
ABSTRACT 

XUAN, YI. A New Simulation and Optimization Multi-Reservoir System Model. (Under the 

Direction of Dr. G. Mahinthakumar and Dr. S. Arumugam.) 

 

 

Reservoir system operation is a daunting task and an important area of concern in satisfying 

water needs and meeting water demands under a changing world. A reservoir simulation and 

optimization program written in Fortran called GRAPS (Generalized Reservoir Analyses 

using Probabilistic Streamflow forecasts) was developed to facilitate the integrated 

management of multi-reservoir and perform examinations on various climate change 

scenarios. The program can be used for analyses of reservoir management and regulatory 

policies, or for detailed analysis under various constraints and climate conditions. 

Distinguished from the majority of existing reservoir software, GRAPS is well adapted to 

handle probabilistic forecasts in the form of massive ensembles. In the first chapter, the 

simulation part of the program is introduced and described in detail. Node-link schematic is 

used to represent real world reservoir systems. A physically-based model, GRAPS is built on 

fundamental hydraulic and hydrologic equations. In the case study, the simulation model is 

applied to a reservoir system in Ceará, Brazil for model demonstration and verification. In 

the second chapter, the optimization part of the program is presented an application 

demonstration. A search method, particle swarm optimization (PSO) method is coupled with 

the simulation model to iteratively seek better values as determined by an objective function. 

The optimization model is applied to 28 Tennessee Valley Authority (TVA) reservoirs and 

the model’s utility to optimize water allocation is demonstrated.  
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1 MULTIRESERVOIR SIMULATION MODEL 
 

1.1 INTRODUCTION 

 

1.1.1 Challenges and Motivation 

 

Water allocations among municipal, industrial and agricultural sectors require comprehensive 

integration of supply, demand, climate change and ecological considerations. Many major 

river systems are extremely regulated with various ecosystem and environmental constraints.  

Multi-reservoir operations involve allocating supplies of two or more reservoirs to numerous 

downstream users. Moreover, multi-purpose reservoir operations comprise numerous 

interactions and trade-offs among conflicting purposes. For instance, too little release will 

affect water quality and recreation, too much release will cause flooding. On the other hand, 

abrupt change in release rate will cause channel erosion and danger for navigation. The 

conflicting nature of benefits associated with storing the water and benefits associated with 

releasing the water contributes to the complexity of multi-reservoir system operations.  

 

The goal of the management of a multi-reservoir system is to meet environmental disputes 

and regulatory (e.g. regulations from Environmental Protection Agency) and physical 

constraints and at the same time satisfy water demands by various users. During the course of 

a reservoir system, the system will likely be subjected to many changes and variations, from 

external changes such as shifting in climate and deforestation, to internal developments such 

as adjustment of reservoir rule curve. Reservoir modeling software and programs are 

beneficial to explaining the consequences of reservoir management actions. By using 
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reservoir modeling tools reservoir managers and operators can simulate different 

environments, test out adaptive strategies and inform long-term management policies such as 

drought contingency plans, and withdraw rates.  

 

Climate change could have a huge impact on watersheds and river basins. For example, 

higher temperature is found to have lower runoff ratios (Lehner et al., 2017). 

Hydroclimatology is a rapidly developing field with exciting result and profound applications 

to water resources management. Climate phenomena such as El Nino Southern Oscillation 

(ENSO) have been shown to impact streamflow in many parts of the world (Dettinger and 

Diaz, 2000). Moreover, streamflow forecasts developed from combining multiple GCMs has 

been demonstrated to be valuable in reservoir operations (Golembesky et al., 2009). These 

climate forecasts are represented as ensembles. However, a review of existing literature 

indicates a paucity in reservoir modeling tools developed with ensemble input in mind. In 

these contexts, the Civil, Construction, & Environmental Engineering Department at North 

Carolina State University has developed a reservoir modeling software to address the 

aforementioned challenges and needs. 

 

1.1.2 Review of Existing Models 

Since the advent of modern computers, a multitude of reservoir software have been 

developed using various kinds of programming languages (Fortran, C, C++, Python etc.). 

Rudimentary reservoir models can be constructed by using Excel spreadsheet, while more 
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sophisticated reservoir models can be developed by using polished proprietary software. 

Different models have diverse purpose, from computer assisted design to simulation and 

optimization. Some of these older and obscure reservoir and river system analysis models are 

documented by Wurbs, 1994. Many of the earliest reservoir models have been developed by 

the Hydrologic Engineering Center (HEC) of the U.S. Army Corps of Engineers. HEC-

ResSim (Klipsch and Hurst, 2013) is used to model reservoir operations, and simulate 

reservoir operations for flood risk management, low flow augmentation and water supply for 

planning studies, detailed reservoir regulation plan investigations, and real-time decision 

support. Another widely applied reservoir software is MODSIM, a generalized river basin 

management decision support system developed under the Microsoft .NET Framework and 

designed as a tool for developing improved basin wide and regional strategies for water 

management, operational planning, drought contingency planning, and water rights analysis 

(Labadie, 2010). Developed by the California Department of Water Resources, CalSim, as 

described by Draper et al., 2004, is a general-purpose reservoir–river basin simulation model 

that allows specifications of system description and operational constraints through a new 

water resources engineering simulation language. A water resource planning tool, WEAP, as 

detailed by Sieber and Purkey, 2015, is a forecasting tool for simulating water demand, 

supply, flows, and storage, and pollution generation, treatment and discharge. In addition, 

WEAP is a policy analysis tool for evaluating water development and management options, 

and taking into account of multiple and competing uses of water systems. As described by 

Wurbs, 2015, WRAP is a modeling system simulates management of the water resources of a 
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river basin or multiple-basin region under priority-based water allocation systems. Not only 

can simulate reservoir system operations for flood control, WRAP can also facilitate 

assessments of hydrologic and institutional water availability/reliability in satisfying 

requirements for instream flows, water supply diversions, hydroelectric energy generation, 

and reservoir storage. Developed by European research institutes and companies, 

WaterWare, as designed by Jamieson and Fedra, 1996, is a proprietary, decision-support 

river-basin planning system that utilizes rule-base concepts for developing operating criteria 

and policies. WaterWare combines the capabilities of geographical information systems, 

database technology, modelling techniques, optimization procedures and expert systems. 

Another expensive proprietary river basin modeling software is RiverWare, developed by the 

Center for Advanced Decision Support for Water and Environmental Systems (CADSWES). 

As detailed in Zagona et al., 2001, RiverWare is a river basin modeling tool that includes an 

extensible library of modeling algorithms, several solvers, and a language for the expression 

of operating policy, and a graphical interface. Each of the above-named model is generalized 

and can be applied to model complex multi-reservoir systems. Some of the above-mentioned 

water system simulation models are compared and applied to a complex water system in 

Southern Italy by Sulis and Sechi, 2013. For additional information, interested readers can 

also see comparisons and review of the many existing advanced watershed models by Singh 

and Frevert, 2006, and many mainstream reservoir modeling software by Wurbs, 2005.  
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1.1.3 GRAPS 

GRAPS stands for Generalized Reservoir Analyses using Probabilistic Streamflow forecasts. 

It is a newly developed multi-reservoir simulation model by North Carolina State University 

in Raleigh, NC. The model is based on and extended from a water allocation framework, as 

described by Arumugam et al. (2003), that utilizes the benefits of ensemble forecasts of 

reservoir inflows to issue annual water contracts. Applying the water allocation framework 

on Falls Lake Reservoir, N.C., Golembesky et al. (2009) has demonstrated the usefulness of 

the framework and multimodel streamflow forecasts in water management. Unlike many 

mainstream reservoir modeling tool, GRAPS is well suited to handle massive ensemble, 

which conveys forecast information and related uncertainty, in a speedy fashion. An easy-to-

use, generalized, multi-reservoir simulation program, GRAPS can be applied to a myriad of 

reservoir systems under diverse conditions.  

 

Made extra accessible to reservoir professionals and based on an integrated approach to 

water resources management, GRAPS is a straightforward water allocation program that 

intends to assist engineers and stakeholders as a simulation and decision supporting tool. 

Additionally, the program helps to relieve the users from developing complex simulation 

models themselves. A user-oriented computer program, GRAPS is developed with a wide 

range of water resources professionals in mind, from modelers and researchers to consultants 

and managers. Based on the basic principle of mass balance, the program is incorporated 

with a multitude of important reservoir operational components and aspects. The novelty of 
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GRAPS is its capability to take full advantage of advanced forecasts in the form of unwieldly 

massive ensemble. This new integrated modeling software is developed to alleviate the 21st 

century challenges faced by water resources professionals and to support complex reservoir 

decision making.  

 

1.1.4 Outline of the Chapter 

This chapter provides detailed descriptions on the simulation program. First, capabilities of 

the simulation model are introduced. The program is developed by using both node-link 

formulation approach and object-oriented approach. Reservoirs and users are represented as 

nodes and are connected by links, which represent channels and rivers. Capable in modeling 

complex hydrological processes in a real-world reservoir system, GRAPS can represent all 

major surface water processes and components under a variety of spatial and temporal scales. 

Features of the program is then presented, which include its ability to handle inflows in the 

forms of massive ensembles.  

 

Second, methodology in constructing the program is described. How the model is organized 

and executed are illustrated and explained. The model is executed by stepping sequentially 

through time and in an upstream to downstream fashion. In addition, mathematical 

formulations of the simulation model are presented. Given a series of streamflow inputs, the 

model simulates reservoir storages based on fundamental mass-balance equations. The 
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formulations are described in detail to elucidate how the model is able to capture the complex 

behavior of a reservoir system. 

