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Abstract: This article aims to present an evaluation of the environmental performance of a combustion
polygeneration plant fed with lignocellulosic material from cardoon (Cynara cardunculus L.) through
the technique of Life Cycle Assessment (LCA). The system boundaries encompassed macro-phases of
crop production, transportation, and polygeneration processes that were able to produce 100 kW of
electricity, a residual thermal energy recovery system and district heating and cooling with 270 kW
of heating, and a 140 kW of cooling. The LCA was performed using Cumulative Energy Demand
and ReCiPe Life Cycle Impact Assessment methods through midpoint and endpoint indicators.
From 2000 h/year, 165.92 GJ of electricity and 667.23 GJ of primary energy were consumed, and
32.82 tCO2eq were emitted. The rates of Greenhouse Gas (GHG) and energy demand per MJ produced
were 0.08 MJSE/MJPD, 0.30 MJPE/MJPD, and 0.01 kgCO2eq/MJPD. According to the ReCiPe method,
the impact categories with the highest impact loads were Terrestrial ecotoxicity (2.44%), Freshwater
ecotoxicity (32.21%), Marine ecotoxicity (50.10%), Human carcinogenic toxicity (8.75%), and Human
non-carcinogenic toxicity (4.76%). Comparing the same energy outputs produced by Italian power
and gas grids, the proposed polygeneration plant was able to reduce primary energy demand and
GHG emissions by 80 and 81%, respectively, in addition to reducing the emissions of the five main
categories of impacts by between 25 and 73%.

Keywords: polygeneration; Life Cycle Assessment; global warming potential; cumulative energy
demand; lignocellulosic biomass; Cynara cardunculus L.

1. Introduction

This paper refers to the activities developed within the PRIN (BIO-CHEAPER) Project—
Research Projects of Relevant National Interest—Biomass Circular Holistic Economy Ap-
proach to Energy Equipment. This project aims to achieve increased energy efficiency and
reduced emissions of pollutants along supply chains for biomass, including cardoon. It com-
prises the study of potential technological improvements to increase the energy efficiency
of small-scale systems that can be used in polygeneration plants, including investigations
on laboratory, simulation, industrial symbiosis tests, and LCA of biomass-to-energy supply
chains [1].

Currently, the consumption of fossil sources has been the major cause of the emission of
polluting agents. Fossil reserves are limited and non-renewable, with their replacement thus
being essential. Policies focused on the principles of sustainability led to the development
of alternatives, such as the use of renewable energies including biofuels, hydrogen, wind
energy, solar energy, and bioenergy [2–6].
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Consonant with current PRIN project and energy issues, the study and implementation
of alternative energy sources with a high level of sustainability is increasingly necessary
as a path to the energy transition. The ideal characteristics are energy sources with high
production yield, low contaminating components, low energy input, low cost, and low
need for nutrients [5,7]. In this circumstance, bioenergy from energy crops has gained
prominence, showing great potential as a sustainable resource for energy production [3,8].
The production of green energy from non-food crops and residual biomass such as ligno-
cellulosic materials appear to be an interesting option given its relative ease of obtaining
and great productive potential [9].

A relevant aspect of lignocellulosic biomass is its contribution to the reducing of GHG
emissions. The production of energy using biomass occurs by emitting CO2, which is
reabsorbed in the regrowth cycles of the plants during the cultivation phase. Furthermore,
another advantage of biomass over other renewable sources is that it is programmable and
storable, reducing the potential for fluctuations in energy supply [6,9–12].

A culture that stands out in that regard is Cynara cardunculus L. or cardoon. It is
a spontaneous crop that can be cultivated on marginal land as it grows in areas with
low edaphoclimatic characteristics and without irrigation. Therefore, without major in-
vestments in management, the cardoon performs as a resistant crop, incurring fewer
environmental impacts. This plant has characteristics such as perennial life form, annual
growth cycle, vigorous regrowth, attractive flowers for bees, and adaptation to water stress.
In this regard, it is a plant that is well adapted to be grown on the Mediterranean region’s
drylands and semi-arid environments, such as in Portugal, Spain, Greece, Italy, France,
and other countries with similar edaphoclimatic characteristics [5,6]. Particularly, Italy has
great potential for introducing this crop, having about 3 million hectares of marginal land
that could be partially used to cultivate cardoon [1].

The lignocellulosic biomass can be used directly or indirectly to produce different
energy sources, such as chemicals, biofuels, biomaterials, heating, cooling, electricity, et
cetera. Different techniques and transformation mechanisms can be used [3,6,13].

Due to its easy implementation, combustion is one of the most used methods to
produce energy from lignocellulosic biomass. On a larger scale, solid biomass can be
burned in ovens or boilers, producing heat used directly in heating systems or electricity.
However, the energy conversion efficiency is not optimal in these cases, causing large energy
losses during the combustion process and fume exhaustion. In this context, strategies can
reuse the residual heat that would potentially be lost, reintroducing it through loops into
the same system or other systems requiring lower temperatures for their operation, such as
with polygeneration plants [6,9,12–14].

