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achieved. The irrigated area was not increased due to modernization.
The average cost of irrigation water is approximately 0.18 Euro/m?3. In
future, this area also will be served by desalinated seawater, which will
be used conjunctively with groundwater and surface water.

Spain’s irrigation areas vary considerably. Nevertheless, the WUAs
share many common characteristics:

Constitution and legal status.

Organization and selection of leaders and functions.

Sharing the financing costs as well as participating in the manage-
ment of water resources.

m  Water users being obliged by law to join a WUA (comunidad de
usarios). When most members are farmers, it is called an irrigators
association (comunidad de regantes).

m  Rules of the associations written and approved by users. The rules
must be approved for compatibility with the law but may not be
otherwise changed by the River Basin Agency. WUAs with a com-
mon interest can form a general association around that issue.

m Existence of a National Federation of WUAs with the objective
of studying irrigation-related issues and presenting proposals to
government.

WUASs are managed by (1) a General Assembly composed of all
members, (2) a Board of Governors elected by users to carry out direc-
tives of the General Assembly, and (3) an Irrigation Jury, responsible
for resolving conflicts between farmers.

Observations on the desalination plants
The team visited two desalination-supported water schemes in Nijar
and Balerma that provide water not only for household water supply
and tourism but also for irrigation (via distribution networks extended
to greenhouses). The desalinated water also helps reduce the burden
on the depleted groundwater and helps counteract the seawater intru-
sion in the water-supply wells.

The Carboneras desalination plant started operation in 2005.
It uses reverse osmosis technology and has a treatment capacity of
120,000 m3/day. The desalinated seawater is used for irrigation of the
greenhouse crops in Campo de Nijar (27 million m3/year), household
supply (15 million m®/year), and industries (I million m3/year). The
desalination process is very energy intensive: it uses 4—8 kWh/m?>.
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Additionally, the desalinated water must be pumped to a reservoir
with a dynamic head of 280 m. Thus, desalination does not appear
to be an economically viable option. Because desalination costs are
approximately 0.52 Euro/m?® (3,000 Euro/ha), only highly profitable
crops can be irrigated.

Economies of scale (scaling up the desalination and water distribution
works) and the ongoing technological advances have helped to dramati-
cally reduce unit costs. In the past, the KWH per unit of desalinated
water in the Canary Islands was as high as 40 KWH/m?, whereas, in the
Nijar Desal plant (visited during the tour), it is only 4 KWH/m3. With
improved developments of membranes, these costs already are reduced
further to 2KWH/m3. The effluent brine is a negative externality that
often is the environmental concern in scaling up desalination schemes
in some countries. This brine is mitigated by dilution with the water
used for the energy plants before being disposed to the sea.

Role of subsidies

As in the case of irrigation, the production cost per unit of water is
subsidized by the state budget and by the EU. However, these subsi-
dies are made in a relatively targeted/objective manner. The subsidy
is relatively outcome-based (for instance, by writing off the interest
on the state loan to farmers when they present proof of improving the
productivity per unit of water). The water productivity is as high as 12
Euros/unit of water (for example, with tomatoes and peppers).

Lessons Learned from the Field Visits

The main lessons from the visit are:

m  Overall management of water resources requires active participa-
tion from users. In addition, reliable, user-friendly, hydrological
information that monitors the stocks and flows of water plays a
key role in resolving various conflicts of interest. The Spanish river
basin agencies have been able to play a critical role in sustainable
water resource management, but these institutions have evolved
over several decades.

m Irrigation improvements that enhance water productivity are likely
to lead to higher evapotranspiration (ET). Under these circum-
stances, desalination offers sustainable solutions to coastal farmers
who are already producing high-value crops.
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The Almeria model of providing small farmers with technical as-
sistance at three levels (on the farm, for meeting EU phytosanitary
regulations, and for marketing) has interesting lessons for World
Bank projects in Egypt and Morocco.

Irrigation system modernization needs to attend to both physical
and operational aspects. Good water-level control and commu-
nication facilities are essential to good irrigation management. In
particular, there is a need for good water balance assessment, good
understanding of internal system processes, and high flexibility in
water delivery arrangements.

Desalinated water could be put to conjunctive irrigation use provided
there is a high-value use (such as tourism) that can pay for cross-
subsidies. However, this model is not replicable in MNA because
the Spanish farmers benefit from a variety of subsidies available
through EU agricultural policies.

In general, desalinating costs are declining, and the costs of surface
water and groundwater are increasing. T herefore, desalination is
becoming more competitive for urban uses. Reverse osmosis is the
preferred desalination technology due to the cost reductions driven
by improvements in membranes in recent years.

For water-scarce regions similar to Almeria, such as coastal com-
munities in MNA countries, a hybrid solution may be relevant to
enhance productivity of periurban agriculture for local markets.
Such a hybrid would blend the relatively cheaper treated wastewater
(once public acceptance is achieved through adequate environmental
and social safeguards) with desalination plants, Technologies for
tertiary wastewater treatment and desalination have very much in
common. However, the cost of treatment varies depending on the
type of treatment and the intended final use of the water.

Spain has evolved a system whereby the state pays for major con-
struction works for water resource development and recovers the
costs through water tariffs. Equally important is the availability
of a strong legal framework that has empowered the WUAs. It
takes many years for WUAs to evolve. Project designs need to
recognize the long gestation periods before WUAs can become
fully empowered.

The Almeria experiences of conjunctive water use for growing

vegetables are replicable in MNA in areas in which the farmers already
have worked out supply chain/logistical issues essential to connect to
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the export market. Examples of such areas in MNA are Agadir in
Morocco, parts of Tunisia, Algeria, and possibly Gaza (once normalcy
returns).

Zaragoza Water Expo: Summary of Messages for MNA Countries
on Climate Change

m  Developing countries will be the most affected, notably those in
the MNA region.

m  Climate change is | of the 4 causes of the escalated water demand-
supply imbalance (water scarcity). The other three causes are popula-
tion growth, improved living standards, and increased system losses due
to under-budgeted O&M. In some countries, these last three causes
may dwarf the importance of climate change. In other countries,
the incremental effect of climate change will be significant. Diver-
sification and trade are key adaptation solutions, namely, “virtual
water’ to maximize net exports per unit of renewable water.

m In general, in MNA, climate change will:

e Increase irrigation-water demand per ha (due to increased
temperature).

e Alter the flood and drought extremes, and shift the seasonal
rainfall and surface-water flow hydrographs. The Nile basin
likely will encounter increased precipitation (and hence in-
creased, rather than decreased, flows).

m  One major challenge is the high uncertainty (of the demand and
supply forecasts to 2050 or 2070). High uncertainty means that,
for designing and executing the adaptation interventions, MNA
countries inevitably will take risks:

e Higher-income countries need to take some capital-cost risk.
For instance, they could design the water interventions to adapt
to the most extreme (that is, highly unlikely) flood or drought
(such as a 1-in-200 year flood/drought).

e Lower-income countries need to take some damage risk. For
instance, they could design the water interventions to avoid
only the more probable floods/droughts.

m  The adaptation options, including several supply augmentation and
demand management measures, need to be assessed by multiple
criteria, including, importantly, the sustainability criterion. The
cost-benefit ratio should not be the sole factor. MNA made a
presentation at the EXPO emphasizing that the assessment and
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implementation of adaptation options should be performed through

the ABCDE approach, elaborated in chapter 1, as opposed to the

common top-down engineering approach. In Algeria and Yemen,
for example, the latter approach resulted in costly/oversized trunk
works without real bottom-up societal demand.

m Insome cases, the mitigation and adaptation agendas could overlap.
The planner needs to address this possibility to ensure a harmonized
overlap. Examples include:

e Cropping shifts that save water (adaptation measure) without
resulting in increased greenhouse gases (GHGs) (mitigation
measure)

e Reusing treated wastewater (adaptation measure) while se-
questering the emitted methane (mitigation measure)

e Capitalizing on the storage of bulk-waters (adaptation measure)
to develop clean solar-thermal energy (mitigation measure, as
planned for Balerma reservoir, which the team visited during
the tour).
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Egypt: Irrigation Innovations in

the Nile Delta
Jose Simas, Juan Morelli, and Hani El Sadani

Introduction and Statement of the Problem

Egypt depends almost entirely on 55.5 billion m? per year of water from
the Nile River. This allocation represents 95 percent of the available
resource for the country. Approximately 85 percent of the Nile water
is used for irrigation. Demand for water is growing while the options
for increasing supply are limited. Egypt faces the challenge of improv-
ing the productivity and sustainability of water use. To respond, the
Ministry of Water Resources and Irrigation (MWRI) has been imple-
menting an Integrated Water Resource Management (IWRM) Action
Plan. Its key strategy is to improve demand management. This plan has
had the support of the World Bank, Germany’s Kf'W, the Netherlands
Development Cooperation, and other donors.

The Integrated Irrigation Improvement and Management Project
(IIIMP) is an important measure of the IWRM action plan. [IIMP is
implemented on 500,000 acres (feddans) in the Nile Delta covering the
command of 2 main canals, Mahmoudia and Mit Yazid. The project
aims at improving the management of irrigation and drainage in the
project area and increasing the efficiency of irrigated agriculture water
use and services. The main interventions of the project are improving
irrigation and drainage systems and improving the water management
institutional structure.

"This chapter was prepared in close collaboration with the staff of Egypt’s Ministry
of Water Resources and Irrigation (Irrigation Improvement Sector; [IIMP Management
Unit; Water Management Research Institute) and Ministry of Agriculture and Land
Reclamation (Executive Authority for Land Improvement; Soil, Water and Environ-
ment Research Institute; Center of Agricultural Economic and Statistics).
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The [IIMP interventions in irrigation modernization are based on
the experience gained from several preceding and ongoing projects.
The original concepts of irrigation modernization were developed in the
early 1980’s and since then have received support from UNDP, USAID,
Japan, World Bank, KfW, the Netherlands Government, and others.
In 1996 implementation started on the World Bank/KfW-financed
Irrigation Improvement Project (IIP). It was the first large-scale appli-
cation of the irrigation modernization program in Egypt. The project
closed in December 2006. By that time, 50 percent of the tertiary
and secondary systems of the command areas of the main canals of
Mahmoudia and Mit Yazid had been modernized.

The IIP included three types of improvements/innovations:

|. Introduction of continuous flow. The mode of operation of second-
ary distribution canals was changed from rotational (for example,
5 days on/5 days off during the summer) to continuous flow (that
is, water flows continuously in the secondary canals). The purpose
of continuous flow was to improve water delivery services to the
farmers. It has given more flexibility to the water management
system to make it more suited to growing high-value crops.

2. Providing a single lifting point. The low-lying tertiary water systems
(mesqgas) were replaced by pressurized/elevated systems. Water is
lifted from the secondary canal into the tertiary network through
a single-point lifter rather than the old system. The latter allowed
farmers to lift the water through several formal/informal control
points without adequate control measures. The old system caused
tremendous inequity in water distribution between upstream and
tail-end users. The new system has led to better water distribution
equity and reduced operation cost.

3. Piping tertiary canals. Earthen open tertiary canals were converted
into piped canals. Piped canals allow for pressurized water delivery,
reduce seepage losses, prevent discharge of solid waste and sewage
into the tertiary system, and save approximately 2 percent of the
total command area.

The IIIMP widened the approach of the previous Irrigation Im-
provement Project (IIP). The initial driver was based on the economic
analysis of various technical irrigation improvement options, including
the IIP approach. Average IIP improvement costs were exceeding LE
6,000 per feddan (extreme cases reached 12,000 LE/fed), due mainly
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to over-design. In addition, [IP’s economic rate of return (ERR) was
lower than expected at appraisal time.

In addition to reducing the cost side of the interventions, a number
of innovative measures were considered to maximize the benefit side
of the project from both economic and financial points of view. For
example, at this time, the Egyptian government was implementing
diesel fuel cost increases. These increases not only have increased the
operational cost of nonimproved systems but also would have increased
operational costs for improved systems if the original choice of lIP of
diesel single lifters had been adopted. The proposed response was to take
advantage of the relatively good electrical transmission and subtrans-
mission infrastructure in the Nile Delta and the economic efficiency,
life span, and capital and running costs of the electro-pumps.

In general, [IIMP adopted a three-point strategy:

1. Proper sizing of the improved infrastructure to optimize capital
costs

2. Technical innovations to increase cost-savings and functionality

3. Extension of the improvement package to the whole system (in-
cluding tertiary and on-farm improvements).

Both (2) and (3) would have resulted in maximized benefits com-
pared to the associated costs.

Government engineers were reluctant to endorse the elements
discussed during preparation for two reasons. First, this strategy had
never been implemented in Egypt. Second, there was concern regarding
possible rejection by farmers of innovative elements with which they
may not have had experience before. It was clear that only a “sizeable
pilot” could clarify the large number of issues and fine-tune the ap-
propriate technology before scaling up to the national level.

The objective of this chapter is to document the process of developing
the pilot and to provide an interim evaluation based on real measured
data. There is a real need for this evaluation at this time due to the
fact that the irrigation modernization package implemented in this pilot
has never been tested before under Egyptian conditions.

Selection of Pilot Area

The W-10 area in Kafr El Sheikh Governorate was selected to serve as
the “sizeable pilot” for the new approach. It comprises approximately
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Figure 24.1 Layout Map for Northern Part of Mit-Yazid Canal
Showing W-10 Subproject Area

-
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6,000 acres in the most down-
stream tail-end command area
of the Mit Yazid main canal. It is
supplied by 3 branch canals and
2 sub-branch canals (table 24.1).
The area was selected solely
because it was the only subarea
in which no lIP interventions had
ever been made.

As a tail-end area, W-10 has
restricted water supply in the
peak summer season and there-
fore reuses drainage water. The
water shortage and low farmer
incomes meant that W-10 was a
more difficult working environ-
ment than the [IIMP overall.

On the positive side, the
W-10 area is close to the Sakha
Experimental Station.' This fact,
together with the support of the
GTZ-MALR Agriculture Wa-
ter Management Project, was

considered a plus, because it would enable the provision of technical
assistance and materials to implement the pilot actions.

Package of Actions to Test for Scaling Up

Substantial differences existed between the old design criteria imple-
mented under IIP and the new approach applied in W-10. The latter

featured 12 innovations:

. Electrification of single-point lifters (mesqa pump sets) rather than

diesel pumps. While this measure has had the benefits mentioned

above, a new dedicated distribution grid was needed, and the

MWRI was to take care of it.

I Sakha is a subsection of the Soils, Water and Environment Research Institute
(SWERI) of the Ministry of Agriculture and Land Reclamation (MALR).



Egypt: Irrigation Innovations in the Nile Delta 437

2. Adoption of prepaid electrical cards to avoid delinquent payments
and facilitate supply logistics to user farmers. This measure was
adopted because the electric utility companies were reluctant to
accept the new users based on risks of delinquent monthly payments
from farmers. The [IIMP team proposed a “new deal” through the
use of modern “prepaid credit cards.” This was a win-win option
for both farmers and utilities.

3. New and cheaper equipment for the tertiary distribution systems
(mesqas): increased irrigation application time in the peak month
from 12 hr to 20 hr; substantial reduction of pipe diameters; direct
pumping rather than costly concrete standpipes; more compact
pump houses equipped with smaller pump modules: 20, 40, and
60 I/s, instead of 60 and 90 1/s units (reducing water duties from
4-61/s/ha in extreme cases to 2 |/s/ha or 0.82 |/s/acre in Egyptian
customary units).

4. Improvement of head works control gates of branch canals through
telemetric instrumentation and remote operation of gates with
Supervisory Control and Data Acquisition (SCADA) system.

5. Improvement of quaternary distribution systems (marwas) includ-
ing the testing of two options: lining by brick and mortar or piping
by low-pressure pipes up to the on-farm gate. MWRI had not
been involved before in the improvement of marwas. However,
the Soil, Water and Environment Research Institute (SWERI) of
the Ministry of Agriculture and Land Reclamation (MALR) was
implementing a pilot program to line marwas using bricks and
mortar. Thus, an interministerial agreement was made to enable
SWERI to implement the marwa improvement activities, although
MWRI would be responsible.

6. Testing low-pressure pipes for marwas (class 2.5 bar instead of
4 bar).

7. Testing different types of valves for the mesga-marwa interface
(ball, gate, and butterfly), different brands and specifications,
optional manufacturing materials (metallic, polyvinyl chloride or
PVC), PE, and different installation lay-outs.

8. Developing and testing different individual farm-gate hydrants
for on-farm use allowing future use of hoses and gated pipes—all
provided with pre-set constant flow and pressure.

9. Application of laser land-leveling (LLL) practices to improve al-
location efficiencies (recently initiated).
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10. Introduction of rotational operation schedules of pumps, valves,
and hydrants to harmonize farmer needs and efficient use of water,
labor, and energy.