 

Lastly, a case study on reservoirs in Ceará, Brazil to demonstrate GRAPS’ capabilities in 

reservoir modeling and abilities to accurately reproduce historical storage and flows. Results 

of the simulation are assessed and validated with historical observations. 

 

1.2 CAPABILITIES 

GRAPS is written in Fortran, an established general-purpose, high-level programming 

language that is well suited for mathematical modeling and scientific computing. Most of the 

water resources program developed before 1990 and many of the recent ones are written in 

Fortran (Wurbs, 2005).  

 

GRAPS is a physically-based model that relies on fundamental hydraulic and hydrologic 

equations. On the other hand, statistically-based models are easy to develop and use 

empirical relationships. Comparing to physically-based model, statistically-based models 

have the significant drawback of only being accurate inside a certain range and may not be 

suitable for simulating under climate change conditions. As a stand-alone, generalized 

modeling software, GRAPS is designed for diverse sets of analyses on essentially any 

reservoir systems. The model possesses six major components, known as nodes or system 

blocks: Watersheds, Reservoirs, Inter-basin Transfers, Users, Junction-Nodes, and the Sink.  
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1.2.1 Node-link Formulation Approach 

Similar to many other existing water resources systems modeling programs, GRAPS adapted 

a node-link schematic representation to describe physical river basin networks (not to be 

confused with network flow programing, a special form of linear programming). Even 

though shapes of river and reservoir are arbitrary and erratic, the underlying spatial 

configuration can be simplified and represented in the program by a two-dimensional 

interconnected directed network of nodes and links.  

 

A generalized model, GRAPS is capable of modeling all ordinary surface water entities and 

processes. Reservoirs, watersheds and users are represented by nodes, and diversion locations 

and flow confluence points are represented by junction nodes. At the same time, rivers, 

streams and channels are represented as links. In this directed node-link formulation, nodes 

are connected by links, and each link has upper and lower bounds together with flow 

direction. In such a node-link representation, a reservoir system begins from a watershed 

node and ends in a sink node. Such node-link formulation provides an efficient and simple 

embodiment of the underlying convoluted real-life system. 
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Figure 1. Conceptualization of a reservoir system in GRAPS with major modeling 

components 

 

1.2.2 Object-oriented Approach 

Reservoir systems have been represented as networks of individual components like 

watersheds, reservoirs, users, and rivers. Moreover, the advancement of object-oriented 

programming (Stroustrup, 1988) helps to facilitate the development of better modeling 

software. In an object-oriented model, objects such as reservoirs transition from state at time 
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step t to another state at time step t+1. Such state transition begins when an object such as a 

reservoir receives information like inflow from upstream. When all the simulations in a 

network is completed and new state data are recorded, the simulation model can proceed to 

the next time step. Following the trend and advancement, GRAPS has adapted an object-

oriented approach for the modeling of complex multi-reservoir systems.  

 

1.2.3 Modeling Capabilities 

Unlike a site-specific reservoir model, GRAPS is designed to be applied to any reservoir 

systems. Innumerable site-specific reservoir models have been developed during the past 

several decades; however, these models are not intended for other reservoirs. Because writing 

testing and debugging code are extremely time consuming and expensive, recently people 

have been shifting away from customized site-specific models to generalized models (Wurbs, 

2005). As a generalized modeling software, GRAPS is designed to model and simulate any 

reservoir systems under various conditions. Moreover, the modeling of natural systems like 

watersheds and river systems is complex and requires many assumptions and simplifications 

to be made. Despite such complexity, GRAPS is able to model all major surface water 

processes and components of a typical reservoir system.  

 

1.2.3.1 Spatial scale 

Unlike a site-specific reservoir software, GRAPS is a universal modeling software for 

simulating operations, allocations, and supply and demand of any reservoir network and any 
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system configuration in the nation. From a single reservoir to numerous reservoirs in several 

basins and based on user defined system, the program is capable of simulating reservoir 

operations and river flows in arbitrary extents and ranges. Although there have been many 

studies about climate change impacts on hydrology, many of them are either too broad or two 

limited. GRAPS can help to bridge this gap by simulating reservoir systems with arbitrary 

complexities.  

 

1.2.3.2 Time stepping 

While many types of reservoir software come with fixed time steps, GRAPS’s overall period 

and time step of simulation can vary vastly, from monthly to submonthly time step. 

Depending on the scope of the study, for example, the time step could be a period of ten 

years, or a period of three months. Because of this variable time step advantage, GRAPS can 

be used for daily operation to allow users to replicate short-term system behavior, and can be 

used for seasonal and yearly operation to simulate system reactions to various management 

strategies or global warming scenarios. Although GRAPS supports a wide spectrum of time 

steps, some functionalities may only be useful in a limited range of time steps. In the case of 

storage routing, daily time step is more appropriate to have over monthly time step.  

 

1.2.3.3 Water supply source 

GRAPS is a comprehensive reservoir modeling program that tracks flows from various 

sources till they reach the sink. As a reservoir modeling program, GRAPS has reservoir as 
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the main water supply site. In addition, interbasin transfers from other watersheds may also 

be modeled in the program. As a generic reservoir systems model, GRAPS is well suited for 

modeling both single reservoir and multi-reservoir systems. 

 

1.2.3.4 Withdrawal and demand 

Various withdrawal and demand sites can be modeled via the program. The five main classes 

of users (stakeholders) in the program are: Municipal, Industrial, Agricultural, Hydropower, 

and Environmental. After water is allocated to different users, the program is also taking into 

account return-flows from municipalities and reuse of water downstream. 

 

1.2.3.5 Nodes 

There are two major kinds of nodes in GRAPS: reservoir node and junction node. Reservoir 

node is the place for reservoir simulation. Junction node is more rudimentary and it’s also a 

place for flow mass balance. Moreover, despite involving no mass balance calculations, 

basins, users and sinks are also represented as nodes. 

 

1.2.3.6 Links 

Representing arbitrary lengths of streams and river channels, links serve as connectors and 

transfer water between system blocks in the reservoir node-link layout. Links modeling 

includes maximum discharge, loss factor, the number of time-lags (in time steps) for return 

flow and return flow fractions for each time-lag.  
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While there are innumerable benefits of reservoirs, reservoirs can be harmful to the 

environment. For instance, thermal stratification (Chapra, c1997.) and eutrophication can 

happen to reservoirs and impacts water quality. Reservoir releases also impact downstream 

river and people who value the outdoor environment and use the river for recreational 

activities. Consequently, GRAPS allows users to specify minimum flow required along a 

river to meet regulations such as water quality, fish and wildlife, recreation, and navigation. 

 

1.2.3.7 Losses 

In the real world, there are numerous kinds of water losses in the natural and manmade 

environment. Major water losses are represented in the simulation model. Conveyance losses 

in streams and diversions, as well as consumption losses from users in return flows are both 

accounted for in the program. Channel losses, such as loss of stream water through 

evaporation and infiltration, are represented as fractional coefficients and be specified as 

inputs. Losses from channels may also be considered in interbasin transfer. Another major 

form of loss, evaporation from reservoir, is also calculated by using the nonlinear storage-

elevation relationship. 

 

1.2.3.8 Junction Node 

One of the versatile modeling components in GRAPS, junction nodes serve as control points 

to connect different blocks and function as access points to and from a river. Junction nodes 

also allow reservoirs to connect not only in series but also in parallel, as in the case where 
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multiple reservoirs situate on upstream tributaries. Flexible in modeling, junction nodes can 

be employed to represent one or multiple physical locations such as gauges or points of river 

confluences. Junction node can also be used to represent points of withdrawals and points of 

returns where demand nodes draw water from a river and later return the water back 

somewhere downstream. 

 

1.2.3.9 Hydropower 

Many major rivers in the United States and around the world are regulated to generate 

hydropower. A cheap and reliable way to produce energy, hydropower is an immense benefit 

of reservoirs. As a result, GRAPS can also be used to determine hydroelectric generation 

from dam. Hydropower plants can be used to meet both base load and peak load. In many 

areas with high hydropower productions, hydropower plants are often used to meet base load 

demands. Unlike coal power plants, which have long start and shut down times, hydropower 

plants can also be used to meet high demand under a short notice. Hydropower plants harness 

the potential energy in reservoirs and turn it into electricity through high speed turbines. 

Given tailwater elevation data and information about generators, the program can estimate 

power generation from each hydropower plant. Flexible and versatile, GRAPS can model not 

only conventional hydropower plant but also pumped-storage hydropower plant. 
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1.3 FEATURES 

As a generalized model, GRAPS is designed for simulation and subsequent analysis of any 

basin/river system. The model can be used to represent a reservoir system and simulates its 

performance under various management and flow forecast conditions. Simulation can be 

carried out not only on stationary (e.g. historical) scenarios, but also on non-stationary (e.g. 

climate change) scenarios. Moreover, it can simulate and capture the complexities of 

operating multiple reservoirs and their intricate interactions due to change in climate or 

demands. Simulation results encompass major variables such as storage, reservoir releases, 

releases to users, and hydropower production.  

 

Practical and straightforward to use, the program is designed to engage reservoir managers 

and watershed stakeholders. Without being concerned with underlying data structure and 

solvers, users simply need to provide text or data (DAT) file inputs, and inflow time series 

(historical or forecast) to run the program. Major features of the program are described in the 

following sections.  

