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Abstract. The purpose of this study is to develop an econometric model for assessing and accounting
for Scope 3 greenhouse gas emissions within the ESG-controlling system of the agricultural sector.
The research aims to identify the relationships between emissions and key economic factors and
to integrate sustainability indicators into managerial accounting practice. The methodological
framework combines log-log regression modelling and scenario analysis based on FAOSTAT and
Eurostat datasets for Germany and Kazakhstan over 2000-2022. Calculations were performed in
MATLAB R2025a using panel data on Enteric CH4, Manure N,O, Soils N,O, and Scope 3 components
(production, transport, packaging, consumption, and waste). The results reveal a strong elasticity
of Scope 3 emissions with respect to energy use and gross production value, indicating that the
degree of decarbonization depends on resource efficiency. Scenario simulations show that a 10%
reduction in nitrogen fertilizer use in Germany decreases total agricultural emissions by 3.8%, while a
10% reduction in agricultural energy intensity in Kazakhstan results in a 1.4% decrease. The practical
significance of the study lies in developing methodological principles for Scope 3 accounting within
managerial accounting and controlling, enhancing the transparency of ESG reporting and supporting
the introduction of sustainability budgeting tools in the agricultural sector.

Keywords: ESG-controlling; managerial accounting; Scope 3 emissions; agriculture; greenhouse gas
accounting; elasticities; scenario analysis.

INTRODUCTION

The ongoing decarbonization of the global economy introduces new requirements for
accounting, analytical, and management systems at both micro- and macroeconomic levels.
Following the adoption of IFRS S1 General Requirements for Disclosure of Sustainability-
related Financial Information [1], IFRS S2 Climate-related Disclosures [2], and the European
Sustainability Reporting Standards (ESRS)[3], companies are now obliged to ensure the
transparency and comparability of climate-related data in both financial and non-financial
reporting.

Agriculture plays a pivotal role in this system as one of the largest contributors to greenhouse
gas (GHG) emissions [4,5]. According to FAO and IPCC data [4,6,7], the agricultural sector accounts
for approximately 18-20 % of global emissions, while in certain countries - such as Kazakhstan
the share can reach 25-30 %. The primary sources of emissions include enteric fermentation in
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ruminants (CH,), manure management (CH,4 + N,O), and soil processes associated with agricultural
practices (N,O) [7].

The dynamics of total and indirect agricultural emissions in Germany and Kazakhstan are
presented in Figure 1.

Figure 1. Dynamics of total and indirect (Scope 3)
emissions in the agriculture of Germany and Kazakhstan, 2000-2022, kt CO,e

Source: authors’ calculations based on FAOSTAT and Eurostat data (MATLAB R2025a).

As shown in Figure 1, Scope 3 emissions in Germany demonstrate a consistent downward
trend, whereas in Kazakhstan the agricultural carbon footprint continues to rise. Despite the
significantclimateimpactofagriculture, theintegration of emission datainto managerial accounting
and national controlling systems remains fragmented. Unlike industrial or energy sectors, where
emissions accounting is standardized within the Emission Trading System (ETS) [3], the agricultural
sector is characterized by fragmented data sources, methodological inconsistencies [4,7], and the
absence of feedback mechanisms linking economic decisions to environmental outcomes.

This issue becomes particularly critical in relation to Scope 3 emissions, which encompass
indirect emissions along the entire value chain - from feed production and energy supply to pack-
aging and transportation of food products. Scope 3 thus reflects the systemic carbon footprint of
agricultural production, yet its quantitative assessment in managerial accounting remains virtual-
ly absent [8,9]. Consequently, ESG efficiency indicators are often detached from accounting and
analytical mechanisms, hindering informed managerial decision-making.

International sustainability reporting frameworks (GRI, CDP, SASB) remain weakly inte-
grated with managerial accounting systems in transition economies, including Kazakhstan,
despite national strategies emphasizing the adoption of ESG indicators in the agro-industrial
sector[10-14].

Accordingly, a key scientific and practical question arises: how can the influence of economic
factors on Scope 3 emissions be quantitatively assessed so that the results are comparable, man-
ageable, and applicable within managerial accounting and controlling systems?

Recent studies increasingly apply econometric and modelling tools to analyse carbon effi-
ciency; however, the use of engineering-analytical platforms such as MATLAB in ESG-controlling
remains limited, despite their potential for automated data processing and visualization [15,16].

Germany represents a technologically advanced agricultural system actively implementing
ESG reporting under the EU Green Deal, whereas Kazakhstan is characterised by more extensive
production systems and lower energy efficiency. Comparing these economies allows identifica-
tion of structural differences in emission determinants and controlled mitigation potential.

