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Abstract: In 2019, Europe adopted the New Green Deal as a strategic plan to become a competitive,
resource-efficient, and driven economy by reducing its gas emissions and carbon footprint. Due the
COVID-19 pandemic, this strategic plan was recently updated to expedite the green transition of
European industries. Therefore, the present paper deals with the problem of deciding an appropriate
size for a biomass plant that directly produces electric energy by means of two different conversion
processes: combustion and gasification. After an initial estimation of the energy potential in western
Sicily, GIS data of biomass growth were used to identify the appropriate size for the power plants
under investigation. The economic feasibility of biomass utilization was evaluated over a capacity
range of 10 to 30 MW, considering total capital investments, revenues from energy sales, and total
operating costs. Moreover, the effect of variations on incentive prices was analyzed by means
of a sensitivity analysis. Comparing the different plant solutions considered, the environmental
sustainability was also analyzed using the life cycle assessment (LCA) approach. The results showed
that the combustion solution had a higher profitability and a lower environmental impact for each
plant size. The obtained results also demonstrated that providing power from residual biomass
in small agricultural communities would significantly reduce their environmental impacts while
improving the economic feasibility of their waste management practices.

Keywords: biomass power plant; waste management; life cycle assessment; economic feasibility;
sustainability

1. Introduction

Supporting renewable energy production is one of the main priorities of the European
Union (EU)’s policy agenda [1]. The final goal is a reduction in greenhouse gas (GHG)
emissions that fulfils the targets defined at the Paris Conference of Parties 21 [2]. In this
way, it will be possible to reduce European countries’ dependence on fossil fuels imported
from abroad. Nevertheless, renewable electricity capacity additions in Europe declined by
13% in 2020 compared with 2019, probably due to the concurrent health emergency. In fact,
lockdown procedures delayed the construction of new power plants, owing to logistical
issues, social distancing measures, and funding reductions. Fortunately, some of these
problems are short-term impacts of the COVID-19 pandemic, and additions are expected
to rebound in 2021, possibly approaching the levels of 2019 [3]. From the perspective
of renewable power production, Sicily—in particular the area of Trapani—has abundant
biomass resources arising from the agricultural sector. Specifically, the generation of
products such as wine and olive oil makes available significant amounts of residues after
harvesting and processing. As a result, the efficient utilization of these agricultural residues
is crucial for providing bioenergy, reducing the environmental impact, and supporting
the rural sector. Therefore, the present study focuses on the main agricultural biomasses
produced in large quantities in the western part of Sicily which are available for future
power generation. A geographic information system (GIS) model was introduced as the
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first step towards the development of an integrated decision support system for studying
the impact of investments in renewable energy. In this regard, a recent review described the
development of GIS data models for finding more appropriate locations for power plants
based on the geographical biomass availability and other energy-related parameters [4].
In agriculture, GISs have already been used for many purposes, such as the optimization
of agro-engineering processes [5], shelf-life monitoring [6], and planting management [7].
The use of GISs for renewable energy site selection has been considered previously at
the local, regional, and national levels [8–12]. In the context of the present paper, the
GIS model was applied to the identification and characterization of potential biomass
utilization for the specific area considered. In future work, this information will serve
as the basis for determining a suitable location for a biomass farm. In this paper, after
an initial estimation of the energetic potential of the available biomass, we determined
an appropriate size for a power plant that directly produces electric energy by means of
combustion and gasification conversion processes. The economic feasibility of the different
types of power plant was evaluated, considering total capital investments, revenues from
energy sales, and total operating costs. Moreover, the effect of variations on incentive prices
was analyzed by means of a sensitivity analysis. To test the environmental impact, the life
cycle assessment (LCA) methodology was used. As far as the authors are aware, this is the
first study in which both of these aspects of sustainability are considered simultaneously.
The results demonstrated that generating power from residual biomass in small agricultural
communities would significantly reduce their environmental impacts while making their
waste management practices economically feasible.

