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Abstract

The European Union’s (EU) climate neutrality agenda prioritises sustainable agriculture, and within
that, the dairy sector is central to food security, rural life, and trade competitiveness. Latvia’s
contribution to EU milk production is comparatively small; yet, dairy farming constitutes a
structurally important sector that must reconcile economic sustainability with environmental
concerns, including greenhouse gas (GHG) emissions and resource use. Therefore, the research aim is
to identify key environmental hotspots and explore the relationship between productivity, economic
performance, and sustainability using the life cycle assessment (LCA) approach in different sizes of
farms in Latvia. This study applies an LCA methodology to evaluate environmental hotspots and
investigate the relationships between productivity, farm size, and economic performance of Latvian
dairy farms. GHG emissions from Latvian dairy farms were analysed. Small farms dominate by
number in Latvia, but the largest ones have the highest yields and milk quality, and are more
economically sensitive due to their high production costs. LCA results show that large farms have
the highest absolute environmental impacts — particularly milking and feed production—though the
emission intensity per kilogram of milk is lower compared to in small farms. These findings present
productivity-profit-trade-offs for environmental impacts, with milking and feed emerging as the key
areas for enhancing sustainability.

Keywords: dairy farming; life cycle assessment; greenhouse gases; emissions; hotspots

1. Introduction

The EU has remained a core objective of sustainability; current EU strategies emphasise
achieving climate neutrality by 2050, advancing the green transition, and ensuring that this transition
is just and equitable [1]. Nonetheless, providing a high quality of life, particularly regarding
agriculture, food security, water resources, and ecosystem health [2]. Milk production is the
foundation of agricultural economics in the EU, where rural settlements derive livelihoods, achieve
trade balances, and ensure food security. The EU produced 165 million tons of milk in 2017, with
Germany and France leading the way in milk production among EU countries. Although Latvia is
recognised as one of the smallest milk producers in the EU [3], dairy farming remains a crucial sector
in Latvia [4]. The EU is also a significant player in the global dairy trade, accounting for
approximately one-third of the world’s dairy product exports and maintaining a substantial presence
in overseas markets [5]. Milk production worldwide has been on the increase, and is stimulated by
the rise in demand, dietary changes, and enterprises that supply farms with production factors [3].
But current studies identify the dual dilemma of dairy farming in being capable of being profitable
and alleviating environmental pressures, as a response to climate change and resource limitations [6].
Emerging trends, such as the geographical reallocation of milk production to nations in the Global
South and mechanised intensification, are influencing economic and ecological performance [7]. To
address these demands, global eco-efficiency modelling systems have integrated indicators of LCA
with farm data to quantify sector efficiency [8]. Increasing milk yield per cow reduces resources and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1057.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 September 2025 d0i:10.20944/preprints202509.1057.v1

2 of 22

emissions per unit of milk produced, making the entire system eco-efficient [9,10]. Increasing
productivity can reduce inputs, such as animals, feed, land, and water, by 25-33% per million metric
tons of energy-corrected milk, resulting in measurable environmental benefits [10]. However,
regulatory circumstances can affect cost efficiency, with more stringent regulation having the effect
of reducing economic efficiency through overcapitalization and reliance on domestic feed [11].
Understanding the impact of milk yield and farm size on environmental performance and
profitability is crucial for developing sustainable dairy farming policies [6]. Bigger farms are more
likely to have better yields and profitability, but may have increased GHG emissions per hectare than
smaller farms, requiring additional specialized policy instruments. Cluster analyses reveal that farm
size and environmental indicators respond differently across farm types [12]. It is necessary to utilize
various multi-criteria tools that integrate economic, environmental, and social indicators, allowing
for the identification of optimal configurations and trade-offs [10,13]. Italian farm studies and LCA
analyses suggest that farms can achieve high economic, environmental, and social performance
simultaneously, indicating that conventional trade-offs between profitability and sustainability can
be reduced [14]. To combine farm-level economic indicators, milk-yield information, and cradle-to-
gate life-cycle assessment to identify key economic and environmental hotspots in dairy production.
By integrating LCA with life-cycle costing and the Integrated Farm System Model, it provides a solid
quantification of performance, emissions, and resource use [15,16]. Previous livestock LCA studies
have omitted some impact categories; thus, this study presents a broader set of indicators to capture
trade-offs better [16]. Cradle-to-gate approaches are most suitable for assessing GHG emissions,
water use, and land use in dairy systems, even though more data are still needed throughout the
value chain [17].

Therefore, global concerns over climate change, resource scarcity, and sustainable agriculture
make it critical to evaluate both economic and environmental performance of dairy farms. Despite
extensive research globally, there is a lack of comprehensive data for Latvia linking economic
performance, milk yield, and environmental impacts across different farm sizes. Therefore, the
research aim is to identify key environmental hotspots and explore the relationship between
productivity, economic performance, and sustainability using the LCA approach in different sizes of
farms in Latvia.

According to data from the Latvian Environmental Geology and Meteorology Centre in 2023,
emissions from agricultural soil management accounted for the largest share (47.1%) of the sector’s
total emissions. Emissions from farm animal intestinal fermentation processes were the second-
largest source of agricultural emissions, generating 41.6% of total agricultural emissions. Manure
management contributed 7.6%, while liming and urea use together accounted for 3.7% of total
agricultural emissions in 2023 [18].

The present research is structured into five sections. Section 2 describes the research methods,
as well as the data and materials used for calculations. Section 3 summarizes the calculation results
in Latvia, comprehensively analysing the economic and environmental indicators of different-sized
dairy farms, using various methodologies, including LCA and the Intergovernmental Panel on
Climate Change Guidelines (IPCC Guidelines). Section 4 represents a discussion of the main research
results based on the scientific literature and an analysis of empirical research studies. Section 5
summarises the main conclusions and future research priorities.

2. Materials and Methods

2.1. Methodological Framework of the Study

Overall, the step-by-step methodological framework of the study is shown in Figure 1. First, the
scientific literature in the Scopus database and other sources was researched to identify different
methodologies for GHG emission calculations. The literature review focuses on the LCA and the 2006
IPCC Guidelines [19]. The study focused on dairy farming in Latvia to determine the environmental
impact and GHG emissions associated with different farm size groups. Because studies typically
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reflect total emissions in a country or in agriculture, but accurate information is needed, at the very
least, in different farm size groups, to reduce them, and for policymakers to develop the necessary
incentive measures.

1. Literature review to = Dat lecti q = 3.Dairy farming feed data
ata collection an
establish study framework collection, FPCM*
analveic nn dairv
. 4
6. Dairy farming GHG direct - 5. LCA hotspot and environmental - 4. LCA cradle to gate analysis
emissions estimation impact assessment
R 2

7.GHG emissions calculations 8.Comparisons on the GHG
= => 9. Discussions and Conclusions
according to IPCC Guidelines emissions calculations

Figure 1. Step-by-step methodological framework of the study. * FPCM—fat and protein-corrected milk.

