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Abstract: Biochar can be useful to overcome several environmental challenges in different sectors
of energy, industry, and agriculture. However, there are currently only a limited number of studies
with the employment of biochar for various applications and their environmental impacts. This
study develops an LCA framework to evaluate the climate impacts of biochar production and its
applications in soil enhancement and as a substitute for coal-based fuels in steel industries and then
compares it with conventional biomass usage for energy production for Sweden, Italy, and Poland.
Various pyrolysis operating temperatures are also considered to determine the optimal conditions for
each location. The results show that biomass pyrolysis with biochar usage in the agricultural sector
has the least environmental impact with the most significant potential in Poland followed by Italy.
lower temperatures (around 350 ◦C) are more favorable for Sweden in terms of CO2 emissions, due to
the country’s renewable energy-based electrical system. Low to moderate temperatures (350–500 ◦C)
are found to be optimal for pyrolysis temperature in Italy, while higher temperatures (around 650 ◦C)
yield the highest GHG reduction for both biochar applications in Poland.

Keywords: LCA; biochar; soil enhancement; climate impacts; biomass; coal

1. Introduction

Increasing worry over the dwindling supply of fossil fuels, along with concerns about
energy security and environmental impact resulting from the burning of such fuels, has
urged energy sector decision-makers to look to sustainable and renewable options [1–3].
Biomass has been identified as promising renewable energy sources, capable of boosting
global energy sustainability and decreasing greenhouse gas emissions [4–7]. Biomass,
ranked third globally as a primary energy source behind coal and oil, offers numerous
advantages, including its renewable nature, simple storage, and capacity to emit CO2 in a
climate-neutral way by approximately offsetting the absorbed CO2 during biomass lifetime
through biofuel combustion [8,9].

Energy can be derived from various biomass feedstocks including agricultural crops
and residues, herbal and woody materials, and organic wastes. This energy can either be
produced through incineration for heat and power or refined into biogas, biodiesel, and
bioethanol for use as transportation fuels or power and heat production [10–12]. Although
biomass energy production has the potential for future growth due to abundance, the
global share of biomass for primary energy generation is still limited and it is used mainly
for heating and cooking in impoverished countries [13,14].

Modern technologies for biomass utilization could lead to significant gains. To convert
biomass feedstocks to fuel and chemicals, fermentation and anaerobic digestion, gasifica-
tion, pyrolysis, and liquefaction are biological and thermochemical conversion processes
can be applied [15,16]. Pyrolysis has received much attention and produces a range of gas,
liquid, and solid products. The solid byproduct from pyrolysis called biochar which is a
product high in carbon content obtained through a controlled process of heating biomass
feedstocks without an excess of oxidizing agents. Typically, the biochar contains around
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70% carbon, while the residual fraction comprises hydrogen, sulphur, nitrogen, oxygen,
and minerals found in the ash [17,18].

Biochar is gaining recognition as a highly promising carbon storage solution, as
it improves soil nutrient retention capacity, water holding capacity, and environmental
quality while reducing greenhouse gas emissions [19,20]. In addition, biochar also produces
energy carriers with high energy density. Recent studies have highlighted its potential to
contribute to sustainable bioenergy production when made from lignocellulosic biomass
feedstocks [21,22]. Moreover, a few studies have investigated biomass application and
capacity of biochar usage instead of coal and coke in the steel and iron industries [23–25].
The opportunities and obstacles of biochar performance in energy-intensive processes in
steel production (e.g., coke-making, sintering, and blast furnaces) were assessed technically
in their works. Biochar has been shown to have similar heating values and combustion
characteristics as coal, and its use in steel production could reduce greenhouse gas emissions
and dependence on fossil fuels. The production of biochar from agricultural waste products,
such as rice husks or coconut shells, would also provide a sustainable and renewable source
of fuel. A study by Hu et al., [26] investigated the feasibility of using biochar as a substitute
for pulverized coal in a blast furnace, finding that the use of biochar resulted in lower
emissions of carbon monoxide and sulfur dioxide, while maintaining the quality of the
steel produced. Another study by Sefidari et al., [27] explores the potential of replacing coal
with biochar in steel industries and evaluates the feasibility of this approach. The authors
used a mathematical model to simulate the impact of biochar on the steelmaking process
and found that the use of biochar could significantly reduce greenhouse gas emissions
and enhance the overall efficiency of the process. The study demonstrates the potential
application of biochar in the steel industry and highlights the need for further research in
this area.

