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Abstract 

The transition towards circular economy represents now a key strategy to address the environmental 
issues we are facing. Within this framework, biochar, a carbon reach material [1] derived from the 
residual agricultural pyrolysis can represent a sustainable and circular solution. This paper aims at 
evaluating the possibility of implementing a local biochar production system as part of an economic 
and social strategy of redevelopment of an abandoned rural site, Borgo Perolla, in Tuscany, Italy. A 
cost-benefits analysis (CBA) was conducted to evaluate the economic feasibility of three different 
scenarios of production and strategies. For each scenario, three indicators were calculated: Net-
Present Value (NPV), Internal Rate of Return (IRR) and Breakeven point (BEP). The most evident 
result that emerged is that the sale of biochar and its by-products alone is not sufficient to ensure the 
project’s economic sustainability, mainly due to high production costs. Only through carbon credit 
trading markets biochar becomes not only an environmentally strategic tool but also an economically 
rewarding one. In this sense, market infrastructures such as the ETS are essential for the 
dissemination of circular models, like the biochar, that generate both environmental and economic 
benefits. 

Keywords: biochar; circular economy; cost-benefit analysis; carbon credits; ETS; environmental 
sustainability 
 

1. Introduction 

In recent years, the transition toward a circular economy has become a central pillar of global 
strategies for sustainable development, especially with the new circular economy action plan [2]. 
Within this framework, the valorization of agricultural and forestry residues represents a crucial 
opportunity to reduce waste generation, improve resource efficiency, and mitigate climate change.  

Among the various nature-based and circular solutions, biochar, a carbon-rich material obtained 
through the thermochemical conversion (pyrolysis) of biomass has attracted increasing scientific and 
policy attention [1]. Biochar application to soil has been associated with improved soil fertility, 
enhanced water retention, and long-term carbon sequestration, offering potential benefits for both 
agricultural productivity and climate mitigation [3]. The present study aims to analyze the economic 
and environmental feasibility of implementing a local biochar production system as part of the 
redevelopment project of Borgo di Perolla, in Tuscany, Italy, an abandoned area characterized by 
agricultural and forested land that produces significant amounts of residues and wood biomass. 
These materials were identified as potential feedstock for biochar production, offering an opportunity 
to implement a local circular system that combines waste valorization, carbon sequestration, and soil 
regeneration. 

By applying a Cost–Benefit Analysis (CBA) across multiple production and market scenarios, 
the research investigates whether biochar can become a sustainable driver of circular regeneration at 
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the territorial level. The results indicate that while biochar alone is not yet economically self-
sufficient, its integration into carbon credit mechanisms, like the Voluntary Carbon Market and the 
EU Emission Trading System (ETS) can transform it into both environmentally and economically 
viable solution. The paper is structured as it follows: in Section 2, a brief explanation of the study area 
and biochar is provided; Section 3 describes the methodology and materials used for the analysis; 
Section 4 presents all the results, and finally, the paper ends with Section 5 with some concluding 
remarks 

2. Background and the Area of Study 

2.1. Biochar 

Biochar is a carbon-rich material produced by heating biomass, such as wood, leaves, or manure, 
in conditions of limited or no oxygen. Its main feature is its high carbon content [1]. As defined by 
the European Biochar Certificate (2024), biochar is a porous carbonaceous product derived from 
biomass pyrolysis and applied in ways that ensure long-term carbon storage or substitution of fossil 
carbon in industrial processes.  

Pyrolysis is a thermochemical conversion process that enables the production of biochar from 
various waste materials. As previously described, it involves the decomposition of organic matter 
through high-temperature heating, typically between 250°C and 900°C [4]. During pyrolysis, biomass 
undergoes decomposition, depolymerization, and condensation reactions. 

According to Ahmed et al. (2024)[5], as temperature increases, the water contained in the 
biomass is converted into vapor, initiating a dehydration phase that reduces the moisture content 
and consequently the mass of the feedstock. Subsequently, the biomass is transformed into biochar 
through the loss of its volatile components [5]. 

Pyrolysis generates three product streams in solid, liquid, and gaseous form: biochar (solid), bio-
oil or wood vinegar (liquid), and syngas (gas). Depending on temperature, heating rate, and 
feedstock characteristics, pyrolysis can be classified into slow, fast, or intermediate regimes [6]. 