In the second step, it was necessary to understand the economic characteristics of dairy farming.
Therefore, the Farm Accounting Data Network (FADN) database in 2023 Latvia was used to analyse
detailed information on dairy farm economic income and cattle composition, broken down by the
economic size of farms. The economic size of farms is one of the main categories used in the EU
typology for classifying agricultural holdings. The economic size of an agricultural holding is
measured as the total Standard Output (SO) of the holding expressed in EUR. SO is the average
monetary value of the farm output at the farm-gate price of each agricultural product (crop or
livestock) in a particular area. In Latvia, only farms exceeding an economic size of 4000 EUR SO are
defined as commercial and evaluated in the FADN database. Farms were divided into six groups
based on economic size in SO: 4—< 15, 15-< 25, 25—< 50, 50—< 100, 100—< 500, and > 500 thousand EUR
[20].

Third step. As FADN provides data on the selection and representation of dairy farming in
Latvia, it does not include all farms, and the data required on milk quality indicators is not available.
Consequently, it is necessary to find the dairy farming data regarding milk quality for the country.
Therefore, the Rural Support Service (RSS) database, which contains farm statistics including the
number of cows, herds, milk yields, and milk quality (i.e., milk fat and protein content), was utilised.
The RSS database contains milk monitoring data on dairy cow herds [21]. Each herd was regarded as
one farm. To ensure an in-depth analysis, all dairy farms were categorized into three sizes: small-
sized dairy farms (1-50 dairy cows), medium-sized dairy farms (51-200 dairy cows), and large-sized
dairy farms (201 dairy cows and larger). Data was compiled as of 30.09.2024 and 365 days before,
thus considered as data for 2024, and aggregated per each of three groups, based on the number of
total dairy cows, average milk yield per cow, and the milk quality parameters. To compare the
various qualities of milk yields per year, milk yield was recalculated to what is known as FPCM in
kg, assuming a conversion to FPCM with 4.0% fat and 3.3% protein.

FPCM of fat and protein corrected milk, while the approaches in scientific literature differ, the
prevailing approach is to use the following two formulas:

1. FPCM, according to the International Dairy Federation, the FPCM shall be calculated by using
the first formula [22]:

FPCMuor (kg/year) = Production (kg/year) * (0.1226 * True Fat (%) + 0.0776 * True 1
Protein% % + 0.2534) M

2. FPCM, according to the United Nations Food and Agriculture Organization (FAO) (2007), using
the second formula [23]:
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FPCMErao (kg/year) = Raw milk (kg/year) * (0.337 + 0.116 * Fat content (%) + 0.06 *
Protein content (%))

)

FPCM was used for both formulas to obtain descriptive statistics and analyse the Latvian dairy
segment. For LCA and per 1kg of emissions, the FPCMrao formula was used.

The functional unit was set for FPCM milk, where the output was per 1 cow annually generated
FPCMEao formula milk amount, and the input was the respective feed amount per cow annually for
the LCA model. The average dairy cow’s life span is 3-4.5 years of active milking life in developed
countries [24]. As LCA serves for comparison purposes of three dairy farm sizes, the annual data was
not multiplied.

The allocation method was used, although according to the International Organization for
Standardization (ISO) standards [25], the recommendation is to avoid allocation whenever possible.
However, here, allocation is necessary due to the significance of the animals as a co-product of milk.
According to the EU Commission, the default allocation factor for cattle farming is based on mass—
for animals, live weight, 12% and for milk, 88% [26]. This allocation was also used in the LCA research
conducted in the SimaPro model (see subdivision 2.2), applied to all farms, and served as the basis
for the result output.

2.2. Environmental Impact Assessment Through the Cradle-to-Gate LCA Technique

LCA analysis was performed according to the study’s overall framework, Steps 5 and 6. To
further evaluate the hotspots of environmental damage impact, and to assess whether the feed and
size of dairy farming operations differ, LCA analysis was used, with the use of LCA using SimaPro
10.2.0.2., using database Ecoinvent 3.0, cut-off by classification—system, and using method ReCiPe
2016 Endpoint (H) V1.11/World (2010) H/A [27].

To LCA, there are two general approaches: bottom-up or top-down. As identified in ISO
14072:2024, the bottom-up approach involves compiling various Life Cycle Inventories (LCI) of the
organization’s products, which are weighted by the quantity of products produced during the
specified period, including associated utilities. In the top-down approach, it is essential to consider
the organization as a whole, where adding upstream models (known as “cradle-to-gate”) for all
outputs [28] is crucial. LCA enables the identification of key environmental hotspots and
opportunities for improvement. Buxel et al. (2014) note that “while LCA was originally designed to
support decisions in the environmental engineering area, it is a tool that can also be used
managerially to develop valuable and fact-based sustainability strategies within the company
regarding its products and services” [29]. Therefore, the LCI process of LCA involves collecting data
on resource inputs, energy consumption, and emissions to air, water, and land throughout the
product’s life cycle [30]. The life cycle impact assessment step should describe and assess the
environmental impacts of the inventory outcomes. LCA technique was applied to study the cradle to
gate, which analyses from raw materials to the manufacturing, including at the factory/farm level
[30], defines the function unit and allocation method, collects data for LCI—feed data and milk output
for each farm size according to the RSS farm size (see Figure 2).

The dairy farming feed structure and components for Latvia were compiled from various
sources: research articles, farmer advisory and consulting articles, and a handbook [31-33]. The types
of fodder and ration in small, medium, and large farms, in kg dry matter per day, are shown in
Appendix Table 1A. It can be observed that for larger-sized farms, more emphasis is placed on the
total mixed ratio of feed. For dairy farms with 1-50 dairy cows, significant focus is placed on Leguma
combination with grass silage, hay, and grass silage/haylage, and the addition of roots in the feed
mixture is also observed.

A total mixed ratio (TMR) was created in SimaPro based on the following inputs, derived from
Latvian Rural Advisory and Training Centre (LLKC) data [33], and presented in Appendix Table 2A.
In smaller farms, TMR is less used. At the same time, well-balanced feed, which is already premixed
before feeding, called TMR, is administered in medium and especially in larger-sized farms, to ensure
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homogeneity of feed and consistency in milk output and quality. While these mixed results depend
on each farm, and the farm works, especially in collaboration with feed sellers, to optimise results for
their own farm, the average recommendation has been obtained from the recommendations of LLKC.