Biochar has also gained attention in agricultural applications due to its numerous
environmental and soil benefits. Biochar can improve soil fertility by increasing soil carbon
sequestration, reducing nutrient leaching, and improving water retention capacity. It also
has the potential to mitigate climate change by reducing greenhouse gas emissions [28–30].
The study conducted by Yang et al. [31] documents the positive effects of biochar on soil
fertility and plant growth in agricultural lands in Iran. The authors found that biochar
enhanced soil moisture content, nutrient availability, and improved the growth of wheat
and barley. The study also highlights the potential economic benefits of using biochar
in agriculture, suggesting that it could be a cost-effective method to improve yields and
reduce dependence on chemical fertilizers.

Despite this potential for biochar use in different applications, there is currently limited
studies with the employment of biochar for various applications and their environmental
impacts in practice. Therefore, the purpose of this study is development of life cycle
assessment (LCA) for investigation the climate impacts of biochar production and its
usage for various applications (i.e., for soil enhancement and instead of coal-based fuels in
steel industries). In the following, it will be compared with the climate impacts taken via
conventional biomass usage for energy production. These assessments will be carried out
for three different European countries which are Sweden, Italy, and Poland with having
different systems for electricity and heat production. Moreover, the considered systems are
analyzed under various pyrolysis operating temperatures to find the optimal operating
condition and most environmentally application for each case study.

2. Methodology and Data

By utilizing life cycle assessment (LCA), it is possible to measure the environmental
effects of a product, service, or activity throughout its entire life cycle, including indirect
impacts [32–34]. In this study, LCA was used to assess and compare the potential envi-
ronmental impacts of biomass combustion and biomass pyrolysis in Sweden, Italy, and
Poland, following the procedures recommended by ISO 14040 [35] and ISO 14044 [36].
These countries were selected since they include different systems for electricity production
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which leads to different carbon footprints. In Sweden, hydropower and nuclear energy are
the dominant sources of electricity. In fact, around 50% of Sweden’s electricity comes from
hydropower plants, while over 30% is generated from nuclear power plants. The remaining
electricity comes from wind farms and other renewable sources such as solar energy and
bioenergy. Italy relies heavily on natural gas for electricity production, with over 40% of its
electricity coming from gas-fired power plants. Poland’s electricity production system is
heavily reliant on coal, which accounts for over 70% of the country’s electricity mix. The
remaining electricity comes from natural gas and renewable sources such as wind power
and hydropower. Poland has been slow to transition to renewable energy due to its reliance
on coal and concerns about energy security.

The LCA process involves three main stages: defining the goals and scope, gathering
life cycle inventory data, and conducting a life cycle impact assessment to interpret the
results. The aim of this study is to investigate and compare the climate impacts associated
with waste collection, transportation, preparation, and processing to produce energy (heat
and electricity) and biochar. Figure 1 illustrates the schematic and boundaries of the systems
under consideration. The study focuses on evaluating the greenhouse gas (GHG) reduction
potential and climate impacts of the current operating energy system for each country, while
also exploring alternate use options for pyrolysis char. Additionally, the study compares
the studied system with direct combustion of biomass for heat and electricity generation.
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Figure 1. Block diagram of the biochar system and biomass combustion.