1. Introduction of on-farm water management improvements includ-
ing irrigation scheduling (to begin soon).

12. Testing and introduction of modified/controlled drainage (tested
at station level and to be expanded soon).

By 2009 the approach tested in the W-10 pilot area was being
expanded within [[IMP to more than 500,000 acres in the Delta.

This expansion depended on the collaboration among the special-
ized agencies of the MWRI and MALR, working together with water
user associations (WUAs) and informal farmer groups. The coop-
eration between MWRI and MALR in the W-10 area provided the
framework for MALR participation in the implementation of marwa
and on-farm improvement programs. T hese programs included piped
marwas, laser land-leveling, and training and capacity building of ben-
eficiary farmers.

The completion of the W-10 took more than four years due to
contractors’ inexperience in implementing some of the new interven-
tions and failures of some contractors to comply with the contractual
schedule. The marwa implementation schedule was delayed because
of delays in agreement on procedures for interagency transfer of funds
and materials and other accountability mechanisms. After the proj-
ect management unit (PMU) took over responsibility for completing
the W-10 area project, the marwa improvement program began to
accelerate.

As noted above, the new W-10 approach was strongly resisted
during the first few years. However, after the results of the W-10 pilot
became evident, many of the skeptical parties became convinced that
the project’s technical and organizational innovations could succeed.

Evaluation of the New Approach

The [IIMP Project Appraisal Document (PAD) envisaged (a) an aver-
age increase in farmers’ annual income of approximately 15 percent,
(b) water savings of approximately 22 percent, and (c) an overall ERR
of 20.5 percent.

An interim evaluation of W-10 pilot was conducted in late 2008.
The aims were to:
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m Verify whether the new approach was feasible and whether the
PAD forecasts were accurate

m Inform the design of a results-oriented monitoring and evaluation
system.

Investment Costs

Most of the W-10 improvement costs were financed by lIP, which closed

on December 31, 2006. The improvements at the quaternary and on-

farm levels were taken on by the [IIMP. Despite having an estimated

cost of approximately LE 120 per
acre—less than 2 percent of the
total improvement costs—laser Marvia improvements 13%
land leveling is expected to have

a significant impact. pipeworks 8%

down of the main components
of the improvement costs in the
W-10 pilot. Mesqa improvements
represent 47 percent of all W-10 Mesqa improvements 47%
improvement costs.

Figure 24.2 Breakdown of W-10 Investment
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Other costs (LLL, etc.) 6%

Delivery system 9%

Mesga pumpsets &

Figure 24.2 shows the break-

Source: Authors based on data from official records.

Improvement in Physical Performance of Irrigation System
of the W-10 area

At the time of writing of this report, the authors could not assess the

full range of enhancements in irrigation system performance because

the improvement package had not yet been implemented in full (for

example, the crucial laser land-leveling improvement). However,

through a number of ongoing M & E studies, the following preliminary

observations have been evident:

Impact of marwa improvement

The sufficiency indicator, which expresses whether enough water is
diverted by the marwa to its served area, is the highest for pipeline
marwas compared to lined and earthen marwas (earthen is the
lowest).

The equity indicator, which measures adequacy of water distribu-
tion, is the highest for pipeline marwas, compared to lined and
earthen.

Electrification 17%
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The conveyance efficiency indicator depends on calculating water
losses due to seepage, percolation, and evaporation from marwas
between the source and the farm. This indicator was highest for
piped marwas. Piped marwas resulted in substantial water saving
compared to other interventions.

The irrigation time indicator indicates the superiority of improved
marwas over earthen marvas.

On-farm (application, crop water use, and field water use) irrigation
efficiency is highest for piped marwas.

Water table depths were deeper for improved marwas compared
to earthen ones, indicating less water loss and lower drainage
coefficients.

The social assessment indicated that most farmers prefer piped mar-
was. The farmers perceived four benefits from improving marwas:
equity enhancement, land-saving, reduction in maintenance costs,
and reduction in irrigation time.

Impact of mesqa improvement

The average total operating cost was significantly lower for W-10
compared to the lIP regular improvement package.

The average irrigation time was higher for W-10 compared to
the regular [IP-1 due to reduced pump size and pipe diameters in
W-I0 area.

Relative water supply is better for the W-10 area compared to the
nonimproved areas, thus indicating better water availability.

Benefits in W-10 Pilot Area

Appendix 24.1 shows which irrigation improvements produced which
benefits.

Benefits could be summarized for one or several of the improve-

ments by the following actual production parameters:

Crop yield increases (due to enhanced flexibility under continuous
flow operation, timely irrigation, equity for tail-end farms, improved
water quality and quantity, improved drainage and reduced water
table and water and soil salinity, and reduction of weed infesta-
tions)

Change in cropping pattern (due to improved reliability and timely
access to water)
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Table 24.1 Average Incremental Yields and Incomes by Crop

Crop yields (kg/fed) Income (LF/fed)
Without With Increase Without With Increase
Crop/activity project project (%) project project (%)
Maize 3.100 3.500 13 3,355 4,042 20
Rice 4.100 4.600 12 3,140 3,928 25
Seed cotton 1.130 1330 18 1,769 2,602 47
Summer vegetable 15.000 18.000 20 3,450 5,254 52
Wheat 2.800 3.200 14 4,871 5,868 20
Broad beans 1.400 1.600 14 2,131 2,666 25
Winter vegetable 19.000 22.000 16 6,805 8,729 28
Berseem long season 25.000 28.000 12 2,504 3,085 23
Berseem short season 12.000 15.000 25 1,067 1,748 04
Sugar beet 18.000 21.000 17 2,332 3,186 37
Citrus 10,000 12,000 20 8,995 11,528 28

m Land gains for communal service space (due to replacement of
open mesqas and marwas by buried pipes)

m  Reduced irrigation costs
Increased water productivity (due to reduced water losses, convey-
ance efficiency, controlled drainage, laser land-leveling, higher
yields, lower irrigation costs).

The improved production parameters recorded above all are
measurable and easy to introduce into crop and farm representative
budget models.

To estimate the benefits of the W-10 pilot package, the authors
worked closely with officers of MALR’s Center of Agricultural Econom-
ics and Statistics? to update with- and without-project crop patterns
and budgets. Such figures were obtained primarily by field-sampling
yields and some estimates based on qualified experts. Table 24.1 sum-
marizes the resulting yields and net income parameters of the main
crops cultivated in W-10.

As can be seen from the physical quantities and values detailed in
table 24.1, yields are increased by 12 percent—25 percent. Net incomes
per cultivated acre are increasing by 20 percent—64 percent as a result

2 Engineers Bayoumi Abd El Megued Bayoumi, Abd Elmahab, and Mohamed A.
El-din Mustafa (MALR).
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of the combined effects of increased productivity and reduction of the
irrigation costs (depreciation and O &M of pumps).

Table 24.2 summarizes three typical farm models. All models confirm
the financial feasibility of the proposed improvements and the positive
impact on beneficiaries’ family income. Through integrated on-farm
and off-farm investments, the project not only saves approximately 20
percent—30 percent of water but also significantly increases household
income by 8 percent—14.5 percent (table 24.2). As W-10 pilot area
investments are completed with laser land-leveling and other on-farm
improvements (training, irrigation scheduling), additional income gains
will materialize.

Financial and economic prices have been estimated using 2007-08
data. Conversion factors (CFs) for shadow pricing are based on estimates
prepared for this quick illustrative analysis. Conversion factors for wheat
(1.1), cotton (0.95), sugar beet and maize (0.9), and citrus fruits and
tomato (0.8) were used. Given the high levels of existing subsidies to
Egypt’s energy market prices, CFs of 4.0 and 2.5 were used for diesel
and electricity, respectively. For nontraded commodities, such as ber-
seem and other forages, financial prices are assumed to be in line with
economic prices. According to the most recent forecasts of commodity
prices prepared by the World Bank (November 2008), future economic
prices for traded inputs and outputs are not expected to show major
variations. The WB forecast made no adjustment for labor costs.

Due to the short time available for preparing the analysis, no eco-
nomic value was estimated for water saved. The farm model estimated
that water consumption in W-10 was reduced by 30 percent from 49.6
million to 34.8 million m? as a result of the new improvement package
being tested. However, water is gaining an increasing opportunity cost
as irrigated area continues to expand in Egypt and water becomes
more and more scarce.

Table 24.2 Farm Models: Estimated Income Increases (LE/farm)

Farmer’s net income

Income W-10 Area
increases Model per model No. of Without With
(%) (feddan) (feddan) farms project project
W-10 pilot area 6,000 5583
Model 0.75 feddan (50% of area) 8.0 0.75 3,000 4,000 18,658 20,151
Model 1.5 feddan (33% of area) 1.9 1.50 2,000 1,333 23,222 25,988

Model 4 feddan (77% of area) 14.5 400 1,000 250 38,198 43,754
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The ERR for W-10 investments was estimated at 15.2 percent and
the net present value (NPV) at LE 1l million at 12 percent discount
rate. These numbers were achieved even without assigning any value
to (1) the water being saved or (2) the significant reduction of carbon
emissions due to substituting the more than 5,500 individual diesel
pumps with approximately 100 single-point electric pump houses.

Conclusions and Recommendations

This analysis uses empirical data to confirm that the W-10 pilot improve-
ments are economically viable. It produced this positive result despite
the fact that the project was in its start-up phase. There were cost
overruns as staff became familiar with the new approach, and not all
project benefits had yet materialized.

The exercise is a valid first approximation of an evaluation proce-
dure that should be followed routinely. It should be updated regularly
on the basis of systematic data collection.

Other additional preliminary conclusions that could be drawn from
the analysis are:

1. As crop yields improve, the new designs introducing continuous
flow and significantly reducing the capacity of single-point mesqa
irrigation pumps are proving to be adequate for crop and farm
needs. These designs are showing the way to improve equity in
the irrigation distribution systems, which, by design, have a limited
water conveyance and delivery capacity. With the new improve-
ments approach, tail-end farmers should be in a better position
to obtain the water they need. Farmers located in the head will
neither need, nor be able to capture, water in excess of their crop
consumption needs.

2. Electrification of the system also enables significant reductions of
the costs of irrigation. The reductions result from both the reduced
depreciation and maintenance costs of electric pumps as opposed
to the diesel pumps, and the lower cost of electricity as compared
with diesel fuel. Electrification also substantially reduces a significant
source of carbon emitted from the thousands of individual diesel
pumps by substituting more efficient and environmentally friendly
shared electric pump houses.

3. There s still a great possibility to reduce costs of irrigation improve-
ment works, as implementation partners (Irrigation Improvement
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Sector of MWRI; Executive Agency for Land Improvement of
MALR) and private contractors learn about the innovative ap-
proaches. As investment costs are reduced with experience, the
impact of the improvements will increase.

Integrated irrigation improvements up to the marwa and the
on-farm levels are possible due to the institutional collaboration
and strong support from MWRI and MALR that were developed
during [IMP. These arrangements should be reinforced and more
training provided.

With the new approach, it is possible both to save approximately 20
percent—30 percent of the water used for irrigation and to achieve
a significant increase in the value of production.

The evaluation exercise showed that the productivity of water
increases by more than 80 percent when comparing the total net
economic value of production per 1000 m® used for irrigation at
project maturity with the pre-project productivity.
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Water Reuse in the MNA Region:
Constraints, Experiences, and
Policy Recommendations

Claire Kfouri, Pier Mantovani,

and Marc Jeuland

he scarcity of freshwater in most countries in the Middle East

and North Africa (MNA) region is an increasingly acute prob-

lem, particularly as populations continue to grow and place
higher demands on water resources. Fourteen of 20 MNA nations are
in water deficit (less than 500 m? of renewable water supply per capita
peryear) (FAO 2006). Due to demographic growth, countries that are
relatively well endowed with water resources, such as Egypt, Lebanon,
Morocco, and Syria, may join the water-deficient nations by 2050. As
rapid urbanization continues, water scarcity will create pressure to shift
water from agricultural to domestic and industrial uses.

According to the latest collection of simulation results reviewed by
the Intergovernmental Panel on Climate Change, consensus is strong
that precipitation will decrease substantially in MNA countries (IPCC
2007). Higher temperatures will lead to greater evaporation from
surface water storage reservoirs and losses in soil moisture. Higher
evapotranspiration rates in vegetated areas likely will decrease run-
off and groundwater recharge rates and could increase crop-water
requirements in agriculture (IPCC 2007, Trenberth and others 2003,
Schneider and others 1990).

In this context, the development of nonconventional resources
such as desalinated water and reclaimed wastewater is increasingly
relevant.

Water Reuse

On paper, water reuse, or the recycling of reclaimed wastewater for
planned beneficial uses, is particularly attractive. It can limit or eliminate
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effluent discharges, while generating an alternate resource. Reuse indi-
rectly allows both the preservation of freshwater resources for higher
quality uses (such as potable water supply) and the postponement of
potentially more costly water supply approaches (storage, transfer, or
desalination schemes). These and other environmental, public health,
and economic benefits of water reuse are widely documented (Scott
and others 2004, Asano and others 2007, Mantovani and others 2001).
Water reuse is emerging as an established water management practice
in several water-stressed countries and regions.

Despite the perceived potential advantages for a region ranked as
the most water-scarce in the world, the spread of water reuse across
MNA countries is surprisingly uneven and slow. To date, few countries
in the region have achieved the implementation of substantial reuse
programs.

To better understand the context of wastewater reuse in MNA
and to assess its future and potential, this chapter addresses three key
questions:

1. Given the scarcity of water, why have many governments been
slow to promote wastewater reuse?

2. What insights for the future of wastewater reuse can be gleaned
from regional and international experiences?

3. How should policymakers adapt the wastewater management
agenda to their country’s economic context?

This chapter argues, first, that the development and implementation
of water reuse strategies in MNA are impeded by four factors:

1. Insufficiency of economic analysis

2. Relatively high cost of wastewater treatment and conveyance,
coupled with pricing of irrigation water that does not adequately
reflect its scarcity value

3. Technical and social issues affecting the demand for reclaimed
water

4. Difficulty in creating financial incentives for safe and efficient

water reuse.

Second, the chapter asserts that only the most extreme scarcity
or institutional discipline pushes countries to adopt widespread water

reuse.
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Water Reuse Constraints

Many water reuse experiences in MNA are pilot projects. As such, their
sustainability and replicability are uncertain. With some exceptions,
most of the remaining (nonpilot-scale) projects involve the planned
reuse of wastewater that is not treated to meet World Health Orga-
nization (WHOQO) standards or unplanned reuse. Some locations have
a policy climate favorable to wastewater reuse. However, even there,
serious obstacles remain before many of these projects can become
self-sufficient, both operationally (timely delivery of water), financially
(cost recovery), and environmentally (salinity risks).

The obstacles to wastewater reuse in MNA are discussed be-

low:

Constraint #1: The Need for More Complete Economic Analysis
of Treatment and Reuse Options

The decision to promote wastewater reuse should depend on a full
accounting of the economic costs and benefits of projects. Economic
assessment rarely encompasses all relevant aspects of reuse and rarely
goes beyond financial feasibility analysis.

The economic impacts of reusing wastewater depend on the
degree of treatment and the nature of the reuse. A large number of
costs and benefits should be considered in the context of the specific
reuse approach (table 25.1).

When considering the demand for the water that is being reused,
one needs to pay careful attention to whether this water is replacing
water from other sources. In such instances, the important measure-
ment is the increase (or decrease) in benefits associated with using
reclaimed water instead of the replaced alternative. There is therefore
a risk of double-counting when considering changes in crop yields,
cropping patterns, fertilizer savings, salinity impacts, and property
value changes (IPCC 2007).

In addition, project planning tends to overlook many of the costs
of planned reuse (opportunity cost of water to be reused, regulatory
costs, education and training of irrigators). For example, when treated
or untreated effluents already are reused for some purpose (either in-
directly or unplanned), their opportunity cost must be included when
considering planned new uses. In many cases, the main impact of reuse
will be to move a given supply of water from one place to another.
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Table 25.1 Economic Impacts of Wastewater Reuse: Examples of Costs and Benefits

Costs

Value-added from displaced water (if any)

Opportunity cost of reused water (if any)

Collection and treatment of wastewater,
final disposal costs

Conveyance/storage of reused water, including water
losses (evaporation, leakage) and retrofitting costs for
participating farmers

Salinity-related impacts

Other pollution (nitrates, heavy metals, toxic substances)
Health, odor, and nuisance costs

Ecological impacts (opportunity cost of reused water for
minimum flow or other purposes)

Benefits
Value-added from reused wastewater (varies based on quality and
reliability differences)

Alternative use of displaced water (if any)
Value of sanitation improvements

Reduced environmental degradation

Aquifer recharge, or value of reduced aquifer depletion

Increases in property values
Increased crop yields
Savings in fertilizer

Value of improvements or reform in the water sector
due to water reuse

Some of these various costs and benefits may fall disproportionately
on certain stakeholder groups affected by the project. For example,
farmers may have nonzero demand for untreated wastewater, to which
they may lose access. Economic analysis therefore needs to consider the
distributional impacts of reuse projects and address compensation.

