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Włodarczyk, E. Comparison of

Carbon Footprint Analysis Methods

in Grain Processing—Studies Using

Flour Production as an Example.

Agriculture 2024, 14, 14. https://

doi.org/10.3390/agriculture14010014

Academic Editors: Kristina Kljak,

Klaudija Carović-Stanko, Darija
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Abstract: Rational energy management in food production is one of the key actions in the context of
reducing greenhouse gas emissions. Ongoing rapid climate change and global warming are making
energy consumption an increasingly critical point in food production, throughout the “farm-to-table”
manufacturing chain. The carbon footprint (CF) can be used to assess the amount of greenhouse gas
(GHG) emissions in the area of food cultivation, production and distribution. The work purpose
was to characterize the CF methodology on the basis of literature data, to analyze manufacturing
processes in production plants to determine the shares of each type of emissions for selected products
and to identify directions for optimizing technology (the scope of analysis—from raw material input
to product output). A literature analysis of agriculturally important grain products was undertaken.
Methods of carbon footprint analysis were analyzed. There is no standardized methodology for a
given product group, with individual approaches designed for each product group existing in the
literature. PAS 2050 is the most common standard focused on quantifying GHG emissions created
during the life cycle of specific goods/services, without considering potential environmental, social
and economic impacts.

Keywords: carbon footprint calculation; greenhouse gas emissions; grain industry; climate change;
food production

1. Introduction

The development of sustainability indicators, based on benchmarking of actual data
on products, companies and investments, and their consistent application is essential for
reducing the negative impact of human activities on the environment [1,2]. The agri-food
branch includes two inseparable sectors of the economy: the agriculture sector, which is
the source of plant and animal raw materials, and the food processing sector, which is the
main consumer of agricultural crops and is also responsible for directing the production
of agricultural raw material. The term food industry refers to food production and to all
activities related to the production, processing, distribution, preparation, and consumption
of food, taking into account socio-economic and environmental aspects [3,4]. Food produc-
tion is a major contributor to greenhouse gas emissions and biodiversity loss. Identifying
emissions in agriculture and identifying directions for their reduction is a complex issue.
Any action must be targeted so as not to jeopardize food security. This research should
be conducted, as there is no one-size-fits-all solution, by applying universal instruments
depending on regional or national conditions [5].

In Poland, the agri-food industry has been in a continuous phase of development
for several decades. Of great importance in this regard was Poland’s accession to the
European Union (EU), which resulted in the restructuring and modernization of agriculture,
associated, among other things, with subsidies that allowed production enterprises to adapt
to EU standards. As a result, the Polish agri-food sector has become competitive in both
domestic and international markets [6].
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One of the best-known indicators of human activity on the environment is the ecologi-
cal footprint, which expresses in units of area the ecosystem services that are necessary to
sustain the production and consumption that occur. The value of the ecological footprint
takes into account the consumption of raw materials, energy, as well as waste emissions.
This indicator represents human demand for raw materials and services [7,8]. Another
indicator that determines the environmental impact of humans is the carbon footprint,
characterized as the sum of the products of the amount of gases emitted and their GWP
ratios, expressed in kg or Mg of carbon dioxide equivalent (CO2eq) and related to the func-
tional unit of the product [9]. Environmental pollution and depletion of natural resources
negatively affect climate security and the future of our planet. Among the most dangerous
global threats are excessive CO2eq emissions. An indicator for estimating the emission of
greenhouse gases into the atmosphere over the life cycle of a product, process or technology
is called the carbon footprint (CF). Greenhouse gases (carbon dioxide, methane, nitrous
oxide, hydrofluorocarbons, perfluorocarbons, sulfur hexafluoride) contribute differently
to the greenhouse effect, which is measured on a per-particle CO2 basis. Global warm-
ing potential (GWP) is an indicator comparing the global warming potential of a given
greenhouse gas to that of carbon dioxide. GWP is calculated based on the climate warming
effects of one kilogram of a given gas over 100 years compared to the effects of one kilogram
of CO2 [10,11].

The carbon footprint calculated using global warming potential (GWP) can be ex-
pressed in terms of organizational units, production process, performed services, product
and consumer. In CF analysis, two types of emissions are considered [12,13]:

• direct greenhouse gas (GHG) emissions resulting from, i.e., fuel combustion, manufac-
turing and natural processes that generate these gases emissions;

• indirect GHG emissions resulting from the use of energy media (electricity, heat)
and/or raw materials in the production of a product.

The primary objective of our research was to conduct a comprehensive literature
review focusing on existing methodologies for calculating the carbon footprint. This
involved examining scholarly articles, reports, and publications to gain insights into the
various approaches and tools used in quantifying carbon emissions. As part of this study,
an analysis of flour production was conducted as an example. The rationale behind this
was to apply and adapt the reviewed methodologies in a real-world context, specifically
with the aim of developing national standards for assessing the carbon footprint in the
flour production industry.

