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Abstract This study proposes the energy conversion
of vine prunings to supply energy to localwineries,with
a focus on the Riunite & CIV branch winery located
in Carpi (Modena, Italy), exploring the possibility of
generating both electricity and heat through biomass
gasification. AMatlab-Simulink model is used to eval-
uate the energy savings that can be achieved when an
energy storage system is coupled with the combined
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heat and power generation system.Within this context,
the results showed that it is possible to save≈30%of the
electricity and ≈60% of the thermal energy demanded
by the winery. However, the economic viability of the
project is hindered by high investment and operation
costs. DPB is strongly affected by the cost of biomass
and the energy prices, resulting in a profitable invest-
ment for electricity prices higher than 0.30 ÷ >0.57
e/kWh according to the different scenarios investi-
gated.

Keywords Energy conversion · Vine prunings ·
Biomass gasification · Energy storage system ·
Combined heat and power

Introduction

In 2021, Italy once again confirmed itself in first place
in theworld for wine productionwith an estimated 50.3
million hectoliters produced. The Italian vineyard sur-
face is 664,000 hectares while in the Emilia-Romagna
region, it amounts to 53,000 hectares (Gruppo Italiano
Vini, 2022). Every year, in the winter period follow-
ing the harvest, the vineyards are pruned resulting in
the production of a large quantity of residual biomass
which ranges from 1 to 5 ton/ha (Ntalos & Grigoriou,
2002; Ruiz et al., 2013) depending on the type and age
of the vineyard, the soil properties, and the pruning
technique. According to a study by the Italian Ministry
of Agriculture, biomass from vine prunings amounts
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to 87,000 tons for the Emilia-Romagna region (Gis-
mondi, 2020). The disposal of vine prunings generally
takes place through the shredding in the field, which
allows the biomass to be reused as fertilizer but exposes
the cultivation to the risk of spreading parasites that
sometimes nest in the pruned branches. For this reason,
in situ open burning of prunings is still permitted and
widespread, leading to the generation of large quan-
tities of persistent organic pollutants and particulate
matter (Gonçalves et al., 2011).

The increasing awareness of environmental pollu-
tion has led to the development, in the last decade,
of a recovery chain for pruning from vineyards and
orchards. With particular reference to the Emilia-
Romagna region, this recovery chain involves the bal-
ing or chipping of the prunings and their delivery to the
nearest biomass thermoelectric power plant. However,
the costs of the service are closely linked to the prox-
imity of the collection basin to the power plant (Ahmed
et al., 2019; Spinelli et al., 2010), and it is still difficult
to raise farmers’ awareness of paying for the disposal of
vine shoots when a free option, such as open burning,
is currently available. More generally, moving away
from the perspective of mere return of investment, the
recovery of pruning for energy purposes is one of the
activities that could mitigate the effects that the agri-
cultural sector is having on climate change (Bizikova
et al., 2020; Piñeiro et al., 2020; Sharma et al., 2019).

Unlike what happens nowadays for livestock waste,
whose energy can be recovered through consolidated
and widespread practice (Cucina, 2023) (also thanks
to the advent of small-scale biogas production plants),
the collection and recovery of lignocellulosic waste
face logistical issues linked to the dispersion of the
woody material, its high level of humidity, and the
low energy density (Florindo et al., 2022). However,
the high quality of the biomass generated through vine
pruning has prompted numerous studies and research
aimed at exploring various energy conversion meth-
ods, such as combustion, pyrolysis, and gasification,
to tackle this matter. Several authors (including the
authors of this paper) tested, with promising results,
vineyard prunings as fuel for domestic stove both in
chips and in pellets form (Giungato et al., 2018; Pic-
chi et al., 2013; Zanetti et al., 2017); Giorio et al.
tested the performance of medium-sized boilers (500
kW), finding that the high particulate emissions make
abatement systems necessary (Giorio et al., 2019) and
demonstrating that small-scale appliances may not be

a ready-to-go option. In addition to combustion, the
pyrolysis of vine prunings was laboratory-tested for
the production of biochar, activated carbon, or bio-oil
(Calcan et al., 2022; Nabais et al., 2010). To the best of
our knowledge, research involving the gasification of
these by-products is rarer and often refers to laboratory
studies or trials conducted in pilot plants, without con-
sidering integration with an existing industrial entity
(Biagini et al., 2015; Brito et al., 2014).

This study fits into this research gap, where the
authors relied on extensive prior research on the gasifi-
cation of vine prunings, applying the results to the wine
industry.

This work proposes to convert the prunings into
combustible gas (syngas) through the gasification pro-
cess, using it to power internal combustion engines for
the combined heat and power generation (CHP) for
wineries. The aim of the study is a technical and eco-
nomic evaluation of this business model that aims to
evaluate the limits and key parameters for a virtuous
use of vine prunings.

