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Context: Assessing the sustainability of milk production in India (the largest milk
producer country in the world) is essential to ensure that the dairy industry can
meet the growing demands for dairy products while minimizing its negative
impact on the environment, society, and the well-being of the people involved
in the sector.

Objective: Current research is intended to compare the emissions associated
with packed milk production in two contrasting states, Punjab (an Indian state
with helpful agricultural resources and plenty of water) and Rajasthan (a state
with a significant desert area) of India. The dairy industry has to undergo different
production processes, including livestock, feed, farming, transportation,
processing, packaging, and distribution. All of these production steps generate
environmental impacts. This study aims to compare the environmental impacts
of milk production in Punjab and Rajasthan by understanding the variation in the
ecological effects due to the modifications adopted in dairy practices.

Methods: This study uses Umberto LCA+ with Ecoinvent v3.6 dataset as a
Life cycle assessment (LCA) tool and data collected from milk producers and
processing plants. The primary data was collected from farmers (milk producers)
and dairy plants (processing plants), real-time observations, and inputs from the
processing plant staff. The LCA analysis was performed, including parameters
such as feed agriculture, milking, storage, transportation, processing, packaging,
and distribution.

Results and conclusion: The analysis results indicate that milk production in
Punjab is more environmentally efficient than in Rajasthan, and the feed required
for cattle is a critical environmental impact-generating activity along with the
selection of packaging material for processed milk.

Significance: The current article assesses the environmental implications of milk
production. The study employs a comprehensive analysis to inform sustainable
practices and reduce the ecological footprint of this crucial industry.

KEYWORDS

Life cycle assessment, milk production system, milk LCA, environmental sustainability,
milk handling and processing, hotspot identification
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1 Introduction

Milk is a commonly used material ingredient in the milk
processing industry. However, its commercialization and processing
into various milk products might vary significantly in terms of the
exact technique followed, the environmental effect created, and the
amount of output generated. As a result, it might be possible to
develop a system in which one can learn about one effective milk
production method from another. A comparative study of different
commercial production methods employed by corporations in various
states of India might uncover intriguing process-level changes that
influence the environmental effect. The emphasis is on the variations
in technology and systems utilized by different companies so that
others may learn from them and enhance the system as a whole.

India is the largest milk-producing country in the world, followed
by the USA, China, Pakistan, and Brazil (Gurtu et al., 2023). India’s
share of global milk production is approximately 21.29%, with an
annual production of 186.14 million tonnes in 2018 (Subbanna et al.,
2021; Kashyap et al., 2023). Worldwide, 83% of the milk is produced
from cows, 14% from buffalo, 2% by goats, 1% by sheep, and 0.3% by
camels. Milk production in India has risen more than 200% since
1991. In 1991, per-capita milk availability in India was 178gm/day,
with a total production of 55.6 million tonnes. Indias total milk
production in 2018-19 was 187.7 million tonnes, with a per-capita
availability of 394 gm/day (Milk Production in India | Nddb.
Coop, 2022).

Milk is an essential part of life due to its nutritional value.
According to Home | Food and Agriculture Organization of the
United Nations (2023), milk fulfills 48% of the protein and 9% of
calories required for a kid of 5-6years of age with mild physical
activity. On the other hand, milk production or dairy farming creates
considerable environmental impact due to greenhouse gas emissions
(Dairy | Industries | WWE 2023). Livestock globally uses 70-80% of
anthropogenic land and consumes approximately 35% of agricultural
production (Kraham, 2017; Ghosh et al., 2020). Thus, livestock
generates environmental pollution and climate change (Baldini et al,,
2018). As a result, awareness of reducing emissions from livestock
activities (GHGs and other pollutants) has increased, resulting in
many studies focused on quantifying the environmental burden of
dairy production (O'Brien et al., 2012; van der Werf et al., 2014).
Global population growth and dietary changes (increased milk
consumption) have enforced increased food production. In contrast,
environmental threats of climate change, biodiversity, and land and
freshwater degradation raised public concern about the ecological
footprint (Albert et al., 2021). The primary emissions from the dairy
sector are methane at 30-39%, nitrous oxide at 17-22%, carbon
dioxide at 15% from energy, and CO, from land-use changes at
14-38% (Weiss and Leip, 2012).

Because India is the largest milk-producing country in the
world, assessing its environmental impact can lead to getting a clear
picture of its mitigation strategies. The states of Rajasthan and
Punjab, selected for the study, are among India’s top five milk-
Nddb.Coop, 2022). The
current research has also identified two cows’ milk-producing farms

producing states (Milk Production in India

in both states from which farm-level data is collected. The study
used a Life Cycle Assessment (LCA) methodology to conduct the
analysis. Hotspot analysis, used along with LCA methodology,
could help to achieve this objective. LCA assesses a system’s
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environmental impact, and hotspot identifies unit processes with a
high probability of improvement with less resource allocation.

To set the foundation of the research, the current study briefly
discusses the existing literature on milk production and its
sustainability studies, followed by discussing the materials and
method aspects of the study. The materials and Methods explicitly
discuss the research methodology adopted for the study, including the
steps of life cycle analysis. The outcomes are demonstrated and
discussed thereafter, which provides a comparative analysis of milk
production in both states (Punjab and Rajasthan), followed by offering
clarity on the research approach and managerial implications. The
conclusion of the analysis is presented by discussing its significant
findings, the study’s limitations, and future research direction.

