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Abstract 

Finding an optimal reservoir water management strategy can be difficult when the reservoir 

water has multiple potentially conflicting uses. Conflicts of interest can arise when attempts 

are made to allocate water optimally and to maximize the benefits of its allocation to 

various uses. In Vietnam, most irrigation reservoirs are predominately managed for rice 

production, yet additionally have a reservoir fishery that provides food and income to the 

poor people living around the reservoirs; these fishermen lost their land and were displaced 

when the reservoirs were built. Managing reservoirs for irrigation, however, creates 

negative effects for the fisheries and causes conflicts of interest in water use that 

complicates the reservoir water management. The recent increase in the number of 

reservoirs in Vietnam has caused conflicts of interest in reservoir water use to become more 

widespread and prominent. Reducing these conflicts by revising and refining reservoir 

operation policies is the backdrop to this thesis. 

This thesis examines the problem of intra-year reservoir management in Vietnam where 

water use involves two dynamic and competing production systems, irrigation and 

fisheries, which differ with respect to their needs in the quantity and timing of water 

release. A stochastic dynamic programming model is developed incorporating two dynamic 

simulation models, one based on dated water production functions for irrigated agriculture, 

and the other representing the bioeconomics of a reservoir fishery. The model accounts for 

variations in rainfall patterns, irrigation requirements and the demand for low water levels 

to facilitate fish harvest.  The model is applied to the Daton reservoir in southern Vietnam 

as case study. 
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The results obtained from applying the model to this reservoir and an extensive sensitivity 

analysis are then used to explore general reservoir configurations in southern Vietnam: (1) 

a reservoir full at the beginning of the irrigation season with a water holding capacity 

greater than or equal to total irrigation requirements (R1 reservoirs); and (2) a reservoir full 

at the beginning of the irrigation season with a water holding capacity smaller than total 

irrigation requirements (R2 reservoirs).  Key findings are: 

(1) For R1 reservoirs, the optimal release for rice production always ensures the water 

requirements for rice production are satisfied. For fish production, maximum releases 

are always made prior to the fish harvest season. For joint rice and fish production, 

the maximum release can be made prior to the fish harvest season but the water 

remaining in storage needs always to be sufficient to satisfy the water demands for 

subsequent irrigated rice production. For R2 reservoirs, the release for rice production 

should be reduced at the stages when rice is less sensitive to water deficits and the 

retained water then released in later stages when the rice is most sensitive to water 

deficits. For fish production, maximum releases are always made to bring the 

reservoirs to their lowest water levels prior to the fish harvest season. For joint rice 

and fish production, the optimal release strategy gives priority to rice production 

regardless of the water release required for the fish harvest. 

(2)  For both R1, and R2 reservoirs, the seasonal weather conditions do not affect the 

expected net present value (ENPV) of profit streams obtained from joint rice and fish 

production. Managing these reservoirs to maximize profits only for rice production 

generates a total ENPV in dry years that is higher than in wet years. In contrast, 

managing reservoirs to maximize profits only for fish production in wet years is more 

lucrative than in dry years. 
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(3) For both R1 and R2 reservoirs, managing the reservoirs for fish production generates 

the smallest total ENPV, and it is unlikely to ever be chosen as the best option for 

the use of reservoir water. However, it may be chosen as a preferred policy to meet a 

number of social goals such as local poverty alleviation. For the Daton reservoir, 

when the reservoir is managed to maximize profits only for fish production, every 

mVND 1.0 gained from fish profits generates a loss of mVND 4.4 in rice profits.  

(4) For existing R1 reservoirs, to maximize the benefits generated by the reservoirs, the 

irrigated area should be extended. The extension of this irrigation land, however, 

should be contingent on seasonal rainfall levels. For the Daton reservoir, the 

maximum extended irrigated area is 2000 hectares. For existing R2 reservoirs, 

switching a portion of the irrigated crop area to dry cropping may need to be 

considered. 

(5) In the context of intra-year water management, taking into account: (1) available 

data sources, (2) computing power, (3) the time needed to solve the model, and (4) 

the relationship between reservoir storage capacity and water use demands, for rice 

production and joint production of rice and fish, the deterministic modelling 

approach is an appropriate use for R1 reservoirs, while a stochastic modelling 

approach is suggested for R2 reservoirs. 

This thesis ends by proposing a framework for extending the model to the inter-year 

reservoir water management problem, when the possibility that the reservoir does not fill up 

in the following monsoon season is taken into account. 
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1                               Chapter 1                          

    Introduction   

1.1 Background 

Fresh water reservoirs can have many uses, including irrigation, fisheries, recreation, 

hydroelectricity and flood control.   Management of reservoirs to maximize the benefits of 

their use requires the amount of water to be stored or released for each use to be specified 

at any time. However, as commonly observed in other cases of multiple-use resources, 

managing water from a multiple-use reservoir often creates conflicts of interest (Nandalal 

and Simonovic, 2003). These conflicts often centre on the quantity and timing of water 

distribution for the different uses (Yoffe and Ward, 1999).  

In Vietnam, the dominant use of reservoirs is for hydroelectricity, irrigation, and flood 

control. However, reservoirs are also used for secondary uses such as providing drinking 

water, recreation, fisheries, and sources of biodiversity. Managing reservoirs for the 

dominant uses often creates negative effects on the other uses; and the resulting conflicts of 

interest complicate the management of the reservoir.  For example, a principal use of 

reservoirs in Vietnam is for irrigation. To reduce the risk of low crop yields in times of 

drought, water is stored in reservoirs to act as a buffer. However, maintaining high levels of 

water in a reservoir may cause a reduction in fish yields because fish are easiest to catch 

when the reservoir water levels are low (Tran et al., 2010). Although  fish income may be a 

small proportion of all income derived from use of the reservoir water, nonetheless the fish 

income can play an important role in alleviating local poverty and the fish can supplement 
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people’s protein needs (Schilizzi, 2003). For poor people living around a reservoir whose 

income is mainly from fish production, water storage for rice production can be 

problematic. Besides responding to conflicts of interest over use of reservoir water, further 

complications for reservoir managers include recent changes in climatic conditions that 

have affected rainfall patterns, water demands for irrigation and water storage 

requirements. 

1.2 Problem formulation and thesis outline 

There have been studies on reservoir water release strategies using dynamic programming 

models, particularly for irrigation (Abdallah et al., 2003; Dudley, 1971a, b; Ghahraman and 

Sepaskhah, 2002; Hughes and Goesch, 2009; Reca et al., 2001a, b; Shangguan et al., 2002; 

Umamahesh and Sreenivasulu, 1997; Vedula and Mujumdar, 1992). However, their 

application to multiple and potentially conflicting uses is rare. This study examines this 

problem for reservoir managers in Vietnam where water is used for two competing 

production systems, irrigation and fisheries, which differ with respect to their dynamic 

needs for water. A stochastic dynamic programming (SDP) model is developed that 

incorporates two dynamic simulation models, one based on dated water production 

functions for irrigated agriculture, and the other representing the bioeconomics of a 

reservoir fishery. The model accounts for variations in rainfall patterns, irrigation 

requirements and the demand for low water levels for efficient fish harvesting. 

The main objective of this thesis is to define the optimal release strategies for reservoir 

water management (RWM) for both single use (irrigation or fishery) and multiple uses 

(irrigation and fishery), when the reservoir manager’s objective is assumed to be the 

maximization of the net present value of the profit stream generated by  activities reliant on 
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the reservoir water. This study does not solve the conflicts in water use, but does 

demonstrate how the operations of a reservoir and its water release policies can be 

evaluated and modified to help reservoir managers respond to these conflicts. By 

incorporating two dynamic production systems into an SDP model for RWM, the following 

questions are addressed in this thesis: 

1. How does the optimal strategy to manage a reservoir differ between single use 

and multiple uses?  

2. How does the optimal management strategy respond to variation in product 

prices? 

3. What is the likely impact of seasonal weather conditions on the optimal 

management strategy? 

4. What are the benefits of managing multiple-use reservoirs to achieve social goals 

when specific social groups are given higher priority, namely fishermen who 

were displaced and lost their land when the reservoir was built? 

5. When is stochastic modelling more appropriate for RWM than deterministic 

modelling? 

The RWM model constructed in this thesis enables reservoir managers to define the 

optimal release rules for both single use (rice or fish), and multiple uses (rice and fish) of 

the reservoir water. This RWM model is first applied to a case study reservoir and then is 

used to explore other reservoir configurations in southern Vietnam. The model could be 

applied to other multiple-use resources, such as forest, river basins, and land. 
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1.3 Outline of Chapters 

Chapter 2 examines the literature on multiple-use resources management and reviews the 

common approaches and techniques used for RWM problems. This review focuses on the 

application of SDP to manage irrigation reservoirs with multiple-use considerations. 

Chapter 2 concludes by recommending combined simulation-SDP as an appropriate 

method to evaluate the economic value of RWM for multiple uses. 

Chapter 3 first describes the most common Vietnamese agricultural production system that 

uses water from a reservoir. New methods for estimating rice and fish yields in response to 

water release from a reservoir are developed. This chapter also shows how rice and fish 

profits can be evaluated in response to varying levels of water release. 

Chapter 4 describes the SDP model for RWM in Vietnam. The main elements of the model 

are described, followed by modelling to evaluate the economic value of RWM for single-

use production (rice or fish) and multiple-use production (rice and fish). Algorithms to find 

the optimal solution for both single use and multiple uses are also described.  

Chapter 5 parameterizes the model using a case study of the Daton reservoir in southern 

Vietnam. This chapter also outlines how to extrapolate the model results to other reservoir 

configurations. 

Using the procedure developed in Chapter 4 and parameters estimated in Chapter 5, 

Chapter 6 validates the model using the Daton reservoir. Chapter 6 also discusses a range 

of applications of the model for different reservoir management scenarios and reservoir 

configurations. These applications include: (1) defining the optimal water management 

strategies; (2) examining the effects of seasonal weather conditions; (3) managing the 
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reservoir for economic goals; (4) managing the reservoir for social goals; and (5) 

discussing when the stochastic modelling is more appropriate than the deterministic 

modelling approach. 

Chapter 7 summarizes the main findings of the thesis. Innovative aspects of this study that 

add to the knowledge of RWM, irrigation management, and reservoir fisheries are 

highlighted. This chapter also discusses how to ensure modelling can be of practical benefit 

to reservoir managers and how to communicate the modelling results in a way that can 

assist reservoir managers. Further work is also suggested for considering: (1) extension of 

the model; (2) further development of the model to manage reservoir for social goals; and 

(3) the impact of climate changes on RWM.   
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2              Chapter 2                                                

Challenges to the optimal management of multiple-use reservoirs 

2.1  Introduction 

Previously, Chapter 1 of this thesis introduced the problem of RWM in Vietnam where a 

reservoir was used for multiple uses and conflicts of interest could arise. In this chapter, 

RWM in the context of multiple-use resources is reviewed. The economic analysis of 

managing multiple-use resources is introduced in Section 2.2. In Section 2.3 key concepts 

involved in reservoir management and operation are introduced. Various approaches to 

reservoir management and operation are discussed in Section 2.4. The main tools of 

systems analysis used in reservoir management and operation problems are discussed in 

Section 2.5. Finally, the proposed method for this thesis is introduced in Section 2.6. 

Overall, the aim of this chapter is to identify the most appropriate methodology for 

examining the economics of RWM for conflicting and competing uses. This methodology 

will be used in subsequent chapters for the economic analysis of RWM. 

2.2 Reservoir water management 

2.2.1 Renewable and non-renewable resources 

The management of reservoirs can relate both to renewable and non-renewable resource 

management principles (Schoengold and Zilberman, 2007). There are two non 

incompatible points of view. When storage capacity relative to water demands is such that 

the reservoir is fully replenished during storage periods, and one considers the inter-year 

management of the reservoir, then water can be managed as a renewable or replenishable 



Chapter 2                                                Challenges to the optimal management of multiple-use reservoirs 

7 
 

resource (Tietenberg and Lewis, 2012, Chapter 6, 9, 12).  In this case, the decision to 

release water for current use does not constrain water availability for future uses (zero user 

costs). Conversely, when reservoir storage capacity is smaller than water use demands or 

the reservoir is not replenished during the storage period, then water must be managed as a 

non-renewable resource. Managing the reservoir water must then take into account the 

stock effect which reflects non-zero user costs. In this case, the manager needs to trade off 

short term losses in exchange for longer term gains or short term gains at the cost of longer 

term losses. This is subject to the principle of intertemporal optimality (Kennedy, 1988). 

However, this distinction is blurred when the stochasticity of rainfall and other events are 

taken into account: for then, it is not certain in advance whether storage capacity will be 

sufficient for expected water demand or not. This thesis specifically addresses this 

situation, and therefore the distinction between renewable and non-renewable resource 

management is called into question: the stochastic management of water reservoirs pertains 

to both categories.  

2.2.2 Multiple-use resources 

“The resources must in general be managed for multiple uses and such 

management must also be sustainable. Multiple use and sustainability are dynamic 

- and somewhat elusive – concepts and the decision-making / management systems 

must consequently be flexible” (Helles et al., 1999, p.ix) 

Since the 1960s, following advances in computational power and its application to 

economics, the economic analysis of multiple-use resources has been developed and 

applied to the management of a number of public resources. These public resources include 

water resources (Chatterjee et al., 1998; Griffin, 1998; James and Lee, 1971; Jenkins and 
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Lund, 2000; Li et al., 2005; Nandalal and Simonovic, 2003; Rajasekaram and Nandalal, 

2005; Simonovic, 1992), forest land (Bowes and Krutilla, 1989; Eker, 2007; Gong, 2002; 

Klemperer, 1996; Leefers et al., 1987; Pearse, 1969), public expenditure for education and 

transportation (Jimenez and Patrinos, 2009; Psacharopoulos and Patrinos, 2004; Todter and 

Manzke, 2009), and the environment (Barbier et al., 1990; Bojo et al., 1992; Brent and 

Themeli, 2009). 

In the context of natural resource management the phrase multiple-use resources has many 

meanings. According to Klemperer (1996) three common uses of this term can be found in 

the literature. First, it has been defined as resources that serve several uses and produce 

many types of outputs. For example, reservoir water can be used for irrigation, fisheries, 

hydroelectricity, and recreation. Second, multiple-use resources can be used for one 

dominant use and a number of other complementary uses. In this context, these resources 

may provide a number of outputs in addition to the benefits obtained from the dominant use 

(Leefers et al., 1987). For example, in addition to timber production, an area of land used 

for forestry can also provide recreational grounds, improved aesthetics, and a means of 

maintaining wildlife. Third, the term multiple-use resources has also been used as a 

collective term to describe a mosaic of single uses such as division of forest land for timber 

production, recreation, or wilderness. 

Gong (2002) outlined three main characteristics of multiple-use resources: (1) they can be 

managed to provide several products and services; (2) the different uses are not perfectly 

complementary with each other; and (3) they can be used to produce marketable and non-

marketable products. For example, reservoir water can be managed for two complementary 

uses that are not perfectly compatible: irrigation and recreation. In this case, the water can 
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be used to produce agricultural products (marketable products) and recreational facilities 

(non-marketable products). 

The term multiple-use resources has also been applied to both public and private resource 

management. In most cases, management of public multiple-use resources is more complex 

than management of private multiple-use resources (Klemperer, 1996). As several benefits 

can be generated from uses linked to one resource, managers and policy-makers face the 

difficult task of considering how the resources can be managed to maximize total benefits 

to the public (single use or multiple uses), and what kind of multiple uses of the resources 

is the most suitable. In the case of forest land management, Klemperer (1996) has shown 

that a mosaic of single-use strategies satisfies the public needs more than management 

strategies that attempt to generate several types of outputs from any given area of forest. 

Multiple-use resources cannot be managed to maximize benefits for all separate uses that 

occur simultaneously (Klemperer, 1996) and joint production is often unavoidable (Berck, 

1999). The resources may be employed differently by different uses and both private and 

public uses may create conflicts of interest (Gong, 2002; Klemperer, 1996). According to 

Klemperer (1996), net benefits can be maximized by managing the resources to optimize 

the overall output levels of joint production, rather than the output of each individual 

production separately. 

2.2.3 The economic analysis of multiple-use resources 

A prerequisite for evaluating the economic value of multiple-use resources is an assessment 

of their production possibilities; that is, the relative economic values of the output 

generated from the resources (Bowes and Krutilla, 1989). Several analysis methods are 

available to appraise the economic values of the resources, including cost-benefit analysis 
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(CBA), multi-criteria analysis (MCA), and systems analysis. Applications of these methods 

to evaluate the economic value of multiple-use resources are described in the following 

section.  

2.2.3.1  Cost-benefit analysis 

Cost-benefit analysis has commonly been employed as a preferred technique to evaluate 

natural resource decision-making (Price, 1999). This economic technique appraises all the 

costs and benefits (market and non-marketed commodities) of alternative courses of action. 

A crucial assumption of the CBA technique is that people maximize their utility. The 

criteria for decision-making is that a course of action is preferred if the net aggregate 

benefits to society outweigh net aggregate costs.  

Applying CBA to evaluate the economic value of multiple-use resources requires decisions 

to be based on evaluating the multiple-output cost function and the aggregate benefit 

function (Bowes and Krutilla, 1989). The multiple-output cost is the least cost of producing 

any mix of output while the aggregate benefit comes from the supply of outputs. This 

benefit can be measured as the sum of the area under the demand curves for each output, or 

it may be the aggregate willingness-to-pay for outputs. A growing number of studies have 

applied CBA to public sector decision-making in a number of fields, such as water 

resources (Griffin, 1998; James and Lee, 1971; Jenkins and Lund, 2000), public 

expenditure alternatives (Todter and Manzke, 2009), transportation projects (Nash and 

Laird, 2009; Venables, 2007), education programs (Jimenez and Patrinos, 2009; 

Psacharopoulos and Patrinos, 2004), and the environment (Barbier et al., 1990; Bojo et al., 

1992; Brent and Themeli, 2009). 
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Although the CBA technique is very effective when applied to problems where the 

objective is to maximize economic efficiency (Brown et al., 2001), it is not very effective 

when it is applied to problems with multiple  or competing objectives (Fuguitt and Wilcox, 

1999). In addition, although CBA is often applied to many cases of interdependent projects, 

such as the evaluation of alternative rail networks, or the evaluation of alternative mixes of 

communication devices, it is not well suited to resource allocation problems involving 

inter-temporal constraints which often occurs in water resource management.  However, in 

terms of the social aspects of water resource management as is discussed in Section 7.5 , it 

is a convenient procedure for allocating different social weightings to interest groups with 

different incomes, from which welfare consequences can be derived for choosing among 

new projects (Boardman, 2006).  

2.2.3.2 Multi-criteria analysis  

When evaluating the economic value of multiple-use resources, MCA can overcome some 

of the limitations of CBA. The MCA technique ranks the overall performance of decision 

options for multiple-objective problems (Hajkowicz and Collins, 2007). To achieve this, 

MCA considers: (1) a set of decision options that need to be ranked by the decision-

makers; (2) a set of criteria that are often measured in different units; and (3) a set of 

performance measures that rank each decision option against each criterion.  

Multi-criteria analysis offers a wide range of advantages for decision-makers in choosing 

and evaluating the economic value of multiple-use resources. Firstly, it can provide 

decision-makers with a flexible combination of activities and the perceptions of the 

decision-maker can be incorporated in weighting the objective (Price, 1999). Secondly, it is 

also useful when dealing with trade-offs particularly in relation to water resource 



Chapter 2                                                Challenges to the optimal management of multiple-use reservoirs 

12 
 

management (Hajkowicz and Collins, 2007). Thirdly, this technique can easily 

accommodate criteria involving non-quantitative measures (Brown et al., 2001).   

Solving the MCA problems requires decision-makers to include their judgments when 

ranking decision options (Korhonen, 1999). To facilitate applying the technique, several 

methods have been developed to deal with the MCA problems, such as the analytical 

hierarchy process (Anselin et al., 1989; Costa et al., 2005; Hamalainen, 1992; Kangas, 

1999; Saaty, 1980, 2005; Varis, 1989), the constraint method (Cohon and Marks, 1975; 

McPhee and Yeh, 2004; Westphal et al., 2003), goal programming (Charnes and Cooper, 

1961; Eschenbach et al., 2001; Vincke, 1992), weighting methods (Janssen, 2001; Pomerol 

and Barba-Romero, 2000), and multi-attribute utility based methods (Gregory and 

Wellman, 2001; Prato, 2003; Zelany, 1982). Although these methods have been 

successfully applied to several real-world problems (Corner and Kirkwood, 1991),  MCA 

still has a number of disadvantages. Firstly, when dealing with complex decision-making, 

the results obtained from MCA often reflect different and conflicting perspectives 

(Mollaghasemi and Pet-Edwards, 1997). Secondly, there is no widely accepted framework 

for choosing an appropriate MCA method for decision-making problems (Guitouni and 

Martel, 1998). Thirdly, although MCA can point out trade-offs from selected alternatives, it 

lacks a formal institutional mechanism to establish the trade-offs and resolve the conflicts 

between objectives (Lund, 2008). Reservoir water management often involves complex 

relationships such as biological factors, dynamic features of allocating water, uncertain 

climate, and institutional problems (such as property rights, and transaction costs) in using 

water. Solving these problems requires knowledge of interactions among these 

relationships. In this case, MCA is unlikely to be an appropriate approach.  
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2.2.3.3 Systems analysis 

Recent developments in systems analysis have seen this technique become the most 

appropriate tool for decision-making and management planning (Helles et al., 1999). 

Systems analysis is defined as a technique ‘concerned with the identification and 

description of models of reality and the study of systems behaviour on these models under 

different aspects and conditions’ (Nandalal and Simonovic, 2003, p.8). This technique 

views the systems as a whole and considers it to comprise several subsystems, in which 

subsystems interact with one another. These subsystems may include political, 

administrative, legal, physical, economic, social, environmental, ecological and financial 

subsystems. Using systems analysis, the relationships between subsystems and their 

interactions can be modelled using mathematical tools (Nandalal and Simonovic, 2003).  

Systems analysis is applied in a wide variety of disciplines such as engineering (Mingers 

and White, 2010), agriculture (Bouman et al., 1997; Mishre, 1997), ecology (Lauwers et 

al., 1998), and natural resource management (Flores et al., 2010; Ison et al., 1997; Mingers 

and White, 2010; Nandalal and Simonovic, 2003; Nolan et al., 2009; Uphoff, 1996). 

Systems analysis has been applied extensively to water resources research and the 

evaluation of reservoir operation over the past several decades. Wurbs (1993) has found 

that systems analysis is well suited to conflict resolution and the solution of multiple-use 

problems in water resource management. The application of systems analysis techniques to 

reservoir operation problems, which are used in this thesis, is reviewed in Section 2.5. 

2.3 Reservoir management and operation 

Water from a reservoir often serves several uses such as, hydroelectricity, irrigation, flood 

control, fisheries, and recreation. Therefore, it can be viewed as a multiple-use resource.   
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2.3.1 Reservoir purposes and reservoir types 

The way in which reservoir water is managed depends on the purpose of the reservoir. 

Therefore, before formulating a modelling approach to RWM, the purpose of the reservoir 

needs to be clearly defined. It is particularly important to distinguish between conservation 

and flood control purposes (Jain and Singh, 2003; Simonovic, 1992; Wurbs, 1993). This is 

because reservoirs that are used for conservation purposes store water during periods of 

peak stream flows or low demand for later use. The conservation reservoirs often store and 

release water to maximize benefits for: (1) single uses including hydroelectricity, irrigation, 

water supply for consumption and industry, navigation, and recreation; or (2) multiple uses 

including combinations of the above single uses. In contrast, flood control reservoirs are 

used to moderate flood peaks and minimize potential downstream damage. They operate by 

storing water at the flood peaks and releasing water during the receding phase of the flood. 

Reservoirs are constructed for either single purpose (conservation or flood control) or 

multiple purposes (conservation and flood control). For single purpose reservoirs, the water 

is often simply managed to maximize the users’ benefits for that purpose. By contrast, 

water from multiple-purpose reservoirs is required to optimally allocate among purposes, 

with benefits maximized through these purposes of the reservoir (Jain and Singh, 2003).  

Reservoir type is another consideration to be taken into account before formulating a 

modelling approach to its management. Reservoirs can be classified into two groups based 

on their inflow and outflow characteristics: seasonal reservoirs and multi-annual reservoirs 

(Jain and Singh, 2003). Seasonal reservoirs store water during the wet season and release 

this water in the dry season. By contrast, multi-annual reservoirs store water in wet periods 
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until it is required to be released in a dry period. There may be several years between these 

wet and dry periods. 

Reservoir types, reservoir purposes and reservoir uses are the three key factors used to 

classify reservoir characteristics (Figure 2.1).  
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Figure 2.1 Classifying reservoir characteristics according to type, purpose and use. 

Note: Shading indicates the characteristics of the reservoir chosen for this study. 
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2.3.2 Reservoir analysis problems  

Reservoir analysis presents a number of important challenges to the planning and operation 

of reservoirs. Analysing these problems often involves the determination of reservoir 

storage capacity (reservoir sizing) and the determination of reservoir operation (release 

rules). Determination of reservoir capacity should be undertaken during the reservoir 

planning phase, through the development of long-term policies. These policies define the 

size, location and numbers of reservoirs to be constructed to meet a given demand. In 

contrast, determination of reservoir operation takes place both before and after reservoir 

construction. During the pre-construction stage, reservoir release rules are defined. The 

release rules specify the amount of water stored in the reservoir to be released to satisfy the 

demand for uses and can be defined for long-term and short-term operation. Short-term 

operation determines the release rule for time periods of a day or less (real-time control). 

Long- term operation establishes the release rule for periods of a week, a month, or longer. 

Reservoir analysis studies typically involve the construction of models to determine water 

storage and release rules for a reservoir (Rani and Moreira, 2010). These models have been 

used to propose release rules for newly constructed reservoirs. They have also been used to 

re-evaluate, refine and modify the existing reservoir operation rules. Importantly, because 

each reservoir has unique physical characteristics, purposes, types, and problems, no one 

model can be developed and applied to all reservoirs (Wurbs, 1991). A model can be built 

for a single purpose (conservation or flood control) or for multiple purposes (conservation 

and flood control). A model can also be constructed for a range of reservoir problems such 

as sizing and operating problems. Irrespective of the way in which reservoir management 

and operation problems are modelled, the relationships among reservoir inflows, reservoir 
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capacity, reservoir release, and water demand must be considered in a model (Wurbs, 

1991). 

2.4 Approaches to reservoir management and operation  

Reservoirs are often operated and managed following guidelines (release rules/ decision 

rules/operating rules) which specify the decisions of how much water is stored and released 

during a time period. These release rules depend on the available water, inflows, and the 

water required for the reservoir operation. For several small reservoirs, release rules are 

often based on intuition and experience (Jain and Singh, 2003). Using these rules may lead 

to failure in managing a large-scale system of reservoirs or when managers face 

uncertainties and risks in terms of water shortage. In the literature regarding reservoir 

operation, two main approaches have been taken to establish release rules: the rule curve 

approach and the systems approach. The latter is the most common application used in 

recent years. In line with the objective of this thesis, the review focuses more on the 

systems approach. 

2.4.1 Rule curve approach 

The rule curve is used to define target storage levels specified by the storage allocation 

zone. Reservoir storage space can be divided conceptually into a number of zones, namely 

the inactive storage zone, conservation zone, flood control zone, and freeboard zone. The 

size of these zones can vary according to changes in the reservoir inflows. The inactive 

zone may be used for sediment services, recreation, or to support fish habitats. Water 

withdrawal from this zone should never be permitted. The conservation zone is used to 

store water during periods of high inflows and/or low demands and to release for later uses 

as needed, often during periods of low inflows or drought. In contrast, the flood control 
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zone must be kept empty during the flood season. In the rising phase of the flood, it is then 

able to receive a part of the volume of flood water and to release that volume in the 

receding phase of the flood. The freeboard zone is used for emergency spill-over when 

reservoir water level exceeds the maximum flood control zone. 

According to the rule curve approach, reservoirs should operate following a set of rules 

which specify the reservoir storage levels to be maintained at different times of the year 

that best satisfy the demand of the operation. The key feature of this approach is that it does 

not specify the amount of stored water to be released from a reservoir. Rather it specifies 

the storage levels required to satisfy various demands (Jain and Singh, 2003). The amount 

of water released is determined by the reservoir inflows and the operational demands. If the 

storage levels are maintained at target storage levels specified by the curves, the reservoir is 

able to satisfy the water requirements of its operations. If water levels are higher than the 

target levels that the curves specify, then release rates can be increased. If the available 

water falls below the target level, the release rate can be restricted to avoid the storage 

levels falling further below the levels specified by the rule curves. Based on this approach, 

reservoir operators have some time to adjust the release to retain reservoir water levels at 

required target levels. However, as these target storage levels are often defined based on 

historical operating practices, there may be some inefficiency and inflexibility when 

dealing with unexpected inflows or unusual weather conditions (Nandalal and Bogardi, 

2007). 

To enhance efficiencies in reservoir operation, conditional rule curves may be derived that 

incorporate additional release policies. These conditional rule curves specify the reservoir 

operation based on the existing storage levels associated with the prediction of reservoir 

inflows (Nandalal and Bogardi, 2007). To provide further flexibility in reservoir operation, 
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the rule curves may also be modified to account for different types of reservoir inflows. For 

example, Jain and Singh (2003) classified three types of inflows that can modify a rule 

curve: (1) a normal year inflow using the inflows which are closest to the average; (2) a dry 

year inflow using the inflows which are below 80% of the average; and (3) a wet year 

inflow using the inflows which are above 120% of the average.  

2.4.2 Systems approach 

For several decades, the rule curve approach was considered to be the dominant tool for 

reservoir operation (Nandalal and Bogardi, 2007). However, as previously discussed, this 

tool is often defined using historical operating practice and experience. The reservoir 

managers have little time to adjust water release to obtain water levels specified by the 

rules. Therefore, when managers face the risk of water shortage (or other uncertainties) the 

rules may not be followed. Greater flexibility in release rules is required, particularly for 

large scale reservoir systems which present managers with a large number of uncertainties.  

Over the past several decades, the systems approach has become increasingly popular as 

the most appropriate approach to derive release rules for reservoir operation. This approach 

has been applied to the theory and practice of reservoir problems (Wurbs, 1991). The 

advantage of this approach is that it can be used for deriving reservoir release rules in the 

long and short term; it can also be used for planning or managing strategies. The reservoir 

release rules derived using this approach can also accommodate several factors including 

the stochastic nature of inflows, rainfall, and evaporation; the socio-economic aspects of 

reservoir management problems; and institutional factors in reservoir management.  

Reservoir management and operation problems often involve several complex components 

such as socio-economic, institutional, technical, biological, and hydrological issues. These 
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problems escalate and become more complex when they involve the participation of many 

countries, state governments, and multiple stakeholders. Under these circumstances, the 

systems approach can be especially useful as it helps solve management problems by 

viewing the interaction of the various components of a system as a whole (Nandalal and 

Simonovic, 2003). By dividing a problem into its constituent components and reducing the 

system to a level of manageable representation, systems analysis can be employed to 

provide specific techniques that can be used to improve the policies that form the basis of 

decision-making. The real relationships among stakeholders are first abstracted in a model, 

and then systems analysis identifies and describes the model and studies the behaviour of 

the systems under different conditions. 

The systems approach enables the resolution of conflicts in water resource management by 

providing a broad overview of the problems in the system and generating solutions for 

reservoir management and operation problems (Nandalal and Simonovic, 2003). According 

to this approach, the decisions to release and store water are defined in the context of a 

complex and large-scale systems. This system includes several interacting components that 

are designed in response to various demands of the operation. A broad range of computer 

models has been used systems analysis to handle reservoir water management and 

operation problems (Wurbs et al., 1985). These models have accommodated reservoir 

operation involving several uses, such as for hydroelectricity, flood control, and irrigation.  

Using systems analysis, reservoir problems are analysed and solved by mathematical 

models. The choice of a modelling and analysis technique for any reservoir depends on the 

nature of the application including specific constraints and available input data (Wurbs, 

1991). In addition, depending on the mathematical forms of the objective function and the 

constraint equations of the model, the algorithms employed to find the solution are different 
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such as deterministic versus stochastic, static versus dynamic, and discrete versus 

continuous. 

Several models using systems analysis have been developed to deal with reservoir 

problems. Yeh (1985) provided a state-of-the-art review of systems analysis that uses 

mathematical techniques to model reservoir problems. Similarly, Wurbs et al. (1985) and 

Wurbs (1991) reviewed and provided an annotated bibliography of systems analysis as 

applied to model reservoir operation. More recently, Labadie (2004) and Rani and Moreira 

(2010) undertook a comprehensive review of systems analysis techniques that applied to 

reservoir operation problems. They concluded that simulation and optimization are two 

useful techniques to deal with reservoir problems.  

Simulation has been commonly applied by reservoir management institutes or agencies to a 

wide range of reservoir problems such as sizing reservoirs, establishing new reservoir 

operation rules, and modifying operation policies for existing reservoirs. This technique is 

well suited to predicting reservoir systems behaviour under given conditions (Wurbs, 

1993). However, while it is appropriate for evaluating and analysing the economic 

performance of a large-scale reservoir system, it is not appropriate for determining the 

optimal solution for reservoir operation (Jain and Singh, 2003; Simonovic, 1992; Wurbs, 

1993). Even when numerous runs of a model are made with a given set of possible 

alternatives, this technique can only search for a near optimal solution (Jain and Singh, 

2003; Wurbs et al., 1985). In addition, the technique needs to account for a large number of 

feasible combinations of model parameters and therefore often requires a large amount of 

time to compute the near optimal solution (Wurbs, 1993).  
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 Optimization can be used to inform decision-making in reservoir planning and operation. 

