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Abstract: The present paper aims to quantify the carbon emissions associated with the establish-
ment of 15 walnut orchards (“Juglans californica”) in the greater area of Magnisia, Greece, with the
use of a carbon footprint tool interconnected to a Farm Management Information System. The
data collection spanned the first five years following the planting of the trees, providing a compre-
hensive view of the emissions during this critical establishment phase. Over the five-year period
examined (February 2019–December 2023), the results revealed net carbon emissions amounting to
13.71 tn CO2 eq ha−1, with the calculated emissions showing an increasing trend from the first year
through the fifth year. Scope 1 (7.38 tn CO2 eq ha−1) and Scope 2 (3.71 tn CO2 eq ha−1) emissions
emerged as the most significant, while irrigation (drip irrigation) and fertilizing practices were identi-
fied as the highest contributors to emissions. This study highlights the significance of using integrated
digital tools for monitoring the performance of cultivations rather than standalone tools that are
currently widely available. Integrated tools that incorporate various applications simplify data
collection, encourage accurate record-keeping, and facilitate certification processes. By automating
data entry and calculations, these tools reduce human error during agricultural carbon management
and save time; thus, the integration of digital monitoring tools is vital in improving data accuracy,
streamlining certification processes, and promoting eco-friendly practices, crucial for the evolving
carbon market.

Keywords: carbon footprint; walnut orchard; FMIS; digital farming; carbon sequestration

1. Introduction

In the contemporary landscape of agriculture, discussions surrounding carbon foot-
prints have intensified and are more relevant than ever. The pressing need for environmen-
tal sustainability and the safeguarding of soil organic carbon (SOC), coupled with the call
for standardization, input reduction, and the emergence of carbon markets [1], has thrust
the agricultural sector into the spotlight of scrutiny. As the urgency to address these chal-
lenges escalates, the integration of digital technologies into agriculture emerges as a pivotal
avenue for transformative measures [2,3]. The advent of precision farming technologies
and monitoring platforms, such as Farm Management Information Systems (FMISs), holds
the promise of not only revolutionizing cultivation practices but also providing robust
tools for assessing and mitigating the carbon footprint, as well as the carbon sequestration
potential, associated with agricultural activities [4].
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Several digital tools, available in various forms such as web platforms and spreadsheet-
based systems, have been developed for estimating GHG emissions from agricultural prac-
tices. The Cool Farm Tool (CFT) [5], for instance, is designed for farm-level assessments,
allowing users to estimate both GHG emissions and carbon sequestration from different
agricultural practices. Another tool, the EX-Ante Carbon-balance Tool (EX-ACT) [6], devel-
oped by the Food and Agriculture Organization (FAO), focuses on assessing the carbon
balance of agricultural projects, facilitating the estimation of GHG emissions and their
mitigation potential over time. Similarly, the Carbon Benefits Tool [7] provides a platform
for assessing the carbon benefits of land use and agricultural practices, offering insights
into GHG emissions and carbon sequestration potential across various management sce-
narios. However, these tools generally function as standalone systems, requiring separate
assessments for emissions estimation, and are not integrated into holistic platforms for
comprehensive environmental analysis.

Digital technologies, encompassing precision farming tools and FMIS platforms cou-
pled with interconnected carbon footprint calculators, offer a unique opportunity to monitor
cultivations holistically [8]. These integrated systems enable the collection and analysis
of vast numbers of data, allowing for the identification of weaknesses in agricultural
production processes. Simultaneously the environmental assessment of agricultural pro-
duction, through its quantification with the use of the relevant indicators such as carbon
footprint (CF), has become an integral component [9], and the inclusion of a CF calculation
tool within such a platform is a significant advancement, increasing its efficiency and its
usability as a decision-making tool.

