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Research highlights 

▪ The agricultural sector has considerable potential to mitigate 

climate change through carbon sequestration. 

▪ The Voluntary Carbon Market (VCM) promotes carbon farming 

practices by converting agricultural soils from carbon sources into 

carbon sinks. 

▪ The literature review identified a gap due to the limited number of 

case studies on the sequestration potential of agricultural soils and 

the implications of the VCM for farmers. 

▪ A multidisciplinary approach was employed to analyze the 

environmental, social, and economic aspects of carbon 

sequestration and participation in the VCM. 

▪ The quantification of the carbon balance in conventional (CON) 

and regenerative (REG) citrus groves in Sicily highlighted the 

sequestration potential of REG (-0.5 Mg CO2-eq ha-1 yr-1) 

compared to the carbon loss of CON (+5.88 Mg CO2-eq ha-1 yr-1). 

▪ Analysis of Sicilian farmers' intention to participate in the VCM, 

using the Extended Theory of Planned Behavior, revealed that 

attitude, perceived behavioral control, and knowledge significantly 

influence their intention. 

▪ The economic assessment of CON and REG revealed low 

profitability in carbon trading scenarios. 

▪ These results highlight the need for a more accessible European 

carbon market that rewards small and medium-sized farms for their 

efforts to combat climate change. 

  



Abstract 

The urgent need to achieve climate neutrality and counteract the 

effects of climate change requires the agricultural sector to reduce 

greenhouse gas emissions and capture carbon through natural sinks. 

Carbon farming has emerged as a key model for achieving these goals, 

contributing to the development of Carbon Markets in which carbon 

credit trading aims to offset emissions from different economic 

sectors.  

This thesis adopts a multidisciplinary approach to analyze the 

environmental, social and economic implications of carbon 

sequestration in agricultural soils and participation in the Carbon 

Market. The study involves two citrus farms in Sicily, managed under 

conventional and regenerative methods, respectively, along with a 

sample of farmers from the region. 

After a thorough review of the available literature on the 

subject, the environmental assessment was conducted by quantifying 

the Carbon Balance using the Carbon Footprint methodology and the 

SALUS crop model. The results paved the way for analyzing Sicilian 

farmers' intentions to participate in the Voluntary Carbon Market 

through the application of the Extended Theory of Planned Behavior, 

highlighting the influencing factors. Finally, the economic evaluation 

was carried out by compiling farm balance sheets for both types of 

citrus management and assessing three scenarios: “business as usual”, 

in which farmers receive Common Agricultural Policy aid; 

“participation in the Voluntary Carbon Market”, through the 

generation of offset credits; and the hypothetical “inclusion of the 

agricultural sector in the Compliance Carbon Market”, from which it 

is currently excluded in Europe. 

The results of the study highlight that, unlike a well-established 

Compliance Carbon Market, the European Union is still in the early 

stages of establishing a Voluntary Carbon Market. The agricultural 

sector, particularly the citrus sector, has significant potential for 

carbon sequestration in soils. However, the high costs associated with 



implementing sustainable agricultural practices and developing 

sequestration projects pose a significant barrier to farmers' 

participation. 

This work offers substantial insights for policymakers, farmers, 

and researchers in the field, and serves as a foundational reference that 

calls for further investigation to fully explore the opportunities offered 

to the agricultural sector by Carbon Markets. 

 

Keywords: voluntary carbon market, regenerative agriculture, 

carbon sequestration, carbon credits, willingness to participate, 

economic assessment, sustainability. 

  



Riassunto 

L’urgente necessità di raggiungere la neutralità climatica e 

contrastare i fenomeni del cambiamento climatico richiede al settore 

agricolo la riduzione delle emissioni di gas ad effetto serra e la cattura 

di carbonio attraverso pozzi naturali. Le pratiche di “carbon farming” 

sono emerse come un modello chiave per raggiungere questi obiettivi, 

contribuendo allo sviluppo dei Mercati del Carbonio in cui la 

commercializzazione dei crediti di carbonio ha l’obiettivo di 

compensare le emissioni di diversi settori.  

La ricerca ha adottato un approccio multidisciplinare per 

analizzare le implicazioni ambientali, sociali ed economiche del 

sequestro di carbonio nei suoli agricoli e della partecipazione al 

Mercato del Carbonio. Lo studio coinvolge aziende del comparto 

agrumicolo in Sicilia, gestite secondo il metodo convenzionale e 

secondo pratiche rigenerative, oltre a un campione di agricoltori della 

regione. 

Dopo un’attenta analisi della letteratura disponibile 

sull’argomento, la valutazione ambientale è stata condotta attraverso 

la quantificazione del Bilancio del Carbonio secondo la metodologia 

Carbon Footprint e il modello colturale SALUS. Il risultato ottenuto 

ha aperto la strada all’analisi dell’intenzione degli agricoltori siciliani 

a partecipare al Mercato Volontario del Carbonio attraverso 

l’applicazione della Teoria Estesa del Comportamento Programmato, 

mettendo in luce i fattori che la influenzano. Infine l'analisi economica 

è stata realizzata attraverso la compilazione dei bilanci aziendali per 

entrambi i tipi di gestione agrumicola, valutando tre scenari: “business 

as usual” in cui gli agricoltori percepiscono gli aiuti della Politica 

Agricola Comunitaria, “partecipazione al Mercato Volontario del 

Carbonio” attraverso la generazione di crediti di compensazione, e 

l'ipotetica “inclusione del settore agricolo nel Mercato del Carbonio di 

Conformità”, attualmente escluso in Europa.  

I risultati dello studio evidenziano che, a differenza di un ben 

consolidato Mercato del Carbonio di Conformità, l’Unione Europea 



sta ancora muovendo i primi passi verso la creazione di un Mercato 

Volontario. Il settore agricolo, e in particolare quello agrumicolo, 

possiede un notevole potenziale per il sequestro di carbonio nei suoli. 

Tuttavia, i costi elevati associati all'implementazione di pratiche 

agricole sostenibili e allo sviluppo di progetti di sequestro 

rappresentano un ostacolo significativo per la partecipazione degli 

agricoltori.  

Questo lavoro fornisce numerosi spunti di riflessione per i 

decisori politici, gli agricoltori e i ricercatori del settore, pur 

rappresentando un punto di partenza che richiede ulteriori studi per 

esplorare pienamente le opportunità offerte al settore agricolo dai 

Mercati del Carbonio.  

 

Parole chiave:, mercato volontario del carbonio, agricoltura 

rigenerativa, sequestro di carbonio, crediti di carbonio, disponibilità a 

partecipare, valutazione economica, sostenibilità.  

 

 



Rationale and structure of the thesis 

In recent years, the agricultural sector has gained prominence in 

global policy debates on climate change mitigation due to its dual role 

as a source of greenhouse gas emissions and a potential sink for carbon 

sequestration. The emergence of the Voluntary Carbon Market (VCM) 

as a key tool for promoting sustainable agricultural practices 

highlights its importance in reducing emissions and increasing soil 

carbon storage. Given the urgent need to achieve the Sustainable 

Development Goals and the ambitious target of climate neutrality in 

the European Union by 2050, there is growing recognition of the 

importance of harnessing the agricultural sector's potential to achieve 

these objectives. 

The limited literature on the topic and the absence of readily 

applicable methodologies for quantifying carbon sequestration in 

agricultural soils within the EU prompted this thesis, which integrates 

several scientific disciplines. Environmental sciences are used to 

define sustainable agricultural practices, social-psychological 

sciences explore farmers' decision-making behavior, and economic 

disciplines evaluate the financial benefits and challenges of 

participating in the Voluntary Carbon Market. In detail, the thesis aims 

to provide insights into the barriers and opportunities for Sicily's citrus 

sector and farmers in accessing the VCM. 

In addition to this rationale, the thesis is structured as follows: 

 

• Contribution I: it provides a thorough review of the available 

literature on the Voluntary Carbon Market, describing its 

operational mechanisms, key regulatory and policy barriers, 

and implications for the agricultural and forestry sectors. 

• Contribution II: it quantifies the Carbon Balance by assessing 

carbon sequestration in agricultural soils, net of emissions 

from conventional and regenerative orange grove cultivation, 

to identify the most sustainable model. Emissions were 

measured using the standardized Carbon Footprint 



methodology based on Life Cycle Assessment, while soil 

carbon dynamics were analyzed with the System Approach 

for Land Use Sustainability (SALUS) model. 

• Contribution III: it identifies and analyzes factors influencing 

farmers' intentions to participate in the VCM. Understanding 

farmers' attitudes is essential for designing effective policies 

and practical guidelines to mitigate climate change. To this 

end, a survey based on the Extended Theory of Planned 

Behavior (ETPB) was conducted among Sicilian farmers. 

• Contribution IV: it highlights the opportunities and challenges 

for Sicilian orange farms through an economic analysis. This 

involves examining income statements and annual balance 

sheets for both conventional and regenerative production 

systems to assess the profitability of participating in the 

Voluntary Carbon Market or Compliance Carbon Market, 

compared to the business-as-usual scenario. 

• Discussion and conclusions: this section aims to synthesize 

and link the results of the different contributions, critically 

evaluating current knowledge on the VCM and its 

implications for the agricultural sector. It also highlights the 

challenges and opportunities identified through the analysis, 

providing insights for future research directions to optimize 

the integration of VCM in the agricultural sector and 

maximize its environmental and economic benefits. 
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Abstract 

Context: Carbon offsets represent a climate change mitigation tool 

through carbon sequestration or removal projects. 

Objective: This paper presents a systematic literature review of the 

Voluntary Carbon Market (VCM), aiming to clarify its unique 

characteristics in comparison to compliance markets, explore its 

practical deployment potential, and assess its implications for the 

agricultural sector.  

Methods: Following the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA) protocol, the review 

categorized the literature into three key areas: regulatory and policy 

barriers of the VCM, implications for the agricultural sector, and 

implications for the forestry sector. The paper analyzes the internal 

and external factors influencing farmers' participation in VCM, along 

with the business factors affecting their access and permanence. The 

search was conducted across Scopus and Web of Science databases.  

Results and Conclusions: The findings revealed that, despite a wealth 

of literature, only a small subset addresses the VCM's relevance to the 

agro-forestry sector. Moreover, a notable gap exists in case studies 

evaluating the methods used by farmers to engage with the VCM and 

generate carbon credits, as well as an understanding of the 

socioeconomic, structural, and income dynamics of farms.  

Significance: Given the pressing issue of climate change and the 

imperative for companies to offset their emissions, there is a critical 

need for further scientific exploration in these areas, particularly 

within agriculture, where soil carbon sequestration holds significant 

promise. 

 

Keywords 

Carbon Market, Voluntary carbon offset, Carbon credits, Agriculture, 

Carbon Policy 
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1  Introduction 

Climate change plagues communities and economies around the 

world (He et al., 2022). Greenhouse gas (GHG) emissions have 

increased rapidly almost without interruption since the beginning of 

the industrial revolution (Friedlingstein et al., 2019; Minx et al., 2021) 

raising significant debates about their mitigation through carbon 

offsetting. Reducing emissions is closely tied to each country's 

development rights and opportunities, as well as their economic 

interests (Shen et al., 2020). This implies the transformation of climate 

change actions into new opportunities for economic growth. To 

encourage emission reductions in each sector, many governments 

have developed both market and nonmarket policies (He et al., 2022), 

in which offsetting is an alternative or supplementary way for 

individuals, households, organizations, and governments to reduce 

emissions (Bumpus and Liverman, 2008). Strategies to reduce 

greenhouse gas (GHG) emissions date back to the Kyoto Protocol, 

which invited nations to participate in climate change mitigation 

through carbon credit trading. Governments established rules for 

measuring emissions and validating carbon credits, enabling 

participants to trade them in the Compliance Carbon Markets (CCMs). 

This approach aims to achieve the collective goal of reducing GHG 

levels in the atmosphere at the lowest total cost (Chen et al., 2021). 

The agricultural sector, like others, is characterized by 

unavoidable emissions. According to the Intergovernmental Panel on 

Climate Change (IPCC, 2019), agriculture and land use changes are 

responsible for about 23% of net global anthropogenic greenhouse gas 

emissions, including 13% of CO2 (carbon dioxide), 44% of CH4 

(methane), and 81% of N2O (nitrous oxide) during 2007-2016. 

Therefore, it faces three major interconnected challenges: reducing 

emissions, adapting practices to climate change, and meeting the 

growing global food demand (Lokuge and Anders, 2022). Despite this, 
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the agricultural sector has been excluded from CCMs schemes (Wang 

et al., 2021), consequently the emergence of the parallel Voluntary 

Carbon Market (VCM) has attracted global attention. It is 

distinguished by transactions created and verified outside of 

government control. Unlike mandatory allowances in compliance 

programs, companies and individuals purchase voluntary offset 

credits to counterbalance their emissions. Expenditures incurred to 

mitigate GHG releases are allocated to projects that sequester carbon 

from the atmosphere, with each offset unit representing the reduction 

or removal of one ton of CO2 equivalent (CO2-eq). The value of the 

VCM is about $1 million per year (Ecosystem Marketplace, 2021) 

since the lack of incentives to fully reduce emissions in all sectors and 

the absence of strict regulations have increased its participation as an 

offsetting mechanism (Miltenberger et al., 2021). One of the main 

strengths of the VCM is the opportunity to develop projects outside 

the CCM schemes, which often exclude small projects with limited 

resources. However, the lack of regulation results in a weakness in 

terms of transparency for purchasers of voluntary offset credits, who 

must rely on independent verification and certification to ensure actual 

emission reductions. After a rapid expansion, VCM suffered a setback 

around 2008-2009 due to the global economic and financial crisis, 

only recovering between 2018-2019 with a trading volume of $320 

million (Ecosystem Marketplace, 2020, 2019). However, its evolution 

has been uneven across countries, due to the emergence of 

organizations, projects, and standards that have developed at different 

rates. 

In the United States, the growing demand for offsets has 

encouraged the agricultural sector to implement climate-smart 

projects. Since 2020, more than a dozen soil programs have been 

launched by nonprofit organizations, for-profit startups, and 

agribusinesses. Voluntary carbon credits are issued through 

independent programs such as the Verified Carbon Standard, the Gold 
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Standard, and the American Carbon Registry. These credits can only 

be used in compliance schemes if accepted, such as in California's 

Compliance Offset Program, which allows up to 4% of voluntary 

credits to be used for compliance market needs (Busby and 

Macpherson, 2022; Mei, 2023).  

New Zealand had guidelines for using voluntary national and 

international carbon credits until 2021, which helped prevent double 

counting between voluntary offsets and national targets under the 

Kyoto Protocol (Ministry for the Environment, 2020). The 2022 

update revises these guidelines to address voluntary climate change 

mitigation without eliminating the possibility of double counting with 

the host country’s targets. According to the updated guidelines, 

companies must specify whether their efforts contribute to national or 

other countries' targets (Laine et al., 2023). This is managed through a 

two-track system for voluntary mitigation known as “Carbon 

Horizon” and “Carbon Frontier,” respectively (Laine et al., 2023). 

In Africa, participation in both the VCM and CCM schemes has 

been limited (Bernard et al., 2017). Strict compliance market 

procedures have led most African projects to aim for generating 

credits for the VCM. However, less than 1% of voluntary carbon 

finance originates from the continent (Buchner et al., 2015). The main 

projects able to attract international offset credit demand include clean 

cooking, water purification (Bernard et al., 2017), and avoided 

deforestation projects, with contracts typically made directly with 

project developers. 

The European Union, unlike its well-developed CCM, the EU-

ETS, is still in the early stages of establishing a VCM within its 

borders. The European Commission's first efforts in this direction 

came in late 2022 with a proposal for a carbon removal certification 

scheme. The main objectives of this initiative are to ensure the high 

quality of carbon removals in the EU and to avoid greenwashing by 

correctly applying the criteria of the EU framework (European 
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Commission, 2022). The latter, defined by the acronym QU.A.L.ITY, 

show how to ensure Quantification, Additionality, Long-term 

conservation and sustainabilITY, providing a starting point for the 

creation of a VCM to achieve climate neutrality and provide economic 

opportunities for participating sectors. 

The lack of comprehensive knowledge on the subject is the 

basis of this paper, which aims to review the available literature and 

highlight the state of the art, limitations, and opportunities for the 

agricultural sector. In doing so, it addresses the following questions: 

Q1: What are the main regulatory and policy barriers affecting 

the development and implementation of the Voluntary Carbon Market 

(VCM) globally? 

This question aims to explore, in light of the existing literature, 

the political and regulatory barriers the VCM faces; how national and 

international government policies support or hinder corporate 

participation in the VCM; and the political implications of integrating 

the VCM with CCM in terms of governance and regulation. 

Q2: What are the implications for the agricultural sector? 

The focus this time is on agricultural practices with the greatest 

potential to generate carbon credits in the VCM; supporting policies 

to incentivize farmer participation and perceived barriers; and the 

economic and environmental impacts of adopting VCM-oriented 

agricultural practices. 

Q3: What are the implications for the forestry sector? 

The expected answers from this research question are manifold, 

aiming to understand to what extent VCM initiatives can contribute to 

forest conservation and deforestation reduction; the technical and 

methodological challenges in measuring and verifying carbon credits 

in the forestry sector; and the policies and incentives that can stimulate 

the participation of local communities and entrepreneurs in VCM 

forestry projects. 
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2 Methods 

The systematic literature review was conducted, in order to 

investigate aspects of VCM, following the PRISMA guidelines (Page 

et al., 2021). It is intended to provide a state of knowledge in a field to 

identify goals for future research, to highlight problems in primary 

studies so that they can be corrected in future works, and to answer 

questions that would otherwise remain unanswered in individual 

studies (Page et al., 2021). The identification of keywords was based 

on our theoretical background to select representative papers on the 

VCM. Existing literature were explored using Scopus and Web of 

Science databases, where keywords were combined using Boolean 

operators (AND/OR), with the search expression presented in Table 1. 

The search was conducted in the fields of "title," "abstract," and 

"keywords" or "topic" for the primary keywords, and in "all fields" for 

the secondary keyword, i.e., agriculture. Scopus and Web of Science 

were searched on April 1, 2024, without any time restrictions. A first 

screening was performed by reading the abstracts and methodologies 

of the papers while the second one was done by reading the whole 

paper. 
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Table 1 Search expressions used in the literature review to query databases 

Database Search expression 

Scopus TITLE-ABS-KEY (“voluntary carbon market”) OR TITLE-ABS-

KEY (“voluntary offset market”) OR TITLE-ABS-KEY (“voluntary 

offsetting finances”) OR TITLE-ABS-KEY (“voluntary carbon 

credits”) OR TITLE-ABS-KEY (“voluntary carbon offset 

governance”) AND ALL (“agriculture”) 

Web of 

Science 

TOPIC (“voluntary carbon market”) OR TOPIC (“voluntary offset 

market”) OR TOPIC (“voluntary offsetting finances”) OR TOPIC 

(“voluntary carbon credits”) OR TOPIC (“voluntary carbon offset 

governance”) AND ALL FIELDS (“agriculture”) 

 

The primary selection included 1034 papers, of which 179 were 

removed after filtering for duplicates. The remaining 855 articles were 

considered for the first screening in which 743 papers were excluded 

because focused on other topics or carbon project such as blue carbon 

projects, renewable energy, car industries and cookstoves. The main 

reason for the exclusion of most of the papers, however, was their 

focus on the CCM, with only a marginal treatment of the VCM, used 

as a comparative element. Papers that concentrated on quantifying 

carbon sequestration in soil or forest biomass to generate carbon 

credits were also excluded if they did not provide details on the 

quantification of credits and their actual placement in the VCM.  

A second screening by reading all the papers excluded 83 

articles for the same reasons as before. The final portfolio included 29 

articles in the literature review. The paper filtering process (Figure 1) 

was conducted independently by two authors to minimize personal 

bias (Lombard et al., 2002). Finally, the selected articles were 

analyzed using an Excel sheet for data extraction (Rashman et al., 

2009), where descriptive elements, results, and main contributions 

were documented (Mazaheri et al., 2022). This framework was shared 

with all authors to reach consensus on the information to be included 

in the study.  
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The articles considered for eligibility were published between 

2008 and 2024. However, as Figure 2 shows, the scientific community 

began to focus significantly on VCM topics only from 2020 onward, 

while the publication trend had remained steady in previous years. 
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Figure 1 Workflow of the systematic literature review 
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Figure 2 Number of papers published between 2008 and 2024 

 

3 Insights and Implications for the Voluntary 

Carbon Market 

The articles chosen to address the research questions were 

categorized based on their field of application, such as policy and 

normative frameworks, agriculture, and forestry. Table 2 shows the 

reviewed articles.  
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Table 2 Articles considered for literature review 

Authors Year Title Source 

Field of 

application 

Bumpus A. & Liverman 

D. 2008 

Accumulation by Decarbonization and the Governance of 

Carbon Offsets 

Economic Geography, 

84:2, 127–155. Agriculture  

Clarke M.  2010 

The over-the-counter market for forest carbon offsets: an 

insight into pricing in a market without common price 

signals 

Australian Forestry, 73:3, 

171-176 Forestry 

Lovell H. C.  2010 Governing the carbon offset market 

Wiley 

InterdisciplinaryReviews: 

Climate Change, 1 Policy 

Dhanda K. K. & 

Hartman L. P. 2011 

The Ethics of Carbon Neutrality: A Critical Examination of 

Voluntary Carbon Offset Providers 

Journal of Business Ethics, 

100, 119–149 Policy 

Benessaiah K.  2012 

Carbon and livelihoods in Post-Kyoto: Assessing voluntary 

carbon markets 

Ecological Economics, 77, 

1–6 Forestry 

Demirci U. & Öztürk A.  2015 

Carbon markets as a financial instrument in the forestry 

sector in Turkey 

The International Forestry 

Review, 17:2 Forestry 

Torabi N. & Bekessy 

S.A. 2015 

Bundling andstackinginbio-

sequestrationschemes:Opportunities and risksidentified 

byAustralianstakeholders 

Ecosystem Services 15, 

84–92 Agriculture 

McKie R. E. et al.  2015 

Carbon Crime in the Voluntary Market: An Exploration of 

Modernization Themes Among a Sample of Criminal and 

Non-criminal Organizations 

Critical Criminology, 23, 

473–486 Policy 

Birchall S. J., et al.  2018 

An investigation into the early stages of New Zealand's 

voluntary carbon market 

Carbon Management, 9:1, 

71-81 Agriculture 

Kongmeesup I. & 

Boonyanuphap J. 2019 

Estimation of carbon offset for teak plantation in lower 

northern Thailand 

Journal of Science and Tec

hnology 41:3, 580-586 Agriculture 
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Lang S., et al. 2019 

