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Abstract 

Water scarcity, caused by both limited access and deteriorating quality, is a 

growing global challenge. This study investigates the dynamic relationship 

between macroeconomic variables and virtual water imports in Iran from 2003 to 

2022. The research employs the Vector Autoregression model for simultaneous 

and multivariate time-series analysis. In this model, variables such as exchange 

rate, trade balance, economic growth, government income, and virtual water 

imports were examined. The model results show that exchange rate fluctuations 

and economic growth have a significant and positive impact on virtual water 

imports. Specifically, the coefficient for the exchange rate is 0.33 

(t-statistic=2.95, significance level=0.008), indicating a direct and significant 

effect of exchange rate changes on water dependence. Additionally, 

improvements in the trade balance and increases in government income help 

reduce the country's water dependency, with the trade balance coefficient at -0.19 

(t-statistic=-2.06, significance level=0.047). The Granger causality test revealed a 

bidirectional relationship between exchange rate and virtual water flows. 

Moreover, the results of statistical tests, including the Augmented Dickey-Fuller 

unit root test, Durbin-Watson autocorrelation test (DW=1.91), and White 

heteroskedasticity test, confirm the statistical validity of the model. The final 

VAR model results show a high R-squared value of 0.84, indicating a good fit of 

the model. These findings indicate that Iran’s exchange rate and trade policies 

play a crucial role in managing the country’s water dependency, suggesting that 

appropriate policy measures can help alleviate pressure on domestic water 

resources.
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1. Introduction 
This paper examines the flow of virtual water 

imported from cereals in Iran, taking into account 

its financial costs. The main innovation of this 

study is the combination of economic approaches 

and modeling of virtual water flows, which leads 

to a more detailed analysis of Iran's dependence 

on external water resources. This study not only 

calculates the volume of virtual water imported, 

but also estimates the financial costs associated 

with this import and examines its economic and 

managerial implications. This comprehensive and 

integrated approach distinguishes this study from 

previous research and makes it usable as a 

practical tool for policymakers and economic and 

water planners. 

 

2. Methodology 
The opportunity cost

1
 of allocating foreign 

exchange to virtual water imports
2
 instead of 

other investments can be estimated as shown in 

equation 1: 

 

( )OC VWI j i                                          (1) 

 

Where,  

VWI is the portion of virtual water imports paid 

in foreign exchange, obtained from trade data. i is 

the return that could be obtained by investing 

foreign exchange in Iranian government bonds, 

using annual bond yield data. j is the 

counterfactual return that could have been 

obtained by investing in priority sectors such as 

industry, technology, or domestic agriculture. Its 

value is estimated based on the expected returns 

in these sectors based on past performance and 

growth prospects. (j-i) represents the return or 

opportunity cost foregone from allocating foreign 

exchange to VWI instead of investing in 

alternative sectors. This simple opportunity cost 

model provides an estimate of the amount of lost 

returns over the sample period from 2003-2022. 

The financial cost (FCit) of importing virtual 

water of product i in year t is: 

 

it it itFC ICP DPC                                      (2) 

 
Where, 

In DPCit is the cost of domestic production of 

product i in year t, ICPit is the cost of importing 

virtual water of product i in year t, if FCit>0, the 

financial cost of importing virtual water is higher 

than domestic production. If FCit<0, importing 
                                                 
1
 Opportunity Cost (OC) 

2
 Virtual Water Imports (VWI) 

virtual water of product i in year t leads to 

financial savings. Then 

 

1

( ) /
m

it ijt ijt it

j

DPC I P Y


                             

(3) 

 

Where, 

Iijt is the amount of input j to produce one unit of 

product i in year t, Pijt is the price of input j to 

produce one unit of product i in year t, Yit is the 

yield of product i in year t: 

 

it it wit tICP Q P ER                                     (4) 

 

Where, 

 Pwit is the world price of product i in year t, ERt 

is the official exchange rate in year t, and Qit is 

the amount of virtual water imported in year t. 