Carbon footprint calculators that are interconnected to FMIS platforms can serve a
multitude of purposes that are crucial in the contemporary agricultural landscape [9].
Firstly, they facilitate the tracking of performance in reducing greenhouse gas (GHG) emis-
sions, providing a valuable metric for assessing environmental impact [10]. Secondly, these
tools assist in the creation of efficient and standardized procedures for communicating CF
information to stakeholders, ensuring transparency and accountability [11]. Moreover, they
contribute to a deeper understanding of Carbon Footprints of Products (CFPs), enabling
the identification of opportunities for GHG reductions. The benefits of utilizing carbon
footprint calculators extend beyond individual farms. The correct and consistent communi-
cation of CFPs supports the comparability of products in a free and open market, fostering
healthy competition among agricultural products. Additionally, these tools aid in the eval-
uation of alternative product design and sourcing options, production and manufacturing
methods, raw material choices, and end-of-life processes. This comprehensive approach
facilitates the development and implementation of GHG management strategies across
product life cycles and uncovers efficiencies within the supply chain.

The global carbon market has been focusing lately not only on the mitigation of activity
emissions but also on the standardization of the procedures and methods that increase
carbon sequestration. With effective management, agricultural lands could potentially
sequester up to 66% of historically lost carbon [12]. Planting trees is a proven strategy for
enhancing soil organic carbon (SOC) [13]. Additionally, establishing perennial crops can
also boost SOC levels and can be implemented without reducing the productive land area.
Considering the above, the move from annual to perennial cultivation is gaining ground
among the methods used to increase SOC, while the creation of perennial varieties of key
grain crops could broaden the available agricultural choices towards ensuring food and
ecosystem security [14]. FAO has recommended the “perennialization” of agricultural
lands as a strategy to combat climate change, improve food security, and enhance ecosys-
tem services [14]. The establishment of high-value perennial cultivation, such as walnut
orchards, serves to mitigate climate change impacts while also improving farmer income
compared to other annual cultivations [15]. However, the sequestration potential of the
establishment of perennial crops is also linked to the quantification of emissions caused
by the cultivation process itself; thus, the accurate estimation of the emissions related to
the cultivation process is important [16]. Perennial crops, such as orchards, differ from
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annual crops (like arable and horticultural systems) in their long-term management and
ecological dynamics.

In this context, this study employs an innovative Farm Management Information
System (FMIS) interconnected to a dedicated calculation methodology based on the Green-
house Gas Protocol and the IPCC Guidelines for the quantification of emissions related to
walnut production. These emissions encompass the carbon footprint of activities such as
land preparation, planting, and initial maintenance, which contribute significantly to the
overall emissions during the early years of orchard life. By examining a production system
of 15 walnut orchards with varying field sizes and planting densities, we aim to shed light
on the specific stages of cultivation, where emissions are most significant, highlighting the
fact that the emissions preceding the first yield of product are considerable and should be
amortized to the following years of the orchard’s life.

As we delve into the intricacies of this case study, we will explore how the integration
of digital technologies and advanced calculation methodologies can illuminate the envi-
ronmental footprint of agricultural activities. These findings will underscore the critical
role of FMIS in providing accurate, real-time data that support informed decision-making,
promote sustainable practices, and foster a resilient agricultural future. This approach not
only facilitates compliance with environmental standards but also enhances the capacity
of growers to optimize their operations for reduced emissions, ultimately contributing to
the broader goals of climate change mitigation and sustainable agriculture. Overall, the
present study aims to underscore the significance of digital tools in tracking emissions in
perennial cultivations. The selected case study focusing on a walnut cultivation system
during the initial five years post-establishment is presented to highlight the considerable
emissions associated with pre-production processes.

2. Materials and Methods
2.1. Emission Estimation

In the present study, the approach followed utilizes the GHG calculation methodology
developed following the guidelines of the GHG Protocol Agricultural Guidance [17] for the
calculation of the GHG emissions related to the execution of agricultural tasks. According
to the GHG Protocol Agricultural Guidance, operational limits determine whether the
emissions are direct (i.e., emissions for which the crop is solely responsible) or whether
they are indirect (i.e., it is owned or controlled by another company/supplier, but some of
its emissions are a consequence of activities taking place in cultivation). Emission sources
are further classified by scope [17]:

• Scope 1: All direct sources;
• Scope 2: Consumption of purchased heat, steam, and electricity (indirect source);
• Scope 3: All other indirect sources;
• Biogenic carbon: Sources related to land use and soil management.

