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Abstract: In a circular economy, significant emphasis is given to the energetic valorization of agricul-
tural byproducts. Cotton stalks are suitable as a feedstock for the production of bioenergy due to
their high energy content. This study’s main focal areas are the economic viability and environmental
implications of a system that can gasify or pyrolyze 25,500 tons of cotton stalk annually. To learn
more about how gasification and pyrolysis affect the environment, a life cycle assessment (LCA) was
conducted. This analysis evaluates the whole value chain and covers all stages of the cotton supply
chain from cradle to gate, including production, harvest, transportation, and utilization. According
to the findings, both systems exhibit economic viability, generating sizable profits and having quick
payback times. However, despite its larger initial expenditure of EUR 2.74 million, the pyrolysis unit
ends up being the better option because it has a payback period of 1.58 years, a return on investment
(ROI) of 58% and a net present value (NPV) of EUR 21.5 million. Gasification is still an economically
attractive alternative with a lower initial investment (EUR 1.81 million), despite having a lower ROI
(36%) and NPV (EUR 10.52 million), as well as a longer payback period (2.41 years). However, the
environmental implications of the gasification option are generally higher than those of pyrolysis.
The impacts of gasification on fossil depletion (FDP) were estimated to be 5.7 million kg oil eq.,
compared to 5.3 million kg oil eq. for pyrolysis. Similarly, gasification resulted in 41.55 million kg
U235 eq. and pyrolysis in 41.5 million kg U235 eq. related to impacts on ionizing radiation (IRP_HE).
Other impact categories that emerge as the most important are freshwater eutrophication (FEP) and
marine eutrophication (MEP).
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1. Introduction

Global energy demand has been trending upward in recent years, mostly due to
industrialization and population increase. If no significant changes are made in relevant
laws or technical practices by 2050, the International Energy Outlook for 2021, published
by the U.S. Energy Information Agency [1], projects a roughly 50% rise in energy demand.
Currently, fossil fuels including oil, coal, and natural gas account for around 85% of the
world’s primary energy supply [2]. However, the heavy reliance on fossil fuels for the
generation of electricity has had significant negative effects on the environment, including
the emission of greenhouse gases (GHGs), pollutants (including NOx and SOx), and the
depletion of natural resources [3].

The use of renewable energy sources (RES) is one of many strategies that have been
established to lessen the negative effects of extensive fossil fuel consumption. Bioenergy is
a RES alternative that now accounts for 10% of the world’s primary energy consumption [2]
and is anticipated to be essential in efforts to mitigate climate change and meet emission
reduction targets [4]. Utilizing agricultural waste, food waste, forestry byproducts, and
municipal waste to produce power, heat, fuels, and other useful products through thermo-
chemical and biochemical processes is referred to as “bioenergy” [5].
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The use of fossil fuels continues to dominate Greece’s energy mix. Fossil fuels’ com-
bined percentage of the nation’s total energy supply (TES) fell from 91% to 82% between
2011 and 2021. With its contribution varying at an average of 47% during the same period,
oil remained the major contributor to TES. As a result of switching from lignite-fired to
gas-fired power generation, the lignite proportion in TES dropped from 29% to 8.4% while
gas’s share rose from 15% to 27%. The share of solar and wind energy in TES steadily
increased from 2.2% to 8.2%, and the contribution of bioenergy and waste grew from 4.8%
to 6% [6]. Additionally, there has been a noticeable increase in Greece’s electrification of
energy demand. Greek electrical generation saw substantial changes between 2005 and
2021, with lignite-fired power’s share falling from 60% to 10%. This decline was mostly
offset by increased gas-fired generation (14% to 41%), as well as the growth of wind (2% to
20%) and solar PV (0.02% to 10%). Hydro generation and electricity imports also played
notable but variable roles during this period [7].

Despite growing interest in RES in Greece, the total adoption of bioenergy is still quite
limited. The nation has a substantial agricultural production capacity, producing large
amounts of residues that are now unused but have the potential to be used to produce
bioenergy. Greece stands out as one of the top cotton producers in the world, constantly
producing cotton of the highest quality and experiencing a significant rise in cotton exports.
Greece produced 900,746 tons of cotton in 2019, placing it second in Europe and 11th
worldwide. In total, 291,710 ha was used for cotton cultivation, with irrigated cotton
accounting for the majority of that area due to its superior quality [8]. According to the
Hellenic Statistical Authority [9], the Region of Thessaly produces more than 304 thousand
tons of cotton annually, followed by the Region of Central Macedonia (212 thousand tons)
and the Region of Eastern Macedonia and Thrace (184 thousand tons).

The main agricultural waste products produced in Greece during the cotton harvest
season, which normally lasts from early October to late November, are cotton stalks.
Currently, the majority of farmers either compost the residues on site or burn them in
regulated conditions. These procedures aid in the discharge of different particles into the
air and soil, as well as GHG emissions. Instead, cotton stalks can be used in a variety of
ways. Given their protein and fiber content, using them as animal feed is one alternative.
Additionally, cotton stalks can undergo processing to produce valuable products such as
cellulose, paper, and particleboard. Another potential application is their utilization as a
raw material for the production of biofuels and other biochemicals [10,11]. Cotton stalks
can be effectively used for the production of bioenergy using thermochemical processes like
gasification and pyrolysis. Gasification is the process of turning carbonaceous materials
like coal, biomass, or waste into syngas. The feedstock is exposed to a controlled amount of
oxygen or steam during this process, which happens at temperatures typically between
700 and 1500 ◦C and triggers a series of intricate chemical reactions. Carbon monoxide
(CO), hydrogen (H2), carbon dioxide (CO2), and trace amounts of other gases like methane
(CH4) and nitrogen (N2) make up the majority of the resulting syngas. Depending on the
particular feedstock and processing circumstances, syngas composition varies. The benefit
of gasification is that it creates a versatile fuel gas that can be used for heating, power
generation, or as a feedstock for the manufacturing of chemicals and transportation fuels.
Char, a solid byproduct of gasification, can also be used as a fertilizer in the field [11,12].

In contrast, pyrolysis is a thermal decomposition process that takes place in the
absence of oxygen and yields three main products from organic materials: solid char, liquid
bio-oil, and a gas mixture. In pyrolysis, complex organic molecules undergo chemical
reactions at temperatures between 300 and 800 ◦C to produce the desired products. The
carbon-rich solid char can be used as fuel or as a source of activated carbon. The liquid
bio-oil is a complex mixture of oxygenated compounds that can be processed further to
produce biofuel or act as a precursor to the creation of chemicals. The gaseous portion
is made up of CO, CO2, CH4, and other hydrocarbons that can be used to produce heat
or electricity [13,14]. Figure 1 provides a simplified schematic overview of the potential
utilization of cotton stalks through gasification and pyrolysis.
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Figure 1. Simplified schematic overview of cotton stalks utilization via (A) gasification and
(B) pyrolysis.

For Greece to increase the percentage of RES in its overall energy mix, an important
means is through the gasification or pyrolysis of cotton stalks, which offers a number of
benefits. To ensure the sustainability of such systems, it is essential to carefully assess the
environmental effects of certain use paths. To do this, the Life Cycle Assessment (LCA)
methodology is used, which is a standard means of evaluating the environmental effects
of a process, product, or activity. Relevant environmental standards, such as ISO 14040
and 14044, are provided by the International Organization for Standardization (ISO), and
they serve as a roadmap for the implementation of LCA. Through LCA, the substances
utilized, pollutants released, and trash produced over the course of a system’s lifecycle can
be located, measured, and assessed relative to predetermined impact categories. Moreover,
by defining appropriate system boundaries and utilizing pertinent real-world data, LCA
enables the comparison of ecological sustainability among different systems [3,11].