Averages per group, especially for mid- to large-sized farms, were used as assumptions for
lactation phases. In Degola et al. (2016), lactation is distinguished as lasting 150 days. According to
the notes, the period from lactation to the end of lactation lasts 305 days, the lactation end phase is
155 days, and the dry period averages 40-65 days [31]. To approximate the calendar year, 60 days
were used. To calculate the average feed for medium and large-sized farms, the days were used to
proportionate the feed intake according to the third formula.

Feed amount = 150/365*feed amount+155/365*feed amount+60/365*feed amount 3)

Nutrient provision in feed rations is shown in Appendix Table 3A.

ISO standards (especially 14040:2006 and 14044:2006) standardise the LCA process and are
widely used globally [34], including in the life cycle inventory stage of the SimaPro software. Impact
analysis in SimaPro software methods was chosen ReCiPe2016 endpoint data usage for the world,
which allows the environmental impact assessment to be aggregated in a single score and compared
amonyg all three sizes of dairy farms. The single score (Pt) is calculated by applying a weighting factor
to each impact category to normalise the score of damage assessment [35].

2.3. GHG Emissions Calculations and Analysis

GHG analysis was performed according to the study’s overall framework, Steps 6, 7, and 8.

According to FAO (2007), GHG emissions from dairy farming are quantified as carbon dioxide
(COz), methane (CHs), and nitrous oxide (N20), including milked cows, animals for replacement in
the herd, and surplus calves for meat. However, boundaries exclude land use, capital goods, the retail
stage, and disposal of packaging [23]. GHG emission calculation will be performed using LCA and
the 2006 IPCC Guidelines for National Greenhouse Gas Inventories [19].

To calculate the dairy sector, especially the dairy farming contribution to GHG emissions, using
the 2006 IPCC Guidelines, the results are based on the calculation according to formulas 4-8.

For CHaintestinal fermentation and manure, a formula is used annually, per country, as shown
in formulas 4 and 5 [19].

CHs (intestinal fermentation) = EF 1(Dairy cows)*N (4)

where CHu intestinal fermentation—CH4 emissions from feed intestinal fermentation in country, expressed in
kg of CHs annually; EF1airy cowsy—CHa4 emission factor/multiplier for dairy cows, which varies
according to 2006 IPCC Guidelines for Western Europe itis 117, and Eastern Europe it is 99 [19], while
calculations of Popluga et al. (2019), specific for Latvia, obtained 141.2 kg of CH4 emissions per dairy
cow annually [36], thus this is used for Latvia; N—number of dairy cows in Latvia.

CHs (manure) = EF 2(manure)*N (5)

where CH4 manure—CHas emissions from dairy cow manure in the country, expressed in kg of CHa
annually; EF2manure)— CHamanure) emission factor/multiplier for dairy cows. For Latvia, Popluga et al.
determined the multiplier to be 17.28 [36], but according to the 2006 IPCC Guidelines, the coefficient
is dependent on the weather temperature. According to Tradingeconomics, in 2024, the average
temperature in Latvia was 8.51 degrees Celsius, which is below 10 degrees in the 2006 IPCC
Guidelines and a coefficient of 11 [37]. As the indicator for Latvia has been calculated, it will be used;
N —number of dairy cows in Latvia.
For N20, a formula is used annually, per country, as shown in formula 6 [19].

N20pmm = N*Nex*MS*EF3*44/28 (6)

where, N2Opmm—direct N20O emissions from manure management (mm) in the country, kg N20
annually; N —number of dairy cows in Latvia; Nex—annual average N excretion per dairy cow in the
country, kg N per animal annually, as of 2021 data it is 119.90 according to Latvia’s National
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Inventory Report 1990-2021 [38]; MS—fraction of total annual nitrogen excretion for each dairy cow
that is managed in a manure management system in the country, dimensionless. For Eastern Europe,
the indicator is, according to 2006 IPCC Guidelines, 0.35; EF3 emission factor for direct N20 emissions
from manure management system in the country kg N2O-N/kg N in manure management system,
for Latvia, the factor is 0.005 (Popluga et al., 2019) [36]; 44/28 —conversion of (N20-N)mm) emissions
to N2Omm) emissions.

According to I1SO 14067/2018 [39], GHG emissions, other than COz, are expressed in COzeq by
multiplying the respective GHG emissions by a conversion coefficient for CHs and N20 to COzeq
(Formulas 7 and 8). New conversion rates have been used, according to Statistics Netherlands. Since
September 2022, due to IPCC rules, the conversion of methane (CHs) has been increased (from a factor
of 25 to 28), while nitrous oxide (N20) has a lower factor (298 instead of 265) [40].

COreq(1)=28*CHs @)

where CO2eq(1) —CHais converted to CO:z equivalent global warming units, methane kg per animal
per year. CHs is the methane emissions from fermentation and manure, summed together per dairy
cow, in kg annually.

CO2eq(2) = 265*N20 )

where, CO2eq(2)—the direct N20O converted into CO2eq global warming units of nitrogen oxide kg
per dairy cow annually; N2O—is the direct nitrogen oxide emissions from dairy cows’ manure per
dairy cow in kg, annually.

For the connection, commonalities, and differences between the LCA and 2006 IPCC Guidelines
methodologies for calculating GHG emissions, see Figure 2.

Environmental Impact/ Direct GHG
Damage emissions of dairy
> CH .
ol 9 4 (fermentation)
% z % Resources |¢
] a E CH4 (manure)
£ < S | Ecosystem - l Milking =
) & §
=] @)
E 8 § N20 direct R
g S £ Human T =
S| = g g
A O o . g
& z Calves Milk =
2 &
o
>
o
ot Resources
5 Off the Farm CO,
Ecosystem i
y Feed production/Land management NLO direct
Human
On the farm process
Off the farm process
Analysed in LCA
Analysed in IPCC
Indicates either process flow or result/impact flow, its volume indicates process or impact volume—
‘ the thicker, the larger/substantial impact/result.

Figure 2. Schematic overview of the milk production system and analysis components.
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Figure 2 illustrates the separation and analysis components of on-farm and off-farm processes.
On the farm are data and processes that take place on the dairy farm, from providing feed to cows
and the milking process, as well as manure from cows, where the feed is prepared off farm, and also
milk and calves/meat are sold outside the farm; the dairy farm itself does not process milk. LCA
analysis, cradle-to-gate, was performed for the on-farm processes from feed to milking, inclusive,
thereby estimating the environmental impact and its components. The separately analysed GHG
emissions of COz, CHs, and N20 were also considered. These emissions were compared to the direct
emissions, which result from cows and manure according to the 2006 IPCC Guidelines methodology,
and then the results were compared.

Research limitations: 1) only direct GHG emissions for the dairy sector on farm were calculated
using IPCC Guidelines; 2) cradle to gate for LCA was chosen for annual data, for hotspot detection;
3) off-farm processes were out of the study scope.