Scope 1 and biogenic carbon emission sources are further classified as mechanical and
non-mechanical depending on the use of mechanical equipment or the agricultural method
applied, the field characteristics, the application of materials, and the environmental
conditions (Table 1). In the present study, emissions from all three scopes are considered,
as presented in detail in Table 1. Direct emissions (Scope 1) include emissions attributable
to fuel, land use changes, and the use of fertilizers. Fuel emissions (N2O, CH4, and CO2)
are related to their combustion and production, while their consumption is calculated
based on ASABE standards [18], as presented in detail in [19]. Fuel emissions include
emissions from the operation of the agricultural machinery in the field and also from the
farm–field transportation of the equipment. Scope 1 non-mechanical and biogenic carbon
emissions are calculated using Tier 1 methods according to IPCC [20]. More specifically,
direct and indirect N2O emissions from the use of synthetic fertilizers are calculated. Also,
CH4 and N2O emissions related to the assessment of residues are calculated when pruning
operations occur.
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Emissions from land use change (LUC) are classified as Scope 1 emissions only when
they lead to a reduction in carbon stocks. When LUC leads to carbon stock gains, these
are considered biogenic carbon and are subtracted from the total emissions, as is the case
in the present paper. Emissions related to biogenic carbon include CO2 emissions due to
changes in soil carbon from management and land use change, as well as N2O emissions
from the mineralization of soil organic carbon, which are calculated according to IPCC
guidelines [20]. These emissions are then converted to CO2 equivalents using the relevant
conversion factors [21].

Nitrogen is mineralized in mineral soils when soil carbon is lost due to land use or
management changes. The inverse relationship—where emissions are reduced when soil
organic carbon (SOC) is gained—does not apply. Increased soil organic matter might
actually raise emissions because the higher standing stock results in a proportion of it
mineralizing. Therefore, the emissions from increased SOC are considered to be zero, as
any potential reduction in emissions from increased SOC is too uncertain and context-
specific to include [22]. With the above said, the mineralization of SOC is considered only
in the case that SOC is decreasing. When it is gained, it is considered as 0. At this point, it
should also be noted that changes to the biomass carbon stocks due to the temporary carbon
storage of the growing trees were not considered in the present paper, as the five-year time
frame of operations that is examined is small and the data with respect to the accumulated
biomass of the growing trees were not sufficient for its accurate estimation.

Indirect emissions (Scope 2) for energy consumption concern the consumption of pur-
chased energy, which, mostly in open agricultural systems, mainly concerns the purchase of
energy for the operation of the irrigation system. They are calculated based on the equation
presented in [23]. For the assessment of Scope 3 emissions, the emission factor approach is
utilized for their quantification as a function of the task applied [17].

Table 1. Emission sources and scope.

Emission Source Scope Mechanical/Non-
mechanical

Emission
Factor Source

Fuel Scope 1 Mechanical [24]
Fertilizer use (direct and indirect) Scope 1 Non-mechanical [20]
Crop residue management Scope 1 Non-mechanical [20]
Land use change Scope 1 Non-mechanical [20]
Irrigation energy Scope 2 - [24]
Lubricant production Scope 3 - [25]
Tractor manufacturing Scope 3 - [26]
Implement manufacturing Scope 3 - [25]
Tractor maintenance Scope 3 - [26]
Implement maintenance Scope 3 - [26]
Tractor housing Scope 3 - [27]
Implement housing Scope 3 - [27]
Fertilizer production Scope 3 - [25]
Plant protection substance production Scope 3 - [25]
Seed production Scope 3 - [25]
Seedling production Scope 3 - [25]
Irrigation system construction Scope 3 - [28]
Soil management and land use change Biogenic carbon Non-mechanical [20]
Soil organic carbon mineralization Biogenic carbon Non-mechanical [20]

Indirect emissions (Scope 3) (N2O, CH4, and CO2) are distinguished from the emissions
related to the construction of the machinery used during the execution of agricultural
tasks, as well as their repair or maintenance, and the emissions related to the production
of the materials used during the production process. Indirect emissions also include
the emissions related to housing the equipment and are usually reduced to the square
footage used per year. The embodied emissions of machinery are the emissions released to
manufacture agricultural equipment and are estimated per kilogram of machinery [26,29].
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Emissions for repairs and maintenance can be expressed as a percentage of emissions for
construction [30,31], or they can be estimated in absolute numbers as attempted in the case
of energy expended, as reported by Mantoam et al. [32].