Biochar is applied across multiple sectors, including agriculture, construction, wastewater 
treatment, and livestock management, thanks to its physicochemical properties and environmental 
benefits. 

Agriculture represents the most established field of biochar application. According to Lehmann 
(2007) [3], biochar is primarily used to: enhance agricultural productivity, mitigate environmental 
pollution, restore degraded soils, and sequester atmospheric carbon. Its properties, such as high 
porosity and alkaline pH, improve soil fertility, water retention, nutrient availability, and microbial 
habitat quality [7]. Biochar also adsorbs pollutants and heavy metals, aiding soil remediation [8]. 

Biochar contributes significantly to carbon sequestration due to its chemically stable carbon 
fraction, which can persist in soils for centuries to millennia [9,10]. The pyrolysis process further 
prevents carbon from returning to the atmosphere, enabling long-term CO₂ removal of 
approximately 2–3 t CO₂ per ton of biochar [11]. This function makes it a key strategy in climate 
mitigation. 

2.2. Borgo Perolla and the Redevelopment Project 

Borgo di Perolla is located in the inland area of the municipality of Massa Marittima, in the 
province of Grosseto, within the Tuscan Maremma region. The study area covers approximately 1,300 
hectares, including an extensive forest complex of more than 1,000 hectares, as well as agricultural 
plots comprising vineyards, olive groves, chestnut groves, and pastures. The site is characterized by 
high biodiversity, landscape, and a notable cultural and architectural heritage, partly compromised 
by a prolonged period of neglect and abandonment. 

Over recent decades, the entire estate has undergone substantial degradation, resulting in the 
progressive loss of ecological, productive, and landscape functions: the forest has not been actively 
managed, agricultural activities have been gradually abandoned, and many historical buildings have 
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deteriorated. This situation has generated the need for an intervention aimed at environmental, 
agricultural, and structural restoration. 

The main issues identified through the forest assessment and field inspections include the 
absence of sustainable forest management, leading to risks of biodiversity loss and instability of local 
ecosystems; the deterioration of rural and historical infrastructure; the abandonment of traditional 
cultivations, with olive groves and vineyards showing low or no productivity; and the need to 
implement restoration measures grounded in environmental sustainability, integrating 
agroecological, forestry, and circular approaches. These findings derive from a confidential report 
prepared by experts involved in the site inspections. 

In response to these challenges, the owners of Borgo di Perolla started a regeneration project 
conceived as an integrated sustainable development intervention, with the aim of enhancing the area 
from both environmental and socio-economic perspectives. Complementing this broader 
sustainability project, the present research investigates the economic feasibility of implementing a 
biochar production system using branches and woody residues from the estate. The aim is to define 
a circular economy strategy that ensures not only the efficient reuse of residual biomass but also 
access to the biochar market and the voluntary carbon credit market, while highlighting the 
environmental and climate benefits of the material. 

In summary, the Borgo di Perolla initiative represents a coordinated set of environmental, 
agricultural, and cultural restoration measures that contribute to the ecological transition of marginal 
rural areas, fostering sustainable and long-lasting environmental, social, and economic development. 

3. Materials and Methods 

The research employed a Cost–Benefit Analysis (CBA) to evaluate the economic and 
environmental feasibility of establishing a biochar production system for a period of 20 years. Data 
collection involved both primary and secondary sources to ensure analytical robustness. Primary 
data were obtained through direct fieldwork, including site visits, interviews, and discussions with 
agronomists, and sustainability experts involved in the project. Secondary data were gathered from 
scientific literature and policy reports, focusing on biochar production technologies, and carbon 
credit markets. 

Three main scenarios and one sensitivity analysis were designed to test the project’s feasibility 
under different technical and market conditions. Scenario 1 included the production and sale of 
biochar and wood vinegar as the sole sources of revenue. Scenario 2 added potential revenues from 
the sale of voluntary carbon credits. Scenario 3 simulated the inclusion of biochar credits within the 
European Union Emission Trading System after the fifth year. Finally, Scenario 4 provides a brief in-
depth analysis of a possible development of Scenario 3, considering exclusively the use of residual 
biomass, without resorting to resources from the logging plan. Each scenario incorporated two 
distinct assumptions regarding production capacity, considering either the operation of three 
production units or five production units, as this was the condition provided by the suppliers of the 
units. 

