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Abstract. The sharp increase in water consumption poses a risk of increasing water scarcity in 

developing countries. The aim of this study is to the quantify variability of per capita Water Footprint 

(WF) of consumption of selected crops in Tehran province from 2008–2014. Blue and green WF were 

computed using WF approach. Besides, per capita WF of crop consumption was evaluated using bottom-

up approach. The result illustrated the external water footprint had the largest contribution in total WF of 

crops consumption in the Tehran province (2008-2014). The total water footprint of crop consumption 

decreased because the population and per capita WF also decreased. Besides, wheat and rice had the 

largest per capita WF. This study discloses that it is essential to have appropriate water management to 

reduce water stress originating from agricultural sector in future. The consumption of wheat in Iran is 

high, more precisely 2 times larger than global average. It is recommended to reduce the consumption of 

wheat in Tehran or replace it with other crops. Besides that, decision makers in agricultural sector should 

reduce water lost, with declining production of cherry, pear, and peach. Furthermore, reducing water 

footprint of crops and efficient agricultural water management are recommended. 

Keywords: per capita water footprint, water consumption, agricultural water management, CROPWAT 

model, virtual water 

Introduction 

Water footprint is identified as a strong tool to evaluate water consumption through 

the supply chain of products because it has multidimensional indicator which is able to 

evaluate direct and indirect water consumption. Besides, water footprint contains 

information about the types of water used including ground and surface water footprint 

(blue WF) and irrigation water footprint (green WF) (Hoekstra et al., 2011). The WF 

method is able to evaluate water consumption in a variety of scale from city (Wu, 2014) 

to global scale (Hoekstra and Chapagain, 2007). Water footprint of provinces is 

calculated by summing up the internal and external WFs (Hoekstra and Chapagain, 

2007). Virtual water trade plays an important role in mitigating water shortages in 

water-stressed areas (Qian et al., 2018). However, exporting crops from water-stressed 

regions can increase water scarcity. Iran is facing severe water scarcity due to 

population growth, economic growth, inefficiency of agricultural water usage, and 

inappropriate water management (Madani, 2014). Besides, Iran has the largest blue 

water consumption and blue water footprint per capita (Hoekstra and Mekonnen, 2011). 

In spite of existing vast number of literature, there has been lack of attention to the 

annual changes of water footprint of crop consumption and the associated water loss 

and saving at provincial scale. Besides, most of the studies have evaluated water 
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footprint at country scale (Gephart et al., 2016; Ge et al., 2011; Zhuo, Mekonnen, and 

Hoekstra, 2016; Feng et al., 2015). It is important to know how much water is 

consumed due to crop use and how human consumption pattern impacts inter-provincial 

and international water dependencies. Very few studies have been done on the water 

footprint of Iran’s crop consumption (Hoekstra and Mekonnen, 2011; Hoekstra and 

Chapagain, 2007; Karandish and Hoekstra, 2017); on water footprint of cereal crops 

throughout different provinces in Iran (Ababaei and Etedali, 2016); on water footprint 

of the cement industry in western Iran (Hosseinian and Nezamoleslami, 2018) and on 

the virtual water trade in Iran (Yousefi et al., 2017; Faramarzi et al., 2010). Besides, 

there has been lack of attention on the provincial water footprint and water saving 

assessment. Okadera et al. (2015) applied the “top-down” approach to evaluate the WF 

of energy supplies in one of China’s provinces. Besides that, Zhao et al. (2018) and 

Chen et al. (2017) have assessed water footprints in all the provinces of China. 

The objective of this research is to evaluate and analyze water footprint of 14 

important crops in Tehran province and to assess water savings and losses from 2007 to 

2014. 

Materials and methods 

Area of study 

Tehran province is located in the northern central plateau of Iran with population of 

more than 13 million people in 2014. It accommodates approximately 18% of Iran 

population (Statistical Centre of Iran). It is the richest province in Iran which 

contributes approximately 29% of overall GDP. The area of Tehran province spans 

18,909 km2. The climate in the northern part of Tehran is alpine whereas in the southern 

part, it is arid and semi-arid. The total average rainfall is around 200 mm annually. The 

sum of precipitation with minimum and maximum temperature in Tehran in 2008 is 

illustrated in Figure 1. 