Several studies have been conducted that estimate the environmental impacts of
gasification and pyrolysis pathways for the utilization of agricultural biomass. These
studies are based on the LCA methodology and employ the use of specific indicators to
assess the environmental impacts of bioenergy production. For example, [3,14] conducted
a Life-Cycle Assessment of electricity generation from the combustion and gasification
of biomass in Mexico, focusing on the utilization of sugarcane and agave bagasse. Their
analysis enclosed a cradle-to-grave approach and assessed environmental and economic
impacts. Similarly, [15] carried out a comparative life-cycle assessment of maize cobs,
maize stover and wheat stalks for the production of electricity through gasification versus
traditional coal power electricity in South Africa. Their aim was to determine the optimal
feedstock and utilization route in the context of the study. Moreover, [16] examined
the environmental impacts of gasification on the olive oil supply chain, focusing on the
gasification of olive pomace for CHP and biochar production. The analysis followed an LCA
methodology and a cradle-to-gate approach. The environmental impacts of the pyrolysis of
agricultural residues using the LCA approach have also been addressed by several studies,
including [17–19].

The present study’s main goal is to compare the valorization of cotton stalks in the
Karditsa district of the Region of Thessaly using two alternative processes, pyrolysis
and gasification. The two processes are compared in terms of technical performance,
environmental impact, and economic viability. The study presents a cradle-to-gate analysis,
encompassing the resource consumption, bioenergy generation, and emissions associated
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with the field preparation, cultivation, harvest, transportation, and conversion of cotton
stalks for bioenergy production.

2. Materials and Methods

The methodology includes a literature review (Section 3) that identifies the best
operating conditions for the two processes to ensure optimal product yields. The two
conversion methods are evaluated for viability in Section 4, which also lists the necessary
inputs and their associated costs. Additionally, the study uses the LCA technique and
a set of particular indicators to assess and compare the environmental impacts of the
two options.

2.1. Literature Review

A comprehensive literature review was conducted to investigate the parameters that
influence the performance, product yields, and product quality of cotton stalk gasification
and pyrolysis. The goal was to identify the optimal conditions for both processes.

2.2. Technoeconomic Feasibility Assessment

A technoeconomic assessment was performed for two different units, a gasification
and a pyrolysis unit, to look at the economic performance of the gasification and pyrolysis
of cotton stalks. Based on the results of the literature review, the best conditions were
chosen, and mass and energy balances were estimated to establish the quantities (inputs)
of materials, water, electricity, and thermal energy that the plants would need. Then,
using the initial investment, operating costs, and net earnings, the plants’ economic perfor-
mance was assessed. In order to evaluate the two options, additional economic metrics,
including Return on Investment (ROI), Pay-out Time (POT), and Net Present Value (NPV),
were computed.

2.3. Life Cycle Assessment

The environmental implications of both units were determined through a thorough life
cycle evaluation. The LCA compared the two thermochemical processes, and the functional
unit (FU) was the utilization of 5% of the annual cotton stalk production of Karditsa (i.e.,
25,500 tons cotton stalk/year). This study presents a cradle-to-gate analysis, encompassing
the resource consumption, bioenergy production, and emissions associated with the field
preparation, cultivation, harvest, irrigation, fertilizer use, cotton stalk transportation, and
conversion of cotton stalks to bioenergy production. The transmission, distribution, and
actual usage of the final products, the construction and maintenance of the power plant and
infrastructure, and material storage are not included, though. The study makes no mention
of emissions connected to waste management, the economic and social components of the
life cycle, and the direct effects on workers’ and laborers’ health, odor, waste heat, or noise.

The Ecoinvent database and the technoeconomic analysis methodology were used
to generate the inventory data, which included energy inputs, ancillary materials (water,
seeds, fertilizers, pesticides, and herbicides), and emissions to air, water, and land. The
report makes no mention of the environmental and social components of the life cycle, as
well as the noise, odor, waste heat, direct effects on worker health, or emissions connected
to waste management.

The LCA was conducted using the Life Cycle Assessment Simulations Engine, devel-
oped within the framework of the KYKLOS 4.0 H2020 project. This engine provides an
interface for conducting the life cycle assessment and calculating impact indicator scores
based on static and dynamic data sources. As shown in Table 1, the environmental perfor-
mance of converting biomass via pyrolysis and gasification was evaluated in this study by
using 18 key indicators. A more thorough presentation of the data used for the analysis is
shown in Section 5.
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Table 1. List of indicators used in this study.

Indicator Symbol Units Indicator Symbol Units

Agricultural land occupation ALOP m2a Marine eutrophication MEP kg N-eq.
Climate change GWP kg CO2eq. Metal depletion MDP kg Fe-eq.
Fossil depletion FDP kg oil eq. Natural land transformation NLTP m2

Freshwater ecotoxicity FETP kg 1,4-DCB-eq. Ozone depletion ODP kg CFC-11-eq.
Freshwater eutrophication FEP kg P-eq. Particulate matter formation PMFP kg PM10-eq.

Human toxicity HTP kg 1,4-DCB-eq. Photochemical oxidant formation POFP kg NMVOC
Ionizing radiation IRP_HE kg U235-eq. Terrestrial acidification TAP kg SO2-eq.
Marine ecotoxicity METP kg 1,4-DCB-eq. Terrestrial ecotoxicity TETP kg 1,4-DCB-eq.

Water depletion WDP m3 Urban land occupation ULOP m2a

3. Optimal Operating Parameters Assessment
3.1. Cotton Stalk Production and Characteristics

The exact amount of cotton stalks that is produced in Greece varies depending on
the yield and cultivation practices, but it can be estimated using the Residue to Crop
Ratio (RCR) [20]. The RCR is used to express the amount (in tons) of residue that is
generated from 1 ton of produced crop. Assuming a RCR of 3.4 [21], the overall cotton
stalk production in Greece in 2019 can be estimated at approximately 2.8 million tons. In
order to identify the locations with the greatest potential, it was possible to divide cotton
stalk production among regions and their associated districts using data from the Hellenic
Statistical Authority [9]. The districts of Karditsa and Larissa, with average output volume
levels of 508,000 tons and 375,000 tons of cotton stalks annually, respectively, can be shown
in Figure 2. These large amounts of cotton stalks are typically underutilized and could
potentially be used in a variety of applications, including bioenergy production, due to
their high energy content. The proximate and ultimate analyses of cotton stalks, as well as
their Lower Heating Value (LHV), are presented in Tables 2 and 3.
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Figure 2. Average cotton stalk production in Greece, 2015–2019.

3.2. Utilization of Cotton Stalks

It is essential to set the ideal operating conditions for gasification and pyrolysis in
order to optimize the advantages of using cotton stalks in these processes. In order to
investigate the critical factors affecting the yields and characteristics of the final products in
the gasification and pyrolysis of cotton stalks, a literature survey was carried out.
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Table 2. Proximate analysis of cotton stalks.

Proximate Analysis (wt. %)

Moisture Volatile Matter Fixed Carbon Ash Source

4 75.22 21.46 3.32 [13]
- 75.56 17.83 6.61 [22]

4.35 73.88 15.55 6.23 [23]
7.88 75.18 20.15 4.67 [24]
2.46 74.65 19.51 3.38 [25]

- 74.00 19.50 6.5 [26]
7.37 75.69 19.26 5.05 [11]
13.63 74.52 20.53 4.95 [27]

Table 3. LHV and ultimate analysis of cotton stalks.