What future for the voluntary carbon offset market after 

Paris? An explorative study based on the Discursive Agency 

Approach 

Climate Policy, 19:4, 414-

426 Policy 

vonHedemann N., et al.  2020 

Forest policy and management approaches for carbon 

dioxide removal Interface Focus Forestry 

Brill S.  2020 

A story of its own: creating singular giftcommodities for 

voluntary carbon markets 

Journal of Cultural 

Economy Policy 

Wang M., et al.  2021 

Unintended Consequences of Agricultural Participation in 

Voluntary Carbon Markets: Their Nature and Avoidance Complexity Agriculture 

Kreibich N. & 

Hermwille L. 2021 

Caught in between: credibility and feasibility of the 

voluntary carbon market post-2020 

Climate Policy, 21:7, 939-

957, Policy 

Streck C.  2021 How voluntary carbon markets can drive climate ambition 

Journal of Energy & 

Natural Resources Law Policy 

Oldfield E. E., et al. 2022 

The need for knowledge transfer and communication among 

stakeholders in the voluntary carbon market 

Biogeochemistry, 161:41–

46 Agriculture 

Marchant G. E., et al. 2022 

Bringing Technological Transparency to Tenebrous 

Markets: The Case for Using Blockchain to Validate Carbon 

Credit Trading Markets 

Natural resources journal, 

159 Agriculture 

Wongpiyabovorn O., et 

al.  2022 Challenges to voluntary Ag carbon markets 

Applied Economic 

Perspectives and Policy, 1-

14.  Agriculture 

Ahonen HM., et al.  2022 

Governance of Fragmented Compliance and Voluntary 

Carbon Markets Under the Paris Agreement 

Politics and Governance 

10:1, 235–245 Policy 

Spilker G. & Nugent, N. 2022 

Voluntary carbon market derivatives: Growth, innovation & 

usage 

Borsa Istanbul Review 22-

S2, S109–S118 Policy 

Chen L. & Xie M. 2023 

How do hard regimes absorb, overlap, and squeeze out soft 

regimes? Insights from global carbon markets 

Global Public Policy and 

Governance, 3:60–85 Policy 
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Malan M., et al. 2023 

Evaluating the impacts of a large-scale voluntary REDD+ 

project in Sierra Leone 

Nature Sustainability, 7, 

120–129 Forestry 

Koumpli V. 2024 

EU ETS and voluntary carbon markets: key features and 

current challenges 

Journal of World Energy 

Law and Business, 2024, 

87–93 Policy 

Raina N., et al. 2024 

Incentive mechanisms of carbon farming contracts: A 

systematic mapping study 

Journal of Environmental 

Management 352, 120126 Policy 

Plastina A., et al. 2024 The business case for carbon farming in the USA 

Carbon Balance and 

Management, 19:7 Policy 

Pudasaini K., et al. 2024 

Comparison of major carbon offset standards for soil carbon 

projects in Australian grazing lands 

Carbon Management, 15-1, 

2298725 Policy 

Khurana A., et al. 2024 

Shaping India’s climate future: A perspective on harnessing 

carbon credits from agriculture 

Outlook on Agriculture 

0(0) Policy 

Bond A. J., et al.  2024 

Carbonservation with Demonstrated Biodiversity and 

Carbon Gains: Carbon Can Pay But Biodiversity Must Lead 

Environmental 

Management, 73:742–752 Forestry 
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3.1 Regulatory and policy barriers in the Voluntary Carbon 

Market 

The adoption of the Kyoto Protocol in 1997 led to the creation 

of compliance carbon market mechanisms. The first of these were the 

Clean Development Mechanism (CDM), International Emissions 

Trading (IET), and Joint Implementation (JI). The CDM became the 

centerpiece of compliance market activity, and its popularity in the 

2000s spurred increased interest from governments and private 

companies in parallel voluntary mechanisms. The VCM and the CCM 

thus have institutional complementarities, the first of which is their 

participants. While specific sectors are required by government 

regulations to engage in Compliance Carbon Markets (CCMs), 

participation in the VCM is entirely voluntary. As a result, the VCM 

serves as a transitional mechanism until regulations extend to 

encompass additional sectors. The second complementarity lies in 

market boundaries: while the scope of CCMs is often restricted, 

voluntary carbon credits can circulate globally without such 

limitations, offering greater flexibility. Additionally, the design of 

VCMs is more diverse, accommodating the varying needs of buyers. 

The third complementarity involves operational rules: in CCMs, 

carbon finance is typically provided by private sectors or institutions 

like the World Bank, and all participating countries must be 

signatories to the Kyoto Protocol. In contrast, VCMs are governed by 

independent standards, resulting in a more streamlined project 

approval process. These institutional complementarities link the 

seemingly separate CCMs and VCMs, establishing a foundation for 

global carbon markets (Chen and Xie, 2023). Compliance markets, 

such as CDM, and VCM operate on the same conceptual basis but with 

different governance mechanisms. The CDM permits the issuance of 

credits from emission reduction projects in developing countries, 

incorporating provisions for private actors and outlining market 
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mechanisms. In contrast, VCMs have emerged as parallel markets in 

countries (e.g., the United States) where government policies sought 

to extend beyond the limitations of the Kyoto Protocol. The creation, 

commodification, and trading of carbon offsets are overseen by 

institutions and practices designed to track, trade, monitor, and certify 

emission reductions. The governance of the CDM is managed by 

national and supranational institutions in a hierarchical structure. In 

contrast, VCM governance is more network-oriented, with companies 

or nongovernmental organizations selling offset credits to consumers 

who are not bound by mandatory emission reduction requirements 

(Bumpus and Liverman, 2008). 

The diversity of different voluntary offset mechanisms is 

represented by the large number of active standards pertaining to 

carbon registries. The rules of offsetting standards are mainly 

concerned with issues such as additionality, the offset approval 

process (registries, verification, third-party reviewers, etc.), the type 

of project allowed, sustainable development, and co-benefits such as 

employment creation, improvement of local conditions, and air 

quality, not strictly related to GHG reduction. The issue of 

additionality is a crucial aspect of discussions surrounding the VCM. 

It is essential not only for companies looking to implement offset 

projects but also for buyers of carbon credits. Buyers must 

demonstrate that the projects they support would not have been 

implemented or maintained without their investment, ensuring that the 

emissions reductions are genuinely additional (Lovell, 2010). Once 

the registry has confirmed that all requirements have been met, it 

issues credits for each ton of CO2-equivalent emissions avoided or 

removed. These credits become tangible, transferable certificates. 

After purchasing them, the buyer can choose to use the credits to offset 

or neutralize their own carbon footprint. In managing the relationship 

between project developers and buyers, retail suppliers play a crucial 

role by offering advisory services to buyers who are unfamiliar with 
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the VCM. They also assist in financing projects at an early stage by 

committing to purchase a minimum quantity of carbon credits at a 

fixed price (Spilker and Nugent, 2022). 

Another significant challenge in participating in the VCM is 

determining the ownership of carbon credits. Since the verifiability of 

emission reductions is not always guaranteed and a single credit may 

be sold multiple times, the issue of double counting can arise. 

Consequently, buyers need to be assured of sole ownership of the 

credits they purchase, while sellers must ensure that the same offset 

credits are not sold to multiple parties. Thus, the standards ensure the 

legitimacy of a credit offset provider. Based on this, the standards can 

be classified into three categories: the first deals with certifying the 

quality of an offset and the projects it supports; the second focuses on 

certifying offset sellers, service products and their carbon neutrality 

claims. The last category, on the other hand, is made by the sellers 

themselves to protect the quality of their offsets (Dhanda and 

Hartman, 2011). Since carbon credits are neither tangible products nor 

practical uses, the added value must also be intangible for buyers to 

appreciate it. Therefore, sellers must be concerned with conveying to 

buyers not only the perception of the storage project, but also a set of 

social benefits, proper land use and cultural values. Creating a virtuous 

history elevates voluntary compensation from the sphere of 

commodities to that of singularities. Because VCM links high-

emitting and low-emitting countries, more specifically the global 

North and South, the purchase of voluntary credits takes on the 

characteristics of a donation. The aspects and elements of this 

commodity are rooted in the social structures in which it is created and 

exchanged, and because of their intangible nature, voluntary carbon 

credits give visibility to these broad contexts (Brill, 2021). Given the 

global nature of carbon credits, which are often generated in one 

geographic area and purchased for offsetting in another, there is a need 

for consistent agreements to effectively regulate international issues.  
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First, the legal nature of carbon credits and the applicable legal 

principles must be defined. Based on this legal framework, attention 

should be given to the aspects of creation, ownership, transfer, and 

withdrawal of credits. Additionally, it is important to address the 

fungibility of claims, including the security of their transfer, 

mediation, the potential for offset, and their treatment in the event of 

insolvency. The integrity and fungibility of credits, along with the 

proper functioning of the VCM, necessitate licensing procedures for 

certification bodies and standardized procedures for project 

evaluation. Therefore, it is essential to establish a competent 

regulatory body responsible for overseeing and supervising the VCM 

(Koumpli, 2023). 

A significant milestone in climate governance that reshaped the 

architecture of the VCM was the adoption of the Paris Agreement in 

2015. This marked the formal end of the division between countries 

with and without mitigation targets, unifying global efforts to address 

climate change. After these changes were implemented, stakeholders 

in the VCM raised concerns about the need for international rules to 

ensure the legitimacy of voluntary compensation mechanisms. Before 

the Paris Agreement, while the VCM operated outside of formal 

international government frameworks, it was still influenced by them 

and could not function completely independently (Lang et al., 2019). 

Companies participating in the VCM under the Paris Agreement era 

have noted a steady increase in the demand for voluntary offset credits, 

with expectations of further growth as more companies seek to offset 

their future emissions. However, it is crucial to carefully analyze the 

role of voluntary carbon credits to ensure they are not misused by 

companies as a simple means of avoiding their responsibilities 

(Kreibich and Hermwille, 2021).  

Certification schemes are viewed by companies as incentives to 

enhance their efforts and meet specific goals for reducing emissions 

and offsetting residual emissions through credit purchases. While 
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investing in reforestation is often the preferred approach for achieving 

these goals, it would be more beneficial to focus on local projects that 

offer multiple co-benefits for the community. Additionally, the 

presence of certification bodies provides companies with a safeguard 

to mitigate risks in a market that might otherwise be prone to abuse 

(Birchall et al., 2018). While the Voluntary Carbon Market (VCM) is 

a valuable tool for promoting economic growth and environmental 

protection, it also has the potential to facilitate opportunities for 

fraudulent activities. Organizations engaging in illegal activities often 

attract investors by advertising carbon credits online, claiming they 

address issues like climate change, species extinction, and 

environmental degradation. These criminal entities use sustainability 

slogans that closely resemble those of legitimate organizations, 

creating a significant risk for investors who may inadvertently 

purchase counterfeit credits not linked to any genuine environmental 

benefits (McKie et al., 2015).  

The literature reviewed also reveals conflicting opinions about 

the future survival of VCMs. On one hand, VCMs have the potential 

to allocate funds and resources to climate projects. However, as 

governments increasingly mandate GHG reductions, VCMs may 

become more transient. This is because fewer projects will meet the 

additionality requirement, as more measures will be implemented as 

standard business practices. Thus, although VCMs currently serve as 

incubators of innovation and facilitate the transition to a low-emission 

future, they may no longer be necessary once that future is achieved 

(Streck, 2021). On the other hand, to meet global climate goals, it is 

unlikely that carbon markets will become obsolete unless they are 

perceived as a race to the bottom, which could lead to their extinction. 

In such a scenario, private companies might still turn to voluntary 

markets to achieve their goals, suggesting that VCMs will continue to 

play a role in global efforts to combat climate change (Ahonen et al., 

2022). 
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Ultimately, the current literature only partially provides 

answers to research question Q1. From the literature reviewed, it is 

clear that regulatory and policy barriers affecting VCM development 

and implementation include issues of governance, verifiability, double 

counting, and the need for agreed international rules. National and 

international policies can both support and hinder firms' participation 

in VCMs, while integration with compliance markets presents 

additional challenges in terms of overlapping objectives and fraud 

risks. Addressing these barriers is crucial to ensuring the growth and 

effectiveness of VCMs globally. 

3.2 Implications for the agricultural sector 

Farmers' participation in the VCM is incentivized by the 

possibility of economic benefits through climate change mitigation 

and biodiversity conservation (Venter et al., 2009a, 2009b). Many 

voluntary private carbon initiatives allow farmers to receive payments 

for carbon sequestration through conservation practices by providing 

economic incentives to farms. Participation in the VCMs could thus 

become a valuable tool for the well-being of agricultural populations. 

Carbon projects have the potential to improve livelihoods by investing 

in beneficial practices. Carbon payments could increase human and 

financial capital, enhance soil quality, and support the development of 

ecotourism. However, it is essential to fully understand the carbon 

supply chain and balance emission reduction targets with adaptation 

outcomes (Benessaiah, 2012). Paying farmers for reducing emissions 

can significantly encourage the adoption of sustainable practices. 

When farmers receive financial incentives for implementing 

environmentally friendly practices, they are more likely to invest in 

methods that reduce their carbon footprint. However, the current low 

payments offered by many carbon certification standards can be a 

barrier to widespread adoption of carbon sequestration practices. 

Increasing the price of carbon in the VCM could help address this 
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issue. By raising the carbon price, the economic value of carbon 

credits would increase, making carbon sequestration activities more 

financially attractive to farmers (Wang et al., 2021). Participation in 

the VCM by farmers is also characterized by different forms of 

payment: results-based payments and hybrid payments. The former is 

related to the rate of carbon sequestration, while the latter involves 

recognition for implementing specific practices, with additional 

compensation based on outcomes. Together, they offer farmers an 

easy way to engage with the VCM (Raina et al., 2024). In areas with 

higher sequestration rates, farmers prefer output payments. However, 

where sequestered carbon is lower and emissions are significant, 

payment by practice is the most effective way to compensate farmers' 

efforts and cover the costs of changing land management practices 

(Plastina et al., 2024).  

Economic opportunities for the agricultural sector vary 

depending on the costs of implementing sequestration projects and the 

value of carbon credits set by national and international carbon 

registries. When national registries are present in the farmers' 

operating environment, they offer greater economic benefits compared 

to international registries, which are often associated with higher 

access costs and lower credit values. The latter often present barriers 

to access that can only be overcome by large farms with high 

sequestration rates, excluding small farmers from participating. One 

possible solution could be allowing farmers to participate in 

associations form, which could potentially reduce costs (Pudasaini et 

al., 2024). Another challenge for the agricultural sector is meeting the 

requirements of soil carbon Measurement, Reporting, and Verification 

(MRV) protocols. Carbon registries and their standards often lack 

detailed written documents on MRV and the expected scale of project 

implementation. The protocols currently available for carbon 

sequestration in agricultural soils are more like evolving guidelines 

than established methodologies, which can be misleading for the 
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agricultural sector. These protocols often pertain to large geographic 

areas with diverse agricultural soils, or may even be applied 

internationally. As a result, project developers need to adapt protocol 

guidelines to their specific geographic contexts to satisfy verification 

by credit certification companies (Oldfield et al., 2022). 

Regarding carbon credits generated through agricultural 

projects, there is no uniformity among certification bodies, leading to 

variations in their economic value. In addition to the standard issuing 

the credits, the value of carbon credits is influenced by factors such as 

project location, type, and market dynamics. The lack of information, 

a uniform pricing mechanism, and price variability related to credit 

quality complicate participation in the VCM for the agricultural sector. 

Generally, credits linked to co-benefits like improved livelihoods and 

biodiversity conservation are more valuable than those of lower 

quality (Khurana et al., 2024). To achieve both emission reductions 

and biodiversity protection, Torabi and Bekessy (2015) suggested 

using bundling and stacking of credits in Australia. Bundling credits 

presents the greatest opportunities for the agricultural sector, as it 

could encourage farmers to develop carbon projects while 

simultaneously advancing sequestration and biodiversity goals. 

Despite the absence of national standards for voluntary carbon 

markets, bundling could enable farmers to engage in established 

international markets. On the other hand, stacking credits faces 

limitations due to the lack of international markets for coupled credits 

and strict additionality requirements not applicable to biodiversity. 

Therefore, bundling credits, supported by well-defined national 

standards, offers the best scenario for farmers, providing reduced 

operating costs and increased income potential. Another critical issue 

with agricultural carbon credits is their transparency. Standards within 

the VCM often include mandatory set-aside clauses, declarations, and 

guarantees to prevent the double selling of credits for the same amount 

of GHG removed. While these measures are intended to ensure 
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integrity, they are insufficient in practice. Integrating blockchain 

technology to track agricultural carbon credits could address this 

problem. By recording each credit transaction in real-time, blockchain 

would ensure that a credit is immediately withdrawn once purchased 

or claimed for other regulatory purposes, thereby enhancing tracking 

and transparency (Marchant et al., 2022). 

The current supply of voluntary carbon credits is constrained 

despite the increasing number of agricultural credit generation 

programs, primarily due to reluctance from both farmers and buyers. 

Buyers often struggle to assign appropriate value to GHG removal due 

to the absence of rigorous verification standards and the long timelines 

for targets set by entities engaged in sequestration projects. While this 

extended timeline allows for long-term planning, it also permits 

entities to make partial investments initially and defer others until the 

target date. This creates an imbalance between long-term voluntary 

targets and short-term annual credit purchases, resulting in low 

demand and lower prices during high-supply years and high demand 

during target years. Additionally, buyers are concerned about the 

carbon footprint of agricultural projects. Programs with energy-

intensive verification and accounting systems may be less attractive 

compared to more efficient options. High-quality carbon credits must 

account for leakage, or the increase in GHG outside the project related 

to credit generation, to maintain credibility. On the supply side, 

challenges include farmers' reluctance to adopt new practices for 

generating credits of uncertain value and the high costs associated with 

verifying soil carbon through sampling or satellite technology and 

certification processes. Existing protocols for calculating carbon 

sequestration in agricultural soils often discourage farmers from 

making objective technical comparisons, leading them to favor 

programs with superior technical support rather than the most 

profitable options. Finally, geopolitical boundaries have limited 

impact on the global atmospheric balance of greenhouse gases. Carbon 
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farming is likely to focus on countries with weaker currencies and 

more intensive sequestration practices, where farmers can reduce 

emissions at a lower cost (Wongpiyabovorn et al., 2023). 

Ultimately, research question Q2 can be answered by 

identifying that agricultural practices with the highest potential to 

generate carbon credits in the VCM are those focused on soil carbon 

sequestration. Supporting policies should offer sufficient economic 

incentives and establish credible certification standards to encourage 

farmer participation. Key barriers include high costs, lack of 

transparency, and inadequate verification standards. The economic 

and environmental impacts of adopting VCM-oriented practices will 

depend on the quality and credibility of the carbon credits and the 

ability to balance environmental and socioeconomic goals. 

3.3 Implications for the forestry sector 

Regarding question Q3, it is appropriate to note that despite the 

carbon sequestration potential of forests, forest offsets were not 

included in the Kyoto Protocol as part of the CCM, thus leading to the 

evolution of the voluntary forest carbon credit market. The over-the-

counter (OTC) market has become the primary venue for buying and 

selling forest carbon credits, with three main transaction types. Spot 

transactions involve the immediate delivery of purchased credits. 

Forward transactions involve an agreement between two parties to buy 

and sell a specified quantity of credits at a future date, with payment 

made upfront before the credits are delivered. Purchase for surrender 

involves the supplier selling and withdrawing the offset from the 

market, a strategy commonly used by brokers. When credits are sold 

directly by project developers, they are typically directed to the private 

sector. However, when credits are handled by brokers, a portion is 

directed to the private sector and another portion is allocated to 

retailers (Clarke, 2010). Despite the creation of a voluntary 

mechanism for forestry carbon credits, even for this sector, like 
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agriculture, there are connections between compliance and voluntary 

mechanisms. Among compliance mechanisms, REDD+ is the most 

significant. Initially designed as a payment system for ecosystem 

services, REDD+ often involved payments related to pre-

implementation activities rather than actual carbon removal outcomes 

(vonHedemann et al., 2020). Beyond CO2-eq removals, it is valuable 

for slowing deforestation and has positive effects on the environment. 

It can also enhance the opportunity cost of labor for local communities 

by increasing wages and creating alternative income sources, such as 

the sale of non-timber forest products. In contrast, the VCM operates 

outside the compliance market. It relies on third-party verification to 

generate tradable credits that adhere to standards for additionality, 

permanence of removals, and avoidance of double counting (Malan et 

al., 2024).  

Participation in the VCM for the forestry sector also brings co-

benefits such as native vegetation restoration and biodiversity 

conservation. The costs associated with achieving these goals can be 

offset by the sale of carbon credits and incentives from restoration 

market schemes. In countries like Australia, linking VCMs with 

restoration markets has resulted in better outcomes for biodiversity 

compared to countries where VCMs are present but biodiversity 

markets are absent (Bond et al., 2024).  

For the forestry sector to effectively participate in carbon 

markets, several key elements must be established. These include 

creating a clear and well-defined institutional framework, conducting 

scientific studies on forest sequestration potential, measuring the 

carbon footprint in both the public and private sectors to promote 

forest carbon sequestration projects, and enhancing verification and 

certification systems to support afforestation and reforestation projects 

within the VCM (Demırcı and Öztürk, 2015). Regarding verification 

systems, forest carbon contracts can vary significantly in terms of 

duration, methods for calculating verification fees and revenues, and 
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overall contract terms. Typically, these contracts span around 25 years 

and require monitoring every 5 years. The high costs associated with 

sampling and verification can impact project revenues, potentially 

discouraging participation (Kongmeesup and Boonyanuphap, 2019). 

In response to question Q3, it is important to emphasize that the 

technical and methodological challenges in measuring and verifying 

carbon credits in the forestry sector involve the need for accurate and 

credible MRV protocols. To encourage participation from local 

communities and entrepreneurs in forestry projects, implementing 

suitable policies and incentives is crucial. Economically incentivizing 

forest operators and local communities would support the adoption of 

new practices and increase engagement in sequestration projects, 

particularly given the significant co-benefits associated with these 

efforts. 

4 Discussion 

The VCM seems to play a key role in achieving the goals of the 

Paris Agreement, however, as our review indicated, VCM is plagued 

by confusion and shortcomings that prevent it from fully realizing its 

potential (Battocletti et al., 2023). It should, in fact, be remembered 

that the use of VCM can be convenient for companies for reasons of 

flexibility (free choice to participate in offset projects that best suit 

their needs and strategies), corporate reputation and image 

(demonstrating an environmental and social commitment that can 

attract customers and investors), innovation and development of 

sustainable technologies, access to new markets (access to market 

segments sensitive to environmental issues), early compliance 

(preparing in advance for possible future mandatory carbon 

regulations) differentiation from competitors. However, our literature 

review revealed that the scenario remains unclear and lacks 

international standardization. During the article selection process, we 

excluded most of the sources identified in the query due to their lack 
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of focus on the topic. As a result, the review was based on a limited 

number of articles, but these still provide a foundation for drawing 

conclusions about the current scientific knowledge of the VCM. 

It thus emerged that, in the complex decision-making process 

between a regulated and an unregulated market in agriculture, several 

internal and external factors can influence this choice (Figure 3). 

Internally, the farm needs to consider its business strategy to align 

decisions with long-term goals, the image and reputation that may be 

affected by market choice, the importance of technological innovation 

to remain competitive, the financial resources available for investment 

and initiatives, and the level of awareness and knowledge regarding 

the implications of both options. Externally, several factors influence 

the enterprise, such as existing policy regulations that may impose 

constraints or incentivize certain choices, the role of trading partners 

in facilitating market access, global economic conditions that 

influence the supply and demand for agricultural products, the 

increasing consumer demand for sustainable products, and 

competitive pressure within the sector. 
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Figure 3 Factors determining farmers' participation in the Carbon Market 

 

As the results show, VCMs have not grown at the same rate in 

all countries. The United States has a more organized system, whereas 

Europe’s market is still in its early stages due to the lack of defined 

and adopted operational frameworks and methodologies. Being 

outside the influence of government, the VCM is regulated by several 

standards that provide guidelines for monitoring, reporting, and 

verification of carbon storage and offset credits generated. These 

standards, characterized by different methodologies and operational 

frameworks, often create uncertainty among participants and 

undermine the legitimacy of the VCM. All this persists despite the 
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potential of agriculture (legally including both forestry and 

agricultural activities). Farms that demonstrate a commitment to 

sustainability, have financial resources for investment in sustainable 

practices, and are aware of the opportunities offered by the VCM are 

therefore potentially more likely to access this market and reap 

tangible benefits in terms of profitability and reputation (Figure 4). 

