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Abstract
Due to the significant growing demand for water, it is urgent to those in the food industry to consider a more rational 
and sustainable use of such a scarce natural resource. This chapter highlights alternative food processing methods that 
contemplate recycling and reusing water. Based on a systematic literature review, it highlights the adoption of cleaner 
production methods. The chapter focus on the meat and fresh produce sectors where evidence shows that water sus-
tainability related methods is the most needed. Suggestions are proposed to minimize water waste through the treat-
ment of effluents and decrease the impact of effluent pollution on the environment. In so doing, clear environmental 
and economic benefits could be achieved through the reduction of costs and value-adding to the final product. Yet, the 
implementation of Cleaner Production Methods would require support from the industry, policymakers, and consumers 
to encourage the recycling and reuse of water.

1  Introduction

Food chains are complex systems of resource-intensive operations which require varied sets of skills and factors of pro-
duction such as technology, labor, logistics, financial and natural capital [40]. According to Toussaint et al. [104], there are 
currently pressures affecting the social, economic, and environmental dimensions of food production and consumption 
imply that a wide range of stakeholders has to address the increased awareness and needs of populations to meet global 
food demand. In light of this, the sustainable use of natural water resources is of great relevance for food processing 
industries. This is because to bring food from farms to the consumers’ tables would require a great quantity of water. For 
many food commodities that we daily depend on, it has been estimated that about 70% of the total water used would 
have already been spent just to produce it at farm level [58]. Thus, considering the future water needs to only meet the 
population demand estimated to reach 10 billion people by 2050, the International Union for the Conservation of Nature 
(IUCN) has forecat an increase of 55–60% in demand for water [60].

It is known that in the calculations of the overall water’s ecological footprint in order to produce good quality water 
it is necessary to collect, transport and treat the liquid. In the process there is a great egergy requirment regarding the 
building of water treatment stations, the laying down of pipelines, the housig of equipment, the use of chemical clean-
ing products and labor. As a result of the water treatment, waste is also produced in the form of sludge which can be a 
polluting element if left untreated [74, 93]. Despite the relatively low cost of water in many countries, it is expected that 
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the many activities involved in bringing water from its point of abstraction, through treatment and distribution, until it 
is returned to nature it will be considerably costly in the future.

Increasingly, natural water sources such as groundwater, rivers, and lakes have become compromised regarding its 
quality and safety due to chemical and or microorganism contamination. Therefore, it is not difficult to realise that water 
has becomes a precious natural and renewable resource which would require careful management [57]. Due to climate 
change and environmental degradation, future routine practices in the food industry which might be currently taken for 
granted could be seriously affected by the ever-increasing water scarcity. This is because, a great volume of water is used 
during cleaning and hygiene process either for personal or food manufacturing daily routines. In the food industry, many 
operational practices involve the use of water. For example, staff must keep high standards of personal hygiene such 
as washing hands, showering, disinfecting shoes, laundering, and sanitation. At the end of a production batch, instal-
lations and equipment require to be cleaned and sanitized. In many of these aforementioned practices would demand 
the use of water. Yet, adopting practices that consider alternative food processing methods that cater for the recycling 
and reusing of water [10] is a must. Moreover, water-saving strategies can also bring both environmental and financial 
benefits to businesses. On the one hand, resource-saving practices are reflected in long term cost reduction practices [2]. 
Moreover, consumer pressure on the sustainability of food production has also been forcing manufacturers to adopt a 
more sustainable approach to production. In turn, food manufacturers have started to consider long-term water sustain-
ability measures which, on the other hand, also strengthen their marketing relationship strategies.

Therefore, this chapter aims to highlight the importance of more sustainable use of water to those involved in the 
food industry as well as students and consumers in general. Owed to the enormity of the problem, this chapter will only 
focus on the use of water use during the stages of food processing. Furthermore, also due to the food industry being 
characterized by a diverse range of sectors or categories such as fresh produce (fruit and vegetable), grains (milling and 
bakery; dairy; meat; fishery, beverages, confectionery, amongst others [27], it would be essential to further constrain the 
focus of the topics covered in this chapter on activities at the food processing level where raw materials are transformed 
into various products. However, there would be occasions during which broader agricultural and livestock raw materials 
products would be mentioned.

Through the measures presented in this chapter, food and beverage processing industries could develop short and 
long-term strategic plans for more sustainable water use management, thus contributing to the reduction of envi-
ronmental impacts, reducing costs, and adding value to the final product. This is possible when Cleaner Production 
Methods (CPM) is adopted. CPM is a concept proposed by United Nations which aims to prevent, contain, and minimize 
the detrimental impact industrial activity could cause on the environment and consequently on society. Through the 
elaboration of economic and environmental strategies applied continuously, CPM promotes the minimization of losses 
of natural resources, as well as a lower emission of pollutants to the environment, increasing the competitiveness of 
the industry by reducing costs and adding value [35, 83, 89]. A reduced use of water can take place by mainly changing 
processes along the production line. In so doing, cleaner production practices would help reduce water consumption 
during, for example, slaughter and meat processing, and fresh produce handling in general. That would avoid or remedy 
the detrimental environmental and health impact it might have due to the high water loads needed. Therefore, manag-
ers and technicians need to address the increasing challenges to access and manage new and clean water resources. 
They must also continuously look for strategies that reduce operating costs and set money-saving goals and strategies.