2. Materials and Methods
2.1. Energy Content of Biomass Sources

Data reported in [13] highlight that Southern Italy produces a large amount of agri-
cultural residues and generates most of the pruning and pomace residues of the whole
country. These numbers further prove the potential of agricultural residues for energy
production. The largest concentrated source of agricultural residues is in western Sicily,
and it mainly derives from the annual and periodic pruning of vineyards, olive groves,
citrus groves, almond groves, and orchards. This biomass consists of branches removed by
pruning, which are commonly burned on site by farmers. In the area of Trapani, biomass
production mainly derives from grapes and olives scraps (Figure 1).
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Therefore, the present study focuses on these two types of biomass, also taking into ac-
count the waste derived from the extraction process (i.e., pomace) of olives. The maximum
energy contribution is summarized in Table 1, with LHV indicating the lower heating value.

Table 1. Energy contribution for each type of biomass.

Biomass (t/y) LHV (MJ/kg) Energy (MJ/kg)

Vineyard 165,297 18.0 2,975,356,800
Olive 16,773 17.6 295,205,645

Pomace 15,724 15.5 243,726,650

The electrical energy power output Pe (MW) can be calculated with the following equation:

Pe =
M·LHV·ηe

3600·H , (1)

where M (ton/year) is the amount of biomass, ηe is the plant energy conversion efficiency,
and H is the plant annual operating hours (hours/year). Based on Equation (1) and
assuming the total operating hours of 8000/year and a mean conversion efficiency of
30% [14], the maximum plant size was calculated to be about 30 MW.

2.2. Biomass Power Plant Configurations

The conversion of biomass to energy can be achieved by adopting different technologi-
cal solutions that can be separated into two basic categories: thermochemical processes and
biochemical/biological processes. In this study, we chose two different thermal processes
that represent the best available solutions for the selected power range (5–50 MW) [15].
Specifically, the two solutions identified were:

• Fluid bed combustion, followed by steam turbine cycle power generation (C/ST);
• Fluid bed gasification, followed by combined gas–steam cycle power generation

(G/CC).

Considering that the maximum available power was about 30 MW for each plant
configuration, three different power sizes (i.e., 30, 20, and 10 MW) were chosen to investigate
possible variations in the biomass availability.

Both plant solutions comprise three main sections (Figure 2), namely the biomass
storage and handling section, the power generation section, and the air pollution control
section. The first and third sections are the same for the two plants, while important
technological differences characterize each power generation section.

Sustainability 2022, 14, 9676 3 of 14 
 

Therefore, the present study focuses on these two types of biomass, also taking into 
account the waste derived from the extraction process (i.e., pomace) of olives. The 
maximum energy contribution is summarized in Table 1, with LHV indicating the lower 
heating value. 

Table 1. Energy contribution for each type of biomass. 

Biomass (t/y) LHV (MJ/kg) Energy (MJ/kg) 
Vineyard 165,297 18.0 2,975,356,800 

Olive 16,773 17.6 295,205,645 
Pomace 15,724 15.5 243,726,650 

The electrical energy power output Pe (MW) can be calculated with the following 
equation: P = ∙ ∙∙ ,. (1)

where M (ton/year) is the amount of biomass, ηe is the plant energy conversion efficiency, 
and H is the plant annual operating hours (hours/year). Based on Equation (1) and 
assuming the total operating hours of 8000/year and a mean conversion efficiency of 30% 
[14], the maximum plant size was calculated to be about 30 MW. 

2.2. Biomass Power Plant Configurations 
The conversion of biomass to energy can be achieved by adopting different 

technological solutions that can be separated into two basic categories: thermochemical 
processes and biochemical/biological processes. In this study, we chose two different 
thermal processes that represent the best available solutions for the selected power range 
(5–50 MW) [15]. Specifically, the two solutions identified were: 
• Fluid bed combustion, followed by steam turbine cycle power generation (C/ST); 
• Fluid bed gasification, followed by combined gas–steam cycle power generation 

(G/CC). 
Considering that the maximum available power was about 30 MW for each plant 

configuration, three different power sizes (i.e., 30, 20, and 10 MW) were chosen to 
investigate possible variations in the biomass availability. 

