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a b s t r a c t 

Water shortages pose significant threats to local water security and food production around the world. Water 

managers have resorted to various water resources planning measures to overcome these challenges. For the 

first time and for a case study in Iran, we provide a comparative analysis of two such measures: physical and 

virtual inter-basin water transfers (IBWT). We evaluate green and blue water footprints ( WF ) associated with the 

production of 39 crops grown in humid Mazandaran and arid Semnan provinces, under (i) current production 

patterns and current local water availability; (ii) current production patterns and a planned physical IBWT scheme 

between Mazandaran (donor) and (receiving) Semnan province to provide water to water-intensive crops in the 

latter; (iii) modified cropping patterns, such that surplus production of water-intensive crops in Mazandaran 

abates production in Semnan province, coupled with interprovincial trade (i.e., a virtual IBWT scheme). We 

find that crops currently produced in Mazandaran have considerably lower blue WFs per unit of production 

( m 

3 t − 1 ) and a higher economic blue water productivity ( EBWP, $ m 

− 1 ) than in Semnan province. A physical 

IBWT would reduce blue water scarcity ( BWS ) in Semnan province by 34%, but at the cost of reduced EBWP 

by up to 46% of crops irrigated with the more costly transferred water. A virtual IBWT would reduce BWS in 

Semnan province to the same degree, while only modestly increasing BWS in Mazandaran province (from 0.15 to 

0.21, indicating that Mazandaran water resources can sustainably support the proposed increase in production). 

Moreover, Mazandaran’s provincial average EBWP is even raised (by 7%) in the virtual IBWT scenario. 
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. Introduction 

Shortages of freshwater are mainly a human-made challenge that

ose significant threats to water security and food production in many

laces around the world ( Reimer, 2014 ; FAO, 2017a ; Chouchane et al.,

019 ). Widespread water scarcity indicates that more water has already

een appropriated for human use than can be sustained in the long run

 Mekonnen and Hoekstra, 2016 ). Meanwhile, demand for freshwater

esources is expected to grow, particularly in agriculture ( FAO, 2012 ).

oreover, natural fluctuations in levels of regional water availability are

xpected to be amplified by climate change, thereby further impeding

ocal food production ( Koutroulis et al., 2019 ). 

A common water resources planning measure to overcome regional

ater shortages is the construction of inter-basin water transfers (IBWT).
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hese infrastructure works physically transport freshwater from water-

bundant regions to those with lower endowments and/or a higher

emand. Development of physical IBWTs dates back to at least 2400

CE, when Ancient Egypt diverted water from the Nile River to South-

thiopia for irrigation and navigation purposes ( Fang, 2005 ). Today,

ocal water shortages are still the main driver for developing physi-

al IBWT projects, with over 160 major physical IBWTs currently op-

rational around the world ( Zhuang, 2016 ). Six countries (the United

tates, Canada, Russia, India, Pakistan and China) are home to over 80%

f these physical IBWTs, with China’s South-to-North-Water-Transfer

eing the largest physical IBWT in the world ( Wang et al., 2008 ). This

atter megaproject transfers ~50 × 10 9 m 

3 of water annually from the

outhern to the northern regions in the country, securing water sup-

ly to over 300 million people ( Li et al., 2016 ; Zhao et al., 2017 ).
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Fig. 1. The study area, with the humid donor province of Mazandaran and the arid receiving province of Semnan highlighted. 
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eside increasing local freshwater supply, physical IBWTs can bring ad-

itional advantages for the receiving regions, including the promotion

f biodiversity and restoration of ecosystems ( Dadaser-Celik et al., 2009 ;

onroy et al., 2013 ; Wang et al., 2014 ), prevention of land subsidence

 Larsona et al., 2001 ) and improving water quality and nutrient content

 Li et al., 2003 ). For the exporting regions, flood control is a potential

enefit of physical IBWTs ( Wang, 2004 ). 

The practice of developing physical IBWTs has been widely criti-

ized as well, on the basis of their numerous potential negative side-

ffects. Reported environmental downsides in the receiving regions

nclude the prolongation or even worsening of inefficient water use

chemes ( Chen, 2004 ), the spread of (new) pollutants and diseases

 Kristopher, 2013 ; Sible et al., 2015 , Gupta and van der Zaag, 2008) and

oil salinization and fertility loss ( Zhao et al., 2008 ; Liu et al., 2013 ).

onor regions may experience diminished aquatic life in response to

ater level reduction ( Li et al., 2015 ) and reduced water flow to the sea

 Davies et al., 1992 ; Ma and Wang, 2011 ). Physical IBWTs also bring

ubstantial social and economic costs that are associated with the possi-

le displacement of residents, the construction of pre-treatment plants,

ransport infrastructure works and system’s operation and maintenance

osts ( Li et al., 2015 ). These negative side-effects drove the develop-

ent of alternatives to constructing physical IBWTs ( Zhao et al., 2017 ),

ncluding demand side measures (such as boosting water use efficiency

nd improving water conveyance and distribution systems in the im-

orting regions) and supply side measures (such as artificial ground-

ater recharge and developing unconventional water resources such as

eclaimed wastewater, seawater desalination and rainwater harvesting)

 Zhuang, 2016 ). 
Here, we discuss another promising alternative to traditional phys-

cal IBWTs, namely virtual water (VW) trade in conjunction with al-

ered cropping patterns. This ‘virtual’ IBWT measure may overcome

ome of the social and economic costs associated with physical IB-

Ts, but it is particularly promising regarding the improvement of

ater use efficiency: if (agricultural) products are produced in water-

bundant regions with high water productivities and exported to water-

carce regions with low water productivity abating local production, wa-

er can be saved, water scarcity alleviated and food security improved

 Hogeboom, 2020 ). 

