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NM 88003, USA and Department of Agricultural Economics, College of Agriculture, South Valley University,

Qena, Egypt; **Department of Agricultural Economics and Agricultural Business, New Mexico State University,

Las Cruces, NM 88003, USA.

ABSTRACT Egypt’s fortunes hinge on the Nile. However, little research to date has evaluated
economic efficiency improvements that could be achieved by altering Egypt’s agricultural water use
patterns. This study develops an integrated catchment scale framework to identify potential
economic benefits that can be supported by Egypt’s irrigation water use. An optimization framework
is developed to identify improvements in national farm income, which can be produced with current
water supplies that are compatible with Egypt’s hydrological, environmental, and institutional
constraints. Results suggest that limited water trading across locations and seasons can increase
national farm income by up to 28%. The methods used provide a framework for informing decisions
on sustainable use of land and water for improved rural livelihoods in the developing world’s
irrigated areas.

Background

Egypt’s long history of economic, political, and cultural achievement has been tied to the

Nile’s flows. Egypt’s agriculture has had a long history of high productivity because of its

moderate and uniform climate. Irrigated agriculture still occupies a central place in

Egypt’s economy, contributing about 17% to GDP, and employing about 31% of the

labour force (Attia, 2004; CAPMS, 2008). Agriculture is characterized by scattered land

holdings (Elarabawy et al., 1998; Elarabawy & Toswell, 1998; Kandil, 2003), and

contains a large drainage area, covering about two million hectares (Ali et al., 2001;

Wichelns, 2002a; Strzepek et al., 2008; Abu-Zied & El-Shibini, 1997; Wahba et al.,

2005). Irrigated agriculture consumes about 85% of Egypt’s freshwater. Additionally, the

Nile’s waters are an important source of electric power production, fishing, and navigation

to support tourism and barge traffic.

Since the late 1800s, several agreements and protocols have established water-sharing

arrangements among the various Nile basin countries. To date, the 10 Nile basin countries

are still attempting to forge a mutually acceptable solution to sharing the Nile’s water. One

ongoing attempt, the Nile Basin Initiative (NBI), is a step towards basin-wide co-

operation. One signature historic achievement was the 1959 Full Control and Utilization of

the Nile Waters Agreement between Sudan and Egypt. The quantity of average annual
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Nile flow was agreed at 84 billion cubic meters, measured at the High Aswan Dam (HAD).

It assigned the average annual flow of the Nile to be shared between Sudan and Egypt at

18.5 and 55.5 billion cubic metres, respectively. Annual water losses due to evaporation

have been estimated at about 10 billion cubic meters (Nasser & Allam, 2007; Wichelns,

2004; Allen, 1992; Hefny & Amer, 2005).

Despite the progress achieved by the NBI, ongoing debates remain between the basin’s

downstream users (Egypt and Sudan) and its upstream countries, especially Ethiopia.

Many of these debates revolve around the distribution of the basin’s water use and its

associated economic benefits (Mekonnen, 2010; El-Fadel et al., 2003; Drake, 1997; Kung,

2003; Cascão, 2009). A recent proposal is the Co-operative Framework Agreement (CFA).

In May 2010, five upstream states signed this agreement in order to seek more water from

the River Nile — a move strongly opposed by Egypt and Sudan. Much discussion among

the Nile basin countries deals with water re-allocation (Laki, 1998; Mason, 2005). The

basin’s countries have not yet realized the potential benefits of joint co-operation and

development of more efficient water management policies (Wu & Whittington, 2006;

Laki, 1998; Hefny & Amer, 2005; Swain, 2008).

Upstream countries call for larger shares of the basin’s water, with greater opportunities

to develop and use hydropower. The downstream countries see this proposal as a threat to

their historical use (Arsano & Tamrat, 2005; Hamad & El-Battahani, 2005). Increased

conflict among Nile basin countries adds uncertainty to the reliability of water supplies for

all basin countries. Ongoing conflict poses continued challenges to all the basin countries’

policy makers, while highlighting the importance of more efficient and sustainable water

management.

Growing population, food security issues, increased urban use, and potential impacts

of climate change increase the attention given to more efficient and sustainable

water management in Egypt. All these factors point to the continued challenges of

guarding against Egypt’s water demands outpacing its supplies (Allen, 1992; Wichelns,

2004; Elarabawy & Toswell, 2000). Policy alternatives to water pricing that could

improve Egypt’s irrigation water allocation efficiency are examined by He & Siam

(2004). Simonovic et al. (1997) used an object-oriented framework to build a

simulation model of Egypt’s use of the Nile, with all major sources and uses of water

considered. Malashkhia (2003) examined irrigation water-saving measures that could

be applied in Egypt, with special attention given to water pricing and improved

efficiency measures. Wichelns (2002b) conducted an economic analysis of investments

in improved irrigation drainage to mitigate problems of waterlogging and salinization

in Egypt.