The term polygeneration describes the integration of multiple outputs in a single unity,
as an energy system simultaneously providing several products such as electricity, heating,
cooling, and chemical products in a decentralized way. Polygeneration presents advantages
such as the reducing of GHG, a reliable energy supply, economic savings, and reduced
grid losses [12,14,15]. However, polygeneration systems present the challenge of selecting
the most adapted technology to be included in polygeneration plants. There are different
possibilities, such as internal combustion engines, micro-turbines, and fuel cells, among
others [16].

Regarding electric power production, gas turbines have been of great interest for
several reasons such as the compactness and simplicity of the machines, reliability, reduced
investment costs, speed of construction, and high conversion rates. Particularly, traditional
power plants integrated with gas turbines present a conversion efficiency that varies from
16 to 33% [17–20]. This means that up to 84% of primary energy is lost as heat. On the other
hand, in a polygeneration plant, the heat produced is recovered for other uses. However,
one of the most recognized limitations of technology is the need to use “clean” fuels such
as natural gas. A solution to this technology limitation would be using an external fired
gas turbine (EFGT) [15,17,21–24].
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EFGTs offer the possibility of using air as a heat transfer fluid. The cycle of this
type of turbine is based on a gas cycle where direct combustion is replaced by a heat
exchanger [15,18,24]. In practice, the combustion process takes place outside the turbine
and the produced exhaust gases are used to heat air through a heat exchanger. Then, the
heated air is used in the expansion process in the turbine, producing power [15,18,23].
Moreover, this system makes it possible to use the joint production of electricity, heating,
and cooling through a single fuel, allowing electricity to be produced through the turbine
and the residual heat to be recovered and reused for other purposes [25].

Polygeneration systems comprise the integration of several units and installations,
which provide several benefits, including increased environmental performance. In that re-
gard, to assess this environmental performance, the Life Cycle Assessment (LCA) methodol-
ogy was applied, as it is the most widespread methodology to investigate the environmental
impacts of products and services in the energy production sector [5,14,26,27].

2. Materials and Methods
2.1. Life Cycle Assessment Methodology

The Life Cycle Assessment was developed under the requirements of ISO 14040:2006a [28]
and 14044:2006b [29], allowing the assessment of environmental impacts through the com-
pilation and evaluation of inputs (energy and material) and outputs (products, by-products,
pollutants, and emissions) [30]. These frameworks, in line with the proposal of this paper,
comprehend the steps of goal and scope definition, life cycle inventory analysis, life cycle
impact assessment, and interpretation. The Life Cycle models were developed using the
commercial software SimaPro V9.0.0.30 [31].

2.2. Goal and Scope Definition

Given this framework, within the PRIN (BIO-CHEAPER) project, this paper aims to
present an LCA of the annual operations of a power, heating, and cooling polygeneration
plant fuelled by the combustion of lignocellulosic material of Cynara cardunculus L. This
study proposes to estimate the environmental impact loads, in particular, the primary
energy demand, the GHG, and other 17 emissions related to ReCiPe’s impact categories,
making a comparison with the production of the same amount of energy sources (power,
heating, and cooling) using the Italian power and gas grids.

2.3. Functional Unit

The functional unit adopted was the primary energy demand and the 18 ReCiPe
impact categories per annual polygeneration chain operations (2000 h), and per MJ of
energy produced as output. Allocation was conducted based on the total energy in output
from power, heating, and cooling.

2.4. System Boundaries

According to ISO 14040 and 14044, the system boundaries were defined in Figure 1.
A cradle-to-gate approach, which comprehends the phases of cardoon production, trans-
portation, and polygeneration, was considered.

The system boundaries were designed considering all the supply chains to provide
the power sources. The agricultural production, transportation of raw material, and all
necessary processing phases for the polygeneration of electricity, heating, and cooling. The
time boundary was 1 year, totalling 2000 h of operations. The data used in this study cover
the geographical area of Italy, in particular the regions of Sardinia and Central Italy where
the experimentation was carried out.
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Figure 1. System boundaries—polygeneration chain. (Black—process steps/red—energy
flows/blue—mass flows).

2.5. Life Cycle Inventory

The inventory was developed based on the materials and process flows from the
experimental study (Figure A1) and modelled on SimaPro using the databases Ecoinvent
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V3.1 [32] and Agri-footprint V1.0 [33]. The same databases were used to develop the model
of the reference system, the Italian power and gas grids.

2.5.1. Cardoon Production and Transportation

The metadata used for the development of the cardoon production inventory were
obtained from a production carried out in Porto Torres, Sardinia. Data related to production,
the characterization of plant fractions, and quantities of inputs were obtained from the
producer Novamont S.p.A. Data on the machinery and their use were hypothesized based
on studies of the cardoon cultivation phase developed by Gominho et al. [9], Deligios
et al. [34], and Angelini et al. [35]. The use of each machinery was defined based on the
quantities of inputs applied, production harvested, and area cultivated by Novamont S.p.A.