 

 

Figure 4 Farm-specific factors conditioning access and permanence on the 

VCM 

 

In general, the literature has shown a positive correlation 

between large farm size, the age and experience of the farmer, female 

gender, higher revenues and production costs, agroecology 

orientation, and the inclination to implement sustainable practices that 
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reduce GHG emissions, making these farms more attractive to the 

VCM. However, the lack of comprehensive studies on sequestration 

projects and participation in the VCM, especially for the agricultural 

sector, was noted. This gap could make the VCM even more obscure 

and inaccessible. Most papers focus on explaining the main pitfalls in 

implementing an emissions removal project without actually relying 

on case studies with application methodologies. This oversight fails to 

reveal the real possibilities for the agricultural sector and potential 

projects for generating voluntary offset credits. Key issues such as 

additionality, double counting, and MRV are often discussed as 

barriers to entry into this market rather than as attractive factors for 

buyers and sellers. Therefore, a joint effort between the research and 

policy spheres is necessary to bring momentum and transparency to 

the VCM. From a research perspective, applicable methodologies for 

soil carbon monitoring are needed that go beyond expensive sampling 

or satellite data, which small farms cannot afford. Additionally, 

economic studies on the proper pricing of carbon credits in the 

agricultural sector are necessary to incentivize the adoption of new 

practices. Instead of discouraging farmers due to the costs of making 

changes, proper pricing can direct them toward additional 

remuneration. 

Another weakness in the literature reviewed is the lack of 

studies on the European agricultural sector. The VCM in Europe still 

appears almost completely unexplored. Due to recent commitments to 

an EU framework for carbon sequestration, no significant evidence of 

European farmers' participation in the VCM has been found. This gap 

is largely due to the absence of well-defined methodologies, which 

hinders the sector's growth. The scientific community is called upon 

to address this by providing studies that establish a clear 

methodological framework to support the expansion of the VCM in 

Europe. 
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5 Conclusions 

The literature review on VCM aims to provide a snapshot of 

current knowledge on the topic. It reflects the perspective of public 

institutions that climate mitigation goals can be met through carbon 

trading, as well as the growing trend among private companies to use 

voluntary offsets to reduce their emissions. While there is considerable 

discussion about the challenges within the VCM and numerous studies 

on potential improvements, there is limited evidence on how to make 

the market more accessible, build trust, and minimize the risk of fraud. 

Although the study may still be considered pioneering, it 

provides several stakeholders with important insights. It suggests to 

policymakers that the implications for the agricultural sector are 

substantial, given the potential of agricultural practices to generate 

carbon credits within the VCM. Meanwhile, agricultural practices 

with the greatest potential to generate carbon credits in the VCM 

include improving soil management to enhance carbon sequestration, 

adopting less emission-intensive agricultural methods, and producing 

biomass. Supportive policies can therefore incentivize farmers to 

participate in the VCM through payments for ecosystem services, 

subsidies for adopting sustainable practices, and tax breaks for 

investments in infrastructure that reduce carbon emissions. Such 

policies are crucial for mitigating financial risk and enhancing the 

economic attractiveness of VCM-oriented practices. Normative 

complexity and the lack of supporting infrastructure are also 

significant obstacles that policymakers need to address. These issues 

contribute to uncertainty about carbon credit pricing, high costs for 

verification and certification, and a general lack of awareness and 

education about the benefits of sustainable agricultural practices. 

For farmers, adopting VCM-oriented agricultural practices can 

offer significant environmental and economic benefits. 

Environmentally, these practices can help reduce GHG emissions, 
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improve soil quality, increase biodiversity, and enhance resilience to 

climate change. Economically, the benefits include the potential for 

new income sources, reduction of long-term operating costs, and 

income diversification. However, initial investment and participation 

costs can pose a barrier, particularly for small and medium-sized 

farms. 

For researchers, the potential of VCM in climate change 

mitigation is clear, but many questions remain unanswered, especially 

regarding the agricultural sector. Key questions include: Which 

practices can effectively contribute to carbon sequestration in 

agricultural soils? What investment would be required from farmers 

to participate in this system? What level of compensation would they 

receive? And what impact do credits have on farm reputation and 

economic resilience in the short, medium, and long term? 

A concluding proposal could be to foster synergy among 

stakeholders, including policymakers, farmers, government agencies, 

and research institutes, to address these questions. This collaborative 

approach could pave the way for future research and development in 

what promises to be one of the most thriving markets of the future. 
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Abstract 

Climate neutrality within European Union (EU) boundaries by 2050 

is an ambitious goal set by the European Commission, with carbon 

sequestration in soils a key mechanism identified to achieve this. 

While row crops predominate, around 1.3 million hectares (ha) of land 

in the EU are dedicated to orchard fruit trees. Italy is second only to 

Spain in total citrus production area (about 22%) with revenues of 

more than half a billion dollars and a planting area of nearly 90,000 

hectares in Sicily alone; the main orange-producing area in Italy, 

accounting for approximately 63% of the total production of the 

country. Despite their environmental and economic importance, soil 

carbon studies in these systems are extremely rare. In our 13-year 

study, we compared the carbon balance (CB) of orange groves that 

were managed using either conventional (CON) or regenerative 

(REG) practices. We adopted the SALUS-crop model to determine 

soil organic carbon (SOC) sequestration and the Carbon Footprint 

(CF) methodology set by ISO standards to calculate greenhouse gas 

(GHG) emissions. The CB in the CON groves was 5.88 Mg CO2-eq 

ha-1 yr-1 (SOC sequestration lower than GHG emissions) while in the 

REG groves it was -0.5 Mg CO2-eq ha-1 yr-1 (SOC sequestration 

greater than GHG emissions). Specifically, CON loses SOC at 1.66 

Mg CO2-eq ha-1 yr-1 while REG sequesters SOC at 1.57 Mg CO2-eq 

ha-1 yr-1. Our study shows that regenerative management in orange 

groves can convert the soil from a carbon source to a carbon sink, and 

that the CON and REG systems act as an overall GHG emissions 

source and GHG emissions sink, respectively. Increased soil carbon 

sequestration in citrus groves will contribute to the EU climate 

neutrality goal and can offer opportunities for farmers to benefit 

financially for their improved land stewardship. 
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Carbon Footprint; SALUS model; Citrus; Life Cycle Assessment 

(LCA). 
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1 Introduction 

The European Commission has identified carbon sequestration 

in agricultural soils as an important approach to achieve climate 

neutrality within the EU boundaries by 2050 (European Commission, 

2021). It has also recently proposed establishing a Union certification 

framework to ensure high quality carbon removal and provide a 

reliable certification system to reduce greenwashing (European 

Commission, 2022). Soil carbon content has a major impact on soil 

fertility and thus is a key factor in the ecosystem services supported 

by agriculture (Swinton et al. 2007). Management that increases soil 

organic carbon (SOC) can help offset anthropogenic greenhouse gas 

(GHG) emissions (Minasny et al., 2017), improve crop yields through 

better water holding capacity and nutrient availability (Robertson et 

al., 2014; Basso, 2022), and counteract erosion (FAO, 2017). On the 

other hand, management based primarily on the use of synthetic inputs 

can result in higher GHG emissions (Haddaway et al., 2017). The 

carbon sequestration capacity (i.e., the capacity to store carbon in the 

soil) of the soil varies with farming system and crop type. Within the 

GHG national inventory reports of the European Member States, 

orchards are included as “cropland” for C pool accounting (European 

Commission, 2013). Thus, fruit tree systems are relevant both from an 

environmental and agricultural policy viewpoint because they can 

remove carbon at a similar rate to forests (Montanaro et al 2016). 

The agronomic characteristics of the Mediterranean basin make 

the region particularly suited to citrus fruit cultivation (Torres et al., 

2016). Italy is the second largest producer of citrus in Europe (Falcone 

et al. 2020), and oranges represent more than 60% of the total supply. 

While Italy is still recognized as a global actor in orange production, 

in the last decade it has lost its leadership role due to multiple 

structural problems in prime citrus-growing areas such as Sicily 

(Rapisarda et al., 2015). Nevertheless, Sicily still contributes with 
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55% of the national surface area dedicated to citrus fruits (about 

61,000 ha; ISTAT, 2022). The loss of competitiveness in national and 

foreign markets has highlighted the need to increase the product value, 

adapting the production model to the most recent environmental 

oriented guidelines. Management practices that sequester carbon in 

the soil and reduce greenhouse emissions and other atmospheric gases 

are an important part of a strategy to guide consumers towards 

responsible consumption and to support trade policies in which the 

products become competitive in an economic system that reflects the 

state's efforts (Iriarte et al., 2014). 

In contrast to annual crops, orchards for fruit production have 

characteristics, such as a long-life cycle, low or zero tillage, and alley 

vegetation, that can enable them to fix and accumulate large quantities 

of atmospheric carbon in the soil with smaller annual fluctuations. 

Studies on carbon in Mediterranean orchards have mainly focused on 

olive (González-Rosado et al., 2023; Torrús-Castillo et al., 2023; Sofo 

et al. 2005), almond (Vicente-Vicente et al. 2016) or vineyards 

(Scandellari et al. 2016) crops, with the citrus sector less well 

investigated (but see Liguori et al. 2009 and Scandellari et al. 2016). 

In conventional and organic olive and almond orchards, González-

Rosado et al. (2023) analyzed changes in SOC and carbon 

sequestration. They found that organic management increased SOC 

mainly due to the application of organic manure that supported the 

otherwise low input of crop residues with no-tillage. A higher SOC 

content in soil macroaggregates was also observed, evidence of greater 

SOC protection. Torrús-Castillo et al. (2023) quantified the carbon 

balance of olive orchards. Their results showed that cover crop 

cultivation, tree pruning application, and application of olive mill by-

products were beneficial for increased carbon sequestration compared 

to the absence of these practices. Fruit tree ecosystems in Italy, such 

as apple and grapes have shown positive net ecosystem productivity 

of up to 4.30 Mg C ha-1 y-1 and 7.5 Mg C ha-1 y-1 respectively, 
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indicating the potential of these systems to store C (Scandellari et al. 

2016). Liguori et al. (2009) found that the carbon balance in orange 

groves in Sicily was almost four times higher in an intensive, densely 

planted system (1.8 Mg C ha-1 y-1) than in the traditional less densely 

planted one (0.5 Mg C ha-1 y-1), due to large differences in soil 

respiration. A recent study (Vono et al. 2023) detailed the Life Cycle 

Inventory of the agricultural phase of citrus production in Italy. Their 

work estimated gas emissions from the field due to fertilizer and 

pesticide inputs and fuel use. However, their scope of work did not 

include equating the carbon equivalencies of these emissions, and they 

did not investigate soil carbon stock and stock changes.  

For the first time, our study aims to combine emission 

quantification thought carbon footprint (CF) methodology based on 

Life Cycle Assessment (LCA), with carbon sequestration 

determination using the SALUS crop model to determine the carbon 

balance (CB) of a Sicilian orange grove under conventional (CON) 

and regenerative (REG) management. Long-term (i.e., more than 10 

years) studies of SOC stock change are uncommon in woody tree crop 

systems (Vicente-Vicente et al. 2016), and very rare in citrus groves. 

Thus, this work offers a novel way to evaluate this change in an 

environmentally and economically important tree crop in the 

Mediterranean. We hypothesize that regenerative management will 

have a lower carbon balance than conventional management, either 

acting as a carbon sink (i.e., a negative carbon balance) or as a reduced 

carbon source (i.e., a lower positive carbon balance). 

2 Materials and Methods 

2.1 Study site 

Two orange groves (10 ha each) located in eastern Sicily 

(Siracusa Province; 37°17'14.5"N 15°04'58.8"E) in Italy were chosen 

as being representative of citrus cultivation in the area (Pergola et al., 
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2013). Table S1 provides an overview of the inputs, management, and 

activities of the conventional (CON) and regenerative (REG) grove 

systems that we compared. In CON, all field operations except pruning 

are mechanized. Weed chopping and fertilization (typically potassium 

nitrate and urea) are the first seasonal operations conducted in March, 

alongside pruning, with the pruning residues removed from the field. 

From March to October, chemical weed control and interventions for 

crop protection against pests and diseases are conducted, and from 

April to October, weekly drip irrigation is carried out. Management in 

the REG grove was conducted according to regenerative agricultural 

(RA) principles, characterized by input substitution and reduction, 

cover crop (faba bean; Vicia faba L. subsp. Minor) cultivation in the 

inter-rows, and pruning residues left on the soil surface. Pest and 

disease management was carried out using mineral oil, and irrigation 

was reduced.  

The climate of the area, characterized by mild, wet winters and 

hot, dry summers, is defined as Mediterranean, with an average 

temperature of 11.5 °C during winter and around 30 °C in summer, 

and an average annual precipitation of 709 mm (Di Nunno and 

Granata, 2023). The soil characteristics before planting (0-20 cm) 

indicated a clay-loam texture (27.5% clay, 33.9% silt, and 38.6% 

sand), a SOC concentration of 12 g kg-1 and a bulk density of 0.93 Mg 

m-3. Initial SOC stock was determined as: 

 

𝑆𝑂𝐶 [𝑀𝑔 ℎ𝑎−1] = 𝑂𝐶 ∗ 𝐿𝑇 ∗ 𝐵𝐷 ∗ 104                           (1) 

 

where OC is the organic carbon concentration (%), LT is the layer 

thickness (m) and BD is the topsoil bulk density (Mg m3). 

The orange variety planted in 2005 was Tarocco [Citrus x 

sinensis (L.) Osbeck, cultivar Tarocco comune] at 5x5 m spacing for 

a density of 400 trees ha-1. Orange harvesting typically begins three 

years after planting, reaching highest productivity between five and 
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thirty years after planting. Our analysis covers the period between 

2010 and 2022, and therefore encompasses a highly productive period 

of growth of the groves in the area, and includes all major management 

practices, inputs used and environmental impacts (Ingrao et al., 2015). 

2.2 Carbon Footprint 

A carbon footprint (CF) analysis of each grove system was 

performed according to ISO 14067:2018 (ISO, 2018). This standard is 

based on Life Cycle Assessment and follows the phases established by 

ISO 14040:2006 and 14044:2006 (ISO, 2006a, 2006b), i.e., Goal and 

scope definition, Life Cycle Inventory analysis (LCI), Life Cycle 

Impact Assessment (LCIA) and results interpretation. While all these 

steps play a key role in life cycle assessment (LCA) and LCA-based 

studies (Ingrao et al., 2015), inventory analysis is considered the most 

important, as it comprehensively models all activities in the life cycle 

of a product and determines their environmental impacts (Zhang et al., 

2015). 

2.2.1 Goal and scope definition 

The rationale and target audience for CF quantification are 

essential requirements (ISO, 2018; Lo Giudice et al., 2014). Our 13-

year study was carried out on Tarocco orange groves in eastern Sicily 

comparing conventional (CON) and regenerative (REG) management 

practices to determine their carbon balance (CB), which we define as 

the greenhouse gas (GHG) emissions from cultivating the orange 

grove minus (any) organic carbon sequestered in the soils. This 

evaluation allows farmers to ‘observe’ the environmental impact of 

their groves and can help highlight management options to improve 

the CF of their operation and its overall sustainability. It also offers 

policymakers an insight into what practices should be encouraged to 

help achieve climate neutrality goals. Our study also contributes to the 

currently limited knowledge on citrus grove soil carbon quantification. 
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2.2.1.1 Carbon footprint quantification approach 

The CF was conducted according to the Global Warming 

Potential metric over a fixed period of 100 years (GWP100; IPCC, 

2021), expressed in Mg CO2-equivalent (CO2-eq). “It represents the 

time-integrated climate forcing (perturbation to the Earth's balance 

between incoming and outgoing energy) due to a one-off pulse 

emission of one tonne of a GHG over the 100 years following its 

emission, relative to the corresponding impact of a one-tonne pulse 

emission of CO2” (Allen et al., 2016). It was calculated as the sum of 

process and material contributions included in the system boundaries 

(Ingrao et al. 2014). The impact due to direct land use change (dLUC) 

was not considered as the land has been used to produce fruit for more 

than 50 years (ISO, 2018). This methodology is included in the 

SimaPro 9.5.0.1 software. 

2.2.1.2 Functional unit and system boundary 

Establishing the Functional Unit (FU) and system boundary 

(SB) is of fundamental importance. The FU is the measurement unit 

to which all inputs and outputs of a system are referenced, i.e., the 

measure of system performance that allows representation by a 

product quantity, a process function or a service (Bernardi et al., 2020; 

Krozer and Vis, 1998). The FU for this study was a one-hectare (ha) 

area of productive orange grove in which we studied ecological and 

land management function (Nemecek et al., 2011). The data collected 

were expressed as values per hectare of grove. According to ISO 

14040:2006, a life cycle-based study does not always cover the entire 

production process but may be restricted to part of it (ISO, 2006a). 

Accordingly, our temporal and spatial system boundaries (SB) were 

set to highlight the impacts associated with the productive phase of 

orange production. Here this refers to an average year within the full 

production phase (13 years of study between 2010 to 2022, i.e., years 

5 to 18 after planting). For our spatial system boundary, we adopted a 
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‘cradle to farm gate’ approach that included quantifying the GHG 

emissions associated with the procurement of raw materials (e.g., 

fertilizers, crop protection products, cover crop seeds) and their 

transport from the production factories to the field, as well as the GHG 

from orange grove management (except for plant pruning which is 

carried out manually in both systems). Excluded also were 

downstream GHG emissions associated with the transport of the 

harvested oranges and the packaging process (beyond the scope of this 

study), and nursery seedling production (lack of data and minimal 

impact on the CF according to Cerutti et al. (2010)). Figures S1a and 

S1b in the supplementary materials show the system boundaries of 

CON and REG groves, respectively. 

2.2.2 Life Cycle Inventory (LCI) Analysis 

Data for the LCI includes those for materials and energy used, 

emissions to the atmosphere, liquid effluents, and solid waste 

discharged into the environment (Azapagic, 2006). Primary data was 

collected in the field through direct observations and face-to-face 

interviews with the farmer, and includes the quantity and type of 

fertilizers, crop protection products, irrigation water, and the entire 

production process from preliminary working to harvesting. 

Secondary data was sourced from the Ecoinvent database version 

3.9.1 (Frischknecht and Rebitzer, 2005) and contains information on 

the production phases of fuels, fertilizers, and pesticides.  

Atmospheric emissions from the groves due to the use of 

agricultural machinery and fertilizers applied were estimated from 

Nemecek and Kägi (2007) and included nitrous oxide (N2O), nitrogen 

dioxide (NO2), ammonia (NH3), carbon dioxide (CO2). For crop 

protection, we assumed that all of the products applied ended up in the 

soil (Timpanaro et al., 2021; Vono et al., 2023). Since orange 

production does not generate co-products in accordance with ISO 

standards, 100% of the emissions correspond to one ha of grove. Table 
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S1 in the supplementary materials shows the data used in the 

production process of oranges from the CON and REG systems. 

2.3 SALUS modeling 

The System Approach for Land Use Sustainability (SALUS) 

model (Basso et al., 2006, Basso and Ritchie, 2015) was used to 

compare the carbon sequestered in the soil in response to conventional 

(CON) and regenerative (REG) management in the two orange groves 

over 13 years (2010-2022). The model simulates different 

management practices, such as tillage, planting, irrigation, 

fertilization, harvest, and residues management, and has been 

extensively used to evaluate soil carbon dynamics (e.g., Senthilkumar, 

et al., 2009; Basso et al., 2018; Liu and Basso, 2020; Martinez-Feria 

and Basso, 2020; Coudel et al., 2024). SALUS is also a verified 

registry model for the estimation of carbon credits in agricultural 

voluntary offset markets (CIBO Technologies, 2023). Additional 

details of the model are reported by Basso and Ritchie (2015), and 

Martinez-Feria and Basso (2020).  

With regards to soil carbon, model inputs of soil C originate 

from sources that include non-harvested aboveground plant residues, 

belowground root mortality, and (any) organic amendments. The flow 

of carbon through the SOC model component is illustrated for a 

hypothetical soil in Figure 1, while Table S2 in the supplementary 

materials provides definitions and values of soil organic matter (SOM) 

parameters used in the study. While these kinetics parameters are kept 

constant for each SOM pool, the different composition of the organic 

material entering the soil affects their decomposition and distribution 

into the three main SOM pools. 
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Figure 1 Schematic of the flow of C through the SALUS SOC simulation 

subroutine. 

Boxes indicate stocks, arrows depict flows. At each decomposition step, a portion of 

C is evolved as CO2-C. Inverse triangles show action of regulation factors on each 

pool. For illustration, shading in the box indicate relative size of the stock for a 

hypothetical soil with 100 Mg C ha-1 (figure from Martinez-Feria and Basso, 2020). 

 

The orange grove soil characteristics and management practices 

used in SALUS were obtained from measurements conducted at the 

study site. Meteorological data in the form of daily weather variables 

used in SALUS were obtained from the NASA Power database 

(NASA Power, 2023). Management activities were kept constant for 
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each scenario across all years in the simulation, with data, including 

fertilizer amounts shown in Table S1. Model simulation was 

performed using the actual planting density of the orange groves (400 

plants ha-1) with all management operations carried out over the FU of 

one hectare. Separate model simulations were performed for the in-

row and between-row areas of each grove. In both groves, the in-row 

trees occupy 60% of the land area per ha and the between-row 40% of 

the land area per ha (Torrús-Castillo et al., 2023), with bare soil (CON) 

preserved all year round and cover crop (REG) growing from October 

to mid-April. Results from these areas were then merged to represent 

the whole FU area. While soil related parameters were not changed, 

crop related parameters were calibrated against yield, annual roots, 

and pruning production. The SALUS model has been previously tested 

and validated to be able to reproduce SOC dynamics when the above 

and below ground biomass are correctly calibrated, as annual residues 

returned to the soil are known to have a major influence on SOC 

dynamics (Meurer et al., 2018; Poeplau & Don, 2015). To ensure 

consistency with our study groves, a single orange cultivar was 

calibrated and used in all simulations. Yield was calibrated only 

against measured data from CON (measured in the orange grove in the 

2010-2022 period) and only under the CON management 

(representing the business as usual of the area) to maximize (yield) 

productivity. Annual tree roots biomass production, or below ground 

net primary productivity (BNPP) was retrieved from Morgan et al. 

(2006) and represents the annual below-ground biomass of the small 

(< 4 mm diameter) roots. This biomass undergoes senescence every 

year, becoming part of the fresh organic matter (FOM) pools (Fig. 1). 

The amount of annual leaf returned to the soil was not considered in 

this study. Annual pruning production was set after a consultation with 

an orange grove expert, and reported as 20% of the total tree biomass. 

