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Abstract

The environmental performance of cow milk produced in a conventional semi-intensive system was assessed using a cradle-
to-farm gate attributional life cycle assessment. The impacts of 1 kg FPCM—fat and protein corrected milk were obtained
considering six midpoint impact categories from the ReCiPe 2016 method: climate change (CC), terrestrial acidification (TA),
freshwater eutrophication (FE), land use (LU), water consumption (WC), and fossil resource scarcity (FRS). The modeling
of the product system and calculating the environmental impacts considered the use of SimaPro™ software. Enteric methane
and nitrogen emissions and inputs for feeding animals (fertilization for pasture production, use of seed in corn crops, and
milk replacer in calves feed) were the main contributors to impacts in milk production in most categories. In addition, the
indirect energy use and wastewater generation in milking and milk cooling also were relevant. Literature-based strategies are
suggested to mitigate the identified environmental impacts to achieve the best environmental performance without decreas-
ing technical and quality milk production. We emphasize the importance of improving productivity per milk cow, knowing
the origin of the supply chain inputs, and using it efficiently to produce animal feeds as the main strategies to improve milk's
environmental performance. Changes in allocation methods did not substantially differ in impact categories. Sensitivity
analysis foregrounds the consistency of results and conclusions of the current study despite the uncertainties associated with
methodological choices, simplifications, suppositions, and the use and adaptation of international databases.

Keywords Life cycle assessment - Environmental management - Impact assessment - Life cycle inventory - Milk -
Livestock - Dairy chain

Introduction

Dairy farming has a relevant contribution to economic and

social development. Worldwide, around 150 million fami-
lies work in milk production. Most of them comprise small
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farmers from developing countries, and this activity is the
main activity for their livelihoods (FAO 2021).

The nutritional relevance of milk makes it still one of the
top products from the agricultural and livestock industries.
Milk is also considered a highly beneficial food because of
its fundamental nutrients (Pereira 2014; Morschbicher et al.
2017).

Historically, Brazil has been ranked among the top five
milk-producing countries, reaching around 23.5 million met-
ric tons (MMT) in 2020 (STATISTA 2021; USDA 2020).
For 2021, despite the adverse economic consequences stem-
ming from the COVID-19 pandemic, a 1.3% increase in pro-
duction is forecasted compared to the previous year once
the dairy sector was not as significantly impacted as other
sectors from a global perspective (USDA 2020).

In addition to the benefits derived from promoting eco-
nomic activity, the correlation between milk production
and the associated environmental issues must be consid-
ered. GHG emissions and manure, water consumption,
deforestation, and demand for resources are environmen-
tal aspects usually associated with milk production, which
requires proper management due to a growing trend towards
sustainable practices in the activity. Fertilizers are another
crucial environmental aspect resulting in emissions to soil,
water, and air. Relevant emissions are derived from nitrous
oxide due to fertilizers used for grains and pasture produc-
tion. It also contributes to carbon emissions related to energy
demanded by fertilizer production and transport (Willers
et al. 2017). These emissions are subsequently converted to
CO,-eq using appropriate global warming potential (GWP)
factors. Lastly, fertilizers may cause eutrophication of water
bodies by runoff of phosphorus and nitrogen compounds and
groundwater contamination by nitrate leaching.

In this sense, life cycle assessment (LCA) method has
been widely accepted and used to identify and evaluate the
environmental impacts associated with the life cycle of prod-
ucts and processes worldwide, including Brazil (Willers and
Rodrigues 2014; Owsianiak et al. 2018). Several LCA stud-
ies have been performed in the past two decades to assess the
environmental impacts of cow milk production in intensive
and semi-intensive systems and conventional and organic
management. According to Finnegan and Goggins (2021),
many LCA studies worldwide were performed to estimate
the GWP of raw milk production. This statement confirms
that most LCA studies focus on CO,-eq emissions due to
worldly increasing attention regarding global warming (Yan
et al. 2013). Nevertheless, the assessment of other impact
categories is also valuable for these studies. It would allow
a comprehensive view of the contributions from environ-
mental aspects, supporting substantiating future propositions
of suitable solutions to reduce the critical points identified.

Sed et al. (2017) summarized the LCA studies on dairy
cattle from 2008 to 2014, including milk production and
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critically analyzing other impact categories beyond GWP,
most frequently addressed in the literature. Following pre-
vious reviews, Carvalho et al. (2018) updated the LCA
studies on milk production from 2015 to 2018, like those
by Bacenetti et al. (2016), Salvador et al. (2016), Wold-
egebriel et al. (2017), and Zucali et al. (2018).

It is noteworthy that LCA studies on milk are continu-
ally required and relevant. Studies by Drews et al. (2020),
Berton et al. (2020), Pirlo and Lolli (2019), and Wang
et al. (2018), to cite some, show that the demand for stud-
ies on the influence of the type of milk, handling strate-
gies, the technology employed, geographical coverage, and
assessment methods needs to be investigated.

