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very kilogram of cheese, paneer, or chhana leaves behind about nine litres of a pale, 

sour-smelling liquid the dairy industry has spent the better part of a century treating as an 

embarrassment. The chemistry explains why: cheese whey can carry a biochemical oxygen 

demand of up to 30,000 ppm and a chemical oxygen demand well above 60,000 ppm, so a 

single untreated litre poured down a drain does roughly as much ecological damage as a 

hundred litres of ordinary municipal sewage, stripping the water of oxygen and suffocating 

whatever lives in it. Worldwide, dairies generate somewhere between 180 and 200 million 

tonnes of this liquid every year, and by most estimates, only about half of it is ever put to any 

productive use. Yet that same pollution load is really a payload in disguise. Whey is one of 

the richest, most versatile biological streams the food industry produces, packed with lactose, 

bioactive proteins, minerals, and organic acids that would be expensive to synthesise from 

scratch, and its disposal represents a loss of raw material as much as an environmental 

hazard. This article traces the circular-economy roadmap now taking shape around that 

contradiction: membrane-based protein recovery feeding a whey-protein market worth close 

to ten billion dollars a year, lactose-fermentation routes into lactic acid, ethanol, and 

biohydrogen, anaerobic digestion for on-site renewable energy, and a growing catalogue of 

smaller-scale products, from fortified beverages and edible films to aroma compounds. 

Particular attention falls on India, the world's largest milk producer and the source of 

enormous volumes of paneer and chhana whey, where most of this liquid is generated by 

small, informal operators rather than large integrated dairies, and where the technology to 

close the loop already exists even though the organisational and policy scaffolding to run it at 

scale largely does not. The point that runs through all of it is a simple one: whey was never 

"waste" by nature. It became waste because of how badly we organised ourselves around it. 
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Introduction  
There is an accounting conundrum lying at the heart of the global dairy industry. For every 

kilogram of cheese, paneer or chhana that leaves a dairy, roughly nine kilograms of a 

nutrient-rich liquid called whey goes with it, which means that whey is not a small by-

product trailing the true product, but the bulk of the milk by volume, discarded right as it has 

already been paid for [7]. Around the world, dairies produce somewhere between 180 and 

200 million tonnes of whey per year, a number that steadily increases in line with worldwide 

cheese and paneer consumption; global milk production alone passed roughly 970 million 

tonnes in 2023 and grows by close to one percent each year, carrying whey volumes up with 

it [3, 7]. A recent review puts the figure at around half of that whey being meaningfully 

valorised; the rest is discharged, land-applied or simply run down a drain [3]. A study of 

Kenyan dairy processors found the figure even more stark; of nearly a million litres of whey 
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generated weekly across just ten processors, only 0.45 percent was being turned into 

something of value [5]. The rest was, quite literally, poured away, week after week, by 

operators who had no other obvious option and little motivation to seek one out. 

This is a non-trivial oversight, and not one limited to a particular region or income 

level. It takes place in high-volume industrial cheese plants in Europe and North America just 

as it does in small paneer units on the edges of Indian cities, artisanal cheese dairies across 

Latin America, and cooperative processing sheds across East Africa. What varies from region 

to region is not the presence of whey waste, but the degree to which more economically 

advanced dairy industries have, over the last three decades, managed to turn a significant 

percentage of their whey stream into sports nutrition powders and ingredients for infant 

formula, while smaller and more fragmented producers elsewhere are frequently still 

dumping whey straight into drains and waterways, just as European dairies did prior to 

environmental regulations pushing them toward change [17]. Understanding why that divide 

exists, and what it might take to remedy it, is really the subject of this article. The short 

version runs thus; setting fire to money and insisting there was nothing else that could be 

done with it is, historically, always a temporary condition, and the dairy sector has shown, in 

the places where they have tried, that they do not have to remain that way. 