 

 

Figure 1. The plot of minimum and maximum temperature and sum of precipitation (2008) 
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The nation water footprint has two components: internal and external. Internal WF is 

the water footprint of crops that are produced within the border of Tehran for domestic 

consumption. On the other hand, external WF refers to WF of crops produced outside of 

(imported to) Tehran and consumed within Tehran. The WF in Tehran province is 

evaluated by summing up internal and external WF (Fig. 2). Besides, it is important to 

distinguish between WF of production and WF of consumption. WF of production is 

defined as the volume of WF that is used from domestic water resources for production 

of goods and services. However, consumptive WF refers to the volume of WF that is 

used from domestic and foreign water resources for domestic consumption (Hoekstra 

and Mekonnen, 2011). 

 

 

Figure 2. National water footprint accounting framework based on Hoektra method (Hoekstra 

and Chapagain, 2007) 

 

 

First of all, the water footprint of crop production in Tehran province was evaluated. 

It was calculated based on Hoekstra method (Hoekstra et al., 2011). Secondly, WF of 

crops that are produced outside Tehran and consumed within Tehran (Hamedan, 

Lorestan, Ahvaz, Mazandaran, Qazvin, and Kermanshah provinces); also known as 

external WF was evaluated. Finally, per capita WF of crops, water saving, and water 

loss in Tehran were assessed. 

 

Internal and external water footprint of crops in Tehran province 

The WF of cultivated crops in Tehran, as well as imported crops from other 

provinces to Tehran were evaluated. For this research, the most important crops were 

selected including wheat, barley, maize, peaches, potatoes, rice, onions, tomatoes, 

grapes, oranges, cherries, peas, and apples. Water footprints of these crops were 

computed based on Hoekstra approach. The CROPWAT software was used to compute 

evapotranspiration of each growing crop. 

 

Water footprint assessment methodology 

The blue and green WF for each crop and each year were evaluated for each province 

based on Hoekstra approach. The blue WF was calculated by dividing blue Crop Water 

Use CWU blue (m
3/ha) by the yield (Y) (ton/ha) – Equation 1 (Hoekstra et al., 2011). 

The green water footprint was computed using similar method – Equation 2 (Hoekstra 

et al., 2011). 

 

 Y

CWU
WF blue

blue=
 

(Eq.1) 

 

 
Y

CWU
WF

green

green=
 

(Eq.2) 
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Crop water use (CWU blue and CWU green) were derived by multiplying 10 with ETblue 

and ETgreen, respectively – Equations 3 and 4 (Hoekstra et al., 2011). Ten is used to 

convert the unit of millimetre, mm to m3. 

 

 =
p

d blueblue ETCWU
lg

10
 

(Eq.3) 

 

 =
p

d greengreen ETCWU
lg

10
 

(Eq.4) 

 

Measurement of ET is laborious and time-consuming, hence CROPWAT model was 

used to simulate ET for each crop by using climate data and crop parameters based on 

Allen method (Allen, 1998). 

 

Water footprint of crop consumption 

The blue and green WF of each crop were evaluated (m3/year) using bottom-up 

method (Hoekstra et al., 2011). The water footprint for each crop was estimated by 

multiplying the volume of crop consumption by water footprint of crops. The WF of 

crops was calculated using Equation 5. 

 

 

)][( ][,  =
n

p

PPindircons
WFpcWF

 

(Eq.5) 

 

where  refers to the volume of crop consumption of product p within Tehran 

(ton/year) and is WF of crop production from originating region (m3/ton). 

 

Water saving and loss 

Water saving through international crop trade was evaluated based on Champaign et 

al. method (2006). It was calculated by multiplying the volume of import of crops 

(ton y-1) by the WF of the crops (m3 year-1) within Tehran. The inter-provincial water 

saving through inter-provincial trades was assessed using similar method. The water 

footprints of imported crops from abroad were obtained from Mekommen and Hoekstra 

(2011). The blue and green water losses were accounted as the water footprints of extra 

production exported to other regions. 

 

Data 

The volume of crop yield and crop production in Tehran and other provinces were 

obtained from the Ministry of Agriculture, Jahad, in Tehran. The climate data including 

minimum and maximum temperature, rainfall, sunshine, humidity, and wind speed were 

obtained from Mehrabad weather station. Rooting depth, critical depletion, yield 

response, crop height is obtained from OPTIWAT which were local data. Data for the 

volume of crop consumption and trade were obtained from Tehran’s chambers of 

commerce, industries, mines and agriculture. 
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Results 

Per capita (green and blue) WF of different crop consumption is shown in Figure 3. 

The per capita water footprint of wheat in 2010 had increased due to the increase in the 

volume of production within the Tehran province which held large volume of WF as 

compared to the external WF. Besides, WF of wheat consumption showed reduction 

trend due to the decrease of per capita wheat consumption. WF of rice consumption 

showed fluctuating trend as it depends on the volume of consumption which was 

fluctuating too. Besides that, rice consumption per person had decreased from 35 kg/cap 

in 2008 to 34 kg/cap in 2014. 

