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Introduction
The case of the Manantali and Diama dams in the Senegal River Basin provides a compelling illustration of the complexity that surrounds the operation of multi-purpose dam systems in a context where pre-existing river functions compete with new productive objectives.  

The Senegal River is the second longest river in West Africa, spanning 1,800 km from the highlands of Guinea through Mali, then forming the border between Senegal and Mauritania all the way to the delta at St. Louis on the Atlantic coast.  Its main tributaries are the Bafing (approximately 50% of inflows to the Senegal River), the Bakoye and the Falémé.  The Senegal River basin covers nearly 300,000 km2 in its four riparian countries (Guinea, Mali, Mauritania and Senegal.  Its natural flow regime is highly variable from one year to the next, generally presenting a flood season between July and October that can gradually turn to a complete absence of flow in the months of May and June.  This phenomenon worsened with extended droughts in the 1970s and 1980s, although an improvement has been noted since the late 1990s.  

In 1972, Mali, Mauritania and Senegal formed the Senegal River Basin Authority (Organisation pour la Mise en Valeur de la Vallée du Fleuve Sénégal – OMVS), with the following mandates:

· Achieve food security for the inhabitants of the basin;

· Solidify and improve the income of the valley’s population;

· Preserve ecosystem balance in the region, and in the basin in particular;

· Reduce the OMVS member states’ vulnerability to climatic uncertainty and to external factors;

· Accelerate economic development in the member countries.
OMVS undertook the construction of two major dams: the Manantali Dam in Mali on the main tributary, the Bafing River, and the Diama Dam, 33 Km from the current Senegal river’s mouth.  While the Diama Dam’s main purpose is to prevent salt water intrusion during the dry season, Manantali was built as a multi-purpose regulating and hydrolelectric dam, with the following objectives:

· The irrigation of 255,000 ha in the Valley;

· Year-round river navigability on the Senegal River from St. Louis to Ambidédi;

· The annual production of 800 GW of energy, guaranteed 9 years out of 10.

The Manantali dam was built on the Bafing River in Mali and became operational in 1987, with a storage capacity of 11 billion cubic meters.  The reservoir covers an area of 460 km2.  

The operation of Manantali and Diama dams has resulted in regulating the flows above and below the massive and highly productive floodplain between them, which has also been extensively altered by irrigation systems supplied by both reservoirs and a complex of dykes to protect the irrigated lands from the annual floods.  Built on the Bafing, Manantali controls about half of the freshwater inflow to the Senegal River during the high runoff periods, while the flows from the Bakoye and Falémé remain uncontrolled.  During the low flow period, Diama Dam stops intrusion of the salinity regime into the lower Senegal valley.  

With the construction of these two dams, the OMVS wants to guarantee a rational water resource management to satisfy the various uses: culture of irrigation, hydropower generation, shipping, protection of the ecosystem and flood recession cultures.
To reach these objectives, guides of operation for the Manantali and Diama dams have been created within the Optimization of the Reservoir Operating Program (Programme d’’Optimisation de la Gestion des Réservoirs – POGR). Instruments of management, such as guides and software, have been developed to best insure the operation of these works. The Water Charter adopted by the OMVS in 2002 is a complement to this management and monitoring of the Senegal River water resource plan.
Regarding the flood recession cultures and the ecosystem protection, inundating plains is not at issue in wet years, as inflows from the uncontrolled tributaries generate sufficient flood magnitude to ensure the optimum filling up of floodplains and basins. The main concern today is the short duration of floodplain immersion that occurs in years of moderate or low rainfall.  Therefore, within the framework of the Integrated Water Resource Management Project, the OMVS is about to construct gates to retain and release the floodwaters on the right and left bank of the Senegal River.
Context for the proposed work
The analysis and management protocol conducted and established by Institut de Recherche pour le Développement (IRD) for the OMVS shows how the Manantali dam can be operated according to a target hydrograph to provide an artificial flood event of acceptable magnitude in most years to provide for 50,000 hectares on average of recessional agricultural production in the floodplain while minimizing the loss of potential hydropower production.   The implementation of the operational directives to ensure this hydrograph depends on the magnitude of flows entering the floodplains from the non-controlled tributaries (the Bakoye and the Falémé), which have been sufficient in recent years and thus avoided the need to release additional pulse flows  from Manantali to produce an artificial flood. 
Inundating the floodplain is no longer a technical problem, but it does require that some amount of power deliveries and revenues be foregone as well as storage for irrigation purposes in subsequent drier years, when inflows from the non-controlled tributaries are insufficient.  Indeed, to create an artificial flood requires the dam operators to release a substantial amount of water through the sluice gates, which bypasses the turbines and is therefore lost to electric power generation.  In such cases, the flood support objective conflicts with the dams other objectives, i.e., hydropower generation and irrigation storage.  

