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Abstract

This report presents the findings of the Controlled Drainage and Irrigation Improvement Project

(CDIIR),which is funded by the Embassy of the Kingdom of the Netherlands in Egypt. The
project is implemented across three diverse pilot sites in the Nile Delta and Middle Egypt
between 2022 and 2025. The study providesa real-life, multisite assessment of controlled
drainage (CD) under Egyptian agricultural and social conditions, combining technical

monitoring, agronomic evaluation, farmer engagement, and economic analysis. Results show
that CD systems consistently stabilised groundwater levels, reduced drainage outflows, and
improved on farm irrigation eff iciency. Crop productivity increased with a median gain of 8%
for staple crops, with a pronounced increase for rice under suitable conditions. Economic
evaluation demonstrates that CD requires only a modest additional construction cost (2915%)
while delivering substantial operational and productivity benefits for both farmers and

government, with strong economic viability across all pilots. The evidence supports the

integration of controlled drainage into Egypt?o
identifies rice dominant areas and smaller command zones ashigh priority candidates for
scaling.

Cite this Report as:

Yossef, M. F. M. Nasralla, M. R.;de Miguel Garcia, A; Tawfik, M., Abdellatif, G.; Ritzema, H.
(2026). Controlled Drainage in Egypt:Fi ndi ngs f r om Rea&Techhicaf e Fi
Evidence, Farmer Organisation, and Economic Viability for Upscalindeltares, Delft, The
Netherlands.
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Summary

This report documents the design, implementation, monitoring, and economic assessment of
controlled drainage (CD) systemswithin the Controlled Drainage and Irrigation Improvement

Project (CDIIR), implemented between 2022 and 2025. The project tested CD technology across
three pilot sites in the Nile Delta and Middle Egypt: Hala (84 feddans, 70 farmers),Shereshra

(55 feddans, 35 farmers), and Baha (26 feddans, 6 farmers). The pilots represent diverse soil

types, farm structures, and cropping patterns. The purpose is to provide the Ministry of Water
Resources and Irrigation (MWRI) and the Egyptian Public Authority for Drainage Projects
(EPADP) with evidencebased recommendations on integrating controlled drainage into
Egypt ds drainage moderni sati on strategy,
Programme Phase IV (NDP4)The evidence gathered is encouraging but remains based on the
limitation s of monitoring duration, sites, and project support during the pilots . It demonstrates
potential benefits of CD while highlighting some requirements and uncertainties that must be
addressed, before national level upscaling, viaa phased implementation approach.

This summary provides an overview of findingof the project Readers seeking technical details,
data tables, or methodological notes should consult the relevant chapters.

KEY FINDINGS
M Technical Performance

o0 Controlled drainage systems performed reliably across all three pilots. The technology
enabled water table management at three control levels (0.4, 0.8, and 1.2 metres below
surface), maintaining stable groundwater conditions aligned with crop requirements.
Average water table depths under CD ranged from 0.680.8 m compared to 0.861.0 m
under traditional drainage (TD), with substantially reduced fluctuation. CD fields
discharged 20025% less water than TD fields under normal operation, with seasonal
reductions reaching 60870% depending on valve settings and crop stage.

0 Construction costs for CD systems were 315% higher than TD, driven primarily by sub-
collector infrastructure and control structures. The lateral drainage network, the largest
cost component, remained identical for both system types. Importantly, the cost
premium correlates with command area size: at Baha (26 feddans), the increase was
only 2.2%; at Hala (84 feddans), it reached 15.3%. In smalkingle collector schemes
similar to Baha, CD can be introduced at nearzero additional cost.

9 Agricultural Performance

o0 CD delivered measurable improvements in crop yield and input efficiency, with the
following metrics:

- Crop yields: Mean improvement amounted to 14.6% for staple crops (wheat, maize,
rice); with a median improvement of 8.0% and a rather wide range of spread.

- lIrrigation efficiency: the pilots showed visible reduction in irrigation time , around
17% on averageacross the pilots.

- Fertiliser use: Average 27% reduction across pilots However, the results differed
substantially per pilot .

- Soil salinity: No evidence of salinity accumulation. However, this cannot be
generalised as the monitoring period spanned only one year.
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- Leaching/ Salt balance: CD fields discharged 2625% lessdrainage water than TD
fields under normal operation . On average the salinity of the drainage water from
the CD areas is 75% higher than from the TD areas indicating the leaching
requirements are satisfied. Longterm monitoring, however, is needed to verify
these results over a longer period.

0 Rice cultivation showed particularly strong results at the Hala pilot. CD isvery effective
in case ofrrice, which largely benefits from closure of all system openings to flood the
fields. During the rice season, we were able to collect the following results:

- Reduction in Irrigation Water Use and Pumping Requirements: The cumulative
irrigation depth decreased by approximately 40%, from 121.9 cm (TD)to 72.7 cm
(CD under full control). This also translated into shorter irrigation durations and
frequency, which leads to lower pumping time and reduced fuel consumption.

- Fertiliser use fell as well by some 27%, reflecting reduced leaching under higher
water-table conditions.

- Therice yield in CD fields was on average 29% more the TD fields.

- Preliminary field evidence suggests that
drainage outlets, which helps protect infrastructure and lower maintenance
requirements. Longer-term monitoring is needed to confirm the persistence of this
f a r migehasi@ural change.

o It is important to note that the agriculture performance should be interpreted with
some caution, as the results were collected during one agriculture year including 2
cropping seasons, and included uncertainty in farmers reporting on yield, fertiliser use,
and irrigation duration and frequency.

1 Economic Viability
The economic analysis examined CD vd D from government and farmer perspectives.
o Government perspective:

- In general, and from a financial standpoint, although the initial construction cost of
Controlled Drainage (CD) is higher than Traditional Drainage (TD), the increase
remains limited and is recovered from farmers over a 20-year repayment period,
resulting in only a modest annual financial burden. When this incremental
investment is weighed against the demonstrated benefits, particularly improved
water-use efficiency, reduced drainage losses, and increased crop productivity the
economic return exceeds the additional cost. Accordingly, Controlled Drainage
represents a financially justified and scalable investment, provided that proper
operation and farmer coordination are ensured. This needs to be validated for a
longer period.

- Controlled Drainage (CD) requires a higher initial investment than Traditional
Drainage (TD) Under a fixed government budget, a smaller total area can be
equipped with CD compared to TD. The differencein cost or area reduction depends
on the design of the system. In the tested pilots, this ranged from 2% to 15.3%.

- The productivity gains on CD-covered land exceeds the foregone benefits on the
marginally smaller area that would have received TD under the same budget. Even
at the highest observed cost premium (15.3% increase over TD cos}, the breakeven
productivity improvement is only 2.3%, well below the observed improvements in
the pilots.

- CD remains economically justified for a higher cost increase (up to 25%), given the
productivity increase is in line with the observed median improvement of 8%.
Extended monitoring is needed to confirm this productivity increase
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- Additional government benefits include significant projected reduction in
maintenance costs due to elimination of farmer-induced drain blockages.

o Farmer perspective:

- From the farmerds perspective, the benefi
(CD) system are significantly higher than the additional costs associated with its
installation. Although the government finances the upfront investment, farmers
repay the cost through long -term annual instalments (effectively a management or
service fee over 20 years). When annualized, the additional cost borne by the farmer
under CD represents less than 2% of the value of the observed annual increase in
crop production. This indicates that the incremental financial burden on farmers is
small relative to the productivity gains achieved, confirming the economic
attractiveness of CD at farm level

- It must be stressed, however, that these economic findings assume that the pilot
conditions persist, i.e. that yield improvements are sustained and that farmers
collaborate to effectively utilise the CD systemas designed.

9 Social and Institutional Factors

CD success depends fundamentally on farmes coordination within sub -collector areas. The
pilots revealed that:

o0 Adopting CD required a significant behavioural shift. Farmers accustomed to rapid
drainage removal initially viewed water retention as counter-intuitive. Initial farmer
resistance was common.

0 Acceptance improved through field demonstrations, training, and the formation of
informal Collector User Associations , which facilitated joint decision-making on
cropping patterns and CD gate operation.

0 During the pilot period, the project team managed the CD system's operation. Most
farmers declined to accept operational responsibility, perceiving it as a potential source
of conflict with their neighbours

o0 The most effective coordination occurred in groups of 10 620 farmers per sub collector.

0 Land tenure was a key factor: tenant farmers showed less willingness to commit to
coordinated CD operation than landowners.

o In that regard, the role of DAS must be enlarged to address the organisational and
operational needs for controlled drainage.

PRINCIPAL CONCLUSIONS

1 Controlled drainage is technically viable across diverse  agro environments . The three
pilots demonstrated successful design, installation, and operation under conditions
representative of Egyptian agriculture, heavy clay soils, calcareous soils, and loam soils with
shallow groundwater and diverse cropping systems. The CD technology delivered
measurable improvements in water-use efficiency and crop performance in the pilot areas.

1 The economic case for controlled drainage is robust  under the pilot conditions and
assumptions applied in this analysis . The economic benefits for both government and
farmer are positive under observed conditions, with substantial margins above breakeven
thresholds. The assumptions include (i) observed yield improvements from the pilot sites
are sustained over time; (ii) the additional capital cost of CD over TD remains within the
documented range (2815%); (iii) repayment by farmers is distributed over a 20-year period
under the existing financing mechanism; (iv) maintenance costs for CD are comparable to
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or slightly lower than TD due to reduced structural damage and improved operation; and
finally (v) farmers adopt the use of the CD system and remain responsible for its operation .
Under these assumptions, the economic benefits for both government and farmers remain
positive, with substantial margins above breakeven thresholds. Sensitivity testing using
lower-bound yield improvements and upper -bound cost premiums, confirms that the net
benefits remain favourable, supporting the financial viability of CD und er a wide range of
realistic conditions."

1 The case for rice is particularly compelling.  The combination of large on-farm irrigation
water savings, yield improvement, and elimination of infrastructure-damaging drain
blockages makes rice dominant areas a priority for CD implementation .

1 Farmer organisation is critical for system success. Technical performance depends on
social organisation, without it, increased productivity rates fall sharply, reducing returns
on investment. Design, implementation, and support must integrate technical, social, and
agronomic dimensions. Training and information sharing with farmers is critical for
successful application of the CD system.

T CD is a scalable and strategic t oThetechnology Egy pt
aligns with national priorities for improved on-farm irrigation efficiency and increasing
agricultural sector productivity .

1 Phased implementation . The evidence basefor upscaling is limited by only three sites,
one year of full monitoring, and heavy involvement of project experts in the operation of
the CD system Consequentl vy, any generalisation to
done carefully; preferably following a phased expansion approach with monitoring,
evaluation, and learning cycles

RECOMMENDATIONS
1 For MWRI and EPADP

0 Integrate CD into national drainage modernisation strategy , with CD as aviable
option, applying suitability criteria to identify priority areas and phased
implementation.

o Prioritise rice-dominant areas for CD expansion, given the compelling combination of
water savings, yield improvements, and infrastructure preservation

o Prioritise small-scale (singlecollector) areas for CD expansion, given the negligible
cost margin.

0 Establish sustained extension support mechanisms, recognising that onetime
training is insufficient for proper CD operation. Coupled irrigation and drainage water
management is recommended.

o Develop Drainage User Associations or similar coordination structures as a
prerequisite for CD implementation .

o Empower and prepare DAS to take the responsibility of activating the farmers
organisation for CD system operation and organisation of cropping around it.

1 For Investment Programme Design

o Prioritise expansion in areas with highest suitability. Notwithstanding that the
economic viability is generally valid to recommend a nation-wide application of the
CD system, wepropose a priority ranking for upscaling, as follows:

- High priority: Ricedominant areas smaller command areas, regions with
demonstrated farmer organisation capacity or large land holdings .
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- Medium priority: Mixed crop systems, areas currently experiencing waterlogging
or salinity stress
- Lower priority: Areas with highly fragmented holdings and numerous smallholders
per sub-collector, regions with deep groundwater or sandy soils, very large
command areas where sub-collector costs become substantial.
0 Design a phased expansion with learning loops. Rather than an immediate national
rollout, adopt a phased approach including the following steps:

- Phase 1l 6 Knowledge Consolidation ( Years 1-3): 165 feddans (existing pilots),
Consolidate lessons from pilots, continue with the monitoring, publish technical
manual, expand training of DAS, refine the technical assessment and economic
analysis.

- Phase 2 8 Targeted Expansion (Years 385): Expand CD to high priority zones
covering entire villages or drainage basins, with improved design standards and
structured farmer engagement.

- Phase 3 8 Programmatic Integration (Years 6810): Integrate CD into drainage
rehabilitation programmes where technically suitable.

- Phase 4 8 Conditional Mainstreaming (Beyond Year  10): Adopt CD as a standard
option in appropriate areas, based on clear technical and socio-economic criteria.:
Mainstreaming into all drainage rehabilitation programmes where technically
suitable

This structured approach ensures technical readiness, institutional strengthening, and farmer
cooperation before large -scale investment, thereby enhancing sustainability and long-term
water-security outcomes.

9 For Further Research

0 Extend monitoring to capture multi -season performance and long-term soil health
impacts

o Develop a rice-specific business case that quantifies the compounding advantages
observed at Hala

o0 Test CD performance under larger command areas and different institutional
arrangements

0 Assess salinity dynamics over multiple years to confirm longterm sustainability

LIMITATIONS

1 The findings of this study are based on three pilot sites monitored over 182 agricultural
seasons. While the trends arerather clear,the exact values carry uncertainty. Key limitations
include short monitoring period that may not capture long -term soil condition changes,
small sample size for farmer surveys use of proxy data for maintenance cost estimation;
and focus on wheat for economic analysis with rice benefits documented more than wheat
but not fully quantified , and adoption rate of farmers to the new system is unknown.

1 These limitations warrant continued monitoring and adaptive management as CD is scaled,
rather than delaying implementation given the strength of the evidence.

CONCLUDING ASSESSMENT

1 The CDIIR pilots demonstrate that controlled drainage is a practical, effective, and
economically viable technology for improving water productivity in Egyptian agriculture.
The alignment of public and private interests, government benefits from productivity gains
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and reduced costs for maintenance, farmers benefit from lower input costs and higher
revenues, create favourable conditions for adoption at scale.

Success ultimately rests with the farmers. The technology can only deliver its potential if
farmers understand its benefits, commit to coordinated operation, and receive ongoing

support. Investment in farmer engagement and institutional capacity is not supp lementary
to infrastructure investment; it is essential for realising returns on that investment.

The caseof CD is strongest for rice cultivation, where it simultaneously reduces water
application, improves yields, and eliminates infrastructure damage from traditional
blocking practices. Rice dominant areas should be prioritised in the expansion strategy.

The findings are based on three pilot sites with monitoring covering one agricultural year.
While exact numbers carry uncertainties, the trends are clear, and conservative assumptions
underpin the conclusions. Controlled drainage merits inclusion as a mainstream option in
Egyptds drainage rehabilitation programme.
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1 Introduction

1.1 Background and policy relevance

Egypt faces an acute water crisis. Per capita renewable water resources declined to
approximately 560 m3/year in 2019 and are projected to fall below the absolute scarcity

threshold of 500 m3/year by 2030 (NWRP, 20162037). The agricultural sector, which onsumes
some80% of Egyptds freshwater, is at t he-useent r e
efficiency whilst maintaining food security for the growing population (108 million on
December 2025 CAPMAS www.capmas.gov.eg.

Subsurface drainage has been a cornerstone of Egyptian agricultural water management since
the 1970s. Following completion of the Aswan High Dam in 1970, the government initiated an
ambitious national programme to install drainage across all agricultural lands, totalling
approximately 2.7 million hectares (Ritzema et al., 2023). To date, subsurface drainagsystems
have been implemented on approximately 2.5 million hectares, equivalent to roughly 6 million
feddan, with drainage practices evolving from manual installation to large -scale mechanised
implementation (Ritzema et al., 2023; AbdelAziz, 1997, citedin Mahmoud, 2021). The Egyptian
Public Authority for Drainage Projects (EPADP) currently installs new or rehabilitated systems
on approximately 25,000 hectares annually. These systems have substantially reduced
waterlogging and soil salinisation, contributing to improved crop productivity and farmer
incomes.

However, the conventional free-flowing subsurface drainage systems currently in use present
limitations under conditions of water scarcity. These systems have no provision to control water
table depth or drain outflow during growing seasons, resulting in t he removal of water that
could otherwise contribute to crop water requirements through capillary rise (Ritzema & Abdel -
Dayem, 2010). In responsefarmers frequently resort to unauthorised blocking of manholes to
retain water, particularly during rice cultivation, causing infrastructure damage and reducing
system lifespan from 25 years to approximately 20521 years (DRI, 2019; NDP3, 2020).

Controlled drainage (CD) offers a technically viable alternative that has been validated across
diverse climatic and agronomic contexts. Unlike conventional free-flow drainage, CD systems
employ adjustable control structures at drainage outlets to actively regulate water table depth
according to crop growth stages (Skaggs et al., 2012). This enables farmers to retain soil
moisture during periods of crop water demand whilst permitting drainage when excess water
removal is required, effectively transforming drainage from a passive waterremoval function
to an active water-management tool.

International evidence demonstrates substantial benefits. A meta analysis of modelling studies
found that CD reduced annual subsurface drainage outflows by 18391%, with a median
reduction of approximately 50% compared with conventional free drainage (Sojka et al., 2022).
In field trials across the US Midwest, CD and shallow drainage reduced annual subsurface flows
by 58860% and nitrate-nitrogen loads by 49861% without yield penalties (Schott et al., 2017).
Research in Sweden demonstrated that CD lowered nitogen and phosphorus losses by
approximately 40% whilst improving crop yields through enhanced water availability during the
growing season (Wesstrom et al., 2014).

In Egypt's context, Wahba et al. (2001) demonstrated the applicability of CD under semiarid
conditions in the Western Nile Delta. Their field experiments showed that CD reduced drainage
outflows whilst maintaining acceptable salinity levels, confirming th at the technique, when
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appropriately adapted, can deliver benefits in arid and semi-arid environments where salinity
management is a primary concern. More recent research explored long-term CD impacts on
soil salinity and crop yields under Mediterranean arid conditions (Foda et al., 2020).

1.2 Rationale for the CDIIRProject

Egypt is preparing for an additional investment to improve the drainage system, via the
implementation of the National Drainage Programme Phase IV (NDP4) NDP4 represents a
substanti al i nvest ment in Egyptds agricultural
subsurface drainage technologies. A critical decision facing policymakers is whetherto continue

with the traditional subsurface drainage system (TD) or to make changes by changing to
controlled drainage. In such case,under what conditions, controlled drainage should be
integrated into NDP4 as an alternative or complement to traditional subsurface drainage
systems. This decision requires robust evidence on the technical feasibility of CD under Egypt

real life conditions, the agronomic and economic benefits relative to conventional drainage,

the operational requirements and costs, and the conditions under which CD is most suitable.

Prior research on controlled drainage in Egypt, whilst promising, was conducted predominantly

under controlled research-station conditions (DRI, 2019).Earlier pilots at locations including EF

Bar ada d aShdikk)alémonstiated potential benefits, but were limited in scope, duration,

or documentation (World Bank, 2005; NDP3, 2020). Critical knowledge gaps remained
regarding: (i) performance across diverse agro-ecological regions in Egypt; (i) farmer
operational capacity and institutional requirements; (iii) cost-effectiveness under operational
rather than experimental conditions; and (iv) criteria for site suitability.

To address this evidence gap, the Controlled Drainage and Irrigation Improvement Project
(CDIIR, has beeninitiated in 2022 as acollaboration between Egyptian and Dutch institutions
(This Project) The project objectives are set as follows

to generate field-based evidence on the technical feasibility, agronomic benefits,
and economic viability of controlled drainage underreal life operational
conditions representativein Egypt, and
to provide evidencebased advice on upscaling opportunities

1.3 Egyptian o Dutch collaboration , and project partners

During a period of 35 years of cooperation between Egypt and The Netherlands, Dutch partners
have supported design, implementation and operation of the field drainage systems, as well as
the setup of monitoring programs and policy studies needed for the op eration of the main
drainage canals in the Nile Delta. This cooperation was recently confirmed in a new MoU
between the Embassy of the Kingdom of the Netherlands in Egypt and the Ministry of Water
Resources and Irrigation signed on 8" May 2022.

Since 2017, Partners voor Water, at the direct request of the Egyptian Ministry of Water
Resources and Irrigation (MWRI), the Public Authority for Drainage Projects (EPADP) and the
National Water Research Center(NWRC), via theDrainage Research Institute(DRY)), facilitated
several scoping missions on improved drainage. This has resulted in the formulation of the
Controlled Drainage and Irrigation Improvement Project (CDIIR. The project has been granted
to Deltares for implementation .

18 of 156 Controlled Drainage in Egypt: Fi ndi ngs f r om R edaléchnical Evielenéej Fare
Organisation, and Economic Viability for Upscaling N
abiall éyall

11207869-000-ZWS 0020, February 2026 Gontrolled Drainage \L De l ta fes



1.4

19 of 156

The implementation is organised in a consortium comprising:

il

il

Egyptian Partners:
o Egyptian Public Authority for Drainage Projects (EPADP)
o Drainage Research Institute (DRI),of the National Water Research Centre
(NWRC)
Dutch Partners:
o0 Deltares (lead)
o Wageningen University & Research (WUR)
o Witteveen+Bos (WiBo)

Funding was provided by the Embassy of the Kingdom of the Netherlands in Cairo (EKN From
Egypt, a Technical Committee was established by Ministerial Decree to oversee project
implementation and ensure coordination with EPADP and MWRI (see Annex ).

Purpose and Structure of This Report

This Final Report documents the findings of the Controlled Drainage and Irrigation
Improvement Project (CDIIR), implemented across three pilot sites in the Nile Delta and Middle
Egypt between 2022 and 2025. Its purpose is to provide the ministry of Water Resources and
Irrigation MWRD)andEgy pti an Public Aut ho ERADRasfemesentBtivea i
of the Government of Egypt, with the technical evidence and economic analysis needed to
inform decisions on scaling controlled drainage as part of Egypt's drainage modernisation
strategy. The report is structured as follows:

f

Chapter 2 introduces the controlled drainage concept, explaining the rationale for CD
compared to traditional subsurface drainage, the principles of operation, prior
experiences in Egypt, and the requirements and challenges for implementation.
Chapter 3 describes the three pilot sites: Hala, Shereshrg and Bahg including their
location, soil and groundwater characteristics, cropping patterns, farm structure, and
system layout.

Chapter 4 presents the system design, construction, and operational procedures, along
with a detailed cost comparison between CD and TD systems across the three pilots.
Chapter 5 outlines the monitoring plan, including the parameters measured,
instrumentation deployed, and data collection methodology.

Chapter 6 reports the pilot results and data analysis, covering water table dynamics,
drainage volumes, irrigation management, crop yields, and soil salinity.

Chapter 7 addresses farmer engagement and social organisation, examining
stakeholder mapping, communication approaches, buy-in challenges, and factors
affecting adoption.

Chapter 8 summarises the training and capacity building activities, including courses
delivered, the training manual developed, and the study tour to the Netherlands.
Chapter 9 assesses the economic viability of controlled drainage from both
government and farmer perspectives, presenting the analytical framework, business
case calculations, and sensitivity analysis.

Chapter 10 draws conclusions from the preceding chapters, presents principal
findings, lessons learnt, and recommendations for policy, investment programme
design, and further research, concluding with a roadmap for upscaling.

The project was executed by a broad team comprising broad expertise. The project was led by

Deltares, the Drainage Research Institute (DRI), Wageningen University and Research (WUR),

and Witteveen en Bos, were subconsultants. Prof. Henk Ritzma was designged with scientific
quality assurance during the project implementation and with the report review task of the

project.
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Controlled Drainage Concept

Traditional sub -surface drainage system

The current drainage networks in the Nile Delta and Valley (the soccal | ed 00l d
developed between 1965 and 1975, based on engineering assumptions that the soils were
homogeneous and that land slopes were uniformly mild over large areas. These retworks
consist of a composite subsurface drainage system (SSD), comprising field draingnd collector
drains buried below the surface, which convey excess water by gravity to the surface drainage
(SD) system made up of large open drains. These open draindransport the drained water to
the Nile (in Upper Egypt) or to the main open drains in the Delta, where part of the water is
reused for downstream irrigation before ultimately discharging into the Mediterranean Sea
(Figure 2-1).

Pupii Outfall drain

station

9 Latleral

Manhole

Figure 2-1: Schematic representation ofTraditional subsurface and open drainage systems used in Egyfstource:
Ritzma et al, 2023).

In most Delta and Valley regions, pumping is required to lift the drainage water to the final
outfalls, except in some areas of Upper Egypt where the natural gradient allows for gravity
drainage. The existing drainage network comprises eight main components:
1. Field drains (laterals): control the groundwater level within the root zone.
2. Collector drains: collect water from field drains and convey it to open drains.
3. Control manholes (manholes): used for inspection and maintenance, usually placed
every 180 meters or as required.
4. Flushing structures: located at the upper ends of collector drains for cleaning and
flushing operations.
5. Collector drain outlets: discharge water into the surface drainage system.
6. Open drains: carry and collect drained water for discharge into a safe outlet such as
the sea or lakes.
7. Drainage facilities: include engineering structures such as bridges, culverts, and siphons
constructed along open drains.
8. Pumping stations: lift drainage water to discharge points such as the Nile, sea, or lakes
depending on location.
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Rationale for controlled drainage

Freeflow subsurface drainage systems (SSD) implemented in Egypt have proven highly
successful in most old lands of the Nile Valley and Delta. However, due to gradual changes in
land use, climate, farming practices, and water management over the past decaes, there is
now a pressing need to modernise these systems.

Moreover, irrigation water in many regions is now supplemented by alternative sources such
as: Groundwater, treated wastewater, orreused agricultural drainage water. This diversification
has increased competition for water resources and introduced multiple actors influencing water
policies and technical interventions. The conventional subsurface drainage system was
originally designed to accommodate cotton, the crop mo st sensitive to excess moisture.
Consequently, drainage depths were setrather deep, resuting in over-drainage and reduced
on-farm irrigation efficiency when cultivating less water-demanding crops. To balance irrigation
and drainage requirements, especially during rice cultivation seasons farmers often try to
restrict drainage. Many resort to blocking control manholes (manholes) to reduce outflow . Such
blockages are difficult to remove afterward, causing high maintenance costs and shortening
the systemds | ifespan.

To improve on-farm water management, and avoid such issues, there is a need to adopt a
controlled drainage system, which allows regulated management of the groundwater level
without resorting to such informal closures. Installing sealed manholes equipped with control
devices prevents misuse and leeps collector drains clean from debris. This is expected to reduce
maintenance costs and extend the operational life of subsurface drainage systems.

Integrating controlled drainage with irrigation management can increase on -farm irrigation
efficiency by 15840% (Ayars et al., 2006; Jouni et al., 2018). Reduced drainage outflow also
lessens salt loads in the surface drainage network (Bonaiti & Borin, 20D). However, maintaining
higher groundwater levels may sometimes lead to secondary salinisation due to upward
capillary rise of saline water toward the soil surface (FAO, 1985; EGayed et al., 2024). Therefore,
careful water and salt balance studies overat least two to three cropping cycles are essential
to ensure that high irrigation efficiency aligns with the soil's leaching requirements (Letey et al.,
2011; Rhoades et al., 2007).

The currently used gravity subsurface drainage systems have no options to control the water
table and drain outflow during the growing seasons. Farmers, however, want more control over
their drainage practices to optimise their agricultural water management practices, i.e. to match
their irrigation and drainage needs. Thus, they illegally block drainage outflow in the manholes

of the (sub-) collectors. To avoid this misuse of the SSD system, controlled drainage is an optio.
In controlled drainage, manholes are provided with a closing device to control the water level

in the upstream (sub-) collector area (Figure 2-2).
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Figure 2-2: Examples of options that farmers have for manipulating the drainage base in a controlled drainage
system, to promote desirable impacts at farm level: a) high water table during the initial stage of crop development;
b) optimum water table during crop development and mid- and late season, and; c) low water table during and
after harvest.

In summary, the rationale for controlled drainage rests on three interconnected considerations.
1 Firstly, t enables retention of water within the root zone during periods when crops
can beneficially utilise soil moisture through capillary rise. Raising the outlet level
temporarily impedes drainage, maintaining higher water tables that supply moisture
to crops through upward capillary movement. This mechanism is particularly valuable
during crop establishment and mid -season growth stages when water demand is high
(Ayars et al., 2006).

I Second,it provides a systematic alternative to informal farmer practices, particularly
during rice cultivation. Farmers frequently block drainage outlets using soil, stones, or
other materials, a practice that, whilst ra
damages infrastructure and causes uncontrolled waterlogging affecting neighbouring
plots. Controlled drainage formalises water table management, protecting
infrastructure whilst accommodating legitimate farmer needs.

1 Finally, controlled drainage can reduce nutrient and agrochemical losses to receiving
waters. By reducing drainage volumes and increasing residence time of water in the
soil profile, controlled drainage enhances denitrification and reduces transport of
nitratesand phosphates to surface waters. Field
demonstrated that controlled drainage reduced total orthophosphate -phosphorus
losses by 77% during the summer season and 30% during winter compared to
conventional drainage (Wahba et al., 2001)

2.3 Principles of Controlled Drainage

23.1 Design consideration
A conventional subsurface drainage system (SSDgonsists of field laterals and collector drains
arranged in a regular pattern, where each field lateral discharges into the collector drain. Given
the small landholding sizes in Egypt, a single collector often serves multiple farms.

In these systems, farmers haveno means of controlling the groundwater level within their fields.
This becomes problematic when different crops, with varying water requirements, are cultivated
within the same area served by a single collector (seeFigure 2-3, left). As a result, farmers often
block collectors informally to conserve irrigation water or adjust drainage conditions for certain
crops, particularly when cropping patterns change. To overcome these challenges, the concept
of controlled drainage was introduced (see Figure 2-3, right).
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Figure 2-3: Diagram of a conventional drainage system (left) and a controlled drainage system (right).

In the controlled drainage system, sub-collectors or secondary drains are added so that field

drains discharge into them instead of directly into the main collector. The sub -collectors then

convey the drainage water to the main collector. Since the average farm size is small
(approximately 0.5 feddan), both field drains and collectors serve multiple plots. Consequently,
control over drainage cannot be exercised at the individual field drain level but rather at the

sub-collector or main collector level. Within each sub-collector unit, farmers should cultivate
crops with similar groundwater requirements, as further detailed in Section 2.5.2 Currently,
sub-collector boundaries are defined mainly based on existing roads and irrigation

infrastructure, without necessarily aligning with the mesga (tertiary canal)irrigation units, which

typically serve about 100 feddans. Since farmers within each mesqga already cooperate in
irrigation scheduling, it is logical to extend this cooperation to drainage management, ensuring
that sub-collectors are designed in coordination with the existing mesga network.

Unlike irrigation, where each farmer can independently decide when and how much to irrigate
(within agreed mesqa operation rules), subsurface collectors serve several contiguous fields.
Therefore, drainage management under controlled systems requires collective action and
farmer agreement on a shared water management strategy. Furthermore, as each crop has its
own drainage requirements, farmers intending to adopt controlled drainage must agree in
advance on the crop types, planting, and harvesting scheduleswithin the sub-collector area.
This ensures that crop growth stages are synchonised, maximizing the effectiveness of water
and drainage management. The agricultural and organisational requirements needed to
coordinate these practices will be discussed in the next chapter.

2.3.2 General Operating Principles
As illustrated in Figure 2-4, the operation of the controlled drainage system is based on the
following principles:
1 Groundwater Level Control

0 The operation of the control manhole is based on regulating the groundwater
level within the sub-drainage network to maintain it at a specific depth below
the soil surface.

o0 This regulation is achieved byraising or lowering the valves (V1 and V2)in the
control manhole, which allows for drainage or water retention within the field
section.

1 Integration with Irrigation Practices

0 Operation should follow an integrated irrigation plan that defines irrigation
periods and the intervals during which water is allowed to be stored in the soil.

o Full drainage should not occur after every irrigation event, to minimise water
losses and improve irrigation efficiency.
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1 Seasonal Flexibility
o The control levels vary depending on crop type, soil characteristics, and local
climate. Therefore, there are no fixed values, only flexible operating ranges
determined jointly by technicians and farmers.

System Operation during Crop Growth Stages

The groundwater level within a sub-collector area can be regulated by opening or closing the
valves at three different levels during the various crop growth stages (Figure 2-4). Proper
operation of control structures in manholes of the controlled drainage systems is the most

critical factor in achieving the systemds
only collect and convey drainage water, but also dynamically control the groundwater level in
the soil to match the cropbs water require

This control is carried out through valves or manually adjustable stop logs, operated by farmers
under the technical supervision of specialists from the Egyptian Public Authority for Drainage
Projects (EPADP).

IINITIAL MID-SEASON LATE SEASON

CROPS Week 1 10 Week 6 Week 7 to Week W Week 15 b End

.L coseovave  TREBMRIE OPEN VALVE
Figure 2-4: Control drainage systemoperation using different valves according to Crop Growth Stages

Operation Stages during the Crop Cycle

Table 2-1 presents the operation stages during the crop cycle and the recommended steps for
managing the groundwater level in accordance with plant water needs at each growth stage,
see as wellFigure 2-4.

The goal is to maintain an optimal balance between sufficient soil moisture for plant growth
and adequate drainage to prevent waterlogging. The operation begins with drying the soil
before planting to facilitate tillage and seedbed preparation, followed by gradual raising of the
groundwater level during germination and vegetative growth to provide the needed moisture.
During flowering and fruiting, a relatively high groundwater level is maintained to support
nutrient uptake and improve crop quality. Finally, before harvest, the water level is lowered to
dry the soil and facilitate harvesting operations, ensuring efficient irrigation and drainage
management throughout the growing season.
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Table 2-1. Operation stages during the crop cycle and recommended groundwater level management steps

Agricultural Approximate Control Action in  Control Recommended
Stage Period Objective manhole Groundwater Level Below
Soil Surface (m)

Pr-pl ant i 203 weeks | Dry soil to | Open all valves | 1.261.4
(1l and before facilitate tillage | completely for free
prepar at planting and preparation | drainage
Ger mi nat From start up | Increase soil | Open valve (V1); keep| 0.480.6
and e | to 25630 days | moisture to | valves (V2 & V3) closed
growth promote to raise water level

germination
Veget at i Mid-season Maintain Keep valve (V2) open 0.600.8
growth moderate  soil

moisture
Fl ower i 304 weeks | Increase soil | Open valve (V3); keep| 0.861.0
and f r ui beforeharvest | moisture to | (V1&V2)closed

support nutrient

uptake
Pr-bar veg 1062 weeks | Lower Open all valves for full | 1.061.2

before harvest | groundwater drainage

level to dry soil

and ease

harvesting

Note: The values in this table are derived from field experiments in Hala, Shereshra and Bahaareas.