By employing optimization models, reservoir problems can be formulated in terms of 

mathematical programming using decision variables, an objective function and relevant 

constraints. The optimal solution defines the values of the decision variables that will 

maximize or minimize the objective function. The application of optimization techniques to 

RWM is reviewed later in Section 2.5.2. 

2.5 Systems analysis for reservoir management and operation 

2.5.1 Simulation 

Simulation can be used to predict the behaviour of the reservoir system under given 

conditions (such as climate, inflows, physical constraints, and water use demands). This 

technique describes the responses of the system to various conditions that may occur in the 

future. Simulation models associated with reservoir operation often include mass balance 

equations which represent the hydrological behaviour of reservoir inflows, outflows, and 

reservoir storage (Jain and Singh, 2003; Simonovic, 1992; Wurbs, 1991). Simulation is not 

able to directly define an optimal solution; rather it searches for near-optimal solutions 

(Jain and Singh, 2003; Votruba and Broza, 1988; Wurbs, 1991). To reproduce hydrologic 

behaviour and evaluate the economic performance of a system, simulation can be used to 

find solutions by running a model several times with alternative decisions (Simonovic, 

1992; Votruba and Broza, 1988). 

Simulation models can be categorized as being either deterministic or stochastic (Votruba 

and Broza, 1988). Deterministic simulation does not involve random components in the 

model whereas stochastic simulation does consider random input events. Simulation 

models can also be classified as being either static or dynamic (Votruba and Broza, 1988; 
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Wurbs, 1991). Static simulation models study the steady-state operation of a water resource 

system over a long time period during which there are no changes in parameters of the 

system. In contrast, dynamic simulation models often deal with transient conditions of 

water engineering structures and facilities and the variations in their operation. 

There are a number of advantages in using simulation techniques. First, the conceptual 

basis of these techniques is straightforward compared with other modelling techniques 

(Jain and Singh, 2003; Rani and Moreira, 2010; Wurbs, 1991). Simulation techniques can 

also accommodate non-linear relationships which commonly occur when modelling water 

resource problems. In addition, these techniques can provide a very detailed and realistic 

representation of a large-scale system comprising complex physical, economic and social 

characteristics (Nandalal and Simonovic, 2003). In practice, they also provide relatively 

accurate descriptions of the reality that they attempt to simulate (Jain and Singh, 2003; 

Votruba and Broza, 1988). 

Simulation models have been developed and employed by water resource agencies in 

planning, constructing and managing water resource projects, such as the U.S. Army Corps 

of Engineers, the U.S. Bureau of Reclamation, and the Tennessee Valley Authority. 

However, the structure of a simulation model is often so complex that it is not possible to 

apply analytical procedures. Trial and error procedures are often undertaken to overcome 

this limitation (Votruba and Broza, 1988). 

. Simulation models also have been developed for specific water resource systems that 

cover a range of uses, including flood control, conservation, hydroelectricity, and water 

quality. These models are the Colorado Reservoir Simulation System (CRSS), the Potomac 

River Interactive Simulation Model (PRISM), the Single Reservoir Operation Simulation 
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(RESQ), the Reservoir System Analysis for Conservation (HEC-3), and the Simulation of 

Flood Control and Conservation Systems (HEC-5).  

For simulation of irrigation reservoirs, several models have been developed. Vedula et al. 

(1986) used a 52-year period of monthly inflow data to simulate operation of the Bhadra 

reservoir for hydroelectricity and irrigation in India. The results were then compared with 

the actual operation over an 11-year period. Vedula et al. (1986) found that the increase in 

water release for hydroelectricity did not cause water deficits in irrigation. 

Chavez-Morales et al. (1992) suggested a model for use of irrigation water from a multiple-

purpose reservoir in Mexico. This model was applied to reproduce the performance of the 

irrigation system as specified by irrigators. The model described the behaviour of the 

irrigation system over time according to a set of inputs including: reservoir water release, 

cropping patterns, and structural constraints. The model was used to evaluate the effects of 

the annual water inflows as well as for examining the effect of resource inputs on the 

profits and the operation rules of the reservoir. 

More recently, Cancelliere et al. (2002) assessed the release rules for an irrigation reservoir 

in Italy by calculating several performance indices for reservoirs and crop yields through a 

soil water balance model. To reduce water deficits and water spills, the results of several 

simulation runs were compared to suggest the release rules for both normal and drought 

periods. 

2.5.2 Optimization 

Another common approach to water resource management problems when there is a single 

decision making or single objective function is optimization. In the case of joint reservoir 
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management, for example by irrigated and fisheries, each which equal rights to water use, 

an approach other than optimization may be needed, for example bargaining or negotiation 

models. Since in Vietnam, reservoirs are subject only to one decision maker, optimization 

the more appropriate approach to reservoir management. Optimization can be deterministic 

or stochastic, and static or dynamic. Figure 2.1 shows different optimization techniques in 

different circumstances that can be applied to reservoir management 

Figure 2.2 Common optimization techniques applied to a water management problem. 

Note: Shading indicates the model used in the present study.   

2.5.2.1 Deterministic optimization 

Deterministic optimization is used to define the optimal reservoir management strategy 

using a very long historical data series of hydrology and ignores most stochastic factors of 

Non-linear 

programming 

Optimization 

Dynamic 

Static 

Dynamic 

programming 

Optimal control 

Stochastic 

Deterministic 

Stochastic 

Deterministic 

Marginal 

analysis 

Mathematical 

programming 

Linear 

programming 



Chapter 2                                                     Challenges to the optimal management of multiple-use reservoirs 

27 
 

inflows and weather conditions. These factors are implicitly incorporated in the model 

assuming perfect knowledge of future average events, which should perfectly reflect the 

trends of past known events. This technique is an appropriate approach to real-time 

reservoir operation as it uses updated forecasts of weather conditions (Jain and Singh, 

2003). However, a limitation of this approach is that the optimal management strategies are 

specific to the assumptions of the hydrological time series (Rani and Moreira, 2010). To 

overcome this limitation, multiple regression analysis can be used to predict seasonal 

variations of the optimal strategies (Labadie, 2004; Rani and Moreira, 2010). However, 

regression analysis does not always produce results significant enough to validate the 

optimal strategies. The application of simulation may overcome this problem (Wurbs, 

1991). The present study defines the optimal release rule for RWM taking into account 

uncertain rainfall; therefore, deterministic optimization is not a preferred approach. 

2.5.2.2 Stochastic optimization  

A resource management problem can also be solved using stochastic optimization. This 

approach is accomplished by accommodating stochastic factors into the model. The 

optimization solutions can then be found taking account of a range of probabilistic future 

events. This feature of stochastic optimization makes it well suited to the problems of water 

resource management which involves stochastic rainfall, evaporation, and inflows 

(Nandalal and Bogardi, 2007; Rani and Moreira, 2010; Simonovic, 1992). The present 

study considers the optimal management strategy for a multiple-use reservoir considering 

the effects of uncertain rainfall; therefore, stochastic optimization can be considered as an 

appropriate approach. 
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2.5.2.3 Static optimization or Mathematical programming 

Static optimization employs marginal analysis which considers equating marginal revenue 

with marginal cost. To solve a water resource management problem, static optimization 

often involves mathematical programming such as linear programming (LP) or non-linear 

programming (NLP).  

Linear programming has been developed for water resource management for different 

purposes, including developing optimal operating policies for a reservoir (Crawley and 

Dandy, 1993; O'Loughlin, 1971; Randall and Cleland, 1997); determining reservoir 

capacity (Loucks et al., 1981); flood control (Needham and Watkins, 2000); irrigation 

(Ringler et al., 2006); hydroelectricity (Barros et al., 2003; Martin, 1987; Shane and 

Gilbert, 1982), and drought management (Palmer and Holmes, 1988; Randall et al., 1990). 

The advantages of LP make it a popular technique. It can be applied to a wide variety of 

problems and the duality theory is well-developed for sensitivity analysis (Labadie, 2004). 

Efficient LP solution algorithms and software packages are also available (Wurbs, 1991). 

In addition, this technique can be used to solve a wide range of  dynamic, multi-period and 

single-period optimization problems, the latter is the most common application. However, 

the use of this technique is limited to problems where: (1) objective functions are linear and 

convex; (2) constraint equations are linear, and (3) decision variables are non-negative. In 

addition, when involving multi-period and stochastic events this technique is constrained 

because of calculation effort. Water management problems often take into account 

sequential, stochastic events and dynamic stages (Votruba and Broza, 1988).  

Non-linear programming is very powerful for solving non-linear and complex 

relationships, which commonly occur in modelling reservoir management. These 
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relationships include the reservoir water surface area versus storage capacity, reservoir 

water levels versus the reservoir water surface area, and evaporation versus the reservoir 

surface area (Wurbs, 1991). Economic optimization of RWM problems is suited to NLP 

because these problems can incorporate non-linear objective functions of  the benefits and 

costs obtained from the release or storage. 

In dealing with RWM problems, NLP provides a very general mathematical formulation 

which can be used to analyse some problems that other programming techniques cannot 

overcome; in particular, those problems with non-separable objective functions and 

nonlinear constraints (Yeh, 1985). Application of these techniques has been reported by 

several authors (Arnold et al., 1994; Barros et al., 2003; Diaz and Fontane, 1989; Georgiou 

and Papamichail, 2008; Ghahraman and Sepaskhah, 2002; Martin, 1983; Peng and Buras, 

2000; Tao and Lennox, 1991; Tejada-Guibert et al., 1990; Unver and Mays, 1990). 

Although modelling RWM using NLP can address complex and non-linear relationships 

among hydrological factors, it is not as popular as other mathematical tools such as LP and 

dynamic programming (Simonovic, 1992; Wurbs, 1991). The mathematics of NLP is more 

complicated; and it is not easy to accommodate the stochastic factors of climatic conditions 

(Nandalal and Simonovic, 2003; Simonovic, 1992; Yeh, 1985).  In addition, solving RWM 

problems using NLP takes time and often requires large amounts of computer storage. 

Therefore, the application of NLP to stochastic cases is limited (Labadie, 2004) and 

stochastic NLP has yet to be applied to water resource management (Rani and Moreira, 

2010).  
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2.5.2.4 Dynamic optimization 

In contrast to static optimization, dynamic optimization is concerned with the methods used 

to determine an optimal solution path over time for a dynamic system. Dynamic 

optimization can also be formulated as a stochastic or a deterministic problem. Two 

common dynamic optimization approaches have been used: optimal control theory and 

dynamic programming. In comparing results obtained from the two approaches, Miranda 

and Fackler (2002) stated that ‘dynamic programming and optimal control theory are just 

two approaches to arrive at the same solution’ (p.368). However, optimal control results in 

the optimal time path rather than the optimal decision rule as obtained from DP. This is 

because optimal control expresses the time paths of the state variables, the decision 

variables and the costate variables as functions of time while DP expresses the decision 

variables and the value functions as functions of time and of the state of the system 

(Miranda and Fackler, 2002). 

A dynamic optimization problem can be solved by either analytical or numerical methods. 

Optimal control is used to find the solution to continuous time problems indicating the 

optimal time path of state and decision variables. This has been done using analytical 

methods in which the dynamic problems to be optimized must be strictly described by 

continuous functions amenable to the rules of calculus, in particular the calculus of 

variations. Optimal control has been applied to several RWM problems (Mizyed et al., 

1992; Ouarda and Labadie, 2001; Papageorgiou, 1985; Shim et al., 1994). However, water 

resource management problems are often affected by the stochastic nature of the weather 

conditions which are not easy to encompass. Therefore mathematical rules for state and 

decision variables of a water management problem cannot be easily obtained (O'Laoghaire 

and Himmelblau, 1974). In addition, optimal control is not naturally applied to stochastic 
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problems (Miranda and Fackler, 2002). Due to the complex algorithms involved, if 

stochastic optimal control were to be used it would require a greater  simplification of 

assumptions on the mathematical structure, system state dynamics and stochastic inputs 

(Ouarda and Labadie, 2001). This prevents the common application of optimal control 

models in RWM problems. 

Dynamic programming can be solved using both numerical methods and analytical 

methods (Kamien and Schwartz, 1991; Kennedy, 1986; Miranda and Fackler, 2002). 

Although solving DP analytically can overcome ‘the curse of dimensionality’1 that often 

occurs when using numerical methods, it is not easy to use if each stage solution is 

constrained by restrictions on state variables and decision variables (Kennedy, 1986). In 

addition, as discussed above, difficulties with obtaining mathematical rules for continuous 

functions of water management problems also restrict the application of analytical methods 

in solving DP problems. Therefore, the numerical method has been preferred in this study 

for  solving water resource management problems.   

2.5.2.5  Dynamic programming 

Dynamic programming is an efficient and popular optimization technique used to solve 

water resource management problems, particularly for reservoirs (Labadie, 2004; Nandalal 

and Bogardi, 2007; Rani and Moreira, 2010; Yeh, 1985). This technique was originally 

developed by Bellman (1957). The basic method of DP is based on Bellman’s principle of 

optimality: 

                                                 
1 This curse is known as ‘if the number of state variables increases (say to more than three), the algorithm 
becomes very complex resulting in an exponential increase in both the complexity of the calculations and  
computation time’ 
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“An optimal policy has the property that, whatever the initial state and optimal first 

decision may be, the remaining decisions constitute an optimal policy with regard 

to the state resulting from the first decision” (Bellman, 1957,  p.83) 

In a DP model  a complex problem is divided into a series of stages. These stages can be 

defined in either space or time. Each stage is described by a number of states, called the 

state variables. The value that each state variable takes in each stage is called the state 

space. The problem consists of a sequential chain of decisions, called the decision 

variables. The set of values that each decision variable takes in each stage forms the 

decision space. Any decision taken in each stage has two consequences. First, it results in a 

change in the same state or a changed state of the system from one stage to the next stage. 

This is described by the state transition equation. Second, it results in a return (benefit or 

cost) in each stage, called the stage return. The objective function is the sum of the present 

value of the stage returns. The mathematical form of a DP maximization problem is as 

follows: 
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where n is the number of stages; i is the stage (1, 2, …., n); ix is the state variable in stage i; 

iu is the decision variable in stage i; { }
iii uxa , is the return in stage i resulting from the 
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decision ui and state ix ; { }1+nxF is the return in stage (n+1); { }iiii uxtx ,1 =+  is the state 

transition equation; and  α  is the discount factor, assumed to be exponential. 

The set of optimal release rules *
iu   can be found using the Bellman recursive equation 

which can be solved by moving backwards through the stages. The corresponding 

backward recursive equation solving (2.1) is as follows: 

{ } { } { }{ }[ ]iiiiiii
u

ii uxtVuxaxV
i

,,max 1++= α   (2.4) 

(i = n, n-1, …., 1)  

{ } { }111 +++ = nnn xFxV  (2.5) 

11 xx =  (2.6) 

where { }ii xV   is the value of the objective function in stage i. 

The backward recursive algorithm reduces computational effort, particularly when the 

number of stages increases. The calculation effort for DP increases linearly as the stages 

increase, as opposed to LP and NLP where the effort increases exponentially (Labadie, 

2004). Further, this technique can easily accommodate non-linear constraints and the 

stochastic nature of water management (Labadie, 2004; Nandalal and Bogardi, 2007; Rani 

and Moreira, 2010; Simonovic, 1992; Wurbs, 1991; Yeh, 1985). From this perspective, 

Nandalal and Bogardi (2007) observed: 

“Since most of the water resources systems display considerable nonlinearities and 

sequential nature, operation assessment- especially in the case of reservoir – is 
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usually based on DP. The more so, since DP lends itself to a relatively easy 

incorporation of stochasticity” (Nandalal and Bogardi, 2007, p.2). 

Kennedy (1986) also stated that DP is  

“… a technique particularly suited for obtaining numerical solution to problems 

which involve functions (i.e., returns and transformations) which are non-linear 

and stochastic, and state and decision variables which are constrained to a finite 

range of values”  (Kennedy, 1986, p.6) 

Another important feature of DP is that it is well suited to solve problems involving 

intertemporal constraints (Kennedy, 1986). These constraints stem from the input into a 

resource system that results in an immediate loss in exchange for some future gains; or the 

consequence of extracting an output from a resource system that results in an immediate 

gain in exchange for some future losses. 

While there are several advantages of using DP, there are also some restrictions that 

prevent its application to all types of resource management. First, it can only be applied to 

problems whose basic components satisfy the unique structure of DP. Second, when 

considering a complex system that needs to be characterized by several state variables, an 

increase in the number of state variables often leads to the curse of dimensionality. This 

occurs if the number of state variables increases (say, to more than three), the algorithm 

becomes very complex resulting in an exponential increase in both the complexity of the 

calculations and in computation time (Kennedy, 1986; Taylor, 1993). 

Despite its limitations, DP has been widely applied to a variety of discipline areas since the 

1960s, particularly in agricultural and natural resource management (Kennedy, 1981, 1986; 
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Kennedy, 1988; Taylor, 1993). A growing number of studies of RWM applied to irrigation 

have used DP (Brennan, 2006; Bryant et al., 1993; Dudley, 1971a, b; Hughes and Goesch, 

2009; Kim et al., 2007; Reca et al., 2001a, b; Yaron and Olian, 1973). Cervellera et.al. 

(2006) highlighted the importance and convenience of this technique when applied to the 

optimization of large-scale water reservoir networks. Nandalal and Bogardi (2007)  have 

also suggested that DP is well suited to the optimization of RWM where decision-making 

requires several time periods and intertemporal constraints are involved.  

In recent years, the application of DP to reservoir operation problems has increased 

enormously. Several DP models have been developed and assessed for reservoir operation 

management, particularly for irrigation (Dudley, 1988; Georgiou et al., 2006; Ghahraman 

and Sepaskhah, 2002; Hughes and Goesch, 2009; Shangguan et al., 2002; Umamahesh and 

Sreenivasulu, 1997). These studies assess reservoir release policies for irrigation based on 

crop yields in response to relative evapotranspiration deficit. While soil moisture balance 

equations are often employed to calculate relative evapotranspiration, the application of 

these equations significantly increases complex calculations but without producing reliable 

irrigation strategies (Paudyal and Manguerra, 1990). In addition, calculating crop yields 

using crop evapotranspiration is not particularly practical for reservoir managers who need 

to know how much water should be released based on: (1) the actual water demands in the 

field; (2) the actual water supplied; (3) the available water in the reservoir; and (4) the 

demands of other operations. 

2.5.3 Combination of simulation and optimization techniques   

As discussed previously, simulation is commonly used to solve RWM problems in practice 

whereas optimization is most often employed by researchers for theoretical considerations. 
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However, each of these techniques is limited when they are used in isolation. A number of 

authors have suggested a combination of these techniques may be employed (Karamouz et 

al., 1992; Kennedy, 1986; Nandalal and Simonovic, 2003; Rani and Moreira, 2010; 

Simonovic, 1992; Wurbs, 1991). 

Several studies have applied a combination of these techniques to RWM problems (Dhar 

and Datta, 2008; Gilbert and Shane, 1981; Karamouz et al., 2004; Khan and Tingsanchali, 

2009; Suiadee and Tingsanchali, 2007; Tejada-Guibert et al., 1993). In these studies, the 

behaviour of a system is often simulated by changing decision policies obtained from an 

optimization model (Wurbs, 1991). Prior to generating an optimal solution, simulation 

techniques are often employed to generate input data for the optimization model (Kennedy, 

1986). Three main forms of combined simulation–optimization techniques can be found in 

the RWM literature. They are simulation-LP (Srivastava and Patel, 1992), simulation-NLP 

(Ford et al., 1981), and simulation-DP, including deterministic and stochastic cases 

(Dudley, 1971b; Karamouz et al., 1992; Paudyal and Manguerra, 1990; Srivastava and 

Patel, 1992; Vedula and Mujumdar, 1992).  

Of the three main forms of combined simulation-optimization techniques, simulation-DP 

techniques have been widely applied to irrigation problems. Simulation techniques are used 

to generate DP input data, such as crop growth data, reservoir inflow data, or the transition 

probability matrix. In line with the objective of the present study, the following section will 

review the applications of combined simulation-DP models to RWM with consideration 

being given to studies that: (1) use simulation to either generate data for DP (including 

deterministic DP and stochastic DP) or to evaluate the results obtained from DP; and (2) 

involve irrigation reservoirs that serve multiple uses.  
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In 1971, Dudley developed a simulation-SDP model to determine the optimal intra-

seasonal reservoir release rule for irrigation. In this model, a 90-day irrigation season was 

divided into six 15-day stages; the two state variables were soil water content and irrigation 

reservoir level per acre of irrigation crop; and the decision variable was the level of 

available soil water content at the beginning of the irrigation season. The objective function 

was to maximize the expected return from irrigated crops. A plant growth-soil moisture 

simulation model was employed to estimate crop yields in response to different levels of 

available soil moisture  during the irrigation season. This simulation model was also used 

to generate the state transition probability. An important feature of this study was that it 

showed how a simulation model, which was able to account for the weather conditions and 

the response of crop yield to water supply levels, could be incorporated into an SDP. 

Optimal irrigation strategies were found to be sensitive to variations in the biological 

assumptions, highlighting the importance of basing the model assumptions on sound 

experimental data. 

Two decades later, Paudyal and Maguerra (1990) used a simulation-DP approach to solve 

the optimal water allocation for an irrigation project in Thailand. A two-step (deterministic 

and stochastic) DP model was used to develop irrigation policies for the Mae-Taeng 

irrigation system during the dry season. Simulation was then used to evaluate the results of 

these irrigation polices using historical data. A water production function was adapted to 

measure the effect of water stress for each crop growth periods. This adaptation overcame 

the limitation of the curse of dimensionality. This study highlighted the significant 

advantages of combining simulation-DP techniques to provide irrigation planners with 

alternative decision policies. 
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Shortly after, Vedula and Mujumdar (1992) used an SDP model to determine the intra-year 

optimal operating policies for an irrigation reservoir. The state variables of their model 

were reservoir storage, reservoir inflows, and soil moisture levels. The optimal policies 

were obtained using a two-phase DP. First, deterministic DP was used to determine the 

allocation of water among the crops within a period of the model. Second, SDP was 

employed to find the optimal water allocation strategy over a year that comprised 36 

periods. To generate input data for the SDP model, a number of simulation runs were made 

using historical inflow data with different intervals for water storage. Using this model 

Vedula and Mujumdar (1992) demonstrated how to integrate decision making mechanisms 

at the reservoir and farm levels when inflows were stochastic in nature.  

Considering the allocation of irrigation water among competing crops, Bryant et al. (1993) 

produced an SDP model with the following features. A crop growth simulation model was 

incorporated into the SDP model to evaluate the responses of crop yields to different levels 

of irrigation and variations in weather conditions over a cropping season. This study 

indicated that irrigation should be applied to competing crops until the marginal value 

product of irrigation was at its highest value. 

Similarly, Umamahesh and Sreenivasulu (1997) combined a two-phase SDP and simulation 

technique to evaluate an operation policy for the Sri Rama Sagar reservoir in India. The 

SDP model was developed to optimize reservoir operations for irrigation among competing 

crops. Simulation was used to evaluate the performance of the reservoir under the operating 

policy obtained from the SDP model. This modelling indicated how water releases from the 

reservoir should be allocated to various competing crops. 
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Evers et al. (1998) developed an integrated model for reservoir irrigation and crop 

management using a simulation-optimization approach. A crop growth simulation model 

was used to determine combinations of crop-soil-irrigation strategies which were used to 

calculate crop yield probabilities. LP and DP were used to define the optimal irrigation 

policies to maximize net revenues for several time horizons. Evers et al. (1998) showed 

that, for the same time horizon, farm revenues were very sensitive to initial water levels in 

the reservoir. 

Reca et al. (2001a) developed an economic optimization model for hydrologic planning in 

a deficit irrigation area and they used three sub-models. In the first sub-model, DP was 

used to determine the optimal irrigation depth for each crop growth stage that maximized 

total return for a single crop. In the second sub-model, quadratic programming was applied 

to find the optimal water and land resource allocations for the cropping patterns. The third 

sub-model used separable programming to optimize water allocations for the whole 

hydrologic system. To account for the stochastic nature of the climatic and hydrological 

variables, several simulations of the optimization process were made using data generated 

on climatic and hydrological variables. They showed that DP could be used together with 

the other optimization techniques to solve a complex reservoir operation problem.  

Abdallah (2003) developed a simulation-SDP model to determine the optimal release rule 

for an irrigation reservoir in Tunisia. This study indicated that the optimal release rule 

should satisfy two opposing objectives: (1) supply enough water to meet the irrigation 

demands; and (2) safeguard a minimum level of water storage. To do this, the objective 

function of the SDP model, including the two opposing objectives, was weighted using the 

attribution parameter α which indicated possible incidents that could affect storage levels. 

The purpose of using this parameter was to calibrate the optimal release rule. The model 
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calibration was based on three incidents that may occur on the storage water levels, namely 

risk, vulnerability, and resilience. To do this, several values of α that indicate possible 

storage levels were used. Simulation was employed to determine various optimal rules 

corresponding to different values of α.  

More recently, Hughe and Goesch (2009) proposed a SDP model for managing irrigation 

water storage in the Murray Darling Basin in Australia. The model included one decision 

variable (allocation proportion), and two state variables (total water availability and 

rainfall). The objective of the model was to maximize the expected discounted sum of 

water use surplus. This water use surplus was defined as the dollar value calculated by the 

area under the water use demand curve less the delivery cost (marginal cost) of supplying 

that amount of water. Monte Carlo simulation was used to determine the optimal decision 

rule under different levels of inflows and rainfall. Hughe and Goesch (2009) found that 

applying the estimated optimal release rule slightly reduced mean water use which in turn 

increased mean storage levels.   

2.6 Conclusion 

2.6.1 Summary  

This chapter provides an overview of economic analysis of multiple-use resources, in 

particular the economics of managing reservoir water. Two main approaches to reservoir 

operation have been reviewed. This overview demonstrates that the rule curve approach, 

which has been used as a common tool for reservoir operation for some time, is based on 

historical operating practice and experience. Clearly this approach is not appropriate when 

reservoir managers face the risk of water shortage, uncertainties, or large scale reservoir 

systems.   
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In recent years, the systems approach has proved to be the most appropriate approach to 

define operation rules for reservoir systems. This approach can be used to define reservoir 

operation rules in both the long and short term; it can be used for planning or managing 

strategies. Furthermore, it can also accommodate several factors including the stochastic 

nature of inflows, rainfall, and evaporation; the socio-economic aspects of reservoir 

management problems; and institutional factors in reservoir management. In this chapter, 

the systems analysis techniques that have been applied to reservoir management and 

operation problems were reviewed, including simulation, optimization and combined 

simulation-optimization techniques. 

Simulation models have been developed and applied by RWM agencies to a wide range of 

reservoir problems such as sizing reservoirs, establishing reservoir operation rules when 

proposing new reservoir projects, and analysing and proposing modified operation policies 

for existing reservoirs. Simulation is found to suit the prediction of reservoir system 

behaviour and to aid the evaluation and analysis of the economic performance of large-

scale reservoir systems. However, this technique is not very useful for finding optimal 

solutions for reservoir operation. Even when numerous runs of simulation models are made 

with possible alternatives, this technique can only propose near optimal solutions. Another 

limitation of this technique is that it often involves a large number of parameter 

combinations, resulting in a large number of time consuming calculations. 

Much attention is currently paid to optimization techniques applied to the planning and 

operation of reservoir projects. In comparison to simulation models, optimization models 

are able to determine optimal solutions that facilitate decisions over planning and operation 

of reservoirs. Using optimization models, reservoir problems can be formulated in terms of 

decision variables, objective functions and relevant constraints. The optimal solution 
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defines the values of the decision variables that maximize or minimize an objective 

function. Static optimization using LP and NLP, and dynamic optimization representing DP 

are three tools that have been most commonly applied to reservoir operation problems.  

Linear programming is the most popular technique used in reservoir problems, particularly 

when applied to large-scale reservoir systems. The advantages of this technique are: (1) the 

availability of solving algorithm software and the relative ease of structuring a reservoir 

management problem in terms of LP structure; and (2) the applicability of LP to a wide 

variety of types of reservoir problems. However, the stochastic characteristics of 

hydrological relationships that are a dynamic feature of reservoir problems cannot be easily 

accommodated in LP. In addition, this technique is not well suited to problems of resource 

allocation over time. 

The application of NLP to reservoir problems can overcome some limitations of LP in 

accommodating non-linear characteristics of hydrological relationships. However, NLP has 

not been commonly applied to reservoir problems because of its computational complexity 

and the time required for solving these problems. Furthermore, it is very difficult to 

incorporate the stochastic nature of hydrological relationships into NLP. 

Of the two dynamic optimization tools, DP has been shown to be one of the most 

appropriate techniques for dealing with reservoir problems. The formulation of this 

technique is flexible and captures important features of reservoir problems. First, DP can 

accommodate a very complex problem by dividing it into a number of simpler problems. 

Therefore, it can be used to deal with time-sequential decision problems, such as defining 

the optimal operation policies for a reservoir. Second, it can accommodate non-linear 

relationships and the stochastic nature of hydrological relationships. Finally, DP is well 
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suited to solve problems of intertemporal storage that often characterize reservoir 

operation. 

The combination of simulation-optimization techniques has proven to be probably the most 

effective approach in meeting the practical needs of reservoir operation management (Rani 

and Moreira, 2010; Simonovic, 1992; Wurbs, 1991). In reservoir management and 

operation problems, simulation can be used to generate inputs for an optimization model or 

can be used to evaluate system performance under different optimal policies obtained from 

an optimization model. On the other hand, optimization can be first used to define the 

optimal solution and then a range of optimal solutions can be explored using simulation. 

Recently, the number of applications of combined simulation-DP techniques to RWM 

problems has increased. Most applications have focused on large scale reservoir systems or 

single-use reservoirs particularly those involving hydroelectricity generation (Wurbs, 

1991). By contrast, this technique is very rarely applied to small, multiple-use reservoirs 

which involve conflicts of interest over water use.  

2.6.2 Proposed research methodology 

The present study deals with the problem of evaluating reservoir release strategies to 

maximize benefits obtained from a reservoir used for irrigation and fisheries which are two 

conflicting and competing  uses. Two key characteristics of this RWM problem are the 

dynamic water releases during an irrigation season and the stochastic nature of rainfall. 

These features can be satisfied by SDP. However, obtaining the required data for rice and 

fish production in field studies that covers all possibilities occurring for the two production 

systems is the major disadvantage of using SDP. In overcoming this problem, simulation is 

the alternative method used to obtain the required data for SDP. Accordingly, a 
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combination of simulation-SDP modelling is expected to be the most suitable method for 

this particular problem of RWM.  

Two features of the present study differentiate it from previous studies. First, in terms of 

methodology, in this study simulation is employed both pre-and-post optimization. 

Particularly, simulation is firstly used to simulate the returns obtained from rice and fish 

production according to varying water levels in the reservoir, varying water releases, and 

changes in rainfall. Next, these returns are fed into a SDP model to define the optimal water 

management strategy. Simulation is then used to understand how the optimal strategy 

behaves according to variations in the set of factors including physical parameters (such as 

reservoir capacity and irrigated area), economic variables (such as price of products), 

weather conditions, and policy options in managing the reservoir. Second, in terms of 

problem-solving, this proposed model captures the dynamic characteristic of two 

production enterprises which differ in timing and quantity of water demands. This 

contributes to RWM, where applications of SDP to water management with conflicting and 

competing uses are rare. 
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3      Chapter 3       

Managing reservoir water for rice and fish production 

3.1 Introduction 

In this thesis an SDP model is developed and applied to determine the optimal RWM 

strategies for reservoirs in southern Vietnam. The reservoirs support both irrigated rice and 

fish production. Applying the model requires the consideration of two aspects: how profits 

from rice production are affected by water release from the reservoirs, and how profits 

from fish production are affected by the reservoir water level. Profits from rice and fish 

production are affected by reservoir water level, water release from the reservoirs, rainfall, 

reservoir inflows and evaporation. To determine these profits requires simulating rice and 

fish yields by drawing on a production function and a bioeconomic model. 

Section 3.2 of this chapter presents the typical agricultural production system that uses 

water from a reservoir in southern Vietnam. The patterns of various reservoir release rules 

are described in Section 3.3. Next, Section 3.4, which describes irrigated rice production, 

shows how rice profits can be determined using a water production function (WPF) that 

accounts for water release. Section 3.5 describes how fish profits in response to reservoir 

water fluctuations can be determined using a bioeconomic model of reservoir fisheries in 

Vietnam and a physical concentration effects (PCE) coefficient.   
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3.2 The structure of an agricultural production system using water from a reservoir 

in southern Vietnam 

The structure of an agricultural production system that uses water from a reservoir in 

southern Vietnam is presented in Figure 3.1. It includes the reservoir, irrigated rice 

production in the surrounding areas, and fish production within the reservoir (Figure 3.2).  

 

 Figure 3.1 The structure of an agricultural production system using water from a reservoir 
in southern Vietnam2.  