The phase of cardoon production was carried out employing the minimum possible
amounts of chemical fertilisers, favouring compost materials to nurture the crop. The
cultivation was carried out without using any irrigation system since the consumption of
water resources for bioenergy production is a concern. These systems are unsustainable as
long as they consume the limited freshwater resources necessary for human use and other
activities besides the demand for high energy sources. Furthermore, the application of
pesticides was not used. These adoptions favoured the reducing of the load of environmen-
tal impacts in the cardoon cultivation phase [34]. In particular, the carbon emissions and
removals from agricultural production were considered as a closed carbon cycle. Therefore,
the GHG released by the biomass combustion was reabsorbed by the regrowth at cardoon
cultivation, i.e., the net GHG emissions on balance were zero. The allocation of the crop
production emissions was conducted based on the energy content of the cardoon fractions
(seeds, epigean, and hypogeum fractions).

Before being transported to the polygeneration plant, the raw material undergoes a
size reduction process through a chipper machine, obtaining chips with a regular shape
of about 10x20x20 mm, thereby facilitating the combustion process and transportation.
This material was deemed to be grown on fields 20 km from the polygeneration plant and
transported to the polygeneration by road using trucks with a capacity of 30 ton.

The raw material was characterised at the University of Perugia, in the Biomass
Research Centre’s laboratories, in terms of moisture content using a moister analyser
(Mettler Toledo HB43-S) [36], in terms of Low Heating Value (LHV) through a calorimeter
(LECO AC-350) [37], according to the ASTM D2015 standard method, and in terms of ash
content with a thermogravimetric analyser (LECO TGA 701) [38], according to the ASTM
D 3682-78 method.

2.5.2. Polygeneration Plant

The polygeneration phase comprises the stages of biomass storage, transport between
machinery, combustion, heat exchange with the working fluid, expansion and production
of electrical energy in the turbine, heat recovery in the secondary heat exchangers, and use
of residual energy for the production of heating and cooling. The polygeneration facilities
are structured as can be seen in Figure 2.

The raw material arrives, and it is unloaded from the truck into a hopper with a
capacity of 8 m3 employing an overhead crane that transports big bags of up to 450 kg.
In the hopper, the biomass is dried through a dehumidification process using a fluidised
bed. The hopper is connected to the combustion chamber through a set of rakes and screw
conveyors. At the bottom of the hopper, rakes move the chips by pushing them towards a
feed chute in which the material is removed, employing a set of screw conveyors towards
the combustion chamber.
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Figure 2. Polygeneration plant facilities: (A) polygeneration plant, (B) hopper, (C) screw con-
veyor, (D) combustion chamber, (E) combustion chamber interior, (F) combustion chamber rake
engines, (G) compressor ring engine, (H) heat exchanger 1 tubular beam, (I) Turbec T100 turbine,
and (J) cyclone.

The combustion chamber comprises a circular steel body filled with refractory cement,
a diesel ignition, and a set of fans that keep the oxygen supply to maintain combustion
under ideal conditions. The chamber has a biomass input of about 125 kg/h and an air
input of about 1.256 kg/h. It allows the chamber to operate at 980 ◦C with a combustion
efficiency of around 80%. At the bottom of the chamber, a set of rakes remove the ashes,
which are used for fertilising agricultural fields. The exhaust gases from combustion leave
the chamber and pass through the heat exchanger 1.

The heat exchanger 1 is made of INOX 430 and a highly efficient AISI 310 tubular beam
with an efficiency of 90%. In this phase, the heat produced by the biomass combustion is
transferred to the heat transfer fluid (air), which is sent to the expansion in the turbine. The
heat is transferred to the air through a compressor ring connected to the heat exchanger
1. In the ring, the air is forced by fans circulating inside the heat exchanger until reaching
the temperature of 950 ◦C. Once the appropriate thermodynamic conditions are reached,
the air is deflected to the turbine to be expanded. A high-speed (70,000 rpm) single-shaft
Turbec T100 turbine is used. The turbine can produce 100 kW of electricity.

The generator produces high-frequency electricity. Before current reaches the grid, it
is converted to grid standards (400 VAC at 50 Hz). The high-frequency alternating current
produced by the generator (500 VAC at 2333 Hz corresponding to 70,000 rpm of the motor
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shaft) is initially rectified into direct current and converted into three-phase alternating
current (400 VAC at 50 Hz) via a static converter.

After the expansion phase, air leaves the turbine at 410 ◦C and passes through a
secondary heat exchanger (heat exchanger 2), with an efficiency of 90%, that supplies the
district heating and cooling system. The heat transfer fluid is released into the atmosphere
at 152.4 ◦C. On the other hand, the exhaust gases produced by the combustion pass through
a cyclone that removes PM10 and fly-ash particulate content, having an efficiency of 90–98%
for particles above 10 µm. These gases leave the cyclone at approximately 413 ◦C and pass
through another heat exchanger (heat exchanger 3) that supplies the district heating and
cooling, and successively, are removed through an exhaust fan.

The heat transfer fluid used in district heating and cooling is water, which enters at
70 ◦C and leaves at 83 ◦C with a water flow of 2.48 kg/s. The recovered heat is used for the
air conditioning of buildings in two different ways: in the winter period, the system works
as a district heating with a power of 270 kW, and in the summer, the recovered power is
converted into cooling through an absorption chiller with 140 kW output power.