As a result of these enduring trade-offs, the Water Charter and the Operational Manual do not guarantee that the artificial flood will be provided in the magnitude and frequency that the floodplain needs.  The actual decision on whether to release an artificial flood, and how much, is made annually by the Permanent Water Commission (CPE - Commission Permanente des Eaux), a consultative body to the Council of OMVS Ministers
.  This decision is based on the amount of rainfall in that year, but is also likely to be influenced by economic considerations.  Thus, the economic drivers need to be further illuminated and an expanded optimization analysis may be needed.  

We understand a key economic and practical consideration to be that hydropower demands and revenues are both high, making hydropower a dominant water use for the Senegal River basin.  Indeed, one of the principal constraints on Manantali operations is meeting the power delivery requests of the OMVS members and generating revenues to meet commitments to the financial investors.  The maximum amount of water that can be released through the turbines is 480 m3/sec (operating 4 turbines and keeping one on standby, as is the usual operating mode).  However, 2000 m3/sec at Bakel is needed to produce the artificial flood (allowing for 50,000 ha of recession agriculture) and 300 m3/sec continuous flow is needed for irrigation and navigation.  Thus, in years of medium to low rainfall, to achieve the goal of 2000 m3/sec at Bakel, it will be necessary to release water from the sluice gate and by pass the generators, requiring the OMVS members to forego some amount of potential hydropower generation and revenues.  Thus, there remains a serious economic constraint in order to operationalize the Charter’s commitment to optimal annual artificial flood releases.

To date, these releases appear to have been provided only on those rare occasions when they do not result in a reduction in power revenues or irrigation deliveries.  They have occurred only when the flood water could not be retained in storage in order to avoid the risks of overtopping the reservoir and creating a safety hazard.  Moreover, since the hydropower station became operational in 2002, there has been enough natural inflow in the floodplain from the uncontrolled tributaries to create a seasonal flood event allowing for at least 50,000 ha of recession agriculture.  In practice, the CPE has not yet had to face the decision whether to sacrifice power (and storage for irrigation and urban water supply) to release water from the sluice gates, and how much.  

Another consideration is that the OMVS states may have differing levels of interest in the social and environmental benefits of the optimization of Manantali dam.  The interests of the member states have been identified and are always considered together in the work of OMVS, with solidarity and integration as central motivations.  However, Mali’s location upstream of the dam may make it less interested than Senegal and Mauritania in flood-dependent livelihoods.  All three states are interested in electricity generation and royalties, irrigation storage and navigation (while Mali is the most land-locked, Senegal and Mauritania also possess regions to the east without access to ports).  

Thus, there may be different perspectives among the OMVS members that will surface in the CPE’s annual decision to implement an artificial flood or not, and power revenues may tend to be given a higher priority than the floodplain benefits in future operational practice.  Yet this may not be the economically optimal outcome, if the full range of benefits is taken into account, including the value of the environmental services that the more natural flow regime provides in the floodplain and in the Senegal River delta. 