Research on the concept of virtual water trade revealed a poten-

ial to achieve higher levels of (overall) water saving and food security

hrough trade, compared to localized food production ( Hoekstra and

ekonnen, 2012 ; Hoekstra and Chapagain, 2008 ). In another study,

eimer (2014) developed an international agricultural trade model to

ddress the role of trade in water-intensive agricultural products given

hanging water availability levels. Developed with a focus on water as

he main input, he demonstrated that trade could help countries face

hocks which they could not otherwise bear themselves. At the same

ime, they postulate that trade liberalization and subsequent changes in

lobal production patterns are unlikely to save water, but do improve

conomic welfare. 

While virtual water trade studies abound, there are no studies to our

nowledge that explicitly juxtapose virtual and physical IBWTs. The aim

f this study, therefore, is to provide a comparative analysis of virtual

nd physical IBWTs, to explore their potential to overcome water short-

ges in agriculture and thereby improve national food security. For a

ase study in Iran, we illustrate how a virtual and a proposed physical
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Table 1 

Selected characteristics for Mazandaran and Semnan provinces. 

Properties Semnan Mazandaran 

Dominant Climate zone Arid Humid 

Area (Km 

2 ) 97,491 23,756 

Population (10 6 people) 0.7 3.3 

Arable land (10 6 ha) 9.73 2.31 

Long-term average annual precipitation (mm) 161 631 

Arable land (ha cap − 1 ) 13.9 0.7 

Per capita blue water availability (m 

3 y − 1 cap − 1 ) ∗ 1324 1011 

Total agricultural area (10 3 ha) ∗∗ 121.2 626.2 

Of which AGC ∗∗∗ (%) 72.6 (83 ∗∗∗∗ ) 61.0 (70) 

Cereals (wheat and barley) 61.4 (80) 77.7 (83) 

Forages (alfalfa, sorghum) 13.6 (100) 13.1 (23) 

Vegetables (potato, onion, field-tomato) 6.8 (100) 5.3 (23) 

Industrial crops (cotton-seeds and sunflower) 8.0 (73) 3.1 (34) 

Cucumber family (melon, watermelon, field-cucumber) 7.9 (99) 0.5 (86) 

Legumes (pea, bean, lentil) 2.3 (8) 0.3 (61) 

Of which HCG (%) 27.4 (100) 39.0 (87) 

Grained fruits (apple, pear, quince) 5.4 (100) 1.1 (90) 

Nutrient fruits (sour-cherry, cherry, sloe, plum, peach, apricots, nectarine) 22.9 (100) 5.1 (83) 

Dried-fruits (almond, pistachio, walnut) 36.5 (100) 2.0 (33) 

Semi-tropical fruits (pomegranate, fig, olive, persimmons) 20.2 (100) 42.9 (75) 

Fine grained-fruits (grape, berry, strawberry) 11.7 (100) 0.6 (95) 

Cold-tempered fruits (barberry, medlar) 0.0 (0.0) 0.1 (76) 

Greenhouse crops (greenhouse-cucumber, greenhouse-tomato, pepper) 0.3 (100) 0.0 (0) 

Citrus (Orange, sour orange, lemon, lime, tangerine, grapefruit) 0.0 (0.0) 47.7 (100) 

Other crops 3.0 (100) 0.5 (75) 

Total crop production (10 3 t) 1047.0 2710.3 

Of which AGC (%) 70.9 (98) 91.0 (59) 

Cereals (wheat and barley) 18.9 (94) 50.1 (93) 

Forages (alfalfa, sorghum) 26.8 (100) 32.2 (21) 

Vegetables (potato, onion, field-tomato) 18.2 (100) 14.4 (25) 

Industrial crops (cotton-seeds and sunflower) 13.5 (99) 0.8 (37) 

Cucumber family (melon, watermelon, field-cucumber) 22.5 (99) 2.4 (89) 

Legumes (pea, bean, lentil) 0.1 (21) 0.1 (62) 

Of which HCG (%) 29.1 (100) 9.0 (75) 

Grained fruits (apple, pear, quince) 13.8 (100) 1.2 (90) 

Nutrient fruits (sour-cherry, cherry, sloe, plum, peach, apricots, nectarine) 13.1 (100) 4.9 (83) 

Dried-fruits (almond, pistachio, walnut) 6.6 (100) 2.1 (33) 

Semi-tropical fruits (pomegranate, fig, olive, persimmons) 30.1 (100) 43.0 (76) 

Fine grained-fruits (grape, berry, strawberry) 29.8 (100) 0.8 (95) 

Cold-tempered fruits (barberry, medlar) 0.0 (0) 0.1 (100) 

Greenhouse crops (greenhouse-cucumber, greenhouse-tomato, pepper) 5.9 (100) 0.0 (0) 

Citrus (Orange, sour orange, lemon, lime, tangerine, grapefruit) 0.0 (0) 47.5 (75) 

Other crops 0.7 (100) 0.4 (26) 

∗ per capita water availability obtained by dividing total available freshwater (surface plus groundwater) 

by the number of population in the considered province. Data on provincial water availability obtained 

from SCI (2020) . 
∗ ∗ Agricultural data (harvested area, total production and crop’s yield) received from IMAJ, 2017 . 
∗ ∗ ∗ AGC stands for agricultural crops groups, and HCG stands for horticultural crops groups. 
∗ ∗ ∗ ∗ The numbers in the parentheses denotes the contribution of irrigated crops in total (%). 
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BWT vary in terms of their i) resulting unit water footprints per crop; ii)

otal water consumption related to crop production; iii) economic water

roductivity of crop production; iv) and their water scarcity alleviation

otential. From the results we try to distil general lessons for other ge-

graphical settings where policy makers are contemplating developing

physical) IBWT schemes. Please note that while the physical IBWT is

ctually proposed by Iranian water planners, our analysis does not con-

titute a before-and-after analysis. Rather, we designed hypothetical sce-

arios for both physical and virtual IBWT that we deem plausible in this

ase study setting. As a consequence, we do not include relative costs of

nterventions needed to achieve these scenarios, nor do we study their

easibility in our comparison of impacts. 

