| Taspiiicekuit HaykoBuii Bicuuk. Cepist: Ciibebkorocnonapebki nayku. Burm. 147. Yactuna 1

424 |

UDC 004.94: 504.38: 631.95
DOI https://doi.org/10.32782/2226-0099.2026.147.1.49

A COMPUTATIONAL FRAMEWORK FOR FARM-LEVEL
GREENHOUSE GAS EMISSION ESTIMATION
TO ENSURE CLIMATE-RESILIENT ENVIRONMENTALLY FRIENDLY
AGRICULTURE

Lykhovyd P. V. — Doctor of Agricultural Sciences, Senior Researcher,

Leading Research Officer at the Department of Irrigated Agriculture and Decarbonization
of Agroecosystems,

Institute of Climate-Smart Agriculture of National Academy of Agrarian Sciences

of Ukraine

orcid.org/0000-0002-0314-7644

Hranovska L. M. — Doctor of Economic Sciences, Professor,

Corresponding Member of National Academy of Agrarian Sciences of Ukraine,

Head of the Department of Irrigated Agriculture and Decarbonization of Agroecosystems,
Institute of Climate-Smart Agriculture of National Academy of Agrarian Sciences

of Ukraine

orcid.org/0000-0001-7021-3093

Chaban V. O. — Doctor of Agricultural Sciences,

Professor at the Department of Life Safety, Professional and Applied Physical Training,
Kherson State Maritime Academy

orcid.org/0000-0003-0900-2128

Maksymov D. O. — Candidate of Agricultural Sciences,

Research Officer at the Department of Irrigated Agriculture and Decarbonization

of Agroecosystems,

Institute of Climate-Smart Agriculture of National Academy of Agrarian Sciences

of Ukraine

orcid.org/0009-0001-7461-6321

As the agricultural sector contributes approximately 20 % of global greenhouse gas (GHG)
emissions from anthropogenic activities, there is an urgent need for accessible, scientifically
validated, and at the same time user-friendly tools to quantify farm-level carbon footprints.
This paper presents a lightweight computational framework — Farm Carbon Footprint
Estimator — developed in pure C programming language, designed to estimate CO,-equivalent
(CO,,) emissions across multi-crop and livestock farming agricultural systems. By integrating
emission factors from the IPCC 2019 Refinement and the FAO EX-ACT tools, the developed
compact application provides a high-fidelity assessment of emissions originating from fertilizer
application, fuel combustion, enteric fermentation, irrigation usage and pesticide application.
The application logic for carbon footprint estimation is built based on the latest international
recommendations and guidelines regarding CO, emission equivalents for different agricultural
materials and activities. The application supports emission estimation for 10 major crops and
such agrotechnological inputs as NPK fertilizers, manure, diesel fuel consumption, irrigation
water usage, 8 common pesticides related emissions, as well as emissions connected with
livestock methane for cattle, swine and poultry. Unlike cloud-dependent solutions, this offline-
capable framework ensures data sovereignty and accessibility for farmers in regions with limited
digital infrastructure. Furthermore, Farm Carbon Footprint Estimator is extremely lightweight,
requires no installation and operates in the command line interface (CLI) mode on any personal
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computer. The developed application is extremely important and useful to ensure that every
farmer can perform localized, data-driven carbon accounting and participate in carbon credit
markets. Rigorous evaluation of carbon footprint on each farm is an important step towards
responsible usage of natural resources and provides the guarantee of environmentally friendly
and ecologically safe agricultural activity within the framework of climate-smart agriculture.

Key words: carbon footprint, climate-smart agriculture, environmental modeling, green
economy, software.

