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ABSTRACT 

 

South Africa is a water-scarce country. Globally, the agricultural sector accounts for 75% 

of freshwater consumption, followed by the industrial sector with 20%, and the domestic 

sector with 5%. The human population is anticipated to increase by 2.3 billion people 

between 2009 and 2050. This will give rise to an increase in demand for food, fibre, and 

biofuel crops; consequently putting pressure on freshwater resources between the three 

economic sectors. 

 

Despite only 1.5% of South Africa’s agricultural land being under irrigation, irrigated 

agriculture uses about 60% of freshwater resources. The contribution of agricultural 

irrigation to achieve food security is seen in how it contributes to 30% of grain production. 

Irrigation allows farmers to harvest relatively higher yields per hectare (ha) compared to 

rain-fed conditions. Greater yields entail more labour requirements and thus employment 

opportunities. It also results in higher farm revenues. 

 

The increase in the demand for freshwater will force economic sectors to compete for 

freshwater. Given the high level of water use seen in the agricultural sector as well as 

the dependence of the agricultural sector on freshwater, there is more potential for 

reducing water demand in the agricultural sector and great benefits from informing water 

users and policy makers of sustainable water use management in the agricultural sector. 

Maize is an important crop in South Africa, which is both imported and exported, with 

South Africa being a net exporter of maize. Furthermore, it is a major ingredient in broiler 

feed as it makes up more than 60% of broiler feed. 

 

Given the pressure to use freshwater in a sustainable manner to ensure the indefinite 

production of irrigated crops, a water footprint assessment (WFA) may be used as a 

sustainability indicator to identify whether production is sustainable. A water footprint is 

the volume of water used to directly and indirectly produce a product or service. It 

comprises three components, namely the green, blue, and grey water footprints. 

 

Internationally, a large amount of work has been published on WFAs for field crops by 

authors such as Aldaya and Hoekstra, (2010), Sun et al. (2013), Chapagain and Orr 

(2010), Hoekstra et al. (2011), and Mekonnen and Hoekstra (2010). However, very few 

applications have been conducted locally. These include the work of SABMiller, the World 

Wide Fund For Nature (WWF), Pegasys Consultants (2010), Pahlow, Snowball and 
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Fraser (2015), Munro et al. (2015), and Scheepers (2015). The volume of scientific 

research is therefore insufficient to effectively guide the management of local water 

resources.  

 

The aim of this study was to assess the water footprint of maize and broilers as derived 

from irrigated maize production in the form of a case study carried out in the Bloemfontein 

area. This aim was attained by firstly quantifying the volumetric water footprint indicators 

for the production of maize and broilers as derived from maize production. Thereafter a 

sustainability assessment was conducted, followed by the formulation of response 

strategies to inform the sustainable use of freshwater. 

 

The method of the Water Footprint Network (WFN) was identified as suitable to achieve 

the aim and objectives of this study. The method consists of the scope of the study, water 

footprint accounting, sustainability assessment, and response formulation. Maize water 

use data were obtained from secondary data from experiments conducted by Van 

Rensburg et al. (2012), who collected data from the Orange-Riet Irrigation Scheme. 

Water use data for farm-level broiler production were obtained from a broiler-producing 

company. Process data were obtained from a broiler-processing company, which 

happened to be the same firm that produces broilers on site. 

 

At a yield level of 14.32 tonne/ha, the total maize water footprint was determined as 

584.19 m3/tonne. This comprises a green water footprint of 186.92 m3/tonne, a blue water 

footprint of 275.58 m3/tonne, and a grey water footprint of 121.69 m3/tonne.  

 

The total broiler water footprint was detetermined as 1 474.56 m3/tonne of chicken meat 

produced. The water footprint of farm-level broiler production, excluding feed, is 

equivalent to 38.82 m3/tonne, while the water footprint associated with broiler feed was 

1 430.33 m3/tonne. The slaughtering and processing of the broiler chickens used 

2.70 m3/tonne each.  

 

The economic water productivity (EWP) was found to be higher for fresh chickens than 

for frozen chickens. Chicken portions had a higher associated EWP than whole chickens. 

 

Maize and broiler production were found to be sustainable from December to May. It is 

recommended that maize production in the Orange-Riet Irrigation Scheme should 

commence from December rather than October. Irrigation should be postponed to the 
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later hours of the day. Optimum in-row spacing should be implemented to provide 

sufficient covering of the ground surface to avoid evaporation losses from the soil.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 BACKGROUND 

 

Water is a scarce resource globally and thus the sustainable use of water is important to 

ensure that water demand in the agricultural, industrial, and domestic sectors is met. 

Globally, the agricultural sector consumes about 75% of fresh water resources, the 

industrial sector accounts for about 20%, and the domestic sector uses about 5% of global 

freshwater resources (United Nations Environment Programme (UNEP), 2008). According 

to Mekonnen and Hoekstra  (2014), the demand for freshwater resources will increase in 

the next couple of years in response to the rising demand for food, fibre, and biofuel crops. 

This increase in the demand for freshwater resources may be attributed to the rise in the 

global population, which is expected to increase by 2.3 billion people between 2009 and 

2050 (Food and Agriculture Organization (FAO), 2009). This will not only place pressure 

on the agricultural sector to increase output, which will be accompanied by an increase in 

water use in the sector, but it will also increase the demand for freshwater resources in the 

industrial and domestic sectors.  

 

South Africa is a water-scarce country, with a total surface area of about 1.2 million km² of 

land, of which 12% is suitable for the purposes of crop production. Water availability is a 

major limiting factor for crop production (Baloyi et al., 2012; World Water Council, 2004), 

despite the allocation of 60% of South Africa’s water resources to agricultural irrigation 

(Department of Water Affairs (DWA), 2013). In South Africa, about 1.3 million ha (ha) of 

land is under irrigation (Bezuidenhout, 2013). Irrigated agriculture accounts for 30% of 

South Africa’s crop production. With only 1.5% of land under irrigation, agricultural 

irrigation is not only a large consumer of freshwater but also a method of achieving food 

security (DWA, 2013). Irrigated agriculture contributes to the growth of the agricultural 

sector and thus to economic growth. It contributes to poverty reduction in various ways, 

such as by increasing the productivity, employment, and incomes of farms operating under 

irrigation (Hasnip, Vincent and Hussein, 1999). Of the irrigated crops in South Africa, maize 

is the most important crop. Broiler consumption accounts for 60% of total meat 

consumption in South Africa (United States Department of Agriculture (USDA), 2015). The 
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increasing demand for water from the agricultural, industrial, and domestic sectors will give 

rise to competition for water resources among the three sectors of the economy. It is thus 

necessary to inform water users and policy makers on sustainable water use management 

in South Africa to ensure efficient and sustainable use of freshwater resources in the 

largest water-consuming sector, the agricultural sector, as a means to minimise the 

implications that will be incurred in response to inadequate freshwater supplies.  

 

Given that maize is an important crop and broiler consumption is relatively high in South 

Africa, attention should be given to the water used for maize and broiler production. One 

method that can be used to ensure efficient and sustainable use of freshwater within the 

agricultural sector is a water footprint assessment (WFA). The WFA can contribute to 

ensuring that the objective of the National Water Act of 1998 (No. 36 of 1998) “to ensure 

that South Africa’s water resources are protected, used, developed, conserved, managed, 

and controlled in a sustainable and equitable manner, for the benefit of all persons” is met. 

A water footprint is the volume of freshwater used (directly and indirectly) to produce a 

product or service. If lowered whilst yields per ha are maintained or increased, it can 

ensure the sustainable use of freshwater and thus increase the productivity of freshwater 

within the agricultural sector (Mekonnen and Hoekstra 2014).  

 

One can distinguish between three different types of water footprints, namely blue, green, 

and grey water footprints. Collectively they represent the total water footprint. The blue 

water footprint is an indicator of the total volume of surface water (i.e. rivers, aquifers, 

dams, and harvested rainwater) and groundwater (i.e. renewable groundwater and fossil 

groundwater) consumed in the production of a commodity, product, or service. In the case 

of crops, water consumption refers to the blue water that is evaporated, incorporated into 

the crop, lost to another catchment area, or returned to the same catchment area in a 

different period. Thus the blue water footprint is a measure of how much of the available 

surface water and groundwater is consumed during production (Hoekstra et al., 2011). 

The green water footprint is an indicator of the total volume of rainfall that does not form 

part of runoff or groundwater but is stored in the soil, or remains temporarily on top of the 

soil or vegetation. This water is then evapotranspired by plants. The part of the green water 

that remains above the soil or vegetation may be evaporated and lost to a different 

catchment area or may return to the same catchment area in a different period (Hoekstra 

et al., 2011). The grey water footprint is the total volume of freshwater needed to dilute the 



 

3 

 

substances that pollute water and return the water to ambient water quality standards 

(Hoekstra et al., 2011). These three types of water footprints are the backbone of a WFA. 

 

A WFA is a science-based method to explore sustainable water use. It has been applied 

widely to assess the water footprint of nations, consumers, producers, regions, and so 

on. Although the fundamental goal of a WFA is to ensure the sustainable use of 

freshwater and avoid water losses where necessary, there are limited, if any, alternative 

uses for green water other than being consumed by natural vegetation or cultivated crops. 

However, blue water that is conserved may be redistributed among the agricultural, 

industrial, and domestic sectors. It may also be reserved to meet environmental flow 

requirements (EFRs). Hence alternative uses exist for conserved blue water (World 

Water Council, 2004).    

 

1.1.1 PRODUCTION AND CONSUMPTION OF MAIZE IN SOUTH AFRICA 

 

South Africa is a major maize producer in the Southern African Development Community 

(SADC) (DAFF, 2013a). The majority of maize production in South Africa occurs in the 

Free State, North West, and Mpumalanga provinces. The DAFF (2016) reported that the 

three provinces contributed 40%, 22%, and 20% respectively to the total commercial 

production of maize in South Africa for the period 2008 to 2015. In 2016 the Free State, 

North West and Mpumalanga provinces produced 28%, 15% and 30% of the total 

commercial production of maize in South Africa (Crop Estimates Committee (CEC), 2017). 

The general decrease in yields was attributed the drought conditions experienced in South 

Africa in 2016. An average of 11.3 million tonnes of maize was produced each year in 

South Africa from 2001 to 2014. More than 65% of South Africa experiences insufficient 

rainfall to support rain-fed agriculture (Food and Agricultural Organization’s Statistical 

Database (FAOSTAT), 2014). Rainfall is therefore a limiting factor for rain-fed maize 

production in many areas of the country (FAOSTAT, 2014). As a means to ensure 

adequate water supply, a large area of maize production is under irrigation (FAOSTAT, 

2014). According to the DAFF (2012), irrigated maize production makes up about 10% of 

total maize production at most, whilst the remainder is rain-fed (DAFF, 2012). Despite the 

relatively smaller contribution from irrigated maize production to the total production of 

maize in the country, maize production under irrigation realises considerably higher yields 

per ha than under dryland conditions. The average yield for white maize production under 
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irrigation conditions is 8.65 t/ha but under dryland conditions it is 3.37 t/ha (DAFF, 2012). 

In contrast, the production of yellow maize under irrigation conditions is 10.05 t/ha, 

whereas under rain-fed conditions it is 3.86 t/ha (DAFF, 2012). These increases in yields 

per ha are important in order to meet the growing demand for white maize intended for 

human consumption and yellow maize for animal consumption.  

 

South Africa has exhibited an increasing trend in its population growth rate since 2002 

(Statistics South Africa (Stats SA), 2014). The annual population growth rate in South 

Africa increased from 1.27% in 2002 to 1.58% in 2014 (Stats SA, 2014). This is a 0.31% 

increase in the population growth rate of the country in 12 years (Stats SA, 2014). An 

increase in population growth will not only be accompanied by an increase in the demand 

for maize but also in the demand for land and water. This further confirms the importance 

of irrigated maize production in increasing maize yields per ha. It is also important in 

assessing the economic viability and sustainability of irrigated versus dryland maize 

production.  

 

Figure 1.1 depicts how the production and consumption of maize have changed over time. 

The total production of maize has decreased from 11.450 million tonnes in 2004/2005 to 

9.942 million tonnes in 2014/2015 due to the steady decline in land allocated to maize 

production as well as unfavourable weather conditions. Nevertheless, the drop in yields 

has been limited by higher yields per ha which has in part been promoted by the production 

of genetically modified crops. However, during 2005/2006 and 2006/2007, the total 

domestic maize production was below the total consumption of maize. According to the 

Department of Agriculture (DoA, 2006), the low maize production during this period was 

due to the decline in areas planted with maize and the late start of the season. 

Nevertheless, the industry managed to realise drastic increases in yields in 2007/2008. 

These high yields were maintained right through 2009/2010, with slight decreases in 

2008/2009. In 2010/2011, there was a moderate drop in yield, which reached a low of 

10.360 million tonnes. This was followed by an increase of 3.947 million tonnes that 

allowed the country to reach a total production of 14.307 million tonnes in 2013/2014. The 

2014/2015 seasons production was estimated at 9.942 million tonnes, slightly below the 

consumption levels seen at 10.165 million tonnes. 
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Figure 1.1:  Graphic illustration of the production and consumption of maize in 
South Africa  

Source: CEC (2004, 2005, 2006, 2007, 2008, 2009, 2010, 2011, 2012, 2013, 2014, 2015, 
2016, 2017) 
 

The consumption of maize has exhibited a gradual increase from 7.288 million tonnes in 

2004/2005 to 9.942 million tonnes in 2014/2015. Showing no signs of declining, the 

consumption of maize is slowly narrowing the gap between total production and 

consumption. Maize production in the 2015/2016 season dropped to 7.779 million tonnes 

while consumption dropped slightly to 9,.681 million tonnes. The decrease in maize 

production was mainly attributed to the drought conditions at the time and was 

accompanied by high maize prices. The maize deficit left many South Africans concerned 

about being forced to eat yellow maize. Nevertheless, rainfall relief was seen in the 

2016/2017 production season. As a result, South Africa’s CEC (2017) has pegged South 

Africa’s 2016/2017 season maize yield at 15.631 million tonnes in it’s fourth production 

forecast released on 26 of May 2017. 

 

The low maize yields of 2005/2006 were attributed to the decrease in the areas planted 

with maize, amongst others (DoA, 2006). Irrigated agriculture has an important role to play 

in such an instance, given that it can increase yields per ha, as described by the DAFF 

(2012). 
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1.1.2 THE IMPORTANCE OF THE MAIZE INDUSTRY TO THE SOUTH AFRICAN ECONOMY 

 

Maize production for the period 2004/05 to 2014/15 seasons has occurred on an average 

of 2.557 million ha with an 11-year average yield of 10.990 million tonnes (CEC). In 2011, 

maize was produced on 2.86 million ha of agricultural land. Wheat accounted for 

605 000 ha, while sorghum and barley accounted for 69 000 and 80 000 ha respectively. 

Field crops contributed 27.5% to the total gross value of agricultural production. Maize 

contributed 13.2% to the gross value of agricultural production (DAFF, 2013b). 

 

Figure 1.2 is a graphic illustration of the value chain of maize. It describes each component 

of the value chain, from research and biotechnology to the end-consumer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Research and development are responsible for innovation within the maize sector. Input 

suppliers are firms that provide farmers or producers with production inputs such as 

fertiliser, fuel, seed, mechanisation, pesticides, herbicides, financing, etc. Farmers or 

Local Market 

Silo Owners 

Consumer 

Export Market 

Import and Export Market 

 

Traders and Transport 

 

Maize Milling Industry Animal Feed Industry 

Research and Biotechnology 

Other Processors (Wet milling) 

Retail / Wholesale 

Farmers/Producers 

Input Suppliers 

Figure 1.2: Maize market value chain  

Source: (DAFF, 2012) 
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producers use these inputs to produce maize. After the maize has been harvested, it is 

transported from farmers or producers to silos. In some instances, silos are located on the 

farm. At the silo, the maize is graded and stored, and a certain quantity of the maize is 

traded in the local market whilst the remainder is exported to international markets. In the 

local market, one can distinguish between various alternatives of adding value to maize. 

These include the animal feed industry, the milling industry, and the processing of maize 

by processors who use it for the purpose of wet milling or brewing. From the various value-

adding processors, the maize is transported to retailers and wholesalers, who make it 

available for the final consumer to purchase. Of the various value-adding processors, the 

animal feed industry is of importance for the purposes of this study. 

 

1.1.2.1 ANIMAL FEED INDUSTRY 

 

The animal feed industry is made up of a formal and an informal sector. The Animal Feed 

Manufacturers Association (AFMA) represents a large share of the roleplayers in the 

formal sector, and contributes about 60% to the total production of animal feed in South 

Africa (DAFF, 2012). The informal feed industry comprises small feedlots, smaller feed 

mills, and home mixers (DAFF, 2012). Broiler feed is amongst the highest consumed 

animal feed in South Africa, with maize being a major ingredient in broiler feed. Table 1.1 

provides a record of broiler national feed sales for the period 2005 to 2013 by AFMA. 

 

Table 1.1: National feed sales (tonne) for the period 2005 to 2013 

 Tonne/year 

Year 2005 2007 2009 2010 2011 2012 2013 

Broilers 2439567 2769522 3088618 3176991 3292364 3217707 3280052 

Source: AFMA (2007, 2008, 2010, 2011, 2012, 2013, 2014) 

 

Broiler production by far accounts for the largest share of feed sales in South Africa. 

Table 1.1 shows that broiler feed production increased from 2005 to 2013. Feed sales 

associated with broiler production increased by 34.45% for the period 2005 to 2013. In 

order to meet the increased demand for broiler feed, there is also increased demand for 

freshwater to grow the crops that are used to produce broiler feed. 
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Table 1.2 highlights feed sales in the form of percentages. It emphasises that broiler 

production accounts for the largest share of feed sales in South Africa. For the period 2005 

to 2013, AFMA broiler feed accounted for 95% to 100% of national broiler feed production. 

The total AFMA feed production ranged from 53.89% to 60.01% for the period 2005 to 

2013. It therefore contributes significantly to feed production. 

 

Table 1.2:  AFMA feed as a percentage of national feed production for the period 
2005 to 2013 

 %/year 

Year  2005 2007 2009 2010 2011 2012 2013 

Broilers 95.49  98.08 96.80 99.46 99.92 96.97 97.50 

Total 58.08 55.20 53.89 59.05 59.92 59.77 60.01 

Source: AFMA (2007, 2008, 2010, 2011, 2012, 2013, 2014) 

 

According to AFMA (2010; 2014), maize is the main ingredient in animal feed. Table 1.3 

shows that about 49% of total feed produced per year consists of maize. 

 

Table 1.3:  Total maize fraction (tonne) incorporated into animal feed by AFMA 
members (1 April to 31 March) 

Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 

Maize 

incorporated 

into feed 

(tonne)* 

2202093 2273544 2465239 2649320 2685600 2824646 2997896 2988544 3085968 

Total feed 

production 

(tonne) 

4462088 4687097 5122460 5262693 5498297 5750578 6143576 6176151 6397555 

Maize 

fraction in 

feed (%) 

49.35 48.51 48.13 50.34 48.84 49.12 48.80 48.39 48.24 

Source: AFMA (2010; 2014) 

* (including maize meal) 

 

1.1.3 DISCUSSION 

 

Broiler feed sales make up the largest share of animal feed sales in South Africa as shown 

in Table 1.2. This means that broiler production consumes more feed than any other 
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animal production activity. The significance of maize in broiler production is seen in its role 

as the main feed ingredient in broiler feed. Hence maize will be given attention as the main 

feed ingredient in determining a WFA of broiler production. 

 

1.2 PROBLEM STATEMENT 

 

Despite wide applications internationally, WFAs in South Africa have not been applied to 

a great extent. Only five studies have been published in South Africa on WFAs. SABMiller 

published the first, while Pegasys Consulting (2010) published the second. These were 

followed by three publications in 2015 by Pahlow, Snowball and Fraser (2015), Munro et 

al. (2015), and Scheepers (2015).  

