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Abstract 

The food supply chain is currently challenged by the imperative to sustainably feed the increasingly expanding 
population while simultaneously striving to meet global net-zero emission targets. The dairy sector is widely consid-
ered as a carbon-intensive industry, contributing to significant greenhouse gas (GHG) emissions thereby exacerbating 
global warming. Here, we first summarize recent studies on determining GHG emissions of various dairy products, 
which suggests that farms are the primary emission hotspots in the dairy supply chain. Next, the vital role of novel 
techniques and emerging strategies to reduce carbon emissions in the dairy industry is emphasized at both local- 
and systematic levels. The implementation of targeted techniques at each stage, along with policy initiatives such 
as carbon pricing, plant-based alternatives, international standards and clean air act, play a vital role in establishing 
global optimization to mitigate climate warming. Despite these progresses, standards and guidelines of emission 
reduction for the dairy industry are currently lacking, which calls for continuous efforts to fill the gap.
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Graphical Abstract

1  Introduction
The sustainability of current food industry stands at a 
critical juncture, facing unprecedented environmental 
challenges driven by population growth, dwindling arable 
land, escalating food and energy demand, and the bur-
geoning aspirations for nutritional well-being [1]. Strik-
ingly, it is predicted that an additional 70% of the food 
production will be required to feed the projected global 
population of 9 billion by 2050 [2, 3]. The anticipated 
growth in food demand inevitably leads to a significant 
increase in energy consumption as well as carbon emis-
sions in the food industry. Meanwhile, the increase in 
resource-intensive and animal-based diets is likely to fur-
ther strain the global carbon budget [4]. Previous stud-
ies have suggested that without effective measures to 
achieve near “net-zero” emissions, global climate change 
will be further worsened, leading to multiple climate 
disasters and severe challenges to food security, even to 
human survival [5, 6]. Thus, mitigating emissions across 
the food supply chain from production to consumption is 

imperative to curbing global warming and achieving cli-
mate targets.

The dairy sector, as one of the most carbon-intensive 
industries, plays a pivotal role in environmental impact 
worldwide. Dairy products have historically been rec-
ognized as a valuable nutritional resource with pro-
teins, fatty acids and micronutrients, which are deemed 
essential for maintaining a well-balanced diet [7]. In 
2022, world milk production increased to 937.3 million 
tonnes and the exports were 84.7 million tonnes (9% of 
milk produced) [8]. Consequently, the ongoing growth 
in production and trade has raised apprehensions about 
the accompanying higher greenhouse gas (GHG) emis-
sions [9]. Specifically, milk exhibits a higher carbon foot-
print (CF), with the highest number of global warming 
potentials (GWP) values (n = 262) identified from all 
food categories [10, 11]. It had been reported that dairy 
accounted for 36% of the increase in global animal-based 
emissions, amounting to 2.8 Gt CO2 equivalents (CO2-eq) 
in 2019 [4]. Moreover, ruminant production systems 
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employed in milk production have been pinpointed as 
significant sources of anthropogenic GHG emissions and 
major drivers of global warming and climate change [12]. 
Besides, the production of dairy products impacts the 
environment in various ways, including global warming, 
water eutrophication, land use and biodiversity loss [13]. 
Facing local and global pressures, how to meet the grow-
ing global demand for dairy products while minimizing 
irreversible environmental damage is thus one of the 
urgent issues for the dairy industry.

In this review, we comprehensively overview impor-
tant work on decarbonization of the dairy supply chain. 
We first identify key emission spots at each stage across 
the supply chain from a life cycle perspective. Further, 
we present effective techniques as well as current prac-
tice and emerging strategies for reducing carbon emis-
sions in the dairy industry. Finally, we put forward and 
highlight future research directions towards a more sus-
tainable, resilient, extensive and low-carbon global dairy 
supply chain. While extensive studies have been con-
ducted on carbon emissions from the dairy industry, to 
our knowledge, holistic reviews on current efforts aimed 

at reducing carbon emissions in the dairy industry are 
lacking yet. This review addresses this gap by emphasiz-
ing the role of innovative single-stage techniques and 
emerging systematic practices for emission reduction. 
It also offers an integrative view of the challenges and 
opportunities in reducing emissions across the dairy sup-
ply chain, thereby promoting a deeper understanding of 
decarbonization towards the dairy industry.