To facilitate comparison between different systems, a similar input-oriented functional
unit (FU) is utilized in this assessment, specifically 1 kWh output electricity from each
system. Apart from the current operating system, this paper evaluates three other systems:
(1) biomass combustion integrated with CHP (BC+CHP), (2) biomass pyrolysis integrated
with CHP that incorporates biochar into the soil (BP+CHP+S), which can reduce CO2 while
improving soil quality, and (3) biomass pyrolysis integrated with CHP that utilizes biochar
as coal feedstock (BP+CHP+C), which can be used as a substitute for coal in steel industries.

The process in a biomass CHP (combined heat and power) unit involves the conversion
of biomass into energy through various technologies. The following steps are involved in
the process:

Biomass collection: Biomass, such as wood chips, straw, animal waste, and crop
residues, is collected from agricultural or forestry sources;
Preparation: The collected biomass is cleaned, sorted, and processed to remove any impurities;
Conversion: The biomass is converted into energy through combustion chambers;
Energy production: The converted energy is used to produce electricity and heat via
steam turbines.
The process in biomass pyrolysis unit typically involves the following steps:
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Pre-treatment: This involves drying and grinding the biomass feedstock to the desired
particle size;
Pyrolysis reactor: The biomass is then fed into a pyrolysis reactor, which is heated to
the desired temperature and held at that temperature for a specific period;
Condensation: The volatile gases and liquids produced during the pyrolysis process
are cooled and condensed into a liquid bio-oil;
Filtration: The bio-oil is filtered to remove any contaminants or particles;
Char production: The remaining solid char is further processed for use as fuel or biochar.

LCA CO2 emissions calculations for these systems are performed in three different
countries: Sweden, Poland, and Italy. The primary objective of this study is to identify the
system with the most significant life cycle environmental benefits in each country.

The system boundaries (as displayed in Figure 1) consist of six distinct parts. To
begin the process, a section is designated for resources, including varied forms of biomass
feedstocks, liquid fuels, electricity, heat, and water. For this section, different kinds of
biomass feedstocks can be used but, in this paper, only wood residues were considered for
evaluation. Following this initial step, biowastes are gathered using a crusher, baler, and
grab bucket crane, and then transported via trucks to processing plants. The preparation
section is responsible for drying, cutting, and handling the input biomass feedstocks to
prepare them for the following stage.

The pre-treated biomass is then either directly converted to heat and electricity
(BC+CHP) via the CHP plant or subjected to the pyrolysis unit, which ultimately re-
sults in the production of biochar, bio-oil, and biogas. The output bio-oil and biogas are
utilized as fuel sources for the CHP unit to generate heat and electricity, while the biochar
produced has two potential applications. It can either be employed as an alternative to coal
(BP+CHP+C), or used to enhance soil quality (BP+CHP+S).

The IPCC 2013 method has been applied in this study to determine the impact of
climate change and CO2 emission reduction for various systems. Ecoinvent v3.7 [37] has
been used as a primary source of life cycle inventory (LCI) data, while openLCA 1.11
software [38] has been employed to conduct the Life Cycle Assessment (LCA) and calculate
the environmental indexes. This software also provides valuable information on the most
significant contribution parts of the system’s life cycle. Moreover, the study has assumed
that the pyrolysis reactor temperatures are relevant since they have a considerable influence
on the product yields.

In particular, slow pyrolysis takes place when biomass undergoes decomposition in
the absence of oxygen at a moderate temperature (300–700 ◦C) and an extended residence
time. According to previous research, it has been confirmed that lower temperatures lead to
higher biochar yield and lower condensable liquid product yield due to increased cracking
reactions [17,39]. Therefore, the pyrolysis system’s optimum operating temperature has
been set at 300 ◦C, considering it to be the best temperature for slow pyrolysis [40].

The required data for waste collection and transport for different locations are shown
in Table 1. These data were estimated based on the area of different locations and average
distances operating for the collection and transport. Table 2 shows the life cycle inven-
tory data of the entire process in function unit. Some of these data were taken from the
simulation developed for the pyrolysis unit by one author in her recent paper [40].