2 Research background

Milk is a necessary daily need and a vital product for human life,
as no perfect substitute exists for milk and its products (Kaushik, 2020;
Reyes-Jurado et al., 2023; Siddiqui et al,, 2023). The demand for milk
and its products is continuously increasing and, simultaneously, its
environmental concerns (Yan et al., 2011; Autio et al., 2023; Dixon
et al., 2023). According to Prof. Peter Alexander of the Global
Academy of Agriculture and Food Security, 116 million tonnes of milk
products are wasted globally, and almost half of it gets wasted even
before it reaches stores (One in Six Pints of Milk Thrown Away Each
Year, Study Shows | Milk | The Guardian, 2018). The Food and
Agriculture Organization of the United Nations approximated that
4.4GtCO2 is generated annually due to food loss and waste generated
(Home | Food and Agriculture Organization of the United Nations,
2023). The wastage of food or milk also includes the energy and raw
material needed to produce it. Two folds of energy are required:
nutritional energy and embodied energy to make the food (Pagani
etal, 2020). To improve the efficiency of the food/milk supply chain,
quantification of these energies and the potential environmental
burden is crucial (Von Greyerz et al., 2023). According to March et al.
(2019), food production efficiency can be improved by an association
between agricultural management and global challenges. Particularly
for milk and its products, the temperature is a critical parameter for
improving the resource efficiency of the supply chain. The temperature
conditions maintained to store the milk at various stages of its life
cycle can significantly affect its rate of bacteria development and,
consequently, its decomposition (Barabas, 1995). A study by
Grochowska and Szczepaniak (2019) focused on the dairy sector due
to its importance and high consumption of natural resources like
water and energy, along with high losses and environmental emissions.
It is observed from research studies that the assessment of food
wastage in the supply chain is complex due to data availability in
developing economies (Cakar et al., 2020).

Using techniques such as LCA can give definite answers to identify
hotspots and make decisions on these conditional applications
(Hauschild, 2015; Sihag et al., 2019; Cakar et al., 2020; Sharma et al,,
2020). The hotspot analysis is utilized to filter large information sets
for prioritization and identification of hotspots for further actions to
be taken (New! Hotspots Analysis Methodological Framework and
Guidance - Life Cycle Initiative, 2017). The use of LCA was initiated
by Harold Smith at the World Energy Conference in 1963, followed
by the Coca-Cola company in 1969 by comparing the beverage
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containers (Bjorn et al., 2018). Consoli (1993) defined LCA as a
process to assess the environmental impacts associated with a process,
product, or activity by estimating quantitative values of materials and
energy used along with waste and emissions released to the natural
environment (Hospido et al., 2003). Over time, LCA has been used for
accounting for the environmental impacts generated by various
products (Ibbotson et al., 2013; Bhakar et al., 2015), processes
(Sangwan et al., 2014; Finkbeiner et al., 2015), etc. In the dairy sector
also, various studies have been carried out to understand the
environmental burdens of milk production and to incorporate the
uncertainties in the ways of milk production (Cederberg and
Mattsson, 2000; Hospido et al., 2003; Thomassen et al., 2008a,b; Yan
etal., 2011).

A study by Poore and Nemecek (2018) reviewed 1,580 studies on
food based on their environmental impact. In these studies, 28 are
from milk production. These studies take into account several
practices: organic and conventional. Parameters of milk processing
and various assumptions have been made to visualize the hotspots of
milk production. The food sector is complex, uses high resources, and
resists changes through technological intervention.

Similarly, the dairy sector needs multiple inputs (such as land use,
natural resources, and different operational practices) to produce
essential products for human consumption and several other
by-products and emissions (March et al, 2019). Assessing
environmental impact using LCA is a way to avoid problem shifting,
and it can deal with complexity. Researchers have studied other
aspects too, i.e., preventing milk wastage; (Munsch-Alatossava et al,
2019) studied the use of N2 gas-flushing to avoid decay milk, and it is
found that the milk can be maintained in the existing situation for
more than usual. However, the scope of the current study is meant to
provide a visualization of the hotspots in milk production and its
supply chain. There are no correct estimations of the environmental
impact of waste in India’s milk supply chain (India’s Solutions to Cut
Milk Waste — Dairy Global, 2019). It is also observed that only very
few studies in India have addressed the environmental aspects of milk
production, out of which one published study is from Anand Gujrat
for the accounting carbon footprint of milk production by small
farmers (Garg et al., 2016). There is no comparative analysis of the
environmental impacts of milk production provided by the research
community in India. The comparative analysis helps to understand the
variation in ecological impacts due to different climatic and cultural
modifications adopted in dairy practices. The current study carried
out a life cycle analysis for milk production in Punjab and Rajasthan,
two states of India, to understand these various aspects discussed in
the existing literature.

In current research, we have indeed introduced an innovative
approach to conducting a life cycle assessment (LCA) of milk
production processes. The novelty lies in the integration of
Comparative Environmental Impact Analysis and Sustainability
Evaluation of two different and largest milk producer states of India,
the unique study of the Indian context comparing seven different
impact assessment categories, which differentiates our study from
existing literature. By elucidating the innovative components and
providing a comprehensive rationale, we aim to showcase the scientific
rigor and advancements embedded in our proposed method scheme.
We are confident that these innovations contribute significantly to the
field of environmental sustainability assessment in the context of
milk production.
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3 Materials and methods

The environmental impact of milk production in the two states of
Rajasthan and Punjab is analyzed using a simple LCA methodology.
The method consists of four steps — goal and scope definition,
inventory analysis, impact assessment, and interpretation, which are
discussed in further detail later in this section. The data required for
analysis are collected from both dairy farms and processing plants.
The data collection includes feed needed for the cattle, water and
energy requirements at the farm, raw and processed milk
transportation, and material, energy, and water requirements at the
milk processing plant. These inventory data are required to build a
model of the material and energy flow for both states. The following
subsection will discuss the details of the LCA methodology.