2 � Systematic review methodology
A systematic search strategy was conducted by access-
ing data from the electronic database Web of Science. 
The aim of this systematic search is to identify the car-
bon emission hotspots within the dairy supply chain. 
The combinations of the following keywords were used: 
(“dairy industry” AND “life cycle assessment”) OR (“dairy 
supply chain” AND “life cycle assessment”). In addition, 
the articles were selected following the criteria including 
being consistently in English, available as open access, 
and recently published (from 2014 to 2025). The article 
screening and selection process was shown in Fig. 1.

Fig. 1  PRISMA flow diagram summarizing the literature search strategy used in this review
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3 � Carbon emissions in dairy supply chain
Multiple studies have been conducted in the last years 
to investigate the decarbonization processes of differ-
ent foods based on their supply chains, such as fresh 
vegetables [14], fresh fruits [15], staples [16], dairy [17], 
non-ruminant and ruminant livestock [18]. Among them, 
dairy products, standing as one of the most common and 
valuable agricultural commodities, exhibit a high GHG 
emission and therefore are of significance to be compre-
hensively discussed.

3.1 � Dairy supply chain
The dairy supply chain encompasses a series of inter-
related stages from farm (where raw milk is produced) 
to fork (where dairy products are used), which can be 
divided into four major stages: dairy farm, manufactur-
ing, distributor and retailer and consumer use. As shown 
in Fig. 2, specific processes that took place in these four 
stages are summarized, and the carbon emissions that 
can be generated in dairy life cycle are further outlined.

Carbon or GHG emissions often strongly correlate 
with energy consumption. Thus, considering dairy as 
an important energy consumer, the carbon emissions at 
each stage of dairy supply chain can be speculated from 
the energy consumption levels. For instance, Mallia-
roudaki et  al. provided an energy map for broadly esti-
mating energy use along the dairy supply chain [19]. 
The average energy use on conventional dairy farms 
was estimated as high as 4.1  MJ/kg of energy-corrected 
milk (standardizes any milk to the caloric equivalent of 
milk with 3.5% fat and 3.2% protein content), which indi-
cates that the dairy farm may be the hot emission spot. 
They also developed a flexible energy use model for 

sustainable dairy manufacturing and distribution, high-
lighting transportation, heat treatment, and cleaning-in-
place processes as energy hotspots in the comprehensive 
net-zero roadmap analysis [20]. Nevertheless, there are 
significant carbon emissions not associated with energy 
usage (e.g., gases emitted by cattle), which should not be 
overlooked. It is estimated that enteric methane (CH4) 
contributes approximately 70% of total GHG emissions 
from livestock [21]. However, there is currently a lack 
of research focusing on carbon emissions unrelated to 
energy usage. For this purpose, more scientific and appli-
cable approaches for calculating dairy carbon emissions 
are urgently needed.

3.2 � Carbon emissions assessments of dairy supply chain
Assessing carbon emissions in the dairy supply chain 
is crucial for identifying opportunities to reduce envi-
ronmental impact. In the dairy industry, the primary 
gases targeted for emission reduction include methane 
(CH4), nitrous oxide (N2O), carbon dioxide (CO2), and 
fluorinated gases, which trap heat in the atmosphere. 
Generally, CO2-eq is commonly used as the metric 
for measuring carbon emissions, which combines the 
warming potential of various GHG into a standardized 
unit based on the GWP values. Several methods have 
been employed to evaluate GHG emissions in dairy 
sector, such as life cycle assessment (LCA) [22], multi-
regional input–output analysis [23], and physical trade 
flow accounting [4]. Particularly, LCA is the most com-
monly used method for environmental assessment typi-
cally recommended by international institutions, such 
as the European Commission and the United Nations 
Environment Programme, to support policy-making for 