In this study, the mechanical power demanded by the polygeneration plant’s machin-
ery was supplied by a set of 17 electric engines. The technical data of the engine set for all
equipment are shown in Table A2.

2.6. Life Cycle Impact Assessment

Two different methods were used to translate the life cycle inventory’s elementary
flows into environmental impacts scores: Cumulative Energy Demand V1.11 [39], which
involved translating these physical flows and interventions into primary energy demand
indicators, in addition to analysing the use of non-renewables (fossil, nuclear, and biomass
from primary forests) and renewable (biomass from agriculture, wind, solar, geothermal,
and water) sources. ReCiPe V1.03 [40], at the midpoint level, since it is valid for the Euro-
pean region, translated results into 18 midpoint impact categories, including the GWP [41].
The results obtained in the characterization were normalized to report on the relative
magnitude of each of the scores for the different impact categories, expressing them to
a common set of reference impacts. The normalised impact profile of the polygenera-
tion chain was expressed in the same metric. Additionally, the ReCiPe Endpoint (H/A)
was used, showing results in terms of 3 endpoint areas of protection: “human health”,
“ecosystems”, and “resources”.

2.7. Interpretation of the Results

The results were interpreted to meet the goals proposed in the definition of objective
and scope. The interpretation was made considering the inventory analysis and the charac-
terization and normalization of the impact assessment, respecting temporal, geographic,
and technological assumptions.

3. Results
3.1. Raw Material Characterization

A total of 251 tons of lignocellulosic material was used to feed the polygeneration
plant for 2000 h/year. The raw material was characterised with an LHV of 16.37 MJPE/kg,
similar to Miscanthus and giant reed, and slightly higher than the energy content reported
by other authors for cardoon [35,42–44]; the water content was 2.39% and the ash content
was 8.8%, slightly higher than those found in other energy crops such as giant red and
Miscanthus [45–47].

3.2. Secondary Energy Demand

The processes related to the polygeneration facilities demanded electricity from
the Italian power grid. The entire plant is powered by electric engines ranging from
0.30 to 4.70 kW, consuming 165.92 GJSE (secondary energy) of electricity to maintain the
machinery operations.



Energies 2022, 15, 2397 8 of 21

3.3. Output Energy

The polygeneration chain produced around 720 GJPD (produced energy) of electricity.
With thermal energy recovery from the exhaust gases and expanded air from the turbine, it
was possible to obtain 972 GJPD of heat and 504 GJPD of cooling using the district heating
and cooling system.

3.4. Life Cycle Inventory Analysis

The inventory was established based on the necessary inputs of resources, material,
products, and process for all phases of the polygeneration chain (cultivation, transportation,
and polygeneration), as shown in Table 1.

Table 1. Life cycle inventory—polygeneration chain.

Steps Materials/Energy/Processes Amount

C
ar

do
on

Pr
od

uc
ti

on Fertilization
Compost 0.32 ton

Nitrogen fertilizer as N 0.91 ton

Phosphate fertilizer as P2O5 2.32 ton

Machinery

Fertilizing, Tillage (harrowing
and ploughing), Sowing,

Combine harvesting, Swath,
Baling, Bale loading

15.80 ha/each

Transport Transport, freight,
32 ton, EURO6 5026.86 tkm

Po
ly

ge
ne

ra
ti

on
pl

an
t

Chipper Electricity 1.61 GJSE

Overhead Crane Electricity 1.01 GJSE

Hopper Electricity 70.56 GJSE

Combustion Chamber Electricity 18.86 GJSE

Heat Exchanger &
Compressor Ring Electricity 28.80 GJSE

Cyclone Electricity 28.80 GJSE

District Heating
and Cooling Electricity 16.27 GJSE

tkm—tonne-kilometer.

The inputs for cardoon production were obtained in a real production field located in
Porto Torres, Sardinia, under the yields and composition observed in other areas of Italy,
such as in central Italy [35], where the polygeneration plant is located. Table 2 shows the
metadata from the crop cultivation used to calculate the inventory of the crop production.

Table 2. Cardoon production—metadata.

Input/Output Value

Seed production 1.50 t/ha

Moisture at the harvesting 8%

Oil content 25%

Epigean fraction 15 t/ha

Moisture epigean fraction 15%

LHV epigean fraction 16.37 MJPE/kg

Hypogeum fraction 3 t/ha

Moisture hypogeum fraction 50%
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Table 2. Cont.

Input/Output Value

18:46 (diammonium phosphate)—N 4.50 N

18:46 (diammonium phosphate)—p 11.50 P

Chemical N 57.50 kg

Biological N (from composts) 20 kg
PE—Primary Energy.

3.5. Life Cycle Impact Assessment
3.5.1. Cumulative Energy Demand

Based on the characterisation of the CED method, the primary energy demand needed
from the cardoon production process for the conversion into electricity, heating, and cooling
was determined, identifying the demands related to each phase of the production chain, as
shown in Figure 3.
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Figure 3. Cumulative energy demand—characterisation—polygeneration chain.