LHV * (MJ/kg)
Ultimate Analysis (wt. %)

C H N O S Source

- 51.40 4.00 1.33 43.24 0.03 [13]
- 49.16 5.23 0.93 37.91 0.17 [22]
- 48.20 6.40 1.06 43.97 0.37 [23]

15.94 48.04 6.82 1.02 38.96 0.85 [24]
- 47.69 5.96 0.49 45.23 0.63 [25]

15.8 39.58 5.98 0.37 47.57 <0.5 [26]
15.96 46.42 4.95 1.13 42.45 - [11]
16.01 - - - - - [27]
19.1 - - - - - [21]

* LHV: Lower Heating Value.

The abundance of cotton stalks in Greece presents both an environmental challenge
and an opportunity. Currently, the improper disposal of these stalks leads to adverse
effects on the environment. However, due to their high energy content, cotton stalks
hold significant potential for bioenergy generation through gasification or pyrolysis. The
utilization of cotton stalks through these processes offers several advantages. Firstly, it
provides a renewable energy source that can reduce reliance on fossil fuels and contribute
to the mitigation of greenhouse gas emissions. Secondly, it presents a new income source
for cotton farmers who can sell their stalks to energy producers. Lastly, it facilitates a more
sustainable disposal method for agricultural waste, thereby reducing the environmental
impact of cotton production [11,28,29].

3.2.1. Gasification of Cotton Stalks

The results of the literature review are shown in Table 4, with particular attention
paid to the gasification of cotton stalks and the effects of temperature, the gasifying agent,
and equivalence ratio (ER) on the syngas output and energy content. The findings offer
information that facilitates the selection of the optimal conditions for syngas production.
The majority of research studies suggest using air as the gasifying agent and gasifica-
tion temperatures between 750 ◦C and 850 ◦C. At a gasification temperature of 720 ◦C,
Khalil et al. [30] recorded a syngas output of 61.7 v.v% and a lower heating value (LHV) of
4.34 MJ/Nm3. To achieve a yield of 87.5 v.v% and an LHV of 6.63 MJ/Nm3, Dhaka et al. [31]
discovered that slightly higher temperatures (about 760 ◦C) improved syngas yields and
characteristics. However, Pal [12] observed that a significant increase in the temperature
to 950 ◦C seemed to have a negative impact on syngas yield, obtaining a syngas yield of
approximately 75% with an LHV of 5.23 MJ/Nm3. The best energy content (7.38 MJ/Nm3)
was found by Voultsos et al. [11] at 850 ◦C and with an ER of 0.2, where the syngas yield
reached 70%.
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Table 4. Literature review results on cotton stalk gasification.

Temperature (◦C) Gasifying Agent Equivalence
Ratio ER

Syngas
Yield (wt%)

Syngas
LHV (MJ/Nm3) Source

720 Air 0.304 61.7 4.34 [30]
757 Air 0.241 87.5 6.63 [31]
765 Steam 0.52 - 5.95 [22]
770 Air 0.36 - 3.24 [22]
820 Air 0.235 57.4 4.61 [24]
830 Air - 64.16 - [28]
850 Air 0.2 70 7.38 [11]
950 Air 0.27 74.48 5.23 [12]

3.2.2. Pyrolysis of Cotton Stalks

In Table 5, which summarizes the findings of the literature review on the pyroly-
sis of cotton stalks, it is clear that temperatures between 500 and 600 ◦C are the opti-
mal for producing pyrolysis oil. The pyrolysis process was carried out at 500 ◦C by
Cheng et al. [20], Chen et al. [32], and Shah and Valaki [33], who reported oil yields of
42%, 43.7%, and 36.6%, respectively. According to Kataria et al. [13], an increase in the
temperature to 550 ◦C resulted in a similarly high oil production rate of 40%. At 600 ◦C,
Chen et al. [34] recorded the highest oil output, with gas and char production remaining at
22% and 28%, respectively, while oil production reached 50%.

Table 5. Literature review results on cotton stalk pyrolysis.

Temperature (◦C)
Yields (wt. %)

Source
Gas Oil Char

500 25.0 42.0 33.2 [20]
500 - - - [29]
500 25.4 43.7 30.9 [32]
500 25.3 36.6 37.8 [33]
550 32.0 40.0 28.0 [13]
600 22.0 50.0 28.0 [34]
600 37.3 30.5 32.3 [35]

4. Results
4.1. Technoeconomic Feasibility Assessment of Cotton Stalk Gasification and Pyrolysis Plants

As the main source of cotton stalks in Greece, the Karditsa district occupies a prominent
role, being the biggest cotton grower in the country, as seen in Figure 2. There is a significant
untapped potential in this region, where the yearly production of cotton stalks is expected
to be around 510,000 tons. Utilizing this potential, cotton stalks can be used as a useful
resource for the gasification or pyrolysis of bioenergy.

The objective of this assessment was to determine whether it is feasible to use some
of the cotton stalks that are available in Karditsa in either of these two directions with
environmental safety and economic viability. Thus, the current study investigates the
utilization of 5% of the district of Karditsa’s annual cotton stalk production through both
gasification and pyrolysis.

The economic viability of the gasification and pyrolysis processes was evaluated by
considering various economic indicators, including the initial investment, operating costs,
annual cash inflows, gross and net profits, Net Present Value (NPV), Return on Investment
(ROI), and Pay-out Time (POT).

The percentage of the initial investment that can be recovered within a year is what
is known as the return on investment (ROI), and it is a key metric for evaluating the
profitability of a particular project. A positive ROI often denotes a successful investment.
However, the preference tends to favor those alternatives when there are other investments
with larger ROI values.
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POT represents the amount of time needed for an investment to become commer-
cially viable and shows the time needed to return the initial expenditure. An investment
opportunity with a shorter POT is thought to be more tempting [36].

NPV is a financial metric used to assess the profitability of a project or an investment.
By discounting future cash flows back to the present using a suitable discount rate, it helps
to estimate their value. A positive NPV indicates that the project is anticipated to generate
profits, while a negative NPV suggests that the venture may not be profitable [37].

4.1.1. Gasification and Pyrolysis Processes

Prior to being used in thermochemical processes, cotton stalks must first go through
a pretreatment step in both the gasification and pyrolysis paths to improve their charac-
teristics. Each process runs under certain temperatures and environmental conditions,
producing various end-products. Below is a summary of the main prerequisites and
presumptions for each step. The following major presumptions form the basis of this study:

• The capacity of each unit is 25,500 tons per year, or about 5% of the district of Karditsa’s
annual production of cotton stalks.

• Both units run continuously for 330 days a year, 24 h a day.
• Transportation costs are not taken into account in the analysis.
• Feedstock costs are assumed to be zero because farmers typically discard cotton stalks

as waste.

Pretreatment

After the transportation of cotton stalks to the processing facility, it becomes impera-
tive to subject them to pretreatment procedures aimed at enhancing their properties and
maximizing their potential for thermochemical utilization. Firstly, it is essential to shred
the cotton stalks to increase the surface area of the feedstock. This step serves to augment
reaction rates, improve the handling of feedstocks, and overall enhance the efficiency of the
process. Moreover, in order to achieve a high conversion efficiency during pyrolysis and
gasification, it is necessary for the feedstocks to possess a low moisture content. Typically,
cotton stalks obtained from the field exhibit an initial moisture content of approximately
10% wt. However, for cotton stalk pyrolysis and gasification to be optimal, the moisture
content should ideally be reduced to 6% wt. [11,38].