3. Results

The outcomes in this chapter are presented in three subsections. The first is a comparison of
dairy farms of different sizes, based on several sources of information. The second is an evaluation
and comparison of these farms by means of LCA. The third evaluates GHG emissions, estimated by
employing different methodological strategies.

3.1. Characteristics of Dairy Farms in Latvia

In Latvia, according to statistical data, at the end of 2024, there were 113,000 dairy cows [41], and
the average milk yield per cow was 8,239 kg, representing a 15% increase compared to 2020 [42]. The
number of cattle and cows has shown a trend to decline each year for the period 2020-2024, when a
reduction in total cattle was observed by 12%, a decrease in the number of cows by 11%, and dairy
cows had a reduction of 17% in 2024 compared to 2020 [43]. In Latvia, at the end of 2024, there were
58.6 thousand farms, and of these, only 7194 farms or 12% of the total were engaged in dairy farming
[44].

An overview of dairy farming composition in Latvia in 2023, based on FADN data, is presented
in Table 1. The FADN included 270 farms, or 4% of the total, but these farms represent 74% of the
total dairy farms in Latvia.

Table 1. Characteristics of dairy farms by size groups in Latvia in 2023 based on the FADN data [20].

i ‘ EUR/Indi A
Size Groups, * 000 EUR/Indicators Verage Per 4 <15 15-<25 25-<50 50-<100100—<500 =500
Farm

Number of farms 270 7 42 63 61 84 13
Farms represented 5347 350 2 085 1387 817 601 107
Dairy farms as % of the total in the dairy farm 59, 29 29 59, 79, 149% 12%
sector

Dairy farms as % total farms 24% 5% 39% 34% 32% 23% 18%
Average gross income per farm, EUR 33 824 -14 8439 10761 25973 84605 713972
Average farm net income per farm, EUR 9586  -939 6 959 7664 16627 23877 -13976
Average farm net income to gross income 28% n.4. 83% 71% 64% 28% -2%
Average number of dairy cows 20 3 5 9 18 54 344
Average number of cattle <1 year 10 1 3 3 7 25 225
Average number of cattle from 1 but less than 7 1 1 ’ 5 18 153
2 years

Average number of other cattle 3 0 1 2 3 12 26
Milk yield per cow, tons per year 737 534 5.10 5.21 5.66 6.60 10.24
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In Latvia, even when looking at farms, when dairy farm size exceeds 100 cows, its annual milk
yield increases significantly, the reason being that it is commercial, larger-scale operations, and they
are very focused on the milk output amount, thus also adjusting and constantly looking for the right
mixture of the feed to optimise the yields. The main number of dairy farms, by their economic size,
is 15-50 thousand EUR SO.

Economic analysis of gross and net income per farm various significantly, while significant farm
net income in 2023 was negative, that large farms represented overall experienced losses, despite
having significantly even 8 to 90 times larger gross income compared to the other dairy farms, that
indicated the pressures the dairy farming is experiencing even despite of it is large size and possibility
of economies of the scale, but in the meantime also the cost of the milk production in 2023 did impact
the bottom line of largest farms the most. The highest net income to gross income was for farms with
SO 15-<100 thousand EUR, while these farms also had the lowest milk yield per cow, expressed in
tons per year, from 5.10-5.66, while larger farms with higher and highest yields, SO group 100 -500
thousand EUR, and SO above 500 thousand EUR, had lower profit or loss, respectively, but the
highest yields. High yields for the year 2023 came with additional pressure on the net income line,
especially for the largest dairy farms in Latvia. Therefore, to assess the differences and potential
hotspots for environmental impact, a detailed analysis of the LCA process was conducted. The above
six groups are too fragmented for analysis; therefore, the dairy farms were grouped into three
categories: small, with 1-50 dairy cows; medium, with 51-200 dairy cows; and large, with 201 or more
dairy cows.

Table 2. Dairy production indicators and FPCM in Latvia breakdown by herd sizes on 30.09.2024 for 365 days
based on RSS data [20-23].

Indicators/Number of Cows per Herd 1-50 51-200 2201  Total/Overall average

Total number of herds (365-day average) 2404 311 79 2794
Average milk yield kg/per cow/per year 6990 8826 11220 7314
Total number of cows 32776 30021 38308 101105
Total milk output, tons per year 231060 273248 441392 945701
% of total milk 24% 29% 47% 100%
Average fat content, % 4.17 4.07 3.90 4.15
Minimum fat content, % 2.27 2.74 3.04 2.27
Maximum fat content, % 6.04 5.63 4.74 6.04
Average protein content, % 3.34 3.38 3.43 3.34
Minimum protein content, % 2.84 2.90 3.13 2.84
Maximum protein content, % 4.49 3.85 3.70 4.49

Fat and protein corrected milk FPCM (kg/per cow/per

74 7164 7
year) (FAO formula) 5748 6 8875 5999
Fat and protein corrected milk FPCM (kg/per cow/per 7150 8962 11185 2470
year) (IDF formula)
Deviation IDF/FAO formula 124% 125% 126% 125%

When compiling and analysing RSS data about dairy farms in Latvia, Table 2 shows that under
the milk monitoring system, there are 2,794 farms, or 39% of the total in the country. However, these
farms have 101,000 cows, which account for 89% of the total number of cows in Latvia. The most
significant number of herds in Latvia is small-sized dairy farms, with 1-50 cows per herd. It is
important to note, as shown in the FADN data in Table 1, that very small economically significant
farms are not covered; however, by herd number, they are substantial, and a part of this group would
not be covered in the FADN data. Small-sized farms also yield on average by 21% less kg milk per
cow, compared to medium-sized dairy farms, and 38% less kg of milk per cow per year (p.a.)
compared to large-sized dairy farms. When breaking down the data of the small farm size category
in more detail, it can be observed that the majority of herds are in the category with more than 4 to
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less than 15 cows per herd —1350 herds or 48% of herds in the RSS milk monitoring system. Very
small farms with 1 to 4 cows are 302 herds or 11% of the total number of herds in milk monitoring.
Together, 1-15 dairy cow farms comprise over half (59%) of the number of dairy herds in Latvia, while
producing only 9% of the total milk output in 2024 [43]. Medium-sized dairy farm group comprises
farms with herds from 51 to 200 dairy cows, generating 29% of total annual milk output in Latvia. In
contrast, small farms generate 24% of yearly milk output despite having 9% more dairy cows in the
group compared to medium-sized farms. The majority —47% or almost half of Latvia’s annual milk
output is generated by large-sized farms with 201 or more cows per herd. By number, these are only
79 dairy farms with the highest milk yield per cow, 11,200 kg per year. The farms, in terms of their
sizes, are also different in terms of the quality of the milk they produce. When measured in terms of
fat and protein components, the highest fat content is found in milk from small farms—4.17%, while
medium farms have a lower average fat content, at 4.07%, and the lowest indicator is found in milk
from large farms—3.9%. However, the most significant differences among herds in terms of milk fat
content from the average are in the small farm group, ranging from 2.27% to 6.04%. In contrast, the
more consistent results among farms are found in large farms, where the deviation is the smallest
from the average indicator, with fat content ranging between 3.04% and 4.74%. Therefore, to compare
milk yields when their quality indicators vary, FPCM has been used globally to recalculate and
convert milk yields to a fat content of 4% and a protein content of 3.3%. Then the farm milk yields
become comparable. Global approach using FPCM has two sources: the FAO and IDF formulas,
which have been widely used; however, using them here generates different results. The FAO
formula with Latvia farm data generates a lower amount of kg FPCM milk when compared to
unadjusted milk yields per year. In contrast, the IDF formula yields 24-26% higher FPCM kg milk per
cow compared to the FAO formula. Also, it results in a higher average milk yield per cow in Latvia
compared to the non-adjusted average milk yield in kg per cow, except for large-sized farms.
Furthermore, for LCA analysis, comparability is ensured by using FPCM kg of milk yield per cow
per year. This is achieved by applying the FAO formula, which yields more conservative FPCM milk
yield numbers.