3.1 Life cycle assessment

The methodology used to carry out the LCA is provided by the
ISO 14040 series standards (International
Standardization, 2006). This framework used to carry out the LCA

Organization for

includes four steps — goal and scope definition and inventory analysis
(ISO 14041-issued in 1998), impact assessment (ISO14042 - issued at
the end of 1999), and the last step was life cycle interpretation (ISO
14043 - published at the end of 1999). The system boundaries, the
scope of the studies, and the functional unit are defined in the first
step of goal and scope. In the second step, inventory analysis is carried
out for the selected system under consideration. Inventory analysis is
the most time-consuming step in LCA studies. The next step in LCA
is impact assessment, which estimates the environmental impacts
during different phases. There are two impact assessment
methodologies: midpoint and endpoint assessment. The midpoint
assessment evaluates some compounds’ ecological burdens in terms
of equivalency. These environmental burdens expressed in different
units of measurement are then further normalized and converted into
damage categories to compare the environmental responsibility on a
single scale. The last step in LCA analysis is the interpretation phase,
an iterative phase. Interpretations are carried out based on the impacts
assessed in the previous step. If the interpreted results fail to portray
the desired view of the environmental impacts, then multiple
interpretations are carried out. The commonly used LCA methodology
suggested in ISO 14040 is shown in Figure 1.

3.2 Goal and scope definition

The objective of this study is to examine the total lifecycle of milk
production and to identify the parameters responsible for
environmental impacts. Above all, to compare the environmental
impacts among the dairies of two states of Punjab (Pun) and Rajasthan
(Raj). The functional unit chosen for the current study is 1L of milk
delivered to a retail outlet or end consumer. The description of the two
milk processing plant companies in the two states is given below. It
helps the reader to understand more about milk production in
these companies.

a. Punjab State Cooperative Milk Producers Federation Limited
(Milkfed): Milkfed was founded in 1973 to enhance the dairy
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FIGURE 1

Life cycle assessment framework (ISO 14040:1997 — Environmental Management — Life Cycle Assessment — Principles and Framework, 2006).

farming and milk production in the state of Punjab. The
primary objectives were to create a profitable milk market for
dairy farmers and provide reasonable prices of milk to
consumers. Presently, the co-operative company is operating
with 11 milk unions, which are indulged in milk procurement,
processing, and marketing activities in the state. Milkfed sells
the milk and its products under the brand name of “Verka.” The
Verka Mohali plant of the Milkfed was contacted, and multiple
visits were carried out to understand the milk procurement and
processing. The Mohali plant was registered in 1978 and started
functioning in the year 1979. Currently, it procures milk from
the entire Ropar or Rupnagar and Mohali district with an
installed capacity of 5,00,000 liters and an annual turnover of
9.5 Billion INR. The plant has an association with 1,160 milk
producer co-operative societies with an average collection of
3,62,000 liters of milk. In peak flushing season, it goes up to
5,20,000 liters per day. The Verka has a widespread reach to
more than 3,60,000 farmers in the whole state of Punjab. The
Mohali plant of Verka has an association with approximately
49,000 milk producers through 1,185 societies, and milk is
collected and chilled at 300 Bulk milk cooler (BMC).

b. Rajasthan State Dairy Development Corporation (RSDDC):
The RSDDC was initiated in the early seventies by the state
Government of Rajasthan and registered in 1975. It became the
nodal agency to implement operation flood in the state.
Presently, the company has 21 milk unions, which are involved
in milk procurement, processing, and marketing activities in
the state. The RSDDC sells the milk and its products under the
brand name of “Saras”

The Saras Jaipur plant of the RSDDC was contacted, and multiple
visits were carried out to understand the milk procurement and
processing. The Saras Jaipur plant was established in 1975; it had
increased its handling capacity from 1.5 lakh liters per day in 1981 to
5.0 lakh liter per day in 2019. The milk in the Jaipur plant is majorly
procured from the Dausa and Jaipur district. The plant/union has
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2,552 dairy co-operative societies with a total membership of 179,628
milk producers. Around 140 milk producers were contacted
personally to understand the process.

3.3 System boundary

The system boundary of the current study includes daily
requirements of different feeds for the cows, fresh water for washing
and drinking, energy, cleaning agents, biogas or biomass generated,
methane emission from cows, energy, and freshwater required for
milk processing and transportation. In short, the selected system
boundary in this study covers a ‘cradle to gate’ approach, including
extra transportation of processed milk to consumers. The organization
system boundary of the study is shown in Figure 2. In contrast, the
operating system boundary includes operations for 1year. The yearly
data on average resource consumption for a thousand liters of milk
production for each state has been recorded. This strategy has been
applied for a farm as well as for the processing unit.

3.4 Inventory analysis

The inventory analysis for the study has been carried out in
various modes and steps. Carrying out the first step, a basic
understanding of milk production has been gained by visiting multiple
dairy farms in both states. After that, two large milk suppliers in both
states providing milk to the state dairy cooperative processing
industries were selected. Then, multiple visits were carried out at each
of the chosen farms in both states. Real-time data has been collected
through detailed discussions with the farmworkers and owners of the
farms. Real-time observations and estimations were made for process-
specific inputs at the farm level. It is observed that in both states,
methane emission per cow due to enteric fermentation (in ruminant
animals) is 35 gallons per day. The observations were based on the
expert opinions of veterinary doctors and scientists of state
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FIGURE 2

The system boundary of one-liter milk production in both Punjab and Rajasthan.

agricultural universities in both states. It is assumed that at the retailer
or consumer end, the milk is directly consumed after delivery and not
stored longer. It is also believed that there is negligible or no
transportation of milk between the retailer and the consumer. The
sanitization solution used for cow cleaning is not included in
the analysis.