Regarding Brazilian LCA studies on cow milk, research
initiatives have been conducted since 2010 (Willers et al.
2010; Olszensvski 2011; Léis 2013). Willers et al. (2010)
performed a life cycle inventory analysis for milk produc-
tion in Brazilian Northeast and therefore did not consider
the impact assessment phase and its categories. Léis et al.
(2015) investigated the carbon footprint of milk produc-
tion, thus, not including other impact categories. Recently,
Brazilian LCA studies on milk and dairy products of buf-
falo (Soares et al. 2019; Alves et al. 2019) and goat (Cabral
et al. 2020) have been published. Moreover, Ruviaro et al.
(2020) used the life cycle perspective to assess economic
costs by dairy production systems in Southern Brazil.
However, no study regarding the environmental impacts
of cow milk could be found. Since Brazil is a relevant
player in the cow milk production market, LCA studies are
still needed. Beyond the knowledge of the environmental
impacts and resource use of such activity, the results can
also support the planning of further action to reduce criti-
cal points identified, contributing to improvements in the
life cycle of milk and dairy products.

As Santos Jr et al. (2017) noted for cheese production,
LCA studies of milk in different regions can provide an
overview of the environmental impacts in the activity
across the country. Due to Brazil’s geographical dimen-
sions, results may vary not merely because of regional
features but also because of the handling and management
practices used. Besides, results can serve as benchmarking
of best practices for their impact mitigation, improving the
whole production chain, as Ferreira et al. (2020) proposed.

This study evaluates the environmental impacts of cow
milk from Bahia state, which ranks eighth among the
Brazilian producers and first in the Northeastern region
(USDA 2020). The investigation is aimed at assessing the
primary stage of the milk value chain and to further con-
tribute to developing the life cycle inventory of the Brazil-
ian agricultural and livestock products database.
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Materials and methods

The research was performed considering the requirements
of both ISO 14040 and 1ISO14044 standards (ISO 2006a,
2006b).

Product system

The product system comprises a farm in the Middle South-
west region of Bahia state (Fig. 1), chosen because of its
production volume and technology level.

The milk production system is semi-intensive. The herd
comprises 128 animals, Girolando and mixed-race with a
blood degree within 1/2 and 3/4 Holstein, featuring 52 lac-
tating cows, 38 dry cows, 18 heifers, and 20 calves. Cattle
feed includes pasture, corn silage, concentrate, and mineral
salt supplementation.

Pasture area consists of 67.8 hectares, of which 16% is
irrigated. Rotational grazing occurs in an area divided into
100 paddocks fertilized annually with phosphate and nitro-
gen products. Previous soil analysis showed that potassium
fertilization was not necessary.

Milk productivity averaged 970 L per day (6,808.65 L per
cow per year), and lactating cows are fed according to their
average daily milk production:

e High productivity cows (21 cows yielding 19 L) feed on
pasture and concentrate as a supplement

e Intermediate productivity cows (15 cows yielding 15 L)
exclusively feed on pasture

e Low productivity cows (16 cows yielding 8 L) feed post-
grazing residues, comprising a 25-30 cm height pasture,
in which intermediate productivity cows have previously
been fed

The feeding strategy for heifers comprises pasture, con-
centrate, and mineral salt supplementation. Calves are fed
twice a day with a commercial milk replacer, which is suc-
ceeded by pasture and concentrate feed around the 45 to
60" day of life. Moreover, the diet of dry cows is composed
of pasture and mineral supplementation.

Mechanical milking occurs initially in the morning for
all lactating cows, and a second milking is performed in the
evening only for high productivity lactating cows. The milk
is cooled at 4 °C in a 2050 L-capacity tank and stored to
be sent on alternate days for processing in dairy industries
located in the region.

Goal and scope definition

The main goal of this study is to perform a life cycle impact
assessment of milk produced on a semi-intensive farm
system.

Function and functional unit

The product system’s function is to provide refrigerated raw
milk for primary consumption and raw material for dairy
products.

The functional unit considered 1 kg FPCM—fat and pro-
tein corrected milk, representing the equivalent milk mass

Fig. 1 Middle Southwest region
of Bahia, Northeast Brazil
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by fat and protein standard content. According to the Inter-
national Dairy Federation, FPCM is calculated by Eq. 1 (IDF
2015):

kgFPCM = MP X [(0.1226 X %F) + (0.0776 X %P) + 0.2534]
ey
where MP is the milk produced, in kg; %F is the fat con-
tent per kg of milk; %P is the protein content per kg of milk.
The F and P percentages were standardized at 4% fat
and 3.3% milk protein, as recommended by the IDF (2015).
According to the IDF, the FPCM assures a fair comparison
between farms with a different breed or feed management.