2.4 Experiences with controlled drainage in Egypt

The concept of controlled drainage is not new to Egypt. Recognition that conventional free -
flowing systems cause excessive water losses, particularly from rice fields, led to
experimentation with modified drainage approaches beginning in the 1980s. The experiences
with controlled drainage in Egypt have been published in two review papers (Nasralla, 2019
and NDP 3, 2020):

EFAtfy et al. (1991) developed a modified subsurface drainage layout for rice-growing areas in
the Nile Delta. The system incorporated control structures allowing restricted outflow during
rice cultivation whilst maintaining full drainage capacity for oth er crops in rotation. Testing at
the Mashtul pilot area, followed by large -scale implementation across approximately 2,000
hectares, demonstrated irrigation water savings of 25% from rice fields without adverse effects
on soil salinity or crop yields.

Concurrent research at Mashtul verified design criteria through a nine-year monitoring
programme (1980-1989). AbdelDayem and Ritzema (1990) confirmed that optimal growing
conditions required maintaining water tables at approximately 0.80 metres depth, with
drainage rates of 0.4 mm/day sufficient for salinity control. Field experiments in the Western
Delta by Wahba et al. (2001) demonstrated that controlled drainage reduced orthophosphate -
phosphorus losses by 77% during summer and 30% during winter compared to conventional
systems.

The EfBarada'a area in Kafr EISheikh Governorate became a major research site under World
Bank funding through the Integrated Irrigation Improvement and Management Project. A
controlled drainage network covering approximately 3,000 feddan enabled compari son with
adjacent conventional systems under operational conditions (Mahmoud, 2021). The National
Drainage Programme Phase Ill subsequently synthesised available experience, concluding that
pilots had demonstrated water savings of 15-35%, water productivity improvements of 15-20%,
and reduced maintenance requirements (NDP3, 2020).
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However, previous studies had significant limitations constraining their usefulness for NDP4
policy decisions. Most were conducted under experimental conditions with intensive researcher
involvement; geographical coverage was limited primarily to the central and western Delta;
institutional and social dimensions received less attention than technical performance; and
comprehensive economic analysis across diverse conditions was lacking. Th€DIIRproject was
designed specifically to address these evidence @ps, generating operationally relevant data
from three diverse agro-ecological contexts with explicit attention to farmer management
capacity, institutional requirements, and economic viability.

2.5 Requirements and challenges of controlled drainage in Egypt

25.1 Requirements for controlled drainage
To be able to install and use a controlled drainage system, there are a few requirements which
are listed below:

1 The agricultural area needs to be relatively flat;

2 Surface irrigation is the main method of water application;

3 Atrtificial drainage systems comprising a network of open drains and/or horizontal sub -
surface piped systems with suitable access points (such as manholes) is in place or
planned;

4 There is farmer incentive for controlled drainage, such as in regions where water supply
is sporadic or unreliable, or areas where water is pumped from canals to fields;

5 Crop consolidation along drainage lines is feasible. This implies large landholdings, or
areas where groups of farmers are able and willing to collaborate over crop rotations);

6 Farmers organsations willing to take on the organi sational tasks associated with
controlled drainage exist or can be formed.

2.5.2 Challenges of controlled drainage in Egypt

Implementation of controlled drainage in Egypt faces several challenges arising from the
structure of Egyptian agriculture and the need for collective management at sub -collector level.

1 Land Fragmentation and Level of Control

In Egypt, individual farm plots average only 0.5 feddan, meaning laterals and sub
collector drains serve multiple plots. Controlled drainage is therefore only feasible at
sub-collector level, not at individual farm level. Currently, sub-collector units are
designed based on existing drainage infrastructure without consideration of irrigation
system layout and management at mesqa level (typically 100 feddan). Within a mesqga,
farmers already cooperate on irrigation water management. Extending this
cooperation to drainage management requires that sub-collectors be designed
considering the mesqa system layout where relevant. However, unlike irrigation where
each farmer decides individually when and how much water to apply, lateral drains
inherently serve adjacer fields. Management of subsurface drainage at sub-collector
level therefore always requires cooperation between farmers to agree on a common
strategy (Ritzema et al., 2023).

1 Cropping Pattern Coordination

Each crop has specific drainage requirements in terms of water table depth relative to
growth stage. If farmers wish to coordinate drainage management, they must agree on
the crops grown within the sub -collector unit. This cooperation requires effective
communication, coordination, and alignment of interests, which is not always present.
Fortunately, many crops have similar drainage (water table) requirements which allow
them to be grouped ( Table 2-2), which reduces but does not eliminate the coordination
challenge.
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Table 2-2: Crops with similar water table requirements (http://www.fao.org/land -water/databasesand-
software/crop-information)

Crops Initial Mid -season Late-season
Rice <0.2m <0.2m >1.0m
Vegetables: potatoes, tomatoes, onions, etc. 0.3m 0.5-0.7m >1.0m
Other crops: wheat, maize, sugar beet, cotton, berseem, etc. 0.3m 0.8 m >1.0m

1 Salinity Management

Unlike humid regions where controlled drainage primarily addresses nitrogen
management, Egyptian applications must maintain adequate salinity control. By
reducing drainage volumes, the salt washing from the field is reduced. If control is
maintained too long or at too shallow a depth, harmful salt accumulation can occur.
Design and operation of controlled drainage in Egypt must therefore balance water
conservation objectives against leaching requirements, ensuring that over cropping
cycles, salt inputs arematched by salt exports (Ritzema & Abdel-Dayem, 2010).

91 Institutional and Operational Requirements

Controlled drainage requires integration of irrigation and drainage management. In
Egypt, these functions are institutionally separated: irrigation is managed by irrigation
directorates under the Ministry of Water Resources and Irrigation, whilst drainage is
managed by EPADPunder the same ministry. Although, both are under the same
ministry, institutional fragmentation is inherited in the Egyptian water governance
structure (Tawfik et al., 2021) Effective operation requires coordination between these
parallel structures (Ritzema et al., 2023). Additionally, salinity management remains
critical; controlled drainage reduces salt export, so design and operation must balance
water conservation against leaching requirements to prevent root zone salt
accumulation (Ritzema & Abdel-Dayem, 2010).

In summary, the principal challenges for controlled drainage introduction are:
1 farmers in a sub-collector unit must agree on cropping and cultivation schedules each
season to synchronise drainage management;
1 farmers must assume responsibility for system operation;

9 operational practices must be developed collabouratively with farmers; and
1 sub-collector layout should consider existing mesga system configuration where
relevant.
2.6 Drainage Water Reuse and Sub-Irrigation Potential

Two additional objectives of the CDIIR project were to demonstrate controlled drainage in
combination with drainage water reuse and to investigate the potential for sub -irrigation
through the drainage network. However, practical assessment during project implementation
revealed significant limitations for both approaches under Egyptian conditions.

2.6.1 Drainage Water Reuse
Farmers in Egypt already reuse drainage water by pumping from open drains, though this water
is typically of poor quality. Open drain water has higher salinity (1.7 to 5.6 dS/m) compared to
water discharged directly from subsurface systems (1.2 to 1.4 dS/n), and s frequently polluted
by untreated municipal and industrial wastewater discharged illegally into the drainage
network. In the northern Delta, salinity is further elevated by upward seepage of saline
groundwater.
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However, the total volume of drainage water available for reuse is small relative to crop water
requirements. Summer crop water demand can reach 68 mm/day, whilst collector drain
discharge is typically below 1 mm/day. Thus, reuse can only supplement, notreplace, irrigation
supplies. Furthermore, the fundamental purpose of subsurface drainage is salinity control
through salt removal; excessive reuse without adequate leaching risks soil salinisation. Reuse
must therefore be limited to periods of water scarcity, with accumulated salts leached in
subsequent seasons to maintain long-term salt balance.

Sub-Irrigation Potential

Sub-irrigation, or inverse drainage, involves using the lateral drainage network to deliver water
to the root zone during dry periods. Assessment of sub-irrigation potential at the Hala pilot
indicated that system capacity for summer crops ranged from 0.5 to 2.2 mm/day, far below the
6-8 mm/day crop water requirements. For winter crops, potential sub-irrigation rates of
approximately 2.2 mm/day approached crop requirements of 2-3 mm/day; however, winter
drainage discharges are much lower (0.20.3 mm/day), and controlled drainage further reduces
these volumes by 40-50% (Deltares, 20228 CDIIRInception Report).

Conclusion

Based on these assessments, neither drainage water reuse nor sufirrigation proved feasible at
meaningful scale within the CDIIR pilots. The limited drainage volumes generated under
controlled drainage operation, whilst beneficial for water conservation, are insufficient to
support substantial reuse or sub-irrigation. The project therefore focused on the primary water -
saving mechanism of controlled drainage: reducing unnecessary drainage losses and
maintaining optimal root zone moisture through water table management, rather than
attempting to recirculate the limited drainage water produced.
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Pilot description and characteristics

Site selection

In accordance with the Terms of Reference, three pilot sites have been selected for testing the
controlled drainage system (see Figure 3-1). The three sites were selected in discussion with
the EPADP, with the primary objective of covering a wide range of conditions representative of
Egyptian conditions. Based on recommendations form EPADP, lte selection process involved
joint field visits by EPADP, DRI, and the international consortium during the inception phase.
The assessment focused on soil conditions, groundwater regime, existing drainage
infrastructure, irrigation practices, farm structure, farmers numbers, and accessibility. The
selected sites are:

1 Hala in the Eastern Deltg Dakahlia Governorate (84 feddans).

1 Shereshra in the Western Delta, BeheiraGovernorate (55 feddans).

1 Bahain Middle Egypt, bani Suief Governorate (26 feddans).
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East: 31.299003
North: 30.600434

Eastern
EGYPT l Deserxrt 3 353
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Figure 3-1: Location ofthe 3 pilot sites & with sample photos from the site visits
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Initial recommendations from EPADP included Hala, Shereshra during the Inception Phase.
Following agreement with EPADP, the Baha site in Beni Suef was selecteds a third site,
prioritising an example from a simple single-collector configuration commonly replicated
across Middle Egypt. Together, thesethree sites encompass heavy clay soils (Hala), calcareous
soils with low clay content (Shereshrg, and intermediate textures (Baha); irrigation from canal
water, drainage water reuse, and mixed sources; and farm structures ranging from highly
fragmented (70 farmers) to consolidated (6 farmers). An overview of the site characteristicsis
given in Table 3-1.

Table 3-1 Summary of Pilot Site Characteristics
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Characteristic Hala (Dakahlia) Shereshra (Beheira) Baha (Beni Suef)
Area (feddan) 84 55 26
Number of farmers ~70 ~50 6

Soil texture

Clay to clay loam

Silty clay loam to sandy
loam

Silty clay to sandy loam

Clay content (%)

40-60 (avg. 41)

14-22 (avg. 18.75)

Variable (14-56)

Soil salinity, ECe (dS/m)

1.26-3.74 (avg. 2.44)

2.32-4.46 (avg. 3.12)

1.82.6

CaCOm content Not significant 3.4-20.7 (avg. 13.9) Not significant

Groundwater depth (cm) 34-88 (avg. 57) 35-85 (avg. 61) 50-90

Groundwater salinity, ECw 1.67-4.84 (avg. 2.50) 3.11-5.02 (avg. 3.61) 0.6-0.9

(dS/m)

Primary irrigation source Kaitun Canal + mesga + | Drainage water reuse Dandil Canal
GW (50-100%)

Envelope requirement None (clay >30%) Gravel (calcareous soils) | Variable

Drain spacing (m) 40m 50 m Standard
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3.2 Pilot Site 1, Hala, Collector no. 19 Hala-A

3.2.1 Pilot Location
Hala Pilot site is located in the East Delta region, at the southern part of Dakahlia Governorate,
positioned between two major hydraulic boundaries: the Kaitun Canal to the north and the Hala
Drain to the south. These boundaries regulate both irrigation supply and drainage outflow. The
precise location and spatial configuration of the pilot area are illustrated in Figure 3-2, which
shows the regional context within the Eastern Delta and the delineated boundaries of the 84-
feddan experimental block.

The Hala pilot areais strategically important and scientifically informative asit closely reflects

the prevailing agricultural, hydrological, and operational conditions that dominate much of the
Eastern Nile Del t a. The siteds soi l character
infrastructure, and farmer structure make it an ideal testbed for evaluating the technical

feasibility and field performance of controlled drainage under real -life Egyptian farming
conditions.
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Figure 3-2: Location of the Hala pilot area within the Eastern Nile Delta.

3.2.2 Irrigation Conditions and Cropping Pattern
Irrigation practices at Hala are influenced by a mixture of surface-water sources, groundwater
use, and operational water-level fluctuations in the irrigation canal system:

1 Northern and western fields are irrigated through direct lifting from the Kaitun Canal
using portable pumps or through tertiary ditches that redistribute pumped water
across the plots.

1 Eastern and southern fields depend on an elevated mesqalocated along the eastern
boundary. This mesga is filled only when the Kaitun Canal reaches its highlevel
operational period, a national water-management cycle in which the canal remains at
a high level for approximately one week, followed by nearly two weeks at a reduced
level.
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1 During peak demand periods, particularly in the summer season, groundwater is
commonly used as a supplementary source to compensate for water shortages in the
mesga-fed areas.

The cropping pattern in the Hala site is typical of the Eastern Delta:

1 Winter crops : wheat, Egyptian clover (berseem), and vegetables.

1 Summer crops : rice (dominant), maize, and vegetables.
The high water requirements associated with rice cultivation and the shallow groundwater table
characteristic of the site create ideal conditions for testing the benefits and limitations of
controlled drainage.

3.2.3 Soil and Groundwater Characteristics
Prior to the installation of the controlled drainage system, extensive field investigations were
carried out across six representative sampling points throughout the pilot area. The results
characterise the Hala site as follows:
1 Soil texture: predominantly clay to clay loam, with clay content ranging between 40
and 60%, reflecting slow permeability and high water -retention capacity.
1 Soil salinity (EC):varies between 1.26 and 3.74 dS/m with an average of 2.44 dS/m,
indicating moderately saline soils typical of the Eastern Delta.
1 Groundwater depth: fluctuates between 34 and 88 cm, with an average depth of 57 cm,
confirming a persistently shallow water table.
1 Groundwater salinity: ranges from 1.67 to 4.84 dS/m, averaging 2.50 dS/m, suggesting
that irrigation management directly influences salinity distribution.

This site manifested a challenge because the water level in the open drain is rather high and
the sub-surface drains can be filled with water, preventing free-flow to the open drain. During
the summer, with rice cultivation, this problem had minimal effect on the system performance.
However, during winter the water table was rather high affecting the performance of the
system. We did not investigate the root-cause of the problem in the open drain; but EPADP is
evaluating and aims to resolve this issue at the soonest.

3.24 Farm Structure and System layout
A detailed topographic survey (Figure 3-3), highlights the natural elevation gradients within the
pilot area. The ground surface varies from approximately 9.1 to 9.9 meters, forming two distinct
hydrological zones: A higher elevation zone in the northern section adjacent to the Kaitun
Canal, where natural drainage is more efficient and groundwater levels are more stable. Alower
elevation zone in the southern portion near the Hala Drain, where hydraulic pressure and soil
waterlogging are more pronounced.

The topographic contours in Figure 3-3, also reveal subtle depressions and locaked low spots
that influence drainage behaviour and the spatial distribution of soil moisture. These elevation
variations significantly guided the design of the controlled drainage units, the positioning of
manholes, and the arrangement of drain laterals.
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Figure 3-3: Topographic map of the Hala pilot area.

The drainage system layout for the Hala pilot area is presented in Figure 3-4, illustrating the

controlled drainage system and its integration with the existing field infrastructure. As in TD
configuration, the main collector drain  runs longitudinally through the centre of the pilot area,

forming the primary outlet for all subsurface drainage flows. This central drain serves as the
backbone of the system and is retained in its original alignment to ensure compatibility with
EPADPO3s existing dr ai nsegoestructonimeverkionand t o mi ni mi

The pilot area is hydraulically divided into five sub -collector units (Figure 3-4), each
connected to the main collector through dedicated sub -collector drains. These subcollectors
were designed to optimise hydraulic efficiency, allow independent water table control, and
accommodate the existing farm boundaries as much as possible. The size of the subcollector
units varies between 11 and 20 feddans , reflecting differences in plot arrangement, natural
ground levels, and the spatial distribution of irrigation sources.
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Figure 3-4: Engineering layout of the CD for the Hala site (Collector 19).

Based on the integrated soil, topographic, and hydrological assessments conducted at the site,
a full redesign of the existing subsurface drainage network was developed to transform the
traditional free -flow system into a fully functional controlled draina ge system. The conceptual
and detailed engineering layouts (Figure 3-4), present the final configuration adopted for this
conversion. The redesigned system incorporates several key components that collectively
enhance hydraulic control, operational flexibility, and field -level water management.

Subdivision into Hydraulic Management Units
The 84-feddan block was divided into five sub-collector management units (A8E), each ranging
from 11 to 20 feddans. The subdivision criteria were chosen to:
1 align with existing farm boundaries and landholding patterns;
1 promote coordinated operation among groups of approximately 10 815 farmers per
unit;
1 allow independent adjustment of groundwater levels suited to crop type, soil
conditions, and irrigation schedules.
This modular design ensures manageable operational clusters while maintaining hydraulic
cohesion within the overall catchment.

Controlled Manholes
Three central controlled-drainage manholes were strategically located along the main collector

drain. Each manhole was equipped with:
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1 adjustable stop-logs or sluice-gate mechanisms enabling multi-level water-table
regulation (typically at 0.4 m, 0.8 m, and 1.2 m);
9 structural protections against submergence and backflow from the main drain.

These manholes allow differential operation across the site:
1 Manhole 1 serves the northern units closest to the Kaitun irrigation canal;
1 Manhole 2 regulates groundwater conditions in the central units situated at moderate
elevation;
1 Manhole 3 operates the southern units, where higher drainage pressures necessitate
more active control.

Subsurface Drainage Network

The lateral and collector layout adheres to EPADP design standards for heavy clay soils. Lateral

drains, spaced at 40 meters and installed without filters due to the high (>40%) clay content,
convey drainage water to sub-collectors, which in turn discharge into the main collector drain.
The network ensures uniform coverage, stable hydraulic gradients, and compatibility with
controlled drainage operation.

During the design phase, several alternative network configurations were examined, including
the possible subdivision of Unit E, the largest management unit on the site. The northern
portion of Unit E receives consistent irrigation from the Kaitun Canal, whereas the southern
portion depends on a mesga with intermittent supply. Although splitting Unit E into two
independently controlled units could have provided hydrological benefits, the additional cost
of constructing another controlled manhole, increased excavation work, and added operational
complexity ultimately outweighed these advantages. In consultation with EPADP, the project
team elected to maintain the five -unit configuration.

Overall, the final design reflects an optimal balance between hydraulic performance,
operational practicality, and cost-effectiveness. This configuration provides a scalable model
that can be replicated in other regions with similar conditions, supporting the broader effort to
expand controlled drainage across Egypt.

Significance of the Hala Design for National Replication
The integrated layout shown in Figure 3-4, along with the accompanying designs for the
Shereshraand Baha sites, serves as technical reference model for future controlled -drainage
applications in Egypt. These designs:
1 Demonstrate best-practice criteria for subdividing large agricultural areas into
manageable hydraulic units;
1 Provide a practical blueprint for installing and operating controlled -drainage
structures;
1 Highlight important design considerations related to soil, irrigation sources, farmer
organisation, and elevation gradients.

The Hala pilot area thus functions as a cornerstone for national upscaling efforts, offering a
scientifically validated and field-t e st ed model for transf or mi
systems into modern, water-efficient infrastructure.

Pilot Site 2: Harara B, collector 8, Shereshra

Pilot Location

The Shereshrapilot site, located in the central Western Delta. It represents a highly valuable
setting for evaluating the performance of Controlled Drainage under conditions of severe water
scarcity, heterogeneous calcareous soils and intensive reliance on drainage water reuse
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Geographically, the site lies southwest of Kafr ElZayat (East: 30.285487, North: 30.925873)he
area covers approximately 55 feddans cultivated by nearly 50 farmers. The area is situated
between the Diab Irrigation Canal to the north and the Shereshra Drainto the south; however,

as illustrated in Figure 3-5, the Diab Canal does not directly border the pilot fields, resulting in

restricted surface-water access and imposing additional operational challenges for irrigation

management.

This unique combination of hydrological and agronomic constraints makes Shereshra a
technically demanding but scientifically essential test site for the Controlled Drainage and
Irrigation Improvement Project (CDIIR . The sitefs characteristics
the feasibility and performance of controlled drainage in low-clay, highly calcareous soils,

which are prevalent across more than 200,000 feddans of otherwise fertile agricultural land in

the Western Delta.
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Figure 3-5: Location of the Shereshra pilot area in the Western Nile Delta.

3.3.2 Irrigation conditions and Cropping Patterns
The irrigation environment at Shereshra is shaped by long-term water shortages and reduced
inflows from the Diab Canal. As a result, farmers have developed adaptive irrigation strategies
centred on the reuse of drainage water, creating a dual-source irrigation system that varies in
reliability and water quality .

The irrigation is made as follows:

1 Western Mesga Irrigation System: Historically, the western mesga was supplied
entirely by lifting water from the Diab Canal. Approximately three decades ago, this
supply was sufficient to irrigate the entire command area. However, declining canal
flows gradually forced farmers to blend canal water with drainage water pumped from
the Shereshra Drain. Today:5001 0 0 % o f t he mecmes dram reuseg pl vy
drainage water, Water availability fluctuates significantly with canal operating cycles,
and Drainage water is conveyed to individual plots through small tertiary ditches.

1 Direct_Pumping from the Open Drain: In the southern part of the pilot area, fields
receive no mesqga water at all and depend entirely on pumping from the open drain.
This high dependence on drainage water highlights the severity of water stress and the
necessity of improved water-management systems.

The cropping patterns in Shereshra mirror those of the Western Delta:
1 Winter: wheat, berseem, and sugar beet
1 Summer: rice and maize
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Rice, in particular, imposes substantial pressure on both surfacewater supply and groundwater
systems due to its high water requirements. Its cultivation intensifies demand for pumped
drainage water and places additional stress on the shallow aquifer, influencing drainage flow
volumes, soil salinity patterns, and seasonal groundwater dynamics.

Soil and groundwater Characteristics

A comprehensive soil and groundwater survey was conducted to establish the baseline
hydrogeological conditions necessary for designing the controlled drainage system. The
Shereshra site featureshighly variable textures, calcareous subsoils and relatively shallow
groundwater, all of which influence drainage design considerations. A summary of these
attributes is presented in Table 3-2, which highlights the technical implications for drainage
design, including the need for gravel envelopes, specialisedequipment, and careful evaluation
of hydraulic performance.

Table 3-2: Summary of Soil and Hydrogeological Conditions (Pilot Site & Shereshra)

Attribute Observed Range Average | Interpretation
Soil Texture Silty Clay Loam - Sandy | & Heterogeneous soil profile
Loam

Clay Content (%) 14622% 18.75% Low clay content; risk of lateral drain
clogging

Soil Salinity (dS/m) 2.3204.46 3.12 Slight to moderate salinity

Calcium Carbonate 3.4820.7 13.9 Highly calcareous subsoils in several

(CaCOm%) locations

Groundwater Depth (cm) 35685 cm 61cm Fluctuating, relatively shallow water table

Groundwater Salinity 3.1185.02 3.61 Moderately saline groundwater

(dS/m)

Farm Structure and System layout

The physical farm structure at Shereshra exerts a decisive influence on the design, performance,
and operational feasibility of the controlled drainage (CD) system. As illustrated in Figure 3-6
the site exhibits a complex topographic pattern with gentle yet meaningful elevation gradients
that directly affect groundwater flow, drainage behaviour, and the hydraulic subdivision of the
pilot area. The contour intervals reveal a clear contrast between thehigher western zones and
the lower eastern zones, each imposing distinct hydrological challenges and design
requirements.

The western part , adjacent to the Al-Shereshra Drain, lies at comparatively higher elevations
(0.0530.10 m contours). These elevated areas naturally promote faster lateral water movement
and enable quicker drainage response following irrigation events. However, they also require
careful control to prevent excessive drawdown of the water table, particularly under traditional
drainage conditions.

Conversely, theeastern blocks , especially those bordering the houses and road, lie at notably
lower elevations (1 0. 15 to 10.40 m contours). These
waterlogging, slower drainage, and prolonged saturation of the root zone. Maintaining
adequate water-table control in these sections is therefore more challenging and necessitates
precise adjustment of drainage levels through controlled structures.

The existing built infrastructure further constrains system layout and hydraulic design. The
continuous strip of houses and roads along the eastern boundary prevents the formation of a
single unified longitudinal drainage unit and restricts lateral drain a lignment. These physical
barriers required the design team to divide the area into smaller hydraulic subunits rather than
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adopting a single consolidated collector system. The contour configuration confirms that such
subdivision is hydraulically justified, as water movement patterns differ significantly between
the western highlands and eastern lowland depressions.

The topography is compounded by operational issues associated with the current discharge
mechanism. Presently, drainage water from the pilot area is conveyed through a siphon located
beneath the western mesga. This siphon is prone to repeated blockages, cased in part by the
low elevation differences (Figure 3-6), which reduce hydraulic head and limit effective
discharge. The resulting operational failures increase maintenance requirements and decrease
the reliability of the drainage system.
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Figure 3-6. Topographic map of the Shereshra pilot area.

To overcome these constraints, the proposed controlled drainage system, shown in Figure 3-7,
introduces a more robust hydraulic configuration by:
1 Directly routing the main collector drain to the open drain, eliminating the problematic
siphon and ensuring unrestricted discharge capacity.
91 Dividing the pilot area into four topographically informed sub -collector units, each
designed to accommodate distinct elevation gradients and irrigation conditions.
1 Integrating manhole -controlled outlets to allow fine adjustment of water -table levels
across areas with differing slopes and soil moisture retention characteristics.
Additionally, the southeastern unit, which contains land owned by the church and occupies a
uniquely low-lying topographic pocket, is designed as an independent hydraulic unit. Its
isolation is necessary due to both its physical separation (as visible in the contour mapping)
and the distinct waterlogging risk associated with its lower elevation.
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Collectively, the redesigned drainage configuration ensures improved water-table regulation,
stronger hydraulic performance, and enhanced adaptability to the inherent complexity of the
Shereshra landscape as depicted in the topographic map.
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Figure 3-7: The CD layout for the Shereshra pilot area.

3.35 Specific considerations for Shereshra

The Shereshra site presents specific technical constraints that make controlled drainage
implementation more complex than at the other pilot locations , as follows:

1T Due to | ow clay content and high Cgavém
envelopes around lateral drains to prevent clogging. However, gravel-enveloped
drainscostLE 150 per met e smalbscalempiots ean faiSelcdsts by an
additional 50%, and EPADP typically excludes such soil types from its standard
drainage program due to high construction costs.

1 The pilot area currently relies on a concrete collector with: A persistently high
upstream water level, and A blocked siphon creating unstable hydraulic conditions.
Rehabilitation would be risky and expensive; therefore, the design recommends
replacing the collector with a PVC or PE pipeline to ensure stable operation. Installing
gravel-enveloped laterals requires specialsed trenching equipment with dual gravel

41 of 156 Controlled Drainage in Egypt: Fi ndi ngs f r om R edaéchnical EvelenéejFarme
Organisation, and Economic Viability for Upscaling L i Qp
abiall éyall \
11207869-000-ZWS-0020, February 2026 Controlled Drainage \QI2) Deltares



hoppers, equipment that has not been used in Egypt for many years. If unavailable,
manual installation would be required, further increasing cost and implementation
time.

While Shereshra is not the simplest location from an engineering standpoint, it holds strategic
importance for the national evaluation of controlled drainage. Approximately 200,000 feddans
of Western Delta lands exhibit similar calcareous soil conditions. Successfully piloting the
technology here will provide critical insights into:

1 Technical feasibility under calcareous soil constraints

1 Realistic cost estimation for large-scale implementation

1 The operational behaviour of controlled drainage with mixed irrigation sources

1 Farmer acceptance under conditions of high water stress

Furthermore, the local farming community has demonstrated strong willingness to
participate , making Shereshra an ideal location for socicinstitutional evaluation. Given its
strategic relevance, the pilot will proceed, with modifications and careful planning , to ensure
that technical, financial, and logistical challenges are addressed through continued field
investigations, stakeholder consultations, design refinements, and coordination with EPADP.

3.4 Pilot Site 3: Baha o Collector no. 2, left drain Baha -1B

34.1 Pilot Location

The third CDIIR pilot site (Baha), is located in Middle Egypt (Beni Suef Governorate) and
represents a distinct hydro-agronomic environment compared to the two Delta sites. The area
lies between longitudes and latitudes E:58.756903/N:13.9588223 within a highly cultivated
agricultural corridor along the Nile Valley. As illustrated in Figure 3-8, the pilot block occupies
a strip of land encompassing approximately 26 feddans, cultivated by six farmers, and bounded
by two major hydraulic features: Dandil Canalto the north, representing the primary irrigation
source, and Al-Borg Drain to the south, receiving all excess drainage water from the farm unit.
The spatial positioning of the site, between a perennial irrigation canal and an efficiently
functioning open drain, creates a weltdefined and hydrologically stable environment for
evaluating controlled drainage performance under Upper Egyptian conditions.

Figure 3-8: Location of the Baha pilot area.
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Irrigation conditions and Cropping Patterns

Unlike the Western Delta site (Shereshra), where chronic water shortages and drainagewvater
reuse dominate, Baha enjoys relatively stable irrigation suppliesderived from the Dandil Canal
with the local mesqa delivering water uniformly across the command area. Irrigation water is
conveyed primarily by gravity or low -lift pumping, and due to the compact field arrangement,
distribution losses are limited.

The cropping pattern in Baha reflects the typical rotations of Middle Egypt, charactersed by
moderately warm winters and hot, dry summers. Winter crops cultivated by wheat (dominant),
berseem (Egyptian clover) and vegetables.Summer crops cultivated by maize, cotton and

sesame. This diversity of seasonal crops provides a useful platform for comparing drainage

regimes under both water-demanding species (e.g., berseem, maize) and moderately drought
tolerant crops (e.g., sesame).

Soil and groundwater Characteristics

Apre-i nstall ati on soil and hydrogeol ogi cal
suitability for controlled drainage. Results showed that Baha exhibits one of the most
favourable soildwater conditions among the three pilot areas:

f
f

f
f
f

Soiltexture: si Ity «cl ay sandy | oam

Sand content: < 30% (sufficiently fine to limit rapid drainage losses, but requiring
attention to potential lateral clogging)

Soil salinity: 1.862.6 dS/m (slight to moderate salinity)

Groundwater depth: 500890 cm (shallow but stable)

Groundwater salinity: 0.600.9 dS/m (low salinity, indicating minimal return -flow
contamination)

These characteristics collectively suggest thatcontrolled drainage has strong potential to
conserve water and stabilise the root-zone moisture regime, especially during the high-
temperature summer months.

Farm Structure and System layout

-The Baha pilot area represents thesimplest and most structurally coherent experimental block
within the CDIIR As shown in the detailed topographic layout (Figure 3-9), the site is nearlyflat,
with minimal elevation gradients. This topographic uniformity greatly simplifies drainage

design, as lateral spacing and drain alignment can follow a standard, evenly distributed
configuration.

Legend

[ ro_sorcer
[ co_ sorder

Conour_Lines

Irrigation_Canals

Figure 3-9: Topographic map of the Baha pilot area.
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Figure 3-10: The CD layout for the Baha pilot sit.

Key characteristics of the farm structure include:

1 Rectangular block geometry , minimizing head losses and facilitating uniform water -
table control.

1 Consolidated land ownership under a single landowner, who leases standardised
plots to six tenant farmers, significantly reducing operational conflicts.

1 Simplified irrigation/drainage boundaries:

1 Western boundary: Mesqa (primary irrigation source)

1 Eastern boundary: Al-Borg Drain (receiving drainage outflows)

These favourable conditions enabled an efficient and costeffective design process. The
controlled drainage concept was implemented without modifying the traditional drainage
layout; instead, the system was upgraded by:

1 Introducing water-level control gates at the main manhole,

1 Regulating discharge at the final outlet into Al -Borg Drain,

1 Maintaining existing lateral alignments to reduce installation costs.

Land ownership in this pilot area is fully consolidated under a single owner, who subdivides the
area into uniformly shaped plots and leases them to six tenant farmers. This regular and orderly
pattern of land division facilitated an efficient design process, allowing the controlled drainage
system to be aligned with field geometry and natural flow patterns.
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Given the favourable hydraulic characteristics, regular plot shapes, consistent surface levels,
and clearly defined irrigation and drainage boundaries, the controlled drainage system was
engineered to achieve an effective balance between operational efficiency, ease of
maintenance, and hydrological performance. This simplified structural layout significantly
reduced design constraints and enabled the implementation of a well -integrated and reliable
controlled drainage configuration for the entire area.

The controlled drainage system in this area was implemented without altering the traditional
drainage layout. Instead, the existing design was retained, and only the main Manhole was
upgraded with water -level control structures and discharge regulation devices, consistent with
the approach used in the Shereshra and Hala pilot sites.

