of grapevine wood residues,
while hydrogen content for pomace was on average 1–1.5% higher than for other grapevine
residues.

Table 8. Comparison of ultimate and approximate analysis of vine residue.

Grape Variety A (%) V (%) C (%) H (%) N (%) S (%)

Cabernet Sauvignon—wood [53] 1.99 83.03 48.39 6.65 0.49 -
Salamino—wood [54] 3.50 - 43.78 6.47 0.43 0.00

Thomson Seedless—wood [56] 3.54 - 47.41 5.57 0.99 0.19
Concord—pomace [55] 2.80 63.94 53.71 5.14 2.27 0.42
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Nitrogen content was significantly higher (on average by 1%) compared to grapevine
wood residues and 0.5% lower than in Concord pomace (Table 8). Sulfur content results
were at a similar level across all samples.

3.3. Emission Characteristics

Table 9 presents the results of emission analyses for waste biomass in the form of
pomace and peduncles from four grapevine varieties. The analyzed parameters include
emissions of carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides (NOx), sulfur
dioxide (SO2), and particulate matter, expressed in kg·Mg−1. The results demonstrated
significant differences depending on the variety and type of biomass.

Table 9. Pollutant emission parameters for pomace and peduncles depending on the variety used in
viticulture.

Parameter Chardonnay Merlot Riesling Zweigelt p-Value

CO
(kg·Mg−1)

pomace 55.47 ± 0.42 Ca * 56.91 ± 0.16 Ba 57.49 ± 0.07 ABa 58.03 ± 0.14 Aa 0.0001
stalks 54.74 ± 0.28 ABa 55.20 ± 0.19 Ab 54.30 ± 0.32 BCb 53.48 ± 0.50 Cb 0.0016

p-value 0.0671 0.0003 0.0001 0.0001

CO2
(kg·Mg−1)

pomace 1358.42 ± 10.41 Ca 1393.56 ± 4.03 Ba 1407.78 ± 1.77 ABa 1421.00 ± 3.37 Aa 0.0001
stalks 1340.40 ± 6.94 ABa 1351.72 ± 4.65 Ab 1329.80 ± 7.94 BCb 1309.59 ± 12.14 Cb 0.0016

p-value 0.0671 0.0003 0.0001 0.0001

NOx
(kg·Mg−1)

pomace 0.34 ± 0.01 Ab 0.21 ± 0.01 Bb 0.32 ± 0.01 Aa 0.32 ± 0.01 Ab 0.0001
stalks 0.37 ± 0.01 Aa 0.30 ± 0.01 Ca 0.32 ± 0.01 Ba 0.36 ± 0.01 Aa 0.0016

p-value 0.0028 0.0004 0.2256 0.0025

SO2
(kg·Mg−1)

pomace 0.25 ± 0.01 Ba 0.17 ± 0.01 Ca 0.24 ± 0.01 Ba 0.29 ± 0.01 Aa 0.0001
stalks 0.13 ± 0.01 Bb 0.09 ± 0.00 Cb 0.12 ± 0.01 Bb 0.16 ± 0.00 Ab 0.0001

p-value 0.0001 0.0002 0.0001 0.0001

Dust
(kg·Mg−1)

pomace 10.52 ± 0.07 Ab 4.44 ± 0.58 Cb 9.68 ± 0.13 Bb 9.58 ± 0.07 Bb 0.0001
stalks 11.41 ± 0.44 Da 13.22 ± 0.15 Ba 12.29 ± 0.04 Ca 16.11 ± 0.13 Aa 0.0001

p-value 0.0259 0.0001 0.0001 0.0001

* Significant difference: a and b mean that different letters in the row, and A, B, C and D mean that different letters
in the column, indicate significant differences at α = 0.05.

Carbon monoxide (CO) emissions were highest for Zweigelt pomace, reaching
58.03 kg·Mg−1, and lowest for Chardonnay pomace, at 55.47 kg·Mg−1. In the case of
peduncles, the highest CO emissions were recorded for Merlot (55.20 kg·Mg−1), while the
lowest were for Zweigelt (53.48 kg·Mg−1). The greatest variation among varieties was
observed in the pomace category, with a difference of 2.56 kg·Mg−1.