. Method and data 

.1. Study area 

Iran is one of the most water-scarce countries in the world and

uffers from both depleted surface water and groundwater resources
 Karandish et al., 2018 , 2020 ). Water scarcity is most pronounced in

he semi-arid provinces of the country with intensive agriculture, which

ncludes Semnan province ( Fig. 1 ). In order to increase water availability

n Semnan province, Iran’s national water planners recently proposed a

eries of physical IBWT projects, the most controversial of which aspires

o desalinate 220 × 10 6 m 

3 from the Caspian Sea annually, to transfer

t to Semnan province ( IPRCI, 2014 ). Since the intake of seawater is

ocated in the humid and water-abundant Mazandaran province, the

roject is called the Mazandaran-Semnan (MS) IBWT project. For con-

enience, therefore, we will refer to Mazandaran province as the donor

rovince in this research. 

Agriculture is the main freshwater user in both provinces

 IMAJ, 2017 ). The Ministry of Agriculture distinguishes agricultural

rop groups (ACGs) and horticultural crop groups (HCGs). For this study,

e selected 39 crops that are commonly grown in both provinces, and

lassified them into six ACGs (cereals, legumes, industrial crops, veg-

tables, cucumber-family, and forages) and six HCGs (grained-fruits,

utrient fruits, fine grained-fruits, dried-fruits, semi-tropical fruits, and

reenhouse crops). Mazandaran and Semnan province contributed 3.4%
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Table 2 

The 10-year average of total production (TP), total green-blue water footprints ( WF tot ), the blue share in green-blue WF tot , the blue WF tot , gross revenue ( R gross ), 

blue water costs ( C bw ) and economic blue water productivity ( EBWP ), per crop and province in the base case over the period 2006–2015. 

Province Main Crop 

category 

TP Green-blue WF tot % of blue 

WF tot 

Blue WF tot R gross C bw EBWP 

category (10 3 t) (10 6 m 

3 ) (10 6 m 

3 ) (10 6 $) (10 3 $) ($ m 

− 3 ) 

Mazandaran Province Agricultural crop 

groups (ACG) 

Cereals 167.2 67.6 62.7 42.4 51.5 847.7 1.2 

Legumes 1.6 1.4 15.3 0.2 1.9 4.3 8.9 

Industrial crops 0.1 0.4 22.5 0.1 0.1 1.8 1.1 

Vegetables 89.7 20.4 63.9 13.0 22.1 260.7 1.7 

Cucumber family 48.3 17.4 40.2 7.0 12.8 139.9 1.8 

Forages 54.0 30.2 50.4 15.2 14.1 304.4 0.9 

Horticultural crop 

groups (HCG) 

Grained fruits 34.6 13.8 70.6 9.7 25.7 194.9 2.6 

Nutrient fruits 162.6 88.9 70.6 62.8 129.0 1255.3 2.0 

Fine-grained fruits 14.6 8.1 66.4 5.4 18.4 107.6 3.4 

Dried fruits 3.1 3.9 58.8 2.3 10.9 45.9 4.7 

Semi-tropical fruits 18.1 15.1 58.8 8.9 21.2 177.6 2.4 

Greenhouse product 7.0 0.1 100.0 0.1 2.3 2.0 23.0 

All ACGs 360.9 137.4 56.7 77.9 102.5 1558.8 1.3 

All HCGs 240.0 129.9 68.6 89.2 207.5 1783.1 2.3 

ACGs + HCGs 600.9 267.3 62.5 167.1 310.0 3341.9 1.8 

Semnan Province Agricultural crop 

groups (ACG) 

Cereals 131.3 193.9 78.5 152.2 37.3 3044.2 0.2 

Legumes 0.2 0.5 79.1 0.4 0.2 7.9 0.5 

Industrial crops 6.5 28.0 73.3 20.5 4.0 410.5 0.2 

Vegetables 135.3 42.8 89.3 38.2 33.0 764.4 0.8 

Cucumber family 165.8 86.6 84.4 73.1 22.2 1461.8 0.3 

Forages 198.4 123.2 93.2 114.8 47.8 2296.4 0.4 

Horticultural crop 

groups (HCG) 

Grained fruits 41.5 23.4 94.0 22.0 28.8 439.9 1.3 

Nutrient fruits 40.3 47.4 94.0 44.6 40.1 891.1 0.9 

Fine-grained fruits 91.5 46.0 91.6 42.1 31.6 842.7 0.7 

Dried fruits 8.0 19.0 92.2 17.5 28.6 350.4 1.6 

Semi-tropical fruits 91.2 144.7 92.2 133.4 109.4 2668.3 0.8 

Greenhouse product 17.4 0.8 100.0 0.8 5.7 16.0 7.1 

All ACGs 637.5 475.0 84.1 399.3 144.5 7985.3 0.3 

All HCGs 289.9 281.3 92.6 260.4 244.2 5208.4 0.9 

ACGs + HCGs 927.4 756.3 87.2 659.7 388.7 13,193.7 0.6 

Fig. 2. Time-averaged unit green-blue WFs of crop production ( m 

3 t − 1 ) and their blue share in the base case and over the period 2006–2015, for agricultural (a) and 

horticultural crop groups (b). 
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Table 3 

The 10-year average of total production (TP), total green-blue water footprints ( WF tot ), the blue share in green-blue WF tot , the blue WF tot , gross revenue ( R gross ), 

blue water costs ( C bw ) and economic blue water productivity ( EBWP ), per crop and province in the physical IBWT case over the period 2006–2015. 