2. Materials and Methods

The study was focused on the analysis of flour, with key information on the production
process and logistics provided by the partnering production facility. The various stages
of production, from the selection of raw materials, through the processing process, to the
final product, were thoroughly analyzed. In addition, aspects of flour transportation were
explored, including means of transport, storage conditions and any practices to safeguard
product quality as it moved through the supply chain. Collaboration with the production
facility provided a unique perspective on internal processes, as well as insight into the
measures the company takes to maintain high quality standards. The data analysis also
focused on identifying possible areas for optimization or implementation of improvements,
with the goal of increasing the efficiency of the flour production and logistics process.
Technological process analysis and the preparation of unit process diagrams in production
cycle was the scope of work. The issue analysis approach was presented as a research
method. After characterizing technological processes, CF measurement ranges, functional
unit and boundary of measurement system were determined. The input–output analysis
within a specified range and throughout the life cycle was carried out. A method was
developed for counting the process’ CF and with an extension of the range to include
the ingredients’ CF. The conception of process line metering feasible for CF calculation
was planned. Relevant emissivity data were collected with production volumes and the
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recording of number of cycles. Based on this, a database was created for calculating CF,
depending on production volume.

The carbon footprint (CF) value was given in equivalent quantity (CO2eq). The CF cal-
culation of a product, process, and technology required adding up all emissions (direct and
indirect) identified throughout the life cycle (LCA) of the product, process and technology.
The carbon footprint was calculated from the formulas in Table 1.

Table 1. Equations for calculating carbon footprint.

CF value CO2eq = GHG·GWPGHG

CF of product,
CF of process,

CF of technology
CF =

n
∑

i=1

(
CO2eq

)
i +

m
∑

j=1

(
CO2eq

)
j

CO2eq—equivalent emission volume expressed in kg (or other mass units) of CO2,
GHG—the emission volume of a given greenhouse gas expressed in kg (or other mass units),
GWPGHG—GWP (Global Warming Potential) value of a given greenhouse gas (kg CO2eq/kg GHG),
CF—carbon footprint of the product [kg CO2eq/kg product],(
CO2eq

)
i—the amount of direct emissions from the i-th source expressed in CO2 equivalent

[kg/kg product],(
CO2eq

)
j—the amount of indirect emissions from the j-th source expressed in CO2 equivalent

[kg CO2eq/kg product].

Detailed principles of CF analysis and directions on how to calculate CF values are
described in relevant normative documents [14–18]. Life cycle analysis (LCA) is a tool
used to determine the carbon footprint. It is an environmental management technique,
which is an analytical study in a comprehensive assessment of the environmental impact
of a product, service or process. The LCA analysis considers all inputs and raw materials
throughout the production, pre-production and operational cycles of a product, service
or process. The methodology for LCA analysis is given in ISO 14040, 14044: 2009 [14,15].
These standards define the structure of an LCA analysis, which includes the following
steps: defining the purpose and scope of the analysis, analyzing the dataset, assessing the
environmental impact [16–18].

The first step in the analysis is to determine the purpose and scope of the analysis
and the type of potential environmental impact of the product, service or process. In
determining the CF of agricultural products, potential sources of carbon dioxide, methane
and nitrous oxide emissions (kg CO2eq) are assessed. The scope of the analysis is defined as
the boundaries within which the resources realistically used in the production process and
the energy inputs involved are considered. A mass and energy balance of the process has
to be carried out based on unit processes, taking into account emissions and losses between
these processes [11,19,20].

For certain production processes that result in several products, it is not possible to
determine the environmental burden attributed to a specific product. In such situations,
GHG emissions of the entire production process are determined by assigning their emis-
sions proportionally to individual products. These proportions are determined based on
the following criteria: mass balance, commercial value or energy value. It is particularly
difficult to determine the allocation of the indicated GHG emissions to individual products,
on farms with a wide spectrum of activities, including multigenerational crop production
as well as animal production [21].

An important step in the LCA analysis is to determine how to obtain data on emissions
of individual GHGs. In order to obtain emission values, measurements should be made
in a given process to develop databases. The next element of this step is to determine the
functional unit of the product, service or process. For agricultural production, this unit is
usually a kilogram of product obtained with a standardized chemical composition. The next
step is a harvest analysis, which is the quantification of greenhouse gas emissions associated
with the total number of all raw materials entering the production cycle and energy inputs
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entering the production process. Harvest analysis in agricultural production most often
includes emissions associated with the production of fertilizers, crop protection products,
feedstuffs, animal husbandry and agrotechnical treatments. Determination of greenhouse
gas emissions for a product was performed in an identical manner. Similarly, using all
the steps described above, the entire supply chain including processing, distribution and
packaging should be considered [18].

Methodology comparison for estimating the carbon footprint was performed. The
demands of the market are forcing businesses around the world to take action to reduce
greenhouse gas emissions. Entrepreneurs who work with international companies are
required to calculate the carbon footprint for their operations and/or products. In order
to properly determine the CF, it is important to choose the right methodology. To date,
many different methods have been developed for counting the environmental impact of
pollutants and greenhouse gases, the most popular ones are presented in Table 2.

Table 2. Methodologies of carbon footprint analysis.