Water availability in the reservoir varies throughout the year depending on rainfall and the 

demand for irrigation water. Water is regularly released from the reservoir for rice 

production during the dry season from December to June (or July) and it is replenished by 

rainfall and inflows during the wet season from June to November (Table 3.1). Water 

availability in the reservoir at the end of the wet season depends on reservoir size, leftover 

water from the previous year and rainfall. The reservoir usually holds its highest water level 

at the end of the wet season (November), which is the start of the irrigation season. As 
                                                 
2 Note: the monsoon crop is not irrigated 

Rice production 

1st crop: December-March 

2nd crop: April - July 

Monsoon crop: July-November 
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water is released for irrigation in the first rice season (December to March), the water level 

declines. At the beginning of the second rice crop season (April), water usually remains at 

intermediate levels. Water may be released continuously until the end of the irrigation 

season (June or July). 

 

 

Figure 3.2  Reservoir, dam and rice field 

 

 

 

Reservoir Dam Rice field 



Chapter 3                                                                                Managing reservoirs for rice and fish production  

48 
 

Over a one-year period, three rice crops are consecutively cultivated around the reservoirs 

(Table 3.1). The first crop is grown from December to March. The second crop lasts from 

April to July. These two crops must be irrigated from December to June because of low 

rainfall levels during this period. The third crop, called the monsoon crop, starts in July and 

ends in November. This crop does not require irrigation due to the high frequency of 

rainfall during this period. 

 

Figure 3.3 Irrigation canals and rice field 

Rice field Irrigation canals 
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Table 3.1 Climatic season, reservoir operations, and seasonal calendar of rice and fish production 

Months Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov 

Climatic season The dry season The wet season 

Reservoir operations Release Storage 

Rice production The first rice crop The second rice crop The monsoon crop 

Fish production   Fish harvest season Stocking        
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In recent years, most irrigation reservoirs in southern Vietnam have also been used for fish 

production (Ngo and Le, 2001; Schilizzi, 2003). The reservoir fisheries operate on an 

annual cycle. Stocking of fingerlings into the reservoirs often starts in June when the wet 

season commences. Five main species are stocked: common carp (Cyprinus carpio), silver 

carp (Hypophthalmichthys molitrix), grass carp (Ctenopharyngodon idella), bighead carp 

(Aristichthus nobilis), and mrigal (Cirrihinus mrigal), of which 40% to 50% are silver carp 

and mrigal (Nguyen et al., 2001a). Harvesting fish occurs when the reservoir water is at its 

lowest levels, often lasting approximately four months from mid February to June (Nguyen, 

2008a) (Table 3.1) and using simple technologies such as small boats and large drag net 

(Figure 3.4).  

 

Figure 3.4 Fish harvest technologies 



Chapter 3                                                                        Managing reservoir water for rice and fish production  

51 
 

3.3 Reservoir release rules for irrigation in southern Vietnam 

In southern Vietnam, there are three government institutions involved in managing local 

irrigation systems: the provincial Irrigation Management Company, the local branches of 

the company, and the local authorities. The Irrigation Management Company represents the 

provincial government and directly manages operation of its local irrigation branches. 

Local authorities play a role in planning local agricultural operations such as suggesting 

areas to be cultivated, planning the seasonal calendar and administering the irrigation plan. 

At the beginning of each year, local authorities make an agricultural production plan 

specifying cultivated areas. Based on the cultivated areas, an irrigation plan is proposed to 

the Irrigation Company by the associations, which represent local farmers. Local 

authorities are third party witnesses to the irrigation plan. The local irrigation branches then 

release water for rice production as stipulated in the irrigation plan.  

Although the irrigation plan is proposed at the beginning of each year, there is no practical 

management tool to assist the reservoir managers (at the irrigation branches) to determine 

quantities and timing of water releases during the irrigation season. Decisions regarding 

when to release water and how much are often based on intuition and common sense which 

involves long experience and local knowledge by reservoir managers (Thang Pham3, 2009, 

personal communication, 15 January). In particular, the releases are based on the personal 

experience of the managers, which in turn depends on their knowledge of crop water 

requirements in different growth periods, rainfall prospects and the reservoir’s storage 

level. These managers often choose one of three types of water release patterns determined 

                                                 
3 Thang Pham is Head of Water Management Department, Irrigation Management Company, Dong Nai 
province, Vietnam. 
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by crop water demands: (1) normal irrigation; (2) peak irrigation; or (3) supplemental 

irrigation (Thang Pham, 2009, personal communication, 15 January). 

Normal irrigation is often implemented from December to February as the rice crop often 

requires normal levels of irrigation during this period. As rainfall can still occur at the 

beginning of the dry season, water releases can vary between 60% and 80% of reservoir 

discharge capacity (RDC) for 6 to 8 hours a day. The quantity of water released and the 

frequency of the releases may be reduced if the rainfall is unusually high during this period. 

The reverse applies if the weather is unusually dry. 

Peak irrigation is most commonly chosen as the irrigation pattern in March and April. This 

is the start of the growing period for the second rice crop and there is a high demand for 

water from rice at this time. As insufficient water released in this period can cause 

significant reductions in rice yields, 100% of RDC is often used during 10 to 12 hours of 

each day. If the year is very dry during the first rice crop or rainfall is predicted to be late or 

below average, then to reserve water for the later periods of the second rice crop the release 

may be reduced to 80% - 85% of RDC for 8 to 10 hours a day.  

Supplemental irrigation may be applied from the third week of May and throughout June 

(or July if rainfall comes late). At this time of year the rice crop usually receives water from 

rainfall, so irrigation is not required at the same level as provided in previous rice growth 

periods. However, this is the development stage of the second rice crop, so if rainfall comes 

late and there is low water availability, rice yields can be significantly affected. Therefore, 

although supplemental irrigation is very short in duration, it can play a vital role in rice 

production. Supplemental irrigation is often made at 30% to 50% of RDC for 4 to 6 hours a 

day (Thang Pham, 2009, personal communication, 15 January).  



Chapter 3                                                                        Managing reservoir water for rice and fish production  

53 
 

3.4 Irrigated rice production 

3.4.1 The relationship between rice yields and applied irrigation 

Profits from rice production are influenced by the timing and quantity of applied irrigation 

which is defined as the amount of water released from a reservoir during a period of time. 

The amount of water supplied to the field (including the applied irrigation and rainfall) is 

one of the most important factors determining rice yields. The rice crop achieves its yield 

potential if the release satisfies rice water requirements4 during each of its growth periods. 

Any water deficits result in reduced profit. To measure rice profits requires an 

understanding of the relationship between rice yields and applied irrigation, and also price 

of rice and cost of all inputs. In the literature, thes relationship rice yields and applied 

irrigation is described as a water production function or WPF.  

The water production function is a common tool used to quantify crop yields in response to 

different levels of applied irrigation (Rao et al., 1988b). It has been applied by many 

authors to different crops in different regions under varying climatic conditions (Bouman 

and Tuong, 2001; Dehghanisanij et al., 2009; Kang et al., 2000; Shangguan et al., 2002). 

However, the function does not take into account the effect of when, and how much, water 

is applied to crops. The relationship between crop yields and water stress is specified by a 

dated-water production function or DWPF.  

The dated-water production function is a useful tool used for quantifying crop responses to 

irrigation in each growing period in terms of both the timing and quantity of water applied 

(Rao et al., 1988b). Crop yields in response to different levels of applied irrigation are 

simulated under controlled conditions of other inputs. In the literature, three main 
                                                 
4 Rice water requirements are defined as the amount of water required to compensate the evapotranspiration 
loss from rice field. 
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functional forms of DWPF are documented. Their functional forms are: (1) additive (Rao et 

al., 1988b; Stewart et al., 1976; Sudar et al., 1981), (2) multiplicative power (Hall and 

Butcher, 1968; Hanks, 1974; Jensen, 1968; Minhas et al., 1974), and (3) simple 

multiplicative (Rao et al., 1988a). In this study, to estimate the variations of crop yields in 

response to different levels of applied irrigation at a specific growth period, the approach of 

Paudyal and Maguerra (1990) is used that modifies the additive form of Rao’s function 

(1988 b).  

The additive form was modified for a numbers of reasons. First, this form of the function 

can apply to a wide variety of crops (Mannocchi and Mecarelli, 1994). Second, the additive 

form of DWPF allows water deficits that affect crop yields to be measured separately in 

each growth period. This feature is well suited to SDP which has an objective function 

separated into distinct stages. Third, additive DWPF overcomes a limitation of the 

multiplicative form. That is, when using the multiplicative form, crop yields from the 

whole season are automatically zero if there is a water deficit in any period that results in 

zero growth in that period. Finally, the additive form of DWPF has been validated in 

several studies such as Choudhury et al. (2007), and Tuong and Bhuiyan (1999). 

In the present study, the additive form of  DWPF (Rao et al., 1988b) initially considered is: 
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 where Yr and Yp are the actual and the potential yields of rice (tonnes/ha), respectively; 

nyk is the yield response factor (a parameter); AET and PET are the actual and the potential 

evapotranspiration, respectively; and z is the number of crop growing  periods. 
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3.4.2 Adaptation of the dated-water production function 

To measure the efficiency of applied irrigation for crop yields, several authors have 

adjusted the DWPF by simulating crop yields under different climatic conditions. In their 

studies, the term deficit evapotranspiration (1-AET/PET) in equation (3.1) is replaced by 

indices such as irrigation depth (Stewart, 1980), soil moisture deficit (Hall and Butcher, 

1968), relative transpiration (Hanks, 1974), water deficit coefficient (Mantovani et al., 

1995), and the ratio between actual water supplied and actual water requirement of the crop 

from field water balance (Paudyal and Manguerra, 1990). In the present study, the additive 

form of the DWPF (Rao et al., 1988b) was also modified using the approach of Paudyal 

and Manguerra (1990). In particular, relative evapotranspiration (AET/PET) was replaced 

with the ratio of the actual water supplied (W) to the water requirements of the crop (W0).  

The ratio (W/W0) was used in this study for three reasons. Firstly, it overcame an implicit 

weak assumption relevant to irrigation efficiency. By considering crop yields as a function 

of the relative evapotranspiration deficit (1-AET/PET), there is an implicit assumption that 

irrigation efficiency always reaches 100%; and therefore (1-AET/PET) is already optimal 

(Paudyal and Manguerra, 1990). Secondly, the inclusion of uncertainty in 

evapotranspiration makes the analysis more complex but does not appear to provide any 

benefits (Rhenals and Bras, 1981). Thirdly, in reality irrigators want to know how much 

water should be released to crops given the existing water level in the field. In addition, 

using the proposed ratio 
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0

 is more applicable to irrigated rice practices where the field 

is continuously flooded during rice growth periods (excluding the harvest period). 
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Hence, in this present study, the ratio 
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is used in Rao’s function instead of 

(AET/PET), so the modified DWPF is: 
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where Yr and Yp are the  actual and the potential yields of rice (tonnes/ha), respectively; 

nyk is the yield response factor in stage n (a parameter); z is the number of rice growing 

periods; W0 is the rice water requirements measured in percentage of reservoir capacity (% 

RC); and Wn is the total water supply in stage n  (% RC), and 

Wn = un + qn 
                                                            (3.3) 

 

where  un is applied irrigation and qn  is rainfall, both are measured in % RC. No water 

conveyance losses and no rainfall losses are assumed. The first assumption is reasonable 

for irrigated rice production in southern Vietnam as most irrigation reservoirs only supply 

water for irrigated areas immediately surrounding the reservoirs. Hence, conveyance 

distances are not very far, making conveyance losses fairly negligible. The second 

assumption reflects the fact that irrigated rice fields are very flat with raised borders, so 

losses through rainfall run-off are typically small. Moreover, typically high humidity 

reduces losses through evaporation.
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3.4.3 Rice profits 

Profits from rice production in stage n are defined as: 

rnrrrrn CYPAa −=  (3.4) 

where arn  is rice profits measured in million Vietnamese Dong5  (mVND); Ar is rice 

irrigated area (ha);  Pr is the price of rice (mVND/tonne); Yr  is rice yields obtained in stage 

n (tonnes/ha); and Crn is  the total rice production costs in stage n (mVND) 

In equation (3.4) total profits obtained from rice production (arn) is measured by taking 

total return from rice production (ArPrYr) obtained in stage n less the total rice production 

cost in stage n (Crn). arn is a function of the ratio (W/W0), crop yield response factor (
nyk ), 

the price of rice (Pr) and the potential rice yields (Yp).  

3.5 Reservoir fish production 

The second component incorporated into the SDP model is the fish profit function. Fish 

profits are defined by taking the total returns from fish production less its total costs. In line 

with the objective of the present study, fish profits are evaluated in response to fluctuations 

in the reservoir water level. To achieve this, total fish returns were first derived from the 

Bioeconomic model for Reservoir Aquaculture - a Vietnamese Operation (BRAVO) and 

were then multiplied by the PCE coefficient. The following section critically reviews 

previous studies using BRAVO and then proposes an approach to estimate fish yields in 

response to reservoir water fluctuations using an adaptation of this model. 

                                                 
5 Australian Dollar 1 ~  Vietnamese Dong 22,841 ( source: electronic newspaper VnExpress, July 28th 2011) 



Chapter 3                                                                        Managing reservoir water for rice and fish production  

58 
 

The BRAVO model was initially constructed by Petersen et al. (2007) and was then further 

developed by Truong and Schilizzi (2010). Although these models have been employed to 

evaluate the economic performance of reservoir aquaculture operations in both the north 

and the south of Vietnam, there are some limitations to these models. In the present study, 

some improvements to BRAVO are made.  

3.5.1 Description of the BRAVO model 

The BRAVO model comprises two main components: (1) a biological component which 

simulates growth of different fish species over time under certain conditions assuming that 

fish growth satisfies the von Bertalanffy model (1938); and (2) an economic component 

that measures fishery output using a net revenue function in which net revenue is calculated 

by multiplying the weight and prices of each species in different harvesting periods.  

3.5.1.1 The biological component 

The biological component is based on the assumption that fish growth conforms to the von 

Bertalanffy model (1938) and is defined as the net result of the processes of anabolism 

(tissue production) and catabolism (tissue dissipation). This is specified as follows: 

[ ]( ))(exp1 0ttKLLt −−−= ∞  (3.5) 

where L∞ is the theoretical maximum (asymptotic) length of fish (cm) that measures 

anabolism. It is the maximum length that a species of fish can potentially reach given the 

available food resources and productivity of the water body;  

K is a growth coefficient measuring the catabolic activity (per year); t0 is the theoretical age 

at zero length;  
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Lt is fish length at time t (cm). This parameter is transformed to fish weight (Wf) using the 

relationship proposed by LeCren (1951) where Wf = aL
b in which a and b are coefficients 

that differ across species, population and season  (Petersen et al., 2007). 

To measure fish growth over time at any age or fish length, equation (3.5) can be 

reformulated using the Gulland-Holt method (1959), which focuses on the rate of growth: 

)( ∞−−=
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(3.6) 

3.5.1.2 The economic component 

The economic component calculates net revenue which is equal to the total revenue less the 

total cost: 

TCTRNR −=  (3.7) 

where NR is net return; TR is total revenue; and TC is total production cost. All are 

measured in mVND. They are calculated as follows: 

Total return is a function of the weight of fish harvested and their prices: 

 
iij H

i j

H PWTR ∑∑
= =

=
α β

1 1          
 

(3.8) 

where 
ijHW is the weight of each species i (tonnes), at harvest j; 

iHP is the price of each 

species i (mVND/tonne); α is the number of species and β is the number of harvesting 

periods. 
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Total cost is a function of restocking costs, feeding costs and a number of miscellaneous 

fixed costs as outlined in equation (3.9). 

( ) ( ) 
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Where r is the annual interest rate (%/year); c is the adjusted rate for contingent 

miscellaneous costs applied to all costs in equation (3.9), and CL is the cost of contract 

labour (mVND); 

Contract labour (CL) is used to guard, feed and harvest the fish and undertake 

miscellaneous duties. These costs are assumed to be related to reservoir size. Feeding 

labour cost is a function of weight of feed and the price of feeding labour. Miscellaneous 

labour cost is a function of the number of hours spent on miscellaneous duties per year and 

the price of miscellaneous labour. Harvesting cost is a function of fishing effort (number of 

persons for harvesting excluding equipment) and the price of harvesting labour. 

CRL is cost of reservoir leasing (mVND); CNR is cost of fishnet replacement (mVND); CBR 

is cost of boat replacement (mVND); and 

RCi is restocking cost for each species i (mVND). Restocking cost is a function of price, 

weight and number of fingerlings: 

iii FFFi NWPRC =  (3.10) 

where RCi is restocking cost of species i (mVND); 
iFP is price of fingerlings of species i 

(mVND/tonne); 
iFW is weight of fingerlings of species i (tonnes); 

iFN is number of 

fingerlings of species i; and  
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FCk is feeding cost for each type of feed k (mVND). Feeding cost is a function of price, 

weight and types of feed:  

kkk fffk TQPFC =  (3.11) 

where 
kfP is price of feed k (mVND/tonne); 

kf
Q is weight of feed k (tonnes) and 

kfT is 

number of feed types used. 

The main limitation of the BRAVO model (Petersen et al., 2007) is that in the biological 

component, the growth coefficient of fish is assumed to be constant over time. In reality, 

the rate of fish growth varies according to growth period and depends on several factors 

such as supplementary feeding, available nutrient sources in the reservoir, the natural 

environment, water temperature, quality of water and type of fish farming. Truong and 

Schilizzi (2010) revised BRAVO to consider the dynamic process of fish growth over time 

in relation to supplementary feeding. 

3.5.1.3 The relationship between fish growth over time and supplementary feeding 

In the new version of BRAVO (Truong and Schilizzi, 2010), the biological component was 

modified. In addition, to seek an optimal set of the model’s input variables which can 

maximize the net present value of revenue from fisheries, an optimization component was 

added. The new version of BRAVO comprises three main components: (1) a modified 

biological component, (2) an economic component, and (3) a bio-economic optimization 

component.  

Particularly, the parameter K in equation (3.5) of the biological component, which 

measures the catabolic activity of fish, is unchanged. However, in reality fish growth 

changes over time subjected to supplementary feeding.  The more feed the fish are fed the 
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faster they grow and the larger the coefficient. In the new BRAVO model (Truong and 

Schilizzi, 2010), this coefficient is subject to change over time instead of being constant as 

in the original BRAVO model. Using the definitions of De Silva and Anderson (1995), 

Truong and Schilizzi (2010) defined the coefficient K as a feed conversion ratio (FCR)6 

(Figure 3.5).  

 

     Source: Truong and Schilizzi (2010) 

Figure 3.5 Feed conversion ratios (FCRs) for some types of feed 

The new bio-economic optimization component of BRAVO is used to find a set of input 

variables that maximizes the net present value of fish returns. The objective function of this 

component, net present revenue, is maximized subject to specific constraints on the 

model’s inputs such as quantity of fingerlings stocked, proportion of species stocked and 

number of food types fed to fish. To determine the optimal set of input variables, this 

                                                 
6 The FCR coefficient determines the relative value of feed for producing one unit of fish weight 
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component was written using the Visual Basic for Application Solver Add-In of Microsoft 

Excel. 

Although the rate of fish growth is subject to change over time, this new version of 

BRAVO did not clearly reflect reservoir fishery operations in southern Vietnam. In reality, 

supplementary feeding does not occur in this region. In addition, the new BRAVO model 

underestimated the observed levels of fish productivity. For example, a survey of fish 

farmers at the Daton reservoir indicated that in 2007 the fish harvest was approximately 

153 tonnes while the model predicted only 87 tonnes. 

The discrepancy in fish productivity is partly because the BRAVO model reflected fish 

productivity mostly in reservoirs of northern Vietnam: there fish productivity may be lower 

than in southern Vietnam due to much lower temperatures in the winter. This discrepancy, 

however, may mainly be because of an unrealistic assumption about fish harvest efficiency. 

In the BRAVO model (Truong and Schilizzi, 2010), fish yields are adjusted by a parameter 

defined as a reservoir-adjustment coefficient. This coefficient is assumed to be related to 

reservoir size, and for sizes less than 10 ha it is 1, for sizes less than 50 ha it is 0.4, for sizes 

less than 200 ha it is 0.09, and for sizes greater than 200 ha it is 0.02. In reality, fish yields 

are affected not only by reservoir size but also by other factors, especially fluctuations in 

reservoir water levels. In the present study, reservoir fish yields are estimated considering 

the effects of fluctuations in reservoir water level, an approach that appears to be more 

realistic. 

3.5.2 The relationship between fish yields and the reservoir water fluctuations 

In the present study, the economic component of the BRAVO model (Truong and Schilizzi 

2010) was revised to account for the effects of reservoir water fluctuations on fish profits. 
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3.5.2.1 The effects of water level fluctuations on reservoir fish yields 

While the effects of water level fluctuations on reservoir fish yields have been studied since 

the 1950s (Bernacsek, 1984), these are unlikely to be accurately described by a specific 

model because of complex relationships among contributing factors. These factors include 

fish biology, fish migration, the natural environment, and hydrological regimes. Using 

research on African reservoirs, Bernacsek (1984) classified the effects of water level 

fluctuations on reservoir fish yields into five groups: (1) PCE; (2) magnitude of drawdown 

area7; (3) biological effects; (4) species composition or reservoir littoral ichthyomass; and 

(5) fishing activity.  

Of the five factors listed above, only PCE and magnitude of drawdown area are relevant to 

reservoir fishery operations in southern Vietnam. While African reservoirs are large enough 

for immigration and reproduction of fish, freshwater fisheries in Vietnam typically operate 

in small and medium reservoirs (Ngo and Le, 2001). Consequently, biological effects do 

not influence fish yields. Also, fish yields in African reservoirs depend on the composition 

of natural fish species, whereas in Vietnam the species composition of reservoirs is mostly 

decided by farmers (Nguyen et al., 2001a). Finally, while fish harvest activities in African 

reservoirs extend over a year, in Vietnam they always occur over a shorter period, when 

reservoir water is at low levels or the magnitude of drawdown area is large enough 

(Truong, 2007). Accordingly, given the conditions of reservoir fisheries in Vietnam, only 

PCE and the effect of drawdown area are taken into account in this study for calculating 

fish yields in response to reservoir water fluctuations. 

                                                 
7 The drawdown area is the difference between the reservoir area at full capacity level compared with the 
reservoir area at the minimum water level 
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A survey of 20 reservoirs in southern Vietnam indicated that fish yields (provided other 

inputs remain constant) vary according to the annual minimum water levels in the reservoirs 

during the fish harvest season. Fish yields are low in the years where reservoir water is at 

high levels during the fish harvest season, and vice versa. Figure 3.6 shows fish yields in 

the Daton reservoir were at the highest level in 2005 (~ 200 tonnes) when the minimum 

water level in the reservoir in that year was at the lowest level (0.42 MCM). Compared 

with 2005, fish yields were approximately 0.48% and 0.38% lower in 2001 and 2006 when 

the minimum water levels were high. Conversely, high fish yields occurred when water 

levels were low. While the Daton reservoir data supports the negative relationship between 

fish yields and reservoir water levels, it does not fully capture the complexity of PCE. 

 

Figure 3.6 Relationship between fish yields (10 tonnes) and annual minimum water storage 
expressed in million cubic metres (MCM) at the Daton reservoir in southern Vietnam8.  

                                                 
8  Data was observed from 2000 to 2008. The r2 is 0.90 and the relationship is linear: Yield = 20 – 0.9*water 
level (t = – 7.5 and p < 0.001), given the units used. 
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3.5.2.2 Physical concentration effect 

The physical concentration effect is defined as a change in population density when there is 

a change in reservoir volume (Bernacsek, 1984; Lorenzen et al., 2000; Lorenzen et al., 

2003). Fish yields are higher when water is at low level and vice versa. This is because at 

the lower water level the concentration of fish is higher, which makes fish easier to catch, 

resulting in  higher fish yields per unit effort (Bernacsek, 1984). The effect is measured as 

an increase in the weight of fish caught relative to the magnitude of the drawdown area of a 

reservoir.  

In India, Bernacsek (1984) showed that the fish catch in Mwadingusha reservoir increased 

by a factor of about six when water fell by 5 metres, reducing the reservoir surface area by 

96.6%. This reservoir normally had a fall of only 1 metre. Similarly, Blacke (1977) found 

that fish yields per unit effort in Kainji reservoir in India in 1976 were about 1.5 times 

higher than usual when there was a 10 metre drawdown that reduced water availability in 

the reservoir to 64.6% of its maximum. In contrast, a 76.5% increase in the reservoir 

volume in 1969-1970 caused a three-fold reduction in the fish catch. 

A number of studies have estimated reservoir fish yields in terms of PCE since the 1950s. 

In these studies fish yields were statistically estimated as a function of reservoir mean depth 

(Rawson, 1952), morpho-edaphic index (Henderson and Welcomme, 1974; Ryder, 1965), 

hydraulic retention time (Marshall, 1984); hydrological regimes (Amarasinghe et al., 

2001); and reservoir size (Nguyen et al., 2001b; Nissanka and Amarasinghe, 2001; Tran 

and Sollows, 2001). However, these studies were static and they estimated fish yields at 

specific water levels at a given time. Therefore, fish yields harvested in terms of 
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fluctuations of water levels during a harvest season were not considered as a dynamic 

process.  

More recently, a small number of studies have addressed PCE. For example, Nissanka and 

Amarasinghe (2001) have estimated fish yields in Sri Lanka in terms of fluctuations in 

water levels caused by irrigation demands. They found that fish yields were significantly 

related to the heavy drawdown of water levels. Particularly, a 1% increase in drawdown 

area can lead to a 0.47% increase in fish yields. The shortcoming of this research is that 

total fish yields were related to monthly means of reservoir water levels. More importantly, 

calculation of fish yields relied on cross-sectional data gathered at 20 reservoirs rather than 

on time series data. Therefore, these studies were unable to show how water fluctuations in 

a given reservoir affected fish yields in different harvest periods.   

In Vietnam, Nguyen et al. (2001a) showed an exponential relationship between fish yields 

and reservoir size. Similarly, Tran and Sollows (2001) found in the central highlands of 

Vietnam that maximum fish yields are negatively correlated with reservoir size according 

to a log-log relationship. Although in these studies fish yields were evaluated in relation to 

reservoir size, they did not consider water fluctuations in the reservoirs. However, in the 

present study, the results of these studies are used to develop a PCE coefficient. 

Since to the best of our knowledge, there have been no studies of fish yields over a harvest 

season in Vietnam, this thesis develops a PCE coefficient to estimate reservoir fish yields 

in response to fluctuations of reservoir water level in each period. This PCE coefficient is 

then multiplied by total fish returns obtained from the BRAVO model (Truong and 

Schilizzi, 2010). To determine the PCE, the relationship between reservoir surface area and 
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reservoir capacity was employed using the reservoir hypsographic equation. This 

relationship was then substituted for the relationship between fish yields and reservoir area.  

The mathematical forms of the hypsographic equation vary across different reservoirs 

depending on the relationship of the physical parameters of the reservoirs (capacity, area, 

depth, and shape). In the hypsographic equation, the reservoir surface area (ha) is initially 

related to reservoir capacity measured in MCM. However, this hypsographic equation is 

then modified by the relationship between reservoir surface areas (ha) and reservoir 

capacity measured in % RC. The general form is as follows:  

θ
sAA 0=  (3.12) 

where A is reservoir surface area (ha); A0 is the reservoir surface area at full level of water 

(ha); s is reservoir capacity (% RC); and θ is the reservoir hypsographic coefficient. 

In the present study, the relationship between fish yields and reservoir area (Nguyen et al., 

2001a) was modified. In the search by Nguyen et al. (2001a), the fish yield function was 

originally estimated using the reservoir surface areas at full water level observed across 20 

reservoirs. However, if considering fish yields in a particular reservoir to be harvested at a 

given time, the fish yield function (Nguyen et al. 2001a) can be considered as a function of 

reservoir surface area at the harvest time. This function is as follows: 

ωγAY =  (3.13) 

where Y is fish yields (tonnes/ha/year); A is reservoir surface area at the harvest time (ha); γ 

is the fish yield-reservoir area multiplicative factor; ω is the fish yield-reservoir area power 

factor. 
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Considering fish yields with respect to water available in the reservoir (% RC), equation 

(3.13) can be re-stated as:  

( )ωθγ sAY 0=  (3.14) 

Equation (3.14) shows the relationship between fish yields (tonnes/ha/year) and water 

available in the reservoir (% RC). Furthermore, to express fish yields in units of 

tonnes/year for a particular reservoir, the right side of equation (3.14) is multiplied by the 

reservoir area at full water level, as follows: 

( )ωθγ sAAY 00=  (3.15) 

Insert (3.14)  in (3.15)  

( ) θωωγ sAY
1

0
+=  

(3.16) 

Equation (3.16) expresses reservoir fish yields (tonnes/year) as a function of reservoir area 

at full water level and the amount of water available in the reservoir (% RC). This equation 

is then used to define PCE affecting fish yields depending on reservoir water levels. 

The physical concentration effect in harvest period n is defined as the % change in fish 

yields harvested in period  n  (%∆Y) divided by the % change in water levels in period n  

(%∆s). 
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where Yf  is fish yields (tonnes) harvested in period n; s   is the average level of reservoir 

water in period n (% RC) 

2
1++

= nn ss
s

 (3.21) 

where sn and sn+1 are reservoir water levels at the beginning of the fish harvest in periods n 

and (n+1),respectively. All are expressed in % RC.  

sn+1 = sn – un – en + qn + in  (3.22) 

where un is the water release from the reservoir in period n; en is the evaporation in period 

n; qn is rainfall in period n; and in is the reservoir inflow in period n. All are expressed in % 

RC with in defined as follows: 

cnn Rqi σ=  (3.23)                                                        

where σ is the reservoir inflow coefficient; and Rc is the reservoir catchment area (km2). 

%∆s is the percentage change in water levels in each harvest period relative to a full 

reservoir: 
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max

max%
s

ss
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−
=∆  

                                                        (3.24) 

where s  is the average level of reservoir water in period n (% RC); maxs is the maximum 

reservoir capacity (equal to 100% RC).  

3.5.3 Fish profits 

The profits from fish production in harvest period n are defined as: 

( ) fnnfnfn CPCETRa −+= 1
 

(3.25)
 

where afn is the fish profits (mVND); TRfn is total fish return in period n (mVND); and Cfn 

is the total cost of fish production for period n (mVND). 

The advantage of this approach in calculating fish yields is that fish yields in different 

harvest periods are estimated by BRAVO (Truong and Schilizzi, 2010); therefore, the 

reduction in fish biomass is also calculated in each harvest period. In addition, the variation 

in fish yields in different water levels in each period is also taken into account. Using the 

proposed method, fish profits in response to fluctuations in reservoir water level can be 

determined at various periods; and therefore, it can be incorporated into an SDP model. 

3.6 Conclusion 

In this chapter, two components of the SDP model were described. Section 3.4 explained 

how a modified DWPF can be used to calculate the effects of water deficits on rice yields, 

ensuring rice profits are more accurately measured. Section 3.5 then described how fish 

yields can be calculated in response to reservoir water fluctuations, using a modified 

BRAVO model that more accurately estimated fish yields and profits. The modelling and 
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estimation approaches described in Sections 3.4 and 3.5 allow for an accurate 

representation of dynamic yields and profits from rice and fish production. The next 

chapter will explain how the two components can be incorporated into the SDP model to 

find the optimal rules of water release. 
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4 Chapter 4                                                                     

Optimization model for multiple-use reservoir water management 

4.1 Introduction 

This chapter presents a model of RWM for: (1) single use (rice or fish production), and (2) 

multiple uses (rice and fish production). In each case, the RWM strategy is to determine the 

water release sequence from the reservoir that achieves maximum profit from rice or fish 

production, or their combination. Complicating the decision problem for reservoir 

managers is the fact that their decisions also need to accommodate the uncertainty of 

rainfall. To address this problem, an SDP model is developed. This model is used to 

determine the optimal release strategies for reservoirs in southern Vietnam.   

This chapter includes two main sections. The formulation of the SDP model is presented in 

Section 4.2, including a description of the main elements of the SDP model. Then the 

economic optimization and solution algorithms are presented in Section 4.3. 

4.2 Formulation of the reservoir water management model 

Decision rules for dynamic problems depend on whether the decision problems are 

historically dependent or independent (Sugiharto, 1999), deterministic or stochastic; and 

stationary or non-stationary (Kennedy, 1986; Puterman, 1994). For historically dependent 

problems, decisions depend on those previously taken, and depend also on both current and 

previous states of the system. Conversely, for a historically independent problem, the 

decisions are based only on the current state of the system, which implicitly includes the 

previous decisions and states of the system that result in the current state (Sugiharto, 1999). 
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While uncertain factors are ignored in deterministic decision problems, they acquire central 

importance in stochastic decision problems. In deterministic problems, decision rules are 

made assuming all parameters are known with certainty. On the other hand, stochastic 

decision rules are based on a set of probabilities (Derman, 1970; Labadie, 2004; Miranda 

and Fackler, 2002; Puterman, 1994). 

In multistage dynamic problems, the stage returns and transition functions may be the same 

in all stages. These problems are known as stationary problems (Kennedy, 1986). In a 

stationary problem, decision rules are made for any given period based only on the state of 

the system in that period. There also are dynamic decision problems in which the return and 

transition functions are different for each stage; these are called non-stationary problems. In 

a non-stationary problem, decision rules define a specific sequence of decisions over a 

given period (Sugiharto, 1999). 