The case study is based on theRiunite&CIVwinery
branch located in Carpi—province of Modena (Italy)
(Cantine Riunite & CIV Wineries Group, 2022). The
Rinuite&CIV group relies on ninewineries, more than
1500 members, and includes more than 4600 hectares
of vineyards. The cooperative group Riunite & CIV
is also the owner of the Gruppo Italiano Vini (Italian
Wines Group) (Gruppo Italiano Vini, 2022), ranking
first in Italy and among the major wine producers in
the world.

The following sections describe the case study
and the energy exploitation strategy of vine prunings,
which involves the combined use of biomass CHP and
energy storage system (ESS) to meet the discontinuous
demand for electrical and thermal energy to power the
winery’s processes and provide space heating. After
the study of the winery’s annual energy consumption,
a Matlab-Simulink (Simulink Documentation, 2023)
model was developed aiming to calculate the electric-
ity and natural gas effectively not purchased from the
national grid.

A series of scenarios have been developed by simu-
lating different electricity and gas prices and calculat-
ing the respective discounted payback times (DPBs) of
the initial investment. For each energy price condition,
the impact of the biomass cost was therefore evaluated,
considering feeding the gasifiers with both chipped and
pelletized vine prunings.
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Fig. 1 Riunite & Civ winery in Carpi (MO)

Materials and methods

Presentation of the case study

The technical-economical analysis was focused on the
Riunite & CIV winery located in Carpi—province of
Modena (Fig. 1). The winery processes the grapes pro-
duced by 271 members for a total of 1174 ha (from the
census on 2021 data) which leads to an estimated col-
lecting potential of≈1.2–5.9 kton of prunings per year.
This highly fragmented production context is com-
mon inmanyMediterranean countries such as Portugal,
Spain, andGreece (Florindo et al., 2022) expanding the
possible applications of this study.

The winery is involved in every stage of the wine
production process, starting from the grape. The equip-
ment employed in this procedure is mainly driven by
electric motors and includes conveying augers, grape
crushers, conveyor belts, and must cooling systems.
Thewinery is connected to the natural gas grid which is

mainly used for space heating and for the desulphuriza-
tion of the must; processes occur through the use of gas
boilers. The energy consumption profile of the winery
was mapped over the period 2018–2019, considering
the shares of electrical and thermal energy consumed.

With regard to the electrical energy consumption,
the data was retrieved from the bills provided by the
electricity operator, resulting in a total annual electrical
consumption of 1176 MWh. The time resolution of the
provided data corresponded to three time slots:

F1: Monday to Friday, 8:00 AM to 7:00 PM
F2:Monday to Friday, 7:00AM to 8:00AM&7:00
PM to 11:00 PM; Saturday, 7:00 AM to 11:00 PM
F3:Monday to Saturday, 12:00AM to 7:00AMand
11:00 PM to 12:00 AM; Sundays and holidays, all
day

The average electrical power demandwas calculated
by dividing the energy referred to each time slot by its
time span. The data collected is shown in the graph
of Fig. 2a; the smooth peak in the late-summer period
corresponds to the harvesting season by vinegrowers,
promptly followed by the grapes processing.

In line with the electricity usage, the gas consump-
tion was mapped for the same period and is displayed
in Fig. 2b. Unlike electricity, there is not a daily break-
down available, but consumption is given on a monthly
basis. Consequently, the meter reading for each month
has been evenly distributed across all days, losing
resolution. The annual gas consumption was 55,582
Sm3/year. The conversion into thermal energy was car-
ried out through Eq. 1 (reported in kWh) in which V
is the gas consumption in volume read on the meter,
HHV is the higher heating value indicated by the gas
network operator (on average ≈39.7 MJ/Stm3), and C

Fig. 2 Electrical energy (a)
and natural gas (b)
consumption of the winery
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Table 1 Pellets and syngas
from vine prunings:
ultimate analyses (Puglia
et al., 2020)

Vine prunings pellet composition

C (%) H (%) S (%) N (%) ASH (%) HHV (MJ/kg)

46.4 6.5 − 0.9 3.6 19.3

PP30 syngas composition from vine prunings

H2 (%) N2 (%) CO (%) CO2 (%) CH4 (%) HHV (MJ/m3)

16.3 48.3 20.0 13.7 1.7 5.3

is a correction factor that varies according to the climate
zone in which the meter is installed.

Eth = V · HHV · C
3.6

(1)

Through these data, the scenarios for the generation
of both electrical and thermal energy were designed as
described in the subsequent section.

Energy production and storage systems

The energy conversion of vine pruning was achieved
considering the use of commercial small-scale biomass
CHP power plants operating through the gasification
process. Gasification reactions take place in a vessel,
known as a gasifier or gasification reactor where air,
oxygen, or other gases react with the biomass (Reed &
Das, 1988). The result is the thermo-chemical degra-
dation of the solid wood into fuel gas (syngas). When
air is used as a gasification agent, the syngas com-
bustible compounds consist of H2, CH4, and CO and
non-combustible compounds: CO2, H2O, and N2 lead-
ing to a lower heating value (LHV) between 4 and 7
MJ/(Nm3) (Basu, 2018; Soares & Oliveira, 2020). In
biomass CHP, syngas is often used to power internal
combustion engines which are capable of producing
both electrical and thermal power. This study consid-
ered the use of a series of All Power Labs - Power Pallet
30 CHP gasifiers (PP30 from now on) leveraging their
proven success in effectively operating with biomass
sourced from vine prunings (Table 1) (Allesina et al.,
2018; Puglia et al., 2020).