The research applies a log-log regression (OLS) framework to estimate the elasticity of emis-
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sions relative to key economic factors: population, agricultural output, arable land area, crop yield
index, energy use, and fertilizer consumption. This approach interprets regression coefficients as
ESG elasticities - showing the percentage change in emissions resulting from a 1 % change in each
factor.

The novelty of this study lies in developing and testing a managerial ESG-controlling model
in which regression results are interpreted as tools for monitoring, planning, and scenario fore-
casting. Unlike traditional approaches that treat emissions solely as environmental parameters,
this model integrates them into the economic-analytical framework of managerial accounting.

Thus, the article provides both a theoretical and practical foundation for the implementa-
tion of digital ESG-controlling tools in the agricultural sector, aligning with the global trend toward
data-driven management and the digitalization of accounting, thereby enhancing the role of ac-
counting and controlling within the system of state and corporate audit.

RESEARCH GOALS AND HYPOTHESES

The purpose of the study is to model the factors shaping agricultural Scope 3 greenhouse
gas emissions and to develop a MATLAB-based tool for their economic analysis and managerial
control.

The following hypotheses are formulated:

* H1: Economic factors (energy consumption, fertilizer use, production value, and land struc-
ture) have a statistically significant effect on Scope 3 emissions in agriculture.

* H2: The influence of factors differs between countries with different levels of economic
development (Germany - developed economy; Kazakhstan - transitional economy).

* H3: Elasticities estimated from log-log regression can serve as indicators of ESG-controlling
effectiveness and as instruments for scenario forecasting.

* H4: Integrating regression results into managerial accounting forms a methodological ba-
sis for targeted emission reduction and the transition to “green” budgeting.

LITERATURE REVIEW (ENGLISH VERSION)

Global sustainability reporting standards, including IFRS S1-S2 and the ESRS framework,
emphasize the need for reliable disclosure of environmental and climate-related impacts, which
is particularly relevant for agriculture as one of the major sources of global GHG emissions [1-7].

The GHG Protocol remains the dominant methodological foundation for GHG accounting,
defining Scopes 1-3 and outlining the role of indirect emissions along agri-food value chains.
Numerous studies confirm that Scope 3 frequently represents the largest share of agricultural
emissions due to embedded impacts from feed production, processing, logistics and distribution
[8,9].

The literature also highlights the persistent methodological difficulties in measuring and
integrating Scope 3 emissions into managerial accounting. Traditional accounting systems rarely
capture environmental externalities, while sustainability reports often remain descriptive and
insufficiently linked to decision-making processes[10-12,17,18]

In response to these gaps, the European accounting school developed the concept of ESG-
controlling, which integrates sustainability metrics into planning, monitoring and managerial
decision-making. These approaches emphasize that environmental indicators and carbon metrics
must function not as descriptive disclosures but as internal management tools [19-21].

Recent developments in ESG-controlling have been increasingly driven by digitalization,
particularly through the expansion of sustainability-related information systems [22,23]. Digital
platforms described in recent studies—such as those analysed by Qi et al. (2025)—enable the
integration of emission and production data into managerial accounting processes, thereby
supporting automated monitoring and analytical reporting [12]. Furthermore, quantitative
modelling approaches have been shown to enhance climate-risk forecasting and strengthen the
reliability of decarbonization scenario planning [24,25].
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Research on agricultural GHG emissions increasingly relies on econometric modelling,
showing that emissions depend on combinations of economic, technological and agro-ecological
factors, including fertilizer intensity, energy use, land structure and livestock density. Log-log
regression models are the dominant analytical tool, estimating elasticities that quantify the
responsiveness of emissions to changes in key production drivers and providing a basis for
scenario analysis [25-28].

Recent studies have increasingly shifted from descriptive sustainability reporting toward
managerial and value-based approaches. Within this perspective, the concept of Value-Based
Environmental Management Accounting (VBEMA) interprets emissions as economic costs subject
to measurement and control in accounting systems [29].

Under these conditions, modelling and automation tools gain particular relevance for
supporting managerial decisions [11,12].

Several studies note the growing use of MATLAB in economic and environmental research
due to its capacity for automated panel-data processing, regression estimation and scenario
simulation. Although originally an engineering tool, MATLAB is increasingly applied in integrated
ESG analyses because of its computational accuracy and visualization capabilities [23].

The use of MATLAB in the context of management accounting is of particular importance, as
it ensures a connection between accounting data and analytical calculations. Thus, MATLAB can
be viewed as a digital component of the ESG controlling system, where economic, energy, and
environmental indicators are integrated into a unified model.