Carbon dioxide (CO2) emissions for pomace were highest for Zweigelt, at
1421.00 kg·Mg−1, and lowest for Chardonnay, at 1358.42 kg·Mg−1. For peduncles, the
highest CO2 emissions were recorded for Merlot (1351.72 kg·Mg−1), while the lowest were
for Zweigelt (1309.59 kg·Mg−1). The largest variation among varieties occurred in the
pomace category, with a difference of 62.58 kg·Mg−1.

The nitrogen oxide (NOx) emissions analysis showed that the highest emissions
for pomace were recorded for Chardonnay (0.34 kg·Mg−1) and the lowest for Merlot
(0.21 kg·Mg−1). For peduncles, the highest NOx values were observed for Chardonnay
(0.37 kg·Mg−1) and the lowest for Merlot (0.30 kg·Mg−1). The greatest variation among
varieties was noted in the pomace category, with a difference of 0.17 kg·Mg−1.

For sulfur dioxide (SO2), emissions for pomace ranged from 0.17 kg·Mg−1 for Merlot
to 0.29 kg·Mg−1 for Zweigelt. For peduncles, the highest SO2 emissions were recorded for
Chardonnay (0.13 kg·Mg−1), and the lowest for Merlot (0.09 kg·Mg−1). Variations among
varieties were relatively small, particularly in the peduncle category.

Particulate emissions for pomace were highest for Chardonnay (10.52 kg·Mg−1) and
lowest for Merlot (4.44 kg·Mg−1). For peduncles, the highest particulate emissions were
recorded for Zweigelt (16.11 kg·Mg−1) and the lowest for Riesling (12.29 kg·Mg−1). The
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largest variation among varieties occurred in the pomace category, with a difference of
6.17 kg·Mg−1.

The differences in pollutant emissions are more pronounced between grapevine vari-
eties than between types of biomass (pomace vs. peduncles). The greatest variation among
varieties was observed for carbon dioxide (CO2) emissions in the pomace category, while
the smallest differences were noted for sulfur dioxide (SO2) emissions. Understanding these
differences is crucial for optimizing grapevine biomass processing and managing pollutant
emissions, which significantly impact energy efficiency and environmental protection.

The emission factor analysis revealed similar CO and CO2 emission rates for the
materials studied when compared to pomace of the Regent, and a bit lower than from
shoots of the Regent and Solaris varieties (Table 10). A notably lower NOx emission was
observed, along with significantly higher SO2 emissions. Peduncles from all varieties show
higher levels of particulate emissions compared to vine shoots.

Table 10. Comparison of emission factors for bio-waste from viticulture.

Grape Variety CO CO2 NOx SO2 Dust

Regent—grape pomace [25] 56.80 1390.50 4.60 0.10 8.50
Regent—shoots [31] 60.60 1484.06 1.78 0.14 4.65
Solaris—shoots [31] 59.98 1468.87 1.78 0.12 5.14

The results presented in Table 11 display the composition of exhaust gasses generated
during the combustion of pomace and peduncles from four grape varieties: Chardonnay,
Merlot, Riesling, and Zweigelt. The analysis covers eight key combustion-related parame-
ters, VO2, Voa, VCO2, VSO2, VH2O, VN2, Vgu, and Vga, expressed in normal cubic meters per
kilogram (Nm3·kg−1). Statistically significant differences were found in most parameters
between grape varieties and biomass types, indicating variability in exhaust gas emissions
among the different grape varieties as well as between pomace and peduncles.

Table 11. Composition of exhaust gasses for pomace and stalks for four grape varieties tested.