2 � Stipulation of goals

Food companies have to adhere to Hazard Analysis and Critical Control Points (HACCP), a food risk and hazard control 
program. A HACCP plan aims to identify irregularities along the process stages that fall outside the acceptable limits and 
tolerances to correct them as soon as possible. The plan is divided into five basic principles, which are: identifying the 
hazard during the process, determining critical points of control and its required limits of acceptance, monitoring the 
proceedings, and applying corrective measures when necessary, that is when production deviations occur [62]. Elaborat-
ing and implementing HACCP plans for water reuse can enable management to identify areas of improvement within 
the manufacturing process [57] and should, of course, consider safety hazards and risks [23]. Therefore, a HACCP Action 
Plan would allow better control of the use of the water network and an indication of processes to ensure efficient water 
management. The plan must be based on a company’s ability to verify, self-monitor, and control its practices to ensure 
the implementation, monitoring, corrective actions, and checks of the program regularly.
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Benchmarking, as defined by the International Water Association (IWA), is searching for the best management prac-
tices in a given industry, leading to superior performance. Therefore, based on the current literature, we have identified 
some key benchmark figures for water consumption in the food industry according to various food products (Table 1).

The guidelines on the reuse of water serves as a target for managers monitoring and implementation of the likely 
reduction in water use and wastewater. Water reuse practices in the food industry present a significant challenge in 
the coming years for both companies and public health authorities regarding knowledge, technical expertise, and 
documentation. After the initial systematic search of the literature was conducted, the EU Directive 2020/2184 ruling 
on water quality intended for human consumption was published. The EU Directive 2020/2184 provides for… “food 
business operators that have their own water source and use it for the specific purposes of their business should be able to 
be exempted from this Directive provided that they comply with relevant obligations, in particular regarding hazard analysis 
and critical control point principles and remedial actions under relevant Union legislation on food. Food business operators 
that have their own water source and act as water suppliers should comply with this Directive in the same way as any other 
water supplier” SPS:refid::bib39[39]. Therefore, some of the guidelines are broad to cater for many different situations.

After this introduction, an analysis of the water needs for specific food commodities such as fresh produce and 
livestock will be analyzed. Some of the principles behind the methods that will be addressed in this chapter could be 
applicable to the actual establishment in many different countries with some adjustments.

Table 1   Benchmarks of 
wastewater per production of 
different food products

Source: adapted from Bailone et al. [10]

Product Water used inside the industry References

Beverage Soft drink 3-L/L soft drink Gumbo et al. [51]
Beer 2.5–6.4 hl/hl beer The Brewers of Europa [21]

3.5–10 hl/hl beer Valta et al. [114]
Fruits and vegetables Olive oil 0.25–1.24 L/kg olive oil Valta et al. [114]
Animal products Milk 1.5–5 L/L milk Riera et al. [91]

0.6–1.8 L/L milk Environment Agency [36]
1.2–3.4 L/L milk Vourch et al. [115]

Cheese 1–4L/L processed milk Valta et al. [114]
Milk powder 0.8–1.7 L/L milk Environment Agency [36]
Ice-cream 4–5 L/kg ice-cream Environment Agency [36]
Pig 1.5–10 L/kg Valta et al. [114]

160–230 L/pig Environment Agency [37]
400–1500 L/pig Cetesb [25]
180–300 L/pig Unep [106]
373–500 L/pig CPTS [29, 30]
160–230 L/pig Environment Agency [37]

Cattle 2.5–40 L/kg Valta et al. [114]
700–1000 L/animal Environment Agency [37]
1000–3000 L/animal Cetesb [25]
800–1800 L/animal Unep [106]
973–2800 L/animal CPTS [29, 30]
700–1000 L/animal Environment Agency [37]

Sheep/goat 300 L/animal Rio Grande do Sul [92]
100–250 L/animal Environment Agency [37]

Poultry 6–30 L/kg Valta et al. [114]
30 L/bird Aguiar and Caleman [2]
17–24 L/bird Unfried and Yoshi [107]
16.9 L/bird Matsumura and Mierzwa [76]
8–15 L/bird Environment Agency [38]
16.3 L/kg Oliveira and Bellaver [82]

Turkey 40–60 L/bird Environment Agency [38]
Fish 14.98 L/kg Napoli [80]
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3 � Fruit and vegetables

Especially in the fresh produce sector, water is required to clean fruit and vegetables to remove dirt from the fields. 
The use of water in the initial stages of post-harvest is relevant since the produce could be chemically treated to 
combat pests such as insects and microorganisms [48]. Consequently, washing inbound produce consumes a signifi-
cant amount of freshwater upon arrival. The volume of water needed is considerable because an aqueous medium 
also serves for different purposes. As washing is carried out, the segregation of good fruit from other material thath 
is either too heavy or too light take place. An aqueous medium also allows the product to be moved from one post-
harvest processing stage to another within a packhouse. Moving produce in water has its advantages, and it is a 
common practice when handling fruit and tubers. For example, potatoes being processed for frozen French fries, and 
apples are two good examples of water application in a packing house. Moving produce between washing, sorting, 
and grading using an aqueous medium reduces the change of bruising, which would be detrimental to produce 
quality and shelflife [103].

Furthermore, water is still required in the packing house to maintain a high air relative humidity during chilling 
or, conversely, for blanching. For the initial stages of washing produce arriving from the fields, water reuse by reduc-
ing the frequency of the need to change of spent water is adequate. In stages further down the processing of fresh 
produce, adjusting the dose of chemicals used for sanitizing or even using other methods such as Ultraviolet (UV) 
treatment can be a cost-effective alternative. Yet, the minimally processed product approach allows fruit and veg-
etables to be ready for consumption. Hence, by following a set of pre-established hygiene and sanitation conditions, 
minimally processed fresh produce maintains the organoleptic characteristics of the food [16]. There is, nonetheless, 
an expectation that minimally processed would also provide water-saving solutions.

4 � Beverages

In recent decades, complying with a more sustainable method of food production and processing has become one 
of the most critical challenges for the beverage industry. Aguiar and Caleman [2] posited that food manufacturers 
had been the key drivers of sustainability until that moment in time. Their actions were decisive in “enabling trans-
formations in business practices that would enable them to attain higher levels of sustainability gains.” They also 
argued that food manufacturers, by acting “as spearheads” in sustainability, had an advantage over those who did 
not. It is known that many food manufacturers have corrected many inefficiencies and introduced saving practices 
in, for example, energy, heat, water, and raw materials waste. That has resulted in food manufacturers benefiting 
from reducing their operational costs and positioning themselves in the consumers’ minds for being ‘sustainable’. As 
a result, food manufacturers directly satisfied both consumers’ pressures and pro-environmental consumers’ groups 
at the same time.