Methodology Description

IPCC—Task Force on National Greenhouse Gas
Inventories, 2006 IPCC Guidelines for National

Greenhouse Gas Inventories [10]

Methodological guidelines for national
greenhouse gas inventories

WRI GHG Protocol [13] Specification for estimating greenhouse gas
emissions of goods and services

ISO 14040 [14]
Product life cycle assessments (LCA)

ISO 14044 [15]

ISO 14067 [22]

Principles, requirements and guidelines for
quantifying and reporting product carbon

footprint (CFP) based on ISO 14040 and ISO
14044 standards for life cycle assessment (LCA)

PAS 2050 [23]

Determines the environmental impact of a
company’s operations, products and services,
and enables measurement of greenhouse gas

(GHG) emissions over their life cycle

PAS 2060 [24]

Specification for demonstrating carbon
neutrality; sets out the requirements needed to
achieve and demonstrate carbon neutrality in
all areas, including buildings, transportation,

production, production lines and events

The most common method for calculating the CF is the PAS 2050 (“Publicly Avail-
able Specification 2050”) [23] which was developed by the BSI (British Standard Institute).
The PAS 2050 specification defines requirements for assessing the life cycle greenhouse
gas emissions of goods and services based on key life cycle assessment techniques and
principles. It is used by the BSI to update the quantification of life cycle GHG emissions of
any goods and services in accordance with the latest technical developments. It makes it
possible to measure the environmental impact of the activities of a company’s products and
services and to measure GHG emissions over their life cycle. The PAS 2050 specification is
mainly based on ISO 14044 (Environmental Management; Life Cycle Assessment; Princi-
ples and Structure) and ISO 14044 (Environmental Management, Life Cycle Assessment;
Requirements and Guidelines) [18].

Personalized approaches designed for specific product groups are encountered in the
subject literature. They provide the opportunity to compare different production systems,
regions and products, according to the requirements of the standardization approach. This
methodology makes it possible to compare GHG emissions between products, identify
GHG emissions from the field to the gate of the production facility, and identify those
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areas where there is potential to reduce GHG emissions if they are particularly high. The
approach combines various aspects of existing standards and specifications (Table 1) and is
called the attribution or outcome method for calculating the carbon footprint. The LCA
method is directed at describing the actual flows to and from a product or process relating
to environmental impacts. The method is also useful for planning strategies to reduce
or mitigate GHG emissions at specific stages. The attribution method uses average data,
for example, for electricity or other commodities traded, not specifically linked to their
supplier. The approach was evaluated as both sufficient and practical to develop a common
CF methodology. The development of a methodology for calculating the carbon footprint
is directed at setting uniform standards for CF analysis and enabling the evaluation of
dairy products using the developed bases. These efforts are aimed at supporting the
development of sustainable food production that enables ongoing reductions in GHG
emissions [16,17,21].

The food product groups analyzed are grain products. The carbon footprint analysis
methodologies for the selected product group (i.e., bread) were analyzed (Table 3).

Table 3. Carbon footprint estimation methodologies for agriculture and on-farm processing.

Product Methodology and Characteristics of the Study Source

Bread

The carbon footprint was estimated according to the PAS 2050
methodology. The results were also calculated according to the ISO

14044 methodology to identify any differences in the two
approaches and results.

[25]

The attribution method was used. [26]

The carbon footprint (CF) was assessed using a life cycle
assessment (LCA) methodology. [27]

British researchers collected primary data of the bread supply chain according to
the PAS 2050 methodology. Secondary data came from UK statistics, life cycle databases
and other published sources. They estimated the bread CF produced and consumed in
the UK. Sliced and wholemeal white bread were considered for these purposes, and the
functional unit was defined as “one loaf of sliced bread (800 g)”. The effects on the carbon
footprint of several parameters were analyzed, including the country of origin of the wheat
(UK, Canada, France, Germany, Spain and the US), the type of flour (white, brown and
wholemeal) and the type of packaging (plastic and paper bags). CF results ranged from
0.977 to 1.244 kg CO2eq per loaf of bread. Coarse-cut wholemeal bread packaged in plastic
bags has the lowest carbon footprint, while medium-cut white bread in a paper bag has the
highest. The main critical points are wheat cultivation and bread consumption (refrigerated
storage and toasting), which contribute 35% and 25%, respectively. The CF can be reduced
by an average of 25% by avoiding toasting and storing bread in the refrigerator. Further
reductions (5–10%) can be achieved by reducing the amount of bread waste discarded by
consumers. The contribution of transportation and packaging to the overall results is small.
Similar trends in results were also found in a study based on secondary data and following
ISO 14044 methodology. The main methodological differences between the two standards
relate to the PAS 2050 specification [23], which defines requirements for assessing life cycle
GHG emissions of goods and services based on key life cycle assessment techniques and
principles. It distinguishes between “the cradle-to-gate” and “cradle-to-grave” boundaries
of the scope of the study, while the scope of measurement included in ISO 14044 depends
on the purpose of the study [25].

The CF of rye bread produced on an industrial scale in Denmark was determined by
identifying the steps that significantly contribute to the generation of the carbon footprint.
Using an attribution approach, the CF of 1 kg of rye bread was estimated at 0.731 kg CO2eq.
The supply chain was considered in order to estimate the carbon footprint. The main source
of carbon emissions was the raw material stage, especially agricultural production (culti-
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vation), with processing and distribution as secondary sources. The waste management
stage was considered an important and previously overlooked opportunity for process
optimization [26].