Each state’s most significant state cooperative dairy organization
was contacted to collect milk processing data. Multiple visits were
made to their central plant in the state capitals to understand the milk
processing. It is observed that besides the types of processed milk
(toned, low-medium-full fat, milk powder, etc.), both the dairies have
significant differences in demand for other milk products. Therefore,
to establish a common basis for comparison, 1 liter of full cream milk
(untoned milk) processed at each state has been considered as a
functional unit. The differences exist due to different climatic
conditions and food habits in both states. The inventory analysis
developed by the above-stated method for both states is given in
Table 1.

3.5 Impact assessment

The impact assessment has been carried out using the ReCiPe
method. Both midpoint and endpoint impact assessment has been
used to evaluate the environmental burden of milk production in
Punjab and Rajasthan. Seven impact categories have been selected for
assessing the environmental impacts in the midpoint impact
assessment. The selected seven impact categories are — Agricultural
Land Occupation (ALO) — m?a, Climate Change (CC) - Kg CO,-Eq.,
Fossil Depletion Potential (FDP) -kg oil-Eq, Freshwater Eutrophication
Potential (FEP) -kg P-Eq, Human Toxicity Potential (HTP) - kg
1,4-DCB-Eq, Ozone Depletion Potential (ODP) -kg CFC-11-Eq,
and Water Depletion Potential (WDP) - m® In the endpoint
impact assessment, three categories were chosen for assessing the
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environmental impacts. The three selected categories are — Ecosystem
quality — points, Human Health - points, and Resources — points.

The specific assessment results for each impact category in the Life
Cycle Assessment (LCA) of the milk production process are calculated
using impact assessment methods. The equations for each impact
category are as follows:

Agricultural Land Occupation (ALO) - m*a:

ALOygsylr= ALOinventory % ALOcharacterization

Where:

ALO, is the result for Agricultural Land Occupation.

ALO,entory is the inventory data for Agricultural Land Occupation
(e.g., land area used in square meters per year).

ALO jaracterization 18 the characterization factor for Agricultural Land
Occupation (unit: m”a per unit of impact).

Climate Change (CC) - Kg CO2-Eq;

CCresulr = Ccinventory % CCcharacterization

Where:

CC, o 1s the result for Climate Change.

CCientry is the inventory data for Climate Change (e.g.,
greenhouse gas emissions in kilograms of CO2-equivalents).

CCluracterization 1 the characterization factor for Climate Change
(unit: kg CO2-Eq per unit of impact).

Fossil Depletion Potential (FDP) - kg oil-Eq:

FDBesuir = F. DPinvenloty x FDFPeparacterization

Where:

FDP,; is the result for Fossil Depletion Potential.

FDP,,euory is the inventory data for Fossil Depletion Potential (e.g.,
fossil fuel consumption in kilograms of oil-equivalents).

FDP psacterization 18 the characterization factor for Fossil Depletion
Potential (unit: kg oil-Eq per unit of impact).

Freshwater Eutrophication Potential (FEP) - kg P-Eq:

FEBesui = F. EPinventory X FEEcharacterization

Where:

FEP, . is the result for Freshwater Eutrophication Potential.

05 frontiersin.org
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TABLE 1 Primary inventory analysis for one thousand liters of milk production in both states.

Key material/energy Unit Punjab Rajasthan
Electric energy for processing Kwh 33 11
LPG gas for processing Kg 6 4
Mj(46.1 Mj/Kg) 271 184
Diesel for processing Liters 4 4
Mj(45.8 Mj/Kg) 192 192
Packaging material LDPE Kg 5 6.5
Handling waste Liters 10 10
Freshwater at the dairy plant Liters 1,450 30
Transportation of raw milk Km 130 100
Transportation of processed milk Km 100 100
Milk production Liters 1,000 1,000
Chilling energy Kwh 63 322
Milking energy Kwh 39 201
Water pump Kwh 9 48
The fan is used at the farm. Kwh 39 20
Feed plant Kwh 4 21
Green fodder Kg 2,174 1714
Wheat straw Kg 304 2,285
Concentrated feed Kg 522 429
Water required at the farm Liters 2,609 18,570
Bio-gas (positive impact) Liters 97 3,429
Cleaning agent ml 174 38
Methane from enteric fermentation Kg 13 13

FEP;entory is the inventory data for Freshwater Eutrophication
Potential  (e.g.,
phosphorus-equivalents).

nutrient  emissions in  kilograms of

FEP,uacterizaion 18 the characterization factor for Freshwater
Eutrophication Potential (unit: kg P-Eq per unit of impact).

Human Toxicity Potential (HTP) - kg 1,4-DCB-Eq:

HTPesyiy = H TPinventory x HTE haracterization

Where:

HTP,. is the result for Human Toxicity Potential.

HTP,yeu0r, is the inventory data for Human Toxicity Potential (e.g.,
toxic emissions in kilograms of 1,4-dichlorobenzene-equivalents).

HTP uracterization 1S the characterization factor for Human Toxicity
Potential (unit: kg 1,4-DCB-Eq per unit of impact).

Ozone Depletion Potential (ODP) - kg CFC-11-Eq:

ODPB o5y = ODPinventory % ODPparacterization

Where:

ODP,,, is the result for Ozone Depletion Potential.

ODP;yeniory is the inventory data for Ozone Depletion Potential
(e.g., ozone-depleting substance emissions in kilograms of
CFC-11-equivalents).

ODP yuracterization 18 the characterization factor for Ozone Depletion
Potential (unit: kg CFC-11-Eq per unit of impact).

Water Depletion Potential (WDP) - m*:

WDPesuis = WDPinventory x WDPFeparacterization

Where:

WDP,,: is the result for Water Depletion Potential.
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WDP;,enory is the inventory data for Water Depletion Potential
(e.g., water consumption in cubic meters).

WDP yuracterization 18 the characterization factor for Water Depletion
Potential (unit: m* per unit of impact).