Fig. 2  Illustration of carbon emission spots across the dairy supply chain
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sustainability by quantitatively assessing the environ-
mental impacts during the entire life cycle of a product. 
As a result of systematic searching, the publications of 
the included studies on the period from 2014 to 2025 
(February) contain 232 publications. There has been 
a growing trend in the number of publications over 
the years, primarily published on the JOURNAL OF 
CLEANER PRODUCTION and SUSTAINABILITY 
(Fig. 3). In the following, the recent LCA studies in the 
dairy industry are summarized in detail. Recent stud-
ies on the assessment approaches for GHG emissions 
of dairy production and their key findings are summa-
rized in Table 1.

3.2.1 � LCA analysis for raw milk
As reported, raw milk production is the most signifi-
cant contributor to the overall environmental impact 
associated with dairy products [24, 29]. Approximately 
90% of GHG emissions within the dairy product sup-
ply chain originate from cradle-to-farm gate subprocess 
[30]. It can be stated that the level of carbon emissions 
from raw milk determines that of derived dairy prod-
ucts. Wherein, dairy farm activities serve as the car-
bon emission hotspots in the supply chain of raw milk. 
This common consensus has been reached irrespective 
of the diverse raw milk production systems (organic/
non-organic/mixed, confined/semi-confined feedlot or 
pasture-based grazing), the dairy farm characteristics 
and the methodological choices made by LCA practi-
tioners [31–33]. In this respect, farm-related processes 
such as animal-related activities (enteric fermentation, 
manure management) and feed production (fertiliza-
tion, transport and processing) represent hotspots 
for improvement as previously mentioned [34–36]. 
In detail, around 55% of GHG emissions come from 

enteric fermentation, 20% from manure management 
and 15% from feed production [37].

3.2.2 � LCA analysis for dairy products
The downstream of raw milk are dairy products. Since 
the 1990s, various LCA case studies have been conducted 
on them, including fluid milk [38], cheese [39], yogurts 
[40], butter [41], and milk powder [42]. As previously 
mentioned, dairy farms are widely recognized as the pri-
mary source of GHG emissions throughout the entire 
dairy supply chain. For instance, around 80% of the CF 
for full-fat cheese occurs from raw milk production in a 
cradle-to-retail store study [26]. Systematically, Clune 
et  al. reviewed the GHG emissions of 90 LCA studies 
in dairy category that generated 341 GWP values [10]. 
Among them, yogurt, cream, cheese and butter showed 
ascending median values, reaching 1.31, 5.64, 8.55, and 
9.25  kg CO2-eq/kg, respectively. Interestingly, it also 
stated that almond and soy milk, as two plant-based milk 
alternatives, demonstrated lower median GWP values 
(0.42 and 0.75  kg CO2-eq/kg) than animal-based milk 
(1.29  kg CO2-eq/kg). This may serve as evidence sup-
porting the debate whether plant-based dairy alternatives 
would be potentially superior to traditional animal-based 
dairy products from the “low-carbon” aspect.

4 � Single‑stage techniques and strategies 
for reducing GHG in dairy industry

Since climate change is the most paramount global con-
cern currently [43], substantial efforts have been devoted 
to mitigating carbon emissions in the dairy industry, 
which can be delineated into two facets: i) at the com-
ponent level, novel techniques and strategies that can 
reduce emissions at individual stages of the dairy sup-
ply chain and ii) at the system level, focusing on holistic 
improvements throughout the entire dairy supply chain 
(i.e. global optimization). Herein, novel techniques and 

Fig. 3  a Year-wise distribution and (b) the top 10 journals with the most publications in the past decade
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recommended practices at the component level, namely 
at each stage of the dairy supply chain, will be first dis-
cussed (Fig. 4).

4.1 � Farm stage
The farm stage has long been regarded as a hotspot for 
carbon emissions in the dairy supply chain, which con-
tributes approximately 80% ~ 90% of the total carbon 
emissions across the dairy supply chain [44]. In this 
respect, targeted efforts can be employed to reduce both 
feed production and animal-related emissions.