Economic feasibility was assessed using three indicators, including the Net Present Value (NPV), 
the Internal Rate of Return (IRR), and the Break-Even Point (BEP). For each scenario, 4 discount rates 
(3%, 6%, 10% and 14%) were applied to improve the robustness of the analysis. 

3.1. Cost 

Biomass pre-processing and mobile pyrolysis units are evaluated for biochar and wood-vinegar 
production using 3- and 5-unit configurations. Each option entails different biomass requirements, 
opportunity costs, and labor needs. Fixed expenditures include scientific consulting, operational 
support, and project management. Table 1 outlines all first-year costs for each scenario. 
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Table 1. Summary table of first-year costs for each scenario. 

  Scenario 1 Scenario 2 Scenario 3 
Number of equipments 3 5 3 5 3 5 

Fixed costs             
Infrastructure 3,000.00 € 3,000.00 € 3,000.00 € 3,000.00 € 3,000.00 € 3,000.00 € 

Scientific consultancy 16,300.00 € 16,300.00 € 17,900.00 € 17,900.00 € 17,900.00 € 17,900.00 € 
Operational consultancy 14,000.00 € 15,000.00 € 14,000.00 € 15,000.00 € 14,000.00 € 15,000.00 € 

Project management 10,000.00 € 10,000.00 € 10,000.00 € 10,000.00 € 10,000.00 € 10,000.00 € 
Variable costs             

Equipment 150,000.00 € 200,000.00 € 150,000.00 € 200,000.00 € 150,000.00 € 200,000.00 € 
Operational staff 20,359.60 € 30,539.40 € 20,359.60 € 30,539.40 € 20,359.60 € 30,539.40 € 
Opportunity cost 2,331.00 € 6,885.00 € 2,331.00 € 6,885.00 € 2,331.00 € 6,885.00 € 
CO2 broker cost 0.00 € 0.00 € 450.85 € 751.41 € 450.85 € 751.41 € 

3.2. Benefits 

The benefit assessment considers revenues from biochar, wood vinegar, and biochar-derived 
carbon credits. Owing to substantial market volatility and limited transparency, price estimates were 
based on published studies, expert consultations, and supplier comparisons. For the CBA, 
conservative mean values were adopted.  

Beginning with biochar, its market price exhibits substantial variability and is currently difficult 
to define with precision [12]. In some cases, it may reach values ranging between €1,000 and €1,500 
per ton [13]. This variability is largely attributable to the fact that biochar markets are not yet fully 
consolidated and remain characterized by considerable uncertainty with respect to their future 
development. A robust assessment of the profitability of biochar-related markets would require an 
updated and publicly accessible database of sale prices [14]. However, unlike other commodities, 
such information is not currently publicly available [14]. A further factor contributing to price 
fluctuations is the diversity of the product’s physicochemical characteristics and the wide range of 
uses and potential markets [14]. 

For the purposes of the present analysis, based on the data previously collected and discussed 
with biochar representatives, it was possible to identify a realistic price range between €200/t 
(minimum value) and €500/t (maximum value). Accordingly, a mean value of €300/t was adopted for 
the cost–benefit analysis (CBA) across all scenarios. 

A similar issue concerns wood distillate (or wood vinegar). Despite its growing popularity and 
the numerous potential applications across various sectors, a substantial research gap persists. In 
particular, there is a lack of quantitative analyses capable of providing a comprehensive overview of 
wood vinegar [15]. The price selected for the CBA (across all scenarios) is €180, chosen within a 
broader range of €100 (minimum value) to €200 (maximum, but variable value) based on comparisons 
of major Italian suppliers and producers of wood distillate. 

Scenario 2 and 3 incorporate additional benefits from participation in the voluntary carbon 
market and ETS, where certified biochar is assumed to sequester 1.5 t CO₂-eq per ton applied. Over 
the past four years, prices of biochar-derived carbon credits (BCR1 ) have experienced significant 
growth, with a compound annual growth rate (CAGR2) of 29.2% [16]. Although future price trends 
cannot be predicted with certainty, market dynamics indicate sustained upward pressure. Global 
demand for CO₂ removal solutions via biochar is accelerating rapidly, while supply remains limited. 