Despite the achievements of these works, there seems to be no policy analysis to date

that takes a national view of comprehensively analyzing outcomes for alternative policies

that could be implemented for Egypt’s use of the Nile. For this reason, the objective of

this paper is to examine measures for improving the agricultural economic efficiency and

sustainability of Egypt’s Nile River water use, while respecting cultural, hydrological,

environmental, and institutional constrains on urban and environmental uses. Its uni-

queness lies in the formulation and application of an integrated catchment scale

analysis of the sources and uses of water in Egypt, with a special emphasis on irrigated

agriculture.
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Methods and Materials

Overview

This study formulates and applies an integrated basin-scale framework to improve the

economic productivity of the uses of Egypt’s Nile River for irrigated agriculture while

respecting numerous other constraints that limit the size and economic value of its water’s

re-allocations. Using data on national agricultural water supplies and demands, an

optimization framework is developed to identify maximum total agricultural benefits, as

long as that can be achieved while also respecting important hydrological, environmental,

and institutional constraints unique to Egypt. The model is written in General Algebraic

Modeling System (GAMS) (Brooke et al., 1988). Sustainability was enforced by

constraining terminal period reservoir storage to be at least as high as its starting values.

A major logistical challenge posed by this study was to unify data from different sources

to consistently inform a range of water management decisions. Another challenge is that

the land in Egypt is cultivated in three seasons each year, making it difficult to assemble

consistent data on crop production, crop water use, and gauged flows on the Nile

throughout the river’s entire length in Egypt. The three cropping seasons in Egypt are:

winter, November to May; summer, May to September; and nili, September to November

(FAO, 1995). Farm budget data were obtained from the Ministry of Agricultural and Land

Reclamation (MALR, 2008). These data included irrigated land, yield, cost of production,

and prices by crop, season, and district. These data are available in different volumes,

published yearly by the Department of Economic Affairs in MALR.

Additional important data were secured for gauged river flows, which came from the

Ministry of Water Resources and Irrigation (MWRI). These data describe the varying crop

water use requirements by season and by location in the country. MWRI has data on river

flows at all the major Nile River gauges in Egypt. MWRI also collects data on storage

volume for the main reservoirs in Egypt, including Lake Nasser, as well as the original

Nile Lake created by the Low Aswan Dam. The two major data sources were merged, as

well as could be done, while recognizing the difficulties of merging data from different

ministries, a common challenge faced in developing countries.

Around three months were invested in merging data from these different sources to

ensure reliability and compatibility of the data. For the purposes of this study, the data are

classified by the main irrigation district, rather than by the administrative districts. The

complete database for 2006 included three irrigation seasons, 14 crops, 13 major irrigated

areas, and the total seasonal river flow at each of 10 river gauges. An important early task

was the development of farm enterprise budgets for the base year.

Basin Scale Framework

The analysis at the basin scale treats the entire Nile catchment within Egypt as a single unit.

While complex, it offers many advantages over analyzing separate political, hydrological,

and administrative boundaries. It accounts for upstream and downstream interactions

throughout the country and in different time periods. Accounting for these interactions

comprehensively ensures consistent treatment of alternative water allocation and

management plans (Wegerrich, 2004; Allen, 1992; Prairie, 2006). The basin framework

integrates hydrology, land use, agronomy, economics, and institutions to support improved

policy design, implementation, and evaluation (Ward & Velazquez, 2008; Gohar & Ward,

Improved Irrigation Water Use Efficiency in Egypt 3
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2010; Rosegrant et al., 2000; Ringler, 2001; Mainuddin et al., 2007). Where possible, a

basin framework should include stakeholders, in order to improve the perceived

sustainability of water resources management (Mouratiadou & Moran, 2007).

Approach to Modelling

This study formulated an integrated framework of Egypt’s Nile basin that accounted for

recent historical water uses for the nation’s three major irrigated regions: Upper, Middle,

and Lower Egypt. We constructed a catchment scale integrated mathematical optimization

model, accounting for hydrological, economic, agronomical, institutional, and envi-

ronmental dimensions of Egypt’s use of the Nile. We also calibrated the model so that its

predicted gauged flows were close to actual data at all major river gauges. Calibration

presents numerous challenges for hydrological and watershed analysis, many of which

continue to be debated. A short list of celebrated papers published since the 1990s, dealing

with watershed calibration, include the works of Janssen & Heuberger (1995), Yapo et al.

(1998), Karvonen et al. (1999), Sophocleous et al. (1999), Madsen et al. (2002), and Singh

& Woolhiser (2002). Other, more recent, papers include those of Doherty & Johnston

(2003), Legesse et al. (2003), Butts et al. (2004), Merz & Bloschl (2004), and Muleta &

Nicklow (2005).

The idea behind the calibration was to have the model’s predicted base year streamflows

close to observed flows at all major gauges from Lake Nasser to the Mediterranean. To

achieve this, the model was constrained to irrigate the observed amount of land in

production by crop, season, and irrigated area. This required a fair amount of

experimentation. The calibration was started at the HAD. Beginning from that point, crop

water use patterns were adjusted at an irrigated region for each of the three seasons, so that

the predicted gauged river flow matched actual gauged measurements. When predicted

flows were too high, the crop water use coefficients were increased so that more would be

taken from the river for irrigation.

As the experiment proceeded downstream, observed gauged flows were progressively

less than flows predicted by the model. When the deviation became large, it was concluded

that there were unmeasured quantities being taken from the river. These unmeasured

quantities were caused by several sources, including unmeasured groundwater pumping,

unmeasured river evaporation, and unmeasured diversions for urban use, an amount that

became larger as the Nile approached the Giza and Cairo urban areas. Differences between

observed and model-predicted river flow were resolved by defining the concept of

‘unmeasured river division’ associated with each major agricultural use region. The final

piece of our calibration exercise was to calculate this unmeasured use. This use was

calculated by defining unmeasured river diversions so that predicted river flows matched

actual gauged flows, even at the lower end of the basin. The program was calibrated in this

way so that under the base policy characterizing actual crop production and water use

patterns, observed and predicted streamflows were close. The complete program code,

written in GAMS as well as data used and program output, are available from the authors

on request, as well as being posted at http://agecon.nmsu.edu/fward/water/.