Cover crop productivity was calibrated with published data from a 

nearby study (Mauro et al., 2015). The SALUS model is already 
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parametrized to adjust the cover crop root biomass based on the annual 

total aboveground biomass. Weeds biomass was not considered in this 

study. Table 1 reports the annual biomass inputs to the conventional 

and regenerative orange grove respectively.  

 

Table 1 Annual biomass (Mg of dry matter ha-1) inputs for conventional and 

regenerative orange grove. 

Annual biomass inputs 
CON (Mg 

DM ha-1) 

REG (Mg 

DM ha-1) 
Source 

Annual orange grove root 

senescence 
2.07 1.80 

CON: Morgan et 

al., 2006 

REG: adjusted by 

SALUS 

Orange grove pruning 

returning to the soil 
none 5.36 Expert consultation 

Cover crop biomass none 5.3 
Mauro et al., 

(2015) 

Cover crop roots none 1.68 
Adjusted by 

SALUS 

Organic amendment none 1.6 
On-site 

management 

 

The drained upper limit (i.e., field capacity) and lower limit 

(i.e., permanent wilting point) considered by the model, were 

estimated from soil texture, bulk density and rock content using the 

procedure of Basso et al. (2011). The carbon stock output data (Mg C 

ha-1) from the model, was converted to Mg CO2-eq ha-1 using the 



Contribution II 

54 

atomic mass of carbon (12 g mol-1) and carbon dioxide (44 g mol-1) as 

well as the Global Warming Potential (GWP) of carbon dioxide per 

unit equal to one (IPCC, 2007). The equation is as follows: 

 

𝐶𝑂2 − 𝑒𝑞 ℎ𝑎−1 = 𝐶 ∗ (
44

12
) ∗ 𝐺𝑊𝑃                                    (2) 

 

2.4 Carbon balance 

The GHG emissions calculation are based on the CF 

methodology to represent the Mg of CO2-equivalents emitted into the 

atmosphere by the system. The C sequestered in the soil, or the CO2 

lost from the soil as result of microbial decomposition of C is based 

on the SALUS model. Positive CB values represent carbon sources 

and negative values represent carbon sinks (Peng et al., 2023). 

To determine grove CB the carbon output (from CF) and the 

carbon input (from SALUS) were summed. 

 

𝐶𝑎𝑟𝑏𝑜𝑛 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 [𝑀𝐺 𝐶𝑂2𝑒𝑞 ℎ𝑎−1] = 𝐶𝐶𝐹𝑖 + 𝐶𝑆𝑖         (3) 

 

where 𝐶𝐶𝐹𝑖 the CO2-equivalents emitted into the atmosphere by the i 

scenario and 𝐶𝑆𝑖 is the CO2-equivalents sequestered into the soil by the 

i scenario. To aggregate data from the LCA analysis, the dynamic (i.e., 

C sequestered or lost on a yearly base) output from SALUS was 

averaged across years. 

3 Results 

The average fresh weight fruit yield measured in the study site 

was on average 28 and 32 Mg ha-1 yr-1 of fresh product for REG and 

CON respectively. The sum of the orange yield and pruning material 

expressed as dry weight corresponds on average to 8.6 ton/ha of dry 

matter for the REG and 9.9 for the CON. The potential average grove 
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lifespan of the area is about 50 years (Pergola et al., 2013). The yield 

variations between CON and REG do not affect the carbon balance 

results of this study, as the oranges are removed from the systems, 

resulting in a neutral impact on CO2 sequestration versus CO2 

emissions from the fresh oranges. 

3.1 Carbon Footprint 

The CF value for our conventional (CON) and regenerative 

(REG) groves were 4.21 and 1.07 Mg CO2-eq ha-1 yr-1, respectively. 

Over the full production study phase of 13 years these values were 

54.75 Mg CO2-eq ha-1 and 13.95 Mg CO2-eq ha-1. 

The main carbon emission sources are shown in Figure 2. In the 

CON scenario, the production of fertilizers and pesticides constituted 

84% of the total CF (materials production Fig. 2), of which synthetic 

fertilizers contributed 99%. Irrigation water and water used for 

pesticide application was 12% of the total CF of which irrigation 

essentially contributed all. The application of fertilizers and pesticides 

to the field and weed control performed with synthetic products once 

a year, had a contribution of 3% to the total CO2-eq impact. The 

contribution of materials transported from the site of purchase to the 

farm was negligible (< 1%) due to the short distances involved. 
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Figure 2 Main carbon emission sources (%) from the carbon footprint 

assessment for the conventional (CON) and regenerative (REG) grove. 

 

For the REG scenario analysis, 40% of the total CF resulted from the 

production of fertilizers and pesticides, of which 21% was from 

fertilizers and the remainder from crop protection products. Irrigation 

and water used for pesticide treatments contributed about 35%, with 

irrigation the major contributor. Fertilizer and pesticide application, 

mechanical weed control and cover crop management contributed 

22% in total (cultural operation, Fig. 2). In particular, cover crop 

management (sowing, seed burying, and spring mowing) made up of 

8% of the total CF, and prune residue shredding 4%. Materials 

transported from the site of purchase to the farm, as with CON was 

very low and contributed only 1%. Figure 3 provides a detailed 

overview of the average annual emissions (Mg CO2-eq yr-1) from the 

various contributing inputs and activities for the CON and REG 

orange groves. 
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Figure 3 Emissions (Mg CO2-eq yr-1) from the inputs and activities used in the 

conventional (CON) and regenerative (REG) orange groves. 

 

3.2 SALUS model 

3.2.1 Yield and biomass productivity 

The SALUS model simulations provided data for orange yield 

and pruning residue biomass on an annual basis. The annual total 

biomass production (sum of orange yield and prunings) was on 

average 9.7 and 8.2 Mg dry matter ha-1 yr-1 for the CON and REG 

scenarios, respectively, with annual biomass production ranging 

between 8.4 and 11.0 Mg DM ha-1 yr-1 for CON and between 6.1 and 

9.8 Mg DM ha-1 yr-1 for REG (supplemental material Fig. S2). The 

cover crop used in the REG scenario produced an annual total biomass 

of 5.0 Mg DM ha-1 yr-1 and was terminated in mid-April, leaving all 

the material on the soil surface. 
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3.2.2 Carbon sequestration 

The SALUS model output provides the total soil organic carbon 

(Mg C ha-1) in the top 30 cm soil layer. Two clear trends were evident; 

the REG scenario sequesters carbon each year during the entire 13-

year period, with SOC increasing from 33.4 to 39.1 Mg C ha-1, with 

an annual rate of accumulation of 0.43 Mg C ha-1 yr-1. The CON 

scenario shows the opposite trend, with 6.0 Mg C ha-1 lost over the 13 

years, an annual rate of loss of 0.46 Mg C ha-1 yr-1 (Fig. 4). 

 

 

Figure 4 Total soil organic carbon (Mg C ha-1) accumulation or loss in the orange 

grove soil (0-30 cm) over the 13-year experiment, as simulated by the SALUS 

model.  

Different colors represent the conventional (CON) and regenerative (REG) 

management. 
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3.3 Carbon balance 

Orange grove carbon balance (CB) is the sum of the carbon 

footprint (CF) and the SOC gain or loss in the soil (i.e., the C stock 

change over 13 years determined from SALUS output). In the CON 

system, a CF of 4.21 Mg CO2-eq ha-1 yr-1 and a SOC loss of 1.66 Mg 

CO2-eq ha-1 yr-1, gives a CB of +5.88 Mg CO2-eq ha-1 yr-1, an overall 

emissions source. In contrast, the REG scenario, with a CF of 1.07 Mg 

CO2-eq ha-1 yr-1, and a SOC sequestration rate of 1.57 Mg CO2-eq ha-

1 yr-1 resulted in a CB of -0.50 Mg CO2-eq ha-1 yr-1 (Fig. 5). 

 

Figure 5 Overall components of the carbon balance (CB) in conventional (CON) 

and regenerative (REG) management.  

Panel A represents the carbon footprint (CF) while panel B the SOC sequestration or 

loss, both expressed as Mg CO2-eq yr-1. Panel C represents the CB as determined by 

equation 2. 
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4 Discussion 

Our approach for the first time in citrus crop production, 

combined a carbon footprint (CF) analysis based on Life Cycle 

Assessment (LCA) with biophysical modelling (SALUS crop model) 

of soil organic carbon (SOC) sequestration. This comprehensive 

framework allowed us to compare the carbon balance (CB) of two 

Sicilian orange groves, one under conventional (CON) and the other 

under regenerative (REG) management. 

4.1 Life Cycle Inventory Analysis 

Our results showed that REG management generates a lower 

CF than CON (1.07 vs. 4.21 Mg CO2-eq ha-1 yr-1, respectively), nearly 

solely due to the emissions associated with fertilizer and pesticide 

production and transport in the CON system (0.36 and 3.55 Mg CO2-

eq ha-1 yr-1 in REG and CON, respectively), which in turn was nearly 

all due to the fertilizer contribution. This agrees with Zhao et al., 

(2021) who found that, in Chinese fruit groves, the majority of GHG 

emissions were due to synthetic fertilizer production, and Aguilera et 

al. (2015) in Spanish citrus groves who determined that fertilizer 

production was the largest component of the GWP of the system under 

conventional management. 

Under REG management, synthetic fertilizer was replaced with 

organo-mineral fertilizers, with the annual N input reduced from 252 

kg N ha-1 to 60 kg N ha-1 (Table S1). In addition, the organic nitrogen 

coming from the cover crop is on average 130 kg N ha-1, that arises to 

~190 kg N ha-1 the average amount of N applied to REG. This N rate 

reduction may have contributed to the 12.5% lower annual fruit yield 

in the REG (28 Mg ha-1 yr-1) compared to the CON (32 Mg ha-1 yr-1) 

system. While lower fruit yield may typically represent a potential 

reduction in revenue for the farmer, the cost savings from reduced 

fertilizer purchase for the REG system and the potential premiums that 



Contribution II 

61 

can be obtained from the marketing of the product as 'carbon neutral' 

could compensate beyond this potential loss. Also, while not 

quantitatively evaluated, below we note some of the other economic 

advantages of REG over CON with regards to management 

differences. Under REG, irrigation events were initiated according to 

the rainfall patterns in the area, leading to 25% less total irrigation 

water applied than in the CON system, reducing the GHG emissions 

from 0.51 to 0.38 Mg CO2-eq ha-1 yr-1. While the same machinery was 

used to apply pesticides in both systems there were more interventions 

for pesticide application in CON. According to Cerutti et al. (2014), 

electricity consumption related to irrigation and the use of machinery 

accounts for an important fraction of the total impact in fruit 

production, therefore irrigation reduction translates into 

environmental and economic benefits. Due to identical practice, the 

CF did not differ under both scenarios for mechanical weed control 

and for the transport of materials from the point of purchase to the 

farm. In the REG system, tillage was also carried out for cover crop 

termination and the shredding of pruning residues. Although these 

interventions are additional, their impact on overall CF is small and 

insufficient to offset the emissions associated with fertilizer 

production and management activities in the CON system. 

4.2 SALUS modeling 

The average SOC stock change over the 13-year study was a 

loss of 1.66 Mg CO2-eq ha-1 yr-1 in the CON orange grove and a gain 

of 1.57 Mg CO2-eq ha-1 yr-1 in the REG orange grove. Regenerative 

management converted the orange grove soil from a carbon source to 

a carbon sink. In this case, the SOC dynamics are clearly influenced 

by the annual organic inputs to the soil. While the CON scenario does 

not guarantee any inputs to the soil (beside the primary annual roots 

degradation), the REG system provides an annual positive carbon 

input from the pruning residues retention and the cover crop. These 
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annual organic biomass inputs are gradually incorporated into the soil, 

initially becoming part of the FOM and, to an extent based on soil 

moisture, temperature, and nitrogen availability controls, eventually 

being incorporated into the SOM pools (Fig. 1), leading to a gradual 

C stabilization in the soil. Quantification of the C inputs coming from 

cover crops and pruning in woody groves is therefore a research 

priority, and essential for calculating their C footprint and C balance 

(Torrús-Castillo et al., 2023). As part of the process that transforms 

fresh biomass into stabilized SOM pools, the SALUS models uses the 

daily SOM mineralization rates to convert a fraction of the soil C pool 

mass into atmospheric CO2. Under REG management, this carbon loss 

does not offset the rate of C sequestration, and therefore leads to 

carbon accrual over time (Fig. 4). In the CON system, the annual tree 

roots biomass production represents the only C input while the soil 

grove remained uncovered all year long. The result is a net carbon 

decrease where SOM mineralization is not compensated for by carbon 

sequestration (Fig. 4).  

Carbon sequestration potential is also highly dependent on soil 

texture and carbon content (Tadiello et al., 2023), thus soils with 

different characteristics respond differently to organic amendments, 

leading to varied sequestration rates. More data from citrus groves are 

needed to enable our modelling approach to upscale results to larger 

geographic areas of grove production. Figure S2 shows the annual 

average dry matter produced as a combination of orange and pruning 

yield in the CON and REG scenarios. The current version of the model 

does not allow for discrimination between orange and pruning 

biomass; both are included under the annual net biomass production 

of the tree. Although no measured pruning data is available from the 

site, during the 13-year study period, there was a measured reduction 

in orange yield of 12.5% between the CON and REG groves. This is 

very similar to the modeled value of a 15.4% biomass decrease in the 

REG (8.2 Mg dry matter ha-1 yr-1) compared to the CON (9.7 Mg dry 
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matter ha-1 yr-1), which is likely attributable to differences in the 

amounts and types of fertilizers and pesticides used (Table S1). The 

large annual inorganic N input in the CON (224 kg N ha-1) is readily 

available for uptake by the tree, whereas the organic N input in the 

REG is not only substantially lower (60 kg ha-1) but also typically 

requires a further mineralization step before the nitrogen becomes 

available. This is corroborated by SALUS, which indicates that, 

following an organic biomass application, the release of inorganic N 

is variable and highly dependent on changes in mineralization rates, 

which may be influenced by, among other factors, fluctuations in 

climatic conditions (data not shown). 

4.3 Carbon balance 

For the first time, the CB methodology reported in this study 

defines a more detailed and in-depth analysis of the orange grove 

system in terms of avoided emissions and carbon retained in the soil. 

The emission quantification with a carbon footprint or other numerical 

analysis conducted with a modeling tool, if applied alone, cannot 

provide a complete overview of the system. A combined methodology 

using a full cropping system model fills this gap and provides further 

confirmation and stronger evidence for the greater GWP impact of 

CON. While the grove under CON management becomes an annual 

net source of C (CO2-eq), the REG management offsets these 

emissions with the adoption of cover-crops and pruning retention, 

more environmentally sustainable practices. The mean values of +5.88 

(CON) and -0.50 Mg CO2-eq ha-1 yr-1 (REG) therefore, represent a 

more comprehensive quantification of the environmental impact of 

these agronomic practices than previously determined, and we suggest 

that our combined methods should represent a standard approach to 

this type of evaluation going forward. The yield reduction from the 

REG system may lead to land use changes; however, in the case of 

oranges, there is actually an overproduction. This overproduction has 
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driven the prices of conventional oranges to nearly economically 

unsustainable levels for farmers. Frequently, oranges are not harvested 

due to the high labor costs compared to the returns from orange sales. 

Even considering potential indirect land use changes, Sicily faces no 

risk of deforestation. Any land use change would likely involve 

shifting from annual crops like wheat, which currently emit more 

carbon than they sequester due to low carbon accumulation in soils 

and higher emissions from agrochemical applications. 

Below, we compare our results with some of the few other 

studies on SOC dynamics in Mediterranean citrus groves and other 

fruit tree orchards. For a common scheme used to define ecosystem 

carbon flux pathways and their definitions, see Zanotelli et al., 2018. 

Our study results showed a similar range to a study in Catania, Sicily, 

where Liguori et al. (2009) compared a traditional 14-year-old blood 

orange tree grove with an intensive 12-year-old navel orange. The 

overall carbon balance (NPP of the tree and ground cover minus soil 

respiration and residue decomposition), was almost four times higher 

in the intensive system (6.6 Mg CO2-eq ha-1 yr-1) compared to the 

traditional one (1.8 Mg CO2-eq ha-1 yr-1), mainly due to large 

differences in soil respiration. Similarly, in a seven-year study in 

peach orchards in southern Italy, Montanaro et al. (2016) compared 

local conventional management practices (tillage, pruning residues 

removal, mineral fertilizers applied) with sustainable management 

(zero-tillage, weed mowing, above-ground residue retention, organic 

amendments) and found that the C stock (SOC and litter) increased at 

a mean rate of 5.3 Mg CO2-eq ha-1 yr-1 under sustainable management, 

but only 0.3 Mg CO2-eq ha-1 yr-1 under conventional management. 

These results corroborate our findings, highlighting the benefits of 

retaining pruning residues, adding organic inputs, and 

introducing/maintaining cover crops or other natural vegetation. 

Besides the previously cited studies, literature on carbon balance in 

orchards is very limited, except for olive groves. Here too, previous 
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authors have emphasized the positive impact of green cover and 

organic amendments (Chamizo et al., 2017; Torrús-Castillo et al., 

2023) on GHG emissions mitigation through increased carbon 

sequestration.  

The fact that tree pruning management and cover crop adoption 

are also effective strategies for carbon sequestration proves that these 

elements are essential in an orange orchard and align with the new 

2023-2027 CAP recommendations (Regulation (EU), 2021/, 2115). 

Further work should consider the entire lifespan of the groves to 

understand the carbon dynamics at all growth stages, scale up the 

results to larger geographic areas to better represent the significance 

of citrus production, and further develop an economic component to 

the analysis. This would better help farmers and other stakeholders 

understand the implications of adopting regenerative practices on their 

land. Such analyses could include product labeling to promote the 

environmental benefits of the products to consumers, and 

opportunities for farmers to engage in environmental markets. 

5 Conclusions 

Adopting regenerative management (i.e., retaining pruning 

residues, applying organic amendments, planting cover crops or 

allowing natural vegetation to grow, and reducing synthetic inputs) 

can convert soils in orange groves from a carbon source to a carbon 

sink, and reduce their overall carbon footprint and carbon balance. 

Increased soil carbon sequestration in these geographically large and 

economically important agro-ecosystems will contribute to the climate 

neutrality goal of the European Union by 2050, and in doing so can 

offer opportunities to farmers to benefit financially for their land 

stewardship. 
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Supplementary Materials 

 

 

Figure S1a Resources, materials and operations included in the system boundaries of conventional orange cultivation. Different 

color lines depict separate phases and the intersection points. 
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Figure S1b Resources, materials and operations included in the system boundaries of regenerative orange cultivation. 
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Table S1 Annual citrus grove data inventory (CON= Conventional grove; REG= Regenerative grove). The data is provided by a 

farmer survey. 

 

Source Measure unit CON REG 

Fertilizers 

NPK fertilizer - inorganic nitrogen kg N ha-1  132 0 

NPK fertilizer - inorganic phosphorus fertiliser kg P2O5 ha-1 264 0 

NPK fertilizer - inorganic potassium fertiliser kg K2O ha-1 192 0 

Urea  kg N ha-1 92 0 

Potassium nitrate kg KNO3 ha-1 200 0 

Organic nitrogen kg N ha-1 0 60 

Organic phosphorus fertiliser kg P2O5 ha-1 0 120 

Organic potassium fertiliser kg K2O ha-1 0 60 

Calcium from organic fertilisers kg Ca ha-1 0 156 

Carbon from organic fertilisers kg C ha-1 0 344 

Pesticides 

Fosetyl-Al kg ha-1  1.2 0 
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Pesticide, unspecified 0.09 0 

Glyphosate 0.34 0 

White mineral oil 20 80 

Copper 1.5 0 

Fuel 

Diesel kg ha-1 29.23 50.1 

Water (irrigation) 

Water 1 m3 1.8 1.2 

Seed 

Faba bean seed2 kg ha-1  100 

Management (cultural operation)3 

Fertilizing 

number of events 

per hectare  

2 2 

Weeding 1 1 

Plant protection 3 2 

Cover crop sowing  1 

Cover crop shredding  1 



Contribution II 

80 

Chopping pruning residues  1 

Irrigation4 m3 2304 1728 

Transport 

Transport, lorry 7.5-16 t, EURO45 
t*km 

36.13 36.8 

Transport, lorry 7.5-16 t, EURO56 0.58 1 

 
1Water consumption refers to usage for pesticide treatments. Water used for irrigation and ferti-irrigation is included in the "irrigation" 

process. 
2.The faba bean seed refers to the cover crop grown in the regenerative orange grove,  
3Modelling of the processes was carried out, as suggested by Nemecek and Kägi (2007), taking into account the life cycle of fuel 

consumption, the agricultural machinery used and the shed attributed to each operation, as well as the emissions into the air due to 

combustion and those into the soil due to the abrasion during work. For cultivation operations repeated several times during the year, the 

number of applications has been specified. 
4 An existing model in Ecoinvent 3.9.1 was used for irrigation estimate due to the impossibility of collecting field data. The pump that feeds 

the irrigation system of the citrus grove is also used to irrigate other crops grown by the farmer so the only primary data in this case is the 

amount of water used.  
5 Transport of fertilizers, crop protection products and seed from the delivery point to the field with a distance of 40 km.  
6 Transport of fuel from the delivery point to the field with a distance of 20 km. 
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Table S2 Default SOC kinetics parameters adopted for the SALUS model used to estimate SOC changes in the CON and REG 

orange groves. 

 

Parameter  Description Unit Value 

ActO2CO2 Fraction of respired C through decomposition of active SOM pool g g-1 0.66 

ActOrg Turn-over rate of active SOM pool g g-1 day-1 0.015 

Intr2CO2 Turn-over rate of active SOM pool g g-1 day-1 0.66 

kResOrg Turn-over rate of resistant SOM pool g g-1 day-1 0.0000391 

KSloOrg Turn-over rate of slow SOM pool g g-1 day-1 0.000137 

Mlch2Sl Maximum rate of transfer of mulch C to the mineral soil top layer  g g-1 day-1 0.015 

Rapd2CO2 Fraction of respired C through decomposition of Rapid FOM pool g g-1 0.66 

SloFOMAb& Turn-over rate of slow FOM belowground C pool g g-1 0.0071 

SlowFOMBl# Turn-over rate of slow FOM belowground C pool g g-1 day-1 0.010 

SloO2CO2 Fraction of respired C through decomposition of slow SOM pool g g-1 0.66 

Slow2CO2 Fraction of respired C through decomposition of slow FOM pool g g-1 0.66* 

$ Turn-over rates of aboveground (i.e., mulch) intermediate and slow FOM pools are calculated by the model as 1.7 and 18.2 times 

this rate, respectively. 
# Turn-over rates of belowground intermediate and slow FOM pools are calculated by the model as 2 and 20 times this rate, 

respectively. 
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Figure S2 Boxplot of the annual total biomass production (Mg of dry matter ha-

1 yr-1) including orange yield and pruning biomass, for the conventional (CON) 

and regenerative (REG) orange grove. 
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Abstract 

Carbon sequestration in agricultural soils is essential for sustainable 

agriculture, contributing to the achievement of the Sustainable 

Development Goals and combating climate change. The Voluntary 

Carbon Market (VCM), designed to encourage farmers to implement 

sequestration practices, is a recent innovation in Europe, in contrast to 

the well-established American system. Consequently, there is limited 

understanding of farmers' intentions to participate. The study analyzes 

farmers' willingness to participate in VCM and the influencing factors 

through the Extended Theory of Planned Behavior (ETPB). For this 

purpose, data were collected from 241 Italian farmers located in the 

Sicily region and the partial least squares structural equation model 

(PLS-SEM) was applied. The results show that Attitude, Perceived 

Behavioral Control and Knowledge of VCM have a statistically 

significant influence on farmers' intention to participate in VCM. In 

contrast, Subjective Norms and Perceived Environmental Risk do not 

have a statistically significant influence. Our findings suggest that 

farmers' intention is strongly influenced by confidence in their 

capabilities and knowledge of the topic. This should guide 

policymakers and practitioners to offer extension services and 

technical assistance, helping farmers understand the potential of the 

VCM. Indeed, limited knowledge is a major barrier to participation in 

this initiative. 