Within this pilot area, the system includes two manholes: one located at the upstream end of
the collector and another positioned at its discharge point into the Baha drain, as shown in

Figure 3-10. This configuration ensures that water levels can be effectively regulated while
maintaining the simplicity of the original alignment. Overall, the system represents one of the
simplest and most cost-efficient controlled drainage designs, as it closely mirrors the
conventional system and requires minimal structural modifications. The addition of control

devices provides the necessary functionality while keeping construction and maintenance
requirements low.
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4 System Design, Operation, and Cost

4.1 System Design and Installation

The design of the drainage systems for the CDIIRpilot sites follows the standard engineering
guidelines outlined in the Manual” on Design and Construction of Drainage Networkscombined
with additional criteria required for effective implementation of controlled drainage as
documented in the Controlled Drainage Manual* These principles ensure that the system
operates reliably under varying hydrological conditions while providing the flexibility needed
for manipulating groundwater levels to support different crop growth stages. The following
design considerations form the foundation for planning and installing the drainage
infrastructure across the pilot areas.

To ensure adequate drainage performance, the system is designed with the following
considerations

91 to deliver a capacity of 1 mm/day, which determines the required spacing between
lateral drains at each site.

1 The maximum allowable length for a lateral is set at 300 meters to maintain uniform
hydraulic performance and avoid excessive head losses.

1 For operational efficiency and ease of maintenance, inspection manholes are
incorporated at intervals of 180 meters along the main collectors, while sub-collectors
require only two manholes positioned at their terminal points.

1 The hydraulic gradient across the drainage network is carefully controlled to maintain
proper flow.

0 Lateral drains are installed with aslope of 10 cm per 100 meters

o0 Main and sub-collectors follow a gentler gradient of 5 cm per 100 meters .

o0 Laterals are placed at adepth of 1.2 meters below the soil surface at their
downstream ends, representing the highest elevation within the system, which
helps maintain optimal drainage performance without excessive excavation.

1 Pipe materials and diameters are standardsed to ensure structural stability and
consistent hydraulic behaviour.

o For laterals,80 mm diameter PVC pipesare used ,

o for sub-collectors 150 mm (6") PVC pipesare designated serving areas up to
34 feddans.

0 Main collectors vary in size between 200 and 300 mm (8" 812"), depending
on the total catchment area and expected discharge.

For controlled drainage functionality
1 two additional adjustable outlets are integrated into each controlled drainage
manhole. These outlets are positioned at 40 cm and 80 cm below the soil surface,
enabling operators to manipulate groundwater levels in accordance with crop water
requirements.
1 This flexibility allows the system to maintain:
o ahigh water table during early crop development (around 40 cm),
o anoptimal intermediate level during mid -season (around 80 cm),
o alower water table during harvest and post-harvest periods (around 120 cm).
1 Adjusting the outlets by closing or opening, regulates the drainage depth, thereby
optimizing soil moisture conditions and reducing water losses through unnecessary
drainage.

nnnnnnnnnnnnnn
" This Manual is a product of the -EPADRPNDP3 project 8 EPADP 2022, Cairc Egypt
AThe CD Manual product of this Projec) complements the Manual on Design and Construction of Drainage Networks
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Figure 2-2 shows a theoretical overview of how farmers can manage the groundwater table
depth using controlled drainage manholes. These design principles collectively support a
system that is robust, adaptable, and capable of improving water use efficiency while
maintaining favourable soil moisture conditions across different cropping seasons. In practice,
this theoretical concept has been implemented through the construction of a simple and

practical structure, as shown in Figure4-1, which demonstrates the step-by-step
implementation of the control ridge in a straightforward and practical manne r.

ructure in practice.

Figure 4-1: Steps for constructiﬁg the control

4.1.1 Drainage System Design and Implementation
The design of the controlled drainage (CD) system was tailored to the specific environmental
and operational conditions at each pilot site, taking into account soil texture, crop patterns,
groundwater-table behaviour, and the layout of existing irrigation infrastructure. Table 4
summarises the key design parameters adopted for the Hala, Shereshra, and Baha pilot areas,
reflecting site-specific hydraulic functionality and compatibility with CD operations. A number
of core design principles guided the engineering process:
9 Drain Pipe Depth
The installation depth of lateral drains was selected based on soil hydraulic properties,
the degree of water-table regulation required, and the rooting depth of major crops.
Proper depth ensures efficient drainage while avoiding excessive lowering of the water
table, which could adversely affect crop development and soildplant water dynamics.
I Spacing Between Drain Lines
Drain spacing was calculated to achieve uniform watertable control across the field.
Soil texture, hydraulic conductivity, and the target operational water -table range were
key determinants. Heavy, lowpermeability clay soils required closer spacing, whike
moderately permeable soils allowed wider spacing without compromising
performance.
1 Control Units (Control Structures)
Manholes equipped with adjustable stop -logs or sluice gates were designed to enable
precise water-table modulation. Their placement subdivided each pilot area into
hydraulically manageable units, allowing independent regulation of groundwater levels
based on crop type, irrigation scheduling, and farmer coordination.
1 Integration with Irrigation Systems
The subsurface drainage layout was explicitly coordinated with surface irrigation
networks to ensure complete hydraulic compatibility. Such integration minimi ses the
risk of waterlogging, reduces unnecessary drainage outflows, and improves overall
water-use efficiency at the farm level.
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Table4-1: Key elements of the subsurface drainage design.

Key Design Element Hala Pilot Shereshra Pilot Baha Pilot
Drain pipe depth (m) 1.2 1.2 1.2
Spacing between drains (m) 30 40 40

Drain envelope material None Gravel Synthetic & gravel
Drainage factor & design equation 1 mm/day & 1 mm/day & 1 mm/day o

Hooghoudt Equation

Hooghoudt Equation

Hooghoudt Equation

Gradient of laterals 10 cm /100 m 10 cm /100 m 10cm /100 m
Lateral material & diameter PVC, 8 mm PVC, 8 mm PVC, 8 mm
Sub-collector material & diameter PVC, 150 m PVC, 150 m PVC, 150 m
Maximum lateral length (m) 300 300 300

Main drain size

2005300 m (631 2 6 )

2003300 m (631 0 6 )

2003300 m (638 6 )

Integration with irrigation

Construction Phases

Fully integrated

Fully integrated

Fully integrated

The installation of the drainage system was completed in several weltdefined phases to ensure
accuracy, efficiency, and minimal disruption to agricultural activities:

The site was cleared]evelled, and marked to establish the precise alignment of laterals
and the locations of control structures. This preparatory phase ensured accurate

Mechanical trenchers or equivalent excavation equipment were used to excavate
trenches at the specified depth and slope. Lateral pipes were installed according to the
engineered gradient to maintain consistent hydraulic performance.

Controlled manholes and adjustable structures were constructed at designated points
to enable practical regulation of water-table levels throughout the year. These
structures allow seasonal adjustment according to crop needs and hydrological

Lateral and sub-collector drains were connected to the main collector drain to ensure
full hydraulic continuity. Compatibility with the existing irrigation network was verified
to support coordinated irrigation ddrainage management.

1 Site Preparation
excavation and smooth system installation.
1 Excavation and Installation of Lateral Drains
9 Installation of Control Structures
conditions.
1 Connection to Main Drain and Irrigation Network
9 Backfilling and Field Restoration

After pipe installation, trenches were backfilled and compacted, and the land surface
was restored to its original condition so that farming activities could resume without
obstruction.

The duration of installation varied according to soil type, equipment availability, and climatic
conditions; however, careful planning ensured that all systems were fully operational within the
target agricultural season.

Technical Challenges Encountered
Several challenges were encountered during installation, requiring adaptive management and
site-specific mitigation:

|l
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Hard layers or rocky horizons required heavy-duty excavation tools, and in some
locations, gravel envelopes or protective bedding around pipes were necessary to
ensure proper hydraulic performance.
1 Equipment Availability
Specialised trenching equipment and laser-guided tools were not always readily
available, leading to delays or requiring modifications to construction sequencing.
1 Integration Challenges
Aligning new subsurface drains with existing irrigation networks required careful
surveying and on-site adjustments to avoid hydraulic interference or operational
inconsistencies.
1 Maintenance Access
Control manholes were designed and positioned to allow safe and convenient access
for routine maintenance and seasonal adjustment of gate settings, which is essential
for long -term system performance.
Despite these challenges, adaptive design adjustments, skilledabour, and effective supervision
ensured that the installed systems performed reliably and met operational standards.

Construction Supervision and Capacity Building
To ensure the controlled drainage systems were constructed according to design specifications,
the Egyptian Public Authority for Drainage Projects (EPADP) led orsite supervision, supported
by the technical expertise of the Drainage Research Institute (DRJ. Photographs in Figure 4-2
document key installation stages. To strengthen supervisory capacity, EPADP engineers and
technicians participated in a structured training program consisting of:
9 Training on Controlled Drainage Systems
A two-day introductory program covering CD principles, system components,
hydraulic behaviour, and expected agronomic benefits.
1 On-the-Job Practical Training
Three days of handson training at each construction site, where participants
engaged directly in excavation, installation, and initial operation of the system.
1 Remote Technical Assistance
A dedicated helpdesk offering continuous support, allowing engineers to resolve
technical issues and receive guidance during construction.
1 Review of As -Built Drawings
As-built drawings prepared by contractors were reviewed carefully to ensure
compliance with the original design and to document field modifications.
This comprehensive supervision and training program ensured high-quality construction,
minimised deviations from the design, and strengthened local institutional capacity for future
large-scale implementation.

Figure 4-2: Supervision the
installation of the Controlled
drainage system

Controlled Drainage in Egypt: Fi ndi ngs f r om R edaléchnical Evielenéej Fare
Organisation, and Economic Viability for Upscaling

_ S
11207869-000-ZWS-0020, February 2026 Controlled Drainage dg, De l t(] fes



4.2 System operations and management

During the experimental period, which extended for more than two years, designated
technicians from the Drainage Research Institute (DRI) operated the controlled drainage system
on behalf of the farmers. These technicians were responsible for adjusting the stop logs,
managing the control valves, and conducting routine monitori ng throughout the trial phase to
ensure consistent and reliable system performance. Upon completion of the experimental
period, full responsibility for operating the system, including valve opening and seasonal
adjustments, will formally transfer to the farmers themselves. This transition was supported
through field training, workshops, and the distribution of operational guidance materials to
ensure that farmers were fully prepared to manage the system independently.

A dedicated outreach brochure, (see exampleFigure 4-3), was also prepared specifically for this
experiment and distributed during multiple workshops targeting the district engineers,
extension officers, and farmers. The brochure served as a practical guide outlining system
components, operational steps, and field monitoring procedures.

IINITIAL ( MID-SEASON LATE SEASON

CHOPS Week 1 1o Week 6 Week 7 to Week W Week 15 © End

aL coseovave  TEREEBNRRE OPEN VALVE
Figure 4-3: Awareness and Operational Guidance excerpt from the projectBrochure.

The actual system operation followed a clearly defined operational plan tailored to the
hydrological conditions and crop requirements of each pilot area. The plan included setting
target water-table levels for the main stages of the cropping season, implementing periodic
adjustments of the control structures, and continuously monitoring the compliance of actual
water-table behaviour with the designed operational ranges.

42.1 Operational Objectives
A set of operational objectives was executed in the field, each contributing significantly to
improving system performance. These included:
1. Regulating the water -table depth according to crop needs throughout the stages of
germination, vegetative growth, and grain filling.
2. Reducing deep percolation losses by raising water levels during periods of low crop
water demand.
3. Improving irrigation efficiency by maintaining soil moisture within the effective root
zone, thus reducing the number of irrigation events.
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4. Minimizing nutrient losses through controlled outflow rates from the drainage
system.
5. Enhancing drought resilience by retaining water within the root zone for extended
periods.
These operational goals were emphassed during the field workshops, supported by the
instructional steps and visual explanations presented in the brochure (Figure 15).

4.2.2 Operational Procedures Executed During the Season
The water table was regulated through adjustable control structures installed within the
drainage network. These structures allow precise control of water levels to meet crop
agronomic needs throughout the production cycle. The operational strategy is divi ded into
three key stages each aligned with crop growth requirements:
1 Early-Season Operations (Germination and Establishment Stage)
o In the three pilot areas, the operating teams applied unified early -season
procedures, including:
o Raising the water-table level to 0.40 m below soil surface to support uniform

germination.

o Conducting weekly field visits to ensure proper functioning of the control
structures.

0 Adjusting the valves inside the Manhole to achieve the target water-table
range.

o Training technicians to monitor soil surface cracking and root zone moisture.
0 These measures improved germination uniformity and reduced early-season
irrigation requirements.
1 Mid -Season Operations (Active Growth and Root Development Stage)
o During peak crop growth, the following actions were implemented:
o Lowering the water-table to 0.80 m to enhance aeration and root expansion.
o Conducting additional adjustments following irrigation events to prevent
unexpected water-table rise.
o Performing periodic water-table measurements using field piezometers
installed in each plot.
o Utilizing the guidance provided in the brochure to demonstrate adjustment
steps to technicians.
0 This stage required close monitoring, particularly in Shereshrg where soils
exhibit higher permeability and faster lateral drainage.
1 Late-Season Operations (Maturity and Pre -Harvest Stage)
o0 Operational teams carried out several end-season procedures to optimise
harvest conditions:
o0 Maintaining a moderate or further lowered water -table depending on crop
type and harvest schedule.
o Monitoring fields for excess moisture to avoid negative impacts on grain
quality.
o Implementing joint field inspections jointly with EPADPIn the final weeks
before harvest.
1 Operation of Control Structures , Field operation of the control structures involved
(see alsoFigure 4-3):
Adjusting valvesto raise or lower water levels according to the seasonal plan.
Checking valvestightness and ensuring the absence of leaks.
Cleaning inlet and outlet zones of each structure to prevent clogging.
Applying a coordinated operational approach between district engineers and
farmers based on the procedures clarified during the workshops.

O O O O
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4.2.3 System Management and Maintenance
1 System management

The effective operation of the controlled drainage system relies on coordinated
management responsibilities shared among EPADP andarmers. During the pilots, the
project team operated the system. In general, EPADP is responsible for overalkystem
oversight and technical supervision, ensuring that control structures function as
designed and conducting periodic inspections of collectors and lateral drains.
Technicians play a direct role in day-to-day system operation by adjusting valves
according to agreed schedules, reporting any malfunctions or obstructions within the
drainage network, and coordinating activities with neighbouring farmers in shared
drainage units. Complementing these efforts, DRI provides technical guidance and
hydrological interpr etation, supports troubleshooting and system optimi sation, and
conducts seasonal performance evaluations t
recommend improvements. Together, these coordinated roles ensure reliable
operation, sustained performance, and continuous improvement of the controlled
drainage system.

After system handover, it is expected that the system operation will be shared between
the farmers and EPADPFor successful operation, DAS shoulddedicate effort to inform
and support farmers.

1 Maintenance Protocol
A structured maintenance protocol is essential to prevent system failures and to ensure
the long-term performance of the controlled drainage network. Routine activities
include clearing accumulated sediment and debris from control structures to maintain
proper flow regulation, and inspecting lateral and collector drains to detect and remove
any blockages that may restrict water movement. Regular checks are also carried out
to verify the structural stability of manholes, valves, and outlet components, ensuring
that they remain secure and fully functional under varying hydraulic conditions. In
calcareous soils where pipe deterioration and clogging risks are higher, special
attention is given to confirming the integrity of drainage pipes and connections.
Additionally, seasonal flushing is conducted to remove solids that accumulate within
the system over time, thereby preserving hydraulic capacity and operational reliability
across different cropping seasons.

4.2.4 Summary Field Operations
To document the practical performance of the Controlled Drainage (CD) system during field
implementation, a detailed record of operational activities was maintained across the three
pilot areas, Hala, Shereshrg and Baha. These records captured wateitable adjustments,
structure operation, maintenance routines, and field-level compliance. Table 4-2, summarises
the key operational actions undertaken within each site throughout the different stages of the
growing season.

In conclusion, the field experience in the pilot areas demonstrated that correct and consistent
operation of the controlled drainage system resulted in:

1 Improved stability of water -table levels.

1 Reduced irrigation frequency and enhanced water-use efficiency.

1 Lower nutrient losses.

1 Better field readiness for harvest through well-managed late-season adjustments.
The project brochure (Figure 4-3), played a central role in transferring knowledge to district
engineers, extension officers, and farmers, contributing significantly to the successful
implementation of the operational plan.
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Table 4-2. Summary of controlled drainage operational activities across the three areas.

Operational Aspect

Hala

Shereshra

Baha

Early-season water -
table adjustment

Raised to 0.4 m;
stable response

Raised to 4060 cm; faster
drainage required more frequent
adjustments

Raised to 40560 cm but
with farmer interference
issues

Mid -season
adjustment

Lowered to 0.8 m;

stable soil profile

Lowered to 808100 cm; high
permeability increased variability

Lowered to 808100 cm but
control was frequently
bypassed

Field monitoring
frequency

Weekly + after
irrigation

Weekly + more frequent checks
due to fast drawdown

Weekly but affected by
open gates

Operation of control
structures

Correct and
consistent; good
sealing

Moderate performance;
acceptable sealing

Partial functioning; gates
often left open

Maintenance

Routine Manhole

Regular cleaning; sediments

Extra cleaning required due

activities cleaning and minimal to calcareous deposits
flushing
Overall operational High Moderate Low (mostly operational

compliance challenges, not structural)

Cost Estimates and comparison between CD and TD

This section provides a high-level comparison of the costs associated with Controlled Drainage
(CD) and Traditional Drainage (TD) systems to assess their economic feasibility and scalability
under Egyptian agricultural conditions. While CD requires modest additional upfront
investment for control structures and management, it offers measurable benefits in terms of
reduced drainage losses, improved wateruse efficiency, and enhanced crop productivity.

The comparison draws on experience from the three pilot areas (Hala,Shereshrg and Baha)
representing different soil types and farming systems. Cost considerations herein include
installation only. Detailed cost calculations and assumptions are presented in Chapter9.

Cost for Pilot 1 8 Hala

Table 4-3 gives an overview of both the costs for a new traditional drainage system and a
controlled drainage system as described. The detailed cost analysis of the drainage networks
constructed in the Hala pilot area shows that the overall construction cost of the Controlled

Drainage (CD) system is approximately 5.2% higher than that of the Traditional Drainage (TD)
system. This increase is primarily attributable to the higher cost of the sub-collector network,
rather than to differences in field laterals or main collector drains.

As shown in Table 4-3, the total cost of the sub-collector components under the Controlled
Drainage system amounts to EGP 565,510, compared to EGP 354,900 under the Traditional
Drainage system, resulting in an absolute increase of EGP 210,610. This increase alone
represents approximately 14% of the total construction cost of the Controlled Drainage system
and accounts for the majority of the overall cost difference between the two systems.

The higher cost of sub-collectors under the Controlled Drainage configuration reflects

additional design and construction requirements associated with flow regulation and

groundwater -level control. These include larger pipe lengths of the sub-collectors, improved
hydraulic specifications, and the integration of control -related structures that enable precise
regulation of drainage discharge and groundwater levels at the field scale. In contrast, the
Traditional Drainage system relies on free outflow, which reduces construction requirements
for sub-collectors but results in lower operational efficiency and higher water losses.
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Table 4-3: Cost estimate for a new controlled and traditional drainage system at Pilot 1 (Halajprices 2024)

. Total length Total cost Percentage Cost per
U_n't (m) (LE) of total cost Feddan (LE)
price
Item (LE) Traditional CD Traditional CD Traditional CD Traditional CD
Laterals 62 10,225 9,617 633,950 596,254 50 40.1 7,547 7,008
CO"chors 240 160 974 38,400 233,760 3 16 451 2,783
86 450 150 185 67,500 83,250 5 5.7 803 991
106 550 180 180 99,000 99,000 7.7 6.7 1,178 1,178
106 500 300 299 150,000 149,500 118 10 1,785 1,785
RCpipe 2700 24 24 64,800 64,800 5 4.4 771 771
cb 27,000 3 81,000 55 964
manholes
Buried 20,000 6 120,000 8.1 1,429
manholes
Normal 20,000 10 1 200,000 20,000 15.7 14 2,381 238
manholes
Coll. Pitching | 3000 7 7 21,000 21,000 16 1.4 250 250
Total 1,274,650 | 1,468,564 15,166 17,487

Other system components, such as field laterals and parts of the collector network, show
comparable costs between the two systems, and in some cases slightly lower costs under the
Controlled Drainage system due to optimised layout and reduced network length enabled by
hydraulic control.

Overall, the observed increase in construction cost for the Controlled Drainage system should
be viewed as a targeted investment in enhanced sub-collector functionality, which is the key
element for effective groundwater management. This modest increase in capital cost is
technically and economically justified by the long-term benefits of controlled drainage,
including reduced irrigation water requirements, improved root -zone moisture stability, higher
crop productivity, and greater resilience of the agricultural system under water-
scarceconditions.

Cost for Pilot 2 & Shereshra

As shown in Table 4-4, the total construction cost of the Controlled Drainage (CD) system in
the Shereshra pilot area amounted to EGP 957,240, compared with EGP 899,460 for the
Traditional Drainage (TD) system. This represents an increase of EGP 57,780, corresponding to
an overall cost increase of approximately 6%, or an increase in cost per feddan from EGP 1854
(TD) to EGP 17,404 (CD).

The largest cost component in both systems is the normal lateral network, which accounts for
62% of the total TD cost and 53.5% of the total CD cost. Interestingly, the absolute cost of
laterals decreased under CD, from EGP 557,200 to EGP 512,680, reflewidesign optimi sation
enabled by controlled drainage operation. As a result, the cost per feddan for laterals declined
from EGP 10,130 under TD to EGP 9,321 under CD, partially offsetting the additional
investments required for control structures.

The primary source of the cost increase under CD is associated with the collector system and
specialised manholes required for water-table regulation. The 6-inch collectors show a
substantial increase in total cost, from EGP 32,400 (3.6% of TD cost) to EGP 128,700 (13.4% of
CD cost) reflecting the need for improved hydraulic control and regulated conveyance of
drainage flows. Costs related to 8inch and 10-inch collectors remained broadly comparable
between the two systems, indicating that the overall netw ork geometry was largely retained.
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Table 4-4: Costs of new controlled and traditional drainage system in Shereshra (Prices 2024)

Total length Total cost Percentage Cost per
. (m) (LE) of total cost Feddan (LE)
Unit
price Tradit CD Traditio CD Traditional CD Tradition CD
Item (LE) ional nal al
Normal 140 3,980 | 3,662 | 557,200 | 512,680 62 535 10,130 9,321
laterals
cé 180 180 715 32,400 128,700 3.6 13.4 589 589
y € 300 210 220 63,000 66,000 7 6.9 1,145 1,200
M é 350 186 186 65,100 65,100 7.2 6.8 1,183 1,183
Normal 15,000 8 1 120,000 | 15,000 13 16 2,181 273
Manhole
Controlled
Manhole 20,000 3 60,000 6.3 1,091
Submersible
Manhole 12,000 4 48,000 5 873
Reinforced
concreate 500 24 24 12,000 12,000 1.3 1.3 218 218
pipe
Coll. Pitching 2000 24.88 24.88 49,760 49,760 5.5 5.1 905 905
Total 899,460 957,240 16,354 17,404

A defining cost difference arises from the introduction of controlled and submersible manholes,
which are absent in the traditional system. Under CD, controlled manholes contributed EGP
60,000 (6.3%), while submersible manholes added EGP 48,000 (5%) to thetal cost. Although
the number of normal manholes was significantly reduced under CD (from 8 to 1), resulting in
a sharp drop in their total cost, this saving was intentionally reallocated toward more functional
control structures essential for regulated drainage operation.

Other components, such as reinforced concrete pipes and collector pitching works, showed
identical or nearly identical costs under both systems, confirming that the cost increase is not
structural in nature but is instead directly linked to the operational requirements of controlled
drainage.

In summary, the 6% increase in construction cost for the Controlled Drainage system in the
Shereshrapilot area is modest and well-targeted, driven primarily by investments in collectors
and control manholes that enable active groundwater management. This limited additional cost
is technically justified given the demonstrated benefits of CD in terms of i mproved water-use
efficiency, reduced drainage losses, enhanced crop productivity, and greater resilience under
water-scarce conditions. TheShereshrapilot therefore illustrates that controlled drainage can
be implemented with minimal incremental investment while delivering substantial long -term
agronomic and hydrological gains.
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Cost for Pilot 3 8 Baha

Table 4-5 presents the construction cost of the Baha site. The total construction cost of the
Traditional Drainage (TD) system in the Hala pilot area amounted to approximately EGP
225,050, while the Controlled Drainage (CD) system reached EGP 230,05Due to its small size
and alignment of the plot, it requires only a single collector design. Hence, the cost increase is
associated with the cost difference between controlled and normal manhole, which is
EGP5,000; which is around 2 % of the total project cost. This marginal increase may be
considered negligible, when weighed against the significant hydrological and agronomic
benefits achieved through controlled drainage.

The field laterals constitute the largest cost component in both systems, accounting for 47% of
the TD cost and 46% of the CD cost, with identical total lengths and costs (EGP 106,560 in each
case). This indicates that the transition from TD to CD in Haladid not require additional laterals
or changes in their specifications, and the core drainage network remained unchanged.

Similarly, 6-inch collector drains showed no cost difference between the two systems, with a
total cost of EGP 63,000, representing 28% of the total cost in both cases. This confirms that
the main collection network was not structurally altered when implem enting controlled
drainage.

The slight increase in CD cost is primarily attributable to the addition of a single controlled
manhole, with a cost of EGP 25,000, representing approximately 11% of the total CD cost. This
increase was partially offset by a reduction in the number of norm al manholes, which decreased
from two units under TD to one unit under CD, reducing the cost of this item from EGP 40,000
to EGP 20,000.

All remaining items, including reinforced concrete pipes and collector pitching works , has
identical costs under both drainage systems, further confirming that the cost increase
associated with CD is not linked to expanded civil works, but solely to the introduction of water -
level control structures.

Table 4-5: Costs of the drainage systems with a gravel envelope in Baha

Item Unit Total length Total cost Percentage Cost per
price (m) (LE) of total cost Feddan (LE)
LE
5 Traditional CD Traditional CD Traditional CD Traditional CD
Laterals 37 2,880 2880 106,560 106,560 47 46 4,098 4,098
Col |l ect o 300 210 210 63,000 63,000 28 28 2,423 2,423
Normal 20,000 2 1 40,000 20,000 18 9 1538 769
Manhole
Controlled 25,000 1 25,000 11 961
Manhole
Reinforced 250 20 20 5,000 5,000 2 2 192 192
concreate pipe
Coll. Pitching 700 15 15 10,500 10,500 5 5 404 404
Total 225,050 230,050 8,656 8,848
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4.4 Conclusions

Figure 4-4 gives a comparison between construction cost (per Feddan)for Controlled Drainage
(CD) and Traditional Drainage (TD) across the three pilot areas(ordered from smallest to
largest). The analysis indicateghat shifting from conventional drainage to controlled drainage
requires additional cost or capital expenditure (CAPEX) The increase in construction cost for
CD varied by site, ranging from a minor cost increase in Baha (ca. 2%), to moderate irShereshra
(ca. 6%), and largest observed at Hala (ca. 3%), reflecting differences in network layout, soil
conditions, and the number of control and manhole structures required in each area.

In all three pilot areas, the primary driver of the cost increase under CD was not an expansion
of the drainage network itself, but the addition of control -related infrastructure, particularly
controlled manholes and modified sub -collector arrangements. Core drainage components,
such as laterals, collectors, reinforced concrete pipes, and pitching works, remained largely
unchanged between TD and CD systems. This confirms that controlled drainage can be
introduced as an incremental upgrade to existing drainage designs, rather than requiring a
complete system replacement.

In order to offer more flexibility in system operation, to accommodate land fragmentation and

cater for farmerds differ ent the@eadostiolledbyadinglé c e we
control manhole . This requires a design modification for the CD system compared to the TD

system. This design maodification increases the length of sub-collectors, which is the main driver

of cost increase. Thee design modifications include larger pipe lengths of the sub-collectors,

improved hydraulic specifications, and the integration of control -related structures that enable

precise regulation of drainage discharge and groundwater levels at the field scale. In contrast,

the Traditional Drainage system relies on free outflow, which reduces construction
requirements for sub-collectors but results in lower operational efficiency and higher water

losses.

Figure 4-4 illustrates that the percentage increase in CD cost is related to the scale (served area)
of the collector system in each pilot area. In Hala, the largest site (84 feddans), CD showed the
highest relative cost increase ((5%), mainly due to the greater number of sub-collectors,
control structures, and reinforced manholes required to regulate water levels over a wide
command area. In Shereshra(55 feddans), the cost increase decreased to about 6%, reflecting
a more moderate collector extent and fewer additional control units integrated into an already
dense drainage layout. In Baha, the smallest pilot area (26 feddans), the cost increase was th
lowest (2%), as the compact layout and short collector lengths required only minimal additional
CD components.

20,000 20%

17,404 17,487
18,000 I cost TD (EGP) 16,354 18%

16,000 16%

s cost CD (EGP)

14,000 14%

==@==cost ncrease (%)

12,000 12%

10,000 10%

8,000 8%

Cost (EGP/Fed)
Cost Increase (%)

6,000 6%

4,000 4%

2,000 2%

0%

Pilot 3 - Baha Pilot 2 - Shresra Pilot 1 - Hala
26 Fed 55 Fed 84 Fed

Figure 4-4: Constructions cost for the three pilots for traditional (TD) and controlled drainage (CD) systendscosts
per Feddan and relative increase in cost.

58 of 156 Controlled Drainage in Egypt: Fi ndi ngs f r om R edaléchnical Evielenéej Fare
Organisation, and Economic Viability for Upscaling

a7
11207869-000-ZWS 0020, February 2026 e d}‘gx DEltCI fes



The cost comparison highlights effect of the scale: while controlled drainage requires extra
investment for control structures, its relative cost premium declines in smaller or more compact
schemes. Thisrevealsthat CD system can be introduced at a minimal additional cost in small
command areas.In larger areas,the transition from TD to CD increases the construction costs.
The additional cost should be compared with the benefits of the system, such asirrigation water
savings, improved groundwater-table regulation, enhanced soil-moisture stability, measurable
crop-yield gains, and reduced maintenance cost. This comparison is carried out in Chapter9.
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Monitoring plan

Monitoring considerations

General

Controlled drainage has proved to be an effective measure to increase water use efficiency via
test farms. However, the functioning of this system under real-life conditions has not been
investigated. The methodology of the Controlled Drainage and Irrigation Improvement Project
(CDIIR is based on an integrated approach that combines field experiments, continuous
monitoring, and scientific analysis to ensure a comprehensive and accurate assessment of
controlled drainage performance under diverse agricultural and environmental conditions. This
approach aims to understand the interrelationship between water management, soil
conditions, and crop productivity, and to identify the best practices that enhance water use
efficiency and agricultural sustainability. The methodological framework has been carefully
designed to reflect the natural and socio-economic diversity of the experimental sites, with a
strong emphasis on practical application and the potential for future scaling up.

An overview of the parameters assessedinitial planned frequency and type of sampling,
location and methodology is presented below. Specification for each pilot can be also found.
More detailed information about the monitoring plan for each pilot can be found in the stand -
al one do €Controtled tDraifage and Improvement Irrigation Project (Cdiir) in Egypt
Technical Report: Integrated Performance Assessment Across Three Pilot Ateas

Monitoring objective

The aim of the monitoring is to understand the effects of control drainage in the water and
agricultural system, with special focus in the water table, soil salinity and agricultural
productivity. The effects or the reuse of drainage water for irrigation i s also under evaluation,
with a detailed monitoring in the drainage water quality and its suitability to be used for
irrigation. Effects on farmer is also key to assess the suitability of control drainage on the long
term, being required the assessment not only of the potential economic benefits of this
technology due to more water availability or reduction of operational cost, but also understand
better how farmers should organise themselves to operate and maintain the system and to
decide the water levels at (sub)collector level, and therefore, the type of crops to be planted in
each season.

The methodological framework integrates the following key components:

1 Implementation of the three pilot sites & Design and Implementation of controlled drainage
systems at selected pilot sites (Hala, Shereshra, and Baha), each representing different soil
types, groundwater conditions, and cropping systems.

1 Comparative Evaluationd Each pilot site includes two adjacent plots: one managed under
the controlled drainage system and the other under a conventional drainage system
(serving as a control), allowing for quantitative performance comparison.

1 Hydrological and Agricultural Monitoring & Continuous measurement of groundwater
levels, soil moisture, drainage discharge, and water quality parameters using field
instruments and automated sensors.

1 Crop Growth and Productivity Assessmentd Monitoring crop performance throughout the
growing season, followed by evaluation of yield and quality at harvest time.

1 Socio-Economic and Institutional Analysisd Active involvement of farmers, assessment of
their perceptions, and evaluation of the operational feasibility and adaptability of the
system.
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1 Data Processing and Analysisd Collection, calibration, and validation of field data, followed
by statistical analysis and trend evaluation using specialised analytical tools and software
to interpret system performance and identify optimi sation strategies

Monitoring design

Field Setup and Experimental Design

The experimental program was designed to compare controlled drainage (CD) with Traditional
drainage (TD) systems across three pilot locations:Hala (East Delta) Shereshra (West Delta)
and Baha (Middle Egypt). Each site was selected based on distinct combinations ofsoil type,
groundwater depth, salinity level, and cropping pattern, ensuring that the trials represent

Egyptds major agricultural zones.
Each experimental site consists of two adjacent Collectors:

1 One equipped with a controlled drainage system, incorporating adjustable control
structures that allow manipulation of groundwater levels according to crop type and
seasonal requirements.

I The second collector maintained under conventional drainage, serving as areference
control for comparative evaluation.

The design ensures that both plots are subject to identical external conditions, such as irrigation
method, crop type, and climate, thereby isolating the impact of drainage control on water use,
soil salinity, and crop performance.

Installation and Instrumentation
Each pilot site was equipped with a network of instruments and observation points to support
real-time data acquisition and ensure comprehensive system monitoring. These included:

1 Observation Wells: Installed across representative field sections for daily measurement
of groundwater levels.

1 Control Manhole: Fitted with adjustable boards or gates to regulate the outflow of
drainage water.

1 Flow Measurement Devices Standardised containers, flow meters, or calibrated
collection systems used to measure drainage discharge under controlled and open
conditions.

1 EC and pH Meters Used to assess wateltable, collector drain and open drain salinity.

1 Soil sampling from specified location at three different depths: 0-0.4, .40.8 and 0.8
1.20 m.

All instruments were periodically calibrated and maintained to ensure data accuracy and
consistency across sites.