 
1 BCR: Biochar Carbon Removal is a negative emissions technology that converts biomass into biochar and it is 
one of the most scalable and technically advance solution that implement Carbon Dioxide Removal (CDR). BCR 
can be tracked, certified and accounted for utilising certification systems that are based on evidence and product 
measurement [18]. Biochar has since become an important technology for providing credits within the voluntary 
carbon market, a market that allows companies and individuals to voluntarily offset their carbon footprint [19]. 
2 CAGR: Annual growth rate 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 December 2025 doi:10.20944/preprints202512.0720.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.0720.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 15 

 

This imbalance is expected to intensify in the medium term as an increasing number of companies 
strive to meet net-zero commitments. In 2024, prices for biochar carbon credits ranged from $113 to 
$310 per ton of CO₂ (i.e., per credit), with a weighted average price of $165 [16]. Also, the value of one 
ton of CO₂ equivalent from biochar was estimated at $131 in 2023 and $212 in 2022 [17] with a price 
range between $42 and $250 per ton, with higher values primarily associated with the co-benefits of 
biochar, including support for local community development, biodiversity conservation, job creation, 
and other positive impacts [17]. 

Considering these data, a mean price reflecting current values within the voluntary carbon 
market was selected for the feasibility analysis. Thus, one carbon credit generated from biochar is 
assigned to a value of €150. 

Table 2 report the reference prices used in the CBA. 

Table 2. Summary table of average prices used in the CBA. 

Average prices  € 
Average selling price of 1 t of Biochar 300 € 

Average selling price of 1 hl of Wood vinegar 180 € 
Average price of 1 CO2 credit (= 1t di CO2 sequestered) - BCR 150 € 

3.3. Scenario 3 Data 

Scenarios 1 and 2 consist of direct applications of a CBA using the data previously described. 
Scenario 3, however, requires formulating a CBA that incorporates a potential increase in the value 
of biochar-derived carbon credits, assuming that such credits become eligible within the mandatory 
Emissions Trading System (ETS). 

Integrating these carbon credits into the ETS would represent a major opportunity for producers 
of this form of carbon removal, and this possibility is currently under discussion. 

Inclusion in the ETS could further raise their price. If biochar credits were accepted within the 
emissions trading system, demand would increase because companies would be required to offset 
their emissions, leading to a substantial rise in credit prices (which would also be influenced by the 
price and availability of other allowances). Moreover, if biochar were integrated into the EU ETS, it 
could help stabilize carbon prices and prevent excessively rapid increases. Given its low cost, biochar 
could also help contain allowance-price inflation and maintain greater market stability. Additionally, 
biochar credits may be particularly valued within the ETS, as they ensure long-term carbon 
sequestration in soils [20]. 

ETS allowances are currently traded at variable prices between €60 and €80 per ton of CO₂. In 
2024, the average recorded price was approximately €64.74 [21]. ETS allowance prices may reach €149 
per ton by 2030, indicating a potential increase of more than 130% in five years [22]. 

In light of these projections, and assuming that biochar credits (BCR) are incorporated into the 
ETS, a conservative estimate was adopted for Scenario 3: an 80% increase in carbon-credit value by 
the fifth year (2030), corresponding to the assumed date of entry into the EU ETS. Thus, if the 
voluntary-market value of biochar carbon credits is €150/t, their price would rise to €270/t from the 
fifth year onward. 

To strengthen the analysis, the same scenario was also developed using the average ETS 
allowance price for the period 2021–2025. This average price—calculated using daily ETS price data 
from Mazzarano et al. (2024) [23] is approximately €70/t. For completeness, the scenario was further 
examined in the appendix using the minimum (€33/t) and maximum (€98/t) ETS prices recorded in 
the 2021–2025 period. The effects of these price variations are discussed in the following chapter. 

If a hypothetical CBA were developed considering only waste resources, the data would change. 
From the fifth year onward, biochar production would have to be limited to the 300 tons of waste 
biomass available on the estate, avoiding the use of timber from the harvesting plan, as previously 
assumed. Based on this decision, and given the reduced biomass availability, the pyrolysis cycles 
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would need to be decreased, making it reasonable to operate only three mobile units. The analysis 
would therefore assume the purchase and use of only three pyrolysis machines. 