Parameter Chardonnay Merlot Riesling Zweigelt p-Value

VoO2 (Nm3·kg−1)
pomace 0.99 ± 0.01 Ba * 0.98 ± 0.01 Ba 1.02 ± 0.00 Aa 1.03 ± 0.00 Aa 0.0001
stalks 0.94 ± 0.01 Ab 0.90 ± 0.05 Aa 0.91 ± 0.03 Ab 0.92 ± 0.01 Ab 0.4825

p-value 0.0029 0.0602 0.0037 0.0001

Voa
(Nm3·kg−1)

pomace 4.73 ± 0.05 Ba 4.65 ± 0.04 Ba 4.88 ± 0.01 Aa 4.90 ± 0.02 Aa 0.0001
stalks 4.48 ± 0.04 Ab 4.29 ± 0.23 Aa 4.33 ± 0.16 Ab 4.36 ± 0.06 Ab 0.4825

p-value 0.0029 0.0602 0.0037 0.0001

VCO2 (Nm3·kg−1)
pomace 0.84 ± 0.01 Ca 0.86 ± 0.00 Ba 0.87 ± 0.00 ABa 0.88 ± 0.00 Aa 0.0001
stalks 0.83 ± 0.00 ABa 0.84 ± 0.00 Ab 0.82 ± 0.00 BCb 0.81 ± 0.01 Cb 0.0016

p-value 0.0671 0.0003 0.0001 0.0001

VSO2 (Nm3·kg−1)
pomace 0.0009 ± 0.00 Ba 0.0006 ± 0.00 Ca 0.0009 ± 0.00 Ba 0.0010 ± 0.00 Aa 0.0001
stalks 0.0005 ± 0.00 Bb 0.0003 ± 0.00 Cb 0.0004 ± 0.00 Bb 0.0006 ± 0.00 Ab 0.0001

p-value 0.0001 0.0002 0.0001 0.0001

VH2O (Nm3·kg−1)
pomace 0.91 ± 0.00 Aa 0.86 ± 0.00 Da 0.89 ± 0.00 Ca 0.88 ± 0.00 Ba 0.0001
stalks 0.83 ± 0.01 Ab 0.73 ± 0.08 Aa 0.78 ± 0.06 Ab 0.79 ± 0.01 Ab 0.2185

p-value 0.0001 0.0493 0.0405 0.0001

VN2
(Nm3·kg−1)

pomace 5.09 ± 0.06 Ba 4.52 ± 0.04 Ca 5.17 ± 0.05 ABa 5.21 ± 0.03 Aa 0.0001
stalks 4.94 ± 0.05 Ab 4.50 ± 0.14 Ba 4.62 ± 0.11 Bb 4.73 ± 0.03 ABb 0.0031

p-value 0.0363 0.8973 0.0014 0.0001

Vgu

(Nm3·kg−1)

pomace 5.93 ± 0.07 Ba 5.38 ± 0.04 Ca 6.04 ± 0.05 ABa 6.09 ± 0.03 Aa 0.0001
stalks 5.77 ± 0.05 Ab 5.34 ± 0.15 Ba 5.44 ± 0.11 Bb 5.54 ± 0.03 ABb 0.0031

p-value 0.0331 0.6862 0.0009 0.0001

Vga

(Nm3·kg−1)

pomace 7.59 ± 0.08 Ba 6.99 ± 0.05 Ca 7.72 ± 0.05 ABa 7.75 ± 0.04 Aa 0.0001
stalks 7.32 ± 0.05 Ab 6.77 ± 0.26 Ba 6.92 ± 0.20 ABb 7.03 ± 0.03 ABb 0.0194

p-value 0.0080 0.2200 0.0024 0.0001

* Significant difference: a and b mean that different letters in the row, and A, B, C and D mean that different letters
in the column, indicate significant differences at α = 0.05.
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Oxygen consumption was highest for Zweigelt pomace (1.03 Nm3·kg−1) and lowest
for Merlot pomace (0.98 Nm3·kg−1). For peduncles, Merlot had the lowest oxygen consump-
tion (0.90 Nm3·kg−1), while the highest was observed for Chardonnay (0.94 Nm3·kg−1).
The greatest variation among varieties occurred in the pomace category (0.05 Nm3·kg−1).
These relatively small differences in oxygen consumption between grape varieties and
between pomace and peduncles could still influence combustion efficiency, impacting the
emission management and optimization of grapevine biomass processing.