Both plant solutions comprise three main sections (Figure 2), namely the biomass 
storage and handling section, the power generation section, and the air pollution control 
section. The first and third sections are the same for the two plants, while important 
technological differences characterize each power generation section. 

 
Figure 2. General configuration of C/ST and G/CC plants. 

The biomass storage and handling section receives the biomass and moves it towards 
the combustor/gasifier entrance. This section consists of four main subsystems, which are 
schematized in Figure 3. Having previously been reduced to the form of coarse wood 
chips at the collection site, the biomass is input into the reception and storage system, 
where it partially loses its moisture content through an air-drying process. Afterwards, 

Figure 2. General configuration of C/ST and G/CC plants.

The biomass storage and handling section receives the biomass and moves it towards
the combustor/gasifier entrance. This section consists of four main subsystems, which are
schematized in Figure 3. Having previously been reduced to the form of coarse wood chips
at the collection site, the biomass is input into the reception and storage system, where it
partially loses its moisture content through an air-drying process. Afterwards, the biomass
is moved to the pretreatment system, which separates any metal and non-metal fractions. In
the refining system, the biomass is shredded and passed through a mechanical sieve so that
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the wood chips are within the size range of 1–30 mm in order to ensure optimal combustion
or gasification. Finally, the wood chips are moved to the combustor/gasifier entrance.
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Figure 3. Subsystems of the biomass storage and handling section.

The C/ST power section (Figure 4) consists of a traditional steam cycle. Hot gases
produced by the fluid bed combustor are used to obtain superheated steam in the boiler,
which is typically a counter-current heat exchanger to maximize heat transfer. Common
values for the pressure and temperature of the steam flow leaving the boiler are, respectively,
100–150 bar and 550–600 ◦C [16,17]. The turbine exploits the steam expansion, allowing the
conversion of mechanical energy into electrical energy, with an efficiency of 80–85% [16]
Finally, the low-pressure steam flow is condensed and pumped back into the boiler, with
negligible pumping work.
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Figure 5 represents the G/CC power generation section, which comprises a more
complex plant configuration than the C/ST plant. The incoming wood chips must be
dried in order to reduce their moisture content from 50% to a value smaller than 15% [18].
The obtained dried biomass is then introduced into a fluid bed gasifier, where the syngas
is produced along with a solid coal residue, in weight percentages equal to 95% and
5%, respectively [19,20]. Before reaching the combustion chamber, the syngas undergoes
filtering and cleaning processes, with the aim of collecting any dust contained within. Then,
the clean syngas is fed into the combustion chamber as the fuel of the combined gas–steam
cycle for electricity generation.
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The temperature of the hot gas leaving the combustion chamber reaches maximum
values in the range of 1200–1300 ◦C, due to the mechanical resistance of materials at
high temperatures. Then, the gas expands in the turbine, which typically takes place
at compression ratios of 15–20, achieving the first conversion of mechanical energy into
electrical energy of the combined cycle. The exhaust gases at the turbine outlet contain
a very high amount of thermal energy, approximately 58% [21] of the chemical energy
introduced by the fuel. This energy is recovered in the steam cycle thanks to the heat
recovery steam generator (HRSG) system, which is a counter-current heat exchanger. The
efficiency of the electricity production of the combined gas–steam cycle depends on the
size of the plant and can reach values of 50–55%, compared with the maximum efficiency
values of the simple gas cycle of 35–38% [21,22]. The air pollution control section consists of
a catalytic system for the abatement of the polluting emissions of NOX, SOX, and CO that
are produced by combustion and exist in the exhaust gases. This last section is included in
the configurations of both plants, as was already mentioned.