This model determines whether the increase in 

the world price of products has overcome the 

decrease in domestic production costs over time. 

To examine the relationships between 

macroeconomic variables and virtual water 

import flows, the data from 2003 to 2022 were 

used. The aim of this analysis was to determine 

the effect of variables such as trade balance
3
, 

government revenue
4
, government expenditure, 

economic growth
5
, exchange rate

6
 and world 

food price index (P) on virtual water imports
7
 of 

cereals in Iran. The econometric model is defined 

as equation 5: 

 

1 2 3

4 5 6

t t t t

t t t t

VIM TB GR GE

GDPG ER P

   

   

    

  
     (5) 

 

Where, 

t  is the random error term and all variables are 

transformed in percentage or natural logarithm to 

make their stability and scale the same. 

 

3. Discussion and results 
In examining the overall flow of grain virtual 

water imports, which shows Iran’s virtual water 

imports broken down into green, blue, and gray 

water footprints, provides a deep insight into 

Iran’s patterns of dependence on external water 

                                                 
3
 Trade Balance (TB) 

4
 Government Revenue (GR) 

5
 Gross Domestic Product Growth (GDPG) 

6
 Exchange Rate (ER) 

7
 Virtual Water Imports (VWI) 
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resources. Based on this data, Iran’s total virtual 

water imports in the form of rice, wheat, corn, 

and barley products were equivalent to 

297,030.75 million cubic meters during the study 

period. This figure indicates Iran’s significant 

dependence on external virtual water resources, 

which is mainly provided through grain imports. 

Given the country’s water scarcity conditions, 

this dependence is not only an economic 

challenge but also a strategic issue in water 

resource management in the country. 

The results show that exchange rate, 

government spending, and world food prices have 

the most positive and significant impact on virtual 

water imports; while trade balance and 

government revenue have a negative impact. In 

other words, in periods when the trade balance 

has improved or government tax revenue has 

increased, dependence on virtual water imports 

has decreased. In contrast, an increase in 

exchange rate and world product prices has 

increased import costs and increased dependence 

on foreign water resources. These findings 

indicate that macroeconomic management, 

especially the government's foreign exchange and 

fiscal policies, can directly affect the 

sustainability of the country's water and food 

security. 

The findings of this study showed that the 

import of virtual water for cereals in Iran has 

been increasing during the years 2003 to 2022, 

and corn is the most important carrier of virtual 

water in the country, with a share of about 48%. 

This pattern is consistent with global results; 

Mekonnen et al. (2024) also reported that more 

than 70% of the world's virtual water trade is 

related to water-intensive crops such as wheat, 

corn, and soybeans. 
 

4. Conclusions 
This study examined the flow of grain virtual 

water imports in Iran during the period 2003 to 

2022 and analyzed the financial costs and 

management implications of this dependence 

using detailed modeling. The findings showed 

that, Iran is significantly dependent on grain 

virtual water imports, which plays a key role in 

the management of domestic water resources and 

food security of the country. The total volume of 

grain virtual water imports during this period was 

297,030.75 million cubic meters, with the largest 

share attributable to corn (48.49%), wheat 

(26.42%), barley (14.48%), and rice (10.63%). 

This pattern indicates the vital role of corn in 

meeting domestic needs, especially in the 

livestock and feed production sectors. Water 

footprint analysis showed that green water 

constitutes the largest component of Iran’s virtual 

water imports (58.68% of total virtual water 

imports). This indicates Iran’s strong dependence 

on rainwater resources in exporting countries. 

In contrast, blue water and grey water play a 

smaller role in these imports, with a share of 

29.44% and 11.88%, respectively. This 

distribution indicates that Iran’s grain imports are 

largely dependent on natural resources and are 

less affected by direct consumption of artificial 

water resources. However, the high share of grey 

water in some crops, especially rice and barley, 

indicates dependence on countries whose 

production has been accompanied by extensive 

use of chemical inputs and pesticides. This 

highlights the need to monitor and assess the 

environmental impacts of virtual water imports to 

Iran. 