 

1.3.1 Ensemble Input Framework 

It has been extensively shown in the literature that using streamflow forecasts conditioned on 

climate information can improve water resources management and reservoir operations (Yao 

and Georgakakos, 2001). Using various ensemble forecasts, Yao and Georgakakos, 2001 

demonstrate that reliable inflow forecasts and adaptive decision systems can substantially 
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benefit reservoir performance. For additional information and methodology about developing 

streamflow forecasts by using multimodel combination technique, see the forecasting paper 

by Devineni et al., 2008. As a result of these recent findings and advancements, GRAPS is 

designed to efficiently handle streamflow input in the form of massive ensemble. By using 

probabilistic streamflow forecast in the form of ensemble, GRAPS can be used to explored 

climate change effects on basin management and reservoir systems.  

 

1.3.2 User Interface 

1.3.2.1 Input 

Like many other advanced water allocation models, GRAPS requires detailed information on 

basin hydrology, reservoir, and users. For a generalized reservoir model like GRAPS, input 

files are prepared and tailored to each particular reservoir system. These input files describe 

the connectivity, reservoir characteristics, reservoir management and user demands of the 

modeled system. Of these files, the most crucial and fundamental input to the program is 

appropriately formatted naturalized flow, stream flow that represents natural hydrology, into 

each reservoir. If there is a lack of inflow data but storage level and release data are 

available, inflows into a multi-reservoir system can be estimated based on mass balances 

(Peng and Buras, 2000).  

 

In addition, the user is expected to provide specific information describing each reservoir, 

which includes, for example, the area-storage relationship, current reservoir storage, and 
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water demands for disparate water uses. The user is also expected to provide reservoir 

system-specific information regarding system and diversion blocks. Specific details about 

users, such as information about demands and water contracts, are also provided as input.  

 

1.3.2.2 Output 

Simulation results encompass major variables such as storage elevation, reservoir releases, 

releases to users, and hydropower production. The output is typically voluminous (e.g., 

storage elevation, releases, and diversion flow) and in the form of time series. At the end of 

each simulation, users can utilize the text output and display results in charts or diagram 

through a program of their choice. The main result of the program is the reliability of 

meeting end-of-period target storage for each reservoir.  

 

1.3.3 Scenario 

Easy to customize, GRAPS supports scenario analysis to address a wide range of operations 

and management situations. It also enables the user to quantify the impact of changes in 

streamflow and management policies. By providing input data that represent different 

management actions and inflow, users can simulate the reservoir system and observe how the 

system behaves and reacts over time. 
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1.3.4 Performance Measure 

Using a set of scenarios, which can represent a wide range of different operation actions and 

climate conditions, a measure of performance is needed to easily make comparisons among 

the scenarios. GRAPS offers the user a variety of ways to measure the performance of the 

reservoir systems. These performance measures include but are not limited to reliability of 

water supply to users and reliability of meeting target storage constraints. Express as 

percentages, these reliabilities are based on counting the number of times in which a certain 

criterion (e.g., reservoir storage and volume of water supply) is fulfilled at the end of the 

simulation.  

 

Reliabilities are formulated as: (100%)
n

R
N

 , where N is the total number of simulation and 

n is the number of times a certain criterion is met. Based on the above equation, similar 

definitions of reliability can be formulated and constructed.  

 

1.3.5 System Requirement 

Both Windows-based and Unix-based, GRAPS is can run on any modern PC or laptop with 

sufficient memory and a reasonably fast processor. The size of the software is approximately 

4 MBs. GRAPS is a free, stand-alone, compiled, and executable program.  
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1.4 METHODOLOGY 

1.4.1 Model Composition 

The model is comprised of three main parts: initialization, configuration and simulation 

(Figure 2).  The initialization subdivision is for reading input and initializing variables. The 

configuration subdivision is for automatic constructing of a solution path and translating 

input into an internal network representation. The most important part is the simulation 

subdivision, which is for reservoir and flow calculations.  

 

 

Figure 2.  Modules and preparation tasks for setting up the simulation model 

 

1.4.2 Model Execution 

 The program is executed based on temporal and spatial orders of the calculations. In a 

node-link representation, all the nodes in a reservoir network are connected by links. For 

each time step, model simulation starts at the furthest upstream reservoir node and advances 

according to the constructed solution path. Given a solution path, the simulation progresses 

Preprocessing

•Determine network

•Prepares input files

Initialization

•Reads input

•Identify variable

Configuration

•Subnetwork

•Solution path

Simulation

•Node simulation

•Reservoir 
simulation
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in an upstream-to-downstream fashion. During simulation, node simulation module accounts 

and combines flows from upstream reservoirs and return flows. The reservoir simulation 

module determines total inflows, evaporation, storage, and releases to downstream reservoirs 

and users. In these ways, GRAPS is able to track the movement of water from its source 

watershed to the sink. 

 

 

Figure 3. Model execution diagram. 

The above diagram illustrates how the simulation model is executed. Corresponding to each 

trace is an inflow forecast for a total of K traces. The reservoir model runs sequentially from 
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time step 1 to a total of T time steps. Reservoir mass balance calculations (storage, flow and 

evaporation) occur during each time step. For example, during the time step 1, s1 is the initial 

storage, q1 is the total inflow, e1 the evaporation, and r1 is the total release to downstream. 

Thus, the reservoir’s behaviors comprise of transitions from the current state at time t to a 

new state at time t+1. Model formulation and mass balance equations are described in detail 

in later sections.  

 

1.4.3 Connectivity 

The reservoir network is represented as an acyclic directed graph with a single terminal node, 

the sink. Hierarchical tree structure, in which nodes and users ordered from upstream to 

downstream, is used to store the reservoir network. Each network must have at least one 

watershed and exactly one sink. To simulate a network with multiple sinks, one can use 

junction nodes in place of the individual sinks, and then connect the junctions to a single, 

artificial sink.  
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Table 1. Connectivity diagram 

 

 

1.4.4 Model Formulation 

GRAPS is a full implementation of a water allocation model as specified by Arumugam et al., 

2003. Written in Fortran, GRAPS is hinged on the following mass balance equations and using 

double-precision floating-point format.  

 

Giving that there are NR reservoirs in a given basin with the index-‘s’ (s = 1…NR) denoting a 

particular reservoir. If we denote the number of upstream reservoirs for the reservoir-‘s’ to be 
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US including reservoirs that contribute flows indirectly into reservoir-‘s’. Then given this 

scenario, the flow into any reservoir could be grouped into two categories: (a) Uncontrolled 

Inflows (b) Controlled flows. Uncontrolled flows are represented in the form of conditional 

distribution. Two types of uncontrolled flows are considered in the model for the reservoir-‘s’: 

(a) Natural Inflows into the reservoir ( ,

s

t kq ) (b) Spillage from the upstream reservoirs ( ,k

s

tEx

).  

Controlled flows are of three types: (a) Releases Direct Inflows from upstream reservoirs (b) 

Return Flows from command areas and wastewater from municipal and industrial use (c) 

Diversions and water from Inter-basin transfers or from other sources. Controlled flows are 

expressed as functions of the decision variables of the multi-reservoir water allocation model. 

 

 

Figure 4. Inflow and outflow variables allocated with reservoir water balance. 
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1.4.4.1 Flow 

1.4.4.1.1 Direct Inflow from Upstream Reservoirs:  

Direct Inflow results as part of instream requirement as well as excess water being released for 

hydropower generation and for downstream requirement. This can be expressed as  

 



SU

s

sss

tss

s

t REaDI
1'

''

'  (1) 

Where ss′ is the fraction quantifying the losses on the upstream direct release, 
'sRE , from 

reservoir-s′ and 
'ss

ta  is the within year distribution factor for the direct inflow release. 

 

1.4.4.1.2 Return Flows from Uses:  

Assuming there are ‘ns’ uses in each reservoir, releases for each use, Ri
s, return flows from the 

uses released from the upstream reservoirs, US, could be calculated. Let NL be the number of 

lags (in months) taken for the return flow to reach the reservoir. Then, return flow in month-

‘t’ into reservoir-‘s’, RFt
s can be estimated as,  
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   (2) 

where 
'

' ,

ss

it
f is the fraction of monthly releases from reservoir s′ that contribute into the current 

reservoir ‘s’ with the contribution effective from previous releases (NL months) and 
'

' ,

s

it
 is the 

monthly demand fraction for use-‘i’ in month-t′ at reservoir-s′. 
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1.4.4.1.3 Diversions and Other Transfers: 

Diversions for wildlife protection and other environmental/inter-basin transfers could 

contribute to additional inflows. 

 



sND

d

tdsd

s

t DD
1

  (3) 

 

sd is the fraction representing the losses in the diverted quantity Dtd. Note Dtd has to be 

specified as part of input to the model.  

 

1.4.4.2 Uncontrolled Inflows:  

1.4.4.2.1 Natural Inflows: 

Natural Inflows, 
s

ktq , t = 1, …T is the ensemble probabilistic streamflow forecasts with index 

‘k’ representing a particular ensemble.  

Spillage: 

Spillage is a result of uncontrolled spillway discharge. Net spillage from upstream reservoirs, 

Ext,k, is the sum of spill from all the upstream reservoirs after accounting conveyance losses. 

Spill, 
'

,

s

ktSP , from reservoir ‘s’ is a derived conditional distribution after accounting releases, 

diversions and evaporation. 
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1.4.4.2.2 Net Inflows:  

Net inflows, 
s

ktQ , , is the sum of uncontrolled and controlled inflows. Note that 
s

t

s DI andRF
t

 are 

functions of decision variables of the allocation model, whereas Dt
s has to be specified as an 

input to the model. 

 
s

kt

ss

t

s

t

ss

kt qExDDIRFQ
ktt ,, ,
  (5) 

 

1.4.4.3 Outflows and Releases: 

Given the inflow 
s

ktQ , and the reservoir characteristics, we can use the continuity equation to 

calculate the controlled releases, diversions, spills and evaporation from the reservoir. 