The annual primary energy demand for the entire polygeneration chain was 667.23 GJPE.
To produce the same amount of electricity, heating, and cooling (720 GJPD, 972 GJPD, and
504 GJPD) using traditional Italian energy and gas grid sources, 3380.14 GJPE would be
needed. From this total, approximately 1792.61 GJPE would be demanded by the power
grid for the electric supply. Considering that the heat was produced through gas boilers
consuming methane from the gas grid, a total consumption of 1173.07 GJPE would be
required. To provide the same cooling, considering an electrical conditioner consuming
energy from the power grid, 414.46 GJPE would be required.
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3.5.2. ReCiPe—Midpoint–Normalisation

Applying the ReCiPe Midpoint method, it was possible to have a wider view of the
environmental impacts based on 18 different impact categories (Table A1), and to enable
the possibility of comparing the different impacts caused by polygeneration chain, the
results were normalised. The midpoint indicator scores were put into perspective, relating
them to a common unit, as shown in Figure 4.
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Figure 4. ReCiPe midpoint—normalised—polygeneration chain.

As seen in Figure 4, about 98% of the total impact burden was caused by five impact
categories: Terrestrial ecotoxicity, Freshwater ecotoxicity, Marine ecotoxicity, Human car-
cinogenic toxicity, and Human non-carcinogenic toxicity. The same pattern was observed
when using the Italian power and gas grids.

3.5.3. ReCiPe—Midpoint–Characterisation

Table 3 shows the result of the characterization for the five impact categories indi-
vidualised by the normalisation procedure, for both the polygeneration plant as well as
the Italian energy and gas grid. The complete characterisation results with all 18 ReCiPe
impact categories can be seen in Table A1.
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Table 3. ReCiPe midpoint—characterisation—polygeneration chain and Italian grids.

Impact Category Polygeneration Chain Italian Power and Gas Grids

Terrestrial ecotoxicity
(kg 1,4-DCB) 122,101.12 253,011.92

Freshwater ecotoxicity
(kg 1,4-DCB) 44.91 70.93

Marine ecotoxicity
(kg 1,4-DCB) 144.29 262.74

Human carcinogenic toxicity
(kg 1,4-DCB) 305.13 1133.36

Human non-carcinogenic
toxicity (kg 1,4-DCB) 9081.15 7289.68

3.5.4. ReCiPe—Midpoint–Global Warming Potential

ReCiPe’s “Global Warming” impact category characterisation was calculated based
on the IPCC GWP methodology, determining the GHG emissions in terms of CO2eq, as
shown in Figure 5.
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Figure 5. Global warming potential—characterisation—polygeneration chain.

The whole polygeneration chain emitted around 32.82 tCO2eq/year. Considering
the traditional power and gas grids supplying the sources for producing same amount of
electricity, heating, and cooling, around 176.48 tCO2eq would be emitted.

3.5.5. ReCiPe—Endpoint

Aiming at attaining a more comprehensive image of the environmental impacts, the
ReCiPe Endpoint H/A was applied. Through this practice, it was possible to group all
18 impact categories into three protected areas, which are human health, ecosystems, and
resources. The single-point endpoint results are shown in Figure 6.
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The total score for the three categories was 1.49 points for the polygeneration chain.
On the other hand, the score for the Italian grid was 5.31 points.

4. Discussion
4.1. Crop Production

The material flows and processes of the agricultural production inventory were fertil-
izers and machinery. Data related to fertilization are real data provided by the producer,
and data linked to the use of machinery was hypothesised based on the necessary processes
during the cardoon cultivation. As shown in Tables 1 and 2, no irrigation systems or pesti-
cides were used during cultivation, which allowed a better environmental performance at
this stage. Even without using irrigation systems, the crop showed a yield of 18 t/ha, close
to the maximum of 20 t/ha reported by other authors [35,43,48]. In addition, the rainfall
conditions in the region where cardoon was grown met the minimum seasonal rainfall of
around 500 mm. As reported by local studies, the Porto Torres region has a range of 400 to
600 mm of seasonal rainfall [34,49].

As assumed by the supplier, the use of marginal lands is adopted as good practice
for surpassing the problems attributed to the energy crop production in areas adapted to
food crop production, incurring fewer environmental impacts. This practice represents an
economic opportunity for areas that could be abandoned because of their unfavourable
characteristics [50]. In addition, production fields were considered to be located 20 km from
the polygeneration plant, hypothesising as if production was conducted on the periphery
of the polygeneration plant, pointing to the reducing of the transport-related impacts.

4.2. Efficiency and Secondary Energy Demands

From the biomass’s energy content (4114.98 GJPE), 720 GJSE of electricity was produced
for 2000 h/year. Here, the conversion efficiency was about 17%. In fact, in an electric power
plant, the conversion efficiency usually ranges between 16% and 33%, confirming the valid-
ity of the preliminary result of 17%. Nevertheless, in a polygeneration plant with residual
heat recovery, the energy efficiency could improve, with a series of positive consequences
such as primary energy savings, cost reduction, and superior environmental performance.
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Indeed, with polygeneration, it was possible to improve the energy efficiency. Con-
cerning the recovery of the residual heat from the exhaust gases and expanded air from
the turbine, it was possible to produce 972 GJPD of heat and 504 GJPD of cooling using the
district heating and cooling system. With the energy recovery, the conversion efficiency
reached 53%. The total secondary energy demand was 165.92 GJSE, and the rate of energy
production per secondary energy consumed was 13.23 MJPD/MJSE.