Objectives and overview of the reoptimization study:

This study seeks to extend recent analysis conducted by IRD and the Société du Canal de Provence (SCP), which simulated and evaluated a range of water management strategies for the Senegal River, and to contribute to the creation of a Decision Support System (DSS) that can assist OMVS and the basin states in developing management plans for the system.  The project is conceived to be built on the solid foundation laid by OMVS and its development partners, such as IRD, SCP and others, which includes:

· The development of the SIMULSEN model of the Senegal River system that allows the user to set a range of water management objectives and priorities and to simulate the resulting operation of installed infrastructure based on hydrologic and hydraulic constraints.

· The preparation of a cost-benefit analysis based on SIMULSEN runs corresponding to 6 pre-selected scenarios.

· The completion of a multi-criteria analysis for the same scenarios that incorporates systems benefits that are not easily quantifiable, and hence do not easily lend themselves to formal cost benefit analysis.

· The on-going design of the Senegal River Basin’s water resources management plan, which will focus not only on the evaluation of needs and available resources but also on the operational management of Manantali dam, using SIMULSEN and HYDRACCESS.  

· A recently undertaken feasibility study of engineering works to retain and extend the residence time of inundations of the natural depressions in the floodplain.  These would seek to improve the productivity of recession agriculture and fisheries and to increase the recharge of aquifers.  In addition, a study on the Inter-village Development Units (Unités Inter-villageoises de Développement – UIVD) is underway to allow local communities to manage these new infrastructures.  

A first set of activities under the proposed study is designed to supplement and strengthen this pre-existing set of analyses.  A second set of activities is proposed, which are associated with an optimization analysis of the management of the Senegal River system.  Note that the first set of activities is of clear value whether or not the second set of activities is pursued.  A final activity concerns the design of a monitoring and evaluation program that will allow for flexibly using these tools to optimally manage the dams.  

Simulation or Optimization:

Distinguishing between two analytical approaches, simulation and optimization, should help clarify the activities envisioned for the proposed study.

To date, the work conducted by IRD and SCP has relied upon the application of SIMULSEN, a water resources simulation model.  A simulation model runs by positing a range of possible scenarios and then running the model to see how the system would be operated in response.  A scenario is comprised of a series of assumptions about: (1) the installed infrastructure; (2) rules governing the operation of installed infrastructure; (3) the water management objectives and priorities driving the operation of the installed infrastructure; and (4) the hydrologic conditions.  The critical characteristic of a scenario is that important features are defined outside of the model based on any number of political, economic, or environmental considerations.  Each scenario is also discrete, representing a single realization of the theoretically infinite range of water management strategies.  Simulation models allow for comparison among scenarios and help a decision maker decide which scenario, among a set of pre-selected scenarios, is “better.”  

Optimization, on the other hand, involves limiting the number of assumptions about water management objectives and priorities that are made outside of the model.  The critical characteristic is that a marginal value function describing the value of the next unit of water provided to each water use can be defined.  By taking into consideration constraints associated with the installed hydraulic infrastructure and the hydrologic conditions, an optimization model will maximize the return on all water use in the system.  The result is based on an attempt to scan the theoretically infinite range of water management strategies to find the “best” one.  

The essential distinction is that simulation analysis will allow for comparisons between scenarios that have at least been deemed plausible based on their formulation outside of the model, while optimization will find the strategy that maximizes system performance as against some standard without excessive consideration of whether or not it is politically plausible. Both approaches offer important insights and the proposed study aims to help OMVS and the basin states assess whether additional development of the existing simulation tool is sufficient to provide a robust decision support system or whether these efforts should also be complemented by the development of optimization routines.
Proposed Workplan

The proposed study plan is divided into three sections. The first section includes activities that will both extend the functionality of the existing simulation tool and lay a foundation for the potential development of an optimization tool.  The second section includes activities related to the development of the optimization tool, should it be decided that this approach would complement the existing simulation tool.  The third section consists of an activity to design a monitoring and evaluation protocol to flexibly apply these tools.  