System boundary

The system boundary for this study is characterized as from
cradle-to-farm gate (Fig. 2). The product system comprises
the farm’s geographical boundaries, including the transport
to the dairy industry. Seven unit processes were included:

pasture production, corn silage production, concentrate pro-
duction, mineral salt production, cattle breeding, milking
and milk cooling, and transport.

Inventory analysis

The study considered primary and secondary data. Primary
data were obtained through on-site visits at the farm, includ-
ing interviews with the staff of the milking and farm machin-
ery sectors. If these were missing, secondary data included
ecoinvent® v3.6 and Agri-footprint databases, literature, and
theoretical models.

Primary data comprised information on inputs for animal
feed (pasture, corn silage, concentrate, and mineral salt),
water and electric energy consumption, agricultural pesti-
cides, materials for cleaning, and agricultural operations.
Some medicines and materials for artificial insemination
were disregarded as they represent much less than 1% of
the system inputs in terms of mass (Johnson and Schwartz

LEGEND:

Fig.2 System boundary
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2002). Besides, they result in non-significant impacts (Ross
et al. 2014). Buildings, infrastructure, equipment, and
human work were also not included in the system boundary.

The primary water for animal watering was determined
by the number of animals per category (Campos 2006). The
animal feed was calculated according to its composition and
the amounts of carbohydrates, proteins, micro, and macro-
minerals required. Cleaning materials, fertilizers, agriculture
defensives (e.g., pesticides, insecticides, and herbicides),
and medicines (antiparasitic products and insecticides) were
quantified according to their chemical composition. The
same occurred for milking, whose utensils (e.g., syringes
and tissue paper) and cleaning materials were accounted for
according to composition, mainly featuring plastic materials
and disinfectants.

The electricity consumption was obtained from calculat-
ing the consumption of equipment used in the dairy farm,
i.e., the milking machine, the feed mixer, and the two pumps
used to collect water. The fuel consumption required for
agricultural activities considered the equipment’s operating
time (tractor) and the area to be managed. The water for
cleaning the milking parlor and equipment was quantified
according to Willers et al. (2014). The water for irrigation
was calculated by technical methods related to the system’s
discharge data and function time. The transport of inputs
to the farm was calculated based on the distance between
the retail stores and the farm, number of trips, and type of
vehicle used. Similarly, milk transport to the dairy plant con-
sidered the distance between the farm and the dairy industry
and the alternate collection days.

The generation of solid waste, wastewater, and air emis-
sions was also considered. The wastewater was estimated
based on the water consumption in the milking process,
whereas the solid wastes considered the amount of material
discarded by the staff (e.g., disposable gloves, styrofoam
box, and milk feeding bottle for calf).

The CH, emissions from enteric fermentation and manure
management and N,O emissions from manure management
were estimated using the equations of the Intergovernmental
Panel on Climate Change—IPCC guidelines (IPCC 2006a,
2006b).

The life cycle inventory (Table 1) of milk was performed,
comprising the assumptions described.

Impact assessment

The ReCiPe 2016 method (Huijbregts et al. 2017), an
update from ReCiPe 2008 (Goedkoop et al. 2009) ver-
sion 1.04, was used to create a correlation between input
and output data and environmental impacts. Six midpoint
categories were considered for this study: climate change
(CC, in kg CO,-eq), terrestrial acidification (TA, in kg
S0,-eq), freshwater eutrophication (FE, in kg P-eq), land

use (LU, in mz.year), water consumption (WC, in m3), and
fossil resource scarcity (FRS, in kg oil-eq).

Such categories were chosen according to the product
analyzed and frequency of use in the literature in similar
research. The modeling of the product system and the cal-
culation of environmental impacts were performed using
SimaPro™ software, version 9.1.0.7. Further information
on data and the processes chosen for modeling the product
system are available in Supplementary Material.

Allocation and sensitivity analysis

Multifunctional problems are common in LCA studies.
Milk production cannot occur exclusively in a product
system since other co-products are generated, e.g., meat,
horns, calves, and leather. Thus, the impacts need to be
distributed, or allocated, among them adequately.

According to ISO 14040 (ISO 2006a), material and
energy flows and emissions shall be appropriately allo-
cated to the products considered to reflect physical rela-
tions correctly. In other words, allocation is aimed at
representing how such physical relations (e.g., mass and
protein content) change with quantitative modifications
in the products obtained (Ramirez et al. 2008). In some
cases, these physical relations cannot be established or
used. Thus, the inputs and outputs can be allocated to the
co-products proportionally, according to their economic
value (ISO 14044 2006b). Nonetheless, susceptibility to
market fluctuations is a drawback for the economic alloca-
tion (Guinée et al., 2004). Thus, using average economic
values is recommended to minimize this effect (Ramirez
et al. 2008).

