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1. Introduction

The dairy sector plays an important role in 
ensuring food security by providing milk and dairy 
products. However, this comes with significant envi-
ronmental challenges, such as greenhouse gas emis-
sions, high water consumption, and large volumes 
of organic waste (Milani et al., 2011; Wang and Ser-
venti, 2019; Olusegun, 2024; Mwirigi et al., 2025). 

The circular economy is a regenerative model 
designed to keep materials in use for as long as pos-
sible, extract maximum value from resources, and 
reduce impact on the environment (Geissdoerfer et 
al., 2017). In the context of the dairy industry, this 
involves optimising resource use, valorising waste 
and co-products, minimising waste, and designing 
processes that support closed-loop systems (Adesra 
et al., 2021). Given the growing regulatory, market 

and consumer pressures, the shift to sustainable pro-
duction in the dairy sector has become essential. In 
this context, applying circular economy principles 
offers a valuable approach for transforming dairy 
industry waste into useful resources.

2. Dairy industry waste: sources and types

Dairy processing produces diverse by-products 
and waste. The volume, concentration and compo-
sition of dairy wastes varies depending on the scale 
and nature of operations, and it can be classified into 
two types: wastewater, i.e., effluent and solid waste 
(Adesra et al., 2021). 

Wastewater in the dairy industry originates 
from different processing stages: from milk produc-
tion on farm, milk receipt at the dairy, to processing 
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and product packaging (Watkins and Nash, 2014). 
Approximately one to three litres of wastewater are 
produced for every litre of milk produced (Kushwa-
ha et al., 2011). This effluent is often character-
ised by a high organic load. The organic load of the 
effluent is monitored by biological oxygen demand 
(BOD) and chemical oxygen demand (COD) in the 
range of 0.1-100 kg.m-3 with an index of biodegra-
dability (BOD5/COD) typically in the range 0.4-0.8. 
Organic matter content is mainly due to the pres-
ence of carbohydrates (lactose) and proteins derived 
from milk. Additionally, fat content (0.1-10.6 kg.m-

3) suspended solids (0.1-22 kg.m-3) and nutrients (N 
and P) also contribute to the contamination levels. 
Hygiene requirements in milk processing facilities 
and frequent cleaning result in effluents contain-
ing detergents and other cleaning agents (Prazeres 
et al., 2012; Slavov, 2017). Without adequate treat-
ment, the discharge of these effluents into natural 
water bodies can lead to eutrophication and degra-
dation of aquatic ecosystems (Prazeres et al., 2012). 
As such, effective wastewater management is a cor-
nerstone of sustainable dairy operations (Chokshi et 
al., 2016).

In addition to effluents, the dairy industry gen-
erates substantial amounts of solid waste, such as 
treatment sludge, residual solids from milk pro-
cessing, and non-biodegradable packaging. Sludge 
is generally classified into two categories: chem-
ical sludge and biological sludge. It contains both 
biodegradable organic matter and non-biodegrada-
ble solids (Kwapinska  et al., 2019), and such, can 
be valuable but also potentially hazardous when 
improperly managed (Frąc et al., 2017). Sludge 
properties depend on the specific treatment tech-
nology applied (aerobic or anaerobic) and on the 
chemicals used in physicochemical processes. The 
quantity of sludge produced is directly proportion-
al to wastewater volume (Adesra et al., 2021). Pack-
aging waste, mainly plastics, contributes to marine 
and terrestrial pollution unless recycled (Esposito 
et al., 2020). Untreated disposal of dairy processing 
wastes through landfilling or incineration can lead 
to long-term environmental hazards, such as meth-
ane emissions and leachate pollution. Implementing 
proper segregation and recycling mechanisms, such 
as diverting organic waste, can significantly miti-
gate these impacts (La Pera et al., 2023; Scharff et 
al., 2023; U.S. Environmental Protection Agency, 
2025).

3. By-products of dairy industry

The main by-products of the dairy industry, 
whey and buttermilk, were traditionally considered 
as waste, but are now being recognised for their rich 
nutritional composition and potential applications. 
Whey, by-product of cheese production, is rich in 
lactose, proteins, and minerals. For every kilogram 
of cheese produced, up to 9 litres of whey is gener-
ated (Barukčić et al., 2019; Lappa et al., 2019). But-
termilk is a by-product obtained during the churning 
of cream into butter, and it contains lactose, proteins, 
vitamins, and minerals, as well as bioactive com-
pounds, such as probiotics and peptides. Due its rich 
nutritional content and functional properties, butter-
milk is increasingly being valued not only as bev-
erage but also as an ingredient in food formulations 
for improving texture, flavour, and shelf life (Shah, 
2000; Hameed et al., 2023). These by-products offer 
opportunities for value addition when appropriate-
ly processed and integrated into food, feed, or other 
industrial applications (Prazeres et al., 2012).