 

Keywords 

Carbon market, Carbon sequestration, Farmer, Agriculture, 

Willingness to participate, Theory of planned behavior model. 
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1 Introduction 

Agriculture, one of the main sectors directly and indirectly 

linked to the Sustainable Development Goals (SDGs) (Pandey and 

Pandey, 2023), requires a holistic approach to develop production 

models that sustain both people and the planet. The absence of this, in 

the agricultural pattern design, may achieve certain SDGs while 

compromising others. For instance, focusing solely on maximizing 

yields might reduce poverty and hunger but could overlook the 

environmental impacts associated with increased use of production 

inputs. (Chaudhary and Krishna, 2024). Hence, to ensure food 

security, life on earth and address climate challenges, agricultural 

innovation must prioritize improving water retention and filtration, 

increasing biomass production and promoting carbon sequestration 

capabilities (Lal, 2016). The latter, in addition to playing a key role in 

the SDGs, is the centerpiece of the Paris Agreement's climate actions 

and the global "4 per 1000 Initiative”, which aims to increase soil 

organic carbon by 4% annually and keep global warming below 1.5º 

from pre-industrial level (Soussana et al., 2019). Within the European 

Union, these objectives have been formalized in the proposed 

regulation "Establishing a Union certification framework for 

permanent carbon removals, carbon farming and carbon storage in 

products" (European Commission, 2024) aimed at achieving carbon 

neutrality by 2050. The transformation of agricultural systems from 

sources to carbon sinks is also supported by the Common Agricultural 

Policy (CAP), which obligates EU member states to support carbon 

farming practices and take care of climate needs (McDonald et al., 

n.d.). These ambitious global goals are closely tied to the promotion 

of the emerging Voluntary Carbon Market (VCM) as an attractive 

element for farmers in implementing carbon sequestration practices 

and adopting climate-smart agriculture. Although there is no 

universally accepted definition, VCM can be described as a market 
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where companies and individuals aiming for climate neutrality can 

buy carbon credits to offset their emission, outside of compliance 

requirements. The potential role of agriculture is to generate offset 

credits through the implementation of sequestration projects. Despite 

its emergence in the late 1990s, the VCM is still in a developmental 

and transitional phase, facing significant challenges. On the supply 

side, barriers to participation in VCM such as reliable carbon 

accounting, assurance of additionality and permanence of carbon in 

agricultural soils, and potential reversal of stored carbon are likely to 

target farmers' confidence and willingness to participate (Kreibich and 

Hermwille, 2021). On the demand side, there are concerns about 

companies using carbon credits for greenwashing. They often rely on 

the VCM to offset their emissions rather than actively engaging in 

reduction efforts (Kreibich, 2024). Despite the benefits, participation 

in VCM is limited due to reduced knowledge about its operation and 

climate change (Chi et al., 2021). In addition, the difficulty of 

synthesizing scientific knowledge on carbon sequestration is one of 

the major challenges for policymakers in proposing a framework of 

practice for carbon stocks (Derrien et al., 2023). Making the VCM 

accessible would require international agreements to regulate the 

production, sale, and purchase of carbon credits. Currently, the 

issuance of non-equivalent credits, often transacted through online 

platforms and calculators without guarantees, undermines farmers' 

confidence in the transparency and soundness of the system (Oldfield 

et al., 2022). At present, VCM rules are governed by the private sector 

and organizations like Verra, Gold Standard, Soil Capital, Soil Heroes 

etc., through carbon codes (Black et al., 2022). The latter often 

discourage farmers from participating because they are difficult to 

follow, especially for small and medium-sized farms. These codes are 

structured to sequester huge amounts of carbon, making them feasible 

only for large farms, which do not reflect the European context. 

Government policy distanced itself from farmers, assuming that 
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market forces alone would be sufficient to encourage their 

participation in the VCM and drive change, without addressing for 

their potential reluctance (Amin et al., 2023). Indeed, there has been 

little investigation into the factors that encourage or deter farmers from 

participating, overlooking the fact that without their willingness, the 

VCM might not expand and could even collapse (Gramig and 

Widmar, 2018).  

The available literature on VCM primarily focuses on 

sequestration practices (Block et al., 2024b, 2024a; Felton et al., 2023) 

and the associated barriers or opportunities (Buck and Palumbo-

Compton, 2022; Davidson, 2022) in order to understand their 

implications for participants. (Raina et al., 2024) reviewed payment 

systems in the agricultural sector to identify the most profitable 

practice-payment scheme for farmers engaged in carbon farming. 

Furthermore, Pudasaini et al. (2024) analyzed the economic 

opportunities for the agricultural sector, considering the costs of 

implementing sequestration projects and the value of carbon credits 

established by national and international carbon registries. Koumpli 

(2023) analyzed the fungibility of carbon credits, the security of 

transfer from seller to buyer, mediation processes, potential for 

compensation, and the handling of insolvency to ensure the proper 

functioning of the VCM. Additionally, a recent study (Phelan et al., 

2024) examined UK farmers' willingness to participate in carbon 

sequestration programs, finding that while they may adopt beneficial 

practices, this does not necessarily translate into a readiness to engage 

in the VCM. Instead, these practices are mainly aimed at cutting costs 

related to synthetic inputs rather than addressing climate change 

mitigation, partly due to the stringent requirements of carbon codes 

and uncertainties about the future of the VCM. This demonstrates how 

farmers still do not perceive the VCM as a business image enhancer 

and a driver of innovation and sustainability. Participation could lead 

to indirect benefits such as access to a market reserved for sustainable, 
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carbon-negative products and a better bank rating, in addition to the 

direct economic benefits of generating carbon credits.  

While the scientific community is increasingly focused on the 

implications of the VCM, a notable gap exists in understanding 

farmers' motivations and willingness to participate. For this reason, 

the novelty of the study is the identification and analysis of factors 

influencing farmers' intentions to participate in VCM, since 

understanding farmers' attitudes is useful for designing policies and 

practical guides to mitigate climate change. To achieve this, a survey 

based on the Theory of Planned Behavior (TPB) was conducted 

among Sicilian farmers. TBP is considered a useful theory since it 

incorporates attitudes, social normative and controlling factors that 

influence behavior (Rivis et al., 2009). It predicts and explains human 

behavior in specific contexts (Block et al., 2024b) and therefore 

enables the study of non-habitual attitudes in which the individual's 

decision-making process is the determinant (Ajzen, 1991). Given the 

demonstrated effectiveness of TPB in predicting behavioral 

intentions, as evidenced by several studies (Barbera and Ajzen, 2020; 

Bonke and Musshoff, 2020), investigating the attitudes that could 

influence farmers' willingness to participate in VCM would assist 

policymakers in better defining its parameters in the European Union. 

As mentioned above at the moment the European Commission has 

issued a regulatory proposal for a carbon sequestration certification 

scheme that paves the way for the creation of a European VCM.  

We chose Sicilian farmers as study participants since the 

Mediterranean basin is recognized as one of the richest but also most 

susceptible areas to climate change (Butti Al Shamsi et al., 2018). 

Sicily, located at the center of this basin, has the potential to become 

a model for innovative agriculture, where farmers can drive progress 

through VCM participation, contribute to climate change mitigation, 

and achieve economic benefits. To reach climate neutrality, all 

European Union countries are mandated by the Green Deal to promote 
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carbon sequestration practices (European Commission, 2021). 

Therefore, analyzing the behavioral factors influencing Sicilian 

farmers' willingness to participate in VCM opens the door for similar 

studies in other European countries. 

2 Materials and Methods 

2.1 Conceptual framework 

The TPB, derived from the Theory of Reasoned Action (TRA) 

(Fishbein and Ajzen, 1977), was introduced by Ajzen in 1991 with the 

aim of understanding and predicting human behavior. It analyzes an 

individual's intention to perform a certain behavior (Block et al., 

2024b) and addresses the shortcomings of TRA in explaining and 

predicting social behaviors where individuals have limited control or 

imperfect intention (Ajzen, 1991). For some individuals, despite 

having a positive attitude toward a behavior, it can be challenging to 

put it into practice due to insufficient resources, knowledge, or 

opportunities (Park et al., 2024). In this respect, unlike TRA which 

considers "attitude toward behavior" and "subjective norm," TPB 

introduces a third psychological construct influencing intention: 

"perceived behavioral control" (Ajzen, 1991, 1985). Generally, a 

greater positivity of attitude and subjective norms toward a behavior, 

coupled with a high perception of behavioral control, result in a 

person's stronger intention to display the respective behavior (Block 

et al., 2024b). All three constructs involved in predicting intention are 

context-dependent, meaning they vary based on the behavior and the 

specific situation, and enable the explanation of the individual's 

decision-making process (Ajzen, 1991).  

In this work, TPB is used to assess farmers' intention to 

participate in VCM; therefore, according to the theory, the analyzed 

behavior is the willingness to participate. TPB has been widely used 

to study farmers' decision-making, such as responding to agri-
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environmental policies (Daxini et al., 2019), adopting biodiversity 

conservation practices on farms (Maleksaeidi and Keshavarz, 2019), 

participating in humus programs (Block et al., 2024b) and sustainable 

farmland development (Yin et al., 2022), engaging in biodiversity 

conservation contracts (Greiner, 2015), and adopting low-carbon 

agriculture (Hou and Hou, 2019). Therefore, participation in VCM by 

farmers is an innovation for the literature on the topic.  

To further investigate farmers' decision-making processes, the 

analysis of the influence of attitude (AT), subjective norms (SN), and 

perceived behavioral control (PBC) within the TPB framework was 

extended to include new constructs: Knowledge of VCM (KN) and 

Environmental Risk Perception (ERP). Since the latter could influence 

farmers' willingness to participate in VCM the Extended Theory of 

Planned Behavior (ETPB) was chosen for the study. The constructs 

and their associated assumptions, which reflect the possible aspects 

considered by farmers in the decision-making process, are shown in 

Figure 1. 
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Figure 1 Extended theory of planned behavior 

 

Attitude toward behavior is a latent construct that refers to 

positive or negative evaluation of a behavior (Ajzen, 1985). It is 

determined by behavioral beliefs and the evaluation of outcomes 

associated with that attitude. Behavioral beliefs identify the subjective 

probability that a specific behavior will lead to a particular outcome, 

thereby linking the behavior to specific consequences (Park et al., 

2024). Evaluations of outcomes shape the attitude toward a behavior 

by assigning a subjective value to each outcome. Ultimately, this 

attitude influences an individual's likelihood of engaging in the 

behavior (Ajzen, 2012).  

Subjective norm is a latent construct that refers to perceived 

social pressure to perform or not perform a behavior (Ajzen, 1991). It 

is based on normative beliefs, which involve the approval or 

disapproval of the behavior by reference persons. When an 

individual's friends, family members, or colleagues view a behavior as 
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acceptable, the intention to perform it is stronger. Conversely, if these 

people disapprove of the behavior, the intention to engage in it 

weakens. In the case of farmers, the "neighbor effect," characterized 

by peer recommendations, plays a decisive role in decision making 

(Villamayor-Tomas et al., 2021).  

Perceived behavioral control is a latent construct that refers to 

the perceived ease or difficulty of performing a behavior, influenced 

by factors such as expected obstacles, access to resources, and 

previous experience (Ajzen, 1991, 1985). It is closely related to 

Bandura's (1977) concept of self-efficacy, which is an individual's 

belief in their ability to successfully perform a behavior. Together, 

these concepts suggest that the stronger an individual's sense of 

capability and the fewer obstacles they perceive, the more likely they 

are to engage in a behavior. 

Our hypotheses regarding the effect of Theory of Planned 

Behavior (TPB) variables on the intention to participate in VCM are 

formulated as follows: 

H1: Perceived attitude toward VCM positively influences 

intention to participate in VCM. Farmer with a favorable opinion 

toward the VCM are expected to be willing to participate. 

H2: Subjective Norms regarding VCM positively influence 

intention to Participate in VCM. Farmers who perceive approval from 

colleagues, family or community members are expected to increase 

their intention to participate. 

H3: Perceived Behavioral Control over VCM positively 

influences intention to participate in VCM. Farmers who have 

adequate access to necessary information, resources, and expertise are 

expected to have a strong intention to participate.  

Incorporating new elements into the Theory of Planned 

Behavior (TPB) can provide a better explanation of individuals' 

intentions. Therefore, we included KVCM and ERP as additional 

constructs. Knowledge has been used in the study of farmers' intention 
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(Tama et al., 2021) as well as perceived risks have specific explanatory 

power on farmers' behavior (Ataei et al., 2021).  

Knowledge is a body of information stored in an individual's 

memory about a specific problem or situation (Bagheri et al., 2019). It 

not only influences behavioral intention but also affects behavior itself 

(Tama et al., 2021) by providing individuals with information that 

helps formulate solid arguments about their attitudes toward VCM. In 

this respect the following hypothesis was formulated: 

H4: Knowledge of the VCM positively influences the intention 

to participate. 

Perception of environmental risk can cause individuals to 

engage in pro-environmental behavior as shown by several studies 

(Barbaro et al., 2015; Wang et al., 2020). Since participation in VCM 

requires adopting carbon sequestration practices and adapting 

production systems to high sustainability standards, which positively 

impact the environment, the following hypothesis is proposed: 

H5: ERP has a positive influence on farmers' willingness to 

participate in VCM. 

2.2 Survey design and data collection 

The study sample consisted of farmers in the Sicily region 

(Italy). Participants were recruited through mailing lists managed by 

the University of Catania and agricultural organizations operating in 

the area (Confagricoltura and Confederazione Italiana Agricoltori 

Sicilia), which included farmers who had explicitly expressed their 

willingness to participate in surveys related to the agricultural sector. 

The survey was conducted from April to May 2024 through meetings 

held in the provincial capitals of the region, aimed at interacting with 

farmers and administering the questionnaire.  

Prior to the survey, comprehensive notions on VCM and its 

current status in the European Union was provided to participants by 

professional investigators in agricultural economics. Additionally, 
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detailed information about the study's purpose, procedures, and 

participants' rights was provided. The survey began only after 

informed consent was obtained, ensuring confidentiality of 

information and anonymity in the publication of the results. The 

questionnaire was divided into three parts: the first one asked farmers 

to provide information about their farm characteristics (size and 

production address) and sociodemographic details, including gender, 

age of the owner, and educational qualifications. In the second part, 

farmers responded to statements based on the TPB constructs shown 

in Table 1, using a Likert scale from 1 (strongly disagree) to 5 

(strongly agree). The third part asked them to agree to the terms and 

conditions of the survey. Finally, 278 farmers initially participated in 

the survey, with 37 withdrawing, leaving 241 fully completed 

questionnaires for econometric analysis. Completing the questionnaire 

took an average of 17 minutes, and no support was provided to the 

farmers, ensuring they relied solely on the information given at the 

beginning of the survey. 
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Table 1 Statements and scales used to measure the socio-psychological constructs 

 

Item   Statement Scale (1–5) 

INT1 
I intend to participate in the voluntary carbon 

market in the future 

Strongly 

disagree/strongly 

agree 

INT2 
I plan to participate in the voluntary carbon 

market in the future 

Strongly 

disagree/strongly 

agree 

INT3 
I will participate in the voluntary carbon market 

in the future 

Strongly 

disagree/strongly 

agree 

ATT1 
For me, participating in the voluntary carbon 

carbon market is beneficial to the environment 

Strongly 

disagree/strongly 

agree 

ATT2 

For me, participating in the voluntary carbon 

carbon market can improve the image of my 

farm 

Strongly 

disagree/strongly 

agree 

ATT3 

For me, participating in the voluntary carbon 

carbon market can provide economic benefits to 

my farm 

Strongly 

disagree/strongly 

agree 

SN1 

The other farmers in my community would 

approve of my participation in the voluntary 

carbon market 

Strongly 

disagree/strongly 

agree 

SN2 
My family would approve of my participation 

in the voluntary carbon market 

Strongly 

disagree/strongly 

agree 

SN3 

Agricultural organisations and cooperatives 

would approve my participation in the 

voluntary carbon market 

Strongly 

disagree/strongly 

agree 

PBC1 
I am sure I can participate in the voluntary 

carbon market if I so choose 

Strongly 

disagree/strongly 

agree 
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PBC2 

Access to the necessary information is a 

significant barrier to my participation in the 

carbon market (R) 

Strongly 

disagree/strongly 

agree 

PBC3 
I feel prepared to handle the technical 

requirements of carbon market participation 

Strongly 

disagree/strongly 

agree 

PBC4 

I have access to the resources (information, 

technical support, funding) needed to 

participate in the voluntary carbon market 

Strongly 

disagree/strongly 

agree 

KN1 
I know the environmental benefits of 

participating in the voluntary carbon market 

Strongly 

disagree/strongly 

agree 

KN2 
I have a good understanding of how the 

voluntary carbon market works 

Strongly 

disagree/strongly 

agree 

KN3 
I know techniques to reduce carbon emissions 

on my farm 

Strongly 

disagree/strongly 

agree 

ERP1 
I believe that climate change poses a significant 

threat to agriculture 

Strongly 

disagree/strongly 

agree 

ERP2 
I am concerned about the impact of climate 

change on my farm 

Strongly 

disagree/strongly 

agree 

ERP3 

I believe that not acting to reduce carbon 

emissions can have serious environmental 

consequences 

Strongly 

disagree/strongly 

agree 

INT = intention; ATT = attitude; SN = subjective norms; PBC = perceived behavioral 

control; KN = knowledge; ERP = environmental risk perception. (R) stands for 

reversed item. 

 

2.3 Empirical analysis 

The empirical analysis was performed using a major statistical 
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technique i.e. Partial Least Squares-Structural Equation Modeling 

(PLS-SEM). It was used to investigate the relationships between the 

ETPB constructs and the research hypotheses in the study (Lohmöller, 

1989). Similarly to traditional Structural Equation Modelling (SEM), 

PLS-SEM consists of a measurement model (outer) and a structural 

model (inner) (Capasso et al., 2023). The former examines the 

relationships between latent variables and their indicators, while the 

latter explores the relationships between latent constructs (Venturini 

and Mehmetoglu, 2019). The PLS-SEM approach is used in the 

estimation of complex models with numerous constructs such as the 

TPB. Compared with other empirical approaches it is particularly 

suitable when the sample size is small or when the data do not address 

critical statistical requirements, since PLS-SEM does not require any 

assumptions about the sample distribution (Gallagher et al., 2022; 

Sarstedt et al., 2020). The application of PLS-SEM is also suggested 

when research explores theoretical extensions of pure theory (Hair et 

al., 2019).  

After specifying the measurement model, adequacy was 

confirmed through criteria including factor loadings >0.5, Cronbach's 

alpha >0.7 and Rho A >0.7 (indicator reliability). The convergent and 

discriminant validity of the constructs were also evaluated. The former 

achieved when the Average Variance Extracted (AVE) of the 

constructs is higher than or equal to 0.5 while the latter is achieved 

using the Fornell-Lacker criterion where the square root of AVE is 

compared with the correlation of the latent constructs (Gallagher et al., 

2022).  

The structural model was evaluated on the basis of path 

coefficient values and their statistical significance (Venturini and 

Mehmetoglu, 2019). All statistical analyses were performed with Stata 

15. 
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3 Results 

3.1 Descriptive statistics 

The sample included 241 respondents, with a majority being 

male (80.5%). The age distribution was relatively balanced: 36.1% 

were aged 55 and above, 34.0% were under 40, and 29.9% were 

between 40 and 55 years old. In terms of education, nearly half of the 

participants (41.9%) held a bachelor's degree, and 8.3% had obtained 

a postgraduate degree (master's or doctorate). Regarding farm size, 

most respondents (42.7%) managed farms larger than 20 hectares, 

while 22.8% operated on less than 5 hectares (Table 2). 

In the context of our study on the VCM, the measured constructs 

exhibited high mean scores, as reported in Table 3. Specifically, the 

mean scores ranged from 2.78 (PBC4) to 4.24 (ERP1), indicating a 

range of perceptions among participants regarding the elements of the 

TPB model within the context of the voluntary carbon market. 
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Table 2 Demographic characteristics of the sample 

 

Variable    
Variable 

description 
  

Absolute 

frequency 
 

Percentage 

Frequence 

(%) 

Gender  Male   194  80.5 

 Female  47  19.5 

Age of the conductor 
 < 40 years  82  34.0 

 40 - 55 years  72  29.9 

 55 years and above  87  36.1 

Education  

 Middle school  27  11.2 

 High school  93  38.6 

 Degree  101  41.9 

 Master / PhD  20  8.3 

Farm size (ha) 

 < 5 ha  55  22.8 

 6 - 10 ha  47  19.5 

 11 - 20 ha  36  14.9 

  > 20 ha   103  42.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Contribution III 

100 

Table 3 Mean and standard deviation of the items 

 

Item   Statement 
Mean 

(score)  

Standard 

Deviation 

INT1 
I intend to participate in the voluntary carbon 

market in the future 
3.18 1.23 

INT2 
I plan to participate in the voluntary carbon 

market in the future 
2.83 1.24 

INT3 
I will participate in the voluntary carbon market 

in the future 
2.83 1.26 

ATT1 
For me, participating in the voluntary carbon 

carbon market is beneficial to the environment 
3.60 1.15 

ATT2 

For me, participating in the voluntary carbon 

carbon market can improve the image of my 

farm 

3.50 1.21 

ATT3 

For me, participating in the voluntary carbon 

carbon market can provide economic benefits to 

my farm 

3.39 1.22 

SN1 

The other farmers in my community would 

approve of my participation in the voluntary 

carbon market 

3.19 1.16 

SN2 
My family would approve of my participation in 

the voluntary carbon market 
3.54 1.17 

SN3 

Agricultural organisations and cooperatives 

would approve my participation in the voluntary 

carbon market 

3.37 1.21 

PBC1 
I am sure I can participate in the voluntary 

carbon market if I so choose 
3.28 1.22 

PBC2 

Access to the necessary information is a 

significant barrier to my participation in the 

carbon market (R) 

3.26 1.22 

PBC3 
I feel prepared to handle the technical 

requirements of carbon market participation 
3.00 1.33 
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PBC4 

I have access to the resources (information, 

technical support, funding) needed to participate 

in the voluntary carbon market 

2.78 1.27 

KN1 
I know the environmental benefits of 

participating in the voluntary carbon market 
2.95 1.22 

KN2 
I have a good understanding of how the 

voluntary carbon market works 
2.79 1.22 

KN3 
I know techniques to reduce carbon emissions on 

my farm 
2.85 1.34 

ERP1 
I believe that climate change poses a significant 

threat to agriculture 
4.24 1.03 

ERP2 
I am concerned about the impact of climate 

change on my farm 
4.03 1.12 

ERP3 

I believe that not acting to reduce carbon 

emissions can have serious environmental 

consequences 

3.97 1.19 

INT = intention; ATT = attitude; SN = subjective norms; PBC = perceived behavioral 

control; KN = knowledge; ERP = environmental risk perception 

 

3.2 PLS-SEM results 

The results of the measurement model are presented in Table 4, 

which includes internal consistency (Cronbach's alpha), indicator 

reliability (rho A), and convergent validity (AVE) at the bottom. All 

Cronbach's alpha values exceed the critical threshold of 0.7, indicating 

high internal consistency for the constructs measured in the model. 