The heat recovery system of the PP30 consists of a
three-stage heat exchanger, capturing heat from three
distinct sources: syngas cooling, engine coolant, and
exhausts. These heat sources converge at a plate heat

exchanger, serving as a thermal interface connecting
the system to the local heat load (i.e., the winery).
The PP30 is capable of generating 20 kW of contin-
uous electrical power and 40 kW of thermal power
by recovering heat from exhaust gas and from the
engine cooling loop. Biomass consumption was mea-
sured in a previous study and calculated in 23kg/h of
dry biomass1 (Puglia et al., 2020). The power plant
was considered to be active 8 h a day from 8 AM to
4 PM, 5 days a week for 52 weeks, and for an annual
total of 2080hours. The discontinuous operation has
been imposed for the necessary maintenance that these
machines need (Wei et al., 2009) and in order to ded-
icate the personnel already present in the winery to
this activity. The scenario investigated considers the
installation of ten PP30, operating in parallel, for a total
electrical and thermal power of 200 kW and 400 kW,
respectively. In order to optimize the use of the elec-
tricity generated, the installation of an energy storage
system (ESS) with a storage capacity of 1 MWh was
considered. ESS of this type are normally container-
ized, and in this case, it fits in two 20’ containers (refer
to Fig. 3). These choices have been driven by the cur-
rently available spaces within the winery. About the
thermal energy production through the PP30, it was
chosen to consider a utilization factor ( fth) equal to
45%, considering to exploit the thermal energy mainly
in the colder months by adopting the necessary ther-
mal storage. The simple relation between the thermal
energy available to thewinery (Eth,gen) and the thermal
energy recovered from thePP30 (Eth,PP30) through the
utilization factor is reported in Eq. 2.

Eth,gen = Eth,PP30 · fth (2)

1 It must be highlighted that Puglia et al. measured biomass con-
sumption at electrical power output lower than 20 kW. However,
it is the closest data to operating conditions currently available.
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Fig. 3 Overall schematic of the Simulink model

Matlab-Simulink model

Thewinery has been represented on aMatlab-Simulink
model which consists of four functional blocks: energy
generation from PP30s, energy storage system (ESS),
winery electrical-thermal loads, and the grid. The grid
is viewed as an energy reservoir with pricing modeled
across various scenarios.

The Simulinkmodel is reported in the block diagram
of Fig. 4. Blocks are divided into subsystems according
to each function: production, consumption, or storage
of energy.

Thewholemodel follows the electric energy balance
reported in Eq. 3:

Pgasi f ier + PESS + Pgrid = Pload (3)

These four terms respectively represent the power
supplied by the gasifier (Pgasi f ier ), by the storage sys-
tem (PESS), by the grid (Pgrid ), and the power required

by the winery (Pload ). From Eq. 3, it is therefore
possible to obtain the power that the grid and the stor-
age system must supply to the winery (Eq. 4):

Pdi f f = Pload − Pgasi f ier = PESS + Pgrid (4)

where

Pgasi f ier < Pload → Pdi f f > 0 (5)

Pgasi f ier ≥ Pload → Pdi f f < 0 (6)

The fed of electricity into the grid is not consid-
ered, and thus, Pgrid ≥ 0. The storage system is then
loaded or unloaded according to the energy availability
and winery demand. More specifically, the block that
describes this situation is represented in Fig. 5.

It was imposed that the power transfer in the charge
or discharge phase between the storage system and the
PP30s takes place when the state-of-charge (SOC) is
between 0.2 and 0.9 (do Nascimento & Rüther, 2020).
The combined charge–discharge efficiency of the ESS
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Fig. 4 Diagram of the different functional blocks and their interaction in the main scheme (left). Red dashed line represent the
electrical-gas grid

was set to 0.92 (Arcos-Vargas et al., 2020) (often known
as round trip efficiency),while other losses (e.g., HVAC
for container cooling) which would require a more
detailed analysis of the ambient conditions are not
considered in this study. The block describing the bat-
tery charging and discharging phase is shown in Fig. 6.

The Simulink model enabled the quantification of
electricity saved from the grid, allowing the estima-
tion of economic savings based on input parameters.

Additionally, the model was employed to calculate the
potential savings in natural gas consumption.