Voa emissions were highest for Zweigelt pomace (4.90 Nm3·kg−1) and lowest for
Merlot (4.65 Nm3·kg−1), while for peduncles, Chardonnay recorded the highest values
(4.48 Nm3·kg−1) and Merlot the lowest (4.29 Nm3·kg−1). The greatest variation among
varieties was seen in the pomace category (0.25 Nm3·kg−1). These results highlight the
variability in Voa emissions depending on grape variety and plant part, which may be
significant for crop management and biomass processing.

CO2 emissions were highest for Zweigelt pomace (0.88 Nm3·kg−1) and lowest for
Chardonnay (0.84 Nm3·kg−1). In peduncles, Merlot recorded the highest CO2 emissions
(0.84 Nm3·kg−1) and Zweigelt the lowest (0.81 Nm3·kg−1). The largest variation among
varieties occurred in the pomace category (0.04 Nm3·kg−1). These differences in CO2

emissions among grape varieties and plant parts may be relevant for environmental impact
assessments and the optimization of biomass combustion processes.

For sulfur dioxide (SO2) emissions, Zweigelt had the highest values for both pomace
(0.0010 Nm3·kg−1) and peduncles (0.0006 Nm3·kg−1), while the lowest values were noted
for Merlot pomace (0.0006 Nm3·kg−1) and peduncles (0.0003 Nm3·kg−1). The greatest
variation among varieties occurred in the pomace category (0.0004 Nm3·kg−1). These
differences in sulfur emissions highlight the variation in combustion properties and sul-
fur content among grape varieties, with implications for the environmental impact and
optimization of biomass combustion.

VH2O emissions for pomace range from 0.86 Nm3·kg−1 for Merlot to 0.91 Nm3·kg−1

for Chardonnay. For peduncles, similar trends were noted, with values ranging from
0.73 Nm3·kg−1 for Merlot to 0.83 Nm3·kg−1 for Chardonnay. The greatest variation among
varieties was seen in the peduncle category (0.10 Nm3·kg−1). Differences between pomace
and peduncles within each variety were relatively small, with the largest differences for
Merlot (0.13 Nm3·kg−1). Variations in water vapor emissions between grape varieties and
plant parts may influence combustion processes and biomass energy efficiency.

Nitrogen emissions were highest for Riesling pomace (5.21 Nm3·kg−1) and lowest for
Merlot (4.52 Nm3·kg−1). For peduncles, the highest values were recorded for Chardonnay
(4.94 Nm3·kg−1) and the lowest for Merlot (4.50 Nm3·kg−1). The greatest variation among
varieties occurred in the pomace category (0.69 Nm3·kg−1).

Vgu emissions were highest for Zweigelt pomace (6.09 Nm3·kg−1) and lowest for
Merlot (5.38 Nm3·kg−1). In peduncles, the highest values were observed for Chardonnay
(5.77 Nm3·kg−1) and the lowest for Merlot (5.34 Nm3·kg−1). The largest variation among
varieties was noted in the pomace category (0.71 Nm3·kg−1).

Total gas emissions were highest for Zweigelt pomace (7.72 Nm3·kg−1) and lowest
for Merlot (6.99 Nm3·kg−1), while for peduncles, Chardonnay had the highest values
(6.77 Nm3·kg−1) and Merlot the lowest (7.32 Nm3·kg−1). The largest variation among
varieties was observed in the pomace category (0.73 Nm3·kg−1).

These results indicate differences in exhaust gas emissions for different plant parts
and grape varieties, which are relevant for optimizing production processes and ensuring
sustainable development.

Comparing the total volume of exhaust gasses, it was noted that the grape stalks and
grape pomace have higher volumes of gasses than vine shoots. The total stoichiometric
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volume of dry exhaust gas (Vgu) was found to be higher than that of grape pomace or
shoots from different grape varieties (Table 12).

Table 12. The comparison of the total volume of exhaust gasses (Vga) and the total stoichiometric
volume of dry exhaust gas (Vgu) for different grape varieties (Nm3·kg−1).