4 Results and discussion

As described in the LCA framework, the results of the study are
discussed in terms of impact assessment and their interpretation (as
shown in Figure 1). Both midpoint and endpoint assessment results
are developed in graphical and tabulated form to present with their
relevant discussion. The units for midpoint categories are given after
each category, whereas the endpoint categories have the same unit in
points. As this is a comparative study of environmental impacts on
milk production in Punjab and Rajasthan, all the results are prepared
on a comparative basis. It is essential to mention that a direct
comparison of different midpoint categories is not possible due to
separate units of impact. However, the graphs can be plotted among
two products or processes for absolute values in comparative
analysis. Similarly, the values of inventory analysis in Rajasthan and
Punjab are different; hence, an absolute comparison between
midpoint results has been provided. As the endpoint environmental
impacts are in a single unit, they can be plotted on absolute values of
different categories, even without the case of two products or
process comparison.
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FIGURE 3
Midpoint assessment results compared Rajasthan and Punjab in various selected categories.

4.1 Midpoint assessment

The midpoint assessment results are prepared using the selected
seven categories. Figure 3 shows the comparative midpoint assessment
results for milk production in Punjab (Pun) and Rajasthan (Raj). In
Figure 3, results are visualized as per different inventory analysis
materials. It is observed in the first place that dry feed has the highest
impact, followed by concentrated feed, cleaning solution, green feed,
packaging material, and LPG used in dairy and milking energy.

Therefore, Figure 3 carefully shows the impacts of the remaining
materials/energy of inventory analysis. The results plotted without the
abovementioned inventory items show that milk chilling at the farm,
processed milk distribution, raw milk transportation, water pump
energy, milk processing, and air conditioning energy have higher
impacts. The energy required to run the feed-making plant has
comparatively low impacts.

On the other hand, waste biomass at the farm and freshwater
dairy plant has a negligible or meager impact in comparison to others,
as shown in Figure 3. It is found that water pump energy required in
Rajasthan has a high climate change impact when compared to
Punjab. The key reason for the same will be the lower water table in
Rajasthan compared to Punjab, whereas the milk chilling energy
required has a high climate change impact in Punjab compared to
Rajasthan. The values of the environmental impacts in various
categories are shown in Table 2.

Figure 4 of the study shows the comparative analysis of the high-
impacting inventory items beside dry feed. Figure 4 compares the
environmental impacts of cleaning solution, green feed, concentrated
feed, LPG used, packaging material, and milking energy for both
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Rajasthan and Punjab. It is observed that concentrated feed has the
highest environmental impact, followed by packaging material, LPG
used, milking energy, green feed, and cleaning solution. The impact in
the agriculture land occupation category, the concentrated feed, and
green feed produced in Punjab have more impact than in Rajasthan,
as shown in Figure 4. At the same time, the climate change impact of
LPG used in Punjab is significantly higher as compared to Rajasthan.
The impact of climate change due to milking energy is reversed when
compared to LPG used in Punjab and Rajasthan. The environmental
impacts of green feed are on the higher side when compared to all the
inventory items. Still, it’s the human toxicity potential that is having a
negative impact in both Punjab and Rajasthan (as shown in Table 2).
Figure 5 shows the environmental impacts of dry feed, which has the
highest impact in the midpoint categories. Since its contribution to
ecological burdens is higher, it has been plotted separately against the
seven categories in a comparative manner.

The dry feed has a high impact in the agriculture land occupation
category, followed by climate change, fossil depletion potential, human
toxicity potential, and water depletion potential. In the rest of the two
categories, there is a low impact. In all the above state categories, the
dry feed used in Rajasthan has a slightly higher impact than in Punjab.
In the agricultural land occupation category, dry feed’s impact on
Rajasthan is relatively high.

4.2 Endpoint assessment

Endpoint assessment is a top-down approach; it allows the
expression of the environmental impacts of products and processes in
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TABLE 2 Actual values of midpoint assessment results in seven categories.

Midpoint Agricultural land Climate change Fossil depletion Freshwater Human toxicity Ozone depletion Water depletion
impact — occupation eutrophication
categories

Inventory ALO ALO CcC CC (Raj) FDP FDP FEP (Pun) FEP (Raj) HTP HTP ODP ODP WDP WDP
items] (Pun) (Raj) (1)) (Pun) (EN) (Pun) (EN) (Pun) (Raj) (Pun) (Raj)

Waste biomass at
farm 0.00 0.00 0.04 0.04 0.01 0.01 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00

Freshwater at the

dairy plant 0.01 0.00 0.38 0.01 0.10 0.00 0.00 0.00 0.02 0.00 0.00 0.00 1.47 0.03
Feed plant energy 0.09 0.53 5.77 33.03 1.32 7.57 0.00 0.00 0.16 0.91 0.00 0.00 0.02 0.10
Water pump energy 0.21 1.21 13.22 75.37 3.03 17.27 0.00 0.00 0.36 2.08 0.00 0.00 0.04 0.23

Diesel used at dairy

plant 0.04 0.04 16.90 18.78 5.80 6.44 0.00 0.00 0.32 0.35 0.00 0.00 0.01 0.01
Milk processing
energy 0.75 0.28 47.01 17.45 10.77 4.00 0.00 0.00 1.30 0.48 0.00 0.00 0.14 0.05