Economics. Hydrological data were assembled on water diverted, cropping patterns,

and crop water use by region, crop, and season. These data were combined with farm

4 A. Gohar & F. Ward
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production details that accounted for crop prices, cost of production, and crop yields. Net

income per unit of land and total land in production by irrigated region, crop, and season

were identified. Net income from any single crop was defined as price multiplied by yield

minus the sum of all input costs, including both variables and fixed costs. Variable costs

contain all costs that change with the level of output. These include the various costs of

cultivation, such as expenses associated with land preparation, harvesting, fertilizers,

labour, and irrigation. Fixed costs typically do not vary with the level of output. Examples

include depreciation, taxes, interest, and land rent.

Net farm income per unit of land was calculated by region, crop, and season. The

constrained optimization framework was designed to examine ways to allocate the Nile’s

waters throughout Egypt to maximize net discounted farm income summed over crops,

seasons, time periods, and locations, subject to a number of constraints. This discounted

net present value was maximized over a five-year planning period, with a time step

consisting of three seasons per year, as described above. It was designed to account for

various hydrological, cultural, or institutional constraints that could limit potential water

reallocations compared to existing water use patterns.

Hydrology. The long history of Egyptian irrigation has produced a complex, intricate,

and time-tested irrigation system. The schematic shown in Figure 1 shows a highly

simplified view of the current sources and uses of water for agriculture in Egypt.

Additional details on the pattern of Egypt’s canals are in Hvidt (1998). The entire

irrigation system shown in the schematic includes three major regions in Egypt. Starting

from Lake Nasser, Upper Egypt contains five main canals: Asfon, Kelabia, East

Naghammadi, and West Naghammadi divert the water from the Nile, while the Toshka

canal takes water directly from Lake Nasser. Middle Egypt includes two main canals,

including the Ibrahimia canal, which divides its water between many sub canals to serve

numerous areas in the Assiut Region. These sub canals include El-Minia, Beni Suef,

Fayoum, and Giza. The second main canal in Middle Egypt is the Ismailia canal, which

provides irrigation water to the Suez Canal region and part of Elshrkia. Finally, at Lower

Egypt, downstream of the Delta gauge, the Nile River splits into two branches called

Rosetta and Damietta, creating the Nile Delta. The Rosetta branch includes the Menufia,

Beheira, Nasser, and Mahmodia canals, while the Damietta branch includes the Tawfikia

and Alsalam canals, which also include numerous sub canals.

Policy Analysis

Without water trading. Despite the fact that surface water is free in Egypt (Malashkhia,

2003; He & Siam, 2004), there can be considerable costs for pumping when surface

water is conveyed to fields lying above irrigation canals. Moreover, until 1999,

Egypt’s water management policy attempted to meet all irrigation water demands,

regardless of water’s opportunity cost or the cost of other resources consumed in the

process of using water (Simonovic et al., 1997; Elarabawy & Toswell, 2000). The

opportunity cost of water is the economic benefits displaced by taking water from

another use, location, or time period. More recently, Egypt has formulated The National

Water Resources Plan (NWRP, 2005). A partial list of measures for implementing this

strategy includes:

Improved Irrigation Water Use Efficiency in Egypt 5
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Figure 1. Schematic of Nile basin, Egypt.
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. co-operating with other Nile basin countries to increase effective supplies;

. monitoring, developing, and increasing water from various sources, including

shallow, deep, and brackish groundwater, in addition to harvesting floodwaters

and desalination in coastal areas;

. making better use of existing water resources, including the improvement of

irrigation efficiencies by maintaining canals and using modern irrigation technology,

and improving the drainage efficiency by expanding drainage water reuse; and

. water allocation with the co-operation of water user associations at the mesqa

level and water boards at the irrigation district level. Water would be allocated

based on equal opportunities, with upper bounds on use per unit land, which

would limit certain high water-using crops.

For the purposes of this paper, an analysis of ‘without water trading’ and ‘with water

trading’ was conducted. Without water trading was simulated by constraining the basin

model to reproduce historical water use, streamflow, land in production, and cropping

patterns to match observed values for 2006, the only year for which we were able to

assemble consistent and reliable data.

With water trading. A parallel analysis was conducted to reflect the results of a policy

that would permit more widespread water trading within irrigated agriculture than is

currently practiced in Egypt. The potential for greater total national agricultural income

was examined by testing whether it was possible to increase the total economic value of

Egypt’s farm income compared to income achieved under baseline historical conditions.

The ‘with trading’ policy scenario reflected a search for potential income gains that could

be achieved by re-allocating water through limited trading to produce greater total

economic benefits over irrigated areas, crops, and seasons.

The ‘with trading’ proposal falls under the National Water Resources Plan’s principle of

making better use of existing water (NWRP, 2005). The implementation of that principle

increases land available for production to the maximum expected arable land in Egypt,

currently estimated at 4.62 million hectares, which is 1.05 million hectares more than

current land in production in the base year. Although more land could be brought into

production, no additional water supplies overall would be made available for irrigated

agriculture under the ‘with trading’ proposal. That is, the total water available for

irrigation was constrained to be no greater than the total actual historical base year use in

Egypt of Nile River water in farming.