Province Main catrgory Crop category TP (10 3 t) Green-blue 

WF tot (10 6 m 

3 ) 

% of blue 

WF tot 

Blue WF tot 

(10 6 m 

3 ) 

R gross (10 6 

$) 

C bw (10 3 

$) 

EBWP 

($ 

m 

− 3 ) 

Mazandaran Province Agricultural 

crop groups 

(ACG) 

Cereals 167.2 67.6 62.7 42.4 51.5 847.7 1.2 

Legumes 1.6 1.4 15.3 0.2 1.9 4.3 8.9 

Industrial 

crops 

0.1 0.4 22.5 0.1 0.1 1.8 1.1 

Vegetables 89.7 20.4 63.9 13.0 22.1 260.7 1.7 

Cucumber 

family 

48.3 17.4 40.2 7.0 12.8 139.9 1.8 

Forages 54.0 30.2 50.4 15.2 14.1 304.4 0.9 

Horticultural 

crop groups 

(HCG) 

Grained fruits 34.6 13.8 70.6 9.7 25.7 194.9 2.6 

Nutrient fruits 162.6 88.9 70.6 62.8 129.0 1255.3 2.0 

Fine-grained 

fruits 

14.6 8.1 66.4 5.4 18.4 107.6 3.4 

Dried fruits 3.1 3.9 58.8 2.3 10.9 45.9 4.7 

Semi-tropical 

fruits 

18.1 15.1 58.8 8.9 21.2 177.6 2.4 

Greenhouse 

product 

7.0 0.1 100.0 0.1 2.3 2.0 23.0 

All ACGs 360.9 137.4 56.7 77.9 102.5 1558.8 1.3 

All HCGs 240.0 129.9 68.6 89.2 207.5 1783.1 2.3 

ACGs + HCGs 600.9 267.3 62.5 167.1 310.0 3341.9 1.8 

Exported desalinated water 220.0 100.0 220.0 

Crop’s water consumption plus 

exported desalinated water 

– 487.3 79.4 387.1 – – –

Semnan Province Agricultural 

crop groups 

(ACG) 

Cereals 131.3 193.9 78.5 152.2 37.3 6892.1 0.2 

Legumes 0.2 0.5 79.1 0.4 0.2 39.6 0.4 

Industrial 

crops 

6.5 28.0 73.3 20.5 4.0 2052.4 0.1 

Vegetables 135.3 42.8 89.3 38.2 33.0 764.4 0.8 

Cucumber 

family 

165.8 86.6 84.4 73.1 22.2 1461.8 0.3 

Forages 198.4 123.2 93.2 114.8 47.8 2296.4 0.4 

Horticultural 

crop groups 

(HCG) 

Grained fruits 41.5 23.4 94.0 22.0 28.8 439.9 1.3 

Nutrient fruits 40.3 47.4 94.0 44.6 40.1 891.1 0.9 

Fine-grained 

fruits 

91.5 46.0 91.6 42.1 31.6 842.7 0.7 

Dried fruits 8.0 19.0 92.2 17.5 28.6 1751.8 1.5 

Semi-tropical 

fruits 

91.2 144.7 92.2 133.4 109.4 13,341.3 0.7 

Greenhouse 

product 

17.4 0.8 100.0 0.8 5.7 16.0 7.1 

All ACGs 637.5 475.0 84.1 399.3 144.5 13,506.8 0.3 

All HCGs 289.9 281.3 92.6 260.4 244.2 17,282.9 0.9 

ACGs + HCGs 927.4 756.3 87.2 659.7 388.7 30,789.7 0.54 

Imported desalinated water - 220.0 100.0 220.0 - - - 

Crop’s water consumption minus 

exported desalinated water 

– 536.3 82.0 439.7 – – –

a  

1  

y  

c  

c  
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p  
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nd 0.8% to national production of agricultural crops and 17% and

.3% to national production of horticultural crops, respectively, in the

ear 2015 ( IMAJ, 2017 ). The higher production in Mazandaran province

ompared to Semnan province can be explained by the larger area under

ultivation in the former province and differences in cropping patterns

 Table 1 ). The two provinces are currently trading partners, with a re-

orted net virtual water trade from Mazandaran to Semnan province

ver the past two decades ( Karandish and Hoekstra, 2017 ). 

.2. Comparative analysis 

We considered the following three scenarios for our comparative

nalysis: 

- Base case, reflecting current cropping patterns (meaning the com-

position of the crop mix and the share of each crop in total har-

vested area and total production) in both provinces, current provin-

cial water availability levels, and current virtual water trade between

Mazandaran and Semnan provinces. 
- Physical IBWT case, reflecting current cropping patterns in both

provinces and current water availability levels in Mazandaran

province. Semnan province, in this case, has access to an additional

220 × 10 6 m 

3 y − 1 of desalinated water (i.e., anticipating the planned

MS-IBWT project). We allocated this transferred water over the var-

ious Semnan-grown crops based on their 10-year weighted average

of unit blue water footprint (blue WF prod , m 

3 t − 1 , see Section 2.2.1 ).

The crop with the largest unit blue water footprint in Semnan is thus

assigned its full blue water requirement first, then the second largest,

and so on until the amount of 220 × 10 6 m 

3 has been fully allocated.

- Virtual IBWT case, reflecting modified cropping patterns in both

provinces and current provincial water availability levels in Sem-

nan province. Mazandaran province, in this case, is assigned an ad-

ditional 220 × 10 6 m 

3 y − 1 of water – water that is currently un-

developed, but that we assume could become available for agricul-

tural purposes if it were developed. Cropping patterns in Mazan-

daran were modified such, that the annual total production ( t ) that

could be achieved in Semnan province on account of the additional

220 × 10 6 m 

3 of transferred desalinated water as proposed in the
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Table 4 

The 10-year average of total production (TP), total green-blue water footprints ( WF tot ), the blue share in green-blue WF tot , the blue WF tot , gross revenue ( R gross ), 

blue water costs ( C bw ) and economic blue water productivity ( EBWP ), per crop and province in the virtual IBWT case over the period 2006–2015. 