Release for Each Use: 

Releases for each use is specified as 
s

iR where i=1, .., Ns with a corresponding reliability (1-

pfi
s) with pf representing the failure probability. 

Direct Release to Downstream Reservoir  

Direct release to downstream reservoir, DIt,
s will be obtained as a decision variable in the 

model.  

Diversion and other transfers: Dt
s  

This has to be specified as an input to the model. 

 

1.4.4.4 Reservoir 

The program executes basic mass balance functions to simulate reservoir storage and release. 
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Reservoir Information 

min max 0, ,s s sS S S  are minimum (dead), maximum, initial storages of the reservoir. 
ss SPH max and

are the elevation of spillway crest level and maximum spillway discharge respectively. 

1 2ands s   are the storage-elevation curve coefficients of the reservoir. 

In line with the water contract specification, different restriction levels, prl
s, that has to be 

imposed if the actual inflows are drier than the actual inflows where l = 1,...,nr
s denoting the 

number of restriction level in a particular reservoir ‘s’. 
s

t represents the monthly evaporation 

rates in each reservoir ‘s’. 

The model attempts to solve the following system of equations.  

Reservoir Simulation  

For each ensemble ‘k’ 

 


 
rn

i

ti

s

t

s

t

s

t

s

t REQSS
1

1  (6) 

which is the main mass balance equation in the program that determines the changes of storage 

over time in each reservoir. Essentially, the mass balance equation expresses that the change 

in storage is inflow minus releases and evaporation.  

 | 0s s s

t t tSD S S    (7) 

 

 maxmin( , ), max( ,0)s s s s s

t t t tS S S S S   (8) 
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Equation (7) calculated shortfall. Equation (8) means the reservoir storage should between its 

minimum and maximum storages.  

 ti ti iR R  (9) 

Releases are calculated with demand fractions. 
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   (10) 

Evaporation at each month, 
s

tE , is calculated as a function of average storage during current 

and previous months and by using the storage-elevation relationship. Instead of the more 

complicated Penman method, which calculates evaporation more accurately but with more 

parameters (e.g., solar radiation, air temperature and humidity), the above method offers an 

acceptable and efficient way for evaporation calculation. Because both s

tS  and s

tE  are 

unknown, implicit calculation of evaporation occurs for each member of the ensemble. 

 

1.4.4.5 Hydropower 

Hydroelectricity is generated by converting the potential energy of water in reservoirs. 

Hydropower P is calculated as a function of generator efficiency, K, density of water,  , 

gravity, g, and height difference between headwater and tailwater elevations, h.   

 P K gh  (11) 

 

Although generator efficiency is varied with elevation and flow rate, the efficiency is 

considered constant for simplicity. Based on the above equation, GRAPS can determine 
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hydropower generation for conventional hydropower plants and pumped storage hydropower 

plants, that obtain energy from potential energy of water stored in reservoirs. Because they 

have little to no storage, run-of-river hydropower plants’ hydropower generated can’t be 

determined with the above equation.  

 

Various physical constraints are prescribed in the model. 

Demand Constraint 

 ,min ,max 1, ...,s s s

i i i sR R R s N    (12) 

Inflow Requirement 

 ' '

,min ,max 1, ...,s ss ss s

t t t sDI a RE DI s N    (13) 

 

Diversion Demands 

 ,min ,max 1,..., 1, ...,s s s

t t t sD D D t T s N     (14) 

Spillway Constraints 

 max0 1, ...,s s

t sSP SP s N    (15) 
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1.5 MODEL APPLICATION 

1.5.1 Study Area 

1.5.1.1 Jaguaribe Valley, Ceará, Brazil 

The purpose of this case study is to demonstrate GRAPS’ modeling capability and ability to 

accurately simulate historical operations. The case is based on the Jaguaribe River Basin, a 

river basin situated in the semiarid state of Ceará, in northeast and one of the poorest part of 

Brazil. With a drainage basin covers an area of 75,961.07 km2, the Jaguaribe River extends 

for about 610 km and its discharge can range from 7.000 m3/s up to zero in a time interval of 

few months (Campos et al., 2000). The major water management challenge in the region is to 

capture the water in reservoirs in rainy years and to manage it such that it will last for several 

years, in case the following years are drought years (Johnsson and Kemper, 2005). The other 

important challenge is the increasing dependence of the state capital Fortaleza, one of the 

largest and fastest growing cities in Brazil (Johnsson and Kemper, 2005).  

 

In a 2007 study, Broad et al., 2007 pointed out that a third of its population in Ceará’s 

population is rural, and the majority of the population is in the agricultural sector. Persistent 

poverty, rudimentary agriculture and drought have created ongoing vulnerability. Water 

demands include: human consumption in Fortaleza and in the small towns in the hinterland, 

growing agribusiness and small family farmer.  
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1.5.1.2 Modeled Reservoirs 

The generalized model is applied to four reservoirs in the Jaguaribe River Basin. The 

modeled reservoirs in this case study are Orós, Banabuiú, Pacajus and Pacoti. Water is 

diverted from the Jaguaribe River Basin to the Pacajus reservoir via Canal do Trabalhador 

(Worker’s Canal). The Canal do Trabalhador is a diversion medium that does supply water to 

any user along the way. Water is again delivered from Pacajus reservoir to Pacoti reservoir 

through a small canal via a pump station. 
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Table 2. Reservoir information. 

 
Latitude  Longitude County Basin storage 

max 

(hm3) 

storage 

min 

(hm3) 

Orós 9310493 508313 Orós Alto Jaguaribe 1940 16.87 

Banabuiú 9411109 508724 Banabuiú Banabuiú 1675 0 

Pacajus 9533300 568400 Pacajus Metropolitanas 240 34.7 

Pacoti 9554155 552178 Horizonte Metropolitanas 380 0 

 

Table 2 summarizes the four modeled reservoirs in this case study. The largest reservoir in 

this study is Orós, with a maximum storage of 1940 hm3. Pacajus reservoir, on the other 

hand, is the smallest reservoir with a maximum storage of 240 hm3. As a result of located in a 

semi-arid region, all four of the reservoir’s minimum storages are very low. Additionally, 

most of the annual inflow happens during January to June. Pacajus has the highest minimum 

storage volume, due to its role to ensure water supply to the nearby city of Fortaleza.  
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Figure 5. Jaguaribe valley river and irrigation system. (Not drawn to scale. Adapted from 

Broad et al., 2007) 
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1.5.2 Input 

Historical streamflow and reservoir data were provided by Dr. Filho at the Federal University 

of Ceará, Fortaleza, Brazil. Because the data were provided many years ago, historical inflow 

and reservoir levels were dated before 2000. Castanhao reservoir, a major reservoir at the 

region was constructed after 2000. Consequently, Castanhao reservoir was not included in 

the model.  

 

1.5.2.1 Ensemble input 

Because lag-one correlation between the annual flows is close to zero, an ensemble of 

climatological streamflow forecasts was developed from the historical inflows for the 

corresponding month from 1913-1995 to populate 1000 ensemble forecasts (Arumugam et 

al., 2003). This ensemble of forecasts was generated by bootstrapping, a simplistic 

resampling technique that draws randomly from a set of data points and allows replacement.   

 

1.5.2.2 Zero inflow policy 

Because almost half of the year there is zero inflow into the Orós reservoir, we can assume 

zero inflow for the upcoming twelve months. This conservative approach allocates water 

based on beginning of the year storage. As a result, when the reservoir is simulated with the 

observed inflow, the reservoir may spill in some instances.  

 



35 

 

 

 

 

1.5.3 Schematic Representation of the Modeled System 

 

Figure 6. Network diagram of the modeled reservoirs. 

 

Figure 6 illustrates how the multi-reservoir system is represented schematically in the 

program. The model reservoir network contains reservoirs in both series and parallel 

connections. At the very top of the graph are Orós and Banabuiú reservoirs. Since agriculture 
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sector dominates the state and most of the users are agriculture users (as shown in fig. 5.), we 

simplify the modeling by assigning Orós and Banabuiú to have only one aggregated 

agriculture user each. Node 1 (a junction node) is used to represent a point of river 

confluence and to gather upstream reservoir and user releases from Orós and Banabuiú. 

Canal do Trabalhador is presented in the network and is modeled as a pump that delivers 

water from node 1 to the Pacajus reservoir. Due to its function as a small relay reservoir, 

Pacajus reservoir only has one user, a pump that delivers water from the reservoir to Pacoti 

reservoir. Finally, Pacoti reservoir supplies all the drinking water to the city of Fortaleza, 

which is represented as a municipality user node. Although there are two major watersheds, 

interbasin transfer is not needed as the two watersheds are represented within one system 

model. Represented as a sink, the Atlantic Ocean receives return flows from Lower Jaguaribe 

agriculture, node 1, Pacoti reservoir and the city of Fortaleza.   

 

1.5.4 Assumptions 

For the purposes of simplicity and illustration, several assumptions were made in modeling 

the Ceará reservoir system. For example, despite serving several small municipalities in the 

rural area, both Orós and Banabuiú are linked to only agriculture users. For the purposes of 

demonstrating the program’s ability to route flows, evaporation calculation was disabled. 

Additionally, the simulation period is chosen to be from July ‘93 to March ‘94, because of 

sporadic incomplete data (e.g. storage, release) in other time periods. For the purpose of 
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simplicity, Lower Jaguaribe Agriculture is the only user in the lower Jaguaribe river and 

represent all the water demands in that area.  