Nonetheless, for the food manufacturers, the largest cost-redcution advantage has been in enabling them to accrue 
higher margins and return increased profits [2] to shareholders. Therefore, it is not surprising that more and more 
food processors have been implementing measures to improve their environmental, social, or economic sustainability 
credentials at various production processes. The pressure on the part of consumers on food manufacturers has also 
been growing, forcing the industry to adapt to new production methods. Consumers are not exclusively price and 
intrinsic quality-oriented but expect a bundle of benefits from their purchase. Therefore, consumption is complex as 
consumer behavior can be split between, on the one hand, satisfying personal needs and desires and, on the other 
hand, pro-environmental altruism and societal compliance [94].

The beverage sector is particularly responsible for manufacturing a range of products from alcoholic (winery, 
vinasses, molasses, beer, and spirits) to non-alcoholic (fruit juices, vegetable juice, mineral water, sparkling water, 
flavored water, and soft drinks) beverages [53]. The manufacturing of drinks requires a significant quantity of fresh 
water, which, in turn, generates considerable amounts of wastewater at different stages of processing. These include 
the liquid part of the drink itself, water used as a cooling agent, washing and disinfecting bottles, cleaning the work 
areas, washing the floors, and during washdown [51].

In beverage production, hygiene and sanitation standards should be kept high all the time. Therefore, microbio-
logical control as part of a HACCP plan foresees that water treated with acidic solutions should be used as one of the 
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microbial hurdles [53]. Nonetheless, water reuse and treatment could save the drinks’ manufacturer from the burden 
of abstracting more fresh, natural water. It is, thus, recommended that the beverage/soft drink industry wastewater 
is treated through a combination of Reverse Osmosis and Ion Exchange, which would be suitable for being reused 
in bottle washing plants and boilers. Furthermore, Haroon et al. [53] proposed that dilution of wastewater with fresh 
water up to 50% could be reused for the first three bottle-washing stages.

Up to the widespread use of plastic in bottling, the reuse of glass bottles was responsible for a great deal of freshwater 
wastage. That was required because of washing and sanitation, rinsing to remove trace elements of chemical agents 
before the bottles being refilled. Many chemical agents used in bottling sanitization can include chlorine, sodium hydrox-
ide, and detergents. Water is used extensively in bottle cleaning and sanitation but these activities are also large contribu-
tors of waste [53, 57]. Yet, some advocate that the return of the reuse of glass bottles is less harmful to the environment 
than the use of polyethylene terephthalate (PET) plastic [96]. However, we do not have enough time here to argue for or 
against PET compared to glass. The advantages or disadvantages of the return of reuse of glass are complex. The produc-
tion of total carbon energy equivalent for both PET and glass and the respective Life Cycle Analysis, the maximization 
of the volume occupied and weight in transportation; the possibility for introducing contamination hazards etc., might 
not provide a cut clear result. Therefore, reusing glass bottles in the beverage sector might not replace plastic too soon. 
However, it is undoubtful that water as a renewable resource has still been captured, cleaned, and enter the production 
cycle again in both cases. Nonetheless, plastic chemical compounds found in PET bottles would have a minimum of 
450 years of environmental impact on the planet [96].

Water cooling in a drinks factory is by far the number one practice, and it is responsible for about 59.5% of the total 
water consumption [105]. In a study by Alkaya and Demirer [3], the reduction of cooling water use was implemented 
in a fruit concentrate and fruit juice company. Closed-circuit cooling system product lines replaced the once-through 
cooling. At that same time, they recommended reusing cooling water blow-down from the fruit washing process. Such 
a method has been successfully replicated in other manufacturing sectors and soft drink/beverage manufacturers. In 
that case, this could be a solution for excessive cooling water consumption in many parts of the world where similar 
processes are employed.

Rachwał et al. [88] studied the utilization of brewery wastes in the food industry by-products, such as brewer’s spent 
grain, hot trub. Spent grains contain 80% of water, and they are responsible for 85% of the total brewer’s waste. Conse-
quently, studying water-recovery in spent grain using new technologies could result in substantial water savings [57]. 
Other measures could be put in place to minimize water consumption during bottle rinsing and, during beer manufactur-
ing, to optimize the reuse of hot water from wort cooling, recover heat from wort boiling, and reuse bottle pasteurizing 
overflow water [114].

Clean in Place (CIP) is a closed pipe cleaning technique widely used in the beverage, dairy, pharmaceutical, and cos-
metic industries to meet high hygiene and food safety standards. Besides, it saves time by avoiding the need to disassem-
ble equipment, hence a much shorter need to have the production come to a halt. Typically, the process is divided into 
pre-washing, cleaning with detergents or chemical agents, rinsing, and disinfection [14, 69]. Couto Pereira and Hansen 
[28], studying CIP process in one beverages’ manufacturer, showed that the improvements enabled by the CIP process 
could reduce both the initial and final rinse time, as well as recover the water from the final rinse.

5 � Dairy

Milk processing also requires large amounts of water regarding washing, rinsing, cleaning-in-place steps, pasteurizing, 
UHT processes, chilling, cooling, steam production etc. Membrane Bioreactor (MBR) methods which range from micro-
filtration (MF) to reverse osmosis (RO), are among the most promising techniques due to them being considered “clean 
technologies [91]. Studies demonstrate good results with the use of these methods in dairy products around the world 
[42, 115], as well as demonstrated that MBR was convenient through microfiltration, ultrafiltration (UF), nanofiltration 
(NF), reverse osmosis (RO) or two-stage operations such as NF  +  NF or RO  +  RO [115].