4.1.1 � Exploring alternative feed sources
Feed production is a primary driver of environmental 
impact in traditional livestock systems, and replacing 
conventional feed with more environmentally friendly 
ingredients is an effective method for improving feed 
quality. In this respect, novel insect feed is a high-quality 
protein and energy source, which can provide environ-
mental benefits including land use reduction, waste val-
orization, and mitigation of resource depletion [45]. For 
example, larval meals from black soldier fly (BSF) offer a 
promising alternative protein supplement for cattle [46], 
boasting a protein content comparable to soybean meal. 
It has been found that 1 kg of BSF protein meal had an 
average GHG reduction effect of 1.19  kg CO2-eq/kg 
during production [47]. Additionally, a GWP decreases 

by 61% when comparing housefly meal to a 50:50 mix-
ture of fish and soybean meal [48]. Regarding the finan-
cial aspect, insect-based feed is reported more costly to 
procure compared to soybean meal [49]. However, Abro 
Zewdu et al. highlighted the considerable potential eco-
nomic benefits of insect-based feed, with a benefit–cost 
ratio estimated at 28:1 under optimal conditions and 
still maintaining a high ratio of 8:1 in the worst-case 
scenario [50]. Currently, some insects are already being 
authorized for the production of animal feed (Regulation 
(EU) 2017/893 and Regulation (EU) 2021/1372) but only 
restricted to feed for aquaculture, pigs, and poultry. With 
increasing scientific evidence supporting the safety of 
insect-based feed, there is potential to further ease cur-
rent restrictions on its use in ruminant diets. In other 
aspects, a nutritionally equivalent mixture of sunflower 
seed and faba beans replaced solvent-extracted soybean 
meal can result in an average reduction of 42% in GHG 
emissions [51]. The addition of dietary fats to silage and 
the utilization of legume forage can also reduce methane 
emissions from livestock [52–54]. Recently, microalgal-
based feed has been employed in dairy ruminant nutri-
tion owing to the environmental benefits and shows the 
capacity to improve milk quality and production yield 
[55]. It exhibits lower production costs and wider appli-
cability as a feed additive in ruminant farming com-
pared to insect-based feed [56]. Numerous studies have 

Fig. 4  Carbon reduction techniques for different dairy supply chain stages
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demonstrated the positive impact of microalgal-based 
feed in reducing methane emissions from ruminants 
[57–59]. However, it should be considered that the sup-
plementation of microalgae in ruminant diets may result 
in reduced intake due to the unfavorable flavor of feed 
in the practical application. Noticeably, Smetana et  al. 
reported that the use of microalgae as concentrated pro-
tein powder for animal feed was not more environmen-
tally friendly than plant-derived sources [60]. Given this, 
further comprehensive work is needed to evaluate and 
compare the carbon emissions and environmental ben-
efits as well as the practical and financial constraints of 
microalgae feed, animal feed, and plant feed.

4.1.2 � Application of methanogenesis inhibitors
Feed additives have been investigated as a practical 
dietary control strategy in ruminant animals, aiming to 
mitigate enteric methane emissions by either inhibiting 
methane production or altering the rumen environment 
[61, 62]. It acts directly on the methane generation path-
way, hindering methanogenesis through the biosynthe-
sis inhibition of methyl-coenzyme M reductase enzyme 
(e.g., 3-nitrooxypropanol (3NOP) and halogens), or com-
peting with methanogens for hydrogen, thereby reducing 
CH4 emissions (e.g., nitrates). In detail, it showed that 
feeding lactating cows 3NOP at a rate of 0.04–0.08  g/
kg DM reduced methane production by 30%, with no 
impact on feed intake and milk production [63]. In lac-
tating dairy cattle, Roque et al. found that the inclusion 
of seaweed (Asparagopsis armata, which contained rela-
tively high concentrations of halogens) at a rate of 18.3 g/
kg DM (10  g/kg of OM) led to a reduction in methane 
intensity up to 67.2% (g/kg milk produced) [64]. Besides, 
the addition of nitrates to ruminant diets also is an effec-
tive methane mitigation approach, but it is important to 
note that nitrites may accumulate in the bloodstream and 
be toxic to ruminants [65]. Thus, the adoption of nitrate 
as a methane mitigation strategy requires a careful evalu-
ation of its environmental benefits with potential risks to 
animal health.