The indicator reliability values (rho A) above 0.7 for all constructs and 

the convergent validity values (AVE) all above 0.5 confirming the 

robustness of the measurement model for all constructs. For 

discriminant validity, the Fornell-Larcker criterion results show that 

the square root of the AVE for each construct is greater than the 

correlations with other latent constructs, thus providing adequate 

output (Table 5). Furthermore, the analysis of variance inflation 
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factors confirmed the absence of multicollinearity issues among the 

measured constructs, as shown in Table 6. 

 

Table 4 Measurement model of the PLS-SEM 

Item / Construct     INT   ATT   SN   PBC   KN   ERP 

INT1 
 0.922           

INT2 
 0.931           

INT3 
 0.932           

ATT1 
   0.880         

ATT2 
   0.920         

ATT3 
   0.911         

SN1 
     0.874       

SN2 
     0.922       

SN3 
     0.911       

PBC1 
       0.871     

PBC2 
       0.794     

PBC3 
       0.880     

PBC4 
       0.858     

KN1 
         0.933   

KN2 
         0.934   

KN3 
         0.918   

ERP1 
           0.909 

ERP2 
           0.923 

ERP3                       0.883 

Cronbach α  0.888  0.920  0.886  0.873  0.920  0.890 

rho_A  0.889  0.921  0.886  0.877  0.923  0.922 

AVE   0.817   0.862   0.815   0.725   0.862   0.817 

INT = intention; ATT = attitude; SN = subjective norms; PBC = perceived behavioral 

control; KN = knowledge; ERP = environmental risk perception. 
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Table 5 Discriminant validity with the Fornell-Larcker criterion 

  ATT   INT   SN   PBC   KN   ERP 

ATT 1.000           

INT 0.434  1.000         

SN 0.575  0.355  1.000       

PBC 0.483  0.544  0.435  1.000     

KN 0.357  0.492  0.363  0.529  1.000   

ERP 0.429  0.184  0.286  0.254  0.128  1.000 

AVE 0.817   0.862   0.815   0.725   0.862   0.817 

INT = intention; ATT = attitude; SN = subjective norms; PBC = perceived behavioral 

control; KN = knowledge; ERP = environmental risk perception.; AVE = average 

variance extracted. The square root of AVE (last row) for each latent construct should 

be higher than the other correlation values among the latent variables. 

 

Table 6 Structural model - Multicollinearity check (Variance Inflated Factors -

VIFs) 

    INT 

ATT  3.380 

SN  2.646 

PBC  2.855 

KN   2.304 

ERP   1.803 

INT = intention; ATT = attitude; SN = subjective norms; PBC = perceived behavioral 

control; KN = knowledge; ERP = environmental risk perception. Values below 3.3 

indicate an acceptable level of correlation among constructs. 

 

The research hypotheses of our study were tested using the 

structural model of PLS-SEM. The results are illustrated in Figure 2, 

where each oval represents a latent construct and the arrows depict the 

hypothesized relationships between these constructs. 

The analysis revealed that attitude towards VCM has a positive 

and significant effect on the intention to participate (β = 0.235, p < 

0.001). This indicates that farmers with a favorable opinion towards 

VCM are more inclined to participate, thus confirming hypothesis H1. 
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Conversely, subjective norms do not show a significant effect on the 

intention to participate (β = 0.011, p > 0.05), suggesting that the 

perception of approval from colleagues, family, or community 

members does not significantly influence farmers' intention to 

participate, leading to the rejection of hypothesis H2. 

Perceived behavioral control has a positive and significant 

effect on the intention to participate (β = 0.357, p < 0.001), indicating 

that farmers who have adequate access to necessary information, 

resources, and expertise exhibit a strong intention to participate, 

supporting hypothesis H3. Furthermore, knowledge of VCM has a 

positive and significant effect on the intention to participate (β = 

0.301, p < 0.001). This result confirms that a greater understanding of 

how VCM operates increases the intention to participate, thus 

supporting hypothesis H4. 

Finally, environmental risk perception does not have a 

significant effect on the intention to participate (β = -0.019, p > 0.05), 

suggesting that concern about climate change and its impacts does not 

significantly influence the intention to participate in VCM, leading to 

the rejection of hypothesis H5. 

 

 

 

 

 

 

 

 

 

 

 



Contribution III 

105 

 
Note: Significant relationships are marked by bold arrows, and non-significant 

relationships by dotted arrows (*p < 0.05; **p < 0.01; ***p < 0.001). R2 = 0.62. 

Figure 2 Graphical representation of the structural model results 

 

4 Discussion 

The study investigates several factors influencing farmers' 

intention to participate in VCM using socio-psychological model 

(extended version of TPB). VCM studies represent a new frontier in 

agricultural research, with the psychological factors affecting farmers' 

willingness to participate having remained unexplored until now. 

Although extensive literature identifies the Theory of Planned 

Behavior (TPB) as one of the most common socio-psychological 

frameworks for explaining and predicting farmers' intentions through 

their behavior (Despotović et al., 2019; Judge et al., 2019; Wang et al., 

2018), these models do not consider additional constructs such as 

Knowledge and Environmental Risk Perception (Tama et al., 2021).  

The direct and significant impact of attitude on intention shows 

that farmers' evaluation of VCM participation influenced their 

behavioral intention. The more positively the VCM is evaluated, the 
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stronger the intention to participate in it. Many studies have shown 

that Attitude has the highest positive and significant effects on 

intention (Lalani et al., 2016) as well as a positive relationship with 

behavioral intention (Bagheri et al., 2019; Borges et al., 2014). 

Subjective Norms do not have a significant and positive effect 

on intention, meaning that low perceived social pressure does not lead 

to a high willingness to participate in the VCM. Previous research 

(Leduc and Hansson, 2024; Li et al., 2024) found similar results to 

those concluded by this study. Family members, other farmers 

operating in the area, and the community do not play an active role in 

enhancing farmers' intentions. Consequently, low social pressure 

indicates a lack of awareness or popularity (Block et al., 2024b) of 

VCM and its potential for farmers. 

Perceived Behavioral Control has a positive and significant 

impact on intention by demonstrating that confidence in own abilities 

influences farmers' willingness to participate in VCM. This finding is 

consistent with other studies that have applied the theory to examine 

farmers' intentions in different areas (Savari and Gharechaee, 2020; 

Tama et al., 2021). 

Knowledge of VCM is also positively significant for farmers' 

intentions, meaning that the higher the level of knowledge, the greater 

the farmer's willingness to participate. The inclusion of Knowledge in 

intention studies plays a crucial role as demonstrated by many studies 

in different investigated topics (Rezaei et al., 2018; Tama et al., 2021; 

Yazdanpanah et al., 2015).  

Perceived environmental risk does not have a positive and 

significant impact on farmers' intention to participate in VCM. This 

result is surprising given the high average value observed for the 

perception of climate change as a risk to farming. Perceived 

Environmental Risk refers to farmers' awareness of the threats that 

climate change poses to agricultural activities, while intention to 

participate in the VCM reflects the extent of their willingness to 
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engage in efforts to combat this issue. Despite acknowledging the risks 

posed by climate change, farmers did not identify VCM as a viable 

solution for reducing carbon emissions and, consequently, as a means 

of climate change mitigation. In other words, while they are concerned 

about climate change, they do not believe that the VCM will be an 

effective instrument to significantly reduce carbon emissions or 

mitigate these environmental risks. Carbon markets are an example of 

the misalignment between European environmental policies and their 

beneficiaries. The difficulty is aligning environmental initiatives with 

the economic realities of member states. Despite their important goals, 

these policies often face skepticism from entrepreneurs, largely due to 

the economic and bureaucratic burdens they impose (Caradaica, 

2023). A study conducted for the European Commission highlights the 

economic impact of the green transition in member states, particularly 

in southern and eastern Europe. These regions are already 

economically fragile and could face increased hardship due to policy 

changes aimed at mitigating climate change. If environmental policies 

and their economic impacts are not properly managed, they could 

increase farmers' skepticism towards environmental instruments 

(Rodríguez-Pose and Bartalucci, 2023). The discrepancy between 

recognizing environmental risks and perceiving the VCM as an 

effective response highlights the need for targeted communication and 

educational initiatives that clearly connect VCM participation with 

tangible environmental benefits. In addition, the involvement of 

farmers in VCM participation requires careful consideration of the 

economic implications from political spheres.  

The results obtained from the study allow some policy 

implications to be highlighted. VCM in Europe is characterized by 

regulatory frameworks that are still being defined. These frameworks 

are based on a certification scheme built on criteria known as 

QU.A.L.ITY: Quantification, Additionality and baselines, Long-term 

storage, and Sustainability (European Commission, 2024). Currently 
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there is a lack of clarity on the topic and limited information available 

to farmers. The significant influence of Knowledge (KN) on farmers' 

intentions highlights the need for policies that prioritize educational 

programs and awareness-building initiatives. Policymakers should 

consider launching comprehensive educational campaigns to inform 

farmers about the benefits, processes, and potential outcomes of 

participating in the VCM. This could involve creating accessible 

knowledge-sharing platforms and collaborating with agricultural 

extension services to deliver information tailored to farmers' needs. 

Additionally, integrating VCM-related content into existing 

agricultural training programs could enhance farmers' understanding 

and readiness to engage with carbon markets.  

Given the strong impact of Perceived Behavioral Control on 

farmers' intentions, ensuring access to necessary resources and support 

is crucial. This might include offering technical assistance and 

creating pathways to financial resources. Additionally, establishing 

local support networks or cooperatives where farmers can exchange 

knowledge and experiences would further enhance their confidence 

and ability to participate effectively in the VCM. Providing more 

information and practical guides on VCM participation would enhance 

farmers' self-confidence, which already positively affects their 

willingness to participate, potentially increasing it even more. The 

positive impact of Attitude could also be supported by providing 

incentives to farmers, such as reducing the costs of participation in 

carbon registries or establishing appropriate values for carbon credits 

and products recognized as carbon negative through a labeling system. 

The low impact of Subjective Norms on farmers' intentions toward 

VCM suggests that the existing social and communal support for 

adopting these practices is currently insufficient. To address this, 

targeted interventions should focus on strengthening social 

endorsement of VCM through community engagement and the 

promotion of successful case studies. Highlighting the achievements 
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of early adopters can create a ripple effect, gradually shifting social 

norms and boosting overall participation. As with other agricultural 

innovations, the actions of pioneering farmers could play a pivotal role 

in driving broader VCM adoption (Timpanaro et al., 2023). Therefore, 

it is essential to disseminate the results of pilot projects from both 

political spheres and the research community. The agricultural sector 

plays a key role in driving global economies towards net zero, which 

translates into achieving the SDGs and mitigating climate change. 

Therefore, we emphasize three fundamental aspects to consider in 

shaping the VCM in Europe: ensuring access to adequate information 

and resources, making the VCM accessible for small and medium-

sized farms, and creating an incentive system to encourage farmer 

participation. 

Our study provides a significant academic contribution but also 

limits that pave the way for future research opportunities. One of the 

limitations of this study is its relatively small sample size and the focus 

on Sicily alone, which may affect the generalizability of the results. 

Farmers' intentions and behaviors might vary in different regions or 

contexts, so the findings should be interpreted with some caution. 

Additionally, although PLS-SEM does not require normally 

distributed data, non-normality can still influence the accuracy of 

estimates and the overall robustness of the model. Future research 

could enhance the accuracy and validity of findings by expanding the 

sample to include other geographic areas. Additionally, another 

limitation is the focus on intentional behavior to participate in VCM 

instead of actual participation since there are no plans for farmers to 

participate in VCM in the study area as a result of a regulatory 

framework that is still evolving. Studying farmers' intention with 

participation in place would provide a better understanding of 

behavior. Investigating the influence of other external factors such as 

moral norms and policy changes could also contribute to a more 

comprehensive explanation of the dynamics influencing farmers' 
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decision-making toward VCM. 

5 Conclusions 

The application of the extended TPB model to farmers in the 

agroeconomic context of Sicily revealed the influence of attitude, 

subjective norms, perceived behavioral control, knowledge and 

perceived environmental risk in shaping their intentions. The results 

indicate that policymakers and practitioners should consider the 

following points when developing a framework for the European 

Voluntary Carbon Market: (i) Recognizing incentives for farmers 

willing to participate in the VCM and engage in carbon sequestration, 

which would increase their intention to participate. (ii) Creating a 

network for sharing information on the characteristics and operation 

of the VCM, along with providing appropriate technical support for 

participation, to enhance farmers' confidence in their capabilities. (iii) 

Addressing the knowledge gap on the topic and the climate change 

mitigation potential offered by participation in sequestration programs 

and the VCM. The current international VCM scenario does not reflect 

the possibilities of European small and medium-sized farms, so policy 

spheres should pay attention to the relationship between farm size and 

access capacity. Farms of this size often have limited financial, 

human, and technical resources and may not have access to adequate 

information, resulting in an inability to meet the cost of certification 

to participate in the VCM and uncertainty regarding the return on 

investment. Additionally, farmers often do not have a correct 

perception of the potential for climate change mitigation through 

carbon storage in agricultural soils. Rural Development Programs, 

although they contain initiatives to achieve climate neutrality, are 

often misleading about the connection between mitigation and carbon 

sequestration. Therefore, initiatives to support this knowledge are 

needed. Establishing a European VCM would provide official 

recognition for farms engaged in climate change mitigation by 
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rewarding their sustainability efforts. Furthermore, aligning European 

policies with private sequestration certification initiatives would 

accelerate the achievement of climate goals and support the transition 

to sustainable agriculture. Finally, participation in the VCM would 

stimulate a process of innovation among farmers by spreading the 

adoption of large-scale sequestration practices. 

Despite the main limitations of the study such as the prediction 

of intentional rather than actual behavior and a small sample, the study 

offers important insights for future research. These include the 

analysis of other agricultural contexts in Italy and Europe, the 

definition of the costs of participation in the VCM for farmers, and the 

potential economic benefits for the agricultural sector. 
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Abstract 

Carbon sequestration in agricultural soils is identified by the European 

Commission to achieve climate neutrality by 2050. Through the 

Carbon Market (CM), it can be commoditized by trading carbon 

credits to offset emissions from anthropogenic activities, and citrus 

groves offer this opportunity through the implementation of 

regenerative agriculture practices. Despite the goals set in Europe, the 

available literature shows a gap on CM's economic opportunities for 

farmers. The study undertakes techno-economic analysis of 

conventional (CON) and regenerative (REG) orange farms in Sicily 

(Italy) considering the business-as-usual condition, participation in the 

Voluntary Carbon Market (VCM), and the hypothetical scenario of the 

agricultural sector's inclusion in the Compliance Carbon Market 

(CCM). The results show REG has lower profitability than CON in all 

scenarios considered. Profit is reduced by 10% and 20% moving from 

status quo to VCM participation and by 11% and 9% from business as 

usual to CCM for CON and REG, respectively. CM despite its 

attractiveness has numerous barriers to entry for small farms therefore 

needs adaptation to the characteristics of the European agricultural 

sector. Low-carbon products would also deserve attention from 

policymakers in order to recognize a premium price to farmers for 

their climate change mitigation efforts.  

 

Keywords 

Carbon Market, Regenerative Agriculture; Sensitivity Analysis, 

Economic assessment, Sustainability 
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1 Introduction 

The ambitious goal of achieving climate neutrality in Europe 

finds managing carbon budget in agricultural soils the winning tool for 

net zero emissions. The “4 per 1000” initiative defined in the 2015 

Paris Agreement supports offsetting anthropogenic CO2 emissions 

through storage in agricultural soils (Soussana et al., 2019). 

Consequently, the European Commission has focused its attention 

through the Carbon Farming initiative on carbon sequestration as a 

policy option for achieving climate neutrality by 2050 (European 

Commission, 2021). Carbon sequestration and offsetting, however, 

remain conceptually distinct: the former can be used to increase soil 

organic carbon or to reduce soil emissions without reducing emissions 

from other activities i.e. without being used for offsetting purposes 

(Berta and Roux, 2024). In order to do so, it is necessary to resort to 

the carbon pricing instruments, i.e. Carbon Market (CM). It represents 

a GHG emission reduction mechanism in which carbon offsetting is 

the reduction of CO2 emissions or an equivalent removal of CO2 (CO2-

equivalents) (Kooten and Zanello, 2023). Incorporating carbon 

sequestration into the analytical framework of environmental 

economics, through the creation of an accounting system with 

emissions and carbon sequestration, has led to the creation of 

agricultural carbon credits for emission reduction traded for offsetting 

purposes (Berta and Roux, 2024). Market exchange systems versus 

regulatory command-and-control approaches foster innovation 

process and adoption of more efficient technologies (Joskow et al., 

1998). In the same way, the creation of agricultural offset credits has 

led to the adoption of sustainable practices promoted to increase 

sequestration in agricultural soils, such as regenerative agriculture 

(RA) practices. The growing attention to RA, previously due to the 

ability to restore degraded land, support crops and improve farmers' 

livelihoods has now shifted to its potential role against climate change 
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(Snorek et al., 2024). While this has led soil science to investigate 

carbon dynamics, in terms of emissions and sequestration in 

agricultural soils (de Pinto et al., 2020; Das et al., 2022; Villat and 

Nicholas, 2023) and the agricultural economics literature on analyzing 

less costly sequestration practices for the farmer (Antle et al., 2001; 

Lewandrowski et al., 2004), the same cannot be said for economic 

feasibility studies. In fact, farmers have no clear evidence on the 

economic potentials in terms of yields and income from carbon credits 

(Contasti et al., 2023).  

The study aims to provide economic implications for Italian 

orange growers in the CM participation. Italy is one of the main 

countries with a citrus tradition historically recognized as a global 

actor in this sector (Scuderi et al., 2022), however in the last decade it 

lost its leadership in the Mediterranean due to multiple structural 

problems in the best citrus growing areas such as Sicily (Rapisarda et 

al., 2015). Within the European Union boundaries, Italy is second only 

to Spain in orange production with an area of 84,770 ha under 

cultivation (Faostat, 2022). 65% of Italian orange area is concentrated 

in Sicily (Istat, 2023), but the loss of competitiveness of Sicilian citrus 

fruits on national and foreign markets highlights the need to rethink 

the production model by making the product recognizable on the 

market thanks to an added value. In this regard, participation in the 

CM and the production of low-carbon products could be part of a 

strategy to guide consumers in responsible consumption, farmers in 

the pursuit of climate change mitigation, and policies in supporting 

competitive products in an economic system that reflects state efforts 

(Iriarte et al., 2014). The analysis of orange farms in CM participation 

is the innovative element in our study to fill the lack of information on 

this sector. At the same time, the strength is the long-term economic 

analysis; in particular, a 13-year period was considered, which allows 

for an in-depth study of costs and profits. This approach makes the 

study a valuable model for economic analysis in the context of CM for 
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other Mediterranean crops other than citrus such as olive, almond, 

prickly pear, and so on. 

In order to highlight the opportunities for orange farms in Sicily 

and increase their sustainability level, a tecno-economic analysis with 

income statements and annual balance sheets of conventional and 

regenerative production systems was conducted to examine the 

profitability determined by two economic assumptions: 

Hypothesis A: economic feasibility objective is satisfied by 

participation in the Voluntary Carbon Market (VCM); 

Hypothesis B: economic feasibility objective is satisfied by 

participation in the Compliance Carbon Market (EU-ETS).  

The study also aims to answer the following research questions: 

Q1: Does the citrus grower have sufficient evidence to decide 

whether to participate in VCM, CCM, or prefer the business-as-usual 

context? 

Q2: Is participation in carbon pricing instruments a prerogative 

of medium and large farms, or is it possible for small and medium-

sized farms as well? 

Q3: Is there a minimum profitability that makes participation in 

any carbon pricing system possible? 
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2 Materials and Methods 

The methodological framework shown in Figure 1 highlights all 

the steps performed in the work. 

 

Figure 1 Methodological framework 

 

2.1 Carbon Market scenarios for the agricultural sector 

The Carbon Market (CM) exists in its two forms: Voluntary 

Carbon Market (VCM) and Compliance Carbon Market (CCM). The 

VCM is an expression of companies, public bodies and individuals' 

willingness to mitigate GHG emissions by reducing tonnes of CO2-

equivalent, it is characterised by transactions created and verified 

outside government control (Miltenberge et al., 2021). CCM, so 

defined since they are run by governments, set emission targets that 

reduce over time and give participants credits emission allowance, 

these translate into a permit for each ton of emissions (Jayaraman et 

al., 2023). In both cases, the trading objective is carbon offsetting. The 

agricultural has the chance, through the implementation of good 

practices and removal projects, to offset the emissions of the activity 
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itself and those of other sectors, outlining an economic opportunity for 

farms through carbon credits (Scuderi et al., 2021). For an offsets to 

be credible and effective, robust standards and stringent regulations 

must be adhered to (Cariappa et al., 2024). Standards can be grouped 

into national and international, voluntary and compliance crediting 

schemes. In the European Union, the agricultural sector has been 

excluded from the CCM therefore the only opportunity to generate 

carbon credits is offered by VCM. On the other hand, in Italy there are 

no national standards related to this sector so farmers can only use 

international ones. Among the voluntary international standards that 

include carbon sequestration in agricultural soils in their programs, 

such as Gold Standards and Plan Vivo, a major one is the Verified 

Carbon Standards (VCS) admistered by Verra. VCS has become, since 

the release of the guidelines in 2007, the most popular standard in the 

international VCM scenario (Pudasaini et al., 2024). Projects under 

the VCS, in addition to sectors other than agriculture, involve 

afforestation/reforestation, improved management of agricultural 

soils, avoided land use conversion, revegetation, and reduced 

emissions from deforestation. Verra's goal through the VCS is to 

increase trust and credibility in VCM by governments, consumers and 

companies (Verra, 2020). In order to investigate the economic 

opportunities for Italian orange farmers, Verra's annual carbon pricing 

will be considered in our study. 

As far as CCM are concerned, the European Union’s Emissions 

Trading System (EU-ETS) is the best known and most functioning. It 

is based on a cap-and-trade system that allocates an emissions quota 

to companies legally obligated to offset for their activities (Jayaraman 

et al., 2023). The latter can purchase offset credits through the EU-

ETS or another recognized carbon market (Kooten and Zanello, 2023). 

The operating principle, therefore, includes an obligation to purchase 

carbon credits once the emissions quota has been exceeded and the 

possibility of selling them if the company has managed to remain 
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under the set threshold. Currently, the agricultural sector is not 

covered by the EU-ETS and in this context limited attention has been 

paid to the potential significance of limiting GHG emissions in 

agriculture through the compliance market (Brandt and  Svendsen, 

2011). By including the agricultural sector in the cap-and-trade 

system, what would happen if an emissions allowance was set and 

farmers could pay/earn for/by their activities? 