Air conditioning

energy 0.88 0.50 55.03 31.45 12.61 7.20 0.00 0.00 1.52 0.87 0.00 0.00 0.17 0.09
Raw milk

transportation 1.01 0.86 68.57 58.61 23.93 20.45 0.00 0.00 11.68 9.99 0.00 0.00 0.08 0.07
Milk chilling at

farm 1.41 0.50 88.10 31.45 20.18 7.20 0.00 0.00 243 0.87 0.00 0.00 0.27 0.09

Processed milk

distribution 0.70 0.78 47.47 52.75 16.57 18.41 0.00 0.00 8.09 8.99 0.00 0.00 0.05 0.06
Cleaning solution 11.67 2.85 231.43 56.50 61.10 14.92 0.02 0.00 33.50 8.18 0.00 0.00 0.83 0.20
Green feed 263.42 231.19 81.97 71.94 12.87 11.29 0.01 0.01 —7.52 —6.60 0.00 0.00 12.70 11.15
Concentrated feed 704.91 644.17 300.36 274.48 49.93 45.63 0.04 0.04 44.56 40.72 0.00 0.00 25.62 23.41
LPG used at dairy 2.31 0.04 192.84 3.17 354.22 5.83 0.00 0.00 18.25 0.30 0.00 0.00 0.39 0.01
Packaging material 39.93 1.72 485.59 20.95 304.71 13.15 0.01 0.00 14.74 0.64 0.00 0.00 0.62 0.03
Milking energy 0.88 5.01 55.03 312.75 12.61 71.65 0.00 0.02 1.52 8.62 0.00 0.00 0.17 0.94
Dry feed 403.91 3373.30 178.86 1493.78 32.08 267.92 0.03 0.26 31.45 262.64 0.00 0.00 28.05 234.28

‘e ybuis

2/S2S¢T¥202'sNs}/68¢¢ 0T


https://doi.org/10.3389/frsus.2024.1352572
https://www.frontiersin.org/Sustainability
https://www.frontiersin.org

10.3389/frsus.2024.1352572

Singh et al.
M Agricultural Land Occupation ALO(Pun) B Agricultural Land Occupation ALO(Raj)
M Climate Change CC(Pun) H Climate Change CC(Raj)
M Fossil Depletion FDP(Pun) M Fossil Depletion FDP(Raj)
B Freshwater Eutrophication FEP(Pun) B Freshwater Eutrophication FEP(Raj)
H Human Toxicity HTP(Pun) W Human Toxicity HTP(Raj)
B Ozone Depletion ODP(Pun) M Ozone Depletion ODP(Raj)
680.00
580.00
480.00
380.00
280.00
180.00
80.00
I- - I . m . l Ml = -
-20.00 Cleaning Solution ~ Green Feed Concentrated FeedLPG used at DairyPackaging Material Milking Energy
FIGURE 4

Midpoint assessment results of high-impacting inventory items beside the dry feed.

FIGURE 5
Midpoint assessment results of dry feed in Punjab and Rajasthan.
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single scores. The endpoint assessment is designed across three major
damage categories: human health, resources, and ecosystem quality.
Its methodology is described in three spheres — the techno sphere —
the ecosphere - and the value sphere (Hofstetter et al., 2000; Bhakar
etal, 2013). The LCA model is developed in the techno sphere, which
results in inventory analysis. The modeling is carried out in the
ecosphere to link the inventory analysis with the above-defined
damage categories. Finally, the value sphere modeling is utilized to
weigh these endpoints into single score indicators/values (Bhalkar
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et al., 2013). The endpoint assessment results are plotted to show
comparative environmental analysis in a single score environmental
impact. It is observed that in the list of inventory analyses, LPG used,
packaging material, green feed, dry feed, concentrated feed, and
processed milk distribution have the highest environmental impacts
over others. The values of endpoint assessment results are shown in
Table 3.

These high-impacting parameters (i.e., materials/energy) are
sweeping away the impacts of parameters with less impact. Therefore,
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TABLE 3 Endpoint assessment results for milk production in Punjab and Rajasthan.

Endpoint impact Ecosystem quality Human health Resources
categories —

Inventory items | EQ (Pun) EQ (Raj) HH (Pun) HH (Raj) Res. (Pun) Res. (Raj)
Waste biomass at farm 0.00 0.00 0.00 0.00 0.00 0.00
Freshwater at the dairy plant 0.01 0.00 0.02 0.00 0.01 0.00
Feed plant energy 0.11 0.62 0.25 1.44 0.17 0.97
Water pump energy 0.25 1.42 0.58 3.29 0.39 2.21
Diesel used at dairy plant 0.33 0.36 0.99 1.10 0.74 0.82
Milk processing energy 0.89 0.33 2.05 0.76 1.38 0.51
Air conditioning energy 1.04 0.59 2.40 1.37 1.61 0.92
Raw milk transportation 1.45 1.24 2.89 2.47 3.20 2.74
Milk chilling at farm 1.66 0.59 3.84 1.37 2.58 0.92
Cleaning solution 4.82 1.18 9.94 243 8.54 2.09
Processed milk distribution 1.01 1.12 2.00 222 2.22 2.46
LPG used at dairy 5.03 0.08 8.35 0.14 44.90 0.74
Packaging material 10.33 0.45 17.82 0.77 39.45 1.70
Green feed 13.56 11.90 3.61 3.17 1.86 1.63
Dry feed 22.95 191.67 7.91 66.08 4.70 39.29
Concentrated feed 38.76 35.42 13.41 12.25 7.06 6.45
Milking energy 1.04 5.90 2.40 13.63 1.61 9.17

these high-impacting materials/energies are plotted separately in
Figures 6, 7. Similar to midpoint assessment results, in endpoint
assessment, the highest environmental impacts are due to dry feed;
after removing dry feed and other items - LPG used, packaging
material, green feed, concentrated feed, and milking energy. The
cleaning solution has high environmental impacts in the remaining
inventory items, followed by milk chilling at the farm, raw milk
transportation, processed milk distribution, water pump energy, air
conditioning energy, milk processing energy, feed plant energy, diesel
used at a dairy plant, etc. Punjabs cleaning solution extensively
impacts human health and resource categories. However, it is difficult
to make a trade-off between the quantities required to clean efficiently
and the hygiene level required for milk-carrying equipment/vessels.
An in-depth study of the same may help in reducing environmental
impacts significantly. Second, in the list, the energy required for milk
chilling in Punjab also has a high effect on both human health and
resources categories, as shown in Figure 6. The reason for the high
impact may be due to the overcapacity of the chilling system equipped
at the farm level in Punjab.