1.5.5 Case Study Simulation Result 

The primary objectives of this case study are to demonstrate GRAPS’ capability to model a 

complex reservoir system and validate the program’s ability to accurately simulate flows and 

reservoir storages. In monthly time steps, the multi-reservoir system is simulated over a 

period of eight months, from July ‘93 to March ‘94. Storage routing is disabled as it is not 

useful in the case of monthly time step. Simulation results are presented in the following 

fig.7 - 11. Please note that blue bars represent historical results and orange bars represent 

model results. 
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Figure 7. Flow diagrams of inflow and outflow for Node 1, Pacajus and Pacoti for flow 

routing verification.  
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Figure 7 shows inflows and outflows from junction node 1 as well as releases from the 4 

reservoirs. As shown in the network diagram (fig. 6), Orós and Banabuiú are the two upper 

most reservoirs and receive natural inflow. As a result, inflow into Orós and Banabuiú is part 

of the flow routing demonstration. Proper routing is an important function of any multi-

reservoir simulation program. The above result indicates that the program is routing various 

flows (natural flows, reservoir releases and user return flows) correctly from upstream to 

downstream and through junction nodes. Because junction node is a place for gathering 

releases and return flows from upstream and distributing the flow to downstream without 

using the water, total inflow into node 1 is the same as total outflow from node 1.  
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Figure 8. Simulated storage of each reservoir for the period of July 1993 to March 1994. 

 

Figure 8 shows historical simulation for the period of July 1993 to March 1994 for the four 

reservoirs. Observed inflows are given and are provided in the natural inflow input files. The 

ability to simulate storage according to rules and under specified conditions is an important 

part of any reservoir operation program. Result from Figure 8 shows the modeled storage 
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levels match the historical storage levels and demonstrates the program’s ability to simulate 

and reproduce reservoir storage given historical information.  

 

  

  

 

Figure 9. Orós reservoir simulation with zero inflow policy for the water year of 1996. 

 

Figure 9 shows Orós simulation for the water year of 1996 (June 1995 to July 1996). The 

purpose of this scenario is to demonstrates the program’s ability to accurately calculate 
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reservoir spillages. As a result of Orós in a semi-arid region, Orós reservoir is seldom 

received enough inflow and is rarely spilled. Hence, zero inflow policy was applied as a 

conservative measure by the local government and in this case to facilitate and investigate 

reservoir spillage. Note that in the above historical and zero inflow policy simulations, 

because the monthly evaporation rate was unknown, evaporation was calculated as part of the 

outflows during reservoir mass balance.  
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Figure 10. Storage reliability curves for Orós reservoir with ensemble streamflow forecast. 

Fig. 10 shows how storage reliability varies as a result of different initial storages for Orós 

reservoir (with bootstrapped ensemble forecast input). The storage reliability is calculated by 
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counting the number of times end-of-period storage equal or above the target storage over the 

entire traces.  Fig. 10 shows two scenarios for Orós reservoir, one with 50 hm3 target storage 

and another with 300 hm3 target storage. The total demands for both cases are 400 hm3. In 

both cases, the reliability increases as the initial storage increases. Both figures show the 

reliabilities increase in steps, instead of gradual increase. This phenomenon is a result of 

bootstrapped ensemble input. Intuitively, higher target storage will require higher initial 

storage to achieve the same reliability. This is indeed the case, the model shows that case 1 

(Orós with 50 hm3 target storage) only needs 460 hm3 initial storage to attain 100% 

reliability, while case 2 (Orós with 300 hm3 target storage) needs about 1100 hm3 to attain 

100% reliability. 

 

1.6 SUMMARY AND CONCLUSIONS 

The simulation program GRAPS is introduced in this chapter. The program is stand-alone but 

can also be expanded to provide optimization, and can also be linked to other programs and 

be included as part of a larger decision supporting framework. In the case study, the program 

is applied to four reservoirs in Ceará, Brazil. Results from the historical simulation and the 

zero-inflow policy case study show that the model’s capabilities of routing flows and 

reproducing accurately both the magnitude and the timing of monthly reservoir releases as 

well as fluctuations in monthly reservoir storages. A new generation reservoir model, 

GRAPS is versatile and can be applied for 1) short-term operating policies studies, 2) long-

term basin-wide planning evaluations, 3) climate change impact studies. Taking advantage of 
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state-of-the-art forecasts in the formed of massive ensembles, users can use GRAPS to 

explore climate change effects on reservoir management and inform better long-term 

management strategies.  
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2  MULTIRESERVOIR OPTIMIZATION MODEL 

2.1 INTRODUCTION 

2.1.1 Challenges and Motivation 

As global population is expected to keep growing exponentially and countries are expected to 

keep advancing and developing, the demand of energy is escalating. Under this context, clean 

energy plays a considerable role in not only meeting energy demands, but also combating 

global warming and climate change. A major renewable energy, hydropower is an 

inexpensive way of generating energy to meet various demands (e.g. peak load and base 

load). The leading renewable source for generating electricity, hydropower supplies about 

70% of all renewable electricity and generates about 16% of total energy (Radu and Ibeanu, 

2017). Although reservoirs also emit a significant volume of greenhouse gases (Deemer et 

al., 2016), hydropower plants are still less harmful than fossil fuel plants in polluting the air. 

Besides hydroelectricity generation, multi-purpose reservoirs are also used for drinking water 

supply, irrigation, and flood control. Given the complexity and assortment of challenges 

faced by water and energy professionals, optimization model can be used to solve today and 

tomorrow’s pressing water and energy management problems.  

 

The utility of water resources optimization models has been displayed in numerous studies. 

For instance, by using an economic-engineering optimization, Jenkins et al. (2004) were able 

to make significant improvements for California’s water supply system through water 

transfers, conjunctive uses and operational refinements to increase flexibility. Despite the 
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enormous success of applying optimization models to solve reservoir management problems 

in theories, actual real-world implementations remain limited or have not been sustained 

(Labadie, 2004).  

 

Moreover, given the challenges of urbanization, technology uncertainty, resource constraints, 

and the threat of climate change, a better cyberinfrastructure is needed for the better 

management of nation’s reservoir systems. Under these challenges, GRAPS (Generalized 

Reservoir Analyses using Probabilistic Streamflow forecasts) has been further refined and 

developed to include the ability to optimize reservoir systems. 

 

2.1.2 Review of Optimization Techniques for Reservoir Operations 

“… [O]ne of the most important advances made in the field of water resources engineering is 

the development and adoption of optimization techniques for planning, design, and 

management of complex water resources systems.” (Yeh, 1985). Theory and application of 

reservoir optimization is rich in water resource engineering literature. Various optimization 

techniques have been used to solve water resources management problems over the past 

several decades. These techniques/methods range from linear programming (LP), dynamic 

programming (DP), to nonlinear programing. Having the edge of being a well-defined 

method with established algorithms and readily available solver programs, LP dominants as 

the most applied method to solve optimization problems (Wurbs, 2005). In addition to LP, 

numerous variations of DP have been developed and applied in the field of water resources 
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engineering. Typically, DP models are developed for specific reservoir system instead of 

being generalized for any systems (Wurbs, 2005). Recently, numerous heuristic 

programming methods have been developed and applied extensively in the field of water 

resources engineering. For example, Cai et al. (2001) applied genetic algorithms (GA) for 

solving large nonlinear water management problems. More recently, multi-objective 

optimization techniques have been subjected to intense study and applied extensively to the 

field of water resources management. Interested readers can read about the rich literature of 

reservoir optimization from the classic reservoir management and model review by Yeh, 

1985, and a state-of-the-art multi-reservoir system optimization summary review by Labadie, 

2004.  

 

Even though most of the mathematical programming techniques mentioned in the review 

section can be applied to solving nonlinear problems, many of them have major flaws. For 

dynamic programming, the main problem (computational) is the notorious curse of 

dimensionality. Many methods were developed to alleviate the dimensionality problem, such 

as incremental dynamic programming (IDP) and dynamic programming successive 

approximation (DPSA), but they fail to eliminate the problem completely (Labadie, 2004). 

Equivalent reservoir is another method of tackling the dimensionality problem of DP by 

aggregating all reservoirs into one. However, the problem with such state 

aggregation/decomposition method is the loss of information when combining reservoirs 
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together (Labadie, 2004). For chance constrained programming, researchers had doubted the 

practical usefulness of the technique in modeling (Hogan et al., 1981).  

 

2.1.3 Review of Existing Optimization Models 

Numerous sectors, from government agencies and universities, to engineering companies and 

consulting firms, contributed to the development of diverse reservoir optimization models. 

Many of the models mentioned in the model review section in Chapter 1 are capable of 

optimization. For instance, Riverware has been used by TVA and USBR (United States 

Bureau of Reclamation) for short-term scheduling and long-term planning (Zagona et al., 

2001). Similar to WRAP, most models for water allocation systems are based on network 

flow programming (Wurbs, 2005). In addition, many detailed site-specific models have been 

developed. For example, an economic-engineering optimization model for California’s water 

resources, CALVIN was showed to improve California’s water supply system operation and 

water allocations with an expected value as large as $1.3 billion per year (Jenkins et al., 

2004). For more information about various established reservoir optimization software, see 

model comparison and review by Wurbs, 2005. 

 

2.1.4 GRAPS 

The program is a newly developed water allocation simulation and optimization 

model. The optimization part of the GRAPS is an extension of the simulation part of the 

GRAPS as described in Chapter 1. In order to alleviate the gap between theoretical and real-
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world applications of reservoir optimization models, Labadie (2004) suggests one of the keys 

to success in implementing reservoir optimization model is to improve linkage with 

simulation models. GRAPS offers ways to not only simulate varying changes but also 

optimize in a timely fashion.  