A Pollutant Hiding a Payload 
The case for not dumping whey begins with some basic environmental chemistry. Cheese 

whey generally has a biochemical oxygen demand (BOD) of more than 30,000 parts per 

million (ppm) and a chemical oxygen demand (COD) of over 60,000 ppm, compared to 

typical municipal wastewater, which rarely exceeds the low hundreds of ppm [10, 12, 17]. 

Paneer and chhana whey, the dominant variety produced in India given the country's 

tremendous appetite for these products, compares favorably, with some samples running as 

high as 35,000 and 60,000 ppm for BOD and COD, respectively, and occasionally reaching 

higher values depending on the acidity and fat content of the curdling process utilized [9, 12]. 

Unadulterated whey dumped into a river or pond produces a huge spike in microbial activity 

that devours the water's oxygen supply, suffocating aquatic life within hours, often with fatal 

results for fish. It has been called, not without justification, one of the most polluting 

effluents the food industry produces [11, 13], in part because it often contains more biological 

material, and therefore more potential for mischief, than the environment can handle, and yet 

the same qualities that make whey such a problem as waste make it such a valuable resource 

as feedstock. Not all of that BOD and COD is mere refuse; it is largely lactose, whey 

proteins, minerals such as calcium and phosphorus, and organic acids in solution, all of which 

are biologically active [1]. Of the roughly 93 to 94 percent water in cheese whey, the 

remainder consists of a treasure trove of nutrients and energy sources for the nutraceutical, 

biofuel, and fine-chemical industries: 4.5 to 6 percent lactose, 0.6 to 1.1 percent whey 

proteins containing a complete essential amino acid profile, 0.8 to 1 percent minerals, small 

amounts of residual milk fat, and trace but nutritionally significant quantities of water-soluble 

vitamins that have survived the cheesemaking process unscathed [7, 17]. The industry's 

preferred term for this happy state of affairs is a fitting one: whey's journey from the gutter to 

the gold standard, and the gold standard for whey is what food engineers call an integrated 

dairy biorefinery, a facility designed to separate whey into multiple revenue-generating 

streams rather than a single product, using existing knowledge to extract as much value as 

possible from the feedstock at hand [8]. 

Roadmap One: Protein First 
The most mature commercial approach to valorisation is also the simplest to describe: 

remove the protein. Ultrafiltration and microfiltration membranes can be used to concentrate 

whey protein into whey protein concentrate (WPC, roughly 34 to 80 percent protein) or whey 

protein isolate (WPI, above 90 percent protein), both of which fetch a significant premium 

over raw liquid whey and can be processed further into digestible hydrolysates suitable for 

infant formula and clinical nutrition, where digestibility can be more important than cost [1, 
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3]. The global whey protein market was worth roughly 9.7 billion dollars in 2025 and is 

expected to rise to 17.5 billion dollars by 2033, fueled by demand in sports nutrition, infant 

formula, and a general shift toward higher-protein diets among younger, health-conscious 

consumers and an ageing population interested in preventing muscle loss [16]. This market is 

overwhelmingly dominated by WPC, which constituted over 40 percent of the market in 

2025, illustrating the extent to which one particular valorisation pathway has already been 

integrated into mainstream economics in North America and Europe, where whey proteins 

have gone from a bodybuilding supplement of the 1980s to a common grocery store item 

within the space of just a few decades [16]. 

  
Figure 1. Water dominates cheese whey by mass, 

but the remaining 6–7% lactose, whey protein, 

minerals, and trace solids is where essentially all of 

its recoverable commercial and environmental 

value is concentrated [7, 17]. 

Figure 2. The global whey protein market is on track to 

grow from roughly $9.7 billion in 2025 to around $17.5 

billion by 2033, at a compound annual growth rate of 

approximately 7.5% [16]. 

The issue with this approach is the capital investment. The necessary membrane evaporators, 

spray dryers, and the cold chain infrastructure to transport fresh whey to the processing 

facility without it souring represent a significant expense, often amounting to several hundred 

thousand or even millions of dollars for a processing facility of a reasonable scale [5, 17], an 

investment that is readily justifiable for a large integrated dairy but can prove impossible for 

the smaller and medium-scale processors that constitute the majority of the global whey 

economy, especially in the Global South. This is the conundrum of the whey protein 

recovery: it is a technology that favours scale and consistent supply, but the supply of whey is 

highly fragmented, with large swaths of the world having the capacity to produce only small 

amounts of whey in unpredictable quantities. 