However, as previously noted, the biomass required to sustain a full annual production cycle 
for three units (230 cycles) would require an additional 155 tons of residues beyond the 300 tons 
available. Consequently, starting from the fifth year, working cycles would need to be reduced to 151, 
matching only the available waste biomass, resulting in an opportunity cost of €0 (due to the absence 
of foregone timber sales). With fewer cycles and working days, labor costs would decrease to 
€13,366.52 per year. However, reduced machine utilization and lower biomass inputs would also 
result in reduced production of biochar, wood vinegar, and carbon credits (Scenario 4). 

4. Results 

This section may be divided by subheadings. It should provide a concise and precise description 
of the experimental results, their interpretation, as well as the experimental conclusions that can be 
drawn. 

4.1. Subsection 

The analysis of NPVs (Table 3) across the scenarios reveals significant differences. Scenario s3-5 
emerges as the most economically favorable, with a positive NPV even at the highest discount rate (i 
= 14%), reaching approximately 280,000 €, and nearly 902,000 € at i = 3%. Scenario s3-3 confirms this 
trend, yielding positive NPVs under all assumptions and demonstrating economically sustainable 
outcomes, although slightly lower than those with five machines. 

Scenarios s2-5, s2-3, and s4-3 show good profitability at lower discount rates, but NPV declines 
with increasing discount rates, turning slightly negative at i = 14%. Conversely, scenarios s1-3 and s1-
5 consistently show negative NPVs, indicating economic unsustainability. These scenarios, based 
solely on biochar and wood distillate sales, are therefore not financially viable. 

Table 3. Summary table of NPV for each scenario in the CBA. 

NPV 
Scenario 3% 6% 10% 14% 

s1-3 -165,991.05 € -168,594.39 € -170,705.61 € -171,991.34 € 
s1-5 -21,553.42 € -65,599.08 € -102,859.33 € -126,979.01 € 
s2-3 175,871.52 € 100,181.33 € 36,103.98 € -5,425.60 € 
s2-5 552,516.24 € 385,891.24 € 244,688.15 € 153,055.18 € 
s3-3 385,377.23 € 253,200.35 € 142,108.12 € 70,834.76 € 
s3-5 901,692.44 € 640,922.94 € 421,361.72 € 280,155.78 € 
s4-3 176,154.45 € 100,333.06 € 36,123.56 € -5,509.19 € 

 
IRRs (Table 4) are positive in all scenarios except s1-3, which also exhibits a negative NPV, 

confirming its economic infeasibility. Higher IRRs are observed in scenarios where biochar is 
integrated into the voluntary carbon market and ETS (s2-3, s2-5, s3-3, s3-5, and s4-3). These results 
highlight the potential of carbon market instruments to make high-environmental-impact 
technologies economically attractive, despite requiring substantial initial investments. Access to 
emissions reduction financing thus represents a critical factor for unlocking solutions such as biochar, 
capable of generating significant economic returns while contributing to mitigation goals. 

Table 4. Summary table of IRR for each scenario in the CBA. 

IRR 
Scenario s1-3 s1-5 s2-3 s2-5 s3-3 s3-5 s4-3 

  -17% 2% 13% 28% 21% 35% 13% 
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Results in Figure 1 indicate that scenarios s2-5, s3-3, and s3-5 are the most efficient, reaching 
breakeven point quickly with minimal sensitivity to interest rate increases. These findings support 
the notion that integrating biochar into carbon markets (voluntary or ETS) enhances both economic 
returns (NPV, IRR) and the speed and stability of investment recovery. 

 

Figure 1. BEP for each scenario in the CBA. 

Overall, Scenario 1 (biochar and wood distillate only) is not sufficient for economic 
sustainability, whereas access to voluntary carbon markets (Scenario 2) or integration into the EU 
ETS (Scenario 3) substantially improves profitability. Scenario s2-5 demonstrates the advantage of 
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higher production capacity combined with market diversification, while Scenario 3 shows that 
increased carbon credit value within the ETS from the fifth year allows rapid BEP recovery and 
sustained positive returns. 

Scenario 4, which considers biochar production exclusively from waste, also yields promising 
results, demonstrating that resource recycling and minimizing environmental impact can support 
economic sustainability. Limiting production to waste reduces physical output but significantly 
lowers operational costs, maintaining or even enhancing profitability through carbon credit 
valuation. This approach exemplifies circular economy principles, prioritizing input-output 
efficiency over maximum production, and fostering resilient, equitable, and environmentally 
harmonious long-term production models. 