3.2. LCA Calculation Results for Dairy Farms in Latvia

Life cycle impact assessment (cradle-to-gate) results are shown in Table 3.

Table 3. Life cycle impact assessment (cradle-to-gate) midpoint comparison among three different-sized dairy
farms in Latvia in 2024 [21,23,27,31-33].

Life Cycle Impact Assessment of Deviation
Small Medium large Farms medium—  large—  large -
Farms (1- Farms (51-200 (2201 cows) small ~ medium  small
Impact Category/INDICATORS Unit 50 Cows) COWS) farms farms  farms
Water consumption, Aquatic o esyrt  5.44¥102 800410 901102 47%  13% 6%
ecosystems
Water consumption, Terrestrial = os e 406410 581410% 63110 43% 9%  55%
ecosystems
Water consumption, Human ~ - g
health DALY* 5.38*10-% 7.60*10-6 8.35*106 41% 10% 55%
Fossil resource scarcity USD2013 41.47 54.28877 57.91831 31% 7% 40%
Mineral resource scarcity USD2013 0.86 1.085099 1.137804 26% 5% 32%
Land use species.yr 1.05*10-% 1.66*10-° 1.73*10- 58% 4% 65%
Human non-carcinogenic toxicity DALY 0.000206 0.00021 0.000211 2% 0% 2%
Human carcinogenic toxicity DALY 0.000511 0.000634 0.0007 24% 10% 37%
Marine ecotoxicity species.yr 5.48%107 6.59*107 7.19%107 20% 9% 31%
Freshwater ecotoxicity species.yr 2.80*10 3.38%10-8 3.69*10 20% 9% 32%
Terrestrial ecotoxicity species.yr 2.08*10-® 2.71*10-8 2.84*108 30% 5% 36%
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Marine eutrophication species.yr 3.71*10~° 6.58*10~° 6.99*107 77% 6% 88%
Freshwater eutrophication species.yr 2.36*107 3.03*10~7 3.37%107 28% 11% 43%
Terrestrial acidification species.yr 1.92*10- 2.08*10-° 1.92*10- 8% -8% 0%
f ion, T ial

Ozone formation, Terrestrial o esyr 2604107 3454107 358°107  33% 4%  38%
ecosystems
Fine particulate matter formation DALY 0.001186 0.001397 0.001415 18% 1% 19%
Ozone formation, Human health DALY 1.78%10-6 2.35*10-6 2.44*10-6 32% 1% 38%
Ionizing radiation DALY 3.21*107 3.69*107 4.21*107 15% 14% 31%
Stratospheric ozone depletion DALY 3.55*10-¢ 5.24*10° 5.27*10-¢ 48% 1% 48%
Global ing, Freshwat

o WATIG, TSI speciesyr  531*10M 751710 8107107 41% 8%  52%
ecosystems

lobal ing, T ial
Global warming, Terrestria speciesyr  195*10¢  275*10¢  2.96*10% 41% 8%  52%
ecosystems
Global warming, Human health DALY 0.000645 0.000911 0.000983 41% 8% 52%

*species.yr—ecosystems, expressed as the loss of species over a specific area, during a particular time in years.
DALY —disability-adjusted life years—is a measure of human health, described as the number of years of life
lost and the number of years lived with disability, combined in DALYs, expressed in years [45].

As can be analysed from the impact tables (Table 3), the most significant impacts are those
related to fossil and mineral resource scarcity and fine particulate matter formation, affecting human
non-carcinogenic toxicity and the impact on human health from global warming. When comparing
among three dairy farm size groups, the impact does differ, especially between small size and
medium size (from 2% to 58% difference in presented indicators—and larger being in medium size
group compared to small size dairy farm group), as well as small size and large size farming
(difference in presented indicators (or deviation was observed between 0% to 66%, with higher
damage factor being in larger scale dairy farm. Less deviation is observed between medium-sized
group and large-sized dairy farms (between 1-14%, with one exception for a decrease in terrestrial
acidification). Therefore, significant differences have been observed when comparing the three size
dairy farm groups in terms of environmental impact/damage categories. When expressed in relative
terms, as in 100%, where the farm size with the most significant indicator is described as 100%, and
respective other farm sizes impact categories’ values is expressed as % of that main factor most
important contributor, it can be assessed that with all 22 midpoint impact categories, large size farms
are the main contributors, with exception of the category Terrestrial acidification, where the main
contributed is midsized farms, and is assigned value of 100% [43].

How, in particular, the midpoint impact categories in Table 3 above translate into three
aggregated endpoint areas of production/categories—Damage to human health, Damage to
ecosystems, and Damage to resource availability —and what the damage pathway is shown in Figure
3.
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Figure 3. Presentation of the relationships between impact categories, midpoint, and endpoint in ReCiPe 2016,

SimaPro database manual —methods library [45].

In Table 3, an analysis was performed for each damage impact factor. Still, to assess which of the
three significant factors is the most impactful on the environment and damage, Figure 4 represents
the results in a unified single score.

70 M Resources
£ 60 M Ecosystems
9 50 B Human health
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» 40 -
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o 30 -
=
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Life cycle of small farms 1-50cows  Life cycle of medium farm 51-200  Life cycle of large farms >200 cows
cows

Comparing 1 p 'Life cycle of small farms 1-50cows', 1 p 'Life cycle of medium farm 51-200 cows' and 1 p
'Life cycle of large farms >200 cows'

Figure 4. Damage assessment (cradle-to-gate) by farm size, and single-score impact grouped by environmental
endpoint impact category in Latvia in 2024 [21,23,27,31-33].
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Figure 4 shows that the most significant impact of dairy farming is on human health aspects,
followed by a significantly less impact on ecosystems and a minimal impact on resource scarcity. The
hotspot affects human health, as shown in the figure above, resulting from ozone depletion,
particulate matter, etc. The impact difference is most observed between small-scale dairy farms and
medium/to large-scale dairy farms in Latvia.