Chiriacò et al. compared the impact of organic and conventional agriculture on climate
change in terms of GHG emissions from organic and conventional agriculture. They
compared the production process of organic and conventional whole grain bread produced
in central Italy by a small- and medium-sized bakery company. The carbon footprint was
assessed using LCA methodology. It was determined that the CF of 1 kg of conventional
whole-grain bread was 24% lower compared to the same organic bread, and was 1.18 and
1.55 kg CO2eq, respectively. If CF is evaluated per unit of cultivated area (ha), the organic
wheat crop showed better performance in terms of GHG emissions than the conventional
one by 60%, with CFs of 1150 and 2870 kg CO2eq per ha, respectively. The higher CF per
unit of organic product is due to the lower yield per unit area grown in organic agriculture
and the resulting attribution of fewer GHG emission products generated in the field phase
of the life cycle. In contrast, the CF per hectare is higher when conventional practices
are used due to the higher use of raw materials (higher seed density, agrochemicals for
fertilizer and crop protection) for the same organic system. Organic farming for wheat in
Italy is a low-carbon agriculture with a smaller contribution to climate change in terms of
GHG emissions per hectare compared to conventional wheat farming, although reduced
crop yields and the resulting need for more farmland should be considered. A more
comprehensive assessment of the actual GHG emitted to the atmosphere from organic and
conventional farming systems can be obtained when the CF is assessed per unit area, in
addition to the CF per unit product [27]. The carbon footprint is a measure of a farm’s
climate warming potential due to its high GHG emissions from agri-food processes. It is
measured in kg CO2 equivalents (eq.) and calculated as the sum of the products of the
climate warming potentials for individual GHGs (kg CO2eq per kg GHG) and emissions
(kg) from all direct and indirect sources [28]. For the case of bread production, the CF
was estimated in accordance with the PAS 2050 methodology and in accordance with the
ISO 14044 methodology, while the life cycle assessment (LCA) methodology was used to
compare the carbon footprint of organic and conventional whole grain bread production
processes produced by small- and medium-sized enterprises.

3. Results and Discussion

An analysis of processes to determine the shares of each type of emissions for selected
products and to identify directions for optimization of technology was performed. A carbon
footprint can be used to assess the amount of greenhouse gas emissions in the food pro-
duction and distribution area. The CF indicator is increasingly used with the development
of low-carbon economy assumptions and the introduction of social responsibility strate-
gies for the agri-food industry. Ongoing research should be aimed at analyzing existing
technological processes, identifying solvable problems and developing new technological
solutions that significantly affect the carbon footprint of food production [29].

Grain processing characteristics with identification of unit processes were performed.
Crop production is one of the main directions of agricultural production in Poland. In
recent years, the share of cereals in the global value of agricultural production is at 20%. In
the structure of sown crops, cereals account for about 74% of the total area. In 2014–2018,
the total grain harvest was at the level of 26.5–31.8 million tons. In 2022, the wheat harvest
was as high as 13.5 million tons. Grain is one of the most important plant raw materials
used for food production [30]. Grains in milling processes are processed into different
types of flour, groats and flakes. The largest part is flour, which can be divided by purpose
into bread flours, market flours, pasta flours and confectionery flours [31]. Each flour is
characterized by a certain baking value, i.e., the balance between the gluten mesh’s ability
to produce and retain gases in wheat bread and the protein mucous membranes in mixed
and rye bread. Standardization and improvement of flour quality is based on the correction
of the fermentation gas production and retention capacity with appropriate enzymes and
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with ascorbic acid acting synergistically with the added enzymes and improving the gluten
structure. This action improves the fermentation capacity of the flour, strengthens (or
weakens) the gluten protein structures, increases the water absorption capacity, resulting
in improved dough and crumb quality, increased bread volume and prolonged freshness.
The properties of the flour used in baking determine fundamentally, the quality of the
resulting bread and the applicability of mechanized and continuous production systems.
In processing, we produce different types of flour depending on demand. These are
determined by the content of mineral substances in the flour. Thus, for example, type
450 specifies a content of 4.5 g of ash/1 kg of flour, type 750 a content of 7.5 g of ash/1 kg
of flour, and type 2000 a content of 20 g of ash/1 kg of flour. Wheat grain is used to
produce flours for a variety of products, so it is first necessary to determine the purpose
of the flour and, based on this, select a grain with quality characteristics suitable for its
production [32]. For the milling industry, it is important, for example, the shape and size of
the grain (accuracy, alignment, weight of 1000 grains), the structure of the endosperm and
its bonding to the casing (vitreousness, hardness), and the ash content (the maximum ash
content in grain for the production of light flours must not exceed 1.80–1.85%) [33].

Each kind of confectionery bread requires flour with different quality parameters.
Flour for yeast dough production should have the same quality parameters as flour for
bread production, so it should be produced from grain with the same quality parameters,
while flour “for cakes” should have lower than average water absorption (50–56%), and
the dough should be elastic, “flowing”, inelastic and weak [34]. The best raw material for
pasta production is semolina obtained by milling hard wheat. It should be characterized
by a yellow color with an amber tint, high protein content (not less than 15%), the amount
of gluten not less than 30%, which should be strong, but at the same time stretchy and
malleable. Common wheat milling products (flour or porridge) are also used to make
pasta [35]. Wheat flakes are one of the products obtained during three-grain milling of
wheat. It can be produced in a wide range of granulations, depending on the intended
use. For the production of wheat flakes, whole wheat grain is used. In corn milling, it is
very important to extract the germ, which contains large amounts of fat, so that the quality
and shelf life of milling products deteriorates. Maize milling products in the form of flours
are used mainly as an additive in the production of bread, confectionery bread and in the
production of pasta. Various types of groats are used to make corn flakes or in the brewing
industry [36].