Despite the substantial body of existing research, important scientific gaps remain. First,
there is no comprehensive model that integrates accounting, controlling, and scenario modeling
of emissions [20,21,29]. Second, there is a lack of empirical comparisons[24] between developed
and developing countries in the agricultural sector, which complicates the adaptation of
international approaches to national contexts. Third, scientific publications insufficiently address
the issue of embedding regression models into the management accounting system [11], that is,
transforming them from an analytical tool into a decision-making instrument.

Therefore, the literature review confirms that studying the factors behind emission formation
in agriculture requires a comprehensive approach that combines economic analysis, management
accounting, and digital modeling. Relying on ESG controlling concepts and using MATLAB as an
analytical tool not only allows for the quantitative assessment of emission determinants but also
facilitates the integration of the results into sustainable development planning.

The review demonstrates that this study addresses these gaps by establishing a
methodological basis for a digital ESG-controlling model for Scope 3 emissions in agriculture,
adapted to the conditions of Germany and Kazakhstan.

MATERIALS AND METHODS

The empirical part of this study develops an ESG-controlling model of agricultural GHG
emissions for Germany and Kazakhstan. The model assesses the influence of economic, energy-
related and agro-ecological factors on emission levels and enables scenario calculations for
evaluating managed changes in resource use. The methodological approach integrates managerial
accounting, sustainability controlling and econometric modelling within the MATLAB R2025a
environment.

The initial dataset was compiled from official FAOSTAT statistical data (Food and Agriculture
Organization of the United Nations) [4] for the period 2000-2022. The domains Emissions Totals
(GT), Emissions from Livestock (GLE), Emissions from Agriculture Soils (GAS), Inputs - Energy
(ENE), Fertilizers by Nutrient (RFN), Production Indices (Ql), and Land Use (RL) were used, which
ensured a comprehensive coverage of the socio-economic and natural factors of agricultural
production.

It should be noted that the FAOSTAT database does not provide direct data for all stages of
the value chain that fall under Scope 3. Therefore, the reconstruction of Scope 3 indicators in this
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study is based on a “structural approximation” method. For each stage of the chain (processing,
transport, packaging, retail, consumption, and waste), the following sources were used:

- FAOSTAT data on direct agricultural emissions combined with stage-specific emission
factors (IPCC 2019);

- structural statistics of agri-food value chains in Germany and Kazakhstan (Eurostat,
national statistical sources);

- proportional processing and logistics coefficients used in EU food chain inventory studies.

Thus, Scope 3 values were reconstructed through aggregation and extrapolation based
on available component data, ensuring comparability of emission levels and methodological
alignment with the GHG Protocol and IPCC (2019).

FAOSTAT data completeness was verified for both countries for 2000-2022. Missing
observations in Kazakhstan were harmonized and aggregated into annual CO,-equivalent values
to ensure cross-country comparability. All variables were converted to a unified format (Mt CO,e)
and log-transformed, enabling consistent interpretation of regression coefficients as elasticities.

Themodelincludesthefollowingvariables: population(Pop), agriculturalenergy consumption
(Energy), nitrogen fertilizer use (Fert) , gross agricultural production (GPV), agricultural land area
(Land) and the crop production index (Croplndex) [25,26].

Descriptive statistics for the variables included in the econometric model are presented in
Table 1. The high variation in energy use and fertilizer application confirms the need for logarithmic
transformation of the data [25,27].

Table 1. Descriptive statistics of the main model variables (2000-2022)

Source: compiled by the authors.

The study applies a log-log multiple regression model, widely used in applied elasticity
analysis [25,30]. The general structure of the model is as follows:
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In(Yy) = a + Biln (Popy,) + BoIn (Energy;e) + B3in(GPVy) + Baln(Land;) + fs(CropIndex;.)
+ Beln(Ferty) + &t

Where Y;; are the total agricultural GHG emissions in country i in period t; By are elasticity
coefficients showing the percentage change in emissions resulting from a 1% change in each
factor; and g, is the error term. Positive coefficients indicate direct relationships, while negative
ones show inverse effects.

The logarithmic specification ensures the interpretability of coefficients as elasticities and
allows their use in scenario calculations within the ESG-controlling framework [24,27].

The model is implemented in MATLAB, which made it possible to combine the stages of
data processing, statistical estimation, and visualization [23,31] of results within a single analytical
cycle. The computational procedure [26] includes importing data from the FAOSTAT database,
logarithmic transformation of variables, estimating regressions using the ordinary least squares
method, calculating coefficients, standard errors, t- and F-statistics, R? and Adjusted R?, as well as
the Akaike (AIC) and Schwarz (BIC) information criteria. Separate estimations were performed for
each country and for the pooled sample, which made it possible to conduct a comparative analy-
sis of the influence of factors on emissions.