 

Globally, the water footprints of grain products have been quantified. The water footprint 

of maize production in particular has been calculated using the consumptive water-use 

based volumetric water footprint approach (hereafter referred to as the volumetric water 

footprint approach) (Mekonnen and Hoekstra, 2013; Mekonnen and Hoekstra, 2014; 

Schyns and Hoekstra, 2014). The water footprint of animal production, particularly that of 

broilers, has also been widely determined using the WFN approach (Mekonnen and 

Hoekstra, 2012; Gerbens-Leenes, Mekonnen and Hoekstra 2011).  

 

Pahlow, Snowball and Fraser (2015) conducted a national WFA in South Africa, following 

the approach presented by Hoekstra et al. (2011). Their study identified crop production 

as a major activity in terms of water consumption, accounting for about 75% of the total 

water footprint of national production. Of the different crops, maize was found to be one of 

the major consumers of the water resource. The degree of water pollution associated with 

nitrogen and phosphorous fertilisation was reported as unsustainable for all South African 

river basins. In the context of ample international applications and limited local use, there 

is a lack of scientific water footprint information to effectively guide water use in South 

Africa’s maize and poultry industries. Considering the importance of the maize industry, 

seen in its role as a staple food for South Africans, a WFA of maize and broiler production 

is critical to ensure sustainable water use in the value chain.  
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To the author’s knowledge, no study has been conducted in South Africa on the water 

footprint of maize and derived maize products. Thus, no information is available to inform 

water users on the production of maize and derived maize products in South Africa. 

 

1.3 THE AIM OF THE STUDY 

 

The aim of this study was to assess the water footprint of maize and broilers as derived 

product from irrigated maize production in the form of a case study carried out in the 

Bloemfontein area. This was done to inform water users, water managers, and policy 

makers regarding the sustainable use of water for the production of irrigated maize for 

broiler feed, and ultimately broilers for human consumption. 

 

1.4 THE OBJECTIVES OF THE STUDY 

 

The aim of the study was formulated around the following objectives: 

 

Objective 1: Quantify the volumetric water footprints associated with the production of 

maize and broilers as derived maize products. 

 

Objective 2: Assess the sustainability of the green, blue, and grey water footprints of 

maize, as well as derived maize products in a particular catchment at a certain time from 

an environmental, social, and economic perspective. 

 

Objective 3: Formulate response strategies to inform sustainable use of freshwater. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 INTRODUCTION 

 

The maize industry in South Africa is one of the strongest maize industries in Southern 

Africa. Maize production is critical and its consumption is considerable. The maize industry 

makes a positive contribution to the South African economy. Maize is produced in either 

rain-fed or irrigated conditions (Theunissen, 2005). In some instances, both sources of 

freshwater are used. Freshwater is a fundamental input for maize production, therefore 

the availability of freshwater in South Africa is a crucial issue to investigate. Nevertheless, 

one should not explore water availability in isolation; one should focus on availability and 

use, as well as the impact(s) thereof. There are various methods available to conduct such 

a study, which are discussed in this chapter. This chapter also explores the link between 

water and the economy. The role of water in economic growth is regarded in this chapter 

as an indirect relationship. The value of water is measured as the economic returns 

obtained from the broiler product. 

 

2.2  THE MAIZE INDUSTRY IN SOUTH AFRICA 

 

Maize is the most widely consumed grain crop in South Africa, serving as both a feed grain 

and a staple food for the bulk of the South African population. White maize constitutes 

48% of the total maize produced in South Africa, whereas 52% is yellow maize. 

Furthermore, white maize is mainly produced for human consumption and yellow maize is 

used as animal feed. Maize contributes 46.1% to the gross value of field crops, followed 

by sugar cane with 14.2% (Department of Agriculture, Forestry and Fisheries (DAFF), 

2013). Whilst it is true that maize accounts for a considerable share of the revenue derived 

from field crops in South Africa, it is one of the major users of the scarce freshwater 

resource. Pahlow et al. (2015) reported that maize production contributes 8% to the total 

blue water footprint in the Orange River Basin, where most of the maize is produced in 

South Africa. 
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2.3 WATER FOOTPRINT CONCEPT 

 

Hoekstra et al. (2009) defined the water footprint concept as the direct and indirect 

freshwater consumption by the user. Mekonnen et al. (2014) found that by reducing the 

water footprint of a product, sustainability and productivity of freshwater can be achieved 

within the agricultural sector. The blue, green, and grey water footprints are fundamental 

to a WFA.  

 

The blue water footprint is an indicator of the total volume of surface water and 

groundwater consumed in the production of a commodity, product, or service (Hoekstra et 

al., 2011). Surface water refers to water that exists on the surface of the earth. It comprises 

streams, rivers, lakes, dams, oceans, seas, aquifers, and wetlands. Surface freshwater 

supplies are sustained by both precipitation and groundwater. In contrast, groundwater is 

the water available below the surface of the earth in soil pores and in the cracks of rock 

structures (Harter, 2001). One may distinguish between renewable groundwater and fossil 

groundwater. According to Margat, Foster and Droubi (2006), non-renewable groundwater 

is “groundwater resource available for extraction, of necessity over a finite period, from the 

reserves of an aquifer which has a very low current rate of average annual renewal but a 

large storage capacity”. In the case of a crop, water consumption refers to the blue water 

that is evaporated, incorporated into the crop, lost to another catchment area, or returned 

to the same catchment area in a different period. Thus the blue water footprint is a measure 

of how much of the available surface water and groundwater is consumed during 

production (Hoekstra et al., 2011). The green water footprint is an indicator of the total 

volume of rainfall that does not form part of runoff or groundwater but is rather stored in 

the soil or remains temporarily on top of the soil or vegetation. This water is then 

evapotranspirated by plants. The part of the green water that remains above the soil or 

vegetation may be evaporated and lost to a different catchment area or may return to the 

same catchment area in a different period (Hoekstra et al., 2011). The grey water footprint 

is the total volume of freshwater needed to dilute the substances that pollute water and 

return the water to ambient water quality standards (Hoekstra et al., 2011). These three 

types of water footprints are the backbone of a WFA. Water footprint assessment studies 

have been conducted for a variety of applications, ranging from a process step, product, 

consumer, group of consumers, consumers in a nation, consumers in an administrative 

unit such as a municipality, catchment area or river basin, business, business sector, or 
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humanity as a whole (Hoekstra et al., 2011). This study focuses on the water footprint of 

maize and broiler as derived product. 

 

2.3.1 CALCULATION OF A PRODUCT WATER FOOTPRINT 

 

The discussion of the calculation of the water footprint of a product is based on the Global 

Water Footprint Standard reported by Hoekstra et al. (2011). Hoestra et al. (2011) 

described two approaches of calculating the water footprint of a product: the chain 

summation approach and the stepwise accumulative approach 

 

2.3.1.1 CHAIN SUMMATION APPROACH 

 

There are value chains from which only one output product may be derived. Output 

products that belong to such value chains follow the chain summation approach. In this 

approach, the water footprint of the output product reflects the total water consumption of 

all the process steps that make up the value chain of that particular product. In other words, 

the sum of all the water footprints associated with each process step divided by the number 

of output products p  produced is the total water footprint of each unit of output product 

p  produced. This may be presented mathematically as follows: 

 

]/[
][

][

][ 1 timevolume
pP

sWF

pWF

k

s

proc

prod


                [1] 

 

In the above equation, the process water footprint of process step s  (volume/time) is 

represented by ][sWFproc , whereas ][ pP  is the amount of product p  (mass/time) that is 

produced. In instances where more than one output product is realised from a value chain, 

the chain summation approach becomes irrelevant and the stepwise accumulative 

approach may be used.  
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Figure 2.1 is a schematic representation of the water footprint of one output product p. It 

comprises four process steps (s1 to s4). Each process step is associated with its own 

water footprint. The sum of these process steps forms the total process water footprint of 

producing output product p. The total process water footprint is represented here as k. It 

is then incorporated or embedded within output product p (Hoekstra et al., 2011). 

  

2.3.2.2 THE STEPWISE ACCUMULATIVE APPROACH 

 

In contrast to the chain summation approach, the stepwise accumulative approach is an 

all-encompassing approach. It may be used to calculate the water footprint of a product 

that is produced from several input products or a product that is produced with various 

other output products from a single input product. It may also be used to determine the 

water footprint of a product that is produced with a number of other products from different 

input products. This approach clearly accounts for a wide range of value chains. 

 

Figure 2.2 is a schematic representation of the water footprint of various output products 

derived from several input products. Each input product has a process water footprint that 

is embedded in it. The input products are then processed collectively to produce the output 

products. Thus the water footprint of each output product is the sum of the process water 

Process s=3 

 

Process s=1 

 

Process s=4 

 

Process s=2 

 

Process s=k 

 

WFproc[1] WFproc[2] 

WFproc[3] [1] WFproc[4] [1] 

P[p] [1] 

Figure 2.1:  Schematic representation of the water footprint of one output product p 

Source: Hoekstra et al. (2011) 
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footprint of each input product, as well as the process water footprint of the process step 

that was used to convert the input products into the output products. This water footprint 

is then distributed accordingly to each output product based on the product fraction and 

value fraction of the output product. 

 

 

 

 

In the case where a single product is produced from several input products, the water 

footprint of the output product is determined by summing the water footprints of all the 

input products utilised in producing the final product with the water footprint of the process 

step that converts these input products into the final product. However, in a situation where 

various output products are derived from a single-input product, the water footprint of this 

single-input product is allocated to the various output products on the basis of their 

respective value fractions. If one aims to calculate the water footprint of a particular product 

that is produced with various other output products from several input products, the water 

footprint of that particular output product is estimated by summing up all the water 

footprints of the input products. The quantity of the input product that eventually forms part 

of the output product is then estimated in order to determine how much of the water 

footprint of the input product becomes effectively embedded in the output product: 
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Figure 2.2:  Schematic representation of the water footprint of various output 
products derived from several input products.  

Source: Hoekstra et al. (2011) 
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This value is then added to the water footprint of the processing step that transforms these 

input products into the various output products. The result is then divided amongst the 

several final products on the basis of their value fraction.  

 

This latter case may be expressed mathematically as follows:  
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            [3] 

 

Where: 

][ pWFprod  is the water footprint ( massvolume/ ) of output product p ;  

][iWFprod  is the water footprint of input product i ; 

][ pWFproc  is the process water footprint of converting several input products into the 

various output products ( massvolume/ ); 

],[ ipf p  is the product fraction of output product p , i.e. the amount of output product p  

obtained per unit of input product i ; 

][ pfv  is the value fraction of output product p , i.e. the ratio of the economic value of the 

output product under consideration to the average economic value of all the output 

products; and 

The product fraction of an output product p  (
mass

mass
ipf p ],,[ ) refers to the amount of 

output product ( masspw ],[ ) that is produced per unit of the input product ( masspw ],[ ).  

It may be calculated as follows: 

 

][
][

][
],[ 

iw

pw
ipf p                  [4] 

 

The value fraction of an output product p (fv[p], monetary unit / monetary unit) is the ratio 

of the economic value of the output product under consideration to the average economic 

value of all the output products. It may be calculated as follows: 
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Lastly, if one wants to determine the water footprint of a single-output product p  that is 

derived from a single-input product i , the following equation becomes relevant: 

 

]/[
],[
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][][ timevolume

ipf

iWF
pWFpWF

p

prod

procprod               [6] 

 

Regarding the product fraction of an output product p  ( ],[ ipf p ), it is important for one to 

identify the particular process applied in transforming the input product i  into the output 

product p . This is because product fractions are greatly dependent on the processes 

involved in manufacturing the output product. Value fractions, on the other hand, should 

be derived from an aggregate price taken over five years or more.  

 

2.4 VARIOUS WAYS OF QUANTIFYING WATER USE FOR WATER FOOTPRINT 

ASSESSMENTS 

 

According to Sala et al. (2013), there are three main methods that are used to determine 

a water footprint. These approaches include the volumetric water footprint approach, 

stress-weighted life cycle assessment approach, and the impact assessment approach. 

The volumetric approach involves an analysis of the volume of freshwater consumption 

related to the production of a good or service. The stress-weighted approach assesses 

both the volume of freshwater utilised in an activity as well as the implications thereof. The 

impact assessment approach makes use of an inventory analysis to assess the volume of 

water consumed by a particular activity and highlights the implications that emerge in 

response to the level of water use. These approaches are discussed in more detail in the 

following section.  
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2.4.1 CONSUMPTIVE WATER-USE BASED VOLUMETRIC WATER FOOTPRINT APPROACH  

 

Hoekstra (2003) pioneered the volumetric water footprint approach. The Water Footprint 

Network (WFN) (Hoekstra et al., 2009) adopted this approach. In their manual titled “The 

Water Footprint Assessment Manual: State of the Art”, the WFN published an all-inclusive 

manual that Hoekstra et al. (2009) claimed would be subject to further modification, as was 

done in their second edition titled “The Water Footprint Assessment Manual: Setting the 

Global Standard” (Hoekstra et al., 2011). Figure 2.5 is a graphical representation of the 

components of a water footprint as described by Hoekstra et al. (2011). 

 

Figure 2.3 shows three different types of water footprints in two distinct groups. In one 

group, all three water footprints are classified as direct water use and in another all three 

are classified as indirect water use. The blue and green water footprints in both groups 

(direct water use and indirect water use) are acknowledged as the consumptive water use, 

whereas the grey water footprint is viewed as the volume of water required to assimilate 

the load of pollutants in the water body, thus returning the water body to ambient water 

quality standards. 

 

Non-consumptive water use, also referred to as return flow, does not form a part of the 

total water footprint because it is available for reuse in the system. Return flow is that part 

of the blue water that is available for reuse within the same basin and season. 
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The volumetric water footprint approach distinguishes between three sources of water, 

namely blue, green, and grey water. It is important to note that the impacts and costs 

associated with a blue, green, and grey water footprint differ (Aldaya, Allan and Hoekstra, 

2009 ). It is on this basis that one should comprehend each type of water footprint in its 

entirety.  

 

2.4.1.1  BLUE WATER FOOTPRINT 

 

The blue water footprint gives a measure of the degree of consumptive use of fresh surface 

water and groundwater. Groundwater can be divided further into flowing groundwater and 

fossil groundwater. The consumptive use of water is acknowledged as the following:  

 

• Evaporation of irrigation water (including transpiration); 

• The incorporation of water into a product (physical water content of the product); 

• The movement of water from the initial catchment area to a different catchment 

area or to the sea; and/or 
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Figure 2.3:  Schematic representation of the various components of a water footprint 

Source: Hoekstra et al. (2011) 
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• Water that does not return to the same catchment area within the same period as 

it was abstracted. 

 

Water evaporation is the common form of consumptive use compared to the other three 

components. Given the total volume of water available in a particular period, the blue water 

footprint indicates the volume of water that is consumed from the available water and thus 

provides the basis for determining the total volume of water available after consumption.  

 

The blue water footprint is calculated as follows (Hoekstra et al., 2011): 

 

]/[

Re,

timevolume

FlowturnLostionIncorporatWaterBluenEvaporatioWaterBlueWF blueproc 
 

 

2.4.1.2  GREEN WATER FOOTPRINT 

 

Green water is precipitation that occurs on land. However, it is only limited to that 

precipitation that does not form part of runoff or replenishes groundwater reserves. Green 

water is the precipitation that remains in or above soil. In some instances it exists 

temporarily above plant material. As with blue water, green water is subject to evaporation 

or transpiration by plants (Hoekstra et al., 2011). Green water above soil or plant material 

is more vulnerable to evaporation owing to the relatively high exposure to the heating 

effects of the sun. Thus the rate of loss of green water by means of evaporation varies 

depending on the locality of the green water. It is green water in soil that is lost through 

transpiration by plants, primarily because it is this green water that is in the vicinity of the 

plants’ root systems.  

 

The green water footprint refers to the total volume of green water that is evaporated from 

land or transpired by plants during the growth period of the plants. It also accounts for 

green water that is incorporated into the harvested crop (Hoekstra et al., 2011). However, 

this value is embedded within the volume of green water that is transpired by the plant. 

The green water footprint may be mathematically expressed as follows: 

 

WFproc, green = Green Water Evaporation + Green Water Incorporation [volume/time] 
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One must note that the “Green Water Transpiration” has not been clearly expressed in the 

above equation for calculating the green water footprint in a process step. This variable is 

represented by the variable termed “Green Water Evaporation” in the above equation 

(Hoekstra et al., 2011). 

 

2.4.1.3  GREY WATER FOOTPRINT 

 

The grey water footprint is an indicator of the volume of freshwater necessary to reduce 

the degree of pollution in a water body. This reduction is equivalent to the volume of water 

required to return the water quality to its natural state. Existing ambient water quality 

standards require producers to maintain a grey water footprint that is in line with the 

ambient level of a river before production took place. The grey water footprint of a process 

step is determined by dividing the pollutant load (L, in mass/time) by the difference 

between the ambient water quality standard for that pollutant (Cmax, in mass/volume) and 

the natural concentration of that pollutant in the water body being polluted (Cnat, in 

mass/volume). This calculation is illustrated by the following equation: 
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, timevolume
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greyproc
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                   [7] 

 

The natural concentration of a water body is the concentration that is achieved if one does 

not consider the presence of waste material caused by human activity. It has been 

accepted as zero by Hoekstra et al. (2011). The second important function of a grey water 

footprint is to quantify the capacity of a water body to assimilate waste material. It does so 

by taking the difference between the ambient water quality standard of the pollutant and 

the natural concentration of that pollutant in the relevant water body. These two variables 

(ambient water quality standard of the pollutant and the natural concentration of the 

pollutant in the receiving water body) vary from one water body to another, even at the 

level of surface water and groundwater bodies. Nevertheless, one must appreciate that 

the ambient water quality standard of a pollutant in groundwater is informed by the degree 

of quality that drinking water should possess. Surface water, on the other hand, has a 

standard that is based on ecological considerations. Hence it is crucial for one to describe 

the ambient water quality standards and natural concentrations that inform their grey water 

footprint account. It is important to note that the grey water footprint is not an indicator of 
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the volume of water that is polluted but rather communicates the degree of water pollution 

by indicating the total volume of freshwater necessary to dilute waste material within the 

water body.       

 

Water bodies may be polluted in various ways. Depending on the manner in which a water 

body is polluted, the load will be determined accordingly. In a situation where polluted 

water is disposed of directly into a surface water body, as is the case with point source 

water pollution, the pollutant load is determined by subtracting the product of the water 

volume of the abstraction and the actual concentration of the intake water (Cact, in 

mass/volume) from the product of effluent volume (Effl, in volume/time) and the 

concentration of the pollutant in the effluent (Ceff, in mass/volume). This is shown in the 

following equation:  
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In the case of point source pollution, the pollutant load is regarded as the waste material 

that accumulates above that which already exists in the water body. It is only logical, 

therefore, that the freshwater taken from the water body is returned to the same water 

body with a higher concentration of pollution. Hence the load is more likely to be a positive 

value. However, the treatment of effluent before it is released back into the water body 

may result in a negative load. If such a result arises, the load is to be identified as zero. In 

the absence of the consumptive use of freshwater that is abstracted from a water body, 

the following equation for calculating the grey water footprint of a process step at a point 

source of water pollution becomes applicable: 

 

 

             [9] 

 

Determining the pollutant load in the case of diffuse sources of water pollution is a complex 

and time-consuming process. Nevertheless, models do exist to account for such 

complexities. A chemical application above or into soil may result in some of these 

chemicals entering groundwater reserves through leaching. A fraction of these chemicals 

may also flow into surface water by means of runoff. To address the challenge of 

]/[
max

, timevolumeEffl
CC

CC
WF

nat

acteffl

greyproc 







 

23 

 

determining the quantity of chemicals that make their way into blue water reserves, a 

simple model was developed. This model assumes that a particular set quantity of the 

chemical flows into groundwater or surface water. This is represented by the following 

equation: 
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The fraction of applied chemicals that enter the mentioned blue water reserves are 

represented by  , whereas Appl  represents the chemicals that are applied above or into 

soil. One should bear in mind that this equation is a default method of calculating the grey 

water footprint of a process step in the case of diffuse sources of water pollution, and that 

other methods also exist.  