2.3. Economic Analysis

The economic evaluation was carried out based on total capital investment (TCI, EUR),
total operating cost (TOC, EUR/y), and revenues from the electric energy saving and sales
(R, EUR/y). The economic comparison between the different scenarios was based on the
net present value (NPV). More specifically, the TCI costs included power generation costs,
piping costs, electrical costs, civil works costs, direct installation costs, auxiliary services
costs, instrumentations costs, and site preparation costs. Piping, electrical, and civil works
costs were based on literature data [23,24].

Finally, direct installation, auxiliary services, instrumentations, site preparation, en-
gineering, and start-up costs were calculated as a percentage of the power generation
costs. Total operating costs were computed as the sum of operating labor costs, purchased
biomass costs, biomass transport costs, and maintenance costs. Specifically, the annual
labor cost L was calculated as the product of an average annual cost per worker of EUR
26,000, and the number n of total annual working personnel was estimated depending
on the plant size in the range (12–36) [25]. Biomass transport cost (BT) was assessed by
Equation (2):

BT =
B f
Vc

·Ct, (2)
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where Bf is the biomass flow rate (t/y) of each type of plant, Vc is the vehicle capacity
(t/vehicle), and Ct is the unit transport cost (EUR/vehicle], considering an average route
from the barycenter of the area where the plant is assumed to be located.

Maintenance costs and insurance costs were calculated as a percentage of TCI, as
reported in the literature [26]. Revenues from the sale of the produced electric energy
were computed as the product of the percentage of the electric energy effectively available
for sale (assumed to be equal to 90%, taking account of the energy needs of the auxiliary
equipment) according to the current market price of electricity and factoring in government
subsidies. The Italian government subsidies are applicable for plants powered by renewable
sources that have a capacity higher than or equal to 1 MW. Therefore, 10, 20, and 30 MW
plants can access the green certificate mechanism, which was replaced by new incentives in
2016. The access to this kind of incentive is regulated through the Gestione Riconoscimento
Incentivo (GRIN) application.

The incentive tariff IT was calculated using the following equation:

IT = k·(180 − Re)·0.78, (3)

In (3), k is a coefficient that depends on the type of renewable source. Specifically,
k = 1.80 for biomass and biogas produced by agriculture, livestock farming, and short-
chain forestry. The maximum value in EUR/MWh that a renewable energy producer can
receive is 180, and Re is the electricity price annually defined by the authority based on the
economic conditions recorded on the market in the previous year (125.06 EUR/MWh for
the year 2021).

Therefore, the economic profitability of the two plant configurations for the three
different power sizes was evaluated based on net present value (NPV) and investment
payback time. A positive NPV indicates that earnings generated by the investment exceed
the anticipated costs, so that investment is profitable. On the other hand, payback time is a
risk indicator that refers to the period required to recover the investment. This indicator is
generally considered acceptable for values not exceeding 4 years [27].

2.4. LCA Analysis

This section summarizes the evaluation of the environmental footprint of the biomass
electricity production valorized by both plant configuration systems (i.e., C/ST and G/CC).
The environmental impact study was intended to be a preliminary analysis of the general
environmental performance of the biomass-to-energy conversion chain. To this end, the
life cycle assessment (LCA) approach was used in accordance with the ISO guidelines [28],
allowing us to highlight the environmental burden of each step of the biomass chain.
LCA was performed by Simapro software 9.1.1, which was also used to determine the
mass and energy flows needed to produce electricity. The inventory phase was based
on literature contributions and the ecoinvent database. Specifically, the inventory data
collection was based on a generic environmental burden for each life cycle phase. Therefore,
only background data of the processes involved were considered.