4.1.3 � Efficient manure management
Manure management is identified as one of the critical 
hot spots for carbon emissions at the farm stage. In the 
USA, the choice of manure management was pointed 
out as a significant factor contributing to differences 
among five milk production regions [66]. In China, it has 
been reported that the implementation of a fully inte-
grated approach, incorporating both solid and liquid 
animal manure recycling, led to reduced GHG emissions 
compared to semi-integrated approach, which solely 
reuses solid manure on farmlands [67]. Recently, with 
the development of emerging techniques for precision 

fertilization, manure management is entering the digi-
tal era. Noval techniques include real-time sensing of 
manure nutrients, measurement of solid manure density, 
generation of real-time soil maps, and integration with 
global positioning systems (GPS) and mapping systems, 
aiming to efficiently utilize manure nutrients and reduce 
excessive and inadequate applications [68]. The effective-
ness and feasibility of manure management vary depend-
ing on regional contexts, farm scales, and technological 
capacities. In large-scale intensive farms, advanced digi-
tal techniques can greatly improve nutrient utilization 
efficiency and mitigate GHG emissions. However, the 
high initial investment and operational costs of these 
digital techniques may pose economic challenges for 
small-scale farms or resource-limited regions. In con-
trast, small-scale farms may rely on low-cost and easily 
implementable semi-integrated methods, although their 
emission reduction potential remains relatively limited. 
Therefore, developing region-specific manure manage-
ment strategies that strike the balance between techno-
logical feasibility and economic viability is essential for 
achieving effective mitigation in the dairy industry.

4.2 � Dairy processing stage
Dairy processing is an important stage within the dairy 
system. It is noteworthy that there exists a significant 
issue of milk wastage in the dairy supply chain, directly 
attributable to the total waste generated from milk 
processing and handling, which amounts to approxi-
mately 330,000 tonnes per year, with a value exceeding 
150 million [69]. Interestingly, the “separator desludge” 
waste generated during milk processing is considered 
as a potential protein-rich resource by the Waste and 
Resources Action Programme (WRAP). It can be fur-
ther processed into food or animal feed, thereby reducing 
waste by 10,000 tonnes and disposal costs by £1 million 
annually.

Additionally, novel emerging techniques in the dairy 
processing stage are offering environmental benefits 
owing to the improvement of energy efficiency, optimi-
zation of production processes, and implementation of 
renewable energy sources. Commercially sterilized milk 
employing novel nonthermal sterilization techniques, 
gained shorter processing durations, enhanced energy 
efficiency, elevated safety standards, and prolonged food 
shelf-life [70]. For instance, high-pressure pasteuriza-
tion (HPP) can reduce cheese coagulation time and 
increase yield in cheese manufacturing, but may lead to 
whey protein denaturation at pressure levels between 
200 and 600 MPa and higher capital investment [71]. In 
addition, electrical field pasteurization consumes sig-
nificantly less energy (63%) than high temperature short 
time with a potential increase in milk shelf life by up to 
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15 days [72], which is energy-efficient and environmen-
tally friendly but costly compared to thermal techniques 
[73, 74]. Meanwhile, ultraviolet C (UV-C) light treat-
ment, another emerging method, involves exposing milk 
to short-wave light spanning from 200 to 280 nm to inac-
tivate pathogenic microorganisms [75]. It can extend the 
shelf life of dairy products and maintain nutritional con-
tent and sensory characteristics [76, 77]. Moreover, ultra-
high pressure homogenization (UHPH) utilizes dynamic 
pressures up to 400 MPa to reduce particle size in fluids 
and achieve microbial inactivation [78]. This technique 
enhances the quality and extends the shelf life of com-
mercially sterile milk, with the added benefit of reduced 
energy consumption (achieving a CF reduction of up to 
88%). It is important to note that emerging dairy pro-
cessing techniques should account for the impact on the 
sensory properties and nutritional composition of dairy 
products to ensure the market acceptance facilitates 
practical application.