Province Main catrgory Crop category TP (10 3 t) Green-blue 

WF tot (10 6 m 

3 ) 

% of blue 

WF tot 

Blue WF tot 

(10 6 m 

3 ) 

R gross (10 6 

$) 

C bw (10 3 

$) 

EBWP 

($ m 

− 3 ) 

Mazandaran Province Agricultural 

crop groups 

(ACG) 

Cereals 208.7 84.4 62.7 52.9 63.3 1058.1 1.2 

Legumes 1.8 1.6 15.3 0.2 2.1 4.8 8.7 

Industrial crops 6.6 26.4 22.5 5.9 4.1 118.8 0.7 

Vegetables 89.7 20.4 63.9 13.0 22.1 260.7 1.7 

Cucumber family 48.3 17.4 40.2 7.0 12.8 139.9 1.8 

Forages 54.0 30.2 50.4 15.2 14.1 304.4 0.9 

Horticultural 

crop groups 

(HCG) 

Grained fruits 34.6 13.8 70.6 9.7 25.7 194.9 2.6 

Nutrient fruits 162.6 88.9 70.6 62.8 129.0 1255.3 2.0 

Fine-grained fruits 14.6 8.1 66.4 5.4 18.4 107.6 3.4 

Dried fruits 11.1 14.0 58.8 8.2 39.5 164.2 4.8 

Semi-tropical fruits 109.3 91.2 58.8 53.6 130.6 1072.3 2.4 

Greenhouse product 7.0 0.1 100.0 0.1 2.3 2.0 23.0 

All ACGs 409.1 180.3 52.3 94.3 118.5 1886.7 1.2 

All HCGs 339.2 216.0 64.7 139.8 345.5 2796.2 2.5 

ACGs + HCGs 748.3 396.4 59.1 234.1 464.0 4682.9 2.0 

Semnan Province Agricultural 

crop groups 

(ACG) 

Cereals 89.8 132.6 78.5 104.1 25.5 2082.3 0.2 

Legumes 0.0 0.0 0.0 0.0 0.0 0.0 –

Industrial crops 0.0 0.0 0.0 0.0 0.0 0.0 –

Vegetables 135.3 42.8 89.3 38.2 33.0 764.4 0.8 

Cucumber family 165.8 86.6 84.4 73.1 22.2 1461.8 0.3 

Forages 198.4 123.2 93.2 114.8 47.8 2296.4 0.4 

Horticultural 

crop groups 

(HCG) 

Grained fruits 41.5 23.4 94.0 22.0 28.8 439.9 1.3 

Nutrient fruits 40.3 47.4 94.0 44.6 40.1 891.1 0.9 

Fine-grained fruits 91.5 46.0 91.6 42.1 31.6 842.7 0.7 

Dried fruits 0.0 0.0 0.0 0.0 0.0 0.0 –

Semi-tropical fruits 0.0 0.0 0.0 0.0 0.0 0.0 –

Greenhouse product 17.4 0.8 100.0 0.8 5.7 16.0 7.1 

All ACGs 589.3 385.2 85.7 330.2 128.5 6604.9 0.4 

All HCGs 190.7 117.6 93.1 109.5 106.2 2189.8 0.9 

ACGs + HCGs 780.0 502.8 87.5 439.7 234.7 8794.7 0.5 
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physical IBWT case (i.e., the crops with the largest total blue WF in

Semnan province), would now be produced in Mazandaran province

instead. This modification implies that the harvested area of these

crops is increased in Mazandaran province, as a function of this ad-

ditional production. Accordingly, the harvested area of these crops

in Semnan province is reduced. Hence, the rationale behind these

modifications is that the water-rich Mazandaran province can and

should yield surplus production of chiefly water-intensive crops, to

abate production of these crops in water-scarce Semnan province.

Through interprovincial trade, Mazandaran grown crops (and their

virtual water content) are then exported to Semnan province for final

consumption. The harvested area of the other, less water-intensive

crops, remains unaltered in both provinces. 

We analyzed these three scenarios in terms of their i) resulting unit

ater footprints per crop; ii) total water consumption related to crop

roduction; iii) economic blue water productivity of crop production;

v) and their blue water scarcity alleviation potential. 

.2.1. Unit water footprints of crop production 

For the period 2006–2015, we calculated annual green-blue wa-

er footprints related to crop production ( WF prod. , m 

3 t − 1 ) of 39

rops per province per year, based on the accounting framework of

oekstra et al. (2011) . This calculation followed similar procedures as

arandish and Hoekstra (2017) , but we improve on their study by in-

luding more crops in our assessment and considering a longer time

eriod. For each crop, green and blue WF prod were calculated by divid-

ng seasonal green and blue evapotranspiration ( m 

3 ha − 1 ) by provincial

rop yield ( t ha − 1 ), respectively. We employed FAO’s AquaCrop model to

stimate seasonal evapotranspiration ( Hsiao et al., 2009 ; Steduto et al.,

009 ). The model was first run for a 5-year period to set initial values

f soil moisture content. AquaCrop simulates a daily soil water balance

or the crop’s rooting zone a follows: 