 

 

Figure 3. Per capita water footprint of crop consumption (2008–2014) 

 

 

Figure 4 illustrates the total WF of crop consumption in Tehran province (2008–

2014). It shows a declining trend in 2010 due to the decrease in the population of 

Tehran ever since Alborz province was separated from Tehran during the same year. 

Besides that, the per capita consumption of wheat and rice had also decreased. 

 

 

Figure 4. The total WF of crop consumption in Tehran province (2008–2014) 
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Figure 5 shows the internal and external WF of different crops in the Tehran 

province. Tehran province is independent of external WF in the production of apples, 

pears, peaches, and cherries. This means, Tehran province produced and consumed all 

of the produce. Besides, Tehran imported 2,848 billion m3 of virtual water and 

consumed 377 million m3 of internal water footprint in 2008. Tehran saved water 

resources by importing crops from other provinces and abroad. For example, most of 

the wheat consumption within Tehran is imported from the USA. Wheat and rice have 

the largest WF of consumption in Tehran province since both of them are consumed at a 

large scale. 

 

 

Figure 5. Internal and external WF of crop consumption in Tehran province 

 

 

Figure 6 shows the average per capita WF of crop consumption in Tehran province. 

Wheat had the largest per capita WF (blue and green) amounting to 189 m3/cap/year 

from 2008 to 2014. Next to wheat, rice had the largest per capita WF amounting to 

46 m3/cap/year. These were followed by tomatoes, potatoes, oranges, beans, apples, and 

grapes respectively. Cherries, pears, barley, peaches, and maize had low per capita WF. 

 

 

Figure 6. The average per capita WF of different crops (2008–2014) 
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Internal and external water footprint trend (2008–2014) is illustrated in Figure 7. 

Dependency on external WF had increased in 2010 when Alborz had separated from 

Tehran. Internal water footprint was a bit higher in 2014 which means water footprint in 

2014 had increased. The external water footprint in 2014 was higher than 2008 because 

consumption of wheat had decreased. 

 

 

Figure 7. The internal and external WF trend (2008–2014) 

 

 

Figure 8 shows the proportion of internal and external WF in Tehran province. Only 

10% of Tehran’s WF is attributed to internal WF. Most of the crops are produced 

outside of Tehran and exported into the Tehran province. 

 

 

Figure 8. The contribution of internal and external WF in Tehran’s total WF 
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Figure 9 shows the total water footprint of Tehran province in agricultural sector for 

selected crops; derived by summing up the internal and external WF. The internal and 

external WF amounted to 377 million m3/year, and 2,848 billion m3/year respectively. 

The total water consumption was 3,225 billion m3/year. Blue WF accounted for the 

largest contribution of internal WF while green WF was the largest shareholder of 

external WF. By importing crops externally, there will be more saving for Tehran’s blue 

WF. 

 

 

Figure 9. The total WF in Tehran province 

 

 

Figure 10 shows the total blue and green water savings (WS) as a result of 

international and inter-provincial trades which have fluctuations. The blue water saving 

resulting from international trade had increased from 1.79 billion m3 in 2010 to 

1.9 billion in 2014 due to the increase in dependency on external WF. The total blue 

water saving from both international and inter-provincial crops had increased from 

3,161 billion in 2008 to 3,234 billion m3 in 2014. 

 

 

Figure 10. Blue and green water saving as a result of international and inter provincial trade in 

Tehran (2008–2014) 
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Blue WF per ton of crops in exporting countries are lower than Tehran as it has arid 

climate with high evapotranspiration. Blue water saving is increased as a result of 

international trade. On the other hand, green water saving is low because crop 

production within Tehran is mostly related to blue water footprint. Besides, green water 

footprint within the exporting region for all crops is larger than Tehran. Moreover, inter-

provincial and international crop trades contribute to overall blue water saving. 

Table 1 illustrates water savings from both international and national crop trades in 

2008 and 2014. It shows that WS for wheat, potatoes, and onions in 2008 is lower than 

2014 as the production of these crops within Tehran had increased. While WS for rice 

had decreased due to decline in the volume of rice consumption in 2014. 