3.3. Sensistivity Analysis for Scenario 3 

The project scenario 3 was developed also considering the average ETS credit price over 2021–
2025 (70 €/t) and assuming an 80% increase from the fifth year (126 €/t), shows similar results [Table 
5]. The NPV is positive for both configurations (s3-3 and s3-5) across all discount rates, except for 
scenario s3-3 with three machines and discount rates of 10% and 14%, where the breakeven point is 
not reached. 

Table 5. Summary table of NPV for project evaluation price and average ETS price. 

Price ETS credit 150.00 € 70.00 € 
i/Scenario s 3 - 3 s 3 - 5 s 3 - 3 s 3 - 5 

3% 385,377.23 € 901,692.44 € 87,875.18 € 405,855.68 € 
6% 253,200.35 € 640,922.94 € 25,418.52 € 261,286.56 € 

10% 142,108.12 € 421,361.72 € -27,017.74 € 139,485.29 € 
14% 70,834.76 € 280,155.78 € -60,612.20 € 61,077.53 € 

 
Regarding the IRR [Table 6], scenario s3-3 presents a value of 8%, while scenario s3-5 reaches 

19%. In both cases, the IRR exceeds the applied discount rates (with the exception of i = 10% and i = 
14% in s3-3), confirming the economic feasibility of the project even when adopting an average ETS 
credit price. 

Table 6. Summary table of IRR for project evaluation price and average ETS price. 

Price ETS credit 150.00 € 70.00 € 
Scenario s 3 - 3 s 3 - 5 s 3 - 3 s 3 - 5 

IRR 21% 35% 8% 19% 
 
The breakeven point for scenario s3-3 is achieved in the thirteenth year with a discount rate of 

3% and in the seventeenth year with a rate of 6%, indicating a slight delay compared to the same 
scenario calculated with a carbon credit price derived from biochar of 150 €. For scenario s3-5, the 
breakeven point occurs in the seventh year with i = 3%, in the eighth year with i = 6%, in the ninth 
year with i = 10%, and in the eleventh year with i = 14%. 

With the minimum ETS price, positive results are obtained only for the s3-5 configuration, 
indicating that investment recovery is possible only when five machines are employed, and for 
discount rates of 3%, 6%, and 10%. Conversely, with the maximum ETS price, all NPVs are positive 
except for s3-3 with i = 14%. In all other cases, the IRR exceeds the discount rates applied. 

The timing of breakeven varies considerably. Under the maximum ETS price, the breakeven is 
reached quickly for all discount rates, whereas under the minimum price with the s3-3 configuration, 
it is never achieved. This highlights how investment profitability is strongly influenced by external 
factors, particularly ETS credit prices, which in turn are linked to international market trends, 
geopolitical conflicts, technological innovations, and public policies. Therefore, investment risk 
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increases due to uncertainties in these external factors, which are not captured by quantitative cost-
benefit analysis alone. 

Further details of the analysis using minimum and maximum ETS prices are provided in the 
Appendix A. 

4.2. Replicability of the Analysis 

For replicability in similar agricultural contexts, Table 7 presents NPV per hectare for each 
scenario, including variations based on ETS credit prices. Borgo Perolla encompasses 35 hectares for 
biochar biomass production. 

Table 7. NPV/Hectare for each scenario. 

NPV/Hectare 
Scenario 3% 6% 10% 14% 

s1-3 -4,742.60 € -4,816.98 € -4,877.30 € -4,914.04 € 
s1-5 -615.81 € -1,874.26 € -2,938.84 € -3,627.97 € 
s2-3 5,024.90 € 2,862.32 € 1,031.54 € -155.02 € 
s2-5 15,786.18 € 11,025.46 € 6,991.09 € 4,373.01 € 
s3-3 11,010.78 € 7,234.30 € 4,060.23 € 2,023.85 € 
s3-5 25,762.64 € 18,312.08 € 12,038.91 € 8,004.45 € 

s3-3 (average price) 2,510.72 € 726.24 € -771.94 € -1,731.78 € 
s3-5 (average price) 11,595.88 € 7,465.33 € 3,985.29 € 1,745.07 € 