In the remaining high-impacting inventory items, dry feed used
in Rajasthan has the highest impact on ecosystem quality and human
health. Second in the row is concentrated feed, which creates a high
environmental impact in the ecosystem quality category in both
Punjab and Rajasthan, as shown in Figure 7. LPG used at a dairy
plant in Punjab has a high impact on the resources category. The
resource category’s impact due to milking energy and cleaning
solutions stands in the third and fourth positions. Waste biomass and
freshwater required at farms have a negligible effect on almost all the
categories compared to others. The cleaning solution used in Punjab
also has the highest impact on ecosystem quality compared to others,
as shown in Figure 7.
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LPG used at the dairy plant (processing) has the second-highest
impact in the resources category; packaging material used in Punjab has
the third-highest effect in the resources category. The concentrated feed
has significantly impacted the ecosystem’s quality and stands in fifth place.

4.3 Comparative analysis in Punjab and
Rajasthan

This section of the study provides a comparative analysis of the
overall environmental impacts of milk production in Punjab and
Rajasthan. Three midpoint assessment categories are selected to
compare these widespread environmental impacts: climate change
potential, fossil depletion potential, and agricultural land occupation.
The graphical representations of these three categories are shown in
Figures 8A,B and Figures 9A,B. Figure 8A shows the results of climate
change potential, Figure 8B shows the comparative analysis of the
fossil depletion potential category, and Figure 9A shows the results of
agricultural land occupation. It is evident from the figures presented
that milk production and its processing in Punjab generate less
environmental impact in comparison to Rajasthan. However, milk
production in Punjab has a higher fossil depletion potential than in
Rajasthan. As shown in Figure 8A, 1,000 liters of milk production in
Punjab generates 1,689kg CO, eq. Global warming potential, whereas
Rajasthan’s milk production generates 2,550kg CO, eq. At the same
time, the impact of fossil depletion is reversed in the case of Punjab.

Similarly, regarding agricultural land occupation (ALO), milk
production in Rajasthan needs more land to grow fodder crops
and other raw materials. The ALO for milk production in
Rajasthan is three times more as compared to Punjab, which is a
major hotspot and needs in-depth analysis.
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FIGURE 6
Endpoint assessment results for milk production in Punjab and Rajasthan.
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Endpoint results for materials/processes with higher impacts.
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Figure 9B shows that the difference between the environmental
impacts is small but significant. The milk production process in
Rajasthan can be improved to make it more efficient.

The primary environmental impact categories found in this
LCA of the milk production process are Agricultural Land
Occupation, Climate Change, Fossil Depletion Potential, Freshwater
Eutrophication Potential, Human Toxicity Potential, Ozone
Depletion Potential, and Water Depletion Potential. According to
the findings of current study and on the basis environmental impact
categories selected, milk production in Punjab is more ecologically
friendly than milk production in Rajasthan, and the feed required
for cattle, together with the selection of packing material for
processed milk, is a major environmental impact-generating activity.
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This study examined many phases of the milk production process to
better understand the underlying causes of the detected
environmental consequences. The results are further underlying that
milk production in Punjab has a larger fossil depletion potential
than milk production in Rajasthan, with 1,000 liters of milk
production in Punjab generating 1,689 kg CO2 eq. global warming
potential, whereas milk production in Rajasthan creates 2,550 kg
CO2 eq. At the same time, in the case of Punjab, the impact of fossil
depletion is reversed. Similarly, in terms of agricultural land
occupancy (ALO), Rajasthan’s milk production requires greater land
to cultivate fodder crops and other raw materials. Rajasthan has
three times the ALO for milk production as Punjab, which is a key
hotspot that requires in-depth investigation.
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FIGURE 8
Comparative analysis of milk production in Punjab and Rajasthan (A) climate change potential and (B) fossil depletion potential.
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FIGURE 9

Comparative analysis of milk production in Punjab and Rajasthan (A) agricultural land occupation and (B) all the three categories together.

4.4 Alignment of results with UN SDGs

Current research is inherently aligned with the United Nations
sustainable development goals (UN SDGs) through several key
dimension. The goals of SDG2, SDG6, SDG12, SDG13, SDG14,
SDG15 are attained either completely or up to some extents directly
or indirectly from the implementation and results of the existing study.

4.4.1 SDG 2: zero hunger

Current study addresses the environmental sustainability of milk
production, a crucial aspect of the broader food system. By identifying
and mitigating environmental hotspots, this study contributes
indirectly to ensuring sustainable food production systems, thus
supporting the overarching goal of zero hunger.

4.4.2 SDG 12: responsible consumption and
production

The core focus of current research lies in evaluating the
environmental impact of milk production, with an emphasis on
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identifying opportunities for sustainability improvements. By
providing a comparative analysis and sustainability evaluation, this
study directly contributes to SDG 12 by promoting responsible
consumption and production practices.

4.4.3 SDG 13: climate action

The environmental impact analysis, particularly in the context of
climate change (e.g., Climate Change impact category), addresses
SDG 13. By understanding and quantifying greenhouse gas emissions
associated with milk production, this study contributes valuable
insights for stakeholders seeking to reduce the carbon footprint of the
dairy industry.