Economic analysis

The economic feasibility analysis is basedon the invest-
ment costs and variable costs associated with the oper-
ation and maintenance of the power generation system
and on the gas and electrical energy savings generated

Fig. 5 Energy storage system block
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Fig. 6 Energy storage
system block: charging
phase

from it. The inflation rates relating to the cost of elec-
tricity and natural gaswere chosen at 2.8%.2 The cost of
each PP30 is 65,472 e(manufacturer quotation) while
the annual cost for its maintenance was considered
equal to 80 e/MWh adapting the results from Wei
et al. (2009) on a similar size gasifier. The ESS invest-
ment cost is estimated at 450 e/kWh (Mongird et al.,
2020). The price of grape pellets was assumed to be
178 e/t (Associazione Italiana Energie Agroforestali,
2023; Toscano et al., 2018) which is competitive with
respect to the price of A1 EN Plus pellets which cost
approximately 230e/t it is observed that in 2021–2022,
the price of A1 EN Plus pellets reached 340e/t (Asso-
ciazione Italiana Energie Agroforestali, 2023)). The
price of the wine pruning chips was estimated at 83
e/t (Associazione ItalianaEnergieAgroforestali, 2023;
Toscano et al., 2018). Lower costs can be achieved if the
pellet or chip production is internalized within the win-
ery activities, as demonstrated by Toscano et al. (2018).
The sale of biochar, vegetable carbon resulting from
the biomass gasification process, was also considered.
The selling price was estimated at 300 e/t (as per pro-
ducer quotation) while the production was considered
equal to 5% m

m of the total biomass consumption3. Fur-
thermore, the biochar market is not yet consolidated,
and the selling price mainly depends on the technology
used (Nematian et al., 2021). In this regard, a sensitivity
analysis was conducted on the sales price of biochar by
varying this between 200 and 500 e/ton. To be recog-
nized and sold as soil amendment, the biochar needs
to meet specific requirements reported in the Euro-
pean Biochar Certificate or the International Biochar

2 Since the fluctuations in energy prices are much more signif-
icant than the chosen discount rate, a sensitivity analysis was
conducted on these prices.
3 This is an average value measured through several experimen-
tal campaigns on PP30 running with vine pruning pellets (Puglia
et al., 2020). It must be underlined that the biochar discharge
rate depends on the shaking strategy of the reactor grate and
other studies have reported a value equal to 2% m

m running on
wood chips (Wei et al., 2009).

Initiative (Ravenni et al., 2018). In Italy, the certifica-
tion is carried out by the iChar association, and this
practice has a one-off cost of 1250 e. The baseline for
the cost of electricity was taken as 0.16 e/kWh while
the price of gas was 0.479 e/Sm3. These were taken
from the annual history of the respective winery bills
in the period 2018–2019, considered a period of time
undisturbed by recent fluctuations.

Given these assumptions, an assessment of net
present value was conducted, factoring in expenses,
savings, and revenue generated by utilizing the gasi-
fier as an energy source. The analysis mainly follows
Eq. 7:

N PV = −I0 +
n∑

t=1

CFt
(1 + r)t

(7)

where
N PV = net present value, representing the current

value of future cash flows.
I0 = initial investment, the cost at time zero.
CFt = cash flow at time t , which can be positive

(inflows) or negative (outflows).
r = discount rate, reflecting the rate of return or cost

of capital.
n = number of years, indicating the time span over

which cash flows occur and are discounted.
Cash flows were modeled as electricity savings, nat-

ural gas savings, and annual revenue from the sale of
biochar. Year by year, cash flowswere discounted using
the discount rates for electricity and gas indicated pre-
viously. Equation 8 reports the discounting calculation
for the cash flows.

CFi = CFi−1 · (1 + k) (8)

where
i represents the current year (from 0 to n).
k stands for the discount rate of electricity and gas.
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Rather than analyzing the DPB time as the discount
rate varies, in thiswork,we chose tomaintain a constant
discount rate r = 6% (Colantoni et al., 2021; Guercio,
2011) and to investigate the variation in theDPB (Eq. 9)
as the price of electricity and gas varies.

DPB = X + Y

Z
(9)

where
X is the last period (year) with a negative discounted

cumulative cash flow.
Y is the absolute value of discounted cumulative

cash flow at the end of the period X .
Z is the discounted cash flow during the period after

X .
The variation ranges were considered 0.16−0.576

e/kWh for the electricity and 0.479–1.628 e/Sm3 for
the gas. In Italy, a succession of incentivizing tariffs has
unfolded in recent decades: some focused on subsidiz-
ing electricity or thermal energy production (feed-in-
tariff), while others offered tax deductions for invest-
ment costs. To create a generalized yet realistic analy-
sis, a scenario with a 50% tax deduction over a 10-year
period was considered. The next section of the arti-
cle outlines the key findings derived from the techno-
economic analysis.

Results

Table 2 summarizes the expenditure items and operat-
ing conditions of the case investigated. The outcomes
derived from the Simulink model indicate an annual
31.2% reduction in purchased electricity expenses,
alongside a 60.8% savings from recovered thermal
energy during the winter season.