The financial costs of virtual water imports 

have also increased significantly during this 

period. For example, the cost of importing virtual 

water for wheat has increased from 64.35 billion 

rials in 2003 to 84,954.90 billion rials in 2022. 

This increase is due to several factors, including 

the growth in global product prices, the increase 

in import volumes, and severe exchange rate 

fluctuations. Comparing the cost of imports with 

the cost of domestic production shows that 

domestic wheat production, even with inflation-

related costs, is significantly more economical 

than its import. This difference highlights the 

importance of investing in domestic production 

and strengthening agricultural infrastructure to 

reduce dependence on imports. 

The geographical analysis showed that Iran 

depends on a wide range of countries to meet its 

food needs. A prominent share of virtual water 

imports comes from regions such as Europe 

(especially Russia, Switzerland, and Germany) 

and Asia (such as the United Arab Emirates, 

India, and Turkey). This dependence can be 

influenced by a variety of factors, including trade 

policies, climate change, domestic water 

constraints, and diplomatic relations. In 

particular, fluctuations in virtual water imports of 

barley and rice reflect changes in domestic 

demand, trade policies, and global conditions. 
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کمثًد آب کٍ َم واضي از محديديت دسترسي ي َم کيفيت ري تهٍ ياامهت اسهتک يهل  هااص  ُهاوي ريتهٍ        

تٍ تررسي راتطٍ پًيا ميان متغيرَاي کلان اقتصادي ي ياردات آب مجازي در ايهران   پژيَصافسايص است. ايه 

مهان ي  ىهدمتغيرٌ   ز پرداات. پژيَص از مدل اًد رگرسيًن ترداري تراي تحليه  َهم   2022تا  2003از سال 

َاي سري زماوي استفادٌ کرد. در ايه مدلک متغيرَاي ورخ ارزک تراز تجاريک رضد اقتصاديک درآمد دياهت ي   دادٌ

ياردات آب مجازي تررسي ضدود. وتايج مدل وطان داد کٍ تغييرات وهرخ ارز ي رضهد اقتصهادي ته مير موثهت ي      

 tآمهارٌ   33/0ر ااظک ضرية مرتًط تٍ ورخ ارز تراتهر تها   طً معىاداري در افسايص ياردات آب مجازي دارود. تٍ

دَىدٌ ت مير مستقيم ي معىادار ورخ ارز تر ياتسهتيي آتهي    تًد کٍ وطان 008/0داري  ي سطح معىي 95/2تراتر تا 

ضهًدک   است. َمچىيهک تُثًد تراز تجاري ي افسايص درآمد دياهت مً هة کهاَص ياتسهتيي آتهي کطهًر مهي       

گسارش ضهد.   047/0داري  ي سطح معىي -2/06تراتر تا  tآمارٌ  -19/0تجاري تراتر تا  کٍ ضرية تراز طًري تٍ

آزمًن عليت گروجر وطان داد کٍ تيه ورخ ارز ي  ريان ياردات آب مجازي راتطٍ ديسًيٍ ي ًد دارد. عهلايٌ تهر   

اريهاو  يايهت   ( ي واَمسهاوي ي 91/1تسهتيي    َاي ماوهاييک اهًدَم   َاي آماري ضام  آزمًن ايهک وتايج آزمًن

ويس از اعتثار تالاي مدل تها مقهدار ضهرية تعيهيه      VARدَىدٌ اعتثار آماري مدل است. وتايج وُايي مدل  وطان

ٍ   کٍ وطان داضتحکايت  84/0 کهٍ   دادوهد طهًر اهاظ وطهان     دَىدٌ ترازش مىاسة مدل است. ايه وتهايج ته

تًاوىهد تها اعمهال     طًر داروهد ي مهي  َاي ارزي ي تجاري ايران وقص مُمي در مديريت ياتستيي آتي ک سياست