2.4.1. Goal and Scope Definition

The functional unit chosen was 1 MWh of electricity produced by both plants for
all sizes. In this regard, it is worth noting that the energy conversion efficiency strongly
depends on both the plant configuration and size. The combined gas–steam cycle can
reach energy conversion efficiency values of 50%, as already mentioned in Section 2.2.
On the other hand, the simple gas or steam cycles have significantly lower efficiency
values. In addition—based on existing plants—the larger the plant size, the higher the plant
performance. With this in mind, different energy conversion efficiencies were introduced
for each plant configuration and size. Table 2 shows the proposed scenarios [25].
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Table 2. Energy conversion efficiencies for different plant configurations and sizes.

Plant Configuration Plant Size (MW) Energy Conversion Efficiency

C/ST
10 0.25
20 0.26
30 0.27

G/CC
10 0.39
20 0.41
30 0.43

The system boundaries of the environmental study involved the main life cycle phases
of the biomass-to-energy conversion chain. This chain begins with the pruning of branches
in the vineyards and olive groves and ends with the electricity production at the plant.
Figure 6 shows the proposed system boundaries. The environmental impact of the infras-
tructure required was disregarded.

Sustainability 2022, 14, 9676 7 of 14 
 

Table 2. Energy conversion efficiencies for different plant configurations and sizes. 

Plant Configuration Plant Size (MW) Energy Conversion Efficiency 

C/ST 
10 0.25 
20 0.26 
30 0.27 

G/CC 
10 0.39 
20 0.41 
30 0.43 

The system boundaries of the environmental study involved the main life cycle 
phases of the biomass-to-energy conversion chain. This chain begins with the pruning of 
branches in the vineyards and olive groves and ends with the electricity production at the 
plant. Figure 6 shows the proposed system boundaries. The environmental impact of the 
infrastructure required was disregarded. 

The environmental performance of the considered biomass chain was evaluated by 
the global warming potential (GWP) indicator, which allows the consideration of the 
effects of emissions on climate change. In this regard, the CO2 emission cycle of the 
biomass was assumed to have zero impact, since the CO2 released during biomass 
combustion is equal to that absorbed during plant growth by means of the chlorophyll 
photosynthesis process [29]. This assumption implies that both the combustion and 
gasification phases produce zero CO2 emissions, while the CO2 emissions of the remaining 
phases (e.g., the transport phase) were calculated in detail. 

The national production mix of electricity was considered for the processes that need 
a power supply. 

 
Figure 6. System boundaries. 

  

Figure 6. System boundaries.

The environmental performance of the considered biomass chain was evaluated by
the global warming potential (GWP) indicator, which allows the consideration of the effects
of emissions on climate change. In this regard, the CO2 emission cycle of the biomass
was assumed to have zero impact, since the CO2 released during biomass combustion is
equal to that absorbed during plant growth by means of the chlorophyll photosynthesis
process [29]. This assumption implies that both the combustion and gasification phases
produce zero CO2 emissions, while the CO2 emissions of the remaining phases (e.g., the
transport phase) were calculated in detail.

The national production mix of electricity was considered for the processes that need
a power supply.

2.4.2. Life Cycle Inventory

Depending on the geographical area and technological availability, the pruning process
of vineyards and olive groves can be performed in different ways by means of suitable
machinery. In this regard, the commercial machinery that is available on the market has
been adapted from agricultural equipment intended for other processes. In the context of
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the present study, the pruning of both vineyards and olive groves should be performed by a
tractor-driven pruning machine. The inventory data of the pruning process were based on
the ecoinvent report on agricultural production systems [30], wherein the fuel consumption
and emissions relating to the main agricultural processes are summarized. Due to the lack
of specific data on the pruning process, the inventory of the mowing process carried out
using a tractor-powered mower was used as reference.

The on-site chipping process can be carried out by two types of chipper, i.e., semi-
industrial (power range of 40–70 kW) and industrial (power of 150 kW) [31]. A semi-
industrial tractor-powered chipper of 70 kW was considered for our study, assuming an
average hourly fuel consumption of 17 L of diesel and an average productivity of 5 t/h [31].