Under the ‘with trading’ scenario, small reductions of water use for any irrigated area

were permitted. However, water use reductions through reductions in irrigated land could

be no more than 10% of the base year’s historical land in production. Even if Egyptian

agriculture would benefit nationally from large water supply trades from a water exporting

area to a water importing area, high volumes of water exports may be politically and

culturally unacceptable. Several changes were considered in the analysis of water use

under the ‘with trading’ policy. Under ‘with trading,’ all constraints on the Nile’s gauged

flows throughout Egypt were removed. That is, gauged flows could depart from observed

flows in any way needed to increase national farm income, consistent with the upper bound

on irrigated land reductions described above.

Reservoir storage volume was also considered as part of the package defined by ‘with

trading.’ Storage volumes at both major Nile basin reservoirs, Lake Nasser and Lake Nile,

Improved Irrigation Water Use Efficiency in Egypt 7
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were constrained. That constraint was established so that, in the terminal period of the five

year planning horizon, both reservoirs had at least as much water in storage as actually

occurred at the beginning of the base year. By imposing this constraint on terminal period

reservoir storage, a sustainable water use pattern was assured, under both the ‘without

trading’ and ‘with trading’ policy. In addition, environmental flows at the two Nile Delta

gauges into the Mediterranean Sea (Edfina and Zifta) were constrained to be at least as

high as their base year outflows. This constraint was imposed to assure adequate flow

levels in the Nile to support tourism demands and to protect the irrigation environment by

guarding against saltwater intrusion.

Cap and trade. Cap and trade systems are becoming increasingly common in water

resources management as a water trading mechanism to encourage water to move to a

higher valued use when it exists. A recent paper by Speed (2009) described efforts by

Chinese water planners who are starting to take steps down this path with the development

of a new water rights transfer system.

A market institution that promotes water re-allocation such as cap and trade should meet

three criteria to be acceptable. It should reduce water consumption in low valued water

uses, be perceived as equitable, and signal water’s real scarcity. Any water trading

institution requires a water rights system to be in place before the full power of the market

can be harnessed in moving water to higher valued uses in ways that benefit both water

buyers and water sellers (Gohar & Ward, 2010). Egypt currently has no legal foundation

supporting well-defined, secure, and transferable water rights assigned to individual

farmers. Water rights, and the rules governing their use and transfer, need to be clearly

defined for a cap and trade system to work.

A cap and trade water transfer programme in Egypt, if established, could provide

elements of all three criteria. It could be a culturally acceptable way to reduce water use by

sending the right water price signals to Egypt’s irrigators. Under the programme, all

farmers could be assigned a water entitlement per unit land irrigated, namely the cap. The

cap could be established with the idea of an equitable base right in mind. For example,

something like 1.3 meters depth per hectare per year could be assigned as a base irrigation

water right. That base right could be assigned to every farmer that demonstrated historical

irrigation for a set amount of recent years. While the details obviously need to be worked

out carefully, the amount chosen could be based on the full yield flood irrigation

requirements of all but the most water-intensive crops, like sugar cane or rice. A higher

cap could be possibly assigned to farmers in irrigated areas where higher temperatures

produced higher evaporation and greater crop evapotranspiration.

Under a cap and trade arrangement, any water use in excess of the cap would be legal,

but would require a trade of cash for water from a willing seller. Gohar & Ward (2010)

describe in detail some of the challenges surrounding trades of water for cash in Egypt.

A cap and trade programme avoids the most undesirable effects of government-admi-

nistered prices, namely that administered prices can be unjust as well as rarely signaling

the real scarcity of water (Stavins, 2008). Who would be willing water suppliers under a

cap and trade programme in Egypt? Those supplies would come from irrigators who used

less than their assigned cap. Some supplies would also come from irrigators who exceeded

their capped use at the time of the assigned cap, but who later invested in conservation

measures to reduce water use to lower than capped levels. Conservation could come from

on-farm water conserving measures like deficit irrigation, land leveling, shifting crops,

8 A. Gohar & F. Ward
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and spreading water more uniformly over time or space. Sellers could also be farmers who

fallowed part of their land, permitting them to irrigate with full supplies to meet crop

requirements associated with maximum yields applied to remaining lands.

Under such a cap and trade arrangement, market forces and not government edict

establish the price of water. The market price of tradable water would vary from time to

time, as the scarcity of water or its economic value changed. These changes could be

brought about from any adjustments that affected any crop’s price, yield, or production

costs. It could also fall with advances in plant genetics or irrigation engineering that

reduced any crop’s water use or application requirements. Variability in water’s price from

time to time would signal changes in water scarcity, providing immediate economic

incentives that reward farmers who quickly adjust their behaviour to changes in water

scarcity. Changes in water scarcity could be brought about by outside forces like climate

change, or new agreements for sharing the Nile’s supplies throughout the entire basin.

Higher prices for tradable water would reward conservation, while lower prices would

reward farmers who take advantage of its reduced scarcity.

Results and Discussion

Overview

Results are described for each of two policy scenarios: water use without trading and water

use with trading, subject to the cultural, institutional, and hydrological constraints

described above. Results for each policy scenario are shown for their impacts on water

stocks, water flows, irrigated land, cropping patterns, and farm income.