Embodied emissions for housing represent the emission contributions of all the build-
ings and infrastructure required to house the equipment [30]. It should be noted that
the above parameters are usually calculated for the entire lifetime of machinery or build-
ings [33]. For the present study, the contribution of emissions from construction, repairs,
and maintenance, as well as housing, are reduced to the duration of the work performed
in relation to the total lifetime of the equipment. Regarding the embodied emissions from
the production of the materials, the materials used in the execution of agricultural opera-
tions, in addition to fuels that their emissions are considered as direct, include fertilizers,
seeds and plant protection substances, lubricants and materials for the construction of the
irrigation system. The contribution of all these materials to the total emissions is assessed
based on the total amount used. It is worth noting that, especially for fertilizers and plant
protection substances, the percentage of the nutrient or active substance is considered as
the total quantity.

2.2. Data Collection

The data collected concerned the agricultural tasks applied in the field. For the collec-
tion and assessment of data, the farmB® (https://farm-b.com/ accessed on 20 December
2023) FMIS was utilized, while for the calculation, the tool described in the previous sec-
tion was used. This tool is interconnected to the farmB FMIS with the use of a dedicated
Application Programming Interface (API) in order to collect the data and calculate and
return the results. The data for the specific study were collected using the dedicated log
application farmB.log included in the farmB® Platform.

Through farmB.log, either using the web or mobile interface, the farmer or the person
performing the agricultural task, as soon as the task was completed, filled in a form with
the required information (Figure 1). Figure 1 presents examples of the data collection forms
for tillage and manual fertilization tasks within the farmB platform. Additional information
that was not directly inputted by the user was also acquired through the GIS platforms,
such as the area of the field and the farm–field distance (Figure 2). Figure 2 presents an
example of the field data presentation (a) and results panel (b) within the farmB platform.
The parameters collected through the log mechanism are presented in Table 2. The data
collected are processed within a dedicated library interconnected to the farmB information
system. The results are returned to the user through the interface.

Table 2. User calculation parameters.

Parameter Unit Parameter Unit Parameter Unit

Field area m2 Fertilizer mass kg·lt−1 Irrigation water volume m2

Operation type - Nitrogen (N) content
in fertilizer % Fuel type -

Farm–field distance m Phosphorus content (P)
in fertilizer % Irrigation tube material -

Farm–field transportation speed km·h−1 Potassium content (K)
in fertilizer % Irrigation tube length m

Tractor power hp Seed quantity - Pipe inner diameter cm
Transmission type - Seedling quantity kg Pipe wall thickness cm

Implement type - Plant protection
substance quantity kg·lt−1 Irrigation duration h

Operation width m Percentage of active substance % Manual labor h
Operation depth cm Yield kg Residue management method -
Implement mass kg Water pumping height m

https://farm-b.com/
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Figure 2. Example of field data presentation (a) and results panel (b) inside the farmB platform.

Through the platform, other types of data are also collected. More specifically, the soil
and leaf analysis are inserted, for each orchard, based on which the fertilization needs of
the crops are determined. Additionally, for certain diseases (e.g., Alternaria leaf spot in
the case of walnuts), disease prediction models are available within the platform, while
for insects, notifications are available based on the data collected by electronic insect traps
located in the fields.

3. Case Study Description

The case study includes the assessment of GHG emissions during the first 5 years
(February 2019–December 2023) after the establishment of 15 walnut orchards (Figure 3)
with different planting densities, in fields with different sizes (Table 3). The variety of wal-
nut trees planted is California Walnuts (Juglans californica), since it is the most widespread
species in Greece due to higher yields and the long productive life of the trees, as well
as the light coloring of the crumb, which is accompanied by increased selling prices [34].
Central Greece is also a representative region, since walnut cultivation is indicated in
areas with a humid and hot climate and deep soils without severe frost periods during
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the winter [35]. The fields under examination are located in the greater area of Rizomilos
in the prefecture of Magnisia, Greece. The planting density of the fields varied from 140
to 370 trees per hectare [36], considering typical planting distances for walnut cultivation
for crop production (9.1 m × 9.1 m to 5.2 m × 5.2 m), with an average planting density
of 225 trees per ha. The field size varies from 0.71 ha to 3.53 ha summing up to a total
cultivated area of 27.61 ha. The farm where all the mechanical equipment is stored is
located in Chloi, Magnisia, Greece; thus, the longest distance traveled for the execution of
an agricultural task is 11.1 km, and the shortest is 2 km. Also, according to the farmer, all
the fields were cultivated as cropland with arable crops (mostly cotton and wheat) for more
than 20 years and have now been converted to orchards.
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Table 3. Field characteristics.