Gasification and Pyrolysis Operating Parameters

Following the pretreatment process, the cotton stalks are prepared to undergo gasi-
fication, which yields syngas as the primary product. In this study, syngas is utilized
for cogeneration purposes, specifically for the combined production of heat and power
within a CHP (Combined Heat and Power) system. Additionally, the solid byproduct
of gasification, known as char, is sold to generate supplementary revenue. Notably, the
char can be effectively utilized as a fertilizer in agricultural fields, thereby promoting the
implementation of a circular economy model.

The optimal temperature for gasification is chosen to be 850 ◦C, in accordance with
the results of the literature review, as shown in Table 4. Cotton stalks enter the reactor
with a moisture content of 7 wt.%. The gasification process produces syngas with a
weight percentage of 70% at this temperature. The syngas’ lower heating value (LHV) is
determined to be 7.38 MJ/Nm3. Following the generation of syngas, it is used to generate
both heat and power (CHP). The system’s electrical efficiency is considered to be 30% and
its thermal efficiency to be 56% [11].

As an alternative, cotton stalks can be pyrolyzed following pretreatment to reduce
their moisture content to 6 wt.%, in order to yield three distinct compounds. The primary
product of pyrolysis is oil, which can be further processed to make fuels. Char and gas
can also be sold as fuels for additional revenue. According to the literature review, the
ideal temperature for the pyrolysis process to produce oil is 600 ◦C, which is shown in
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Table 5. The yields for oil, gas, and char are calculated to be 50%, 22%, and 28% by weight,
respectively, at this temperature.

Table 6 gives a thorough breakdown of the features of each of the two bioenergy units
under examination.

Table 6. Characteristics of the gasification and pyrolysis units.

Days of operation per year 330
Operating hours (h/d) 24

Feedstock Cotton stalks
Capacity (tonnes/year) 25,500

Gasification
Temperature (◦C) 850

Syngas production (tonnes/year) 17,189
Char production (tonnes/year) 7367
CHP system electrical efficiency 30%
CHP system thermal efficiency 56%

Pyrolysis
Temperature (◦C) 600

Pyrolysis oil production (tonnes/year) 12,163
Char production (tonnes/year) 6811

Pyrolysis gas production (tonnes/year) 5352

4.1.2. Preliminary Economic Assessment

A preliminary economic assessment was carried out for both units, considering the
initial investment, the operating costs, annual cash inflows, gross and net profits, as well as
three economic indicators, namely NPV, R.O.I and P.O.T.

Initial Investment (CAPEX)

The Chemical Engineering Plant Cost Index (CEPCI) was used to calculate the in-
vestment requirements for the two plants. The initial investment of one unit for 2023 is
calculated from Equation (1):

IF,2023 = IF,X ∗ CEPCI2023

CEPCIX
(1)

where IF,2023 is the investment for the year 2023 and IF,X the investment for the year X, for
which bibliographic data are available. As no values are available for the CEPCI index for
2023, it is possible to make an estimate based on the data presented in Figure 3, showing
that CEPCI2023 = 662.112.
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The equipment cost (Cp) is directly related to the capacity of the gasification and
pyrolysis plant. Table 7 shows the equipment costs for units of different capacities, based
on the literature review. Using the CEPCI indicators, all values are transposed and refer
to 2023.

Table 7. Equipment costs for gasification and pyrolysis units of different capacities.

Technology CP,X (€) Capacity (kg/Day) Year CEPCI * CP ,2023 (€) Source

Gasification

84,000 600 2011 585.7 116,599 [40]
112,500 2400 2020 596.2 153,409 [41]
442,198 8640 2012 584.6 614,962 [42]
30,133 3669 2015 556.8 35,833 [43]

203,125 319 2021 640.6 233,249 [44]

Pyrolysis

368,018 100,000 2022 651.3 374,088 [45]
494,202 50,000 2021 640.6 510,779

[33]806,898 100,000 2021 640.6 833,963
1,354,242 200,000 2021 640.6 1,399,666

* CEPCI: Chemical Engineering Plant Cost Index.

Using the data from Table 7, it is possible to make an estimate of the relationship
between the capacity and the equipment costs for cotton stalk gasification and pyrolysis
plants. This can be performed based on the equations obtained from Figures 4 and 5.
Consequently, for a plant capacity of 25,500 tons/year, the equipment costs for gasification
are estimated at EUR 321,630 and those for pyrolysis at EUR 486,936.
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According to the method recommended [46], it is possible to determine the total initial
expenditure for the two plants based on the equipment costs. Table 8 lists every cost
associated with the gasification and pyrolysis plants.

Operating Costs (OPEX)

Based on the methodology presented in [47], it is possible to estimate the operating
costs for the gasification and pyrolysis plants. This type of expense includes feedstock costs,
labor costs, utilities, as well as some additional costs, as seen in Table 9.
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Table 8. Investment costs for the cotton stalk gasification and pyrolysis units.

Type of Cost
Gasification Pyrolysis

% of Equipment Cost EUR % of Equipment Cost EUR

Direct costs
Equipment 100% 321,630 100% 486,936
Installation 47% 151,166 47% 228,860
Automation 18% 57,893 18% 87,649

Piping 66% 212,276 66% 321,378
Electronics 11% 35,379 11% 53,563
Buildings 18% 57,893 18% 87,649

Site improvement 10% 32,163 10% 48,694
Services 70% 255,141 70% 340,855

Indirect costs
Supervision 33% 106,138 33% 160,689
Construction 41% 131,868 41% 199,644
Contractor 21% 67,542 21% 102,257

Unpredictable 42% 135,084 42% 204,513

Fixed capital 1.53 M € 2.32 M €
Working capital 86% 276,601 86% 418,765

Total Investment Cost 1.81 M € 2.74 M €

As cotton stalks are waste that would otherwise be disposed of by the farmers, the
feedstock costs in this study are considered to be zero. Labor costs are determined based on
the Wessels methodology and by taking into account that the cost of a manhour in Greece
is EUR 16.4/h [48].

Power is needed to shred the cotton stalks, natural gas is utilized to dry the feedstock
to the right moisture content, and power, water, and natural gas are all needed to run the
pyrolysis or gasification process (utilities). Tables 10 and 11 for gasification and pyrolysis,
respectively, give an overview of the necessary utilities and their costs. The amount of
water and power needed per ton of feedstock is determined using the mass and energy
balances of the processes, whereas the amount of heating required is based on the literature.
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Table 9. Overview of operating costs for the gasification and pyrolysis plants.

Type of Cost Cost Estimation EUR/Year EUR/Year

I. Production Costs
Direct costs

Gasification Pyrolysis
i. Feedstock 0 0

ii. Labor 506,988 506,988
iii. Supervision 15% A(ii) 76,048 76,048

iv. Utilities 1,271,603 1,083,292
v. Maintenance 5% IF 90,539 137,073

vi. Materials 0.75% IF 18,108 27,415
vii. Lab costs 10% A(ii) 50,699 50,699

Fixed costs
i. Insurance 1% IF 18,108 27,415

ii. Taxes 5% IF 90,539 137,073
Additional costs 60% [A(ii) + A(iii) + A(v)] 404,145 432,066

II. General Costs
A. Administration costs 5% A(ii) 25,349 25,349

Total operating costs C EUR 2.55 M EUR 2.50 M

Table 10. Utilities cost for the gasification unit.