4.3 � Transportation of dairy products
Transportation plays a crucial role in the life cycle of 
dairy products, particularly for perishable fresh dairy 
items that require controlled temperature conditions 
during transportation [19]. For this aspect, selecting 
appropriate transportation measures, such as utilizing 
clean energy, adopting higher-efficiency vehicles, and 
optimizing the distribution routes, will be an advanta-
geous approach to emissions reduction [79]. Wherein, 
the innovative approach of intermodal rail-road trans-
portation in milk delivery [80], exemplifying reduced car-
bon emissions potential, is gaining increasing advocacy. 
This method, typified by combining rail and road trans-
port in the same unit, is considered one of the most effec-
tive tools to help reduce the environmental impact of the 
cold chain. It has been demonstrated to reduce pollution 
connected to CO2, CO, NOx, CH4, and hydrocarbons by 
up to 77.4%, as compared to the use of road transport 
alone [81].

4.4 � Consumers’ efforts: adopting sustainable milk 
consumption practices

Finally, it should not be discounted that the milk supply 
chain involves over 6 billion consumers globally, high-
lighting the crucial role of consumer efforts in reduc-
ing carbon emissions. It is necessary to increase public 
environmental consciousness and encourage consumers 
to adopt sustainable milk consumption behaviors [73]. 
On the one hand, consumers can contribute to reduc-
ing carbon emissions associated with dairy products by 
opting for locally produced milk, which minimizes trans-
port emissions and fossil fuel usage. On the other hand, 
adjusting refrigerator temperatures from 6.6 °C to below 

5 °C at home can help mitigate milk waste. According to 
WRAP statistics [69], lowering refrigerator temperatures 
to below 5  °C could prevent over 50,000 tonnes/year of 
milk waste, leading to savings of £25 million. Although it 
may require more energy to run the fridge, the GHG sav-
ings from waste reduction could approximately offset the 
additional energy usage.

5 � Systematic techniques and strategies 
for reducing GHG in dairy industry

Apart from controlling CF generated at individual stages 
of the dairy supply chain, holistic approaches and strate-
gies for mitigating emissions across the entire dairy sup-
ply chain at the system level are also essential. In this 
regard, a series of policies and regulations have been 
enacted subsequently in the past three years to better 
support the application of these new techniques, fur-
ther ensuring the successful implementation of emerging 
energy and/or emission reduction innovations.

5.1 � Carbon pricing
Carbon pricing acts as a pivotal adjustment lever for 
reducing global carbon emissions. Specifically, it is a pol-
icy instrument used to capture the external costs of GHG 
emissions in the market, commonly in the form of a price 
on CO2 [82]. The significance of carbon pricing is to help 
align economic incentives with environmental goals, 
driving the transition to a low-carbon economy. Gener-
ally, carbon pricing manifests in various forms, includ-
ing direct mechanisms such as carbon taxes [83] and 
emissions trading systems (ETS) [84], as well as indirect 
methods like fuel taxes and commodity taxes. As of 2023, 
there were 73 carbon pricing mechanisms in operation 
globally, covering 23% of global GHG emissions accord-
ing to the World Bank Group report [85]. As shown in 
Fig. 5, it can be found that most developed countries have 
implemented carbon pricing (especially carbon tax) at 
relatively high rates, while many developing countries 
have just begun to implement or are in planning.