Water Stocks and Flows

Streamflows are shown for 10 mainstem Nile gauges located in Egypt, from the HAD to the

Mediterranean. Reductions in river flow between any two gauges indicate how much water is

depleted in the irrigated area between the gauges, including depletions based on the

calibration exercise described previously. Table 1 shows the results of streamflows by stream

gauge, season, and policy. This table reveals several messages. It shows reduced winter flows

in Upper and Middle Egypt as well as increased summer flows in the Upper and Middle part

of the country, which would occur under a ‘with trading’ policy. It also shows reduced flows

throughout Egypt in the nili season, which would occur under the ‘with trading’ policy. The

table shows a general re-allocation of river flows from Lower to Middle and Upper Egypt, in

order to support higher valued patterns of irrigation water use in Middle and Lower Egypt

under the water trading policy. In all cases, the column indicating change in flow shows the

difference in flows between the without water trading and with water trading policy. A

positive/negative entry indicates that greater/less gauged flow would occur under a with

water trading policy at a given stream gauge, compared to the without trading policy.

Table 1 also shows that the ‘with trading’ policy results in small increases in gauged

flow from the Upper and Middle Egypt to Lower Egypt and from winter and nili to

summer. In comparing the without trading and with trading policy, a positive change in

gauged flow can only occur with reduced agricultural use or increased reservoir releases or

a combination of the two. For a given level of total supply of water into Lake Nasser,

higher reservoir releases reduce reservoir storage volume. Outflows at the Zifta and Edfina

Improved Irrigation Water Use Efficiency in Egypt 9

D
ow

nl
oa

de
d 

by
 [

N
ew

 M
ex

ic
o 

St
at

e 
U

ni
ve

rs
ity

],
 [

A
bd

el
az

iz
 G

oh
ar

] 
at

 1
5:

03
 0

8 
O

ct
ob

er
 2

01
1 



T
a
b
le

1
.

N
il

e
R

iv
er

fl
o

w
b

y
g

au
g

e,
se

as
o

n
,

an
d

p
o

li
cy

,
E

g
y

p
t,

in
m

il
li

o
n

cu
b

ic
m

et
er

s
p

er
se

as
o

n
,

5
y

ea
r

av
er

ag
e.

W
in

te
r

S
u

m
m

er
N

il
i

G
au

g
e

R
eg

io
n

in
E

g
y

p
t

W
it

h
o

u
t

tr
ad

in
g

W
it

h
tr

ad
in

g
1

%
C

h
an

g
e

W
it

h
o

u
t

tr
ad

in
g

W
it

h
o

u
t

tr
ad

in
g

%
C

h
an

g
e

W
it

h
o

u
t

tr
ad

in
g

W
it

h
tr

ad
in

g
%

C
h

an
g

e

A
sw

an
H

ig
h

D
am

U
p

p
er

1
5

,9
0

0
1

5
,4

8
8

2
3

3
6

,6
5

0
3

7
,1

4
7

1
4

,7
0

0
4

,5
9

3
2

2
C

it
y

o
f

A
sw

an
U

p
p

er
1

5
,9

0
0

1
5

,5
2

2
2

2
3

6
,6

0
0

3
7

,0
9

7
1

4
,2

8
6

4
,1

7
9

2
2

E
sn

a
U

p
p

er
1

5
,1

0
0

1
4

,7
5

1
2

2
3

5
,5

0
0

3
6

,1
0

3
2

3
,2

0
0

3
,0

9
8

2
3

N
ag

h
am

m
ad

i
U

p
p

er
1

3
,5

0
0

1
3

,2
7

7
2

2
3

2
,7

0
0

3
3

,5
8

8
3

3
,1

0
0

3
,0

0
3

2
3

A
ss

iu
t

M
id

d
le

1
0

,8
0

0
1

0
,7

4
1

2
1

2
5

,5
0

0
2

6
,7

4
2

5
2

,3
0

0
2

,2
5

4
2

2
D

el
ta

L
o

w
er

1
0

,8
0

0
1

0
,7

5
4

0
2

3
,4

0
0

2
4

,6
5

1
5

6
0

0
5

5
4

2
8

R
o

se
tt

a
L

o
w

er
1

,4
6

8
1

,5
8

4
8

3
,1

7
7

4
,4

7
9

4
1

9
0

8
3

2
8

D
em

it
ta

L
o

w
er

3
,8

0
0

3
,8

8
1

2
7

,4
0

0
7

,3
6

2
2

1
1

,1
0

0
1

,0
9

7
0

E
d

fi
n

a
o

u
tfl

o
w

L
o

w
er

5
0

0
5

0
0

0
0

0
0

0
0

0
Z

if
ta

o
u

tfl
o

w
L

o
w

er
0

0
0

0
0

0
0

0
0

N
o

te
s:

1
W

it
h

tr
ad

in
g

re
fe

rs
to

li
m

it
ed

tr
ad

es
o

f
w

at
er

fo
r

ca
sh

o
r

o
th

er
as

se
ts

.R
es

u
lt

s
o

f
‘w

it
h

tr
ad

in
g

’
ar

e
p

ro
d

u
ce

d
in

th
e

m
o

d
el

b
y

a
co

n
st

ra
in

ed
o

p
ti

m
iz

at
io

n
m

o
d

el
o

f
ag

ri
cu

lt
u

ra
l

w
at

er
u

se
th

ro
u

g
h

o
u

t
E

g
y

p
t.