Monitoring Parameters and Frequency

Comprehensive field monitoring was conducted throughout the growing seasons to
characterise the temporal dynamics of both hydrological and agronomic system performance.
The monitoring program covered the key parameters summarised in Table 1, which lists the
additional activities integrated into the current stepwise approach for designing traditional SSD
infrastructure to accommodate controlled drainage.

The field measurements were supported by periodic laboratory analyses of soil and water
samples to ensure robust assessment of salinity levels, nutrient concentrations, and overall
environmental quality.
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5.2.4

Monitoring Item

Purpose

Location

Table 5-1: Summary of monitored hydrological and agronomic parameters under the controlled drainage
evaluation program.

Frequency

Groundwater Table
Depth

Assess watertable fluctuations,
responsiveness to CD operations,
and compare CD vs. TD hydrological
conditions.

Observation wells in
each CD subcollector
and TD comparison
plots.

Daily

Groundwater Salinity
(ECw)

Evaluate salinity dynamics and
potential risks of salt accumulation in
root zone.

Same observation wells
where water-level
readings are taken.

Daily or Weekly,
with seasonal
summaries

Drainage Water Flow
Rates

Quantify drainage discharge, assess
water-saving impacts of CD, and
monitor hydraulic performance.

Controlled manholes
(CD) and outlet points
of TD collectors.

Daily

Soil Chemical Properties

(ECe, nutrients, pH,
TDS)

Track seasonal changes in soil
salinity, fertility, and chemical status
under CD vs. TD.

Soil sampling points
aligned with
observation wells at 3
depths: 0640, 40380,

Baseline + End
of Each Season

800120 cm.
Water Quality Assess suitability for reuse, detect Drainage water (CD & Beginning & End
(Irrigation, Drainage, nutrient losses, and compare CD and | TD), irrigation sources, of Each Season
Groundwater) TD impacts. and shallow

groundwater at pilot
sites.

Cropping Pattern Document crop type, rotation, and Entire pilot site (field- Seasonally
cultivated area to interpret level mapping).
hydrological/agronomic outcomes.

Farmer Activities & Record irrigation schedules, CD and TD fields; Continuously

Irrigation Practices

methods, and farmer decisions
affecting water-table behaviour.

farmer interviews and
field logs.

(during season)

Crop Yield / Quantify agronomic benefits of CD Sampling plots Each Harvest
Productivity compared with TD. (quadrats or strips) in Season

CD and TD fields.
Actual Quantify potential agronomic Entire pilot site in CD Each season(two

evapotranspiration and

net biomass production

benefits of CD compared with TD
from remote sensing.

and TD

seasons)

Crop Monitoring and Productivity Assessment

Crops were monitored throughout their growth stages using both visual observation and
guantitative assessment techniqgues Parameters such as plant height, leaf area, chlorophyll
content, and biomass accumulation were recorded. At harvest, yield components (e.g., grain

weight and plant density) were measured and statistically compared between the controlled

and conventional pl ot s. Thi s provided direct evidence
productivity, soil health, and water efficiency under real farming conditions.

5.2.5 Socio-Economic and Institutional Assessment

Far mer participation formed a <central el ement
interviews, focus groups, and field questionnaires were used to gather insights on:

1T Farmers?®d

1 Willingness to adopt and maintain controlled drainage systems.

1 Economic evaluation of input costs and productivity benefits.

1 Additionally, the project assessed institutional collaboration among EPADR DRI, and
local agricultural offices to evaluate the readiness for wider implementation.

perception of system performance a
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5.2.6 Data Processing and Analysis
Collected datasets were systematically processed andanalysed using statistical, hydrological,
and comparative performance assessment tools. From these analyses, a set of key performance
indicators (KPIs) was derived to quantify the impacts of controlled drainage on water
management, agronomic outcomes, and environmental conditions.

Table 5-2. Derived performance indicators used to assess the hydrological, agronomic, and environmental
effectiveness of controlled drainage systems

Indicator Description Purpose

Drainage Reduction (%) Difference in total drainage discharge | Quantify water savings
between CD and conventional plots

Crop Yield Improvement (%) Difference in yield between CD and | Assess agronomic impact
control plots

Soil Salinity Reduction (dS/m) Change in average ECe values Evaluate soil health
Nutrient Retention (%) Reduction in nutrient loss through | Assess environmental
drainage performance

The CDIIR analytical framework offers a robust, replicable, and field-validated approach for
evaluating water-management innovations. By integrating engineering, agronomic,
environmental, and socio-economic dimensions, the methodology ensures a technically
rigorous and application-oriented assessment of controlled drainage. Ultimately, it supports
the projectds over ar c hi-usgeffgienay| bwostmd crop prédactivityj n g w .
and i mproving environmental s uagticalturasgydtems.i ty wi t |

5.3 Monitoring equipment  and field equipment

A list of equipment is given below. This list also includes someinstallation required for the
monitoring, such as the construction of two deeper wells to monitor the water table.

1. GPS Surveying Instruments:
Used to measure land elevations and generate accurate topographic maps. These
data support drainage-system design, determination of hydraulic gradients, and
alignment of drains and control structures.

2. Observation Wells and Piezometers:
Installed to monitor groundwater table depth within the soil profile. These wells
provide continuous information on groundwater behaviour under controlled and
traditional drainage systems.

3. Water -Level Sensors:
Deployed inside observation wells to measure groundwater table fluctuations over
time. Sensors allow precise tracking of shortterm responses to irrigation, rainfall
events, and drainage control operations.

4. Drainage Flow Measurement Equipment:
A known-volume container (bottle) and stopwatch are used to measure drainage
discharge at outlets and control manholes. This simple volumetric method enables
frequent and reliable estimation of drainage flow rates.

5. Electrical Conductivity (EC) Meters:
Used to measure the salinity of drainage water and groundwater, and to assess water
quality parameters related to dissolved salts. EC readings support evaluation of
salinity dynamics and potential reuse of drainage water.

6. Soil Sampling and Auger Equipment:
Hand and mechanical augers are used to collect soil samples at different depths for
laboratory analysis. These tools are also employed in field tests to estimate soil
hydraulic conductivity and assess soil physical properties.

64 of 156 Controlled Drainage in Egypt: Fi ndi ngs f r om R edaléchnical Evielenéej Fare
Organisation, and Economic Viability for Upscaling N
abiall éyall

11207869-000-ZWS 0020, February 2026 Gontrolled Drainage \L De l ta fes



To facilitate the monitoring work, the project purchased additional equipment, to complement
the equipment available at DRI. The purchased equipment comprises 3 x Electrical
Conductivity (EC) Meters sets (for water quality assessment) and9 x Auger hole drilling
equipment. All purchased equipment have been handed over to DRI as part of the institutional
capacity building.

5.4 Specific Monitoring per Pilot

541 Pilot 1 8 Hala
Hala is the last pilot in being operational and therefore ere data from the monitoring program
is available for only one season (Nov 2025). The monitoring has the following specificities:

1 A total of 13 boreholes were daily monitored for groundwater level (10 under control
drainage and 3 for traditional drainage).

91 Discharge over the 5 sub-collectors (control drainage) was also daily monitored,
including also regular measurements of salinity (EC). Discharges and quality over the
main collectors (both for control drainage and traditional drainage) was not possible
to monitor, since the collector were submerged all the monitoring period, due to an
unusual high level of the drain canal.

1 An initial soil characterisation was done during the construction of the 13 boreholes,
including the evaluation of soil texture at different depths, as well as the saturated
hydraulic conductivity (Ks).

1 Regular soil properties were assessed nearby each monitoring borehole at the
beginning and end of each season (texture, salinity and other soil properties).

1 Cropping pattern were monitored for each season, including type of crops, planting
and harvesting dates. Data of area and type of crop per farmer was collected.

1 Yields for the major crops were collected at the end of each season.

1 Information regarding input use (water, nutrients, labour, petrol, etc.) were collected
from farmers at the end of each season.

1 Incase of irrigation of rice, major crop during the summer 2025, a regular monitoring
of the water applied by irrigation was implemented, by measuring the depth of the
ponding water in some selected plots (3 for control drainage and 3 for traditional
drainage).

Hala - Collector 19 Drain
Control drainage:

5 sub collectors

10 monitoring boreholes

Traditional drainage:
1 collector
3 monitoring manholes

Legend

Control Drainage Area
— Traditional Drainage Area
—— Main collector
— Sub collector
— Secondary lines
© Manhole
/" Monitoring boreholes

Figure 5-1: Delimitation of main infrastructure in Hala pilot area
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Figure 5-2: Water level gauges for measuring depth of irrigation water applled

5.4.2 Pilot 2 8 Shereshra
Shereshra is the pilot where the control drainage infrastructure was installed first and therefore

the one

where data from the monitoring program is available for a longer period (mid -August

2025). The monitoring has the following specificities:

1
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Figure 5-3: Delimitation of main infrastructure in Shereshra pilot area
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A total of 11 boreholes were daily monitored for groundwater level (8 under control
drainage and 3 for traditional drainage).

Discharge over the 4 sub-collectors (control drainage) and 2 main collector (control
and traditional drainage) was also daily monitored, including also regular
measurements of salinity (EC).

An initial soil characterisation was done during the construction of the 11 boreholes,
including the evaluation of soil texture at different depths, as well as the saturated
hydraulic conductivity (Ks).

Regular soil properties were assessed nearby each monitoring borehole at the
beginning and end of each season (texture, salinity and other soil properties).
Cropping pattern were monitored for each season, including type of crops, planting
and harvesting dates. Data of area and type of crop per farmer was collected.

Yields for the major crops were collected at the end of each season.

Information regarding input use (water, nutrients, labour, petrol, etc.) were collected
from farmers at the end of each season.

Shereshra - Collector 8
Control drainage:

- 4 sub collectors

- 8 monitoring boreholes

Traditional drainage:
- Tcollector

g, ) S
i : - 3 monitoring manholes

Legend

Control Drainage Area
— Traditional Drainage Area
—— Main collector
— Sub collector
— Secondary lines
© Manhole
/" Monitoring boreholes
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Pilot 3 8 Baha
The monitoring program in Beny Suef is available for a longer period (September 2025). The
monitoring has the following specificities:

il

il

Figure 5-4: Delimitation of main infrastructure in Beni Suef pilot area

A total of 6 boreholes were daily monitored for groundwater level (3 under control
drainage and 3 for traditional drainage).

Discharge over the 2 main collector (control and traditional drainage) was also daily
monitored, including also regular measurements of salinity (EC).

An initial soil characterisation was done during the construction of the 6 boreholes,
including the evaluation of soil texture at different depths, as well as the saturated
hydraulic conductivity (Ks).

Regular soil properties were assessed nearby each monitoring borehole at the
beginning and end of each season (texture, salinity and other soil properties).
Cropping pattern were monitored for each season, including type of crops, planting
and harvesting dates. Data of area and type of crop per farmer was collected.

Yields for the major crops were collected at the end of each season.

Information regarding input use (water, nutrients, labour, petrol, etc.) were collected
from farmers at the end of each season.

Beni Suef

Control drainage:

- 1collector

- 3 monitoring boreholes

Traditional drainage:
- 1collector
- 3 monitoring manholes

Legend

— Control Drainage Area
—— Traditional Drainage Area
— Main collector
Laterals CD
— Lateralsin TD
© Manhole
/' Monitoring boreholes
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Pilot results and data analysis’

Observations on System Operation and Management

Standardizing the cropping patterns

Standardise cropping patterns and cultivation times within each sub-collector are of the most
challenging activities. Without a similar crop rotation and planting date, it is not possible to
target a proper groundwater level to achieve by operating the controlled drainage system. This
consideration, discussed during the design stage, was shown to be important for reducing
variability in irrigation and drainage needs among neighbouring fields, stabilizing groundwater
levels, and minimizing operational conflicts. These principles were emphasised during farmer
training sessions and technical workshops by using guidance brochure (see excerpt in
Figure 4-3; a copy of the brochure is given in Annex A). This brochure played a central role in
transferring knowledge to district engineers, extension officers, and farmers, contributing
significantly to the successful implementation of the operational plan .

The total size of the sub collectors, number of farmers and farm size are therefore key elements
to understand the complexity of the required agreements. The three pilot areas were carefully
selected to ensure clear variation in the total areas served by each main collector, as well as in
the number of farmers associated with each sub-collector (Table 6-1). This approach aimed to
assess how these differences influence operational efficiency and the effectiveness of
implementing the controlled drainage system. This diversity provided a practical opportunity
to analysehow physical and social factors jointly influence coordination, decision-making, and
operational efficiency.

Table 6-1: Average Area of SubCollectors and Number of Farmers per Sutollector in the Three Pilot Areas

Collector Sub-Collector
Experimental Avg Farm Area No. of No. Avg area No. of
Area Size (feddan) (feddan) Farmers (feddan) Farmers
Hala 1.20 84 70 5 17 12017
Shereshra 1.57 55 35 4 14 10815
Baha 4.33 26 6 1 26 6

In the case of Baha, although small number of farmers and the limited land area that operates
through one collector, farmers were unable to reach an agreement on the cropping patterns
and the operation of the CD system. this is due to two factors: a) farmers at Baha were not the
landowners, thus they were not willing to experience CD due to their perception on the negative
impacts of not -continuously - draining water from soil , b) the late awareness on operating CD
system in the first season resulted in delaying wheat maturation for one of the farmers. this
incident led other farmers to be more conservative regarding the adoption of CD.

Conditions in Hala and Shereshrawere different. In Hala, around 70 farmers each owning on
average 1.2 feddans shared the main collector, with 12 to 17 farmers using each sub-collector.
Shereshrahad a similar setup, with 10 to 15 farmers per sub-collector. The larger number of
users, combined with varied crops and management practices, created coordination difficulties,
particularly during peak irrigation periods or when groundwater levels needed to be lowered.

nnnnnnnnnnnnnn

" More detailed resultsc an be found i n ContmlledDrainage, Infpwyed Irrigatiod methods, and
Reuse of agricultural fresh drainage water in Egypt (CDIR). Technical Report: Integrated Performance Assessment
Across Three Pilot Areasb
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Thisoften-requiredi nt er venti on from the projectdés techni
and timely operation.

Theoretically, smaller farmer groups at the sub-collector level, together with increased crop
uniformity, greatly enhance system performance. Small groups facilitate collaboration and
faster, more consistent decision-making, whereas larger groups require stronger institutional
arrangements, such as Water User Associations or subcollector committees, to ensure regular
coordination, clear responsibilities, and ongoing communication with technical teams.
However, even within smaller groups, existing personal relationships among neighbouring
farmers can sometimes hinder their willingness to collaborate.

Overall, the results highlight the need to integrate technical and hydraulic design with social
and institutional considerations. Effective controlled drainage systems must balance hydraulic
requirements wi tsdtiondl aapauity rared dhe suitadilitynof cropping patterns
within each drainage unit.

6.1.2 Operating the system

Maintaining proper control of the valves , adjusting them to regulate groundwater levels
according to crop needs and rooting depth , is the most critical operation in a controlled
drainage system. However, assigning responsibility for valve management has emerged as one
of the main organi sational challenges across the three pilot areas. For the system to function
effectively, farmers must agree in advance on the crop types and planting dates for the
upcoming season, allowing them to jointly determine the appr opriate groundwater level to be
maintained.

Project results showed that farmers were initially resistant to the new system, although they
were welcoming the installation of a traditional drainage system . The frequent opening and
closing of valves caused inconvenience, andsocial tension, i.e.,managing CD valves operation
was seen by some farmers as opportunity to improve some crops over other crops. This is more
prominent in cases ofdifferent crop patterns . Farmers considered that thiswould create conflict
and initiate clashes. Thus, farmersreferred that this role should be delegated to someone
assigned by the project team and later to someone from EPADP. Many feared negative impacts
on their crops. Because they were accustomed to traditional irrigation and drainage practices,
the introduction of controlled drainage created uncertainty, leading to hesitation and
reluctance to participate. The clarification that the CD system could be converted to TD system
if all valves are opened cleared this matter.

Tof ar mer s 0 , theepsoject implamented a gradual, participatory approach. During the

first season, valve operations were carried out by technicians from the Drainage Research

Institute working closely with the farmers. This allowed farmers to observe how water-level

control influenced soil moisture and crop performance, helping them gradually develop
confidence in the new system. They were informed from the beginning that operational
responsibility would shift to them after the initial period. In p arallel, the Advisory Team of the

Drainage Authority (DAS)organised awareness sessions and training workshops to explain the
systemds benefits and offer c¢ompenTEahle Summariseor ar
the activities carried out in the three pilot for the operation of the system, according to the
agreements done with the farmers.

The trial, conducted during the summer of 2024 in Shereshraand Hala (firsts two pilot area to
be under operation), produced promising results. Farmers observed more stable groundwater
levels and noticeable improvements in crop yields. These visible benefits increased their trust
in the system, and by harvest time they agreed without hesitation to continue controlled
drainage during the winter season of 2025.
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Implementation strategies varied across pilot locations. In Shereshrg an experienced farmer

was given shared responsibility for valve operation alongside technicians, preparing them for

future full responsibility. In Hala, valve operation was rotated among farmers to ensure broad
participation and learning. This inclusive approach strengthened collective ownership and

hel ped farmers directly witness the systemds p
productivity.

Table 6-2. Summary of controlled drainage operational activities implemented across the HalaShereshra and
Baha pilot areas.

Operational Aspect Baha

Raised to 40560 cm but with
farmer interference issues

Shereshra

Raised to 4060 cm; faster
drainage & more frequent
adjustments

Hala

Raised to 0.4 m; stable
response

Early-season water
table adjustment

Mid -season
adjustment

Lowered to 0.8 m; stable
soil profile

Lowered to 808100 cm; high
permeability increased variability

Lowered to 808100 cm
control frequently bypassed

Field monitoring
frequency

Weekly + after irrigation

Weekly + more frequent checks
due to fast drawdown

Weekly but affected by open
gates

Operation of control
structures

Correct and consistent;
good sealing

Moderate performance;
acceptable sealing

Partial functioning: gates
often left open

Maintenance activities

Routine Manhole

Regular cleaning; sediments

Extra cleaning required due to

cleaning and flushing minimal calcareous deposits

High

Moderate Low (mostly operational

challenges, not structural)

Overall operational
compliance

However, the trial also demonstrated the risks of insufficient training. In some cases, once the
responsibility shifted to far mer s, i nappropr.i
effectiveness. The example observed in the Baha Area during the winter season, where
operational challenges were initially noted to keep the valves levels under the stablished
agreement, and the subsequent improvement in performance after awareness campaigns
during the summer season, represents a practical demonstration of the essential role of
coordinated management and farmer engagement in ensuring the successful operation of
controlled drainage systems. As a result, the project recommended establishing ongoing,
hands-on training programs for farmers and local supervisors, along with sustained technical
support and monitoring. These measures are essential to ensure proper operation of the
system, long-term efficiency, and sustainable improvements in agricultural water management.

6.2 Water table dynamics: e ffects on groundwater levels

To evaluate the performance of both controlled drainage and traditional drainage systems,

continuous monitoring of groundwater depth was conducted across the three pilot areas.

Water table levels were measured daily usingmanual measurements, but also someautomatic
water table sensors installed inside a network of observation wells (more details of the
monitoring network can be found in section 5 . Those boreholeswere strategically placedin the
different sub-collectors to prevent local hydraulic interference and to ensure accurate,
consistent, and representative monitoring data. This monitoring system allowed reliable
tracking of daily groundwater fluctuations throughout the crop season.

In the controlled drainage plots, groundwater levels were actively adjusted by manipulating
control structures (valves)to align with crop growth requirements, generally maintaining, as it
was explained in 6.1 section. The aim was to keep the groundwater table in the following levels

1 Early growth stage: ~0.480.6 m;

1 Mid-growth stage: ~0.600.8 m;

1 Maturation stage: ~0.861.0 m

This control over the valvesis clearly reflected in the groundwater levels in the different sites.
The reported results shows that CD systems maintain a more stable and agronomically
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favourable groundwater depth across seasons and locations, contributing to improved water -
use efficiency and enhanced crop conditions.

In contrast, traditional drainage, drive by a constant level of the drains at around 1.2 m,
exhibited uncontrolled and rapid fluctuations in the water table. Sharp rises were observed
immediately after irrigation events, followed by steep declines due to unrestricted drainage.
These irregular patterns indicate inefficient water retention and reduced soil-moisture
availability during critical crop -growth periods.

The combined results across the three sites clearly demonstrate that controlled drainage
outperformed traditional systems in maintaining a stable and favourable groundwater table

aligned with crop requirements as shown in Table 6-3.

Table 6-3: Water table depth in Controlled Drainage Areas Vs Traditional areas

Parameter Controlled Drainage (CD) Traditional Drainage (TD)
Average depth (mid -season) 0.600.8 m 0.801.0 m

Water table fluctuation amplitude 0.200.3 m 0.560.8 m

Drainage water loss X% --

Waterlogging occurrence None Moderate to frequent
Water availability in root zone High and stable Unstable, intermittent

At the Hala site , the controlled drainage system maintained stable groundwater depths across
the crop growth stages. At can be show in Figure 6-1, groundwater levels under control
drainage are also higher than the ones monitored for traditional drainage, making water more
accessible to the roots. Peak fluctuations are also lower in the control drainage system,
indicating a proper better of the irri gated water. In this sense, control drainage keep
approximately 0.50 m during early growth, 0.62 m at mid-growth, and 0.82 m during
maturation. In contrast, the traditional drainage (TD) system exhibited much greater variability
and a deeper overall average depth of about 0.84 m for the entire season, indicating excessive
and uncontrolled water removal. By maintaining a shallower and more consistent water table,
the CD system reduced drainage losses by roughly 25%, created a mordavourable root-zone
moisture environment, and contributed to improved water -use efficiency throughout the
season.

During the summer season, the Hala pilot area was almost entirely cultivated with rice. Due to
the special operational required for rice cultivation, mainly characterised by a continuous
flooding of the plots, the level of groundwater was not monitored. Ho wever, the positive effects
of control drainage to operate this system was clear over the irrigation requirement and

drainage and can be shown in the next section.

Average water table depth for Controlled Drainage Vs
Traditional drainage, Hala pilot area, Winter season 2024
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Figure 6-1: Water table fluctuations for Controlled and Traditional drainage in Hala Pilot Area during Winter
season2024. Bold lines indicate the average value for control drainage, while blue arrows indicate the target level
of groundwater defined by the operation of the valves in the control drainage manholes.
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1 At Shereshra site, the controlled drainage (CD) system maintained relatively stable
groundwater levels during the winter and summer season, with average depths ranging
between 0.70 and 0.90 meters. A gradual and consistent downward trend was
observed, corresponding to the different stages of crop growth and actual water
requirements. This regular behaviour r ef | ect s the systembs
movement within the root zone and reduce losses through drainage. In contrast, the
traditional drainage (TD) system exhibited sharp and irregular fluctuations, mostly
ranging between 0.60 and 1.20 meters, with sudden rises following irrigation events,
followed by rapid declines due to free drainage. This indicates poor control capacity
and greater water losses after each irrgation. It was also noted that due to differences
in crop ages across fields, variations in planting dates, and delayed harvesting in some
adjacent areas, the first control valve could not be operated for long periods as
originally planned. As a result, the second valve was relied upon to manage
groundwater levels for most of the operation period, ensuring a suitable level of control
while taking overlapping field conditions into account. This relative stability of water
levels under the CD system contributed to improved soil moisture availability, reduced
irrigation frequency, and enhanced overall water use efficiency compared to the
traditional system.

1 During the summer season, the water level in Shereshra was controlled by the valve
situated at 0.8 m depth, due to the higher needs of irrigation required by the crop and
to avoid potential water loggings situations. The groundwater level shows also a
constant pattern, with small declining over the season, fluctuating between 0.8-1 m
depth. In contrast, the level of groundwater in traditional drainage differs, fluctuating
between 0.8-1.2 m.

Average water table depth for Controlled Drainage Vs Traditional drainage,
Sherashera Pilot Area, Winter season 2025
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Figure 6-2: Water table fluctuations for Controlled and Traditional drainage in ShereshraPilot Area during Winter
season2024. Bold lines indicate the average value for control drainage, while blue arrows indicate the target level
of groundwater defined by the operation of the valves in the control drainage manholes.
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Figure 6-3. Water table fluctuations under controlled and traditional drainage systems in theShereshrapilot area
during the 2025 Summer season.
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At Baha site , initial farmer concerns over shallow water levels (0.4 m) led to operating
the controlled drainage (CD) system at a higher control setting of 0.8 m. Despite this
partial implementation, the CD system consistently maintained groundwater depths
between 0.78 and 0.82 m, whereas the traditional drainage (TD) system fluctuated
between 0.82 and 0.93 m. Even with limited use of the control valves, the CD system
demonstrated improved soil moisture retention and greater water table stability,
underscoring its effectiveness in maintaining favourable conditions within the root
zone. Operating the CD at 0.8 m, slightly above the initially targeted 0.4 m, still allowed
for significant benefits: reduced water table oscillations, better alignment with crop
water requirements, and minimised drainage-related water loss. This suggests that
even partial or conservative implementation of CD can enhance soil moisture
availability, reduce irrigation frequency, and improve overall water use efficiency. The
results also highlight the flexibility of CD systems in accommodating farmer concerns
while maintaining the advantages of controlled water management.

During the summer season, and thanks to the awareness campaigns conducted by the
extension team, the system was operated under the planned levels. As a result, the CD
system consistently maintained a shallower and more stable water table, typically
within the 0.6000.90 m range., while the TD system maintained a deeper, less variable
water table, often below 0.90 m.

Baha pilot AreaWinter season
water table depth for CD Vs TD
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Figure 6-4: evolution of water table depth for Controlled and Traditional drainage in Baha Pilot Area during Winter
season2024. Bold lines indicate the average value for control drainage, while blue arrows indicate the target level
of groundwater defined by the operation of the valves in the control drainage manholes.

Baha pilot area summar season
Water table depth for CD Vs TD

23-May-25
0.00

17-Jun-25 12-Jul-25 6-Aug-25 31-Aug-25

0.20 avg. wt =0.64 m

0.40

5 avg. wt =0.86 m
0.60

25-Sep-25

20-Oct-25  14-Nov-25

— CD (ow2)
TD (ow5)

watertable depth (m)

: i

1.40

Figure 6-5: The watertable depth of the controlled Vs traditional drainage for Baha pilot area, summer season
2025. Bold lines indicate the average value for control drainage, while blue arrows indicate the target level of

groundwater defined by the operation of the valves in the ontrol drainage manholes.
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6.3 Drainage water volume

A central outcome of the project was the considerable reduction in drainage volumes achieved
through groundwater control. Maintaining water levels at specified depths during the different
crop growth stages substantially decreased the volume of water leaving the field via subsurface
drains. Simultaneously, it enhanced the effectiveness of irrigation water by retaining it within
the active root zone.

Data from the Baha pilot area illustrate this improvement: seasonal drainage discharge under
CD totalled 184.6 md/feddan, compared with 615.3 m3¥/feddan under TD, representing a
reduction of approximately 70%, as illustrated in Figure 6-6. Comparable patterns, though with
site-specific differences related to soil type, crop selection, and irrigation practices, were
observed at the other pilot locations. Together, these findings confirm that CD contributes to
a more favourable hydrological balance by increasing moisture retention and reducing losses
to the drainage network.

Dailly collector drain discharge for controlled and traditional drainage area
Baha pilot area, summar season/2025
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Figure 6-6: Dailly collector drain discharge for controlled and traditional drainage area in Baha pilot area during
the summer season/2025.

Drainage quantities differ according to the season and the selected levels of the valves.A clear
trend in drainage volume was found in the three pilots sites, as follow:

1 Early Season d Control Depth of 0.40 m
Maintaining a shallow water table resulted in almost no drainage outflow from the
CD area, while the TD area continued to generate substantial daily discharge. The
effective limitation of deep percolation under CD confirms the strong capacity of
shallow control settings to retain irrigation water and maintain adequate root -zone
moisture during early vegetative growth.

1 Mid -Season & Control Depth of 0.80 m
Raising the control depth introduced moderate drainage flows in the CD system as
excess irrigation water was released. Nevertheless, CD discharges remained
significantly lower than those under TD. This controlled release allowed the system to
balance moisture availability without permitting excessive percolation losses,
maintaining both soil aeration and optimal water conditions for crop development.
During this release, soma salts are also leached from the soilmaking the system
more robust in the long te rm. This can be observed by monitoring the quality of
drains, with values of EC usually larger than in traditional drainage during the first
drain discharges.

1 Late Season & Control Depth of 1.20 m
Towards the end of the season, both systems exhibited more comparable drainage
flows due to the lowered water table required for harvest operations and reduced risk
of soil saturation. In this stage, both systemsare operating in the same way, what is
also reflected in very similar groundwater depths. Even though, the total seasonal
discharge under CD remained markedly lower, demonstrating the cumulative water-
saving effect of multi-level water table management.
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6.4 Irrigation management

6.4.1 Overall irrigation water management

A higher a groundwater level and a reduced drains clearly implicate a lower need of water for
irrigation. Although information about number of irrigation  shifts and hours of application was
collected from farmers, the monitoring approach used was unable to actively monitoring the

volume of water applied by farmers, due to the complexity of the system and number of
farmers. This is why, information about irrigation water saving is estimated from the information

provided by farmers. As a result, reduction of irrigation cost was observed during the operation

of control drainage in comparison with traditional drainage (around 17% reduction in irrigation
time). Similar to this, the farmers also reported a lower time required for irrigation (pumping),

which also imply a clear reduction of the total water applied.

A similar pattern can be also observed by assessing the number of peaksobserved in the
groundwater monitoring, since each irrigation event it is usually reflected on a clear decrease
of groundwater depth. The analysis performed also estimate a reduction in the number of peaks
for the three sites during the operation of contr ol drainage, with at least 10-20% less peaks.
The size of the peak (amplitude) is also lower, meaning less water is usually appliedsee section
6.2).

6.4.2 Rice irrigation water management
Since rice is the crop with the major water needs, an extensive monitoring was applied for rice
cultivation in the Hala pilot area, by monitoring the daily level of water in the ponds through
water-level gauges, which also allow us to assess the total volume of water applied by farmers.

During the summer season, most of the 85-feddan of the Hala pilot area were planted with rice,
similar to the 54 feddans of the control (traditional drainage), allowing to a proper monitoring
of the water needs and operation for this particular crop. In this sense, also the different sub-
collectors of control drainage area were occupied by different levels of rice and therefore with
operated with different criteria , as follow:

1 Sub-collector D (100% rice): Operated underfull control, with all drainage gates closed
throughout the entire season to maintain the highest possible stability of the water
table.

1 Sub-collectors A, B, and C: Operated underpartial control. A controlled water table of
0.40 m was maintained at the start of the season, followed by 0.80 m during the main
crop growth period. These sub-collectors contained approximately 80% rice and 20%
conventional field crops, requiring a management regime that balanced the needs of
both crop types.

1 Sub-collector E (78% rice and 22% other crops): Managed undertraditional drainage,
with all gates open to allow unrestricted outflow.

1 Traditional drainage area, operated as usual, with no possibility to control the
groundwater level.

This experimental layout enabled a direct comparison of full control, partial control, and
uncontrolled drainage within closely adjacent fields exposed to the same climatic and irrigation
conditions.

By following the water table depths in the pond, we can understand how the water is lost by
drainage, required a frequent and constant application of water to replenish the level in the

pond. As it can be show in Figure 6-7, the water level under Control Drainage has a lover
fluctuation in comparison with traditional drainage, as well as the number of refilling is lower,

clearly meaning less irrigation water was applied. This is mainly because, the control of
groundwater level allows us to reduce the loss of water by drainage. The irrigation-depth

requirement rises almost linearly with drainage losses, proving that drainage.
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Figure 6-7: Temporal variation of standing water depth above the soil surface under four drainagenanagement

conditions.

A synthesis of the relationship between irrigation water depth, drainage -control levels, and
irrigation savings is presented in Figure 6-8 and Table6-4, highlighting how different
operational modes influence water management during rice cultivation. The data reveal a clear
hydrological gradient across the four drainage strategies. Full control achieves the highest
hydrological efficiency, with stable water retention, minimal drainage losses, and the lowest
irrigation depth. Partial control remains effective, maintaining high retention with moderate
losses. In contrast, no control and traditional drainage exhibit poor efficiency, requiring
substantially higher irrigation depths and experiencing excessive drainage losses. This
comparison underscores the critical role of controlled drainage, particularly full control, in
optimizing water use in rice fields under water-scarce conditions.

Total depth of irrigation

Irrigation Water Savings Under Different Drainage-Control Levels
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M Saving in irrigation water (%)

Full control Partial control No control
72.7 93 111
40 24 9

Traditional
drainage
121.9

0

Figure 6-8: Comparison of cumulative irrigation water depth and associated water savings under the four
drainage-management conditions.

Table 6-4: Synthesis ofirrigation depth, drainage Losses, anfficiency acrossdrainage-control Levels

Drainage Setting Irrigation Depth Drainage Losses | Water Retention Hydrological Efficiency
Full contr72.7 c¢cm Minimal Highest Excell ent
Partial ¢cd93 c¢cm Moderate High Good

No controlf111 cm High Low Poor
Traditiong121. 9 c¢ m| Veryhigh Very low Very poor
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6.5
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1 Full Control : Among the four operational modes, full control stands out as the most
water-efficient strategy. With a total irrigation depth of 72.7 cm, it achieves stable
ponding and excellent water retention, while drainage losses are minimal. This
represents a substntial saving compared to traditional drainage systems, which
require nearly 122 cm of irrigation, an increase of approximately 68% over full control.
The reduction in water application under full control not only conserves irrigation water
but also minimises the environmental and economic costs associated with over
irrigation, such as nutrient leaching, soil degradation, and increased pumping energy.

1 Partial Control : Partial control also provides notable water savings. Although the
irrigation depth is higher than full control (93 cm), it still significantly reduces water use
compared to no control and traditional drainage, while maintaining high retention and
moderate losses. This operating mode offers farmers flexibility, especially when
cultivating more than one type of crop other than rice, which typically require different
operating conditions on the same sub-complex.