 

It is a known fact that the evaporation of water from a water body that lies exposed to the 

sun is an unavoidable process. This is also true for soil moisture. Despite the role of this 

process in counteracting the increasing temperature of water, it has a negative impact on 

the quality of the water remaining. As water evaporates from a water body or moisture 

from soil, the chemical concentration in the remaining water increases. This increase is 

equivalent to the volume of water evaporated (m³) multiplied by the natural concentration 

of the chemical in the water body (Cnat in mass/m3). Such an increase in the chemical 

concentration of the water body is also regarded as an increase in the grey water footprint. 

Thus it is determined by dividing the increase in the pollutant load by the ambient water 

quality standard. The additional volume of water required to assimilate the increase in the 

load of pollutants that have resulted from evaporation represents an additional grey water 

footprint that should be summed with a grey water footprint prior to evaporation to obtain 

the total grey water footprint.      

 

In many instances, one may be confronted with a situation whereby various types of 

pollutants enter a particular water body as effluent. Whilst it is true that all the pollutants in 

the water body make up the grey water footprint of that water body, the grey water footprint 

does not account for the combined impact of pollutants. The dilemma is made worse when 

one has to decide whether to account for the grey water footprint of the effluent that enters 

a water body or the waste material in the water body itself at some downstream point. This 
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challenge is presented by the fact that the grey water footprint does not account for any 

changes in the water quality that may occur along the water flow.  

 

In light of the abovementioned scenarios, the waste material that accounts for the largest 

share of the grey water footprint may be used to represent the overall grey water footprint 

of that particular water body. Given the circumstances regarding the change in water 

quality as effluent flows along the water body and the inability of the grey water footprint 

indicator to account for such alterations, the grey water footprint of the effluent that enters 

the water body must be given preference in determining the grey water footprint of a water 

body (Hoekstra et al., 2011). 

 

2.4.1.4  TOTAL WATER FOOTPRINT 

 

The total water footprint is the final step in water footprint accounting. In the case of a 

product, a sufficient understanding of the value chain of that particular product will allow 

for a more accurate estimation of each of the three water footprint indicators and thus the 

total water footprint. Once the blue, green, and grey water footprint have been quantified, 

one can determine the total water footprint. Adding up the three types of water footprint 

indicators will yield the total water footprint. The total water footprint can be calculated with 

the following equation: 

 

WFproc = WFproc, blue + WFproc, green + WFproc, grey [volume/mass]         [11] 

 

The accuracy of this result greatly depends on a basic understanding of the value chain of 

the relevant product. 

 

2.4.2 STRESS-WEIGHTED WATER LIFE CYCLE ASSESSMENT APPROACH  

 

According to Pfister, Koehler and Hellweg (2009), the stress-weighted water life cycle 

assessment (LCA) approach must be used as the foundation upon which a water footprint 

is determined. The life cycle inventory (LCI) phase should not only account for the volume 

of water consumption but also for the origin and type of water use (Pfister, Koehler and 

Hellweg, 2009). In contrast to the volumetric water footprint approach, the LCA approach 

conveys the region-specific effects of water consumption (Van der Laan et al., 2013). 
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Consumptive water use comprises all the freshwater withdrawals that are allocated to 

various watersheds, incorporated into the product, or evaporated (Pfister, Koehler and 

Hellweg, 2009). Pfister, Koehler and Hellweg (2009) were primarily concerned with this 

consumptive water use. Despite the fact that consumptive water use includes both blue 

and green water use, the LCA method suggested by Pfister, Koehler and Hellweg (2009) 

only accounts for the blue water footprint. This may be attributed to the fact that green 

water does not form part of environmental flows until it becomes blue water (Scheepers, 

2015). Mila i Canals et al. (2008) and Pfister, Koehler and Hellweg (2009) presented 

alternative approaches to LCAs. 

 

2.4.2.1 LIFE CYCLE ASSESSMENT APPROACH PROPOSED BY MILA I CANALS ET AL. (2008) 

 

The Mila i Canals et al. (2008) approach assesses the consumption of freshwater 

resources at a river basin. It takes the source of water as well as the type of use of 

freshwater resources into account (Mila i Canals et al., 2008). Regarding water sources, it 

distinguishes between blue and green water sources. The blue water sources consist of 

flow (river or lake), fund (aquifer), or stock (fossil) water, whereas freshwater use 

comprises evaporative and non-evaporative use. Non-evaporative use refers to water that 

returns to the freshwater source and may be reused. This approach recognises water that 

is released to a different freshwater source as a non-evaporative use (Jeswani and 

Azapagic, 2011). The approach of Mila i Canals et al. (2008) focuses on two impact 

pathways of freshwater consumption: 

 

• Freshwater ecosystem impact (FEI); and 

• Freshwater depletion (FD). 

 

Freshwater ecosystem impact gives a description of how the ecosystem quality is affected 

by alterations in freshwater availability and water cycles caused by a shift in land use. A 

water stress index (WSIMila) is defined for each river basin. The water stress index is the 

ratio of the water withdrawal to the water available for human use after deducting the 

required amount of water to sustain the ecosystem (Mila i Canals et al., 2008).  

 

This may be calculated with the following formula: 
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WSIMila = Water use / (Water Resources Available - Ecological Water Requirement)  

 

Changes in land use have a considerable impact on the availability of freshwater resources 

to users by greatly influencing the infiltration and evapotranspiration rate. Hence land use 

is a significant aspect in a Life Cycle Inventory Analysis (LCIA). Freshwater depletion 

explores the decline in long-term availability of groundwater which may be attributed to its 

use. 

 

2.4.2.2 THE PFISTER, KOEHLER AND HELLWEG (2009) APPROACH  

 

The Pfister, Koehler and Hellweg (2009) approach examines the water use of a watershed, 

with the main focus of this approach being the blue water use. It further distinguishes 

between three types of blue water use, namely in-stream water use, water consumption 

where water resources have become unavailable in the watershed, and water quality 

degradation. This approach recognises water that is released to a different watershed as 

being consumed (Jeswani and Azapagic, 2011).   

 

In the Pfister, Koehler and Hellweg (2009) approach, emphasis is placed on three areas 

of protection, namely: 

 

• human health; 

• ecosystem quality; and 

• resources. 

 

Unsustainable water consumption may result in a detrimental impact on human health by 

giving rise to an inadequate water supply for irrigation, which in turn will promote 

malnutrition. Ecosystem quality is recognised as a function of water availability. Decreases 

in available freshwater supplies in ecosystems are accompanied by the degradation of 

vegetation and biodiversity, which lead to poor ecosystem quality. 
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2.4.3 HYDROLOGICAL WATER BALANCE METHOD 

 

Deurer et al. (2011) proposed the hydrological water balance approach. The significant 

difference between the approach proposed by Hoekstra et al. (2011) and that of Deurer et 

al. (2011) is that, in the latter, all the components of the water balance are accounted for 

(Van der Laan et al., 2013). The hydrological water balance method as suggested by 

Deurer et al. (2011) makes use of both positive and negative water footprints. A positive 

water footprint entails that the total blue water consumption is greater than the total 

recharge of the water body, whereas a negative water footprint entails that the restoration 

of the blue water is greater than the total volume consumed or taken up from the water 

body. Thus a negative water footprint is indicative of sustainable water use (Deurer et al., 

2011; Van der Laan et al., 2013). 

 

2.4.4 RELATED RESEARCH ON WATER FOOTPRINT ASSESSMENTS IN THE GRAIN AND BROILER 

INDUSTRY 

 

There are several WFA studies that have been published by various authors such as Ercin, 

Mekonnen and Hoekstra (2013), Mekonnen and Hoekstra, (2010), Sun et al. (2013), and 

others. This section will identify what was done, how it was done, and the findings thereof. 

The purpose of this paper is to investigate the water footprint of maize and broiler as 

derived products.  

 

The water footprint of crop production is an inclusive indicator that can indicate water 

consumption types, volumes, and the effect on the environment (Sun et al., 2013). Sun et 

al. (2013) evaluated how climate change affected the crop water requirements and 

irrigation water requirements of maize production during the period 1978 to 2008. They 

investigated the extent to which the green, blue, and grey water footprints of maize 

production varied each year in response to climate change and the use of agricultural 

inputs. They also assessed the main factors that contributed to changes in the water 

footprint of maize production. Sun et al. (2013) used the non-parametric Mann-Kendall test 

to evaluate climatic factors, and the volumetric water footprint approach to water 

footprinting. They used correlation and path coefficient analyses to determine the 

relationship between the water footprint and its associated impact factors. They found that 

the crop water requirement increased by about 0.52 mm per annum, whereas the irrigation 
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water requirement for maize tended to increase by about 2.86 mm per annum. These 

increases may be attributed to variations in climatic conditions, which exhibited an average 

trend of increasing temperatures and decreasing rainfall. The total water footprint and 

green water footprint exhibited decreasing trends, whereas the blue and grey water 

footprints showed increasing trends in response to the combined effect of climate variation 

and agricultural inputs. Sun et al. (2013) concluded that a decrease in effective 

precipitation would lead to a decrease in the green water footprint and an increase in the 

blue water footprint. Furthermore, an increase in agricultural inputs such as chemical 

fertilisers would lead to an increase in the grey water footprint (Sun et al., 2013). 

 

Mekonnen and Hoekstra (2010) estimated the green, blue, and grey water footprint of 

global crop production for the period 1996 to 2005. The water footprints of crop production 

were determined using the volumetric water footprint approach. A grid-based dynamic 

water balance model and CROPWAT 8.0 were used to calculate crop water use. 

Mekonnen and Hoekstra (2010) found that the global water footprint associated with crop 

production during the period from 1996 to 2005 was 7 404 billion m3 per year, which 

comprised 78% green, 12% blue, and 10% grey water footprints. This suggests that green 

water contributes greatly to global crop production. Blue water is found to be high in arid 

and semi-arid areas. Despite grey water accounting for the smallest share of the total water 

footprint, it is important to note that it is only associated with nitrogen fertilisation.  

 

Mekonnen and Hoekstra (2014) determined a global water footprint benchmark for several 

crops worldwide. They calculated the green, blue, and grey water footprints of the crops 

on a five-by-five foot area using a dynamic water balance and crop yield model. In 

determining the components of a water footprint for each crop, they followed the volumetric 

water footprint approach. Regarding the grey water footprint component, they assessed 

nitrogen fertilisation levels, leaching-runoff fractions of nitrogen, as well as ambient water 

quality standards for nitrate. The water footprint benchmarks were developed and 

evaluated at a grid-level spatial resolution. They grouped countries according to their 

income in order to evaluate differences in water footprints between developing and 

industrialised countries. They divided the world into four categories based on climate using 

the Köppen-Geiger climate classification in order to examine how water footprints varied 

across different climatic regions. Mekonnen and Hoekstra (2014) found that the 

consumptive water use of maize (m3/tonne) varied across the globe, and they therefore 
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divided the water use into percentiles. The consumptive water use of maize was 

754 m3/tonne in the 50th percentile, with a global average of 1 028 m3/tonne. According to 

Mekonnen and Hoekstra (2014), if the global green and blue water footprints were reduced 

to the 50th percentile, there would be a 35% reduction in the consumptive water use. The 

grey water footprint of maize production in the 50th percentile was 171 m3/tonne, with a 

global average of 194 m3/tonne. If the grey water footprint of all the countries in the world 

could be reduced to the 50th percentile, there would be a 23% decline in water pollution 

(Mekonnen and Hoekstra, 2014). At the 50th percentile, the reduction in water pollution 

translates to a 23% increase in water availability worldwide (Mekonnen and Hoekstra, 

2014). Mekonnen and Hoekstra (2014) concluded that the water footprint benchmark 

values may be used for comparison with the water footprint in a particular region or may 

be used as a reduction target. Given the considerable increase in water availability, the 

global benchmarks are attractive water footprint reduction targets for crop farmers. 

 

Maize is used in the food industry as a sweetener to manufacture high-fructose maize 

syrups (HFMS) and to produce ethanol (Gerbeens-Leenes and Hoekstra, 2009). About 

three-quarters of the ethanol produced worldwide is used as a fuel (Worldwatch Institue, 

2007). The United States of America (USA) was the leading manufacturer of ethanol 

derived from maize in 2005 (Gerbens-Leenes and Hoekstra, 2009). According to the FAO 

(2008), ethanol production in the USA contributes about 43% to global bio-ethanol 

production. In 2019, the demand for maize in the USA for the purpose of producing ethanol 

is anticipated to increase to approximately 40% of total maize production (Gerbens-Leenes 

and Hoekstra, 2009). Producing ethanol by dry milling requires about 1 735 litres of water 

per tonne of maize (Gerbens-Leenes and Hoekstra, 2009). In contrast, wet milling 

consumes about 1 921 litres per tonne of maize (Gerbens-Leenes and Hoekstra, 2009). 

Hence producing ethanol by dry milling rather than wet milling would save 186 litres of 

water per tonne of maize. About 95% of the ethanol produced globally is derived from 

crops such as maize (Gerbens-Leenes and Hoekstra, 2009). Maize is the second most 

suitable crop for sugar and ethanol production in the world (Gerbens-Leenes and 

Hoekstra, 2009). The global average water footprint of HFMS 55 in particular is 

1 125 m3/tonne, and for ethanol derived from maize it is 1 910 litre/litre (Gerbens-Leenes 

and Hoekstra, 2009). However, in the USA alone, maize has the lowest water footprint 

associated with producing sugar and ethanol (Gerbens-Leenes and Hoekstra, 2009). The 

average water footprint of HFMS 55 and ethanol derived from maize starch in the USA is 
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720 m3/tonne and 1 220 litre/litre respectively. The maize products mentioned above 

primarily owe the degree of their water footprints to the maize water requirement and yields 

realised (Gerbens-Leenes and Hoekstra, 2009). Crop water requirement is a function of 

crop type, climate, and soil characteristics. Yields, on the other hand, have an inverse 

relationship with the water footprint (Gerbens-Leenes and Hoekstra, 2009). In other words, 

assuming that water use remains constant, increasing yields per ha will effectively reduce 

the water footprint per tonne of maize. In South Africa, the total water footprint of ethanol 

derived from maize is 4 264 litre/litre. It is comprised 3 879 litres of green water, 79 litres 

of blue water, and 306 litres of grey water per litre of ethanol (Mekonnen and Hoekstra, 

2010). Alternatively, the water footprint of ethanol production may be expressed as 182 

m3/GJ ethanol (Mekonnen and Hoekstra, 2010). This is composed of 166 m3 green water, 

3 m3 blue water, and 13 m3 grey water per GJ ethanol (Mekonnen and Hoekstra, 2010).  

 

Mekonnen et al. (2015) evaluated the sustainability, efficiency, and equity of water use in 

Latin America and the Caribbean. Their aim was to create an awareness of water use from 

a production and consumption perspective. Their analysis was based on a geographic 

WFA, and followed the volumetric water footprint approach. The grey water footprint 

focused on nitrogen. They used the three pillars of sustainability approach as suggested 

by Hoekstra (2013; 2014) to evaluate the sustainability, efficiency, and equitability of water 

allocation and use. Maize production accounts for one of the highest green water 

footprints, third largest blue water footprint, and the highest grey water footprint in Latin 

America and the Caribbean (Mekonnen et al., 2015). Despite its relatively low economic 

water productivity (EWP) of 0.10 US$/m3 (Mekonnen et al., 2015), maize production 

accounts for a considerable share of freshwater consumption in Latin America and the 

Caribbean. Mekonnen et al. (2015) recommended the productive and efficient use of green 

water in rain-fed agriculture in order to increase production and minimise the demand for 

blue water resources, especially in water-scarce areas. They also recommended that there 

should be communication with small farmers, river basin managers, and policy makers, as 

well as readily available water data at the river basin level. Regarding the grey water 

footprint, Mekonnen et al. (2015) suggested that fertiliser applications should be optimised 

and the discharge of untreated water from the domestic sector must be reduced in order 

to lower nutrient pollution. It is therefore important to devise methods of increasing the 

productivity of green water and lowering the grey water footprint and to establish a platform 

for river basin managers to communicate water data to policy makers and farmers. 
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Mekonnen and Hoekstra (2014) measured the water footprint of Kenya related to national 

production and consumption for the period 1996 to 2005, as well as the virtual water export 

and import of Kenya. Their aim was to evaluate the relationship between water 

consumption within Kenya and its international trade. Mekonnen and Hoekstra (2014) 

quantified the green, blue, and grey water footprint using the volumetric water footprint 

approach. The total water footprint of crop production in Kenya during 1996 to 2005 

consisted of 97% green water, 1% blue water, and 2% grey water (Mekonnen and 

Hoekstra, 2014). Mekonnen and Hoekstra (2014) identified maize as the crop with the 

highest total water footprint related to crop production. Maize production accounted for 

38% of the total water footprint (6 794 million m3/year; 6 688 million m3 green water, 11 

million m3 blue water, and 96 million m3 grey water) related to crop production (Mekonnen 

and Hoekstra, 2014). Despite the high total water footprint of maize production, maize has 

a lower water footprint per tonne than various other crops. The water footprint of maize per 

tonne is 2 746 m3; 2 703 m3/tonne is green water, 4.4 m3/tonne is blue water, and 

39 m3/tonne is grey water (Mekonnen and Hoekstra, 2014). Maize, coffee, and potato 

production account for more than 150 million m3 of nitrogen fertiliser that leaches from crop 

fields.  

 

According to Mekonnen and Hoekstra (2014), the EWP of maize production in Kenya is 

0.09 US$/m3. Given the expected growth in the population from an estimated 9 725 million 

in 2050 to 11 213 million in 2100 (United Nations (UN), 2015), as well as the changing 

consumption patterns, the blue water resources will drop from an estimated 316 m3 per 

capita in 2050 to 192 m3 per capita in 2100. This is quite low considering that an adequate 

diet requires about 1 000 m3/year per capita (Falkenmark, Rockström and Karlberg, 2009). 

To avoid decreases in water availability per capita in the short to medium term, Mekonnen 

and Hoekstra (2014) suggested that water productivities should be enhanced. As a long-

term solution to dealing with water scarcity in Kenya, Mekonnen and Hoekstra (2014) 

proposed that water prices should be based on full marginal cost to encourage farmers to 

produce crops with a relatively higher EWP, the use of water-saving technologies, and 

educating water users about the implications of using freshwater resources unsustainably. 

Mekonnen and Hoekstra (2014) also recommended that Kenya should import water-

intensive agricultural products and export less water-intensive agricultural commodities. In 

addition to the production of crops with a high EWP, Mekonnen and Hoekstra (2014) 

recommended that these crops must preferably be produced from green water. A large 
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contribution to addressing water scarcity lies in the productive use of green water. 

Increasing maize yields per ha will promote the productive use of green water by lowering 

the green water use per tonne of maize. Attention must also be paid to changes in the 

population size and consumption patterns in South Africa over time to estimate changes 

in blue water per capita. It will also be informative to quantify the extent to which maize 

production contributes to changes in blue water per capita. 