The data inventory of wood chip transport to plant site was based on the assump-
tion that the supply area of the biomass is circular and the plant is located at the center.
According to this scenario, the larger the size of the plant, the higher the radius of the
catchment area to meet the annual biomass demands. The average round trip distance for
every delivery to the plant was calculated as two times 2/3 of the radius of the catchment
area. Equation (4) was used for the final average round trip computation.

DT =
4
3
·
(

M
δBπ

)0.5
, (4)

In (4), M is the annual biomass flow rate, dependent on the plant size according to
Equation (1), and D is the biomass specific density, computed as the ratio between the
overall biomass annual production (see Table 1) and the surface covered by the area of
Trapani (2470 km2). Table 3 summarizes both the distance traveled for every round trip and
the distance per ton of biomass collected, assuming a transport vehicle capacity of 20 tons.

Table 3. Distance traveled for each round trip.

Plant Size
(MW) Biomass (t) Catchment

Area (km2) Radius (km) Average Round
Trip (km)

Distance per
Ton (km/t)

10 56,629 768.3 15.63 20.85 1.04
20 113,258 1536.5 22.11 29.48 1.47
30 169,888 2304.8 27.08 36.11 1.80

The pretreatment phase consists of several substeps performed to prepare the biomass
to feed the combustor or gasifier. The processes to be carried out are shown in Figure 7, and
the inventory data are based on literature contributions [18]. As regards the inventory data
of both energy conversion systems, all emissions produced by the combustion processes
were considered except for CO2, in accordance with the main assumption of this study
(as explained in Section 2.4.1). The emission data of wood chip boilers were based on
a report concerning biomass combustion [32], while data on emissions from the syngas
combustion were taken from [33]. As regards the G/CC plant, the gasification process
allows the production of around 1.3–1.4 kg of syngas per kg of biomass as raw material [20].
However, the LHV of syngas is much lower than that of biomass as raw material (6 MJ/kg).
This decrease in thermal potential is due to the feeding of the gasification process by the
heat released from the initial biomass [19]. Table 4 summarizes all data inventories for each
life cycle phase.
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Table 4. Life cycle inventories.

Life Cycle Step
Fuel Consumption
(Diesel) (kg t−1 of

Biomass)

Electricity
Consumption/Transport

(kWh/km t−1 of Biomass)

Emissions (g t−1 of Biomass)

HC NOx CO

Pruning Vineyards 1.72 4.32 66.96 6.84
Olive groves 2.27 5.68 88.10 9.00

Chipping Vineyards 3.22 5.04 86.04 12.96
Olive groves 3.22 6.63 113.21 17.05

Transport
10 MW 1.04 km
20 MW 1.47 km
30 MW 1.80 km

Pretreatment

Reception and
storage 1 kWh

Sieving 0.87 kWh
Drying 0.72 kWh of natural gas 18.76 kWh

Comminution 37.71 kWh

PM2.5 NOx CO

C/ST 198 1820 324
G/CC 167 2340 134

3. Results and Discussion
3.1. Economic Assessment

The economic performance and profitability of both the solutions were investigated
and compared over a capacity range of 10–30 MW. The analysis was carried out using
the reference values for the influencing economic parameters described in Section 2. The
obtained results are summarized in Tables 5–7.
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Table 5. Total capital investments (EUR).