 .َاي مىاسة تٍ کاَص فطار تر مىاتع آب داالي کمل کىىد سياست

آب مجاسي، ردپاي آب، 

هاي مالي، امنيت  هشينه

 غذايي، مديزيت منابع آب
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Table 1. Characteristics of variables used in the econometric model

Variable Symbol 
Definition and 

explanation 
Unit of 

measurement 
Period Exact data source 

How to calculate / 
explain 

Import of 
cereal virtual 

water 
(VWI) 

Total volume of 
imported virtual 
water including 

wheat, barley, corn 
and rice 

million cubic 
meters 

2003–
2022 

FAO 
(AQUASTAT, 

Trade water flow 
dataset) 

Calculation based 
on the sum of 

imports × virtual 
water coefficient 
of each product 

Trade balance (TB) 

The difference 
between exports 
and imports of 

goods and services 
as a percentage of 

GDP 

Percentage of 
GDP 

2003–
2022 

Central Bank of 
Iran (CBI annual 

report) 
- 

Government 
revenue 

(GR) 
Government tax 

and non-tax 
revenues 

Percentage of 
GDP 

2003–
2022 

Central Bank, 
public budget 
department 

Real data as a 
percentage of GDP 

Government 
expenditures 

(GE) 

Total consumption 
and capital 

expenditures of the 
government 

Percentage of 
GDP 

2003–
2022 

Central Bank, 
national accounts 

The sum of current 
expenditures and 

government 
investment 

Economic 
growth 

(GDPG) 
GDP growth rate at 
constant prices in 

2015 
Percentage 

2003–
2022 

International 
Monetary Fund 

(IMF, World 
Economic Outlook 

Database) 

- 

Official 
exchange 

rates 
(ER) 

Annual average 
official dollar rate 

Rial to US 
dollar 

2003–
2022 

Central Bank of 
Iran, exchange rate 

time series 

Annual average 
official rate 

World food 
price index 

(P) 
Inflation-adjusted 
world food price 

index 

Index 
(2015=100) 

2003–
2022 

International 
monetary fund 

(IMF) commodity 
price index 

Real data: become 
the base index 

2015 

Product 
return index 

 
(Y) 

Average yield 
index of selected 

agricultural 
products in Iran 

Index 
(2015=100) 

2003–
2022 

FAO (FAOSTAT, 
yield index dataset) 

Average yield of 
wheat, maize, 
barley and rice 

Cost of 
domestic 

production 
(DPC) 

Total cost of 
domestic 

production of 
selected cereals 

Billion Rials 
2003–
2022 

Ministry of 
Agricultural Jihad 

(office of 
agricultural 
production 
statistics) 

Real data of 
production cost per 

hectare × 
cultivated area 

Import cost (IMC) 
Annual Cost of 

Importing Selected 
Grains 

Billion Rials 
2003–
2022 

Islamic Republic of 
Iran Customs, UN 

Comtrade 

Import value × 
annual exchange 

rate 

Exchange 
opportunity 

cost 
(OC) 

The lost returns of 
allocation of 

imported currency 
instead of domestic 

investment 

Billion Rials 
2003–
2022 

Calculation of 
Formulas (1) 

Based on the 
difference between 

the yield of 
government bonds 
and the productive 

sector 
Domestic 
inflation 

index 
(INF) 

Consumer inflation 
rate (CPI) 

Percentage 
2003–
2022 

Statistical Center of 
Iran / IMF 

- 
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( )OC VWI j i  

VWI

i 

j

j-i

 

it

it it itFC ICP DPC 

0itFC 

0itFC 

.it

1

( ) /
m

it ijt ijt it

j

DPC I P Y

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1

Financial Cost (FC) 
2

Domestic Production Cost (DPC) 

ijtIjitijtP

jititY

it

it it wit tICP Q P ER  

witPittER

titQi

t

 

OLS

 EViews 

Stata17 

VAR

EViews12

VWITBGR

GEGDPG ER P

 (I(1)). 