 

Ercin et al. (2013) examined the allocation of freshwater in France and analysed the extent 

to which production affected the country’s state of water supply. They measured the 

volume of freshwater used in the production of products destined for export and the impact 

thereof. Ercin et al. (2013) investigated the degree to which France relies on virtual water 

imports, as well as the impact thereof on the exporting country. They followed the 

volumetric water footprint approach to quantify water use in France. Ercin et al. (2013) 

found that agricultural production made up 89% (80 Gm3/year) of the total water footprint 

of production in France. Crop production accounted for 82% of the total water footprint of 

national production (Ercin et al., 2013). The water footprint of maize production was 

determined as 14% of the total water footprint of agricultural production (Ercin et al., 2013). 

Maize production accounted for the largest share of the blue and grey water footprints 

related to crop production. The blue water footprint of maize production accounted for 50% 

of the total blue water footprint of crop production, while the grey water footprint of maize 

production contributed 30% to the grey water footprint of crop production (Ercin et al., 

2013). However, the green water footprint of maize production made up only 10% of the 

total green water footprint associated with crop production (Ercin et al., 2013). Thus maize 

production accounts for the third largest share of the green water footprint of crop 

production in France.  

 

France is a net importer of virtual water. Crop products constitute 69% of the virtual water 

export (Ercin et al., 2013). The green water footprint of exported goods is 70%, the blue 

water footprint is 11%, and the grey water footprint is 18% (Ercin et al., 2013). Maize 

products make up 9% of the green water footprint of the goods exported to foreign nations, 

17% of the blue water footprint, and 10% of the grey water footprint (Ercin et al., 2013). 

Maize production, amongst others, contributes considerably to the water scarcity 

experienced in various river basins at different times of the year (Ercin et al., 2013). This 

water scarcity has certain implications for the biodiversity in the vicinity of the river basins 
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(UNEP, 2008). An identification of maize products whose water footprints contribute 

significantly to water scarcity can assist in devising effective methods to address the issue 

in the relevant river basins (Ercin et al., 2013). Linkages between products purchased by 

consumers and water scarcity in a relevant region is the basis on which Ercin et al. (2013) 

recommended that a consumer product policy may be part of a water policy. Consumer 

product policies are policies such as product labeling, product transparency, tariffs or 

taxes, and quotas (Ercin et al., 2013). An assessment of the origins of a product water 

footprint at the level of a local watershed is imperative for acquiring accurate 

comprehension of the implications that may arise in response to the magnitude of a 

country’s water footprint (Ercin et al., 2013). In South Africa, the blue and grey water 

footprint of maize production must be compared to the blue and grey water footprint of 

other field crops. The contribution of maize production to the water scarcity of river basins 

must be quantified and assessed. Broilers are derived maize products and as such their 

production should be assessed in terms of water use to ascertain the extent of their 

contribution to water scarcity. Consumer product policies will go a long way in 

communicating the degree of water scarcity to the final consumer.  

 

Zeng et al. (2012) conducted a water footprint assessment of the Heihe River Basin 

located in northwest China to determine the water footprint of the basin and evaluate its 

sustainability. Zeng et al. (2012) used the volumetric water footprint approach to conduct 

this water footprint assessment. They used the CROPWAT model to estimate the effective 

rainfall and irrigation of crops. Zeng et al. (2012) found the blue water footprint to be 

unsustainable in the Heihe River Basin. The agricultural sector constituted 96% and crop 

production 92% of the total water footprint of agricultural production in this basin (Zeng et 

al., 2012). Maize production assumed an 11.1% share of the water footprint of crop 

production in the Heihe River Basin (Zeng et al., 2012). Maize thus had the second largest 

consumptive water footprint. Zeng et al. (2012) proposed optimising the crop planting 

pattern in order to ensure sustainable water use. Considering the contribution of green 

water to agricultural production, particularly crop production, which is the largest consumer 

of green water, Zeng et al. (2012) recognised the efficient use and management of green 

water resources as a prerequisite for improving the water management of a river basin 

and addressing food security. 
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Mekonnen and Hoekstra (2012) conducted a global assessment of the water footprint of 

farm animal products. They took into consideration differences in production systems, feed 

composition and countries. Their aim was to conduct an all-inclusive global assessment of 

the water footprint of farm animal products by determing the water footprint of farm animals 

and their derived animal products following a particular production system in a particular 

country for the period 1996 to 2005. They followed the volumetric water footprint approach. 

They found that the blue and grey water footprints associated with grazing systems are 

smaller than those resulting from industrial systems. They suggest that it is more water 

efficient to use crop products as a calorie, fat, or protein source rather than animal 

products. The study found that animal products in industrial systems have the largest blue 

and grey water footprints compared to grazing and mixed systems. However, the water 

footprint of chicken products in industrial systems is not consistent with the general finding 

because they had the lowest blue and grey water footprints compared to grazing and 

mixed systems.  

 

Gerbeens-Leenes, Mekonnen and Hoekstra (2013) examined the results of Mekonnen 

and Hoekstra (2012). Their objective was to identify the main contributing factors to the 

water footprint of meat. In their study, they distinguished between poultry, pork and beef, 

developed and developing countries, as well as different production systems, and took 

their differences into consideration. The study followed the volumetric water footprint 

approach. The study found the main contributing factors to be food conversion efficiency, 

feed composition (ratio of concentrates to roughages), and the origin of the feed. According 

to Gerbeens-Leenes et al. (2013), the food conversion efficiency refers to the amount of 

feed that is required to produce a unit of meat. They found that the feed conversion 

efficiency increases from grazing to mixed to industrial systems because less feed is 

required to produce a unit of meat as the animals move from grazing to mixed to industrial 

systems. They found that the high feed conversion efficiency of poultry in industrial 

systems results in smaller green, blue, and grey water footprints compared to grazing 

systems in the United States, China, Brazil, and the Netherlands. However, the mixed and 

industrial poultry systems in the United States and the Netherlands have similar green, 

blue, and grey water footprints. Broilers were found to have the highest feed conversion 

efficiencies. This contributed to a low broiler water footprint. Nevertheless, the more 

concentrated broiler feed in industrial systems increased the blue and grey water footprints 
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of poultry. In Brazil, relatively large green water footprints were observed for poultry whilst 

small total water footprints were seen in the Netherlands due to their efficient systems.   

 

Ibidhi et al. (2017) analysed freshwater consumption and land use as well as greenhouse 

gas emissions for sheep and chicken meat production under different farming systems 

from 1996 to 2005. The chickens followed the industrial system. The sheep followed the 

agro-pastoral system using cereal crop residues (APCR), the agro-pastoral system using 

barley (APB), and the pastoral system using barley (PB). The water footprint assessment 

was carried out using the volumetric water footprint network approach. The green, blue, 

and grey water footprints of a chicken carcass were reported as 4 535 litres/kg, 8.7 

litres/kg, and 200 litres/kg respectively, with a total water footprint of 4 746 litres/kg. The 

green, blue, and grey water footprints of a sheep carcass following an APCR system was 

reported at 10 012 litres/kg, 138 litres/kg, and 124 litres/kg respectively, with a total water 

footprint of 10 273 litres/kg. The green, blue and grey water footprints of a sheep carcass 

following an APB system were reported at 15 170 litres/kg, 113 litres/kg, and 151 litres/kg 

respectively, with a total water footprint of 15 434 litres/kg. The green, blue, and grey water 

footprints of a sheep carcass following a PB system were reported at 19 357 litres/kg, 113 

litres/kg, and 151 litres/kg respectively, with a total water footprint of 19 621 litres/kg. It 

was found that the total water footprint of chicken meat is two to four times smaller than 

for sheep meat. However, the grey water footprint component was larger for chickens than 

for sheep. Interestingly, the broiler land and carbon footprint were also found to be 

relatively smaller. The large part of the broiler and sheep water footprints was associated 

with the feed. Broiler feed was mainly imported, therefore the broiler water footprint was 

largely outside of Tunisia. They concluded that the water, land, and carbon footprints 

become small if the feed conversion efficiency is high and the feed is produced 

productively.  

 

2.4.5 DISCUSSION 

 

The volumetric water footprint approach accounts for the green, blue, and grey water 

footprint. The LCA approach differs from the volumetric water footprint approach in that it 

conveys region-specific effects of water consumption. It also accounts for only the blue 

water footprint. The hydrological water balance method, on the other hand, differs in that 

it includes all the components of the water balance.  
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South Africa is a net exporter of maize. This means that there is a high demand for local 

maize. This translates into a greater demand for domestic freshwater resources. The 

pressure on local freshwater supplies is limited by net imports of wheat, soybean, and 

sunflower seed into the country. It is thus clear that a considerable amount of South African 

maize is produced for the foreign market. 

 

The agricultural sector bears the greatest potential with respect to increasing the 

productivity of freshwater use. This is primarily because it accounts for the largest share 

of freshwater consumed compared to all other economic sectors. The average maize 

yields under irrigation conditions amount to about 10 t/ha. Under dryland conditions, maize 

yields of about 3 to 4 t/ha are harvested (Johannesburg Stock Exchange (JSE), 2013). 

The importance of irrigation is seen in the way it promotes higher yields. Increasing 

freshwater productivity in irrigated agriculture will give rise to surplus water available for 

reallocation to areas of water deficit. Higher yields obtained through irrigation will in turn 

reduce the water footprint per tonne of maize. 

 

Enhancing freshwater productivity, as suggested by Mekonnen and Hoekstra (2014), in 

maize production as well as in broiler production and processing, may avoid decreases in 

water availability per capita in the short to medium term. As a long-term solution to dealing 

with water scarcity in South Africa, the proposal of Mekonnen and Hoekstra (2014) that 

water prices should be based on full marginal cost may be adopted in the policies of the 

country. Regarding Mekonnen and Hoekstra’s (2014) recommendation to import water-

intensive agricultural products and export less water-intensive agricultural commodities, 

the recommendation should not be applicable to commodities that are produced in areas 

outside hotspots. Maize production in the Orange-Riet Irrigation Scheme primarily occurs 

under irrigation conditions. As such, producing crops solely from green water will defeat 

the purpose of the scheme. Nevertheless, moving crops with high EWP to areas suitable 

for rain-fed crop production may be an alternative for achieving Mekonnen and Hoekstra’s 

(2014) recommendation of producing crops with high EWP from green water. In order to 

limit the pressure on the Orange, Modder, Riet, and Lower Riet rivers, Mekonnen et al. 

(2015) called for the productive and efficient use of green water in rain-fed agriculture. This 

would ensure that the demand for the blue water supply in the Orange-Riet Irrigation 

Scheme is kept to a minimum. The proposal of Zeng et al. (2012) to optimise the crop 
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planting pattern would ensure sustainable water use in the Orange-Riet Irrigation Scheme. 

Regarding the grey water footprint, optimising fertiliser applications, as suggested by 

Mekonnen et al. (2015), would lower nutrient pollution in the scheme.  

 

Maize products owe a large part of their water footprints to the maize water requirement 

and yields realised (Gerbens-Leenes and Hoekstra, 2009). Crop water requirement is a 

function of crop type, climate, and soil characteristics (Gerbens-Leenes and Hoekstra, 

2009). Yields, on the other hand, have an inverse relationship with the water footprint 

(Gerbens-Leenes and Hoekstra, 2009). In other words, assuming that water use remains 

constant, increasing yields per ha would effectively reduce the water footprint per tonne of 

maize. An identification of maize products whose water footprints contribute significantly 

to water scarcity can assist in devising effective methods to address the issue in relevant 

river basins (Ercin et al., 2013). Linkages between products purchased by consumers and 

water scarcity in a relevant region are the basis upon which Ercin et al. (2013) 

recommended that consumer product policy may be part of a water policy. An assessment 

of the origins of the water footprint of maize products at the level of a local watershed is 

imperative for acquiring an accurate comprehension of the implications that may arise in 

response to the magnitude of the Orange River basin water footprint. 

 

It is interesting to note that the crop water requirement is not a constant or universal figure. 

It changes over time in response to a changing environment (Sun et al., 2013), and it 

differs from one region to another. The challenge therefore is to not only address the 

increase in demand for freshwater associated with the expected growth of 2.3 billion 

people globally, between 2009 and 2050 (FAO, 2009), but also to consider the changing 

crop water demand. Ours is more complicated than that. Whether it is satisfied by blue 

water or green water is of little significance to the consumer. This fact is clearly evident in 

the study conducted by Sun et al. (2013), in which they noted a situation where an overall 

decrease in the green water footprint associated with maize production was accompanied 

by a general increase in the blue water footprint. In effect, the total water footprint reduced. 

This suggests that one should strive to increase the productivity of water, which will in turn 

reduce the demand for freshwater. It also entails that green water constitutes a major 

portion of the total water footprint.  
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Furthermore, the lack of a proportional increase in blue water to the decrease in green 

water is an alarming incident that raises the following questions: 

 

• Is it that the decrease in green water is that which may be classified as 

unproductive such that the increase in blue water use would only substitute the 

productive portion of green water? 

• Is it that the blue water is not sufficient to substitute all green water that is absent? 

 

The former question should serve to indicate that there is room for improvement regarding 

green water use. The latter question must make one conscious of human dependence on 

an unreliable source of water (green water), given the issue of climate change. Although 

the grey water footprint is in most cases to date lower than the consumptive water footprint, 

it is by no means any less important. Grey water contributes to a total water footprint and 

its reduction entails an increase in freshwater availability. One must appreciate the nature 

of grey water as an unintended consequence as it stems from a production activity. The 

challenge regarding grey water is to reduce it whilst maintaining, if not increasing, 

production. In achieving this objective, Chapagain and Orr (2010) suggested that highly 

mobile crop nutrients (nitrogen) be applied in soil at a level slightly lower or equal to crop 

uptake. A decrease in the amount of nitrogen that leaches into the soil will contribute to a 

reduction in grey water. Hence less water will be required to assimilate the load of 

pollutants and return the water quality to ambient water quality standards, thus effectively 

reducing the total water footprint of maize production in the scheme. 

 

In contrast to other animal products identified by Mekonnen and Hoekstra (2012), chicken 

products following an industrial system have a lower blue and grey water footprint than 

those produced under a grazing and/or mixed system. Therefore, in addition to crop 

products, it may also be water efficient to consume chicken products from an industrial 

system as a calorie, fat and protein source as opposed to other animal products identified 

by Mekonnen and Hoekstra (2012). Gerbeens-Leenes, Mekonnen and Hoekstra (2013) 

identified industrial broiler systems as a more water-efficient system in comparison to 

grazing and mixed systems. Nevertheless, their study also shows that the system can be 

improved on to obtain greater efficiency in water use. This is observed in how small total 

water footprints were achieved in the Netherlands due to their efficient systems. Ibidhi et 
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al. (2017) showed that producing broilers in industrial systems results in a relatively lower 

water, land, and carbon footprint.  

 

The literature that has been reviewed indicates that several studies have been done 

internationally following the volumetric water footprint approach. The volumetric water 

footprint approach has been used successfully to achieve the objectives of various studies 

around the world. Thus the approach may be suitable for assessing the water footprint of 

maize and associated broiler production in South Africa.  

 

There is a relationship between the green and blue water components of the water 

footprint. There is also a relationship between fertiliser use, yields, the grey water footprint, 

and the total water footprint. Green water availability determines the blue water 

requirement. An increase or decrease in the green water footprint must be accompanied 

by an appropriate decrease or increase in the blue water footprint to meet the freshwater 

needs of the particular production process. High yields obtained through the use of 

fertilisers are accompanied by higher grey water footprints. Nevertheless, higher yields 

result in lower total water footprints. 

 

Despite the arid or semi-arid conditions seen in countries like South Africa, the world relies 

more on green water for crop production compared to blue water. The extent of the reliance 

differs from one region to another based on the prevailing climatic conditions. Maize is a 

water-intensive crop with a relatively lower economic water productivity. 

  

The water footprint of maize production at farm level accounts for a large share of the total 

water footprint of maize products such as broilers. Generally, livestock following an 

industrial production system have a higher blue and grey water footprint than those 

following grazing and/or mixed systems. However, broilers following industrial systems 

tend to have lower blue and grey water footprints than those following grazing and mixed 

systems. This is attributed to the high feed conversion efficiency of broilers. 

 

In light of the recommendations described in the section on related research, this study 

seeks to establish sustainable water use in maize and broiler production by identifying the 

various ways in which freshwater can be used productively in irrigated agriculture, 

particularly in the Orange-Riet Irrigation Scheme. It also seeks to determine the extent to 
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which poultry production contributes to water scarcity in the Orange River basin. The 

following section investigates the value of water from an economic perspective within the 

maize industry in South Africa. 

 

2.5 ECONOMIC VALUE OF WATER IN SOUTH AFRICA’S AGRICULTURAL SECTOR 

 

The value of water in the agricultural sector is best described by comparing it to the value 

of water in other economic sectors. 

 

2.5.1 THE IMPORTANCE OF WATER IN SUPPORTING INCOME AND CREATING JOBS 

 

2.5.1.1  CONTRIBUTION OF ECONOMIC SECTORS TO GROSS DOMESTIC PRODUCT PER UNIT OF WATER 

 

The agricultural sector contributes R1.50 to the gross domestic product (GDP) per cubic 

metre of water that it consumes. It is followed by mining with R39.50, eco-tourism with 

R44.40, and the industrial sector with a staggering R157.40/m 3 of water (Nieuwoudt, 

Backeberg and Du Plessis, 2004). From an income perspective, the agricultural sector is 

clearly the most inefficient user of freshwater. 

 

2.5.1.2  CONTRIBUTION OF ECONOMIC SECTORS TO JOB CREATION 

 

The agricultural sector generates far less employment per cubic metre of water use 

compared to the industrial sector. About 108 jobs are created in the agricultural sector per 

one million m 3 of water. This figure is extremely low when one considers the 4 269 jobs 

created in the industrial sector per one million m 3 of water. The mining sector, on the other 

hand, creates about 150 jobs per one million m 3 of water that it consumes (Nieuwoudt et 

al., 2004). Nevertheless, when one considers the employment created within the 

agricultural sector on the basis of “per value of agricultural products”, a different conclusion 

is reached. Agricultural output worth R1 million is associated with the creation of 24 jobs. 

This is a higher level of employment compared to the mining and manufacturing sectors 

that yield 10.9 and 9.0 jobs per R1 million worth of output respectively (Nieuwoudt et al., 

2004). 
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2.5.1.3  CONTRIBUTION OF IRRIGATION TO AGRICULTURAL PRODUCTION 

 

The role and significance of irrigated agriculture in the agricultural sector should not be 

assessed on the basis of its relatively low share of cultivated land, which in Tunisia 

amounts to 7% (Chouchane et al., 2013). At least 35% of the total production in Tunisia’s 

agricultural sector may be attributed to irrigated agriculture. Furthermore, irrigated 

agriculture consumes more than 80% of the total water withdrawn in Tunisia (Chouchane 

et al., 2013). In South Africa, only 10% of maize production occurs under irrigation. 

However, irrigated maize yields 5.28 t/ha to 6.10 t/ha more than under rain-fed conditions. 

Therefore irrigation contributes to higher crop output. 

 

2.5.1.4  FOOD PRODUCTION VERSUS WATER SCARCITY AS A DRIVER FOR PRODUCTIVITY 

  

As the supply of water diminishes, water users increasingly promote the productive use of 

water (Chouchane et al., 2015). This is unfortunate because it entails that water users wait 

to experience the impact of water scarcity before supporting the efficient use of freshwater 

resources. The productive use of water should be based on the contribution of freshwater 

to food production rather than on water scarcity. Nevertheless, Chouchane et al. (2015) 

suggested that both scarcity and the contribution of water to food production encourage 

the wise use of water resources.  