This is due to the discontinuous production of energy
from biomass, associated with the operation only dur-
ing the working hours of the winery. It should be
noted that this assumption is conservative and that 24/7
options could be investigated as future work. In this
case, additional labor should be considered, and Wei
et al. (2009) can be considered a reference for its cal-
culation. Figure 7 shows the SOC of the ESS reveal-
ing minimal utilization of the storage system during
winter due to decreased electricity demand from the
winery. However, a high consumption of natural gas
was observed in the same period, and in order to better

Table 2 Input for the NPV analysis

Initial investment

PP30 Power Pallet (10x) e654,720.00
ESS e450,000.00
Biochar certification e1250.00

Total e1,105,970.00

Operating conditions

Working hours 2080 h/year

Biomass consumption 478.4 t/year

PP30 electrical energy 416 MWh/year

PP30 thermal energy 832 MWh/year

Biochar production 23.9 t/year

Annual costs for 10xPP30 O&M

Biomass cost (pellet) e85,155.00
Biomass cost (chips) e39,707.20
PP30 maintenance e33,280.00

Total (pellet) e118,435.00

Total (chips) e72,987.20

exploit the energy produced by the gasifier, it would be
useful to consider electrifying part of the boilers (for
space heating) currently fueled by gas (Tables 3 and 4).
Actions of this type are also in line with European and
national planning which expect a progressive electri-
fication of the primary energy system with a view to
total decarbonization by 2050 (European Commission
and for Climate Action, 2019).

Figure 8 shows, by way of example, the trend of
the NPV in the case of feeding the gasifier with pellets
and chips for average electricity and gas prices equal
to 0.352 e/kWh and 1.053 respectively e/Sm3. DPB
is respectively equal to 21.3 and 13.3 years.

The DPB time of the investment was then calcu-
lated for each scenario, and results are condensed in the
graphs of Figs. 9a and b and 10a and b.Detailed numeri-
cal values ofDPBs are reported in Tables 5, 6, 7, and 8,
while NPV at 30 years are reported in the Tables 9, 10,
11, and 12. Regarding the investigated scenarios with-
out incentives (Fig. 9), it is observed that with the use
of pellets, there is a DPB of less than 10 years only
when (I) electricity prices are above 0.49 e/kWh and
the cost of gas is equal to themaximumanalyzed (1.628
e/Sm3), or (II) for electricity prices higher than the
maximum considered (0.57 e/kWh) when the cost of
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Fig. 7 ESS state-of-charge over the year

Table 3 Sensitivity analysis on the DPB in relation to the variation of the thermal energy utilization factor

Variation of the DPB DPB (years)
Utilization factor fth 0.6 0.3 0.6 0.3
Vine biomass type Chips Pellets Chips Pellets Chips Pellets Chips Pellets

Case 1 −9.2% −11.2% 10.4% 13.2% 5.7 7.1 6.9 9.1

Case 2 −28.4% −41.3% 54.9% >55.7% 20.0 37.3 43.2 >99.0

Case 3 −3.6% −4.5% 3.6% 4.6% 7.6 10.2 8.2 11.2

Table 4 Sensitivity analysis on the DPB in relation to the price variation of biochar

Variation of the DPB DPB [years]
Biochar selling price 500 (e/ton) 200 (e/ton) 500 (e/ton) 200 (e/ton)
Vine biomass type Chips Pellets Chips Pellets Chips Pellets Chips Pellets

Case 1 −2.3% −2.8% 1.2% 1.6% 6.1 7.8 6.3 8.1

Case 2 −6.9% −10.2% 3.7% 6.6% 26.0 57.0 28.9 67.3

Case 3 −2.8% −3.5% 1.4% 2.0% 7.7 10.3 8.0 10.9
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Fig. 8 NPV for pellets and
chips at electricity and gas
prices of 0.352 e/kWh and
1.053 e/Sm3, respectively

Fig. 9 DPB considering
different biomass fuels

Fig. 10 DPB considering
different biomass fuels and
50% tax deduction in 10
years
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gas is equal to 0.766e/Sm3. TheDPB is always greater
than 10 years for baseline energy prices, justifying the
difficulty with which these systems are spreading.

The situation is different in case the gasifier powered
by vine pruning chips is considered. In this case, the
lower price of the biomass leads to a DPB (I) of less
than 10 years for electricity prices higher than 0.38
e/kWh, when the cost of gas is equal to the maximum
analyzed (1.628 e/Sm3) or (II) for prices of electric-
ity above 0.49 e/kWh when the cost of gas is at the
minimum (0.479e/Sm3). Once more, this comparison
highlights how the cost of biomass stands as one of the
key parameters significantly affecting the investment
outcome. However, it should be noted that by reducing
the biomass preprocessing, uncertainties regarding the
correct functioning of the gasifier increase. Past tests
have in fact demonstrated how shredded vine prunings
lead to frequent bridging phenomena in the feed hopper
and in thePP30 reactor (Allesina et al., 2018).Although
the quality of syngas is not different from that gener-
ated via pellets, these disadvantages lead to necessary
investments linked to the redesign of some components
of the gasifier. Considering now the hypothetical incen-
tive that leads to the tax deduction of 50% (Fig. 10),
it is observed that with the use of pellets, the DPB is
lower than 10 years when (I) the price of electricity
exceeds 0.41 e/kWh and the cost of gas is equal to the
maximum analyzed (1.628 e/Sm3) or (II) for electric-
ity prices higher than 0.52e/kWh when the cost of gas
is equal to 0.479 e/Sm3.