Grape Variety Vga Vgu

Regent—grape pomace [25] 7.3 5.7
Regent—shoots [31] 6.36 4.88
Solaris—shoots [31] 6.25 4.82

The cluster analysis presented in Figure 2a classifies grape varieties based on the
higher heating value (HHV) of stalks, while Figure 3b classifies them according to the HHV
of pomace.
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Figure 2a identifies two main clusters, offering insight into the differences in the energy
potential of grape stalks across varieties. Merlot forms a distinct cluster, indicating unique
properties in terms of the higher heating value (HHV) of its stalks. Riesling, Chardonnay,
and Zweigelt are grouped together, showing greater similarity in the HHV of their stalks.

Similarly, Figure 2b also distinguishes two main clusters for pomace HHV. Merlot
again forms a separate cluster, suggesting specific characteristics regarding the HHV of
its pomace as well. Riesling and Zweigelt cluster together, while Chardonnay forms an
independent cluster, indicating distinct energy properties in its pomace compared to the
other varieties.

Both dendrograms (Figure 2a,b) demonstrate that Merlot possesses unique properties
in terms of the HHV of both its stalks and pomace. This implies that Merlot may offer a
higher or differentiated energy profile relative to the other varieties, potentially beneficial
for energy applications. The grouping of Riesling and Zweigelt in both dendrograms
suggests similarities in their heating values, indicating that these varieties might be well
suited for more standardized energy production from both stalks and pomace. Chardonnay,
which forms a separate cluster with regard to pomace, suggests distinct energy properties
in its pomace compared to other varieties.
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Figure 3. The analysis of the main components of grapevine biomass from wine production, tested
varieties, regardless of the plant material.

The collected data highlight which grape varieties are more efficient for biomass-based
energy production, providing a useful reference for selecting varieties for energy-specific
purposes. Merlot, with its unique properties, could be preferred where high heating
values are essential. Riesling and Zweigelt, with their similarities, may be chosen for more
conventional energy applications, while Chardonnay, with its distinct pomace properties,
could be considered for specialized uses requiring different energy characteristics.

This analysis enables improved planning and management of grape biomass resources,
aligning with specific energy needs and maximizing energy production efficiency.

Figure 3 shows the results of the principal component analysis conducted on biomass
obtained after wine production, regardless of its type (stem, pomace), dividing it into four
tested varieties. The obtained results indicate the existence of two main physicochemical
parameters in the case of Chardonnay, Merlot, and Risling varieties, and four in the case
of Zweigelt. In the case of the Chardonnay variety, the first cluster includes parameters
related to the energy potential of shoots, i.e., LHV, HHV, H, Vga, and Vgu. The strong
correlation between LHF and HHF suggests that a higher content of H, Vga, and Vgu leads
to a higher calorific value, which is crucial for assessing the quality of biomass as fuel.
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Further correlations were observed between parameters, i.e., C, CO, and CO2, and O and
N. Similar relationships were demonstrated for Merlot and Riesling varieties, except for
nitrogen and oxygen, which are single uncorrelated outliers.

4. Conclusions
1. The biometric assessment of the yield of the studied Vitis vinifera L. grape varieties

revealed that Chardonnay vines had the smallest cluster and peduncle mass, berry
count per cluster, berry diameter, and peduncle size, yet the highest berry mass among
the evaluated biotypes.

2. Merlot clusters exhibited the highest cluster mass and the largest peduncles. Riesling
had the highest number of berries per cluster, the heaviest peduncles, and the largest
peduncle-to-cluster mass ratio (8.99%).

3. The examined grapevine peduncles and pomace showed a high level of energy pa-
rameters, similar to those of grapevine shoots. Hence, the assessed material can be
a supplement to the solid biofuel market as an additional fuel, and their use can
contribute to a positive path of their utilization in viticulture.

4. The assessed material is characterized by similar emission properties as vine shoots.
However, the high ash content is problematic, which should be taken into account
when using this material for energy purposes. Both pomace and yak and peduncles
are characterized by high ash content of about 8%. In the case of gaseous emissions,
the emission parameters are similar to those obtained for typical plant biomass.
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