Roadmap Two: Let the Lactose Ferment 
Protein is only half the story; lactose, whey's dominant solid, is a fermentable sugar that 

microorganisms are all too happy to work on, and arguably provides greater flexibility than 

protein recovery since it doesn't require the same cold-chain discipline or membrane capital 

investment [1]. Yeasts such as Kluyveromyces marxianus can convert whey lactose directly 

into ethanol, a biofuel that does not compete with food-grain feedstocks in the way that corn- 

or sugarcane-based ethanol production does [11]. Lactic acid bacteria can turn the same sugar 

into lactic acid, a compound with applications ranging from food acidulants and preservatives 

to the monomer feedstock for polylactic acid bioplastics, a degradable plastic that is finding 

increasing use in packaging as regulations on single-use petroleum plastics become tighter 

[1]. Anaerobic fermentation pathways can take it even further, up the chain to biohydrogen, a 

truly zero-carbon fuel whose chief barrier to entry now is cost rather than chemistry [1]. All 

of these routes have a dual effect: they turn an environmentally costly stream into a 

marketable product, and they dramatically reduce the residual BOD and COD of what is 

eventually discharged, cutting downstream costs and easing regulatory compliance in one 

blow. Fermentation has also led to some rather more unusual products, outside the comfort 

zone of protein powders and biofuels. Researchers have used co-cultures of yeast on cheese 

whey, supplemented with other food-industry residues such as crab shells and brewer's spent 

yeast, to produce 2-phenylethanol, an aroma and flavour compound with biocidal properties 
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that is normally synthesised chemically or extracted at great expense from rose petals for use 

in the perfume industry [15]. It's a small but charming illustration of the fact that whey is not 

so much a single product waiting to be extracted as a fermentation substrate capable of 

supporting dozens of different microbial conversion pathways depending on which organism 

is left to work on it - and what a given region's industry happens to need. 

Roadmap Three: Burn It Cleanly, Not Wastefully 
Where protein and lactose recovery are not economically viable often the case for smaller or 

more remote processors who cannot justify a dedicated membrane line for a modest daily 

whey volume anaerobic digestion offers a lower-tech but still genuinely circular option [1]. 

Whey’s high organic load, the same property that makes it dangerous in a drain, makes it an 

excellent feedstock for biogas production. Digesting whey or whey-laden wastewater 

generates methane-rich biogas that can be burned on-site for heat or electricity, 

simultaneously cutting a dairy’s energy costs and reducing the pollution load of whatever 

water is eventually released [1]. It is, in effect, converting an environmental liability into a 

renewable energy asset using technology that is decades old, well understood by engineers, 

and increasingly affordable even for mid-sized operations a much smaller and more forgiving 

capital outlay than a full protein-recovery line, and often the most realistic first step for a 

processor with no prior experience of whey valorisation at all. 

Roadmap Four: The Niche but Necessary Products 
Beyond the three major pathways lies a long tail of smaller-volume, higher-value applications 

that disproportionately matter to smallholder and informal-sector processors (the bulk of 

dairy production across South Asia and much of Africa) for whom even a modest anaerobic 

digester may be a bridge too far. Concentrated paneer whey has been used to replace water in 

bread, rusk, and soup-stick formulations, yielding products that testers found comparable to 

control items while slashing production costs in one Indian trial (whey-incorporated rusks 

and soup sticks came in noticeably cheaper per kilogram than the conventional versions they 

supplanted) [13]. Whey-based functional beverages (lemon whey drinks, fruit-blended whey 

smoothies, fermented whey-based probiotic drinks flavoured with everything from ginger to 

sea buckthorn juice) require far less capital than membrane filtration and have demonstrated 