 .

                                                 
3
 Vector Auto Regression (VAR) 

4
Augmented Dickey-Fuller (ADF) 

5
 Spurious Regression  
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AICVAR

 VIF 

.

.

(DW=1.91)

.

2

12

2

1

( )
n

t tt

n

tt

e e
DW

e











te

 EViews 

.

                                                 
1
 Akaike Information Criterion (AIC) 

2
 Schwartz Criterion (SC) 

3
 Hannan- Quinn (HQ) 

4
Multicollinearity 

5
Variance Inflation Factor (VIF)  

6
Jarque–Bera 

7
Durbin-Watson 

8
 White Heteroskedasticity Test 
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Fig. 1. Flowchart of the research methodology and steps for implementing the hybrid 
macroeconomic-virtual water model 
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Table 2. Virtual water import of cereals
(million cubic meters)

Product Green Blue Gray Total

Rice 18,473.80 9,365.10 3,696.80 31,535.70 

Wheat 46,219.20 22,572.20 9,637.80 78,429.20 

Corn 84,388.20 42,756.70 16,877.60 144,022.50 

Barley 25,193.70 12,764.80 5,038.70 42,997.20 

Total 174,274.90 87,458.80 35,250.90 296,984.60 
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Table 3. Virtual water import flow of cereals in Iran (million cubic meters)

Year 
Import of 

virtual water 
for cereals

Year
Import of 

virtual water 
for cereals

Year

Import of 
virtual 

water for 
cereals

2003 5,147.77 2010 8,056.90 2017 14,548.07 

2004 5,927.57 2011 19,908.31 2018 16,956.24 

2005 1,666.34 2012 141,312.10 2019 171,812.14 

2006 5,328.88 2013 22,983.52 2020 23,135.31 

2007 16,476.39 2014 16,095.09 2021 25,378.25 

2008 15,632.49 2015 13,286.06 2022 24,082.52 

2009 8,176.76 2016 8,056.90 2023 22,120.03 

Table 4. Water footprint and virtual water flow of wheat imports in Iran (million cubic meters)

Year 
Green 
water

Blue 
water

Grey 
water

Total virtual 
water import

Year
Green 
water

Blue 
water

Grey 
water

Total virtual 
water import

2003 191.21 93.38 40.02 324.61 2013 6,388.62 3,120.03 1,337.15 10,845.80 

2004 100.24 48.95 20.98 170.17 2014 2,854.52 1,394.07 597.46 4,846.04 

2005 376.81 184.02 78.78 639.61 2015 1,271.38 620.91 266.10 2,158.40 

2006 162.97 79.50 34.07 276.54 2016 63.52 31.02 13.30 107.84 

2007 5,090.74 2,486.18 1,065.50 8,642.42 2017 0.31 0.15 0.06 0.53 

2008 4,352.10 2,125.44 910.90 7,388.44 2018 0.16 0.08 0.03 0.27 

2009 747.47 365.04 156.45 1,268.96 2019 2,857.35 1,395.45 598.05 4,850.85 

2010 242.75 118.57 50.81 412.13 2020 4,763.87 2,326.54 997.09 8,087.50 

2011 5,769.60 2,817.73 1,207.60 9,794.93 2021 4,562.39 2,228.15 954.92 7,745.46 

2012 3,411.78 1,666.22 714.09 5,792.09 2022 3,011.55 1,470.76 630.33 5,112.64 
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Table 5. Import of virtual water for wheat into Iran by geographical region (million cubic meters) 