Table 1. Life cycle inventory data for collection and transport.

SE IT PL

Waste collection ton.km 20 10 10

Waste transport ton.km 70 50 50
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Table 2. Life cycle inventory data for the systems processes.

CHP of biomass

Input biomass kg 1.6 [40]

Output heat MJ 9.87 [40]
Output electricity kWh 1 [40]

Flue gas kg

CO2: 2.56
CO: 0.00035

H2: 0.8 × 10−5

NO: 0.0003

[40]

Preparation &
Pyrolysis

Input biomass kg 3.13 [40]

Output biochar kg 0.92 [40]

Input electricity kWh 0.0907 [41]
Input heat MJ 0.676 [41]

Saving emissions by
biochar (as avoided
product)

KgCO2eq/kg (hard coal production) GWP: 1.04 [37]

Avoided product
added to soil

Carbon content in biochar (%) 74.5
Stable carbon content in biochar (%) 64.8
C-CO2 conversion coefficient 3.67
Reduction in N-fertilizer (kg) 0.00027 [31]
Reduction in P-fertilizer (kg) 0.000054
Reduction in K-fertilizer (kg) 0.000027
Fixed carbon from crop yield
increase (kg CO2eq) 0.051

Fixed carbon from reduced SOC
mineralization (kg CO2eq) 0.28

CHP for biofuel
(after pyrolysis)

Output heat MJ 11.94 [40]
Output electricity kWh 1 [40]

Flue gas kg

CO2: 1.7
CO: 0.00012

H2: 0.12 × 10−4

NO: 0.0005

[40]

3. Results
3.1. Potential Climate Impacts of Various Systems

The results obtained in this study rely heavily on the assumptions made and the data
presented in the preceding section. In Figure 2, a comprehensive comparison of the climate
impacts of four distinct systems has been provided. These systems include the existing
electricity system, biomass combustion integrated with Combined Heat and Power (CHP),
biomass pyrolysis integrated with CHP, using biochar as a product for soil enhancement
and replacing coal in the steel industry, in Sweden, Italy, and Poland. The comparison
made in the figure is based on total greenhouse gas (GHG) emissions that result from each
system’s life cycle, ranging from waste collection to energy production, heat and electricity
generation, and biochar product manufacturing.

The GHG emissions, as shown in Figure 2, demonstrate that the use of biomass
combustion integrated with CHP could result in about 20% lower GHG emissions than the
regular electricity system. This is significant in light of the increasing carbon mitigation
targets that require a reduction in GHG emissions. Moreover, when it comes to the use
of biomass pyrolysis integrated with CHP, the GHG emissions are reduced even further,
reaching levels as low as 70% below that of the regular electricity system. This is possible,
in part, due to the beneficial uses of the biochar product that can replace coal in the steel
industry and enhance soil productivity. The results presented in the figure highlight the
importance of implementing low-carbon energy solutions to reduce carbon emissions and
address climate change.
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In summary, the obtained results clearly indicate the significant role that biomass
combustion and pyrolysis can play in reducing GHG emissions when integrated with CHP.
The importance of selecting the right low-carbon energy solution cannot be overstated
when addressing the urgent climate change challenges.

Moreover, the findings reveal that all three biomass-powered systems have a lower
global warming potential (GWP) compared to the current electrical systems in each location.
Of the three options, the BP+CHP+S system poses the least environmental impact, followed
by BP+CHP and BC+CHP. These results support the conversion of biomass into heat
and electricity, along with biochar production, as a promising approach for reducing
atmospheric CO2 concentrations. Biochar’s high carbon content has the potential to increase
soil carbon levels and capture and store atmospheric carbon dioxide in natural sinks, such
as soil. Additionally, biochar’s porous structure helps retain water and nutrients in the soil,
promoting plant growth and reducing the need for irrigation.