4.4.4 SDG 15: life on land

The current investigation into the environmental effects of milk
production extends to land use practices, directly aligning with SDG
15. By assessing impacts such as Agricultural Land Occupation, the
study addresses the sustainability of land use in the context of
milk production.
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4.4.5 SDG 6: clean water and sanitation

Through the evaluation of Water Depletion Potential and
Freshwater Eutrophication Potential, this study contributes to
discussions around water sustainability, aligning with SDG 6. By
identifying areas for improvement, we indirectly support the goal of
clean water and sanitation (Singh et al., 2023a).

4.4.6 SDG 14: life below water

While not a primary focus, current study indirectly contributes to
SDG 14 by addressing aspects of environmental sustainability that can
impact water ecosystems, especially in regions where milk production
has localized environmental effects.

So, current research engages with multiple SDGs by directly
addressing sustainable production practices, climate action, and
responsible consumption, and acknowledge the interconnected nature
of the SDGs, and serves as a valuable contribution to the broader
discourse on achieving sustainability targets.

5 Managerial implications and
theoretical advancement

The Environmental Impacts of food products may vary more than
50 folds among different producers for the same product, which
provides significant mitigating opportunities (Poore and Nemecek,
2018). However, these mitigation opportunities have trade-off limits
in terms of both economic and environmental constraints. The best
way to reduce the environmental impacts of food products, especially
animal-based products (such as milk), is for the producer to monitor
the impacts, choose best practices, and let the consumer know about
the impacts. This study on the understanding of the environmental
sustainability of milk production with two case studies from two
different states of India is expected to contribute to the field of food
LCA by suggesting a practical understanding of the environmental
sustainability of milk production in various organizations. It is
essential to mention here that the current research aims to assess
environmental sustainability in general, and no allocation of dairy
food supply chain by-products (such as meat) is performed. To assess
the impacts, the study mainly addressed the operational boundaries
(including energy and material as input milk and waste as output).
Assessing the impacts of milk from varied animal sources or
substitutes with different fat and protein content will vary; then, the
goal and scope definition of the study will also need to be revisited.
Contemporary research on the environmental sustainability of the
general milk production process is scarce in the context of India. The
results of this study are thus beneficial for managerial staff included in
milk production, policymakers, and researchers. Here, the word
manager represents the dairy farm managers and administrative staff
of milk processing plants. Managers can identify hotspots as per the
results of this study and can take necessary action to reduce the
environmental burden. This paper has compared milk production in
two different states of India so that respective state managers can learn
the best practices of other states. The implication for policymakers is
also crucial, as India is a developing country, and milk is a staple food.
To satisfy the increasing demand for the ever-increasing population
of India without compromising the needs of the future generation, it
is essential to devise suitable policies for eco-efficient milk production.
However, to meet the demand for milk, its other vegan substitutes can
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also be explored, such as soya milk, almond milk, pea milk, etc.
Animal-based products always have a higher environmental impact
as compared to their vegetable substitutes. The comprehensive
inventory data of the Indian milk production dairy also forms a
valuable dataset for academicians working in the field of LCA of dairy
products to understand the LCA of Indian milk dairy better and
incorporate the environmental perspectives in their future research.
The processing plants can also improve their significant environmental
impacting inventories (Gaurav et al., 2021, 2023a,b).

To address the identified environmental impacts, current study
recommends in-depth investigation for key hotspots, which can depict
the more elaborative reason behind it. For instance, implementing
technology or process optimization, adopting sustainable sourcing
practices for raw materials, and optimizing transportation logistics
could contribute to significant reductions in specific impact categories
(Singh et al., 2023b). Encouraging the adoption of sustainable
practices, such as sustainable packaging, sustainable procurement, can
not only mitigate the environmental impacts associated with milk
production but also enhance the overall sustainability of the industry.
The integration of circular economy principles and the use of
renewable energy sources are key aspects to consider.

6 Conclusion

The research work carried out in this study has provided an initial
visualization of hotspots in milk production in two states of India. A
milk production comparison in two states in terms of processing and
milk produced by cattle at the farm has been carried out. This study is
an initial endeavor in this direction. Besides the direction to
policymakers, the processing plants can also improve their significant
environmental impacting inventories in milk production. Dry feed
has been observed as the major hotspot in the milk production
process in both states, followed by the impacts of different feeds
required for cow food. The possible reason for this might be the
pre-chain involved in the dry feed production from food grain
harvesting. However, the pre-chain associated with the dry feed also
delivers the food grains as a product. The milk production from every
cattle does not remain constant year-round, but the daily feed
requirement remains more or less consistent over the year. Second,
everyday leftover feeds are removed, and fresh feeds are served to the
cattle. These might be the potential reason for the high environmental
impact due to various feeds. Partially closing the milk production loop
by using waste biomass as an effective fertilizer for growing fodder
crops can improve environmental performance significantly. Using
renewable energy systems can also enhance milk production efficiency
as the total energy requirement at the farm is also high and
cumulatively makes a high impact. The roof of the sheds used for cow
shelter can be utilized for a solar-powered system, and that much
space is sufficient for meeting the daily energy requirement of a dairy
plant. The use of renewable energy can also reduce dependency on
fossil fuels. This study has several implications for managers of milk
production, policymakers, and researchers. Managers can identify
hotspots as per the results of this study and evolve techniques to
reduce the environmental burden. This paper has compared the milk
production in two states of India so that respective state managers can
learn the best practices of other states. The implication for
policymakers is also essential, as milk is a staple food, and its
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environmental impact study can guide the policymakers to devise
eco-efficient policy for sustainable growth. This study only compared
the milk production of two states, and future researchers can conduct
a longitudinal study of all other dairy states. The study is limited to a
large farm and processing plant in each of the states. The work can
be extended to more plants and farms to understand the uncertainties
in milk production practices. The milk processing companies can also
compare and benchmark their environmental performance among
competitors and other plants.
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