Riera et al. [91] studied the potential characterization and water reuse of nanofiltration of UHT flash cooler condensates 
from a dairy factory and proposed a nanofiltration plant to treat 20 m3/h of condensates with 87.5% water recovery. 
The economic estimation of costs (€0.777/m3) and savings (€2.807/m3) allowed the return on the investment (ROI) in 
1.29 years. In a study by Meneses and Flores [78], the potential for reuse of cheese whey as water in CIP process operations 
using combined ultrafiltration and reverse osmosis system was analyzed. The feasibility study took different perspec-
tives, including technological efficiency, safety, and financial needs. A water recovery of 47.03% was obtained using UF/
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RO filtration, whereas recovery of 85.65% was possible when the spray-drying step as part of the integrated system was 
included. The UF/RO filtration system is efficient enough as the quality of the water recovered is similar to drinking water 
[78]. In India, an improvement of CIP in the dairy industry was also developed applying mathematical modelings such 
as the General Algebraic Modeling System (GAMS/software), as well as the treatment of residual water using a reverse 
osmosis membrane, reducing 33% water consumption and 85% wastewater generation [22].

Valta et al. [114] proposed that to minimize water use in dairy processing and the water pollution load, filtering and 
milk clarification could use the Just-In-Time (JIT) approach when filling up the tanks, which can reduce the need for 
cleaning the centrifugal separators.

6 � Cattle, pig, sheep, and goat

The pre-slaughter of farm animals involves a set of management practices to reduce microbial contamination and loss 
of product quality. Before leaving the farms and being loaded onto trucks to be transported to the abattoir, the animals 
enter a fasting period to empty the gastrointestinal content. During evisceration, an emptier gastrointestinal tract reduces 
the risk of rupture of the viscera and facilitates cleaning the intestines and stomachs. Consequently, the total water need 
is reduced [65]. The fasting period must be at least eight hours before slaughter, not exceeding 24 h for bovines, sheep, 
goats, and 18 h for pigs and horses. Yet, during fasting, the animals should be kept hydrated all the time [20]. After arriv-
ing at the slaughterhouse, the animals are unloaded into arrival pens, and the fasting continues. Still, water should be 
available to allow the animals to de-stress after the journey. As for pigs, automatic dispensing of water drinking troughs 
is preferable to reduce waste and avoid the accumulation of dirt. Water is a good regulator for maintaining the animal’s 
body temperature and hydro electrolytic maintenance.

Furthermore, when held in reception pens, the cattle should also be protected from direct sun and have adequate 
ventilation. In tropical countries, environment conditions should be improved such as the presence of fans that circulate 
the air around the animals is deemed essential. In addition, in warmer and drier regions, water sprinklers can also reduce 
the temperature of the environment and maintain the relative humidity of the air suitable for animals in reception pens. 
Yet, such a practice could be replaced by air-conditioning systems.

Water is generally used to clean the livestock transport trucks and the reception pens, which need to be cleaned 
frequently. However, dry cleaning methods can also be employed before using water. For example, larger solids can be 
removed with brooms, squeegees, or shovels, reducing consumption by 20–30% of water at this stage of the process 
alone. A final rinse can be then carried out during which cleaning staff aims to hit the floor and surfaces at an angle of up 
to 60° in order to improve cleaning efficiency [106]. Moreover, regularly monitoring spray nozzles and pressure reducers, 
and shut-off valves to reduce water consumption. Therefore, the reception pens should be designed with water-saving 
in mind by constructing, layout, materials, and type of flooring to facilitate dry removal as possible [106].

In a conventional slaughter system, the bleeding of cattle and pigs should be quick, and it should not last more than 
7 minutes. Being the blood a compound with high biochemical oxygen demand, as long the bleeding time, higher will 
be the amount of blood collected, that will not go to the affluent, reducing the treatment demand and environmental 
pollution [120]. As for an alternative during bleeding, a two-way blood drainage system could be considered. This consists 
of two drainage outlets, one connected to the blood barrel and another to a septic tank. This would allow one outlet to 
be opened while the other is closed, particularly at the end of the slaughter when all the blood had been swept into the 
collection drum; all the wastewater would then be directed to the septic tank. Therefore, a more efficient separation of 
the blood and wastewater would also enable blood as a by-product to be processed [65].

Particularly in the slaughter of pigs, the scalding stage by immersion involves using the constant flow of heated water 
where the refilling/filling of the tank must be controlled by a valve or other device to avoid waste by overflow. The tank 
should have a slight slope in the bottom favoring drainage to facilitate the removal of solid residues from the tank when 
cleaning using less water [36, 37, 84]. Immersion scalding is currently the most used method in slaughterhouses. Still, 
there are already other techniques that achieve the same objective that use less water, such as scalding using hot water 
spray, steam, or condensation, where the use of water is more efficient and controlled [106, 120].

In the viscera’s cleaning stage, water is used to wash off the entrails. Therefore, the fewer feces there are, the easier 
this cleaning will be, and it is recommended to stop feeding the animal a few hours before the farm animals are shipped 
to the slaughterhouse. Still, at this stage, the idea is to do a dry cleaning of the frames before washing with water, thus 
reducing their consumption [65, 97, 120].
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The presence of automation and the use of robotics in slaughterhouses is increasing. Yet, the equipment requires 
constant cleaning to keep hygiene standards high. For example, automatic eviscerators require a continuous flow of 
water during the entire process. And, when the production process has to be interrupted, then the water flow should 
stop to avoid wasting of running water. This would be possible by installing a water waste control system as proposed 
by Pacheco and Yamanaka [84].

During slaughter, solid materials are produces at several stages. For this, an efficient collection of these by-products 
that would be thrown away could be used to manufacture flour for animal feed instead of throwing them down the drain. 
Drains equipped with screens and siphons can retain this material to be directed to the grease company, preventing it 
from going along with the rest of the effluent [106].