4. Circular economy strategies in the dairy 
industry and waste valorisation pathways

Circular economy implementation in the dairy 
industry involves a range of strategies which aim to 
convert waste into valuable resources. Valorisation 
is a core principle of the circular economy, focus-
ing on closing material loops, minimising environ-
mental impact, and maximising resource efficiency 
(Olusegun, 2024; Udourioh et al., 2025). 

Whey and buttermilk, once considered low-
value by-products, have been successfully trans-
formed into valuable ingredients in the dairy indus-
try. Whey proteins, rich in essential amino acids and 
bioactive peptides, are isolated using membrane fil-
tration technologies and incorporated into high-val-
ue products, such as sports nutrition supplements, 
infant formulas, and functional foods, due to their 
excellent nutritional and functional properties. This 
valorisation not only improves economic returns 
but also supports sustainability by reducing waste 
(Smithers, 2008). Buttermilk, containing milk fat 
globule membrane components, proteins, and bioac-
tive lipids, has gained attention for its emulsifying 
properties and potential health benefits. It is increas-
ingly used in beverages, bakery products, and nutri-
tional formulations, contributing to product inno-
vation and enhanced nutritional profiles. Together, 
these examples illustrate the dairy industry’s shift 
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towards circular economy principles by converting 
traditional low-value streams into high-value func-
tional ingredients (Smithers, 2008).

Dairy sludge can be treated through anaerobic 
digestion to produce biogas (typically CH₄ and CO₂). 
This renewable energy source can fulfil the facili-
ty’s energy demand, while the nutrient-rich digestate 
can be used as an organic, nutrient-rich biofertilis-
er (Scott and Blanchard, 2021; Duan et al., 2025). 
Anaerobic digestion contributes not only to waste 
reduction but also to lessening climate change stim-
ulation (Massé and Massé, 2010). 

Membrane-based separations, such as micro-
filtration, ultrafiltration, nanofiltration and reverse 
osmosis, are effective for selectively separating 
and concentrating valuable molecules while ena-
bling the treatment and reuse of dairy process water. 
These techniques facilitate the recovery of compo-
nents like proteins and lactose, contribute to reduc-
ing waste volumes, and enhance resource efficiency 
by closing production loops within the dairy indus-
try (Luo et al., 2011; Reig et al., 2021; Ahmad et al., 
2022).

An emerging valorisation pathway involves 
converting lactose-rich streams, such as those from 
cheese whey, into bioplastics. Through microbial 
fermentation processes, lactose-containing residues 
can produce polymers like polylactic acid (PLA) 
and polyhydroxyalkanoates (PHAs), which are bio-
degradable and suitable for use in food packaging. 
For example, Bacillus megaterium has been shown 
to produce polyhydroxybutyrate (PHB), a type of 
PHA, from whey (Obruca et al., 2011). Biorefin-
ery approaches also propose the use of whey for 
PHA production, providing a more environmental-
ly acceptable alternative to conventional plastics 
(Asunis et al., 2020). Microbial processes convert-
ing deproteinised dairy streams into biohydrogen 
and PHAs demonstrated high yields of biopolymer 
(~62%) illustrating both sustainability and circular 
economy potential (Colombo et al., 2019).

Biodegradable packaging films composed of 
proteins, polysaccharides and microbial cellulose 

represent a promising shift towards sustainable mate-
rials with decreased environmental impact. Whey 
protein-based films have excellent oxygen barrier 
and good mechanical properties, degrade naturally, 
and can be formulated to include active compounds, 
such as antimicrobial and antioxidant agents. Recent 
advancement includes multilayer structures inte-
grating whey-based layers designed for strength and 
shelf life without compromising environmental per-
formance (Potrč et al., 2020; Reichert et al., 2020; 
Bugnicourt et al., 2021; Kandasamy et al., 2021; 
Singh et al., 2025). Despite these benefits, biode-
gradable and compostable packaging materials face 
challenges, such as higher production costs than 
their fossil fuel-based counterparts, limited shelf-
life stability, and consumer adaption (Peelman et al., 
2013).

The application of circular economy princi-
ples in the dairy industry has unlocked new rev-
enue streams by converting low-value or waste 
materials into marketable products. Whey valorisa-
tion, for instance, contributes to economic growth 
by enabling the recovery of functional ingredients 
and supporting sustainability within dairy opera-
tions (Tița et al., 2024). Investments in renewable 
energy technologies, such as anaerobic digestion of 
whey, which generates biogas to provide energy and 
reduces carbon emissions, offer long-term cost sav-
ings and energy autonomy for dairy facilities (Pires 
et al., 2021). 

5. Conclusion

The Circular economy is a more sustaina-
ble pathway for dairy industry, aligning econom-
ic profitability with positive environmental impact. 
By implementing circular economy principles, dairy 
producers can reduce their ecological footprints, 
enhance resource sustainability, and build more 
resilient supply chains. Realising the full potential 
of these principles in the dairy sector will require 
investment in advanced technologies, as well as 
strong stakeholder engagement and policy support. 
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