Jluxoeud I1. B., I'panosscrall. M., Yaoan B. O., Maxkcumos /1. O. Memoouka po3paxynkogor
OUIHKU GUKUOI6 NAPHUKOBUX 2a3i6 Ha PIGHI CilbCbKO2OCNO0APCHLKO20 NIONPUEMCMEA 0N
3a0e3neueHHA KNiMamu4Ho CMItiko20 eKo102i4HO YUCIO20 CillbCbKO20 20CnO0apCmea

Bpaxosytouu, wo cinvcvre cocnooapcmeo € doicepenom npubauzno 20 % ceimogux euxu-
0ié napruxosux easzie (I1I)) eéHacniook anmponozenHoi OisnbHOCHI, ICHYE Ha2AlbHA nompeda
6 0OCMYNHUX, HAYKOBO aAPSYMEHMOBAHUX MA BOOHOUAC 3PYYHUX THCTNPYMEHMAX Ol KilbKICHOT
OYIHKU 8yeneye8020 Cidy HA PIGHI IHOUBIOYAIbHUX epmepcbKux 2ocnodapcems. Y yiti cmammi
npeocmasneno oouucmosanviy niamgopmy — Farm Carbon Footprint Estimator — po3pooneny
3 guKopucmanuam mosu npoepamysants C, npusnaueny ona oyinxu euxuoie CO,-exgieanrenmy
(CO,,) y aepocucmemax, wjo no€onyoms y co0i UPOUYSBAHHA PIZHUX KVILIYD | MEAPUHHUYMEO.
Iumezpyrouu koeiyicumu suxudis 3 incmpymenmie IPCC Refinement 2019 ma FAO EX-ACT,
PO3POONIEHUIl KOMNAKMHULL NPOSPAMHULL 000amoK 3abe3neuye 8UCOKOMOUHY OYIHKY BUKUOIS,
108 SI3AHUX 13 GHECEHHAM 000PUG, 3ACMOCYBAHHAM NATUBHO-MACTNUTLHUX MAMEPIAnie, KUUKO-
601 (hepmenmayii meapur, GUKOPUCMAHHS 3POWLEHHS MA 3ACMOCY8AHHA necmuyudie. Jloeika
000amKy 01 OYIHKU 8yeneye8oco clidy noby008aHa HA OCHOBI OCMAHHIX MIHCHAPOOHUX PeKo-
MeHOayiti ma 6Kazieox wjooo eksiganenmie eukudie CO, 0is Pi3HUX CIlbCbKO2OCNOOAPCHKUX
mamepianie ma 6udig disnbHocmi. JJooamok niompumye oyinky eukuoig o 10 0cHO8HUX K)iib-
mMyp ma maxux azpomexuonoziynux pecypcis, ax NPK 0obpuea, enitl, cnojcueanus ousenrbHo2o
NANbHO20, GUKOPUCIIAHHA 3POWYBANbHOI 600U, 8 nowupenux necmuyudie, a maxoic GUKUOis,
NO8 SA3aHUX 3 MeMAaHo8UM CII00M 8i0 enuxoi poeamoi xyoobu, ceuneti ma nmuyi. Ha 6iominy
810 XMAPHO-3ANEIHCHUX pitleHb, po3pobieHa oghnatin-niampopma 3abe3neuye KonpioeHyitiHicms
ma 0ocmynuicms 0anux OJis pepmepis y pecioHax 3 00MexceHo Yu@dpoeoio ingpacmpyKmypoio.
Kpim moeo, Farm Carbon Footprint Estimator Ha036uuatino e2Kutl y KOpUCmyeanHti, He nompe-
Oye 6CMAHOBIEHHSA MA NPAYioe 8 pexcumi komanonoeo paoka (CLI) na 6yob-akomy nepcoHans-
Homy Kkomn tomepi. Po3pobnenutl 000amox € HA036UUAIHO BANCTUSUM MA KOPUCHUM, HAOAIOUU
MOJCIUBICING KOJICHOMY ¢hepmepy SUKOHY8amuU NOKANIZ308aHUL 00NIK 8yeneyl0 Ha OCHOBI OaHUX
ma opamu yuacmo y punkax gyeneyesux kpeoumis. Pemenvna oyinka gyeneyeso2o ciioy Ha Koic-
HOMY CIbCbKO2OCNOOAPCHKOMY NIONPUEMCMET € BANCIUBUM KPOKOM 00 GIONOBIOANILHOZ0 BUKO-
pucmanHa npupooHux pecypcie ma 3abesneuye 2apanmilo eKoioiyHO YUCmOoi ma eKono2iuHo
6e3neunoi cLibCbk020Cno0apchkol OISLIbHOCME 8 PAMKAX KIIMAMUYHO PO3YMHO20 CLIbCbKO2O
eocnodapcmea.