T
h

e
m

o
d

el
se

ar
ch

es
fo

r
th

e
cr

o
p

w
at

er
u

se
p

at
te

rn
s

in
ir

ri
g

at
ed

ag
ri

cu
lt

u
re

th
ro

u
g

h
o

u
t

E
g

y
p

t’
s

p
ar

t
o

f
th

e
N

il
e

b
as

in
th

at
m

ax
im

iz
e

d
is

co
u

n
te

d
n

et
p

re
se

n
t

v
al

u
e

o
f

fa
rm

in
co

m
e,

w
h

il
e

re
sp

ec
ti

n
g

ex
is

ti
n

g
co

n
st

ra
in

ts
d

es
cr

ib
ed

in
th

e
te

x
t.

C
o

n
st

ra
in

ts
ar

e
w

ri
tt

en
to

al
so

su
st

ai
n

w
at

er
u

se
p

at
te

rn
s

fo
r

u
rb

an
an

d
en

v
ir

o
n

m
en

ta
l

d
em

an
d

s.

10 A. Gohar & F. Ward

D
ow

nl
oa

de
d 

by
 [

N
ew

 M
ex

ic
o 

St
at

e 
U

ni
ve

rs
ity

],
 [

A
bd

el
az

iz
 G

oh
ar

] 
at

 1
5:

03
 0

8 
O

ct
ob

er
 2

01
1 



gauges match flows that occurred during the base period, both with and without water

trading, ensuring that, with ‘with trading’ policy, protected environmental values are

associated with outflows to the Mediterranean.

Table 2 presents water use (ET) in irrigation by district, season, and policy for a five

year average. Overall, the table shows that higher flows associated with a water trading

policy are incurred to support higher crop water use from that policy, especially for the

Behera and Mahmodia Districts. Moreover, that increased crop water use is especially

pronounced during summer. The table shows a decrease in agricultural water use of around

10%, averaged over the seasons, for Upper and Middle Egypt, occurring under a water

trading policy. This reduction in water use occurs because of a typically lower economic

value of water use in Upper and Middle Egypt farming compared to the value of water

used for irrigation in Lower Egypt.

For Lower Egypt, water use under a water trading policy decreases by about 10% in the nili

season for most areas, compared to historical water use patterns. However, during winter,

water use increased for Nasser, Mahmodia, and Alsalam areas, while it decreased for the rest

of the areas under the water trading policy, when compared to without trading base condition.

The largest increase in water use under water trading occurred at the Alsalam and Mahmodia

areas, increasing by 122% and 49% in winter and summer respectively. Mahmodia and

Alsalam Districts are major supply sources for fresh produce exported to European markets,

as well as supplying fresh food for mega cities like Cairo and Alexandria. These regions

produce much higher farm income per unit of land and water than income produced in other

regions or seasons. Water use increases are shown for Nasser, Behera, and Mahmodia

Districts, all major fresh produce irrigating areas, under a with trading policy during summer.

Water use decreased for the remainder of irrigated areas at this region during summer.

Table 3 shows patterns of water storage volumes for Lake Nasser, Egypt’s largest

reservoir, for the same two policy comparisons. It shows water storage volume as well as

evaporation by season, year, and policy. Overall, higher reservoir storage volumes are

required to support with water trading policy in the nili and winter seasons. These higher

storage volumes are carried over to support higher summer crop water use throughout the

country. Under with trading policy, water is allocated to crop production and away from

evaporation that would have otherwise been brought about by high summer reservoir storage.

Table 3 shows that a with water trading policy has no major effect on the storage

volume level of water in Lake Nasser for any season or year. Storage volumes for the

much smaller Lake Nile are not shown. Each of the two reservoirs was constrained to

have a terminal period storage volume at least as high in each year and season under

trading water policy as actually occurred for the same year and season for the base

policy. In general, results showed reduced overall evaporation by very small increases in

water storage in winter compared to summer and nili. Table 3 also shows estimated

evaporation for Lake Nasser by year, season, and policy. These results illustrate small

changes in evaporation losses at Lake Nasser over time from without water trading to

with water trading management for all seasons. Total evaporation per year is about 8.388

billion cubic meters under both policy alternatives, slightly less than existing estimates.

Land in Production

Table 4 presents the results of cropland by irrigation region, season, crop class, and policy. In

general, it emphasizes the importance of water reallocated to increase fresh produce supply

Improved Irrigation Water Use Efficiency in Egypt 11
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with water trading policy. Under that policy, greater amounts of water pass through Upper and

Middle Egypt to make way for additional water delivered to Lower Egypt. Grains, fiber, and

other crops show a general decline throughout Egypt under the water trading policy. This

pattern again reflects the reduced economic value of water when used for staples, compared to

a considerably higher value of water used to grow fruits and vegetables.

Results illustrate that irrigated land cultivated for grains and fibre decrease for all

regions under water trading policy. This decrease occurred for all districts across Egypt

and did not exceed 10%. For fruit crops, the change in irrigated cropland under the water

trading policy was much different. While some regions would see a significant increase

in irrigated cropland under with water trading arrangement, others show a reduction in

irrigated cropland. The greatest increase in irrigated cropland occurred in Mahmodia and

Meunfia, by about 50% and 45% respectively. Moreover, the Lower Egypt districts

showed large gains in irrigated land in production under water trading management, with

the exception of the Tawfikia region, which showed a small reduction in irrigated land

mentioned policy. In contrast, all Middle and Upper Egypt districts experienced 10%

reductions in irrigated cropland under the water trading policy.