 

2.5.1.5  WATER PRODUCTIVITY 

 

Water productivity (WP) is defined as the amount of output derived per unit of water 

consumed (Chouchane et al., 2015). Freshwater productivity can be broken down such 

that it highlights the source of freshwater that is of relevance. In the case of rain-fed 

agriculture, one must refer to green WP. Surprisingly, under irrigation conditions, both the 

green and blue WP are important. This is evident in the reality that under irrigation 

conditions, rainfall does occur. In other words, green water is consumed in combination 

with blue water, or at least during the same production period. Hence the terms green WP 

and blue WP become relevant in irrigated agriculture. 
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2.5.1.6  WATER PRODUCTIVITY IN IRRIGATED AGRICULTURE 

 

In the context of irrigated agriculture, green WP refers to the ratio of the yield that is 

realised from green water consumption in the absence of blue water to the green water 

footprint of that particular activity. Furthermore, the blue WP is the ratio of the increase in 

yield associated with blue water consumption to the water footprint of that particular activity 

(Hoekstra, 2013). Physical WP refers to the ratio of agricultural output to the volume of 

water consumed (Chouchane et al., 2015).  

 

2.5.1.7  ECONOMIC WATER PRODUCTIVITY OF CROP PRODUCTION 

 

Economic water productivity (EWP) is the value realised per unit of water use (Chouchane 

et al., 2015). The economic productivity of water use is better defined once the water 

consumption of a particular crop is established. In this case, water use is expressed in 

terms of monetary unit/m3, rather than tonne/m3 or kg/ℓ (Hoekstra et al., 2011). An EWP 

(R/m3) is the product of physical WP (kg/m3) and crop value (R/kg). Chouchane et al. 

(2015) found that the EWP in rain-fed agriculture (0.35 US$/m3) was higher than in irrigated 

agriculture (0.32 US$/m3). They also found that the economic land productivity (ELP) in 

irrigated agriculture was greater than in rain-fed agriculture.  

 

In light of the above findings, they concluded that there was a direct relationship between 

irrigation and the ELP (R/ha). Regarding EWP (R/m3), Chouchane et al. (2015) went on to 

state that one cannot raise the EWP (R/m3) by applying more irrigation. However, irrigation 

should be increased for crops with a high EWP and for which the difference between ELP 

in rain-fed and irrigated agriculture is high. This will allow one to benefit from the increase 

in EWP associated with such crops, as well as from the increase in ELP. This is a viable 

alternative where market conditions exist and crops with low EWP may be imported from 

other countries (FAO, 2012). Schyns and Hoekstra (2014) calculated the EWP for a variety 

of crops. They found that crops that accounted for the highest consumptive use of 

freshwater were associated with the lowest EWP, which ranged from 0.02 US$/m3 for 

almonds to 0.08 US$/m3 for wheat. Tomatoes, on the other hand, had an EWP that was 

22 times higher than that of wheat. In semi-arid countries such as Morocco and South 

Africa, the productive use of freshwater must be a national priority. Hence, in addition to 

the factors that are considered in deciding which crops to produce (national strategy 
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regarding food security and demand for crops), the EWP of a crop must also be taken into 

account. 

 

2.5.1.8  GREEN VERSUS BLUE WATER PRODUCTIVITY 

 

In Africa, green water contributes more to crop production than blue water. Morocco is a 

typical example, where 77% of its water footprint is green water (Schyns and Hoekstra, 

2014). It is thus clear that the solution to lowering the blue water footprint lies in the 

productive use of green water. Rainwater harvesting is essential in ensuring blue water 

availability in times when there is no precipitation to meet the immediate needs of 

freshwater. This statement, however, becomes controversial when there is considerable 

evaporation of freshwater from reservoirs that ultimately increases the blue water footprint 

of a particular production process. This is true for Morocco, where evaporation losses 

contribute 13% to the blue water footprint of the country (Schyns and Hoekstra, 2014). 

 

2.5.2 DISCUSSION ON THE ECONOMIC VALUE OF WATER IN THE AGRICULTURAL SECTOR 

 

According to Mekonnen et al. (2014), the demand for freshwater will increase in the next 

couple of years in response to the rising demand for food, fibre, and biofuel crops. 

Sustainable economic growth and development, energy production, and food security 

depend heavily on the availability of freshwater (KPMG and Small Enterprise Development 

Agency (SEDA), 2012). However, considering the degree of dependence of a nation’s 

economy on freshwater resources, the economic value of water does not appropriately 

convey the value of water (KPMG and SEDA, 2012). As the demand for freshwater rises 

amongst the various sectors in an economy, at a particular point local freshwater reserves 

may be insufficient to satisfy the demand. This may compromise food security, as evident 

in the fluctuating global food prices (KPMG and SEDA, 2012). About 8% of South Africa’s 

rainfall becomes runoff (KPMG and SEDA, 2012). About 17% of captured or stored 

freshwater is released unintentionally into the environment due to degraded infrastructure 

that does not have the capacity to hold water sufficiently (KPMG and SEDA, 2012). The 

increase in the demand for water can be accommodated by using freshwater resources in 

a sustainable manner. This sustainability may be acquired by increasing the productivity 

of water in the agricultural sector. 
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Freshwater is a valuable resource and it must be treated as such. In dealing with the issue 

of water, it is important for one to acknowledge the influence that one source of water has 

on the use of another. The productive use of green water will lower the pressure on blue 

water resources. It is also important for one to appreciate the differences in the water 

consumption of crops produced in different river basins owing to the different climatic 

conditions in each river basin. The phenomenon of climate change will thus introduce 

changes in the known water consumption of crops produced in various river basins. 

Furthermore, the productivity of one crop with respect to water use varies from another. 

This variation may be attributed to the characteristics of each crop. In deciding which crop 

to produce, the EWP of a crop must be considered. An increase in irrigation increases ELP 

(R/ha). Increasing the ELP for crops with a high EWP is an effective way of promoting 

freshwater productivity in irrigated agriculture. The productive use of water has the 

potential to lower costs and thus increase income. 

 

From an income perspective, the agricultural sector is clearly the most inefficient user of 

freshwater. Regarding employment created by the sector, the benefits derived from water 

are in one view undesirable, whilst in another satisfactory. The agricultural sector yields 

insignificant jobs per unit of water use relative to other sectors. However, when one 

considers the value of the agricultural product, the agricultural sector employs more 

workers than other sectors. An agricultural product is a good that has a water footprint of 

its own. With an agricultural product, the total volume of water used rather than per unit 

water consumed becomes relevant. Hence the focus shifts from water to the product itself. 

Thus the employment associated with the product is the number of jobs created along the 

value chain of the product. It is this employment that is said to be higher than in other 

economic sectors. 

 

2.6 CONCLUSIONS FROM THE LITERATURE AND THE IMPLICATIONS FOR THIS 

RESEARCH  

 

Maize is an important crop in South Africa. It is a major feed grain and a staple food for 

the majority of South Africans. It contributes approximately 46.1% to the gross value of 

field crops. The Free State is the major maize production region in South Africa. While 

rainfed maize production is still dominating in South Africa, irrigated maize production is 
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becoming increasingly important in order to meet the increased demand for maize, 

especially by the animal feed industry. Broiler production by far accounts for the largest 

share of feed sales in South Africa. Feed sales associated with broiler production have 

increased by 34.45% for the period 2005 to 2013. Maize is a main ingredient in animal 

feed and makes up about 60% of the feed for broiler chicks and 59.32% of the feed for 

broiler chickens. Broilers make a marked contribution to South Africa’s economy and to 

South Africa’s animal feed industry.  

 

While the maize and broiler industries are considered important from an economic 

perspective, both industries are also documented to be major water users. Thus, it is 

important to understand the pressure placed by the maize and broiler industries on the 

scarce freshwater resources in order to ensure the sustainable use of the scarce resource 

in South Africa.  

 

The volumetric water footprint approach is preferred over the LCA approach because it 

accounts for the green, blue, and grey water footprints. It is also preferred over the 

hydrological water balance method because it demands less data for quantifying the green 

and blue water footprints. Therefore, for the purposes of this study and for the 

abovementioned reasons, the volumetric water footprint approach is the preferred 

methodology of this study. 

 

A water footprint is a useful indicator to determine how much of available freshwater is 

made unavailable through consumption. A WFA can be applied to any activity that uses or 

relies on freshwater. 

 

The maize-broiler value chain is more in line with the chain summation approach. Several 

inputs are used to produce maize; however, attention is only given to water and fertiliser. 

Various inputs are used to produce broilers but the relevant input is maize. Broilers are 

intended for only one output product, namely chicken meat.  

 

Water footprint assessments have been applied on a global scale. The issue of water 

scarcity is a global crisis with varying degrees of severity between regions; it is therefore 

not unique to South Africa. Many of the recommendations made in other countries are 
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applicable to the South African context. It is interesting to note that green and blue water 

can substitute each other to promote sustainability.  

 

The agricultural sector is a water-intensive sector. Nevertheless, productivity can be 

achieved by enhancing the ELP for crops with a higher EWP. It is inefficient in terms of 

income obtained per unit of water used and employs less people per unit of water used 

compared to other sectors. However, in terms of the total volume of water used along the 

value chain of an agricultural product, the sector accounts for one of the highest 

employment levels compared to several other sectors. 
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CHAPTER 3 

METHODS AND DATA 

 

3.1  INTRODUCTION 

 

Chapter 3 focuses on the methodology and data that were used to address the aim and 

objectives of the study. In Chapter 2 it was established that the volumetric water footprint 

approach is the most suitable methodology for the purposes of this study.  

 

3.2 METHOD 

 

The volumetric water footprint approach has been identified as the method of choice for 

the purposes of this study. This approach comprises four phases that explicitly guide the 

procedure for conducting a WFA. The first phase involves setting the goals and scope of 

the study. Phase 2 comprises water footprint accounting. This is followed by a water 

footprint sustainability assessment in Phase 3, and finally a response formulation in 

Phase 4. 

 

3.2.1 STAGE 1: FORMULATING GOALS AND SCOPE 

 

3.2.1.1 GOALS OF A WATER FOOTPRINT ASSESSMENT 

 

Each WFA study has a unique purpose. This purpose will in turn demand attention to 

various aspects that will inevitably make up the scope of the study. Hence one must first 

identify the goal of a WFA. Once the goal has been established, the foundation upon which 

the scope will emerge will be set. 

 

The data for this study were acquired from experiments documented by Van Rensburg et 

al. (2012), as well as from a broiler-producing company. The broiler company procures its 

feed elsewhere but produces and processes their broilers on-site. For the purposes of this 

study, all the components of the water footprint will be considered for maize production but 

only the blue water footprint will be considered for broiler production and processing.  
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The processes that account for a considerable share of the water footprint in the value 

chain are identified as feed production and broiler production and processing. Both the 

direct and indirect water footprints will be considered because the water footprint of the 

feed is an indirect water footprint of the broiler-producing firm. Accounting for both the 

direct and indirect water footprints will achieve the aim of the study. In analysing the 

sustainability of the maize-broiler value chain, only the blue water footprint will be 

considered. It will be assessed based on the water availability in the Orange River basin. 

The study will only focus on the environmental aspect of sustainability. The study intends 

to inform maize and broiler producers and processors as well as policy makers about the 

environmental impact of using water to produce maize and broilers at a certain time of the 

year. Producers and processors are anticipated to respond by taking the 

recommendations of this study into consideration as they perform their activities. Policy 

makers are expected to consider the findings of this study as they amend or draft policies. 

 

3.2.2 STAGE 2: WATER FOOTPRINT ACCOUNTING  

 

Blue Water Footprint (volume/time) 

 

WFproc, blue = Blue Water Evaporation + Blue Water Incorporation + Lost Return Flow [volume/time]  

      [12] 

 

The blue water footprint of the process of growing a crop is expressed as the volume of 

water consumption per unit of time. However, when divided by the yield, the units change 

to the volume of water consumed per tonne. It is important to note that the water footprint 

of a consumer, producer, or a particular area is always expressed in terms of the volume 

of water consumed per unit of time since there is no “yield” to be realised in such cases. 

Time may be expressed per day, month, or year, depending on the study.  

 

Blue Water Evaporation 

This comprises the water that may be used through evapotranspiration, evaporate during 

storage (e.g. artificial water reservoirs, dams, harvested rainwater, etc.), transport (e.g. 

open canals), processing (e.g. evaporation of heated water that is not recollected), and 

collection and disposal (e.g. from drainage canals and from wastewater treatment plants).  
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Blue Water Incorporation 

The volume of blue water that is incorporated into the crop or product. 

 

Lost Return Flow 

The part of the return flow that is not available for reuse within the same catchment within 

the same period of withdrawal, either because it is returned to another catchment (or 

discharged into the sea) or because it is returned in another period of time. 

 

Green Water Footprint (volume/time) 

 

WFproc, green = Green Water Evaporation + Green Water Incorporation [volume/time]     [13] 

 

Green Water Evaporation 

The evaporation of rainwater stored in soil or temporarily positioned on the surface of soil 

or vegetation. 

 

Green Water Incorporation 

Absorption of freshwater derived from the top soil or soil surface into the crop. 

 

Grey Water Footprint (volume/time) 

 

]/[
max

, timevolume
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L
WF

nat

greyproc


             [14] 

 

The pollutant load (L) is the mass of the substance that is released into a water body at a 

particular time. The maximum concentration (cmax) refers to the highest level of the 

pollutant load that is considered acceptable in a given water body, while the natural 

concentration (cnat) is the mass of the substance present in a water body in the absence 

of human influence, interference, or activity. 
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3.2.2.1 WATER FOOTPRINT OF GROWING A CROP 

 

The total water footprint (WFproc) of the process of growing a crop is calculated as follows: 

 

]/[ 3

,,, tonnemWFWFWFWF greyprocblueprocgreenprocproc            [15] 

 

Hence, WFproc is the sum of the green, blue, and grey water footprints of the process of 

growing a crop. 

 

The green water footprint (WFproc, green) of the process of growing a crop is calculated as 

follows: 

 

]/[
]/[

)/(
3

3

, tonnem
hatonY

hamCWU
WF

green

greenproc             [16] 

 

Hence, WFproc, green is the green crop water use (CWUgreen) measured in m3/ha divided by 

the yield (Y) measured in tonne/ha.    
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ETgreen is the evapotranspiration of green water. Factor 10 is a standard used to convert 

water depths in millimetres into water volumes per land surface in m3/ha. The equation 

d = 1 illustrates that green water evapotranspiration is calculated from the “first day of 

planting”. 1gp represents the day of harvest, thus it entails measuring evapotranspiration 

for the entire length of the crop-growing period in days. Hence the CWUgreen is the sum of 

the evapotranspiration experienced by the crop over the growing period, from planting to 

harvest.  

 

The blue water footprint of the process of growing a crop is calculated as follows: 
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Hence, WFproc, blue is the blue crop water use (CWUblue) measured in m3/ha divided by the 

yield (Y) measured in tonne/ha (Hoekstra et al., 2011). 
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ETblue is blue water evapotranspiration. The CWUblue works on the same basis as the 

CWUgreen. The only difference is that ETblue is used instead of ETgreen (Hoekstra et al., 2011). 

 

The grey water footprint (WFproc, grey) of the process of growing a crop is calculated as 

follows: 
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AR is the chemical application rate to the field per ha (kg/ha).   represents the leaching-

runoff fraction. Cmax is the maximum acceptable concentration of the pollutant (kg/m3). Cnat 

is the natural concentration for the pollutant considered (kg/m3). Y represents crop yield 

(tonne/ha). 

 

The WFproc, grey calculates the volume of solution that is leached into the soil. It then divides 

it by the increase in the chemical concentration of the water source into which the 

chemicals (e.g. salts) were deposited. This quotient is then further divided by the yield to 

determine the WFproc, grey in m3/tonne. Note that the pollutants are mainly fertilisers, 

pesticides, insecticides, and herbicides. Subtracting Cnat from Cmax indicates the amount 

of pollutant that has been applied. It is important to note with regard to the grey water 

footprint that one only considers the pollutant that accounts for the largest contribution to 

the grey water footprint (Hoekstra et al., 2011).  
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3.2.2.2 WATER FOOTPRINT OF A PRODUCT 

 

According to Hoekstra et al. (2011), the water footprint of a product is the total volume of 

freshwater that is utilised both directly and indirectly to produce the product. It comprises 

three components, namely the green, blue, and grey water footprints. A water footprint 

accounts for the volume and type of consumptive water use, as well as when and where 

that water is used.   

 

There are two methods of calculating the water footprint of a product: the chain summation 

approach and the stepwise accumulative approach. The chain summation approach can 

only be used when a production system produces one output product. Hence this study 

follows the chain summation approach. 

 

3.2.2.3 ANIMAL PRODUCT WATER FOOTPRINT 

 

The water footprint of an animal product comprises a direct water footprint and an indirect 

water footprint (Mekonnen and Hoekstra, 2010). The direct water footprint is associated 

with drinking water and service water used (Mekonnen and Hoekstra, 2010). The indirect 

water footprint is the water that is linked to the feed (Mekonnen and Hoekstra, 2010). 

According to Mekonnen and Hoekstra (2010), the water footprint of an animal product may 

be expressed as follows: 

 

WFchicken = WFfeed + WFdrink +WFservice  [m3/year/chicken] or [m3/chicken]     [22] 

 

WFchicken is the total water footprint associated with the production of a tonne of chicken 

meat. WFfeed is the total water footprint associated with producing chicken feed. WFdrink is 

the water that the chickens drink during their production and is associated with a blue water 

footprint. WFservice is the water used to create and sustain a hygienic environment suitable 

for chicken production. WFservice has a blue and a grey water footprint. 

 

It is more appropriate to express the water footprint of broiler chickens in terms of 

m3/chicken (Mekonnen and Hoekstra, 2010). However, the water footprint of layer 

chickens is best described as m3/year/chicken (Mekonnen and Hoekstra, 2010). The 
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component of the water footprint of a chicken that is associated with chicken feed is 

calculated as follows: 
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Feed [p] represents the yearly quantity of the feed ingredient p that is consumed by a 

chicken and is expressed in terms of tonne/year. WF*prod[p] is the water footprint of the 

feed ingredient p, which is expressed in terms of m3/tonne. WFmixing is the water footprint 

of mixing the chicken feed and is expressed in terms of m3/year/chicken. Pop* is the 

number of slaughtered broiler chickens per year. The water footprint of the feed ingredient 

p may be calculated as follows: 
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P [p] is the quantity of the feed product produced in a country per year and it is expressed 

in terms of tonne/year. Ti[ne,p] is the amount of feed product p that is imported from an 

exporting nation ne and it is expressed in terms of tonne/year. WFprod[p] is the water 

footprint of the feed product p when it is produced in the nation under review and it is 

expressed in terms of m3/tonne. WFprod[ne,p] is the water footprint of the feed product p 

when it is produced in the exporting nation ne and it is expressed in terms of m3/tonne.  

 

The amount and composition of feed consumed is a function of animal type, the production 

system, as well as the country in which production takes place. The differences in climatic 

and agricultural practices between different countries make the water footprint of feed 

crops different from one country to another. The total feed consumed by a certain animal 

following a production system in a country may be calculated as follows: 

 

PFCEFeed               [25] 
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Feed represents the total quantity of an animal’s feed intake (tonne/year). FCE is the feed 

conversion efficiency of the animal (kg dry mass of feed/kg of product). P is the total 

quantity of product produced by an animal, for instance meat produced by broiler chickens 

or the total quantity of eggs produced by layer chickens. The term “feed conversion 

efficiency” is used to describe the quantity of feed an animal must consume to produce a 

unit product (Mekonnen and Hoekstra, 2010). Low FCE suggests that an animal is an 

efficient user of feed.  

 

3.2.2.4 TOTAL WATER FOOTPRINT 

 

The blue water footprint of the maize-broiler value chain will comprise the blue water 

footprint of farm-level irrigated maize and chicken production. At the processor level, the 

blue water footprint will include that of processing maize into chicken feed and processing 

broiler chickens into final products for consumers, as well as the blue water utilised for 

cleaning and sanitation at the processing plants. 