Utility Requirements
per Unit Cost per Unit Total Requirements Total Cost (EUR/Year) Source

Electricity for shredding 70 kWh/tonne of
cotton stalks 0.13 EUR/kWh 1780 MWh 232,050 [49,50]

Natural gas for drying - 0.53 EUR/m3

natural gas 202,047 m3 107,084 [51]

Electricity for the plant 32.9 kWh/tonne of
cotton stalks 0.13 EUR/kWh 809 MWh 105,251 [11]

Natural gas for reactor - 0.53 EUR/m3

natural gas 1,086,831 m3 573,665 [51]

Cooling water for
the plant

10 m3/ tonne of
cotton stalks 0.98 EUR/m3 255,000 m3 249,900 [29,52]

Total utilities costs for gasification = 1.27 M €/year

Table 11. Utilities cost for the pyrolysis unit.

Utility Requirements
per Unit Cost per Unit Total Requirements Total Cost (EUR/Year) Source

Electricity for shredding 70 kWh/tonne of
cotton stalks 0.13 EUR/kWh 1780 MWh 232,050 [49,50]

Natural gas for drying - 0.53 EUR/m3

natural gas 218,047 m3 115,092 [51]

Electricity for the plant 28 kWh/tonne of
cotton stalks 0.13 EUR/kWh 681 MWh 88,550 [13]

Natural gas for reactor - 0.53 EUR/m3

natural gas 779,184 m3 411,279 [51]

Cooling water for
the plant

13 m3/tonne of
cotton stalks 0.98 EUR/m3 331,500 m3 324,870 [52,53]

Total utilities costs for pyrolysis = 1.08 M €/year

Cash Inflows

The revenue of the gasification and the pyrolysis plants comes from the sale of the
products that are generated. The main product of the gasification plant is syngas, which
is used to produce electricity and heat via a CHP system. Additionally, the char can also
be sold for additional profit. In the case of the pyrolysis plant, the main product is the
pyrolysis oil, while the gas and char can also be sold. Based on the quantities produced
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and their respective selling prices, it is possible to calculate the annual cash inflow of the
installations, as shown in Tables 12 and 13.

Table 12. Cash inflows for the gasification unit.

Product Quantity Selling Price Cash Inflow (EUR/Year) Source

Electricity 14.32 MWh 0.13 €/kWh 1,862,216 [50]
Heat 96 TJ 0.016 €/MJ 1,619,566 [51]
Char 7366 tonnes 35 EUR/tonne 257,843 [33]

Total cash inflows for gasification Sgasification = 3.74 M €/year

Table 13. Cash inflows for the pyrolysis unit.

Product Quantity Selling Price Cash Inflow (EUR/Year) Source

Pyrolysis oil 6811 tonnes 350 EUR/tonne 4,257,225 [33]

Pyrolysis gas 5351 tonnes
48.1 TJ 0.016 €/MJ 806,082 [51]

Char 6811 tonnes 35 EUR/tonne 238,405 [33]

Total cash inflows for gasification Sgasification = 5.30 M EUR/year

Net Profit

Based on the total cash inflows (S) and the operating costs (C), it is possible to calculate
the annual gross profit (R) of the cotton stalk gasification and pyrolysis plants, based on
Equations (2) and (3):

RGasi f ication = S − C = 1.19 M€/year (2)

RPyrolysis = S − C = 2.79 M€/year (3)

The net annual profit of the installation is calculated with Equations (4) and (5):

PGasi f ication = R − e ∗ I f −
(

R − d ∗ I f

)
∗ t = 658, 175 €/year (4)

PPyrolysis = R − e ∗ I f −
(

R − d ∗ I f

)
∗ t = 1.59 M€/year (5)

The following assumptions were made for this calculation:

• The economic life of the plant is N = 20 years.
• Depreciation is linear.
• The uniform tax rate is t = 0.4.
• The depreciation rate for tax purposes is d = 1/N = 0.05.
• The depreciation rate of the fixed investment is e = d.

Financial Indicators

To assess the viability of the pyrolysis plant, three economic indicators were also used,
namely the Net Present Value (NPV), the Return Based on the Initial Investment (R.O.I)
and Pay-out Time (P.O.T). These indicators are calculated using Equations (6)–(8):

NPV =
N

∑
t=0

Rt

(1 + i)t (6)

ROI =
P

Cost o f Investment
(7)
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POT =
I f

P + e ∗ I f
(8)

where Rt = net cash inflow–outflows during a single period t; i = discount rate or return that
could be earned in alternative investments; and t = number of time periods. The discount
rate used for the calculation of NPV was taken as 10%.

Overview of Results

The economic performance of the two facilities, each of which has a capacity of
25,500 tons annually, is summarized in Table 14. According to the analysis’ findings,
both facilities have significant economic viability, as seen by their sizable revenues and
quick payback times. Generally speaking, the pyrolysis plant seems to be the better choice,
largely because of its greater annual revenues and better economic indicators. The pyrolysis
plant, however, requires a substantially higher initial investment, which might operate as
a disincentive.

Table 14. Overview of the feasibility of the gasification and pyrolysis plants.

Gasification Pyrolysis

Capacity (tonnes/year) 25,500
Investment (EUR M) 1.81 2.74

Operating costs (EUR M/year) 2.55 2.50
Annual cash inflows (EUR M/year) 3.74 5.30

Net annual profit (EUR/year) 658,176 1,596,733
NPV (EUR M) 10.52 21.5

ROI 36% 58%
POT (years) 2.41 1.58

The gasification plant exhibits a highly profitable outlook, with a net present value
(NPV) of EUR 10.52 million and annual profits reaching up to EUR 658 thousand. The
generation of electricity and thermal energy from the syngas significantly contributes to the
unit’s feasibility, constituting 49% and 43% of the total profits, respectively. Conversely, the
production of char, although in smaller quantities, contributes to the overall profitability to a
somewhat limited extent. Utilities, particularly the substantial thermal energy requirements
of the reactor, account for a significant portion of the total operating costs, representing
nearly 17% of the overall expenses.

In the case of the pyrolysis plant, the primary product is pyrolysis oil, which con-
tributes to approximately 80% of the total revenue. The pyrolysis gas also plays a significant
role in the plant’s feasibility, being sold for substantial profits. Alternatively, it has the
potential to be utilized for fulfilling the thermal energy demand of the reactor, thereby
reducing the operating costs of the plant. The plant exhibits promising results in terms of
feasibility, with a return on investment (ROI) of 58% and a payback period (POT) of merely
1.58 years.

4.2. Comparative LCA Assessment

It is also crucial to examine the environmental implications of gasification and pyrol-
ysis. This includes identifying which processes and steps along the value chain have the
most adverse effects on the environment. In this sense, it is also possible to evaluate the
two utilization paths and choose the best one after doing your research.

A Life Cycle Assessment was carried out for both plants that have been analyzed.
The methodological framework for an LCA consists of four main steps [3,4], which are
analyzed in detail in the following sections.
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4.2.1. Goal and Scope Definition of Quantifying the Environmental Impacts

This study is a cradle-to-gate analysis towards quantifying the environmental impacts
of these processes, including all supply chain steps, from preparation in the field and
resource harvesting, transportation, energy use, emissions, and bioenergy production. The
analysis’ overarching goal is to quantify the environmental effects of the pyrolysis and
gasification units, which were examined in Section 4. Therefore, the LCA’s functional unit
(FU) is the use of 5%, or 25,500 tons, of Karditsa’s annual cotton stalk production. It is
assumed for the analysis that the typical transportation distance of the cotton stalks to the
bioenergy unit is 20 km.