Table 4. Life cycle impact assessment (cradle-to-gate) comparison among three various-sized dairy farms in

Latvia, expressed as a single score (Pt), and its structure in Latvia in 2024 [21,23,27,31-33].

Small Farms Medium Farms Large Farms
Indicators and Sources (1-50 Cows) (51-200 Cows) (201 Cows)
Pt % of total Pt % of total Pt % of total

Total of all processes 47 100% 59.2 100% 62.1 100%
Alfaalfa-grass mixture, Swiss integrated 3.10 7% 2.88 5% 1.38 2%
Alfaalfa-silage, Global 4.59 10% 9.98 17% 11.4 18%
Barley grain, feed, Swiss production 3.38 7% 4.44 8% 415 7%
Fodder beet, Swiss 0.11 0% 0 0% 0 0%
Grass silage, Swiss 5.34 11% 6.04 10% 4.99 8%
Hay, Swiss 6.90 15% 2.99 5% 2.65 4%
Maize chop, Rest of the world 0.20 0% 0.433 1% 0.494 1%
Maize silage Swiss 0.14 0% 0.356 1% 0.453 1%
Milking process 16.20 34% 20.2 34% 25 40%
Mineral supplement, Global 0.54 1% 0.641 1% 0.624 1%
Molasses, Global 0.08 0% 0.0984 0% 0.125 0%
Rape meal, Global 1.06 2% 2.6 4% 2.09 3%
Soybean feed, Global 1.70 4% 3.69 6% 4.2 7%
Straw, Europe 0.12 0% 0.0999 0%  0.0777 0%
Total mixed ratio 0.00 0% 0.00151 0% 0.00172 0%
Wheat grain, feed, Swiss 3.63 8% 4.77 8% 4.45 7%

The environmental impact from cradle to gate (Table 4), that is, from feed to milking process, is
a significant influencing factor, expressed as a single score, Pt, in ReCiPe. The most important factor,
by single score, is the milking process, comprising 34% of all processes analysed in small and medium
farms, and 40% in large farms. This can be a place to examine in more depth for the search for damage
assessment reduction possibilities. At the same time, it is observable that the differences in small
farming compared to medium and large-scale farming are that alfalfa silage is the second contributor,
in large size farms 18%, while medium 17% in the overall damage assessment normalized score, while
in small farms, the second position by damage impact weight among analysed factors is hay.

3.3. Comparisons of the Calculation of Direct GHG Emissions in Different Sizes of Dairy Farms in Latvia
The results of the GHG emissions calculations, using the 2006 IPCC Guidelines methodology,
are shown in Table 5, while those using the LCA methodology are presented in Table 6.

Table 5. Calculation results of direct GHG emissions in the dairy sector, broken down by farm size groups,
according to the 2006 IPCC Guidelines methodology, in Latvia in 2024 [19,21,23,36,38,40].

Indicators/Number of Dairy Cows Unit 1-50 51- 200 2201 Total
Total number of cows in the size group COws 32776 30021 38308 101105
CHa (fermentation) kg 4627999 4238979 5409090 14276068
CHas (manure) kg 566373 518765 661962 1747100
CHa to COzeq kg 145442421 133216830 169989452 448648702
N20pmm (direct manure) kg 10807 9899 12631 33337

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1057.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 September 2025 d0i:10.20944/preprints202509.1057.v1

13 of 22
N20 to COzeq kg 2766626 2534069 3233563 8534258
Total COzeq, by size groups tons 148209 135751 173223 457183
FPCM kg per cow, per year (FAO formula) kg 5748 7164 8875 5999
COzeq per 1kg of milk kg 0.79 0.63 0.51 0.75

The main difference is that the number of dairy cows changes the emissions (Table 6). The same
deviation among groups in cows would lead to the same deviation in the results of total direct
emissions from the dairy sector. Notably, this gives rather simplistic and overall numbers of GHG
emissions from the sector; it benefits when adding analysis from LCA on the hotspots in the feed.

Table 6. Calculation results of direct GHG emissions in the dairy sector breakdown by the farm size groups,
according to the LCA (cradle-to-gate) methodology, in Latvia in 2024 [21,23,27,31-33].

Indicators/Number of Dairy Cows Unit 1-50 51-200 2201

Total number of cows cows 32776 30021 38308
Carbon dioxide, biogenic, per cow kg 35.6 53.2 50.3
Carbon dioxide, fossil, per cow kg 414 541 596
Carbon dioxide in the air, per cow kg 2610 3290 3000
Carbon dioxide, land transformation, per cow kg 49.7 107 122
Carbon dioxide non-fossil resource correction, per cow kg -96.9 -114 -155
Total carbon dioxide, per cow kg 3012 3877 3613
Total carbon dioxide per whole group tons 987350 1163978 1384183
Nitrogen oxide N20 per cow kg 1.84 2.44 2.53
Nitrogen oxide per group tons 60 73 97
Nitrogen in COaze tons 15982 19412 25684
Methane biogenic, per cow kg 0.0482 0.0608 0.0733
Methane fossil, per cow kg 1.27 1.66 1.8
Methane total per cow kg 1.3182 1.7208 1.8733
Methane per group tons 43 52 72
Menthane in COzeq tons 1210 1446 2009
Total COz in COz, p.a. tons 1004542 1184836 1411876
Deviation from the previous group Y% N/A 18% 19%
FPCM kg per cow, per year (FAO formula) kg 5748 7164 8875
CO2e¢ per 1kg of FPCM milk kg 5.33 5.51 4.15

As can be seen in this stage of the cradle-to-gate process, the primary emissions are attributable
to the feed and milking processes. Therefore, it has to be calculated separately to compare the three
groups to obtain a more in-depth picture. Notably, the results are 4-5 times higher than using the
2006 IPCC Guidelines methodology. The reason could be that in IPCC calculations, only the number
of cows is taken into account, and the agricultural feed production side is calculated separately. LCA,
the main differences among groups are the feed composition and the yield of milk obtained as a
result. When evaluating the overall CO2eq, it is evident that larger farms contribute more emissions.
However, when recalculating per 1 kg of milk, it becomes clear that large farms actually generate the
least emissions among the three groups per 1 kg of FPCM milk, making them more efficient. A similar
result was also obtained when evaluating by the 2006 IPCC Guidelines methodology, that the large-
sized dairy farms generate the most emissions in COzeq, while when recalculating not per cow, but
per 1kg of FPCM milk, the result is that also large dairy farms with cows above 201 cows are
generating the least of all three groups’ emissions per kilogram of milk.
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4. Discussion

4.1. Productivity and Economic Performance

This analysis examines the relationship between farm scale and several economic indicators,
including gross and net income, as well as production-based indicators of farming sustainability,
such as productivity. The study looks at the effect of herd size on milk yield, yield components, fat
content, and protein content. It is worthwhile addressing the reasons for the larger agricultural
sectors to produce negative net income when gross revenues can be in the millions of dollars [46].
The research compares small- and medium-sized farms’ economic resilience to that of the larger
sector’s vulnerability and adaptive economies in the dairy sector.