C/ST G/CC

Power Size (MW) 10 20 30 10 20 30

Biomass storage/handling costs 930,795 1,547,881 2,108,309 3,427,811 5,340,798 6,894,473
Power generation costs 10,136,918 15,472,668 19,891,613 11,921,571 19,416,493 25,559,681

Air pollution costs 1,682,789 2,496,475 3,156,707 1,682,789 2,496,475 3,156,707
Piping costs 1,152,687 1,810,832 2,381,543 1,152,687 1,810,832 2,381,543

Electrical costs 3,077,449 4,795,399 6,227,541 3,077,449 4,795,399 6,227,541
Civil works costs 3,825,158 5,010,492 5,875,564 3,825,158 5,010,492 5,875,564

Direct installation costs 8,287,826 12,686,066 16,351,809 11,070,911 17,714,948 23,147,060
Indirect costs 2,805,110 4,293,745 5,534,458 3,747,078 5,995,829 7,834,390

Total TCI 31,898,733 48,113,560 61,527,544 39,905,454 62,581,266 81,076,959

Table 6. Total operating costs EUR/y.

C/ST G/CC

Power Size (MW) 10 20 30 10 20 30

Labor costs 312,000 624,000 936,000 312,000 624,000 936,000
Biomass cost 1,685,790 3,241,904 4,682,750 1,080,635 2,055,841 2,940,331

Biomass transport cost 457,440 882,572 1,330,790 292,992 526,644 812,073
Maintenance cost 478,481 721,703 922,913 1,197,164 1,877,438 2,432,309

Insurance cost 318,987 481,136 615,275 399,055 625,813 810,770

Total TOC 3,252,698 5,951,315 8,487,728 3,281,845 5,709,736 7,931,482

Table 7. Revenue (EUR/yr).

Power Size (MW) 10 20 30

Revenue 14,586,480 29,172,960 43,759,440

Table 5 shows that the TCI substantially increased with the size for both plant solu-
tions. Furthermore, the investment costs for the G/CC plant were greater than those for
the C/ST plant, since the first configuration plant is technologically more complex and
requires the installation of more auxiliary equipment. In fact, the biomass storage/handling
costs, power generation costs, and direct installation costs increased significantly from
one configuration plant to the other. On the other hand, as regards the operating costs
(Table 6), the C/ST plant involved slightly higher costs than the G/CC plant. Specifically,
the biomass costs and biomass transport cost were higher for the C/ST plant with the
same amount of energy produced, due to the lower energy conversion efficiency of the
steam cycle. However, the maintenance costs of the G/CC plant were higher due to its
more complex plant configuration. Finally, Table 7 shows the revenue arising from the sale
of the electricity produced. This was calculated as the product of the power of the plant,
assuming 8000 operating hours per year and taking account of the sale price of electricity.

Considering a 20-year useful life, the cash flows of the two power plants for each
power size are presented in Table 8.
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Table 8. Net cash flow.

YEAR C/ST G/CC

10 MW 20 MW 30 MW 10 MW 20 MW 30 MW

0 −31,898,733 −48,113,560 −61,527,544 −39,905,454 −62,581,266 −81,076,959
1 11,333,782 23,221,645 35,271,712 11,176,635 23,463,224 35,827,958
2 11,333,782 23,221,645 35,271,712 11,176,635 23,463,224 35,827,958

. . . . . . . . . . . . . . . . . . . . .
18 11,333,782 23,221,645 35,271,712 11,176,635 23,463,224 35,827,958
19 11,333,782 23,221,645 35,271,712 11,176,635 23,463,224 35,827,958
20 11,333,782 23,221,645 35,271,712 11,176,635 23,463,224 35,827,958

The NPV assessment was based on the hypothesis of a low interest rate (i = 4%) and the
consideration of three different incentive tariff scenarios (i.e., 100% IT, 50% IT, and 0% IT).
Figure 7 shows that the economic profitability of the G/CC plant was always slightly lower
than that of the C/ST plant. In fact, the results of the economic analysis showed that the
plant engineering solution with a steam cycle (i.e., C/ST) was to be preferred over that with
a combined gas–steam cycle (i.e., G/CC) for any size and for any incentive tariff scenario.
By comparing the cost and revenue data between the two system solutions (i.e., Tables 5–7),
it can be seen that as the size increased, the installation costs of the G/CC plant increased
significantly compared to those of the C/ST plant with practically similar operating costs
and the same revenue values. This finding can be justified by the fact that a G/CC plant is
technologically more complex, and costs increase considerably with the size. Ultimately,
from the point of view of economic profitability, the two plant solutions were almost on par,
despite the different installation costs. Therefore, the results of the environmental analysis
become fundamental for the choice of the optimal sustainable solution.