 

Modeling approaches that include human actions have been widely recognized by the water 

resources scientific community to be beneficial in understanding the movement of water 

(Brown et al., 2015). GRAPS implemented water contract as described in Arumugam et al., 

2003, which includes management elements like reliability of meeting target storages and 

penalty for not meeting water user demands. As a result, reservoir operations involve 

competing goals like maximizing revenue from multiple users and minimizing penalty for 

not meeting minimum storage and instream flow constraint.  

 

GRAPS is implemented by using the simulation and optimization approach. Under such an 

approach, an optimization model is coupled with a simulation model. Two methods are 

available to solve nonlinear reservoir operation problems. The first method is particle swarm 

optimization (PSO), a global population-based optimization method inspired by the 

collective intelligence of swarms of animals in the nature. The second and more auxiliary 

method is feasible sequential quadratic programming (FSQP). 
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2.1.5 Outline of the Chapter 

This chapter introduces the optimization component of GRAPS. First, capabilities of the 

newly developed multi-reservoir optimization model are presented. The optimization model 

is based on the previously developed simulation model with the same name, which can 

accurately reproduce reservoir storage variation and correctly route inflow and outflow from 

upstream to downstream. Despite the immense and numerous reservoir and multi-reservoir 

modeling programs in the academia and industry today, programs that can effectively take 

advantage of ensemble input are few and far between. One of the advantages of GRAPS is 

that the program is being developed with ensemble flow input in mind and the program can 

capitalize the massive ensemble that can be easily generated nowadays. 

 

Second, the simulation and optimization model is formalized and described in detail. During 

this section, various performance measures are described, water contract is introduced, as 

well as formulation of the objective function is presented. Nonlinear functions are 

everywhere in the context of multi-reservoir modeling. The main nonlinear functions in the 

current version is the evaporation relationship and head elevation as a function of storage. 

Many Nonlinear programming (NLP) algorithms, such as quadratic programming, geometric 

programming, have been developed and applied in the water resources context. The two 

algorithms GRAPS employs are PSO (Particle Swarm Optimization) and FSQP (Feasible 

Sequential Quadratic Programming). 
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Last but not least, the capabilities of the model are demonstrated by applying the program to 

the TVA (Tennessee Valley Authority) reservoir system. A federally owned corporation, 

TVA owns and operates hydropower plants in the Tennessee Valley. Tennessee is a 

southeastern state with large hydropower production and a state plagued by hydrologic 

disasters such as droughts. The valley of Tennessee, where most of the reservoirs are located, 

experienced severe drought in 2016 (Figure 11) with some part of the region declared a rare 

Exceptional Drought (D4) by the National Oceanic and Atmospheric Administration (“TN 

Valley Drought in 2016,” 2017). In monthly time step, 28 reservoirs in the Tennessee Valley 

is modeled and represented in the program. The system-wide model is optimized in both dry 

and wet year cases. At the end of the case study, optimum water allocation from each 

reservoir is determined and reservoir management strategy is explored.  
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Figure 11. Map of drought conditions in the U.S. as measured by Palmer Z-Index 

(“Historical Palmer Drought Indices | Temperature, Precipitation, and Drought | National 

Centers for Environmental Information (NCEI),” n.d.). 
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2.2 CAPABILITIES 

2.2.1 Climate Information Based Streamflow Forecasts 

Streamflow forecasts based on climate information provides a considerable amount of 

opportunity in the development of short-term water management strategies and in setting up 

contingency measures for the threats of extreme climate events such as drought and floods. 

GRAPS is aimed at combining improved hydroclimatic information obtained from 

hydrologic forecasting models to aid in improving water-related management decisions.  

 

Climate information based streamflow forecast is the main initial input and it is represented 

as in the form of ensembles. State-of-the-art techniques such as nonparametric forecasting 

model are used to develop the inflow ensembles conditioned on climate information. An 

ensemble represents a possible inflow scenario, and the distribution of inflows of the 

ensembles constitutes a forecast. With the upcoming inevitable climate change as a major 

threat to humanity, results by using this model with ensemble inputs to represent different 

scenarios of changes (e.g. plus 0, 2, 4 °C warming) could have important findings and 

implications on water resources and reservoir management. By taking advantages of newly 

developed probabilistic climate forecasts in the forms of ensembles, GRAPS is well suited to 

study the impact of changing climate conditions on hydropower production and reservoir 

managements. 
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2.2.2 Simulation and Optimization 

Simulation and optimization modeling approach is used to solve thorny water resources 

problems. Under this approach, an optimization model uses a simulation model to predict a 

modeled system’s responses under a specified set of states. Repeat runs of a simulation 

model can be used to iteratively search for maximum objective and assess the performance of 

a system under varying inputs and assorted conditions. Under such approach, the simulation 

model can be used to answer “what if” questions and the optimization model can be used to 

answer “what is the best” questions under a specific set of situations (Singh, 2014).  

 

Simulation and optimization modeling approach has a long history of applications in the field 

of civil and environmental engineering. Search methods are used to iteratively finding better 

values as determined by an objective function.  A review of simulation and optimization 

modeling for sustainable irrigation uses of surface and groundwater resources is examined by 

Singh, 2014. Based upon the recently developed simulation model as detailed in Chapter 1, 

GRAPS effectively combines both simulation and optimization models under a unified 

framework.  

 

2.3 FEATURES 

2.3.1 Input 

Inputs to the retrospective analysis include retrospective streamflow forecasts. Inputs to the 

real-time operation include real-time forecasts. The forecasts or observed inflow time series 
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are read in from a file. The inflows are represented in an n-column matrix, in which n is the 

number of time steps. It is recommended to use monthly time step and to use monthly 

averages. In addition, each row represents an “ensemble” list of forecast inflows, and each 

entry corresponding to the inflow of a particular time step. Similar to the simulation model, 

additional detailed information about the watershed, reservoir, and demand are also required 

to be prepared and used as input into the program. 

 

2.3.2 Analysis 

GRAPS provides two methods of analysis: one is retrospective analysis and another is real-

time operation analysis. Retrospective analysis allows the user to analyze the potential 

benefits of using climate information-based streamflow forecasts in relation to the 

climatological information/currently followed practice. Real-time Operation allows the water 

manager to obtain monthly/seasonal decisions with regard to water allocation and reservoir 

operation by updating the reservoir system information to current conditions and utilizing the 

recently updated streamflow forecasts 

 

2.3.3 Water Contract 

Water contract is implemented as described by Arumugam et al., 2003. It is a generic 

contract for each category of use adhering to the guideline set by the local water committee. 

During drought condition, reservoir operations involve distributing finite amount of water to 

users in accordance with contract agreements. The contract can function as instrument on 
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which trading of water can take place with clear understanding of the terms and respective 

roles of different parties. Water that is needed for various basic services like domestic water 

supply, hydropower generation, and ecosystem supply can be allocated independently to the 

concerned parties. The compensation schedules for contract failure and restrictions have to 

be realistic relative to the contract price, reliability and water distribution targets. They 

function as elements of a well-priced insurance system that recognizes the monetary worth of 

the guarantee of water and the ensuing costs of failure. The water contract specification could 

be considered as both an insurance mechanism as well as information on the supply attributes 

between the user and the provider. 
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2.4 METHODOLOGY 

 

Figure 12. The GRAPS Framework. 

 

2.4.1 Software Architecture 

GRAPS is built to work with Optimus (Sreepathi, 2013). Optimus, Optimization Methods for 

Universal Simulators, uses PSO to solve for efficient solution of large-scale simulation-

optimization problems on parallel supercomputers. Command line is the interface by which 

users interact with GRAPS and Optimus. As shown in Figure 12, first, inflow forecasts are 

obtained by downscaling and spatiotemporally disaggregating multimodel climate forecasts 

from General Circulation Models (GCMs). The program is high performance computing 

(HPC) enabled and users can choose one of two cutting-edge optimization methods. During 
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optimization, the framework drives the multi-reservoir simulation model under different 

decision variables.  

 

2.4.2 Water Contract Formulation 

A water supply contract for use ‘i’ is described by:  

(a)  Duration, T  

(b)  Total volume of water, Ri, to be delivered over the contract period  

(c)  Within period demand fraction, βti  

(d)  Amount, fi, to be paid for the water if all contract terms are met  

(e)  Target reliability, (1-pfi)  

(f)  Restrictions, wi*, that the supplier can impose as part of the contract if the inflows 

are lesser than forecast  

(g)  Restriction fraction, αij, signifying the reduced supply under restriction level ‘j’ 

(where j = 1, …, nr  with nr is the total number of restriction levels agreed by the 

water committee)  

(h)  Compensation amount, γij, for the contract holder if restriction level ‘j’ is imposed  

(i)  Compensation schedule, vi, for the contract holder in the event of contract failure 

(i.e., if the total possible restriction is inadequate to meet the shortfall in the 

forecasted streamflow). 

(j) Penalty,  , if target end of the time period storage is not met. 
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Total deficit, D , is computed by: 
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iw for user “i” is calculated from ilCD , restriction for user “i” in restriction level “l”. 
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For a more detailed description of the water contract, please see Arumugam et al., 2003. 

Meanwhile, the probabilities are computed by looking at all the traces in the ensemble: 

1. P(wi
s  wi,max

s ) as the number of traces in which wi
s  wi,max

s / total number of traces N 

2. P(ST
sSTr

s) as the number of traces in which ST
sSTr

s / total number of traces, N 

3. P(RLl
s) as the # of traces in which restriction level ‘l’ is enforced / total number of traces, 

N. 

On top of the physical based constraints described in Chapter 1, there are additional 

management constraints. 