5.1.1 � Carbon pricing in major dairy producers
According to FAO statistics on the production of milk 
and milk products, India, the European Union (EU), 
the United States (US), China, Brazil, Russia, and New 
Zealand can be considered the major dairy-producing 
countries and organizations. For developed countries 
and organizations, the EU is the second-largest dairy 
producer as well as the largest exporter in the world. On 
the other hand, carbon pricing policies in the US vary 
significantly across states and local governments. The 
federal and state levels both implemented initiatives and 
programs aimed at reducing GHG emissions from agri-
culture, which indirectly influence carbon pricing in the 
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dairy sector. Besides, the Inflation Reduction Act was 
signed into law, incorporating the implementation of 
a methane emissions charge. For developing countries 
like India, being the largest dairy producer in the world, 
carbon pricing is a relatively novel idea, not yet widely 
adopted as a national policy. However, discussions and 
proposals have emerged regarding its potential imple-
mentation to tackle GHG emissions. China, as the larg-
est dairy importer worldwide, launched its national ETS 
in 2021. In Brazil, the government created the National 
Greenhouse Gas Emissions Reduction System (Sinare). 
Concurrently, the Brazilian Congress discussed legisla-
tive proposals for an ETS, including a monitoring system 
for GHG emissions and a centralized registry for Brazil-
ian GHG mitigation projects and their resulting carbon 
credits. In Russia, the approaches to carbon pricing have 
primarily focused on voluntary initiatives and pilot pro-
jects rather than comprehensive nationwide policies.

5.1.2 � Impact of carbon pricing on dairy industry
Despite its short history, carbon pricing has already 
been shown to induce changes and reduce GHG lev-
els in agricultural and food production systems [87]. 
Moreover, it creates a financial incentive for dairy 
industries and stakeholders to reduce their emissions. 
Higher carbon prices make carbon-intensive activities 
more expensive, prompting dairy businesses to invest 
in cleaner techniques, improve energy efficiency, and 
shift towards low-carbon alternatives. For consumers, 
higher carbon costs may drive individuals to reduce 
their emissions by selecting low CF dairy products and 
transportation, adopting energy-efficient smart refrig-
erators, and minimizing dairy consumption waste as 
much as possible. Nonetheless, related research has 
shown a low impact of carbon pricing on consumption 

changes [88]. Although increasing consumer environ-
mental awareness is considered more challenging, posi-
tive changes in consumer behavior can make significant 
contributions to reducing emissions in the dairy supply 
chain.

5.2 � Plant‑based substitutions
In recent years, there has been an interesting debate 
about whether plant-based dairy products are better 
than traditional animal-derived dairy products. Emerg-
ing evidence has indicated that plant-based foods are 
more environmentally friendly as they require less 
water and land for production, resulting in a signifi-
cantly reduced CF [89–91]. For example, Coluccia et al. 
evaluated the CF of the entire supply chain for both cow 
milk and soy beverages [17]. The results revealed that 
the CF of milk ranged from 0.99 to 1.08 kg CO2-eq/L, 
whereas that of soy milk ranged from 0.51 to 0.52  kg 
CO2-eq/L. Therefore, from an environmental perspec-
tive, soy beverages can serve as an effective low-carbon 
alternative to cow milk.

Nevertheless, the risks associated with plant-based 
milk alternatives should not be overlooked, particularly 
affecting dairy farmers and end consumers [92]. For 
the economic challenges, the rise of plant-based dairy 
alternatives may reduce the demand for traditional 
dairy products, leading to job losses and business clo-
sures among dairy farmers while negatively impacting 
local and national economies. For the health challenges, 
for now, plant-based milk alternatives still cannot pro-
vide the same nutritional values as animal milk [93], 
which may increase the risk of osteoporosis and thyroid 
dysfunction among younger generations if advocating 
abandonment of animal-dairy products.