In the case of an incentivized power plant powered
by vine chips, there is aDPBof less than 10 years for (I)
electricity prices above 0.30 e/kWh when the cost of
gas is equal to the maximum analyzed (1.628 e/Sm3)
or (II) for electricity prices above 0.41 e/kWh when
the cost of gas is equal to the minimum (0.479e/Sm3).
It is relevant to note how, even in the presence of a
tax incentive, the “vine chips-no tax deduction” option
(Fig. 9b) remains more convenient compared to “vine
pellets-tax deduction” (Fig. 10a). In the author’s opin-
ion, thismight suggest the convenience of incentivizing
plants that are fueled with raw or minimally processed
biomass, shifting investments toward the development
of agnostic technologies that are less sensitive to the
particle size and quality of fuel used.

Eventually, it is observed that the sensitivity of the
economic analysis with respect to the price of gas is
lower than the price of electricity, given both the initial
imbalance between the two specific costs, consumption

rates, and the thermal energy utilization factor used. In
this regard, a sensitivity analysis was conducted on the
thermal energy utilization factor (baseline value set to
45%), calculating the alteration in payback period for
the two ends of fth examined: 30% and 60%.

Three cases were then analyzed:

Case 1: price of electricity 0.576 e/kWh and price
of natural gas 1.628 e/Stm3 (e.g., the scenario that
offers more convenient DPBs).
Case 2: price of electricity 0.16 e/kWh (baseline)
and price of natural gas 1.628e/Stm3 (higher end).
Case 3: price of electricity 0.576 e/kWh (higher
end) and price of natural gas 0.479 e/Stm3 (base-
line).

For all cases, the cost of biomass was set at the two con-
ditions tested in this work: 83 e/ton for vine chips and
178e/ton for vine pellets. The scenario with minimum
electricity and natural gas prices has not been investi-
gated since it generates return times higher than Case 2
and is definitely not useful for this analysis. Figure 11
andTable 3 report the results in the different conditions.
Variation of fth of the ±33% generates a variation of
the DPB of≈ 9–13% in Case 1 (high both gas and elec-
tricity prices) and ≈ 3–5% in Case 3 (high electricity,
low gas). More significant fluctuations occur for Case
2 (low electricity, high gas), in which the DPB varies
up to over 50%. However, the condition of Case 2 is

Fig. 11 Sensitivity of DPB according to the variation of thermal
energy utilization factor
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Fig. 12 Sensitivity of DPB concerning fluctuations in biochar
selling prices

never profitable, reporting DPBs exceeding 20 years in
all conditions.4

In all scenarios, an annual income of 7176.00 e,
from the sale of biochar, is considered. A sensitivity
analysis was therefore conducted in order to identify
the impact of the selling price of biochar on the DPB
of the investment. Figure 12 and Table 4 illustrate the
results obtained considering the range of biochar sell-
ing prices: 500e/ton (on the higher end) and 200e/ton
(on the lower end) for each type of biomass investigated
in this work. The variations in the DPB are limited to
a few percentage points in Cases 1 and 3 which corre-
spond to the scenarios with high electricity prices. The
right half of Table 4 also shows the DPBs in the differ-
ent cases, with variations in the order of 2–3 years for
Case 1 and Case 3. Case 2 stands apart due to its com-
bination of low electricity costs and elevated natural
gas prices: in this condition, the DPB variations gen-
erated by biochar sales price are higher (up to 10.2%).
However, DPBs higher than 26 years (up to 67.3 years)
show that it is not a truly viable scenario. In conclu-
sion, the biochar selling price does not hold as strong a
sway as the costs associated with electricity, biomass,
natural gas, and the thermal utilization factor.

4 In the case of gasifier feed with pellets, the DPB in Case 2
exceeds the cutoff value (99 years) set in the model.

Beyond the economic implication generated by a
developing market, we must consider the value linked
to the removal of atmospheric carbon that gasification
technology makes possible through biochar. To this
end, interesting results could be obtained by extending
this research to an environmental analysis on the entire
wine supply chain, analyzing the impact that the adop-
tion of carbon capture and storage (CCS) technologies
could generate.