The production and harvesting of cotton, the collection and delivery of cotton stalks
to the plant for gasification or pyrolysis, and the use of cotton stalks for bioenergy (through
gasification or pyrolysis) make up the three key steps of the value chain. Energy inputs
(such as fuel and electricity), the usage of auxiliary materials (such as water, seeds, fertilizer,
insecticides, and herbicides), and emissions to the air, water, and land are all considered
system inputs. The transmission, distribution, and actual usage of the final products are
not included in the study. Additionally ignored were the infrastructure, material storage,
and the construction and maintenance of the power plant.

An overview of the value chain, system boundaries, as well as the inputs and outputs
is presented in Figure 6. The three main steps of the value chain are as follows: (i) the
production and harvest of cotton, (ii) the collection and transportation of cotton stalks to
the gasification or pyrolysis plant, and (iii) the utilization of cotton stalks for bioenergy (via
gasification or pyrolysis).
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4.2.2. Life Cycle Inventory

The life cycle inventory (LCI) is a crucial component of a life cycle assessment (LCA).
It involves identifying, quantifying, and documenting all the inputs, outputs, and envi-
ronmental impacts associated with a product, process, or service throughout its entire life
cycle. The LCI encompasses the extraction of raw materials, manufacturing and production
processes, distribution, use, and the disposal or recycling stages. It includes data on energy
consumption, resource use, emissions to air, water, and soil, waste generation, and other
relevant environmental indicators. Its purpose is to provide a comprehensive inventory of
all material and energy flows, as well as the environmental burdens associated with the
analyzed system. This inventory serves as the foundation for the further impact assessment
and interpretation stages of the LCA, which evaluate the environmental performance of
the product or process being assessed and its potential areas for improvement [17].
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All material and energy flows in the product’s lifecycle are determined and quantified
based on the system’s FU using the Ecoinvent database. The number of specific inputs, such
as electricity and heat, for the gasification and pyrolysis process were determined based on
the technoeconomic analysis conducted in Section 4 (see Tables 10 and 11). The quantities
required for the inputs during the production and harvest of cotton were determined based
on the literature data. An overview of the inputs for the LCA analysis of the two plants is
presented in Table 15.

Table 15. Inputs required for the LCA analysis.

Input Amount Unit Source

Cotton production and harvest

Cotton seeds 12.63 kg/ton of cotton [54]
Water (irrigation) 2330 m3/ton of cotton [54–57]
Diesel for pumps 103 kg/ton of cotton [54,56]
Nitrogen fertilizer 111.5 kg/ton of cotton [56,58,59]

Phosphate fertilizer 127.8 kg/ton of cotton [54,58,59]
Potassium nitrate 77.2 kg/ton of cotton [54,58,59]

Pesticides 4.7 kg/ton of cotton [58]

Cotton stalk transportation

Average distance 20 km -
Diesel for trucks 510,000 tons × km

Cotton stalk gasification plant

Electricity 2589 MWh -
Natural gas (heat) 1.3 × 106 m3 -

Water 255,000 m3 -

Cotton stalk pyrolysis plant

Electricity 2461 MWh -
Natural gas (heat) 997,231 m3 -

Water 331,500 m3 -

4.2.3. Life Cycle Impact Assessment

The life cycle impact assessment (LCIA) is a phase in a life cycle assessment (LCA)
that evaluates the potential environmental impacts associated with the inputs and outputs
identified in the life cycle inventory (LCI). During the LCIA, the LCI data are translated into
environmental impact categories that are assessed using established impact assessment
methods and characterization models, which assign values to different environmental
indicators based on their potential to cause harm to human health, ecosystems, or natural
resources. The assessment of the environmental impacts of the cotton stalk gasification and
pyrolysis plants was carried out based on the indicators shown in Table 1, following the
ReCiPe Midpoint method and using the LCA Simulations Engine developed in the context
of the KYKLOS 4.0 H2020 project.

4.2.4. Results Interpretation

The selected indicators were determined for the two alternative options and the
results are presented in Table 16. These indicators refer to the environmental impact of the
whole value chain in each scenario, including the production and harvest of cotton, the
transportation of cotton stalks and their utilization via gasification or pyrolysis.

The value chain stages’ contributions to the impact indicators for the gasification
option are shown in Figure 7. As can be seen, cotton production and harvest account for the
largest portion of the majority of indicators. Generally, the use of water for irrigation leads
to the production stage having a high impact regarding Water Depletion (WD), Freshwater
Ecotoxicity (FETP), Freshwater Eutrophication (FEP), Marine Ecotoxicity (METP) and
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Marine Eutrophication (MEP). The use of fossil fuels and minerals also adds to impacts
related to Climate Change (GWP), Fossil Depletion (FDP) and Metal Depletion (MDP).

Table 16. Environmental impact indicators of the gasification and pyrolysis options (FU: 25,500 tonnes
cotton stalk/year).

Indicator Symbol Unit Gasification Pyrolysis

Agricultural land
occupation ALOP m2a 472,023 471,240

Climate change GWP kg CO2eq. 2,762,990 2,238,290
Fossil depletion FDP kg oil eq. 5,793,152 5,312,060

Freshwater ecotoxicity FETP kg 1,4-DCB-eq. 1,309,185 1,306,909
Freshwater eutrophication FEP kg P-eq. 709,260 709,251

Human toxicity HTP kg 1,4-DCB-eq. 21,361,611 19,256,713
Ionising radiation IRP_HE kg U235-eq. 41,552,076 41,549,394
Marine ecotoxicity METP kg 1,4-DCB-eq. 241,386,830 240,271,360

Marine eutrophication MEP kg N-eq 11,167 10,877
Metal depletion MDP kg Fe-eq. 619,598 612,451

Natural land
transformation NLTP m2 2333 2172

Ozone depletion ODP kg CFC-11-eq. 1 1
Particulate

matter formation PMFP kg PM10-eq. 11,141 10,884

Photochemical
oxidant formation POFP kg NMVOC 30,269 29,096

Terrestrial acidification TAP kg SO2-eq. 30,350 29,559
Terrestrial ecotoxicity TETP kg 1,4-DCB-eq. 8679 8612

Urban land occupation ULOP m2a 93,316 92,691
Water depletion WDP m3 27,473 27,441Biomass 2024, 4, FOR PEER REVIEW  19 
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Additionally, essential to the chain’s total environmental impact is the gasification
process. The gasification process itself contributes 1.5 million tons of CO2eq, or more than
50% of the entire impact, particularly in terms of the impact on climate change (GWP).
The substantial usage of natural gas for heating also assumes a sizable portion of the
overall impact on fossil depletion (FDP). The gasification process contributed 32% of the
total impacts on human toxicity (HTP), whereas cotton production accounted for 64.5%
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of the total (21.3 million kg 1,4-DCB-eq. Additionally, the gasification unit had a 14%
(3902 kg NMVOC) participation in Photochemical Oxidant Formation (POFP), which has a
major influence.

It is clear that compared to the other steps in the supply chain, transportation generally
has a smaller overall environmental impact. The impact categories GWP, TETP, and ULOP,
with respective shares of 4%, 6.4%, and 5.3% (i.e., 21.3 million kg 1,4-DCB-eq.), are where
the influence of transportation is rather considerable.