4.3. Life Cycle Interpretation
4.3.1. Cumulative Energy Demand

Regarding the polygeneration chain, 667.23 GJPE was consumed. The rate of energy
production per energy consumed was 3.29 MJPD/MJPE. The most demanding macro-phase
was the polygeneration plant operations, responsible for 62% of the primary energy con-
sumption, followed by the cardoon production (36%) and transportation (2%). Observing
the single processes, the primary energy demands required were Hopper (26%), Cardoon’s
inputs production (20%), Cardoon’s machinery use (16%), Heat Exchanger and Gas Extrac-
tor (11% each), Combustion chamber (7%), District Heating and Cooling (6%), Transport
(2%), and Chipper and Overhead crane (1%). In fact, the Hopper and Machinery phases
are highly energy demanding. The Hopper phase is a phase of the polygeneration plant
that uses more engines with a higher power, and the machinery used in the cultivation of
cardoon requires large amounts of diesel. In particular, the cardoon’s product-inputs phase,
which is characterized by the production and use of fertilisers, has this high contribution
due to the high energy demand at the time of production of these products. The production
of both nitrogenous and phosphorous fertilizers demands substantial energy inputs [51].

According to the Italian energy mix used in the development of the model, around 83%
of all primary energy consumed was derived from non-renewable sources. Furthermore,
73% of the total consumed energy was derived from fossil resources and 10% from nuclear
sources. The total amount consumed from renewable sources was around 17%. The
renewable energy mix included 8% hydroelectric, 6% wind, solar and geothermal, and
3% biomass.

At all stages of the polygeneration chain, the highest consumption was from non-
renewable resources. However, it was highlighted that the steps related to the polygen-
eration plant had greater use of renewable resources, about 20% of the primary energy
consumed, reflecting the share of green electricity supplied by the Italian power grid. In
the cardoon production and transport stages, over 93% of the primary energy demand
was produced by fossil sources, particularly because of the use of machinery and transport
powered by diesel.

Considering the use of Italian power and gas grids for producing the same amount of
electricity, heating, and cooling (720 GJPD, 972 GJPD, and 504 GJPD) as in the polygenera-
tion plant, 3380.14 GJPE would be demanded, with 84% being produced by fossil sources.
Furthermore, 1792.61 GJPE would be needed to produce the same sum of electricity. Con-
sidering that the heat was produced by gas boilers consuming the methane from the gas
grid, a total consumption of 1173.07 GJPE would be necessary. Furthermore, to provide
the same cooling, considering an electric conditioner consuming energy from the power
grid, 414.46 GJPE would be needed. In the case of the Italian power and gas grids, the rate
of energy production per energy consumed would be negative 0.65 MJPD/MJSE. In this
respect, using the polygeneration plant, it would be possible to save around 2712.92 GJPE,
or 1.23 MJPE/MJPD, i.e., an 80% reduction in PE.

4.3.2. ReCiPe—Midpoint–Normalisation

The indicator scores for the 18 different midpoints’ impact categories are expressed in
units that vary from category to category. Therefore, aiming to compare all 18 categories
and, thus, avoid burden shifting, the process of normalization was applied, placing all these
categories in perspective and putting all different impacts in a common scale. As seen in
Figure 4, 98% of the impact load was concentrated in five impact categories, which included
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Terrestrial ecotoxicity (2.44%), Freshwater ecotoxicity (32.21%), Marine ecotoxicity (50.1%),
Human carcinogenic toxicity (8.75%), and Human non-carcinogenic toxicity (4.76%).

The production of agricultural inputs, particularly fertilisers, was the main source of
the emissions, typically contributing to emissions into all environmental fields: air, water,
and soil. In fact, the fertilizers used (Table 1) are significant sources of Phosphorus and
Nitrogen emissions in the form of phosphates (PO4

3−) and nitrates (NO3
−), which affect

groundwater and surface water via runoff and leaching processes, resulting in impacts
on nearby water bodies and ultimately oceans and seas, i.e., contributing most to the
midpoints’ freshwater ecotoxicity and marine ecotoxicity [26]. Furthermore, phosphorus,
in particular, is derived from phosphate rocks, a non-renewable resource [52].

4.3.3. ReCiPe—Midpoint–Characterisation

For all five major categories mentioned, except for Human carcinogenic toxicity, the
macro-phase of cardoon production was the most impacting phase, responsible for 55% to
86% of emissions. All these emissions are mainly related to the use of fertilisers (nitrogen
and phosphate). In fact, nitrogen fertilisers are among the main agricultural inputs with
high energy demand and a source of GHG emissions during the cultivation phase [35,53].
As for the Human carcinogenic toxicity category, the polygeneration phase was responsible
for 62% of emissions. The polygeneration chain presented a superior performance with a
reduction of between 25 and 73% for all the main impact categories compared with Italian
power and gas grids.