4.2.1 Problem specification 

This section outlines the process of economic decision making under uncertain climatic 

conditions when managing a reservoir for single use (rice or fish production) and multiple 

uses (rice and fish production). Suppose that in every stage n, the reservoir manager 

observes the current state of the reservoir water level sn, makes a decision to release water 

un, and earns a profit f(sn,un,en,in,,qn) that depends on the state of reservoir water level (sn), 

the amount of water released (un), evaporation (en), and a stochastic rainfall levels (in) with 

its associated rainfall probabilities (qn) in that stage. The objective of the manager is to find 

a sequence of optimal decisions so as to maximize the expected net present value (ENPV) 

of profit streams obtained by managing the reservoir water (single use or multiple uses). 
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The decision rules for releasing water are made based only on the water level of the current 

stage which results implicitly from the releases and resulting water levels from the previous 

stages; consequently this water management problem can be considered as a history-

independent dynamic problem. In addition, the decisions are made under uncertain rainfall 

conditions; therefore it is formulated as a stochastic decision problem. Furthermore, as 

explained below in Section 4.2.2.1, there are eight stages of water release in a year. In each 

stage, the transition function and the return function (profits of rice or fish, or their 

summation) are different; consequently, this RWM is a non-stationary problem.    

The decision process described above can be formulated as a discrete stochastic dynamic 

programming model (Kennedy, 1986; Miranda and Fackler, 2002). The following six 

elements are required to formulate the model: decision stages, decision variables, state 

variables, stochastic variables, transition equations, and a function for calculating the stage 

returns for each possible combination of the state and the decision variables associated with 

different stochastic variable values. 

In a stochastic decision problem, the stage returns depend on unpredictable factors; 

therefore, the present value of expected returns is calculated for the stage returns (Kennedy, 

1986). Incorporating effects of risk to reservoir management may affect the stage returns 

and it in turn affects the decision making. However, introducing risk aversion in a model 

otherwise based on risk neutrality changes outcomes and decision making only slightly 

when short time horizons (one year or less) and divisible resources (such as water) are at 

stake, as amply demonstrated by Pannell et al. (2000). Given that in this study we focus on 

an eight-month production period and on water management, the objective function will be 

to maximize total ENPV. Maximization of ENPV is made subject to changes in the 
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reservoir water level, which is defined by the transition equation. The SDP model can be 

specified as follows: 

Nuuu
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,..., 21

{ } { } { }( )







+ +

= =

−∑ ∑ k

N

Nk

n

k

nnnnn

N

n

m

k

nn

n sFqieusakpE 1
1 1

1 ,,,, αα  
 (4.1) 

subject to   11 ss =  

and any constraints on un 

The corresponding backward recursive equation for solving the problem is 
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(4.3) 

and any constraints on un  such as the reservoir discharge capacity (RDC) and the duration 

of water release. 

In equation (4.3), E[ ] is the mathematical expectation operator; α is the exponential 

discount factor equal to  (1+r)
-1

 for the given interest rate r; N is the number of stages; 

{ }k

n

k

nnnnn qieusa ,,,,  is the profit function showing the net profits obtained in each stage as a 

function of the state variable in stage n; sn, the decision variable in stage n, un; evaporation 

(en), stochastic inflows  ( k

ni ), and the stochastic rainfall ( k

nq )  associated with its 

probabilities ( k

np ) in stage n,; { }1+NsF
 is the  terminal value function of all sates at the end 
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of stage N  or the value water remaining in the reservoir in stage (N+1). Note that, the 

terminal values of all states may be set at zero if the states have no value. In some problems 

the terminal values can be estimated approximately for the
 

{ }
NN

sVNN  state values at the end 

of a suitably long DP decision horizon NN stages, { }k

n

k

nnnnn qieust ,,,,1+  is the state transition 

function comprising a set of transition equations that describe changes in the state in stage 

n.    

4.2.2 The elements of the SDP model 

4.2.2.1 Decision stage 

To find the optimal reservoir release rules for providing water to the production of rice 

and/or fish, the production duration of each enterprise relevant to the decision problem 

must be incorporated in the decision stage. In the SDP model, the duration of the fish 

harvest is assumed to last from mid February to June and is divided into four periods. Two 

consecutive rice crops are irrigated during the irrigation season from December to July and 

each crop comprises four growth periods. Consequently, the time horizon of the model is 

from December to July and is divided into eight stages. The first rice crop involves stages 1 

to 4; the second rice crop involves stages 5 to 8; and the fish harvest season goes from 

stages 4 to 7. The decision stages of the model are illustrated in Table 4.1. 
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Table 4.1 Stages of the SDP model incorporating the rice growing periods and the fish harvest periods. 

Time horizon December January February March April May June July 

SDP stage 1 2 3 4 5 6 7 8 

Rice crop season First crop Second crop 

Rice growth period Initial Development Mid-season Late-season Initial Development Mid-season Late-season 

Fish production    Fish harvest periods  

    Harvest 1 Harvest 2 Harvest 3 Harvest 4  
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4.2.2.2 State variable and state space 

In this model, the state variable is water availability in the reservoir at the beginning of 

each stage, and is measured in percentage of volumetric reservoir capacity (% RC). In 

reality, this is a continuous variable; however, in the model, it takes a number of discrete 

integers ranging from smin to smax.  These discrete integers form the state space.  The upper 

bound smax is the maximum reservoir storage capacity (100% RC). The lower bound smin is 

the lowest storage level remaining in a reservoir as a safety level required by the reservoir 

manager. The smin is defined by taking the required lowest volume of water to remain in the 

reservoir divided by RC. Defining smin in this way often results in smin being a non-integer. 

If this is the case, it is rounded up to its nearest integer. This allows the value of smin to 

always be greater than or equal to the minimum storage constraint.  

To define the state space, RC is measured in MCM and the lowest level of water required 

for safety purposes measured in MCM are parameters of the model. Different increments of 

the state variable may result in different values of water release and ENPV obtained from 

the model, the larger increment the bigger different in the results. In the model, the 

increment of the state variable is chosen by a trial-and-error process in which the model is 

run several times with different increments. The chosen increment produces the model 

results (ENPV and the optimal release) that have not significantly differed between two 

trials. In the model the chosen increment for the state variable is 1% RC.    

4.2.2.3 Decision variable and decision space 

The decision variable is the volume of water released u, expressed as % RC. This variable 

takes a range of discrete integers from umin to umax. These discrete integers form the decision 

space. The lower and upper bounds are the minimum and maximum values for RDC 
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through the irrigation gate, respectively. In most cases umin is 0% RC, and umax is defined by 

taking maximum RDC of a stage divided by the RC. Maximum RDC is the total amount of 

water released during 24 hours multiplied by the numbers of days in the stage. Defining 

umax in this way often results in umax being a non-integer. If this is the case, it is rounded 

down to its nearest integer. This allows the value of umax to always be less than or equal to 

RDC. 

To define the decision space, the RC measured in MCM and RDC measured in cubic 

metres of water per second (m3/s) required to be provided as parameters of the model. The 

increment of the decision variable is chosen by a trial-and-error process in which the model 

is run several times with different increments. Given the state space and state increment, the 

chosen increment produces the model results (ENPV and the optimal release) that have not 

significantly differed between two trials. In the model the chosen increment for the decision 

variable is 1% RC. 

The advantage of choosing the initial water level of the reservoir as the state variable is that 

the optimal release can be defined for any initial water level. In addition, measuring state 

variable and decision variable in units of % RC enables model results to easily be 

extrapolated to other reservoir configurations (as explained in Section 5.4 of Chapter 5).  

4.2.2.4 Stochastic variables 

In a discrete SDP model, the stochastic rainfall at stage n, qn, is limited to a domain 

comprising a finite number of values (Kennedy, 1986).  In this model, the stochastic 

variables are rainfall and reservoir inflows. Rainfall (qn) is described by a set of discrete 

probability distributions. Reservoir inflows (in) are defined as the amount of water obtained 
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from the catchment area, resulting from rainfall and draining into the reservoir. Both of 

these variables are measured in millimetres per stage and are then converted into % RC.   

4.2.2.5 State transition equation 

The state transition equation for the system describes how the state of the system changes 

over time (from one stage to the next) and is described as follows: 

sn+1 = sn – un – en + qn + in (4.4) 

where sn+1 and sn is water availability in the reservoir at the beginning of stage (n+1) and 

stage n, respectively; un is the amount of water released in stage n; en is the evaporation in 

stage n; qn is the amount of rainfall in stage n; and in is the reservoir inflows in stage n. All 

these variables are measured in % RC.  

4.2.2.6 The objective function of the SDP model 

In applying the SDP model to RWM, the objective function of the model represents the 

reservoir manager’s management objective, which we shall assume is to maximize 

expected profits from rice production, fish production, or their joint production. These 

profits depend on how profits of enterprises are affected by the timing and quantity of water 

released from the reservoir. 

For rice production, the amount of water to be released determines the rice yields. The rice 

crop achieves its potential yield if water releases satisfy the full water requirements of rice 

during each of its growth periods. Any water deficits result in profit losses. 

The method used to calculate rice profits in response to applied irrigation was outlined 

previously in Section 3.4.3 of Chapter 3 as follows: 
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rnrrrrn CYPAa −=  (4.5) 

where arn  is the rice profits (mVND); Ar is rice irrigated area (ha); Pr is the price of rice 

(mVND/tonne); Yr is the rice yields (tonnes) obtained in stage n; and Crn is the total rice 

production cost in stage n (mVND). The other rice production inputs, such as fertilizer, 

chemicals, and labour, are assumed to be applied at optimal levels. 

For fish production, less water in the reservoir means a higher concentration of fish, leading 

to a lower harvest effort per quantity of harvested fish and lower costs. Therefore, increases 

in water releases result in higher profits from fish production. The method used to calculate 

fish profits in response to fluctuations in water levels was also previously derived in 

Section 3.5.3 of Chapter 3 as follows:  

( ) fnnfnfn CPCETRa −+= 1  (4.6) 

where afn is the fish profits (mVND); TRfn (mVND) is total fish return obtained from the 

BRAVO model (Truong and Schilizzi, 2010); PCEn is the physical concentration effects 

coefficient; and  Cfn is the total cost of fish production (mVND). The other fish production 

inputs, such as weight of fingerlings and labour are assumed to be applied at optimal levels.  

The total profits generated by the joint production of rice and fish in stage n, an, are defined 

as:  

  fnrnn aaa +=   (4.7) 

where an is the total profits obtained in each stage. These profits are a function of reservoir 

water levels at the beginning of each stage (sn), water release (un), evaporation (en),  
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stochastic rainfall (qn), and stochastic inflows (in); arn and afn are the profits obtained from 

rice and fish production in stage n, respectively. All are measured in mVND. 

4.3 Economic optimization 

The model finds a sequence of water releases (un) that maximizes total ENPV of the profits 

generated by the system. The optimization problem for an N-stage planning horizon is as 

follows:  
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 is the expected profit obtained in stage n and subsequent stages through to 

the end, given that the water level at the beginning of the n
th stage is sn; E[ ] is the 

mathematical expectation operator; { }k

nn qp  is the probability that rainfall in stage n, (qn), 

takes the k-th value in a domain which is limited to m values; α is the exponential discount 

factor  (1+r)
-1

 for the given interest rate r (%/stage); {}.na is the net return function; {}.1+nt  is 

the state transition function; and Vn+1 is the total profits obtained in stage (n+1) dependent 
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on the  storage level at stage (n+1), sn+1 = sn – un – en + qn + in ; { }1+NsF  is the terminal 

value function of all states at the end of stage N.  

The Bellman equation (4.8) is solved subject to the state transition equation (4.4) and the 

following constraints: 

maxmin sss n ≤≤
 

(4.10) 

maxmin uuu n ≤≤
 

(4.11) 

nn su ≤
 

(4.12) 

1
0

≤
+

W

qu nn

 
(4.13) 

{ } 0,,,*
1 =+

k

n

k

nnnN iqusV  
(4.14) 

where smin is the minimum water storage required for safety (% RC); smax is the maximum 

reservoir storage capacity (% RC); umin and umax are the minimum and maximum release (% 

RC); qn is rainfall in stage n (% RC), W0 is rice water requirements (% RC); and *
1+NV

 is the 

value function in the terminal stage.  

Equation (4.8) shows that the stage profits (Vn) are affected by reservoir water levels, water 

releases, rainfall, and reservoir inflows in stage n. 

For a finite-stage SDP model, it is possible to employ the backward recursive algorithm to 

obtain solutions (Kennedy, 1986; Miranda and Fackler, 2002). The recursive solution is 

executed from n = N to n = 1 subject to the state transition equation (4.4). For each 

recursive step, the algorithm involves a finite number of algebraic operations, allowing the 
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optimization problem embedded in the Bellman equation to always be solved. Therefore, 

the value functions of a finite-stage decision problem are well defined (Miranda and 

Fackler, 2002). The backward recursive algorithms used to solve the Bellman equation in 

the SDP model and the forward tracking algorithms to retrieve optimal water release 

through stages of the SDP model are coded in MATLAB 7.1 (Appendix D1).  

4.3.1 Solution algorithm 

As the water levels at the beginning of each stage and the amount of water released are 

determined, the optimal release can be found using two steps. First, the backward recursive 

process is used to determine a set of optimal release rules for all stages. At each stage, the 

future releases are optimal. This assumption follows Bellman’s Principle of Optimality: 

“An optimal policy has the property that, whatever the initial state and optimal first 

decision may be, the remaining decisions constitute an optimal policy with regard 

to the state resulting from the first decision”  (Bellman, 1957,  p.83) 

Second, the optimal release rules are then used to retrieve the optimal release through N 

stages for any given initial water level, the expected rainfall, evaporation and the expected 

inflows. Following the optimal release, the amount of water to be released in each stage is 

specified so that the maximum total ENPV generated by the system can be determined.  

Step 1 

The backward recursive process starts in the last stage, where the dynamic programming 

equation is as follows: 
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(4.15) 

maxmin sss N ≤≤  (4.16) 

maxmin uuu N ≤≤  (4.17) 

NN su ≤  (4.18) 

01 =+NV  (4.19) 

In equation (4.19) the profits at the terminal stage, 1+NV , are assumed to be zero. This 

assumption is reasonable and applicable to most irrigation reservoirs in southern Vietnam 

because there is no need to irrigate the monsoon crop due to high rainfall9. Also, these 

reservoirs are often full after the rainy season. Consequently, rice does not benefit from the 

remaining amount of water at the terminal stage. Since the profits at the terminal stage are 

assumed to be zero, the optimal release rules *
Nu , and the maximum expected profit *

NV  for 

the last stage are obtained. The optimal release rules and the maximum expected profits at 

stage N are first calculated for all the discrete values of the state variable. They are then 

presented in a table as the results of the SDP model for stage N. 

For the second-to-last stage, the (N-1)
th, the function { }NN sV obtained from stage N 

determines the expected future profits. The dynamic programming equation for the (N-1)
th 

stage is as follows:   

                                                 
9 This is an assumption and also a limitation of the model. This is discussed in Chapter 7, Section 7.5 
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max1min sss N ≤≤ −

 

(4.21) 

max1min uuu N ≤≤ −

 

(4.22) 

11 −− ≤ NN su

 

(4.23) 

N

k

N

k

NNNN siqeuss ≤++−−≤ −−−−− 11111min  
(4.24) 

The total profits for each level of the sN-1
th stage comprise two elements. The first element 

is the profit obtained from the current stage, VN-1, counted for all values of the decision uN-1.
 

The second element is the carry-over profit which is discounted from the profit obtained 

from stage N, αVN. The carry-over profit depends on the water level at the end of stage (N-

1), which is also the water level at the beginning of stage N, sN, defined by transition 

equation (4.4), k

N

k

NNNN iqeuss 11111min −−−−− ++−−= . Once the water level at the end of 

stage (N-1), sN, is defined, the carry-over profit can be calculated by discounting the 

maximum profit obtained from stage N which corresponds to the water level at the end of 

stage (N-1). 

For discrete state SDP, determining the water level at the end of stage (N-1) using the 

transition equation may sometimes result in the water level at the end of stage (N-1), sN-1, 

being a non-integer. Therefore, the carry-over profit (the discounted value of the maximum 

profit obtained from the last stage *
NV ) cannot always be found. To overcome this, linear 
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interpolation (Eschenbach et al., 1995; Johnson et al., 1993) is used to approximate the 

profit obtained from stage N that corresponds to the water levels at the end of stage (N-1). 

This value is then discounted by the discount factor α to produce the second element of the 

total profit obtained in stage (N-1). 

At each combination of water levels at the beginning of stage (N-1), sN-1, and water release 

in stage (N-1), uN-1, the summation of the two elements of the total profits results in the 

expected profits for stage (N-1). These summed values are then presented in a table as the 

results of the SDP model obtained from stage (N-1). Based on these results, the maximum 

profits for each level of water at the beginning of stage (N-1), *
1−NV , and the optimal release 

rules in stage (N-1), *
1−Nu , can be found for the second-to-last stage. They can then be used 

to find the maximum profits and the optimal release rules for the third-to-last stage. The 

process of obtaining the optimal release and the maximum expected profits is then repeated 

until the optimum is found for the initial stage. 

This backward recursive process produces the SDP results in which the optimal release 

rules and the maximum profits for each level of water at the beginning of each stage are 

revealed. The backward recursive process for finding the optimal release rules and the 

maximum total ENPV are applied for both single-use production (rice or fish) and multiple-

use production (rice and fish). At the end of step 1, the results of the backward recursive 

process are obtained for both single-use and multiple-use production, including the optimal 

release rules, the optimal water storage, and the maximum total ENPV. The main purpose 

of backward recursion is to specify the amount of water to be released to produce a 

maximum profit for that stage, given the water level at the beginning of that stage. The 

flowchart for the backward recursive process is shown in Figure 4.1. 
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Figure 4.1 Flowchart for the backward recursive process 

 

Input model parameters 

Calculate:  Vector of initial water level: s,   and vector of water release u 

Calculate vector of water level at the end of each stage: ss 

Initialize matrices of ENPV: vvr = 0; vvf = 0; vv = 0; 

Set counter n = nn 

Set counter i1 = 1 

Set counter i2 = 1 

Initialize:  -profits:  vr = 0; vf = 0; v = 0                                                 
-carry-over profits: vtempr = 0;  vtempf = 0;  vtemp = 0 

Set counter i3 = 1 

Calculate: Vtempr; Vtempf; Vtemp 

 s(i2) – u(i1) > min(s) 

Calculate : vr= vr + p(q)(rr + αVtempr); vf= vf + p(q)(rf + αVtempf); v= v +p(q)(rr + rf + αVtemp)  

 i3 < ks  

Assign: AAr(i2,i1) = vr; AAf(i2,i1) = vf; AA(i2,i1) = v 

Determine: maximum stage returns  Vr*; Vf*; V*                                     
Find: optimal stage release ur*; uf*; u* 

i2 < S 

i1 < U 

Form the stage return matrices:                                                           
BBr(i,j,n) = AAr(i,j) ; BBf(i,j,n) = Af(i,j);  BB(i,j,n) = AA(i,j)    (i =1:S; j = 1:U) 

 n > 1 

Print out the results of backward recursive process                                       
vvr*; vvf*; vv*; uur*; uuf*; uu*      

 vr= na;  vf= na, v= na 

 i2 = i2 + 1 

i3 = i3 + 1 

 i1 = i1 + 1 

 n = n - 1 

Y 

N 

Y 

Y 

Y 

N 

Y 

N 

N 

N 
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Explanation of notation used in Figure 4.1 

S   The state space consisting of the number of initial water levels. 

s   The (Sx1) the vector of initial water level. 

U   The decision space consisting of the number of releases. 

u  The (1 x U) the vector of water release. 

nn    The number of stages of the SDP model. 

ks   The number of rainfall levels. 

q   The (ks x nn) matrix of rainfall. 

p(q)   The (ks x nn) matrix of rainfall probability 

ss   The (Sx1) the vector of terminal water level. 

α    The discount factor. 

rr, rf, r   The stage profits of rice, fish, and rice and fish 

vr, vf, v  The expected stage profits of rice, fish, and rice and fish 

AAr, AAf, AA The (S x nn) matrices of the stage profits of rice, fish, and rice and fish  

Vr*, Vf*; V*  The (S x 1) vector of maximum stage profits of rice, fish, and rice and fish  

ur*; uf*; u*  The (S x 1) vector optimal stage release for rice, fish, and rice and fish 

uur*; uuf*; uu*  The (S x nn) matrices of the optimal release of water for rice,  
fish, and rice and fish 

vvr*; vvf*; vv*  The (S x nn) matrices of the maximum ENPV of rice, fish, 
and rice and fish 

BBr; BBf; BB The (S x U x nn) matrices of maximum profits of rice, fish 
and rice and fish 

Vtempr, Vtempf, Vtemp  The carry-over profits of rice, fish, and rice and fish  
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Step 2 

The results from step 1 cannot be used to find the optimal release unless the actual rainfall 

and the actual reservoir inflows in each stage are known. However, it is possible to derive 

the optimal water release using the expected rainfall and the expected reservoir inflows. In 

addition, according to Kennedy (1986) it is also possible to derive the optimal release  

using different rainfall patterns that may occur, such as a very dry or a very wet rainfall 

pattern.  

In step 2, all maximum ENPV and the optimal release rules obtained from all stages are 

first presented in the output of the backward recursive process. Determining the optimal 

release begins at the first stage and it is a relatively straightforward process to derive the 

optimal release during N stages. In particular, based on the initial water level, s1, the 

optimal release for the first stage, *
1u , is first found. This optimal release together with the 

expected rainfall in stage 1, e
q1 , the expected reservoir inflows in stage 1, e

i1 , and 

evaporation can then be used to determine the water levels at the beginning of the second 

stage, s2, using the state transition equation ee
iqeuss 111

*
112 ++−−= . 

After observing the water level at the beginning of stage 2, the optimal release for this stage 

is found, using the results obtained from the backward recursive process. Determining the 

water level at the beginning of stage 2, s2, may result in the water level at the beginning of 

this stage being a non-integer. Therefore, the optimal release cannot be defined for this 

stage. In this instance, linear interpolation (Eschenbach et al., 1995; Johnson et al., 1993) is 

used to define the optimal release corresponding to any water level at the beginning of 

stage 2. The process of defining the reservoir water level at the beginning of each stage and 

the optimal release for that stage is continued until stage N  reached.  
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The results of step 2 determine the optimal release for N stages. Following the optimal 

release, the optimal amount of water released in each stage is determined so that ENPV 

generated from the system is maximized. The flowchart of the programming used to 

retrieve the optimal storage, optimal release, and maximum ENPV for joint production of 

rice and fish through stages of the SDP model is shown in Figure 4.2. For single use of rice 

or fish, the flowchart of the programming is similar. 
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Figure 4.2 Flowchart of the programming used to retrieve the optimal storage, optimal 

release and maximum ENPV through stages of the SDP model 

 

Input: S, s, nn, uu*,vv*, aa, bb, Ev 

Set ii = 1 

Assign A1(1) = s(ii) 

Set k = 1 

A1(k)  ≥  max(s) A1(k) = max(s) 

A1(k)  ≥  min(s) 
Calculate B1(k) = inpter1{s, uu*, A1(k)}                                                                                                    

Calculate A1(k+1)= A1(k) – B1(k) + aa(k) +bb(k)- Ev(k) 

Calculate B1test                                                    
[ A1(k)-min(s)+aa(k)+bb(k)-Ev(k)] 

B1test ≥ 0 

k > 1 

AdjB1(k-1)≤ 0 

Type	equation	here Assign B1(k) = 0;                                                 
Calculate A1(k+1)= A1(k) – B1(k) + aa(k) +bb(k)- Ev(k) 

Calculate AdjB1(k-1)=[B1(k-1)-|B1test|]                                                    

Assign AjdB1(k) = B1test;                                                 
Calculate A1(k+1)= A1(k) – AdjB1(k) + aa(k) +bb(k)- Ev(k) 

Assign B1(k-1)= AdjB1(k-1)                                                 
Calculate A1(k-1)= A1(k-1) – B1(k-1) + aa(k-1) +bb(k-1)- Ev(k-1) 

k = k-1 

k < nn 

k = k+1 

A11(ii,j) = A1(j); B11(ii,j) = B1(j); C11(ii,j) = C1(j)      
j =1:nn 

ii < S 

ii = ii +1 

Print out the (S x nn) matrices of optimal storage, optimal release, and maximum ENPV                                     
A11, B11, C11 

Y 

N 

Y 

N 

Calculate C1(k) = inpter1{s, vv*, A1(k)}                                                                                                    

Y 

N 
Y 

N 

Y 

N 

N 

Y 

N Y 
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Explanation of notation used in Figure 4.2 

S  The number of initial water levels 

s   The (S x 1) vector of initial water level 

nn    The number of stages of the SDP model 

aa   The (1 x nn) vector of expected rainfall 

 bb   Tthe (1 x nn) vector expected inflows 

Ev   The (1 x nn) vector of evaporation 

uu*  The (S x nn) matrix of the optimal release of water for rice and fish obtained 
from backward recursive process 

vv*  The (S x nn) matrix of the maximum ENPV of rice and fish obtained from 
backward recursive process 

A1   The optimal storage in stage 1 

B1   The optimal release in stage 1 

C1   Maximum ENPV in stage 1 

Adjust B1  The adjusted value of B1 

interp1  The linear-interpolation operator 

A11   The (S x nn) matrix of optimal storage 

B11   The (S x nn) matrix of the optimal release 

C11   The (S x nn) matrix of maximum ENPV 
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4.3.2 Calculation of total ENPV for different water management scenarios 

Scenario 1: Water management to maximize the profits of rice production  

When considering water management solely for rice production, fish are still harvested to a 

limited degree, (Thang Pham, 2009, personal communication, 15 January) and the 

fishermen still expect to achieve positive profits from fishing. Therefore, maximum total 

ENPV for the management of reservoir water must be the sum of maximum ENPV 

obtained from optimized rice production and the additional profits obtained from non-

optimized fish production. To estimate this maximum total ENPV, the fish profits in the 

objective function of the SDP model is first set to zero. This allows the optimal release and 

maximum ENPV to be found for rice production alone. Then, the additional profits 

obtained from fish production are estimated at the reservoir water levels which are 

determined by the optimal release for rice.   

The sum of maximum total ENPV (rice profits and additional profits from fish) of each 

stage is calculated as follows. First, the PCE coefficient is calculated using the optimal 

water storage level that results from the optimal release for rice production. This coefficient 

is then incorporated into equation (4.6) to determine the additional profits from fish 

production in each stage. These additional fish profits are then discounted to stage 1. To 

produce the sum of maximum total ENPV, the sum of these discounted values is added to 

maximum ENPV obtained from rice production. 

Scenario 2: Water management to maximize the profits of fish production 

When reservoir water is managed solely for fish production, the amount of water released 

for fish production can also be used to irrigate rice. The rice famers still expect to obtain 
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profits from rice production. Therefore, maximum total ENPV for the management of 

reservoir water must be the sum of maximum ENPV obtained from optimized fish 

production and the additional profits obtained from non-optimized rice production. To 

estimate maximum total ENPV, the rice profits in the objective function of the SDP model 

are first set to zero. This allows for finding the optimal release for fish production only, and 

maximum ENPV obtained from fish. The additional rice profits are then estimated 

according to the release of reservoir water level which is determined by the optimal release 

for fish production.   

The sum of maximum total ENPV (fish profits and additional profits from rice) of each 

stage is calculated as follows. First, rice yields in response to applied irrigation are 

determined using the optimal release for fish production. These rice yields are then 

incorporated into equation (4.5) to determine the additional rice production profits obtained 

at each stage. These additional rice profits are then discounted to stage 1. To produce 

maximum total ENPV, the sum of these discounted values is added to maximum ENPV 

obtained from fish production. 

Scenario 3: Water management to maximize the profits of joint rice and fish production 

For joint production of rice and fish, the optimal release and maximum total ENPV are 

found using the two-step solution algorithm proposed in Section 4.3.1. 

4.3.3 Sensitivity analysis 

The optimal water release and maximum total ENPV provide some insights into the most 

cost-effective ways to manage reservoirs. Maximum total ENPV is calculated for a given 

value of the initial state variable, and the optimal release describes the amount of water to 
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be released in every stage. However, maximum total ENPV and the release provide only a 

partial picture of the water management process. More specifically, the dynamic behaviour 

of managing reservoir water can be demonstrated by changing the model’s parameters and 

inputs such as: reservoir capacity, irrigated area, price of rice and fish, rainfall patterns, fish 

harvest efficiency, and interest rate. Sensitivity analysis is employed to examine how the 

process of managing reservoir water evolves over time starting from different initial states, 

and reveals how the dynamic release can vary with changes in model parameters.   

4.4 Conclusion 

This chapter has described an SDP model for RWM for the production of irrigated rice and 

reservoir fisheries. The purpose of constructing the model was to find the optimal water 

release over time, under uncertain weather conditions when the reservoir is used for either  

single use (rice or fish) or multiple uses (rice and fish). In the next chapter, this model is 

parameterized using a case study in southern Vietnam. 
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5 Chapter 5                                                                          

Parameterizing the model using a case study 

5.1 Introduction 

Given the recent increases in the number of reservoirs in Vietnam, policy-makers need to 

resolve problems related to the size and operation of these reservoirs. Chapter 3 of this 

thesis outlined the problem of RWM in southern Vietnam. The key conclusions were that 

conflicts of interest in water use between irrigation and fisheries and variations in rainfall 

patterns are the main reason preventing the management of the reservoirs from achieving 

maximum economic benefits. Reducing potential conflicts in the use of stored reservoir 

water requires reservoir operation policies to be refined and improved. Addressing this 

issue, an SDP model of RWM for either single use or multiple uses was constructed 

(Chapter 4). This model captures the seasonal variations in water demand for rice and fish 

and indicates the nature of intra-year RWM trade-offs for rice and fish production. Chapter 

5 parameterizes the model using as a case study the Daton reservoir in southern Vietnam.  

The chapter comprises three main sections. The problem of managing water for rice and 

fish production at the Daton reservoir is stated in Section 5.2. The modelling procedure is 

described in Section 5.3 including data collections and parameter estimates. Next, Section 

5.4 explores the possibility of applying the model results to other reservoir configurations. 

5.2 Problem statement 

The Daton reservoir in southern Vietnam is used as a case study for application of the SDP 

model. This multiple-use reservoir has a water storage capacity much greater than the 
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irrigation requirements of the crops areas it services. Construction of the Daton reservoir 

began in 1987 and was completed in 1989. The reservoir is located in Dong Nai province 

about 150 km north-west of Ho Chi Minh City. Its surface area is just over 350 hectares 

and it reaches a maximum depth of 20 metres. Its maximum capacity is 19.6 million cubic 

metres (MCM) and its minimum storage required for safety is 0.4 MCM.  The reservoir’s 

water is used predominantly for irrigating rice production. The reservoir water has also 

been used for fisheries in recent years, however this use is often given low priority. 

As commonly observed in many Vietnamese reservoirs, the reservoir water is used for fish 

production to help the people living around the reservoir to earn an income. Most of these 

people were displaced from their land when the reservoirs were constructed. However, 

provincial government regulations stipulate that the use of reservoirs for fisheries must not 

interfere with the use of the reservoir for irrigation. Therefore, although reservoir fisheries 

are an important source of income for the people disadvantaged by the reservoir’s 

construction, there are a number of conflicts of interest between irrigation and fisheries in 

the use of water (Tran et al., 2010). There is a need to refine and improve the water release 

policy to maximize the benefit obtained from managing the reservoirs. 

5.3 Modelling procedures 

5.3.1 The time horizon of the SDP model 

This case study investigates the problem of releasing water for two dynamic and competing 

production systems that use water from a reservoir: irrigation and fisheries. The Daton 

reservoir is used to irrigate two consecutive rice crops of approximately 1000 hectares 

during the dry season from December to June. The first crop is grown from December to 

March and the second crop is from April to July. Each crop lasts about 100 days and is 
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divided into four growth periods: the initial, development, mid and late season periods as 

defined in the Cropwat 8.0 model (Swennenhuis, 2006). Each rice growth period in this 

case study is 25 days long and covers approximately one month, reflecting the experimental 

results obtained by Le and Duong (1998). To account for the two consecutive rice crops 

each with four growing periods, a model with eight 25-day stages was developed (Table 

5.1). 

Harvesting of fish occurs when the reservoir water is at its lowest levels, lasting 

approximately four months from mid February to June (Nguyen, 2008a). However, at this 

time of year, the reservoir’s water is often stored for irrigation. When fitted to the eight-

stage model the fish harvest season covers four 25-day periods, starting in stage 4 and 

ending in stage 7 (Table 5.1). 
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       Table 5.1 The time horizon of the SDP model incorporating two rice crop cycle and fish harvest periods at the Daton reservoir 

Months December January February March April May June July 

Stage of the SDP model 1 2 3 4 5 6 7 8 

Rice crop seasons First rice crop Second rice crop 
Approximate  
rice growth periods  Initial  Development Mid-season Late-season  Initial Development Mid-season Late-season 

Fish harvest periods   Period 1 Period 2 Period 3 Period 4   
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5.3.2 Data collections and parameters estimation 

The SDP model was validated using input data gathered using a survey of rice and fish 

production at the Daton reservoir. All costs and income were measured in mVND. All 

hydrological parameters were initially measured in millimetres (mm). In the model these 

parameters were converted into % RC, which allows the model results to be extrapolated to 

other reservoir configurations. 