In the second stage, a component analysis of emissions was performed for three categories:
enteric fermentation (CH,4), manure management (CH,4 + N,O) and agricultural soils (N,O). Sepa-
rate regressions for each category allow identifying structural differences in emission formation
and determining the most influential factors [6,71].

The structural distribution of Scope 3 agricultural emissions in Germany and Kazakhstan is
presented in Figure 2.

Figure 2. Structure of Scope 3 components (Processing, Packaging,
Transport, Retail, Consumption, Waste), 2000-2022, kt CO,e

Source: authors’ calculations based on FAOSTAT Scope 3 dataset (MATLAB R2025q).

Figure 2 shows that in Germany the largest contribution to Scope 3 emissions comes from
transport and packaging, while in Kazakhstan it is driven primarily by retail and consumption.

Scenario modelling was performed using elasticity-based sensitivity analysis. Scenarios
assumed a 10% reduction in selected factors [25,27]. For Germany, a “~-10% nitrogen fertilizer
intensity (N)” scenario was modelled in line with EU agri-environmental programmes [25]. For
Kazakhstan, a“-10% energy intensity of agricultural production” scenario was evaluated, reflecting
national decarbonisation priorities [27]. Scenario calculations allowed quantifying the expected
percentage reduction in total Scope 3 emissions.

Figure 3 presents the dynamics of Scope 3 emissions per capita for Germany and Kazakhstan,
providing an indicator of emission intensity relative to population.

Ne 4 (69) 2025



CENTER FOR
ESEP e

EVALUATION

Figure 3. Scope 3 emissions per capita (t CO,e/person), 2000-2022

Source: authors’ calculations based on FAOSTAT data (2000-2022).

Figure 3 shows the dynamics of Scope 3 intensity per capita: Germany exhibits a stable
downward trend, whereas Kazakhstan shows growth.

The model was implemented in MATLAB as a digital ESG-controlling architecture integrating
data preprocessing, statistical estimation, elasticity calculation, scenario modelling and
visualisation within a unified workflow. This structure functions as a digital twin of the managerial
system, combining accounting and analytical procedures within a single decision-making circuit.

Model specification was checked using standard diagnostics: multicollinearity (VIF) and first-
order residual autocorrelation (Durbin-Watson, DW).

As shown in Table 2, VIF values in Germany mainly range from 2.5 to 4.5 (maximum = 6.9),
indicating acceptable correlations among predictors, while a DW value of 1.78 suggests no mean-
ingful autocorrelation. In Kazakhstan, VIF values for In_GPV and In_Cropindex reach 20-32, re-
flecting strong synchrony in their dynamics; DW = 1.00 indicates moderate positive autocorrela-
tion associated with long-term structural trends. Overall, the diagnostics confirm the robustness
of the country-specific models and support the validity of elasticity-based scenario analysis.

Table 2. Diagnostics of Multicollinearity and Residual Autocorrelation

Indicator Germany: VIF Kazakhstan: VIF
In_Energy 4.45 3.80
In_Fert 3.57 6.37
In_Pop 6.92 6.10
In_GPV 2.51 32.02
In_Land 6.11 3.74
In_Croplndex 3.18 23.04
Durbin-Watson (DW) 1.78 1.00

Source: Authors’ econometric calculations.

The quality of the models was assessed on the basis of standard statistical criteria. The
values of the coefficient of determination (R?) exceeded 0.85, which indicates a high degree of
explained variation. The F-statistic confirmed the statistical significance of the models at the 95%
confidence level. Residual diagnostics showed no systematic bias and no critical autocorrelation
patterns, except for moderate positive autocorrelation in the Kazakhstani model, as indicated
by the Durbin-Watson statistic. For selecting the optimal models, the Akaike (AIC) and Schwarz
(BIC) information criteria were used; their minimum values corresponded to the extended models
including the fertilizer variable.
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The regression results for Scope 3 emissions and the estimated elasticities of key factors are
provided in Table 3.

Table 3. Regression results for In(Scope 3) and elasticities by factors (log-log model)

CountryR2 R2 ADJR2 In_Pop
Germany 0,395685904 0,366909043 -4,995919295
Kazakhstan 0,721635766 0,708380326 3/432219993

Source: author’s calculations in MATLAB R2025a.

As shown in Table 3, in Germany the most significant factor is fertilizer intensity (8 = 0.38),
while in Kazakhstan the demographic factor (B = 2.48) is dominant.

In managerial accounting and controlling, these elasticities function as actionable indicators
that can be incorporated into ESG-related decision-making and reporting frameworks. They allow
managers to evaluate the consequences of climate strategies and to plan emission-reduction
measures while maintaining production efficiency.