s3-3 (maximum price) 5,465.79 € 2,989.49 € 909.23 € -424.57 € 
s3-5 (maximum price) 16,520.99 € 11,237.41 € 6,787.23 € 3,923.75 € 
s3-3 (minimum price) -1,390.63 € -2,261.87 € -2,991.67 € -3,457.86 € 
s3-5 (minimum price) 5,093.63 € 2,485.14 € 285.74 € -1,131.73 € 

s4-3 4,541.75 € 2,507.87 € 783.55 € -336.21 € 
 

These results further indicate that entering both voluntary carbon markets and the ETS is crucial 
to achieving investment profitability. In particular, scenarios s1-3 and s1-5 consistently show negative 
values, suggesting the economic unsustainability of the investment. In contrast, scenarios s2-5 and 
s3-5 exhibit the highest NPV per hectare, maintaining positive returns even at higher discount rates, 
which highlights these as economically more robust scenarios. This demonstrates that, in terms of 
per-hectare profitability, market instruments, such as voluntary markets and ETS, combined with 
increased production capacity (five machines) make this high-impact environmental technology 
economically attractive, allowing for substantial profit generation. 

Scenario s3-3 is particularly sensitive to ETS credit prices. With the maximum price, the NPV 
per hectare remains positive up to a 10% discount rate, whereas with the minimum price, it becomes 
negative in all cases. Even with the maximum price, NPV per hectare turns negative at discount rates 
of 10% and 14%. 

This implies that at an ETS price of 33 € (minimum price), the revenues generated are insufficient 
to cover investment costs, resulting in economic losses per hectare. Furthermore, as the discount rate 
increases, the negative values worsen, indicating a diminished capacity of the investment to generate 
value over time. A similar situation arises when using an ETS price of 70 € (average price) with 
discount rates of 10% and 14%, which remain high and profitable only over the long term. 

These per-hectare NPV results demonstrate that, even when biochar is recognized within the 
ETS system, the market does not always ensure the economic sustainability of the initiative. 
Therefore, it is essential to carefully evaluate and continuously monitor ETS market price fluctuations 
along with other external factors that may influence it. 
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5. Discussion and Concluding Remarks 

This study assessed the economic feasibility and sustainability of a biochar production system 
using residual biomass from Borgo di Perolla through a cost-benefit analysis across multiple scenarios. 
The results indicate that project profitability is highly dependent on the integration of market 
mechanisms. Scenario 1, based solely on biochar and wood distillate sales, proved economically 
unviable. In contrast, Scenario 2, which incorporates voluntary carbon market credits, and Scenario 
3, which includes ETS participation from the fifth year, demonstrated significant profitability, 
particularly under configurations with higher production capacity. 

The analysis highlights that market-based instruments, such as voluntary carbon markets and 
the EU ETS, are essential enablers for making high-impact environmental technologies economically 
attractive. These mechanisms not only generate financial returns but also facilitate broader 
environmental benefits, including soil improvement, sustainable waste management, and carbon 
sequestration. Without such instruments, innovative low-impact solutions risk remaining marginal 
or inaccessible despite their systemic advantages. 

According to the results of the cost-benefit analysis, biochar only becomes an economically 
viable tool through carbon credit markets. In this sense, market infrastructures such as the ETS are 
fundamental for the dissemination of circular models that generate positive environmental and 
economic effects. It should also be noted that these types of technologies are still in the early stages 
of diffusion, often in start-up or experimental contexts, where installation, management, and 
maintenance costs are still high. 

The research therefore emphasizes that public policies and market mechanisms aimed at 
offsetting environmental externalities are not secondary tools, but enabling conditions for the 
implementation of high-impact solutions. Without such support infrastructure, technologies such as 
biochar risk remaining marginal despite their potential, resulting in the waste of a concrete 
opportunity to combine economic development and environmental protection. 

Robustness analysis revealed that investment feasibility is sensitive to external factors, 
particularly fluctuations in ETS carbon credit prices and macroeconomic and geopolitical conditions, 
which introduces inherent risk. This underscores the need for ongoing monitoring of market 
dynamics. 

Future research should aim to quantify social and environmental benefits through multicriteria 
analyses and explore operational improvements. Policy support remains crucial: economic 
incentives, tax relief, and formal recognition of biochar as a certified removal technology under the 
ETS are key to promoting adoption. Equally important is the engagement of local stakeholders, 
including farmers and public authorities, to facilitate and ensure long-term sustainability. 