Furthermore, a simple and ancient method of using water is to collect rainwater, which can be stored in cisterns and, 
after being treated using flocculation and chlorine, rainwater could later be used for cleaning reception pens or in other 
places where drinking water is not required [10]. Rainwater harvesting has seen a resurgence as an alternative to bet-
ter manage water resources. The collection and use of rainwater can be valuable to washing livestock transport trucks, 
reception, and waiting pens [10]. This practice can be used in any kind of industry. The capture of rainwater could also 
be essential to avoid rainwater from entering the animals’ slurry collecting system. In countries where the Environmental 
Agency imposes strict slurry control measures, managing slurry contention tanks is constantly worrying farm manag-
ers. Often, rainwater enters the slurry collection system, leading to excess liquid in the slurry pools. Using data from the 
Meteorological Office (MetOffice) in the United Kingdom, a rapid appraisal was carried out by one of the authors of this 
chapter in a mixed farm (sheep, cattle, dairy, and pig) in the West Midlands. The total potential of rainwater that precipi-
tated over most of the farm buildings, if collected, would be the equivalent to the annual abstraction of water from one 
borehole also in that same farm. The figure indicated that about 22,152 m3 of rainwater could be potentially collected 
from the farm buildings, which could then be used during activities that, for example, would not require potable quality 
water, such as washing the floors. The rainwater capture would also avoid rainwater runoff to “contaminate” the slurry, 
which is currently the case. This would also provide some relief, particularly during the winter months, of excess liquid 
slurry being stored until the weather gets warmer to start to be spread in the pastures.

7 � Poultry

As for poultry slaughter, good practice recommends that water and food fasting should start six hours before the slaugh-
ter of the birds but not exceeding 12 hours [20]. At arrival, poultry should remain in climate-controlled waiting rooms 
to reach the point of thermal comfort. This would depend on the weather and the climatic conditions for specific coun-
tries. However, poultry should be protected from wind, rain, direct sunlight, and adequate ventilation and humidity 
[12]. Suppose the dimensions and density of the cages are calculated to allow good circulation of air to the birds and 
the construction of the reception area, which should provide a suitable shaded microclimate. In that case, water use by 
sprinklers could be reduced in hot weather situations.

Before slaughtering poultry, a change in the stunning method could represent significant savings in water consump-
tion. Electronarcosis stunning by immersion in water requires a tank with water changing in every shift. In addition, the 
level of water has to be kept high to allow for the poultry’s head, while hanging upside down by their feet can touch the 
water, which is charged with an electric current. Yet, gas stunning, a practice used in many countries, such as England 
and Netherland [12], or dry electronarcosis used in pigs are techniques that have considerably reduced water use.

According to Amorim et al. [5], the scalding and plucking stages in the slaughter of birds represent half of the total 
water consumption used during the entire process. To reduce this waste of water, during scalding, the size of the tank 
can be reduced while respecting the time–temperature binomial, or else change the conventional process of immersion 
in hot water to scalding by spraying hot water and steam.

Another critical aspect in poultry processing is pre-cooling, a stage after slaughter during which the carcass tempera-
ture must be brought down to 7 °C to create a hurdle for bacterial proliferation. The carcass temperature must get cooled 
as fast as possible but respecting the binomial time vs. temperature for it not being too quick, which would impact the 
quality of the meat or too slow, creating an opportunity for bacterial contamination. Therefore, cooling can be done in 
different ways. At pre-cooling, carcasses can be immersed in cold water. When this practice is used, a reduction in water 
renewal flow in cooling tanks is recommended. However, the present-day best alternative approach to saving water in 
pre-cooling is to replace water immersion for air refrigeration. In the air-cooling system, poultry goes through a tunnel 
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with air cooling with or without a water spray [11]. The advantage is that water used during scalding and pre-cooling 
can be reused in most poultry processing plants to drain, such as flushing offal and feathers [113].

Other simplified procedures in the slaughterhouse catering for all animal species could further reduce water con-
sumption. For example, it is well known that the installation of taps with automatic and timed closing for hand washing 
and showers is a proven method that reduced water wasting [59]. Other methods that also save water are mechanical 
cleaning of the solids (dry cleaning) before water washing takes place. When the bulk of the dirt is removed, then the 
use of water is shorter and more efficient. The same can be said when washing floors. The use of pressurized nozzles also 
reduces the overall water flow and aids in the dislodging some dirt attached to surfaces. When effluent cleaner water can 
be used in areas where drinking water standard is not needed there are clear gains in water savings, energy and water 
treatment such as in pre-washing of residues such as grease for the production of tallow and flour for animal food feed 
[5, 33]. Water reuse and effluent reduction techniques, already discussed previously, can be adapted to the slaughtered 
poultry from other species and other food industries. Cold production is also required to maintain rooms, such as the 
deboning room, at a constant 10 °C using air-conditioning. In air-conditioned cutting rooms and chilled chambers cor-
respond to large areas in a processing plant. Consequently, for cold generation, water-cooled ammonia refrigeration 
systems are commonly used [11].

8 � Fish

According to Gabardo and Santos [45], fish must fast 24–48 h before slaughter, and as good practice, the intestines should 
be empty at the time of slaughter. As previously mentioned, for slaughtering other species, it is possible to significantly 
reduce the amount of water by changing the layout and some handling techniques, such as high-pressure hoses and flow 
controllers, automatic activation of the taps well as possible monitoring leaks. Water consumption in a tilapia processor 
establishment has almost halved [6].