Similarly, irrigators are likely to face higher prices as a result of
water-pricing reforms to promote reuse. In addition, the quality of the
reclaimed water they receive may prevent unrestricted agriculture or
present them with long-term productivity costs.

Constraint #2: High Cost and Lack of Wastewater Treatment in MNA,
and Their Impacts on Reuse

The first major cost of water reuse development is the upfront invest-
ment and cost-recovery challenge associated with wastewater collec-
tion and treatment. Although MNA countries have made significant
progress in extending sewerage to most of their urban populations,
important gaps remain, and treatment capacity is very uneven.

The applications and potential for wastewater reuse differ greatly
depending on whether wastewater is managed through local or mu-
nicipal sewerage systems or in on-site sanitation systems. The latter
case, which is prevalent in small towns and across rural areas, is usually
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Table 25.2 Cost of Wastewater Collection, Treatment, and Reuse
Component Cost/m? (USS) Notes Source(s)
Conveyance to treatment works Highly variable?
Nonmechanized secondary treatment 0.10-0.22 Necessary for restricted reuse WHO 2005, Shelef
1996, Haruvy 1997,
Amami 2005
Aerated secondary treatment/activated 0.22-0.27 Lower land requirement Kamizoulis 2003,
sludge Shelef 1996, Shelef
1991, Haruvy 1997
Tertiary treatment (in addition 0.07-0.18 Necessary for unrestricted reuse Shelef 1996, Haruvy
to secondary) 1997, Shelef 1994
Distribution 0.05-0.36 Shelef 1994
Total 0.16—0.53 Shelef 1994, Lee 2001
Note:

a Costs come from a variety of sources and have not been standardized to a specific reference year.

incompatible with the types of reuse systems considered in this chapter.
However, fully successful reuse agendas need to consider all possible
options.

The rate of treatment of collected wastewater is low in many MNA
countries.! Much of the wastewater collected in MNA is discharged
untreated into the sea or other surface water bodies, or on land. While
much progress has been made in defining the risks associated with
such practices, enforcement of regulations prohibiting them in MNA
is patchy.

Furthermore, to treatment costs must be added the cost of collec-
tion and conveyance to treatment facilities from locations in which such
infrastructure does not exist. Treatment facilities vary from location
to location based on the infrastructure needed and the quality of the
wastewater. Nevertheless, a review of costs indicates that the numbers
are at the low end of the 0.46—0.74 US$/m? range and average at 0.53
US$/m?, aspresented in Lee and others (2001): capital (0.10-0.16 US$
(2001 US$)/m?), operation (0.25-0.40), maintenance (0.08-0.15), and
miscellaneous (0.03).

Many analysts argue that economic calculations for reuse projects
require that “...only the marginal cost of wastewater recycling (addi-
tional treatment, storage, and distribution) be considered, excluding

! See appendix A25.1.
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the cost of wastewater collection and treatment” (Lazarova and oth-
ers 2001).

Similarly, some analysts argue for subtracting the cost of safe
disposal of treated wastewater from the cost of reuse. However, it
only makes sense to exclude the cost of wastewater collection and
treatment from the economic analysis if these services would have
been in place and functioning in the absence of the recycling investment.
This condition often is not satisfied in MNA.

Indeed, many treatment plants are plagued by poor operation and
maintenance (O &M) and are operated well beyond their design capac-
ity. These conditions will result in degraded treatment reliability and
diminished reuse possibilities. In such a situation, the cost of bringing
wastewater collection and treatment up to the required standard is
part of the cost of a reuse project.

Constraint #3: Low Demand for Reclaimed Wastewater

Robust evidence from numerous projects suggests that the demand
for reclaimed water generally is lower than it is for alternative sources
of freshwater, among farmers as well as households. This statement
is true despite reused water’s potential to reduce fertilizer costs and
promote higher yields (Benabdallah 2003). In MNA, many people re-
main suspicious of reuse since they are uncertain about the quality of
the water (WHO 2005). The availability of untreated wastewater free
of charge may make it difficult to convince irrigators to pay anything
for reclaimed water that is not of high quality.

This distrust is apparent in Tunisia, for example, where, besides
being well below cost, the price charged to farmers for reclaimed
wastewater (0.02 US$ (2007)/m?>) reflects the lower demand for this
water. Conventional water costs approximately 0.08US$ (2007)/m3
(WHO 2005; Lahlou 2005; Shetty 2004). Similarly, in Syria and Ye-
men, recycled wastewater is provided free of charge to farmers (Bazza

2003 and Baquhaizel 2006).
Constraint #4: Under-Value Water Pricing

The fourth obstacle to the development of wastewater recycling is
the fact that the prices of water tend not to reflect its scarcity value,
especially in the agricultural sector. In fact, in no MNA country does
the price of freshwater delivered to irrigators reflect even the cost of
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supply. The best that some countries (Morocco and Tunisia) do is
to charge sufficient rates to cover O&M (Bucknall and others 2007;
Bazza and others 2002). Most countries make no charge for or take
no control of groundwater abstractions other than the private cost of
pumping and the permitting process (Morocco, Palestine (Seibh 2003),
Tunisia, and Yemen (Bassa 2003)).

Tariff structures for irrigation and other water vary substantially. In
Israel, the block tariff designed to promote conservation among farmers
charges only the full average cost of delivering water in the final block:
the average cost of water supply is 0.29 US$ (2002)/m?, corresponding
to the final 20 percent of each farmer’s allotment (Becker 2002).

Table 25.3 Prices for Irrigation Water in Select MNA Countries

453

Irrigation water price (USS/m’)

Country Low Average High

Algeria 0.14 (Bazza 2002)]
Egypt (Bazza 2002
Jordan 0.01 0.049 0.05 (Bazza 2002, Dinar 2004)
Morocco 0.02 0.053 (Bazza 2002
Syria Annual fees (Bazza 2002
Tunisia 0.025 0.066 0.08 (Bazza 2002, Dinar 2004)
Yemen None (Bazza 2002
Israel 0.18 0.29 Becker 2002
(yprus 0.108 (Bazza 2002

Constraint #5: Wastewater Recycling in MNA Usually Requires an
Indefinite Government Commitment to Provide Subsidies

We have seen that freshwater is sold at below cost, that recycled water
costs more to produce than freshwater, and that recycled water is seen
by users as inferior to freshwater.

In addition, households (HH) do not directly perceive the envi-
ronmental benefit of wastewater treatment. So long as wastewater
is collected and conveyed away from urban areas, householders
consider that their service is adequate. Governments therefore find it
easier to collect fees for connection and wastewater service than for
eventual treatment. On the agricultural side, the seasonal nature of
demand for irrigation water does not match the year-round supply of
wastewater.
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Thus, it often is impossible for governments or utilities to recover
the financial cost of additional treatment or distribution (typically
0.05-0.25 US$/m3, depending on the chosen level of additional treat-
ment), let alone full treatment. Regulatory and monitoring costs also
must be acknowledged.

For all of these reasons, wastewater recycling in MNA usually
requires a long-term government commitment to provide subsidies.
Only with very widespread pricing and sector reform will there be any
possibility of self-financing wastewater recovery investments.

MNA Opportunities and Innovations

Despite these obstacles, some countries have moved aggressively to promote
wastewater reuse. In Israel, Jordan, and Tunisia, each country has taken
a slightly different path, but they also are similar in important ways.

MNA Experience #1. Reuse in Israel: Centralized Government Control
and Technological Promotion

One of the best-documented and analyzed experiences of wastewater
reuse is that of Israel, where much innovation has taken place, particu-
larly over the past three decades.

Reuse proved a politically attractive means of increasing water sup-
ply. The severe drought of 1990-91 brought dramatic cuts in freshwater
allocations to agriculture. Consequently, it also stimulated the start
of major increases in wastewater reuse (Shelef 1996) as government
sought to postpone costly desalination projects (Becker 2002).

Today, Israel has some 400 wastewater reuse projects, mostly highly
subsidized (Libhaler 2007). Examples are the Dan Region Project (ir-
rigating 16,000 ha with 120 mem/yr of effluents from Tel Aviv) and the
Jezreel Valley Project (reuse of 20 mem/yr of high quality effluents from
the Haifa area) (Shelef' 1994; Hidalgo 2004; and Friedler 1999).

As late as 2002, the state subsidized approximately 60 percent of
infrastructure costs of reuse wastewater projects. Economists and
the Finance Ministry in Israel long have pushed for pricing reforms
and more extensive demand management, although with little success
due to opposition from the agriculture sector (Becker 2002; Feitelson
2005; Menahem 1998; and Mizrahi 2004).

The institutional organization of the water sector in Israel has
played a critical role in allowing for the development of reuse. The
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Water Commission wields enormous power over water resources
and strictly limits irrigators’ withdrawals. Israel has no private wells;
all such infrastructure belongs to the government. The Water Com-
mission has full control over the planning of storage basins and other
needed infrastructure. Within the zones that use reclaimed waste-
water, irrigators have no alternative water source for irrigation. The
price they pay for this water is only somewhat reduced (roughly 20
percent lower) from that of National Water Carrier water (Libhaber
2007). This governance structure largely solves problems of reduced
demand while ensuring a regular supply of water.

Another aspect that distinguishes Israel from most MNA countries
is the fact that, for years, the proportion of collected wastewater that
is treated has been relatively high (nearing 80 percent). Municipali-
ties are responsible for financing this compulsory treatment, and are
expected to treat wastewater to meet national standards. Approxi-
mately 6 percent of the remaining wastewater is disposed of on site
in central septic tank systems. The remaining 15 percent receives no
treatment.

The fact that secondary treatment is so widespread greatly ex-
pands opportunities for reuse. In 1996 Israel had nearly 500 treatment
plants, most of which were oxidation ponds (77 percent) or mechani-
cal biological systems (14 percent) (Shelef 1996). A third type is the
“Third Line” conveyance and distribution system, so called because
it was the third major water artery linking the center of Israel to the
arid south. The Third Line enables a supply of soil-aquifer treated
(tertiary) reclaimed wastewater to reach southern [srael, thus lower-
ing the infrastructure burden for new projects. Other infrastructure
financed with government assistance includes small water conduits and
sequential storage reservoirs or aquifer recharge systems that enable
additional polishing treatment as well as regularization of water supply
to irrigators (Juanico 2004).

The country’s long history of reuse has enabled it to develop
national expertise. As early as 1953, Israel drafted the world’s first set
of standards for wastewater reuse, which have continued to evolve to
reflect the latest scientific findings on microbiological and chemical
risks (Tal 2006). During the 1970s, a major health effects study in 8l
agricultural communities was carried out (Fattal 1981). Through this
experience, Israel has largely perfected the use of simple technolo-
gies for reuse (oxidation ponds, soil-aquifer treatment, simple storage
schemes) (Juanico 2004; Libhaber 1987).
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Recirculation of water in oxidation pond systems has lessened odor
problems (Shelef 1994). Water scarcity and tight quotas have pushed
irrigators to adopt highly conserving technologies such as underground
drip irrigation schemes, which also reduce salinity risks (Feitelson 2005;
Oron 1998).

The microbiological and nutrient composition of treated wastewa-
ter is satisfactory in Israel and generally within the WHO norms for
unrestricted reuse. Nevertheless, some technical concerns remain. As
in other water-scarce countries, Israel has a substantial risk of long-
term salinization of groundwater. Wastewater becomes more saline
during municipal use and treatment. This concern has led to expanding
research on developing more salinity-tolerant crops.

The Dan Region treatment plant faces additional maintenance
costs (for application of chlorine-based compounds) due to periodic
bio-fouling of effluent pipelines. Bio-fouling also has proven to be a
problem in Jordan, as it significantly increases energy needs for pumping
(McCornick 2004; Icekson-Tal 2003). Nevertheless, Israel’s experience
in wastewater reuse shows that the technical concerns associated
with this management strategy generally can be addressed, although
at a high cost.

Experience #2. Reuse in Jordan: Flexible Policy Framework Coping
with Rapid Demographic Change and Increasing Water Scarcity

Jordan’s foray into the development of wastewater reuse capacity has
been motivated by ever-tighter freshwater supplies (approximately
150 m3/capita/yr) (FAO 2006), combined with a degradation in the
quality of groundwater sources. Indeed, Jordan is one of the most
water-deprived countries in the MNA region, and has some of the
highest groundwater depletion rates, valued at 2.1 percent of GDP
(Bucknall and others 2006). Agriculture has partially adapted to water
scarcity: 62 percent of irrigated lands today use drip irrigation methods
(Khouzam 2003). Few good options for augmenting water supply re-
main. Recent projects have been the Al Wahda dam, begun in 2004;
construction of the costly $600 million Disi-Amman aqueduct; and
desalination works on the Red Sea (Henry 2005). The government is
privatizing the operation of municipal water utilities to cut down on high
unaccounted-for-water ratios (50 percent nationwide) (Quna 2006).

However, water policy is somewhat inconsistent with agricultural
policy. Master plans continue to discuss and present options for expanding
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irrigation and investing in costly conveyance infrastructures. Further-
more, even as water supplies become tighter, there is no consideration
of options to discourage the irrigation of water-intensive crops (banana
and citrus, which consume 35 percent and 21 percent, respectively, of
JV irrigation water) (McCornick and others 2001b; 2001a).

Well-defined policy, standards, and institutional structures govern-
ing reuse exist in Jordan (McCornick and others 2001b; Baquhaizel
2006; and Nazzal and others 2000). However, its experience is different
from Israel’s in that most reuse projects have been much less strictly
regulated and planned. Reclaimed wastewater accounts for nearly 10
percent of the total water supply in Jordan, which is only slightly lower
than the percentage in Israel.

McCornick and others (2001a) describe three categories of reuse in
Jordan: (1) planned direct use within or adjacent to wastewater treat-
ment plants, (2) unplanned reuse in wadis, and (c) indirect reuse after
mixing with surface water supplies (mainly in the Jordan Valley).

Projects in the first category—planned direct reuse—generally
are under the jurisdiction of the authority responsible for wastewa-
ter treatment plants, the Water Authority of Jordan (WAJ). With
strong government support, WAJ has made a strong effort to reuse
wastewater from all treatment plants, although much of the reuse
remains indirect.

Farmers involved in direct reuse have special contracts with the
WAJ formalizing their rights to effluents. In addition, the National
Wastewater Management Policy requires that prices cover at least
O &M costs of delivery (McCornick and others 2001a), but not treat-
ment or collection. Some projects supply private enterprises (such as
the date palm plantations near the Aqaba treatment plant). A few are
experimental pilot projects cosponsored by international donors such as
USAID. In most of these direct reuse projects, users have no alternative
water supply besides reclaimed wastewater (McCornick 2007).

The second and third categories stem from mixing wastewater
discharged into streams that either is first treated (indirect reuse); or
not collected in sewers; or collected but not treated (unplanned reuse).
In some streams (most notably the Wadi Zarga near Amman), over-
pumping of groundwater and decreased flow from natural springs has
led to indirect and unplanned reuse water becoming an important and
reliable augmenter of base flows. As a result, farmers in these zones
have increased irrigation and pay little more than the costs of pump-
ing river water to their fields. After receiving seasonal contributions
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from runoff, and treated effluents from the Khirbet As-Samra plant
(Amman’s treatment works), the Wadi Zarga flows into the King Talal
Reservoir. King Talal water is then mixed into the King Abdullah Canal,
which supplies irrigation water to the southern Jordan Valley.

Upstream of the King Talal reservoir, the Ministry of Health and
WAJ enforce agricultural restrictions based on reuse standards wher-
ever possible. These authorities use fines, destroy irrigation lands, or
impose restrictions as necessary. Once in the King Abdullah canal,
however, the water is no longer legally considered reclaimed and can
be used without restrictions (McCornick and others 2001). McCor-
nick states that indirect reuse will continue to dominate since demand
for water in the Jordan Valley is generally greater than the supply of
treated wastewater.

The steady evolution of the wastewater policy framework suggests
that flexibility and the ability to accommodate pressures for change have
been useful in Jordan’s experience (Nazzai 2001). Standards are regularly
reassessed, with contributions from technical experts, government
agencies, the Jordan Valley Authority (JVA), and the WAJ. Standards
governing reuse have moved through four iterations, from those of the
original WAJ (enacted in 1988) to updated versions of standards for the
Discharge of Treated Domestic Wastewater (893/1995 and 893/2003)
(McCornick and others 2001a) (Nazzai 2001).