During a three-month fieldtrip to the reservoir from January to March 2009 the model data 

was collected, including climatic and hydrologic data, rice and fish production data. 

Primary data was obtained by surveying rice and fish farmers. Specifically, the Board of the 

Daton Aquaculture Cooperatives and a sample of 80 rice farmers in the area surrounding 

the reservoir were interviewed. All rice and fish production data was collected for the 2008 

production year. Secondary data was collected from the Daton irrigation branch, local 

authority, and the Sub-Institute of Hydrometeorology and Environment of South Vietnam 

(SHESV). The interest rate was set at 0.5% per stage, equivalent to 6.2% per annum 

(Nguyen, 2008a) 

5.3.2.1 Evaporation, rainfall and hydrologic data 

Evaporation data 

The average evaporation in each stage could not be estimated as there was no daily 

evaporation data recorded by the Daton irrigation branch. Instead, the monthly evaporation 

data from the Dong Nai province (1977 – 2006) provided by SHESV was adjusted to obtain 

approximate average evaporation in each stage. First, the average of monthly evaporation 

was calculated using the evaporation data of the Dong Nai province. These values were 
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then divided by 30 to obtain an average daily evaporation for each month. The average 

evaporation value for each stage, 25 days, was then obtained by multiplying the average 

daily evaporation by 25 for the relevant month. In cases where a stage bridged two months, 

the average evaporation of that stage was considered to be the sum of the evaporation 

calculated for the number of days of each of the corresponding months. For example, stage 

1 lasts for 25 days from December 25th to January 18th; therefore, the average evaporation 

for this stage was the sum of seven days of average evaporation for December and 18 days 

for January (Table 5.2).  

Rainfall data 

Daily rainfall data from 2001 to 2008 was collected from the Daton irrigation branch (Dinh, 

2008). This data was used to calculate rainfall probability density functions in each stage, 

the inflows of the reservoir, and the amount of water that the rice fields directly received 

from rainfall. The average, minimum and maximum rainfall for each stage is shown in 

Table 5.2. 
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Table 5.2 Rainfall (mm) and evaporation (mm) at the Daton reservoir from 2001-2008 

  Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 

Rainfall         

Average 16.13 7.63 2.56 15.31 44.88 177.56 272.75 316 
 
Min 
 

0 
 

0 
 

0 
 

0 
 

7 
 

48 
 

64 
 

74 
 

Max 47 35 10.5 46.5 105 321 515 623 

Evaporation  5.34 6.85 8.30 9.30 8.3 5.59 3.99 3.59  
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The calculations of the rainfall probability density functions in each stage were derived as 

follows. Firstly, rainfall data for the 25 days of each stage across 8 years from 2001 to 2008 

were aggregated to produce a sample of 200 observations. For each stage, daily rainfall 

observations were divided into 14 intervals: 0, 1-2, 3-4, 5-6, 7-8, 9-10, 11-12, 13-14, 15-16, 

17-18, 19-20, 21-22, 23-24, and ≥ 25 mm per day and the frequency of rainfall for each of 

these 14 intervals in each stage was calculated.  

Secondly, daily rainfall and its probabilities were converted to stage-specific rainfall 

probability density functions and stage-specific rainfall probabilities. The stage-specific 

rainfall distribution was defined by taking the lower and upper bound of each of the 14 

daily rainfall intervals and multiplying them by 25. The midpoints of these stage-specific 

rainfall intervals were then used to represent rainfall distributions in each stage. These 

rainfall distributions were: 0, 37.5, 87.5, 137.5, 187.5, 237.5, 287.5, 337.5, 387.5, 437.5, 

487.5, 537.5, 587.5, and 625.0. The rainfall distribution for any day of each of the 14 

intervals was assumed to be equiprobable. The daily rainfall probability can then be used to 

represent the total stage-specific rainfall probability (Table 5.3). 
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Table 5.3 Rainfall probabilities of 8 stages corresponding to 14 midpoints of stage-specific 
rainfall intervals 

Rainfall  Rainfall probability 

(mm) Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 
 

0.0 0.955 0.98 0.98 0.95 0.865 0.745 0.635 0.545 
 

37.5 0 0 0 0 0.005 0.005 0.015 0.03 
 

87.5 0.005 0 0.01 0 0.015 0.01 0.035 0 
 

137.5 0 0 0.005 0.015 0.01 0.03 0.025 0.025 
 

187.5 0.01 0.005 0 0 0.025 0.01 0.035 0.04 
 

237.5 0.005 0 0.005 0 0.03 0.005 0.01 0.035 
 

287.5 0 0 0 0.005 0.005 0.01 0.015 0.02 
 

337.5 0 0 0 0.01 0 0.01 0.02 0.03 
 

387.5 0.005 0 0 0.015 0.005 0.02 0.005 0.03 
 

437.5 0.01 0.01 0 0 0 0.01 0.01 0.005 
 

487.5 0 0.005 0 0 0.01 0.02 0.02 0.03 
 

537.5 0 0 0 0.005 0 0.005 0.01 0.02 
 

587.5 0.005 0 0 0 0.005 0.005 0.015 0.015 
 

625.0 0.005 0 0 0 0.025 0.115 0.15 0.175 
 

The expected rainfall for each stage (Table 5.4) was calculated as follows: 

∑
=

=
m

k

k

n

k

n

e

n qpq
1                                

n=1,2,….N

 

  (5.1) 
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where e

nq is the expected rainfall in stage n; N (=8) is the number of stages of the SDP 

model; m=14 is the number of midpoints representing for the stage-specific rainfall; k

np  is 

probability of rainfall in stage n taking the kth value in a domain limited to m (=14) values; 

and k

nq is the kth value of rainfall in a domain limited to m values.   

Using daily rainfall data from 2001 to 2008, the weather conditions for a wet year and a dry 

year were defined. A dry year was considered as the driest year and a wet year was 

considered the wettest year given the rainfall data from 2001 to 2008. In particular, the total 

rainfall for each rice crop for the years from 2001 to 2008 was calculated. A dry year was 

defined as a year in which the rainfall was lower than or equal to the sum of the minimum 

total recorded for any year of the first and the second rice crops. Therefore, if rainfall was 

lower than or equal to 495mm (calculated from 10mm minimum recorded in 2002 for the 

first rice crop and 485mm minimum recorded in 2008 for the second rice crop) the year 

was considered to be a dry year (Table 5.4). A wet year was defined as a year in which the 

rainfall was higher than or equal to the sum of the maximum total recorded for any year of 

the first and the second rice crops. Therefore, if rainfall was higher than or equal to 

1097mm (calculated from 71.5mm maximum in 2008 for the first rice crop and 1026mm 

maximum in 2005 for the second rice crop) the year was considered  to be a wet year 

(Table 5.4).  
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Table 5.4 Total rainfall (mm) in each stage of the SDP model from 2001 to 2008 

 The first rice crop The second rice crop 
Stages 1 2 3 4 Total 5 6 7 8 Total 

 
2001 0 35 0 22 57 7 100 148 623 878 
 
2002 10 0 0 0 10 12 48 349 406 815 
 
2003 0 0 0 15 15 82 143 515 150 890 
 
2004 24 26 10.5 0 60.5 44 222.5 238 384 888.5 
 
2005 47 0 0 0 47 11 321 273 421 1026 
 
2006 23 0 10 0 33 60 109 432 189 790 
 
2007 0 0 0 39 39 105 277 64 373 819 
 
2008 25 0 0 46.5 71.5 41 229 141 74 485 
 

Dry year 10 0 0 0  41 229 141 74  

 

Wet year 25 0 0 46.5  11 321 273 421  

 

Expected rainfall 16 8 3 15  42 113 151 194  
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Hydrological data 

The physical parameters of the reservoir were obtained from the Daton irrigation branch 

(Dinh, 2008) including maximum and minimum storage capacity, discharge capacity, 

reservoir surface area, reservoir catchment area, and reservoir inflows. The hypsographic 

coefficient, which indicates the relationship between reservoir water availability and 

reservoir surface area, was obtained from the hypsographic curve provided by the Daton 

irrigation branch. All parameters are presented in Table 5.5.  

Table 5.5 Parameters used in the model 

Parameters Units Value Descriptions 

smax MCM 19.6 Maximum reservoir capacity 

smin MCM 0.4 Minimum storage water level required for safety 

DC M3/second 2.5 Reservoir discharge capacity 

A0 ha 350 Reservoir surface area at full level of water 

Rc Km2 21 Reservoir catchment area 
 

θ 

 
no. 

 
0.5732 

 
Hypsographic coefficient 

 
σ 

 
no. 

 
0.3 

 
Reservoir inflow coefficient 

5.3.2.2 Rice production data 

A seasonal calendar for rice production and the actual cultivated area of rice were obtained 

from the 2008 annual report of the local authority (Nguyen, 2008b). The maximum 

observed yields over the period from 2001 to 2008 were used to indicate the potential yield 

of rice in this area (Table 5.6). Irrigation efficiency, expressing the percentage of irrigation 

water that was used efficiently and the percentage that was lost, was fixed at 85% (Thang 

Pham, 2009, personal communication, 15 January). To simulate rice yields in response to 
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different levels of applied irrigation, the rice water requirements (RWR), and the rice yield 

response factor must be known. 

Rice water requirements 

To estimate rice yields in response to different levels of applied irrigation, the RWR 

obtained from the field water balance must be specified. As there was no experimental data 

from the field that measures the RWR, the Cropwat 8.0 model was used to define RWR. 

Several versions of this model have been developed by F.A.O (Smith, 1992; Swennenhuis, 

2006).  It has also been employed for a wide variety of crops in many countries with 

different soil types and climatic conditions (Muhammad, 2009; Toda et al., 2005; Tran et 

al., 2011). 

The use of Cropwat 8.0 model to estimate RWR brings with it a number of advantages. 

Firstly, the calculation of RWR in Cropwat 8.0 model was modelled for rice production 

that closely reflects irrigation requirements of flooded rice production. Secondly, the 

calculation of RWR can be carried out for different durations in growing periods which 

often differ from rice varieties. Thirdly, total irrigation requirements in different rice 

growing periods are estimated. The total irrigation requirements can be used to define the 

RWR level at which rice can achieve its potential yield. Rice water requirements associated 

with the amount of water released and the amount of water that the rice field receives 

directly from rainfall determines the degree of rice water deficits which can then be used to 

estimate the rice yields.  
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Rice yield response factor 

The yield response factor )(
nyk  is a coefficient which quantifies reductions in crop yields 

due to water deficits in different growing periods (Doorenbos et al., 1979). If a water deficit 

occurs in a particular crop growth period, the crop yields will vary depending on the degree 

of sensitivity of the crop in that period. The yield response factor was first researched and 

published by Doorenbos and Kassam (1979). In their study, 
nyk was calculated for several 

crops. However, it could not be applied to all crops, particularly those cultivated in 

different types of soils and climate. A growing number of authors and organizations have 

sought to further define this factor. In the report presented to the F.A.O, Smith (1992) 

stated that 
nyk  can take the values ranging from 0.2 to 1.15. In the literature, several 

studies have applied the 
nyk values published by the F.A.O to irrigation and crop water 

deficits (Bouman and Tuong, 2001; Dehghanisanij et al., 2009; Kang et al., 2000; Kirda et 

al., 1999; Mannocchi and Mecarelli, 1994; Reca et al., 2001a, b). A further empirical study 

undertaken by the International Atomic Energy Agency in 1996 found that 
nyk ranged more 

broadly from 0.08 to 1.75. 

In terms of rice production, De Datta (1973) and De Datta (1981) have shown that during 

reproductive growth (equivalent to the mid-season of the rice growing period), a large 

amount of water is consumed. Therefore, rice yields are more sensitive to water deficits 

during this period. In contrast, a deficit of water in the yellowish ripening stage (equivalent 

to the late-season of the rice growing period) causes negligible reductions in rice yields 

because very little water is needed during this period. 
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In the absence of field experiments on the effects of water deficits on rice yields in 

Vietnam, this study uses the 
nyk values from the rice data file of Cropwat 8.0 model 

(Swennenhuis, 2006). These values are 1.0 for the initial period, 1.09 for the development 

period, 1.32 for the mid season, and 0.5 for the late season (Table 5.6). The research carried 

out by Tran et al. (2010) and Tran et al. (2011) in Vietnam also employed these 
nyk values 

to measure the rice yields in response to water deficits in different rice growing periods. 

More importantly, these 
nyk values are also in agreement with the impact of water deficits 

on rice yields published by De Datta (1981).  

Simulation of rice profits 

To simulate rice profits in response to different levels of applied irrigation and rainfall, two 

main tools were used. First, Cropwat 8.0 model (Swennenhuis, 2006) was employed to 

calculate RWR. Second, the DWPF (Rao et al., 1988b) was modified using the  method 

proposed by Paudyal and Manguerra (1990) to simulate rice yields in response to  different 

levels of applied irrigation.  

The rice yields were simulated by the following process. First, RWR in every rice growing 

period was calculated using the Cropwat 8.0 model. These RWR were calculated using the 

average humidity, rainfall, evaporation, and radiation. Second, these values of RWR were 

then used to measure rice yields in response to different levels of applied irrigation using 

the DWPF proposed in Section 3.4.2. The amount of water released from the reservoir for 

each rice growing period (the decision variable in the SDP model) was made discrete and 

defined as a number of integers (% RC): it ranged from a minimum to a maximum reservoir 

discharge capacity, as explained in Section 4.2.2.3. These values can be higher or lower 

than RWR in each stage. The chosen values associated with rainfall in each stage were used 
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to specify the degree of rice water deficits which were then used to simulate rice yields in 

each stage. In the case where these chosen values were lower than RWR, water deficits 

occurred and caused reductions in rice yields in that stage. Conversely, if the chosen values 

of water released were higher than RWR, there was a surplus of water. This surplus can be 

assumed to exit into rivers without a negative effect on rice yields. There are two reasons 

for choosing values that are higher than RWR. Firstly, an over-release may be reasonable 

when considering water released for fish harvesting. Secondly, in reality, this over-release 

will not affect rice yields because rice farmers can control how much water is taken into 

their farms from the irrigation canals. 



 

 

Chapter 5                                                                                                                                                                                       Parameterizing the model using a case study 

114 
 

 

 

Table 5.6 Potential yield of rice (Yp); yield response factor (ky); and rice water requirements (W0) 

Parameter Units Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 
 

 

Yp 

 
tonnes/ha 

 
6.5 

 
6.5 

 
6.5 

 
6.5 

 
6 

 
6 

 
6 

 
6 
 

ky no. 1 1.09 1.32 0.5 1 1.09 1.32 0.5 
 

W0 mm 252.5 80.3 124.6 132.1 209 131.7 85.1 103.7 
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The average production cost and return per hectare of rice production was obtained from 

surveying the farmers. The average production costs per hectare included the costs of 

seeding, weeding, fertilizing, chemical use, labour, and harvest. The average production 

cost per hectare for the first and the second rice crop were mVND 8.82 and 6.72, 

respectively (Appendix A1). The average return per hectare for rice production was 

estimated by multiplying the price of rice (mVND 2.5 per tonne)10 by the rice yields. Total 

returns and total costs for the cultivated area were estimated by multiplying these average 

values by the actual cultivated area. Total rice profits in each stage were estimated by 

subtracting the total costs from the total returns. 

5.3.2.3 Fish production data 

The biological parameters for fish production (Appendix B1) were taken from the BRAVO  

model (Truong and Schilizzi, 2010). The fish yields for each species harvested in 2008 

(Table 5.7) were estimated using the model. All required input data for this model (such as 

weight of fingerlings, stocking costs, and labour cost) was obtained from the 2008 annual 

report of the Daton cooperative (Nguyen, 2008a). The fish yield-reservoir area 

multiplicative factor (γ = 0.7422) and fish yield-reservoir area power factor (ω = -0.7445) 

in equation (3.13) were obtained from Nguyen et al. (2001a). 
 The total fish production cost 

in 2008 was mVND 615 (Appendix B2). The price of each fish species varies according to 

fish size at harvest. In this study the price of each species (Table 5.7) was represented by 

the fish price at its average size, which  accounted for 70% to 80% of total weight of fish 

harvested (Nguyen, 2008a). 

 

                                                 
10 The average price of rice in 2008 obtained from the survey 
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Simulation of fish profits 

To simulate fish profits in response to fluctuations in reservoir water level, the method 

proposed in Section 3.5.3 was employed. Total fish returns in each stage were estimated 

using the BRAVO model. To examine the effects of the reservoir water fluctuations on fish 

production, these total fish returns were then multiplied by the PCE coefficient which was 

defined in Section 3.5.2.2. Fish profits in response to the reservoir water fluctuations in 

each stage were obtained by subtracting the total fish production cost from the total fish 

returns obtained under PCE. 
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 Table 5.7 The prices and yields of fish 

Fish  Prices (mVND Fish yields (tonnes) 
species per tonne) Stage  1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 

 
Common Carp 16 0 0 0 3.506 3.026 2.636 2.262 0 

 
Silver Carp 6 0 0 0 8.861 7.666 6.693 5.758 0 

 
Grass Carp 8.5 0 0 0 7.043 6.239 5.573 4.887 0 

 
Bighead Carp 6 0 0 0 4.477 3.93 3.479 3.027 0 

 
Mrigal 8.5 0 0 0 4.154 3.584 3.121 2.678 0 

 
Note: Fish harvesting happens only in periods 4 to 7.  
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5.4 Applying modelling results to other reservoir configurations 

As stated in Chapter 2 Section 2.3.2, irrespective of the way in which RWM problems are 

modelled, the following parameters must be considered. They are: reservoir storage 

capacity (RC), reservoir release (RR), water use demands (WD), and total reservoir inflows 

(RI). This section outlines how model results can be applied to other reservoir 

configurations, by considering the relationships between these parameters. 

Reservoir capacity is the maximum water storage of each reservoir (100% RC). Reservoir 

release is defined using RDC as described in Chapter 4 Section 4.2.3.3. Water use demands 

include total irrigation requirements (IR) and the release for fish harvest. Total IR is 

expressed as IR per hectare multiplied by irrigated area (IA). As mentioned previously in 

Section 3.3, rice production is the dominant contributor to total profits. Therefore, WD is 

dominated by irrigation. For this reason, WD is mainly calculated for total IR. In this study, 

as IR per hectare is estimated by the Cropwat 8.0 model for rice-growing, the variation of 

IR depends only on the irrigated area (IA). Therefore, IA can represent WD. As IA 

increases, total IR increases and therefore WD is higher. 

The relationships between RC, RR, WD, and RI, can be used to form two criteria for 

defining reservoir configurations. The first criterion is the ratio of RC to WD (represented 

by IR), denoted as 
IR

RC
R = . By comparing RC with its IR, two possibilities for the ratio R 

can be considered R ≥ 1 and R < 1.  

The second criterion used to define reservoir configurations is the position of reservoir 

water levels at the beginning of the irrigation season, S. During the wet season, the amount 

of water that the reservoir receives from RI defines S.  Total RI include two main sources 
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of water: (1) the amount of water that the reservoir receives directly from rainfall, and (2) 

the amount of water that the reservoir receives from its catchment area. At the beginning of 

the irrigation season the reservoir can be either full (S = 100%) or not full (S < 100%).  

The two possibilities for S, when combined with the two possibilities for the ratio R, yield 

four configurations for a reservoir, as shown in Table 5.8   

Table 5.8 Reservoir configurations – general case 

 R ≥ 1 R < 1 
 

S = 100% RS11 RS12 

 

S < 100% RS21 RS22 

 

 

RS11 represents those reservoirs that are full at the beginning of the irrigation season with 

RC greater than or equal to total IR. RS12 represents those reservoirs that are full at the 

beginning of the irrigation season but with RC smaller than total IR. RS21 represents those 

reservoirs that are not full at the beginning of the irrigation season and they have RC 

greater than or equal to total IR. Finally, RS22 represents those reservoirs that are not full 

at the beginning of the irrigation season and that have RC smaller than total IR. 

The intra-year SDP model constructed in the present study is based on the assumption that 

the reservoir is fully replenished by the monsoon season (S = 100%). Therefore, it can 

apply to two reservoir configurations: R11 and R12. For the other two reservoir 

configurations (R21 and R22), where the reservoirs are not full at the beginning of the 

irrigation season, the intra-year SDP model needs to be extended. A detailed discussion on 

extending the SDP model is presented in Chapter 7, Section 7.5. 
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The following section will discuss how to extrapolate the results of the Daton reservoir to 

the R11 and R12 reservoir configurations. To achieve this, the diversity of these reservoirs 

can be further simplified by invoking the assumption that the model parameters are 

unchanged. 

Extrapolating the results of the Daton reservoir analyses to other reservoir configurations 

requires careful interpretation of the Daton findings. For example, when RC of the Daton 

reservoir at the beginning of the irrigation season is 100%, the initial water level of the 

reservoir can be used to represent another equivalently full reservoir at the beginning of the 

irrigation season. When the initial water level is lower, say  at 70% RC, this water level can 

represent a full reservoir with a lower maximum capacity of RC1 = 70% RC. When the 

initial water level is lower still at only 50% RC, this level can represent a full reservoir with 

maximum capacity of RC2 = 50% RC. 

In the model, RR of the Daton reservoir is expressed in % RC. Thus, RR can also be used 

for other reservoir configurations. For example, the results obtained from the SDP model 

for the Daton reservoir indicate that when the initial water level is at 50% RC, the RR at 

stage 1 is 15% RC. This release can define the RR for a full reservoir with a maximum 

capacity of RC2 = 50% RC, using the following calculation: RR = 15% x (RC2/50%) = 

30% RC2.      

5.5 Conclusion 

This chapter shows how to obtain parameters of the SDP model for the Daton reservoir. 

These parameters will be used in Chapter 6 to define the optimal release strategy for the 

Daton reservoir and explore how to extrapolate the results obtained from the Daton 

reservoir to other reservoir configurations in southern Vietnam. 
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6      Chapter 6        

Results and discussion 

6.1 Introduction 

Previously in this thesis, the structure of the SDP model for RWM for rice and fish 

production was described (Chapter 4) and the model was parameterized using a case study 

of the Daton reservoir in southern Vietnam (Chapter 5). This chapter first presents a 

validation of the model, then describes a range of applications of the model to different 

reservoir management scenarios and reservoir configurations.    

6.1.1 Reservoir management scenarios  

Reservoir water management is presented for three production scenarios where the 

reservoir water is used for: 

(1) Rice production (scenario 1). In this scenario, although the reservoir water is 

managed purely for rice production, fish are still harvested to a limited degree. 

The fish profits vary according to the storage levels of the reservoir which are 

determined by the optimal water release for rice production. 

(2) Fish production (scenario 2). In this scenario, although the reservoir water is 

managed exclusively for fish production, rice is still cultivated. The rice profits 

vary according to rainfall and the release for fish harvesting. 

(3) Joint production of rice and fish (scenario 3). In this scenario, both rice and fish 

are considered as two coincident enterprises.  
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6.1.2 Reservoir configurations 

As discussed in Section 5.4, as each initial water level of the Daton reservoir represents a 

full reservoir for different sizes, two groups of reservoir configurations can be 

distinguished: R11 and R12 (Table 6.1). The results obtained from scenario 1 indicate that 

when the initial water level of the Daton reservoir is at 70% RC, the amount of reservoir 

water available for irrigation is sufficient to fully satisfy the water demand for 1000 

hectares of rice production. Given this fixed irrigated area, as the initial water level in the 

reservoir at the beginning of the irrigation season decreases, the ratio 
IR

RC
R =  decreases. In 

particular, when the initial water level is 70% RC (or fluctuates around this level), the ratio 

R approaches 1. Therefore, 70% RC is a break-even point. In addition, when the initial 

water level is at 50% RC, not enough water supplying for irrigation may cause the 

magnitude of water deficits for rice, leading to a significant reduction in rice profits. 

Therefore, 50% RC is another break-even point. For this reason, the following sections use 

50% RC, 70% RC and 100% RC as the break-even water levels to define reservoir 

configurations. 

Table 6.1  Reservoir configurations – specific cases  

Initial water 

level 

Reservoir 

configurations 

Descriptions 

70%- 100% RC 

(R ≥ 1) 

R11 Reservoirs are full at the beginning of the irrigation 

season and have  RC greater than or equal to total IR 

50% - 70% RC 

(R < 1) 

R12 Reservoirs are full at the beginning of the irrigation 

season and have  RC smaller than total IR 
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Using the results obtained from the SDP model for analysis of the Daton reservoir and 

other reservoir configurations, the following sections use two ranges of initial water level of 

the Daton reservoir at the beginning of the irrigation season to represent R11 and R12: (1) 

when the initial water level is high, 70% - 100% RC represents R11; and (2) when the initial 

water level is low, 50% - 70% RC represents R12 (Table 6.1). Then three initial water levels 

are used to represent other reservoir configurations: 100% RC, 70% RC, and 50% RC. 

(1) 100%RC represents the Daton reservoir where the reservoir is full at the 

beginning of the irrigation season. The maximum capacity of this reservoir is 

much greater than the irrigation requirements. 

(2) 70% RC represents one case of R11 in which the reservoir is full at the beginning 

of the irrigation season. This is a smaller reservoir and the maximum capacity of 

this reservoir is 70% of the Daton reservoir.   

(3) 50% RC represents one case of R12 in which the reservoir is full at the beginning 

of the irrigation season. This is a smaller reservoir and the maximum capacity of 

this reservoir is 50% of the Daton reservoir.  

When applying the model to the two types of reservoir configurations listed in Table 6.1, 

all model parameters are assumed to be unchanged. Although these assumptions may partly 

constrain the analysis for these reservoir configurations, they may not greatly affect the 

general performance of the model when defining the optimal strategy for the intra-year 

reservoir management in southern Vietnam. However, when applying the model to a 

particular reservoir, these assumptions should be relaxed and replaced with the real 

reservoir parameters as model input. 

The organization of Chapter 6 is summarized in Table 6.2 
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Table 6.2 Organization of Chapter 6  

Section Main content Explanation Scenario Reservoir 
Outline of the chapter  
The three reservoir management scenarios: 
      Scenario 1: Rice production (S1) 

6.1 Introduction        Scenario 2: Fish production  (S2) 
      Scenario 3: Joint production of rice and fish (S3) 
Reservoir configurations: 
      100% RC represents the Daton reservoir 
      70% RC represents R11 reservoirs 

          50% RC represents R12 reservoirs     
6.2 Model  validation Compare actual practice with model results S1 Daton  
6.3 Reservoir water management strategies Defining the optimal release and storage S1, S2,S3  Daton, R11, R12 

Examining the contribution of rice and fish 
production to total ENPV 

6.4 Comparing total ENPV   S1, S2,S3  Daton, R11, R12 
6.5 The effects of seasonal weather conditions Examining the effects on optimal release and the S1, S2,S3  Daton, R11, R12 
    total ENPV     
6.5 Managing the reservoir for economic goals Response of  total ENPV to fish price variations S3  Daton, R11, R12 

Response of  optimal release to fish price variations  S3  Daton, R11, R12 
    Optimal irrigated area S3 Daton  
6.6 Managing the reservoir for social goals Comparing gains and losses in total ENPV S2 and S3  Daton  
6.7 Comparing DDP and SDP model   S1, S2 and S3  Daton, R11, R12 
6.8 Conclusions       



Chapter 6                                                                                                                            Results and discussion 

125 
 

6.2 Model validation 

In scenario 1, the optimal release was determined for rice production only. Fish profits 

were then calculated based on the reservoir storage level that resulted from the optimal 

release for rice. Compared with scenarios 2 and 3, scenario 1 probably reflects the actual 

release observed at the Daton reservoir. As discussed in Chapter 3, the Daton reservoir is 

used predominantly for irrigation, and fish production is assigned a low priority even 

though these fisheries have social benefits. Therefore, scenario 1 could be used for 

validation of the SDP model. However, the low quality of recorded data for the actual 

release at the Daton reservoir was inadequate to determine the actual release in each stage. 

Thus, comparing the optimal release obtained from the model to the actual release at the 

reservoir is not possible. 

As an alternative, the model results may be compared with the actual practice using 

secondary data from the 2001-2008 annual reports of the Daton irrigation branch. The data 

abstracted from these reports were: (1) the actual initial water level of the reservoir at the 

start of the irrigation season in December; and (2) the actual water level at the end of the 

irrigation season in July. This data was used for comparison with the optimal storage 

generated by the model at the end of the irrigation season from 2001 to 2008. Although this 

comparison does not fully reflect the model’s reliability, it can serve to improve the model 

for future practical use. 
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Table 6.3 Comparison of the optimal storage levels at the end of the irrigation season 

obtained from the model with the actual storage from 2001 to 2008.  

Year  
Actual 
In.WLa 

Water levels at the end of irrigation season 
(% RC) 

Comparison        
(% RC) 

  (% RC) Actual levels Model results (Model- Actual) 
2001 94 41 47 +6 

 
2002 91 37 44 +7 

 
2003 100 49 53 +4 

 
2004 93 49 46 -3 

 
2005 100 44 53 +9 

 
2006 90 47 43 -4 

 
2007 100 45 53 +8 

 
2008 90 34 39 +5 

a In.WL = Initial water level 

Table 6.3 shows the differences between the model results and actual storage at the end of 

the irrigation season from 2001 to 2008; these differences range from -3% to +9% RC. In 

most years, the optimal storage was higher than the actual storage, except in 2004 and 

2006. This may be because in both 2004 and 2006 the reservoir was not full at the 

beginning of the irrigation season. In 2004 the actual initial water level was 93% RC, and 

in 2006 it was 90% RC (Table 6.3). The reservoir managers may have reduced the water 

release for the first rice crop to reserve water for the second crop in case of drought. 

However, in 2004 and 2006, high rainfall in the monsoon period filled the reservoir, 

resulting in a full reservoir in 2005 and 2007 at the beginning of the irrigation season 

(Table 6.3). The reduction in water release together with high rainfall in the 2004 and 2006 

monsoon seasons may have caused the actual water storage in these two years to be higher 

than the results obtained from the model. 
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In most years, higher water storage levels were obtained from the model than the actual 

recorded storage. This indicates the optimal release obtained from the model is lower than 

the actual release. This is because in scenario 1 the water was released only to maximize 

rice profits. In reality the reservoir managers may release water for the fish harvest, 

depending on their perception of water availability in the reservoir and rainfall. This may 

have occurred in 2003, 2005, and 2007 when the reservoir was full at the beginning of the 

irrigation season (Table 6.3) and high rainfall arrived earlier than usual (Chapter 5, Table 

5.3). In these years, the reservoir managers may have expected the risk of drought for rice 

production to be low and they may have released more water for the fish harvest. This may 

account for why actual water storage in these years was lower than the model results. 

To further improve the model requires more validation opportunities. However, these 

opportunities in turn require that high quality, reliable test data sources be available.  Until 

those datasets can be assembled, further refinement and validation of the model is likely to 

remain difficult. 

6.3 Reservoir water management strategies 

In this section, the model is applied to define the optimal release and storage for a reservoir 

and to examine the variations in contribution of each enterprise to total profits. Nine 

applications are examined, comprising three management scenarios: (1) rice production; (2) 

fish production; and (3) joint production of rice and fish. Each of these management 

scenarios is considered for three reservoir configurations: (1) the  Daton reservoir; (2) R11 

reservoirs; and R12 reservoirs. Therefore, 3x3=9 applications of the model are considered.  
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6.3.1 Scenario 1- Rice production 

6.3.1.1 Optimal release and storage 

The optimal release for scenario 1 (maximizing ENPV of rice production) indicates that 

sufficient water needs to be released to meet the water requirements for rice production to 

achieve its potential yields (Table 6.4 and Appendix C1.1). For example, when the initial 

water level is high (70% - 100% RC) the optimal release is 16, 5, 8, 8, 13, 8, 6, and 7% RC 

for stages 1- 8, respectively. However, when the initial water level is low (50% - 70% RC), 

releases should be reduced or cut off at the stages when rice is less sensitive to water 

deficits. This reserves water for the later stages when the rice is most sensitive to water 

deficits. For example, when the initial water level is at 50% RC, the release in stage 4 

approaches zero so that sufficient water is retained in the reservoir for rice irrigation in 

stages 5-7. This minimizes the reduction in rice yields that otherwise would be caused by 

insufficient water for irrigation and thereby maximizes ENPV of rice production (Table 

6.4). 

Table 6.4 Optimal release for rice production (scenario 1)  

In.WLa 
Releases (% RC) 

 

(% RC) 
 
Stage 1 Stage 2  Stage 3 Stage 4 Stage 5 Stage 6 Stage7 Stage8 

 
50 15.0 5.0 8.0 0.0 8.6 8.0 6.0 7.0 

 
70 15.0 5.0 8.0 8.0 13.0 8.0 6.0 7.0 

 
100 16.0 5.0 8.0 8.0 13.0 8.0 6.0 7.0 

a In.WL = Initial water level 
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Table 6.5 Optimal storage for rice production (scenario 1) 

In.WLa 
Storage (% RC) 

 

(% RC) 
 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 
 

50 50.0 35.7 31.0 23.0 23.6 16.9 14.5 16.0 
 

70 70.0 55.7 51.0 43.0 35.6 24.5 22.1 23.6 
 

100 100.0 84.7 80.0 72.0 64.6 53.5 51.1 52.6 
a In.WL = Initial water level 

The optimal storage for scenario 1 (Table 6.5 and Appendix C1.2) shows that water should 

be stored for irrigation use in case of low rainfall. When the initial water level is high (70% 

- 100% RC), relatively high levels of water are stored in stage 8 (approximately 24% - 53% 

RC). This is because the reservoir capacity is much greater than the rice irrigation 

requirements; therefore, the amount of water released for rice is much lower than the 

amount of water available in the reservoir. Even when the initial water level is low (50% 

RC), which is less than the rice water requirements, the optimal water storage in stage 8 

remains relatively high (approximately 16% RC). This is because high rainfall reduces the 

amount of water required for irrigation and high water inflows to the reservoir in the last 

three stages increases the water levels in the reservoir. 