3.2. Life Cycle Impact Results

The electricity that can be obtained from 1 ton of biomass depends on the overall
energy conversion efficiency. For the G/CC plant, this parameter is the product of the
energy conversion efficiency of the combined cycle calculated by the so-called cold gas
efficiency (CGE, ηCG) (Equation (5)), where the numerator refers to the chemical energy of
the syngas and the denominator is the chemical energy of the biomass as raw material.

ηCG =
Msyngas · LHVsyngas

Mbiomass · LHVbiomass
(5)

The CGE is obviously dependent on the conversion efficiency of the gasification
process, which can vary widely. It is normally influenced by the gasification conditions,
i.e., the quantity and quality of the oxidizing agent. For example, the use of pure oxygen
instead of air leads to qualitatively better syngas production, with a higher LHV. Different
ηCG values have been suggested in the literature [19]. In this study, the ηCG was set to
0.414 [20]. Table 9 shows the electrical energy obtained per 1 ton of biomass as raw material
for each plant size. In addition, the results of a sensitivity analysis for different ηCG values
are reported. Improving the gasification efficiency led to a better yield from the G/CC
plant, which was more efficient than the steam cycle for ηCG values higher than 0.6.
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Table 9. Electrical energy per ton of biomass raw material.

Plant Size (MW) Electricity per Biomass Ton
(MWhel t−1 of Biomass)

C/ST
10 1.25
20 1.30
30 1.35

G/CC—(ηCG = 0.414)
10 0.81
20 0.85
30 0.89

G/CC—(ηCG = 0.6)
10 1.17
20 1.23
30 1.29

G/CC—(ηCG = 0.8)
10 1.56
20 1.64
30 1.72

Figure 8 shows the GWP indicator results. It is worth remembering that biomass
is considered a renewable resource because its carbon dioxide production cycle is zero,
as explained in Section 2.4.1. Therefore, the values shown in Figure 8 are only related
to the necessary processes of the biomass chain (i.e., pruning, chipping, transport, and
pretreatment). The GWP results demonstrated that the G/CC plant solution was only
better than the C/ST solution for a CGE value higher than 0.8. Therefore, it can be said that
unless the gasification efficiency is very high, the steam cycle plant also remains preferable
from the point of view of environmental impact. This can be justified by the small LHV
value of the syngas (i.e., 4–6 MJ/kg) and by the fact that part of the heat released during
gasification is used to feed the gasification process itself [19].
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4. Conclusions

This paper examined the sustainability of two biomass power generation technologies:
steam turbine cycle power generation and fluid bed gasification followed by combined
gas–steam cycle power generation. From the point of view of economic profitability, the two
plant solutions were almost on par, despite the different installation costs. By comparing
the cost and revenue data between the two system solutions, we determined that as the size
increased, the installation costs of the G/CC plant increased significantly compared to those
of the C/ST plant with practically similar operating costs and the same revenue values.
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Therefore, the results of the environmental analysis became fundamental to identifying
the most sustainable solution. The GWP indicator showed that the C/ST solution had a
lower environmental impact for each plant size. However, the G/CC solution became more
effective when the CGE value was equal to 0.8. In conclusion, the obtained results showed
that unless the gasification efficiency is very high, the steam cycle plant also remains
preferable from the point of view of environmental impact. As far as the authors are
aware, this is the first study in which both of these aspects of sustainability are considered
simultaneously. Further investigations should focus on other agricultural residues to
diversify the energy sources and improve the resiliency of rural energy systems, and a
multi-criteria decision-making approach should be developed for selecting the optimal
location of the plant facility.
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