In fish processing, the stages of stunning with ice (thermo-narcosis), bleeding, washing, desquamation, cut off the 
head, it is also possible to save water by substituting the continuous flow of water for that of a batch system, i.e., using 
immersion of the fish in ice water. Another stunning method used in fish is electronarcosis. In the work of Lines and Kestin 
[70], several slaughter methods for trout were compared: stunning by CO2, bleeding from the gills, thermal shock, and 
electrical stunning. They concluded that single-phase electrical stunning for 60 s and 1000 Hz electrical current, despite 
causing bleeding in the animal, causes minor damage to the housing.

The use of pressure nozzles in the processing and cleaning of fish allows water savings that, together with reducing 
the number and size of spray nozzles, can save up to 75% of the volume of water. Regarding the filleting process, when 
unnecessary nozzles are removed, there is a 60–75% reduction in water consumption at this stage [6, 113]. In addition, 
during the thawing of fish, Valta et al. [113] recommended using immersion in a water container where water was mixed 
with bubbling air while the water recirculation level was kept constant. That allowed for better control of the temperature 
and a reduced need for water renewal.

9 � Water recycling and reusing in the food industry

The practice of partial or total water recycling and reusing can be applied to any food production process. However, 
there are countless contaminants carried by water, such as bacteria, viruses, parasites, natural toxins, chemicals, pes-
ticides, and heavy metals, making it necessary to carry out microbiological and physical–chemical analysis before its 
use. Drinking water must not contain pathogenic microorganisms that indicate fecal contamination as expressed by 
the coliform count. Through the microbiological analysis of water, the presence of non-pathogenic and pathogenic 
microorganisms can be identified, the latter being the most important concerning public health and food poisoning 
that can even lead to death. As for physical analyzes of water a range of tests can be used to measure changes in 
water quality. Firstly, since water should be colorless, any changes on color in water indicates turbidity or how murky 
that water can be. Turbidity can be an indication of organic matter suspended in water, therforefore the presence 
of microorgnisms such as bacteria and phytoplankton. Beyond water being colorless, it should also have no smell 
and no taste. However, the presence of chemical compunds residues such as calcium indicating hardness, ammonia, 
ammoniacal nitrogen, nitrates, nitrites, aluminum, iron, and heavy metal can be good indicators of contamination 
that could be detrimental to health [59]. So, periodic analyzes of these components must be carried out. In relation 



Vol.:(0123456789)

Discover Food             (2022) 2:5  | https://doi.org/10.1007/s44187-021-00002-4	 Review

1 3

to water chlorination, analyzes must be carried out several times throughout the day by the inspection service and 
by the company’s quality control Environmental Protection Agency (EPA) Surface Water Treatment Rule requires a 
minimum disinfectant residual of 0.2 mg/L for water entering the distribution system and that a detectable level be 
maintained throughout the distribution system [109]. The World Health Organization (WHO) has suggested that, for 
areas with little risk of cholera or related outbreaks, a free chlorine residual range of 0.2–0.5 mg/L be maintained at 
all points in the supply [119].

Thus, to meet these parameters in reuse water, we need to treat it. As stated earlier, MBR is a modern and promising 
technology for the treatment of effluents before the reuse of water within the food industry itself [24], having several 
benefits in relation to conventional systems, combining a biological process with membrane separation [61, 108].

Going further, synthesizing nanomaterials is possible by incorporating new membranes with specific properties in 
MBR systems for wastewater treatment. The use of nanotechnology, a science of the next generation, in MBR, improves 
the performance and efficiency of the process, with minor encrustation and greater efficiency in removing pollutants, 
promoting greater sustainability in the use of water and generation of environmental pollutants [85, 87]. Ferraciolli 
et al. [41] evaluated the extent of the potential of effluent reuse in fish processing. They found out that low organic load 
effluent resulting from evisceration and washing equipment could be reused after treatment, particularly after remov-
ing the solids.

The reuse of water can be direct or indirect. The indirect use occurs when water is discharged into the environment 
and eventually captured and used again in its diluted form. After being treated, immediate use occurs when the effluents 
are sent directly from their discharge point to holding tanks or pools, thus not being discharged into the environment 
[67]. Current environmental legislation in many countries provides that any effluents should be treated and recycled 
within a system. In the case of solids resulting from slurry production, they should be separated before the liquid phase 
could be either spread on fields or treated and re-introduced to the environment.

Currently, there are several techniques available to treat effluents in industrial plants. Typically physical–chemical 
effluent treatments can be found in urban water effluent water pants consisting of floation, decanting and chlorinat-
ing. In some systems, biological treatment of efluents which use specific bacteria aids in the breaking down of organic 
matte. These ca be aerobic, as mentioned before or anaerobic. In anaerobic treatment, without the presence of oxygen, 
typically used as a pre-treatment of water, anaerobic digesters breakdown organic matter and, as a by product, both 
CO2 and methane gas are produced. In recent years, artificiaaly built wetlands have been intrduced as an alternative 
to water treatment allowing for the natural breaking down of organic matter promoted by natural biological process. 
Electrochemical water treatment methods are rare but effective in treating industrial effluents. Particularly, the electric 
current coagulates all chemical compounds, including ions, diluted in the acqueous medium. Membrane bioreactors tend 
to be used in sludge treatment in urban water works. Yet, the type of treatment will depend on the scale, the purpose 
and the investment needed as sine if the aforementioned methods can be costly [1, 34, 99].

Biological processes are generally based on decanting and natural degradation of the organic matter in the effluent. 
For this purpose, the microorganisms of the effluent itself are used, which, with the introduction of air, end up carrying 
out the water treatment task. Yet, the effluent also requires to be disinfected. This can be done using physical–chemical 
processes, such as chlorine or UV, among others [67]. The specific type of effluent treatment would depend on the initial 
water quality and the purpose of its secondary use [64, 67].