1 No Control and Traditional Drainage : In contrast, the no control and traditional
drainage systems are highly inefficient. No control requires 111 cm of irrigation, while
traditional drainage demands 121.9 cm. These systems exhibit the highest drainage
losses and the lowest water retention, resulting in poor to very poor hydrological
efficiency. Such excessive water application represents not only wasted irrigation water
but also higher risk of deep percolation losses, salinity buildup, and nutrient leaching,
which can degrade soil quality and increase production costs.

It is worth noting that accurate measurements of water savings were not achieved; we were
able to measure irrigation time instead (see Chapter 9). Nonetheless, the irrigation water
savings are well documented (seeFigure 6-9, after Mahmoud, 2021).
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Figure 6-9: Relation between controlled water level and percentage of water saving fadifferent crops d source:
Mahmoud, 2021)

Crop yield

Crop productivity (yields)was acore indicator for evaluating the suitability of control drainage
as an irrigation modernisation strategy. The results reported in this analysis provide a good
understanding on how this technology affect crop yields, thanks to the diversity of crops
planted in the three pilot areas during the two seasons.

The results clearly demonstrate that controlled drainage (CD) improved crop productivity
across all three pilot areas, though the magnitude of response varied by crop type, soil
condition, and season. In winter, clover showed the strongest response, partialarly in Baha and
Hala, due to its sensitivity to stable moisture and improved regrowth when water tables were
controlled. Wheat also benefited, especially in Hala and Baha, where moisture regulation during
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key growth stages enhanced production, although results depended on site -specific soil fertility
and field conditions. In summer, the effects of CD were more pronounced and consistent
because of higher crop water demand. Sesame and sunflower responded moststrongly in
Shereshra due to moisture conservation in sandy soils, while rice and soybean performed best
in Hala under improved water table control. In Baha, maize and cotton showed moderate but
reliable yield gains in loam soils. Overall, CD was most efctive in sandy soils, where it reduced
excessive drainage, and in moisturedemanding crops grown in clay loam soils, where it
maintained optimal root -zone moisture. The results confirm that controlled drainage enhances
yield increase, with values usually 1530% higher than the ones reported for traditional
drainage (Table 6-5).

Survey Resultsd Hala

At Hala site , CD produced yield gains, especially for waterintensive crops. As it can be shown
in Figure 6-10, rice exhibited the strongest response during the summer season, with
improvements reaching up to 20%, driven by better water-layer stabilisation and reduced deep
percolation losses. Maize yields also increased by8%. Winter crops benefited similarly: wheat
yields improved up to 35%, and clover by 13%, reflecting better moisture retention following
irrigation and effective drainage during waterlogging periods. Soybean also performed well
under CD, aligning with regional averages despite the absence of TD comparison data.

Hala pilot ara Hala pilotara
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Figure 6-10: Crop yields for control drainage (blue) and traditional drainage (orange) for winter (left) and summer
(right) seasonin Hala site.

Survey Resultsd Shereshra

At Shereshra site , yield improvements under CD were also evident, with an average value of
14.5%, though more variable due to differences in cropping patterns and agronomic practices.
Summer maize showed increases up to 23%, while sesame exhibited exceptional sensitivitya
improved moisture stability, achieving yield gains of 40% depending on field conditions.
Sunflower yields improved by 22% under CD. During the winter season, wheat showed an
average yield increase up to 10% and clover of around 7%.
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Figure 6-11: Crop yields for control drainage (blue) and traditional drainage (orange) for winter (left) and summer
(right) season in Baha site.
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6.5.3 Survey Resultsd Baha

At Baha site, control drainage, characterised by coordinated field operations and uniform
farmer participation, recorded more stable and consistent yield improvements, (overall 10.8%).
Summer crops such as maize, sesame, and cotton showed increases yield in comparison with
traditional drainage of 11%, 4% and 8% respectively with otton responding particularly well
due to its sensitivity to moderate, stable moisture levels. Winter crops also performed
effectively under control drainage, with wheat yield increasesby 5% and clover improvements
by 15%. The latter strongly influenced by well -managed irrigation and cutting schedules.
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Figure 6-12: Crop yields for control drainage (blue) and traditional drainage (orange) for winter (left) and summer
(right) seasonin Baha site.

6.5.4 Crop yield summary and conclusion
The analysis of land productivity was conducted to assess the impact of controlled drainage on
crop yields. Itis important to note that the findings from this initial survey should be considered
preliminary. The data was collected over one agricultural year (202462025), which may not be
sufficient to capture the full long -term effects of the new drainage systems on soil health and
productivity. Therefore, more extensive surveys over multiple seasons are recommended to
draw more definitive conclusions. Table 6-5 present the yield comparison results for each site-
crop combination.

Table 6-5. Crop yieldsummary .

Season Crop Unit Range TD Mean TD | Range CD MeanCD | %
Summer | Maize ton/fed 2.6483.30 2.92 2.7933.63 3.12 6.80%
© Summer | Rice ardeb/fed 20.0932.4 24.1 24.0038.4 31.1 29.10%
T Winter Clover ton/fed 46.40662.7 55.1 57.2071.8 65 17.90%
Winter Wheat ton/fed 1.8033.48 243 2.4083.87 3.32 36.50%
Summer | Maize ardeb/fed 18.0622.5 20.5 20.0330.0 24.2 17.90%
o Summer | Sesame ardeb/fed 2.004.1 3.3 4.206.0 5.5 63.70%
§ Summer | Sunflower | kg/fed 1,20051,360 | 1,280 1,50081,800 | 1,622 26.70%
77 Winter Wheat ton/fed 3.04683.600 | 3.349 3.084.389 3,618 8.00%
Winter Clover ton/fed 67.4970.3 69.1 61.40678.3 70.8 2.40%
Summer | Maize ton/fed 2.5433.06 2.89 2.7163.45 3 3.90%
Summer | Cotton quintal/fed 1.12 1.12 1.2001.24 1.22 8.50%
% Summer | Sesame ton/fed 0.7180.75 0.73 0.7150.85 0.78 6.90%
Winter Wheat ton/fed 2.70383.60 3.32 2.8503.75 3.32 0.00%
Winter Clover ton/fed 75.19 75.19 79.86081.15 | 80.5 7.10%
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In general, the controlled drainage plots showed higher yields than traditional drainage plots,
with one case (wheat at Baha) showing no measurable difference. For the key staple crops
(wheat, maize, and rice), the median yield improvement was 8.0%, with anean of 14.6% and a
range from 0% to 36.5% (Table 6-6 and Table 6-7).

It is worth noting that performance varied notably across sites. Baha exhibited modest

improvements (088.5%), which may reflect the relatively mature state of the drainage system
or site-specific agronomic conditions. Shereshra showed moderate to strong gains, particularly

for maize (+17.9%) and sesame (+63.7%). Hala demonstrated the most consistent
improvements, with substantial gains observed for rice (+29.1%) and wheat (+36.5%).

Table 6-6: Crop yield for key Staple Crops (Wheat, Maize, Rice)

Site Crop CD Mean TD Mean Improvement Mean Improvement
Hala Rice 31.10 ardeb/fed | 24.09 ardeb/fed | +29.1%
Hala Wheat | 3.32 ton/fed 2.43 ton/fed +36.5% 24.13
Hala Maize | 3.12 ton/fed 2.92 ton/fed +6.8%
Shereshra | Maize | 24.19 ardeb/fed | 20.52 ardeb/fed | +17.9%
12.95%
Shereshra | Wheat | 3.618 ton/fed 3.349 ton/fed +8.0%
Baha Maize | 3.00 ton/fed 2.89 ton/fed +3.9%
1.95%
Baha Wheat | 3.32 ton/fed 3.32 ton/fed +0.0%
Table 6-7: Crop yield siammary statistics
Metric Key Staples (Wheat/Maize/Rice) All Crops
Mean improvement +14.6% +16.8%
Median improvement +8.0% +8.3%
Range 0% to +36.5% 0% to +63.7%
Sample size 7 site-crop combinations 14 site-crop combination

The yield improvements observed in the pilots are broadly consistent with findings from
international studies on controlled drainage. A recent meta-analysis of 154 pairwise
observations from 30 peer-reviewed studies reported that controlled drainage increased crop
yields by 8.0% on average (95% confidence interval: 1.814.7%) compared with conventional
free drainage (Singh et al., 2022). Longterm field trials in North Carolina documented average
yield increases of 11% for maize and 10% for soybean over a 2-year monitoring period (Poole
et al., 2013). A synthesis of 55 siteyears across the U.S. Midwest and Southeast found that
controlled drainage increased maize yields by 4614% under mild to moderate drought
conditions (Youssef et al., 2023). The median \@ld improvement of 8.0% observed for staple
crops (wheat, maize, rice) in the tested pilots falls within the range reported in the international
literature. However, the upper range of improvements at the Hala site, particularly for rice
(+29.1%) and wheat(+36.5%), exceeds typical values reported elsewhere, which may reflect the
greater water stress alleviation benefits of controlled drainage in this particular site warranting
further investigation. Notably, the negligible improvement observed for wheat at Baha (+0.0%)
aligns with findings from temperate climates where controlled drainage showed no significant
effect on winter wheat yields grown during wet, cool seasons (Poole et al., 2013)

Three factors warrant caution in interpreting these results:
1. Temporal limitation : Data from a single agricultural year cannot account for inter-
annual variability in weather, pest pressure, or cumulative soil improvement effects.
2. Sample balance: Some crop-site combinations have unequal sample sizes between
CD and TD fields, which may affect the precision of estimates.
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3. Confounding factors : While efforts were made to compare adjacent fields, differences
in farmer management practices, input application, or micro -site conditions cannot be
fully excluded.

Notwithstanding these limitations, the consistency of positive results across sites and crops
provides indicative evidence that controlled drainage contributes to improved land
productivity. These findings inform the economic analysis presented in Chapter 9.

6.6 Soil and drainage water salinity

6.6.1 Monitoring results

A consolidated assessment of soil chemical properties across the three pilot areagslemonstrates
that Controlled Drainage (CD) has a comparable behaviour for soil salinity as the traditional
drainage (TD) with no signs of salinity build up over time under control drainage (see
Figure 6-13, Figure 6-14 and Figure 6-15). This is reflected both in the soil EC and ESP, with CD
working very similar than TD. In two of the three pilots assessed (Baha and Hala), soil salinity
and ESP decrease over time, thanks tahe installation of the new drainage system, able to
remove some of the salts previously accumulated during the last years due to a malfunctioning
drainage. This happen both for control drainage and traditional drainage.
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Figure 6-13: Variation of EC under CD Vs TD (left) and ESP (right) for Hala.
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Figure 6-14: Variation of EC under CD Vs TD (left) and ESP (right) for Shereshra.
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Figure 6-15: Variation of EC under CD Vs TD (left) and ESP (right) for Baha.
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6.6.2
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When soil salinity is assessed in detalil,including the distribution of anions and cations in
relation with the depth, some different behaviours between Control Drainage add Traditional
drainage can be detected.

il

In the Hala area , CD maintains more stable and moderate salinity and sodicity levels
within the root zone, keeping EC and ESP relatively uniform with depth and preventing
the downward movement of sodium that can lead to long -term subsoil degradation.
TD, while effective & reducing surface EC and ESP during the season, consistently shifts
salts and sodium into deeper layers, creating the risk of later upward migration and
structural instability.

In Shereshra, where irrigation relies heavily on saline drainage water, overall salt levels
increase seasonally under both systems. However, CD tends to retain salts and sodium
in the upper profile because of its higher water table and reduced leaching, leading to
elevated EC and ESP by summer. TD allows greater downward flushing, resulting in
lower surface salinity but encouraging salt buildup at depth. Despite these differences,
CD maintains higher concentrations oér
structural buffering than TD.

In the Baha pilot area , both systems effectively reduce EC from winter to summer, but
CD provides better root-zone chemical balance, with more uniform salt and sodium
distribution across depths. TD reduces surface ESP more strongly but again shifts
sodium deeper into the profil e, increasing the potential for subsoil sodicity over time.

bene

CD maintains higher C aaaiwe layardsuppbgtiag betterrsoilt h e ¢

structure and hydraulic stability.

Overall, the assessments show that CD generally creates a more stable and sustainable chemical
environment in the root zone, while TD enhances short-term surface leaching but often at the
cost of deeper salt and sodium accumulation. CD is therefore more favourable for long -term
soil health, though areas with saline irrigation inputs, such as Shereshrg require additional
leaching strategies to avoid salt buildup in the upper profile.

In addition, monitoring of drainage water salinity was also performed to assess whether control
drainage differ from traditional drainage in how salt is removed from soil. Clear and consistent
differences emerged between controlled drainage (CD) and traditional drainage (TD).
Controlled drainage water always exhibited higher salinity than traditional drainage water,
which is clearly linked with the lower drainage volume found ( Table 6-8). On average the salinity
of the drainage water from the CD areas is 75% higher than from the TD areas. Thusalthough
the average discharge from the CD areasis 20-25% lower (Table 6-3), this indicates that the
leaching requirements are satisfied. However, because monitoring was not done over the

complete 3-year cropping cycle, long-term monitoring is needed to verify these results.

Table 6-8: Comparison ofthe salinity of the drainage water (EQ in CD and TD drainage systems.

Ar ea EC in Controlled EC in Traditional
Hal a 2.08.0 1.a831. 9
Sher eg 5.06. 4 2.83.0
Baha 2.08.7 1.83. 8

Risk of long -term salinity accumulation

While the monitoring period showed no evidence of salinity accumulation under controlled
drainage, this finding must be interpreted with considerable caution. Salinity dynamics in semi-
arid irrigated agriculture operate on multi -year timescales, and a sinde agricultural year is
insufficient to detect accumulation trends. International experience in arid and semi-arid
regions indicates that CD systems in areas with saline shallow groundwater may face challenges
with salt accumulation in the root zone, and t hat careful salinity management is essential where
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such conditions exist (Ayars et al., 2006; Ritzema & AbdelDayem, 2010) conditions that
characterise portions of the northern Nile Delta.

The mechanism is straightforward: by reducing drainage volumes, CD systems reduce the mass
of salt exported from the field. If irrigation water contains dissolved salts (as all Nile water does),
and if evapotranspiration concentrates these salts in the soi profile, then reduced drainage will
cause net salt accumulation unless compensatory leaching is provided. The higher EC values
observed in CD drainage water (Table 6-8) confirm that salt concentration is occurring; the
guestion is whether drainage rates remain sufficient to maintain long -term salt balance.

Additional analysis of the differences between cd and TD is caried out using the SWAP model,
for that we refer to Annex C.

In order to avoid the risk of soil salinisation, we recommend that CD implementation should

incorporate a pre-season leaching irrigation with valves fully open at the start of each
agricultural year. This leaching is meant to wash any accumulated salt load during the previous
season's controlled operation. Soil salinity monitoring at multiple depths (0 340 cm, 40380 cm,
8008120 cm) should continue for a minimum of five years at selected CD sites, with predefined
salinity thresholds appropriate to dominant crop tolerances (following FAO, 1985) that would

trigger management intervention or reversion to traditional drainage operation. Sites with high
baseline groundwater salinity should be considered higher-risk and may require modified CD
protocols with shorter retention periods, more frequent leaching, or exclusion from CD

application.
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7 Farmers engagement and social organisation
around controlled drainage

7.1 Relevance

Controlled drainage systems have been tested on small scale pilots and proved to be more

water efficient and increases productivity compared to conventional drainage. Although the

technique is functional in small-scale pilots or laboratory conditions, it is unknown how it works

under real-life conditions. Good functioning of controlled drainage requires cooperation of

farmer groups within the controlled section, on cropping patterns as well as cultivation dates

and irrigation timings. Questionnaires have been developed to assess the level of cooperation

between farmers. In this Chapter Furthermore, it will be important to as assessment will be

made whether controlled drainage affects the fa&
fertilisation management. Also, satisfaction level of farmers will be assessed.

Since the ceasing of the mandatory agricultural cropping cycle in Egyptin the 1990's, that used
to be regulated by the government through the Ministry of Agriculture and Land Reclamation
(MALR), farmers in Egyptare not obliged to cultivate similar crops 9 although farmers at each
area become used to follow traditional cropping cycle throughout the three cropping seasons.
These traditional cropping cycles were determined by the available irrigation water, soil
charaderistics, farmers inherited experience, and access to market.

This ounregul ateddéd cropping behaviour establis
farmers collective actions when it comes to crops selection and cropping times (except for rice,

where farmers sharing the same agricultural land are obliged to grow rice, since rice paddies

could negatively affect other neighbouring crops with less irrigation water requirements). This
entrenched agricultural individualism became one of the key obstacles towards the
implementation of controlled drainage system at the selected pilot sites, where farmers were

unwilling to agree on similar crops X and most importantly on cropping times.

I n addition, anot her key obstacle was the proj e
soil to enable plantsd nutrients uptake as wel
concept was counter-intuitive for farmers, where the main reason of installing a traditional

drainage system was to get rid of agricultural drainage water as soon as possible.

These two major obstacles were originated from
awareness on key technical concepts such as soil nutrients balance, plants nutrients uptake and
soil salinity management.

Accordingly, the project developed a stadnehol d
hand with the technical and infrastructural interventions at the three pilot sites with the aim of

buil ding farmers® capacity, a w theirdbehaviow regaedings i n g,
crops unification and the collective management of controlled drainage systems.

The controlled drainage project urged farmers to grow crops with similar irrigation water
requirements, which might be different crops.
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7.2 Stakeholders Mapping
This section aims to identify the key stakeholders involved in the controlled drainage project,
while highlighting their interest, challenges, roles and responsibilities.
St akehol d{ Mandate & Interest Level of engagement Challenges
group in the Controlled
Drainage project
Egyptian Public EPADP Oversees the planning, EPADP was one of the EPADPG&6s rol
Authority for implementation, operation and key implementing a ofirefigh-
Drainage Projects maintenance of the drainage partners of the CD to the continuous
(EPADPY planning | projects across Egypt. project. challenges that face
and the sub-surface
implementation EPADP is mostly interested in drainage networks, on
departments reducing operation and top of whic
maintenance cost of the subsurface behaviour in blocking
drainage network and elongating subsurface drainage.
the life cycle of the network.
Particularly interested in the role of
CD in rice cultivation where farmers
often use traditional methods to
block the drainage network.
Drainage Research | DRI is the research and DRI played an important | Lack of funding.
Institute (DRI) development arm of the Ministry for role in the project
in relation to the drainage projects. implementation and
Thus, DRI should work closely with performance monitoring
EPADP to identify technical gaps of the installed systems
and to provide relevant solutions. in the three pilot sites.
Farmers Farmers main interest is the Farmers were at the Farmer sd ma
installation of sub-surface drainage recipient side of the challenges were the
(traditional system) to improve their project, as well as acceptance of the
lands productivity. Particularly in the | operational side, where unifying crops and
three pilot sites where the farmers were cultivation times
performance of the traditional responsible for the approach; and the
subsurface drainage systemswas opening and closing of closing of the valves
decreadng because of the lifespan the CD valves. (which is contradictory
of the systems. to the main function of
the sub-surface
drainage)
Drainage Advisory | DAS is working closely with farmers | DAS was involved in DAS is illequipped in
Service (DAS) for awareness raising. buil di ng f ar| termsoflogistics (e.g.,
acceptance of CD, and transportation to the
the introduction of the field) which limits their
CD, the difference reach out and follow
between this system and | up with farmers.
the traditional sub -
surface drainage.
In addition to the above -mentioned list, some _key stakeholders were not involved in the project
implementation (due to contractual and resources limitations); such as the agricultural
extension services and the local irrigation directorate at each pilot site. Those stakeholders
would have been important to involve at the planning and implementation stages of the project
to build far mer sd wtmdaptiheiryrrigation fregeaney and edlumento
meet the new drainage system discharge, as welas help farmers identifying crops with similar
water requirements. In the discussion section, we will reflect on their role for successful
implementation of the controlled drainage system.
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7.3 Communication with Farmers

A detailed communication plan has been developed during the initial phase of the project (in
2022). However, this plan was continuously updated to adapt with the various changes at the
three pilot sites. This plan focusedon the dissemination of the results obtained by the project,
paying special attention to the interaction between crucial partners and the involvement of
local stakeholders and farmers.

As in the training program, the communication plan addressed different levels of stakeholders

(see stakeholders mapping above).Stakeholders from upper levels (national and regional) were

regularly informed about the results of the project through two specific trainings (training 1

and training 2), but also with follow-up sessi ons updating the pilot
for control drainage design, construction, operation, monitoring an d maintenance was
developed by the consortium, with the support from DRI and EPADP. This manual, together

with the material developed for the trainings, wastranslated into Arabic to be used as training

material by EPADP.

Stakeholders from grassroot levels (Drainage advisory extension services)were in close contact
with the project partners, drainage advisory extension services teams receivedwo trainings
(training 2 and 3) and corresponding follow -up sessions.

Farmerswere at the core of the communication plan, since they are the users of the system.
Only by a good understanding of the system and the need for cooperation, a control drainage
system can work properly. Two types of farmers were addressed by the communication
strategy: farmers involved in the collector itself (pilot) and farmers from other neighbouring
collectors. The lattertook place organically (i.e., word of mouth, observation from neighbouring
farmers...etc.)

Several practical sessionsvere arranged with the farmers involved in the pilots to make sure

they understand the system and agreed with the current design and the operation rules. Those

sessions were organised before, during and after the construction of the control drainage

system. The joint selection of crops, and therefore the water level, is key for the proper
functioning of the system. In order to do so, the project, with the support of the trained

extension service and the national consultants, created informal Col | ect or User ds A
Periodical sessions held during the execution of the project, in order to evaluate the
performance of the system and the degree of agreement among farmers.

87 of 156 Controlled Drainage in Egypt: Fi ndi ngs f r om R edaléchnical Evielenéej Fare
Organisation, and Economic Viability for Upscaling

o AN
11207869-000-ZWS 0020, February 2026 e d_b DEltCI fes



7.4

7.5
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St akehol direGhaléngeB uy

Among the chall enges t har/addptiomadeer st akehol der sé

1 Land tenure status;
1 Lack of awareness on market dynamics;
1 Incentive incompatibility of the system adoption.

1 Land Tenure

Land tenure issues significantly impact farmers' willingness to invest, operate, and/or
collaborate for the success of new infrastructure like controlled drainage systems. When land
ownership rights are unclear or insecure, farmers may be hesitant to incur costs or make long
term investments or carry the extra burden of working collectively with other f armers. This was
evident in the results of each of the three pilot sites, where the least improvement of the three

was in Baha, where farmers were renting thke land and were reluctant to coordinate the

operation of the CD system (see section 6.5).

1 Lack of Awareness on Market Dynamics

Farmers' limited understanding of market trends, crop prices, and demand for products impacts
their capacity to see the tangible benefits of adopting controlled drainage.

This includes their understanding of unified cropping system, which might facilitate large scale
contractual agricultural agreements.

1 Incentive Incompatibility of the System Adoption

The existing policy and economic environment may not align incentives for farmers to adopt
controlled drainage systems. This misalignment discourages investment or desired behavioural
change.

Structural Limits to Farmer Coordination

It is important to acknowledge that farmer coordination under controlled drainage may
represent not merely a capacity gap to be addressed through training, but a structural
challenge inherent to Egypt's agrarian conditions. The requirement that 10870 farmers within
a sub-collector area agree on crop selection, planting dates, and valve operation protocols
assumes a level of sustained collective action that the literature on common pool resource
management suggests is difficult to achieve and maintain over time. The pilots benefited from
intensive project support: DRI technicians operated valves on farmers' behalf, extension staff
conducted repeated awareness campaigns, and the project team mediated coordination
decisions. These conditions will not be replicaed at national scale.

Consequently, the productivity and efficiency gains documented from the pilots should be
understood as demonstrating what controlled drainage can achieve under favourable
conditions with dedicated technical backstopping, rather than what it will reliably d eliver under
routine government implementation. The gap between pilot performance and scaled
performance may be substantial. Accordingly, we recommend that the first phase of CD
implementation beyond the current pilots be treated as an extended learning pe riod, with
systematic monitoring of coordination outcomes. Expansion beyond that phase should be
contingent on evidence that farmer -managed systems, operating without intensive external
support, can sustain coordination and deliver benefits approaching tho se observed in the
pilots. Without such evidence, the economic projections presented in Chapter 9 may overstate
the returns achievable at national scale.
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7.6 Controlled Drainage Adoption

The adoption of controlled drainage at farm level is dependent on key factors, to enable farmers
to shift from traditional irrigation -drainage system to controlled irrigation -drainage system,
these include:
o Crop selection & cultivation schedule
Guidance on irrigation frequency
Guidance on operation of the controlled drainage system
Market support
I nstitutional arrangement (e.g., farmersé

1. Guidance on Irrigation Frequency

1 Farmers apply their accumulated knowledge on when to irrigate and when not to. To
maximise the benefit from the CD system, it is important that on the controlled sub -
collector-level, the irrigation is synchronised/adapted to the new drainage dynamics.
Figure 7-1shows that without the adoption of modified irrigation approach that is
synchronised with the controlled drainage system, farmers might observe negative
results on the overall plants health and soil salinity. These observations might lead to
f ar me r %6 from thecordrolled drainage system (this case took place in Baha site
in Beni Sweif where farmers followed traditional irrigation frequency while closing
drainage valves which led to delayed growth of wheat

1 Proper guidance on when and how often to irrigate is crucial for the successful
adoption of controlled drainage systems. Controlled drainage allows farmers to
regulate water levels precisely, but without appropriate guidance, farmers may hesitate
to switch from familiar practices.

1 Consistent and sciencebased recommendations help farmers understand optimal
timing, reducing water wastage and preventing issues such as waterlogging or salinity.

1 Extension services, training workshops, and soil moisture sensors can provide reatime
data and instructions, ensuring farmers apply water at appropriate intervals.

Traditional irrigation

+ Traditional
Drainage

| Break the system &

| back to traditional - Cpntrolled
L practice | Drainage (C.D)

I |
Traditional Irrigation Modified Irrigation +
+C.D C.D

P P——

New system
dynamics (improved
efficiency)

Figure 7-1: Synchronizing irrigation with controlled drainage system
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2. Controlled Drainage Operation
1 Controlled drainage operation is a technical activity as well as a collective social
responsibility that should be assigned to one of the community members, while
pl anned, monitored and modified according t
1 Operating the controlled drainage system was supported by the project through one
of the community members. Where farmers agreed prior to each cropping season on
the selected crop(s) and cropping times.

3. Market Support
1 Market access and support are vital incentives for farmers to invest in new systems. If
farmers see clear economic benefits or market premiums for specific crops cultivated
under controlled drainage, they are more motivated to adopt.

4. Crop Selection & Cultivation Schedule

1 Certain crops and cultivation timings are more compatible with controlled drainage
systems. The success of adoption depends on selecting suitable crops and adjusting
planting schedules to maximise benefits. This requires the alignment of the following
factors:

1 Crop compatibility: Crops sensitive to waterlogging (e.g., rice, vegetables) are ideal
candidates for controlled drainage.

9 Scheduling: Adjusting planting and harvesting times to align with optimal water
management improves yields and resource efficiency.

1 Farmer training: Educating farmers on which crops benefit most and how to schedule
planting cycles is essential to promote adoption.

5. Institutional Arrangement (e.g., Farmers' Associations)
9 Institutional support structures, such as farmers' cooperatives or associations, facilitate
collective decision-making, resource sharing, and knowledge dissemination.
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8 Training and capacity buildin g

8.1 Training courses and capacity building activities

As part of the implementation of the Controlled Drainage and Irrigation Improvement Project
(CDIIR, a comprehensive training and capacity-building program was carried out across the
three pilot areas. The program aimed to strengthen the technical, operational, and
organisational capabilities of farmers, engineers, technicians, and local institutions to ensure
proper operation, monitoring, and long -term sustainability of the controlled drainage system.
The training activities proved to be a critical compone nt for achieving the desired performance
of the system and for securing active participation from local beneficiaries.

The training and capacity-building activities implemented under the project were designed to
achieve the following objectives:
T Enhance farmersd understanding of -opesationr ol | e
practices.
9 Strengthen the technical capacity of EPADRPEnNgineers and technicians in monitoring,
data collection, and system maintenance.
1 Empower local Drainage Advisory Services (DAS) to communicate effectively with
farmers and support field-level management of the system.
1 Ensure that the controlled drainage system continues to operate correctly following
installation and handover.
1 Improve coordination among institutions involved in irrigation and drainage
operations.

Within the training component, the Drainage Research Institute (DRI) implemented a set of
structured training courses targeting engineers and technicians affiliated with the Egyptian
Public Authority for Drainage Projects (EPADP). These courses were delived either at APADP
training centres or directly at project sites in the pilot areas.

The activity consisted of two main training courses:
1 Training 1 o Monitoring and Data Collection Techniques

This training course, titeddo How t o execute monitoring and
sci ent i f iwasdelwdred to érgineérs and technicians working in drainage
engineering across both East and West Delta. The objective was to strengthen their
technical capacity in field monitoring and data collection, ensuring accurate
evaluation of controlled draina ge performance. The training covered several core
topics, including measuring groundwater table depths using field instruments,
collecting and preparing soil samples for laboratory analysis, and measuring the
discharges of field drains and sub-collectors using standard hydrological procedures.
Participants also received guidance on estimating crop productivity and linking field
observations to system performance. The course was condicted over a full day and
was formally documented through the preparation of training materials, attendance
sheets, and a comprehensive training report, which together constitute the official
means of verification for the activity.

1 Training 2 & Management of Controlled Drainage and Communication with
Farmers
This training course, tittedd How t o manage controlled drain
provide Drainage Advisory Services (DAS) with the information required to
communicate with farmers for mawasgpedficpllycont r
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designed for | ocal DAS engineers worki
focused on developing the operational and communication skills required to support
farmers in effectively managing controlled drainage units. The training addressed
several key topics, including the operation of multi -level outlet gates within
controlled drainage manholes, methods for determining appropriate water table
levels during the different stages of crop growth, and techniques to help DAS staff
convey technical information clearly and efficiently to farmers. Additionally, the
course emphassed the importance of organizing farmers within each drainage unit to
ensure coordinated and timely operation of the system. The training was delivered
over a two-day period and was fully documented through training materials,
attendance sheets, and a detaled training report, serving as formal verification of
implementation (seeFigure 8-1).

In parallel with the technical training delivered to engineers and technicians, the project
implemented extensive field-based training sessions ai med
skills in managing the controlled drainage system. These sessions inealded hands-on
demonstrations on how to properly open and close the control gates, as well as guidance on
adjusting water table levels to align with the different growth stages of each crop. Farmers were
also trained to conduct simple field monitoring using basic tools to observe soil moisture and
water-table depth, enabling them to make informed operational decisions. In addition, the

project organised demonstration days that showcased side-by-side comparisons between
controlled and traditional drainage systems under real field conditions, allowing farmers to see
the direct impact on crop performance and water use. Collectively, these activities enhaned
farmersd® understanding, built confidence i
correct operation of the gates across the pilot areas (Figure 8-1).
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Figure8-2: Field meeting with farmers in the pilot area as part of the awareness and training activities on controlled
drainage

Monitoring and follow -up activities demonstrated that the training program generated clear
and positive outcomes across all pilot areas. The technical competencies of engineers and
technicians improved noticeably, enabling them to carry out monitoring, dat a collection, and
system maintenance more effectively. Farmers also showed higher levels of compliance with
gate-operation guidelines, reflecting a better understanding of controlled drainage principles
and their impact on crop performance. Communication b etween farmers and DAS staff became
stronger and more consistent, facilitating smoother coordination within each drainage unit. As
a result, operational errors decreased significantly during the following irrigation seasons.
Furthermore, the program enhanced the capacity of local institutions to manage the system
efficiently, contributing to more sustainable and reliable operation of controlled drainage
across the project sites.

During implementation, several challenges were encountered, including initial hesitation from
farmers who were unfamiliar with controlled drainage and preferred to wait until clear benefits

were observed in the field. In addition, differences in cropping calendars among farmers within
the same drainage unit created operational inconsistencies and made synchronsed gate
management more difficult. The project also found that a single training event was insufficient,
and repeated training sessions were necessay to reinforce proper operational practices and
ensure long-term adoption.

Despite these challenges, important lessons were learned. Fieledbased, handson training
proved significantly more effective than classroom sessions, as farmers responded better to
practical demonstrations in real conditions. Continuous technical follow -up during the first two
agricultural seasons was also essential to ensure consistent adoption and correct operation of
the system. Moreover, the experience showed that smaller and weltorganised farmer groups,
such as those in Bahademonstrated the highest levels of compliance, coordination, and overall
success in operating the controlled drainage system.

The training and capacity-building program implemented under the CDIIRplayed a central role
in securing the successful introduction and operation of controlled drainage systems across the

Controlled Drainage in Egypt: Fi ndi ngs f r om R edaléchnical Evielenéej Fare
Organisation, and Economic Viability for Upscaling

o AN
11207869-000-ZWS 0020, February 2026 e d}‘gx DEltCI fes



8.2

8.3
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pilot areas. By strengthening the skills of engineers, technicians, DAS staff, and farmers, the
project created a strong foundation for sustainable system performance and future scaling. The
experience gained provides a clear pathway for extending controlled drainage to new regions
across the Nile Delta and Valley.

Training manual on controlled drainage

The lessons learned during the implementation of the project were used to prepare a training
manual for staff at EPADP headquarters and regional offices who will be involved in introducing
controlled subsurface drainage systems a training manual was prepaed. The headquarters staff
uses the manual to enhance their technical capacity in designing subsurface drainage systems
and improving their skills in supervision, quality control, and technical support. The manual also
has been translated in Arabic so thatregional office staff can use it to strengthen their ability
to supervise the implementation, operation, and maintenance of Controlled Drainage systems.