Roer et al. (2013) used economic allocation to share the
impacts between the outputs (milk, carcasses, surplus off-
spring, and manure) in a combined milk and meat produc-
tion in Norway. Feitz et al. (2007) recommend using alloca-
tion based on physical-chemical properties of the processes
and emissions, such as mass, volume, or energy, to avoid the
errors caused by the economic allocation.

In this study, the allocation considered milk and meat as
co-products, with meat comprising the heifers, calves, or dry
cows (unproductive cows) sold for slaughter. Thus, the sen-
sitivity analysis compared physical and economic allocation
methods to verify changes from impact categories results.
Besides, a scenario with no allocation was also considered,
in which impacts were attributed entirely to milk. The sen-
sitivity analysis is a complementary data quality assessment
method that evaluates consequences stemming from each
allocation choice or identifies the significance of data and
changes of methods on the life cycle impact assessment.

Physical allocation for the LCA milk study was calculated
according to Egs. 2 and 3 (IDF 2015):
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Table 1 Inventory for 1 kg of

. ; o . Unit process Inputs/outputs/emissions Unit Amount
milk produced in semi-intensive
system Concentrate production Inputs
Cottonseed meal (protein feed) g 3.0724
Corn bran g 11.66
Industrial plant infrastructure kg 5.46E-12
Phosphate rock (proxy for dicalcium phosphate) mg 88.76
Sulfur mg 16.39
Magnesium sulfate mg 23.01
Cobalt (proxy for cobalt sulfate) mg 0.0081
Copper sulfate mg 0.4582
Iron sulfate mg 0.9277
Iodine (proxy for potassium iodate) mg 0.0171
Manganese sulfate mg 2.8167
Selenium (proxy for sodium selenite) mg 0.0082
Zinc sulfate mg 2.1478
Electricity kWh 4.78E-5
Mineral salt production Input

Industrial plant infrastructure kg 1.99E-12
Sulfur mg 59.95
Phosphate rock (proxy for dicalcium phosphate) mg 224,82
Magnesium sulfate mg 148.54
Cobalt (proxy for cobalt sulfate) mg 0.2498
Copper sulfate mg 8.3826
Salt (sodium chloride) mg 814.35
Iron sulfate mg 14.9337
Iodine (proxy for potassium iodate) mg 0.2998
Manganese sulfate mg 13.0533
Selenium (proxy for sodium selenite) mg 0.0499
Zinc sulfate mg 33.0861
Electricity kWh 1.75E-5
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Table 1 (continued) Unit process Inputs/outputs/emissions Unit Amount
Pasture production Inputs

Land occupation m?.year 0.9159
Grass seed g 0.5660
Phosphoric acid mg 5.1000
Pyrethroid compound, in pesticide g 0.0080
Organophosphorus compound, in pesticide g 0.1500
2-methyl-1-butanol, in pesticide mg 0.1800
Benzal chloride, in pesticide mg 2.6000
Ethoxylated compound, in pesticide mg 0.4300
Pyridine compound, in pesticide mg 1.7000
Phenol, in pesticide mg 0.3000
Ethanol, in pesticide mg 20.00
Boric acid, in pesticide mg 0.3500
Phosphane, in pesticide mg 0.0003
O-cresol, in pesticide mg 0.00001
[Thio]Carbamate compound, in pesticide mg 0.1000
Polyethylene, in packaging g 1.7000
Irrigation L 0.5150
Urea, as N g 9.1590
Single superphosphate, as P,05 g 4.5795
Fertilizing, by broadcaster ha 0.0014
Emissions to air
Nitrous oxide g 1.1000
Waste to treatment
Waste polyethylene g 1.7000
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Table 1 (continued)

Unit process Inputs/outputs/emissions Unit Amount

Milking and milk cooling Inputs
Water L 0.3769
Tissue paper mg 130.0
Milking, operation kg 1.00
Chlorine mg 47.0
Cleaning material mg 132.6
Polypropylene, in packaging mg 123.7
Polyvinylchloride, in packaging mg 34
Polyethylene, in packaging mg 3.77
Polystyrene, in packaging mg 343

Corn silage production

Emissions to water

Phosphorus mg 60.19
Nitrate mg 270.48
Chemical oxygen demand mg 4.3925
Solids, inorganic kg 22.4

Waste to treatment

Waste polyethylene mg 3.77
Waste polypropylene mg 123.7
Waste polystyrene mg 343
Waste paperboard mg 130.0
Inputs

Land occupation mZ.year 0.00153
Corn seed kg 0.09
Urea, as N mg 0.126
Single superphosphate, as P,O5 mg 0.124
Emissions to air

Nitrogen oxides mg 0.069
Inputs

Transport, lorry tkm 0.0105
Transport, light vehicle tkm 0.0105
Inputs

Water L 0.1461
Milk replacer g 1.2490
Vermifuge mg 0.9000
Latex gloves mg 1.7495

Emission to air
Methane kg 0.0295

Transports
Cattle breeding
BMR = Mmeat
milk
AF =1 -6.04 x BMR
where BMR is the ratio M., /M i; M peqr 1

cows at the end of the production cycle; M, ;. is the sum of
2 milk sold during the production cycle (around 85 months of
milk production) in kg FPCM. AF is the allocation factor

for milk.
Economic allocation was calculated according to Casey

(©))

the sum of  and Holden (2005). The economical rates for the sum of

live weight of all animals sold, including male calves and  meat and the sum of milk for the life cycle of the dairy cow
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were obtained from Animal Production Statistics (IBGE
2020).