The performed analysis of various-sized dairy farms has provided insights into the operational
differences, as noted by Brkic et al. (2024), which would provide a comprehensive understanding of
sustainable dairy production [46]. Additionally, it is indicated that herd size does influence milk yield
and quality, specifically the fat and protein content, which is a critical area for optimizing dairy farm
productivity [47]. This has also been discovered in the research that larger-sized herds are yielding
significantly more milk per cow compared to smaller-sized dairy farms. In the meantime, it is
assumed that larger herds should benefit from economies of scale in terms of infrastructure and
purchasing in bulk, which could lead to lower per-unit production costs [48]. However, the study
and use of FADN data for Latvia in 2023 indicates that, especially the largest farms, with SO >500
thousand EUR on average, experience losses per year, compared to other-sized farms.

However, the relationship between herd size and milk quality is different; smaller farms tend to
have higher fat indicators, especially. In contrast, there is a more significant deviation from the mean
value. In comparison, larger farms have lower fat content with less variation around the mean value,
as this research has discovered. Large farms may struggle to maintain consistent feed quality and
individual animal health, which can influence the stability of fat and protein content in milk. For
example, they try to focus on reducing feed purchase costs while keeping optimal nutrient
management. As noted by Holly et al. (2018), feed costs can make up a substantial part of total
operating expenses [49]. A similar discovery is presented that feed costs typically represent the most
significant single expense for dairy farms, often exceeding 50% of total operating costs. Thus, it is
essential, regardless of the size of the dairy farm, to have efficient feed management [50].

4.2. Environmental Impact and Sustainability

As yields and efficiency are crucial for farm survival, it is equally important to evaluate the
primary sources of environmental impacts in dairy production, with a particular focus on the milking
process and feed production —the processes that contribute to the environmental footprint of the
dairy industry [51]. The author has examined how the impacts vary based on different-sized farms.
The results do indicate variability, with larger farms overall having a greater impact on the
environment. However, when recalculated not per cow but per kilogram of milk, the results differ,
showing that large farms per kilogram of milk are the least contributors to the environment. As noted,
it is necessary to establish the size-specific contributions of farms to human health implications,
ecosystem damage, and resource scarcity [52], which has been done in this research through an LCA
assessment and comparison of various farm sizes. The analysis highlighted the primary areas of
environmental impact and illustrated opportunities for targeted efforts to mitigate these impacts,
enabling sustainable dairy farming [46]. Further, calculations were made to specifically look at COzeq
emissions by LCA and by the 2006 IPCC Guidelines methodology, comparing three different dairy
farm sizes. Additionally, total direct GHG emissions were assessed, as well as emissions per kilogram
of FPCM milk, to investigate the variations in efficiency among small, medium, and large dairy
operations in terms of their environmental performance. This type of analysis and interaction
between dairy farming practices and environmental outcomes will provide a framework for
informed decision-making, supporting the pursuit of more sustainable dairy agriculture [10].
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The overall purpose is to identify potential places and points of intervention that could minimise
environmental burden while maintaining economic viability and social acceptance of dairy
production [53]. The results could allow us to explore how advanced feed practices, such as different
feed formulations or differences, can significantly reduce the environmental impact per unit of milk
produced, moving towards a more circular agricultural economy [54]. The dairy sector is recognised
as a significant contributor to greenhouse gas emissions; therefore, it is necessary to examine its
contributions to these emissions [55].

4.3. Balancing Productivity, Profitability, and Environmental Performance

The trade-offs in achieving high milk yields, economic viability, and lower environmental
impact in the dairy industry are complex. In Latvia, it was observed that the highest milk yields per
cow are in large farms, which produce 47% of total milk in Latvia, and simultaneously, these farms
have the lowest environmental impact and emissions per 1 kg of produced milk; however, the
absolute largest farms were experiencing losses in 2023. Dairy production is essential for global
nutrition, but it faces significant environmental scrutiny [46]. Growing consumer demands, climate
change, and global food security concerns necessitate a re-evaluation of traditional dairy
management practices to enhance profitability and sustainability [56]. This re-evaluation looks at
strategies for large farms to boost financial returns while reducing their ecological footprint. It also
examines the policy and management implications for achieving sustainable intensification [57].
Historically, improving productivity in ruminant systems, including dairy, has led to lower resource
use and greenhouse gas emissions for each product unit. This mainly occurs by diluting maintenance
effects [58]. With respect to dairy production, high feed efficiency is key to minimising costs in feed
and the negative impacts of milk production on the climate and environment. However, there is a
limited understanding of the relationship between feed efficiency, eating behaviour, and activity [59],
and achieving this balance is difficult. It requires careful use of technology and management practices
that maximize resource use without compromising animal welfare or economic stability [60].
Genomic selection and precise ration formulation can significantly improve the efficiency of high-
performing herds. This contributes to a lower environmental impact per unit of milk produced [61].
Nevertheless, despite these improvements, dairy systems continue to create environmental
pressures. They include direct GHG from enteric fermentation, manure management, and feed
production, as well as significant water and land usage [10].

4.4. Methodological Considerations

When comparing dairy production efficiency across different farm systems and genetic lines,
accurately normalising for milk yield to a standard FPCM is essential. This comprehensive approach
is critical because variation in the composition of milk, particularly the amount of fat and protein it
contains, can affect the quality of the milk nutritionally and how well it can be processed in factories.
This research discovered that it is especially crucial to determine which formula and approach for
FPCM to use, either the FAO or the IDF formula. The FAO resulted in more conservative results
compared to the IDF. In the case of Latvia, the IDF showed 24-26% higher FPCM results. These issues
influence the actual environmental implications of each unit of functional output [62]. This
adjustment also improves the accuracy of the LCA, since an environmental product measure involves
standardizing the functional unit. Standardizing functional units allows for appropriate comparisons
of environmental implications, such as greenhouse gas emissions, between different production
regimes [61]. This generic methodology distinguishes specific processes, such as feed production,
enteric fermentation, and waste management, which significantly affect the environment in total.
This methodology will also assist in planning specific reductions [63]. In many situations, the
available data sets do not have enough information and/or lack scope. This limiting factor will impact
the accuracy of the assessments, and the required data collection needs to be improved [53].
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4.5. Policy Implications and Future Research Directions

The differences in how LCA studies have conceptualised, allocated, and framed functional units
make it difficult to compare results of LCA studies [16,53]. The issues of differences in
conceptualisation make it challenging to provide harmonised data and effective policy. Sustainable
dairy production practices will therefore have to be evaluated in terms of their environmental benefit,
cost-effectiveness, and impact throughout the supply chain, especially when herd composition and
levels of milk production vary [55]. Uncertainties in current biodiversity quantification within LCAs
also highlight the need for lower-complexity frameworks as well as applied tools to apply [13,64].