2.2 Case-study farms and data collection  

An economic survey was conducted on case studies of farms 

producing oranges in eastern Sicily (Italy). The use of case studies in 

agricultural economics is well-established as it aims to generalize or 

validate theory in contrast to approaches that aim to generalize the 

sample population under consideration (Crosthwaite et al., 1997; 

Sinnett et al., 2016). The case study method fits well with the current 

work since survey data over a period longer than a decade when 

applied to large samples can only superficially represent reality. 

Instead, they allow for a broad and in-depth investigation of all the 

characteristics of real farms (Sinnett et al., 2016). 

Two farms were chosen as representative of citrus production 

in the area and consistent with the objective of the study, i.e. to 

determine the profitability of orange farms under different CM 

scenarios (Pergola et al., 2013; Dana and Dana, 2005). They have an 

area of 10 hectares entirely cultivated with Tarocco [Citrus x sinensis 

(L.) Osbeck, cultivar Tarocco comune] differing only in the cultivation 

method. One follows the conventional regime, while the other is 

characterized by a regenerative production system. Conventional 

orange grove (CON) represents the commercial standard of citrus 

cultivation in the region in terms of soil cultivation as well as fertilizer 

and crop protection inputs (Roberts et al., 2023). The regenerative one 

(REG) combines a series of good practices (cover crop cultivation, 

burying of pruning residue, organic pesticides and fertilizers, reduced 
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irrigation management) aimed at reducing environmental impact and 

promoting carbon sequestration in agricultural soil. The orange 

orchards were planted in 2005 and data were collected from 2010 to 

2022 to investigate the full production phase, which is the most stable 

in terms of inputs and productivity, and to avoid economic distortions 

due to low yields in the first years after planting. The managerial skills 

of farmers, the pedoclimatic characteristics of the area under study, 

the farm size and the production specialization allow the 

comparability between the case studies. Farm specific data were 

collected by consulting the farm registers at the end of each year and 

through face-to-face interviews with farmers, who allowed all sales 

and purchase invoices to be accessed. These data cover parameters 

related to crop yields with their economics (farm expenses and labour 

prices) and farm management (fertilisers, pesticides, irrigation, 

electricity, fuel, ... used) (Schreefel et al., 2022). 

2.3 Economic analysis of conventional and regenerative 

orange orchards 

The economic analysis conducted in the case study farms 

simulates what would happen if the two models in the period 2010-

2022 participated in the VCM or if the agricultural sector was included 

in the EU-ETS CCM. The starting point is the analysis of the business 

as usual scenario of Italian orange farms who benefit as income 

support only from Common Agricultural Policy (CAP) subsidies in 

order to define the economic implications of the CM compared to the 

status quo. To estimate the profitability of the crop, costs and revenues 

were determined on the prices of each year considered (Sgroi et al., 

2015). After collecting them, the balance sheets of each farm were 

developed. They are acquired at the end of each year and then 

summarized as income statements. There is no inflow and outflow 

carried over from one year to the another, in fact they end in each 

financial year (Abdul-Salam et al., 2019).  
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The production costs of oranges on the two model farms were 

broken down into variable and fixed costs (Sgroi et al., 2015). The 

former category includes all inputs used in the production process: 

fertilizers, pesticides, water for irrigation, electricity used to run the 

irrigation pump, and fuel. It also includes the cost of human labour for 

cultural operations; both farmers own the machinery and use seasonal 

workers. The labor cost does not include harvesting operations since 

in both cases it is done by buyers. Regarding fixed costs, they include 

the depreciation of durable capital (agricultural machinery and farm 

buildings) and the annual costs for machinery restoration and building 

improvements. Table S1 in the Supplementary materials shows the 

key parameters and references used to calculate costs and revenues. 

The construction of the financial statements was developed 

according to Abdul-Salam et al. (2019). In the business as usual 

condition of Sicilian orange farms, the profitability was calculated 

considering EBITDA and EBIT as reported in Supplementary Table 

S2. In this context revenue is function of crop price, yield and CAP 

subsidies provided annually. 

2.3.1 Economic analysis in the Voluntary Carbon Market context 

Analyzing the scenario of VCM participation by case study 

farms, the revenue is a function of yield, average selling price and 

potential sales of carbon credits (Table S3 in the Supplementary 

materials). CAP subsidies were not considered in this context in order 

to focus on costs and revenues (Abdul-Salam et al., 2019).  

For the economic analysis the annual value of Verra's carbon 

credits was considered (Ecosystem Market Place, 2011- 2023). The 

crediting period for VCS is equal to the life of the project, with a 

minimum of 20 years and a maximum of 100 years (Verra, 2020). The 

minimum period required by the standard in citrus groves is satisfied 

by their lifespan, but only the 13 years covered by data collection were 

considered for the study. In this scenario, variable costs include the 
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Standard's expected expenses of certifying the carbon credits 

generated by the project. They are published by Verra in the “Program 

Fee Schedule” document (Verra, 2023). Considering costs and returns 

therefore allows the profitability of a soil carbon project to be 

established.  

Carbon credit determination is based on the carbon balance of 

citrus groves. It is function of GHG emissions generated by the 

cultivation process and the potential soil carbon sequestration (both 

expressed in Mg of CO2-eq ha-1 yr-1). The former defined by Carbon 

Footprint methodology (ISO, 2018) and the latter by System Approach 

for Land Use Sustainability (SALUS) model (Basso et al., 2006). In 

the carbon balance, positive values represent carbon source while 

negative values represent a carbon sink (Peng et al., 2023) able to 

generate carbon credits. These findings are the result of our parallel 

work on carbon balance determination in conventional and 

regenerative orange groves in Sicily, for more details on the study 

results refer to the Table 1.  

Table 1 Details of the Carbon Balance in conventional and regenerative orange 

groves 

Parameter Description Unit  CON REG 

GHG emission  

Carbon footprint of 

orange systems. Mg CO2-eq ha-1 yr-1 +4.21 +1.07 

     

Soil organic 

carbon (SOC) 

In CON there is a loss of 

SOC while in REG there 

is an increase with 

carbon sequestration in 

the soil.  Mg CO2-eq ha-1 yr-1 +1.66 -1.57 

     

Carbon Balance  

It expresses the potential 

carbon sequestration in 

the soil net of emissions 

generated by cultivation.  Mg CO2-eq ha-1 yr-1 +5.87 -0.5 
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2.3.2 Economic analysis in the Compliance Carbon Market context 

Simulating the profitability of case study farms in CCM implies 

taking into account carbon credits in the revenue (Supplementary 

Table S4). Since, as mentioned, the agricultural sector is excluded 

from the EU-ETS, we calculate potential carbon credits by 

determining emission allowances, according to the methodology of 

Abdul-Salam et al. (2019). The emissions cap was set considering the 

Italian government's reduction targets. Total net GHG emissions from 

agriculture between 1991 and 2021 were 7% of total emissions in 

Italy. Specifically, 32% of them are due to agricultural land 

management (ISPRA, 2023). For the year 2010, total emissions from 

agricultural sector in Italy were 32.22 Mg CO2-eq so 10.31 Mg CO2-

eq is attributable to agricultural land management (ISPRA, 2023). The 

Italian government's emission reduction targets are 6.5% in the period 

2008-2012; 13% in the period 2013-2020; and 33% from 2021 to 2030 

(Italian Government, 2002; European Commission 2009; European 

Commission, 2018). This results into an annual target of 1.62% in the 

first period, 1.85% in the second and 3.7% in the third. If considered 

emissions contribute proportionally to the reduction targets, total 

emission allowances are calculated as in Supplementary Table S5. In 

order to calculate the emission allowance per hectare (carbon credits 

or emission cost), the Utilized Agricultural Area in Italy for 

agricultural woody crops was considered, which is 2.175 million 

hectares (ISTAT, 2023). Finally, the calculation of emission cost or 

carbon credit sale revenue is calculated by multiplying credit value in 

the reference year by net emissions, the latter obtained by subtracting 

emission allowances from total emissions generated by cultivation 

(Abdul-Salam et al., 2019). 
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3 Results 

3.1 Business as usual scenario 

Based on data provided by farmers, Table 2 shows yields, fixed 

and variable costs expressed as average per hectare over the period 

considered. Adoption of the regenerative farming system results in a 

7% lower yield mainly attributable to the reduced amount of fertilizer 

inputs. It is also characterized by a 14% reduction in variable costs due 

to the optimal management of irrigation, the replacement of synthetic 

fertilizers with organic ones, which are also used in reduced quantities 

through cover crop cultivation and the burying of pruning residues, 

and the reduction of pesticides. In contrast, CON has experienced a 

25% reduction in fixed costs due to reduced machine use and labor 

hours, which are reflected in depreciation and tax calculations. This 

implies an increase, albeit minimal, in total costs per hectare in REG. 

The orange production in Sicily has also been characterized by a 

strong fluctuation in sales prices, the average price in the period under 

consideration being 0.30 € kg-1 with a minimum of 0.19 € kg-1 and a 

maximum of 0.43 € kg-1. They, recorded through sales invoices and 

validated according to price trends in the area (Ismea Database 2010-

2022), due to a lack of a regenerative product label in European 

regulations are equivalent for the two systems considered (Figure 2). 

The same occurs in the CAP subsidies, which have an average value 

during the reporting period of 374.9 € ha-1. The long-term analysis 

allowed the study of yield and market trends; in fact, by analyzing a 

shorter period, farm profitability could be influenced by external 

effects such as a particularly productive year or a high selling price. 

In the business-as-usual scenario CON performed 20% higher 

profitability of REG as a consequence to higher crop yield and lower 

total costs (Table 3). In the period considered annual profitability 

ranges from a minimum of 160.75 and -69.02 € ha-1 yr-1 and a 

maximum of 7,511.77 and 5,825.07 € ha-1 yr-1 for CON and REG, 
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respectively. The negative value for REG indicates an economic loss 

for the farm due to a sale price of 0.19 € kg-1 for oranges in 2016 and 

the lowest yield (27.16 t ha-1) recorded in the entire period under 

consideration. Details of the annual income statement for both case 

study farms are shown in Table S6 in the supplementary materials. 

 

Table 2 Total costs and yields of conventional and regenerative orange groves 

Parameter CON REG 

Output    

Crop average yield (t ha-1) 30.50 28.37 

Variable costs (€ ha-1)   

Fuel  31.03 53.20 

Electricity 908.96 681.72 

Fertilizers 1074.31 821.29 

Pesticides 189.73 43.38 

Water 140.00 140.00 

Cover crop seed 0 69.54 

Labor cost 1467.69 1492.12 

TOT 3811.72 3301.25 

Fixed cost (€ ha-1)   

Machinery depreciation rate 409.09 437.59 

Building depreciation rate 250.00 250.00 

Annual machinery purchase/restoration cost 154.23 755.00 

Annual building improvement costs 585.00 585.00 

Tax 493.18 493.18 

TOT 1891.50 2520.77 
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Figure 2 Average annual price of orange in Sicily.  

 

Table 3 Profitability of conventional and regenerative orange groves given the 

business-as-usual scenario 

Income Statement Variable  

CON 

(€ ha-1) 

REG 

(€ ha-1) 

Revenue 9,566.206 8,922.815 

EBITDA (Earnings before interest, taxes 

depreciation and amortization) 5,754.485 5,621.564 

EBIT (Earnings before interest and taxes) 4,356.162 3,593.975 

Profit 3,862.982 3,100.795 

 

3.2 Voluntary Carbon Market scenario  

The management practices applied by REG (cover cropping, 

pruning residue burial, replacing synthetic fertilizers and pesticides 

with organic products and reducing irrigation), which define the main 

differential element with CON, are part of the carbon farming 

practices envisaged by the European Commission to promote carbon 
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sequestration in agricultural soils (European Commission, 2021). For 

this purpose, carbon sequestration attributable to these practices of -

0.5 Mg CO2-eq ha-1 was considered in constructing the income 

statement of the two farms in the VCM scenario. Potentially only REG 

meets the requirements for participation in the VCM by generating 0.5 

carbon credits ha-1. The average annual cost of carbon project 

registration at the standard is 259 € ha-1 while the value of credits 

generated is shown in Figure 3. It is cautioned that the cost estimates 

are only an indication of the expected participation costs in the VCS 

since costs vary with project objective, management practices, 

geographic context, and market requirements (Wertz-Kanounnikoff, 

2008). 

The carbon credits generated by REG, according to the VCS, 

lead to an average additional revenue over the reporting period of 1.78 

€ ha-1 yr-1 that is significantly lower than participation costs in the 

Standard. The above results in a 21% lower profit for REG than for 

CON despite both cases not including CAP subsidies and CON not 

participating in VCM (Table 4). Annual profitability in the VCM 

scenario ranges from a minimum of -112.24 and -571.94 € ha-1 and a 

maximum of 7,245.98 and 5,329.857 € ha-1 yr-1 for CON and REG, 

respectively. 

Details of the annual income statement are shown in 

Supplementary Table S7. 
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Figure 3 Annual Carbon credit value per hectare in Regenerative orange grove 

 

Table 4 Profitability of conventional and regenerative orange groves in 

Voluntary Carbon Market participation. 

Income Statement Variable 

CON 

(€ ha-1) 

REG 

(€ ha-1) 

Revenue 9,191.31 8,549.69 

EBITDA (Earnings before interest, taxes 

depreciation and amortization) 5,379.59 4,988.99 

EBIT (Earnings before interest and taxes) 3,981.26 2,961.40 

Profit 3,488.08 2,468.22 

 

3.3 Compliance Carbon Market scenario 

In order to calculate emission allowances, the annual emission 

reduction over the period 2010-2022 is: 10.14, 9.81, 9.62, 9.43, 8.81, 

9.05, 8.35, 8.66, 8.47, 8.29, 7.91, 7.52 Mg CO2-eq. Table 5 shows the 

emission allowances per hectare for each case study farm, above or 
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below these thresholds determines the need for farms to buy or sell 

carbon credits (Abdul-Salam et al., 2019). In this regard, the positive 

sign in generated emissions indicates exceeding the allowance with a 

cost to the farmer on the contrary the negative sign indicates emissions 

generated below the set threshold therefore the farmer will be able to 

sell carbon credits. The determination of emission cost or emission 

revenue was obtained by considering the annual value of carbon 

credits in the EU-ETS for each year (The World Bank, 2024), as 

reported in Figure 4. 

 

Table 5 Net emissions and trading costs for conventional and regenerative orange 

grove 

System Year 

Emission allowance  

(Mg CO2-eq ha-1) 

Net emission  

(Mg CO2-eq ha-1) 

Emission costs/revenue 

(€ ha-1) 

CON  

2010 4.66 1.22 19.52 

2011 4.59 1.29 28.41 

2012 4.51 1.37 11.80 

2013 4.42 1.46 8.21 

2014 4.34 1.54 9.64 

2015 4.05 1.83 13.03 

2016 4.16 1.72 7.77 

2017 3.84 2.04 10.67 

2018 3.98 1.9 28.82 

2019 3.89 1.99 45.21 

2020 3.81 2.07 35.56 

2021 3.64 2.24 103.38 

2022 3.46 2.42 194.13 

     

REG 

2010 4.66 -5.16 -82.56 

2011 4.59 -5.09 -112.08 

2012 4.51 -5.01 -43.14 

2013 4.42 -4.92 -27.65 
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2014 4.34 -4.84 -30.30 

2015 4.05 -4.55 -32.40 

2016 4.16 -4.66 -21.06 

2017 3.84 -4.34 -22.70 

2018 3.98 -4.48 -67.96 

2019 3.89 -4.39 -99.74 

2020 3.81 -4.31 -74.05 

2021 3.64 -4.14 -191.06 

2022 3.46 -3.96 -317.67 

 

Figure 4 Annual Carbon credit price in EU-ETS 

 

Participation in the CCM, despite the lower emissions generated 

and compliance in the established allowance, is not profitable for 

REG. Its profitability (Table 6) is 18% lower than CON's, as revenue 

from carbon credit sales fails to compensate for lower yield and 

product sale price. In the period considered annual profitability ranges 
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from a minimum of -120.01 and -320.94 € ha-1 yr-1 and a maximum of 

7,235.31 and 5,697.77 € ha-1 yr-1 for CON and REG, respectively. 

Details of the annual income statement are shown in in Table S8 in 

supplementary materials. 

 

Table 6 Profitability of conventional and regenerative orange groves in 

Compliance Carbon Market participation. 

Income Statement Variable 

CON 

(€ ha-1) 

REG 

(€ ha-1) 

Revenue 9,151.604 8,634.252 

EBITDA (Earnings before interest, taxes 

depreciation and amortization) 5,339.883 5,333.001 

EBIT (Earnings before interest and taxes) 3,941.56 3,305.412 

Profit 3,448.38 2,812.233 

 

In order to provide a summary picture of VCM and CCM 

participation compared to the business-as-usual condition for 

conventional and regenerative orange groves, Figure 5 shows the 

comparison of profitability (€ ha-1) under the different scenarios 

considered. For both case study farms, the best result in economic 

terms is achieved by the business-as-usual scenario in which CAP 

subsidies provide an income support. In all three scenarios CON 

reveals a higher profitability of REG. CCM is the scenario in which 

the two systems' profitability has the least difference as a result of the 

obligation to pay for emissions generated in the case of CON. The 

biggest difference, on the other hand, is evident in the VCM where the 

high cost of participation in the Standard and the small number of 

credits generated leads to much lower profitability in REG since CON 

not only has no additional cost for implementing sequestration 

projects but is not even obligated to compensate for generated 

emissions. Profit is reduced by 10% and 20% moving from business 

as usual scenario to VCM participation and by 11% and 9% from 

business as usual to CCM for CON and REG, respectively. 
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Hypotheses A and B are therefore not satisfied by participation in the 

VCM and CCM by Sicilian orange growers. 

 

 

Figure 5 Average profitability in the three economic scenarios for conventional 

and regenerative orange grove 

 

4 Sensitivity analysis of low-carbon product price 

Growing consumer awareness of climate change and the need 

to reduce carbon footprints of food is leading to increased demand for 

low-carbon products (Cammarata et al., 2023). The increasing demand 

and the importance of the environmental component in food choices 

supports the promotion of sustainable agricultural systems with 

reduced impact (Verain et al., 2015; Gundala and Singh 2021). Thus, 

it has developed from the concept of “green consumption,” essentially 

consumers' purchase of low resource-intensive and polluting products 

to that of “low-carbon food consumption,” which is opposed to 

carbon-intensive consumption through minimization of natural 

0 1000 2000 3000 4000

BUSINESS AS USUAL

VCM

CCM

€ ha-1

REG CON



Contribution IV 

141 

resources, toxic materials, waste and pollutants along the food product 

life cycle (Wang and Li, 2023). Lancaster (1966) in his hedonic price 

theory hypothesized that the price of a commodity is the result of its 

utility, similarly the price of low-carbon products should represent the 

benefits it brings to health and the environment, in other words it 

should identify the added value of a sustainable product over a 

conventional one. Based on this, we conducted a sensitivity analysis 

on the regenerative product price in order to analyze the changes a 

premium price would bring to farmers' profit under the three scenarios. 

Premium prices incentivize the adoption of low-input systems (Delate, 

2002) so these should be considered in the process of studying farmers' 

economic realities (Abdul-Salam et al., 2019). The premium 

considered falls among those generally applied to sustainable products 

that is 20 to 40 % higher than conventional (Xia and Zeng, 2008 and 

Li and Kallas, 2021). Figures 6, 7 and 8 show the profitability of the 

conventional and regenerative orange grove by recognizing a premium 

price to the latter. 
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Figure 6 Profitability of conventional and regenerative orange groves with a 20% 

price premium for REG in the business as usual scenario  
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Figure 7 Profitability of conventional and regenerative orange groves with a 20% 

price premium for REG in the VCM scenario 

Figure 8 Profitability of conventional and regenerative orange groves with a 20% 

price premium for REG in the CCM scenario 
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The analysis highlights how recognizing a 20% premium on 

REG's price allows it to increase its profitability by 36% in the 

business-as-usual scenario, 38% in the CCM and 41% in the VCM 

compared to the ordinary price level considered in the study. At the 

same time, REG's profitability would increase over CON by 20 % in 

the status quo, 24 % in the CCM and 17 % in the VCM by rewarding 

farmer for their commitment to climate change mitigation. 

5 Discussion 

Accounting for the profitability of conventional and 

regenerative orange groves allows us to study the economic 

implications for farmers in participating in VCM or a hypothetical 

CCM. The study highlights that in the business-as-usual context in 

which virtuous farms do not benefit from carbon sequestration and 

farms with a high carbon footprint do not compensate for excess 

emissions, the conventional management system is more profitable 

than the regenerative one. The achievement of higher profitability over 

time for CON is due to the higher production yield and lower total 

costs incurred in cultivation. In contrast, the VCM scenario 

characterized by the generation of carbon credits from REG is not a 

viable income support since the costs of participation are higher than 

the eventual revenues. Despite the exclusion of CAP subsidies from 

the VCM accounts, CON is more economically sustainable although 

less than business as usual. Participation in the VCM is characterized 

by numerous barriers to entry for farmers, in addition to high costs of 

participating in a standard to certify the credits generated the costs of 

adopting new sequestration practices must be considered. Growing 

cover crop and burying pruning residues requires more machinery and 

labor hours as well as more fuel used, the current price of voluntary 

offset credits often do not justify these implementations 

(Kazimierczuk et al., 2023). Participation in the CCM, on the other 

hand, represents an additional reduction in profitability for CON, 
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albeit advantageous compared to REG, since the obligation to offset 

emissions in excess of established allowances represents an additional 

cost for the farm.  

Our results are supported by the available literature on the 

subject: Abdul-Salam et al. (2019), show how the profitability of 

conventional systems is always more advantageous than integrated 

ones in participating in the carbon market mainly as a result of the 

higher yields obtained and lower costs. Sinnet et al (2016) in a study 

conducted in Australia point out that growing trees for carbon 

sequestration is not profitable for farmers due to the low price of 

carbon credits they further point out that an affordable profitability 

would be achieved with a carbon price above $100/ t CO2-eq 

sequestered. Pudasaini et al. (2024) report that elevated costs of 

participation in international standards are unable to generate higher 

returns for farmers so a combination of higher credit prices and lower 

participation costs is needed. The above allows us to state that current 

carbon market status does not represent an economic advantage for 

regenerative orange groves, which can benefit more from the 

perception of CAP subsidies. The VCM system and the hypothetical 

inclusion of the agricultural sector in the CCM are not accessible to 

small and medium-sized farms. International carbon registries have 

participation costs that can only be afforded by large companies 

engaged in the sequestration of thousand tons of CO2-eq. A solution 

to this problem could be the creation of an agricultural-specific carbon 

registry that includes differentiated measures and costs of participation 

for each production address. Another possible solution to incentivize 

the use of CM by small-scale farmers could be to allow participation 

in membership forms so as to combine efforts in terms of sequestration 

or to create local markets within carbon communities where 

companies in a territorial context can offset emissions through 

agricultural carbon credits. In the case of CCM, however, we have 

shown that EU-ETS price trends do not represent a high cost for the 
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conventional system (characterized by higher emissions than the 

regenerative system) to entice the farmer to adopt more sustainable 

practices to reduce crop emissions. Therefore, the use of CM must 

include an appropriate carbon credit price to be a reward for virtuous 

farms or a true pledge for emitters. In this context it should also be 

considered that the European Union unlike a functioning CCM but 

excluding the agricultural sector is still taking the first steps toward 

establishing a certification scheme for carbon sequestration (European 

Commission, 2022) in agricultural soils to launch a VCM. The results 

obtained in the study and the analysis of carbon credit price trends in 

the VCM and CCM (Figures 3 and 4) provide the basic elements for 

the farmer's decision on whether to undertake CM participation. At the 

same time highlighting that currently the carbon pricing system is not 

accessible to small and medium-sized farms allows answering the pre-

determined research questions Q1 and Q2. 