Overall, this study demonstrates that integrating biochar production with carbon market 
mechanisms can create a viable pathway for economically and environmentally sustainable land 
management, representing a model for circular and resilient agricultural systems. 
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Abbreviations 

The following abbreviations are used in this manuscript: 
CBA Cost-benefit analysis 
NPV Net present value 
IRR  Internal rate of return 
BEP Breakeven point 
s1-3 Scenario 1 with three equipments 
s1-5 Scenario 1 with five equipments 
s2-3 Scenario 2 with three equipments 
s2-5 Scenario 2 with five equipments 
s3-3 Scenario 3 with three equipments 
s3-5 Scenario 3 with five equipments 
s4-3 Scenario 4 with three equipments 
ETS Emission Trading System 
BCR Biochar carbon removal  
  
  
  
  

Appendix A 

Appendix A.1 

To strengthen the robustness of Scenario 3, an additional evaluation was conducted using the 
minimum and maximum EU ETS carbon credit prices recorded over the 2021–2025 period. These 
analyses complement the previous evaluations based on the average ETS price and the estimated 
voluntary market carbon credit price for biochar. 

The minimum and maximum prices were calculated using daily estimates reported by 
Mazzarano et al. (2024) [7] for 2021–2025, resulting in a minimum price of €33/t and a maximum of 
€98/t. 

For scenario s3-3, assuming the minimum ETS price, the project proves entirely economically 
unviable. The analysis indicates absolute infeasibility at all considered discount rates. All NPV are 
negative, and the internal rate of return IRR is 0%, indicating that the initial investment cannot be 
recovered. Consequently, the break-even point is never reached for any discount rate. 

Conversely, scenario s3-5 remains positive even under the minimum ETS price. The project is 
economically viable for discount rates of 3%, 6%, and 10%, with NPVs significantly positive, 
particularly €178,277.06 at i = 3%. The only exception is the 14% discount rate, chosen to test project 
feasibility limits. The IRR is 11%, exceeding all discount rates except i = 14%. The break-even point 
occurs in year 11 for i = 3%, year 13 for i = 6%, and year 18 for i = 10%. While the break-even is not 
achieved for i = 14%, the IRR suggests that payback could be attained in subsequent years if the project 
duration were extended. 

These results highlight that, under EU ETS participation, prioritizing biochar production using 
five machines (s3-5) is essential to ensure recovery of the initial investment. Table A1 reports the 
NPVs for each discount rate under the minimum ETS price of €33/t. 

Table A1. NPV for s3-3 and s3-5 with minimum ETS price. 

i/Scenario s 3 - 3 s 3 - 5 
3% -48,671.99 € 178,277.06 € 
6% -79,165.48 € 86,979.89 € 
10% -104,708.42 € 10,000.81 € 
14% -121,025.11 € -39,610.67 € 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 December 2025 doi:10.20944/preprints202512.0720.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.0720.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 15 

 

Using the maximum ETS price of €98/t, the project is economically sustainable under both 
production configurations. For scenario s3-3, NPVs are positive for discount rates of 3%, 6%, and 
10%, with the highest NPV of €191,302.55 at i = 3%. The IRR is 13%, suggesting investment recovery 
is possible even at i = 14% if the project duration is extended. Break-even occurs in year 10 for i = 3%, 
year 11 for i = 6%, and year 15 for i = 10%. 

Scenario s3-5 exhibits even more favorable outcomes under the maximum price. NPVs are 
positive for all discount rates, with the highest at €578,234.62 for i = 3%. The IRR of 25% greatly 
exceeds all chosen discount rates. The break-even point is reached in year 6 for i = 3%, year 7 for i = 
6% and i = 10%, and year 8 for i = 14%. Table A2 summarizes the NPVs under the maximum ETS 
price. 

Table A2. NPV for s3-3 and s3-5 with maximum ETS price. 

i/Scenario s 3 - 3 s 3 - 5 
3% 191,302.55 € 578,234.62 € 
6% 104,632.10 € 393,309.19 € 
10% 31,822.96 € 237,553.13 € 
14% -14,859.96 € 137,331.25 € 
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