6.3.1.2 Contribution of each enterprise to total ENPV  

The relationship between total ENPV and the initial water level of the reservoir for scenario 

1 is summarized in Figure 6.1 (see Appendix C1.3 for full data). When the initial water 

level is high (70% - 100% RC), this relationship is slightly negative. At these initial water 

levels, there is always enough water available for irrigation to enable rice to achieve its 
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maximum yield but the high water level is counterproductive for fish harvesting, given 

other prevailing environmental factors.  

The optimal release for rice determines the optimal storage level which directly affects fish 

yields. The higher the initial water level, the higher the optimal level of water stored, and 

the lower is the resulting fish yields. When the initial water level is high (70% - 100% RC) 

the rice yields plateau at maximum levels while fish yields decrease as the initial water 

level increases (Figure 6.1). This results in a decrease in total ENPV, with contributions 

from rice falling by approximately 3% and contributions from fish rising by approximately 

3%. 

Conversely, when the initial water level is low (50% - 70% RC), the relationship between 

total ENPV and the initial water level is positive (Figure 6.1). This is due to the fact that for 

any water level below 70% RC there is insufficient water available to satisfy the full 

demand for water for rice production, and this results in a reduction in rice yields. Although 

the contribution of fish production to total ENPV significantly increases when the initial 

water level is lower than 70% RC, this increase is not sufficient to compensate for 

reductions in rice yields, which is why total ENPV falls. 
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Figure 6.1 Contribution of each enterprise to total ENPV in scenario 1 

 

6.3.2 Scenario 2 – Fish production 

6.3.2.1 Optimal release and storage 

Table 6.6 indicates that the optimal release for scenario 2 (maximizing ENPV of fish 

production) requires the maximum amount of water to be released from stages 1-4, prior to 

fish harvesting which starts in stage 4 (Appendix C2.1). However, the release for stages 6-8 

must guarantee that the reservoir storage does not fall below the minimum safe level (2% 

RC) as required by the reservoir manager. 
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Table 6.6 Optimal release for fish production (scenario 2)   

In.WLa 
Release (% RC) 

 

(% RC) 
 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage6 Stage7 Stage8 
 

50 27.0 19.7 2.3 0.6 0.0 1.9 5.6 0.0 
 

70 27.0 27.0 15.0 0.6 0.0 1.9 5.6 0.0 
 

100 27.0 27.0 27.0 18.0 0.6 1.9 5.6 0.0 
a In.WL = Initial water level 

Table 6.7 Optimal storage for fish production (scenario 2) 

In.WL a 
Storage (% RC) 

 

(% RC) 
 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 
 

50 50.0 23.7 4.3 2.0 2.0 3.9 7.6 9.5 
 

70 70.0 43.7 17.0 2.0 2.0 3.9 7.6 9.5 
 

100 100.0 73.7 47.0 20.0 2.6 3.9 7.6 9.5 
a In.WL = Initial water level 

In stages 1-4 of scenario 2, an excessive release of water reduces the reservoir water to 

levels that greatly increase the concentration of fish. This facilitates the harvesting of the 

fish and helps achieve maximum fish yields. Regardless of the initial water levels at 50% 

RC, 70% RC, or 100% RC, any combination of water releases from stages 1-4 that results 

in the lowest level of water prior to the fish harvest season are considered as the optimal 

release. For example, when the initial water level is at 100% RC, the optimal release is the 

maximum (27% RC) from stages 1-3 and 18% RC in stage 4 (Table 6.6). This brings the 

reservoir to its lowest storage level in stage 5 (Table 6.7). However, when the initial water 
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level is low (50% - 70% RC), the optimal release for fish brings the reservoir to its earlier 

lowest water level, in stage 4 (Table 6.7 and Appendix C2.2).  

6.3.2.2 Contribution of each enterprise to total ENPV 

For scenario 2, Figure 6.2 shows that total ENPV decreases as the initial water level of the 

reservoir decreases. This is because at low initial water levels, the optimal release for fish 

does not sufficiently increase fish profits to compensate for a reduction in rice profits 

caused by water deficits. When the initial water level drops from 100% RC to 50% RC, 

ENPV generated by rice is reduced by 27% which is equivalent to mVND 5,609. With the 

same reduction in the initial water level, ENPV generated by fish increases by 27% which 

is equivalent to mVND 473. This results a 46% reduction in total ENPV, which is 

equivalent to mVND 5,136 (Appendix C2.3). 

 

Figure 6.2  Contribution of each enterprise to total ENPV in scenario 2 
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6.3.3 Scenario 3- Joint production of rice and fish  

6.3.3.1 Optimal release and storage 

The optimal release for scenario 3 (maximizing total ENPV of rice and fish production) is 

more sensitive to initial water levels (Table 6.8 and Appendix C3.1). When the initial water 

level in the reservoir is high (70% -100% RC), a large volume of water is released from 

stages 1-4 to increase fish production, but subject to satisfying the water requirements for 

rice production. For example, at 100% RC the release of water from stages 1-4 is 27, 20.7, 

9.3, and 8% RC (Table 6.8). This brings the reservoir to relatively low storage water levels 

prior to the fish harvest (Table 6.9) and also satisfies the minimum water requirements for 

rice growth. These releases are lower than or equal to the releases in scenario 1 (27, 27, 27, 

and 18 % RC) and higher than the releases in scenario 2 (16, 5, 8, and 8% RC). This is 

because in scenario 3 enough water must be retained to satisfy the high irrigation demand 

for production of the second rice crop in stages 5-8, should a drought eventuate.  

Table 6.8 Optimal release for rice and fish production (scenario 3)   

In.WLa 
Release (% RC) 

 

(% RC) 
 

Stage 1 Stage 2 Stage Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 
 

50 15.0 5.0 8.0 2.0 6.6 8.0 6.0 7.0 
 

70 16.0 5.0 8.0 8.0 13.0 8.5 11.6 7.0 
 

100 27.0 20.7 9.3 8.0 13.6 9.9 11.6 7.0 
a In.WL = Initial water level 
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Table 6.9 Optimal storage for rice and fish production (scenario 3)   

In.WLa 
Storage (% RC) 

 

(% RC) 
 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 
 

50 50.0 35.7 31.0 23.0 21.6 16.9 14.5 16.0 
 

70 70.0 54.7 50.0 42.0 34.6 23.5 20.6 16.5 
 

100 100.0 73.7 53.3 44.0 36.6 24.9 20.6 16.5 
a In.WL = Initial water level 

When the initial water level is low (50% - 70% RC), the optimal release for scenario 3 

gives priority to rice production, regardless of the demands for water release for the fish 

harvest. As rice contributes approximately 90 - 95% of total ENPV derived from the use of 

reservoir water, insufficient irrigation of rice crops is likely to cause a reduction in rice 

yields and a significant loss in total ENPV. 

6.3.3.2 Contribution of each enterprise to total ENPV 

For scenario 3, Figure 6.3 indicates that when the initial water level is high (70% - 100% 

RC), joint production of rice and fish produces a maximum ENPV of mVND 16,407, in 

which the percentage share of rice and fish remains unchanged at 94% and 6%, 

respectively (Appendix C3.3). When the initial water level is lower (50% - 70% RC), the 

optimal release results in a decrease in rice yields and an increase in fish yields. However, 

the gains from fish production via PCE cannot compensate for the losses from rice 

production caused by water deficits. Therefore, when the initial water level is lower than 

70% RC, total ENPV is also lower. 
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Figure 6.3 Contribution of each enterprise to total ENPV in scenario 3 

 

6.3.4 Comparing total ENPV obtained from three management scenarios 

Figure 6.4 shows total ENPV for each of three management scenarios combined with three 

reservoir configurations. Of the three management scenarios, managing water for fish 

production (scenario 2) generates the smallest ENPV, and it is unlikely to ever be chosen as 

the preferred strategy if the reservoir water is managed purely for economic goals. 

However, this production scenario may be a preferred strategy when considering the social 

goals of RWM (see Section 6.6 for further details). For scenarios 1 and 3, where profits are 

largely determined by rice production, the highest total ENPV is obtained for scenario 3 

when the reservoir is managed for both rice and fish production. For this reason, scenario 3 

is often chosen as the preferred strategy for the use of reservoir water for economic goals 

(see Section 6.5 for further details).  
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The differences in total ENPV between scenarios 1 and 3 vary according to the initial water 

levels of the reservoir. This difference reduces as the initial water levels drop from 100% 

RC to 70% RC. This is because within this range, in scenario 3, water is released to 

maximize profits of both rice and fish. In scenario 1, while rice profits remain at maximum 

yields, fish yields reach to their maximum when the initial water level drops. When the 

initial water level ranges from 50% - 70% RC, the difference in total ENPV is negligible 

(Figure 6.4). This is because within this range of the initial water level, the release in 

scenario 3 in each stage is slightly higher than or equal to the release in scenario 1 (Table 

6.4 and Table 6.8); therefore rice yields in the two scenarios are not different. The slightly 

higher release in scenario 3 in some stages results in fish yields being slightly higher than 

fish yields scenario 1. Therefore, scenario 3 results in a higher total ENPV compared with 

scenario 1.      

 

Figure 6.4 Total ENPV (mVND) for three management scenarios combined with three 
reservoir configurations 
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6.4 The effects of seasonal weather conditions 

In this section, the model is applied to examine the impact of seasonal weather conditions 

on the optimal release and total ENPV generated by the system. Nine applications are 

examined, comprising three management scenarios: (1) rice production; (2) fish 

production; and (3) joint production of rice and fish. Each of these management scenarios 

is considered for three reservoir configurations: (1) the Daton reservoir; (2) R11 reservoirs; 

and R12 reservoirs. Therefore, 3x3=9 applications of the model are considered.  

6.4.1 The effects of seasonal weather conditions on the optimal release 

For scenario 1 in which ENPV of rice production is maximized, when the initial water level 

is high (70% - 100% RC), changes in weather conditions do not affect the optimal release 

(Table 6.10). At these high initial water levels there is usually sufficient water in the 

reservoir to satisfy water requirements of the rice even when the weather is dry. However, 

when the initial water level is low (50% RC), and even when rainfall cannot satisfy water 

requirements for rice in stage 5 (when rice growth is very sensitive to water deficits), the 

release in a wet year is higher than in a dry year. This is because in a wet year less water 

needs to be stored for future stages.   
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Table 6.10 Comparison of the optimal release of scenario 1 between a dry and a wet year   

In.WLa Weather 
Optimal release (% RC) 

 

(% RC) conditions Stage of SDP 

  1 2 3 4 5 6 7 8 

50 Dry 
 

15.0 5.0 8.0 0.0 7.0 8.0 6.0 7.0 

 Wet 
 

15.0 5.0 8.0 0.0 10.0 8.0 6.0 7.0 

          

70 Dry 
 

15.0 5.0 8.0 8.0 13.0 8.0 6.0 7.0 

 Wet 
 

15.0 5.0 8.0 8.0 13.0 8.0 6.0 7.0 

          

100 Dry 
 

16.0 5.0 8.0 8.0 13.0 8.0 6.0 7.0 

 Wet 
 

16.0 5.0 8.0 8.0 13.0 8.0 6.0 7.0 
Note: Shading indicates the difference in the release; a In.WL =  Initial water levels 

For scenario 2 in which ENPV of fish production is maximized, when the initial water level 

is high (70% - 100% RC), changes in weather conditions affect the optimal release during 

the fish harvest season from stages 3-7 (Table 6.11). This is because the maximum amount 

of water is released prior to the fish harvest season bringing the reservoir to its lowest water 

level in stage 4. However, there is high rainfall and water inflows to the reservoir in a wet 

year, and so the release can be increased to enhance the efficiency of the fish harvest. When 

the initial water level is low (50% RC), this effect also occurs, but at an earlier stage (stages 

2-7). 
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Table 6.11 Comparison of the optimal release of scenario 2 between a dry and a wet year   

In.WLa Weather 
Optimal release (% RC) 

 

(% RC) conditions Stage of SDP 

  1 2 3 4 5 6 7 8 

50 Dry 
 

27.0 19.4 1.6 0.2 0.0 0.0 11.4 0.0 

 Wet 
 

27.0 20.2 1.9 2.0 1.7 0.4 16.0 0.0 

          

70 Dry 
 

27.0 27.0 14.0 0.2 0.0 0.0 11.4 0.0 

 Wet 
 

27.0 27.0 15.0 2.0 1.7 0.4 16.0 0.0 

          

100 Dry 
 

27.0 27.0 27.0 17.1 1.7 0.0 11.4 0.0 

 Wet 
 

27.0 27.0 27.0 17.9 2.2 0.4 16.0 0.0 
Note: Shading indicates a difference in the release; a In.WL =  Initial water levels 

For scenario 3 in which ENPV of rice and fish production is maximized, the release in a 

wet year is likely to be higher than or equal to the releases in a dry year, but subject to 

satisfying the rice water requirements (Table 6.12). This is because rainfall and water 

inflows in a wet year are higher than in a dry year. Thus, more water needs to be released to 

improve the efficiency of the fish harvest. 
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Table 6.12 Comparison of the optimal release of scenario 3 between a dry and a wet year   

In.WLa Weather 
Optimal release (% RC) 

 

(% RC) conditions Stage of SDP 

  1 2 3 4 5 6 7 8 

50 Dry 
 

15.0 5.0 8.0 1.1 5.8 8.0 11.3 7.0 

 Wet 
 

15.0 5.0 8.0 1.9 8.2 8.0 14.4 7.0 

          

70 Dry 
 

16.0 5.0 8.0 8.0 13.0 8.0 16.2 7.0 

 Wet 
 

16.0 5.0 8.0 8.0 13.0 8.4 22.0 7.0 

          

100 Dry 
 

27.0 21.4 8.9 8.0 13.0 8.4 17.4 7.0 

 Wet 
 

27.0 21.4 8.9 8.0 15.0 9.6 22.0 7.0 
Note: Shading indicates a difference in the release; a In.WL =  Initial water levels 

6.4.2 The effects of seasonal weather condtions on total ENPV  

Table 6.13 indicates that the optimal release for scenario 1 in dry years generates a total 

ENPV slightly higher than total ENPV obtained in wet years. As discussed previously, 

changes in weather conditions do not affect the optimal release, except in stage 5 when the 

initial water level is at 50% RC. However, rainfall and water inflows in dry years are often 

lower than in wet years, resulting  in a low reservoir water level during the fish harvest 

season in dry years, thereby increasing the fish harvest efficiency. Notably, when the initial 

water level is at 50% RC, although the release in wet years is higher than in dry years 

(Table 6.10) in order to minimize reduction in rice yields, the reduction in rice profit losses 

is still smaller than the increase in fish profit gains. Therefore, the relative difference in 

total ENPV between dry years and wet years for the initial water level at 50% RC is lower 

than total ENPV for the initial water level at 70% RC (Table 6.13). 
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In contrast, in scenario 2, total ENPV in dry years is significantly lower than in wet years. 

This is because in scenario 2 the manager releases the water to maximize ENPV for fish 

production only. The release of too much water in dry years in this scenario results in a 

water deficit for rice production in later stages. This results in a significant reduction in rice 

yields. In wet years, however, this water deficit is partially off-set by rainfall. 

For scenario 3 where the release gives higher priority to rice produciton than fish 

production, total ENPV in dry or wet seasons do not differ (Table 6.13). This seems 

contrary to what might be expected. In wet years, high rainfall and inflows into the 

reservoir greatly increase the water level in certain stages. Therefore, the release in these 

stages in wet years is slighly higher than in dry years (Table 6.12). However, these greater 

releases do not benefit fish production as they do not bring the reservoir water to a level 

lower than in  dry years. Therfore, ENPV obtained from each enterprise does not change.  
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Table 6.13 Comparison of total ENPV between dry and wet years of the three scenarios 

In.WLa  Scenario1 Scenario 2 Scenario 3 

(% RC) 
Total ENPV 

 (mVND) 
Difference  

 (%) 
Total ENPV 

 (mVND) 
Difference 

 (%) 
Total ENPV 

 (mVND) 
Difference 

 (%) 

 Dry Wet (Dry)-(Wet) Dry Wet (Dry)-(Wet) Dry Wet (Dry)-(Wet) 
 

50.0 12848 12813 +0.27% 5331 7543 -41% 13037 13037 0% 
 

70.0 16173 16112 +0.38% 9516 11505 -21% 16344 16344 0% 
 

100.0 15891 15861 +0.19% 11017 12931 -17% 16407 16407 0% 
a In.WL = Initial water level 
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6.5 Managing the reservoir for economic goals 

As discussed above, managing the reservoir water for scenario 3 results in the highest value 

of total ENPV. As rice is the dominant contributor to total ENPV, a small variation in the 

rice price can significantly affect the optimal release and total ENPV for scenario 3. 

However, this may change as fish prices change. This section analyses the impact of fish 

price variations on the optimal release and total ENPV. Three applications are examined, 

comprising scenario 3 in which ENPV of rice and fish production is maximized, in 

combination with three reservoir configurations: (1) the Daton reservoir; (2) R11 reservoirs; 

and R12 reservoirs. In addition, this section also discusses the maximum irrigated area that 

the Daton reservoir can be extended when considering scenario 3. 

6.5.1 Effects of fish prices variations on total ENPV  

The effects of changes in fish prices on total ENPV when the reservoir is managed for joint 

rice and fish production (scenario 3) are presented in Figure 6.5. When the initial water 

level is high (70% - 100% RC), total ENPV increases as the fish prices increase. However, 

over this range of initial water levels, the contribution of each enterprise to total ENPV 

does not change. This is because the optimal release satisfies both fish production’s 

requirement for a low water level in the reservoir prior to stage 4 and rice production’s 

requirement for access to irrigation water. Therefore, when the initial water level is greater 

than 70% RC, maximum yields are achieved for both rice and fish production.  

When the initial water level is low (50% - 70% RC), total ENPV and the contribution of 

each enterprise to total ENPV are highly sensitive to increases in fish prices. At these initial 

water levels, although water release is prioritized for rice production, there may be 

insufficient water available for release to meet the rice water requirements in later stages. 
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This may result in a reduction in rice yields caused by water deficits. While these releases 

occur irrespective of the demands for the fish harvest, they may inadvertently increase fish 

yields if these releases are high enough to enhance fish harvest efficiency. Although the 

contribution of fish significantly increases as a result of increases in both the fish yields and 

the fish prices, the contribution of fish may not be sufficient to compensate for the losses in 

total ENPV caused by a reduction in rice yields. This can result in a significant reduction in 

total ENPV.   

 

Figure 6.5 Contribution of each enterprise to total ENPV for alternative fish prices. Pf is 
fish prices in the base case and 2Pf and 3Pf are fish prices multiplied by 2 and 3, 
respectively.  

Note: Numbers in the brackets indicate the contribution of rice and fish production (%) to 
total ENPV, in this order (rice; fish)  
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6.5.2 Response of the optimal release to variations in fish prices 

Results show that the optimal release is very sensitive to changes in fish prices (Figure 6.6). 

When the initial water level is high (70% - 100% RC) and fish prices increase, the amount 

of water released during the irrigation season should be increased, with the exception of 

stage 7 (Figure 6.6 b, c). This is because at stage 7, which is the last stage of fish harvest 

season, increases in water release may not greatly increase fish yields as the fish biomass in 

this stage is low due to the previous harvest. Therefore, retaining water for rice production 

in stage 8 is likely to be more profitable than releasing it to promote the fish harvest in 

stage 7.  

When the initial water level is 100% RC, a doubling or tripling in fish prices leads to a 

maximum release in stage 2 (27% RC) as compared to the base case where the optimal 

release is 21% RC (Figure 6.6 c). This maximum release brings the reservoir water to levels 

that are low enough prior to the fish harvest season to enhance fish yields. When these 

increases in fish yields coincide with increases in fish prices, they result in significant 

increases in fish profits. As the increase in water release does not affect rice profits, the 

significant increases in fish profits result in higher contributions of fish production to total 

ENPV; these increases are 16% when fish prices double and 25% when fish prices triple 

(Figure 6.5). 

In contrast, when the initial water level is low (50% - 70% RC), to achieve maximum total 

ENPV as fish prices increase, water needs to be retained in the reservoir for release in a 

later stage to satisfy rice crops. For example, at 50% RC the optimal release in the first 

three stages is not very sensitive to changes in fish prices. However, when fish prices 

increase, the optimal release in stage 4 is significantly higher (Figure 6.6 a). Notably, when 
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fish prices triple, a large amount of water should be released in stage 5 (12% RC) because 

profits gained from fish production are greater than the losses in rice profits. In contrast, 

when fish prices double, less water is released in stage 5 (2.6% RC) because the gains in 

fish profits are not sufficient to compensate for the losses in rice profits.  
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Figure 6.6  Optimal release for both rice and fish production in response to changes in fish 
prices. The results are presented at 50% RC (a); 70% RC (b); 100% RC (c). Pf is fish prices 
in the base case and 2Pf and 3Pf are fish prices multiplied by 2 and 3, respectively.  
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6.5.3 Optimal irrigated area 

Managing the reservoirs for scenario 3 in which total ENPV of rice and fish production is 

maximized generates the highest total ENPV, when the initial water level is high (70% - 

100% RC). However, part of the additional water released to facilitate the fish harvest is 

often ineffective, as the water requirements for rice are already satisfied. This implies that 

when the reservoir is managed simultaneously for rice and fish, total ENPV may be further 

increased if the rice growing area is increased. An increase in the rice growing area further 

increases the water release for irrigation of rice and also brings the reservoir to a low water 

level in the fish harvest season. This would then further enhance fish yields.  

For example, at the Daton reservoir, 36.2% RC (~7.1 MCM) is released to facilitate the fish 

harvest. This amount of water is additional to the irrigation requirements for the rice (Table 

6.14). Figure 6.7 indicates that the maximum irrigated area can be doubled to 2,000 

hectares and this would increase total ENPV by 52%.  
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Figure 6.7 Variations of total ENPV corresponding to extensions of the Daton irrigated area  
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reduction in total ENPV. Comparing total ENPV between scenario 2 and 3, total ENPV 

obtained from scenario 2 is smaller by approximately 30%. In particular, an increase of 

mVND 1,526 in fish profits is accompanied by a reduction in rice profits by mVND 6,679 

as compared to scenario 3 (Table 6.14). Thus, the opportunity cost for increasing mVND 

1.0 for fish production is mVND 4.4. Furthermore, when the initial water level is at 100% 

RC and if the irrigated area can be maximally extended (2000 ha), this opportunity cost is 

mVND 9.8.  
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Table 6.14 Costs and benefits of managing the water for fish production 1  

Scenarios 
 

Maximum ENPV 
(mVND) 

Total amount of 
water release (MCM) 

Scenario 2 (S2)   

Rice 8748 NA 

Fish 2506 21.0 

Total  11254 21.0 

Scenario 3 (S3a): irrigated area 1000 ha  

Rice 15427 13.9 

Fish 980 7.1 

Total  16407 21.0 

Scenario 3 (S3b):irrigated area 2000 ha  

Rice 24014 22.3 

Fish 954 0 

Total  24968 22.3 

Comparison (S2) – (S3a)                      

Change in rice profits -6679  

Change in fish profits +1526  

Opportunity cost 4.4  

   

Comparison (S2) - (S3b)   

Change in rice profits -15266  

Change in fish profits +1552  

Opportunity cost 9.8  

 

 1 the results were compared between scenario 2 and scenario 3, in which scenario 3 was 

estimated for two levels of the Daton irrigated area: (1) current irrigated area (1000 ha), and 

the optimal irrigated area (2000 ha) 
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6.7 Deterministic versus stochastic treatment 

The effects of weather conditions on the optimal release and total ENPV obtained from the 

model were previously discussed in Section 6.4. The key conclusion was that variations in 

rainfall do not significantly affect the results of the SDP model. A legitimate question for 

the modelling approach then arises as to whether it is worth employing a stochastic model, 

which involves complex computations and a large amount of time for construction.  Would 

the use of a deterministic model be preferable? 

This section investigates the relative merits of the stochastic and deterministic approach to 

reservoir management, using the relative relationship between reservoir storage capacity 

and water use demands to illustrate the problem and highlight its relevance to decision-

making. To achieve this,    the results of the model obtained from the stochastic model 

(Section 6.3) with the results obtained from a deterministic DP (DDP) model are compared. 

For each modelling approach, nine applications are examined, comprising three reservoir 

management scenarios: (1) rice production; (2) fish production; and (3) joint production of 

rice and fish. Each of these scenarios is considered for three reservoir configurations: (1) 

the Daton reservoir; (2) R11 reservoirs; and R12 reservoirs. Therefore, 3x3=9 applications 

for each of the modelling approaches are considered. 

The DDP model was a specialized SDP model in which the reservoir water level (state 

variable) at the next stage was completely determined by the reservoir water level and the 

release (decision variable) at the present stage. The algorithm solution for the SDP model 

proposed in Chapter 4 can be applied to the deterministic case in which the rainfall 

distribution matrix is replaced by a vector of the mean, mode or median rainfall. In this 

study, the mean rainfall was used for the deterministic modelling. In structuring the DDP 
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model, the (14 x 8) rainfall distribution matrix in the stochastic model was replaced by a (1 

x 8) vector of mean rainfall. The objective function for the stochastic model was to 

maximize ENPV, and for the deterministic case the net present value (NPV) was 

maximized. For convenience, total net profits (TNP) are used here to represent both ENPV 

and NPV.   
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Figure 6.8 Comparing TNP in the three production scenarios for the DDP and SDP models 
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6.7.1 Scenario 1 – Rice production  

For scenario 1, differences in TNP obtained from deterministic and stochastic modelling 

vary according to the initial water level (Figure 6.8 a). When the initial water level is high 

(70% - 100% RC), or for R11 reservoirs, the differences in TNP range from 0.2% to 0.5%. 

This is because within this range of the initial water level, there is always sufficient 

reservoir water available for rice production. Therefore, rice yield is independent of rainfall 

and the water releases are not different between the two modelling approaches (Figure 6.9 

b, c). The absence of differences in TNP suggests that when the initial water level is high, 

the simpler deterministic approach to RWM is more appropriate, as it reduces the 

complexity of calculation and is less time consuming. 

However, when the initial water level is low (50% - 70% RC), or for R12 reservoirs, TNP of 

the two modelling approaches can differ by up to 24%. For any initial water level lower 

than 70% RC, TNP obtained from the DDP model is always higher than TNP obtained 

from the SDP model. At these low initial water levels there is insufficient water to 

adequately irrigate the rice. For the deterministic model, the use of mean rainfall means that 

the stochastic impacts of low rainfall conditions are overlooked. Therefore, the release in 

the deterministic model is greater in some stages. However, this likely causes an 

overestimation of TNP. For example, the deterministic model indicates that in stage 4 a 

release of 7% RC should be made (Figure 6.9 a). However, the stochastic model indicated 

that water release should be lower in stage 4 to satisfy water requirements for rice 

production in stages 5-7. The overestimated releases resulting from the deterministic model 

also occurred at the last three stages. This indicates that when the initial water level is low, 

using deterministic modelling can produce overstated optimal release strategies or at least 

cause reservoir managers to take higher risks than they might otherwise have taken when 
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managing the reservoir. Therefore, although the SDP modelling is more complex and time 

consuming, it may be more appropriate than the DDP modelling, especially for reservoirs 

with a smaller size and where security of rice production is required. 
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Figure 6.9 Comparing the optimal release for rice production between the DDP and SDP 
models. The results were compared at three initial water levels: 50% RC (a), 70% RC (b), 
and 100% RC (c) 
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6.7.2 Scenario 2 – Fish production 

For scenario 2, TNP obtained from the DDP and SDP model are not significantly different 

(4 – 5%), irrespective of the initial water level in the reservoir (Figure 6.8 b). Although the 

optimal releases from stages 1 - 4 are significantly different for the two models (Figure 6.10 

a, b), TNP for this scenario is unaffected (Figure 6.8 b). This is because regardless of how 

much water is available in the reservoir and how much rainfall occurs, the optimal release 

should always plan for the maximum water release prior to the fish harvest season (stage 4) 

to enhance the fish harvest efficiency. The absence of significant differences in TNP 

obtained from the DDP and SDP models suggests the deterministic approach to RWM is 

appropriate for managing the reservoir for fish production. 
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Figure 6.10 Comparing the optimal release for fish production between the DDP and SDP 
models. The results were compared at three initial water levels: 50% RC (a), 70% RC (b), 
and 100% RC (c) 
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6.7.3 Scenario 3 – Joint production of rice and fish 

As discussed in Section 6.3.3 the optimal release for scenario 3 is more sensitive to the 

demands for rice production than fish production. In this scenario, the differences in TNP 

obtained from the deterministic and stochastic models vary according to the initial water 

level (Figure 6.8 c). When the initial water level is high (70% - 100% RC), or for R11 

reservoirs, the differences in TNP range from 4% - 5%. At these initial water levels there is 

always sufficient water available for rice production; and in these situations rice profits are 

independent of rainfall. No differences in TNP obtained from the two modelling 

approaches imply that when the reservoir water is high, the DDP model is sufficiently 

appropriate for examining this scenario.  

However, when the initial water level is low (50% - 70% RC), or for R12 reservoirs, the 

differences in TNP between the two models are approximately 24%. The reasons are 

similar to those outlined in Section 6.7.1 for scenario 1: at 70% RC or lower, TNP obtained 

from DDP model are always higher than from the SDP model. Furthermore, overestimating 

the release also occurs with the DDP model when the initial water level is low (50% - 70% 

RC). For example, at 70% RC, the optimal release at stage 3 obtained from the DDP model 

is 27% RC while it is only 8% RC in the SDP model. Furthermore, when the initial water 

level is at 50% RC, the optimal water release for the DDP model is 8% RC while for the 

SDP model it is 2% RC. The SDP model considers the likelihood of lower rainfall and 

saves more water for stages 5, 6 and 7 when rice plants are most sensitive to water deficits 

(Figure 6.11a). As argued in Section 6.7.1, in these circumstances, the SDP model is the 

more appropriate to use. 
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Figure 6.11 Comparing the optimal release for rice and fish production between the DDP 
and SDP model. The results were shown at the three initial water levels: 50% RC (a), 70% 
RC (b), and 100% RC (c) 
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6.8 Conclusion 

This chapter discussed several applications of the model to the RWM problem by 

considering the combinations of three water management scenarios with three reservoir 

configurations. Several key findings were identified. 

Firstly, for the Daton reservoir and those reservoirs that are full at the beginning of the 

irrigation season and have a reservoir capacity (RC) greater than or equal to the total 

irrigation requirements (R11 reservoir), the optimal release to maximize benefit from rice 

production always ensures enough water for rice irrigation. In the case where the reservoir 

is managed to maximize benefits for fish production only, maximum releases are always 

made prior to the fish harvest season. Then, in the case where rice and fish production are 

of joint interest, the maximum release can be made prior to the fish harvest season but 

priority is given to satisfy irrigation requirements for rice production.  

For those reservoirs that are full at the beginning of the irrigation season and have RC 

smaller than total IR for rice production (R12 reservoir), and when the reservoir is managed 

for rice production, the release should be reduced at the stages when rice is less sensitive to 

water deficits and the reserved water should subsequently be used in later stages when the 

rice is most sensitive to water deficits. When fish production is the management focus, 

maximum releases are always made to bring the reservoirs to the lowest water levels prior 

to the fish harvest season. Then, when rice and fish production are of joint interest, the 

optimal release gives priority to rice production regardless of the demand for water release 

needed to facilitate the harvest of fish. 

Secondly, the impacts of seasonal weather conditions on the optimal water release and the 

profits obtained from managing the reservoir for rice production, fish production, and joint 
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production of rice and fish were also examined. Although weather conditions do not affect 

ENPV of profits from the joint production of rice and fish (scenario 3), they do affect the 

optimal water releases. In particular, the releases in wet years are likely to be higher than in 

dry years. Managing reservoir water for rice production (scenario 1) generates a total 

ENPV that is slightly higher in dry years compared to wet years. For R11 reservoirs, 

weather conditions do not affect the optimal release. In contrast, for R12 reservoirs, 

managing these reservoirs for fish production in wet years is more lucrative than in dry 

years. 

Thirdly, managing the reservoirs (both R11 and R12) for fish production generates the 

smallest total ENPV, and is unlikely to be chosen by managers. However, if policy makers 

were to impose a social goal such as poverty alleviation then this strategy might be 

selected. For the Daton reservoir, the results indicate that when the reservoir is managed for 

fish production, every mVND 1.0 gained from fish profits reduces rice profits by mVND 

4.4. This trade-off is more than doubled when the irrigated area is extended to its maximum 

level.  