Jordan's water standards are adapted to the needs of a severely
water-constrained nation. The wastewater management policy of 1998
emphasizes such assertions as:

I.  “Wastewater shall not be disposed of; instead it shall be a part of
the water budget”

2. “There shall be basin-wide planning for wastewater reuse”

3. “Feesfor wastewater treatment may be collected from those who
use the water.” (Nazzal and others 2000).

All three of these policy statements are unique and innovative in
the region. Although the government has not achieved full success in
implementing them, they represent a different way of thinking about
wastewater reuse policy. Jordan also has extensive research on regional
reuse planning in MNA, as evidenced in master plans and the general
literature (McCornick and others 2001b; Al-Jayyousi 1995).

The role that the As Samra plant (30 km from Amman) plays in
Jordan’s reuse experience deserves special mention. It demonstrates both
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the potential and the hazards of the Jordanian management approach.
The plant is very large. In 2000, prior to the much needed expansion,
it consisted of 32 ponds sitting on 200 ha. It processed approximately
55 mcm of wastewater each year, corresponding to approximately 75
percent of the country’s annual reclaimed wastewater (Nazzal and oth-
ers 2000). The secondary-treated effluent flows into the Wadi Zarga
and then to the King Talal Reservoir. An expanding treatment plant also
represents a potential gain for irrigators, who are willing to use reclaimed
wastewater even as they lose rights to other sources of freshwater.

However, the potential of using Amman wastewater to meet
these demands must be considered carefully. In 1996 Shatanawi and
Fayyad showed that the massive amount of wastewater released from
As Samra into surface water bodies created major salinity threats dur-
ing the dry summer season. Moreover, overloading the plant (which
was designed to handle a mere 25 mcm/year) or poor operation (also
pointed out by Bazza 2003) led to concerns over the quality of treated
effluent. McCornick and others 2001b) state that fecal coliform counts
exceed Jordanian standards | month in 4. As a result, confidence in
the safety of recycled water among the general population, farmers,
and agricultural exporters has suffered (Pasch 2005).

Others suggest that the plant design itself may have been inadequate,
due to a delayed awareness of low per capita water use in Amman and
the resulting concentrated nature of its wastewater (Nazzal 2001). A
third set of critics has emphasized what it perceives as a dangerous
change in balance between natural and effluent flows in the Wadi
Zarqga and King Talal Reservoir (Mrayyan 2005).

Jordan’s development of wastewater reuse demonstrates that
wastewater reuse has great potential in highly water-scarce areas; but
that reuse planning must be integrated coherently with water resource
planning, environmental management, and financing arrangements.

Experience #3. Tunisia: Partial Steps, Experiments, and Commitment
to Reuse

Tunisian reuse policy has been tentative. Many experts state that
there is strong government support for using treated wastewater in
agriculture (Bahri 1996; Benabdallah 2003; Shetty 2004; and Bahri
2007), but this support has not translated into widespread reuse. Most
analyses have focused on the social constraints to the use of recycled
water in Tunisia. The logical question to ask is: What makes Tunisia
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different from Jordan and [srael such that lower demand becomes an
obstacle to reuse?

The differences between Tunisia and the other two countries appear
to stem from two key factors, which are interrelated and important
when considering reuse in the MNA region as a whole.

First, despite the fact that Tunisia is considered to be in water
deficit, this country has much more renewable freshwater per capita
(450 m®/yr) than does either Israel (250 m?/yr) or Jordan (150 m3/yr)
(FAO 2006). Indeed, of the three countries, only Tunisia’s per capita
water withdrawals are less than its available renewable freshwater.
In 2002 Tunisian withdrawals were roughly 58 percent of renewable
resources, whereas Israel and Jordan were at 122 percent and 116
percent, respectively.?

Second, as a consequence of the wider availability of alternative
water sources, irrigators and other users have many more choices about
which type of water to use. Specifically, in distinct contrast to Israel
and Jordan, in Tunisia reclaimed wastewater has not been mixed into
or replaced alternative sources of freshwater. Recall that in Israel, this
mixing occurs via controlled aquifer recharge, and in Jordan via mostly
planned disposal into surface water bodies. As a result, in Tunisia, ir-
rigators’ (as well as other users’) demand for reclaimed wastewater
becomes vital for the success of reuse projects.

There is ample evidence that Tunisian farmers prefer not to use
reclaimed water. In many cases, irrigators continue to use groundwater
after large efforts have made reclaimed wastewater available to them.
Shetty (2004) details a number of problems of social acceptance, regu-
lations concerning crop choices, and other agronomic considerations
that affect these decisions. Farmers in the arid south express concerns
about the long-term impacts of saline wastewater on their crops and
soils. Such problems have been documented around the city of Moknine,
where compensation for farmers’ damages today is provided through
the delivery of free surface water from the Nebhana dam.

There also appears to be a general inability to match the timing of
supply and demand for the water due to inadequate storage of treated
effluents. The reliability problems associated with reuse erode the
confidence of farmers who would like timely irrigation water. Perhaps
most importantly, the fact that reclaimed water cannot be used for

2 These percentages have probably increased somewhat since then.
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high-value vegetable crops is discouraging to nearly half of all eligible
farmers (Bahri 1996 and 2002).

In response to the reluctance to use wastewater, a 1997 presidential
decree set the price of treated wastewater (0.0l US$/m3, down from
0.03-0.07 US$/m?) well below that of other freshwater (0.08 US$/m?).
Even so, the use of reclaimed wastewater has hardly changed (Shetty
2004 and Bahri 2007). Surveys also have shown that the demand for
reclaimed wastewater is insensitive to price in a range between 0.01
and 0.04 US$ (1998)/m3, the previous average rate (Bahri 1996).

Tunisia’s geography creates an economic alternative to recycling.
Most wastewater facilities in Tunisia are near the population centers
along the Mediterranean coast, so effluents can be disposed of rela-
tively easily in the sea after secondary treatment. From a wastewater
management perspective, dumping effluents from existing treatment
plants into the sea rather than in surface waters or on lands (where
demand for reuse is low) has always been the simplest solution. It also
may be the most economic one, in contrast to Israel and Jordan, in
which water is already insufficient to meet existing demands.

The planning of irrigation with reused water in Tunisia has not been
sufficiently coordinated or demand driven. Some 7300 ha are equipped
for wastewater reuse (Atiri 2005), but only a fraction of these lands
actually receives treated effluents (Bahri 1996; Madi 2002). As a result,
the predicted economic benefits from projects have not been realized. In
one particularly poorly coordinated project, supply to a reuse scheme
was interrupted just as it was scheduled to go into operation due to an
upgrade of the associated treatment plant (Boubaker 2007). Conscious
of these issues, Tunisian planners are starting to pay more attention to
demand issues (Bahri 2007).

Despite these many problems, consumption of reclaimed wastewa-
ter has increased substantially. Consumption grew from approximately
4 mcm to 18 mcm between 1996 and 2002, with annual increases of
23 percent, 3 percent, 19 percent, and 41 percent between 1999 and
2002 (Atiri 2005).

Restrictions for reuse designed to protect public health have received
considerable attention and are in line with WHO recommendations.
There have long been a large number of reuse schemes throughout
the country. Some projects such as La Soukra—irrigation of citrus
orchards—have enjoyed longstanding success and few demand prob-
lems (the unavailability of alternative sources is probably a factor). In
areas along the northern coast with saltwater intrusion problems (Bor;j
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Touil District), resistance to using reclaimed water for irrigation has
been relatively low despite higher-than-average rainfall (600 mm/yr)
due to the lack of reliable alternative water sources (Shetty 2004), In
addition, the country is involved in experiments to promote technical
innovation. Tunisia is investigating shallow groundwater recharge, ur-
ban beautification and recreation applications, and the improvement
of crop yields (notably, olive trees and fodder) by using high-quality,
stored, reclaimed water (Benabdallah 2003; Bahri 2002).

Finally, and perhaps most importantly, as in Jordan and Israel, Tu-
nisian policymakers today treat reuse as an essential aspect of strategic
water and wastewater sector planning, influencing such decisions as
the location of wastewater treatment plants (Bahri 1998).

Lessons Learned

Based on the set of experiences with reclaimed wastewater reviewed
in this chapter and the constraints described above, it is possible to
draw attention to key messages that should be helpful in advancing
the reuse agenda in MNA:

. The countries that have expanded reuse most are those that ex-
plicitly consider reuse opportunities as part of the planning of
wastewater collection and treatment projects.

2. The state of wastewater collection and treatment is a critical
issue in evaluating the economics of reuse projects. Countries
or sites with little or poorly functioning wastewater collection and
treatment infrastructure will find it impossible to justify investments
in reuse (figure 25.1).

3. Ifthere are alternative water sources, users usually will prefer
them to recycled water. If irrigators’ or other users’ access to con-
ventional sources of water is not restricted and water prices do not
reflect costs of water delivery and resource scarcity, it generally
will be be difficult for reuse applications to be competitive, unless
conventional sources become overly degraded.

4. MNA countries in general lack demand-driven planning of
reuse projects. Too often, reuse projects are high-level decisions
made by well-meaning governments, water sector institutions, and/
or the international donor community that do not incorporate the
preferences of future users.
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Thus far, pilot projects have been useful in solving many techni-
cal issues. However, they offer little help with scaling-up and
strategic planning. This history of nonreplication is due largely to
the lack of sustainability of pilot projects, the difficulty of interpret-
ing costs and other management data related to pilot efforts, and/
or the low demand for the water.

Development
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Figure 25.1 Recommended Steps in Wastewater Infrastructure

Given these key messages, five
recommendations for the MNA
water reuse agenda emerge:

1. Implement reuse projects
for which known demand

Type 1: Household sanitation infrastructures,
i.e., on-site disposal schemes and/or flush
toilets connected to cesspools or septic tanks

l

Type 2: Flush toilets relayed to conventional
or small-diameter sewerswith
environmental discharge

Type 3: Type 2 + sewers relayed to treatment
failities + environmental

On-site sanitation

Sewerage

exists for treated waste- Primary dicharge Sewerage -+ treatment
water effluents, rather than Secondary na
attempt to generate demand
. Type 4: On-site sanitation infrastructure )
once a reuse site has been with on-site treatment using appropriate On-site treatment
. . technologies
identified. 7
2. Develop sustainable fi- Type 5: Type 3 + discharge to reuse schemes—
. d 1 H: . directly in plantations or farms, and/or
nancing modeils. apro;ect indirectly in surface waters or aquifers Planned reuse
M M or
1S deemed economlcally Fea_ Type 4+ Discharge to reuse schemes— “
sible Caref'ul consideration Of' directly in plantations or farms, and/or
’ . indirectly in surface waters or aquifers
the financial deal structure
becomes necessary. Even
under the most promising
conditions, full cost recovery in reuse is unlikely, so some combina-
tion of subsidies and consumer payments may be necessary.
3. Consider reuse within an over-arching policy model designed
to address water scarcity, not as an adjunct to wastewater
treatment. The benefits of reuse alone rarely will justify the costs
of wastewater treatment.
4. Target reducing freshwater withdrawals. Demand manage-
ment and water conservation strategies clearly are the most cost-
effective approaches to reduce withdrawals. Investment in national
water reuse strategies is difficult to justify if water allocations and
demands are not effectively regulated.
5. Address institutional problems. Reuse must be considered via

concerted discussion between water supply and sanitation agencies,
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implying that governance at a higher, coordinating level will be
necessary.

Conclusions

This chapter sets out to answer three questions related to wastewater
reuse in the Middle East and North Africa region:

1. Given the scarcity of water, why have many governments been
slow in promoting wastewater reuse?

2. What insights for the future of wastewater reuse can be gleaned
from regional and international experiences?

3. How should policymakers adapt the wastewater management
agenda to their country’s economic context?

Although the answers to these questions have not been fully re-
solved, important insights emerge from this study:

1. Many constraints to more widespread reuse

2. Insufficient economic analysis of reuse and treatment options

3. Generally high costs and negative or low rates of return associated
with wastewater treatment

4. Preference for freshwater

o1

Lack of effective price signals
6. Difficulties in structuring financial deals, and inherent limitations
in the amount of water that can be used.

For reuse to make sense, it must be part of a larger water strategy
that includes demand management and conservation strategies, and
that treats water as a scarce and valuable economic resource. In most
MNA countries, irrigation schemes are inefficient; groundwater is
over-pumped; and surface water resources are poorly managed. Such
conditions eliminate the potential economic benefits of reuse.

Meanwhile, population growth and urbanization are increasing the
demand for domestic water and the production of wastewater. Climate
change will reduce the amount of renewable freshwater resources in
MNA. Trade networks, increasing tourism, and the preferences of a
more educated urban populace and neighboring countries will affect
plans for wastewater treatment, increase the demand for safe and
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high-value agricultural products grown in the region, and encourage
ecological and recreational uses of water.

As countries face these evolving challenges, they will become more
and more focused on reforming their water management systems and
institutions, and will likely devote more attention to evaluating the op-
tion of reuse. For the time being, the constraints in the sector make
it unlikely that a reuse revolution in MNA is imminent. However, the
importance of this policy option surely will increase over time.
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Appendix 25.1 Sewerage and Wastewater Treatment in MNA and Other
Selected Countries

Country
Algeria
Bahrain

Djibouti
Egypt

Iran

Jordan

Kuwait
Lebanon

Libya
Morocco

Oman

Qatar

Saudi Arabia
Syria

Tunisia

UAE

West Bank
and Gaza

Yemen
Israel

(yprus
Malta

Sewerage rate (%)
Urban Over-all

78-85 65
7077

5 4

68 Y]

17-20 1"

70 50

85

40

54 54

70 40

90 81

80

45 37

9% 71

68 50

91 87

25 23

40 12

92-95

73 60

95

Treatmentrate Volume treated

(% collected)

73
100

79

88

87

75
57-67

79

22

34-54

62
79

100

(mem/yr)
6001
449

2971

130
72

103

40
40

9.8
43
548
550

148

193

14-24

46
296

Type of
treatment

Secondary
Secondary

None
19% primary;
secondary

Secondary

Tertiary
Secondary

Secondary

Secondary

Secondary

Secondary

Secondary

Secondary;
tertiary

Primary;
secondary
Secondary

Secondary; some
tertiary

Mostly tertiary

Secondary; some
tertiary

Notes

Mostly lagoons

Activated sludge, some tertiary
(0zone)

None

Activated sludge, ponds, trickling
filters

Lagoons and activated sludge;
overloading frequent

Planning treatment and reuse
around Beirut and Ba'albeck
treatment plant (tertiary)

Effluents/raw sewage mostly
discharged to sea and surface
waters

Activated sludge, aerated ponds

Activated sludge, aerated ponds
Activated sludge, lagoons
Significant dumping of untreated
waste; Damascus upgrade for reuse
of tertiary-treated effluents

Mostly activated sludge, ponds;
moving to tertiary

Sludge drying beds, ponds, frequent
overloading, O&M problems

Ponds, frequent overloading

Ponds, activated sludge, natural
filtration + recharge

Piloting RO to promote industrial
reuse
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Desalination Opportunities and
Challenges in the Middle East

and North Africa Region
Khairy Al-damal and Manuel Schiffler

eawater desalination has the potential to help alleviate global

water scarcity.' In the past century, global water consumption

levels increased almost 10-fold, reaching or exceeding the limits
of renewable water resources in some areas, including the Middle East
and North Africa (MNA). Meanwhile, over the past decades, the cost
of desalination and its energy intensity have decreased drastically, and
its environmental footprint has been reduced These trends are likely
to continue.

As experience and technology have developed, production costs
for desalination have fallen. Technologies such as reverse osmosis,
electrodialysis, and hybrids can deal with different types of input water
and/or are more energy efficient. Unit sizes have increased, bringing
economies of scale. These advances drove down prices from an aver-
age of US$1.0/m3 in 1999 to US$0.50/m3>-0.80/m?* in 2004 (World
Bank and BNWP 2004).

The MNA Region is relatively water poor. With approximately
1000 m3/capita per year, the region falls far below the world annual
average of 8000 m3/capita. By 2025 MNA’s annual average water per
person is expected to fall to less than 550 m?® (Belloumi 2007). By the
same year, climate change is expected to have led to more drought and

' This chapter does not discuss brackish water desalination, which is usually of
smaller scale than seawater desalination. Nevertheless, the former can make im-
portant contributions to alleviate local water scarcity in inland locations by desali-
nating brackish groundwater, spring water, or drainage water for both irrigation and
domestic water supplies.
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a 20 percent reduction in renewable fresh water resources (Doumani
2008; IPCC 4 2007).

Seawater desalination is no panacea for the water woes of the MNA
region. It is just one instrument among many within a framework of
integrated water resource management (IWRM). Other instruments
include appropriate agricultural and trade policies, efficient water
utilities with low levels of nonrevenue water, appropriate cost recov-
ery, limited use of targeted subsidies, and increased reuse of treated
wastewater.