Conclusions

This work explored the techno-economic viability of
converting vine prunings into electrical and thermal
energy, through the gasification process, to reduce
electricity and natural gas drawn from the grid by
a winery located in northern Italy (Emilia-Romagna
region). Experimental data obtained from past research
were applied in a real-case context to assess the limits
and potential of this technology, which was still rela-
tively uncommonuntil today.The configuration studied
involved the use of ten commercial biomass microgasi-
fiers operating in parallel for the combined production
of heat (400 kW) and electricity (200 kW). The power
plants were expected to operate for 8hours a day, 5
days a week, with any surplus electricity not imme-
diately used by the winery being stored in a 1 MWh
energy storage system. The entire process was simu-
lated in the Matlab-Simulink environment, calculating
the primary energy savings achieved by feeding the
gasifiers with both pellets and chips produced from
vine prunings. The findings demonstrate the poten-
tial to substitute approximately 30% of the required
electricity and about 60% of the necessary thermal
energy for the winery. The greatest uncertainty in this
calculation is linked to the thermal energy utilization
factor, which is difficult to estimate a priori without
a detailed representation of the thermal systems and
a daily mapping of gas consumption. The economic
viability of the project was evaluated through the net
present value methodology, fitting the research into a
still little explored framework by calculating how vari-
ations in energy market prices, biochar selling price,
and biomass cost affect the DPB of the investment.
High costs associated with the investments, supplying
of biomass fuel and O&M of the gasifiers, result in
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competitive DPBs (<10 years calculated over the dif-
ferent conditions of gas prices) only when the electric-
ity prices are averagely above 0.49÷ >0.576 e/kWh
or 0.38÷ >0.49 e/kWh if pellets or chips are respec-
tively used. It is also noted that the case study demon-
strates lower sensitivity to the price of natural gas with
respect to the electricity one. The development of such
renewable energy sources has been and still is facili-
tated through several strategies; the tax deduction for
50% of the investment in 10 years hypothesized and
tested in the model also proves effective in the case of
gasifiers powered by pellets, bringing the convenience
to 0.41÷ >0.52 e/kWh for pellets and 0.30÷ >0.41
e/kWh for chips. Shifting from the framework of
tax deduction or feed-in tariff, which, nonetheless,

greatly supported (and support) the advancement of
emerging and promising technologies, the economic
valorization of the increased environmental sustain-
ability or exploration of alternative energy markets is
necessary. A prospective market lies within the battery
electric vehicle (BEV) charging infrastructure, where
costs often exceed 0.70 e/kWh, especially for high-
power charging (HPC) systems. The winery can indeed
be one of the key locations for the electrification of
private transportation, offering quality service in rural
areas and reducing the costs of adapting the electrical
grid, which is often weak in such contexts.

Appendix. Additional results

Table 5 Vine prunings
pellets—50% tax deduction
in 10 years: DPB in years

���������e/kWh
e/Sm3

0.479 0.766 1.053 1.341 1.628

0.160 >99 >99 >99 63.9 45.6

0.192 >99 >99 58.8 43.0 33.6

0.224 86.2 54.6 40.6 32.0 26.1

0.256 50.9 38.5 30.6 25.1 21.1

0.288 36.6 29.3 24.2 20.4 17.5

0.320 28.1 23.3 19.7 17.0 14.8

0.352 22.4 19.1 16.5 14.4 12.8

0.384 18.5 16.0 14.0 12.5 11.2

0.416 15.5 13.7 12.2 10.9 9.9

0.448 13.3 11.9 10.7 9.8 9.1

0.480 11.6 10.5 9.6 8.9 8.3

0.512 10.3 9.4 8.8 8.2 7.7

0.544 9.3 8.7 8.1 7.6 7.2

0.576 8.5 8.0 7.5 7.1 6.7
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Table 6 Vine prunings
chips—50% tax deduction
in 10 years: DPB in years

���������e/kWh
e/Sm3

0.479 0.766 1.053 1.341 1.628

0.160 67.5 43.5 32.2 25.4 20.7

0.192 40.6 30.5 24.2 19.9 16.9

0.224 28.9 23.2 19.2 16.3 14.1

0.256 22.2 18.5 15.8 13.7 12.1

0.288 17.9 15.3 13.4 11.8 10.6

0.320 14.9 13.0 11.5 10.4 9.5

0.352 12.7 11.3 10.1 9.3 8.7

0.384 11.0 9.9 9.2 8.5 8.0

0.416 9.8 9.0 8.4 7.9 7.4

0.448 8.9 8.3 7.8 7.3 6.9

0.480 8.2 7.7 7.2 6.8 6.4

0.512 7.6 7.1 6.7 6.4 6.0

0.544 7.0 6.6 6.3 6.0 5.7

0.576 6.6 6.2 5.9 5.6 5.4

Table 7 Vine prunings
pellets: DPB in years

���������e/kWh
e/Sm3

0.479 0.766 1.053 1.341 1.628

0.160 >99 >99 >99 >99 63.5

0.192 >99 >99 94.2 59.0 44.4

0.224 >99 82.3 55.1 42.2 34.0

0.256 73.9 51.8 40.2 32.7 27.3

0.288 48.8 38.3 31.4 26.4 22.6

0.320 36.7 30.2 25.5 21.9 19.1

0.352 29.1 24.7 21.3 18.6 16.5

0.384 23.9 20.7 18.1 16.1 14.5

0.416 20.1 17.7 15.7 14.1 12.8

0.448 17.2 15.4 13.8 12.6 11.5

0.480 15.0 13.5 12.3 11.3 10.4

0.512 13.3 12.1 11.1 10.2 9.5

0.544 11.9 10.9 10.0 9.3 8.7

0.576 10.7 9.9 9.2 8.6 8.0
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Table 8 Vine prunings
chips: DPB in years