4.3.4. ReCiPe—Midpoint–Global Warming Potential

Regarding the GHG emissions, 32.82 tCO2eq/year were emitted. The rate of GHG
emissions was 0.01 kgCO2eq/MJPD. According to Figure 4, the distribution pattern of
emissions was similar to the distribution of CED. The macro-phase that emitted the most
GHG was the operations of the polygeneration plant, accounting for 58%, followed by the
cardoon production phase (36%), and the transportation phase (2%). Regarding the unitary
phases, the share of energy demand was hopper (25%), machinery (21%), inputs (18%), heat
exchanger and gas extractor (10% each), combustion chamber (7%), heat district (6%), trans-
port (2%), and chipper and overhead crane (1%). A total of 176.48 tCO2eq would be emitted
by traditional power and gas grids to produce the same power, heating, and cooling as in
the polygeneration plant. Here, the rate of CO2eq emissions would be 0.08 kgCO2eq/MJPD.
Employing the proposed polygeneration system, approximately 144 tCO2eq would be
prevented from being emitted into the atmosphere using the proposed polygeneration
plant, and about 0.07 kgCO2eq/MJPD, i.e., an avoidance of about 81%.

4.3.5. ReCiPe—Endpoint

Using the ReCiPe Endpoint H/A method, it was possible to group the impact load in
the three different protection areas. As shown in Figure 5, all phases of the polygeneration
chain had their impacts concentrated in the protection area of human health, responsible
for 92% of the impact load, followed by Ecosystems (7%) and resources (2%). Considering
the macro-phases of the polygeneration chain, cardoon production was responsible for
approximately 51% of the impacts, followed by the processes in the polygeneration plant
(47%), and the transportation (2%). Regarding unitary phases, the impacts were divided
into inputs (26%), machinery (25%), hopper (20%), heat exchange and gas extractor (8%
each), heat district and burn chamber phases (5% each), transport (2%), and chipper and
overhead crane (1%). Comparing the performance of the polygeneration plant with the
Italian grid, it was possible to observe a reduction of approximately 72% in the total of the
three protection areas. Approximately 70% of the impact load was related to electricity
production and distribution on the Italian grid.
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5. Conclusions

Many theoretical studies and evaluations on polygeneration can be found in the litera-
ture. However, evaluations of experimental and prototype plants are not very abundant,
showing the practical value of this work.

This paper aimed to evaluate the environmental performance of the proposed polygen-
eration plant fed with lignocellulosic biomass of cardoon (Cynara cardunculus L.), using an
LCA, comparing it with the production of the same output sources using the Italian power
and gas grids. This was assessed using primary and secondary energy consumption, energy
efficiency conversion, GHG emissions, and analysing 17 other ReCiPe impact categories.

It was possible to verify significant advantages in using the proposed polygenera-
tion system in this project. With residual heat recovery, it was possible to increase the
conversion efficiency by 36% compared to a traditional combustion-powered electricity
production plant. The rates of energy demand and emissions per energy produced were
0.08 MJSE/MJPD, 0.30 MJPE/MJPD, and 0.01 kgCO2eq/MJPD.

Considerable advantages in terms of energy demand and emissions were observed
in the proposed plant compared to the traditional gas and power grids. In this system, it
was possible to reduce the primary energy consumption and GHG emissions by 80 and
81%, respectively. It was possible to reduce the emissions by between 25 and 73% in the
five major impact categories of the ReCiPe method.

There was also evidence of a low share of renewable energy sources in the supply of
electricity from the Italian grid. Only 17% of the energy resources used (power and fuels)
were produced by renewable sources.

Limitations and Future Perspectives

The combustion of biomass was tested in this study. Nevertheless, this structure has a
hybrid chamber that can be used as a biomass gasifier as well. In this matter, one of the
future perspectives is to carry out a study testing the benefits of this polygeneration plant
running with the gasification process, comparing it to the combustion process.

This study is a partial analysis of the proposed polygeneration chain, from the pro-
duction of cardoon to the delivery of the energy sources (power, heat, and cooling) at
the “gate” of the polygeneration plant. In this regard, this study presented a limitation
when supplying the generated electricity. Therefore, a future perspective is to perform
a further LCA, expanding the system’s boundaries and including the infrastructures for
energy transmission.

Finally, future perspectives are expected to involve comparing the proposed system
with other cogeneration systems, testing the plant with other lignocellulosic biomass,
implementing a sensitivity analysis of the main specific variables in the LCA results when
using marginal biomass, and performing a cradle-to-grave carbon footprint analysis.
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Figure A1. Annual mass flows from crop production to the polygeneration phase, and emission rate.
MC—moisture content.
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Table A1. ReCiPe Midpoint—characterisation—polygeneration chain.