The proposed methodology ensures reproducible and transparent results through the
combination of econometric modelling and a unified MATLAB-based analytical workflow. The
approach is scalable to other countries, sectors and time periods, making it a versatile tool for
digital ESG-controlling in agriculture.

RESULTS AND DISCUSSION

The log-log regression model enables quantification of the influence of economic, energy-
related and agro-ecological factors on agricultural GHG emissions in Germany and Kazakhstan
over 2000-2022. The explanatory power of the specifications is high (Rz = 0.85-0.97) [25,26].

For Germany, the strongest positive elasticity is associated with nitrogen fertilizer use
(B = 0.38), indicating that intensification of mineral input use increases total emissions. Crop
production intensity (Croplndex) also shows a significant positive effect (B = 0.31), while the
negative elasticity of gross output (GPV, 3 = -0.46) reflects gradual improvements in production
efficiency and declining carbon intensity per unit of output [24-27].

In Kazakhstan, demographic pressure is the dominant driver of emissions (3 = 2.48; p <0.001),
confirming the extensive development profile of the agricultural sector. Energy use shows a mod-
erate positive elasticity (B = 0.14), while fertilizer use is statistically insignificant, which is consis-
tent with the low level of mineral input application. A strong negative elasticity for land (3 = -5.58)
indicates declining emission intensity per hectare and structural modernization of land use [22-
24, 35].

The unusually high population elasticity reflects the structural characteristics of Kazakh-
stan’s agri-food system: growing demand increases livestock numbers, pressure on pasture re-
sources and consumption-related emissions; at the same time, low energy efficiency and limited
diversification amplify indirect Scope 3 impacts.

Diagnostic checks confirm the robustness of the separate country models. In Germany, mul-
ticollinearity remains within acceptable thresholds and residuals show no meaningful autocor-
relation. In Kazakhstan, high VIF values for GPV and Croplndex reflect structural synchrony within
the sector, while moderate positive autocorrelation (DW = 1.00) indicates persistent long-term
trends without distorting the main relationships.

The pooled model (Germany + Kazakhstan) demonstrates high explanatory capacity (R? =
0.97) and identifies CropIndex (B = 0.37) and Energy (B = 0.03) as the primary joint determinants
of Scope 3 emissions.

Figure 4 presents the correlation matrix describing the interlinkages between Scope 3 emis-
sions and key economic, energy-related and agro-ecological indicators.

Ne 4 (69) 2025



CENTER FOR
ESEP e

EVALUATION

Figure 4. Correlation matrix between Scope 3 and factors
(Energy, GPV, Population, Land, Cropindex)

Source: authors’ calculations based on FAOSTAT and Eurostat data;
correlation matrix generated in MATLAB R2025a.

The correlation matrix (Fig. 4) demonstrates strong associations between Scope 3 emissions,
energy consumption and economic activity. These patterns highlight the structural differences
between the two countries: technological and agrochemical factors dominate in Germany,
whereas demographic and energy-related drivers prevail in Kazakhstan.

Table 4 presents the regression estimates for individual components of agricultural
emissions.

According to Table 4, significant coefficients in Germany were observed mainly in the Soils
and Manure components, while in Kazakhstan significance was concentrated in Enteric and
Manure. These patterns reflect the strong dependence of nitrous oxide emissions on fertilizer
intensity and land productivity, and the dominant role of livestock-related methane in Kazakhstan.

Table 4 presents the regression estimates for Scope 3 value-chain components, including
processing, packaging, transport, retail, consumption and waste.

The regression estimates for the value-chain components (Processing, Packaging, Transport,
Retail, Consumption and Waste) reveal substantial cross-country differences in the structure
of Scope 3 emissions. In Germany, most coefficients for In (Pop) are negative and statistically
significant, particularly in the Packaging and Retail components, which reflects high technological
efficiency, optimized logistics and advanced waste-management systems. Transport-related
emissions show no significant response to demographic growth, indicating a high level of logistical
optimization.
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Table 4. Regression estimates for Scope 3 components (Processing, Packaging, Transport, etc.)

Source: author’s calculations based on FAOSTAT and model results.

By contrast, Kazakhstan demonstrates predominantly positive and statistically significant
elasticities, especially in the Packaging (+2.54; p < 0.001), Transport (+3.55; p < 0.001) and Waste
(+1.07; p < 0.001) components. These results indicate that population growth substantially
increases emissions across downstream stages of the agri-food value chain due to energy-
intensive logistics, limited recycling capacity and the low diffusion of low-carbon technologies.
The Retail and Consumption components show weaker or unstable effects, consistent with the
heterogeneity of consumption patterns and supply-chain structures in transitional economies.