Area
(ha) Number of Trees Farm–Field Distance

(km)

Field 1 2.3 310 7
Field 2 1.7 289 6.6
Field 3 1.26 466 7.7
Field 4 0.91 123 8.3
Field 5 1.31 177 6.4
Field 6 2.04 276 6.8
Field 7 1.54 208 2
Field 8 0.71 121 2.5
Field 9 1.4 238 8.5

Field 10 3.1 527 4
Field 11 1.75 298 10.1
Field 12 1.73 640 7.5
Field 13 2.96 1096 5.9
Field 14 1.37 507 2.3
Field 15 3.53 1307 11.1

The most representative agronomic protocol followed for the 15 cultivations is pre-
sented in Table 4, which presents the number of operations per type of agricultural task
performed within each cultivation period. Soil preparation takes place between the months
March-October (usually 1–2 applications per month). The field cultivator is approximately
2.6 m wide, and the operation depth is set at 10 cm. For the disk-harrow, the respective
width is 2.4 m and the operation depth is set at 8 cm. Each soil preparation task is usually
followed by the manual application of fertilizers, usually between the months of January
and August. The fertilizers are applied manually to each tree based on the needs of each
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field after the soil analysis is performed. Several different products were used throughout
the five-year period examined. The variation in yearly total applied nitrogen for the 5 years
that are examined is presented in Figure 4a.

Table 4. In-field operations (number of events) for a 5-year cultivation period following the orchard
estab-lishment (baseline scenario).

Tillage Plant Protection

Year Field
Cultivator Disk-harrow Manual

Weed Control
Weed

Control
Pest

Control Planting Fertilization
(manual) Irrigation

1 1 6 5 1 9 1 7 10
2 3 6 6 3 8 - 7 9
3 3 10 6 4 8 - 6 13
4 4 6 4 4 11 - 5 12
5 4 5 7 4 12 - 6 16
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The agrochemicals are applied based on the recommendations of the farmB platform
with respect to disease prediction; however, there are also additional direct inspections of
the orchard to determination the need for further weed and pest protection. Agrochemicals
are applied either manually or with the use of dedicated equipment (boom-type sprayer
or air carrier sprayer). The tractor used for tillage and spraying operations is 4 WD
with an engine power of 115 HP. For the first five years after the establishment of the
orchard, no substantial pruning of the trees was performed; thus, this is not included in the
operations examined.

All the details with respect to the material applied in the field (type, chemical composi-
tion, and quantity) are collected through the log mechanism directly after each application.
Irrigation is applied three to four times per month between the months of May and Septem-
ber, with the most demanding months being June, July, and August due to the increased
temperatures in Greece. Annual irrigation needs increase with the aging of the orchard,
starting from 12.8 m3 per tree per year for the first year and reaching up to 32.9 m3 per tree
for the fifth year of monitoring. The variation in yearly total applied water for the 5 years
that are examined is presented in Figure 4b. For the irrigation of the model field presented
in this case study, a pump is used with a pumping capacity of 55 m3·h−1, a power of 35 HP,
and a pumping depth of 90 m, while the in-field distribution of the water drip irrigation in
each tree is used.