This chapter summarizes the water demand and supply status
in MNA and analyzes the projected demand growth and the water
resources enhancement needed to bridge the gap. The chapter also
gives a quick overview of the desalination technologies and their trend
as well as a general cost analysis of reverse osmosis (RO) desalination
based on recent figures. Furthermore, sensitivity analyses of the cost
in relation to energy price, energy efficiency, and financing interest
rate have been conducted.

Desalination in the Geographic and Economic Context of MNA

Figure 26.1 MNA Region Rural and Urban Population Trends, In 2007 the total population of
1950-2030 (millions) the Middle East and North Af-
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rica (MNA) Region reached 300
million inhabitants (figure 26.1),
with a rate of annual increase of
1.7 percent (World Bank 2007).
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reach more than 500 million by
2030.
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ter resource is limited to 1,100m?®
(figure 26.2). This low annual average puts MNA among the relatively
water-poor countries. Sixty percent of the water originates outside the
region, and the region is already exploiting more than 75 percent of its
total available resources (Doumani 2008; FAO AquaStat, 1998-2002).
These two realities make it even more difficult to achieve water security.
Moreover, these limited resources are not equally distributed. They
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can vary from 0.0m? in Kuwait
to 3000 m3/capita per year in
Iraq (figure 26.3). In 14 countries
in the region, per capita water
resources are less than 500 m?
per year.

The scarcity of water re-
sources has many negative con-
sequences:

m  Challenges the social stabil-
ity of a growing population

m Further disturbs and de-
grades “natural” systems by
encouraging the use of low-
quality irrigation water

m Leads to groundwater con-
tamination

m Reduces crop yields and
limits cultivation

m Raises the risk of long-term
damage to soils and aqui-
fers that may not be easily
recoverable

m  Could lead to water con-
flicts.

In terms of its water re-
sources, the MNA region is ex-
pected to be negatively affected
by climate change. By 2050 the
surface temperature is expected

Figure 26.2 Actual Renewable Water Resources per Capita,
by Region
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Figure 26.3 Total Renewable Water Resources per Capita,
by Country
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to increase by 2.5°C. Precipitation is expected to decrease by 10.5

percent, and runoff may decrease by 20 percent—30 percent (Doumani

2008). Thus, the available renewable resource would decrease by ap-

proximately 20 percent: from 400x10° m3/yr to approximately 320x10°

m?/yr. However, most of this impact is expected to be felt after 2025.

By 2025, renewable water resources are expected to decline by 30x10°

m?3/yr (7.5 percent)—equivalent to approximately half the flow of the

Nile—to approximately 370x10° m3/yr.
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Water Demands and Future Trend

Even though the region is severely stressed in meeting today’s water
demands, the situation is expected to worsen. At 75 percent, the
MNA region is rapidly approaching full use of its total available water
resources. Water going to agriculture remains the most important
requirement (85 percent) followed by the domestic, industry, and tour-
ism sectors (10 percent—15 percent). Municipal, industrial, and tourism
water requirements may double or triple by 2025.

The forecast for water requirements depends on future economic
and demographic trends as well as on agricultural policies and incen-
tives for water conservation. Climate change also will increase water
demand, as higher temperatures will increase both domestic and agri-
culture demands through higher evapotranspiration (ET) by crops on
the land under irrigation. However, the single largest factor influencing
water demand will be the rate of increase of irrigated land, which in turn
is determined largely by agricultural policies and public investment in
irrigation infrastructure.

Bridging the Gap and the Role of Desalination

Desalination accounts for 1.8 percent of the region’s water supply. By
2025 it could reach 8.5 percent. However, the expected decline in re-
newable water resources (30x10? m?/yr) is such that even the massive
expected expansion of seawater desalination (24.2 x10° m?/yr) would
only partially compensate the impact of climate change. Furthermore,
these two major trends would impact sectors and countries differently.
The increase in desalination capacity would be used for municipalities
and industries, whereas the decline in renewable water resources is
expected to affect primarily agriculture. In addition, the increase in
desalination capacity will be concentrated almost exclusively in the
high-income, energy-exporting wealthier countries of the region, pri-
marily in the Gulf countries. The latter have no significant renewable
water resources and thus will not be significantly affected by a decline
in precipitation. The MNA countries that will be affected primarily
by a decline in precipitation are the same ones that will find it more
difficult to afford desalination.

The speed at which desalination will be adopted in the region will be
affected by how climate change will affect rainfall patterns. Droughts
in Israel during 1998-2002 and in Algeria in 2004 triggered the choice
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to invest in large-scale seawater desalination. If droughts become more
frequent and severe as a result of climate change, governments will not
want to their major cities to depend on drought-prone surface water
resources. T hus, the extent and severity of droughts will be key factors
driving desalination investments.

The prospects for desalination vary greatly among MNA countries
depending on their incomes and water scarcity and whether their major
cities are located close to the coast. Coastal cities in wealthy, water-
scarce countries have been and are likely to be the main drivers for future
seawater desalination in MINA. The Gulf countries—Algeria, Israel,
and Libya—with a combined total of less than 20 percent of the MNA
population—belong to this first group of countries. The heavy energy
subsidies in all of the countries in this group (except Israel) increase
the financial viability of desalination.

A second group of countries is water scarce but cannot take advan-
tage of the benefits of desalination because of their settlement patterns,
lack of financial resources, or ongoing conflicts. For example, most of
the populations of Jordan, Syria, and Yemen live at high altitudes or
far from the sea. The supply of desalinated water to highland cities is
prohibitive, especially during times of high energy prices. Other parts
of the region, such as Gaza, which had advanced plans for seawater
desalination in the 1990s, cannot fulfill their potential due their current
political circumstances. This diverse group of countries within MNA
accounts for less than 10 percent of the region’s population.

Finally, the third group of countries has sufficient water resources to
satisfy most municipal needs for the time being. These countries, includ-
ing Egypt, Iran, Iraq, and Morocco, are home to close to 70 percent
of the region’s population. Seawater desalination in these countries is
likely to remain confined to their water-scarce coastal areas such as
the Egyptian Red Sea coast and Southern Morocco. The bulk of these
countries’ water supply will continue to be supplied by conventional
water resources independent of climate change and future possible
advances in desalination technology.

Thus, to sum up, desalination is no panacea to solve water scarcity in
MNA. Itis only one of many instruments to bridge the gap between water
supply and demand within an integrated water resource management
framework. In many countries, desalination will play a subordinate role
to other instruments. On the demand side, these alternatives include
agricultural policies; water conservation; increasing water use efficiency,
particularly in agriculture; increased metering; more appropriate pricing;
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Table 26.1 Expected Savings in Water Supply due to Application of Demand and Supply Management
Techniques in MNA Region by 2025

Leak reduction/
Total demand Fresh Reuse efficiency Saving

Demand sector (109 m*/year) (109 m*/year) (109 m*/year) (109 m*/year) (109m*/yr)

Domestic
Agriculture
Total

75 60.0 0 15.0 15.0
425 3255 30 425 72.5
500 385.5 30 57.5 87.5

and on-site recycling and reuse. On the supply side, other options include
leak and loss minimization and enhancing the use of reclaimed water
(reuse of treated wastewater). For instance, application of wastewater
reuse (50 percent of domestic demand), reducing leaks from 40 percent
to 20 percent, and increasing irrigation efficiency by 10 percent will save
approximately 104x10° m3/yr (table 26.1). This amount is approximately
three times the expected increased desalination capacity.

MNA has approximately 60 percent of the world’s desalination
capacity (7.2x10° m3/yr). According to the countries’ plans and the
historic desalination capacity increase, the total capacity is expected
to reach 19.1x10? m3/yr by 2016 and possibly 31.4x10° m3/yr by 2025
(Balaban 2008).

Water Desalination Trend: MNA and the World

During the last 50 years, there has been a steady growth worldwide
of desalination plants and their

Figure 26.4 Cumulative Global Capacity of Contracted and capacity (figures 26.4 and 26.5)

Operated Desalination Plants, 1901-2000
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approximately 3.0 m?® and 1.5
m?3/day globally and in MNA,
respectively (figure 26.4). In
2002, 15 million m3/day of the
24 million m3/day seawater de-
salination plants’ global capacity
exists in MNA (figure 26.4).
Saudi Arabia is home to 30
percent of the MNA desalina-
tion capacity. Production of
desalinated water there reached
7.4 million m*/day in 2006 (Bala-
ban 2007) (figure 26.5).
Additional desalination in-
vestment is planned in the MNA
Gulf countries and elsewhere.

Figure 26.5 Potential Operational Desalination Capacity
in MNA Countries, 2006
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Source: Balaban 2008.

The required investment up to 2025 is estimated at US$25 billion—

30 billion.

Table 26.2 Desalination Capacity in MNA (7000 m*/day)

Desalination

Country capacity end 2006
Algeria 727
Egypt 432
Libya 899
Israel 440
Morocco 59
Tunisia 89
Jordan 240
S. Arabia 7,410
Kuwait 2,081
Bahrain 519
Qatar 1,197
Oman 377
UAE 5,730
Total (703 m*/day) 20,200
Total (703 m*/yr) 7,373,000

Capacity forecast Capacity forecast Capacity forecast

2011 2016 2025

3191 4985 8,214°
528 888 1,536
1,869 3,775 7,206
1000° 1,790 3,212
285 491 862
195 297 481
541 898 1,541
12,564 17,654 26,316
3,446 4,617 6,725
1,183 1977 3,406
1,676 2,481 3,930
1,140 2,059 3,713
9,030 12,330 18,270
36,648 54,242 85,911
13,376,520 19,798,330 31,357,588

Sources: Balaban 2008; GWI 2004; and DLR 2007.
Notes:

a Extrapolated.

b Estimated.
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As experience and technology have developed, production costs
for desalination have fallen. Technologies such as reverse osmosis,
electrodialysis, and hybrids can deal with different types of input water
and/or are more energy efficient. Unit sizes have increased, bringing
with them economies of scale. These advances have driven down
prices from an average of US$1.0/m? in 1999 to between US$0.50/m3
and US$0.80/m3 in 2004 (World Bank and BNWP 2004). However,
the future trajectory of desalination costs will depend on energy price
trends.

Desalination Technologies: Aspects and Limitations

One convenient and useful way to classify desalination processes is to
separate those that use a change of phase to separate the pure water
from the feed water from those that accomplish this separation without
a change of phase.? The phase-change processes are multi-stage flash
(MSF), multi-effect boiling (MEB) or multi-effect distillation (MED)),
vapor compression (VC), thermal and mechanical and solar distillation
(distillation processes); and freezing. The single-phase category comprises

reverse osmosis (RO) and electrodialysis (ED) (membrane process).
The ranges of the applicability of the various desalination processes
vis-a-vis the quality of the feed

Figure 26.6 Ranges of Applicability for Desalination Processes ~ water appear in figure 26.6. In

TDS ppm

Sea
water

Feed
waters

WHO
500 ppm
limit

Product
waters

- general, the phase change pro-

cesses tend to be used to treat

“ high-salinity waters, particularly

s seawater. Membrane processes

Reverse osmosis

are used over a wide range of sa-

linity from brackish to seawater.

103

The application of electrodialysis

is limited to brackish water appli-
107 .
cations. In membrane processes,

energy consumption is directly
10 related to the salinity of the feed
water. In distillation processes,

" the salinity of the feed water has
0 0 o 10 ot 10 [ittle impact on the overall energy
Capacity m*/d

consumption.

2 That is, from liquid to water vapor, or from liquid to ice.
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Other basic parameters that should be examined to select the most

appropriate desalination process are:

Co-generation. In some instances, both power and water are
required. To optimize cost, a careful analysis of the combina-
tions of processes must be carried out.

Availability of energy resources. All desalination processes use
energy. T heoretically, assuming a 100 percent efficiency rate,
approximately 1.6 kWh/m? is the minimum energy requirement.
However, the actual energy requirements are sometimes much
higher (table 26.3).Consequently, desalination has been seen as
a very energy-intensive process. The development of reverse
osmosis and, more recently, the improvements in energy recovery
devices (energy exchanger and pressure exchangers) have changed
this situation. Bringing down energy consumption in Mediter-
ranean seawater RO plants to 2.5 kWh/m? has put seawater
desalination within reach of many communities. To determine
the most cost-effective process for each community, planners
should survey all the available energy resources—conventional
or renewable energy sources as well as waste or low grade heat
availability. Table 26.3 illustrates the specific energy consumption
of the various processes. The figures for the thermal processes
have remained almost the same for the last decade.

Plant size. The size of the desalination plant normally is dictated
by the water demand. Before any process is selected, the size

Table 26.3 Estimated Energy Consumption for Desalination Processes
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Process Steam energy Elect. energy Elect. energy equivalent
(kWh/m’) (kWh/m’) (kWh/m’)

Seawater

MSF 7.5-11.0 2.5-35 10.0-14.5
MED 4.0-7.0 2.0 6.0-9.0
— 7.0-15.0 7.0-15.0
SWRO — 2.5-80 2.5-80

VC

Brackish

BWRO — 05-25 05-25
= 0.7-25 0.7-25

ED

Source: World Bank and BNWP 2004.
Notes: MSF = multi-stage flash, MED = multiple effect boiling, VC = vapor compression, SWRO = seawater reverse osmosis, BWRO = brackish
water reverse osmosis, ED = electrodialysis.
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Figure 26.7 Schematic Diagram of Single-Pass RO
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parameters of each process should be considered. The MSF pro-
cess has been developed and adapted to very large applications
(10,000-60,000 m®/day). In recent years, the size of MED and VC
processes has been increased and may have some advantages over
MSF. The largest MED plant built to date is 20,000m?/day. Due
to the modularity of membrane processes, they can be used for a
wide range of applications, from very small to large scale.

The RO industry has grown

Desalination Plant very quickly, and the global ca-

Saline
feedwater,

High- Membrane pacity has risen from 10 percent

pressure assembly Freshwater : T
oump — during the 1990s to approxi

—

Pre-

treatment

v

treatment mately 45 percent. RO is favor-

suiied  able due to its modularity, low
freshwater

M capital investment, technological

discharge advancement in the membrane

industry, compact plant size,

ease of automation, fewer envi-

ronmental impacts, and low operation cost. The typical configuration
of'an RO plant is illustrated in figure 26.7.

Desalination consists of placing a semipermeable membrane in
contact with a saline solution under a pressure higher than the solu-
tion osmotic pressure, typically 50—-80 bar for seawater. The feed is
pressurized by a high-pressure pump and made to flow across the
membrane surface. Part of this feed passes through the membrane,
which removes the majority of the dissolved solids. The remaining
water and rejected salt emerge from the membrane modules as a
concentrated reject stream under high pressure. In large plants, the
reject brine pressure energy is recovered in a turbine, energy exchanger,
or pressure exchanger. The pretreatment required is a function of
the scaling tendency of the water and the level of undissolved solids.
The key to the successful operation of this process takes place during
pretreatment. The product water from RO usually has 100-500 ppm
of total dissolved solid (TDS), which complies with WHO guidelines

regarding drinking water quality

Environmental Aspects of Desalination and Renewable Energy

Desalination of seawater consumes a significant amount of energy,
which is required for the process itself (approximately 90 percent) in the
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form of thermal energy (distillation processes) or mechanical energy,
usually obtained from electricity (RO process). Electrical energy also is
needed in all plants to operate auxiliary equipment such as pumps and
dosing systems. If fossil fuels are used as the primary energy source, the
greenhouse (mainly CO,) and acid rain gases (NO_, SO,) emitted into
the atmosphere have a major environmental impact. Desalination plants
also emit gases that do not originate from fossil fuel combustion but were
dissolved in the seawater. In thermal plants, the feed water is usually de-
aerated, and gases evolve from the evaporating brine in flashing cham-
bers. Both processes increase carbon dioxide (CO,) emissions, which are
stored in the oceans in the form of bicarbonate and cause the release of
other atmospheric gases (mainly O, and N,) from seawater. Table 26.4
summarizes qualitative environmental impacts of RO, MSF, and ED
desalination plants.

Gaseous emissions. Distillation plants use both heat and electrical power.
If the plant is large, such as those installed in the Gulf; the generation
of power using fossil fuel is usually coupled to the production of water
using MSF or MED distillation plants. Such plants use more total en-
ergy than RO plants, which use only electrical power. RO emits less
CO, than does distillation. In some areas, high-sulphur fossil fuels are
used to generate electrical power; in these plants, SO, as well as CO,
emissions may occur.

Brine discharge. There is concern about brine discharge and its envi-
ronmental impacts. In seawater plants, brine is discharged in the sea.
Any chemicals added to the desalination process for scale and fouling
prevention and corrosion reduction as well as corrosion products flow
back into the sea. Coastal currents should be examined to ensure
that discharges are not swept back around into the intake system. If
discharge occurs in a small, enclosed bay or there is no coastal cur-
rent, concentrations of the substances can build up, a situation that
is clearly to be avoided. There is increasing concern in the Gulf about
the amount of desalination taking place and the fact that the Gulf is
a small, enclosed sea. This build-up can damage the fragile marine
ecosystem and threatens marine life.