For vegetables, irrigated land decreased for all Upper Egypt districts with the water

trading policy. The decrease occurred by 10% at all regions. In the Middle Egypt districts,

while vegetable land increased slightly in Ibrahimia, it decreased by 9% at Ismailia under

the water trading policy. Some districts gained considerably for irrigated vegetable

production in Lower Egypt. The highest increase occurred at Mahmodia District, followed

by smaller amounts at Behera, Tawfikia, Nasser, and Meunfia Districts, while a 7%

reduction occurred at Alsalam District.

Cropland in production by season and policy are shown also in Table 5. It shows a

general pattern of reduced cropland in production in winter under water trading, making

way for much larger summer cropland under production for Lower Egypt, with special

emphasis on the importance of the heavy produce suppliers of Behera and Mahmodia

Districts. The table’s results illustrate that the change in irrigated land in production

varies widely by season and region. Irrigated land decreased for all regions during the

nili season under water trading arrangement. Those reductions occurred by similar

percentages, about 10%, for all seasons in Upper and Middle Egypt. The irrigated land

decreased for all seasons under the improved policy compared to the base year, where the

farmers mostly irrigate low valued crops such as grain and fibre, and clover crops. The

reduction in irrigated land ranged from 6–10% for most areas under water trading policy.

In Lower Egypt, some irrigated regions showed increases in irrigated land under water

trading policy, while others showed a reduction in irrigated land for both winter and

summer seasons. Growth in irrigated land during winter ranged from 81% for Alsalam

District and 4% for Mahmodia District. This increase in cropped land could be explained

by the domination of high valued crops like fruits and vegetables at these areas.

Farm Income

Table 5 presents the results of farm income by irrigation district, crop class, season, and

policy. Overall, the table reveals similar results to those shown in Tables 1–4. This

reaffirms the significance of with water trading policy that would encourage growth in

Lower Egypt for fresh produce, with an attendant reduction in water allocated to staples

throughout the country. The table shows Lower Egypt to be very productive for fruits and

Improved Irrigation Water Use Efficiency in Egypt 15
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vegetables and, with water trading policy in this region, has considerable potential to

produce large increases in Egypt’s farm income.

Table 5 also shows farm income split out by season rather than by crop class. The results

show that farm income under water trading policy would decrease by almost 10% for most

of Upper Egypt’s areas, in all seasons. For Middle Egypt, farm income would decrease for

all seasons, except for a slight increase for Ibrahimia District in winter. For Lower Egypt,

farm income would decrease by 10% in the nili season for all districts under water trading

arrangement. However, farm income increases for both winter and summer seasons for all

nodes except Alsalam District in summer, which decreased by almost 10% under trading

policy implication.

Policy Implications

Flexible management of water resources is essential to sustain the culture and economic

activity in the world’s dry regions. The economic and cultural future of the Nile basin’s

residents, both inside and outside Egypt, will rely on the development of resilient

institutions for adapting to unexpected changes in future water supplies or demands. These

institutions will need to smooth the adaptation to future climate change, growing

population, and emerging agreements on the sharing of the Nile basin’s waters.

Irrigators who are armed with better information on price of tradable water can make more

informed decisions on crop selection, water application rates on cropped areas, and irrigation

technology, as well as the type and use of non-water inputs like fertilizers, new crop varieties,

capital and labour. For climate and political reasons, Egypt is likely to receive no more than

its current 55.5 billion cubic meters per year of the Nile’s waters for the foreseeable future.

So, despite its growing population, movement to democracy, and growing industrial base,

Egypt faces the challenge of making better use of its existing water supplies.

The methods used for our analysis of Egyptian water policy provide promising tools to

inform future water policy debates. The integrated basin framework presents a com-

prehensive approach for tracking water use among locations, time periods, and crops.

Moreover, it has the potential to be a versatile framework for addressing water use and

water policy where there are multiple competing uses, such as hydropower, urban use,

irrigation, and environmental uses. Our catchment scale framework considers all irrigation

water users and seasons in Egypt. The framework accounts for the storage volume for the

main reservoirs as well. Moreover, our framework accounts for some of Egypt’s most

important hydrological, institutional, urban, and environmental constraints.

The results illustrate the importance of water trading as a low cost measure to increase

the national farm income produced by existing irrigation water used in Egypt. Findings

from the analysis indicate that limited adjustments to existing irrigation water use patterns,

motivated by mutually beneficial trades among buyers and sellers, could raise the

efficiency by which water is used in irrigated agriculture. Requiring that 90% or more of

current land in production stays in production in the face of water trading protects all

regions’ agriculturally-related industry, while increasing national income from farm

production by 28% per year. Both sellers and buyers of traded water stand to benefit: water

buyers increase their farm income by moving water from lower to higher valued crops; and

those who trade water for cash gain from the value of the traded water exceeding the

current value in irrigated agriculture. Some of those receipts could be invested in water-

conserving irrigation technologies.

Improved Irrigation Water Use Efficiency in Egypt 17
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The results showed that, under limited water trading, water use that currently occurs at

some locations and crops in Upper and Middle Egypt moves toward more economically-

productive crops and regions in Upper Egypt. In addition, a water trading programme will

move water from low-valued grains and fibre crops to more commercially-valued crops,

such as vegetables and fruits. The findings highlight the urgent need for more innovative

measures to reduce the planting of highly water-using crops like the rice and sugar cane

crops that dominate Upper Egypt and parts of Lower Egypt. Nevertheless, despite the

potential gains from water trading, Egypt’s current water distribution system is not well-

suited to implement water trading. Volumetric pricing of water, supported by a more

efficient physical distribution system, could reduce important current constraints to water

trading in Egypt (NWRP, 2005).