Fig. 5  Implementation of carbon tax (left) and ETS (right) in different countries. The data were obtained from the World Bank Group (last updated 
March, 31 2023) [86]
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5.3 � International standards
International process standards, defined by the Interna-
tional Organization for Standardization (ISO) in collab-
oration with national standard bodies and government 
agriculture departments, are essential for optimizing 
techniques and strategies to mitigate GHG emissions, 
ensuring safety and regulatory compliance [73]. Biochar 
is one manure amendment strategy that can reduce GHG 
emissions by transforming waste biomass from dairy 
farms to a carbon-rich product [94, 95]. The Interna-
tional Biochar Initiative biochar standard in the US and 
the European Biochar Certificate are widely acknowl-
edged as the most prevalent standards globally, all oper-
ating as voluntary industry standards [96]. Since 2018, 
the Australian New Zealand Biochar Initiative has been 
developing a biochar standard at the behest of industry 
and government regulators. Moreover, carbon labelling 
is voluntarily employed by dairy firms and companies 
to inform consumers about the CF of the products they 
consume [73]. Examples of such labels include the UK 
and Australian Carbon Trust labels, as well as the Japan 
national carbon label. These labels facilitate consum-
ers in identifying and selecting low CF products, con-
currently incentivizing producers to reduce emissions. 
For the dairy industry, there is currently a lack of global 
standards for emission reduction. However, some inter-
national organizations are striving to promote low-car-
bon development in the dairy industry. For instance, the 
International Dairy Federation has introduced a common 
CF methodology for the global dairy sector, intending to 
provide guidelines for the implementation of comprehen-
sive measures throughout the entire dairy value chain to 
mitigate emissions.

5.4 � Clean air act
The Clean Air Act (CAA), established by the United 
States Congress and administered by the Environmental 
Protection Agency (EPA), is a comprehensive regulatory 
statute aimed at preventing air pollution and protecting 
the environment. In this regard, dairy farms and process-
ing facilities are required to comply with emission stand-
ards set under National Ambient Air Quality Standards. 
Additionally, GHG Reporting Program which is imple-
mented under the authority of the CAA, mandates large 
emission sources to report their GHG emissions. Under 
the indirect influence of the CAA and the increasing 
focus on methane regulation, several state-level policies 
targeting dairy farms have been progressively imple-
mented to reduce methane and other pollutant emis-
sions. It has been reported that the CAA has significantly 
improved air quality, achieving greater emission reduc-
tions at a lower cost than conventional mandates [97].

6 � Conclusion and future prospect
In the context of net-zero targets, it is necessary to 
establish new emission reduction strategies and devel-
opment models for the dairy industry (a significant 
energy-intensive food sector) in response to global cli-
mate change and other environmental challenges. This 
Review scrutinizes the GHG emissions sources across 
the dairy supply chain and presents current emission 
mitigation strategies of the dairy industry. LCA serves 
as a standardized method for calculating GHG emis-
sions to achieve carbon verification. As dairy farm has 
been identified the hot emission spot within dairy sup-
ply chain by LCA analysis, animal-related activities and 
feed production on farms represent key directions for 
improvement. In this regard, targeted efforts focused 
on the farm stage, such as feed optimization, manure 
management, and precision farming techniques, can 
be highly effective in mitigating carbon emissions. It 
is worth noting that there are also potential contra-
dictions in the effectiveness of target reduction strate-
gies depending on different regions and farm scales. 
Additionally, effective strategies for environmental 
sustainability can also be formulated at each stage. Fur-
thermore, policy initiatives including carbon pricing 
and the Clean Air Act, also play pivotal roles in globally 
optimizing the decarbonization across the dairy sup-
ply chain, contributing to the reduction of overall car-
bon emissions. However, the dairy industry currently 
lacks global standards and a set of guidelines for emis-
sion reduction, therefore needs additional endeavors to 
comprehensively address sustainability issues.

In the future, the following aspects can be taken into 
consideration to accelerate positive changes. Firstly, it 
is encouraged to design low-carbon dairy alternatives 
such as sustainable animal-free foods in the wave of 
future food development to alleviate the environmental 
issues associated with traditional livestock. Simultane-
ously, there is a necessity to enhance the utilization of 
a low-carbon energy system in the dairy industry. Cur-
rently, solar energy has been successfully utilized in 
dairy farms, and more efforts can be made to improve 
the energy-use efficiency of other renewable energy 
at emission hotspots of the supply chain. Eventually, 
big data has great potential to contribute to global 
emissions optimization. Artificial intelligence (AI) 
algorithms and models can be developed to enhance 
logistics, monitor energy consumption, and predict 
emissions. AI-aided techniques will be a promising 
approach for optimizing emissions reduction within 
dairy supply chain and thus mitigating the impacts of 
climate change.
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