 

Green water in the maize-broiler value chain only plays a role during farm-level maize 

production, thus the green water footprint will only be calculated for maize production. 

There is no green water use at farm-level broiler chicken production, neither is green water 

used during the processing of chickens.  

 

3.2.3 STAGE 3: WATER FOOTPRINT SUSTAINABILITY ASSESSMENT 

 

3.2.3.1 SUSTAINABILITY OF THE WATER FOOTPRINT OF A PRODUCT, PROCESS, AND RIVER BASIN 

 

The WFA involves comparing the water footprint of maize and broiler production with blue 

water availability in the Orange River basin during the summer months. As mentioned 

earlier, the study will focus on the environmental aspect of sustainability and then quantify 

the extent to which production impacts the environment. 

 

In assessing the sustainability of broiler production, this study will consider the 

sustainability of various process steps that are involved in producing broiler meat. These 

processes include maize and broiler production, as well as the slaughtering and 

processing of broilers. If the water footprint of any of the process steps is unsustainable, 
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the water footprint of broiler meat will also be unsustainable. Maize and broiler production, 

as well as broiler slaughtering and processing, may be found to be unsustainable if the 

process occurs at a time of the year when the total water footprint of the Orange River 

basin is unsustainable. It may also be unsustainable if, given the current water footprint of 

the process, it is not possible to lower the freshwater use. The sustainability of the maize-

broiler value chain will be assessed based on the monthly blue water scarcity method 

proposed by Hoekstra and Mekonnnen (2011). 

 

3.2.3.2 ENVIRONMENTAL SUSTAINABILITY CRITERIA FOR IDENTIFYING ENVIRONMENTAL HOTSPOTS 

 

The water footprint in a catchment is considered environmentally sustainable if the 

environmental freshwater requirements are satisfied and the degree of water pollution is 

below the waste assimilation capacity. If, however, the water footprint in a catchment is 

environmentally unsustainable, an environmental hotspot will develop. The hotspot can be 

quantified by determining the green water scarcity, blue water scarcity, and/or the extent 

of water pollution. An environmental hotspot occurs when the green water scarcity, blue 

water scarcity, and/or the extent of water pollution are beyond 100%. Regarding the blue 

water footprint, one must assess whether there is a reduction in blue water in response to 

the water footprint such that the reduction goes beyond a certain environmental threshold. 

The green, blue, or grey water footprint can have a direct influence on the occurrence of 

environmental hotspots. The blue water footprint will be explored in the following 

discussion. 

 

Environmental sustainability of the blue water footprint 

 

The aggregate blue water footprint in a particular catchment is equal to the sum of all the 

blue water footprints of the processes that occur in the catchment. When the blue water 

footprint at a certain time in a particular catchment is greater than the blue water availability 

at that time and in that catchment, a hotspot will develop during that time and in that 

catchment area. The blue water availability (WAblue) in a catchment x in period t may be 

calculated as follows: 

 

WAblue[x,t] = Rnat[x,t] – EFR[x,t] [volume/time]            [26] 
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WAblue is the blue water availability, Rnat is the natural runoff, and EFR is the environmental 

flow requirement. 

 

According to the above equation, the total blue water availability in catchment x during 

period t is equal to the natural runoff minus the EFR. In the case where the blue water 

footprint is greater than the blue water availability, the surplus freshwater is derived from 

environmental freshwater flows, thus rendering the blue water footprint unsustainable. The 

EFRs are estimated based on the volume and timing of freshwater flows necessary to 

support freshwater and estuarine ecosystems and human livelihoods that depend on these 

ecosystems.  

 

Figure 3.1 demonstrates the relationship between the blue water footprint and availability, 

as well as the EFRs. It is important to note that the total blue water available is equal to 

the blue water remaining from the runoff after the EFR has been satisfied. According to 

Figure 3.1, from January to mid-April and during the second half of September to 

December, the blue water footprint is sustainable. However, from May towards the end of 

September, the blue water footprint is unsustainable. The blue water footprint is not 

sustainable in the latter period because a fraction of the blue water intended for the 

purpose of meeting the EFR is redirected for another use.  
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Figure 3.1: Example of annual blue water footprint versus blue water availability 

Source: Hoekstra et al. (2011) 

 

Environmental flow requirements (EFRs) are determined by subtracting the natural runoff 

from the blue water availability. The natural runoff is the sum of the actual runoff and the 

blue water footprint within the catchment. There are two criteria for assessing the 

environmental sustainability of the blue water footprint in a catchment or river basin. Firstly, 

in any given month, the blue water footprint may not be sustainable from an environmental 

point of view if the blue water footprint within the catchment is greater than the blue water 

availability. Such a situation compromises the EFRs as freshwater or runoff that is meant 

to satisfy the EFRs is utilised for a different purpose. Secondly, one may examine the 

implications on groundwater reserves and the volume of freshwater in lakes in a catchment 

that arise in response to the blue water footprint. The blue water scarcity (WSblue) in a 

catchment x in period t may be calculated as follows: 
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WSblue is the blue water scarcity, WFblue is the aggregate blue water footprint, and WAblue 

is the blue water availability. According to the above equation, the blue water scarcity in a 

catchment x in period t is equal to the quotient of the sum of the blue water footprints to 
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the blue water availability in catchment x in period t. The blue water footprint is a physical 

concept in that it measures the difference between the utilised and available freshwater 

resources. It is also an environmental concept because it takes the EFRs into 

consideration. 

 

3.3  DATA 

 

This study analyses the water footprint of the maize-broiler value chain, with focus on 

broiler chickens. The study considers production from farm level to processor right through 

to retail level. Secondary data on the water requirement for maize production were 

obtained from Van Rensburg et al. (2012). The general objective of Van Rensburg et al. 

(2012) was to formulate methods for controlling irrigation-induced salinity on the farms 

located in the Orange-Riet and Vaalharts irrigation schemes. However, for the purposes 

of this study, only the Orange-Riet Irrigation Scheme will be considered. 

 

As mentioned in Chapter 2, maize is the major input used as feed in the production of 

broiler chickens. Therefore, data on the water requirements for maize production at farm 

level are essential. Data on water used during the processing of maize to produce chicken 

feed are also necessary. Thus water use data for a commercial poultry farm and poultry 

processor have a considerable contribution towards this study. These data were acquired 

from a chicken-processing facility by means of questionnaires and interviews with senior 

management.   

 

3.3.1 WATER USE DATA ON MAIZE PRODUCTION 

 

3.3.1.1 LOCATION AND LAYOUT OF THE ORANGE-RIET IRRIGATION SCHEME 

 

The research area is the Orange-Riet Irrigation Scheme. A large area of the Orange-Riet 

Irrigation Scheme is located in the Free State within the confines of the Orange River and 

the Riet River and extends marginally into the Northern Cape (Van Rensburg et al., 2012). 

The Orange-Riet Irrigation Scheme is managed within the Riet/Modder and Vanderkloof 

sub-areas of the Upper Orange Water Management Area (Van Rensburg et al., 2012). 
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The Orange-Riet Transfer Scheme is in the Free State province. It allows for the flow of 

freshwater from the Vanderkloof Dam through the Orange-Riet Canal and into the Riet 

River catchment.  

 

Figure 3.2 is a graphic illustration of the position of the Orange-Riet Irrigation Scheme in 

South Africa. It is evident from Figure 3.2 that the scheme is primarily located in the Free 

State province. 

 

 

Figure 3.2: Geographic position of the Orange-Riet Irrigation Scheme in South Africa 

Source: Van Rensburg et al. (2012) 

 

Figure 3.3 provides a more detailed description of the Orange-Riet Irrigation Scheme. The 

Vanderkloof Dam serves as a source of water for the Orange-Riet Irrigation Scheme (Van 

Rensburg et al., 2012). As freshwater flows from the Vanderkloof Dam along the Orange-

Riet canal section, about 3 970 ha are irrigated. In the Riet River Settlement section, 

8 045 ha are irrigated and 637 ha are irrigated in the Scholtzburg section of the Orange-

Riet Irrigation Scheme (Van Rensburg et al., 2012). Excess and drainage water from the 

settlement section flow into the Riet River, which in turn flows across the Ritchie and Lower 

Riet sections of the Orange-Riet Irrigation Scheme where 97 ha and 3 938 ha are irrigated 

respectively (Ninham Shand, 2004). 



 

60 

 

 

Figure 3.3: Graphical description of the Orange-Riet Irrigation Scheme  

Source: Van Rensburg et al. (2012) 

 

3.3.1.2 LOCATION AND LAYOUT OF MEASURING POINTS 

 

Van Rensburg et al. (2012) set up 30 measuring points in such a manner that they could 

consider differences in bio-physical conditions at root zone scale, namely irrigation water 

qualities, soil types, crops, irrigation systems, soils with artificial drainage, as well as 

different managers of the various sites. The measuring points had 4 m × 4 m dimensions 

in the crop fields where they were established. Two measuring points were set up in fields 

with artificial drainage systems. One measuring point was established on the drainage line, 

whilst another was set up away from the drainage line. The distance between the two 

measuring points depended on the line spacing and type of drainage system. At each 

measuring point, two neutron access tubes (2 000 mm), one piezometer (perforated 

63 mm PVC tubes and 3 000 mm deep), and a rain gauge were installed. Measurements 

were taken over four seasons (two winters and two summers) from July 2007 to June 

2009. 
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This study focuses on areas identified by Van Rensburg et al. (2012) as measuring points 

or4, or5, or18, and or20. The occurrence of maize cultivation in these areas is the 

fundamental basis upon which these measuring points were selected. Measuring points 

or4 and or5 are located in site 1. Measuring points or18 and or20 are located in site 14. 

The Orange River serves as the water source for site 1. Blended water (a mixture of water 

that originates from the Orange, Modder, Riet, and Lower Riet rivers and drainage water) 

serves as the water source for site 14. Measuring points at site 14 have neither a water 

table nor a drainage system. Measuring points at site 1 have a water table. Measuring 

point or4 has a drainage system but measuring point or5 does not.  

 

3.3.1.3 CLIMATE 

 

The mean maximum and minimum temperature as well as the mean evapotranspiration 

and rainfall for different months of the year in the Orange-Riet Irrigation Scheme are 

expressed in Table 3.2. The annual mean maximum temperature in the scheme is 

25.58 °C. The mean maximum temperature for each of the summer months (October to 

February) is greater than the mean maximum temperature per annum. As autumn sets in, 

the temperatures begin to fall gradually. The mean minimum temperature in the scheme 

is 8.5 °C per annum. The mean minimum temperature for each winter month (May to July) 

is less than the mean minimum temperature in the scheme per annum. As spring sets in, 

the temperatures begin to rise. The total mean evaporative demand in the scheme is 

1 741 mm. The mean evaporative demand for the summer months is about 965 mm. This 

is 55.43% of the total evaporative demand. As autumn approaches, the mean evaporative 

demand declines. The mean evaporative demand for the winter months is about 251 mm. 

This is 14.42% of the total mean evaporative demand. As spring approaches, the mean 

evaporative demand increases. The total mean rainfall in the scheme is 397 mm, while the 

mean rainfall for the summer months is about 239 mm (60.2%). 

 

3.3.1.4 WATER QUALITY 

 

The natural concentration of nitrate in the  groundwater is less than 3 mg NO3-N/l of 

freshwater (Bouchard, Williams and Surampalli, 1992). The natural background 

concentration of dissolved inorganic nitrogen (ammonium-nitrogen, nitrate-nitrogen, and 

nitrite-nitrogen) at Oranjedraai is 0.348mg/ℓ of freshwater (DAFF, 2009). Nitrate-nitrogen 
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accounts for 0.30mg/ℓ of the dissolved inorganic nitrogen concentration at Oranjedraai 

(DAFF, 2009). Such a relatively high concentration of nitrate-nitrogen in freshwater renders 

it an appropriate contaminant that should receive considerable attention.  

 

Koning, Roos and Grobbelaar (2000) analysed the nitrate-nitrogen as well as phosphate-

phosphorous concentration in the upper part of the Modder River within the boundaries of 

the Rustfontein Dam, Mazelspoort Barrage, Klein Modder River, and the Modder River just 

before Sannaspos. The water samples from the Modder River were taken every two weeks 

from February 1996 to December 1997. Koning et al. (2000) found the mean nitrate-

nitrogen concentration in the Modder River to be 230µg/ℓ. It was also found that the flow 

of water from the Klein Modder River increases the nitrate-nitrogen levels of the Modder 

River by 171% (Koning et al., 2000). The Klein Modder River is subject to anthropogenic 

pollution and as such its contribution to nitrate-nitrogen levels in the Modder River should 

be deducted from the nitrate-nitrogen concentration in the Modder River. Thus the mean 

nitrate-nitrogen concentration in the Modder River is 134.5029µg/ℓ of freshwater. The 

mean global natural background concentration of nitrate-nitrogen in rivers is 100µg/ℓ 

(Koning et al., 2000). Franke, Boyacioglu and Hoekstra (2013) suggested a natural 

background concentration of 0.1mg NO3-N/ℓ of freshwater. According to Nordin and 

Pommen (2009), the maximum allowable nitrogen concentration must be 10 mg NO3-N/ℓ 

of freshwater. This maximum is set to protect the health of human life. Franke et al. (2013) 

suggested a maximum allowable nitrogen concentration of 13 mg NO3-N/l of freshwater. 

 

Grey water footprint at measuring points or18 and or20: 

 

The leaching-runoff fraction 

 

The leaching-runoff fraction is estimated using the following method: 
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si is the score of each factor and wi is the weight of the factor, and the maximum and 

minimum leaching-runoff fractions are represented by αmax and αmin respectively. Table 3.1 
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depicts the minimum and maximum leaching-runoff fractions that are required to estimate 

the leaching-runoff fraction at the measuring points. 

 

Table 3.1: Minimum and maximum leaching-runoff fractions for nitrogen 

αmin αmax 

N N 

0.01 0.25 

Source: Franke et al. (2013) 

 

The leaching-runoff fraction at measuring points or18, or20, or4 and or5 

 

Table 3.2 is a guideline for determining the leaching-runoff fraction of nitrogen. It 

distinguishes between environmental factors and agricultural practice. The environmental 

factors consist of atmospheric nitrogen deposition, soil texture, and natural drainage as 

well as precipitation. The agricultural practice comprises nitrogen fixation, application rate, 

plant uptake, and management practice. In determining the leaching-runoff fraction, a 

weight is assigned to each factor. The weights ranged from 5 to 15. Natural drainage and 

plant uptake received the lowest weights. Soil texture and precipitation were assigned the 

highest weights. 

 

Table 3.2:  The score of each factor and the associated weight for the case of 
nitrogen at measuring points or18, or20, or4 and or5 

Category Factor 

Score (si) Weight (wi) 

or18  

and  

or20 

or4  

and  

or5 

or18  

and  

or20 

or4 

and 

or5 

Environmental 

factors 

Atmospheric 

input 

N-deposition (g 

N.m-2.yr-1) 

0.5 0.5  10 10 

Soil 

Texture (relevant 

for leaching) 

0  1  15 15 

Texture (relevant 

for runoff) 

0  1  10 10 

Natural drainage 

(relevant for 

leaching) 

0  0.33 10 10 
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Natural drainage 

(relevant for 

runoff) 

1  0.67 5 5 

Climate Precipitation 

(mm) 

0  0 15 15 

Agricultural 

practice 

N-fixation (kg/ha) 0.5  0.5 10 10 

Application rate 217 215  10 10 

Plant uptake 359.694 413.775  5 5 

Management practice 0.33 0.33  10 10 

Source: Van Rensburg et al. (2012) 

 

The maize season at measuring points or18 and or20 commenced in October and ended 

in May 2008. This was a period of eight months. Rainfall over this period was 361 mm. 

Both N-deposition from the atmosphere and N-fixation are unknown, therefore they are 

each assigned a score of 0.5, as suggested by Franke et al. (2013). The soil is clayey with 

no drainage system, hence the soils are poorly drained. Nitrogen fertilisation was applied 

at 217 kg/ha. The management practice was good because a yield of 13.32 t.ha-1 was 

achieved in the area. At this yield level, the Fertilizer Society of South Africa (FSSA, 2007) 

suggested that 199.83 kg N/ha were taken up by the crop. 

 

The first maize season at measuring points or4 and or5 commenced in December 2007 

and ended in July 2008 the following year. This was a period of eight months. Rainfall over 

this period was 262 mm. Both N-deposition from the atmosphere and N-fixation are 

unknown, therefore they are each assigned a score of 0.5 as suggested by Franke et al. 

(2013). The soil is sandy with no drainage system at the fields in the vicinity of measuring 

point or5. Nevertheless, lands that were covered by measuring point or4 had a drainage 

system, hence the soils are moderately to imperfectly drained. Nitrogen fertilisation was 

applied at 215 kg/ha. The management practice was good because a yield of  

15.33 t.ha-1 was achieved in the area. At this yield level, the FSSA (2007) suggested that 

413.775 kg N.ha-1 were taken up by the crop.  
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The leaching-runoff fraction of nitrogen is as follows: 
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Therefore, the leaching-runoff fraction of nitrogen at measuring points or18 and or20 is 

7.40%. 
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Therefore, the leaching-runoff fraction of nitrogen at measuring points or4 and or5 is 

13.79%. 

 

Table 3.3 is a summary of the leaching-runoff fractions and application levels of nitrogen 

at measuring points or18, or20, or4, and or5. The leaching-runoff fractions of nitrogen at 

measuring points or18 and or20 are estimated at 7.40%. At measuring points or4 and or5 

the leaching-runoff of nitrogen is 13.79%. Van Rensburg et al. (2012) reported the nitrogen 

application at measuring points or18 and or20 at 217 kg/ha. They reported the nitrogen 

application for measuring points or4 and or5 at 215 kg/ha. 

 

The grey water footprint associated with nitrogen fertilisation per ha at measuring points 

or18 and or20 is calculated as follows: 
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The grey water footprint associated with nitrogen fertilisation per ha at measuring points 

or4 and or5 in season 1 is estimated as follows: 
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3.3.1.5 DATA ACQUISITION 

 

Data on rainfall, irrigation, soil water content, water table depth, drainage from artificial 

drainage systems where applicable, electrical conductivity of irrigation water, water table 

and drainage, and fertiliser application were taken from Van Rensburg et al. (2012).  
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3.3.1.6 LOCATION AND DESCRIPTION OF MEASURING POINTS OR18 AND OR20 

 

Figure 3.4 indicates the geographic location of measuring points or18 and or20. They are 

both located in the valley bottom of a farm located in the Lower Riet River section of the 

Orange-Riet Irrigation Scheme. These measuring points are situated on a 42-ha centre 

pivot irrigation scheme. The soil form in this area is Valsrivier Aliwal (Soil Classification 

Working Group, 1991). The Valsrivier Aliwal soil form comprises various horizons with 

unique characteristics of its own. At a depth of 0 mm to 300 mm from the soil surface lies 

the dark-brown Orthic A with 41% clay. It is followed by a dark-brown B1 horizon with 43% 

clay which extends to 900 mm. The dark-brown B2 consists of 46% clay and is situated at 

a depth of 900 mm to 1 200 mm directly beneath the B1 horizon. An unspecified C horizon 

concludes the profile. It reaches depths beyond 1 500 mm and consists of 50% clay. A 

strong, coarse, angular, and blocky structure with clay cutans, slickensides, and lime 

concretions are marked features of the profile. The B2 and C horizons are characterised 

by blue, black, brown, red, and white mottles. The centre pivots in the vicinity of measuring 

points or18 and or20 have a uniformity coefficient, distribution uniformity, application 

efficiency, and system efficiency of 93%, 92%, 97%, and 88% respectively. It is on this 

basis that Van Rensburg et al. (2012) declared that the irrigation systems are in a good 

condition. A drainage system has been constructed in the area to address water logging. 