���������e/kWh
e/Sm3

0.479 0.766 1.053 1.341 1.628

0.160 >99 66.5 45.2 34.6 27.9

0.192 60.2 42.5 32.9 26.8 22.5

0.224 40.0 31.4 25.7 21.7 18.7

0.256 30.0 24.8 21.0 18.2 16.0

0.288 23.9 20.3 17.7 15.6 13.9

0.320 19.7 17.2 15.2 13.6 12.3

0.352 16.7 14.8 13.3 12.0 11.0

0.384 14.5 13.0 11.8 10.8 9.9

0.416 12.7 11.6 10.6 9.8 9.1

0.448 11.4 10.4 9.6 8.9 8.3

0.480 10.2 9.5 8.8 8.2 7.7

0.512 9.3 8.7 8.1 7.6 7.2

0.544 8.5 8.0 7.5 7.1 6.7

0.576 7.9 7.4 7.0 6.6 6.3

Table 9 Vine prunings
pellets—50% tax deduction
in 10 years: NPV at 30
years in Me

���������e/kWh
e/Sm3

0.479 0.7664 1.0538 1.3412 1.6286

0.160 −1.00 −0.82 −0.65 −0.48 −0.30

0.192 −0.79 −0.61 −0.44 −0.26 −0.09

0.224 −0.58 −0.40 −0.23 −0.05 0.12

0.256 −0.36 −0.19 −0.02 0.16 0.33

0.288 −0.15 0.02 0.19 0.37 0.54

0.320 0.06 0.23 0.40 0.58 0.75

0.352 0.27 0.44 0.61 0.79 0.96

0.384 0.48 0.65 0.83 1.00 1.17

0.416 0.69 0.86 1.04 1.21 1.38

0.448 0.90 1.07 1.25 1.42 1.59

0.480 1.11 1.28 1.46 1.63 1.81

0.512 1.32 1.49 1.67 1.84 2.02

0.544 1.53 1.70 1.88 2.05 2.23

0.576 1.74 1.92 2.09 2.26 2.44
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Table 10 Vine prunings
chips—50% tax deduction
in 10 years: NPV at 30
years in Me

���������e/kWh
e/Sm3

0.479 0.7664 1.0538 1.3412 1.6286

0.160 −0.40 −0.22 −0.05 0.13 0.30

0.192 −0.19 −0.01 0.16 0.34 0.51

0.224 0.03 0.20 0.37 0.55 0.72

0.256 0.24 0.41 0.58 0.76 0.93

0.288 0.45 0.62 0.79 0.97 1.14

0.320 0.66 0.83 1.01 1.18 1.35

0.352 0.87 1.04 1.22 1.39 1.56

0.384 1.08 1.25 1.43 1.60 1.77

0.416 1.29 1.46 1.64 1.81 1.98

0.448 1.50 1.67 1.85 2.02 2.20

0.480 1.71 1.88 2.06 2.23 2.41

0.512 1.92 2.10 2.27 2.44 2.62

0.544 2.13 2.31 2.48 2.65 2.83

0.576 2.34 2.52 2.69 2.86 3.04

Table 11 Vine prunings
pellets: NPV at 30 years in
Me

���������e/kWh
e/Sm3

0.479 0.7664 1.0538 1.3412 1.6286

0.160 −1.23 −1.06 −0.89 −0.71 −0.54

0.192 −1.02 −0.85 −0.67 −0.50 −0.33

0.224 −0.81 −0.64 −0.46 −0.29 −0.12

0.256 −0.60 −0.43 −0.25 −0.08 0.09

0.288 −0.39 −0.22 −0.04 0.13 0.30

0.320 −0.18 −0.01 0.17 0.34 0.52

0.352 0.03 0.20 0.38 0.55 0.73

0.384 0.24 0.42 0.59 0.76 0.94

0.416 0.45 0.63 0.80 0.97 1.15

0.448 0.66 0.84 1.01 1.18 1.36

0.480 0.87 1.05 1.22 1.39 1.57

0.512 1.08 1.26 1.43 1.61 1.78

0.544 1.29 1.47 1.64 1.82 1.99

0.576 1.51 1.68 1.85 2.03 2.20
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Table 12 Vine prunings
chips: NPV at 30 years in
Me

���������e/kWh
e/Sm3

0.479 0.7664 1.0538 1.3412 1.6286

0.160 −0.63 −0.46 −0.28 −0.11 0.06

0.192 −0.42 −0.25 −0.07 0.10 0.27

0.224 −0.21 −0.04 0.14 0.31 0.48

0.256 0.00 0.17 0.35 0.52 0.70

0.288 0.21 0.38 0.56 0.73 0.91

0.320 0.42 0.59 0.77 0.94 1.12

0.352 0.63 0.81 0.98 1.15 1.33

0.384 0.84 1.02 1.19 1.36 1.54

0.416 1.05 1.23 1.40 1.57 1.75

0.448 1.26 1.44 1.61 1.79 1.96

0.480 1.47 1.65 1.82 2.00 2.17

0.512 1.68 1.86 2.03 2.21 2.38

0.544 1.90 2.07 2.24 2.42 2.59

0.576 2.11 2.28 2.45 2.63 2.80
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