Adopting production systems capable of sequestering carbon in 

agricultural soils should reward farmers for their efforts. Considering 

a 20% price premium for the low-carbon regenerative product would 

reverse the results in all three scenarios considered. REG performs 

economically better than CON in all considered scenarios and it is also 

noted that participation in CCM would be the most profitable 

characterized by a 24% higher profit than CON. Variation in selling 

price of the product could provide the right incentive for farmers to 

transform their production systems and also encourage them to 

participate in the carbon market. Our intent, through a price sensitivity 

analysis of low-carbon products, is to answer question Q3 and prompt 

policymakers to reflect on the possible implementation of a value 

recognition for regenerative production in Europe. Moreover, this 

paves the way for future research scenarios on consumer willingness 

to pay a price premium for sustainable oranges given the growing 

interest in “low carbon consumption”. The study also offers important 

insight for future research about the policy measures that should be 
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implemented to encourage carbon sequestration and the fair price that 

carbon credits should have to reward farmers' efforts. 

6 Conclusions 

Participation in the carbon market is a valuable climate change 

mitigation instrument, but the economic outlook is not favorable for 

orange growers. It is a system with numerous barriers to entry that 

small farms are unlikely to overcome without adequate policy support. 

The low price of carbon credits and the high cost of accessing 

international registries make it clear that there is a need to redesign the 

VCM adapting it to small-medium farms or to think about an inclusion 

of the agricultural sector in the CCM by adjusting emission allowances 

to the production context. European policy makers should consider 

recognizing an added value to regenerative productions widely 

supported by other countries and by scientific studies in the field. 

Recognition of a regenerative foods label would make the product 

recognizable to consumers by transmitting its value. Analyzing the 

profitability of orange groves with regard to the carbon market is the 

strength and innovative element of our study. The main limitation 

concerns the lack of comparison with similar studies both by crop and 

by time frame considered. 
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Supplementary materials  

Table S1 Key data for income statement construction 

Parameter Description Source 

Revenue releted parameter 

Crop yield 
The average annual crop yield was 

recorded at the end of each year. 

Farm registers 

and invoices 

 

Average annual 

price The average annual crop price was 

taken at the end of each year 

(Ismea Database 

2010-2022) 

Cost related parameters 

Variable Costs 
  

Fertilizers 
The quantity and cost of fertilisers were 

collected directly on the farm. 
Farm registers 

and invoices 
  

Pesticides 
The quantity and cost of pesticides were 

collected directly on the farm. 
   

Electricity 
The quantity and cost of electricity were 

collected directly on the farm. 
Electricity bills 

   

Water 
The quantity and cost of water were 

collected directly on the farm. 
Water bills 

   

Labor cost  

Labour cost is based on the total hours of 

each farming operation and the annual 

average wage of seasonal agricultural 

workers in the reference area. 

(Confagricoltura

. 2010-2022) 

   

Machinery 

depreciation rate 

Machinery depreciation is calculated 

considering the purchase price at the point 

of sale. The economic life of the 

machinery is the length of time the 

machine is expected to be owned before 

being replaced (this has been set equal to 

the useful life of the orchard. i.e. 50 years 

in the case of Sicilian citrus orchards). The 

salvage value. on the other hand. is the 

selling price of the machine at the end of 

its economic life.  

(Ellis et al.. 

2021) 
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Fixed Costs   

Building 

depreciation rate 

Building depreciation rate is assumed to 

be 2.5% per annum. 

(Sommerfeld. 

1939) 

   

Annual machinery 

restoration cost 

The restoration cost estimates the total 

accumulated costs based on utilisation 

hours of the machines during their 

economic life. The total cost is divided by 

the accumulated hours to obtain an 

average hourly cost. The annual utilisation 

of a machine is an estimation of the 

number of hours of use for that particular 

machine.  

(Lazarus. 2013) 

   

Annual building 

improvement costs 

Annual building improvement costs are 

assumed to be 6% of the current year’s 

beginning asset value. 

(Hanson et al.. 

1990) 

Tax   

Tax 
Farm taxes were calculated on the basis of 

the farm registers.  
Farm registers  
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Table S2 Economic analysis in the government paid farm subsidies context 

Income state variable Calculation 

Revenue=   (Crop yields * annual average price) + CAP subsidies  

  

EBITDA= Revenue-Variable costs 

  

EBIT= EBITDA-Fixed costs 

  

Profit= EBIT-tax 

 

Table S3 Economic analysis in the Voluntary Carbon Market context 

Income state variable Calculation 

Revenue=   (Crop yields * annual average price) + carbon credits   

  

EBITDA= Revenue-Variable costs (including costs of the Standard) 

  

EBIT= EBITDA-Fixed costs 

  

Profit= EBIT-tax 

 

Table S4 Economic analysis in the Compliance Carbon Market context 

Income state variable Calculation 

Revenue=   (Crop yields * annual average price) ± carbon credits  

  

EBITDA= Revenue-Variable costs (including costs of the Standard) 

  

EBIT= EBITDA-Fixed costs 

  

Profit= EBIT-tax 
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Table S5 Emission allowance calculation 

Parameter Calculation 

Annual emission reduction Reduction target for years considered * emissions 

from agricultural land management 

  

Annual emission allowance  emissions from agricultural land management - 

Annual emission reduction 
 

 
 

Annual emission allowance 

ha-1 

Annual emission allowance/surface area of 

agricultural woody crops 

  

 

Net emission 
Total emission from Carbon balance - Annual 

emission allowance ha-1 

  

Emission cost/revenue 

Net emission* annual carbon credit value in EU-

ETS 
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Table S6 Annual income statement for the conventional and regenerative orange grove in business as usual scenario. 

 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 

Inco

me  

CO

N 

RE

G 

CO

N 

RE

G 

CO

N 
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G 

CO

N 

RE

G 
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N 
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G 
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N 
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G 
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N 
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G 
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N 
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G 
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N 
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G 
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N 
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G 

CO

N 
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G 
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N 
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G 

CO

N 

RE

G 

Rev

enu

e 

649

5.42 

608

0.46 

835

1.42 

780

6.54 

812

7.42 

759

8.22 

109

97.4

2 

102

67.3

2 

786

7.7 

735
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Table S8 Annual income statement for the conventional and regenerative orange grove in Compliance Carbon Market scenario 
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General Discussion and Conclusions 

The agricultural sector plays a crucial role in producing food 

and other commodities, significantly contributing to the 

socioeconomic development of countries and aiding in the reduction 

of hunger and poverty. Similar to other major industries, it is 

responsible for global emissions, contributing approximately 10-12% 

to the total (Ciais et al., 2013; Ritchie et al., 2023).  

To achieve the goals of the 1997 Kyoto Protocol, which aimed 

for climate neutrality by 2050 and a 50% reduction in global emissions 

by 2030, political and research institutions worldwide have advocated 

for environmentally responsible agriculture (Nsabiyeze et al., 2024). 

In recent years, the agricultural sector has shown potential to shift 

from being an emitter of greenhouse gases to a carbon sequester, and 

ultimately to a cleaner of the atmosphere. Consequently, several 

countries have launched various carbon reduction initiatives, such as 

carbon taxes, cap-and-trade systems, renewable energy subsidies, 

carbon sequestration certification schemes, and voluntary carbon 

markets. 

Compared to other countries, the European Union is still in the 

early stages of this journey. It began in late 2022 with the issuance of 

a regulatory proposal for a carbon removals certification scheme 

(European Commission, 2022). This proposal currently lacks clear 

methodologies for quantifying emissions and potential sequestration 

in the agricultural sector. 

To contribute to the achievement of EU objectives, the novelty 

of this thesis lies in providing a framework for understanding the 

potential environmental, social, and economic implications of 

establishing a Voluntary Carbon Market in Europe. It specifically 

examines these implications for the citrus sector, given its economic 

significance in the Mediterranean basin and globally. 

The first contribution of the thesis involves a comprehensive 
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review of the literature on Voluntary Carbon Markets (VCM), 

providing a scientific background on the topic. This review examines 

the opportunities and barriers facing the agricultural and forestry 

sectors, highlights gaps in existing research, and offers directions for 

future study. The findings reveal significant uncertainty surrounding 

VCM due to the scarcity of case studies demonstrating potential 

outcomes for farmers participating in these markets. Specifically, 

there is a lack of results pertaining to the European context, partly due 

to varying rates of development of these mechanisms across different 

countries. Currently, the global VCM is primarily governed by U.S. 

carbon registries such as Verra, the Gold Standard, and the American 

Carbon Registry. They operate independently of government control 

and are often characterized by prohibitive participation costs for small 

and medium-sized farms. They are also characterized by diverse 

protocols and methodologies, which often create uncertainty for 

potential participants and undermine the transparency of the VCM. 

The lack of scientific evidence, high costs associated with accessing 

international registries, and insufficient connections with 

governmental institutions collectively prevent the VCM from 

realizing its full potential (Battocletti et al., 2023). 

Given the gap in scientific knowledge, the second contribution 

aims to provide a case study on carbon balance in conventional and 

regenerative orange groves. The integration of Carbon Footprint 

methodology based on Life Cycle Assessment with biophysical 

modeling using the System Approach for Land Use Sustainability 

(SALUS) crop model represents a novel approach for quantifying 

carbon sequestration in agricultural soils. Additionally, the 

consideration of a 13-year timeframe allows for an in-depth 

investigation of system dynamics over an extended period. This 

approach provided a comprehensive analysis of carbon dynamics in 

the orange grove system, confirming that conventional management 

practices result in a net annual source of carbon. In contrast, 
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regenerative management not only offsets emissions from the crop 

cultivation but also transforms the citrus grove into a carbon sink. 

Numerous studies in the literature highlight the potential of 

regenerative agriculture for both climate change adaptation and 

mitigation (Jordon et al., 2022; Schulte et al., 2021; Tan and 

Kuebbing, 2023). However, the reduced yield of regenerative orange 

groves compared with conventional ones, as reported by our study, 

must be considered. This reduction could potentially lead to land use 

changes aimed at increasing production, which might result in higher 

emissions. However, this is not a concern in production contexts like 

Sicily, where overproduction, rising labor costs, and falling sales 

prices have led producers to leave their produce unharvested in recent 

years. The European Union also lacks regulations and labels for 

regenerative products, failing to recognize a premium price for 

farmers who adopt these practices. This absence of incentives results 

in a low uptake of regenerative production systems among member 

states. One possible solution to recognizing farmers' efforts in 

reducing emissions and pursuing carbon sequestration is the 

generation of offset credits for the Voluntary Carbon Market (VCM). 

However, a key question remains: How willing are Sicilian farmers to 

participate in the VCM? 

To address this question, the third contribution presents a study 

on farmers' intentions to participate in the VCM using the Extended 

Theory of Planned Behavior. Like the previous papers, this study 

represents a novel contribution to the field, as there are no similar 

studies on this subject in the existing literature. Predicting farmers' 

intentions through their behavior enabled us to identify key factors, 

such as their attitude toward the VCM. When a farmer's evaluation of 

the VCM is positive, their intention to participate increases. In 

contrast, the influence exerted by family members, friends, other 

farmers, and producer associations (Subjective Norms) does not 

significantly affect the intention to participate, highlighting the lack of 
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knowledge and awareness of the VCM in local and rural communities 

in Sicily. However, the study highlights that farmers are confident in 

their ability to participate in these mechanisms (Perceived Behavioral 

Control) if they have access to the necessary technical, financial, and 

educational resources. Knowledge of VCM is also positively 

significant for farmers' intentions, meaning that the higher the level of 

knowledge, the greater the farmer's willingness to participate. A 

surprising result emerged regarding Perceived Environmental Risk: 

although farmers recognize climate change as a threat to their 

activities, they do not consider the VCM to be a viable solution for 

mitigating this phenomenon. The results once again indicate that 

limited information about the VCM, along with a lack of technical, 

financial, and political support, are the main barriers to farmers' 

intention to participate. 

The contributions discussed so far lay the groundwork for 

understanding the economic aspects of carbon trading in agriculture. 

To further this, the fourth contribution provides an economic 

assessment of conventional versus regenerative orange farming. This 

analysis, based on income statements and farm balance sheets, 

compares the effects of participating in both the Voluntary Carbon 

Market (VCM) and the European Compliance Carbon Market (CCM) 

with a business-as-usual scenario. Conventional management 

demonstrated higher profitability across all scenarios, as 

implementing regenerative practices incurs higher costs for 

machinery, inputs, and labor. The current value of carbon credits in 

the VCM does not compensate for these costs, failing to justify the 

shift in management practices (Kazimierczuk et al., 2023). Even 

hypothetical participation in the CCM, which requires farms 

exceeding emission allowances to purchase carbon credits and allows 

the sale of credits to farms below the threshold, does not benefit farms. 

The conventional system remains advantageous, as it would still incur 

lower costs compared to regenerative practices due to the high 
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expenses and low value of credits. These results align with the existing 

literature, indicating that conventional systems tend to have superior 

profitability (Abdul-Salam et al., 2019). Additionally, the costs 

associated with accessing carbon markets and implementing 

sequestration practices are significant barriers to entry (Pudasaini et 

al., 2024; Sinnet et al., 2016). Currently, the business-as-usual 

scenario is the only profitable condition for both conventional and 

regenerative orange groves, with income support coming from 

Common Agricultural Policy aid. However, the Sensitivity Analysis 

of regenerative orange prices in the study shows that a 20% increase 

in selling price could reverse the profitability outcomes. This premium 

price falls within the range typically applied to sustainable products, 

which is 20% to 40% higher than conventional prices (Xia and Zeng, 

2008 and Li and Kallas, 2021). Thus, the regenerative orange grove 

performs economically better than the conventional system under all 

scenarios considered. Furthermore, participation in the CCM would 

be the most profitable option, yielding a 24% higher profit compared 

to the conventional system. The findings underscore the need for 

European policy recognition of regenerative products to incentivize 

farmers to adopt low-carbon and soil-sequestering production 

systems.  

The economic feasibility of participating in the VCM could be 

enhanced, particularly for small and medium-sized farms, through 

targeted policy mechanisms. These include subsidies for the 

implementation of sequestration practices in agricultural soils. 

Governments or private organizations could support farms in 

transitioning from conventional to regenerative agriculture by funding 

the costs associated with tree planting, implementing carbon 

sequestration practices, and cultivating cover crops. An additional 

mechanism to incentivize farmers' participation in the VCM could 

involve implementing a carbon tax system that penalizes emissions, 

thereby discouraging unsustainable farming practices. There are also 
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various policies that, while not directly providing incentives, may 

encourage the adoption of sequestration practices. These policies 

involve offering affordable lines of credit to promote carbon emission 

reductions through investments rather than direct payments (Burgess 

et al., 2019). In addition to these mechanisms, farmers' access to the 

VCM could be enhanced by carbon price reforms. Policies that 

establish higher and more stable carbon prices would increase the 

value of carbon credits, making them a more attractive income source, 

particularly for small farms. Another approach could involve allowing 

small and medium-sized farms to pool their resources or carbon 

credits, thereby reducing individual verification costs and improving 

market access. Government agencies or third-party intermediaries 

could facilitate this process, helping them enter the VCM more easily. 

Based on the above, through the different contributions, the 

thesis provides insights into the aspects of the Voluntary Carbon 

Market for the agricultural sector in pursuit of climate change 

mitigation. These are pioneering studies on the subject given the gap 

in the literature, paving the way for future investigations.  

The contributions of this thesis target policymakers, 

researchers, and farmers. For policymakers, the recommendation is to 

develop an easily accessible VCM for small and medium-sized farms, 

which are significant in the European agricultural landscape. 

Implementing sustainable farming practices often incurs high 

operational costs, which can exceed farmers' financial resources. 

Therefore, it is essential to provide support through labeling and 

recognition systems for low-carbon products, allowing for price 

differentiation from conventional ones. Researchers should focus on 

the environmental aspects of carbon sequestration in soils, proposing 

practical methodologies that are more accessible than traditional, 

costly soil sampling techniques, which can deter farmer participation 

in the VCM. Additionally, economic feasibility studies are necessary 

to assess the profitability of various carbon trading systems in different 
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geographical contexts. Finally, farmers are encouraged to reconsider 

their production systems to minimize resource overexploitation and 

fully leverage the potential of soils as carbon sinks. 

Nevertheless, in order to increase knowledge on the topic, 

future research will be directed toward quantifying the carbon balance 

in different crops, the economic feasibility of participating in VCM 

for different production systems and in different geographic contexts, 

and finally, the analysis of consumers' willingness to pay for, carbon 

neutral, carbon-reduced and environmentally friendly products. 
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3 Conference Proceedings 

Alessandro Scuderi, Carla Zarbà, Mariarita Cammarata, 

Giovanni La Via, Alberto Continella. Environmental and economic 

analysis of the potential application of the voluntary carbon market in 

citrus farming. XV International Citrus Congress 2024.  
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Matarazzo, Alessandro Scuderi. An Evaluative Approach of 

Corporate Sustainability in Agrifood System. HAICTA 2024.  

 

Alessandro Scuderi, Giuseppe Timpanaro, Luisa Sturiale, 

Mariarita Cammarata, Giulio Cascone. Evaluation of the "Silvestri 
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Markets & People International Symposium 2024.  
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Alberto Continella, Mariarita Cammarata*. Voluntary Carbon Market 
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Alessandro Scuderi, Biagio Pecorino, Giuseppe Timpanaro, 

Claudio Bellia, Mariarita Cammarata. Carbon footprint comparison of 
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Giuseppe Timpanaro, Biagio Pecorino, Mariarita Cammarata*, 



Annexes 

177 

Roberta Selvaggi, Agata Matarazzo, Alessandro Scuderi. Life cycle 

assessment of tomato cultivation in Sicily: comparison between 

traditional and innovative method. 13th International Conference on 

Life Cycle Assessment of Food 2022 (LCA Foods 2022) On “The role 
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Catania 22-23 giugno 2021. 
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in monoculture production cycles. III International Organic Fruit 

Symposium and I International Organic Vegetable Symposium 
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4 Attendance to seminars and courses 

• Specialisation course with examination success and 

acquisition of the electronic skills badge: “Carbon Footprint 

and Carbon Neutrality Specialist Consultant” February - April 

2022 (56 hours). Certificate of Qualification N°7/CFCN 

issued on April 15, 2022. Check Fruit srl - Via dei Mille, 24 

40121 Bologna (Italy) 

 

• International Summer School: EXPERIMENTAL 

AUCTIONS Theory and Applications in Food Marketing and 

Consumer Preferences Analysis. Department of Business 

Economics, University of Verona, Verona, Italy- June 20-25, 

2022. 42 hours of lectures and practical sessions. 

 

• Course organised by the PhD coordinator: Managing 

biological data with R. February the 22nd -March the 4th 

2022. University of Catania- Di3A. 

 

• Seminar Associazione Rete Italiana LCA. The Role of Life 

Cycle Thinking in the Sustainable Development of the 

Agribusiness and Agroindustrial Sectors. October 14, 2021 

Webinar Mode. 

 

• Course: UNI/PdR 99:2021. The national voluntary carbon 

market system. Methods for implementing greenhouse gas 

reduction and offset projects and generating carbon credits in 

accordance with UNI/PdR 99. 
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• Course: Internal Auditor of Environmental Management 

Systems ISO 14001. 

 

• Course: Corporate Sustainability. Understanding and Seizing 

the Strategic Opportunity offered by Università Bocconi and 

SDA Bocconi School of Management. 

 

• Course organised by the PhD coordinator: 

- Writing a scientific review article; 

- Scientific publishing in the peer review era; 

- CAD and GIS for sustainable agriculture; 

- ICT for participatory methods, citizen science & 

disseminating research. 

 

• 3-credit course: Ecosystems Modeling, Water and Food 

Security. Michigan State University.  

5 Scientific and educational activities 

• Year 2023: 6 hours of class within the module “Economia dei 

prodotti di qualità” (Prof. Vera Teresa Foti) to the students of 

the Bachelor’s Degree in Food Science and Technology (L-

26, Di3A, University of Catania). 

 

• Year 2023: 6 hours of class within the module “Economia e 

legislazione agroalimentare” (Prof. Alessandro Scuderi) to the 

students of the Bachelor’s Degree in Food Science and 

Technology (L-26, Di3A, University of Catania). 

 

• Peer review of scientific articles: 
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- Journal: Agricultural Economics- Czech Academy of 

agricultural science. 

- Journal: Frontiers in Sustainable Food Systems 

 

• Tutoring of thesis: 

- Carbon credits and business adaptations for voluntary 

emission reduction: a survey in Sicily. 

Student: Incardona Salvatore. 

Master's Degree in Agricultural Science and 

Technology; 

- Carbon footprint to support the enhancement of Italian 

quality agri-food production. 

Student: Noemi Stracquadaini. 

Bachelor's degree in food science and technology; 

- Environmental sustainability and the 2022 report: 

agriculture as an element of growth for future 

generations. 

Student: Simona Licciardello. 

Bachelor's degree in food science and technology; 

- The enhancement of Sicilian agri-food products: the 

case of born in Sicily. 

Student: Francesco D’Agate. 

Bachelor's degree in food science and technology; 

6 Education and Research Experience 

• 2021-2024: Ph.D. in Agricultural, Food, and Environmental 

Science. Department of Agriculture, Food and Environment. 

University of Catania. Supervisors: Prof. Alessandro Scuderi 

and Prof. Giuseppe Timpanaro. 

• September 2023-February 2024: Visiting Scholar. Michigan 

State University. College of Natural Science. Department of 
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Earth and Environmental Sciences. Supervisor: Prof. Bruno 

Basso. 

• 2020-2021: Research grant. BRESOV Project: Breeding for 

Resilient, Efficient and Sustainable Organic Vegetable 

Production (HORIZON 2020- SFS-07-2017). Department of 

Agriculture, Food and Environment. University of Catania. 

Supervisor: Prof. Ferdinando Branca. 

• 2019: Occasional research collaboration contract. BRESOV 

Project: Breeding for Resilient, Efficient and Sustainable 

Organic Vegetable Production (HORIZON 2020- SFS-07-

2017). Department of Agriculture, Food and Environment. 

University of Catania. Supervisor: Prof. Ferdinando Branca. 

• 2015-2017: Master's Degree in Agricultural Science and 

Technology (LM-69). Department of Agriculture, Food and 

Environment. University of Catania. Supervisor: Prof. 

Giuseppe Timpanaro. Degree thesis: “Measuring the 

sustainability of organic farming in the province of Enna by 

main production addresses”. 

• 2010-2015: Bachelor's Degree in Agricultural Science and 

Technology (L 25). Department of Agriculture, Food and 

Environment. University of Catania. Supervisor: Prof. 

Giuseppe Timpanaro. Degree thesis: “Agriculture and 

sustainable development: the case of women in organic 

farming”.  