 [ 𝑡 ] = 𝑆 [ 𝑡 −1 ] + 𝑃 [ 𝑡 ] + 𝐼 [ 𝑡 ] + 𝐶 𝑅 [ 𝑡 ] − 𝐸 𝑇 [ 𝑡 ] − 𝑅 𝑂 [ 𝑡 ] − 𝐷 𝑃 [ 𝑡 ] (1)
Here, S is the soil water content at the end of day t or t-1 , respec-

ively; P precipitation; I irrigation applied; CR capillary rise; ET evapo-

ranspiration; RO surface runoff; and DP deep percolation. All units are

n mm d − 1 . Since groundwater levels are generally deeper than one me-

re below the rooting zone, CR was assumed to be zero ( Karandish and

oekstra, 2017 ). To differentiate between the green and blue soil mois-

ure content S , we followed the procedure proposed by Hoekstra (2019) :

 

 

 

 

 

𝑆 𝑔𝑟𝑒𝑒𝑛 [ 𝑡 ] = 𝑆 𝑔𝑟𝑒𝑒𝑛 [ 𝑡 −1 ] + 𝑃 [ 𝑡 ] +𝑅 𝑂 [ 𝑡 ] ×
𝑃 [ 𝑡 ] 

𝑃 [ 𝑡 ] + 𝐼 [ 𝑡 ] 
− 

(
𝐷 𝑃 [ 𝑡 ] + 𝐸 𝑇 [ 𝑡 ] 

)
× 𝑆 𝑔𝑟𝑒𝑒𝑛 [ 𝑡 −1 ] 

𝑆 [ 𝑡 −1 ] 

𝑆 𝑏𝑙𝑢𝑒 [ 𝑡 ] = 𝑆 𝑏𝑙𝑢𝑒 [ 𝑡 −1 ] + 𝐼 [ 𝑡 ] + 𝑅 𝑂 [ 𝑡 ] ×
𝐼 [ 𝑡 ] 

𝑃 [ 𝑡 ] + 𝐼 [ 𝑡 ] 
− 

(
𝐷 𝑃 [ 𝑡 ] + 𝐸 𝑇 [ 𝑡 ] 

)
× 𝑆 𝑏𝑙𝑢𝑒 [ 𝑡 −1 ] 

𝑆 [ 𝑡 −1 ] 

(2) 

For each ACG and HCG category, the weighted average WF prod for

very year in the period 2006–2015 was calculated based on the pro-

uction of different crops within that category. Thereafter, the 10-year

roduction-weighted average WF prod was calculated for each crop cate-

ory over the period 2006–2015. 

Agricultural data, including crop type, annual irrigated and rain fed

arvested area, annual total production and yield, cropping calendars,

nd agricultural practices were obtained from Iran’s Ministry of Agri-

ultural Jihad ( IMAJ, 2017 ). Provincial averages of climate data were

aken from IRIMO (2020) . 

.2.2. Total water footprints of crop production 

The total crop water footprint ( WF tot , m 

3 ) reflects the aggregate claim

n water resources associated with the production of that particular crop

n a given year. To obtain annual WF tot , we multiplied reported annual

rop total production from IMAJ (2017) with annual unit WF prod per

rop category. 

.2.3. Economic blue water productivity 

The economic blue water productivity ( EBWP, $ m 

− 3 ) reflects

he monetary revenue of water consumption ( Hogeboom and Hoek-
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tra, 2017 ). Per crop, province and year, we estimated EBWP as: 

𝐵𝑊 𝑃 = 

( 𝑃 𝑐𝑟𝑜𝑝 × 𝑇 𝑃 ) − ( 𝐶 𝑤𝑎𝑡𝑒𝑟 ×𝑊 𝐹 𝑝𝑟𝑜𝑑; 𝑏𝑙𝑢𝑒 × 𝑇 𝑃 ) 
𝑊 𝐹 𝑝𝑟𝑜𝑑; 𝑏𝑙𝑢𝑒 × 𝑇 𝑃 

(3)

here P crop is the crop’s unit price ( $ t − 1 ), C water is unit blue water cost

 $ m 

− 3 ), TP is total production ( t ). The 10-year average of EBWP was

hen calculated as a production-weighted average over each year in the

eriod 2006–2015. 

Crop unit prices are taken from FAO (2017b) . The unit blue water

ost in Iran’s agricultural sector is estimated by Karandish (2016) at 0.02

 m 

− 3 representative for the period 2006–2015. For the physical IBWT

ase, addition costs related to developing the physical infrastructure for

oth the desalination plant and the transfer works need to be included,

hich are estimated at 116 × 10 7 $ ( IPRCI, 2014 ). Assuming a 50 year

ife span, an average capacity of 220 × 10 6 m 

3 y − 1 and excluding main-

enance costs, we presumptively estimate the physical IBWT associated

 water at 0.10 $ m 

− 3 . 

.2.4. Water scarcity alleviation potential 

Differences in WF tot amongst the scenarios result in different levels

f blue water scarcity ( BWS ) at the provincial level. Per province, BWS

s calculated by dividing the blue WF tot ( m 

3 ) per crop and year by local

ater availability ( m 

3 ). Local water availability is calculated as the

ocal annual natural runoff minus environmental flow requirements.

ata on natural runoff at the province scale was taken from Iran’s

ater Resource Management Company ( WRM, 2016 ). Environmental

ow requirements were assumed at 80% of natural runoff following

ichter et al. (2012) . A BWS > 1 indicates that water consumption

xceeds sustainably available water availability levels, creating a water

carcity hotspot. 

. Results 

.1. Base case 

The 10-year average of green-blue WF prod over the period 2006–2015

iven current cropping patterns and current local water availability is

hown in Fig. 2 . We observe that for most crop groups, WF prod is notice-

bly larger in the arid Semnan than in the humid Mazandaran province,

ndicating more water-efficient production in Mazandaran province. Ex-

ept for the greenhouse crops (which are fully reliant on blue water

n both provinces), the share of blue water in green-blue unit water

ootprints is larger in Semnan province for all crops, with this share

anging between 73.3% for industrial crops to 94.0% for nutrient fruits,

ersus 15.3% for legumes to 40.6% for nutrient fruits in Mazandaran

rovince. In Semnan province, industrial crops, legumes, dried fruits,

emi-tropical fruits and cereals rank first to fifth in terms of the largest

lue WF prod . Greenhouse crops and vegetables have the lowest blue

F prod , mainly due to their higher yields per hectare. 