On the basis of data from the manufacturing plant, flour production has been char-
acterized and schematically depicted in two figures to ensure clarity of the identified
processes (Figures 1 and 2). The equipment used at the various stages of production is
presented in Table 4. The process begins with the preparation of grain for milling in the
cleaner. The first step in preparing grain for milling is cleaning. After the grain is cleaned,
conditioning must be carried out, which involves moistening and aging the grain. The
next stage is cleaning. Its purpose is to remove impurities adhering to the surface of the
grain and some parts of the grain, for example, parts of the fruit and seed coat. After these
preliminary steps, grain milling is carried out in the mill proper. It involves milling the
grain (previously cleaned and subjected to the conditioning process) and then also sorting
between the different milling products. As a result, a final product is obtained through
screening. The grain passes through the milling machines many times, and each time the
milk is sifted to separate the coarse particles from the fine ones. The resulting products are
sorted into flours, porridges, middlings and bran. In order to separate adhering fragments
of the fruit and seed coatings, porridge and middlings are sorted and cleaned on porridge
separators before being sent for further grinding. The product coming out of the creamer
is not homogeneous and requires sorting. Sorting between milling products is based on
the particle size on sifters (screens). Porridge sifters or flat sifters are used for sifting by
quality. The basic multispecies milling is a three-species milling. This milling results in
light flour type 550 (to extract 65%), bread flour type 750 (to extract 75–80%) and semolina
(1.5%), crisp flour (2%) and cake flour (0.5%) [31,37].
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Figure 1. Scheme of flour production according to the selected plant—without preliminary prepara-
tion of grain for milling (stage A in diagram) (own description).

A detailed description of the calculation methodology is presented in the works [38,39].
In order to take into account the CF of applied energy media, appropriate conversion
indicators were used, the values of which are shown in Table 5. The data on energy media
consumption and production volume (Table 6) were collected at the production plant.
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Table 4. Flour production stages and equipment used.

Process Steps Devices

I. Acceptance of grain

II. Grain storage Chain conveyors, bucket conveyors, grain separator,
filter cyclones, gravity transport, grain tanks, scales.

III. Preparation of grain for milling

Bins, tanks at the mill, percenters, horizontal transport conveyors (augers and
redlers), aspiration fans, aspiration filter cyclones, vertical transport conveyors
(bucket elevators), billing scales with dams, combo cleaning device including

aspiration channels, sortexes, wheat humidifiers, devices controlling the
measurement of water dosage to the amount of wheat, scrubbing machine,

air channel, dowilizer, water pumps, beater mill.

IV. Proper milling

Scales, milling roller unit, flat pass sifters, pneumatic transport entollectors
(sterilizers), porridge scale unit, porridge and bran projectors, filter cyclones, pass

augers, check sifters, air locks with pneumocyclones, matadors (sterilizers),
finished product transport sluices with crossovers to chambers, samplers (devices
that take flour samples directly from production), pneumatic transport blowers.

V. Composing flours
Flour chamber selectors, batching scales, horizontal transport, homogenizer,

flour sifter including magnet dam, blower, matador (sterilizer),
pneumatic transport including crossovers to chambers.

V C. Germ packing Gravity transport.

V B. Bagging of bran Gravity transport.

V A. Mixing bran Auger pickers, hydraulic pump, horizontal transport of bran, vertical transport
(bran elevator), blower, aspiration filter cyclone, pneumatic crossovers.

VI A. Loading of ready products in bulk
Bulk flour chamber selectors, horizontal transport (augers), screening machines

including magnet dams, horizontal pass-through hopper (redler),
pass-through loading sleeves, quantity scales.
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Table 4. Cont.

Process Steps Devices

VI B. Bagging
Flour chamber selectors, horizontal transport (augers), sifters including magnet
dams, weigh valve packer with metal detector, horizontal transport (conveyor

belts), palletizer, wrapping machine.

VI C. Packaging
Flour chamber selectors, horizontal transport (augers), screening machines

including magnet dams, unit packers with metal detectors, conveyor belts, heating
tunnels, palletizer.

VI D. Loading of bran in bulk Auger selectors from the bran chambers, horizontal transport (bran redler),
drive-through loading sleeve, magnet dam, filter cyclone, blower.

VII. Storage -

VIII. Loading of finished products
in packages High-bay forklifts, battery trucks, fuel combustion internal forklifts.

Table 5. Indicator values for conversion of applied energy media for CF analysis.

Energy Media Indicator Value Source

Heating oil [L] 2.54 kg CO2eq/L

[40]
Diesel [L] 2.66 kg CO2eq/L

Gasoline [L] 2.35 kg CO2eq/L

Gas [kWh] 0.2 kg CO2eq/kWh

Electricity [kWh] 0.708 kg CO2eq/kWh [41]

Table 6. Characteristics of energy media consumption in 2022.