Region Country
Virtual 
water 
import

Region Country
Virtual 
water 
import

Europe
Russian 

Federation
15,978.90 Asia United Arab Emirates 10,741.24

Europe Switzerland 10,099.21 Asia Turkey 4,184.92

Europe Germany 8,813.60 Asia Kazakhstan 3,679.35

Europe Netherlands 4,173.27 Asia Iraq 1,377.10

Europe United Kingdom 3,597.93 Asia Uzbekistan 801.80

Europe Austria 844.29 Asia Turkmenistan 253.86

Europe France 286.47 Asia 
Republic of 
Azerbaijan

62.80

Europe Italy 270.13 Asia India 12.94

Europe Latvia 293.87 Asia Afghanistan 4.26

Europe Lithuania 1,293.54 Asia China 131.11

Europe Denmark 8.39 Asia Republic of Korea 232.72

Europe Cyprus 7.50 Asia Japan --

Europe Ireland 3.80
Middle East 
and Africa 

Oman 17.36

Europe Serbia 0.35
Middle East 
and Africa 

Lebanon 204.69

America Canada 3,691.10
Middle East 
and Africa 

Estonia 8.61

America United States 1,709.73
Middle East 
and Africa 

South Africa --

America Brazil 337.74 Free Zones Free Zones 16.29

America Argentina 417.25 Free Zones Hong Kong, China 602.75

America Mexico 0.05 Free Zones Singapore 1,977.41

Oceania Australia 1,980.52 Oceania New Zealand --

Table 6. Water footprint and virtual water flow of rice imports in Iran (million cubic meters)

Year 
Green 
water

Blue 
water

Grey 
water

Total virtual 
water import

Year
Green 
water

Blue 
water

Grey 
water

Total virtual 
water import

2003 991 1,388.08 297.45 2,676.53 2013 1,207.34 1,690.28 362.2 3,259.82 

2004 1,162.02 1,626.83 348.61 3,137.46 2014 746.19 1,044.67 223.86 2,014.72 

2005 459.11 642.76 137.73 1,239.60 2015 840.91 1,177.28 252.27 2,270.46 

2006 1,067.19 1,409.07 320.16 2,796.42 2016 1,293.74 1,811.23 388.12 3,493.09 

2007 1,389.06 1,944.68 416.72 3,750.46 2017 1,615.19 2,261.27 484.56 4,361.02 

2008 1,290.04 1,806.05 387.01 3,483.10 2018 1,680.03 2,352.04 504.01 4,536.08 

2009 1,090.75 1,527.04 327.22 2,945.01 2019 1,314.22 1,839.91 394.27 3,548.40 

2010 1,516.13 2,122.58 454.84 4,093.55 2020 738.62 1,034.07 221.59 1,994.28 

2011 1,296.87 1,815.62 389.06 3,501.55 2021 1,791.78 2,508.49 537.53 4,837.80 

2012 1,962.87 2,748.02 588.86 5,299.75 2022 1,191.57 1,688.20 357.47 3,237.24 
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Table 7. Results of the estimation of the econometric model of virtual water import (2003-2022)

Variable 
Impact on virtual 

water imports 
(VWI) 

Coefficient  
at (Lag=1) 

T 
Statistic 

P-
value 

Interpret 

ΔVWI(-1) 
The effect of 

insider dynamics 
0.41 3.28 0.004 

Previous year's imports have a positive 

impact on the current year 

ΔER(-1) Exchange rate 0.33 2.95 0.008 
An increase in the exchange rate increases 

water dependence 

ΔP(-1) World grain price 0.26 2.41 0.020 
An increase in world prices increases the 

cost of imports 

ΔTB(-1) Trade balance -0.19 -2.06 0.047 
An improvement in the trade balance 

reduces virtual water imports 

ΔGR(-1) 
Government 

revenue 
-0.12 -1.95 0.056 

An increase in government revenue 

slightly reduces import dependence 

ΔGDPG(-1) Economic growth 0.17 2.10 0.041 
Economic growth increases demand for 

grains and imports 

Zarei and (

1)Nasrollahi, 202Hoekstra and (

8)Chapagain, 200

4)Wang and Ma, 202(

Bashe et al., 2022

Yawson, (

2)202Mekonnen et al., 2024 
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