The manual focuses specifically on the additional steps needed to incorporate the Controlled
Drainage concept into existing covered drainage systems. Thus, the manual should be used
alongside the three manuals developed under the NDP3 framework:

1 Manual for the Design and Construction of Subsurface Drainage Systems

1 Manual for the Inspection and Maintenance of Drainage Networks

1 Manual for Farmer Participation Awareness
Together, these manuals cover all stages of the subsurface drainage infrastructure lifecycle, as

well as EPADPG6s institutional structure and ope
The manual focuses not on standardised solutions applicable to all areas, but rather flexible
recommendations that can be adapted to local conditions with the aim to improve the joint
management of irrigation and drainage systems (i.e. field-level water management) through an

integrated appro a ¢ h t o design, operation, and manage.|

participation in operating the drainage network to improve its efficiency and sustainability. Its
content is organised into six main chapters, describing the stages and key components for
implementation:
1. What is Controlled Drainage?
Requirements for implementing Controlled Drainage systems.
Stakeholders involved in Controlled Drainage application.
Benefits of Controlled Drainage systems.
Challenges related to implementation.
Proposed pathways to address these challenges.

ook wN

Study Tour to the Netherlands

A study tour to the Kingdom of the Netherlands was conducted from 16 820 June 2025. The
visit was attended by representatives from the Egyptian Public Authority for Drainage Projects
(EPADP) and the Drainage Research Institute (DRI)

The primary objective of the visit was to enhance Egyptian institutional and technical capacity
in controlled drainage, agricultural water reuse, and water quality management, and to assess
pathways for scaling up controlled drainage systems from pilot sit es to the national level under
conditions of increasing water scarcity.

The program combined technical workshops, data-driven evaluations, and field visits to
advanced Dutch applications. Key activities included:
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1 Evaluation of performance results from three controlled drainage pilot sites in Egypt,
based on two agricultural seasons of monitoring.

1 Review of design, operation, and monitoring approaches for controlled drainage
systems, including manual, automated, and smart dynamic control levels.

1 Field visits to constructed wetlands used for treating agricultural and industrial
wastewater for safe reuse.

1 Examination of dual drainage systems for salinity control in coastal areas affected by
seawater intrusion.

1 Exposure to Living Lab models that promote farmer-cantered innovation and
stakeholder collaboration.

1 Technical sessions at Deltares on numericamodelling tools (e.g., RIBASIM, SWAT)
supporting integrated irrigation, drainage, groundwater, and water quality planning.

Results from the Egyptian pilot sites demonstrated that controlled drainage could stabilise
groundwater levels, improve soil moisture conditions, and achieve significant water savings,
with crop productivity maintained or modestly improved in several cases. Challenges identified
include climatic and soil differences between Egypt and the Netherlands, farmer adoption
constraints, small landholding sizes, and the need for tailored designs and operational
guidelines suited to Egyptian conditions.

Dutch experience highlighted the effectiveness of integrating controlled drainage with sub -
irrigation, and of combining natural treatment systems (constructed wetlands) with
technological solutions to improve drainage water quality at low operational cost. The visit also
confirmed the importance of adaptive management, continuous monitoring, and digital control
systems to maximise system performance.

The study tour concluded with the development of a preliminary action plan and evaluation

framework for scaling up controlled drainage in Egypt. Key criteria include water use efficiency,
crop productivity, soil salinity impacts, water quality, economic feasibility, and institutional
readiness.

Overall, the visit reinforced that controlled drainage and regulated reuse of agricultural
drainage water represent viable and strategic tools for enhancing water productivity, climate
resilience, and agricultural sustainability in Egypt. Successful natioal-level implementation will
require integrated technical design, robust monitoring and modelling, farmer engagement,
capacity building, and coordinated institutional frameworks.

Annex Cincludes the study tour report. Prepared by EPADP.
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9.1.1
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Assessmentof economic viability

Economic Analysis Framework

Economic Analysis Framework

This chapter assesses the economic viability of controlled drainage (CD) in comparison with
traditional subsurface drainage (TD). The analysis draws primarily on evidence from the three
pilot sites (Chapters 4, 6, and 7), complemented by data on national ayricultural productivity.
A dual-perspective approach is adopted, examining economic viability from both the
viewpoints of the government as well as of the farmers, to reflect the shared financing
arrangement that characterises drainage investment in Egypt

1 Government perspective

Under the existing institutional framework, the government pre-finances the capital investment
for drainage system construction and recovers these costs from farmers through instalments
over 20 years at 0% interest.The case for investment indrainage system improvement is not
the subject of the analysis herein. Accordingly, we do not take into consideration the market
cost of capital, and assumeit is addressed when taking the decision to invest in a TD system.
We focus on the comparative analysis between CD and TD.Since the construction costs
ultimately recovered,th e government &s pr i mar wheeshittimydom TO
to CD is not the expenditure itself, but the opportunity cost of the capital allocation. By
committing funds to CD in a given area, the government foregoes the option of extending TD

coverage to additional areas within the same budget envelope.

From the government perspective, the analysis therefore considers:
1 The reduction in coverage due to increased cost of CD compared to TD (lost
opportunity to cover more land).
91 Benefit from reduced maintenance requirements.
1 Benefit from increased agricultural productivity .
1 Gains from improved on-farm irrigation efficiency .

1 Farmer perspective
Farmers bear the construction cost through the 20-year repayment structure, creating a direct
financial stake in drainage system performance. The value centres on whether any additional
construction cost is offset by operational savings and revenue gains dur i ng t he
productive life.
From the farmer perspective, the analysis examines:

1 Construction cost (present value of the 20-year payment stream)

1 Benefit from reduced fertiliser application

1 Benefit from reduced pumping requirements

1 Benefit from increased crop productivity

1 Comparison framework

The analysis is aimed to support decisionmaking concerning investment for drainage
infrastructure rehabilitation. It does not compare drainage investments with alternative
irrigation modernisation, or broader agricultural sector improvements. The focus is on
rehabilitation of ageing subsurface drainage systems installed decades ago, where the
investment choices arelisted in Table 9-1.
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Table 9-1: investment choices for the drainage system rehabilitation
Option Description

(a) Do nothing Allow continued degradation of existing infrastructure (baseline scenario with
deteriorated system performance)

(b) Rehabilitate to TD Restore traditional drainage functionality

(c) Rehabilitate to CD Restore drainage functionality with upgrading to controlled drainage

By benchmarking CD against TD under comparable agronomic and climatic conditions, the
analysis determines whether improved water management translates into measurable gains for
both government and farmers. For the farmer, the gains would be mostly financial; but for the
government it extends to include policy gains.

9.1.2 Core Assumptions
The financial and operational analysis relies on the following assumptions to standardise the
comparison between CD and TD systems and to bridge gaps where direct longterm data were
unavailable.

1 Financial and economic assumptions

1. Market pricing for inputs:  The cost analysis for fertilisers utilises unsubsidised market
prices for nitrogen, phosphorus, and potassium inputs. While some farmers access
subsidised rates through cooperatives, market rates were assumed to ensure a
standardised comparison reflecting the true economic value of inputs across all farms.

2. Fuel pricing: Irrigation costs are calculated based on the market price of fuel as of
December 2024. Fuel prices are assumed to remain constant throughout the analysed
season for calculation purposes.

3. Government cost recovery structure:  The analysis assumes the standard repayment
model whereby the government funds the initial infrastructure investment and farmers
repay over a 20y e ar period at 0% interest. Consequ
initial investment in CD is treated as lost opportunity to expand drainage rehabilitation
coverage arearather than a sunk cost.

1 Operational and maintenance assumptions

4. Buried manholes as proxy: In the absence of long-term historical data for CD
mai ntenance in these specific pilot areas,
Drainage Project Phase 3 (NDP3) are used as a proxNDP3 compared the cost and
benefits of the traditional used open manholes with a system using buried manholes,
two projects in Dakahlia Governorate, in East Delta, that were constructed in 1996.
Maintenance practices and cost were compared of a period of 20 years, the economic
lifetime of subsurface drainage projects in Egypt. The reduction in farmer interference
observed with buried manholes (a decrease from 70 to 10 complaints per maintenance
cycle) is assumed to replicate under CD, as both technologies limit physical access to
drain outlets.

5. Farmer-induced blockages: The primary driver of drainage system failure and
maintenance costs is assumed to be farmerinduced blockage (typically intended to
retain water for crops such as rice). The presence of control valves in CD systems is
assumed to eliminate the need for manual blocking, thereby reducing blockage
frequency to the levels indicated by the proxy data.

6. Maintenancetrigger: The study assumes a Omaintenance
than a rigid preventive maintenance schedule, reflecting practical field conditions
where intervention typically occurs only after a malfunction is reported.

7. Maintenance unit cost: The cost of a single maintenance event (unclogging and
washing) is assumed constant at 500 EGP per feddan for both systems, based on
estimates provided by EPADP.
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9 Agricultural and technical assumptions

8. Lateral spacing: Design spacing for laterals is assumed identical for both TD and CD
systems. Any construction cost variance is therefore attributed to differences in sub-
collector and main collector infrastructure, specifically driven by farm size and the
number of beneficiaries per collector.

9. Preliminary productivity trends:  Crop yield data collected during the pilot period are
assumed to provide a valid preliminary indicator of performance. However, the
timeframe of the pilot may not capture long -term soil condition changes, such as
enhanced aeration or salinity dynamics, which typically accrue over multiple years (see
Section 6.5).

1 Annualised Cost
The Annualised capital cost of construction (AC) can be calculated using this formula:
6z 1z p i

p i p

006

Where:
I C = Capital Cost of Construction
M r=discount rate
1 n=number of years of payment (20 years)

The Central Bank of Egypt policy rate (27% as of December 2024) reflects the market cost of

capital. However, the governmentds conhcessiona
interest. From the farmerds per sptoediFemthega he e
government 06s perspective, the interest subsidy

rate and 0%)is not addressedin our analysis as we assume that the business case for Tustifies
such investment.

Under the 0% interest arrangement, the formula reduces to:

. . O
00 é_
This simplified form is applied throughout the farmer -perspective analysis.

9.1.3 Data Collection
This study depended on two main methods to collect the data required for the analysis:
1 Costs for construction and maintenance

0 General information on construction cost for drainage systems is obtained from
EPADP reports for previous drainage projects. For the 3 pilot sies, we have caried
out detailed cost breakdown (see Section 4.3)

o For maintenance cost, the rate and cost of maintenance under controlled drainage
were assumed to be analogous to that of sub-surface drainage, which was
calculated in phase three of the National Drainage Project (NDP3) final report.
Therefore, the same andysis is used in this report.

1 Farmers surveys

o To capture farm-level information, structured surveys were conducted with farmers
across the three pilot sites: A total of 16 interviews were completed: 6 in Shereshra,
2 in Baha, and 8 in Hala. Among these, 10 farmers operated under CD and 6 under
TD.

o0 To ensure comparability, the analysis focused on fields cultivated primarily with
wheat, representing 14 of the 16 cases. Using a consistent crop type enables more
reliable assessment of irrigation practices, fertiliser use, and productivity levels.The
case for Rice would be more positive due to the measurable more productivity,
water savings, and reduced maintenance.

o For each participating farm, the survey gathered information in four categories:
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A General Farm Information: farmer name, location, field area (feddan),
drainage type, source of irrigation water, and primary crop.

A Irrigation Costs per Feddan: duration of each irrigation event (hr/fd),
number of irrigation events per season, quantity of fuel used per event (L),
and fuel price (EGP/L).

A Fertilizer Use: types of fertilizers applied, quantity of each fertilizer (sacks
per feddan), unit cost, and total cost per feddan.

A Productivity: yield of the primary crop (ton/fd) and its market price
(EGP/ton), as well as any secondary yields and their prices.

1 Cropyield
o In addition to the farmer surveys, a comprehensive yield survey was conducted
across the three pilot sites during the 202482025 agricultural year. This survey
compared yields CD and TD fields acrossdifferent crop types, including: wheat,
maize, rice, clover, cotton, sesame, and sunflower. The methodology and detailed
results are presented in Section6.5.

Government Business Case

Opportunity Cost Framework

Construction cost analysis confirms that controlled drainage (CD) requires higher capital
investment than traditional drainage (TD). However, the financial implications are nuanced by
the cost recovery repayment structure outlined in Section 9.1.1 The government pays the
upfront investment for the drainage network and recovers costs from farmers over 20 years at
0% interest. Since construction costs are
economic consideration is not a sunk cost but an opportunity cost: funds allocated to CD in

one area cannot simultaneously extend TD coverage elsewhere.

To illustrate, consider a fixed investment fund is available for rehabilitation of sub-surface
drainage systems. This fund will be sufficient to rehabilitate or expand a certain area with a TD
system (Arp). The same fund can cover a smaller area with a CD system & < Ap). The area
reduction, which remains at baseline conditions (degraded productivity), depends on the

difference in costs between CD and TD Figure 4-4).

form a government perspective, the economic case for controlled drainage rests on whether
the productivity and efficiency gains per feddan sufficiently compensate for the reduction in
coverage area.The trade-off between CD and TDis shown in Table 9-2.

Table 9-2: Trade off table CD vs TD, for the government business case

Traditional Drainage (TD Controlled Drainage (CD)
Cost Lower Higher
Area Arp (larger area) Aco (smaller area)
Productivity Pro High 8 compared to baseline Pco > P
Maintenance Higher Lower
Irrigation efficiency Lower Higher
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9.2.2 Construction Cost Analysis
The controlled drainage manual provides detailed construction cost analysis of controlled vs
traditional drainage. Table 9-3 presents the construction costs for the CD and TD systems
across the three pilot sites, see Sectiorn4.3 for detailed breakdowns.

Table 9-3: Construction cost comparison by pilot site (see Figure-4)

Pilot Site Area TD Cost CD Cost Cost ACrp ACcp

(fed) (EGP/fed) (EGP/fed) Increase (EGP/fedlyr) (EGP/fedlyr)
Hala 84 15,166 17,487 +15.3% 758 874
Shereshra | 55 16,354 17,404 +6.4% 818 870
Baha 26 8,656 8,848 +2.2% 433 442

Note: Annualised costs calculated as Ac = C/20 under the 0% interest repayment structure.

The cost increase ranges from 2.2% to 15.3%, driven primarily by differences in farm
configuration and the number of control areas and structures required. At Baha, where the pilot
area is smallest (26 feddans) and plot consolidation is more efficient, the cost differential is
minimal (+2.2%). At Hala, being the largest pilot (84 feddans), the configuration required a
relative increase of the sub-collectors, resulting in a higher cost premium (+15.3%).

Applying the cost differentials on an example of investment budget available to cover 100
feddan TD, is demonstrated in Table 9-4. At the upper bound (Hala), a budget sufficient for 100
feddans of TD would cover approximately 87 feddans of CD, leaving 13 feddans unrehabilitated.
At the lower bound (Baha), the coverage reduction is negligible (approximately 2 feddans).

Table 9-4: Coverage implications(example for 100 Feddans TDp

Pilot Site Cost Increase CD Coverage (feddans per 100 TD -equivalent)
Hala (84 Fed) +15.3% 86.7
Shereshra (55 Fed) +6.4% 94.0
Baha (% Fed) +2.2% 97.8

The analysis reveals that the primary factor influencing the cost difference is the average farm
size and the number of farmers who must cooperate within a sub-collector unit, not the total
project area, see Section4.3 for more details.

9.2.3 Maintenance Cost Analysis
Maintenance costs represent an additional component of government expenditure on drainage
infrastructure. The analysis draws on NDP3 data, using buried manhole systems as a proxy for
CD maintenance requirements (seeAssumptions in Section 9.1.2, Assumption 4).

Under traditional drainage, farmers often block drain outlets to retain water for crops (e.g. for
rice observed in Hala, and vegetables observed in Baha). This practice causes system failures
requiring maintenance intervention. NDP3 data documented a compl aint rate. It was found that
the number of complaints, over the five years of the project, was reduced from 70 under
traditional drainage for 13,200 feddans (viz. 1.06 complaints per 1000 feddans/year) to 10
complaints under buried manholes for 16,722 feddans (viz 015 complaints per 1000
feddans/year). An overview of the maintenance requirements is given in Table 9-5.

Farmer-induced blockages diminish when applying CD system.
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Table 9-5: Maintenance incident rates (NDP3 data)

System Type Complaints in 5 years Area (Feddan) Complaints Rate (per Reduction
1,000 fed/year)

TD with open outlet 70 13,200 1.06 ---

CD with buried manhole | 10 16,722 0.15 1 86%

Table 9-6: Maintenance cost implications CD vs TD

System Annual Incidents (per 1,000 fed) Annual Maintenance Cost (EGP/1,000 fed)
TD 1.06 530

CD 0.15 75

Difference - 1455 (186 %)

Controlled drainage systems incorporate adjustable control structures that allow farmers to
manage water levels without physically blocking drains. This is expected to replicate the
reduction in interference observed with buried manholes.

Assuming a maintenance unit cost of 500 EGP per feddan per incident (EPADP estimate), the
maintenance cost implications are demonstrated in Table 9-6 Over a 20-year system life, this
translates to a cumulative maintenance saving of approximately 9,100 EGP per 1,000 feddans,
or 9.1 EGP per feddan.

While modest in absolute terms, this saving accrues entirely to the government (maintenance
is not charged to farmers) and represents a recurring benefit that compounds over the
infrastructure lifecycle.

Economic Assessment
Agricultural Income Benchmarks

To assess the economic impact of productivity changes, a reliable estimate of net agricultural
income per feddan is required. This analysis draws on two complementary sources: primary
data from the pilot surveys and secondary data from national statistics.

The farmer surveys conducted across the three pilot sites (Sectior6.5) collected information on
crop yields, input costs, and market prices. Gross revenue is calculated from the yield survey
results (Table 6-7) using a wheat price collected from farmers at 2150 EGP per Ardab, viz. 14,333
EGP per ton, which represents the weighted average price received by surveyed farmers at the
time of harvest.

For input costs, we were not able to collect accurate data. Accordingly, we use a range from
10,000 to 15,000 EGP per feddan, which corresponds with national values and is sufficient for
the analysis. Details on relevant cost items for the farmers businessase, such as Irrigation costs
and Fertiliser costs are discussed in Sectior9.3.

Table 9-7: Net agricultural income from pilot surveys- wheat cultivation (as largest sample)

Pilot Site Drainage Yield (ton/fed) Gross Revenue (EGP/fed) Net Income range (EGP/fed)
Hala TD 243 34,829 19,829 to 24,829
Hala CD 3.32 47,586 32,586 to 37,586
Shereshra TD 3.35 48,016 33,016 to 38,016
Shereshra CD 3.62 51,885 36,885 to 41,885
Baha TD 3.32 47,586 32,586 to 37,586
Baha CD 3.32 47,586 32,586 to 37,586

Values in this table represent singleseason of wheat cultivation.
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The detailed breakdown of input costs by site and drainage type is presented in Section 6.5.
Table 9-7 summarises the resulting net income estimates for wheat cultivation (winter season).

Two observations emerge from Table 9-7:

1 Income varies by site: Hala TD shows notably lower net income (22,729 EGP/fed) due to
lower baseline yields under traditional drainage, while Baha and Shereshra show similar TD
performance (~35,000 EGP/fed).

1 CD improves income through both yield gains and input cost reductions: The CD
advantage derives not only from higher yields but also from reduced input costs,
particularly fertiliser and irrigation. This detail is further elaborated in Section 9.3.

Based onTable 9-7, and for a typical two-season rotation in general (e.g. wheat in winter, maize
or rice in summer), the annual net income would range from approximately 40,000 to 80,000
EGP per feddan under functioning drainage. We note that we accept a wide range due to
uncertainties in collected information and the short period of monitoring.

To gain more confidence, we evaluate the data reported by The Central Agency for Public
Mobilisation and Statistics (CAPMAS) see Table9-8. It provides national productivity
benchmarks that supports contextualising the pilot findings. However, care must be taken in
interpreting national averages, as they encompass diverse farming systems with substantially
different productivity profiles.

Table 9-8: Agricultural productivity benchmarks (based onnational data 8 CAPMAS

Metric Value Source

National agricultural value added per | ~182,000 EGP/fed/year Calculated from CAPMAS (2024):
feddan Agricultural GDP + cultivated area
Traditional field crops (wheat-maize 35,000340,000 EGP/fed/year CAPMAS crop budgets; MALR
rotation) statistics

High-value export crops (vegetables, | 150,0005250,000 EGP/fed/year CAPMAS; sector reports

fruits)

The substantial difference between the national average (~182,000 EGP) and traditional field
crop income (~35,000340,000 EGP) reflects the inclusion of highvalue horticultural production,
livestock, and fisheries in national aggregates.

For the sake of this analysis, and based on the findings from the pilots, the traditional field crop
benchmark of 40,000880,000 EGP per feddan per year is &onservative reference value.

9.2.4.2 Yield increase

The productivity impacts of drainage interventions can be understood through a productivity
increase ladder that distinguishes three statesas presented in Table 9-9:

Table 9-9: Productivity ladder for drainage scenarios

Drainage Status Description Net Income Improvement
(EGP/fedlyear)

(a) Do nothing & baseline Waterlogged or poorly drained | ~33,000572,000 --
land with degraded drainage

infrastructure

(b) Rehabilitate to TD Rehabilitated subsurface drainage, | 40,000380,000 +100820% over
conventional operation baseline

(c) Rehabilitate to CD Rehabilitated drainage with water | 41,200388,000 +3810% over TD

table management capability
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Baselineto-TD improvement based on documented yield gaps in poorly drained Delta soils
(Evans and Fausey, 1999). Tib-CD improvement based on international meta-analysis (Singh
et al., 2022) and pilot observations.

The productivity ladder illustrates two distinct gains:

1 Baseline TD (+100620%): Restoration of drainage functionality eliminates
waterlogging stress and enables timely field operations. This gain is welldocumented
in drainage rehabilitation literature and varies depending on the severity of baseline
degradation.

1 TD CD(+3010%): Optimised water table management provides additional benefits
through improved soil moisture availability during dry periods, reduced nutrient
leaching, and enhanced root zone conditions. The pilot data suggest this increment
may be higher pilot condition s (median +8%, with some site-crop combinations
exceeding +30%). We remain with the more conservative range of 3 to 10% due to
uncertainties in monitoring.

The economic case for CD depends on whether the additional investment required to achieve
the second increment (TD CD) is justified
quantify this trade -off.

9.24.3 Yield Benefits from Drainage Systems Installation

It is established that the installation of drainage systems brings added value in yield increase.
The economic justification for CD ultimately depends on whether productivity the gains on the
covered area exceed the foregone benefits on the uncovered area. This section presents the
analytical framework and applies pilot data to assess the netbenefit.

Firstly, we emphasis the substantial difference in magnitude between annual agricultural
productivity and annualised construction costs (Table 9-10):

Table 9-10: Magnitude comparison (P_TD = 40,000 to 80,000 EGP/fed/year)

Parameter Value (EGP/fed/year) Ratio
Annualised construction cost (TD) 4330818

Annualised construction cost (CD) 4420874

Net agricultural income (lower bound) 40,000 ~50x
Net agricultural income (upper bound) 80,000 ~100x%

Agricultural productivity per feddan is in the range of 50 to 100 times larger than the
annualised construction cost. This magnitude gap means that even small percentage
improvements in productivity can generate benefits far exceeding any additional construction

expenditure.

The observed productivity improvements for CD over TD is based on the crop yield survey
conducted across the three pilot sites during 202482025. This provides primary evidence on
productivity differences, see Section 6.5 for detailed methodology and results , Table 6-7 gives
an overview summary of the findings for key staple crops.

The findings from the pilots are consistent with international literature. A meta -analysis of 154
observations from 30 studies reported that controlled drainage increased crop yields by 8.0%
on average (95% Cl: 1.814.7%) compared with conventional free drainage (Singh et al., 2022).
Long-term field trials in North Carolina documented average yield increases of 11% for maize
and 10% for soybean (Poole et al., 2013).
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9.2.4.4 Trade-off analysis CD vs TD

The trade-off between additional area to be the higher productivity due to CD vs an increased
area coverage by TD can be summarised as in theTable 9-11.

Table 9-11: Trade-off between CD and TD

Given a fixed investment budget equivalent to 100 feddans installation of TD,

GAIN (+): Extra productivity on CD -covered land LOSS (1): Foregone benefi:
86.7 feddans with CD produce more than they would | 13.3 feddans that don't get rehabilitated miss out on the
with TD: baseline TD i mprovement:
Extra benefit = Aco x (Pcol 18 Foregone benefit = (AroT  cA % (Prol  bdeing)
Extra benefit = Aco x Pro x p Foregone benefit = (Ao ¢ x Prox d
Where: Where
p = productivity improvement d = productivity improvement
TD to CD (3% 0 10%) baseline to TD (10% & 20%)

A breakeven condition determines the minimum productivity improvement from TD to CD ( p),
which is required to justify a given cost increase (). The parameterd captures the foregone
benefit on uncovered land: if those feddans remain at baseline rather than receiving TD, they
lose the productivity gain from basic drainage rehabilitation.

The Breakeven Condition occurs when GAIN = LOSS:

0 v r‘]b reakev g)n 0 '3 Q
The absolute value of productivity Ptp cancels out:
0 r‘]b reakev g)n 0 Q

Substituting areas:

. 0

0 =

p
Simplifying:
r‘]br eakev(:@n’Q

Where:

1 c=Costincrease (CD to TD)
A7p = Area covered by TD system for a given available investment
Acp = Area covered by CD system for the same investment
d = Productivity improvement from Baseline -to-TD (105820%, with 15% used as
central estimate)
p = Productivity improvement CD -to-TD
Poreakeven = required productivity improvement CD-to-TD, above which CD is more
beneficial
1% 1
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Figure 9-1: Breakeven analysis for CD vs TD.
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Table 9-12: Breakeven productivity improvement by pilot site

Site Cost Increase | Breakevenp (d = Breakeven p (d = Breakeven p (d = Pobserved
(c) 10%) 0.15) 20%) (Mean)
Hala 15.3% 1.5% 2.3% 3.1% 24.13%
Shereshra | 6.4% 0.6% 1.0% 1.3% 12.95%
Baha 2.2% 0.2% 0.3% 0.4% 1.95%

Figure 9-1 demonstrate the breakeven analysis, with a summary result for the three pilots given
in Table9-12. The analysis reveals that all three pilots exceed the breakeven threshold by a
visible margin across the range of d estimates. Under the most demanding assumption (d =
20% and highest cost increase at Hala), the required productivity improvement is only 3.1%,
which is below the observed improvements (Table 6-7).

Net benefit calculation CD vs TD

The net benefit to government can be expressed as the difference between the productivity
gain on CD-covered land and the foregone productivity on uncovered land.

Table 9-13: Framework for net benefit calculations

Component Formula Description

(+) Productivity gain Aco X (Peol 1) Additional productivity on CD area

(T) Foregone bene (Aol cd x (Pl Poaseine) Lost TD benefit on uncovered area

Net benefit Gain T For eg o Economic justification

As anexample (at Hala asconservative scenario)d Common assumptions are;
1 Costincrease: 15.3% (Hala, highest observed)
1 Productivity improvement: 3% (conservative estimate, below observed median)
1 Baselineto-TD improvement: 15%
1 Budget equivalent: 100 feddans TD, or 86.7 feddans CD

The result is given in Table 9-14 shows that even under the most conservative assumptions
(highest cost increase, productivity improvement below observed values), CD generates a net
positive benefit ranging from approximately 24,200 to 48,500 EGP per 100feddan equivalent

per year, depending on baseline productivity. The net benefit scales linearly with Prp.

Table 9-14: Table 9-9: ExampleNet benefit calculation at Prp = 40,000 and 80,000 EGP/fed/year

Component Calculation Result Calculation Result
(Pro = 40,000 EGP) (EGPlyear) | P = 80,000 EGP (EGPlyear)
(+) Productivity gain 86.7 x (40,000 x 0.03) +104,040 86.7 x (80,000 x 0.03) | +208,080
(T) For egone| 13.3x (40,000 x 0.15) 179,800 13.3x(80,000%0.15) | T 159, 600
Net benefit 104,040 1 79 +24,2240 208, 080 1 1| +48,480

The net benefit of CD over TD depends on two key parameters: the cost increase (c) and the
productivity improvement (p). To ensure robustness across the observed productivity range,

sensitivity table for net benefit calculated at the lower bound (P tp = 40,000 EGP/fed/year) For

the upper bound (Ptp = 80,000 EGP/fed/year) only the magnitude changes, with the same
breakeven points.
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Table 9-15 reads as follows: for a given cost increase (column) and productivity improvement
(row), the cell value shows the annual net benefit in EGP for a 106feddan equivalent
investment. Positive values indicate CD is economically superior to TD; negative valuetdicate
TD is preferred. The net benefit scales linearly with Rp.

Table 9-15: Net benefit of CD over TD at Rp = 40,000 EGP/fed/year (EGP per 10@eddan equivalent per year)

p\c 0% 2% 5% 7% 10% 15% 20% 25% 30%

0% 0 112,000 130,000 142000 160,000 190,000 1120000 150,000 T 180,000
1% +40,000 +27,800 +9,500 12,700 121,000 751,500 182000 1112500 T 143,000
2% +80,000 +67,600 +49,000 +36,600 +18,000 113,000 744,000 175000 T 106,000
3% +120,000  +107,400  +88,500 +75,900 +57,000 +25,500 | 16,000 137,500 169,000
4% +160,000  +147,200  +128,000  +115200  +96,000 +64,000 +32,000 0 132,000

5% +200,000 +187,000 +167,500 +154,500 +135,000 +102,500 +70,000 +37,500 +5,000
6% +240,000 +226,800 +207,000 +193,800 +174,000 +141,000 +108,000 +75,000 +42,000
7% +280,000 +266,600 +246,500 +233,100 +213,000 +179,500 +146,000 +112,500 +79,000
8% +320,000 +306,400 +286,000 +272,400 +252,000 +218,000 +184,000 +150,000 +116,000
10% +400,000 +386,000 +365,000 +351,000 +330,000 +295,000 +260,000 +225,000 +190,000
12% +480,000 +465,600 +444,000 +429,600 +408,000 +372,000 +336,000 +300,000 +264,000
15% +600,000 +585,000 +562,500 +547,500 +525,000 +487,500 +450,000 +412,500 +375,000

- Negative values indicate scenarios where CD is not economically justified.
- Assumptions: d = 15% (Baseline TD dad20&prangey;, @0Gent ,
feddan budget equivalent.

Key observations:
1 Pilot data range: The observed pilot results (c = 2015%, p = 8% median) fall firmly in
positive territory across both productivity scenarios:
o0 At P_TD = 40,000: net benefit ranges from+218,000 to +306,400 EGP per
100 feddans per year
o At P_TD = 80,000: net benefit ranges from+436,000 to +612,800 EGP per
100 feddans per year
1 Breakeven diagonal: The breakeven threshold is independent of Prp and runs along the
line where p & ¢ 1T 0.15. For exampl e:

o At ¢ = 10 %, breakeven requires p & 1.5%
o At ¢ = 20 %, breakeven requires p & 3.0%
o At ¢ = 30%, breakeven requires p & 4.5%

1 Robustness: CD remains economically justified across most realistic scenarios. Even at a
30% cost increase (double the highest observed), a productivity improvement of just 5%
generates a positive net benefit under both productivity assumptions.

1 Scaling effect: Higher baseline productivity amplifies both gains and losses proportionally.
The breakeven conditions remain unchanged, but the magnitude of benefits (or costs of
poor decisions) increases with productivity.

1 Conservative threshold: At the observed median productivity improvement of 8%, CD is
economically justified for any cost increase below approximately 50%, far exceeding the 26
15% range observed in pilots. This conclusion holds regardless of whether P_TD is 40,000
or 80,000 EGP/fed/year.

9.2.5 Water Efficiency Considerations
Beyond direct productivity gains, CD systems deliver water efficiency benefits that, while
di fficult to monetise precisely, represent addi

The drainage water volume analysis (Chapter 6) demonstrated that CD fields discharged
substantially less water than TD fields across all pilots, even when both systems operated in
free-drainage mode during peak drainage periods. This water retention contri butes to:
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1 Reduced on farm irrigation demands:  Higher soil moisture availability decreases
supplemental irrigation requirements

1 Groundwater recharge: Retained water contributes to shallow aquifer replenishment

1 Drainage system capacity: Lower discharge volumes reduce load on collector drains
and pumping stations.

1 Water quality: As less drainage flows back to the drains, the nutrient loads in the
drainage system is expected to be reduced d this was not measured

These benefits align with Egypt ds broader
increasing scarcity. While not quantified in monetary terms in this analysis, they represent a
gualitative factor favouring CD investment.

Concluding remarks for government case
Under the conditions observed in the three pilot sites, controlled drainage is economically

wat

justified from the governmentds p e frcaveredcland v e .

substantially exceed the foregone benefits on the marginally smaller coverage area. This
conclusion holds across a wide range of sensitivity assumptions including both lower -bound
(40,000 EGP/fed/year) and upperbound (80,000 EGP/fed/year) productivity estimates, and is
consistent with the international evidence base.

Farmers Business Case

Farmers Bconomic Framework

From the farmer's perspective, the economic case for controlled drainage centres on whether
operational savings and productivity gains offset any additional construction cost. Unlike the
government, which considers opportunity costs across a broader investment portfolio, farmers
evaluate a direct cost-benefit calculation from an individual perspective.

Under the existing repayment structure, farmers pay the construction cost in annual instalments
over 20 years at 0% interest. The relevant comparison is therefore between:

9 Additional annualised cost: The difference in annual payments between CD and TD
systems

1 Annual operational benefits:  Savings on irrigation and fertiliser inputs, plus additional
revenues from higher yields

The farmer's net benefit can be expressed as:

Net Benefit= (Irrigation Savings+FertiliserSavings+RevenuegGai n) | Ad@ostt i on a |

Where:
1 Irrigation savings = Reduction in pumping hours x fuel cost per hour
1 Fertiliser savings = Reduction in fertiliser quantity x market price
1 Revenue gain = (Yieldp - Yieldrp) x crop market price
1 Additional cost = (ACcp - ACrp) = difference in annualised construction costs

Decision criterion is: The farmereconomiccase is positive when Net Benefit > 0

Other consideration may be relevant, e.g. conflict arising from the operation of a CD system, or
cost of training needed operate it. These are not considered in this analysis and will be treated
qualitatively.

Drawing on the construction cost analysis in Section 9.2.2 the annualised cost differential for
farmers is presented in Table 9-16.
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Table 9-16: annualised cost differential per pilot

Pilot Site TD Cost CD Cost Cost ACrmp ACcp ¢AC
(EGP/fed) (EGP/fed) Increase (EGP/fedlyr) (EGP/fedlyr) (EGP/fedlyr)

Hala 15,166 17,487 +15.3% 758 874 116

Shereshra | 16,354 17,404 +6.4% 818 870 52

Baha 8,656 8,848 +2.2% 433 442 9

The additional annual payment ranges from 9 to 116 EGP per feddan per year, a modest

increment that must be weighed against operational savings and productivity gains.