Fourthly, the results of this study suggest that when constructing a new reservoir, the 

relationship between the irrigated area and reservoir capacity should be determined in order 

to maximize total ENPV from multiple uses. For existing R11 reservoirs where their 

maximum capacity is much greater than that required by irrigation, the irrigated area can be 

extended to increase the benefits. The extension of this irrigation land, however, should be 

contingent on rainfall levels. In particularly dry years, the reservoir might not hold 

sufficient water to irrigate the extended crop area. For existing R12 reservoirs where their 

maximum capacity is smaller than that required by irrigation, switching a portion of the 

irrigated crop area to dry cropping may need to be considered.  
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Fifthly, the results of this study also identified alternative water releases for joint 

production of rice and fish when there are changes in fish prices. Particularly for R11 

reservoirs, when fish prices increase, water released during the irrigation season should be 

increased, excluding stage 7. By contrast for R12 reservoirs, it is beneficial for water to be 

stored longer in the reservoir for release at a later stage when fish prices increase. 

Finally, comparing the results obtained from deterministic and stochastic models indicates 

that for a reservoir the same size as Daton, when the water is managed for (1) rice 

production, and (2) joint production of rice and fish, the results from the stochastic and 

deterministic models are similar. Hence, not much benefit is gained by adding stochasticity 

to the model. However, for smaller reservoirs, when the water is managed for (1) rice 

production and (2) joint production of rice and fish, the deterministic modelling approach 

was found to be inferior. In those cases, including stochasticity is important.  
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7     Chapter 7                

Conclusions 

7.1 Summary 

Finding an optimal reservoir water management (RWM) strategy can be difficult when the 

reservoir water has multiple potentially conflicting uses. Conflicts of interest that are 

compounded by variations in rainfall patterns and can lead to difficult choices for policy-

makers. In Vietnam, where irrigation reservoirs are managed for two competing uses – rice 

and fish production - policy-makers face difficulties in decision-making. The recent 

increase in the number of reservoirs in Vietnam has brought into greater prominence these 

difficulties in resolving water use conflicts related to the size and operation of reservoirs. 

Reducing conflicts of interest in water use may require reservoir operation policies to be 

revised and refined. 

In addressing these problems, this study examined the management of reservoirs where 

water use involves irrigation and fisheries. This study’s findings do not eliminate the 

conflicts in water use arising from these competing production systems, but they do 

illustrate how the operations of a reservoir and its water release policies can be evaluated 

and modified to help reservoir managers lessen or respond to these conflicts. By 

incorporating the two dynamic production systems of rice and fish production into an 

optimization model, this thesis: (1) contributes to the literature on the economic evaluation 

of multiple-use resources, particularly RWM; (2) offers useful suggestions on how 

reservoirs in Vietnam can be managed for multiple uses that have conflicts of interest in 
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water use; (3) analyses costs and benefits of managing multiple-use reservoirs when 

specific social groups are given high priority; and (4) indicates when stochastic rather than 

deterministic modelling is most appropriate for RWM. 

7.2  Methodological developments 

This thesis incorporates a number of innovative aspects that contribute to knowledge of 

RWM, irrigation management, and reservoir fisheries. 

First, in terms of RWM, although dynamic programming has been widely applied for 

irrigation (Abdallah et al., 2003; Dudley, 1971a, b; Ghahraman and Sepaskhah, 2002; 

Hughes and Goesch, 2009; Reca et al., 2001a, b; Shangguan et al., 2002; Umamahesh and 

Sreenivasulu, 1997; Vedula and Mujumdar, 1992), its application to multiple-use 

management and conflicts of interest in water use is rare. In this thesis, a stochastic 

dynamic programming model for RWM was developed to determine the optimal water 

release for both single use and multiple uses, considering water release over time under 

uncertain climatic conditions. A unique feature of this model is that it captures the seasonal 

variations of managing reservoir water for two different dynamic production systems, each 

with specific needs regarding the quantity and timing of water release. This modelling 

approach could be employed for the optimal management of other multiple-use resources 

such as forests, river basins, and land. 

Second, regarding irrigation management, a practical method is proposed for estimating 

rice yields in response to applied irrigation, rather than using the traditional methods that 

consider rice yields as a function of evapotranspiration, irrigation depth, water deficit 

coefficient, and relative transpiration (Bouman and Tuong, 2001; Hall and Butcher, 1968; 

Hanks, 1974; Mannocchi and Mecarelli, 1994; Shangguan et al., 2002; Stewart, 1980). 
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Traditional methods often involve complex computations and yet do not always generate 

yield forecasts that tally with observed yields. The present study uses the approach 

proposed by Paudyal and Manguerra (1990) which is more practical and more accurate in 

calculating rice yields in response to applied irrigation. Therefore, it can be applied easily 

by irrigators who want to know how much water should be released for rice growing to 

achieve maximum rice yields. 

Third, regarding reservoir fisheries, a new method for estimating reservoir fish profits is 

also proposed that considers the effects of fluctuations in reservoir water levels. Previous 

studies have not appropriately accounted for how variations in reservoir water level during 

the harvest season affect fish profits. Instead of using existing approaches to estimate 

reservoir fish yields (Amarasinghe et al., 2001; Blake, 1977; Henderson and Welcomme, 

1974; Marshall, 1984; Nguyen et al., 2001a; Nguyen et al., 2001b; Nissanka et al., 2000; 

Rounsefell, 1946; Tran and Sollows, 2001), this study developed a physical concentration 

effects (PCE) coefficient to measure reservoir fish profits in response to fluctuations in the 

reservoir water level.  The PCE coefficient was then multiplied by total fish return obtained 

form a bioeconomic model to generate input for the SDP model. 

7.3 Main results 

The SDP model was first used to determine the optimal management strategy reservoirs in 

southern Vietnam. Several applications of the model were explored considering three 

possibilities of managing the reservoir water (rice production, fish production; and the joint 

production of rice and fish) associated with three reservoir configurations (the Daton 

reservoir, R11 and R12 reservoirs). Key findings were: 



Chapter 7                                                                                                                                            Conclusions 

169 
 

First, the optimal RWM strategies varied according to the reservoir capacity relative to the 

irrigated areas. When reservoir capacity is greater than or equal to the water use demands 

(R11 reservoirs), and when rice production is of sole interest, water should always be stored 

for irrigation regardless of the demand for low water levels for fish production. Next, when 

fish production is of sole interest, maximum water releases should always be made prior to 

the fish harvest season to bring the reservoir to its lowest levels so as to concentrate the fish 

in small volumes of water. Furthermore, when rice and fish production are of joint interest, 

a different release strategy should be applied. Maximum releases should be made prior to 

the fish harvest season but sufficient water should be retained in the reservoir to satisfy the 

subsequent rice production demands for irrigation water. 

In contrast, when the reservoir capacity is lower than water use demands (R12 reservoirs), 

and when rice production is of sole interest, then the release should be reduced at the stages 

when the rice is less sensitive to water deficits and the subsequently stored water should 

then be released when the rice is most sensitive to water deficits. For the case where fish 

production is of sole interest, a similar release strategy is applied as to R11 reservoirs.  

When rice and fish production are of joint interest, then the optimal release strategy gives 

priority to rice production regardless of the demand for water release needed to facilitate 

the harvest of fish. This result is mainly due to the much lower total economic value of fish 

compared to rice. 

Second, the optimal RWM strategies for joint production of rice and fish may vary when 

there are changes in fish prices. For R11 reservoirs, water releases should be greater during 

the irrigation season when fish prices are higher. For R12 reservoirs, it is beneficial for water 

to be stored in the reservoir for release at a later stage of rice production or when fish prices 

are higher. 
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Third, for both R11 and R12 reservoirs, the effect of seasonal weather conditions on the 

optimal release strategy and on the total expected net present value of profit streams 

(ENPV) varies according to the chosen production scenario. When rice production is of 

sole interest, the optimal release strategy does not change although total ENPV obtained in 

dry years is higher than in wet years. When fish production is of sole interest, total ENPV 

obtained in wet years is higher than in dry years. When rice and fish production are of joint 

interest, the optimal release strategies are affected by the weather conditions but total 

ENPV is not affected. In this case, water releases in wet years should be higher than in dry 

years. 

Fourth, for both R11 and R12 reservoirs, management of the reservoirs for fish production 

alone generates the smallest total ENPV, due to the low value of fish compared to rice. For 

the Daton reservoir, every mVND 1.0 gained from fish profits reduces rice profits by 

mVND 4.4. This trade-off is more than doubled when the irrigated area is maximally 

extended. Therefore, on economic grounds of profit-making, managing water for fish 

production is unlikely to ever be chosen as the best option for RWM. However, if poverty 

alleviation is one of the goals of RWM and local fishermen are much poorer than farmers, 

then it may become a preferred strategy.  

Fifth, when constructing a new reservoir, the relationship between the irrigated area and 

reservoir capacity should be determined in order to maximize total ENPV for multiple uses. 

For R11 reservoirs, the irrigated area could often be profitably extended. However, the 

extension should be contingent on rainfall levels. In particularly dry years, the reservoir 

might not hold sufficient water to irrigate the extended crop area. For R12 reservoirs, 

switching a portion of the irrigated crop area to a non-irrigated crop may need to be 

considered. 
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Finally, comparison of the deterministic and stochastic modelling indicates that for R11 

reservoirs, when rice production or the joint production of rice and fish is of interest, the 

complex and time consuming computations involved in the stochastic model do not 

generate results that are significantly different from the simpler and quicker deterministic 

model. Hence, in these cases, reliance on the deterministic model may be sufficiently 

useful. However, for R12 reservoirs, when the water is managed for rice production or joint 

production of rice and fish, deterministic modelling appears to overestimate the profits, and 

so the stochastic model is more reliable and well worth the extra effort involved. 

7.4 Improving the model for practical benefits  

Managing reservoirs which serve multiple and competing uses involves several complex 

factors including biological, physical, hydrological, meteorological, institutional, economic 

and human factors. No RWM model will ever be able to fully account for all these factors. 

In addition, as Hardaker and co-workers state, “The analyst must always simplify, so that 

modelling becomes an artistic process, depending on the perceptions of reality of the 

analyst and on his or her ability to convert those perceptions into an ‘appropriate’ planning 

tool” (Hardaker et al., 1991, p.9). However, simplification can reduce the accuracy of 

results and may produce errors that reduce the model’s reliability and credibility and 

therefore limit its domain of application. 

The model constructed in this thesis can be used as a benchmark for scientists and non-

specialist users to analyse RWM policies and to advise reservoir managers. However, the 

model has a number of programming and communication constraints that result in a lack of 

accessibility for non-specialist users. The model needs to be developed so that it is much 

more accessible to non-specialist users with little knowledge of agronomy, fisheries or 
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limited training and skill in computer modelling. To facilitate use of the model it is 

recommended that improvements be made to data sources and data entry and that a user-

friendly interface be developed to facilitate model selection and running.  Simpler formats 

for representing model output also need to be constructed. 

7.4.1 Improving the data sources   

The SDP model constructed in this study includes complex biological parameters for rice 

and fish production. In this model, some of these parameters were simplified or assumed to 

be constant due to lack of field or experimental data. Although these simplifications and 

assumptions may be relaxed by sensitivity analysis, this may not be very helpful for 

reservoir managers who need to make decisions with assumptions that may not fully reflect 

a real and complex situation. Future research could improve the reliability of the data used 

in this model.  

In the present study, there was insufficient published information and experimental data 

regarding the response of rice yields to applied irrigation. Therefore, the yield response 

factors and rice water requirements at the field level, which were obtained from the 

irrigation simulation model (Cropwat 8.0), were included in the dated water production 

function used to estimate rice yields. However, in reality, the yield responses vary 

according to different types of rice varieties, local seasonal calendars, climates and soil 

types. These factors affect rice yields. Future agronomic research will provide information 

about these factors in southern Vietnam and therefore help improve the quality of the data 

used in crop modelling. 

In the SDP model, there were similar issues with the estimation of fish yields. Although the 

biological relationships of fish growth used in the bioeconomic model were obtained from a 



Chapter 7                                                                                                                                            Conclusions 

173 
 

reliable data source (Nguyen et al., 2001a), this data was derived from reservoir fishery 

studies in northern Vietnam where the fish yields are partly affected by low winter 

temperatures. This is not the case for reservoir fisheries in southern Vietnam. Therefore, 

future studies of reservoir fish growth could be undertaken to generate more reliable fish 

production data for the SDP model. 

Another constraint of the modelling is the assumption of economic optimization relevant to 

rice and fish production. The SDP model can only optimize the benefits obtained from rice 

and fish production if all current production inputs for both enterprises are assumed to be 

applied at optimal levels, excluding water. However, to date there are no relevant published 

data in the region for the optimal levels of applied inputs for rice and fish production. In the 

present study, these parameters were obtained from a survey of rice and fish producers. 

This may result in biased estimates of the total profit. Further agronomic and fishery studies 

aimed at rice and fish production may overcome this limitation.  

Obtaining additional data on the operation of reservoirs could facilitate validation of the 

model, and also facilitate its application to other reservoirs. As discussed in Section 6.2, a 

lack of reliable water release data for the Daton reservoir did not allow the model to be 

fully compared with actual practice. For the model to gain practical acceptance, it is very 

important that policy-makers and reservoir managers believe the model results.  For this 

reason, the optimal release strategy for rice production obtained from the model needs to be 

compared with the release practices at several reservoirs. To document these practices 

requires information on: (1) the timing of release periods including the beginning and 

ending times of releases; (2) quantifying discharge capacity during release periods; and (3) 

measuring rainfall together with recording water levels in the reservoirs. If these data are 

observed simultaneously, the amount of water release can be calculated for any release 
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period, and this calculation can be used for calibrating the model. Documenting these data 

involves collaborating with reservoir managers who directly operate the reservoir.         

7.4.2 Developing a communication support tool   

The model constructed in this thesis requires familiarity with MATLAB 7.1. This 

requirement for high-level programming skills may prevent the model from being applied 

by non-specialists, such as reservoir managers. Reservoir managers in rural Vietnam are 

unlikely to have good computer skills or be proficient in using MATLAB 7.1. Therefore, 

developing a computer interface or a communication tool to increase the accessibility of the 

model and its output should help the reservoir managers (or their analysts) to use the model. 

It may be appropriate to develop a graphical user interface in Excel that uses a menu-driven 

system for generating a series of model solutions and summaries in tabular form. The 

communication support tool could include several additional RWM functions, such as the 

ability to include high or low rainfall at chosen times in the irrigation season in the 

modelling. The inclusion of these additional functions would allow reservoir managers to 

rapidly respond to ‘what-if’ questions in order to adjust their decisions. 

7.5 Suggestions for further research 

First, the present study considers the problem of intra-year RWM to optimize profits from 

rice and fish production, given a full reservoir at the beginning of the irrigation season. The 

time horizon in the model includes two irrigated rice crops11 within the same year. To 

maximize benefits, the optimal release (AB in Figure 7.1) results in a low storage level at 

the end of the second crop (O1B in Figure 7.1). This implicitly assumes that irrigation 

                                                 
11 Irrigated agriculture in southern Vietnam can include three crops, in which the first two crops are cultivated 
during the dry season and need to be fully irrigated; and the monsoon crop that does not need irrigation due to 
high rainfall during the wet season (see Section 3.2). 
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demands for the monsoon crop are fully satisfied by rainfall and the monsoon season fills 

the reservoir (O2C in Figure 7.1). 

However, if the monsoon is drier than usual causing low rainfall during the monsoon 

season (BD in Figure 7.1), then the reservoir may not completely fill (O2E and O2F in 

Figure 7.1). In these cases, the lesser storage level of the reservoir at the end of the second 

crop (O1B) may negatively affect both rice yields of the monsoon crop and the water 

availability in the reservoir for the following irrigation season. 
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Figure 7.1 Time horizon of the extended SDP model 

OA is the initial water level at the beginning of the irrigation season (100% RC).  

AB is the optimal release obtained from the SDP model. 

O1B is optimal storage at the end of the irrigation season corresponding to optimal release 

AB. 

E 
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BC is rainfall for wet monsoon (fill the reservoir up). 

O2C is the initial water level at the next irrigation season corresponding to optimal release 

AB and rainfall BC. 

BD is rainfall for very dry monsoon (not fill the reservoir up). 

O2D is the initial water level at the beginning of the next irrigation season corresponding to 

the optimal release AB and rainfall BD. 

AB1, AB2 may be the other possibilities of the optimal release corresponding to rainfall BD 

O2E and O2F may be the initial water level at the next irrigation season corresponding to 

optimal release AB1 and AB2.   

As shown in Table 6.3, of the eight-year rainfall data from 2001 to 2008, there were five 

years (2001, 2002, 2004, 2006 and 2008) in which the reservoir was not completely full 

(90% RC – 94% RC) at the beginning of the irrigation season. For these years, the optimal 

release obtained from the intra-year RWM model does not match the actual reservoir 

management practice.  

The present model does not capture these situations of lesser initial levels of reservoir 

water. For the Daton reservoir, because the reservoir capacity is much greater than its water 

use demands, the optimal release as well as  total ENPV obtained from the model do not 

differ for any initial water level ranging from 90% - 100% RC. In contrast, for those 

reservoirs that are not full, yet whose capacity does not greatly exceed its water use 

demands, the release strategy generated by the model will not be optimal and total ENPV 

will not be maximized. To overcome the limited applicability of the model, it will be 

necessary to extend the time horizon of the model to cover the monsoon season. The time 
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horizon of the extended SDP model will need to include three rice crops: (1) the two 

irrigated crops of the current SDP model; and (2) the monsoon crop. In this way, the 

extended SDP model can examine the uncertain rainfall in the monsoon season that may 

affect: (1) the monsoon crop yields and (2) the release strategy for the following irrigation 

season.  

The eight-stage SDP model could be extended to become a 12-stage SDP model (3 rice 

crops, each crop comprises 4 growth periods). The extended SDP model could then be used 

to investigate the problem of RWM, given different initial reservoir water levels at the 

beginning of the irrigation season (such as full or not full). The modelling procedure, the 

algorithm solution and the computer programming proposed in Chapter 4 could be 

modified and used. In terms of the modelling, the extended model simply adds the 

monsoon crop. The extended model could also be used for an infinite planning horizon 

RWM using the infinite-stage SDP model as suggested by Kennedy (1986). 

Second, the eight-stage SDP model used in the present study could also be adapted to 

account for RWM strategies that pursue  social objectives. As outlined in Chapter 1, 

reservoir water that is managed as a multiple-use resource often leads to conflicts of interest 

in water use. At the Daton reservoir, the management of water releases for fish production 

is given a lower priority than rice production, if any at all. However, fish production from 

this reservoir provides income as a form of compensation for people who lost their land and 

were displaced when the reservoir was constructed. If poverty alleviation is additionally 

considered as a priority for RWM, then there is a need to further refine the model to include 

this social goal for fishers. This requires establishing an optimal RWM strategy that gives a 

greater priority to fish production. This may be achieved by giving a greater weight to a 

unit of fish income than to a unit of rice income, thereby maximizing some form of social 
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welfare function. The actual weights would need to be determined through discussions with 

policy-makers and reservoir managers. 

Finally, although the model used in this thesis defines the optimal release strategy for 

management of both single-use and multiple-use reservoirs for different rainfall patterns, it 

does not consider the long-term effects of climate change. For long-term reservoir planning 

and operation, climate change could significantly affect rainfall distributions and reservoir 

inflows. This in turn affects water availability in the reservoir at the beginning of the 

irrigation season, resulting in changes in water release strategies. Furthermore, some 

regions could receive more rain whilst other regions receive less. Climate change may also 

alter temperature, atmospheric carbon-dioxide concentrations, evaporation, and humidity. 

These changes may affect crop growth and crop water requirements which in turn may 

affect the optimal water release. For further developments of the model, climate change is 

another topic of investigation.  
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Appendices 

Appendix A1  Total rice production costs per hectare 

Items Amount (mVND) 

The first rice season The second rice season 

Variety 0.96 0.91 

Land preparation 1.07 1.13 

Transplanting 0.27 0.30 

Chemical 0.83 0.42 

Fertilizer 3.74 1.91 

Harvesting cost 1.45 1.35 

Post harvest 0.27 0.46 

Transportation 0.24 0.24 

Total cost 8.82 6.72 

 

Appendix B 1  Parameters used in the biological component of the BRAVO model 

Species K L (cm) a b 
Fingerling 

 length (cm) 
Fingerling 
 weight (g) 

Common carp 0.3 63 0.0299 3.123 8 20 

Silver carp 0.3 80 0.0274 3.154 10 15 

Grass carp 0.3 110 0.0254 3.055 8 30 

Bighead carp 0.3 130 0.0289 2.936 10 25 

Mrigal 0.3 100 0.0086 3.0468 12 10 
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Appendix B 2 Fish production costs  

Items Amount (mVND) 

Fixed cost 

Leasing costs 7 

Net replacement costs 7.2 

Boat replacement costs  1.8 

Contract labour costs 90 

Contingency (10% of fixed cost) 10.59 

Other costs 3.41 

Total fixed costs (A) 120 

Variable cost 

Common Carp 105 

Silver Carp 127 

Grass Carp 60 

Bighead Carp 56 

Mrigal 78 

Contingency (10% of variable cost) 43 

Other costs 26 

Total stocking costs (B) 495 

Total costs (A+B) 615 
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Appendix C1 1  Optimal release (% RC) for rice production (scenario 1) 

 

In.WL

(%RC) 1 2 3 4 5 6 7 8

50 15 5 8 0 8.6 8 6 7
51 15 5 8 0 9.6 8 6 7
52 15 5 8 0 10.6 8 6 7
53 15 5 8 0 11.6 8 6 7
54 15 5 8 0 12.6 8 6 7
55 15 5 8 1.0 12.6 8 6 7
56 15 5 8 2.0 12.6 8 6 7
57 15 5 8 3.0 12.6 8 6 7
58 15 5 8 4.0 12.6 8 6 7
59 15 5 8 5.0 12.6 8 6 7
60 15 5 8 6.0 12.6 8 6 7
61 15 5 8 7.0 12.6 8 6 7
62 15 5 8 8.0 12.6 8 6 7
63 15 5 8 8 13 8 6 7
64 15 5 8 8 13 8 6 7
65 15 5 8 8 13 8 6 7
66 15 5 8 8 13 8 6 7
67 15 5 8 8 13 8 6 7
68 15 5 8 8 13 8 6 7
69 15 5 8 8 13 8 6 7
70 15 5 8 8 13 8 6 7
71 15 5 8 8 13 8 6 7
72 16 5 8 8 13 8 6 7
73 16 5 8 8 13 8 6 7
74 16 5 8 8 13 8 6 7
75 16 5 8 8 13 8 6 7
76 16 5 8 8 13 8 6 7
77 16 5 8 8 13 8 6 7
78 16 5 8 8 13 8 6 7
79 16 5 8 8 13 8 6 7
80 16 5 8 8 13 8 6 7
81 16 5 8 8 13 8 6 7
82 16 5 8 8 13 8 6 7
83 16 5 8 8 13 8 6 7
84 16 5 8 8 13 8 6 7
85 16 5 8 8 13 8 6 7
86 16 5 8 8 13 8 6 7
87 16 5 8 8 13 8 6 7
88 16 5 8 8 13 8 6 7
89 16 5 8 8 13 8 6 7
90 16 5 8 8 13 8 6 7
91 16 5 8 8 13 8 6 7
92 16 5 8 8 13 8 6 7
93 16 5 8 8 13 8 6 7
94 16 5 8 8 13 8 6 7
95 16 5 8 8 13 8 6 7
96 16 5 8 8 13 8 6 7
97 16 5 8 8 13 8 6 7
98 16 5 8 8 13 8 6 7
99 16 5 8 8 13 8 6 7

100 16 5 8 8 13 8 6 7

Stage of SDP
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Appendix C1 2  Optimal storage (% RC) for rice production (scenario 1) 

 

In.WL

(%RC) 1 2 3 4 5 6 7 8

50 50 35.7 31.0 23.0 23.6 16.9 14.5 16.0
51 51 36.7 32.0 24.0 24.6 16.9 14.5 16.0
52 52 37.7 33.0 25.0 25.6 16.9 14.5 16.0
53 53 38.7 34.0 26.0 26.6 16.9 14.5 16.0
54 54 39.7 35.0 27.0 27.6 16.9 14.5 16.0
55 55 40.7 36.0 28.0 27.6 16.9 14.5 16.0
56 56 41.7 37.0 29.0 27.6 16.9 14.5 16.0
57 57 42.7 38.0 30.0 27.6 16.9 14.5 16.0
58 58 43.7 39.0 31.0 27.6 16.9 14.5 16.0
59 59 44.7 40.0 32.0 27.6 16.9 14.5 16.0
60 60 45.7 41.0 33.0 27.6 16.9 14.5 16.0
61 61 46.7 42.0 34.0 27.6 16.9 14.5 16.0
62 62 47.7 43.0 35.0 27.6 16.9 14.5 16.0
63 63 48.7 44.0 36.0 28.6 17.5 15.1 16.6
64 64 49.7 45.0 37.0 29.6 18.5 16.1 17.6
65 65 50.7 46.0 38.0 30.6 19.5 17.1 18.6
66 66 51.7 47.0 39.0 31.6 20.5 18.1 19.6
67 67 52.7 48.0 40.0 32.6 21.5 19.1 20.6
68 68 53.7 49.0 41.0 33.6 22.5 20.1 21.6
69 69 54.7 50.0 42.0 34.6 23.5 21.1 22.6
70 70 55.7 51.0 43.0 35.6 24.5 22.1 23.6
71 71 56.7 52.0 44.0 36.6 25.5 23.1 24.6
72 72 56.7 52.0 44.0 36.6 25.5 23.1 24.6
73 73 57.7 53.0 45.0 37.6 26.5 24.1 25.6
74 74 58.7 54.0 46.0 38.6 27.5 25.1 26.6
75 75 59.7 55.0 47.0 39.6 28.5 26.1 27.6
76 76 60.7 56.0 48.0 40.6 29.5 27.1 28.6
77 77 61.7 57.0 49.0 41.6 30.5 28.1 29.6
78 78 62.7 58.0 50.0 42.6 31.5 29.1 30.6
79 79 63.7 59.0 51.0 43.6 32.5 30.1 31.6
80 80 64.7 60.0 52.0 44.6 33.5 31.1 32.6
81 81 65.7 61.0 53.0 45.6 34.5 32.1 33.6
82 82 66.7 62.0 54.0 46.6 35.5 33.1 34.6
83 83 67.7 63.0 55.0 47.6 36.5 34.1 35.6
84 84 68.7 64.0 56.0 48.6 37.5 35.1 36.6
85 85 69.7 65.0 57.0 49.6 38.5 36.1 37.6
86 86 70.7 66.0 58.0 50.6 39.5 37.1 38.6
87 87 71.7 67.0 59.0 51.6 40.5 38.1 39.6
88 88 72.7 68.0 60.0 52.6 41.5 39.1 40.6
89 89 73.7 69.0 61.0 53.6 42.5 40.1 41.6
90 90 74.7 70.0 62.0 54.6 43.5 41.1 42.6
91 91 75.7 71.0 63.0 55.6 44.5 42.1 43.6
92 92 76.7 72.0 64.0 56.6 45.5 43.1 44.6
93 93 77.7 73.0 65.0 57.6 46.5 44.1 45.6
94 94 78.7 74.0 66.0 58.6 47.5 45.1 46.6
95 95 79.7 75.0 67.0 59.6 48.5 46.1 47.6
96 96 80.7 76.0 68.0 60.6 49.5 47.1 48.6
97 97 81.7 77.0 69.0 61.6 50.5 48.1 49.6
98 98 82.7 78.0 70.0 62.6 51.5 49.1 50.6
99 99 83.7 79.0 71.0 63.6 52.5 50.1 51.6

100 100 84.7 80.0 72.0 64.6 53.5 51.1 52.6

Stage of SDP
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Appendix C1 3 Contribution of rice and fish to total ENPV (scenario 1) 

In.WL ENPV Contribution of each enterprise 

(%RC) (mVND) Rice (%) Fish (%) 

50 12889 91% 9% 

51 13112 91% 9% 

52 13333 91% 9% 

53 13553 91% 9% 

54 13773 92% 8% 

55 13996 92% 8% 

56 14218 92% 8% 

57 14439 92% 8% 

58 14659 92% 8% 

59 14879 93% 7% 

60 15098 93% 7% 

61 15316 93% 7% 

62 15534 93% 7% 

63 15722 93% 7% 

64 15853 93% 7% 

65 15953 94% 6% 

66 16019 94% 6% 

67 16066 94% 6% 

68 16105 94% 6% 

69 16144 94% 6% 

70 16180 94% 6% 

71 16207 95% 5% 

72 16247 95% 5% 

73 16257 95% 5% 

74 16251 95% 5% 

75 16235 95% 5% 

76 16217 95% 5% 

77 16199 95% 5% 

78 16182 95% 5% 

79 16165 95% 5% 

80 16148 96% 4% 

81 16132 96% 4% 

82 16117 96% 4% 

83 16102 96% 4% 

84 16087 96% 4% 

85 16073 96% 4% 

86 16059 96% 4% 

87 16045 96% 4% 

88 16032 96% 4% 

89 16019 96% 4% 

90 16006 96% 4% 

91 15994 96% 4% 

92 15982 97% 3% 

93 15970 97% 3% 

94 15958 97% 3% 

95 15947 97% 3% 

96 15935 97% 3% 

97 15924 97% 3% 

98 15914 97% 3% 

99 15903 97% 3% 

100 15892 97% 3% 
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Appendix C2 1 Optimal release (% RC) for fish production (scenario 2) 

 

In.WL

(%RC) 1 2 3 4 5 6 7 8

50 27 19.7 2.3 0.6 0.0 1.9 5.6 0.0
51 27 20.7 2.3 0.6 0.0 1.9 5.6 0.0
52 27 21.7 2.3 0.6 0.0 1.9 5.6 0.0
53 27 22.7 2.3 0.6 0.0 1.9 5.6 0.0
54 27 23.7 2.3 0.6 0.0 1.9 5.6 0.0
55 27 24.7 2.3 0.6 0.0 1.9 5.6 0.0
56 27 25.7 2.3 0.6 0.0 1.9 5.6 0.0
57 27 26.7 2.3 0.6 0.0 1.9 5.6 0.0
58 27 27.0 3.0 0.6 0.0 1.9 5.6 0.0
59 27 27.0 4.0 0.6 0.0 1.9 5.6 0.0
60 27 27.0 5.0 0.6 0.0 1.9 5.6 0.0
61 27 27.0 6.0 0.6 0.0 1.9 5.6 0.0
62 27 27.0 7.0 0.6 0.0 1.9 5.6 0.0
63 27 27.0 8.0 0.6 0.0 1.9 5.6 0.0
64 27 27.0 9.0 0.6 0.0 1.9 5.6 0.0
65 27 27.0 10.0 0.6 0.0 1.9 5.6 0.0
66 27 27.0 11.0 0.6 0.0 1.9 5.6 0.0
67 27 27.0 12.0 0.6 0.0 1.9 5.6 0.0
68 27 27.0 13.0 0.6 0.0 1.9 5.6 0.0
69 27 27.0 14.0 0.6 0.0 1.9 5.6 0.0
70 27 27.0 15.0 0.6 0.0 1.9 5.6 0.0
71 27 27.0 16.0 0.6 0.0 1.9 5.6 0.0
72 27 27.0 17.0 0.6 0.0 1.9 5.6 0.0
73 27 27.0 18.0 0.6 0.0 1.9 5.6 0.0
74 27 27.0 19.0 0.6 0.0 1.9 5.6 0.0
75 27 27.0 20.0 0.6 0.0 1.9 5.6 0.0
76 27 27.0 21.0 0.6 0.0 1.9 5.6 0.0
77 27 27.0 22.0 0.6 0.0 1.9 5.6 0.0
78 27 27.0 23.0 0.6 0.0 1.9 5.6 0.0
79 27 27.0 24.0 0.6 0.0 1.9 5.6 0.0
80 27 27.0 25.0 0.6 0.0 1.9 5.6 0.0
81 27 27.0 26.0 0.6 0.0 1.9 5.6 0.0
82 27 27.0 27.0 0.6 0.0 1.9 5.6 0.0
83 27 27.0 27.0 1.0 0.6 1.9 5.6 0.0
84 27 27.0 27.0 2.0 0.6 1.9 5.6 0.0
85 27 27.0 27.0 3.0 0.6 1.9 5.6 0.0
86 27 27.0 27.0 4.0 0.6 1.9 5.6 0.0
87 27 27.0 27.0 5.0 0.6 1.9 5.6 0.0
88 27 27.0 27.0 6.0 0.6 1.9 5.6 0.0
89 27 27.0 27.0 7.0 0.6 1.9 5.6 0.0
90 27 27.0 27.0 8.0 0.6 1.9 5.6 0.0
91 27 27.0 27.0 9.0 0.6 1.9 5.6 0.0
92 27 27.0 27.0 10.0 0.6 1.9 5.6 0.0
93 27 27.0 27.0 11.0 0.6 1.9 5.6 0.0
94 27 27.0 27.0 12.0 0.6 1.9 5.6 0.0
95 27 27.0 27.0 13.0 0.6 1.9 5.6 0.0
96 27 27.0 27.0 14.0 0.6 1.9 5.6 0.0
97 27 27.0 27.0 15.0 0.6 1.9 5.6 0.0
98 27 27.0 27.0 16.0 0.6 1.9 5.6 0.0
99 27 27.0 27.0 17.0 0.6 1.9 5.6 0.0

100 27 27.0 27.0 18.0 0.6 1.9 5.6 0.0

Stage of SDP
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Appendix C2 2 Optimal storage (% RC) for fish production (scenario 2) 