Figure 8 shows a breakdown of the overall effects of the pyrolysis option according
to the value chain stage. Again, it is clear that practically every category of impact is
dominated by the cotton production stage. Furthermore, it may be said that, in comparison
to gasification, the pyrolysis process has somewhat less of an impact on the environment.
Assuming that the greatest contribution in GWP is 45.6%, pyrolysis generates roughly
1 million tons of CO2 equivalent per year. Furthermore, the pyrolysis plant accounts for
25% of Fossil Depletion (FDP), 24.6% of Human Toxicity (HTP) and 20.3% of Natural Land
Transformation (NLT).
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4.2.5. Normalization of Impacts

Normalization is a step in the life cycle impact assessment (LCIA) that involves
putting the environmental impacts into context by comparing them to a reference value
or benchmark. During normalization, the impacts calculated in the LCIA are divided
by a reference value, which can be a regional or global average, a specific threshold,
or a sustainability target. This normalization process allows for a relative comparison
of different impact categories and helps to identify which impacts are relatively more
significant or critical. The impacts that were calculated for the two alternative options (see
Table 16) were normalized based on the reference values found in [60]. The results of the
normalization are presented in Figure 9. It should be noted that the impacts from all steps
of the chain (i.e., production, transportation and utilization) are taken into account.

Based on the normalization, the most significant impact categories for both scenarios
are Fossil Depletion (FDP), Freshwater Eutrophication (FEP), Ionizing Radiation (IRP_HE)
and Freshwater Ecotoxicity (FETP). Both options also contribute to Marine Ecotoxicity
(MEP). The impacts on Human Toxicity (HTP), Metal Depletion (MDP), Natural Land
Transformation (NLTPP), Ozone Depletion (ODP) and Terrestrial Ecotoxicity (TETP) are
comparatively insignificant.
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Overall, the gasification option has slightly more negative effects on the environment
across all major impact categories. Due to gasification’s higher energy intensity, more
natural gas is used, resulting in a 5.79 million kg oil equivalent impact on FDP as opposed
to a 5.31 million kg oil equivalent for pyrolysis. Similarly, the gasification option leads to
1.32 million kg 1,4-DCB-eq (FETP), while pyrolysis accounts for 1.30 million kg 1,4-DCB-eq.
The impact that both utilization options have on FEP is nearly identical at approximately
709,260 kg P-eq. Gasification also has a slightly higher impact on IRP_HE, contributing
41.6 million kg U235-eq.

5. Discussion

This study presents a cradle-to-gate analysis, encompassing the resource consumption,
bioenergy production, and emissions associated with the field preparation, cultivation,
harvest, irrigation, fertilizer use, cotton stalk transportation, and conversion of cotton stalks
for bioenergy production. The transmission, distribution, and actual usage of the final
products, the construction and maintenance of the power plant and infrastructure, and
material storage are not included.

While the cradle-to-grave approach would require collecting further data to strengthen
the analysis, with the cradle-to-gate approach, it is possible to obtain a clear picture of which
stages are the most important in terms of environmental strains and therefore identify
which technological pathway appears to be a preferable option.

5.1. Greenhouse Gas Emissions

This study presents a cradle-to-gate analysis, encompassing the resource consumption,
bioenergy production, and emissions associated with the field preparation, cultivation,
harvest, irrigation, fertilizer use, cotton stalk transportation, and conversion of cotton stalks
for bioenergy production, while the transmission, distribution, and actual usage of the final
products, the construction and maintenance of the power plant and infrastructure, and
material storage are not included. With the use of specific indicators, this study considers
the GHG emissions that are generated throughout the value chain, until the utilization of
cotton stalks via gasification or pyrolysis pathways.

For the above, the Ecoinvent database and a preliminary technoeconomic analysis
were used to generate the inventory data, which included energy inputs, ancillary materials
(water, seeds, fertilizers, pesticides, and herbicides), and emissions to air, water, and land.
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5.2. Energy Efficiecny

The energy efficiency of gasification and biomass pyrolysis is an important factor
to be considered. Evaluating the amount of energy produced in the presented study in
relation to the energy required to operate the process is essential to determine its viability.
Furthermore, comparing the efficiency of the processes presented in the manuscript with
other biomass conversion technologies or energy sources is also relevant. In this study,
the energy efficiency of the two processes is taken into account, as the energy that is used
within them, as well as the energy that they produce, were considered. Furthermore, the
environmental impacts of each were determined. Comparing the efficiency of the processes
presented in the manuscript with other biomass conversion technologies or energy sources
would also be very relevant in another context. However, the scope of this work focused
on a specific case study, with a specific feedstock and two potential utilization routes, and
the aim was to compare between these two. Including different technologies/feedstocks
would be very useful for further work on this subject.

5.3. Waste Management

The gasification and pyrolysis of biomass can generate byproducts and waste that
need to be properly managed. For the comparative feasibility of gasification and pyrolysis
processes, the evaluation of the methods treating and disposing these residues can provide
a comparison of their environmental impacts and the associated costs. In this study, the
use of the byproducts of the two processes (char for gasification, and char and gas for
pyrolysis) is taken into account, as they are either sold, used to cover the energy demand of
the process, or are returned to the field (Tables 12 and 13). However, as this study presents
a cradle-to-gate analysis, the environmental impacts of the transmission, distribution, and
actual usage of the final products are not included.

5.4. Availability of Biomass and Sustainability

The feasibility of the gasification and pyrolysis of biomass depends on the availability
of adequate and sustainably sourced biomass. For this, the assessment of biomass availabil-
ity for a long-term supply is important for the sustainable operation of the thermochemical
processes and the overall sustainability of the systems. However, as data were not available
on the current uses of cotton stalks in the case study area, a very conservative approach
was taken, assuming the utilization of only 5% of the produced cotton stalks in the region.
Additional recommendations were made, proposing that a thorough availability assess-
ment of the biomass would be a vital next step of the analysis to allow for a clear indication
of whether there is an adequate long-term supply of biomass that can be used for feeding
the gasification or pyrolysis system.

5.5. Economic Viability

In addition to the environmental aspects, the economic viability of gasification and
pyrolysis of biomass was considered. This involves assessing investment, operating and
maintenance costs, as well as comparing them with other energy sources in terms of
cost. These costs are considered for the gasification and pyrolysis units. Additionally,
economic metrics including Return on Investment (ROI), Pay-out Time (POT), and Net
Present Value (NPV) were computed. Regarding the costs for the rest of the value chain
(production, transport), an LCC is proposed, as well as a potential next step for the analysis.
A comparison with other energy sources in terms of cost was deemed outside the scope
of this work, as our focus was to compare two specific alternatives, namely gasification
and pyrolysis.

5.6. Costs of the Initial Investment

Regarding the costs of initial investment, the CEPCI is an interesting parameter for
a preliminary approach. This study focused on an approximate feasibility assessment,
and the CEPCI helped to transfer all prices at the present time. The use of the CEPCI can
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potentially result in an over- or under-estimation of the prices. For a more detailed and
accurate estimation, it is necessary to consider each type of equipment separately. For this
reason, a suggestion is made to conduct detailed technoeconomic assessments for the two
processes, in order to obtain more accurate data.

5.7. Operating Costs

Related to the operating costs, the shredding and drying of cotton stalks, as well as the
electricity required for all the processes, are taken into account. Moreover, the separation
cost, which is required to separate the products obtained and to fulfill the environmental
requirements, is also included in the OPEX calculations.