Section 1: Enhancing Simulation, Laying a Foundation for Optimization

To introduce this section, several observations are warranted.  First, the existing optimization protocol could be further enhanced with an explicit characterization and accounting of environmental and ecosystem benefits stemming from an annual flood.  Second, the productivity of a flood at any given magnitude may benefit from additional operational measures beyond or instead of the installation of infrastructure in the basin’s natural depressions. Third, the cost-benefit analysis appears to focus on the primary benefits associated with different water use activities such as the receipts generated through power production.  Secondary benefits, such as the value of power reliability, do not figure prominently in the analysis.  The cost-benefit analysis can also be expanded and refined along other dimensions, as detailed below.

Based on these observations, the following set of activities is proposed.  They are intentionally broad and are designed to determine whether the analysis proposed for the study would be of interest to OMVS and the basin states.  If so, then the activities will be fleshed out in greater detail.

Activity 0: Synthesize the State of the Knowledge on the Senegal River Basin.  

Carry out a detailed review on the experience gained and lessons learned from Manantali & Diama dam reoperation studies and implementation to date. The aim of this review is to gain an improved understanding of the additional work necessary for achieving better outcomes through reoperation of current and planned water development infrastructures in the Senegal River.  The activities described below would therefore be modified and/or refined in light of this in-depth review.  

Activity 1: Expand Scenarios

1A. Define and model target flows to satisfy floodplain productive activities and ecological objectives. The IRD optimization analysis evaluated a range of scenarios for releases of artificial flood events under a range of hydrologic conditions, and concluded that the optimal balance of flood releases and hydropower production would inundate sufficient areas of the floodplain to permit about 50,000 hectares of recessional agriculture while meeting the hydropower production targets that were assumed in the financing of the dam.  The 50,000 ha objective was reached after a careful study of the relationship between flood hydrographs, inundated areas and recession agriculture areas over a long hydrologic timeline.  In addition, field studies were conducted and depressions were equipped with measurement instruments and monitored over three winter seasons (1997, 1998 and 1999).  The targeted artificial flood can be achieved by producing a peak flow at Bakel of 2000m3. 

However, the ideal flow pattern for ecological benefits at the scale of the whole basin has not yet been evaluated.  For both floodplain objectives, the target flow pattern should be specified in terms of five quantitative parameters, which will vary according to the range of hydrologic conditions historically experienced in the basin.  These flow parameters are magnitude, duration, frequency, seasonality and the location of the floodplain to be inundated.
  The target releases from Manantali (in combination with the flows from the uncontrolled tributaries) should now be further refined by also factoring in the hydro-ecological processes in the floodplain and the delta.  This will permit OMVS to specify the optimal flow pattern to be achieved in the downstream floodplain, to maximize recessional agricultural productivity, fishery productivity, and ecological productivity.  The study will include inputs from floodplain communities and technically competent riverine ecologists to develop these target flows
.  The flow patterns to provide for optimal recessional agriculture, fishing, forestry and grazing pastures will be developed in consultation with OMVS national and local bodies —Comités Nationaux de Coordination (CNC) and Comités Locaux de Coordination (CLC)— decentralized institutions and civil society organizations in the four riparian states.  The flow patterns to provide for optimal ecosystem productivity in the floodplain and in the estuary would be developed in collaboration with IRD and IUCN. In consultation with OMVS, a competent dam engineering institution will be identified as partner and will assist in analyzing the technical feasibility of generating optimal flow patterns and in assessing the implications of these flow patterns on the safety of existing and planned water structures (dams, dykes, etc.).

1B. Develop and model operational scenarios to increase the duration of the floodplain inundation for recessional agriculture while reducing or eliminating the need for retention gates.   This activity will complement the above-referenced study on flood retention gates in the floodplain’s natural depressions, by modeling an operational alternative to the use of gates to maintain floodwater inside floodplain depressions to lengthen immersion times.  The advantage of the floodgate option is that it would increase the benefits of recessional agriculture with the same volume of floodwaters.  The disadvantage is that these structures will be costly to construct and even more costly and difficult to maintain over the long run.  Their practicality depends upon the feasibility of training local institutions to operate, maintain and repair them as needed, which is by no means certain.  An alternative that does not depend upon building such local capacity would involve reoperating Manantali dam to increase the duration of the floodplain inundation and then recapturing that additional amount of water further downstream for irrigation and municipal water supply purposes.
  This scenario would save capital and maintenance costs, but may reduce power generation revenues at Manantali.  Whether the scenario is feasible and whether it would provide a better (and less risky) benefit to cost ratio than the floodgate scenario would be determined by this study.   