Month
Production Volume Energy Diesel Gasoline Gas

t kWh L L kWh

January 16697 1,047,000 5862 511 46,760

February 12949 828,000 5862 511 34,720

March 17771 1,085,000 5862 511 35,440

April 15724 945,000 6191 572 25,310

May 16521 949,000 6191 572 6916

June 14839 842,000 6191 572 1151

July 16176 954,000 5905 649 1006

August 14686 869,000 5905 649 970

September 15470 957,000 5905 649 4041

October 17232 1,070,000 7878 525 7160

November 16977 1,043,000 7878 525 22,810

December 15268 966,000 7878 525 41,860

Sum 190310 11,555,000 77,508 6771 228,144

On this basis, CO2eq emissions related to consumption of energy media were deter-
mined (Table 7) and the carbon footprint for each month was estimated (Table 8). The
determined carbon footprint of flour production at the plant (scope of analysis: production
and transportation) with respect to unit weight was 0.041–0.047 kg CO2eq/kg. The average
carbon footprint of flour production was 0.044 kg CO2eq/kg. It was found that there was a
dependence of the carbon footprint of poppy production on the season. The lowest value
was in the summer months (June) and the highest in the winter months (February). In
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addition, there was no significant relationship between carbon footprint and monthly pro-
duction volume. Production-related CO2eq emissions came mainly from indirect emissions
from electricity consumed, which accounted for 96.8% of total emissions. CO2eq emissions
related to transportation were constant throughout the year analyzed, averaging 2.63%.

Table 7. CO2eq emissions related to consumption of energy media for 2022.

Month

Electricity Diesel Gasoline Gas
Emission

Emission Share Emission Share Emission Share Emission Share

Mg CO2eq % Mg CO2eq % Mg CO2eq % Mg CO2eq % Mg CO2eq

January 741.276 96.59 15.593 2.03 1.201 0.16 9.352 1.22 767.422

February 586.224 96.11 15.593 2.56 1.201 0.20 6.944 1.14 609.962

March 768.180 96.98 15.593 1.97 1.201 0.15 7.088 0.89 792.062

April 669.060 96.69 16.468 2.38 1.344 0.19 5.062 0.73 691.934

May 671.892 97.22 16.468 2.38 1.344 0.19 1.383 0.20 691.087

June 596.136 97.06 16.468 2.68 1.344 0.22 0.230 0.04 614.178

July 675.432 97.48 15.707 2.27 1.525 0.22 0.201 0.03 692.866

August 615.252 97.25 15.707 2.48 1.525 0.24 0.194 0.03 632.678

September 677.556 97.41 15.707 2.26 1.525 0.22 0.808 0.12 695.597

October 757.560 96.98 20.955 2.68 1.234 0.16 1.432 0.18 781.181

November 738.444 96.50 20.955 2.74 1.234 0.16 4.562 0.60 765.195

December 683.928 95.72 20.955 2.93 1.234 0.17 8.372 1.17 714.489

Sum 8180.940 96.83 206.169 2.44 15.912 0.19 45.628 0.54 8448.651

Table 8. Monthly values of carbon footprint.

Month CF [g CO2eq/kg]

January 46.0

February 47.1

March 44.6

April 44.0

May 41.8

June 41.4

July 42.8

August 43.1

September 45.0

October 45.3

November 45.1

December 46.8

CFAV 44.4

Expanding the analysis of the CF for the entire range (from the field to the table)
requires taking into account primary production as well. Climate change has a negative
impact on agriculture, which can be seen in the level of variability in yields. Agriculture is
subjected to climate conditions, and the greenhouse effect affects food production. Direct
GHG emissions associated with agricultural production combined with the expansion of
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agricultural areas, packaging, distribution, transportation, disposal, emissions from food
production and consumption processes can exceed 40% of total global emissions [42].

Factors influencing changes in agricultural carbon dioxide emission levels include soil
cultivation technology, the absorption capacity of the soil, the adopted farm profile, as well
as state environmental protection measures. The possibility of reducing soil carbon dioxide
emissions is carried out through such measures as the plowing of organic fertilizers or their
substitutes of properly prepared straw, residual crop residues and green manures, which
lead to an increase in the proportion of humus, resulting in the prevention of large amounts
of carbon dioxide emissions into the atmosphere [43].

Reducing the use of chemical fertilizers, modern cultivation of agricultural land,
more efficient farming technology, and reducing livestock numbers are all measures that
significantly reduce GHG emissions in the agricultural sector. Performing farm work with
new, less energy-intensive machinery and equipment has allowed farmers to farm more
efficiently, both technologically and environmentally [43].

Currently, the development of the agri-food industry is striving to fully automate
production processes. Smart greenhouses, intelligent sensor networks and closed pro-
duction systems, in which human participation is not directly required, are increasingly
being used. It is characterized by the implementation of a variety of tools that enable the
digitization of food production systems, striving to reduce labor costs as much as possible
while maintaining the quality and safety of the products produced, as well as introducing
sustainability principles by reducing water, fuel and fertilizer consumption and promoting
the use of renewable energy [42,44].

When considering the problem of GHG emissions in agriculture, special attention
should be paid to the issue of production technology. Farmers’ investments in modern ma-
chinery and adherence to cross-compliance and good agricultural practices have played an
important role in leveling emissions of harmful compounds into the atmosphere. Neverthe-
less, the threat of maintaining food security on a global scale will continue to significantly
affect the level of natural resource intensity of the agricultural sector, which will translate
into the level of greenhouse gas emissions in this sector of the economy [45]. Expanding
the scope of farm-to-table CF analysis requires considering GHG emissions throughout the
food production chain, adding up primary production and other stages of the supply chain.
A complete CF analysis of flour should include all stages of production; however, in this
paper it was narrowed to the stages of processing and transportation (Table 9).