Land-based brackish water plants can experience severe problems
in disposing the brine discharge. The aquifer and the surrounding habi-
tats can be endangered. There are three options: the discharge can be
spread over the land and allowed to drain back into the ground; it can be
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pumped into solar ponds for evaporation; or it can be re-injected back
into the ground. None of these solutions is completely sustainable.

Visual intrusion. Desalination plants can be visually intrusive. Seawa-
ter plants usually are built on the coast. In areas in which tourism is
important, a plant can be an eyesore. In Cyprus, the Dhekalia and the
Larnaca plants were located some 500 meters from the shore to keep
the shoreline clear.

Noise emissions. Desalination plants also can be noisy. RO plants have
high-speed pumps, which normally are housed in buildings to reduce
the noise. Problems have arisen when, during the summer, doors have
been left open to reduce building temperatures and have enabled the
noise to escape.

Table 26.4 Qualitative Overview of Environmental Impacts of Three Desalination Technologies

-
o

Effect/type of plant RO MSF

Noise

Water effluent
Microelements
Toxic material
Air pollution

|l IZE|e | ==
El=ml=m=l== =
=== = = —

Industrial risk

Note: H = high, M = medium, L = low.

Greenhouse gas emissions from power plants associated with
desalination plants pose a peculiar dilemma. Although desalina-
tion plants are a tool to adapt to climate change by making water
supplies less vulnerable to droughts, they themselves contribute
to accelerate climate change. This dilemma could be resolved by
either accelerating the development of renewable energy in the
MNA region or by purchasing carbon credits to compensate for
the GHG emissions of desalination plants. So far, neither of these
options has been used in the region.

Renewable Energy Alternatives for Desalination

Large desalination plants in the MNA region typically are powered by
fossil energy. The energy requirements for desalination plants can be
met through renewable energy sources (RES), which produce no CO,
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directly. Wind and photovoltaic (PV) energy are the most commonly
used; wave power is possible in the future.

Until recently, renewable energy was used as a power source for
desalination only for small plants in remote areas that had no access
to electricity from the grid. In recent years, research and development
(R&D) in this field has intensified. Worldwide, several RES pilot desali-
nation plants have been installed, and the majority has been operated
successfully. Virtually all of these were custom designed for specific
locations and utilize solar, wind, or geothermal energy to produce
fresh water.

For distillation technologies, power is supplied by using waste
energy from adjacent power plants (co-generation). For membrane
technologies, dedicated gas-fired power plants often are built next
to the desalination plants. Medium-sized desalination plants receive
electricity from the grid, which in the MNA region typically is gener-
ated by fossil energy or large-scale hydropower.

Outside MNA, the first large desalination plant powered almost
entirely by renewable energy was commissioned in Perth, Australia, in
2008. The plant is powered primarily by an 80MW wind park devel-
oped concurrently with the desalination plant and located more than
200 km from the plant. The wind park feeds into the grid, from which
the desalination plant receives its power supply, which is independent
of wind conditions. Despite the recent spike in world energy prices,
similar joint developments of large-scale renewable energy and large
desalination plants have not yet materialized in the MNA region.

Desalination Cost Analysis

For discussion, the desalination cost for SWRO plant is considered
in this section. In general, the desalination cost is divided into capital
and operating costs. Over the last decade, the capital and operating
costs of seawater desalination plants have decreased significantly in
real terms. The reasons are:

Capital Costs

Process design improvements
Membrane performance development and lower cost per m? (RO)
Manufacturing methods and increased volume

Increased competition



492 WATER IN THE ARAB WORLD: MANAGEMENT PERSPECTIVES AND INNOVATIONS

Operating Costs

Process performance
Membrane life (RO)

Energy efficiency improvements
Interstage boost pumping (RO)
Improved chemicals

Reduced corrosion

Privatization.

As a consequence of this, costs to desalinate water have fallen
consistently for many years. The price reached US$0.52/m3 in the
Ashkelon SWRO plant in Israel in 2005. The cost breakdown is il-
lustrated in table 26.5.

Table 26.5 Typical Cost Breakdown for RO Desalination Plant

Parameter Early 1990s Current
(apital cost $1000 to $1200/m?/day capacity $800/m?/day capacity
(apital cost/m? at 5% interest rate $0.26 $0.18

Energy consumption kW.h/m? 6 35

Energy cost $/m? at $0.06/kW.hr %036 $0.21
Membrane replacement cost $/m? $0.16 $0.035

Labor and chemicals $/m’ $50.14 $0.10

Total cost $/m’ $0.92 $0.525

The cost can vary as the interest rate and/or the energy prices
change. At 10 percent interest rate, the cost will rise to US$0.62/m?.
Figures 26.8 and 26.9 illustrate the sensitivity analysis results for the
change in the interest rate and the energy cost of the proposed SWRO
in the Palestinian Gaza Strip.

Private Sector Participation in Desalination

As discussed above, desalination is a relatively capital intensive tech-
nology and requires high operation and management skills. The Gulf
countries initially financed desalination plants with their own resources
and operated them through public agencies, such as the Saline Water
Conversion Corporation (SWCC) in Saudi Arabia. However, in the
1990s, the Gulf countries switched to Build-Operate-Transfer (BOT)
contracts. Under these, private companies financed, built, and operate
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desalination plants for a period
of typically 30 years, during
which they are being paid fees
directly by the government or a
public utility off-taker for their
services. BOT contracts also
have become the norm for the
development of large desalina-
tion plants in the MNA region
outside the Gulf.

However, some countries
have been exceptions to this
trend. For example, Malta oper-
ates all of its desalination plants
publicly. To compare the perfor-
mance of the public and private
operators, Israel has authorized
its bulk water supply company,
Mekorot, to develop one large
desalination plant in parallel to
a series of similar desalination
plants under BOT contracts.

Conclusions

Based on the above discussion, 10
conclusions can be drawn:
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Figure 26.8 Interest Rate Sensitivity Analysis of Water
Production Cost for SWRO Desalination Plant in Gaza Strip
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Figure 26.9 Energy Cost Sensitivity Analysis of Water
Production Cost for SWRO Desalination Plant in Gaza Strip
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Desalination is playing and will continue to play a significant role
to respond to the MNA region’s growing water demands. The
technology became well proven and has become cheaper.
Climate change, which is expected to cause more frequent droughts
in the region, is likely to accelerate investments in desalination.
Desalination is no panacea. To maximize net benefits, it needs to
be combined with other supply-side and demand-side approaches
within the framework of integrated water resource manage-
ment.

Advances in desalination technologies have reduced the cost of
desalination to approximately US$0.52/m?. These advances have
increased the affordability of desalinated water.
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10.

MNA’s desalination capacity is increasing by 1.5x10° m?®/day every
year. The capacity is expected to reach 31.4x10° m3/day. This fig-
ure will entail an increase of approximately 20.0x10° m?®/day from
the current capacity. The required investment is approximately
US$20.0 billion.

Outside the Gulf countries, almost all new desalination plants are
using reverse osmosis. T his preference is due to RO plants being
flexible and modular and having low operation and capital costs,
and to advances in the energy recovery devices.

The cost of desalinated water is sensitive to the costs of both energy
and financing. Thus, low-interest-rate financing reduces the cost of’
desalination and increases the affordability of desalinized water.
In most MNA countries, the private sector has been and will remain
akey player in promoting desalination. The private sector can provide
capital and increase efficiency in management and operation.
Desalination has both positive and negative environmental impacts.
On the positive side, desalination will conserve conventional water
resources, which can preserve aquatic ecosystems in rivers, and
will prevent groundwater depletion and saline intrusion due to
over-abstraction. However, desalination also is associated with
negative impacts including greenhouse gas emissions, brine discharge
including chemicals from pre-treatment processes, and noise and
visual pollution. The industry is well established, and mitigation
measures are being implemented and refined continuously, par-
ticularly concerning brine discharge.

Greenhouse gas emissions from power plants associated with
desalination plants can be significant. These GHG pose a peculiar
dilemma. While desalination plants are a tool to adapt to climate
change by making water supplies less vulnerable to droughts, they
simultaneously contribute to accelerated climate change. This di-
lemma could be resolved by either accelerating the development of
renewable energy in the MNA region or purchasing carbon credits
to compensate for the GHG emissions of desalination plants. Nei-
ther option yet has been used in MNA.
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in Coastal Areas in Yemen:
Case Study of Wadi Ahwar

Arjen de Vries and Tarun Ghawana
Supervised by Ahmed Shawky Mohamed

Introduction

Need to Integrate the Management of Spate Irrigation, Groundwater
Irrigation, and Groundwater Recharge

The recent increase of cultivated areas and yields in Yemen is due
largely to the increased use of groundwater. The number of wells used
in conjunction with spate flow has increased significantly, making ir-
rigation possible between spate floods. Moreover, water productivity
from groundwater-fed irrigation typically can be six times higher than
from spate irrigation. Management systems no longer can be focused on
the spate flow but also should take into account the impact of spate on
recharging the groundwater. This chapter examines the interconnec-
tions among spate irrigation, groundwater irrigation, and groundwater
recharge from spate flows. The chapter explains how all three processes
form part of an integrated water system. With specific reference to
Wadi Ahwar, the chapter shows how an integrated water resource
management approach can improve the overall system’s productivity
and sustainability.

Irrigation is a major source of livelihoods in rural Yemen. For cen-
turies, inhabitants of the coastal areas have been harvesting spate rain,
mostly for irrigation but sometimes for domestic use. However, unlike
conventional irrigation schemes in Egypt or Iraqg, spate irrigation in Ye-
men is regulated only in space—but not in time. Flash floods are too
fast or too erratic to be stored in conventional (multipurpose) surface
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dams. The Yemenis regulate spate runoff by building surface-water
“diversion” structures, thus maximizing the spatial utilization of runoff
rather than storing the water for interseasonal use. The diversion struc-
tures often are small scale and low cost because the unpredictability
of spate flows makes large-scale investments uneconomic.

This chapter discusses developing the “conjunctive use” potential
of spate water in Yemen'’s coastal areas. It presents unconventional low-
cost/economic solutions for storing excess spate water in the groundwater
(or in subsurface top soils). In these ways, the stored water can be used
later to supplement irrigation in the low flood periods, or at least for
domestic purposes. Harnessing the conjunctive use of surface and
groundwater also can help reduce the mining of groundwater near the
coast, thus reducing saline intrusion into (drinking) water wells.

Table 27.1 Characteristics of Groundwater Storage, Small Dam Storage, and Large Dam Reservoirs

Groundwater storage Small dams and surface reservoirs Large dam reservoirs

| |jttle evaporation

| Widely distributed

m (perational efficiency
® Available on demand
| Water quality

Advantages

| Slow recharge rate

® (roundwater contamination
m (ost of extraction

m Recoverable fraction

Limitations

® Declining water levels

| Rising water levels

= Management of access/use
m (roundwater salinization
® Groundwater pollution

Key issues

m Fase of operation

m Response to rainfall
® Multiple use

® Groundwater recharge

® High evaporation losses
m Relatively high unit cost
m Absence of over-year storage

® Sedimentation

®m Adequate design

® Dam safety

B Fnvironmental impacts

B |arge, reliable yield

| (arryover capacity

B 0w cost per m?* water stored

| Multipurpose (power and flood control)
B Groundwater recharge

| (omplexity of operation

| Siting

® High initial investment cost

| Time needed to plan & construct

B Social impacts

B Environmental impacts
| Sedimentation

| Dam safety

Source: IWMI 2000.

Acrtificial recharge is defined as any engineered system designed
to introduce and store water in an aquifer (Topper and others 2004).
However, an adverse connotation of “artificial,” in a society in which
community participation in water resource management is becoming
more prevalent has led to a new name: Managed Aquifer Recharge
(MAR) (Gale 2005).

MAR can be useful for many of today’s water issues and con-
cerns. As an increasingly important tool for water managers, it may
be useful for repressurizing aquifers subject to declining yields, saline
intrusion, or land subsidence. MAR also can play an important role as
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part of a package of measures to control over-abstraction and restore
the groundwater balance (Gale 2005), or be applied to maintain or
improve local ecology and environment. MAR may help to improve
water quality in aquifers and infiltrate storm runoff for both damage
control and subsequent reuse in drinking or irrigation supplies.

MAR applications generally are not stand-alone interventions be-
cause they are a component of the broader hydrological system and
usually part of a larger water supply or water management system.
Application of MAR should be considered in this broader framework
to arrive at the most cost-effective solution.

The great variety of available MAR techniques and the varying site
specifics have led to a large variety in scheme design and construction
(figure 27.1).

MAR applications are subdivided into 5 principal techniques and
14 subtypes. The main techniques are chosen in relation to the type of
technique used either to intercept the water or to get the water infil-
trated. The subtypes are specific engineering techniques that are applied,
many of which are known to stakeholders or often cited in references.
Induced bank infiltration is a distinctive technique that cannot be listed
under any other main MAR technique. Therefore, it is assigned to a
separate class in which it is both technology and subtype.

One thus can think of groundwater recharge from spate flows
in Yemen as the missing piece of the three-way relationship among

Figure 27.1 MAR Classification: Overview of MAR Techniques and Subtechniques

Technology Subtype

Infiltration ponds & basins

Flooding
Spreading methods

Ditch, furrow, drains

Irrigation

Induced bank infiltration

Techniques referring
primarily to
getting water infiltrated

Barriers and bunds

Techniques referring
primarily to
intercepting the water

Runoff harvesting —
renches

Source: Gale 2005.
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spate water use, groundwater use, and groundwater recharge from
spate flows. For sustainable resource management, project interventions
should balance the output from spate water in the high flood periods with
the recharge to groundwater.

When water storage solutions are developed, groundwater storage
structures (as opposed to surface dams) often are ignored. In Yemen,
storing water in the soil profile through subsurface or sand dams in semi-
arid areas, including spate-irrigated areas, is more cost effective than
constructing conventional dams. Very limited research has been carried
out on the relationship between recharge and spate. However, most
recharge is expected to take place in the wadi beds rather than in the
channels and irrigation fields. Through spate, recharge can be enhanced
through flatting the river slopes and through ponding. In general, the
flow velocity should be reduced, thereby enhancing the recharge. From
a geological point of view, it would be better to enhance infiltration
upstream rather than downstream, because the sediment downstream
is often loamy to clayey. Another important aspect to consider is the
subsurface flow. This flow is the main source of downstream wells. By
cutting this flow through building impervious structures (such as concrete
dams), this downstream recharge may be reduced significantly.

Applying the categorization of MAR techniques to Yemen, myriad
options could enhance groundwater recharge and interseasonal con-
junctive use:

a. Atrtificial recharge. It penetrates fine soils or the impermeable un-
derlying layers (for rainfall, runoff, or return flows such as from
treated wastewater).

b. Small recharge dams for inter/intraseasonal storage. These enhance the
water infiltration upstream of the dam. However, sometimes (as in
Oman) they are used to store the dam’s upstream runoff, then release
it to recharge the groundwater downstream. For a given budget,
having a cascade of small recharge dams is preferred to having one
big recharge dam, as the latter may cause big evaporation losses.

c. Small, low-cost sand-storage/subsurface dams for inter/intraseasonal
storage (at least to provide rural water supply, if not irrigation). As
sand accumulates upstream, these structures enhance the natural
storage capacity of the river bed/banks. Even if the underlying layer
is relatively impermeable, a significant amount of water can be stored
in the river bed (above the impermeable layer) and in the river banks.
In contrast to typical surface recharge dams, this method results in
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no evaporation and no sedimentation (bed load) issues. In addition,
the weir can be designed so that the wash load overtops the weir’s
sill, and subsequent flash floods will further wash out that load.

d. Surface-water diversion system. This system can be designed to divert
part of the runoff toward a location in which recharge/subsurface
dams can perform better, that is, in which the soil porosity and/
or permeability/storativity/transmitivity of the underlying layers is
good enough.

This chapter shows how such techniques to enhance groundwater
recharge could be applied in Wadi Ahwar.

Water Management in Coastal Areas Needs Not Only Infrastructural
Interventions but Also Institutional and Information Measures

This chapter focuses on the groundwater issues of a typical coastal
wadi, for which spate irrigation is one of the key elements of the water
resources system.

Spate irrigation is closely associated with groundwater use and
recharge. Due to the increase of groundwater use in Wadi Ahwar,
mainly through an increase in the number of shallow wells, agricultural
production in the spate irrigation command area has increased. However,
for conjunctive groundwater use to be efficient and effective, careful
demand and resource management are essential. The over-abstraction
of groundwater not only impacts the quality of the resource but also
can lead to saltwater intrusion and hence water quality deterioration.