5.8. Potential for Using Waste

The gasification and pyrolysis of biomass can be an efficient way to take advantage of
organic waste, such as agricultural waste, forestry waste and urban biomass waste. The
results of the feasibility assessment clearly indicate the potential energy produced from the
utilization of cotton stalks in the case study region.

5.9. Recommendations

This study is a preliminary approach to the assessment of the environmental sustain-
ability and economic viability of cotton stalk conversion to energy via the gasification or
pyrolysis process for supporting decision making regarding the best technological choice.
Suggestions for further research are as follows:

• To conduct detailed technoeconomic assessments.
• To conduct a detailed biomass availability assessment. In this sense, it is vital to

examine the current uses of cotton stalks in the region and outline the amounts that
can be sustainably sourced for bioenergy production. In turn, this will allow for a clear
indication of whether there is an adequate long-term supply of biomass that can be
used within the gasification or pyrolysis system.

• To use the ‘cradle-to-grave’ approach for the LCA and consider the use of the final
products from the two plants (i.e., electricity, thermal energy, fuel).

• To perform a Life Cycle Costing (LCC) assessment for the entire value chain, including
the costs associated with production, transportation, and conversion of cotton stalks to
energy. This will enable an evaluation of the economic sustainability of both options.

• To perform a Social Life Cycle Assessment (S-LCA) to assess and compare the social
impacts and sustainability of the two options.

• Assess the efficiency, feasibility and environmental impact of other utilization routes
for cotton stalks, in order to make a more informed decision on the optimal solution.

6. Conclusions

Being one of the main crops grown in Greece, cotton has a great agricultural signif-
icance. The district of Karditsa in the Thessaly region emerged as the top producer in
2019, when the yearly cotton production totaled a significant 900,746 tons. Cotton stalks,
the primary byproduct of cotton production, may still only be used in a restricted and
ineffective way. Currently, farmers either dispose of stalks or burn them in the field. Given
their considerable energy content, cotton stalks can be effectively utilized as feedstock for
thermochemical conversion to bioenergy via gasification or pyrolysis.

The two options for using this promising agricultural residue in Greece to produce
bioenergy were examined in this study. Preferable options can be chosen while highlighting
possible areas for improvement by examining the environmental implications across the
full value chain and the economic performance of bioenergy plants. The gasification of
cotton stalks yields a gaseous product known as syngas, which can be utilized in combined
heat and power (CHP) systems for the cogeneration of electricity and heat. A survey of
the literature revealed that 850 ◦C is the optimal temperature for gasifying cotton stalks,
producing syngas with a yield of 70% by weight. Pyrolysis is another effective technique for
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using cotton stalks to produce biofuels. Pyrolysis oil, which can be improved and further
used as fuel, is the main byproduct of pyrolysis. In addition to oil, solid and gaseous
byproducts are also generated, providing a variety of potential applications. Char, the solid
product of pyrolysis, can also be used as fertilizer in fields. The optimal conditions for
pyrolysis oil production were determined to be 600 ◦C, resulting in yields of 50% wt. for
the oil, 22% wt. for the gas, and 28% wt. for the char.

Both processes were evaluated to determine the economic viability and efficiency of
both gasification and pyrolysis processes. Each facility has the ability to use 5% of the
25,500 tons of cotton stalks produced annually in the Karditsa district. The initial invest-
ment for the gasification plant was estimated to be EUR 1.81 M, significantly lower than
the investment required for the pyrolysis plant, which amounted to EUR 2.74 M. However,
although gasification entailed slightly higher operating costs due to its energy-intensive
nature, totaling EUR 2.55 M compared to EUR 2.50 M for pyrolysis, the pyrolysis plant
emerged as the preferable choice. This preference was primarily due to its significantly
higher annual cash inflows, reaching EUR 5.3 M, with pyrolysis oil contributing approx-
imately 81% of the total. In contrast, the gasification plant had annual cash inflows of
EUR 3.74 M, with the electricity and heat generated from the syngas sharing an equal
contribution and char accounting for a minimal share.

Overall, both bioenergy units demonstrate economic viability, offering high annual
revenue and short payback periods. The pyrolysis plant stands out as the most favorable
option, boasting a payback period of 1.58 years, a return on investment (ROI) of 58%, and a
net present value (NPV) of EUR 21.5 M. The gasification plant, while slightly less remarkable
in its performance, remains highly profitable, with a payback period of 2.41 years, an ROI
of 36%, and an NPV of EUR 10.52 M. It should be noted, though, that the pyrolysis plant
entails a significantly higher initial investment, which may be a deterrent factor in the
decision making of investors.

To choose the best choice, it is necessary to evaluate both options’ environmental
effects in addition to economic ones. For both units, a life cycle assessment (LCA) was
performed using a cradle-to-gate methodology and examining 18 impact indicators. The
gasification option, which includes cotton cultivation, the transportation of cotton stalks,
and final conversion, might be determined to have somewhat greater total environmental
consequences based on the LCA assessment.

The main causes of many impact categories were found to be the cotton production and
harvesting stages. Notably, Fossil Depletion (FDP) emerged as one of the most significant
impact categories due to the extensive use of natural gas for heating and diesel for irrigation
pumps during the production stage. Gasification contributed around 5.7 million kg oil
equivalent, slightly higher than the 5.3 million kg oil equivalent contributed by pyrolysis.
Similarly, both options had substantial contributions to Freshwater Eutrophication, totaling
approximately 709,000 kg of phosphorus equivalent. The gasification option contributed
nearly 41.6 million kg U235 equivalent to Ionizing Radiation (IRP_HE), slightly exceeding
the contribution of the pyrolysis option. Conversely, both options had insignificant effects
on impact categories such as Metal Depletion (MDP), Ozone Depletion (ODP), Water
Depletion (WDP), and Terrestrial Ecotoxicity (TETP).

The importance of this study, although preliminary, is that it provides valuable insights
that suggest that cotton stalk pyrolysis is a better choice for bioenergy production compared
to gasification. Overall, to the authors’ knowledge, there is no other study that compares the
economic feasibility and environmental impacts of cotton stalk gasification and pyrolysis
in Greece. The study aimed to provide a clear overview of the potential advantages and
disadvantages of both utilization pathways and suggest a preferred option. The overall
results suggest that the pyrolysis process is the slightly better choice. The majority of the available
literature compares gasification with combustion or the use of fossil fuels [14–16]. There is
a limited number of studies comparing the environmental impacts of the gasification
and pyrolysis of agricultural biomass, but their results are in accordance with the results
presented within this analysis [61,62].
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Nomenclature
ALOP agricultural land occupation
CAPEX capital expenses
CEPCI chemical engineering plant cost index
CHP cogeneration of heat and power
FDP fossil depletion
FEP freshwater eutrophication
FETP freshwater ecotoxicity
FU functional unit
GHG greenhouse gas
GWP climate change
HTP human ecotoxicity
IRP_HE ionizing radiation
ISO International Organization for Standardization
LCA life cycle assessment
LCI life cycle inventory
LCIA life cycle impact analysis
LHV lower heating value
MEP marine eutrophication
METP marine ecotoxicity
NLTP natural land transformation
NPV net present value
ODP ozone depletion
OPEX operating expenses
PMFP particulate matter formation
POFP photochemical oxidant formation
POT pay-out time
PV photovoltaic
RCR residue to crop ratio
RES renewable energy sources
ROI return on investment
TAP terrestrial acidification
TES total energy supply
TETP terrestrial ecotoxicity
ULOP urban land occupation
WDP water depletion
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