Operational Costs
Irrigation Costs

The analysis of irrigation practices in the three project sites, shows that land using CD system
consistently required fewer irrigation hours per feddan than land s using traditional drainage.
Across all locations, farmers using the traditional system required an average of 2.3 hours per
feddan per season, while those using controlled drainage required 22.4 hours per feddan per
season, representing a 17% reduction in irrigation time (Figure 9-2).

In Shereshra land with controlled drainage required 18 hours per feddan compared to 24 hours
for traditional drainage. In Baha, controlled drainage required 21 hours per feddan versus 24
hours for traditional drainage. In Hala, the corresponding figures were 24 hours and 28.5 hours.
These differences are illustrated in Figure 9-3, which compares the two systems within each
pilot and highlights the consistent savings in irrigation time achieved with controlled drainage.

Finally, Figure 9-4 summarises the average irrigation cost per drainage system, combining the
pilots to demonstrate the overall patterns. It is visible that CD systems consistently lowered the
total irrigation cost per feddan by reducing the volume of water used, leading to less pumping
time and lower energy expenses. The cost calculations into consideration different types of
pumps, with variable fuel consumption. On average, the irrigation cost savings is in the order
of 8%, which translates to 30 EGP per season.
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Figure 9-2: Average irrigation duration: traditional sub-surface vs. controlled drainage systems.
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Figure 9-4: Cost of irrigation- comparison betweenCD and TD systems

In financial terms, this means that adopting controlled irrigation reduces irrigation costs
without compromising yield. Farmers save on both water bills (or pumping fuel) making this
approach not only environmentally sustainable but also economically attractive.

9.3.2.2 Fertilisation Costs

Fertilizer expenses represent a significant portion of agricultural input costs, directly influencing
the profitability of farming operations. The data obtained clearly indicates a significant
reduction in fertilizer costs for farms employing controlled dr ainage systems compared to those
relying on traditional methods. Across all three pilots, the average fertilizer cost for controlled
systems (5,132 EGP per feddan per season) is substantially lower than for traditional systems
(7,004 EGP per feddan per seson) see Figure 9-5.
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Figure 9-6: Average Cost of Fertilizers per Season in Traditional vs. Controlled Systems (péot)

Looking at individual pilots ( Figure 9-6), Baha shows the largest difference, with controlled
systems costing only 2,100 EGP per feddan per season, a stark contrast to the 9,100 EGP for
traditional systems. This suggests that in certain geographical or soil conditions, the benefits of
controlled drainage in optimizing fertilizer use are more pronounced. Shereshra demonstrates

a notable reduction, from 9,283 EGP to 7,100 EGP, indicating consistent savings. While Hala
shows an increased use offertilizers for CD over TD, with 4,785 EGP forTD and 5,663 EGP for
CD.

In general, the reduction of fertiliser use is consistent with the principles of controlled drainage,

which allows for better management of the water table. By maintaining optimal soil moisture

levels, controlled drainage can reduce nutrient leaching, particularly of nitrogen, which is a
major component of many fertilizers. This improved nutrient retention means that less fertilizer
is needed to achieve the same or better crop yields, directly translating into cost savings for
the farmer.
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Based onFigure 9-5, the average saving in fertilisers use amounts to 1872 EGP, which is 27%
per feddan per season for farmers utilizing controlled drainage.

The data of fertilisation use reveal substantial variation across sites. Baha shows an exceptional
77% reduction, while Hala shows an increase of 18% in fertiliser costs under CD. This
heterogeneity warrants careful interpretation:

1 Baha's exceptional result may reflect uncertainty in farmersd reports, site-specific
conditions (soil type, initial nutrient status) , or the small sample size (n=2 for Baha). The
magnitude suggests potential confounding factors.

1 Hala's contrary result may indicate that CD farmers invested more heavily in inputs
to capitalise on improved moisture conditions or may reflect differences in farming
practices unrelated to drainage type.

Given this variability, a conservative estimate excluding the Baha outlier yields an average
fertiliser saving of approximately 650 EGP per feddan per season (based on Shereshra and
weighted toward zero for Hala). For analytical purposes, the subsequent cdculations use a

range of scenariosin Table 9-17

Table9-17: Scenario for Fertiliser Savings

Scenario Fertiliser Savings (EGP/fed/season) Basis

Conservative | 650 ShereshraHala average, Baha excluded
Central 1,900 All sites, simple average

Optimistic 2,750 All sites, weighted by sample size

Crop Yield 8 Revenue Analysis

Productivity impacts from CD derive from improved soil moisture conditions, enhanced root
zone aeration, and reduced waterlogging stress. The comprehensive yield survey conducted
across the three pilot sites during 202402025 provides primary evidence on yield differences,
see Section6.5 for detailed overview.

Table 9-18: Wheat yields by pilot site and drainage system

Pilot Site TD Yield (ton/fed) CD Yield (ton/fed) Difference | Improvement
Hala 243 3.32 +0.89 +36.6%
Shereshra | 3.35 3.62 +0.27 +8.1%

Baha 3.32 3.32 0.00 0.0%
Average 3.03 3.42 +0.39 +12.9%

The yield improvement translates directly to revenue gain:
Revenue aBald n

Where:
T ¢¥Y = Yield improvement (ton/fed)
1 P = Wheat price (14,333 EGP/ton, based on surveyed farmgate price of 2,150

EGP/ardalf).

nnnnnnnnnnnnnn
4 Ardab is a traditional unit of measure used in agricultural production in Egypt, mainly for grains such as wheat, maize,
rice, and beans Wheat: ~150 kg per Ardab.
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Table 9-19: Revenue gain from yield improvement

Pilot Site Yield Improvement (ton/fed) Wheat Price (EGP/ton) Revenue Gain (EGP/fed/season)
Hala 0.89 12,757
Shereshra | 0.27 3,870
14,333

Baha 0.00 0
Average 0.39 5,542
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Figure 9-7: Primary Crop (Wheat) Productivity for traditional and controlled systems across all pilots

Revenue gains are presented in Table9-19 and Figure 9-7, which shows visible gains,
particularly at Hala where baseline TD yields were rather depressedWheat productivity in

Shereshra increases (from 3.35 to 3.62 ton/feddan). In Hala, productivity increased more
significantly from 2.43 ton/fed to 3.32 ton/fed. However, Baha shows no yield difference, which
demonstrates that productivity benefits are not universal and depend on site -specific
conditions.

Net Benefit Calculation
Combining the operational savings and revenues, the farmer's net benefit is calculated as:
Net Bendefriitgati oReiStaivili ingesRe vSeanvuiengiBa i n

Table 9-20: Net benefit calculation by pilot site (wheat, single season)

Component Hala Shereshra Baha

(+) Irrigation savings -7.5 6 7.5

(+) Fertiliser savings -878 2,183 7,000 |
(+) Revenue gain (Table 9-19) 12,757 3,870 0

Gross benefit 11,872 6,059 7,008 |
(T) Additional «cf116 52 9

Net benefit 11,756 6,007 6,999 |

All values in EGP per feddan per seasofwheat).

Applying this equation yields the net benefit analysis presented in Table 9-20. Based onthese
results, the following k ey observations could be made:
1 All sites show positive net benefit, ranging from 6,007 to 11,756 EGP per feddan per
season.
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1 The additional construction cost is negligible relative to operational benefits. Even at
Hala (highest cost differential), the annualised cost increase of 116 EGP represents less
than 1% of the gross benefit.

1 Revenue gains dominate at Hala (12,757 EGP), compensating for the negative fertiliser

result.

Fertiliser savings dominate at Baha (7,000 EGP), despite zero yield improvement.

Shereshra shows balanced benefits across all components.

1 The results show some discrepancy on consistency of expected trends of fertiliser
savings and increased productivity. This may be attributed in uncertainties in farmers
reports and short monitoring period.

=a =4

Given the data variability, a conservative calculation using lowerbound estimates provides a
robustness checkgiven in Table 9-21.:

Table 9-21: Conservative net benefit calculation

Component Conservative Estimate | Basis

Irrigation savings 0 EGP/fed/season No savings

Fertiliser savings 650 EGP/fed/season Conservative case,excluding Baha outlier
Revenue gain 1,290 EGP/fed/season | 3% yieldincreasex 3 ton/fed x 14,333 EGP/ton
Gross benefit 1,940 EGP/fed/season

Additional cost (max) 116 EGP/fed/season Hala (highest)

Net benefit 1,824 EGP/fed/season

The results indicate that even under the most conservative assumptions, the net benefit remains
strongly positive at approximately 1,824 EGP per feddan per seasonmore than 16 times the
additional annualised construction cost. With 2 crops per year, the multiplier more increases to
more than 30 times the additional cost. Majority of the benefit is due to increased productivity
and reduction of fertiliser application.

The construction cost differential is so small relative to operational benefits that traditional
investment metrics lose practical meaning. The more relevant insight is that CD generates
substantial operational benefits for the farmer with negligible incremental cost.

9.3.5 Concluding Remarks: Farmers Case
The farmer business case for controlled drainage is unambiguously positive across all pilot sites.
The analysis reveals three key findings:

1 The additional construction cost for the farmer is economically insignificant. At 9 to
116 EGP per feddan per year, the cost premium represents less than 2% of annual
operational benefits. Farmers effectively receive CD benefits for free" in economic
terms.

1 Benefit sources vary by site. At Hala, productivity gains dominate; at Baha, fertiliser
savings dominate; at Shereshra, benefits are balanced. This heterogeneity suggests CD
delivers value through multiple pathways, providing resilience to the business case.

1 The undiscounted breakeven threshold is trivially very low. Any measurable benefit, a
modest yield increase, minor fertiliser reduction, or reduced pumping, exceeds the
additional cost threshold for the farmer.

1 Payback is essentially instantaneous. Farmers recover the incrementatost increase
after the first harvest, with benefits continuing for the system's 20+ year lifespan.
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9.4 Concluding remarks

9.4.1 Conclusions from the economic analysis
The economic analysis examined controlled drainage from two complementary perspectives:
the government's investment allocation decision and the farmer's operational cost -benefit
calculation. Both analyses converge on a clear conclusion:

controlled drainage is economically justifiedcompared to traditional
drainage under the conditions observed in the three pilot sites.

The two perspectives, while analytically distinct, reinforce each other:

I The government case establishes that CD is a sound public investment  compared
to TD. Even accounting for the opportunity cost of reduced coverage area, the
productivity gains on CD-covered land exceed the foregone benefits on the marginally
smaller area that would have received TD. The net benefit to the agricultural sector is
positive.

I The farmer case establishes that CD delivers tangible financial returns to the
farmer . Farmers experience immediate and substantial benefits through reduced input
costs and higher yields, while bearing only a modest incremental payment compared
to TD. The business case is robust to significant uncertainty in benefit estimates.

To contextualise the findings from the economic analysis, consider a hypothetical national
programme rehabilitating 100,000 feddans with CD instead of TD & see Table 9-22.

Table 9-22: Illustrative national-scale benefits (100,000 feddans)

Benefit Category Annual Value Basis

Productivity gain (government) 1206300 million EGP | +3010% on baseline of 40,00680,000
EGP/fed/year

Maintenance savings (government) 4.6 million EGP 46 EGP/1,000 fed/year x 100,000 fed

Farmer operational savings 2000550 million EGP | 2,00035,500 EGP/fed/year x 100,000 fed

Additional construction cost 990116 million EGP One-time, recovered over 20 years

Note: Farmer operational savings partially overlap with government productivity gains (revenue
increases are counted in both). The figures illustrate orders of magnitude rather than precise
projections.

The economic case for CD is stronger than might be expected for an infrastructure upgrade.
Three factors explain this:

1 First, the cost differential is modest.  CD requires only 2015% higher construction
cost than TD, primarily for sub-collector modifications and control structures. The
lateral drainage network, the largest cost component, is identical. This means the
"upgrade" to CD is relatively inexpensive compared to the baseline investment.

1 Second, the benefit mechanisms are multiple and reinforcing. CD delivers value
through at least four channels:
o0 Reduced drainage | osses i mproved soi
demand
o Higher water table reduced nutrient | e
o Optimised root zone conditions i mpr ov .
o Farmer control over water table el i mi

maintenance
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Even if some channels underperform, others compensate.

91 Third, the baseline for comparison is already a functioning drainage system. The
analysis compares CD to TD, not to no drainage. Both systems provide the fundamental
service of preventing waterlogging. CD provides an incremental enhancement, precise
water table management, on top of an already valuable service.

The scale of potential benefits, measured in hundreds of millions of EGP annually substantially
exceeds the incremental investment required.

9.4.2 Note on Rice Cultivation
The economic analysis presented in this chapter focuses on wheat as the reference crop,
reflecting the available survey data and the need for consistent comparison across pilots.
However, the case for controlled drainage is likely to be substantially stronger for rice
cultivation. Field monitoring at the Hala pilot during the 2025 summer season (Section 6.4.2)
demonstrated that full controlled drainage reduced irrigation water application by 40%
compared to traditional drainage (72.7 cm versus 121.9 cm cumulative depth), while rice yields
improved by 29% (Section 6.5). The water savings translate directly to reduced pumping hours
and fuel costs as well as labour hours reduction. This adds benefit to the significant increase in
productivity. These compounded benefits would amplify the farmer business case beyond the
estimates presented for wheat.

Furthermore, rice cultivation under traditional drainage creates a perverse incentive: farmers
routinely block drain outlets to retain standing water, causing infrastructure damage that drives
maintenance costs. Controlled drainage eliminates this practiceby providing a legitimate, non -
destructive mechanism for water retention through valve adjustment. The infrastructure
preservation benefit, while not quantified in this analysis, represents an additional return to
government investment. Future economic assessments should develop a rice specific business
case that captures these compounding advantages.

9.4.3 Limitations and Uncertainties
Theanalysis presented in the Chapteris subject to a number of constraints, listed in Table 9-23.

Table 9-23: Data limitations and their implications

Limitation Description Implication for Analysis
Short monitoring Pilot data cover 182 agricultural | Long-term soil health improvements (e.g., organic matter
period seasons accumulation, salinity dynamics) may not yet be captured

Small sample sizes | Farmer surveys: n=16 total (10 | Site-specific estimates have wide confidence intervals;

CD, 6 TD); Baha n=2 outliers have disproportionate influence
Proxy for CD maintenance estimated | Actual CD maintenance patterns may differ; valve specific
maintenance costs from NDP3 buried manhole | maintenance not captured
data
Single crop focus Economic analysis centred on | Benefits may differ for rice, maize, or high-value crops
wheat
Self-reported data Farmer surveys rely on recall Potential for recall bias or strategic reporting

Key assumptions underlying the analysis include:
1 Productivity improvementrange  (TD to CD): We used a yield increase range from3
to 10%: Based ornliterature and pilot observations. The upper bound observed in pilots
(37% at Hala) was treated as an outlier for scaling purposes.
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1 Baseline-to-TD improvement (10 620%): Based on drainage rehabilitation literature.
This assumption is critical for the government opportunity cost calculation but does
not affect the farmer business case.

1 20-year system life: Standard assumption for subsurface drainage infrastructure.
Benefits may extend beyond this period, but the analysis is conservative.

1 0% discount rate for farmers: Reflects the government's concessional lending
arrangement. From a pure economic perspective, a positive discount rate would reduce
the present value of future benefits but also reduce the present value of future
payments, effects that largely cancel.

The three pilot sites represent specific conditions within the Nile Valley and Delta, which should
be considered when upscaling:
1 Soil type: Heavy clay soilsand shallow groundwater (with calcareous soil atShereshra)
1 Cropping system: Traditional wheat-maize/rice rotation
1 Farm structure: Smallholder agriculture with fragmented holdings
9 Institutional context: Strong government role in drainage provision
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10.1

10.1.1
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Summary, Conclusions and Recommendations

Summary

This report documents the design, implementation, monitoring, and economic assessment of

controlled drainage (CD) systems across three pilot sites in the Nile Delta and Middle Egypt.
The pilots, Hala (84 feddans, 70 farmers), Shereshra (55 feddans, 35 farens), and Baha (26
feddans, 6 farmers), represent diverse conditions in terms of soil type, farm structure, cropping
patterns, and institutional arrangements. The evidence gathered over the 202462025
agricultural year, combined with farmer surveys and operational monitoring, supports a

comprehensive assessment of CD viability in the Egyptian context.

All findings are based on the data and information collected from these specific three pilot
sites, with the monitoring duration covering only one agricultural year. Accordingly, all numbers
must be interpreted carefully. While exact numbers may carry uncetainties, the trends are
rather clear, and the analysis takes some conservative assumptions to ensure robust
conclusions regarding further investments and upscaling.

Technical Performance
The controlled drainage systems performed as designed across all three pilots. Key technical
findings include:

Water table management: CD maintained stable, shallower water tables aligned with crop
requirements. Average depths under CD ranged from 0.650.8 m compared to 0.861.0 m under
TD, with substantially reduced fluctuation amplitude (0.280.3 m versus 0.%0.8 m). The systems
allowed precise control at three levels (0.4, 0.8, and 1.2 metres), enabling farmers to match
groundwater conditions to crop growth stages without resorting to manual blocking of drain
outlets.

Drainage reduction: CD fields discharged (20525%) less water than TD fields under normal
operation, with seasonal reductions reaching up to 60670% depending on valve settings and
crop stage. This reduction reflects improved retention.

Construction cost: CD systems required 15% higher capital investment than TD, driven
primarily by sub-collector infrastructure and control structures. The lateral drainage network,
the largest cost component, remained identical for both system types. Key cost findings include:
1 The cost premium increases with the area. Larger command areas require longer
sub-collector networks and more control structures, increasing the cost differential. At
Hala (84 feddans), the cost increase was 15.3%; at Shereshra (55 feddans), 6.4%; at Baha
(26 feddans), only 2.2%.
1 In small command areas, CD design converges toward TD design. = The compact
layout at Baha required minimal additional infrastructure, demonstrating that CD can
be introduced at near-zero additional cost in smaller schemes.

Operational performance: Compliance with operational protocols varied across sites. Hala
achieved high compliance with correct and consistent valve operation. Shereshra showed
moderate performance with acceptable results. Baha initially experienced challenges, gates
were frequently left open, though performance improved significantly following awareness
campaigns during the summer season. This variation underscores the importance of sustained
farmer engagement beyond initial handover.
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10.1.2 Agricultural Performance
Controlled drainage delivered measurable improvements in agricultural productivity and input
efficiency:

Crop yields: The comprehensive yield survey documented productivity improvements under
CD with a mean of 14.6% for staple crops (wheat, maize, rice) and a median of 8.0%, ranging
from 0% to 36.5% across sitecrop combinations. Performance varied notably by site:
1 Hala demonstrated the strongest improvements: wheat +36.5%, rice +29.1%, maize
+6.8%
1 Shereshra showed moderate to strong gains: maize +17.9%, wheat +8.0%, sesame
+63.7%
1 Baha exhibited modest improvements: clover +7.1%, cotton +8.5%, wheat 0%

Summer crops showed more pronounced responses than winter crops, reflecting higher water
demand during the growing season. These findings are consistent with international literature
reporting an 8% average yield increase (95% Cl: 1.814.7%) from meta-analysis of 154
observations (Singh et al., 2022).

Rice performance: The Hala pilot, where rice was cultivated during summer 2025, provided
particularly compelling evidence. Under full controlled drainage, cumulative irrigation depth
was reduced to 72.7 cm compared to 121.9 cm under traditional drainage, a40% reduction in
water application . Partial control (valves at 0.8 m) achieved 93 cm, representing a 24%
reduction. Rice yields improved by 29.1% (31.1 versus 24.1 ardeb/feddan). These findings
demonstrate that CD is especially advantageous for waterintensive crops where CD reduces
irrigation requirements and improve productivity.

Irrigation efficiency on Farm):  CD fields required 17% less irrigation time on average across
all crops, translating to reduced pumping costs and lower fuel consumption. For rice
specifically, the reductions were substantially larger.

Fertiliser use: Controlled drainage reduced fertiliser requirements by an average of 27% across
pilots, with considerable site variation (Baha showed exceptional 77% reduction, Shereshra
24%, while Hala showed an 18% increase). The mechanism is improved nutrient retentio
through reduced leaching, allowing crops to access applied inputs more efficiently. Given this
variability, a conservative estimate of on Fertiliser savings was used in the economic analysis.

Soil salinity: CD showed no evidence of salinity accumulation compared to TD. While salinity
distribution differed, CD maintained more even distribution through the profile, while TD
pushed salts deeper, neither system showak conc
for long -term soil health by avoiding subsoil sodium accumulation. However, the monitoring

period was too short to capture multi -season accumulation. This should be further monitored

and leaching organised accordingly.

Leaching requirement: The average drainage discharge from CD areas was 2825% lower than
from TD areas. At the same time, the average salinity of drainage water under CD was
approximately 75% higher than under TD, indicating more concentrated salt outflow per unit
volume. This suggests that salt leaching under CD is occurring through smaller but more
concentrated drainage fluxes rather than through large drainage volumes. Soil salinity
measurements during the monitoring period did not show significant accum ulation in the root
zone compared to TD. However, given that monitoring covered only 182 seasons and not a full
multi-year cropping cycle, continued long-term monitoring is recommended to confirm that
leaching remains sufficient under controlled drainage conditions."
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10.1.3

10.1.4
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Socio-Economic Performance

Farmer engagement: Initial resistance to CD was common, as the concept of retaining
drainage water was counter-intuitive to farmers accustomed to traditional systems designed to
remove water as quickly as possible. However, participatory approaches, including
demonstrations, training, field-based learning, and the creation of informal Collector User
Associations, built trust and facilitated adoption. The clarification that CD valves could simply
be opened to revert to TD operation helped address farmer concerns.

Coordination requirements: CD success depends fundamentally on farmer coordination
within sub-collector areas. Effective group sizes ranged from 1@20 farmers. Performance was
influenced by:

1 Farm size and group composition:. Bahadés six farmers on |
feddan) enabled direct communication but faced challenges from land tenure, farmers
renting land showed less commitment to long -term coordination

1 Crop uniformity: Areas with diverse cropping patterns and planting dates faced
greater coordination challenges

1 Institutional support: Smaller, wellorganised groups with sustained technical
backstopping performed better

The main challenge in implementing CD systemsin Egypt is convincing farmers of the
necessity of cultivating crops with similar water needs at the same time on each sub-collectors
controlled by one manhole ; especially when there is nofixed crop rotation applied anymore. In
addition , there is a challenge indesignating the responsibility of opening and closing schedules
according to the crop type to a designated farmer. The role of DAS, in collaboration with the
other advisory services viz. Irrigation and Agriculture, is most important to overcome these

challenges.

Economic viability: In Chapter9 we carried out an economic viability assessment, from a
government and farmer perspectives. The analysis demonstrate that CD is economically
justified from both perspectives:

1 Government perspective:The productivity gains on CD-covered land exceed the
foregone benefits on the marginally smaller area that would have received TD. Even at
the highest observed cost premium (15.3%), theundiscounted breakeven productivity
improvement is only 2.3%, well below observed performance in the pilots and reported
performance in literature.

1 Farmer perspectiveNet benefits in the pilot areas ranged from 6,000 to 12,000 EGP per
feddan per season for wheat (Table 9-20), and 1,824 EGP/feddan/season of wheat, for

arge

the most conservative case (Table9-21). The extra construction cost of 9 116

EGP/feddan/year is minimal compared to the overall benefits.

Clarification on Water Saving

The reach the maximum value of controlled drainage, it requires precise framing. Controlled
drainage reduces irrigation water applied at the field level (up to 40% in rice under full control),
leading to lower pumping frequency and fuel use. However, this reduction on field level does

not fully translate into basin -level water savingsb e cause Egypt 6s irrigati ot

on drainage-water reuse. Under traditional drainage, much of the drained water is captured
and reused downstream rather than being permanently lost. Therefore, CD primarily improves
on-farm water-use efficiency, while basinscale savings depend on the extent of reuse and
overall water system management.

A more appropriate framing is water productivity : CD maximises agricultural output per unit
of water consumed. This distinction is important for policy positioning; CD should be promoted
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primarily for its productivity gains, improved on -farm irrigation efficiency, and reduced farmer
operating costs, rather than as a basinlevel water conservation measure.

In the meantime, it is important to recognise that saving freshwater at the source is preferable

to relying on recoveryandd ownstream reuse of drainage water
system is reuseintensive, drainage water often has higher salinity and nutrient loads, which

may contribute to gradual soil degradation and increased management costs over time.
Reducing the need for freshwater withdrawals through improved field -level efficiency
decreases pressure on highquality canal water and reduces dependence on lower-quality

reused drainage flows. Therefore, CD also contributes to better overall water -quality
management and more sustainable resource use.

10.2 Principal Conclusions

Based on the evidence documented in in this report, the following principal conclusions
emerge:

Conclusion 1: Controlled drainage is technically viable across diverse agro  -environments

The three pilots demonstrated that CD can be successfully designed, installed, and operated

under conditions representative of Egyptian agriculture, heavy clay soils (Hala), calcareous soils
(Shereshra), and loam soils (Baha), with shallow groundwater andliverse cropping systems.
Technical challenges encountered during construction were resolved through adaptive design,

and operational protocols proved robust across different crop types and seasons. In all pilots,

the systemfunctioned well and allowed water table control without technical failure, indicating

that CD can be viably i mpl e me nStik tthe technata viabillygy pt 6
here is based on shortterm results.

Conclusion 2: The economic case for controlled drainage compared to traditional
drainage is robust

Both government and farmer business cases are positive under observed conditions, with
substantial margins above breakeven thresholds see table below.

Perspective Breakeven Threshold Observed Performance Margin
Government productivity 8013% 5810 percentage
improvement > 1.58 3.0% observed median improvement | Points
Farmer total benefit > ~116 EGP/fed/year Calculated revenue 508100x threshold
6,000812,000 EGP/fed/season

The economic analysis (Chapter 9) demonstrated that even under conservative assumptions,
highest cost increase (15.3%), lowest productivity improvement (3%), no irrigation savings, the
net benefit remains positive. CD remains economically justified for cost increasesover TD up
to approximately 25%, far exceeding observed values.

This conclusion remains conditional, though. The economic viability hinges on the pilot-
observed conditions are fulfilled . One critical assumption is that farmers will cooperate and can
be organised to benefit from the CD system (see as well Conclusion 5)

122 of 156 Controlled Drainage in Egypt: Fi ndi ngs f r om R edaléchnical Evielenéej Fare
Organisation, and Economic Viability for Upscaling N
abiall éyall

11207869-000-ZWS 0020, February 2026 Gontrolled Drainage \L De l ta fes



Conclusion 3: The case for rice is particularly compelling

While the formal economic analysis was centred on wheat, the field results indicate that rice
cultivation presents particularly strong technical and operational advantages under CD.
Observed benefits include:
1 On-farm irrigation water savings:  up to 40% reduction in irrigation water application
under full control (72.7 cm versus 121.9 cm)
1 Yield improvement: approximately 29% increase in rice yields at Hala
1 Infrastructure preservation: elimination of manual outlet blocking practices that
damage drainage structures and increase maintenancecosts.
1 Labour savings: Reduced irrigation frequency and volume translate directly to lower
fuel costs and labour requirements

Although a full economic model for rice was not developed in this study, the combined
evidence indicates that the productivity and water -management benefits under rice systems
are substantial, and more significant than Wheat. Therefore, rice dominant areas merit priority
consideration in expansion planning, subject to more validation in broader sites.

Conclusion 4: Multiple benefit pathways provide resilience

CD delivers valuethrough complementary channels:

T Reduced drainage | osses i mproved soiadd moi s
improved on farm efficiency

1 Higher water table reduced nutrient | eachin

T Optimised root zone conditions i mproved cro

T Farmer control over water table el imination

This multiplicity provides resilience to the economic case. At Hala, productivity gains
dominated; at Baha, fertiliser savings dominated; at Shereshra, benefits were balanced. Even
when one channel underperformed (as fertiliser savings did at Hala, or yiell improvement did
at Baha), other channels compensated. No single pilot showed negative overall results.

Nonetheless, this resilience should not be overstated. The observation that different benefit
channels dominated at different sites could equally indicate that CD benefits are site-specific
and context-dependent rather than reliably multiple. For scaling d ecisions, it would be prudent
to extend the monitoring period and identify which benefit pathway is most likely to materialise
at a given site based on its characteristics, rather than assuming benefits will emerge through
one channel or another. This uncetainty reinforces the case for a phased implementation
approach.

Conclusion 5: Farmer organisation is critical for system success

Technical performance depends fundamentally on social organisation. The pilots revealed that:

1 Group size matters: Effective coordination occurred with 10620 farmers per sub-
collector

1 Land tenure affects commitment:  Farmers renting land (as at Baha) showed less
willingness to coordinate than owner -operators

9 Cultural factors play a role: Entrenched agricultural individualism, established since
the cessation of mandatory cropping cycles, created obstacles to collective decision
making on crops and planting dates

1 Training must be sustained: One-time training proved insufficient; repeated sessions
and ongoing technical support were essential for proper valve operation

1 Synchronisation is critical: Without alignment of irrigation timing with CD operation,
negative outcomes (delayed crop growth, waterlogging) occurred
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1 Involvement other stakeholders: Involvement of other key stakeholders such as the
agricultural extension services and the local irrigation directorate is essential to build
farmersd capacity in terms of how to adapt
meet the new drainage system discharge, as well as help farmers identifying crops with
similar water requirements.

International experience on farmers' adoption of water-saving irrigation technologies
highlights the importance of farmer organisation, training, and supportive institutions (Feder
et al., 1985; OECD, 2010; Rogers, 2003). Empirical studies show that adopti of new irrigation
technologies often remains limited in many settings, especially where institutional and
organisational support is weak and incentives are poorly aligned (OECD, 2010; Venot et al.,
2014). The gap between potential and realised benefitsis frequently attributed to increased
labour requirements, limited farmer understanding of system operation, risk aversion, and
insufficient extension and advisory services (Feder et al., 1985; Rogers, 2003; Kulecho &
Weatherhead, 2006). If Egyptian farmers face similar constraints, the realised benefits of
controlled drainage (CD) may fall below projections. This underlines the critical importance of
sustained farmer engagement, effective training, and strong institutional support mech anisms,
without which the technical and economic potential of CD is unlikely to be fully captured.

To overcome this challenge, therole of DAS , in collaboration with the other advisory services,
viz. Irrigation and Agriculture, must be enhanced.

Conclusion 6: Design must integrate technical, social, and agronomic dimensions

Successful CD implementation requires information beyond standard drainage design:
1 Number of farmers working together at mesqga level
1 Average farm size in the command area
9 Irrigation and cropping practices
9 Detailed topographic maps (CD aims to control at 0.4, 0.8, and 1.2 m; topography
within sub-collector areas should be as uniform as possible)

The cost premium of controlled drainage (CD) relative to traditional drainage (TD) tends to
increase with the size of the served command area, mainly because larger areas require longer
sub-collector networks and more control structures. In smaller and more compact command
areas, the CD layout closely resembles TD, and the additional cost is therefore limited. This has
practical implications for targeting: small to medium -sized, wellorganised schemes are likely
to achieve the most favourable costdbenefit balance, while larger schemes need to carefully
assess whether the additional upfront investment is justified by expected productivity gains
and reduced maintenance needs.

In cases of large, unified farm holdings (for example, a single owner cultivating one crop across
the entire area), the need for multiple distributed control structures may be reduced, since

water management decisions are centralised. Although this configuration was not tested in the

pilots, it suggests that simplified CD designs could be considered in such contexts to reduce
investment costs while maintaining the core water-table control benefits.

10.3 Lessons Learnt
The pilots yielded several overarching lessons for future implementation:

1 Controlled drainage is technically viable across diverse agro  -environments.
Whether applied in rice fields, mixed crop systems, or larger consolidated farms, CD
maintained more stable moisture conditions, reduced drainage outflows, and improved
root-zone water availability.
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10.4

10.4.1
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1 Farmer engagement and organisational capacity are critical for system success.
Initial resistance was common, but participatory approaches, combined with
demonstrations, training, and field-based learning, built trust and facilitated adoption.
Smaller, wellorganised farmer groups achieved the most consistent results.

1 Hydraulic design must be integrated with social and agronomic realities.
System performance depended as much on crop uniformity, planting synchronisation, and
farmer coordination as on pipe sizes or valve settings. Future planning must explicitly
consider these human and operational dimensions.

1 On-farm water savings under CD are substantial and directly enhance on  -farm
irrigation performance.
Across the pilot areas, CD reduced seasonal drainage losses (by &¥0%) and, in rice fields,
reduced irrigation requirements by up to 40%. These savings carry significant implications
for farmer operating costs.

1 Crop productivity improves when moisture conditions are stabilised.
Yield increases ranged from modest (5515%) in some field crops to substantial (29837%) in
water-sensitive crops such as rice and wheat at Hala. These gains demonstrate that CD
contributes not only to input efficiency but also to higher agricultural returns .

I Continuous training and technical support are indispensable.
Improper valve operation after handover showed that one -time training is insufficient.
Sustained farmer support, routine monitoring, and structured institutional frameworks are
essential for long-term system performance.

1T Controlled drainage is a scalable and strateg
The technology aligns with national priorities for improved irrigation efficiency and
agricultural intensification. With appropriate governance mechanisms, CD can be expanded
to other regions facing similar challenges.