Results and discussion

The environmental impacts of milk for 1 kg FPCM are
depicted in Fig. 3.

Results were compared with other cradle-to-farm gate
LCA studies of milk production (Table 2).

Climate change

The environmental burden of cow's milk production in the
climate change (CC) corresponded to 1.41 kg CO,-eq kg
FPCM™!. The main contributors for the CC category are
related to cattle breeding (65.7%), followed by pasture pro-
duction (24.3%) and corn silage production (7.4%). The
CH, and N,O were the principal emissions from enteric
fermentation and manure deposited on pasture (in minor
proportion). Thus, the carbon footprint of the farm products
is directly related to enteric methane emissions and nitrogen
deposition rates in the pasture.

The value found in the current study for a semi-inten-
sive system is relatively lower compared to those found by
Gonzalez-Quintero et al. (2021), whose emissions ranged
from 2.1 to 4.2 kg CO,-eq, considering four clusters in
Colombian farms with a feeding strategy based on grazing.

100%
3.6%
7.4% 12.8%
90%
80%
39.4%
70%
60%
65.7%
4.
50% i 70.4%
40% 23.2%
30%
20%
21.6%
4.2%
10% 24.3%
11.1%
o | 6o | B
Global warming Terrestrial Freshwater
acidification eutrophication

m Concentrate Production Mineral Salt Production

Milking and Milk Cooling m Corn Silage Production

Fig.3 Life cycle impact assessment

Wilkes et al. (2020) observed that in farms with different
feeding systems, the amount of kg CO,-eq was significantly
higher in pure grazing systems than those from zero-grazing
to semi-grazing. Therefore, such results would explain the
lower value found in our study (in a semi-intensive system)
once the pasture-based feed is directly correlated with the
intensity of GHG emissions due to enteric fermentation
(Sabia et al. 2020).

Conversely, the value was higher than those obtained by
Rotz et al. (2020), between 0.86 and 1.17 kg of CO,-eq per
kg of FPCM, in representative dairy farms of various regions
of Pennsylvania, United States. The lowest value found for
the cited authors can be associated with high milk produc-
tion levels per cow. Systems of low production contribute to
a greater intensity of GHG emissions.

Regarding the GHG distribution, a similar trend was
found for Gonzalez-Quintero et al. (2021). The authors
reported that methane was the main contributor to the CC
category since the lower inputs used at farms and most of the
emissions were from animals. In the milk produced in Aus-
tralia, Gollnow et al. (2014) identified that enteric fermen-
tation, especially in lactating cows, contributes 57% to the
emissions. The manure from grazing animals is released into
the soil, contributing 9% to N,O and 1% to CH, emissions.
Feed conversion efficiency improvements could effectively
reduce such emissions.

The main contributions of both unit processes, pasture
production and corn silage production, in the CC category

28.2%

38.5%

5.9%

Fossil resource Water consumption
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are due to emissions of N,O and CO, from nitrogen fertili-
zation using urea and thermal energy for drying corn seeds.
Such practices are related to pasture handling, adjusted rates
of fertilization, and sowing.

Terrestrial acidification

The potential impact of milk corresponded to 1.11E-03 kg
SO,-eq for the terrestrial acidification (TA) category.
The main contributions were from corn silage production
(39.4%) due to grain production for feed. The following con-
tributors are cattle breeding, mainly due to milk replacer in
calves feed (23.2%) and pasture production (21.6%). The pri-
mary emissions for TA were those related to the N volatili-
zation in the form of ammonia (NH;). The most significant
contribution from corn silage production is coming from the
cultivation of corn.

The most significant contribution from corn silage pro-
duction is coming from the cultivation of corn. Next, the
contributions from the use of milk replacer stand out, whose
elementary flow is related to the electricity required in the
milk standardization process. In pasture production, the
higher contributions were due to nitrogen-based fertilizers
(urea).

The TA emissions were lower than Berton et al. (2020),
21.1+4.3 g SO,-eq. per 1 kg FPCM, considering the vari-
ability between and within dairy systems in Italy. The dif-
ference is due to the conditions of the dairy systems studied,
comprising small, traditional, and low-input farms and large,
intensive, and high-input farms. In this case, the systems dis-
tinguished in terms of herd size, management (e.g., feeding
system, facilities, and equipment), breeds of cattle raised,
and, consequently, in the environmental effects on the TA
category.