Kniouoei cnosa: gyeneyesuii ciio, KiiMamuuno opicHmos8ame ClibCoke 20Cn00apCcmeo, ekoaio-
2iune MOOeno8anHs, 3elena eKOHOMIKA, NPocpamHte 3a0e3neueHHs.

Problem statement. Estimating the carbon footprint of agricultural activities is
essential for climate change effects mitigation, sustainable farm management, rational
natural resource use, credible policy and reasonable market decisions. Agriculture
contributes about 18-20 % of global greenhouse gas emissions, including large shares
of CH, and N,O. Carbon footprint accounting reveals how much each practice (fertilizer
system, tillage practice, irrigation patterns, livestock, etc.) adds to global warming [1].
This allows to identify the most harmful and dangerous practices with the highest
contribution into global warming, as well as find the best agrotechnological options to
make agriculture less carbon-emitting and more environmentally friendly and climate-
smart [2]. Consistent, standardized carbon footprint estimation is needed to avoid
misdirected agrarian policy and enable fair comparison across different agricultural
systems (e.g., organic vs. conventional) [3].

For now, there are established and generally accepted guidelines for greenhouse
gas emissions estimation from agricultural activities, for example, FAO-backed
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Environmental eXternalities ACcounting Tool (or EX-ACT). This tool provides with
a consistent standardized methodology to evaluate and track the carbon footprint of
various agricultural interventions, identify climate impacts of agricultural practices, and
take reasonable steps to mitigate adverse effects of agriculture on global warming and
related climate challenges. However, this tool is not straightforward to use for everyone
and requires special initial setting and corresponding expertise. Besides, it is developed
for Windows-based machines, and users that have Linux or macOS based systems
will face additional complications to run this program [4—6]. Therefore, the problem
of low accessibility of robust (and at the same time easy-in-use) carbon footprint
estimation for any participant of agricultural activities, is not resolved properly, as far
as free tools provide limited scientific reasoning or limited capabilities across different
agrotechnological interventions, and commercial tools are not affordable for everyone.

Analysis of recent research and publications. Accurate carbon footprint estimation
requires complicated calculations (accounting numerous key parameters and metrics
available in specialized databases) that are extremely time-consuming and require
special costly expertise if performed manually. In this regard, many scientific groups
in cooperation with software developers have studied the possibility of developing
automated framework for carbon footprint estimation if different anthropogenic
activities. For example, Mariette et al. (2022) developed and proposed a framework for
the analysis of carbon footprint of research institutions and laboratories. The framework
relies upon the open-source web application entitled “GES 1point5” and is designed
to evaluate the greenhouse gas emissions from a department, research laboratory or
a scientific group. The web framework was successfully tested for the scientific and
research laboratories of France. It was established that this sector of the economy
of France is responsible for about 479 tCO, equivalents per laboratory and 3.6 tCO,
equivalents per researcher [7].

Another interesting example of software for carbon footprint estimation is a web
application CFTPR — the tool developed to assess the CO, emissions in constructed
wetlands. The tool provided calculations on the carbon footprint during the construction,
operation, and demolition periods of the wetlands. Notwithstanding the fact that the tool
provided comparatively high accuracy of estimation, it is not available anymore now
[8]. The tool entitled “OERCO2 Tool”, developed within the framework of OERCO2
project funded by Erasmus+ program, also aimed to estimate carbon footprint in the
specific domain, namely, for residential buildings. The “OERCO2 Tool” software
proved itself to be reliable after manual scientific evaluation by the experts in this field.
The user-friendly interface of the tool allows sustainability evaluation of the residential
buildings to be performed even by non-specialists. The application is available at
https://co2tool.oerco2.eu/en-US [9].