Current observations on groundwater levels and saltwater intrusion
in Wadi Ahwar indicate the need for a sustainable approach toward
groundwater and its development. Stakeholders in the wadi agreed that
intervention is urgently needed to reverse the unsustainable depletion
of the resource, water quality deterioration, and saltwater intrusion.
Although no conflict has yet arisen among water users such as farm-
ers and rural water supply users, conflict may be imminent. Thus, the
necessity for certain measures, including public awareness and com-
munity involvement, is urgent.

For sustainable water management, there are certain essential
nonphysical requirements:

. Extensive information is key. In most coastal wadis including Ahwar,
the understanding of hydrogeological processes is still limited. This
lack of understanding is due mainly to limited historical data. Floods
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are the main contributor to groundwater recharge. Hence, the high
temporal variance in floods translates into high temporal variance
in recharge. Careful monitoring is essential to predict the recharge
and thus the groundwater that can be utilized sustainably without
jeopardizing the resource.

Wadi Ahwar is characterized by a high spatial and temporal
variability of rainfall. The temporal variability is relatively well
known and can be measured from any adjacent meteorological
station. However, information on the spatial variability is usually
much more limited. Studies in the region illustrate that rainfall
distribution is very spotty. In Saudi Arabian basins, there have
been examples of wadi flows generated from zero observed
rainfall. This phenomenon also illustrates the complexity of
quantifying runoff based on conventional densities of rain-gauge
networks.

2. Socioeconomic and institutional measures must support physical
interventions. For example, similar projects in Ethiopia and Kenya
have shown that insufficient involvement of local communities in
water harvesting schemes is a major constraint to success. Even
when good physical investments are made, groundwater use needs
to be regulated. In Yemen, it is difficult to enforce this regulation
through central control. In contrast, by capitalizing on the tribal
culture dominant in Yemen, the needed regulation can be ensured
by local communities, namely Irrigation Councils (ICs) and Water
User Associations (WUASs). These have been successfully piloted
in the World-Bank-financed Irrigation Improvement Project (IIP)
in Wadi Zabid, Tuban, and Ahwar.

Wadi Ahwar: Typical Spate-Reliant Coastal Basin in Yemen

The use of spate water for irrigation is as ancient as humankind’s cultiva-
tion of land. According to several archeological and historical evidences,
Yemen was the first country in the world to practice spate irrigation.
This unique system reached its zenith during the Shebean period in
the first millennium BCE. The intense development of trade after the
Islamic period may have promoted the spread of spate irrigation from
Yemen to other arid and semi-arid regions. Yemen's water resources
have become unsustainable due to the neglect of the traditional spate
irrigation system on the one hand, and over-exploitation of groundwater
for its multiple uses on the other. In most spate irrigation systems in
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Yemen, the major floods occur between June and September, which
is the time of heavy rainfall in upper catchments. Crop growth takes
place exclusively between October and February. It depends on the
water stored in the soil and adjacent low-lying fields. Deep soils are
able to store ample moisture for the crops during periods with no
precipitation.

Wadi Ahwar is located in the southern Arabian Peninsula, in the
eastern Abyan Governorate. Delta Ahwar is located approximately
200km east of Aden. Ahwar, Al Hanad, and Al Mabrak along the coast
of the Arabian Sea are the major villages in the delta. Wadi Ahwar is
formed by joining the two tributaries, Wadi Saba and Wadi Jahir.

The total catchment area is estimated at 6352 km?. The active
catchment of Wadi Ahwar to Faud Weir is 4052 km?, and up to
Hanad Weir is 4062 km?, because approximately 36.2 percent of the
total catchment of this wadi does not produce runoff during small
or average flood. Wadi Ahwar is 160 km long and originates from
the high mountains (altitude approximately 2350m), from which it
receives high rainfall. After flowing down from the mountainous
region, Wadi Ahwar has formed an alluvial plain that is the main
agricultural area of Ahwar delta. Two modern structures are con-
structed on Wadi Ahwar to irrigate 7000 ha of land by utilizing the
available spate. The catchment has a tropical hot and arid climate
with very poor rainfall and high evaporation. However, there is no
credible meteorological station within the catchment to register the
annual variations of meteorological parameters.

The 2004 population of Wadi Ahwar was estimated at 34,646.
The average family size was 10.2. Per the official statistics, the rural
population was as high as 73.5 percent of the country. Rural population
exceeds urban because agriculture and livestock production provide
the country’s main livelihoods. The wide variation in topography and
climate enables producing various crops, livestock, and honey.

What Is the Safe Yield?

Scientific Rationale

Safe yield traditionally has been defined as the maintenance of a long-
term balance between the amount of groundwater abstracted and the
amount of groundwater recharged. Hence, pumping is restricted to
the natural replenishment of groundwater. However, this definition
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ignores the discharge from the system. If abstraction equals recharge,
abstraction plus discharge is greater than recharge. Therefore, the safe
yield does not equal the sustainable yield.

Under natural conditions and over a long period, the discharge of
an aquifer will equal the recharge. Additional discharge from wells de-
stroys this equilibrium. The equilibrium can be restored only if recharge
is augmented and/or the natural discharge is decreased.

It therefore is important not to consider sustainable groundwater
yield as a fixed volume of water that can be utilized but to address the
system in a more integrated manner, that is, to take into account the
whole water system including surface water.

To establish a sustainable yield, three aspects should be consid-
ered:

1. Conceptual water budget. In estimating the water budget, all stake-
holders should be represented so that the balance reflects both the
natural system and all users. The natural system should include
both ground- and surface water. Initially, this budget can be an
estimate. Eventually, modeling will be necessary to establish the
budget more exactly and to predict how the system will respond
to future changes such as increased demand or climate change.
These models also can help to estimate terms such as changes in
storage, discharge, and hydrogeological properties.

2. Spatial scale. If the spatial scale is not understood and defined, any
approximation of sustainable yield is meaningless. Local abstractions
might seem sustainable when compared to the regional sustainable
yield. However, even limited local abstractions still may have a large
negative impact, such as localized saltwater intrusion. Therefore,
the scale at which the sustainable yield is determined should take
into account possible local effects.

3. Temporal scale. Pumping and recharge are time dependent, varying
over different time scales. To estimate the sustainable yield, the
timing of future water needs and recharge should be understood.
In other words, the sustainable yield is not a constant but could
change continuously and must be related to a certain time period.
In other words, should the sustainable yield be based on figures of
the last 10 years, or on only the last year? The time factor is critical
for defining the sustainable yield.
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The abovementioned uncertainties in the definition of the different
terms of the water budget led to the idea that water resource sustain-
ability must be considered within the framework of probability (Howard
2002). According to Howard, sustainability must be defined as “a
system that maintains acceptable risk over an indefinite time hori-
zon.” Our inexact understanding of the water budget means that we
should focus on adaptive management: adapting to a changing physical
and socioeconomic environment. Adaptive management does not mean
that specifying fixed levels of water use through instruments such as
permits is not required. It does mean that we must recognize that the
specified quantities can change.

Estimating Sustainable Yield in Wadi Ahwar

The main intent of sustainable groundwater use is to optimize abstrac-
tion while maintaining a minimum outflow to the ocean to prevent
saltwater intrusion. To estimate the sustainable yield of Wadi Ahwar,
it is not necessary to include aspects such as wetlands and stream
base flow because perennial streams and wetlands are minimal or do
not exist. Therefore, for Wadi Ahwar, the sustainable yield can be
defined as almost equal to the natural recharge of the aquifer on an
average annual basis, that is, because man-made abstraction almost
equals total discharge.

Recharge in the wadi is not well understood, so it is difficult to
estimate aquifer sustainability. The aquifers receive recharge via un-
derflow from the mountains or infiltration from surface wadis; or gap
flow during periods of more intense rainfall, direct surface recharge
from rainfall (likely to be insignificant), and agricultural return. Un-
derstanding the relationship among the rainfall amount and intensity,
surface hydrologic response, and aquifer recharge is of fundamental
importance.

Although rainfall is the primary hydrological input, in arid and
semi-arid areas such as Wadi Ahwar, rainfall is characterized by
extremely high spatial and temporal variability. The main input to
estimate the sustainable yield is the surface runoff and hence the
groundwater balance. Runoff flow is composed of two main elements:
base flow, which has its origin in groundwater; and surface runoff;,
which is the accumulation of rainfall that drains to the stream. The
basin characteristics that affect the base flow and the surface runoff
include geology, soil type, vegetation cover, precipitation, drainage
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area, and moisture condition. T he variable rainfall conditions in Wadi
Ahwar make it difficult to estimate average runoff and hence the
sustainable yield.

It therefore can be reasoned that, to estimate the safe yield, the
variability of the hydrological and climate system can best be taken
into account by taking average figures for a 10-year period. The cur-
rent water balance suggests that the current safe yield (estimated in
2008) in Wadi Ahwar is 18 Mm?. The lack of data, both spatial and

temporal, makes this figure highly approximate.

Data Collection, Information, and Monitoring

Monitoring is the main source for data and information. Examples of
monitoring in Wadi environments include the assessment of water
resources for future development and for rainwater and floodwater
harvesting.

Current Monitoring Activities and Well Inventory

No groundwater monitoring takes place in Wadi Ahwar. The only infor-
mation on available resources is based on old studies, such as the 1990
donor-funded study. Since the 1990s, many changes have taken place
in both Yemen'’s physical and socioeconomic systems. To provide more
recent data and to develop a management plan with different scenarios,
a monitoring network will have to be designed and developed.

Based on the consultancy study, a proposal was drawn up for
monitoring wells. For a monitoring network design, additional analyses
of the hydrological system need to be carried out. However, based
on a preliminary assessment, it seems logical to install a number of
monitoring wells parallel to the wadi up to the coast, and a few wells
across the wadi.

Recommendations

NWRA has limited experience with groundwater resource monitoring.
Moreover, it has no clear vision of information management. The water
authority should consider delegating different information systems tasks
to the appropriate administrative level (national, regional, and local).
In this way, NWRA should be capable of designing and managing the
overall monitoring system.
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Given the above observations, the following short-term activities
can be identified to develop a monitoring plan for Wadi Ahwar:

1. Develop monitoring objectives and strategy.

2. Develop a monitoring plan that defines the required hardware,
software, and human resources.

3. Design monitoring network based on hydrogeology.

4. Provide protocols, guidelines, tools, and standards for different
monitoring activities. These aspects should correspond to NWRA
guidelines.

5. Carry out an inventory of necessary capacity and equipment at
all levels.

6. Set up communication with regional NWRA offices, and define
mandates for each NWRA office.

Possible Measures in Wadi Ahwar

Despite the lack of accurate hydrological data on Wadi Ahwar, it is
clear that over-abstraction takes place and leads to saltwater intrusion.
It also is believed that a great amount of water is being lost to sea (and
through nonbeneficial evapotranspiration). These assessments suggest
that there is opportunity for both conventional interventions such as
rainwater harvesting, and nonconventional measures such as artificial
recharge and demand management. Integrating these conventional
and nonconventional measures can lead to sustainable conjunctive use.
The desired outcome is to balance (I) reducing water losses and stor-
ing excess water to optimize rural livelihood throughout the year; and
(2) maintaining the minimum spillage to sea as needed to counteract
seawater intrusion.

Two main categories of proposed measures can be distinguished:

. Supply-oriented measures to make more water available for dif-
ferent users

2. Demand-oriented measures to reduce water demand and con-
sequently reduce the groundwater abstraction and control the
drawdown of the groundwater table.

Such measures could be part of an overall sustainable water man-
agement plan, as described below.

507



508 WATER IN THE ARAB WORLD: MANAGEMENT PERSPECTIVES AND INNOVATIONS

However, to decide on the appropriate measures, a better under-
standing of the hydrogeological system is important. For example, it
would be useful to know to what extent the excess wadi runoff can be
recharged. If the amount of excess water is limited, proposed recharge
structures will only redistribute the groundwater resources but not
augment them. Furthermore, it is not yet completely clear whether
the recharged water will be temporarily or permanently intercepted by
the shallow aquifers. The available information does give some insights.
However, given the sharp increase in groundwater development of
the last 20 years, a 1990 donor-funded study will have to be updated
before any recharge structures can be constructed.

Nevertheless, the recent well and abstraction inventory indicates
that the total volume of surface water used for irrigation has not in-
creased. This fact suggests that a surplus outflow of water to sea still
exists and can be intercepted and recharged. In addition, more efficient
irrigation practices would lower evaporation and increase the volume
of water available for recharge.

For these measures to be effective, the abstraction of groundwater
will need to be regulated. Although NWRA will play a key role in moni-
toring abstractions and regulating the drilling of boreholes, enforcement
obviously will be a very difficult issue. It is suggested that community-based
groundwater management would be the most effective approach.

All stakeholders in the water resources in the wadi agree that
measures need to be taken to reverse the negative impacts of unsus-
tainable abstraction. They result in depletion of the resources, quality
deterioration, and saltwater intrusion. Although no conflicts have yet
arisen, there is a clear need for awareness and stakeholder involvement
in the use of the resource.

Supply-Oriented Measures

Storage and recovery of excess water
To store excess water for later use, subsurface dams are probably the
most feasible option.

The use of injection boreholes requires little surface area and enables
recharging an aquifer isolated from the surface by a semi-pervious or
impervious layer. However, the technique is more vulnerable to disrup-
tion and requires more high-tech maintenance than surface infiltration.
To avoid frequent clogging of the well screen of an infiltration borehole,
degassed water and high standard water quality are needed. Before
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large-scale implementation of injection boreholes, pilot schemes are
required to test for the proper design and water quality characteristics
to be used.

Subsurface dams may operate at low hydraulic loading rates and
also improve water quality. Subsurface dams are a relatively inexpen-
sive intervention, require low-level technology, are easy to construct,
and offer opportunity for community involvement. The infiltration
rate is strongly dependent on the groundwater table, which must be
relatively deep. Recovery is usually by abstraction wells located in the
vicinity of the infiltration site.

Suitable locations for subsurface dams are probably upstream,
where the wadi basement is not yet at great depth and a dam would be
relatively easy to realize. The storage capacity of a typical subsurface
dam and reservoir of 4 m depth, 50 m width, and 500 m length would
be some 10,000 m?, assuming a drainable storage coefficient of 0.10.
Already the government of Yemen has made great effort to construct
small or subsurface dams to recharge groundwater. Most of these dams
have not been very effective in recharging the groundwater. Nonethe-
less, the intervention is very promising in a wadi environment, subject
to certain considerations:

m  Siting of the dams is an important aspect of implementation. The uncon-
fined layer should be within a shallow-to-moderate depth (preferably
not more than 10 m) and in a well-defined impermeable layer.

m  Sites with saline soils should be avoided for dam construction. While
reduction in the salt levels through continuous water use is feasible,
reduction requires operational procedures beyond those generally
expected of small rural farmers.

m The economic conditions of the sites are such that participatory or
bottom-up approaches are essential in constructing the dam (and
obtaining maximal socioeconomic benefits). Using locally avail-
able materials and community labor reduces costs and enhances
efficiency, acceptance, and dam life span. The human factor is
essential for the success of underground dams. If there is no co-
operative effort, and subsequent ownership, by the community,
effective operation and adequate maintenance are unlikely. Suc-
cessful examples of community involvement in dam construction
can be found in Ethiopia and Kenya (box 27.1).

m  The successful application of subsurface dams would require an
analysis of the hydrogeological system of Wadi Ahwar. Additional
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Box 27.1. Kitui Sand Dams, Kenya

The Kitui Sand Dam project in Kenya is an
example of how communities use their knowl-
edge about water to cope with droughts. Since
1990, a local NGO in Kitui (Sahelian Solutions
Foundation, or SASOL) has been assisting lo-
cal communities to build small-scale sand dams,
which store water in artificially created sandy

aquifers. Water is stored within the sand and
gravel particles, which accumulate against the
dam wall. “Sand’ refers to the sand behind the dam wall that holds the water. The dam
wall itself is made of concrete. Sand dams can store water in up to 35 percent of the total
volume of sand stored upstream of the dam. The stored water is protected against high
evaporation losses and contamination. The water is captured for use through a hand-dug
well or tube well using a bucket or hand-pump. Downstream areas are not significantly
influenced by the presence of a sand dam. The efficiency of the design is improved by
constructing dams in cascade.

Note: A total of 500 sand dams have been constructed in Kenya, creating a reliable source of water, even

during droughts (as was proved in 2006).