The value was also lower than those by Salvador et al.
(2016), when the physical allocation was considered (21.73 g
S0,-eq. per 1 kg FPCM), whose results were obtained from
small-scale dairy farms with more extensive and less effi-
cient management systems. As in our study, Salvador et al.
(2016) state the influence of animal feed as a relevant con-
tribution to acidification.

Freshwater eutrophication

The freshwater eutrophication category (FE) results were
2.39E-04 kg PO,-eq per 1 kg FPCM, considering the conver-
sion of P to PO,-eq, according to Oram (2016).

The main contributor to the FE category was the unit
process milking and milk cooling (70.4%), followed by corn
silage production (12.8%) and pasture production (11.1%).
In the milking and cooling milk unit process, the elementary
flows are derived from the indirect energy use and wastewa-
ter generation from cleaning of utensils, equipment, and the

milking parlor floor where the phosphorus and phosphate
(PO,*") emissions played an important role. The use of seed
in corn crop production and the application of nitrogen fer-
tilization in the pasture treatment were the main elementary
flows for corn silage production and pasture production,
respectively. According to Roy et al. (2009), eutrophication
is the most significant environmental impact on agricultural
production. The authors report that nitrogenized fertilization
increases production and economic efficiency while reduc-
ing the environmental efficiency of production.

Land use

The environmental effect of milk in the land use category
(LU) was 0.64 in m?.year crop-eq per 1 kg FPCM, whose
significant contributions were pasture production (71.5%)
and corn silage production (26%). The impact attributed
to pasture production is due to the land transformation and
occupation, while in the production of corn silage it is its
use for the cultivation of corn.

The land requirement was lower than the study by Berton
et al. (2020), found in different Alpine farming systems in
Italy (1.4 m%.year to obtain 1 kg FPCM). This difference is
probably associated with productivity.

Regarding the contributions, the significant participation
of pasture in land occupation is also reported by Roer et al.
(2013), who cited forage production as one of the main con-
tributing flows for the LU category, with 63%—-66%. The
study considered a system comprising three typical farms
representing Norway’s most relevant milk production
regions (central, central-southeast, and southwest).

Since land use is essential in semi-intensive systems,
environmental improvements must focus on proper man-
agement of pastures (rotation systems and improvements
in the production potential), ecosystem services, in order
to increase land occupation efficiency. According to Berton
et al. (2020), the ability to conserve grasslands under a land-
sharing perspective, and in general the associated ecosystem
services, should be considered when aiming to improve their
environmental sustainability. In addition, a proper land occu-
pation (adequate rate of animals per hectare) favors land
preservation to maintain natural habitats, which is a critical
point to consider.

Furthermore, an increase in milk production per area of
agricultural land is accompanied by an improvement in envi-
ronmental efficiency, as related by Drews et al. (2020). The
authors investigated the development of agricultural land
occupation caused by milk production over a decade in Ger-
many, among other impacts.

It is noteworthy that this study did not consider the carbon
sequestration capacity of pastures and corn crops since its
measurement is challenging. However, it is known that this
indicator is relevant in greenhouse gas compensation.

@ Springer
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Fossil resource scarcity

The fossil resource scarcity category (FRS) resulted in
4.82E-02 kg oil-eq per 1 kg FPCM, and the most impact-
ing unit processes were corn silage production (45.7%) and
pasture production (34.3%). Transporting both inputs to farm
and chilled milk to the dairy industry contributed approxi-
mately 10% of the impacts. In comparison, milking and milk
cooling contributed less than 7%. The contribution to trans-
port was due to the use of fossil fuel for vehicle movements.
For the milking and milk cooling, the contributor was the
electric energy consumption.

Main elementary flows for the FRS category were the
nitrogen-based (Urea) and phosphate fertilizers (P,0s), used
for pasture production, and corn for silage production. Simi-
larly, Roer et al. (2013) observed forage production as the
main contributing factor for the category, ranging from 60
to 71% of environmental load.

Soares et al. (2019) also related that mineral extraction
and the use of fertilizers and pesticides in non-organic agri-
cultural practices showed an important hotspot for the use
of fossil resources in buffalo milk production.

Thus, the expansion of the system boundary, including
off-farms inputs (i.e., fertilizers and corn for silage produc-
tion) and transport of inputs, contributed to the impacts for
the FRS category. This result shows the importance of know-
ing the origin of the supply chain inputs to improve milk’s
environmental performance. Ferreira et al. (2020) changed
some input parameters throughout the supply chain to reduce
the impacts of cheese production.

Water consumption

Water is an essential input in dairy farms and demanded for
cleaning, for irrigation purposes and for watering the herd
(Palhares et al. 2020).

The water consumption (WC) was 5.87E-03 m> per 1 kg
FPCM. The contributions were 38.5% for pasture produc-
tion, 28.2% for corn silage production, 22.9% for milking
and cooling milk, and 5.9% for concentrated production.