Integrated river basin management (IRBM) tools, such as the one developed for this

paper, are a powerful way to analyze proposals for re-allocating the Nile’s flows among

the Nile basin countries. Put into the right hands at the right time, IRBM could support the

discovery of mutually beneficial water development, allocation, or trading proposals of the

kind currently under debate among basin’s countries. The IRMB framework, currently

limited to Egypt, could be expanded to include other countries as a step for national basin

co-operation, helping to mitigate conflicts in the basin.

The analysis described in this paper has several limits, all pointing to the need for

continued work. Economic benefits from water uses outside agriculture are not directly

measured. These uses include hydropower, urban and domestic use, recreation, ground-

water recharge, and environmental uses, all of which are important. This study also

performed no analysis of the technical, financial, or institutional requirements needed to

establish or sustain water trading. It also did not directly address the methods to

communicate to stakeholders the gains from water trading. Egyptians are demanding a

growing voice in the nation’s future, and therefore Egyptian water stakeholders will need

to be consulted before water trading can be initiated on a large scale.

Looking to the future, a more detailed analysis of the potential benefits of reclaimed

land currently not being used for agriculture would address a number of questions

currently being posed in Egypt (NWRP, 2005). Additional constraints addressing Egypt’s

food security and employment should be examined. Water reallocations resulting from the

implementation of water trading will likely reduce domestic production of food staples

that will otherwise need to be imported into Egypt. For farmers who reduce their water use

by trading it for cash, income earned from agricultural production will decline, even

though their total income will increase because of water sold, rented, leased, or lent.

Especially for high water-using crops in Upper Egypt, regional income and employment

generated from food production can be negatively affected by water exports. A more

comprehensive analysis than the one conducted for this paper would support a more

powerful policy analytic capacity.

It is hoped that the methods of analysis will be improved. While not known for certain, it

appears that Egypt’s irrigation policymakers can be better informed by the use of a

new method of analysis known as ‘positive mathematical programming’ (PMP). PMP

outperforms conventional optimization methods in predicting current crop production,

crop yields, farm income, and water use. It also avoids unexpected large changes in

predicted crop production and crop water uses in the face of the kinds of changes in

policies or water supplies that are likely to occur in future years.
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Integrating hydropower, recreation, urban, and environment uses into a single

framework makes for a more comprehensive analysis of policy proposals. There is great

promise from the use of integrated basin framework as a tool to communicate among all

the basin’s countries as they debate their future economic and development process

(DCBTANBC, 2007). Financial, trade, and infrastructure policy could be included in the

future models to evaluate the potential benefits and consequences of wider co-operation

among the Nile basin countries.

Conclusions

Worldwide, the potential amount of water that could be conserved in agriculture and the best

measures to achieve that conservation are matters of long standing debate. Water

conservation strategies in Egypt typically avoid promotion of water-conserving irrigation

technologies like sprinkler or drip irrigation, because widespread implementation of these

measures will reduce return flows to the river and may even increase the overall water

consumed in irrigation, as a result of their higher crop yields. Rather, most irrigation

conservation measures in Egypt address the problem of farmers lacking control of the

timing, duration, and amount of water supply, irrigating too early and over-applying water.

In fact, over-irrigation can be an economically rational measure to reduce the risk of future

supplies coming at the wrong time or in the wrong quantity. A bank of water stored in the soil

profile is an on-farm measure to guard against the risk of unreliable future surface supplies.

The aim of this study was to identify the economic and hydrological impacts of potential

adjustments in Egypt’s water and land use patterns in irrigated agriculture that could occur

under a policy of limited water trading. Like other analyses of ways to improve the

performance of irrigation water management conducted in recent years, the findings of this

study indicate that water re-allocation over time, space, and crops could increase overall

economic performance of Egyptian irrigated agriculture. The goals were achieved by exa-

mining the economic potential that could arise from a special form of water conservation

in Egyptian irrigated agriculture. It identified potential gains in national farm income that

could result from a better use of existing Nile River water supplies in Egypt for crop

irrigation. It reached several conclusions:

. better allocation of water among crops, seasons, and locations in Egypt has the

potential to increase national farm income by about 28% per year with existing

water supplies and with no change in existing irrigation technologies;

. the increased potential economic growth earned in irrigated agriculture could be

achieved with no irrigated region exporting any more than 10% of its current

water use for cash in any time period;

. it was not possible to identify which policies or institutions provide the best road

map to improve the economic performance of Egypt’s crop irrigation. However,

water trading is one institution that could establish the right incentives to move

water from current- to higher-valued uses in irrigation; and

. a system of water rights must be in place for water trading to be successful in

moving water to higher-valued uses. Because of the lack of a formal system of

adjudicated water rights consistently administered throughout Egypt, a cap-and-

trade like arrangement such as the one described by Speed (2009) has the

potential to perform important functions. It could serve the dual roles of the
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beginnings of a workable water right system as well as a mechanism to move

water from lower-valued to higher-valued times, locations, and crops.

By accounting for all major sources and uses of water for Egypt’s share of the Nile River,

this study has taken a modest first step at a comprehensive hydrologic and economic

framework that can be used by water managers and policy makers. The methods and

results described in this analysis can assist water policy makers in Egypt, and elsewhere,

in the search for policies consistent with economic goals that are compatible with

hydrological, cultural, and environmental constraints.
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