In Semnan province, cereals have the largest green-blue WF tot , as

ell as the largest blue WF tot ( Table 2 ). On average, 17 × 10 7 m 

3 of

lue water is consumed annually in Mazandaran province to produce

0 × 10 4 t aggregated over 39 crops and 66 × 10 7 m 

3 to produce 93 × 10 4 

 of selected crops in Semnan province. 

EBWP in Mazandaran province vary from 0.91 $ m 

− 3 for forages to

3 $ m 

− 3 for greenhouse crops. EBWP is considerably higher in Mazan-

aran compared to Semnan province, with particularly pronounced dif-

erences for legumes, the cucumber family and industrial crops. Both

rovinces have a higher EBWP for crops in HCGs compared to crops in

CGs. Provincial averages of current EBWP in Mazandaran and Semnan

rovince are 1.84 $ m 

− 3 and 0.57 $ m 

− 3 , respectively. 

The ten-year average BWS over the period 2005–2015 is 0.15 in

azandaran, indicating the province does not suffer from water scarcity,

nd 3.72 in Semnan province, indicating severe water scarcity. 
.2. Physical IBWT case 

Our analysis for the base case revealed which crops are relatively

ost blue-water intensive to produce in Semnan province. According

o the allocation procedure described in the Method, the desalinized

ater annually transferred from Mazandaran province (220 × 10 6 m 

3 )

an supply the full blue water demand for producing industrial crops

21 × 10 6 m 

3 ), dried fruits (18 × 10 6 m 

3 ), legumes ( < 1.0 × 10 6 m 

3 ),

nd semi-tropical fruits (13 × 10 7 m 

3 ). The remaining 48 × 10 6 m 

3 is

ssigned to cereal production, for which it accounts for 32% of its blue

F tot. The remaining 68% of cereal production is produced by locally

vailable blue water resources. 

In this case, the total production, WF prod , WF tot and its blue share

or both provinces do not change for any of the crops compared to the

ase case ( Table 3 ). For Semnan province, however, the costs associated

ith the transferred blue water – and thus its EBWP – do differ. EBWP

f affected crops is down considerably, from 5% for dried fruits to 46%

or industrial crops. Costs and EBWP in Mazandaran province remain

naltered. 

The positive effect of the transferred water is that it reduces the strain

n Semnan’s local water resources. We found that as a result, BWS is

educed by 34% in Semnan province, to 2.48. However, at this level the

rovince is still classified as severely water scarce. BWS in Mazandaran

rovince remains unaltered at 0.15. 

.3. Virtual IBWT case 

In this case, all production of industrial crops, dried fruits, legumes,

emi-tropical fruits and 32% of cereals, which in the physical IBWT

ase were supposed to be produced in Semnan province using the

20 × 10 6 m 

3 of the transferred water, will now be produced in Mazan-

aran province using local freshwater assumed to be developed there.

hese Mazandaran grown crops abate their production in Semnan, to

hich they will be exported through interprovincial trade. 

Table 4 shows that WF prod in both province is unaltered with re-

pect to the base case. However, annual blue WF tot increases by 40%

o 23 × 10 7 m 

3 in Mazandaran province, while in Semnan Province re-

uires 220 × 10 6 m 

3 blue water less (33%) compared to the base case. 

The provincial average EBWP in Mazandaran province will increase

o 1.97 $ m 

3 , which is 7% higher than in the base case. This increase

an be explained by the increasing relative share of crops with high

BWP in Mazandaran’s crop mix (i.e. legumes, semi-tropical fruits and

ried-fruits). On account of the same reason, provincial average EBWP

n Semnan province is reduced by 10%, to 0.51 $ m 

3 . 

BWS in Semnan province decreases – as in the physical IBTW case –

y 34% to 2.48. Due to the additional water use, BWS in Mazandaran

ncreases by 40% to 0.21. However, this value indicates local water re-

ources can still sustainably support the increased demand. 

Table 5 summarizes the most important indices calculated for the

hree cases. 

. Discussion 

We compared a physical and a virtual IBWT scheme with current

ropping patterns and local water availability across several criteria.

n calculating unit water footprints, we used default crop parameters

f the Aquacrop model. Because observations or measurements of both

rop parameters or actual unit water footprints are lacking, simulated

Fs could not be calibrated or validated. Although this introduces un-

ertainty in our estimated unit WFs, they mainly serve to illustrate the

ynamics associated with the two IBWT schemes. In this regard, a more

uestionable aspect of our assessment probably lies in the (implicit) as-

umption that in the virtual IBTW case it is practically feasible to ac-

ommodate additional production in Mazandaran province. However,

e reckoned this assumption is acceptable based on the relative abun-

ance of water resources (as indicated by a low BWS index) and a large



F. Karandish, R.J. Hogeboom and A.Y. Hoekstra Advances in Water Resources 147 (2021) 103811 

Table 5 

Overview of the 10-year average of the measured indices per province for the three cases investigated over the period 2006–2015 (total 

production (TP), total green-blue water footprints ( WF tot ), gross revenue ( R gross ), blue water costs ( C bw ), economic blue water productivity 

( EBWP ) and blue water scarcity ( BWS ). 