Box table 27.1. Socioeconomic Performance of Sand Storage Dams, Kitui, Kenya

Vulnerability Before dam After dam
categories Vulnerability indicators construction construction

# of cash crops 15 2.8
Agriculture i

Irrigated crops (%) 37.0 68.0

i Water collection—domestic (mins.) 140.0 90.0

Special aspects o )

Water collection—livestock (mins.) 110.0 50.0
Gender Average walking distance to water—women (km) 3.0 1.0
Economic Income (USS/year) 230.0 350.0
Health Households suffering from malnutrition (%) 31.6 0.0

boreholes would be necessary to collect extra information on the
geology and lithology of the subsoil, infiltration capacity, and po-
tential storage. After construction of the subsurface dams, these
boreholes should be used to continuously monitor the water levels
and water quality sampling (see appendix A27.1, comments on
monitoring).
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Saltwater intrusion barrier
Many boreholes and dug wells
in a 10 km-corridor along the
coastal zone close to Ahwar have
become saline. To stop saltwater
intrusion, an intrusion barrier
should be built. The principle
of injecting fresh water into an
aquifer to form a barrier against
saltwater intrusion from the sea
is to push back the saltwater—
freshwater interface. Saliniza-
tion and a scheme to stop the
process are shown schematically
in figure 27.2.

The groundwater salinity
in the Ahwar area probably is
caused not only by a lateral shift
in the saltwater—freshwater in-
terface but also by upward coning
of saltwater. Rising saline water
can be counteracted by using 2
filters in | abstraction well. The
lower well screen will intercept
upcoming saline water; the up-
per one will continually produce
fresh water (figure 27.3). Before
considering implementation of a
freshwater antisalinity barrier,
further investigation is neces-
sary to study the mechanisms
of increased salinity.

The time required to reduce
water salinity would be consider-
able and could reach the order of’
tens of years. Hence, to decrease
the rate of saline intrusion in

Figure 27.2 Process of Saltwater Intrusion

Initial phase of pumping from coastal freshwater aquifer

Saline water

Saline water

Recharge of aquifer with freshwater

pushing back saltwater-freshwater interface

Saline water

Figure 27.3 Use of 2 Abstraction Wells at 1 Location
to Counteract Salinization

(7 Brackish/saline
Fresh Q

Brackish/saline Brackish/saline

underlying aquifers, the most effective practice may be to reduce the

extraction of coastal zone groundwater for irrigation.
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Demand-Oriented Measures

As just noted, measures to strengthen groundwater recharge should be
complemented by equally important actions to limit groundwater ab-
straction. The design and implementation of such demand-management
measures are extremely complex and political. They require consultation
and bargaining among numerous stakeholder groups. Consequently,
this chapter does not propose specific packages for the Wadi Anwar
area, However, given that demand management is an essential com-
ponent of an integrated approach to groundwater sustainability, the
four options below merit further investigation.

|. Downstream/upstream tradable water rights. The aim would be
to create a financial incentive for upstream water users to allow
more water to flow downstream as surface or groundwater. The
increased flows would improve downstream groundwater balances.
Clearly, the design of such a system would be extremely high risk
and complex, and would require a long period of consultation and
bargaining among stakeholders. Strict monitoring would be re-
quired to prevent farmers from both selling and using their water
simultaneously.

2. Command and control measures, Regulatory measures could include
requiring well-drilling permits and restrictions on abstractions.
Water-saving measures, such as drip irrigation and the cultivation
of more water-efficient crops, could be enforced. As for enhanced
recharge, such measures would require better monitoring of the
hydrogeological system. However, so long as groundwater is
considered a free-access commodity, enforcement will be very
difficult.

3. Community-based groundwater management. Given the difficulty of
enforcing “command and control” measures, self-regulation seems
to be the only approach to sustainable use of groundwater at the
local level in rural areas. Self-regulation focuses on the develop-
ment of local norms to control groundwater abstraction and use.
As shown by projects in India (APWELL and APFAMGS),' rais-
ing awareness of the resource among users increases the farmers’
commitment to proper groundwater use. In these projects, the
farmers themselves measure the water levels and water yields.
However, the main challenge is to translate this data into information
that helps the farmer or community understand the groundwater
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dynamics, increases their awareness of the need for regulation,
and informs good decisions regarding water shortages.

4. Incentives. Extension and training should be integral parts of the
implementation of the new measures and regulations. Alternatively,
negative incentives, such as groundwater pricing or higher diesel
prices, could help to limit abstraction.

Conclusions

The welfare of the Wadi Ahwar population depends on re-establishing
the area’s hydrogeological balance.

The usual solution to encourage sustainable use of groundwater
is to impose regulations. Examples are registering abstraction points
and defining water rights. However, given the difficulty in enforcing
regulation, self~regulation seems to be the only path toward sustain-
able use. In addition, there is an opportunity to enhance groundwater
recharge.

It therefore is suggested to develop a groundwater management
plan. The plan would cover all aspects of integrated groundwater
management, on both the demand and the supply sides: water har-
vesting, regulating use, alternative crops, and more efficient irrigation
and monitoring.

Establishing the groundwa-

ter management plan should  Figure 27.4 Integrated Groundwater Management Plan

involve local stakeholders in

three processes: assessing the [ [ Resource management ] [ Demand management ] ]
resource, assessing the de- Water demand and contaminant load
mand, and negotiating the [ Resourcesallocation | [ Definition of S
. i and use water rights
adoption of resource manage- Aquifer | X 2
t decisi Th d systems/ Resources assessment Regulatory
men ecisions. € grouna- groundwater | and theirevaluation  J | framework Water and
resources land uses
water management plan should incociog et | { popeton o Staeholder
include simple “rules of thumb” interaction with | { ) __particpation
surfacewater | - \ ( -
that focus on water use at the Prevention and bon |

———— | mitigation of side effects instruments

village level and help to con- Costsandimpacs

trol the abstraction and use of

"' FAO-India projects, Andhra Pradesh Ground Water Irrigation Schemes (AP-
WELL) and Andhra Pradesh Farmer-Managed Groundwater Systems Project (AP-
FAMGS). The latter’s online masthead reads, “Demystifying Science for Sustainable
Development.”
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scarce groundwater resources. T hese management rules should be
sustainable and environmentally sound. Options for resource enhance-
ment also will be studied. The linkages among the water resource,
resource management, and demand management are illustrated in
figure 27.4.
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Appendix A27.1 Hydrogeological and Groundwater Analysis
in Wadi Ahwar

General Hydrogeological Setting

Location
The Ahwar Delta extends along the coastline and is approximately
bordered by coordinates 130 26'-130 36' N and 460 39'-460 48' E.
The total area of the delta is estimated to be approximately 150 km?,
with the greatest width of approximately 17 km at the coast. The delta
is part of a large catchment of approximately 6,400 km? to the south
of a range of mountains running east from Mudiah and rising to over
2,000m some 70 km north of the coast. The steep escarpment of the
mountains represents the narrow watershed, with catchments draining
in a northeast direction toward the Ramlat as Sabatayn. Because the
high ground approaches nearer to the coast, the delta of Wadi Ahwar
is less extensive than the deltas of Wadis Tuban and Bana. The gradi-
ent of the Wadi Ahwar bed is 1.5 percent—2.9 percent. Starting as a
narrow canyon-shaped valley, the wadi eventually turns into piedmont
plain, gradually widening to 2 km. The upper reaches of the wadi bed
consist of pebbles, downstream sand, then semi-gravel, and eventually
compact sand close to the sea. The shape of the bed is lost in the delta
area. Figure A27.1 shows the location of Wadi Ahwar, outline of the
catchment, and observed wells.

The wadi drains a large area of highly dislocated basement rocks
and the inland margins of the quaternary volcanic outcrop. The upper

Figure A27.1 Location of Wadi Ahwar, Yemen

L Yaman Bass Map

Source: Hydrosult, Inc. 2008a.
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catchment contains extensive areas of flat plain (Lawdar, Mudiah, De-
man, and Guishan areas) that are underlain by alluvium and are reported
to be extensively developed for agriculture.

Figure A27.2 Interpreted Landcover, of Wadi Ahwar Region, Landcover

emen 7 i The Ahwar region landcover is
I #808  dominated by rock outcrops and
sandy areas. The wadi has scanty
vegetation, mostly small shrubs.
The small area of soil-covered
land is used predominantly for
agriculture. Based on satellite
imagery, figure A27.2 gives an
impression of the landcover of
the whole catchment.

Climate and rainfall

The climate in the delta is arid
and characterized by high sun-
shine radiation with an average
annual temperature of over

34.2°C. Potential evapotranspi-
ration (ET) is very high, averaging
3,033 mm/year. Average annual rainfall of the whole catchment is 150
mm. Likewise, the estimated average precipitation for the delta is 49
mm. As long-term data are not available, it is difficult to indicate trends
in annual rainfall. Also, as mentioned earlier, the spatial variation of
rainfall in wadis can be significant. The accuracy of the estimations is
therefore unknown.

Groundwater resources system

The water resources in the Ahwar area comprise the wadi flow and
the interconnected groundwater system, which is recharged by the
wadi flow and by infiltration of the irrigation water. The major part of
the rainfall in the catchment generates the surface runoff to the wadi
flow. Only a small portion of total precipitation directly infiltrates in the
catchment and reaches the wadi flow as lateral groundwater inflow.
Beyond the water resources themselves, the water resources system
comprises irrigated land and infrastructure such as wells, canals, and
weirs. The character of the delta is largely the product of the natural
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flow of the runoff of the wadi through the delta, constructed surface
water diversions, irrigation canal network, and irrigated fields. The
wadi itself is shaped by the regular floods that have an average esti-
mated duration of 68 hours. The maximum flood event was reported
in March 1982 with a discharge rate of 5,340 m3/s.

The surface runoff of the wadi is partially diverted and used for
spate irrigation. The surface water balance in the wadi has the fol-
lowing components:

m Infiltration and evaporation during irrigation
m Infiltration and evaporation during wadi flow
m  Discharge to the sea.

The groundwater balance in the wadi comprises:

Replenishment

m Lateral groundwater inflow

m  Recharge during irrigation (transmission losses)
m  Recharge during wadi runoff

Discharge
m  Consumptive groundwater use
m  Groundwater outflow to the sea.

The groundwater system of the delta consists of three major
aquifers that are interconnected and most likely form a single aquifer
system. The shallow aquifer 10 m—50 m thick occurs in sand and
gravel. It is unconfined and hydraulically connected with the deeper
aquifers. The middle aquifer consists of gritstone and conglomerate
with calcareous matrix. It occurs throughout the delta except for the
apex. T he thickness of the aquifer ranges between 20 m—40 m. The
depth to the top of the aquifer increases to the south from 20 m to
40 m. The deeper aquifer lies at a depth ranging from 70 m to 200 m
and consists of sandstone, limestone, and conglomerate.

Groundwater Analysis
Groundwater levels

From June—September 2008, Hydrosult carried out a well inventory
in the Ahwar area to ascertain well depths and water levels. The data
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Figure A27.3 Well Inventory and Extrapolated Groundwater were converted into a spatial
Levels, Wadi Ahwar, Yemen layer using the advanced GIS

Lm i '. water levels
"\_\_& -

—r software, ARCGIS. By overlay-
ing this data with the drainage

Wadi Ahwar well layer, the spatial bias of the data
is revealed in terms of location of
all the observed wells only on the
left hand side of the drainage flow
direction. There are hardly any
observed well data on the other
side of the drainage network.
These points are scattered well
enough inside and outside the
catchment area of the drainage
to permit interpolation. To have
an impression of the ground-
water flow and occurrence on
the right hand side of the flow,
groundwater wells data points
were used for interpolation, using
wmeen the Inverse Weighted Distance

method. Moran’s | Spatial Au-

tocorrelation Index was used to

-
WIRT L4320 1E

measure clustering patterns and spatial autocorrelation.

Figure A27.3 indicates shallow water levels in the area closer to the
sea. The reason could be the intrusion of seawater in the groundwater
aquifer zones. The spatial autocorrelation index is 3.1, which indicates
clustering of the well water levels.

Figure A27.4 illustrates the well-depth variance. It indicates a slight
tendency for shallower well depths in the area closer to the sea, where
water levels are shallow, and in the upper region. The deeper well depths
occur in the central delta. The reason for the presence of the relatively
low well depths in the upper region could be the availability of surface
spate irrigation for longer periods. The middle area shows most of the
deeper wells, whose presence could be due to the short duration of
availability of surface irrigation as well as the distance from the sea.

Groundwater balance
A 1990 donor-funded study estimated total groundwater resources
based on both analytical and mathematical simulations. The total
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natural storage, defined as the
volume of gravitational water
accumulated in pores and fissures
of water-bearing rock beneath
the zone of multiyear fluctua-
tions of groundwater level, was
estimated at 1099 Mm?®. Most of
this storage is found in the central
and southern delta. Storage in
the upper two aquifers amounts
to 845 Mm?, including 84 Mm?
with salt content >5 g/I. The
total estimate is based on a stor-
age capacity of 0.19 for gravel/
pebbles, 0.1 for muddy sands,
and 0.03 for conglomerates.
Table A27.1 presents estimates
of groundwater balance.

The different studies provide
very different estimates. Accord-
ing to the 1990 study, the total
influx from outside the delta is
4.3 Mm3-4.9 Mm?3. However, the

Figure A27.4 Average Well Depth, Wadi Ahwar, Yemen
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Hydrosult study suggests a total inflow from outside of only 0.7 Mm?.

This difference cannot be explained. However, the difference of the

Table A27.1 Groundwater Balance, Wadi Ahwar, Yemen

Budget items (total in Mm’)

Groundwater influx from north
Lateral influx

Recharge from spate irrigation
Recharge from wadi runoff
Total credit

Groundwater outflow
Groundwater abstraction (netto)
Evaporation

Total debit

Balance

1988-89

0.2
47
19.5

24.4
89
58
94

24.1
0.3

Hydrosult’s 2008
1972-88 estimate

0.2 0.7
4.1

18.0 10.5

74

22.3 18.7
9.4

33 19.0

9.7 9.7
224

-0.1 -9.0

Source: Hydrosult, Inc. 2008b.
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direct recharge from spate or runoff probably results from a reduction
of the command area.

Based on the Hydrosult estimate, it could be concluded that mining
takes place at a rate of at least 9 Mm?® per year on average. This rate is
supported by field observations of such reported increase of saliniza-
tion of certain wells. However, given the uncertainty of the figures,
particularly the evaporation estimate, it is difficult to draw any hard
conclusions regarding over-abstraction and safe yield.

Given an average annual wadi flow of 66 Mm?, the outflow to sea
amounts to almost 50 percent of the total flow. Based on the previous
studies, it was estimated that, to prevent saltwater intrusion, ground-
water outflow to sea should not be less than 9 Mm?®. However, we
would need to consider seasonal variation in wadi flow before concluding
whether there is scope for additional safe abstraction.

Groundwater quality and saltwater intrusion

Groundwater salinity in the upper aquifer ranges from 2.5 grams/liter
(g/1) to 4.5 g/l, possibly reaching values of 5-9.5 g/I. Total dissolved solids
(TDS) concentration increases
Figure A27.5 Average Electrical Conductivity Levels, Wadi considerably toward the coastline,
Ahwar, Yemen reaching a value of 15 g/I. For the
7 '\..&# (- - middle aquifer, TDS concentra-
;"’{i:/ Ny tion ranges from 1.3 to 1.7 g/l at a

Ty Wadi Ahwar well

reported lkm from the wadi chan-

electrical conductivity

levels nel to 2.3 g/l measured at other

\ locations. TDS concentration in
+ the lower aquifer is reported to
be no more than 2 g/I. The local
population reportedly has to use
brackish water for domestic pur-
poses: with TDS of up to 1.5 g/I
(3600 persons); 1.5-3 g/l (8400

persons, including the population

Dsuboses G - i of the city of Ahwar); and even
SAMWRNELLE - A more than 3 g/ (approximately
i 1,000 persons).

iiﬁ ; No data is available from pre-
Qasie vious studies about the position of
e — the saltwater front in the delta. It
CIeSA22-111.585 WBT 1421 28

O 113,565-141.109 was concluded, however, that a
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saltwater intrusion at some coastal producing wells is likely as a result of
a continuous groundwater abstraction. A GIS analysis was performed
on water quality data as observed by Hydrosult (2008) showing higher
conductivity levels (that is, higher electrical conductivity, or EC) near
the coast. Observations and discussions in the field also have shown
strong evidence of saltwater intrusion, with a direct consequence on
the viability of agriculture in these areas. However, lack of historic data
prevents an analysis of trends over time.

Figure A27.5 indicates the spatial occurrence of EC in the ground-
water observations. The pattern suggests that conductivity not only
is influenced by seawater intrusion but also may be affected by other
factors such as soil types, leaching effects, and pre-existing saline
groundwater.

Future Water Demands
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No information is available about

future water requirements in

the delta. No strong population

growth is expected. However, | Information needs | | Information utilization

due to the increasing use of diesel

pumps, abstraction of ground- |

Information strategy | | Data analysis

water is expected to continue to

grow. The growing abstraction _
Data collection

will strongly determine future
demand.
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