Future research should focus on several directions: 1) Develop multi-criteria instruments that
integrate environmental, economic, and societal elements of dairy systems [65]; 2) Standardise and
articulate LCA techniques, especially the concept of biodiversity and functional unit, to enable
comparability between studies; 3) Explore feeding optimisation, genetics, and waste management
technologies as measures for enhancing efficiency, reducing methane, and limiting nutrient loss
[63,66]; 4) Assess the abatement and cost-saving potential of alternative means of producing milk
under a range of regional and market conditions; 5) Conduct longitudinal LCAs to track improving
GHG efficiency per unit of milk under increasing absolute emissions due to rising world demand for
dairy products.

Given the consideration that livestock farming occupies 70-80% of agricultural land and
contributes significantly to methane emissions [51,67], effective and harmonised LCA practices will
be key to achieving climate objectives globally. As demand for dairy is expected to grow by 70% by
2050, policies should be developed based on studies that maintain production while reducing
emissions by up to 80% to mitigate the impacts of climate change [54,68].

5. Conclusions

In Latvia, milk production is dominated by small farms (1-50 cows) in terms of the number of
farms, while medium-sized farms (51-200 cows) and large farms (201+ cows) produce the majority
of milk. The most productive yields per cow (approximately 11,200 kg/year) and consistency of milk
quality are found on large farms, whereas small farms exhibit more variation and higher fat content.
Economically, 2023 data reflected robust pressures across all farm sizes. Large farms generated as
much as 90 times more gross income than small farms; however, in 2023, they experienced a negative
net income due to high production costs. In contrast, smaller and medium-sized farms fared better
regarding net-to-gross income ratios, despite lower yields.

Meanwhile, LCA environmental assessments indicate that the most significant contributions are
to damage of human health, followed by damage to ecosystems, and damage to resource availability,
particularly from the consumption of fossil and mineral resources, particulate matter formation, and
global warming. Environmental burdens differ most significantly between small/middle and large
farms, with large farms incurring larger absolute burdens. Milking is the most significant hotspot
(34—40% of total damage source), followed by feed production, for which hay dominates on small
farms and alfalfa silage on large farms.

When comparing greenhouse gas direct emission production, the most significant absolute
COreq contributors are the large farms. Yet, they have the lowest emission intensity per kilogram of
FPCM milk of all types. Emissions identified by LCA, considering feed, are 4-5 times greater than
those reported by the 2006 IPCC Guidelines methodology, illustrating the need for careful
consideration of the system boundary selection and methodology approach.

Generally, while being more productive, large farms in Latvia generate higher yields and
efficiencies per unit of milk; however, they are economically most vulnerable and carry high
environmental costs. Their smaller counterparts are less productive in terms of emissions and yield
per cow, but possess greater economic resilience due to their size. These findings highlight key trade-
offs between productivity, profitability, and environmental impact, and point to the milking
operation and feed composition as prime areas for effective mitigation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1057.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 September 2025 d0i:10.20944/preprints202509.1057.v1

17 of 22

Increased research is necessary to advance coupled multi-criteria tools, harmonise LCA
methods, and improve feeding to enhance dairy industry sustainability in response to growing global
demand. Harmonised LCA practices need to be promoted by policymakers, who should encourage
innovations to improve dairy efficiency while minimising adverse environmental impacts as global
demand grows.
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Abbreviations

The following abbreviations are used in this manuscript:

CO2 carbon dioxide

CHa methane

CO2eq carbon dioxide equivalent

EU European Union

EUR euro

FADN The Farm Accounting Data Network

FAO The United Nations Food and Agriculture Organization

FPCM fat and protein-corrected milk

GHG greenhouse gas

IDF International Dairy Federation

IPCC The Intergovernmental Panel on Climate Change

ISO International Organization for Standardization

kg kilogram

LCA Life cycle assessment

LCI life cycle inventory

LLKC Latvian Rural Advisory and Training Centre

N20 nitrous oxide

SO Standard Output

TMR total mixed ratio

Appendix

Table A1. The type of fodder and ration in small, medium, and large farms, kg dry matter, daily in Latvia [31-

33].
Indicators/Number of Cows per Herd 1-50 51-200 2201 Total/Overall Average
Hay 5.70 2.47 2.19 3.46
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Haylage/Grass silage 6.20 7.02 5.80 6.34
Leguma and grass silage 9.00 8.61 4.12 7.24
Corn silage 0.55 2.43 3.80 2.26
Straw 0.75 0.63 0.49 0.62
Roots 1.40 0.00 0.00 0.47
Fodder 4.05 4.31 3.49 3.95
Molasses 0.35 0.33 0.45 0.38
Expeller and meal 0.65 1.59 1.28 1.17
Salt 0.10 0.09 0.08 0.09
Minerals and vitamins 0.20 0.19 0.18 0.19
Total mixed ratio (TMR) 10.00 21.72 24.77 18.83

Table A2. Composition of Total Mixed Ratio feed per cow, kg, and its weight in total TMR feed in Latvia [33].

Indicators TMR Ratio per Day in kg per Cow % of Total TMR
Alfaalfa grass silage 31 61%
Maize silage 7 14%
Wheat 3 6%
Barley 3 6%
Maize chop 1.5 3%
Soy expellers 2.7 5%
Molasses 0.5 1%
Mineral supplements 0.18 0%
Fodder chalk 0.2 0%
Sodium 0.1 0%
Salt 0.05 0%
Water 2 4%
Total 51.23 100%

Table A3. Nutrient provision in feed rations in Latvia [31].

Nutrient Provision in Feed Rations/ Total/
1- 1-21 201
Number of Cows per Herd 50 51-200 >20 Overall Average
Dry matter, kg 18.8 23.25 25.04 22.36
Crude protein, g 2565.295 268145 332259 2 856.44
Crude fats, g 565.44 698.15 730.82 664.80
Crude fibber, kg 5.7 5.67 5.63 5.67
Nitrogen-free extract, kg 10.4 10.60 13.33 11.44
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