Activity 2: Update and expand analysis of economic costs and benefits of releases.  

Achieving the target flow event at Bakel will still entail releasing water through the sluice-gates that bypass the currently installed electricity generators, entailing a sacrifice of some potential power generation and revenues.  Thus, the balance of power generation and floodplain benefits will continue to depend on perceptions of the relative economic, environmental and social value of these benefit streams.

The cost-benefit analysis conducted by SCP based on six SIMULSEN runs carried out by IRD appears to focus largely on the primary financial benefits associated with discrete water use activities in the basin.  For example, the benefit of hydropower is assessed on the basis of the receipts from the sale of power and the value of irrigated and flood recessional agriculture is assessed on the basis of the value of production.  This approach assumes that the relationship between water use and benefits is a linear function.  It also limits the scope of analysis to the primary benefits of the water use activity.  Finally, the analysis adopts a local perspective rather than a regional or transboundary perspective.

This activity will deepen the cost-benefit analysis by:

· Allowing for a more precise (i.e., not necessarily linear) incremental valuation of water use activity, for each type of activity: recession agriculture, irrigation, forestry, fisheries, grazing, hydropower generation and navigation, among others;

· Accounting for the second order values such as the reliability of electricity and the creation of employment into the analysis.  Previously, these values were partially reflected in the non-monetary ‘multi-criteria’ analysis.  In fact, these values are quantifiable and can therefore be fruitfully incorporated into the cost-benefit analysis. 

· As a corollary, accounting of costs and benefits on different levels, including a local, a national and a cross-boundary regional perspective.  This will yield a more useful set of cost-benefit comparisons for decisions that must be made at an international level regarding a shared basin, from which water use benefits extend beyond the basin to distant urban centers.  

· Incorporating more reliably the impacts of different operation scenarios on health and environmental parameters in the valley, using the latest techniques on valuation of non-monetary costs and benefits.

· Analyzing how projected changes in population settlement and demographic patterns in the region may alter the demand for water use services and hence their value, which in turn affects the outcome of the cost-benefit analysis. (Note that the most recent benefit-cost analyses relied on demand figures from 1976.  Note also that previous analyses assumed certain climate change projections which may no longer be valid).

· Analyzing for each scenario the distribution of costs and benefits among water use interested parties
.  

· Costing out the installation and maintenance of flood retention gates that would be needed to make the artificial flood releases most efficient and economical.

· Costing out the construction and maintenance of diversion, storage and delivery systems for recapturing the additional floodwaters that would be released in the alternative involving extending the duration of the artificial flood for recessional agriculture. 

These steps will allow for a much more resolved and powerful cost benefit analysis, reflecting a more complete social accounting of alternative operation scenarios of Manantali dam.

Section 2: Adding Optimization to the Decision Support System

Completion of the activities described in Section 1 will generate a great deal of the information, in particular regarding the incremental value functions that would be needed to develop an optimization tool for the Decision Support System.  Should OMVS and the basin states decide that an optimization tool could be a useful complement to SIMULSEN, the following activities would be pursued.

Activity 1: Select an Optimization Engine.

A range of software packages exist for conducting optimization analysis of water resources systems (e.g. HEC-PRM).  This activity would involve evaluating the range of options and selecting the one that conforms best to conditions in the Senegal River Valley.


Activity 2: Port System Characteristics from SIMULSEN to the Optimization Model

The physical characteristics of the installed infrastructure and the assumed hydrology represented in SIMULSEN are essential inputs to an optimization model.  This activity would involve porting all of the relevant information between platforms.