Overall, the decomposition of Scope 3 reveals that Germany's emission dynamics are
driven primarily by efficiency-enhancing mechanisms, whereas Kazakhstan's emissions follow an
extensive, demand-driven pattern. These differences highlight the need for differentiated ESG-
controlling tools and country-specific mitigation strategies.

Expected changes in Scope 3 emissions are summarised in Table 5. The results indicate that a
10% reduction in fertilizer use in Germany would decrease total Scope 3 emissions by 3.8%, mainly
dueto the strong effect on soil nitrogen emissions. In Kazakhstan, a 10% reduction in energy intensity
yields an expected decrease of 1.4%, consistent with the elasticity of In(Energy) and confirming
the sector’'s dependence on the energy structure. Although the magnitude is smaller, the scenario
demonstrates the feasibility of reducing emissions through improvements in energy efficiency.

Table 5. Scenario results (expected percent change in Scope 3 for a -10% change in factors)

Source: author’s scenario modelling results.
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To expand scenario analysis, we considered not only single-factor scenarios but also
multi-factor changes. Based on the estimated elasticities for energy intensity (Bg) and nitrogen
fertilizer use (Bf), we constructed a test scenario involving a simultaneous 5% reduction in
both agricultural energy consumption and nitrogen application rates. In the log-linear model,
the combined effect of small factor changes was approximated using a linear combination of
elasticities:

AlnScope3 = B * AlnEnergy + Br * AlnFert,

where Aln Energy = Aln Fert = —0.05 corresponds to a 5 % reduction.
The results are presented in Table 6.

Table 6. Multivariable scenario: simultaneous reduction
in energy intensity and nitrogen fertilizer use

- Change in nitrogen use Expected change in
0,
Country Change in energy use (%) (%) Scope 3 emissions (%)
Germany -5 -5 -1.4
Kazakhstan -5 -5 -0.5

Note. The estimates are based on a log-linear regression model in which In (Scope3) is explained by In (Energy),
In (Fert), and other control variables. The combined effect of small factor changes is approximated by a linear
combination of the corresponding elasticities.

For Germany, a simultaneous 5% reduction in energy use and nitrogen fertilizers leads to
an estimated decrease in Scope 3 emissions of roughly 1.4%. For Kazakhstan, the same scenario
results in an expected reduction of about 0.5%. Although more moderate than single-factor
scenarios, this multi-parameter approach reflects realistic managerial conditions where energy
and agrochemical measures areimplemented concurrently, jointly reinforcing the decarbonization
effect.

Interpretation of the results in the context of managerial accounting and ESG-controlling
shows that elasticity coefficients can be used as tools for planning and monitoring climate-
related KPIs [22,29]. Such indicators can be integrated into sustainability budgeting processes
within agricultural enterprises, where emission reduction goals are evaluated alongside financial
parameters.

The three-dimensional relationship between Scope 3 emissions, energy consumption and
agricultural output in Germany is visualized in Figure 5.

Figure 5. 3D relationship between In(Scope 3), In(Energy), and In(GPV), Germany

Source: authors’ regression modelling results for Germany (MATLAB R2025q).
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Figure 5 depicts the spatial dependence of Scope 3 on energy and economic factors; the
plane demonstrates increasing emissions with rising energy consumption. The model enables
the formation of a table of manageable effects, where each factor (energy, fertilizers, land) has
its own elasticity — and thus a measurable potential for emission reduction. For managers, this
provides a basis for decision-making: identifying measures that yield the highest environmental
effect at minimal cost. Examples include transitioning from chemical to organic fertilizers and
improving energy efficiency through digitalization and renewable energy.

The obtained results confirm the research hypotheses:

(1) agricultural emissions depend on a combination of economic and resource factors; (2)
nitrogen fertilizers and energy use have the strongest influence on emission intensity; (3) digital
modelling in MATLAB allows quantitative assessment of factor controllability and scenario-based
decarbonization effects.

From a scientific standpoint, the study demonstrates the potential for integrating econo-
metric analysis and managerial accounting within the framework of ESG-controlling, which has
rarely been applied to agricultural sectors of countries at different development levels. The re-
sults justify managerial decisions and support the formation of sustainable strategies balancing
economic growth and climate responsibility.

In practical terms, the proposed approach enables a transition from descriptive environ-
mental reports to interactive monitoring systems, where the MATLAB-based model functions as
the core of a digital twin of the accounting-analytical platform [23,31]. This facilitates automatic
data updates, visualization of emission dynamics and calculation of forecast indicators in real
time.

Figure 6 provides a 3D representation of the dependence of Kazakhstan’'s Scope 3 emissions
on changes in energy consumption over time.