4. Results
4.1. Total Emissions

This section presents the results of the previously mentioned case study. Figure 5
illustrates the total calculated emissions per hectare over a 5-year cultivation period across
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15 fields. Emissions are categorized into emissions attributed to the agricultural operations
performed, totaling 15,482.49 kg CO2 eq ha−1, referred to as production emissions, and
biogenic carbon emissions, which have a negative value representing carbon sequestration
or absorption. Production emissions encompass all scope 1, 2, and 3 emissions, as detailed
in the methodology section. Carbon sequestration occurs due to the conversion of cropland
to perennial cultivation, helping to mitigate overall carbon emissions by offsetting some
of the CO2 produced. Consequently, the net carbon impact of the 5-year cultivation is
calculated as Net Carbon Emissions = 15,482.49 kg CO2 eq ha−1−1771.00 kg CO2 eq ha−1

= 13,711.49 kg CO2 eq ha−1.
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4.2. Emissions Per Year and Agricultural Tasks

Figure 6 illustrates the carbon emissions associated with various agricultural tasks over
the 5-year span of the orchard establishment. Each bar represents the total carbon emissions
for a particular year, broken down by specific activities such as tillage, fertilizing, weed
control, pest control, irrigation, and planting. The yearly evolution of emissions and their
distribution by operation reveals significant trends across these agricultural tasks. Overall,
emissions increase yearly as the orchard develops from 1712.02 kg CO2 eq ha−1 y−1 for
Year 1 to 4842.82 kg CO2 eq ha−1 y−1 in Year 5, reflecting the growing intensity and scale
of agricultural activities.
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Figure 6. Yearly evolution of emissions by operation.

A detailed breakdown of operation emissions show the following trends: tillage
emissions increase to a peak of 711 kg CO2 eq ha−1 in Year 3, before declining by Year 5.
Fertilizing exhibits a substantial yearly increase to 2033 kg CO2 eq ha−1 in Year 5. Weed
control emissions consistently rise to 439.5 kg CO2 eq ha−1 in Year 5, stabilizing after the
first year. Pest control emissions, negligible in the first year, increase significantly over
the next four years, reaching 790.85 kg CO2 eq ha−1 in Year 5. Irrigation emissions peak
dramatically at 1282.10 kg CO2 eq ha−1 in Year 5. Planting emissions are recorded only in
Year 1 at 298.38 kg CO2 eq ha−1, as planting occurs only in the first year of cultivation.
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These trends indicate significant increases in the contribution of certain activities to
total emissions, particularly fertilizing, due to the higher input demands of growing trees.
In the first three years of orchard establishment, tillage, fertilization, and irrigation are
the most substantial contributors to overall emissions, accounting for 76.04% in Year 1,
66.49% in Year 2, and 72.65% in Year 3 (Figure 7). In the subsequent years leading up to the
trees reaching maturity, fertilizing and irrigation remain the most significant contributors,
comprising 68.46% of emissions in Year 5 (41.98% for fertilizing and 26.47% for irrigation).
This is mainly due to the increasing contribution of fertilizing. While fertilizing emissions
rise throughout the five-year monitoring period, the contribution of irrigation remains
stable. Weed and pest control show stable contributions over the four years following the
orchard′s establishment, while tillage contributions decrease in Years 4 and 5.
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With respect to the overall five-year examination period, fertilizing contributes to a
total of 34% of the total emissions, followed by irrigation with a total contribution of 24%,
as presented in Figure 8. Next come pest control (15%), tillage (14%), and weed control
(11%). The task of planting contributes the least to the examined operations (2%).
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Figure 9 represents the distribution of greenhouse gas emissions across three scopes:
Scope 1, Scope 2, and Scope 3. Scope 1, which accounts for 48% of the emissions, includes
direct emissions from owned or controlled sources. Within Scope 1, fuel contributes 33%,
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while direct and indirect fertilizer use contributes 13% and 2%, respectively. Scope 2,
comprising 24% of emissions, represents indirect emissions from the generation of pur-
chased electricity, steam, heating, and cooling consumed by the reporting company, with
irrigation energy being the sole contributor in this category. Scope 3 encompasses 28%
of the total emissions and includes all other indirect emissions that occur in the value
chain of the reporting company, both upstream and downstream. In this scope, fertilizer
production is the largest contributor, at 20%. Equipment production, maintenance, and
housing add 4%, while agrochemical production and seedling production contribute 3%
and 2%, respectively.

1 
 

 
 

 

Figure 9. Distribution of emissions per scope and emission categories.