In.WL Stage of SDP 

(%RC) 1 2 3 4 5 6 7 8 

50 50 23.7 4.3 2.0 2.0 3.9 7.6 9.5 

51 51 24.7 4.3 2.0 2.0 3.9 7.6 9.5 

52 52 25.7 4.3 2.0 2.0 3.9 7.6 9.5 

53 53 26.7 4.3 2.0 2.0 3.9 7.6 9.5 

54 54 27.7 4.3 2.0 2.0 3.9 7.6 9.5 

55 55 28.7 4.3 2.0 2.0 3.9 7.6 9.5 

56 56 29.7 4.3 2.0 2.0 3.9 7.6 9.5 

57 57 30.7 4.3 2.0 2.0 3.9 7.6 9.5 

58 58 31.7 5.0 2.0 2.0 3.9 7.6 9.5 

59 59 32.7 6.0 2.0 2.0 3.9 7.6 9.5 

60 60 33.7 7.0 2.0 2.0 3.9 7.6 9.5 

61 61 34.7 8.0 2.0 2.0 3.9 7.6 9.5 

62 62 35.7 9.0 2.0 2.0 3.9 7.6 9.5 

63 63 36.7 10.0 2.0 2.0 3.9 7.6 9.5 

64 64 37.7 11.0 2.0 2.0 3.9 7.6 9.5 

65 65 38.7 12.0 2.0 2.0 3.9 7.6 9.5 

66 66 39.7 13.0 2.0 2.0 3.9 7.6 9.5 

67 67 40.7 14.0 2.0 2.0 3.9 7.6 9.5 

68 68 41.7 15.0 2.0 2.0 3.9 7.6 9.5 

69 69 42.7 16.0 2.0 2.0 3.9 7.6 9.5 

70 70 43.7 17.0 2.0 2.0 3.9 7.6 9.5 

71 71 44.7 18.0 2.0 2.0 3.9 7.6 9.5 

72 72 45.7 19.0 2.0 2.0 3.9 7.6 9.5 

73 73 46.7 20.0 2.0 2.0 3.9 7.6 9.5 

74 74 47.7 21.0 2.0 2.0 3.9 7.6 9.5 

75 75 48.7 22.0 2.0 2.0 3.9 7.6 9.5 

76 76 49.7 23.0 2.0 2.0 3.9 7.6 9.5 

77 77 50.7 24.0 2.0 2.0 3.9 7.6 9.5 

78 78 51.7 25.0 2.0 2.0 3.9 7.6 9.5 

79 79 52.7 26.0 2.0 2.0 3.9 7.6 9.5 

80 80 53.7 27.0 2.0 2.0 3.9 7.6 9.5 

81 81 54.7 28.0 2.0 2.0 3.9 7.6 9.5 

82 82 55.7 29.0 2.0 2.0 3.9 7.6 9.5 

83 83 56.7 30.0 3.0 2.6 3.9 7.6 9.5 

84 84 57.7 31.0 4.0 2.6 3.9 7.6 9.5 

85 85 58.7 32.0 5.0 2.6 3.9 7.6 9.5 

86 86 59.7 33.0 6.0 2.6 3.9 7.6 9.5 

87 87 60.7 34.0 7.0 2.6 3.9 7.6 9.5 

88 88 61.7 35.0 8.0 2.6 3.9 7.6 9.5 

89 89 62.7 36.0 9.0 2.6 3.9 7.6 9.5 

90 90 63.7 37.0 10.0 2.6 3.9 7.6 9.5 

91 91 64.7 38.0 11.0 2.6 3.9 7.6 9.5 

92 92 65.7 39.0 12.0 2.6 3.9 7.6 9.5 

93 93 66.7 40.0 13.0 2.6 3.9 7.6 9.5 

94 94 67.7 41.0 14.0 2.6 3.9 7.6 9.5 

95 95 68.7 42.0 15.0 2.6 3.9 7.6 9.5 

96 96 69.7 43.0 16.0 2.6 3.9 7.6 9.5 

97 97 70.7 44.0 17.0 2.6 3.9 7.6 9.5 

98 98 71.7 45.0 18.0 2.6 3.9 7.6 9.5 

99 99 72.7 46.0 19.0 2.6 3.9 7.6 9.5 

100 100 73.7 47.0 20.0 2.6 3.9 7.6 9.5 
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Appendix C2 3 Contribution of rice and fish to total ENPV (scenario 2) 

  

In.WL ENPV Contribution of each enterprise

(%RC) (mVND) Rice  (%) Fish (%)

50 6118.2 51% 49%
51 6118.2 51% 49%
52 6118.2 51% 49%
53 6117.8 51% 49%
54 6117.4 51% 49%
55 6116.9 51% 49%
56 6116.4 51% 49%
57 6116 51% 49%
58 6611.4 55% 45%
59 7320.9 59% 41%
60 8030.3 63% 37%
61 8739.6 66% 34%
62 9448.2 69% 31%
63 9771.5 70% 30%
64 9770.1 70% 30%
65 9768.6 70% 30%
66 9767.4 70% 30%
67 9766.4 70% 30%
68 9765.4 70% 30%
69 9764.6 70% 30%
70 9763.9 70% 30%
71 9763.3 70% 30%
72 9762.4 70% 30%
73 9761.6 70% 30%
74 9760.6 70% 30%
75 9759 70% 30%
76 9757.6 70% 30%
77 9756.3 70% 30%
78 9755.2 70% 30%
79 9754.1 70% 30%
80 9752.7 70% 30%
81 9751.3 70% 30%
82 9749.9 70% 30%
83 10016 71% 29%
84 10217 72% 28%
85 10410 73% 27%
86 10613 74% 26%
87 10825 75% 25%
88 11044 75% 25%
89 11267 76% 24%
90 11408 77% 23%
91 11385 77% 23%
92 11365 77% 23%
93 11346 77% 23%
94 11330 77% 23%
95 11314 77% 23%
96 11301 77% 23%
97 11288 78% 23%
98 11276 78% 22%
99 11265 78% 22%

100 11254 78% 22%
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Appendix C3 1 Optimal release (% RC) for rice and fish production (scenario 3) 

 

In.WL

(%RC) 1 2 3 4 5 6 7 8

50 15 5.0 8.0 2.0 6.6 8.0 6.0 7
51 15 5.0 8.0 3.0 6.6 8.0 6.0 7
52 15 5.0 8.0 3.0 7.6 8.0 6.0 7
53 15 5.0 8.0 4.0 7.6 8.0 6.0 7
54 15 5.0 8.0 5.0 7.6 8.0 6.0 7
55 15 5.0 8.0 6.0 7.6 8.0 6.0 7
56 15 5.0 8.0 7.0 7.6 8.0 6.0 7
57 15 5.0 8.0 7.0 8.6 8.0 6.0 7
58 15 5.0 8.0 7.0 9.6 8.0 6.0 7
59 15 5.0 8.0 7.0 10.6 8.0 6.0 7
60 15 5.0 8.0 7.0 11.6 8.0 6.0 7
61 15 5.0 8.0 7.0 12.6 8.0 6.0 7
62 15 5.0 8.0 8.0 12.6 8.0 6.0 7
63 15 5.0 8.0 8.0 13.0 8.0 6.1 7
64 15 5.0 8.0 8.0 13.0 8.0 7.1 7
65 15 5.0 8.0 8.0 13.0 8.0 8.1 7
66 15 5.0 8.0 8.0 13.0 8.0 9.1 7
67 16 5.0 8.0 8.0 13.0 8.0 9.1 7
68 16 5.0 8.0 8.0 13.0 8.0 10.1 7
69 16 5.0 8.0 8.0 13.0 8.0 11.1 7
70 16 5.0 8.0 8.0 13.0 8.5 11.6 7
71 16 5.0 8.0 8.0 13.0 9.5 11.6 7
72 16 5.0 8.0 8.0 13.6 9.9 11.6 7
73 16 5.0 9.0 8.0 13.6 9.9 11.6 7
74 16 5.7 9.3 8.0 13.6 9.9 11.6 7
75 16 6.7 9.3 8.0 13.6 9.9 11.6 7
76 17 6.7 9.3 8.0 13.6 9.9 11.6 7
77 18 6.7 9.3 8.0 13.6 9.9 11.6 7
78 19 6.7 9.3 8.0 13.6 9.9 11.6 7
79 20 6.7 9.3 8.0 13.6 9.9 11.6 7
80 21 6.7 9.3 8.0 13.6 9.9 11.6 7
81 22 6.7 9.3 8.0 13.6 9.9 11.6 7
82 23 6.7 9.3 8.0 13.6 9.9 11.6 7
83 24 6.7 9.3 8.0 13.6 9.9 11.6 7
84 25 6.7 9.3 8.0 13.6 9.9 11.6 7
85 26 6.7 9.3 8.0 13.6 9.9 11.6 7
86 27 6.7 9.3 8.0 13.6 9.9 11.6 7
87 27 7.7 9.3 8.0 13.6 9.9 11.6 7
88 27 8.7 9.3 8.0 13.6 9.9 11.6 7
89 27 9.7 9.3 8.0 13.6 9.9 11.6 7
90 27 10.7 9.3 8.0 13.6 9.9 11.6 7
91 27 11.7 9.3 8.0 13.6 9.9 11.6 7
92 27 12.7 9.3 8.0 13.6 9.9 11.6 7
93 27 13.7 9.3 8.0 13.6 9.9 11.6 7
94 27 14.7 9.3 8.0 13.6 9.9 11.6 7
95 27 15.7 9.3 8.0 13.6 9.9 11.6 7
96 27 16.7 9.3 8.0 13.6 9.9 11.6 7
97 27 17.7 9.3 8.0 13.6 9.9 11.6 7
98 27 18.7 9.3 8.0 13.6 9.9 11.6 7
99 27 19.7 9.3 8.0 13.6 9.9 11.6 7

100 27 20.7 9.3 8.0 13.6 9.9 11.6 7

Stage of SDP
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Appendix C3 2 Optimal storage (% RC) for rice and fish production (scenario 3) 

 

In.WL

(%RC) 1 2 3 4 5 6 7 8

50 50 35.7 31.0 23.0 21.6 16.9 14.5 16.0
51 51 36.7 32.0 24.0 21.6 16.9 14.5 16.0
52 52 37.7 33.0 25.0 22.6 16.9 14.5 16.0
53 53 38.7 34.0 26.0 22.6 16.9 14.5 16.0
54 54 39.7 35.0 27.0 22.6 16.9 14.5 16.0
55 55 40.7 36.0 28.0 22.6 16.9 14.5 16.0
56 56 41.7 37.0 29.0 22.6 16.9 14.5 16.0
57 57 42.7 38.0 30.0 23.6 16.9 14.5 16.0
58 58 43.7 39.0 31.0 24.6 16.9 14.5 16.0
59 59 44.7 40.0 32.0 25.6 16.9 14.5 16.0
60 60 45.7 41.0 33.0 26.6 16.9 14.5 16.0
61 61 46.7 42.0 34.0 27.6 16.9 14.5 16.0
62 62 47.7 43.0 35.0 27.6 16.9 14.5 16.0
63 63 48.7 44.0 36.0 28.6 17.5 15.1 16.5
64 64 49.7 45.0 37.0 29.6 18.5 16.1 16.5
65 65 50.7 46.0 38.0 30.6 19.5 17.1 16.5
66 66 51.7 47.0 39.0 31.6 20.5 18.1 16.5
67 67 51.7 47.0 39.0 31.6 20.5 18.1 16.5
68 68 52.7 48.0 40.0 32.6 21.5 19.1 16.5
69 69 53.7 49.0 41.0 33.6 22.5 20.1 16.5
70 70 54.7 50.0 42.0 34.6 23.5 20.6 16.5
71 71 55.7 51.0 43.0 35.6 24.5 20.6 16.5
72 72 56.7 52.0 44.0 36.6 24.9 20.6 16.5
73 73 57.7 53.0 44.0 36.6 24.9 20.6 16.5
74 74 58.7 53.3 44.0 36.6 24.9 20.6 16.5
75 75 59.7 53.3 44.0 36.6 24.9 20.6 16.5
76 76 59.7 53.3 44.0 36.6 24.9 20.6 16.5
77 77 59.7 53.3 44.0 36.6 24.9 20.6 16.5
78 78 59.7 53.3 44.0 36.6 24.9 20.6 16.5
79 79 59.7 53.3 44.0 36.6 24.9 20.6 16.5
80 80 59.7 53.3 44.0 36.6 24.9 20.6 16.5
81 81 59.7 53.3 44.0 36.6 24.9 20.6 16.5
82 82 59.7 53.3 44.0 36.6 24.9 20.6 16.5
83 83 59.7 53.3 44.0 36.6 24.9 20.6 16.5
84 84 59.7 53.3 44.0 36.6 24.9 20.6 16.5
85 85 59.7 53.3 44.0 36.6 24.9 20.6 16.5
86 86 59.7 53.3 44.0 36.6 24.9 20.6 16.5
87 87 60.7 53.3 44.0 36.6 24.9 20.6 16.5
88 88 61.7 53.3 44.0 36.6 24.9 20.6 16.5
89 89 62.7 53.3 44.0 36.6 24.9 20.6 16.5
90 90 63.7 53.3 44.0 36.6 24.9 20.6 16.5
91 91 64.7 53.3 44.0 36.6 24.9 20.6 16.5
92 92 65.7 53.3 44.0 36.6 24.9 20.6 16.5
93 93 66.7 53.3 44.0 36.6 24.9 20.6 16.5
94 94 67.7 53.3 44.0 36.6 24.9 20.6 16.5
95 95 68.7 53.3 44.0 36.6 24.9 20.6 16.5
96 96 69.7 53.3 44.0 36.6 24.9 20.6 16.5
97 97 70.7 53.3 44.0 36.6 24.9 20.6 16.5
98 98 71.7 53.3 44.0 36.6 24.9 20.6 16.5
99 99 72.7 53.3 44.0 36.6 24.9 20.6 16.5

100 100 73.7 53.3 44.0 36.6 24.9 20.6 16.5

Stage of SDP
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Appendix C3 3 Contribution of rice and fish to the total ENPV (scenario 3) 

  

  

In.WL ENPV Contribution of each enterprise

(%RC) (mVND) Rice (%) Fish (%)

50 13037 90% 10%
51 13264 90% 10%
52 13490 90% 10%
53 13715 90% 10%
54 13940 90% 10%
55 14164 91% 9%
56 14386 91% 9%
57 14608 91% 9%
58 14829 91% 9%
59 15048 91% 9%
60 15264 92% 8%
61 15479 92% 8%
62 15694 92% 8%
63 15900 92% 8%
64 16054 92% 8%
65 16156 92% 8%
66 16211 93% 7%
67 16251 93% 7%
68 16285 93% 7%
69 16314 93% 7%
70 16344 93% 7%
71 16374 94% 6%
72 16398 94% 6%
73 16406 94% 6%
74 16407 94% 6%
75 16407 94% 6%
76 16407 94% 6%
77 16407 94% 6%
78 16407 94% 6%
79 16407 94% 6%
80 16407 94% 6%
81 16407 94% 6%
82 16407 94% 6%
83 16407 94% 6%
84 16407 94% 6%
85 16407 94% 6%
86 16407 94% 6%
87 16407 94% 6%
88 16407 94% 6%
89 16407 94% 6%
90 16407 94% 6%
91 16407 94% 6%
92 16407 94% 6%
93 16407 94% 6%
94 16407 94% 6%
95 16407 94% 6%
96 16407 94% 6%
97 16407 94% 6%
98 16407 94% 6%
99 16407 94% 6%

100 16407 94% 6%
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Appendix D: MATLAB 7.1 codes for the stochastic dynamic programming model 

MATLAB 7 was used to code the RWM model. The backward recursion algorithms were 

designed as a series of four nested loops. The first loop involves a backward recursion from 

the terminal stage to the initial stage, the second loop involves visits to each state, the third 

loop involves visits to each action, and the fourth loop involves visits to each value of 

stochastic rainfall. MATLAB 7 codes showing these nested loops are shown below. 

Step 1.Entering the model parameters  

Rarea=350 {reservoir area (ha)} 

Ric=21 {catchement area (km2)} 

area=1000 {irrigated area (ha)} 

RCmin=0.4 {min Reservoir Capacity (MCM)} 

RCmax=19.6 {max Reservoir Capacity (MCM)} 

DCp=2.5 {Irrigation gate Discharge Capacity (m3/s)} 

E=[5.34 6.85 8.30 9.30 8.30 5.59 3.99 3.59];{average 

evaporation(mm/stage)} 

re=[0.92  0.98  1.00  0.98  0.92  0.65  0.50  0.53]; 

ue=0.85  

ri=0.3  

W0=[252.5  80.3  124.6  132.1  209.05  131.7   85.1  103.7]                          

yp=[6.5 6.5 6.5 6.5 6 6 6 6] {potential yields of rice (tonnes/ha)} 

ky=[1 1.09 1.32 0.5 1 1.09 1.32 0.5]  

pa=2.5 {Rice price, mVND/ton} 

alpha=0.005 {discount rate (%/stage)} 

teta=0.5723 {Hypsographic coefficient} 

Nstage=8 {model horizon (stages)} 

ks=14 {rainfall index} 

cr=[2.206 2.206 2.206 2.206 1.680 1.680 1.680 1.680]                       

{rice production cost (mVND/ha/stage)} 
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Q: rainfall distribution (m) 

Q= 

[0      0         0        0        0        0        0       0 

0.0375  0.0375    0.0375   0.0375   0.0375   0.0375   0.0375  0.0375 

0.0875  0.0875     0.0875  0.0875   0.0875   0.0875   0.0875  0.0875 

0.1375  0.1375     0.1375  0.1375   0.1375   0.1375   0.1375  0.1375 

0.1875  0.1875     0.1875  0.1875   0.1875   0.1875   0.1875  0.1875 

0.2375  0.2375     0.2375  0.2375   0.2375   0.2375   0.2375  0.2375 

0.2875  0.2875     0.2875  0.2875   0.2875   0.2875   0.2875  0.2875 

0.3375  0.3375     0.3375  0.3375   0.3375   0.3375   0.3375  0.3375 

0.3875  0.3875     0.3875   0.3875  0.3875   0.3875   0.3875  0.3875 

0.4375  0.4375     0.4375   0.4375  0.4375   0.4375   0.4375  0.4375 

0.4875  0.4875     0.4875   0.4875  0.4875   0.4875   0.4875  0.4875 

0.5375  0.5375     0.5375   0.5375  0.5375   0.5375   0.5375  0.5375 

0.5875  0.5875     0.5875   0.5875  0.5875   0.5875   0.5875  0.5875 

0.6250  0.6250     0.6250   0.6250  0.6250   0.6250   0.6250  0.6250]         
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pq: probability of rainfall    

pq= 

 

[0.9550  0.9800  0.9800  0.9500  0.8650  0.7450  0.6350    0.5450 

 0       0       0       0       0.0050  0.0050  0.0150    0.0300 

 0.0050  0       0.0100  0       0.0150  0.0100  0.0350    0 

 0       0       0.0050  0.0150  0.0100  0.0300  0.0250    0.0250 

 0.0100  0.0050  0       0       0.0250  0.0100  0.0350    0.0400 

0.0050   0       0.0050  0       0.0300   0.0050  0.0100   0.0350 

0        0       0       0.0050  0.0050   0.0100  0.0150   0.0200 

0        0        0      0.0100  0        0.0100  0.0200   0.0300 

0.0050   0         0     0.0150  0.0050   0.0200   0.0050  0.0300 

0.0100   0.0100    0     0       0        0.0100   0.0100  0.0050 

0        0.0050    0     0       0.0100   0.0200   0.0200  0.0300 

0         0        0     0.0050  0        0.0050   0.0100  0.0200 

0.0050    0        0     0       0.0050   0.0050   0.0150  0.0150 

0.0050    0        0     0       0.0250   0.1150   0.1500  0.175] 

  

 FSE=[2.3     2.02   1.76    1.51 

     3.9     3.41   2.98    2.56 

     4.7     4.16   3.72    3.26 

    6.0     5.24   4.64    4.04 

     2.8     2.39   2.08    1.79]  

SI=[1.5 2.25 1.5 0.75 1.5]{Species input (ton)} 

PSI=[70 75 50 75 60]{fingerlings prices mVND/ton} 

pf=[16 6 8.5 6 8.5] {Fish price, mVND/ton} 

FFC=120;{Fishery fixed cost mVND} 
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Step 2. Calculating model inputs and specifying the state space and the decision space 

DCmax=(((DCp/1000000)*60*60*24*25)/RCmax)*100 

{maximum discharge capacity(%RC} 

Ev=(((E/1000)*Rarea*10000)/(RCmax*1000000))*100                           

{average evaporation  %RC/stage)} 

steps=1 {the interval of state variable (%RC)} 

stepu=1 {the interval of decision variable (% RC)} 

s=(RCmin/RCmax)*100:steps:101;{state space(% RC)} 

s=round(s*10^1)/10^1; 

u=[0:stepu:DCmax;0:stepu:DCmax;0:stepu:DCmax;0:stepu:DCmax;0:stepu:DCmax;                 

0:stepu:DCmax;0:stepu:DCmax;0:stepu:DCmax;]'; 

w0=(W0*(10*area)/(RCmax*1000000))*100 {crop water requirements (% RC)} 

q=100*((Q*Rarea*10000)/(RCmax*1000000));{rain falls to reservoir (% RC)} 

qic=100*((ri*Q*Ric*1000000)/(RCmax*1000000));                            

{water inflows from catchment area (% RC)} 

qr=100*((Q*area*10000)/(RCmax*1000000)); 

{rain falls to rice field, (% RC)} 

FTC=FFC+SI*PSI';{Total fish production cost (mVND)} 

cf=[zeros(1,3) (FTC/4)*ones(1,4) 0]; 

{Total fish production cost/stage (mVND)} 

FY=[SI(1)*FSE(1,:); SI(2)*FSE(2,:); SI(3)*FSE(3,:); SI(4)*FSE(4,:); 

SI(5)*FSE(5,:) ]; {Fish yields (tonnes)} 

yf=[zeros(5,3) FY zeros(5,1)]{(Total Fish yields (tonnes)} 

yff=sum(yf);{(total weight of fish (tonnes)} 

rf=pf*yf; {Fishery returns (mVND)} 

Step 3. Backward recursion algorithms 

fprintf('I. The backward induction process\n'); 

vv=zeros(length(s),Nstage+1);  

vvr=zeros(length(s),Nstage+1); 

vvf=zeros(length(s),Nstage+1); 

vv1=zeros(length(s),Nstage+1); 
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vv2=zeros(length(s),Nstage+1); 

 

for stage=Nstage:-1:1 

    for i=1:length(u) 

        for i2= 1:length(s) 

            ccc1=0; 

            ccc1r=0; 

            ccc1f=0; 

            ccc1rr=0; 

            ccc1ff=0; 

            vtemp=0; 

            vtempr=0; 

            vtempf=0; 

            vtemp1=0; 

            vtemp2=0; 

            for i1=1:ks  

                if s(i2)>u(i,stage) 

                    ss=s(i2)-u(i,stage)+q(i1,stage)+qic(i1,stage)-    

        Ev(stage); 

                else 

                    ss=s(i2)+q(i1,stage)+qic(i1,stage)-Ev(stage); 

                end 

  

                if ss <min(s) 

                    Vtemp=vv(1,stage+1); 

                    Vtempr=vvr(1,stage+1); 

                    Vtempf=vvf(1,stage+1); 

                    Vtemp1=vv1(1,stage+1); 

                    Vtemp2=vv2(1,stage+1); 
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                 elseif ss >=min(s) & ss < max(s) 

                    Vtemp=interp1(s,vv(:,stage +1),ss); 

                    Vtempr=interp1(s,vvr(:,stage +1),ss); 

                    Vtempf=interp1(s,vvf(:,stage +1),ss); 

                    Vtemp1=interp1(s,vv1(:,stage +1),ss); 

                    Vtemp2=interp1(s,vv2(:,stage +1),ss); 

                else 

                    Vtemp=vv(end,stage+1); 

                    Vtempr=vvr(end,stage+1); 

                    Vtempf=vvf(end,stage+1); 

                    Vtemp1=vv1(end,stage+1); 

                    Vtemp2=vv2(end,stage+1); 

                end 

  

                vtemp=vtemp+pq(i1,stage)*((1/1+alpha)*Vtemp); 

                vtempr=vtempr+pq(i1,stage)*((1/1+alpha)*Vtempr); 

                vtempf=vtempf+pq(i1,stage)*((1/1+alpha)*Vtempf); 

                vtemp1=vtemp1+pq(i1,stage)*((1/1+alpha)*Vtemp1); 

                vtemp2=vtemp2+pq(i1,stage)*((1/1+alpha)*Vtemp2); 

          if w0(stage)>0 &                                             

              ((ue*u(i,stage)+re(stage)*qr(i1,stage))/w0(stage))<1 

uqr=(ue*u(i,stage)+              

re(stage)*qr(i1,stage))/w0(stage); 

                else 

                    uqr=1; 

                end  

                uq=1-uqr; 

ra=(0.25*yp(stage)*pa*area*(1-uq*ky(stage))-

cr(stage)*area);           

                sr=(s(i2)+ss)/2; 

                ds=100*((sr-max(s))/max(s));  
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                if yff(stage)>0 

                PCE=(-0.7446*teta*Rarea*((Rarea)^(-0.7446))*0.7422* 

                (sr^((-0.7446*teta)-1)))*(sr/(yff(stage)))*ds; 

                else 

                    PCE=0; 

                end 

                 df=rf(stage)*(1+PCE)-cf(stage);  

                if s(i2)- u(i,stage)>= min(s) 

 ccc1=ccc1+pq(i1,stage)*(ra + df + 

(1/(1+alpha))*Vtemp); 

                    ccc1r=ccc1r+pq(i1,stage)*(ra + (1/(1+alpha))*Vtempr); 

                    ccc1f=ccc1f+pq(i1,stage)*(df + (1/(1+alpha))*Vtempf);                    

  ccc1rr=ccc1rr+pq(i1,stage)*(ra+ 

(1/(1+alpha))*Vtemp1); 

ccc1ff=ccc1ff+pq(i1,stage)*(df + 

(1/(1+alpha))*Vtemp2);  

                else 

                    ccc1 =-inf; 

                    ccc1r=-inf; 

                    ccc1f=-inf; 

                    ccc1rr=-inf; 

                    ccc1ff=-inf; 

                end  

            end 

            ktemp=(ccc1rr+ccc1ff)/ccc1; 

            ccc1rrr=ktemp*ccc1rr; 

            ccc1fff=ktemp*ccc1ff;  

            AA(i2,i)=ccc1; 

            AAr(i2,i)=ccc1r; 

            AAf(i2,i)=ccc1f;                         

        end 
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    end  

    BB(:,:,stage)=AA;  

    BBr(:,:,stage)=AAr; 

    BBf(:,:,stage)=AAf; 

    AA=round(AA*10^20)/10^20; 

    AAr=round(AAr*10^20)/10^20; 

    AAf=round(AAf*10^20)/10^20;                  

    [Temp1,iimax]=max(AA,[],2); 

    [Temp1r,iirmax]=max(AAr,[],2); 

    [Temp1f,iifmax]=max(AAf,[],2);     

    for i=1:size(AA,1) 

        Temp1rr(i)=AArr(i,iimax(i)); 

        Temp1ff(i)=AAff(i,iimax(i)); 

    end 

    vv(1:length(s),stage)=Temp1; 

    vvr(1:length(s),stage)=Temp1r; 

    vvf(1:length(s),stage)=Temp1f; 

    vv1(1:length(s),stage)=Temp1rr; 

    vv2(1:length(s),stage)=Temp1ff;  

    uu(1:length(s),stage)=u(iimax,stage); 

    uur(1:length(s),stage)=u(iirmax,stage); 

    uuf(1:length(s),stage)=u(iifmax,stage);  

end 

fprintf('1.1 Results of backward recursions for rice and fish (KQ)\n') 

fprintf('1.2 Results of backward recursions for rice (KQr)\n') 

fprintf('1.3 Results of backward recursions for fish (KQf)\n') 

for i=Nstage:-1:1  

    KQ (:,:,Nstage-i+1)=[s(:) BB (:,:,i) vv (:,i) uu (:,i)]; 

    KQr(:,:,Nstage-i+1)=[s(:) BBr(:,:,i) vvr(:,i) uur(:,i)]; 



 

197 
 

    KQf(:,:,Nstage-i+1)=[s(:) BBf(:,:,i) vvf(:,i) uuf(:,i)]; 

 end 

Step 4. Forward tracking process to retrieve the optimal decision 

for i=1:Nstage     

    aa(i)=q(:,i)'*pq(:,i); {expected rainfall}       

    bb(i)=qic(:,i)'*pq(:,i); {expected inflows}       

end 

 

[A11, B11, C11, C11rr C11ff]=fun_ABC1(s,uu,vv,vv1,vv2,Ev,aa,bb); 

[A11r, B11r, C11r]=fun_ABC(s,uur,vvr,Ev,aa,bb);  

[A11f, B11f, C11f]=fun_ABC(s,uuf,vvf,Ev,aa,bb); 

function [A11, B11, C11, C11rr, C11ff]=fun_ABC1(s,uu,vv,vv1,vv2,Ev,aa,bb) 

nn=8; 

for ii=1:length(s) 

    A1(1)=s(ii); 

    k=1; 

    while k<=nn 

        A1(k)=round(A1(k)*10^9)/10^9; 

        if A1(k) >=max(s) 

            A1(k)=max(s); 

        end         

        if A1(k)>=min(s)             

            B1(k)=interp1(s(:),uu(:,k),A1(k)); 

            A1(k+1)=A1(k)-B1(k)+aa(k)+bb(k)-Ev(k);             

        else 

            B1test=A1(k)-min(s)+aa(k)+bb(k)-Ev(k);             

            if round(B1test*10^9)/10^9>=0 

                B1(k)=B1test; 

                A1(k+1)=A1(k)-B1(k)+aa(k)+bb(k)-Ev(k);                 
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            else                 

                if k>1 

                    if B1(k-1)-abs(B1test)<=0 

                        B1(k)=0; 

                        A1(k+1)=A1(k)-B1(k)+aa(k)+bb(k)-Ev(k); 

                    else 

                        B1km1test1=B1(k-1); 

                        B1(k-1)=B1(k-1)-abs(B1test); 

                        B1km1test2=B1(k-1);                         

                        A1(k)=A1(k-1)-B1(k-1)+aa(k-1)+bb(k-1)-Ev(k-1); 

                        k=k-1; 

                    end 

                end                 

            end                         

        end 

        k=k+1;         

    end 

     

      for k=1:nn 

        C1test=interp1(s(:),vv(:,k),A1(k));        

        C1testr=interp1(s(:),vv1(:,k),A1(k));         

        C1testf=interp1(s(:),vv2(:,k),A1(k));         

        ktemp=(C1testr+C1testf)/C1test; 

        C1testr=ktemp*C1testr; 

        C1testf=ktemp*C1testf;         

        if isnan(C1test) 

            C1(k)=vv(1,k); 

            C1r(k)=vv1(1,k); 

            C1f(k)=vv2(1,k); 
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        else 

            C1(k)=C1test; 

            C1r(k)=C1testr; 

            C1f(k)=C1(k)-C1r(k); 

        end 

    end 

    A11(ii,:)=A1(1:nn);    B11(ii,:)=B1(1:nn);    

C11(ii,:)=C1(1:nn);{ENPV obtained from joint production of rice and fish} 

    C11rr(ii,:)=C1r(1:nn); {ENPV obtained rice production} 

    C11ff(ii,:)=C1f(1:nn); {ENPV obtained fish production} 

 end 

function [A11, B11, C11]=fun_ABC(s,uu,vv,Ev,aa,bb) 

nn=8; 

for ii=1:length(s) 

    A1(1)=s(ii); 

    k=1; 

    while k<=nn 

        A1(k)=round(A1(k)*10^9)/10^9; 

        if A1(k) >=max(s) 

            A1(k)=max(s); 

        end         

        if A1(k)>=min(s)             

            B1(k)=interp1(s(:),uu(:,k),A1(k)); 

            A1(k+1)=A1(k)-B1(k)+aa(k)+bb(k)-Ev(k);             

        else 

            B1test=A1(k)-min(s)+aa(k)+bb(k)-Ev(k);             

            if round(B1test*10^9)/10^9>=0 

                B1(k)=B1test; 

                A1(k+1)=A1(k)-B1(k)+aa(k)+bb(k)-Ev(k);                 

            else                 
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                if k>1 

                    if B1(k-1)-abs(B1test)<=0 

                        B1(k)=0; 

                        A1(k+1)=A1(k)-B1(k)+aa(k)+bb(k)-Ev(k); 

                    else 

                        B1km1test1=B1(k-1); 

                        B1(k-1)=B1(k-1)-abs(B1test); 

                        B1km1test2=B1(k-1);                         

                        A1(k)=A1(k-1)-B1(k-1)+aa(k-1)+bb(k-1)-Ev(k-1); 

                        k=k-1; 

                    end 

                end                 

            end                         

        end 

        k=k+1;         

    end     

    for k=1:nn 

        C1test=interp1(s(:),vv(:,k),A1(k));         

        if isnan(C1test) 

            C1(k)=vv(1,k); 

        else 

            C1(k)=C1test; 

        end 

    end     

    A11(ii,:)=A1(1:nn){%The optimal storage} 

    B11(ii,:)=B1(1:nn); ){%The optimal release} 

    C11(ii,:)=C1(1:nn); {The expected net present values}     

     

end 
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