The most significant potential for biochar carbon sequestration is identified in Poland
followed by Italy which their electricity systems are based on the fossil fuels. In Poland,
electricity is mostly produced from coal-fired power plants, which account for about 80%
of the country’s total electricity production. Coal-fired power plants use also coal as fuel
to heat water and produce steam, which drives turbines to generate electricity. In Italy,
electricity is mainly produced through thermal power plants fueled mostly with natural
gas and little coal and oil. These power plants generate electricity by burning fossil fuels to
produce steam, which in turn drives turbines to generate electricity.

With respect to Sweden, biomass direct combustion is almost competitive with current
electricity system due to Sweden’s sustainable energy system. In Sweden, the majority
of electricity is produced through nuclear and hydroelectric power generation. About
40% of the country’s total electricity production comes from nuclear power plants, while
hydroelectric plants contribute to more than half of Sweden’s electricity consumption.
Wind power and other sources, such as biomass, are also becoming increasingly popular
and make up a growing share of the country’s electricity mix.

Figure 3 shows the proportion of different characterizations of the global warming
potential of biomass-based systems. Negative values represent an environmental-benign
unit, whereas positive values indicate an environmentally harmful unit. Overall, the results
indicate that applying biomass pyrolysis linked with CHP unit for any application is much
more beneficial compared to biomass combustion, in view of climate change and for all
locations. However, biochar employment for soil enhancement could leads to a remarkably
carbon capturing and storage among others.
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When comparing different systems for Sweden, it was found that avoiding coal and
implementing carbon sequestration had a much larger impact on reducing greenhouse gas
emissions than avoiding heat and electricity through a CHP unit. The potential reduction
was found to be 24 and 50 times greater for avoided coal and soil enhancement applications,
respectively, when compared to the reduction potential of avoiding heat or electricity.
However, these findings were not the same for Italy and Poland. In Poland’s case, avoiding
coal had a similar impact to avoiding heat and electricity in the steel industry when using
biochar. This is due to the fact that Poland’s energy sector is heavily reliant on coal,
which has similar physical and chemical properties to biochar. It is important to note that
using biochar in soil enhancement had a much greater impact on reducing greenhouse gas
emissions than avoiding coal, heat and electricity in all cases. This highlights that biochar
has the potential to be an effective tool for mitigating climate change and improving soil
health through carbon sequestration.

3.2. Sensitivity Analysis on the Pyrolysis Temperature

The performance of biomass pyrolysis and the yield of its products are affected
by several factors, such as temperature, heating rate, residence time, and particle size.
However, the biochar, bio-oil, and syngas outputs are greatly dependent on the operating
temperature of the pyrolyzer [17,35,42]. Lower pyrolysis temperatures result in increased
char production, while higher temperatures lead to higher yields of gases and bio-oil. This,
in turn, results in an increase in heat and electricity generation through combined heat and
power (CHP) plants. Therefore, the varying temperatures used during biomass pyrolysis
will produce different output products and, consequently, varying reductions in greenhouse
gas emissions in different locations. Thus, this will be so important to find the optimum
temperate depending on the location and considered application to reach to the highest
GHG reduction. To demonstrate this impact, the amounts of heat, electricity, and biochar
generated between temperatures of 350–650 ◦C were calculated based on 1 kg biomass
input to the system and presented in Table 3. As depicted, increasing the temperature in
this range leads to a 53% reduction in biochar product while reciprocally growing electricity
and heat by 73% and 64%, respectively.
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Table 3. Impact of temperature on the systems outputs.