Recommendations

For MWRI and EPADP
1. Integrate CD into national drainage modernisation strategy

Controlled drainage should transition from pilot status to a mainstream technology option
within EPADP®&s portfolio. This requires:

I Updating technical specifications and design standards to incorporate CD
configurations

9 Issuing ministerial guidelines for CD applicability criteria
Incorporating CD into national investment and climate -adaptation programmes

i1 Establishing a clear regulatory framework for farmer organisations managing CD
systems

==

2. Standardise design and installation protocols

National-scale deployment requires consistency. Within the scope of this project, we extended
the sub-surface drainage systems design manual with controlled drainage system design
manual. This could be used as a first step. Nonetheless, the standardisationefforts should
address:

1 Control structure specifications (materials, dimensions, valve types)

1 Criteria for sub-collector delineation based on farm size, farmer numbers, and

topography
1 Soil-specific & crop specific 8 water table adjustment guidelines (0.4, 0.8, 1.2 m levels)
1 Quality assurance protocols for construction supervision
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3. Build institutional capacity

Sustainable CD deployment requires human capital. Priority investments include:
1 Training programmes for EPADP engineers covering design, operation, and monitoring
1 Field staff capacity on farmer engagement and system handover
1 Development and dissemination of the Arabic-language training manual produced
under CDIIR
1 Technical backstopping arrangements for the initial years of system operation

4. Establish Sub-Collector Drainage User Associations (DUAs) and empower DAS

The coordination requirements of CD demand a formal mechanism for farmer participation.
DUAs should:
1 Operate at sub-collector level (10820 farmers)
1 Have defined responsibilities for valve operation and routine maintenance
1 Receive ongoing technical support from EPADP, DRI, and Drainage Advisory Services
(DAS) and agronomic support from other key stakeholders such as the agricultural
extension services and the local irrigation directorates.
1 Be integrated with existing water user organisation structures where possible
1 Empower DAS to take on the responsibility of activating the farmers organisation for
CD system operation and organisation of cropping around it.

10.4.2 For investment programme design
5. Prioritise expansion in areas with highest suitability

Notwithstanding that the economic viability generally valid to recommend a nation -wide
application of the CD system, we propose a priority ranking for upscaling, as follows:

9 High priority:

o Rice-dominant areas: these offers: i) Hghest water-saving potential under
CD, ii) Improved vyield response to stable water levels, and iii) Reduced
infrastructure damage from outlet blocking .

o Shallow groundwater & heavy clay soils: i) Srong technical effectiveness of
water-table control, ii) Lower deep percolation losses, iii) Better moisture
retention and predictable performance

o0 Strong farmer organisation or large holdings: i) Easier coordination of gate
operation, iii) Higher compliance with CD management rules, ii) Lower
operational risk and higher benefit realisation

o0 Smaller command areas: i) Lower additional investment cost for CD, ii) Cost
premium converges toward TD, iii) More favourable costdbenefit ratio for
scaling up

1 Medium priority:
o Mixed crop systems in East and West Delta,
o0 Areas experiencing moderate waterlogging or salinity stress where CD may
complement other remedial measures

1 Lower priority:
o Areas with highly fragmented holdings and numerous smallholders per sub-
collector,
0 Regions with deep groundwater or sandy soils,
o Very large command areas where subcollector costs become substantial
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In that regard, it would be very valuable if EPADP starts with mapping the priority areas based
on the databases they have; we make reference to the following maps as an exampleMap1:
containing areas for rice cultivation. Map2: containing collectors with served area less than 50
feddan which expected to be single or two pipes span only. Map3: containing soil Salinity of
the whole drainage area in Egypt

6. Design phased expansion with learning loops

Rather than immediate national rollout, adopt a phased approach:

1 Knowledge Consolidation (year 1): 165 feddans (existing pilots), continue with the
monitoring, publish technical manual, expand training of DAS, refine the technical
assessment and economic analysis.

1 Implementation Phase 1 ( ca. Years 132): Large-scale demonstration zones covering
entire villages or drainage basins, targeting 5,000010,000* feddans across B8 regions
to test operational protocols at scale and build contractor capacity.

1 Implementation Phase 2 ( ca. Years 305): Expansion to 50,00®100,000* feddans
based on Phase 1 learning, with refined design standards and operational protocols

1 Implementation Phase 3 ( ca. Years 6+): Mainstreaming into all drainage
rehabilitation programmes where technically suitable

* these numbers are only indicative and subject for evaluation and final decision of EPADP!

Here we note that the question of the integration of CD within the NDP4 is relevant. However,
we do not have sufficient insight into the NDP4 setup to give a direct recommendation on that.
We also cannot map the proposed Phases with the timelines of NDP&nd NDP4.

10.4.3 For Further Research
7. Extend monitoring to capture long  -term effects

The current evidence base reflects B2 agricultural seasons. Longerterm monitoring is needed
to:
91 Verify sustained yield improvements over multiple years
9 Track soil health indicators (organic matter, structure, salinity dynamicsand leaching
requirements)
1 Document actual maintenance requirements under CD versus the NDP3 proxy data
Assess system durability and component lifespan
9 Assess salinity dynamics over multiple years to confirm longterm sustainability, with
particular attention to sites with saline shallow groundwater (see Section 6.6.2 for
salinity risks)

==

8. Investigate automation and smart technologies

Private sector engagement could drive innovation in:
1 Automated or semi-automated control gates compatible with EPADP manhole designs
1 Sensorbased water table monitoring with remote adjustment capability
91 Decision support tools for optimal valve operation by crop stage
1 Integration with broader farm management systems
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10.5 Final Assessment

The Controlled Drainage and Irrigation Improvement Project has generated robust evidence
that controlled drainage is a technically sound, economically viable, and operationally feasible
technology for improving agricultural water management in Egypt. The p ilots demonstrate that
CD canEnhance cropproductivity, reduce on-farm irrigation water application , lower fertiliser
requirements, deliver net economic benefits to farmers, and generate positive returns for
government investment even accounting for oppor tunity costs.

The alignment of public and private interests is particularly favourable: the government benefits
from increased agricultural productivity, reduced maintenance burdens, and improved water
productivity, while farmers benefit from lower input costs and highe r revenuesdue to increased
productivity . In addition, although Egypt operates a drainage-water reuse system at basin level,
reductions in on-farm irrigation demand under controlled drainage contribute to saving fresh,
higher-quality canal water. This remdns a strategic gain for national water management, as
good-quality freshwater has greater allocation flexibility, lower salinity risks, and higher long-
term value than reused drainage water. This convergence of productivity, cost savings, and
freshwater conservation creates strong conditions for successful adoption at scale.

Challenges remain. CD requires greater coordination among farmers than TD, and the
institutional mechanisms for collective water table management are still developing. The
evidence base, while positive, reflects a limited monitoring period and three pilot sites. Land
tenure arrangements affect farmer commitment, and the cultural shift from agricultural

individualism to collective drainage management requires sustained engagement.

Ultimately, the success of controlled drainage rests with the farmers. The technology can only
deliver its potential if farmers understand its benefits, commit to coordinated operation, and
receive ongoing support. International experience shows that adoption rates can fall well below
expectations when these conditions are not met. Investment in farmer engagement, training,
and institutional capacity is therefore not supplementary to infrastructure investment , it is a
prerequisite for realising returns on t hat investment.

Nevertheless, the fundamental conclusion is clearicontrolled drainage represents a practical,

effective, and scalable solution  for improving water productivity, reducing on -farm irrigation

demand, and strengthening agricultural resilience in the Nile Delta and Valley. By lowering

applied irrigation volumes, particularly under rice cultivation, CD contributes to saving high-

quality freshwater at field level, while also enhancing crop output per unit of water consumed.

When supported by strong local institut ions, continuous farmer engagement, and adaptive
management frameworks, CD can play a significan
scarcity and the imperative of sustainable agricultural intensification. The highest risk that may
compromisethesuccess of the CD business case remains
coordinated operation.

The case is strongest for rice cultivation, where CD simultaneously reduces water application,
improves yields, and reduces the infrastructure damage caused by traditional outlet blocking
practices. In rice dominant areas, the reduction in applied irrigation water under CD represents
a real saving of good-quality freshwater at field level, particularly under full control conditions .
Therefore, riceedominant areas should be prioritised in the expansion strategy.

The lessons documented in this report provide a solid foundation for guiding future
implementation, informing policy decisions, and shaping the national strategy for modern
drainage development in Egypt.
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A Annex A: Ministerial decree to form Technical
Committee for the Controlled Drainage Project
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Annex B: Controlled Drainage Brochure

English version

Projects, from the istry of Water

About the Project
‘ i CONTROLLED DRAINAGE The Egyptian Public Authority for Drainage
PROJECT

Resources and Irrigation, aims to evaluate in
a Pilot Project the applicability of the
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This manual is to guide farmers on how to use the controlled In partnership with:

drainage system as compared to the traditional drainage
- I, e @

GENERAL GUIDELINES

STEP1 STEP 2 STEP3 STEP 4

Farmers should agree in advance on the type of crops to Farmers on the same subcollector should Land preparation and planting: for all erops, Farmers should follow the irigation scheduling
be planted in each subcollectors (see areas with the make the land preparation works and irigation should be done in the same way as previously used with traditional irigation, with some
same color). A total of 3 group of crops are identified planting on a similar date (same week) with traditional drainage. specifications as shown in the table below.

aceording to their rooting depth development.

Operation of the CD Manhole (valves)

: . Farmers should operate the valves of the Control Manhole (V1, V2 and V3) to
W | define the (ground)water level according to the development of the root “
"; i__system of the intended crop. CLOSED VALVE DPENVALVE
IINITIAL MID-SEASON LATE SEASON
CROPS Week 1 1o Week 6 Week 7 to Week 14 Week 15 to End NOTES
' -
Vegetables: potatoes, W1 Open ‘'
1oMatoes, onions, etc. V2 Open R ‘
3 Open .
A ) ¢ |
3 — Vegetables and other crops,
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C Annex C: Investment Appraisal Metrics for
controlled drainage

This Annex is complementary to the analysisof the government business case presented in
Section 9.2. The breakeven analysis demonstrates that CD generates net benefits across the
observed range of conditions. The benefits are quantified using standard investment appraisal
metrics: Net Present Value (NPV), BenefitCost Ratio (BCR), and Payback Period.

Cl1 Discount rate

The analysis uses the Central Bank of Egypt (CBE) policy rate @7% (December 2024) as the
discount rate. This represents the market cost of capital and provides a stringent test of
economic viability. At this rate, future benefits are heavily discounted, a benefit occurring in
year 10 is worth only 5% of its nominal value in present terms.

Using the CBE rate is conservative: if the investment is justified at 27%, it will certainly be
justified at lower social discount rates (typically 10812% for infrastructure projects in developing
countries).

C.2 Net Present Value (NPV)

The present value of an annuity over 20 years at 27% discount rate:
PVA = [ 17/ (1+r)
PVA=[ 1 T T@P0.27 #3.68

This means that 20 years of annual benefits, discounted at 27%, are equivalent to
approximately 3.68 times a single year's benefit in present value terms.

NPV measures the total value created by choosing CD over TD, expressed in today's currency.

NPV = PV(Benefits) T ¢C
NPV = (BannualT P V A) T Q C

Where:
9 Bannua = Annual productivity benefit=p x P 1p
1 PVA = Present value annuity factor = 3.68
T ¢C = Additional construction cost of CD

Table 10-1a: NPV of CD investment at P_TD = 40,000 EGP/fed/year

Pilot Site Additional Cost Annual Benefit PV of Benefits | NPV (EGP/fed)
¢C ( EGP/ f| (EGP/fedlyr) (EGP/fed)
Baha 192 3,200 11,776 +11,584
Shereshra 1,050 3,200 11,776 +10,726
Hala 2,321 3,200 11,776 +9,455
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Table 10-1b: NPV of CD investment at P_TD = 80,000 EGP/fed/year

Pilot Site Additional Cost Annual Benefit PV of Benefits | NPV (EGP/fed)
¢ C ( EGP/ f| (EGP/fedlyr) (EGP/fed)

Baha 192 6,400 23,552 +23,360

Shereshra 1,050 6,400 23,552 +22,502

Hala 2,321 6,400 23,552 +21,231

Notes: Annual benefit = 8% x Prp. Maintenance savings (~0.5 EGP/fed/year) and water efficiency
benefits not included (conservative). ¢C = CD

Interpretation:

All NPV values are strongly positive, ranging from +9,455 to +23,360 EGP per feddan . This
indicates that the additional investment in CD creates substantial economic value even when
future benefits are discounted at the high CBE rate of 27%.

C.3 Benefit-Cost Ratio (BCR)

BCR expresses returns as a multiple of investmenti.e. For every 1 EGP invested in CD upgrade,
how much is returned? For that, we use the following formula:

BCR = PV(Benefits) [/ ¢C

Table 10-2: Benefit-Cost Ratio by pilot site

Pilot Site ?;g;f;re‘j)' Cost | BcRatP TD=40,000 | BCRatP TD = 80,000
Baha 192 613 1227

Shereshra 1,050 11.2 22.4

Hala 2,321 5.1 10.1

Interpretation:
All BCR values substantially exceed 1.0, the threshold for economic justification. Even at the
highest-cost site (Hala) and lowest productivity assumption (Prp = 40,000):
1 Forevery 1 EGP of additional investment in controlled drainage, the government receives
5.1 EGP in return over the system lifetime.
1 At Baha, where the cost increment is smallest, the BCR exceeds 60:feflecting the fact
that the additional investment required for CD is modest relative to the productivity
gains it enables.

Table 10-3: Comparison with infrastructure benchmarks:

Project Type BCR

Road infrastructure 1.583.0

Irrigation rehabilitation 1.282.5

Drainage rehabilitation (TD) 1.562.0

CD upgrade over TD 5.10122.7 (this study)

The BCR for CD investment substantially exceeds typical infrastructure benchmarks, indicating
a highly favourable investment opportunity.
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Payback Period

Payback period measures how quickly the additional investment recovers its cost through
annual benefits.

Payback Perdnad = ¢C [/ B

Table 10-4: Payback period by pilot site

Pilot Site Additional Cost (EGP/fed) Payback at P_TD = 40,000 Payback at P_TD = 80,000

Baha 192 0.06 years (22 days) 0.03 years (11 days)

Shereshra 1,050 0.33 years (4 months) 0.16 years (2 months)

Hala 2,321 0.73 years (9 months) 0.36 years (4 months)

Interpretation:

The additional investment in CD pays for itself within less than one year at all pilot sites, even
under the lower productivity assumption. At Baha, the payback period is measured in weeks
rather than months.

This rapid payback reflects the fundamental insight from the magnitude gap analysis (Section
9.2.4): agricultural productivity per feddan is 50 8100 times larger than annualised construction
costs. Even small percentage improvements in productivity quickly offset the modest additional
cost of CD infrastructure.

Summary and conclusions

Table 10-5: Investment appraisal summary

Metric Baha Shereshra Hala _?:r(zzf; d
NPV (EGP/fed) +11,584 to +23,360 | +10,726 to +22,502 | +9,455 to +21,231 >0

BCR 61.3t0 122.7 11.2t022.4 5.1t0 10.1 >1.0
Payback 11622 days 264 months 439 months < project life

Ranges reflect Pp = 40,000 to 80,000 EGP/fed/year. Discount rate = 27% (CBE policy rate).

In conclusion, the standard investment appraisal metrics NPV and BCR indicate thatthe
additional investment in CD over TD is economically justified.
The returns arerather robust to:
1 High discount rates: Even at 27%, NPV is strongly positive
1 Productivity assumptions: Results hold across the 40,00@80,000 EGP/fed/year range
9 Site variation: All three pilots show favourable metrics despite different cost structures

These findings reinforce the breakeven analysis conclusion: controlled drainage represents a
sound investment from the government's perspective.
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Annex D: Comparing Control and traditional
drainage through SWAP model

The SWAP model

The soil water atmosphere and plant (SWAP) model was used to assess the impact of traditional
drainage and controlled drainage at Seereshra pilot area. SWAP is alD model that simulates
transport of water, solutes and heat in the vadose zone in interaction with vegetation
development. SWAP is aone-dimensional, vertically directed model. The flow below the
groundwater level may include lateral drainage fluxes. The model is very flexible with respect
to input data at the top and bottom of the soil column. SWAP estimates surface runoff when
the height of water ponding on the soil surface exceeds a critical depth. Interflow may occur
when the groundwater level becomes higher than the interflow drainage level. Drainage can
be calculated with the Hooghoudt or Ern st equations. The water balance of the surface water
system can be calculated to analyse water management options. Different irrigation strategies
can be analysed in SWAP including irrigation on fixed days, schedule and optimize irrigation to
maintain prescribed ration of potential and actual evapotranspiration or depletion of available
water.

SWAP provides detailed time series of water balance components, solute fluxes, soil moisture,
salinity distribution, and crop stress indicators, enabling quantitative evaluation of drainage
management strategies.

Model setup

The model was applied to the Shereshra pilot area, since this is the area with longer data
available. SWAP requires detailed soil information at different soil profiles. Soil properties at
different depth collected from the field at Shereshra was used. The fraction of sand, slit and
clay was used with the van Genuchten function to define soil hydraulic functions for SWAP. A
soil column of 600 cm was considered. The dimate data was extracted from the AQERAS
database for 2024 and 2025. AgERAScontains global gridded daily agrometeorological data,
from 1979 to present, with ready to use variables tailored for agricultural and agro -ecological
studies (such as Radiation, Tmin, Tmax, Humidity, Wind speed, Rain).

Measured ground water level and ground water salinity were used as the bottom boundary. At
Shereshra pilot location, the depth of drain was at 1.2m for traditional drainage practice area
and at variable depths of 0.4m, 0.8m and 1.2m for the controlled drainage areas according to
the levels measured on the field and prescribed during the valve operation of the pilots.

The model was simulated for the winter season of 2024 and 2025 with Wheat as it was the case
for the pilot location. The model was simulated for scheduled irrigation to understand whether
additional irrigation would be required for traditional and controll ed drainage to maintain a
ratio of 0.95 between actual and potential evapotranspiration. The crop properties such as leaf
area index (LAl), crop height at different stages of crop growth and root depth were defined
using different literatures and the FAO database. The effect of different stresses on the crop
growth were also defined. The planting and harvested dates were collected from the field.
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Comparative Performance of Controlled and Traditional Drainage

Water Application and Evaporative Losses
The cumulative irrigation (IRRIG) required under TD was consistently higher than under CD to
maintain the prescribed crop water requirements. This confirms that traditional drainage

requires greater supplemental irrigation, primarily due to enhanced drainage losses and lower
soil moisture retention.

Total evapotranspiration (TACT + EACT) remained comparable between both systems, with CD
showing slightly lower consumption during peak irrigation periods , indicating that crop water
demand was satisfied in both cases. Therefore, the primary difference between systems lies not
in crop water use but in water retention and redistribution . The cumulative stress
components (data not shown) did not show large divergence between systems, suggesting that
crop water stress remained controlled under both drainage strategies during the simulated
winter wheat season.

Weekly Cumulative Total ET (TACT + EACT) (CD vs TD) Weekly Cumulative Irrigation (CD vs TD)
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Drainage and Salt Export

Cumulative drainage was substantially lower under CD than TD. This confirms that controlled
drainage effectively reduces water losses through subsurface drains. Correspondingly,
cumulative salt export via drainage was significantly lower in CD. Traditional drainage promoted
stronger salt leaching, while CD retained more salts within the soil profile.
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Root-Zone Salinity Dynamics
Salt concentration at 30 cm depth was generally higher under CD compared to TD. This
indicates that reduced leaching under CD increases salt accumulation in the upper root zone.

At 60 cm depth, concentrations under CD were slightly lower or comparable to TD, reflecting
reduced downward salt movement.
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Thus, CD alters vertical salt redistribution by limiting deep leaching while increasing retention
in the upper soil layers. The system conserves water but increases potential salinity risk in the
active root zone.

Although CDresulted in greater salt retention within the soil profile , particularly in the upper
root zone, no salinity stress was detected during the analysed period. The simulated salinity
levels remained below crop-specific stress thresholds, and no reduction in actual
evapotranspiration or crop water uptake was observed. This indicates that, under the currernt
boundary conditions and simulation timeframe, salinity accumulation does not appear to
adversely affect crop performance. However, given the redwced salt export under controlled
drainage, progressive accumulation over multiple seasons cannot be excluded. Therefore, long
term modelling and multi -year simulations are required to assess whether salinity may reach
critical thresholds under sustained controlled drainage operation.

Weekly Mean Salt Concentration at 30 ¢cm (CD vs TD) Weekly Mean Salt Concentration at 60 ¢m (CD vs TD)
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Comparison with other studies

A comparison between the present SWARbased simulations and the findings of Mahmoud
(2021 shows strong conceptual agreement regarding the hydrological and salinity effects of
CD. The study applied the DRAINMOD-S field-scale simulation model to evaluate conventional
and controlled drainage systems under different irrigation strategies. The model was calibrated
and validated using field data, then used for short- and long-term simulations to assess impacts
on irrigation water use, soil salinity, drainage discharge, and relative crop yield.

Both studies indicate that CD reduces irrigation requirements and significantly decreases
drainage discharge compared to traditional/free drainage systems. This reduction is attributed
to maintaining a shallower water table, which enhances soil water retention and reduces deep
percolation losses.

In both analyses, evapotranspiration remains largely unaffected by the drainage strategy,
indicating that CD does not reduce atmospheric demand but modifies how water is stored and

supplied within the root zone. This confirms that the primary impact of CD is hydraulic rather
than climatic.

Regarding salinity dynamics, both studies highlight a trade-off: while traditional drainage
promotes greater salt leaching and export, controlled drainage tends to retain salts within the
soil profile, increasing the risk of root-zone salinity accumulation if not properly managed.
Mahmoud (2021) emphasizes the implications of this process on relative crop yield, particularly
for salt-sensitive crops such as maize, whereas the present SWAP simulations provide a more
detailed characterization of cumulative salt fluxes and depth-dependent concentration
patterns.

nnnnnnnnnnnnnn
5 Mahmoud Khalil, E. M. (2021).Enhance irrigation and drainage management under water scarcity in Egyp(Doctoral
dissertation, Ain Shams University, Faculty of Engineering, Irrigation & Hydraulics Department, Cairo, Egypt).
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E Annex E: Study Tour Report

Period: 16 620 June 2025 0o reported by EPDAP

E.1 Introduction

Within the framework of the project 6 Contr ol |l ed Agricultural- Drai
Qual ity Dr ai nag ea fisithstudyrtouriwas cngluctpd to the Kingdom of the
Netherlands from 16 to 20 June 2025. The tour was attended by representatives from the
Egyptian Public Authority for Drainage Projects (EPADP) and the Drainage Research Institute

(DRI).

The visit aimed to transfer the Netherlandsd | e
and controlled drainage systems to Egypt. The project is funded by the Embassy of the Kingdom

of the Netherlands and implemented by Deltares in cooperation with Wageningen University

and other partners. The program included intensive technical sessions with Dutch experts, field

visits to advanced application sites, analytical discussions of results from the three pilot sites in

Egypt, and deliberations on criteria for scaling up from pilot to national level.

This report presents the activities and outcomes of the study tour to the Kingdom of the
Netherlands under the project 6 Cont r ol | ed Dr ai nage, Il mproved I
Fresh Agricultural DThe visit \aag ienplaMented with the parBcipationt . 6

of representatives from EPADP and DRI, in coordination with Deltares, Wageningen University,

and other Dutch partners. The primary objective was to strengthen Egyptian capacities in
agricultural drainage water management, with a focus on controlled drainage applications,
improvement of drainage water quality, and its reuse in irrigation, while benefiting from the

Net herl andsd advanced experience in this field.

E.2 2. Objectives and Context of the Visit

The visit was guided by clear objectives centered on exchanging experiences between Egypt
and the Netherlands regarding the design, operation, and scaling up of controlled drainage
systems from pilot projects to the national level. This contributes to impr oving water resources
management and increasing agricultural land productivity under conditions of water scarcity.

Another key objective was to explore modern approaches for improving the quality of
agricultural drainage water and safely reusing it in agriculture, thereby supporting sustainable
water use and reducing negative environmental impacts.

The visit followed an integrated program combining scientific sessions at leading research
institutions, such as Wageningen University and Deltareswith field visits to applied sites across
several Dutch provinces. This approach enabled participants to observe systems and
technologies in real-world conditions. By integrating theoretical discussions with field

observations, participants were able to link scientific concepts with the practical needs and

realities of Egyptds irrigation and drainage s\

E.3 Program Activities
Day One: Wageningen University and First Field Visit

The morning sessions of the first day at Wageningen University focused on the design of
controlled drainage systems and the evaluation mechanisms used in the design process.
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Engineering principles and hydrological foundations of controlled drainage were presented,
including discussions on pipe depth selection, spacing, and drain water levels in relation to soil
type, crops, and climatic conditions.

Methodologies for evaluating system design were also discussed, including the use of
numerical models and field monitoring data to verify design efficiency prior to large -scale
implementation.

In terms of monitoring and performance assessment, discussions focused on indicators for
measuring the success of controlled drainage systems, such as their impact on groundwater
levels, salinity, soil moisture, crop productivity, and daily operation and maintenance
requirements. Dutch experiences in continuous monitoring systems linked to digital platforms
were presented, enabling reattime performance tracking and informed operational decisions ,
practices that can be adapted to Egyptian irrigation and drainage conditions.

The lecture then addressed control systems and their different levels of complexity. Experts
explained three main levels of control:

1. Manual control , where farmers manually adjust drainage levels according to
predefined seasonal and crop-based targets. This system is simple and lowcost but
lacks flexibility.

2. Remote automated control , where drainage levels can be electronically adjusted to
any value within the systemds technical

3. Smart dynamic control , the most advanced level, where the system is linked to
weather forecasts and sensor data on soil moisture and groundwater levels, allowing
automatic decision-making to optimise water use. This level offers the highest
efficiency but requires higher investment and advanced technical capacity.

In the afternoon, the first field visit was conducted to a site equipped with constructed
wetlands for water treatment and reuse in irrigation. Three types of systems were presented:

91 Vertical flow systems , where water flows downward through gravel and sand layers
planted with vegetation. These systems enhance oxygen transfer, enabling oxidation
of organic pollutants and ammonia removal.

1 Horizontal subsurface flow systems , where water flows horizontally beneath the soll
surface, creating anaerobic conditions that support nitrogen removal.

1 Aerated wetland systems , where air is actively injected into the treatment media using
electric blowers, significantly increasing treatment efficiency and allowing higher
organic loads to be treated within smaller areas.

The field guide explained the complex natural treatment processes occurring within these
systems. Key processes include aerobic and anaerobic biological degradation by
microorganisms living on plant roots and surrounding soil, plant uptake of nutrients suc h as
nitrogen and phosphorus (phyto -uptake), adsorption of pollutants onto soil and gravel
particles, and photodegradation under sunlight exposure. Common reed (Phragmites australi9
was highlighted as a widely used plant due to its robustness and extensive root system, which
provides large surface areas for microbial growth.

Discussions addressed the potential application, or adaptation, of these systems to treat and
improve agricultural drainage water quality in Egypt prior to mixing or reuse, particularly in
environmentally sensitive areas.
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Day Two: Evaluation of Pilot Results and Visit to Gelderland

The second day began with an intensive working session at Wageningen University dedicated
to evaluating results from the three pilot sites in Egypt. This session represented the core of the
project, bringing together Egyptian and Dutch experts to analyze d ata collected over two full
agricultural seasons of controlled drainage operation.

Data reviewed included groundwater levels, drainage discharge, water use efficiency, impacts

on soil salinity and water guality, as well a
productivity, and income effects. These discussions helped extract lesons learned regarding

best operational practices and potential constraints to large -scale implementation.

Each pilot site, representing different soil types, local climates, and cropping patterns, was
reviewed in detail. Several key evaluation criteria were emphassed:

1 Hydrological performance assessing the systemf6s abildi
levels within target ranges. Data showed generally successful groundwater level
control.

1 Soil moisture distribution , critical for root development and crop health.

Measurements indicated that controlled drainage maintained more stable soil
moisture levels compared to conventionally drained control areas.

9 Agricultural productivity , the most critical question. Preliminary comparisons showed
mixed but overall positive results. In some sites, experimental plots achieved equal or
slightly higher yields with reduced water use, indicating improved production
efficiency. In other sites, yields were similar, but water savings were substantial.

Challenges were discussed transparently. Major issues included the significant climatic
differences between Egypt and the Netherlands, requiring substantial adaptation of Dutch-
designed systems to Egypt 0 shydmoldical charactedstice alsod i t i ¢
posed challenges, particularly heavy clay soils with low permeability and shallow impermeable

layers.

Differences in water use practices and farmer behavior were another challenge. Egyptian
farmers rely on traditional irrigation methods, and changing these practices requires significant
awarenessraising and trust-building efforts. Additionally, small land holdings in Egypt increase
per-unit investment costs.

A dedicated session addresseddual drainage systems in Dutch coastal areas affected by
seawater intrusion,a chall enge similar to that faced 1in
systems combining shallow drains (about 1.2 m depth) for excess water removal and reuse, and
deeper drains to control saline groundwater intrusion, using automated control structure s. Case
studies demonstrated salinity reductions of up to 40% while maintaining crop productivity,
highlighting strong potential for adaptation in Eg ypt.

In the afternoon, a field visit was conducted in Gelderland Province to observe a controlled
drainage system combined with sub-irrigation using treated wastewater. The visit
demonstrated how treated water can be reused to raise groundwater levels to meet crop water
requirements while maintaining strict environmental quality standards. This model stimulated

extensive discussion on the potential for integrated reuse of treated drainage water in Egypt,

emphasizing the need for clear quality regulations to prot ect soil, crops, and human health.
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Day Three: Schouwen -Duiveland Living Lab and Innovative Projects

The third day included a visit to the Living Lab in Schouwen-Duiveland, southeastern
Netherlands. This site serves as a realorld experimental environment for testing and adopting
agricultural and water innovations under saline soil and water conditions.

The concept of the Living Lab was explained, emphasizing the involvement of farmers,
technology companies, researchers, and government authorities in developing practical,
adoptable solutions. Institutional, financial, and technical conditions facilitating farmer
adoption were highlighted , discussions highly relevant to Egyptian conditions, particularly in
the Delta and North Sinai.

The POP3 project (Partners for Fresh Water: Demonstration, Monitoring, and Evaluation of
Drainage Innovations) was also presented. Discussions focused on designing field experiments
to accurately measure the impacts of innovative drainage technologies on water savings, soil
quality improvement, and agricultural sustainability.

During the same visit, a constructed wetland treating industrial wastewater from DOW in
Terneuzen was presented, illustrating how nature-based solutions can safely treat high-load
industrial effluents for reuse. This opens opportunities for applying similar systems to selected
industrial and agricultural wastewater streams in Egypt.

Day Four: Deltares and Numerical Modeling

The fourth day was dedicated to a visit to Deltares in Delft, focusing on the use of modeling

tools to support decision -making in water management, including irrigation and drainage

systems. Presentations covered hydrological and hydraulic simulation modek capable of
representing |l arge and complex systems, such a
evaluating operational scenarios and their impacts on water availability and quality.

An in-depth discussion was held with the RIBASIM development team regarding future
modeling needs in Egypt. Topics included representing agricultural drainage water reuse,
linking hydrological and water quality models, and integrating field monitoring data to improve
model performance.

Additionally, participants were introduced to groundwater modeling capabilities using SWAT,
with examples from international case studies. Discussions focused on applying SWAT to assess
irrigation and drainage impacts on groundwater levels and salinity, and on linking it with other
models to support coastal and agricultural planning in Egypt.

Day Five: Action Plan and Scaling Up Controlled Drainage

The final day at Deltares focused on developing a preliminary action plan and defining
evaluation criteria for scaling up controlled drainage from pilot projects to the national level in

Egypt.

Key evaluation elements included water use efficiency, impacts on crop productivity and farmer
income, effects on soil salinity and drainage water quality, as well as economic and institutional
considerations related to financing, implementation, and opera tion.

Remaining project steps were discussed, including completion of monitoring and analysis at
pilot sites, organisation of knowledge transfer and capacity-building activities for EPADP and
DRI staff, and preparation of technical guidelines to support future expansion. These sessions
contributed to forming a shared vision between Egyptian and Dutch partners on translating
project results into practical, implementable policies and programs in Egypt.
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E.4 Key Outcomes and General Recommendations

The study tour highlighted the importance of controlled drainage systems as an effective tool
for improving agricultural water management under conditions of water scarcity and increasing
demand in Egypt. Field and scientific discussions confirmed that sucessful implementation
requires integration of sound engineering design, continuous performance monitoring, and
clear, farmer-friendly operation and maintenance mechanisms.

Dutch experience demonstrated that integrating agricultural drainage water quality
improvement, through systems such as constructed wetlands with controlled reuse can
generate tangible environmental, agricultural, and economic benefits, provided that
appropriate quality standards are applied. Numerical modeling examples underscored the
importance of developing integrated irrigation, drainage, a nd water quality models in Egypt to
support scientifically sound decisions on scaling up controlled drainage and drainage water
reuse.

E.5 Technical Outcomes

A. Controlled Drainage Design and Operation
Dynamic systems linked to weather forecasts are more efficient than static systems.
Adaptation to local conditions (soil, climate, crops) is essential.

Integrating controlled drainage with sub -irrigation yields optimal results.

=A =2 =4 =4

Simulation models (e.g., SWAP) are powerful tools for design and evaluation.
B. Drainage Water Treatment and Reuse

1 Constructed wetlands are effective and low-cost solutions for water quality
improvement.

9 Natural biological treatment processes can achieve high efficiency.
1 Complex industrial effluents can be treated using nature-based systems.
1 Combining natural and technological treatment approaches yields the best results.

C. Water Management in Saline Environments

1 Rainwater harvesting and farmerled storage are key agricultural resources.
1 Smart groundwater management can protect against salinity intrusion.
1 Living Labs provide an excellent model for participatory innovation.
1 Farmer engagement as core partners is essential.
E.6 Economic and Social Outcomes

A. Economic Feasibility

Controlled drainage can generate significant water savings.

)l
1 Initial investment costs may be high, but long -term returns are positive.
1 Constructed wetlands have very low operating costs.

1

Indirect benefits (environmental and social) must be considered.
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B. Social Aspects

1 Successful adoption depends heavily on farmer acceptance and participation.

1 Awarenessraising and training are critical.

1 The Living Lab model is effective for trust-building and knowledge exchange.

1 Learning from farmers is as important as transferring knowledge to them.
E.7 Institutional Outcomes

A. Governance and Coordination
1 Coordination among all stakeholders is essential.
1 Clear roles and responsibilities are a prerequisite for success.
1 Publicdprivatedresearch partnerships are highly productive.

B. Capacity Building

1 Continuous investment in training is necessary.

1 Knowledge transfer should be bi-directional.

91 Building a network of local experts is crucial.

1 Documentation and sharing of lessons learned are key success factors.
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E.8 Photo Album
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