Most water consumption was related to using off-farm
in corn to silage production, nitrogen-based fertilizer, and
cottonseed as a protein source for concentrate production.
These elementary flows represented approximately 64% of
the whole water consumption.

The direct consumption occurred in the cleaning of uten-
sils, equipment, and milking parlor (16.9%), pasture irri-
gation (8%), and water intake by animals (~2.26%). The
estimation of the drinking water requirements of the animals
is in line with typical practices for the region. Nevertheless,
the values were lower than those by Palhares et al. (2020),
who determined the drinking water intake for lactating
cows by daily recording and measuring. For instance, water

@ Springer

footprints observed by Palhares et al. (2020) were 502.4 L.
per 1 kg FPCM for an animal group fed with a 20% crude
protein content diet (group 1) and 451.2 L per 1 kg FPCM
for another animal group fed with a diet adjusted according
to its milk production (group 2).

There is no way to reduce the water intake, as physiologi-
cal animal requirements and milk production influence it.
However, proper water management, such as automated
watering systems, can help minimize water losses, as Pal-
hares et al. (2020) used.

The results show that significant flows related to water
consumption are present in the supply chain, off-farm, which
need to be considered to improve the sustainability of milk
production regarding water consumption.

Strategies to mitigate the environmental impacts

Strategies to mitigate the environmental impacts are sug-
gested to achieve the best environmental performance with-
out production decrease. Further, the implementation of such
literature-based strategies can allow verifying their results.
It is possible to mitigate the environmental impacts in
CC, TA, FE, FRS, and WC categories by using less nitro-
gen- and phosphate-based fertilizers. The use of animal
manure, green fertilization, and composting are examples
of alternative practices. Besides, synthetic fertilizers should
be replaced by biological ones such as nitrogen-based com-
pounds derived from the biological fixation of nitrogen from
the atmosphere by leguminous plants and by phosphorus
cycling from residues (e.g., sawdust, biochar, manure, and
chicken bed) derived from the farm or agroindustries nearby.
As suggested by Bacenetti et al. (2016), an increase in
milking frequency, from two to three per day, is another
strategy that may reduce impacts in CC, TA, and FE cat-
egories, respectively, by 10%, 11%, and 12%. These authors
state that milking three times a day results in an increase of
feed efficiency due to the higher milk yield at constant feed
intake, compared with milking twice, which is the current
practice in most dairies (including the farm analyzed).
However, the authors remark that additional milking
increases electric energy consumption, thus, being a trade-
off to be analyzed. Thus, it is noteworthy that this propo-
sition must include efficient resource consumption (e.g.,
energy, cleaning agents, and water). Pirlo and Lolli (2019)
observed that GHG emissions for 1 kg of FPCM were
reduced significantly by increasing the average milk pro-
duction per cow in conventional and organic systems. The
results suggest that increased milk production is an effective
mitigation strategy to improve the environmental profile of
milk in dairy farms.
Agricultural pasture handling, an adequate fertilization
rate according to soil requirements, and efficient cultiva-
tion practices can increase the quality and quantity of
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feed produced and, consequently, reduce the GHG emis-
sions due to inappropriate fertilization. Since the system
is partially self-sufficient regarding animal feeding, pro-
duction and transport of feed purchased did not influence
the GHG emissions.

Suggestions to reduce the terrestrial acidification
potential of milk at the farm include the efficient use of
inputs for the production of animal feeds. Pasture produc-
tion, for example, can employ techniques to reduce NH;
losses by improving the amount of N to be used in pasture
or optimizing the time and rate of fertilizer application
(Pirlo and Lolli 2019). Other strategies involve adjusting
the suckling periods of calves with the milking process
or using waste milk in feeding calves, thus, reducing or
avoiding the milk replacer as input.

The integrated crop-livestock system (ICLS) is
remarkably relevant for production to mitigate impacts
in the LU category. This mitigation occurs through the
use of production systems that make intensive use of the
available resources in agricultural systems, combined
with soil quality improvement (Lemaire et al. 2014).
The benefits of ICLS include reducing pasture degra-
dation, increasing soil fertility due to the accumulation
of organic matter, improvement of nutrient cycling,
increased fertilizer efficiency, and better soil aggrega-
tion (Salton et al. 2014).

Salton et al. (2014) state that the ICLS system
was very efficient in carbon soil accumulation and
reducing greenhouse gas emissions. Thus, they
affirmed that the ICLS system is agronomical, envi-
ronmentally effective, and sustainable based on soil
attributes.

Some strategies to reduce water consumption are
suggested at the farm level, like those by Willers et al.
(2014), including pressure washers for cleaning and dry-
cleaning in the milking parlor (at the end of the process
scraping manure). Regarding irrigation, the drip system is
a technique that applies water exactly where it is needed,
reducing waste and increasing efficiency.