Table 9. GHG emissions at different stages of food production [43,45].

Stages of Food Production Greenhouse Gas Emissions

Land use change Above-ground changes in biomass due to deforestation
and below-ground changes in soil carbon

Farms Methane emissions from cows, rice, fertilizer,
manure and agricultural machinery

Animal feed On-farm emissions from crop production
and processing for animal feed

Processing Emissions from energy consumption in the processing
of raw agricultural products into final food products

Transport Emissions from energy use in transportation
of food products at home and abroad

Retail Emissions from energy use in refrigeration
and other retail processes

Packaging Emissions related to the production of packaging materials,
transportation of materials and disposal of used packaging
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In recent years, the European Commission has carried out a series of activities to
develop uniform methods for measuring the environmental impact of products and com-
panies in different industries. The food sector has included pasta, bottled water, dairy
products, wine, beer, olive oil, coffee, marine fish and meat, and pet and livestock feed,
among others. In the near future, manufacturers will be required to include environmental
footprint information on labels to give consumers the opportunity to make an informed
choice among products that affect the environment in varying degrees [46].

4. Summary and Conclusions

The CF provides a measurable and rational basis for starting a discussion on a strategy
to increase the efficiency of production processes while reducing energy consumption
and developing its optimal distribution. A detailed analysis must be carried out for each
production and the method of calculating the CF must be tailored to specific needs. An
individual approach is required when analyzing the CF of each product, but it has to take
into account the life cycle of the product. The CF is one of the best and most reliable tools
for verifying processes and reducing business GHG emissions. CF analysis also allows
for a reduced scope, e.g., only the manufacturing process (cradle to gate), which must be
detailed in the analysis. Such a broad scope requires more work but allows for a transparent
representation of processes throughout the life cycle.

Calculating CF is not yet mandatory, but it is becoming more widely used with the
development of low-carbon economy assumptions and the introduction of social responsi-
bility strategies for food producers. Dissemination of the methodology for calculating the
carbon footprint can provide an effective stimulus for the implementation of efficient solu-
tions aimed at optimizing energy consumption. Closed-loop economy refers to the constant
interaction of the entire chain of actors: starting from farmers, food producers, suppliers
and retail chains to consumers, as well as taking environmentally conscious actions.

The life cycle assessment (LCA) methodology was used to compare the CF of organic
and conventional bread production processes. There is no unified methodology for a
given product group, with individual approaches designed for specific product groups
existing in the literature. To date, it has not been possible to finally globally standardize the
methodology for calculating the carbon footprint. Therefore, there are many ways/versions
of measuring and calculating the CF, which differ significantly from one another. It has
been shown that for each production and product, a detailed analysis must be carried
out and the CF calculation method must be adapted to specific needs, taking into account
their characteristics. Appropriate CF analysis methods and universal metering systems are
necessary to identify the individual steps responsible for GHG emissions in food production.
CF reduction is possible by shortening the supply chain, optimizing production equipment,
and modifying food technology and production planning.
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6. Poczta, W.; Beba, P. Rola przemysłu spożywczego w gospodarkach krajów UE. Probl. World Agric. 2014, 14, 158–167. [CrossRef]
7. Murphy, C.; Kendall, A. Life cycle inventory development for corn and stover production systems under different allocation

methods. Biomass Bioenergy 2013, 58, 67–75. [CrossRef]
8. Abbade, E.B. Land footprint and GHG emissions from global food loss. J. Sci. Food Agric. 2023, 103, 4430–4440. [CrossRef]
9. Nabipour, A.H.; Ahmed, J.; Mobin Siddique, B.; Khairuddin, N.; Hassan, A. A comprehensive review on carbon footprint of

regular diet and ways to improving lowered emissions. Results Eng. 2023, 18, 101054. [CrossRef]
10. IPCC. Climate Change 2001: The Scientific Basis; IPCC: Geneva, Switzerland, 2007.
11. Caro, D. Carbon Footprint. In Encyclopedia of Ecology, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 252–257.

[CrossRef]
12. Garnett, T. Cooking Up a Storm—Food, Greenhouse Gas Emissions and Our Changing Climate; Food Climate Research Network;

University of Surrey: Guildford, UK, 2008.
13. ISO 14064:2018; Greenhouse Gases—Part 1: Specification with Guidance at the Organization Level for Quantification and

Reporting of Greenhouse Gas Emissions and Removals. ISO: Geneva, Switzerland, 2018.
14. ISO 14040:2009; Environmental Management—Life Cycle Assessment—Principles and Framework. ISO: Geneva, Switzerland, 2009.
15. ISO 14044:2009; Environmental Management, Life Cycle Assessment—Requirements and Guidelines. ISO: Geneva, Switzerland, 2009.
16. Chen, B.; Cui, J.; Dong, W.; Yan, C. Effects of Biodegradable Plastic Film on Carbon Footprint of Crop Production. Agriculture