strong consumer acceptance in sensory trials, often scoring well above the midpoint on 

standard hedonic taste-rating scales [6, 13]. Whey has been investigated as a substrate for 

bacterial cellulose, xanthan gum, and edible packaging films - applications that straddle the 

boundaries of food science and materials engineering and suggest a future in which whey 

finds uses far removed from its dairy roots [13]. None of these pathways will consume 180 

million tonnes of global whey on their own, but for an individual mid-sized paneer producer 

considering their options for the whey tank at the end of the day, they often represent the 

most immediately accessible options, needing little beyond a stove, a recipe, and a buyer for 

the experimental product. 

The India Test Case 
India's role in this narrative is unique, arguably more so than that of any other nation. Not 

only is it the world's largest milk producer, but given the sheer popularity of paneer and 

chhana in Indian homes and hospitality, it produces a colossal volume of whey - 

overwhelmingly acid whey (from unripened cheeses) rather than the sweet, rennet-based 

whey associated with European cheese-making traditions [10, 14]. Acid whey has a distinct 

chemical profile, being generally lower in pH and slightly imbalanced in its mineral 

composition, and thus more difficult to process using traditional European methods based on 

sweet whey, which presents a second level of complication in addition to the organisational 

one discussed above [9]. The organisational issue is the larger one, however. A significant 

amount of India's paneer and chhana is produced by small, informal operators - halwais and 

mini dairies located throughout the hinterlands who both lack the capital to invest in 

membrane separation technology and, frequently, the market reach to sell any whey-derived 
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product even if they had it [14]. The case study on Kenya is especially illuminating in this 

regard, as it examines a similarly distributed system in which smallholder processing 

predominates, making the adoption of any whey valorisation technology extremely 

challenging - not because such technology does not exist (ultrafiltration, fermentation, and 

anaerobic digestion are all well-documented practices with decades of research and 

development behind them), but because no single processor produces sufficient volumes of 

whey to justify the capital expenditure in isolation [5]. 

This observation suggests a potential solution in the form of aggregation. Cooperative 

or contract-based production methods that create an aggregated supply of whey from multiple 

small producers, similar to the way in which India's existing cooperative dairy sector 

functions at a range of levels from the village milk collection society through to the state 

federation, might be able to create sufficient economies of scale to make any one of the 

membrane-based protein recovery or anaerobic digestion processes economically viable. 

Regulatory shifts could also play a role. Several of the reviews mention, almost in passing, 

that one of the most significant drivers of whey valorisation in Europe and North America 

has been the progressive restrictions placed on whey effluent disposal by environmental 

regulators, which created a cost differential between whey disposal and whey recovery that 

made the latter increasingly attractive as a result [17]. Similar pressure from India's food 

safety and pollution control officials, coupled with the construction of shared infrastructure to 

process the whey once it is no longer being dumped, might create similar incentives for 

small-scale processors to participate in whey recovery. Especially considering that India is 

projected to experience extreme water scarcity by 2050, the latter factor might become 

increasingly important as an argument for whey valorisation as a source of fresh water 

becomes more compelling with each passing year [14]. 

Closing the Loop 
The circular economy is sometimes presented as a distant, futuristic aspiration, but whey 

valorisation is closer to a solved engineering problem waiting on an organisational one. The 

membranes exist. The fermentation strains exist. The biogas digesters exist. What is missing, 

in most of the world, is the infrastructure and the incentive structure to connect a fragmented, 

small-scale supply of whey to a genuinely large and growing demand for the proteins, sugars, 

and energy locked inside it. Every litre of whey poured down a drain is not simply pollution; 

it is a small, repeated failure to close a loop that dairy science has already shown, in 

laboratory and pilot-scale studies alike, how to close [1, 8]. The roadmap is not aspirational. 

It is sitting, mostly unread, on the desks of the people who could act on it, waiting for the 

combination of cooperative organisation, shared infrastructure, and regulatory nudge that has 

already worked everywhere it has been tried. 
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