The drainage water is released into a storage dam, where it is mixed with water from the 

Lower Riet River and reused to irrigate crops at the measuring sites. 
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Figure 3.4:  Geographic position of measuring points or18 and or20 within the Lower 
Riet section of the Orange-Riet Irrigation Scheme  

Source: Van Rensburg et al. (2012) 
 

 

Figure 3.5:  Position of measuring points or18 and or20 on the irrigated fields of the 
Valsrivier Aliwal soil form in the Lower Riet section of the Orange-Riet 
Irrigation Scheme.  

Source: Van Rensburg et al. (2012) 
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3.3.2 LOCATION AND DESCRIPTION OF MEASURING POINTS OR4 AND OR5 

 

Measuring points or4 and or5 are positioned on a 30-ha centre pivot in the settlement 

section of the Orange-Riet Irrigation Scheme. These two measuring points occupy a soil 

classified as the Hutton soil from of the Ventersdorp family (Soil Classification Working 

Group, 1991). The profile is characterised by four diagnostic horizons, namely Orthic A 

with 4% clay (0 mm to 300 mm), red apedal B1 with 8% clay (300 mm to 600 mm), red 

apedal B2 with 10% clay (600 mm to 1500 mm), and an unspecified C with 10% clay 

(+1 500 mm) (Van Rensburg et al., 2012). The A, B1, B2, and C horizons have an apedal 

massive structure. The A and B1 horizons are grouped in the fine sandy textural class. In 

contrast, the B2 and C horizons are grouped into the fine loamy sand class. The measuring 

points or4 and or5 have an internal drainage system, which comprises a single lateral 

installed at a depth of 1 800 mm in the centre of the field. 

   

 

Figure 3.6:  Geographical position of measuring points or4 and or5 at the Riet River 
settlement section of the Orange-Riet Irrigation Scheme  

Source: Van Rensburg et al. (2012) 
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Figure 3.7:  Location of measuring points or4 and or5 on the irrigated fields at the 
Riet River settlement section of the Orange-Riet Irrigation Scheme 

Source: Van Rensburg et al. (2012) 

 

Grey water footprint 

 

Table 3.3:  Nitrogen and phosphorous removal by maize per one tonne of 
marketable product 

Maize N P K 

Grain only 15 3 3.5 

Whole plant 27 4.5 20 

Source: FSSA (2007) 

 

The whole plant represents the entire crop, excluding the roots (FSSA, 2007). 
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3.3.3 WATER USED TO PRODUCE CHICKEN MEAT 

 

Figure 3.8 illustrates an industrial production system that is followed by the broiler farm 

studied in this research. The broiler farm is located in the eastern Free State. The farm 

produces 101 465 broilers per day. Broilers are grown to reach 0.00185 tonnes. Therefore, 

the farm produces 187.71 tonnes of broilers per day. The farm has 950 broiler houses in 

total. The broilers are relatively less mobile, they are bred to grow at a higher rate, and 

they are slaughtered at an earlier age. Their feed ration comprises maize, full-fat soya, 

soya oilcake, and sunflower oilcake. Their diet is divided into pre-starter, starter, grower, 

finisher, and post-finisher. Maize accounts for the highest percentage in all phases of their 

diet, followed by soya oilcake and sunflower oilcake. The feed is produced locally using 

conventional practices, mainly under irrigation conditions. Ultimately, the FCE, the water 

footprint of the feed, the water footprint associated with drinking, and other on-farm 

activities yield the water footprint of chicken meat.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.3.1 FARM-LEVEL WATER USE FOR BROILER PRODUCTION 

 

Water usage: Feed production 

 

According to Hoekstra (2014), the largest share of the water footprint of animal products 

is attributed to the production of animal feed. Mekonnen and Hoekstra (2010) found that 

animal feed production accounts for 98% of the water footprint of animal products. 

Industrial 

production 

system  

Feed composition 

(maize, full fat soya, 

soya, and sunflower 

oilcake) 

Feed origin (Free 

State, conventional, 

irrigated) 

Water footprint 

of broiler meat 

Feed conversion 

efficiency 

Water footprint of the 

feed 

Water footprint 

related to drinking 

and other on-farm 

activities 

Figure 3.8: Factors influencing the water footprint of chicken meat 

Source: Gerbens-Leenes et al. (2013) 
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Nevertheless, the feed composition has a marked impact on the contribution of animal 

feed to the total water footprint of animal products. Feed concentrates have a larger water 

footprint than roughages (grass, crop residues, and fodder crops) (Gerbens-Leenes and 

Hoekstra, 2011). In fact, Hoekstra (2014) found that the water footprint of concentrates is 

five times greater than that of roughages. Thus animal feed with a higher proportion of 

concentrates contributes to a larger water footprint of animal products than feed with a 

higher proportion of roughages. It is thus critical to quantify the water footprint of chicken 

feed. As previously mentioned, Mekonnen and Hoekstra (2010) suggested equation [23] 

as an appropriate method for calculating the water footprint of chicken feed. 

 

Table 3.4 is a summary of the total water footprint of a tonne of soya and sunflower oilcake 

production in South Africa’s Free State province. It was derived from Mekonnen and 

Hoekstra (2010). The green water footprint is the largest component in the water footprint 

of soya and sunflower oilcake. It makes up 98.44% of the total water footprint per tonne of 

soya oilcake produced and 96.08% of the total water footprint per tonne of sunflower 

oilcake produced. The consumptive water footprint is greater than the grey water footprint 

in both cases. The consumptive water footprint of soya oilcake is more than double the 

consumptive water footprint of sunflower oilcake. Nevertheless, the grey water footprint of 

sunflower oilcake is four times greater than the grey water footprint of soya oilcake. 

 

Table 3.4: Water footprint of soya and sunflower oilcake 

Broiler Feed WF WFgreen WFblue WFgrey 

m3/tonne 

Soya oilcake 2434 2396 29 9 

Sunflower oilcake 1199 1152 10 37 

Source: Mekonnen and Hoekstra (2010) 

 

Drinking water of chickens 

 

The volume of water a chicken drinks depends on several factors. Kratzer et al. (1994) 

identified environmental temperature, relative humidity, diet composition, rate of growth or 

egg production, and the efficiency of kidney absorption of water as factors which influence 

the freshwater intake of a chicken. Kratzer et al. (1994) quantified the water consumption 

of a broiler chicken at an environmental temperature of 21 °C. According to Kratzer et al. 



 

73 

 

(1994), the volume of freshwater a broiler chicken drinks increases by 7% for every 1 °C 

in temperature above 21 °C. One can conclude that as the chicken gets older, the volume 

of water that it drinks on average per week increases. For a broiler chicken, the increase 

is variable until the chicken is four weeks old. From five weeks old, the broiler chicken 

maintains a more constant increase in water intake per week. 

 

Williams, Tabler and Watkins (2013) investigated the water consumption of broiler 

chickens. The objective was to establish whether or not there is a variation in the volume 

of water broiler chickens drink over time. The broiler chickens for the periods 1991 (Period 

1), 2000 to 2001 (Period 2), and 2010 to 2011 (Period 3) were housed in four commercial 

broiler houses at the University of Arkansas Applied Broiler Research Farm. During 

Periods 1, 2, and 3, each house was allocated an average of 18 800, 20 600, and 20 590 

chicks respectively. The number of chicks per 0.09 m2 was 0.85, 0.78, and 0.78 in Periods 

1, 2, and 3 respectively. An in-house water meter for poultry water lines was used to 

capture the volume of water the chickens drank per day. This was done for each house. 

Digital scales on feed bins were used to measure how much feed the chickens ate each 

day, and this was also done for each broiler house. In Period 1, the broilers consumed 

140.32 litres of water and 8.85 kilograms of feed per 1000 chickens. In Period 2, the 

broilers consumed 160.54 litres of water and 9.72 kg of feed per 1000 chickens. In Period 

3, the broilers consumed 190.48 litres of water and 11.30 kg of feed per 1000 chickens. 

This suggests that the broilers consumed more water and feed from Period 1 to Period 2 

with the highest consumption levels reported in Period 3. Given the increasing demand for 

freshwater and feed in broiler production over the years, it is important to use water 

sustainably for the production of broilers and broiler feed.  

 

Service water of chicken 

 

The broiler farm produces 101 465 broilers per day. Each broiler weighs 0.00185 tonnes. 

Therefore the farm produces 187.71 tonnes of broilers per day. The farm reported that 

they use 2 800m3 of water per broiler house per year and has 950 broiler houses in total. 

Therefore the volume of water used at the broiler farm for the purposes of drinking, 

cleaning, and service water was determined as 38.82 m3 per tonne of broilers produced 

as shown below: 
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3.3.3.2 PROCESSOR LEVEL WATER USE FOR BROILER CHICKENS 

 

The broiler abattoir uses 0.01m3 to slaughter and process a chicken. It is assumed that the 

slaughtering and processing of broilers each account for 50% of the volume of water used 

at the abattoir. Each chicken is slaughtered at 0.00185 tonnes. The abattoir slaughters 

286.75 tonnes per day. Therefore the volume of water used to slaughter a tonne of broilers 

at the abattoir is 2.70m3. The processing of a tonne of broilers uses 3.76 m3 of water. This 

includes service water. The broiler firm sources 53 535 broilers from external farmers so 

that it slaughters and processes 155 000 broilers. It is determined as follows: 
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3.3.4 ORANGE RIVER BASIN SUSTAINABILITY ASSESSMENT 

 

The source of freshwater for maize production in the Orange-Riet Irrigation Scheme is 

mainly irrigation water. Furthermore, the chicken abattoir and processing facility rely on 

blue water to meet their process water requirements. Both practices have an associated 
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grey water footprint. Both the scheme and the processing firm fall within the Orange River 

basin. It is for these reasons that the focus of this study is to assess the sustainability of 

the Orange River basin according to the sustainability of the blue water footprint as well 

as the grey water footprint. 

 

Hoekstra and Mekonnen (2011) measured the blue water scarcity of the Orange River 

basin on a monthly basis for the period 1996 to 2005. They estimated the blue water 

scarcity by dividing the blue water footprint of the basin by the blue water availability in the 

catchment. Blue water availability was taken as the difference between the natural runoff 

and EFRs. The natural runoff is the sum of the actual runoff and the total blue water 

footprint of the basin. The blue water scarcity of the Orange River basin was classified into 

four categories based on the degree of scarcity. A low blue water scarcity, moderate blue 

water scarcity, significant blue water scarcity, and severe water scarcity have a blue water 

scarcity value less than 100%, 100% to 150%, 150% to 200%, and greater than 200%, 

respectively.  

 

3.3.5 ECONOMIC WATER PRODUCTIVITY  

 

Quantifying the economic productivity of water use (EWP) along the maize-broiler value 

chain is critical. It forms the basis upon which one may contrast the economic returns per 

unit of water used among various other alternative uses. For the purposes of this study, 

the focus will be on the EWP of the poultry processors. The EWP will be determined by 

taking the ratio of the retail price per tonne of chicken (R) and the water footprint of a tonne 

of chicken (V). This will result in the economic returns per unit of water (in m3) used to 

produce chicken. This may be expressed as follows: 

 

V

R
EWP                  [30] 
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CHAPTER 4 

RESULTS 

 

4.1 INTRODUCTION 

 

This chapter expresses and discusses the calculations of the green, blue, and grey water 

footprints at each stage of the maize-broiler value chain. The total water footprint of a tonne 

of chicken meat is then established by summing the water footprint components at each 

stage of the value chain accordingly. This is followed by a calculation of the EWP of 

chicken. 

 

4.2 THE WATER FOOTPRINT OF MAIZE PRODUCTION 

 

The water footprint of maize production describes the total freshwater use per unit of maize 

produced. Total freshwater refers to the sum of the volume of rainfall and irrigation water 

consumed during the growth of the maize. It also includes water reservoirs, whose quality 

is degraded by chemicals applied during the course of maize production. One site where 

the water footprint of maize production was measured consisted of measuring points or18 

and or20; another site consisted of measuring points or4 and or5. Both sites are located 

in the Orange-Riet Irrigation Scheme. Measuring points or18 and or20 are discussed in 

the next section.     

 

4.2.1 THE WATER FOOTPRINT OF MAIZE PRODUCTION AT MEASURING POINTS OR18 AND OR20 

 

Table 4.1 describes the biophysical data at measuring points or18 and or20. The yield of 

maize was obtained from Van Rensburg et al. (2012). The soil form at the measuring points 

is a Valsrivier soil form with a Silt-plus-clay percentage, a mean volumetric soil water 

content, and soil depth of 65.67%, 0.33 mm.mm-1, and 2 000 mm respectively. Maize 

evapotranspiration for the production period was 507 mm. 
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Table 4.1: Biophysical data of measuring points or18 and or20 

 

 

 

Average 

Yield 

(kg.ha-1) 

Silt-clay 

(%) 

θs 

(mm.mm-

1) 

Soil 

Depth 

(mm) 

∆W 

(mm) 

ET 

(mm) 

13322 65.67 0.33 2000 31 507 

Source: Van Rensburg et al. (2012) 

 

4.2.1.1 BLUE AND GREEN WATER FOOTPRINT 

 

Table 4.2 illustrates the level of water use at measuring points or18 and or20. The 

evapotranspiration of maize produced at the measuring points was 589 mm. The rainfall 

in the area for the period of maize production was 199 mm. Despite an irrigation 

requirement of 390 mm, the farmers irrigated the maize fields with 496 mm. About 31 mm 

of the excess irrigation water was stored in the soil, whilst 75 mm was lost from the 

potential root zone through upward or downward drainage. The rainfall and irrigation 

together totaled 695 mm for the maize production period. It can be deduced from Table 4.2 

that the maize farmers in the vicinity of measuring points at Orange-Riet Irrigation Scheme 

over-irrigated by 106 mm. 

 

Table 4.2:  Summary of water use data at the measuring points or18 and or20 at 
Orange-Riet Irrigation Scheme 

 

 

Average 

ET crop 

(mm) 

R (mm) I (mm) IR (mm) R+I (mm) 

589 199 496 390 695 

Source: Van Rensburg et al. (2012) 

 

Table 4.3 is a summary of the consumptive water use at measuring points or18 and or20. 

It shows the green and blue water footprint of maize production to be 149.38 m3/tonne 

and 292.75 m3/tonne respectively. The consumptive water footprint of maize production 

amounts to 442.13 m3/tonne. 
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Table 4.3:  Summary of the green and blue water footprints of producing maize in 
the Orange-Riet Irrigation Scheme at measuring points or18 and or20 

ET 

crop 

ET 

green 

ET 

blue 

CWU CWU 

green 

CWU 

blue 

Yield WF WF 

gree

n 

WF 

blue 

mm/period m3/ha tonne/ha m3/tonne 

589 199 390 5890 1990 3900 13.32 442.13 149.38 292.75 

Source: Van Rensburg et al. (2012) 

 

4.2.1.2 GREY WATER FOOTPRINT 

 

The grey water footprint associated with nitrogen at measuring points or18 and or20 is 

summarised as follows:  

 

]/[
minmax

timevolume
cc

L
GWF


              [31] 

 

Table 4.4 is a summary of the leaching-runoff fractions and application levels of nitrogen 

at measuring points or18 and or20. The leaching-runoff fraction of nitrogen at measuring 

points or18 and or20 is estimated at 7.40%. Van Rensburg et al. (2012) reported the 

nitrogen application in the area at 217 kg/ha. 

 

Table 4.4:  Variables necessary for estimating the pollutant load for nitrogen at 
measuring points or18 and or20 

Nutrient Pollutant load 

N α Application (kg/ha) 

7.40 % 217 

Source: Van Rensburg et al. (2012) 

 

Table 4.5 describes the grey water footprint at measuring points or18 and or20. The grey 

water footprint per ha was found to be 1 244.13 m3/ha. At a yield of 13.32 tonne/ha, the 

grey water footprint was found to be 93.39 m3/tonne. 
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Table 4.5: Summary of the grey water footprint at or18 and or20 

GWFN Yield GWFN 

m3/ha tonne/ha m3/tonne 

1244.13 13.32 93.39 

Source: Van Rensburg et al.(2012) 

 

4.2.1.3 DISCUSSION 

 

The maize yield at measuring points or18 and or20 was 13.32 tonne/ha. At this yield 

level, the blue water footprint was found to be the highest at 292.75 m3/tonne. It was 

followed by a green water footprint of 149.38 m3/tonne. The grey water footprint was by 

far the lowest at 93.39 m3/tonne. As a result, the distribution of water footprint 

components indicated that the blue water footprint made up the majority of the total water 

footprint, while the grey water footprint was the lowest. The blue water footprint made up 

54.67% of the total water footprint. It was followed by the green and grey water footprints, 

which made up 27.89% and 17.44% of the total water footprint respectively. 

 

4.2.2 THE WATER FOOTPRINT OF MAIZE PRODUCTION AT MEASURING POINTS OR4 AND OR5 

 

Table 4.6 describes the biophysical data at measuring points or4 and or5. The yield of 

maize was obtained from Van Rensburg et al. (2012). The soil form at the measuring 

points is a Hutton soil with a Silt-clay percentage, mean volumetric soil water content, 

and soil depth of 11%, 0.35 mm.mm-1, and 2 000 mm respectively. Maize 

evapotranspiration for the production period was 693 mm. 

 

Table 4.6:  Biophysical data of measuring points or4 and or5 at Orange-Riet 
Irrigation Scheme 

 

 

 

Average 

Yield 

(kg.ha-1) 

Silt-

clay (%) 

θs 

(mm.mm-

1) 

Soil 

Depth 

(mm) 

∆W 

(mm) 

ET 

(mm) 

15325 11 0.35 2000 45 693 

Source: Van Rensburg et al. (2012) 
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4.2.2.1 BLUE AND GREEN WATER FOOTPRINTS  

 

Table 4.7 indicates  that the evapotranspiration of maize produced in the vicinity of 

measuring points or4 and or5 was 740 mm. The rainfall in the area for the period of maize 

production was 262 mm. Despite an irrigation requirement of 478 mm, the farmers 

irrigated the maize fields with 344 mm, which is 134 mm less than the actual irrigation 

requirement. The build-up of a water table over time made up for the under-irrigation 

because it supplemented the irrigation. The rainfall and irrigation together totaled 606 mm 

for the maize production period. Table 4.7 shows that the maize farmers in the vicinity of 

measuring points or4 and or5 at Orange-Riet Irrigation scheme under-irrigated by 

134 mm. However, the maize was not under water stress due to a water table that had 

risen to high levels over time. 

 

Table 4.7:  Summary of water use data at the measuring points or4 and or5 at the 
Orange-Riet Irrigation Scheme in season 1 

 

 

Average 

ET crop 

(mm) 

R (mm) I (mm) IR (mm) R+I (mm) 

740 262 344 478 606 

Source: Van Rensburg et al. (2012) 

 

Table 4.8 shows that at a yield level of 15.33 tonne/ha, the green and blue water footprints 

of maize production are 170.96 m3/tonne and 258.40 m3/tonne respectively. The 

consumptive water footprint of maize production is 395.43 m3/tonne. There is under-

irrigation of approximately 87.44 m3 for each tonne of maize produced. Since Van 

Rensburg et al. (2012) indicated that this water was evapotranspirated by the crop, the 

researcher assumed that this water was stored in the soil as groundwater and thus 

formed part of the blue water footprint. Hence the true blue water footprint is 

258.40 m3/tonne. This makes it the highest water footprint component, accounting for 

40.83% of the total water footprint per tonne of maize production. 
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Table 4.8:  Summary of the green and blue water footprints of producing maize in 
the Orange-Riet Irrigation Scheme at measuring points or4 and or5 in 
season 1 

ET 

crop 

ET 

green 

ET 

blue 

CWU CWU 

green 

CWU 

blue 

Yield WF WF 

green 

WF 

blue 

mm/period m3/ha tonne

/ha 

m3/tonne 

740 262 344 7400 2620 3440 15.33 429.36 170.96 258.40 

Source: Van Rensburg et al. (2012) 

 

4.2.2.2 GREY WATER FOOTPRINT 

 

The grey water footprint associated with nitrogen at measuring points or4 and or5 is 

summarised as follows: 

 

]/[
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timevolume
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Appl
GWF




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

             [32] 

 

Table 4.9 is a summary of the leaching-runoff fractions and application levels of nitrogen 

at measuring points or4 and or5. The leaching-runoff fraction of nitrogen was estimated at 

13.79%. Nitrogen application was reported at 215 kg/ha. These values are necessary for 

determining the pollutant load of nitrogen. 