Depending on the level of treatment conferred to reused water, it can be also used for the purpose of, for example, 
fire protection reserve; aquatic decorative systems, such as fountains and fountains, water mirrors; flushing public toilets; 
ground dust control; garden irrigation; cooling towers; boilers; civil construction and soil compaction; washing floors, 
vehicles, industrial warehouses, and some mechanical parts and equipment; use in industrial processes and aquifer 
recharge [100]. Reused water can also be used for irrigation in agriculture cultures, such as lettuce [95] and microalgae 
cultivation [71]. Some studies suggest this previous treatment of wastewater by wetlands construction [75, 79].

For example, Brazilian law allows the reuse of water only for non-potable purposes. In contrast, in other countries, 
reuse water can also be used for drinking purposes, of course, after treatment. Direct drinking reuse for public supply 
is already established in several American states, South Africa, Australia, Belgium, Namibia, and Singapore, without 
any associated public health problems [56]. The World Health Organization follows HACCP guidelines for water reuse 
risk-management [118]. The “guidelines for the safe use of wastewater, excreta, and greywater” apply to wastewater in 
agriculture, aquaculture, sewage, and treatment in industrial plants. This is true to the USA [110], Australia [52, 102], 
and the European Union [4, 17]. Furthermore, the Codex Alimentarius establishes the reuse of treated effluents from 
food manufacturing must consider the likely potential control of pathogenic microorganisms [26, 68]. The UNEP [106] 
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recommends the reuse of wastewater from cooling systems and vacuum pumps for the purpose of washing livestock 
in reception pens.

Depending at what stage the water reused would be needed, it might not be necessary to reach drinkable status. 
Therefore, it is possible to pre-treat the water through coagulation, flocculation, sedimentation, filtration, and chlorina-
tion. It is important to note that in food industries, the procedure in use that allows for that return of water to the natural 
watercourse with COD should be lower than at the point collected and must also comply with the environment [82].

Other water treatment methods have been studied. Barrera et al. [15] looked at vacuum-ultraviolet and ultraviolet-C 
processes in the reduction and degradation of total organic carbon and bacteria in secondary effluent of slaughterhouse 
wastewater. Biodigesters have been effective in breaking down effluents and blood to generate energy [66, 117]. Energy 
can be fed to the national grid or used during processing such as lighting and the heating–cooling systems [32, 50, 55, 
72, 73, 116].

Another possibility recently studied to treat wastewater from food industries is enzymes [9]. Some studies have con-
sidered the use of enzymes such as Laccases which catalyze the oxidation of phenolic compounds [13, 77] and effluent 
detoxification [8, 90].

Another way to reuse water is through treatment using MBRs systems, as already described earlier in this chapter, as a 
sound system used in different food industries. In establishments that dispose of effluents with high biochemical oxygen 
demand, this type of treatment can be very advantageous, offering an opportunity for food companies to achieve almost 
zero disposal of their waste [47, 101].

With the advancement of new technologies and Industry 4.0, industries should have environmental awareness and 
implement environmentally friendly and sustainable systems. However, simple and less expensive methods can also be 
adapted.

10 � Industry 4.0

In recent years, an increasing number of research outputs have been coming to light, particularly how companies can 
adapt to the changing market environment to new production methods and processes regarding sustainability. Imple-
menting innovative solutions in conjunction with artificial intelligence and augmented reality [19, 86] has been deemed 
of extreme importance in the development of new scientific research applications. It is expected that the introduction 
of information technology (IT) in the food sector would enable advanced solutions to the food industry.

Industry 4.0, also called the Fourth Industrial Revolution, is a new concept that mobilizes companies worldwide to 
use cutting-edge technology, creating an intelligent production system, to enable the creation of “intelligent factories” 
based on high-quality systems. Technology [18]. It could be compared to the industrialization in the manufacture of 
food during the last century, which allowed the production of food to increase 100 times. Regarding beverages, also in 
the previous century, the jump in production was from 100 bottles per hour, intensively dependent on human labor, to 
10,000 units per hour with the aid of machines. Industry 4.0 would then be expected to bring further gains in production, 
hence becoming a milestone of the same magnitude in world production of food and beverage [7].

Industry 4.0 emphasizes information and communication technologies as one of the four main technological areas: 
information and communication technology, technologies to ensure vital resources (food, water, and energy needs), 
new technologies, manufacturing, and automation. The definition of Industry 4.0 consists of nine pillars, according to 
Vaidya et al. [112].

10.1 � Big data e data analytics

Intelligent systems that can collect, organize and analyze a vast amount of data from different sources to improve and 
automate industrial processes and are responsible for identifying process failures, improving product quality in real-time, 
and efficiency in the use of all productive resources.
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10.2 � Autonomous robots

In the fourth revolution, robots are much more than simple machines that follow schedules, and now they can work 
intelligently, interacting with other machines without human supervision and autonomously, reducing labor costs. Work 
and increases production, making industries more competitive.

10.3 � Cloud computing

Fast and interconnected systems, with access to the database and support from any location, with the full integra-
tion of industrial plants.

10.4 � Internet of things (IoT) in industry

All technologies connected by sensors and connected to the internet. Everything that happens in an industrial plant 
is registered on the internet. Sensors are responsible for generating and analyzing data (data analytics), expanding 
the ability to make decisions in real-time, and allowing access and control throughout the production process.

10.5 � Simulation

The entire creation chain can be simulated virtually in industry 4.0. The virtual environment can involve products, 
materials, machines, processes, and people, allowing methods and products to be tested, reducing failure costs and 
design time.

10.6 � Systems integration

IT systems interconnected within companies, with universal data-integration networks (ERP, MES, SAP) that vertically 
and horizontally integrate the entire production chain to facilitate data analysis and decision making.

10.7 � Cybersecurity

Cybersecurity, cybersecurity or cybersecurity, is essential in industry 4.0 and a consequence of the other pillars. With 
highly connected and integrated management to the internet, protecting data and systems is fundamental and can 
be pretty challenging.