Activity 3: Determine Scope of the Optimization Model

The scope of the optimization model needs to be defined and this may extend beyond the geographic boundaries of the river basin because the power generated in Manantali can be used in distant locations.  Assumptions about the degree of integration of the West African power grid are critical in determining the scope of the model.

Activity 4: Run Optimization

Use the optimization model to determine which mix of water use activity in the Senegal River system creates the maximum benefit against some agreed set of standards.  Economic optimization will certainly be one critical standard.

Section 3. Designing a Monitoring and Evaluation Program.  

The above scenario-development, expanded simulation, cost-benefit and optimization analyses will aid in predicting how various operational choices will produce particular streams of benefits.  But these predictions cannot be expected to be perfect.  A monitoring and evaluation program is needed to assure that the operational protocols can be adjusted and improved in response to the actual results experienced.   

Results and Benefits of the Reoperation Study

The proposed work will:

1) Provide OMVS with a Decision Support System (DSS) for determining the optimal operating regime for Manantali and Diama dams that integrates floodplain, estuarine and ecosystem productivity into the operational objectives.   The DSS can consist of an enhanced simulation and cost-benefit valuation system, or can be further complemented by a pure optimization tool.  

2) Design a program of monitoring and dynamic adjustment of dam operations in light of the actual benefits experienced.

3) Provide a case study of the OMVS experience in optimizing dam operations to provide floodplain benefits.  This experience can serve to illuminate the pathway for further dam and hydraulic infrastructure to meet the pressing needs for freshwater development benefits in the African setting. The OMVS can serve as the “learning laboratory” to inform dam design and operational decisions throughout the rest of the world. 

4) Help mobilize funding for the infrastructure improvements needed to actualize the potential for more optimal operation of the Senegal River complex of dams.  Currently, a Senegal River Basin Multi-purpose Water Resources Development Project is being developed by the four riparian countries with the World Bank and the African Development Bank, with the objectives of 1) consolidating and modernizing the institutional, legal and technical framework for the Senegal River Basin to better serve the four riparian countries; 2) developing concrete water resources development activities at the local level that generate significant income to reduce poverty, and 3) defining and preparing new multi-purpose infrastructure to harness the hydropower potential identified in the basin.   The technical work proposed here would allow for a whole-basin approach to the optimization of current and future hydraulic infrastructure to achieve multiple benefits, including ecosystem and livelihoods restoration, energy production, irrigation and water supply, and navigation.

Proposed Partnership:

· OMVS 


Organisation pour la Mise en Valeur du Fleuve Sénégal

· NHI 



Natural Heritage Institute

· A leading engineering institution with expertise in dam construction and operations, to be identified jointly between OMVS and NHI.

Other organizations to be consulted:

· IRD 



Institut de Recherche pour le Développement
· IUCN & IUCN-BRAO 
World Conservation Union and World Conservation

Union – Afrique de L’Ouest

� The Commission Permanente des Eaux includes representatives of member states, relevant ministries, planning bodies, civil society and other economic agents.  


� These parameters should emulate natural flow conditions to the extent possible.  Under uncontrolled conditions, the annual flood event occurred for approximately 2 weeks sometime during the September – October period and was of a variable magnitude depending on weather patterns.  This is also the period of cooler temperatures and relatively low evaporation rates that maximize the moisture retention by the soils.  If the flood event is delayed beyond this season, the higher temperatures tend to cause the soil to dry out too quickly for recessional agriculture. The natural period of low flows is March through June, which is also the season of the highest ambient temperature. 


� However, in some years the run off is so low that Manantali releases will not make an appreciable difference.  Hence, it is probably not realistic to assume flood events every year.





� Assuming that the additional artificial flood water could be captured downstream, through siphons, pumps or by operating Diama at lower storage levels, this scenario may entail a tradeoff between more irrigated agriculture and less power production.  Whether that is acceptable may depend upon the ability of the regional grid integration, contemplated by ECOWAS to make up the difference in power generation. 


� One issue raised by IUCN is that the success of the rehabilitation on the lower delta may lead to an influx of “ecological refugees,” which could lead to unsustainable levels of resource use.
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