Impact
Category Unit Fertiliser Machinery Transport Chipper Overhead

Crane Hoppers Burner
Chamber

Heat
Exchanger

Gas
Extractor Heat District Total

Global
warming kgCO2eq 5815.57 6985.08 820.74 186.77 116.21 8163.91 2182.60 3332.21 3332.21 1882.70 32,817.98

Stratospheric
ozone

depletion
kgCFC11eq 0.00 3.65 × 10−3 5.71 × 10−4 1.49 × 10−4 9.27 × 10−5 6.51 × 10−3 1.74 × 10−3 2.66 × 10−3 2.66 × 10−3 1.50 × 10−3 2.23 × 10−2

Ionizing
radiation kBqCo-60eq 62.67 47.83 6.50 2.07 1.29 90.47 24.19 36.93 36.93 20.86 329.72

Ozone
formation,

Human
health

kgNOxeq 16.24 67.80 1.23 0.38 0.24 16.78 4.49 6.85 6.85 3.87 124.72

Fine
particulate

matter
formation

kgPM2.5eq 22.84 19.56 0.74 0.29 0.18 12.59 3.36 5.14 5.14 2.90 72.74

Ozone
formation,
Terrestrial
ecosystems

kgNOxeq 16.58 68.89 1.30 0.39 0.24 17.05 4.56 6.96 6.96 3.93 126.85

Terrestrial
acidification kgSO2eq 61.35 37.31 1.55 0.90 0.56 39.28 10.50 16.03 16.03 9.06 192.57

Freshwater
eutrophica-

tion
kgPeq 0.83 0.28 0.01 0.01 0.01 0.46 0.12 0.19 0.19 0.11 2.20

Marine eu-
trophication kgNeq 1.33 × 10−1 2.03 × 10−2 1.72 × 10−3 1.96 × 10−3 1.22 × 10−3 8.57 × 10−2 2.29 × 10−2 3.50 × 10−2 3.50 × 10−2 1.98 × 10−2 3.57 × 10−1

Terrestrial
ecotoxicity kg1,4-DCB 45,870.64 21,347.50 10,926.28 427.68 266.10 18,693.86 4997.75 7630.15 7630.15 4311.03 122,101.12

Freshwater
ecotoxicity kg1,4-DCB 33.70 3.41 1.88 0.06 0.04 2.52 0.67 1.03 1.03 0.58 44.91

Marine
ecotoxicity kg1,4-DCB 86.02 16.96 7.74 0.33 0.20 14.28 3.82 5.83 5.83 3.29 144.29
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Table A1. Cont.

Impact
Category Unit Fertiliser Machinery Transport Chipper Overhead

Crane Hoppers Burner
Chamber

Heat
Exchanger

Gas
Extractor Heat District Total

Human
carcinogenic

toxicity
kg1,4-DCB 51.53 60.61 3.88 1.84 1.14 80.42 21.50 32.82 32.82 18.55 305.13

Human non-
carcinogenic

toxicity
kg1,4-DCB 2713.06 5097.37 150.18 10.90 6.78 476.54 127.40 194.51 194.51 109.90 9081.15

Land use m2acropeq 1274.94 209.70 34.74 8.43 5.25 368.57 98.54 150.44 150.44 85.00 2386.05

Mineral
resource
scarcity

kgCueq 271.80 45.52 1.52 0.42 0.26 18.27 4.88 7.46 7.46 4.21 361.80

Fossil
resource
scarcity

kgoileq 2722.50 2149.19 285.07 54.24 33.75 2370.85 633.84 967.69 967.69 546.75 10,731.55

Water
consumption m3 404.43 22.09 2.34 3.68 2.29 160.67 42.96 65.58 65.58 37.05 806.67



Energies 2022, 15, 2397 19 of 21

Table A2. ReCiPe Midpoint—characterisation—polygeneration chain.

Machine/Equipment Engine Power
(kW) Mot Rpm Cos ϕ ∆V/γ A/∆γ Hz

Overhead Crane

Lifting 4 3 - 0.82 230/400 14.1/8.13 50

Translation 0.37 3 - 0.67 230/400 2.2/1.27 50

Sliding 0.75 - 230/400 - 50

Hopper

Rakes 4 3 1445 0.82 230/400 14.1/8.13 50

Screw 1.10 3 1400 0.78 230/400 4.7/2.70 50

Screw 1.10 3 1400 0.78 230/400 4.7/2.70 50

Combustion Chamber

Fan 0.25 3 2820 0.77 230/400 1.4/0.8 50

Fan 0.25 3 2820 0.77 230/400 1.4/0.8 50

Fan 0.25 3 2820 0.77 230/400 1.4/0.8 50

Rakes 0.37 3 880 0.67 230/400 2.2/1.27 50

Rakes 0.55 3 900 0.72 230/400 2.85/1.65 50

Screw 0.25 3 1350 0.72 230/400 4.45/0.84 50

Pump 0.17 - - - 230/400 - 50

Heat Exchanger &
Compressor Ring Fan 4 3 2900 0.88 230/400 13.3/7.4 50

Cyclone Fan 4 3 2900 0.88 230/400 13.3/7.4 50

District Heating
and Cooling

Pump 2 - - - 230/400 - 50

Fan 0.25 3 2820 0.77 230/400 1.4/0.8 50
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