CICO,e is another tool in the format of web application for carbon footprint
estimation, this time — for computational activities evaluation. The program uses time
series of carbon intensity data (based mainly on power consumption) to predict the
values for certain hardware configurations under various runtimes and usage scenarios.
The web application is available for free at https://cico2e.swc.rwth-aachen.de [10].

Moving the focus to agriculture, it should be stressed that there are not so many
available software applications and tools to perform reliable carbon footprint estimation.
However, several recent developments are worth to be mentioned. First, OFoot online tool
for carbon footprint evaluation of organic farming deserves attention. Notwithstanding
the fact of its local importance (the application was built and tested for organic farms
located in the Pacific Northwest region), the application provides interesting approach
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to carbon emission and sequestration assessment through simulation modeling. The
validation tests proved that OFoot is useful for data-driven decision making in organic
farms [11].

Recentresearchrevealed thatamong over 60 potentially useful tools for carbon footprint
estimation in agriculture, only three could be reckoned as valuable and insightful, viz.,
AgRE Calc, Cool Farm Tool, and Solagro (JRC) Carbon Calculator. AgRE Calc follows
mainly IPCC Tier 2 calculation methodology and is provided on commercial basis. Cool
Farm Tool uses more robust and detailed methodology for greenhouse gases emissions
estimation. The program goes beyond the IPCC Tier 1 and Tier 2 methodologies through
the inclusion of indirect and direct N,O emissions, as well as extended accounting
emissions from mineral fertilizers and changes in soil carbon storage. Solagro (JRC)
Carbon Calculator is probably the simplest tool from the methodological point of view,
as it uses IPCC Tier 1 and simplified Tier 2 methods in its core, but on the other hand,
this application is free to use. As for other available options, they were delisted by the
researchers as less usable, robust or suitable for farming level [12].

Another interesting and practical tool for farm-level carbon footprint estimation
was the Carbon Calculator developed within the MARS Project. The tool has been
developed as a Microsoft Excel extension and a standalone PC application. Its user-
friendly interface made the tool usage comfortable and simple, notwithstanding the
robust scientific algorithms (the application logic basis contained international standards
and technical requiremnets on life cycle assessment (LCA) and C foot printing) and
comprehensive support of 10 livestock categories (cattle, sheep, swine, and poultry),
more than 150 different crops. The only categories not included in the tool were rice,
forestry, and fishery. Another advantage of the Carbon Calculator was that the tool
suited for the farms of different sizes and systems (organic, conventional, integrated,
conservation agriculture, etc.). Unfortunately, notwithstanding the fact that the tool had
strong scientific basis, was reliable in estimations and got warm receipt from scientific
community and farmers, the application is no more available to download and use [13].

The study by Keller et al. (2014) focused on the comparison of other three tools
for agricultural carbon footprint estimation. The first tool was Cool Farm Tool — a
globally applicable, farm-oriented greenhouse gas emissions assessment tool developed
by the University of Aberdeen, Unilever, and the Sustainable Food Lab. The tool
combines empirical models with farm-specific data to estimate emissions and identify
key greenhouse gas hotspots under different management scenarios. The Bonsucro
GHG calculator focuses on quantifying emissions from sugarcane, sugar, and ethanol
production to assess compliance with the Bonsucro Production Standard. Developed
with life-cycle data from the sugarcane sector, it aggregates farm-level information to
produce mill-level emission estimates and support mitigation planning. As it is evident
form the mentioned above, the functionality and usability of this tool is narrowed down.
And the third tool was PalmGHG - a specialized instrument for evaluating emissions
and carbon sequestration in palm oil production systems. Created by the RSPO GHG
working group, it supports emission reduction, monitoring, and reporting at the mill
and supply-chain levels. Though the tool is food for the palm oil production systems,
it is useless beyond them. As a result of the comparative study, it was revealed that it is
almost impossible to compare these tools and decide which one should be preferred over
other. The calculation outcomes differed significantly, but the authors claim that it was
impossible to determine what results are closer to “right” [14].