4.3. Tool Usability and Lessons Learned

The use of the integrated digital tool for collecting data throughout the cultivation
season, though not yet widespread, presents clear benefits in both data accuracy and ease
of use. One significant advantage is the registration of machinery and material inputs, such
as fertilizers and plant protection substances, which streamlined the data entry process
for the farmer. By having a structured system in place for recording these inputs, the
farmer found it easier to track and document their agricultural practices, ensuring a more
reliable and efficient data collection process. This feature simplifies the farmer’s workload,
allowing for more accurate reporting on the inputs that directly affect the carbon footprint
of the operation.

Another key finding from the implementation of the tool was the utility of dedicated
forms for input collection, which facilitated the timely entry of data immediately after
each field operation. The structured approach allowed farmers to capture details of their
activities in real time, minimizing the risk of forgotten tasks or misplaced data. Additionally,
the use of a calendar-based format for data collection provided farmers with a clear and
organized view of their operational history. This organization helped farmers manage their
tasks more efficiently and ensured that they had access to a detailed timeline of their field
operations, supporting better decision-making and long-term planning.

The cloud storage capabilities offered by the tool further enhanced its usefulness by
allowing farmers to upload supporting documents, such as invoices and product labels.
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This feature not only reduced the need for physical document storage but also provided
easy access to records when needed, ensuring that all documentation was securely stored
and readily available. Moreover, by providing farmers with a timely overview of their
carbon footprint, the tool encouraged the adoption of more environmentally friendly
practices. Observing the impact of their operations in real time motivated the farmer to
consider reducing their environmental footprint, ultimately leading to more sustainable
farming practices.

5. Discussion

The present paper aimed to quantify the carbon emissions associated with the estab-
lishment of 15 walnut orchards in the greater area of Magnisia, Greece, with the use of
a carbon footprint tool interconnected to a Farm Management Information System. The
data collection spanned the first five years following the planting of the trees, providing
a comprehensive view of the emissions during this critical establishment phase. Over
the five-year period examined, the results revealed net carbon emissions amounting to
13,711.49 kg CO2 eq ha−1. Analyzing the annual data, it is evident that emissions show
an increasing trend from the first year through the fifth year. This trend underscores the
cumulative impact of various cultivation activities over time, particularly as the orchards
mature and require more intensive management. This study′s findings also shed light on
the weak spots within the cultivation process that contribute to the generated emissions.
This constitutes one of the main advantages of the use of the tool, since it gives users the
ability to assess and compare, within a unified framework, the environmental impacts
of different strategies, different practices, or even different crops across different regions,
facilitating informed decision-making based on specific data. This feature is particularly
useful for optimizing environmental performance across various production levels.

This study highlighted the high emissions related to orchard establishment, and the
data are supplemented with results from the subsequent cultivation seasons, with the aim
of obtaining data about the harvested crop in order to amortize the emissions resulting from
the orchard’s establishment. Additionally, further research is needed for the estimation of
the carbon gains related to the accumulated biomass of the growing trees. In this direction,
data are being collected with the use of unmanned aerial vehicles in order to accurately
calculate the biomass increase.

With respect to the resulting emission scopes, Scope 1 and Scope 2 emissions emerged
as the most significant. Scope 1 emissions, which are direct emissions from the use of
fuel and fertilizers in the field, and Scope 2 emissions, which are indirect emissions from
the generation of purchased energy for irrigation, indicate critical areas for potential
improvement. These suggest that focusing on reducing fuel use in machinery while also
minimizing the use of fertilizers and optimizing energy consumption could yield significant
carbon savings.

To continue, despite their lower magnitude compared to Scope 1 and 2, Scope 3 emis-
sions were also notable. Scope 3 emissions encompass all other indirect emissions that
occur in the value chain of walnut cultivation, including both upstream and downstream
emissions. Although their calculation carries a higher degree of uncertainty, these emissions
should not be overlooked. Their inclusion in the overall carbon footprint underscores the
need for a holistic approach to emission reduction, considering all stages of the walnut
production process. This study highlights the need for targeted strategies to reduce carbon
emissions in walnut orchards, focusing on the most significant sources and considering
both direct and indirect emissions. The increasing trend in emissions over the five-year
period calls for continuous monitoring and adaptation of practices to achieve sustain-
able cultivation and, for this reason, the use of digital tools for monitoring cultivation
becomes imperative.