T = 350 ◦C T = 500 ◦C T = 650 ◦C

Biochar (kg) 0.296 0.264 0.138
Electricity (kWh) 0.319 0.396 0.555
Heat (MJ) 3.8 4.8 6.26

Figure 4 displays the sensitivity analysis outcomes of global warming potentials
(GWPs). The analysis examines biochar’s benefits at various operational temperatures
in two applications across three locations: Sweden, Italy, and Poland. The data reveal
that lower temperatures are more advantageous for Sweden in terms of CO2 emissions.
This outcome is attributed to Sweden’s renewable energy-based electrical system, which
makes biochar production more favorable compared to electricity generation via biomass
pyrolysis integrated with CHP. Meanwhile, low to moderate temperatures (350–500 ◦C) are
deemed optimal for pyrolysis temperature in Italy. Conversely, the highest GHG reduction
for both biochar applications in Poland is observed at higher temperatures (650 ◦C). The
polish electrical system relies on fossil fuels, making electricity generation via BP+CHP
more favorable in terms of CO2 emissions.
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More specific aspects can be observed in Figure 5, which displays the GWP contribu-
tions of different processes for two biochar implementations. In Sweden, as temperature
rises, CO2 uptake from both avoiding coal and soil enrichment decreases, while the impact
from avoiding heat and electricity gradually increase. This indicates that utilizing BP+CHP
at 350 ◦C for soil enrichment in Sweden will result in the greatest GHG reduction compared
to other options. Conversely, the effects of avoiding heat and electricity vary significantly
with increasing temperature for Italy and Poland, and are most prominent when using
BP+CHP at 650 ◦C for soil enrichment in Poland.
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4. Conclusions

This study utilized the life cycle assessment (LCA) method to assess the potential
emissions reduction of biochar production. The aim was to develop a LCA framework to
evaluate the climate impacts of biochar production and its applications in soil enhance-
ment and as a substitute for coal-based fuels in steel industries. The study compared the
emissions from conventional biomass usage for energy production across Sweden, Italy,
and Poland with varying systems for electricity and heat production. Various pyrolysis
operating temperatures were considered to determine the optimal conditions for each
case study.

The results of the study suggest that biomass pyrolysis systems present a better
option than biomass combustion and current electrical systems in terms of global warming
potential (GWP) across different locations. The most climate-friendly option was found
to be the BP+CHP+S system. The analysis revealed that Poland and Italy have a high
potential for biochar carbon sequestration as they rely on electricity systems based on
fossil fuels. The utilization of biomass combustion in these locations would be much
more sustainable than using current electrical systems. On the other hand, Sweden has
a sustainable energy system and biomass direct combustion can be considered almost as
competitive with current electrical systems.

It is evident from the research that a shift from biomass combustion to biomass pyrol-
ysis systems is an eco-friendly option across different locations. The BP+CHP+S system
was the most viable choice since it produced negligible greenhouse gases. According to the
study, Poland and Italy would benefit the most from biochar carbon sequestration through
the use of biomass combustion, as they have electricity systems that are predominantly
based on fossil fuels. While Sweden’s sustainable energy system makes biomass direct
combustion almost as competitive with the current electrical systems, the same cannot be
said for other locations. Therefore, policy-makers should ensure that biomass pyrolysis
systems are promoted, especially in countries where biochar carbon sequestration presents
a considerable environmental benefit.

The study’s findings suggest that for Sweden, adopting lower temperatures of around
350 ◦C is a more desirable option as it leads to reduced CO2 emission. This is due to
the country’s reliance on renewable energy for its electrical system. On the other hand,
in Italy, a moderate pyrolysis temperature range from 350 to 500 ◦C is preferable for
maximum benefits. However, in Poland, higher temperatures are recommended for biochar
applications as they yield the highest GHG reduction. Here, a reliance on fossil fuels for
BP+CHP means that this approach is more favorable for CO2 emissions.



Energies 2023, 16, 5541 10 of 11

In summary, there is no universal pyrolysis temperature range that can be utilized
by all countries for maximum results. Each country needs to assess its energy systems
before adopting the optimal pyrolysis temperature. This study’s results provide guidance
for policymakers in Sweden, Italy, and Poland who want to reduce the carbon footprint
and maximize the benefits of pyrolysis technology.
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