The Farming Systems Greenhouse Gas Emissions Calculator is another web-based
tool that is worth mentioning. It is linked to the SOCRATES soil carbon model that
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allows users to estimate greenhouse gas emissions associated with different crop
management practices. By selecting location, crops, tillage, and fertilizer inputs, the tool
identifies key sources of the emissions, including soil carbon exchange, N,O emissions,
fuel and fertilizer related emissions, etc. It illustrates how management decisions, such
as reduced tillage and lower nitrogen application, can significantly decrease overall
greenhouse gas emissions in cropping systems [15].

Of course, numerous other carbon footprint calculators exist that are not discussed in
this article. However, they are less widely used, often lack a strong scientific basis, and
many are no longer updated or available for download or online use. Furthermore, most
calculators and estimators have been developed for local applications only, for example,
Cplan v0 for the UK, the Farming Enterprise GHG Calculator for Australia, the US
Cropland GHG Calculator for the United States, and Climagri for France. A truly global
scope is primarily offered by FAO-backed tool EX-ACT, CBP, and the Cool Farm Tool
[16]. For this reason, it is neither practical nor necessary to review all tools that have
ever been developed. At the same time, this observation clarifies the main objective of
our study and development work.

Our purpose is to develop a scientifically robust, data-driven, cross-platform
software application capable of performing operational carbon footprint estimation for
farms engaged in crop or livestock production, regardless of geographic location or
other constraints.

Materials and methods. The methodology of the Farm Carbon Footprint Estimator
is based on a modular computational approach that integrates internationally recognized
greenhouse gas accounting protocols with a high-performance, deterministic software
architecture.

The application utilizes a bottom-up accounting approach, where total farm emissions
(E ) are calculated as the sum of emissions from individual agricultural activities. The
modeling logic adheres to the IPCC Tier 1 and Tier 2 guidelines (2006/2019 Refinement),
applying the following general equation:

Eroa = Z(Ai x EF; % GWB)’ >

i=1

where: 4, — activity data (kg of fertilizer per ha, L of fuels, etc.); EF; — specific emission
factor derived from the FAO EX-ACT and Ecoinvent databases; GWP,; — global warming
potential used to convert non-CO, gases into CO, equivalents.

The framework accounts for the life-cycle emissions of mineral NPK fertilizers and
organic manure. For nitrogenous fertilizers, the model calculates both the upstream
manufacturing emissions and the direct-indirect nitrous oxide emissions resulting from
field application. Pesticide emissions are calculated using specific emission factors for eight
major active ingredients, accounting for the energy-intensive chemical synthesis processes.
As for the energy and livestock components, the framework utilizes following principles:

— Fuel Combustion: Carbon intensity is calculated based on the net calorific value
of diesel fuel used in machinery and transport.

— Enteric Fermentation: Methane emissions from livestock (cattle, swine, and poultry)
are estimated based on population-specific emission factors provided by the FAO.

— Irrigation: Emissions are modeled based on the energy requirements for water
pumping, assuming standard lift-height efficiencies and regional grid-emission factors.

The application supports a multi-crop architecture, allowing for the simultaneous
analysis of up to ten distinct crop types (e.g., wheat, maize, soybean). The data ingestion
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layer is designed for versatility:

— Direct User Input: Interactive entry for real-time farm assessment.

— Batch Processing: Ingestion of Comma-Separated Values (CSV) files, enabling
the analysis of large-scale historical datasets or multi-farm cooperative data.

The estimator is implemented in the C99 programming language, chosen for its
deterministic execution and minimal hardware requirements. The software is partitioned
into distinct functional modules to ensure scientific maintainability:

— compute.c: Contains the core mathematical logic for GHG stoichiometry.

— input.c: Handles the parsing and validation of agronomic data.

— report.c: Generates structured analytical reports, calculating both total emissions
and per hectare intensity metrics.

To ensure accessibility in regions with limited digital infrastructure, the tool was
engineered with zero external dependencies. It utilizes standard C libraries, allowing it
to be compiled and executed on any operating system (Linux, macOS, Windows). The
Command Line Interface (CLI) design ensures that the tool can run on legacy hardware or
be integrated into automated server-side pipelines. The internal crop database (yielding
parameters and nutrient requirements) was standardized against global averages to
provide a reliable default baseline for users who lack specific soil-test data, while still
allowing for manual override in advanced Ul modes.