 

Table 4.9:  Variables necessary for estimating the pollutant load for nitrogen and 
phosphorous at measuring points or4 and or5 

Nutrient Pollutant load 

N α Application 

13.792% 215 kg/ha 

Source: Van Rensburg et al. (2012) 

 

Table 4.10 describes the grey water footprint at measuring points or4 and or5. The grey 

water footprint per ha was found to be 1 244.13 m3/ha. At a yield of 13.32 tonne/ha, the 

grey water footprint was found to be 93.39 m3/tonne. 
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Table 4.10: Summary of the grey water footprint at or4 and or5 

GWFN Yield GWFN 

m3/ha tonne/ha m3/tonne 

2299.35 15.33 149.99 

Source: Van Rensburg et al. (2012) 

 

4.2.2.3 DISCUSSION 

 

The maize yield at measuring points or4 and or5 was 15.33 tonne/ha. At this yield level, 

the blue water footprint was found to be the highest at 258.40 m3/tonne. It was followed 

by a green water footprint of 170.96 m3/tonne. The grey water footprint was the lowest at 

149.99 m3/tonne. Hence the distribution of water footprint components showed that the 

blue water footprint made up the majority of the total water footprint, while the grey water 

footprint was the lowest. The blue water footprint made up 35.47% of the total water 

footprint. It was followed by the green and grey water footprints, which made up 27.01% 

and 23.70% of the total water footprint respectively. However, about 13.82% of the 

consumptive water footprint of each tonne of maize produced is not accounted for.  

 

4.2.3  THE TOTAL WATER FOOTPRINT OF MAIZE PRODUCTION 

 

Table 4.11 is a summary of the total water footprint of maize production in the Orange-Riet 

Irrigation Scheme. The average yield between the two sites is 14.32 t/ha. The total water 

footprint of maize production in the Orange-Riet Irrigation Scheme is taken as the average 

of the water footprint at measuring points or18 and or20, and or4 and or5. The mean water 

footprint of maize production is therefore 584.19 m3/tonne. The consumptive water 

footprint amounts to 462.50 m3/tonne, whilst the grey water footprint associated with 

nitrogen fertilisation is 121.69 m3/tonne. The blue water footprint makes up 47.17% of the 

total water footprint of maize production in the Orange-Riet Irrigation Scheme. It is followed 

by the green water footprint, which accounts for 32% of the total water footprint. Grey water 

contributes 20.83% to the total water footprint. 
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Table 4.11: The total water footprint at Orange-Riet Irrigation Scheme 

 

 

Mean 

WFmaize WFgreen WFblue WFgrey Yield 

m3/tonne t/ha 

584.19 186.92 275.58 121.69 14.32 

Source: Van Rensburg et al. (2012) 

 

4.3  THE WATER FOOTPRINT OF BROILER PRODUCTION 

 

The water footprint of broiler production describes the total volume of freshwater used to 

produce a tonne of chicken meat. 

 

4.3.1  BLUE WATER FOOTPRINT OF BROILER PRODUCTION 

 

This study focuses on the water used in maize and broiler production, as well as the water 

used in slaughtering and processing broilers to produce chicken meat. 

The blue water footprint of broiler production is estimated as follows: 
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The farm uses about 7 287.67 m3 of water to produce 101 465 broilers a day. At a broiler 

final weight of 1.85 kg, the broiler farm’s blue water footprint amounted to 38.82 m3/tonne. 

The blue water footprint of slaughtering and slaughtering broilers at the abattoir is 

estimated as follows: 
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The abattoir uses 775 m3 of water to slaughter 155 000 broilers a day. At a broiler weight 

of 1.85 kg, the abattoir’s blue water footprint of slaughtering a tonne of broilers is 

2.70m3/tonne. The blue water footprint of processing broilers at the abattoir is estimated 

as follows: 
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The abattoir uses 775 m3 of water to process 155 000 broiler carcasses per day. At a 

carcass weight of 1.33 kg, the blue water footprint for processing the broiler carcass was 

3.76 m3/tonne. Blue water is the main source of freshwater for broiler production. 

 

Table 4.12 is a summary of the volume of water used to produce a tonne of chicken meat. 

It distinguishes between the volume of water used at the farm, abattoir, and processing 

plant. Water use is the highest at the farm. The water footprint of maize production has 

been estimated at 584.19 m3/tonne. The broiler farm uses 1.04 tonnes of maize, 0.29 

tonnes of soya oilcake, and 0.10 tonnes of sunflower oilcake to produce one tonne of 

broilers. Therefore, the water footprint associated with the broiler feed per tonne of broilers 

produced is equivalent to the product of the maize, soya oilcake, and sunflower oilcake 

water footprint per tonne and the tonnes of maize, soya oilcake, and sunflower oilcake 

consumed by a tonne of broilers, respectively. Hence the feed water footprint of a tonne 

of broilers is 1 430.33 m3. The abattoir and processing plant have a smaller water footprint. 

The total volume of water used to produce one tonne of chicken is the sum of the volume 

of water used on the broiler farm, abattoir, and processing plant, as well as the water 

footprint associated with the maize feed. In total, water used along the three segments of 

the broiler value chain amounts to 1475.61 m3 per tonne of chicken produced. Water that 

has been used at the broiler farm, abattoir, and processing plant is released into the nearby 

veld. This water forms part of the grey water footprint of chicken production. About 97% of 

the water footprint of a tonne of chicken meat is attributed to broiler feed. This is well in 

line with the findings of Mekonnen and Hoekstra (2010), who established that animal feed 

accounts for 98% of the water footprint of animal products.  
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Table 4.12:  Total water footprint per tonne of broilers produced, slaughtered, and 
processed 

 

 

 

 

m3 per tonne 

Farm Abattoir Processing 

plant 

Total 

 

Excluding 

feed 

Broiler feed Broilers 

 

Carcasses 

 

38.82 1430.33 

1469.15 2.70 3.76 1475.61 

 

The total water footprint associated with the production of a tonne of chicken meat is made 

up of a green, blue, and grey component. The green water footprint is 1 001.66 m3/tonne 

of chicken meat produced. This is 67.88% of the total water footprint of a tonne of chicken. 

The blue and grey water footprints are 341.27 m3 and 132.71 m3 per tonne of chicken 

produced, respectively. The blue water footprint makes up 23.13% and the grey water 

footprint contributes 9% to the total water footprint of chicken production. The green water 

footprint makes up more than half of the total water footprint.   

 

4.4  ECONOMIC WATER PRODUCTIVITY  

 

Economic water productivity (EWP) is the economic value obtained per unit of water 

utilised (Chouchane et al., 2015). Table 4.13 is a description of the average retail prices of 

chicken meat for 2015, depending on whether it is whole chicken or chicken portions, and 

whether they are fresh or frozen. For the period of 2015, the average retail prices of fresh 

whole chicken, fresh chicken portions, and frozen chicken portions were R39 560, 

R51 210, and R28 980 per tonne respectively. To produce a tonne of chicken meat, about 

1 475.61 m3 of water is used. The EWP of producing a tonne of fresh, whole chicken meat 

is R26.83. When producing a tonne of fresh chicken portions, the EWP is approximately 

R34.73. The production of a tonne of frozen chicken portions has an EWP of R19.65. Thus 

more EWP is derived from producing fresh chicken portions than frozen chicken portions.  
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Table 4.13: Average chicken retail prices 

Chicken Retail price EWP 

R/kg R/tonne R/m3 

Whole chicken: 

fresh 

39.56 39560 26.83 

Chicken portions: 

fresh 

51.21 51210 34.73 

Chicken portions: 

frozen 

28.98 28980 19.65 

Source: South African Poultry Association (2016) 

 

4.5  SUSTAINABILITY ASSESSMENT 

 

The Orange-Riet Irrigation Scheme falls in the Orange River basin. Figure 4.1 is a 

graphical representation of the blue water scarcity of the Orange River basin. Low blue 

water scarcity is a condition where water availability exceeds water usage such that the 

ratio of the water footprint to water availability is less than 1 or 100%. This ratio is known 

as the water scarcity index. As the water footprint increases relative to the water 

availability, until such a point where it is equal to water availability, a water scarcity index 

of 100% is reached. An increase in water usage beyond this point would render the blue 

water scarcity index moderate. Moderate blue water scarcity ranges from 100% to 150%. 

Further demand for freshwater above a scarcity level of 150% but below 200% is in a 

significant phase. Severe blue water scarcity indices are reached at scarcity levels 

exceeding 200%. 

 

The monthly magnitude of water availability (WA), water footprint (WF), and water scarcity 

(WS) in the basin are depicted in Figure 4.1. The water footprint exceeds the water 

availability from June to November, resulting in water scarcity during this period. The water 

scarcity during this time reaches moderate to severe levels, such that water use during 

this period is considered unsustainable. Nevertheless, the degree of unsustainability in the 

Orange River basin from June to November varies from moderate to severe. June marks 

the beginning of a moderate blue water scarcity. It becomes significant in July and severe 

from August to September. As October approaches, the blue water scarcity drops down to 

moderate levels and maintains those levels until the end of November. Low levels of blue 
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water scarcity are reported from December to May. Nevertheless, the monthly blue water 

data provided by Hoekstra and Mekonnen (2011) did not take into account the water in 

dams and inter-basin water transfers. Therefore, it underestimated blue water availability 

in the Orange River basin and was not a true reflection of the basin’s water endowment 

throughout the year.  

 

Figure 4.1: Monthly blue water scarcity of the Orange River basin  

Source: Hoekstra and Mekonnen (2011) 

 

Maize production at measuring points or18 and or20 commenced in October and 

harvesting was done in May. At measuring points or4 and or5, maize was planted in 

December and harvested in July. Thus maize production is moderately unsustainable 

during June, October, and November, and is significantly unsustainable in July. The maize 

water requirement increases gradually from planting, and diminishes as it reaches its 

physiological maturity stage. Hence considerable maize water requirement occurs during 

a period of low blue water scarcity. Ultimately, maize, soybean, and sunflower are summer 

crops and are largely produced during the summer months when blue water scarcity is 

low. Chicken production occurs throughout the year. Given that 97% of the water footprint 

of broiler production is attributed to feed, broiler production may be considered sustainable. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1  CONCLUSIONS 

 

This study was concerned with the implications of broiler production on freshwater 

availability. It evaluated the sustainability of maize production in the Orange-Riet Irrigation 

Scheme and chicken meat produced by a broiler company located in the Free State. It 

does not necessarily claim to represent South Africa’s entire broiler industry as there are 

differences in the production systems that various companies use. The following 

conclusions arise from the analysis of the results of this study: 

 

According to the DWA (2013), South Africa’s water usage comprises 77% surface water, 

9% groundwater, and 14% reuse of return flows. South Africa’s annual surface water 

supplies are estimated at 49 billion m3. Given the annual fluctuations in surface water 

availability, the country can only guarantee the availability of 10.24 billion m3 of surface 

water each year. This is a concerning issue because about 9.5 billion m3 of water is 

needed to meet the freshwater demand of the total ecological reserve. Nevertheless, 

groundwater availability is estimated at 5 billion m3 per year, with an annual consumption 

of 2 billion m3. This limited volume of freshwater has to be distributed such that it does not 

fall short of the country’s registered water usage, currently reported at 15 to 16 billion m3 

per year. More than 60% of the total water consumption is attributed to agricultural 

irrigation. Despite its high level of water consumption, irrigated agriculture has an important 

role to play in promoting food security. As such, maize is an important ingredient in broiler 

feed. It forms 60% of broilers’ diet and the broiler industry thus relies heavily on maize. 

Such reliance on the product of a water-intensive industry, particularly irrigated agriculture, 

in a semi-arid South Africa, warrants the use of tools to investigate the sustainability of 

maize production. The WFA is a reliable indicator for assessing the sustainability with 

which freshwater is used for broiler production in South Africa. 

 

There is an abundant and increasing use of WFAs in the world. However, South Africa 

falls behind in that respect, as seen in its limited local applications of WFAs. To the author’s 

knowledge, there has been no assessment of the water footprint of the South African 
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maize-broiler value chain, thus there is a lack of scientific water footprint information to 

effectively guide water use in the South African maize and broiler industries.  

 

This study aimed to assess the water footprint of the South African broiler industry in terms 

of a derived product of maize that is used as feed for broiler chickens. First, the volumetric 

water footprint indicator was calculated for the maize-broiler value chain. Thereafter the 

degree of sustainability was determined. Lastly, the EWP was assessed to gain insight 

into the economic returns that were generated from using freshwater in the maize-broiler 

value chain. 

 

The results showed that, in both sites of the study area, the blue water footprint of maize 

production is greater than the green water footprint of maize production. The blue water 

footprint accounted for most of the consumptive water footprint. Even in the total water 

footprint, which is meant to be representative of the whole scheme, the blue water footprint 

accounts for almost 60% of the consumptive use of freshwater and more than double the 

grey water footprint. This suggests that there is great reliance on blue water in the Orange-

Riet Irrigation Scheme. The grey water footprint associated with nitrogen fertilisation 

accounts for about 17% of the water footprint at measuring points or18 and or20, and 

approximately 24% of the water footprint at measuring points or4 and or5. The total grey 

water footprint (GWFN) makes up 21% of the total water footprint in the Orange-Riet 

Irrigation Scheme, thus the grey water footprint accounts for a significant share of the total 

water footprint of maize production in the scheme. This suggests that there is great 

potential for lowering the total water footprint by reducing the total grey water footprint. 

Hence special attention must be paid to addressing blue water consumption, as well as 

minimising the leaching and runoff of nitrogen into blue water.  

 

Despite the large blue water footprint of maize production in the Orange-Riet Irrigation 

scheme and the 60% share of maize in broiler feed, the results show that the green water 

footprint accounts for 67.88% of the total water footprint of producing a tonne of chicken 

meat. The blue and grey water footprint account for 23.13% and 9%, respectively. 

Soybean and sunflower oilcake have a much higher green water footprint compared to 

their blue water footprint. This has caused the green water footprint of producing a tonne 

of chicken meat to be higher than the blue water footprint. Therefore, the water footprint of 

soybean and sunflower oilcake have had a greater impact in “shaping” the green, blue, 
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and grey water footprint of the water footprint of producing a tonne of chicken meat. 

Therefore the significance of broiler feed ingredients in the water footprint of broilers does 

not only lie in their share of the feed but also in how large their individual water footprints 

are. 

  

The water footprint of chicken production varies from the farm to abattoir to the processing 

plant. About 97% of the farm-level water footprint of broiler production per tonne of broilers 

is attributed to broiler feed. This entails that other uses of water on the farm account for 

less than 3% of the water footprint of on-farm broiler production. The slaughtering of 

broilers makes up 0.18% of the volume of water used to produce a tonne of chicken, whilst 

processing contributes 0.25%. Together, the slaughtering and processing of chickens 

account for 0.43% of the total water footprint of producing a tonne of chicken.   

 

The irrigation and nitrogen fertilisation of maize for broiler feed account for the greatest 

share of the water footprint of producing a tonne of chicken meat. Farmers in the Orange-

Riet Irrigation Scheme typically plant maize in December when the blue water scarcity 

index of the Orange River basin is low. As mentioned in the previous chapter, the monthly 

blue water data provided by Hoekstra and Mekonnen (2011) did not take into account the 

water in dams and inter-basin water transfers. Therefore, farmers in the scheme may be 

regarded as sustainable. 

 

The economic value derived per unit of water used depends on the type of chicken product 

produced. Chicken meat sold fresh yields higher economic returns per unit of freshwater 

than frozen chicken meat. In terms of fresh chicken, a tonne of chicken portions yields 

more economic returns per unit of water consumed than a tonne of whole chicken. 

Therefore, the EWP is higher for chicken portions that are sold fresh.  

 

South Africa’s water resources are limited. Irrigation puts pressure on freshwater but 

ensures an adequate supply of broiler feed. Nevertheless, production is sustainable. To 

increase the economic productivity of water, value must be added to broilers through 

processing. 

 

 

 



 

91 

 

5.1.1 SUSTAINABILITY ASSESSMENT 

 

Despite maize production extending past the end of the maize marketing year, farmers 

generally do not irrigate maize in June and July. These two months form part of the 

harvesting season. Nevertheless, farmers in the region normally plant maize in December, 

when water use in the Orange River basin is sustainable. The sustainability of broiler 

production largely depends on the sustainability of maize production. Broiler production 

thus is found to be sustainable because maize production is sustainable.  

 

5.2  RECOMMENDATIONS 

 

5.2.1  RECOMMENDATIONS FOR WATER USERS 

 

Maize farmers should: 

 

• irrigate towards the later hours of the day to avoid moisture losses through 

evaporation; 

• optimise their in-row spacing to achieve sufficient ground cover in order to avoid 

evaporation losses of soil moisture; 

• make use of efficient irrigation scheduling techniques to be more informed about 

their water requirements; 

• divide their nitrogen fertilisation into several smaller applications according to the 

soil’s nitrogen content and maize growth stages. This will limit the amount of 

nitrogen that leaches into the soil or flows with runoff and thus effectively reduce 

the grey water footprint; 

• make use of rainwater harvesting to increase their blue water reserves and reduce 

the pressure on blue water sources; 

• add mulch above the planted area to retain soil moisture and reduce runoff; 

• clear the field of weeds to reduce unnecessary soil moisture losses; and 

• optimise the fertiliser-water relationship for maximum yields. 

 

 

 



 

92 

 

5.2.2 RECOMMENDATIONS FOR POLICY MAKERS 

 

Policy makers may: 

 

• implement the polluter-pays principle and use the money to return the water body 

to ambient water quality standards; 

• allocate water according to the yield a farmer intends on producing; 

• tax farmers on every kilogram of nitrogen fertiliser that they purchase and use the 

money to improve the water quality in the region; and 

• give companies that purchase maize in the scheme an incentive because it is 

produced sustainably. An incentive may be in the form of tax relief on their water 

bill. 

 

5.2.3  RECOMMENDATIONS FOR FURTHER RESEARCH 

 

Researchers may: 

 

• conduct a sustainability assessment with local, context-specific data to obtain a 

more accurate indication of sustainability because the monthly blue water data 

provided by Hoekstra and Mekonnen (2011) did not take into account the water in 

dams and inter-basin water transfers; 

• investigate the water footprint of broilers and take into consideration all or most of 

the ingredients in broiler feed for a more accurate assessment; 

• include the end consumer and account for the indirect water footprint associated 

with packaging;  

• conduct an assessment on the water footprint of different broiler cuts to give an 

idea of the impact of each cut on each pillar of sustainability. They may also 

determine the EWP of each cut to identify which cut has the highest EWP;  

• assess the social and/or economic sustainability of the maize-broiler value chain;  

• conduct a WFA of layers to allow for the comparison between the impact of layer 

production and broiler production; and 

• place this study in the wider South African broiler production context, to gain a 

national picture of the water footprint associated with broiler production. 
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5.3 LIMITATIONS OF THE STUDY 

 

The study assumed: 

 

• broiler producers source their maize from the Orange-Riet Irrigation scheme, and 

• that slaughtering and processing at the abattoir each account for 50% of abattoir 

water use. 
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