 

Reliability Constraints: 

 ,max(w w ) p 1,..., N 1,..., Ns s s

i i fi s sP i s     (18) 

wi,max
s is the maximum allowable restriction for user ‘i’ at reservoir ‘s’. wi

s is obtained as a 

function of the decision variable through simulation with each ensemble. 
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Restriction Level Enforcement: 

 (RL ) pr 1,..., 1,...,s s s

l l r sP l n s N    (19) 

 

End of the Time Period Storage Constraint: 

 (S S ) 1,...,s s s

T Tr s sP p s N    (20) 

STr
s is the target end of the time period storage and ps

s is the associated failure probability. 

 

2.4.3 Objective Formulation 

The objective of the program is to maximize the net utility from multiple uses. 

O = ,max

1 1 1 1 1 1

( ) (S S )
s s lN N nn n n

s s s s s s s s s

i i il il i i i Tr T

s i s i j i
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In which i denotes the value of each use and 
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xif
x

0

01
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Consequently, the multi-objective problem of maximizing benefits and minimizing penalties 

is in the form of a single objective function. For a minimization solver like the one in Optimus, 

signs in the above equation are flipped to suit the solver. 

 

2.4.4 Solvers 

Nonlinear functions are omnipresent in reservoir and water resources modeling. The main 

nonlinear functions present in the model are the evaporation equation and surface area versus 



66 

 

 

 

 

storage relationship. Instead of linearizing these functions and using piece-wise linear 

approximation, nonlinear programming techniques and algorithms are employed in the 

program. Furthermore, owing to the deficiencies in aforementioned mathematical 

programming procedures, heuristic programming techniques such as PSO are better suited 

for a simulation-optimization program. Like other genetic algorithms, a major advantage of 

PSO is that it can be linked directly with trusted simulation model (Labadie, 2004). The two 

methods employed by GRAPS, PSO and FSQP are described in the following sections. 

 

2.4.4.1 Particle Swarm Optimization (PSO) 

2.4.4.1.1 Standard PSO 

Originally introduced by Kennedy and Eberhart (1995) and refined by Shi and Eberhart 

(1998), Particle swarm optimization (PSO) is a global optimization method in which particles 

that represent candidate solutions are traveled inside parametric space to locate optimal 

values. An informal introduction and description of the algorithm is presented here. First, the 

algorithm is initialized by picking a random location within the search space and determined 

the fitness (Clerc, 2012). By iteratively improving candidates, PSO aims to solve problems 

over a pool of candidate solutions. During each iteration, new velocity/ displacement is 

calculated from: the current position, current velocity, previous best result, and best result 

from the neighborhoods. Then the particle is moved by assigning the newly determined 

velocity to the current location. The program stops when the difference between the fitness 
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value and the optimum value (if known) is less than the maximum tolerance or the maximum 

number of evaluations is reached (Clerc, 2012). 

 

2.4.4.1.2 PSO with Penalty Method 

Application of PSO to constrained problems requires penalty method to transform the 

problems into an unconstrained one. As a result, constraints are embedded into the objective 

function with varying penalties that penalize constraint violations. One drawback of the 

penalty method is the introduction of free variables into the problem. In the objective 

function, a penalty coefficient is attached to each kind of constraint. These penalty 

coefficients are arbitrary and chose relatively to the objective by trial and error. Thus, the 

larger the constraint violation the higher the penalty for that violation.  

 

2.4.4.2 Feasible Sequential Quadratic Programming (FSQP) 

FSQP is a set of FORTRAN subroutines for the minimization of the maximum of a set of 

smooth objective functions subject to general smooth constraints (Zhou and Tits, 1992). 

FSQP is based on sequential quadratic programming (SQP) method, an iterative method that 

solves a sequence of optimization subproblems in quadratic forms. To use FSQP, users must 

provide subroutines that define objective and constraint calculations and may also provide 

subroutines to compute gradients of the objective and constraint functions. The program 

implements two algorithms hinged on SQP with first one by means of Armijo type arc search 

and the second one by means of a search along a straight line (Zhou and Tits, 1992).  
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There are several limitations of FSQP. Because the algorithm is mainly for smooth problems, 

it will likely to have difficulty in solving non-smooth functions (Zhou and Tits, 1992). 

Additionally, FSQP might be slow for problems with “thin” or unusually shaped feasible sets 

(Zhou and Tits, 1992). Moreover, SQP has the problems of having indefinite quadratic 

programming subproblems and being effective in solving only certain classes of large-scale 

nonlinear problems (Morales et al., 2012). Because the above limitations, FSQP is intended 

to function as an auxiliary method to the main PSO solver.  

 

2.5 MODEL APPLICATION 

2.5.1 Study Area 

In this case study, the study area is the Tennessee Valley Authority watershed. Established by 

the Tennessee Valley Authority Act during the Great Depression, TVA owns and manages 

reservoirs and hydropower plants in the Tennessee Valley. In addition to hydropower 

generation, TVA also manages power productions from its many nuclear and fossil fuel 

power plants and operates them to serve a large electricity grid. Covering seven states, the 

Tennessee Valley watershed is about 40000 mi2 in size.   

 

2.5.1.1 Hydrologic Setting of the Tennessee Valley Watershed 

As one of the nation’s largest river system, the Tennessee River system has a drainage area 

of 40,910 mi2 and encompasses part of Alabama, Georgia, Kentucky, Mississippi, North 
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Carolina, Tennessee, and Virginia (Hutson et al., 2004). From east to west, the Tennessee 

River originated from Appalachian Mountains of Virginia and North Carolina. The 

Tennessee River flows westward passing through major cities such as Knoxville, 

Chattanooga, Guntersville and Huntsville.  Mean annual rainfall in the watershed is about 52 

inches with heavier rainfall (about 90 inches) in the mountain areas along the headwaters of 

the tributaries (Hutson et al., 2004).  Despite the plentiful rainfall, the state of Tennessee also 

experienced severe droughts in recent years. For instance, 2007 is a record-breaking drought 

year in Tennessee, with tree-ring study of precipitation history indicates that 2007 is the 

third-driest year in at least the last three and a half centuries (O’Driscoll and Copeland, 

2007).  
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Figure 13 Rivers and reservoirs in the Tennessee Valley 

 

 

2.5.1.2 Water Uses of the Tennessee Valley Watershed 

Roughly 4.5 million people lived in the Tennessee River watershed in 2000, with average per 

capita use for all off-stream uses 2,710 gallons per day per person in 2000 (Hutson et al., 

2004). Despite the high redraw rate, the water reuse potential from the Tennessee River is 

high because of most of the water withdrawn for off-stream use is returned back to the river 

system (Hutson et al., 2004). Although lacking a groundwater component, GRAPS is ideal 
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for modeling watersheds like the TVA watershed with roughly 98% surface water 

withdrawals (Bohac and Bowen, 2012).  

 

 

 

 

2.5.1.3 Modeled TVA Reservoirs 

There are 28 reservoirs in the model with a wide range of characteristics. The smallest 

reservoir in terms of storage is Wilbur, with a maximum storage of only 0.715 TAF. On the 

other hand, the largest reservoir is Kentucky, with a maximum storage of a whopping 6129 

Figure 14. Tennessee Valley watershed. (Hutson et al., 2004) 
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TAF. Located in between Chikamauga and Nickajack dams and off-stream, Raccoon 

Mountain reservoir, one of the nation’s largest pumped-storage plant and TVA’s largest 

hydroelectric facility, is a pumped-storage reservoir in the study. This pumped-storage plant 

is used to meet extra energy demands by releasing water during on-peak hours and pumping 

water during off-peak hours. These reservoirs are operated for many purposes, such as water 

supply navigation, flood control, hydropower generation, and recreation (Hutson et al., 

2004). Some reservoirs, as shown in the Tennessee River watershed map are not included in 

the modeled reservoir system with good reasons. For example: Nolichucky hydropower plant 

is retired, Beech River dams are under construction, Ocoee2 is a small run-of-the-river 

hydropower dam with no storage, and Jamie Whitten dam is operated by U.S. Army Corps of 

Engineers and is not part of the TVA system. Despite small portion of the reservoirs are not 

in the modeled system, all the major reservoirs from upstream and main-stem are included in 

this study. 
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Figure 15. Tennessee River watershed cascade diagram with modeled reservoir circled in 

red (Figure not drawn to scale. Modified from Hutson et al., 2004) 
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2.5.2 Input 

2.5.2.1 Dry and Wet Years 

Two hydrologic cases, dry and wet years, are included in this demonstration. 2007 and 2009 

are the two years determined by calculating the average monthly precipitation anomalies 

from the norm. 

 

2.5.2.2 Data Source 

Reservoir storage capacities, releases, head and tail water elevations, and reservoir 

characteristics data were obtained from TVA River Management contacts. For the TVA 

system, inflow data is not available and gauged stations are insufficient in the river basin. 

Owing to the lack of inflow data, natural inflows to reservoirs are based on mass balance 

calculation that renders an acceptable accounting of all tributary inflows (gauged and 

ungauged) into each reservoir. Reservoirs operation rules are based on TVA’s reservoir 

operating guide. An example of an operating guide is shown in Figure 16.  
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Figure 16 TVA operating guide for Kentucky reservoir (“TVA - Kentucky Operating Guide,” 

n.d.).  
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Figure 17 Elevation storage relationship and storage area relationship curves (Fort 

Loudoun reservoir) 

Above figures show the elevation storage relationship and storage area relationship curves 

for Fort Loudoun reservoir as an example. Coefficients for elevation storage relationship and 

storage area relationships were determined from such Excel trendline equations for all 

reservoirs.  
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2.5.3 Assumptions 

Because the purpose of this case study is to demonstrate GRAPS’ modeling and optimization 

capabilities, several assumptions were made during the modeling process. Like all water 

resources models, the Tennessee Valley model is a simplified and reduced version of the real 

reservoir system. In the model, economic coefficients such as price of water and 

compensations are uniform and don’t reflect real world market prices. Additionally, penalties 

in the objective function are arbitrary and render the objective less meaningful. Thus, result 

from optimization objective calculation (in terms of profit) does not accurately reflect real 

monetary profit and should be used and interpreted with caution. Due to a lack of data, 

instream flow requirements such as minimum instream flows are not specified in the model. 