Results and discussion. The implementation of the Farm Carbon Footprint Estimator
resulted in a multi-modal computational framework designed to maximize accessibility
across diverse technical environments. The system provides several distinct operational
modes, each optimized for specific user requirements while maintaining absolute
algorithmic consistency.

1) Heuristic Interface Modes (Simple & Advanced UI): These modes facilitate real-
time, interactive data entry. The Advanced mode utilizes standardized box-drawing
character forms to provide visual feedback and color-coded results to reduce human
error during the manual ingestion of agronomic variables.

2) Command Line Interface (CLI) and Batch Processing: For high-throughput
research, the application supports a headless CLI mode. The Batch Mode is capable
of direct Comma-Separated Values (CSV) file upload, allowing for the automated
generation of carbon reports from existing farm management datasets.

3) System Portability: Testing confirmed that the zero-dependency C99 architecture
ensures seamless cross-platform performance across Linux, macOS, and Windows.
This robustness is critical for deploying the tool in localized field offices where modern
hardware or internet connectivity may be absent.

A primary result of the development is the high-granularity processing capability of
the created framework. The system successfully integrates emissions data from up to
10 distinct crop profiles within a single farm entity. The application utilizes two primary
data structures to ensure interoperability with legacy and modern datasets (Table 1).

Table 1
Comparison of supported data ingestion formats
Feature Legacy format Multi-crop format
Scope Single-crop aggregate Detailed multi-crop breakdown
Primary utility Rapid historical inventory Precision management
Livestock support Integrated Secondary module
Pesticide analysis General aggregate ID-specific
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The multi-crop format allows for the precision mapping of agrotechnological
inputs — such as NPK fertilizers, manure, diesel fuel, and irrigation — to specific land
parcels, enabling a more nuanced understanding of carbon intensity (tCO,e/ha) across
the farm enterprise. The framework produces a structured report, which disaggregates
emissions into specific categories: fertilization, fuel, irrigation, pesticides, and livestock.
For quantitative reporting the system automatically calculates emission intensity per
hectare, providing a benchmark for sustainability. For automated mitigation logic, the
system, based on the calculated tCO,e/ha thresholds, generates targeted sustainability
recommendations. For example, farms with low-intensity profiles (less than 2 tCO,e/ha)
are automatically labeled as “Sustainability Leaders” (Fig. 1).

[ Farm Information ]
Farm Size: 50.0 ha rtili 2 43.80
Crop Type: wheat Manure: 60.00
Total Emissions: 138.52 tCO2e Fuel: 10.72
Irrigation: 12.50
Livestock:

MODERATE emissions (2-5 tCO2e/ha)
- Focus on highest emission categories above

| - Consider precision agriculture techniques
| - Gradual improvements can make a big difference

S: Save report to file C: Continue with another farm ESC: Back to main menu

Fig. 1. User interface and sample report of the Farm Carbon Footprint Estimator

Rigorous testing via the “demo.sh” and “demo.bat” scripts across different
operating systems verified that the internal calculation engine produces identical
results regardless of the interface selected. The “Batch Mode” was successfully used to
process a standardized multi_crop sample.csv, demonstrating the tool’s readiness for
large-scale longitudinal studies of agricultural emissions. The successful compilation
using standard gcc with no external libraries validates the tool’s utility as a lightweight
alternative to resource-heavy and internet connection dependent cloud platforms. The
tool is available for download at the GitHub repository address: https://github.com/
PavloICSA/CarbonFarm.

Conclusions and further prospects of research. Farm Carbon Footprint Estimator
is a CLI cross-platform tool aimed to assist farmers in comprehensive evaluation of
greenhouse gas emissions. The tool is based on the international databases of emission
factors and scientifically substantiated computational logic. It is available for free
and distributed upon the terms of MIT license. Further improvements will include
significant extension of the available emission database, adding more features for
detailed emissions tracking, multilingual support and, perhaps, deployment online in
the form of a progressive web application.
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