Irrigation and fertilizing practices were identified as the highest contributors to emis-
sions. This finding is crucial in guiding future efforts in emission reduction. Improved
irrigation techniques, such as the use of renewable energy sources for water pumping,
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could improve the overall efficiency of irrigation. Also, the utilization of digital tools
for scheduling irrigation with interconnected meteorological stations in the field allows
for targeted irrigation considering a variety of parameters, such as climatic conditions,
soil type and texture, or cropping stage. Also, precision fertilization with a tailored crop
nutrition plan that also considers various in-field parameters can lead to increased yield
and, eventually, lower emissions per unit of product.

The results of this study were also compared with similar research on walnut pro-
duction to validate the findings. In the present study, the annual emissions, including
Scope 3 emissions, were calculated at 2742.30 kg CO2 eq ha−1. In comparison, Eren et al.
reported emissions of 1838.34 kg CO2 eq ha−1, considering factors such as human labor,
machinery, nitrogen, phosphate, pesticides, fuel, and transportation [37]. Additionally,
Marvinnery et al. (2014) developed a process-based life cycle assessment (LCA) model for
almond, pistachio, and walnut production in California, which accounted for agrochemical
inputs, mechanized operations, soil processes, geospatial variation, and biomass accumula-
tion. Their study calculated the mean annual greenhouse gas (GHG) footprint for walnut
production at 2247 kg CO2 eq ha−1 yr−1 from the nursery to the hulling/shelling facility
gate [38]. Proietti et al., while evaluating the carbon balance of different tree plantations in
Italy, calculated annual emissions of 2031.29 kg CO2 eq ha−1 yr−1 for the first five years
after planting [39]. These findings highlight that despite the locality of the data collected
within different assessments, the results can be used for generalized recommendations in
the field of walnut cultivation.

With respect to the adoption potential of such technologies and tools, data collection
and validation in agriculture pose significant challenges due to farmers′ unfamiliarity with
advanced technologies. Traditional methods of data gathering are often cumbersome and
prone to error, making it difficult for farmers to maintain accurate records. Digital tools,
such as farm information management systems, offer a solution by simplifying the data
collection process, as was highlighted in the results. These systems are designed to be
user-friendly, allowing farmers to input data easily, for example, via their smartphones.
This ease of use encourages farmers to consistently update and maintain their records,
leading to more accurate and reliable data.

Moreover, these digital tools usually provide a cloud service for data storage, which is
particularly beneficial in maintaining the documentation required for certifications, such
as ISO standards. These standards often necessitate physical documentation to certify
the materials used in farming practices. By storing this information digitally, farmers can
ensure it is readily accessible and organized, facilitating smoother certification processes.
Another significant advantage of digital monitoring tools is their ability to facilitate the
meta-data generation process. By automating data entry and calculations, these tools
minimize the risk of human error. This automation not only streamlines operations but
also reduces the need for extensive data validation, saving time and resources.

Further automation within these systems can drastically reduce the volume of data that
farmers need to manually input. This reduction not only minimizes errors but also lessens
the burden on farmers, allowing them to focus more on their core activities rather than
administrative tasks. As a result, the overall efficiency and accuracy of farm management
are greatly enhanced. Additionally, these tools are invaluable in estimating emissions
associated with various farming practices. By analyzing current practices and comparing
them with similar cultivations, farmers can identify more sustainable and environmentally
friendly alternatives. This capability is crucial in reducing the agricultural sector′s carbon
footprint and promoting eco-friendly farming practices.

Considering the above, the integration of digital monitoring tools into agriculture is
essential in improving data accuracy, streamlining certification processes, reducing human
error, and promoting sustainable practices, especially towards the evolution of the carbon
market that has catalyzed the need for standardized emission calculations to validate
reductions in emissions and sequestration. This shift demands a transition from theoretical
modeling to real, measurable data. Digital monitoring tools are essential for this transition,
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enabling precise and standardized quantification of emissions. These tools empower
farmers to optimize their operations, facilitate certification processes, reduce human error,
and promote sustainable practices, ultimately contributing to the standardization and
validation of emission reduction efforts in the carbon market.
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