 
Table 1. The water saving as a result of crops trade in Tehran Province (2008 and 2014) 

 
WS as a result of crops trade (m3/year) WS as a result of crops trade (m3/year) 

2008 2014 

Wheat 2,237,927,587.50 2,343,328,030 

Rice 1,111,524,117 993,982,416 

Potato 83,311,520 103,726,320 

Tomato 108,496,382 91,565,460 

Onion 8,120,862 9927648 

Grapes 219,463,024 147,818,440 

 

 

Blue and green water losses in Tehran 

Fig. 11 shows total blue water loss in Tehran province from 2008 to 2014. The total 

blue water loss had declined from 100 million m3 in 2008 to 28 million m3 in 2009 due 

to the reduction in production amount. Total green water loss had also decreased from 9 

million m3 in 2008 to 4 million m3 in 2009. Moreover, Alborz province had been 

separated from Tehran during this time and most of the extra production came from 

pears and peaches of this province (2008). Then, blue water loss showed a fluctuating 

trend from 2009 to 2014 as it relies on the volume of extra production and the blue WF 

amount which are not stable. Blue water loss was larger than green water loss as the 

production of crops in Tehran relies on blue WF. 

 

 

Figure 11. The blue and green water lost (2008-2014) 
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Discussion 

Water footprint accounts for the volume of actual water consumption by humans. It 

is identified as an appropriate indicator for computing the impact of human activities on 

water resources. According to current research, there are four major factors impacting 

water footprint of crop consumption: (1) Population, (2) the volume of crop 

consumption, (3) the volume of internal production, (4) the external WF per ton of crop 

production. Besides that, water footprint of crop consumption in Tehran showed a 

reduction trend due to the increase in external WF. In the current study, per capita WF 

for wheat in Tehran was larger than evaluated by Hoekstra who has evaluated per capita 

WF at global scale. However, our result is different because this assessment is done at 

local scale. Besides, most of the wheat consumed in Tehran are imported from the USA 

which has low WF. Additionally, other studies have evaluated that water footprint of 

cereal crops in arid region of Iran was 397 m3/capita/year which are relatively similar to 

our result (Karandish and Hoekstra, 2017). 

The result indicates that crop production in Tehran has the largest WF compared to 

other countries, similar to Hoekstra’s result who claims that water footprint of Iran is 

high due to low productivity and high evapotranspiration (Hoekstra and Chapagain, 

2007; Fader et al., 2011). 

The WF of crop consumption shows a reduction trend which disagrees with the result 

of Karandish who claims that WF of crop consumption for all provinces of Iran has 

increased because of population growth and increase in crop consumption (Karandish 

and Hoekstra, 2017). The WF consumption had decreased from 2008 to 2014 in Tehran 

province due to the increase in dependency on external WF and decrease in population. 

The reason for population decrease was Alborz separation from Tehran province in 

2010. 

Conclusion 

This study shows Tehran’s water self-sufficiency had decreased from 2008 to 2014. 

Furthermore, per capita WF of crop consumption had decreased due to the increase in 

dependency on external WF and decrease in population from 2008 to 2014. WF per ton 

of imported crop production was lower than Tehran because of climate condition. 

Besides, WF of crop consumption within Tehran is more strongly reliant on external 

WF. Tehran province has produced only 10 per cent of its crop consumption; it has been 

under severe water scarcity due to population and climate condition. Moreover, Tehran 

province can save water resources by importing crops from water-abundant areas. 

Tehran saved 3.23 billion m3 of internal water resources through inter-provincial and 

international crop trade in 2014. 

Total blue and green water losses had decreased from 2008 to 2014 due to reduction 

in the volume of extra production when Alborz was separated from Tehran province. 

Water loss depends on extra production that is exported to other regions. The decision 

makers should reduce the production of fruits for export purposes such as pears, 

peaches, and cherries because Tehran is under high groundwater stress with moderate 

surface water scarcity (Rezaei Kalvani et al., 2019). Additionally, production of cereal 

crops should be reduced as these crops consume high volume of blue water in Tehran 

due to climate condition. 

Water footprint assessment can contribute to enhance water use efficiency in 

agricultural sector by providing useful information for decision makers. Besides, it is 
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crucial to apply developed technology and appropriate water management in order to 

enhance water use efficiency and lower water footprint per ton of crops to reduce per 

capita water footprint in Tehran. 

The consumption of wheat in Iran is high; two times higher than global average. 

Change in food consumption habits contributes to increased food security at regional 

scale. It is recommended to reduce the consumption of wheat in Tehran or replace it 

with other crops. Besides, changing food consumption habits contributes to increase 

food security at a regional scale. It would also be helpful to assess the per capita water 

footprint of different dietary changes in the future water footprint assessment. 
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