Figure 6. Scope 3 surface (Year, Energy) for Kazakhstan

Source: authors’ regression modelling results for Kazakhstan (MATLAB R2025q).

Thus, theresults of the study not only confirm the hypotheses concerning the interconnection
of economic and environmental factors but also provide a basis for developing practical tools
for ESG-controlling of Scope 3 in agriculture. The model can be adapted to other sectors where
carbon footprint assessment across the value chain is crucial and can support the development
of integrated strategic accounting systems for sustainable development.

CONCLUSIONS AND SCIENTIFIC NOVELTY OF THE STUDY

The results confirmed that agricultural GHG emissions are shaped by the combined influ-
ence of economic, energy and resource factors [25-27], and that these relationships can be re-
liably modelled using a log-log specification implemented in MATLAB [23,25,31]. The ESG-con-
trolling approach enables systematic integration of environmental indicators into management
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and accounting practices[12,22,29]. These findings are consistent across countries, although the
strength and direction of effects vary.

The comparison between Germany and Kazakhstan demonstrated differentiated factor pat-
terns. In Germany, emissions depend primarily on nitrogen fertilizer use and crop productivity
[25,26,33], whereas in Kazakhstan they are driven by demographic growth and extensive produc-
tion under relatively low energy efficiency [23,24,28]. Thus, the hypothesis regarding country-spe-
cific determinants reflecting technological development and resource structure is confirmed.

High coefficients of determination (R?> 0.85) across all models indicate methodological ro-
bustness [26,27]. Elasticity estimates quantify the controllability of emissions: in Germany, a 1%
increase in fertilizer use raises emissions by 0.38%, while reducing energy intensity in Kazakhstan
by 10% decreases emissions by 1.4% [24,25]. These results support the practical integration of
econometric outputs into managerial planning and ESG-budgeting.

The scientific novelty of the study lies in developing a conceptual ESG-controlling model
[12,29] that integrates management accounting, sustainability controlling theory and digital mod-
elling. Unlike traditional approaches treating environmental indicators separately, the proposed
model links them with economic and social variables, providing a holistic view of sustainability
performance. The MATLAB-based digital twin [23,31] ensures automated calculations, visualiza-
tion and scenario analysis.

A key methodological contribution is the transition from descriptive environmental report-
ing to a quantitative management approach [22,29], where regression coefficients function as
elasticities and, therefore, as sensitivity indicators for controllable factors. This creates opportu-
nities for applying ESG-controlling tools in budgeting, investment planning and internal audit.

From a practical standpoint, the methodology can support national systems for monitoring
Scope 1-3 emissions. In Germany, it is applicable for ESRS and CSRD compliance [1-3]; in Kazakh-
stan, it can contribute to the national sustainable finance taxonomy and carbon-unit accounting.
Over time, it may form the basis for a unified ESG-dashboard integrating accounting, energy and
environmental data.

Scenario analysis confirmed the usefulness of elasticities for evaluating decarbonisation
pathways. A 10% reduction in fertilizer intensity in Germany lowers total emissions by 3.8% [24,25]
, while a similar reduction in energy intensity in Kazakhstan yields a 1.4% decrease, indicating sub-
stantial potential for energy-efficiency measures.

The study advances management accounting and controlling by introducing a quantitative
framework for assessing how production factors shape the agricultural carbon footprint. In this
perspective, ESG-controlling is positioned not only as a component of non-financial reporting but
also as a strategic instrument of value management in the context of the climate transition.