Table 3 Sensitivity analysis for different allocation factors

Allocation

According to IDF (2015), physical allocation is adequate for
reflecting the underlying use of feed energy and the physi-
ological feed requirements for milk and meat production.
Therefore, this was the base scenario for our sensitivity
analysis.

The physical allocation factor for milk in the current
study reached 90.94%. In contrast, Bacenetti et al. (2016)
reported 82.4% and Gollnow et al. (2014) 78.2% as alloca-
tion factors. This rate complies with IDF (2015), indicating
arange between 90 and 100% of the environmental load for
milk production rather than meat. When the physical alloca-
tion between meat and milk is analyzed, greater efficiency
is detected in the current analysis (94.7% for milk produc-
tion) compared to others. It may result in greater productive
efficiency, warranting that most resources, inputs, wastes,
and emissions are linked to milk production. Pirlo and Lolli
(2019) did not identify significant differences in the impact
categories CC, TA, and FE for 1 kg of FPCM produced in
conventional or organic farms using economic and physical
allocation criteria.

The economic allocation yielded an environmental load
sharing of 94.7% and 5.3% for milk and meat, respectively.
These rates align with Léis (2013), who reported 90% of the
environmental load for milk and 10% for meat.

Table 3 shows the sensitivity analysis for the allocation
methods considered.

According to Baldini et al. (2017), comparing the differ-
ent allocation methods within the same analysis is highly
useful to understand the consistency of results. There was no
substantial variation of the environmental impact categories
considered due to the different allocation methods. The dif-
ferences were approximately 4%, with a discrete increase
in milk environmental impacts using economic allocation,
and approximately 10%, when no allocation criterion was
used and all environmental impacts were attributed to milk.

Rafiee et al. (2016) state that economic allocation is
preferable for distributing milk and meat production emis-
sions. Baldini et al. (2017) confirmed this statement when

Impact categories Unit

Physical allocation

Economic allocation No allocation (all

impacts for milk)

Milk (90.94%) Beef (9.06%) Milk (94.7%) Beef (5.3%) Milk (100%)
Climate change kg CO,-eq/kg FPCM 1.41 0.14 1.47 0.082 1.55
Terrestrial acidification g SO,-eq/kg FPCM 1.11E-03 1.10E-04 1.15E-03 6.46E-05 1.22E-03
Freshwater eutrophication g PO,-eq/kg FPCM 2.39E-04 2.38E-05 2.49E-04 1.39E-05 2.63E-04
Land use m?.year crop-eq/kg FPCM  0.64 6.42E-02 0.67 3.76E-02 0.71
Fossil resource scarcity In kg oil-eq/kg FPCM 4.82E-02 4.80E-03 5.02E-02 2.81E-03 5.30E-02
Water consumption m’/kg FPCM 5.87E-03 5.85E-04 6.12E-03 3.24E-04 6.46E-03
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reviewing the main allocation methods used in LCA stud-
ies on milk production. The authors identified that 15 out
of 44 research works employed economic allocation as
the criterion for partitioning the environmental burdens
among milk and meat, while the other allocation assump-
tions (system expansion, protein content, no allocation,
mass, biological, and other methods) were used in the
remaining studies.

However, economic allocation is not the best method
within the production phase at the farm since milk and meat
prices constantly change and may not give consistent results
when distributing environmental impacts between milk and
meat products.

Conclusions

Pasture production, corn silage production, and cattle breed-
ing (specifically in the CC category) were the main contribu-
tors for the seven impact categories considered in this study.

In the impact assessment, sensitivity analysis showed no
more than 11% changes between the physical, economic, and
zero allocation on milk and meat production. The sensitivity
analysis enhances the consistency of results and conclusions
of the current study despite the uncertainties associated with
methodological choices, simplifications, suppositions, and
the use and adaptation of international databases.

Literature-based strategies are suggested to mitigate the
identified environmental impacts to achieve the best farm
environmental performance without decreased milk produc-
tion. We recommend improving the overall environmental
performance of the semi-intensive milk production system
by (1) observing the use of inputs with high environmental
impact (e.g., fertilizers and seed corn crops); (2) improving
productivity per lactating cow; and (3) reducing superflu-
ous fertilizer application, improving nutrient flow from the
farm through fertilization according to the soil’s nutritional
needs. According to the literature review, despite several
previous studies on LCA of milk production, this work was
the first to study a semi-intensive cow milk production sys-
tem in Brazil’s northeastern region, particularly in the State
of Bahia. The results can contribute to regional databases
and give incentives to future studies on the environmental
impacts of milk supply chains. Moreover, it may be used
by the academic community and dairy manufacturers and
producers, supporting best marketing practices, such as the
environmental product declaration.

This study follows the growing tendency to use the LCA
methodology in Brazilian agricultural and livestock produc-
tion systems. The results can be useful locally and globally,
mainly in countries with similar climatic conditions and pro-
duction management techniques.

@ Springer
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