2023, 13, 816. [CrossRef]
17. Ruiz-Carrasco, B.; Fernández-Lobato, L.; López-Sánchez, Y.; Vera, D. Life Cycle Assessment of Olive Oil Production in Turkey, a

Territory with an Intensive Production Project. Agriculture 2023, 13, 1192. [CrossRef]
18. Muralikrishna, I.V.; Manickam, V. Chapter Five—Life Cycle Assessment. In Environmental Management; Butterworth-Heinemann:

Oxford, UK, 2017; pp. 57–75. [CrossRef]
19. Mohammadi, A.; Venkatesh, G.; Eskandari, S.; Rafiee, S. Eco-Efficiency Analysis to Improve Environmental Performance of

Wheat Production. Agriculture 2022, 12, 1031. [CrossRef]
20. Holka, M.; Kowalska, J.; Jakubowska, M. Reducing Carbon Footprint of Agriculture—Can Organic Farming Help to Mitigate

Climate Change? Agriculture 2022, 12, 1383. [CrossRef]
21. Kumar, M.; Choubey, V.; Deepak, A.; Gedam, V.; Raut, R. Life cycle assessment (LCA) of dairy processing industry: A case study

of North India. J. Clean. Prod. 2021, 326, 129331. [CrossRef]
22. ISO 14067:2018; Greenhouse Gases Carbon Footprint of Products Requirements and Guidelines for Uantification. ISO: Geneva,

Switzerland, 2009.
23. PAS 2050:2011; Specification for the Assessment of the Life Cycle Greenhouse Gas Emissions of Goods and Services. London, UK, 2011.
24. PAS 2060:2014; Standard for Carbon Neutrality. London, UK, 2014.
25. Espinoza-Orias, N.; Stichnothe, H.; Azapagic, A. The carbon footprint of bread. Int. J. Life Cycle Assess 2011, 16, 351–365. [CrossRef]
26. Jensen, J.K.; Arlbjørn, J.S. Product carbon footprint of rye bread. J. Clean. Prod. 2014, 82, 45–57. [CrossRef]
27. Chiriacò, M.V.; Grossi, G.; Castaldi, S.; Valentini, R. The contribution to climate change of the organic versus conventional

wheat farming: A case study on the carbon footprint of wholemeal bread production in Italy. J. Clean. Prod. 2017, 153, 309–319.
[CrossRef]

28. Kumar, B.M.; Aravindakshan, S. Carbon footprints of the Indian AFOLU (Agriculture, Forestry, and Other Land Use) sector: A
review. Carbon Footpr. 2023, 2, 1. [CrossRef]

29. Ji, C.; Zhai, Y.; Zhang, T.; Shen, X.; Bai, Y.; Hong, J. Carbon, energy and water footprints analysis of rapeseed oil production: A
case study in China. J. Environ. Manag. 2021, 287, 112359. [CrossRef]

30. Situation on Agricultural Markets, Grain Market—Bureau of Analysis and Strategies of the National Center for Agricultural Support;
Information Bulletin No. 3/2020; Warsaw, Poland, 2020.

31. Campbell, G.M.; Webb, C.; Owens, G.W.; Scanlon, M.G. Milling and flour quality. In Woodhead Publishing Series in Food Science,
Technology and Nutrition, Breadmaking, 2nd ed.; Woodhead Publishing: Cambridge, UK, 2012; pp. 188–215. [CrossRef]

32. Fei, L.; Xiaolin, L.; Zhangxuan, Q. Grain production space reconstruction: Connotation, mechanism and enlightenment. Environ.
Dev. 2023, 45, 100818. [CrossRef]

33. Akin, P.A.; Sezer, B.; Sanal, T.; Apaydin, H.; Koksel, H.; Boyaci, I. Multi-elemental analysis of flour types and breads by using
laser induced breakdown spectroscopy. J. Cereal Sci. 2020, 92, 102920. [CrossRef]

https://doi.org/10.1016/j.ecolind.2019.105851
https://doi.org/10.1002/jsfa.12359
https://www.ncbi.nlm.nih.gov/pubmed/36645169
https://doi.org/10.1016/j.jclepro.2016.10.173
https://doi.org/10.1002/jsfa.12761
https://doi.org/10.22630/PRS.2014.14.3.56
https://doi.org/10.1016/j.biombioe.2013.08.008
https://doi.org/10.1002/jsfa.12524
https://doi.org/10.1016/j.rineng.2023.101054
https://doi.org/10.1016/B978-0-12-409548-9.10752-3
https://doi.org/10.3390/agriculture13040816
https://doi.org/10.3390/agriculture13061192
https://doi.org/10.1016/B978-0-12-811989-1.00005-1
https://doi.org/10.3390/agriculture12071031
https://doi.org/10.3390/agriculture12091383
https://doi.org/10.1016/j.jclepro.2021.129331
https://doi.org/10.1007/s11367-011-0271-0
https://doi.org/10.1016/j.jclepro.2014.06.061
https://doi.org/10.1016/j.jclepro.2017.03.111
https://doi.org/10.20517/cf.2022.04
https://doi.org/10.1016/j.jenvman.2021.112359
https://doi.org/10.1533/9780857095695.1.188
https://doi.org/10.1016/j.envdev.2023.100818
https://doi.org/10.1016/j.jcs.2020.102920


Agriculture 2024, 14, 14 15 of 15
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