Overall, the proposed methodology brings together scientific rigour and managerial appli-
cability, supporting both the assessment and the operational management of carbon efficiency in
agriculture. Future research may extend the model by incorporating value-added indicators, de-
tailed energy-mix structures and digital technologies, enabling the transition from sectoral emis-
sion estimates toward a full-scale ESG platform for sustainable development planning.
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KepceTKilTepiH 6ackapyLUbINbIK ecernke eHrisyre 6afbITTanFaH. 94ictemenik Heris peTiHae FepMaHns
MeH Ka3akcTaH 6oibiHWwa 2000-2022 xbingap apanbiFbiHAarel FAOSTAT xaHe Eurostat gepekTepiHe
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TaH — Enteric CH,, keHHeH 6eniHeTiH N,O, aybin WapyallbliblFbl TOMbIpaFbiHaH 6eniHeTiH N,O xaHe
3-caHaT KOMMOHEHTTepi — eHAipy, TacbiManaay, Kanray, TYTbiHY XJHe KanAblkTap) HerisiH4e Xyp-
risingi. 3epTrey HaTUXeNepi SHepPrua TYTbIHYbl MeH XaJinbl 6HIM KYHbIHA KaTbICTbl 3-CaHAaT LWblFapblH-
AblNapbIHbIH XOFapbl MKEMAINIriH KepceTTi, byn AekapboHM3auusa AeHreniHib, pecypcTbik TUiMAiNIKKe
Tayengi ekeHairiH 6ingipeai. CueHapuiinik mogenbaey KasakcraHia aybli WapyallubliblFbiHbIH SHep-
rns KapKbIHABINbLIFLIH 10%-Fa TOMeHAeTy WhiFapbliHAbINapAbl 1,4%-Fa a3aiTaTbiHbIH, an FepMaHusa
a30T TbIHANTKbILWTAPbIH KONAAHY KAapPKbIHAbIbIFbIH 10%-Fa TOMEHAETY >Xainbl LWbiFapbiHAbINAPAbI
3,8%-Fa KblCKapTaTbIHbIH KOPCETTi. 3epTTeyAiH NMPaKTUKanblk MaHbl3bl - 3-CaHaT LWblFapblHAbIIAPbIH
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AHHoOTauums. Llenb faHHOro nccneoBaHns - paspaboTaTb SKOHOMETPUYECKYHO MOAeb AN OLeHKM
1 yyeTa BbI6POCOB MapHWKOBbLIX ra30B KaTeropummn Scope 3 B pamkax cucteMbl ESG-KOHTPOINVHIA B
Ce/IbCKOM X03AMCTBe. ViccnefoBaHVe HanpaB/ieHO Ha BblifiB/IeHME B3aMOCBS3e Mexzy Bblbpocamu
N KNHOYEBbIMY 3KOHOMUYECKUMU GakTopaMK, a Takxke Ha MHTerpauuo nokasartesen ycTonumsoro
pa3BUTUA B MPaKTUKY yrpasiaeH4eckoro yyeta. Metojonornyeckas ocHoBa paboTbl coyeTaeT for-
NOr perpeccrmoHHoe MoJennpoBaHMe N CUueHapHbIA aHann3 Ha 6a3e faHHbix FAOSTAT u Eurostat
ana FepmaHnm 1 KasaxctaHa 3a nepuog 2000-2022 rr. PacueTsl BbinosiHeHbl B MATLAB R2025a ¢
MNCMOJIb30BaHWEM MaHe bHbIX JaHHbIX MO BbI6POCaM OT 3HTepanbHON pepMeHTaumm (CHy,), HaBo3o-
ynpasneHus (N,O), nouseHHbIX npoueccos (N,O), a Takxe KOMMOHeHTaM Scope 3 (Mpov3BOACTBO,
TPaHCMOPTNPOBKA, YNaKoBKa, NoTpebaeHme N 0TX04bl). Pe3y/ibTaTbl MOKa3bIBaKOT BbICOKYHO 31aCTNY-
HOCTb BbI6BPOCOB Scope 3 NO OTHOLLEHWIO K SHEPrornoTpebaeHnio 1 BanoBOM NPOAYKLMN CeNbCKOro
XO35ACTBA, UTO CBUAETE/IbCTBYET O 3aBUCUMOCTU YPOBHS JekapboHM3aumm oT pecypcHom a¢ppekTrs-
HocTU. CLeHapHble pacyYéTbl AeMOHCTPUPYIOT, YTO CHXKEHWE S3HEeProéMKOCTI Ce/IbCKOro X03aCTBa
KasaxcTaHa Ha 10% npuBOANT K COKPALLEHWNIO BbIOPOCOB Ha 1,4%, a yMeHbLUeHNe NHTEHCUBHOCTY
NPUMeHeHNs a30THbIX YA06peHni B FfepMaHny Ha 10% CHWXXaeT COBOKYMHbIe BbI6POCkl Ha 3,8%.
MpakTnyeckas 3Ha4MMOCTb UCCIeA0BaHNSA 3aK/I0YaeTCa B Pa3paboTke MeToANYECKUX NPUHLNNOB
yuyeTa BbIOpOCOB Scope 3 B yrnpasB/ieHYeCckoM YYéTe 1 KOHTPOJIINHIE, NOBbILLEHNN NPO3PaYHOCTU
ESG-oTueTHOCTU 1 NojaepxKe BHeAPEeHNS NHCTPYMEHTOB YCTOMUNBOro 610KeTPOBaHNSA B arpap-
HOM CeKTope.

KnioueBble cnoBa: ESG-KOHTPOIINHT; YrpaBneHYecknii yueT; BblI6poCkl Scope 3; cenbckoe X034M-
CTBO; YYeT NapHMKOBbLIX ra30B; 31aCTUYHOCTY; CLieHapHbI aHanms.
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