Province Case TP Green-blue WF tot Share of blue WF tot Blue WF tot R gross C bw EBWP BWS 

(10 3 t) (10 6 m 

3 ) (%) (10 6 m 

3 ) (10 6 $) (10 6 $ y) ($ m 

− 3 ) 

Mazandaran base 600.9 267.3 62.5 167.1 310.0 3.3 1.8 0.15 

physical IBWT 600.9 267.3 62.5 167.1 310.0 3.3 1.8 0.15 

virtual IBWT 748.3 396.4 59.1 234.1 464.0 4.7 2.0 0.21 

Semnan base 927.4 756.3 87.2 659.7 388.7 13.2 0.6 3.72 

physical IBWT 927.4 756.3 87.2 659.7 388.7 30.8 0.5 2.48 

virtual IBWT 780.0 502.8 87.5 439.7 234.7 8.8 0.5 2.48 
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creage of undeveloped suitable lands ( Mesgaran et al., 2017 ). More-

ver, our list of assessment criteria is only partial and excludes various

ther important economic, social and environmental considerations that

re needed towards the actual planning of a virtual versus a physical

BWT. 

Regarding economic considerations, we found that the relatively

igh unit blue water cost by agricultural standards in the physical IBWT

ase (0.10 $ m 

-3 ) drives down EBWP. This might support the argument

hat a physical IBWT might still be economically viable for industrial

se, as industrial users may be willing and able to cover higher tar-

ffs (the current unit blue water price is 0.59 $ m 

-3 according to IPRCI

2014)). However, the water to be physically transferred is not ear-

arked for any particular sector per se : it can be used to complement

ither industry or households, or agriculture water shortages. Moreover,

ur estimate for the water cost is likely an underestimation, as we ex-

luded energy and infrastructure maintenance costs, as well as potential

osts of externalities incurred by environmental degradation around the

hysical IBWT inlet due to desalination. On the other hand, our analysis

lso excluded additional (marginal) costs that are incurred by the trad-

ng of products in the virtual IBWT case. Such costs eventually are borne

y consumers in the importing province. However, we expect these ad-

itional costs to be lower than the substantial costs associated to the

hysical IBWT. 

Regarding potential social considerations, expanding agricultural

ands and producing more crops in Mazandaran province under a virtual

BWT setting may provide increased job opportunities for local residents

nd reduce the unemployment rate there. Currently, the unemployment

ate in Mazandaran province is roughly 21% higher than that in Sem-

an province ( SCI, 2020 ), which is a compelling argument to the Iranian

overnment to initiate the labor-intensive physical IBWT project in the

rst place ( IPRC, 2014 ). On the other hand, reduced agriculture pro-

uction in Semnan province under the virtual IBTW case may increase

nemployment there. 

Regarding environmental considerations, we looked at some water

spects related to the three cases, but an analogous assessment com-

lementary to ours may be carried out for the amount of energy re-

uired. For the physical IBWT case, the energy needed to transfer the

esalinated water from Mazandaran province to Semnan province, is

stimated at 39 × 10 3 GJ ( IPRC, 2014 ). 5.0 × 10 3 GJ of this number

s planned to be supplied by hydropower. The additional blue water

onsumption associated with this hydropower generation has not been

ccounted for in our analysis of the physical IBWT scenario. However,

ased on Iran’s national average blue WF of hydropower of 0.91 m 

3 GJ − 1 

s estimated by Hogeboom and Hoekstra (2018) , we can cautiously es-

imate that this generation will come at the cost of another 4.6 × 10 3 m 

3 

f blue water annually. Moreover, there is a risk of salination near the

esalination plant’s outlets. National reports show that the envisioned

esalination process will produce wastewater with a salinity of 25 g l − 1 ,

hich is two time higher than the ambient concentrations ( IPRC, 2014 ).

uch salinity levels are expected to pose serious threats to local fish habi-

ats and stocks in the Caspian Sea. Particularly the area in close proxim-
t

ty to the effluent outlet is running the risk of turning into an ecological

ead-zone ( IPRC, 2014 ). 

Another consideration in the planning of a physical IBWT is its in-

exibility. After all, While water requirement in the recipient region

ay change over time (e.g. due to population growth, economic devel-

pment and climate change), the volume of transferred water is largely

xed by the number of pumps, gauging stations and dimensions of the

hannels. A virtual IBWT scheme, in contrast, offers more flexibility in

hat it can adapt and evolve to changing needs. 

The main rationale to employ an IBWT, either physical or virtual,

s typically a persistent shortage of water. Such shortages arise either

ecause the region is physically water-scarce, or because of overuse and

ismanagement of available water resources. In Semnan province, both

re the case. However, an strong argument can be made to consider

ddressing the latter issue first, before resorting to an IBTW. Both the

elatively large blue WF prod in Semnan province and their high variabil-

ty over the years suggests that there is indeed a large potential of blue

ater savings through improving water use efficiency. 

. Conclusion 

Physical IBWTs are commonly used planning measures to overcome

ater shortages in one location, by physically transferring water from

ater-abundant regions to those that lack the resource. Since these phys-

cal IBWTs are heavily criticized because of the social, economic and

nvironmental costs they may incur, we set out to explore the merits of

n alternative IBWT to overcome local water shortages, namely a vir-

ual IBWT. Using a comparative analysis for a case study in Iran, we

llustrate how both physical and virtual IBWTs have the potential to re-

uce blue water scarcity in the receiving region. However, the physical

BWT was found to potentially reinforce inefficient farming practices in

lready water scarce regions. A virtual IBWT, in contrast, might abate

roduction in low water-productivity regions by increasing production

n more water-efficient regions coupled with trade. While it was not the

ase in our case analysis for Iran, careful attention should be given to

he exporting region to assure that the added production will not in-

rease blue water scarcity levels beyond locally sustainable thresholds.

his study also found that a virtual IBWT can increase economic water

roductivities, while a physical IBWT reduces them on account of the

arge costs incurred by their construction. We recommend water plan-

ers contemplating the development of physical IBWTs to also consider

he merits of virtual alternatives. 
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