10.8 � 3D printing

Additive manufacturing allows production using 3D printers. For the production of physical prototypes and custom-
ized parts, or for the rapid manufacture of complex factors, which in the traditional process model involves high costs 
of customization, manufacture, and transportation.

10.9 � Augmented reality

It is the visual overlap of real and virtual objects that can facilitate the operation of machines and maintenance 
services, allowing an increase in productivity and cost reduction in manufacturing processes, in addition to saving 
resources.

Thus, with the implementation of these new technologies, the situation in the entire food industry will change 
dynamically. It is already improving and will further enhance many areas in the food chain in the next few years. 
According to Borowski [18], the implementation of Industry 4.0 will allow companies to implement new products 
and production methods, obtain better results and competitiveness, reduce production costs, and save water and 
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energy, both so important in the current world of CO2 emissions. Thus, in addition to reducing costs, this type of 
intelligent industry meets the environmental requirements necessary for preserving the planet’s natural resources.

We can cite examples of these pillars about the sustainable use of water, such as augmented reality. For example, 
Equipment operators could use 3-D Glasses or special tablets to certify cleaning routine and cleaning checklist in 
food factories. Therefore, the control would be much more efficient and safer, as information would be displayed on 
what needs special attention and where the critical control points are throughout the process. They could provide 
visual guidance on where water costs are highest and correct them when necessary, redundant downtime, and, 
consequently, increasing the effectiveness of the process in general [19]. Also integral to HACCP, verification and 
documentation could be stored online and be fed to blockchain systems. Consequently, within Industry 4.0, “Water 
4.0” is a concept that has recently been touted as the “future” of the water industry.

Artificial intelligence (AI) systems can do risk detection better than humans in real-time, ensuring safer, more accurate, 
faster, and more consistent results during production. AI is of great importance in optimizing water resources, with bet-
ter control of cleaning and hygiene processes in the food industry, reducing the final cost of production. These controls, 
being robotic and automated, can constantly operate 24 h a day [44, 46, 49, 54, 98].

According to Arora and Sharma [8], a way to reduce water consumption in the food industry would be to implement 
efficient pumping using variable speed pump (VSD) controls that offer various functions via software, such as regulat-
ing pressure and flow parameters. Water for cleaning tubes in CIP equipment, reducing cleaning time and reducing the 
amount of water consumed during the process. There is also anti-cavitation software, which detects and prevents cavi-
tation, ensuring the optimal flow of water throughout the plant, in addition to increasing the pump’s life. The choice of 
machinery also reflects water use; it is important to choose equipment that is easy to clean, taking less time, and requiring 
less water, i.e., stainless-steel washdown motors, gearboxes, and mounted bearings with smooth, crevice-free surfaces.

The food and beverage industry can also benefit from intelligent sensors to detect and calculate the actual water 
needed for each process. Running a more sustainable, energy-efficient food and beverage manufacturing plant is possible 
by using technology to minimize carbon and water footprint. Following the global trend, companies must be environ-
mentally conscious, focusing on energy efficiency and sustainable use of water, knowing that the money invested in the 
implementation of new facilities and equipment will return in the form of cost reduction and added value to the product.

There are already digital industrial plants, fully integrated, with minimal losses and little human interference in most 
processes. Specifically in the food industry, we already have highly mechanized and automated plants, such as cheese 
production plants. Operators control parameters from a control room via computers, and the process takes place without 
any human interference, except during preventive or corrective maintenance. Even for repairs, there are already autono-
mous systems that only activate a human being as a last resort after all the solutions programmed in the system have 
been exhausted [81]. However, these intelligent systems depend on a cutting-edge internet. Highly robotic slaughter-
houses it1s also a reality. The entire flowchart is automated, from the reception of the animals to the complete deboning 
and packaging with minimum losses during the process, optimizing water energy use, reducing costs production, and 
adding value to the final product.

In this way, many losses will be minimized through exact calculations generated by AI, being possible, for example, 
to calculate the precise amount of renewal water necessary for the pre-cooling of birds carcasses, or for the scalding 
process of birds and pigs., or to make a rational use of or replace the spray bath prior to the stunning of bovines, as well 
as in the washing of bovine carcasses before entering the cold chambers, or losses of meat that are adhered to the bones 
after a bad deboning, or else detect any type of leak that may be happening in the company in real-time, draw better 
logistical plans reducing unnecessary losses, among many other points, being practically everything better reused with 
the minimum of human intervention, where the decisions of when to call, shut down or when to accelerate or reduce 
production, in the manufacturing environment, become automated and carried out by machines, being capable of 
detecting any type of irregularity in advance, with maximum control and in real-time.

Food companies increased investment in automation and the robotization of dynamic progress, observing as a result, 
an improvement of the product as well as reduction of production costs [43], which is associated with setting the 
limits of process efficiency [31]. Food processing with minimal expenditure on natural resources, including water, will 
certainly reduce the impact of the ecological footprint caused by this sector [63]. Clean production methods, together 
with advances in robotics and artificial intelligence, within Industry 4.0, should lead to a new phase of water use in the 
coming years within the food industry.
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11 � Conclusions

Despite all the current and predicted changes, water will remain a natural asset of great value to humanity. Consequently, 
its use should still deserve the utmost care to enable future populations to access good quality clean water.

Water is an essential and invaluable resource for the food industry. Many aspects regarding the more efficient use 
of water were addressed, however, these have not been exhausted here. In the light of increasing water scarcity due to 
environmental degradation, pollution, and climate change, managers in the food industry should be more alert to cleaner 
production methods. During the production and processing of food, cleaner production methods can mitigate water 
scarcity. It is already a reality in many industries, but more still could be done regarding implementation and research, 
and technology adoption grant investments. Proposals and suggestions for techniques presented in this chapter allow 
the food and beverage industry to minimize the waste of this natural resource while also mitigating the production of 
effluents and consequently their pollution. Thus, companies will reduce impacts on the environment and reduce costs 
and add value to the final product.
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