Because of monthly time step, storage routing is not necessary and is disabled. Water 

withdrawals for industrial (including mining), public supply and irrigation are relatively 

small in comparison to that for thermoelectric power plant (Bohac and Bowen, 2012). For 

simplicity, demands have been aggregated into one total demand for each reservoir and be 

released to generate hydropower. Hence, reservoir releases are determined specifically for 

hydroelectricity generation. However, water supply for industry and municipality can be 

important as they are more crucial than hydropower. Detailed reservoir representation and 

analysis with better market coefficients will be the subject of subsequent works outside of 

this thesis.  
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2.5.4 Optimization Results 

 The purpose of this optimization case study is to demonstrate GRAPS’ modeling capability 

and ability to optimize a vast and complex multi-reservoir system. The reservoir system 

model includes 28 reservoirs and 28 hydropower plants among numerous links and nodes. 

Using a monthly time step, reservoir releases were optimized for three months (October, 

November and December). The objective is to maximize releases to hydropower plants. Due 

to constraints are incorporated in the objective as soft constraints, some of them such as 

target storage constraint might be violated for some reservoirs. Further investgation is needed 

for solving the problem with FSQP. Currently, FSQP can’t find a feasible starting point for 

this large problem. Preliminary optimization results with PSO are shown for a historically 

wet period (Oct. – Dec. 2009) and a historically dry period (Oct. – Dec. 2009). 
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Table 3 Wet year TVA reservoir optimization results (Oct. – Dec. 2009) 

 

 

  

Reservoir

Actual 

Release 

(TAF)

Model 

Release 

(TAF)

Model - 

Actual 

Release 

(TAF)

%  

Change Reservoir

Actual 

Release 

(TAF)

Model 

Release 

(TAF)

Model - 

Actual 

Release 

(TAF)

%  

Change

Watauga 26.36 50.00 23.63 89.64% Hiwassee 229.83 279.12 49.29 21.44%

70.30 87.85 17.55 24.96% 281.32 301.96 20.64 7.34%

80.22 66.78 -13.44 -16.75% 277.83 293.18 15.35 5.52%

Wilbur 33.45 57.03 23.58 70.49% Apalachia 212.36 230.05 17.69 8.33%

74.08 91.70 17.61 23.78% 282.70 305.76 23.06 8.16%

81.54 68.15 -13.39 -16.42% 284.36 295.23 10.87 3.82%
South 

Holston 62.37 52.33 -10.04 -16.10% Blue Ridge 50.84 56.85 6.01 11.83%

92.03 99.40 7.37 8.01% 72.70 99.95 27.25 37.48%

151.15 130.01 -21.14 -13.98% 79.18 65.67 -13.50 -17.06%

Boone 146.71 170.37 23.66 16.13% Ocoee3 87.54 88.40 0.86 0.98%

253.66 236.17 -17.49 -6.89% 120.15 138.31 18.16 15.12%

350.32 382.55 32.23 9.20% 142.76 129.93 -12.83 -8.99%
Fort 

Patrick 149.92 181.76 31.84 21.24% Ocoee1 98.70 115.90 17.20 17.43%

252.53 231.91 -20.62 -8.17% 150.13 169.93 19.80 13.19%

345.86 377.98 32.12 9.29% 179.57 185.85 6.28 3.50%

Cherokee 379.46 408.21 28.75 7.58% Chikamauga 2900.82 3398.90 498.07 17.17%

562.05 614.93 52.88 9.41% 3880.39 4014.20 133.81 3.45%

761.77 728.12 -33.64 -4.42% 5503.80 6099.97 596.17 10.83%

Douglas 658.95 748.33 89.38 13.56%
Raccoon 

Mountain 209.01 209.37 0.36 0.17%

1002.45 1146.29 143.84 14.35% 38.74 33.59 -5.15 -13.30%

1108.40 1099.95 -8.45 -0.76% 163.73 178.11 14.38 8.78%
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Table 3 (continued) 

 

 

The above table shows the optimized monthly release of each TVA reservoir. As the table 

shows, in general, optimized releases by using GRAPS are larger than historical releases. 

Inflows to each reservoir are the naturalized average monthly historical inflows for October, 

November and December of 2009.   

Reservoir

Actual 

Release 

(TAF)

Model 

Release 

(TAF)

Model - 

Actual 

Release 

(TAF)

%  

Change Reservoir

Actual 

Release 

(TAF)

Model 

Release 

(TAF)

Model - 

Actual 

Release 

(TAF)

%  

Change

Fort 

Loudoun 1680.70 1752.51 71.81 4.27% Nickajack 2926.00 3477.75 551.75 18.86%

2590.90 2846.02 255.12 9.85% 3860.35 4079.07 218.72 5.67%

3139.91 3265.72 125.82 4.01% 5478.19 6149.16 670.96 12.25%

fontana 395.58 417.63 22.05 5.57% Guntersville 3367.07 3888.84 521.77 15.50%

480.17 494.13 13.96 2.91% 4313.26 4759.42 446.17 10.34%

541.85 552.20 10.35 1.91% 6486.08 7382.06 895.98 13.81%

Norris 305.40 321.75 16.35 5.35% Tims Ford 85.99 105.49 19.51 22.69%

341.74 210.10 -131.64 -38.52% 104.12 95.98 -8.13 -7.81%

601.79 690.36 88.58 14.72% 140.59 176.95 36.36 25.86%
Melton 

Hill 345.33 359.52 14.19 4.11% Wheeler 4289.28 5251.55 962.27 22.43%

377.18 269.19 -107.98 -28.63% 4978.13 5422.28 444.15 8.92%

737.52 762.24 24.72 3.35% 7959.43 8940.76 981.33 12.33%

Watts Bar 2296.68 2795.78 499.10 21.73% Wilson 4388.71 5377.55 988.83 22.53%

3339.03 3453.42 114.39 3.43% 4988.13 5698.71 710.58 14.25%

4561.47 4999.70 438.23 9.61% 8199.37 9054.36 854.99 10.43%

Chatuge 49.82 59.96 10.14 20.35% Pickwick 4852.16 5508.33 656.17 13.52%

62.36 79.29 16.94 27.16% 5386.74 6497.54 1110.80 20.62%

68.27 74.40 6.13 8.97% 8382.70 9399.27 1016.56 12.13%

Nottely 37.52 45.45 7.93 21.15% Kentucky 5224.04 5909.57 685.53 13.12%

59.61 70.91 11.30 18.96% 4732.89 6091.91 1359.02 28.71%

56.21 44.91 -11.30 -20.11% 9178.29 10596.41 1418.12 15.45%
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Table 4 Dry year TVA reservoir optimization results (Oct. – Dec. 2007) 

 

 

  

Reservoir

Actual 

Release 

(TAF)

Model 

Release 

(TAF)

Model - 

Actual 

Release 

(TAF)

%  

Change Reservoir

Actual 

Release 

(TAF)

Model 

Release 

(TAF)

Model - 

Actual 

Release 

(TAF)

%  

Change

Watauga 14.18 33.02 18.84 132.80% Hiwassee 40.63 82.54 41.91 103.15%

39.85 46.87 7.02 17.63% 16.62 21.29 4.67 28.11%

17.98 39.89 21.91 121.84% 16.20 65.37 49.17 303.61%

Wilbur 20.54 39.41 18.87 91.90% Apalachia 43.35 88.82 45.48 104.92%

45.89 53.06 7.17 15.63% 19.18 27.08 7.89 41.15%

27.40 49.38 21.98 80.23% 19.14 69.97 50.83 265.59%

South 

Holston 34.14 49.37 15.23 44.60% Blue Ridge 12.60 39.99 27.40 217.50%

14.65 39.87 25.21 172.06% 7.69 6.00 -1.69 -21.94%

23.22 49.95 26.73 115.14% 7.65 47.58 39.93 522.14%

Boone 78.58 68.17 -10.42 -13.26% Ocoee3 18.68 46.21 27.53 147.41%

82.24 105.41 23.17 28.17% 17.68 15.95 -1.72 -9.75%

65.35 89.84 24.49 37.47% 17.11 57.76 40.65 237.62%

Fort Patrick 79.93 83.44 3.52 4.40% Ocoee1 17.32 39.20 21.88 126.29%

83.73 104.72 20.99 25.07% 25.60 47.21 21.61 84.43%

65.51 72.11 6.60 10.08% 25.23 47.14 21.91 86.84%

Cherokee 178.77 214.47 35.70 19.97% Chikamauga 752.15 989.19 237.05 31.52%

66.21 76.57 10.37 15.66% 620.70 864.99 244.29 39.36%

41.49 87.88 46.39 111.81% 561.54 897.08 335.54 59.75%

Douglas 159.99 159.80 -0.20 -0.12%

Raccoon 

Mountain 212.06 195.95 -16.12 -7.60%

60.38 86.66 26.27 43.51% 205.64 226.31 20.67 10.05%

80.36 114.56 34.20 42.56% 223.11 225.66 2.54 1.14%
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Table 4 (continued) 

 

As the table shows, in general, optimized releases by using GRAPS are larger than historical 

releases. Inflows to each reservoir are the natualized average monthly historical inflows for 

October, November and December of 2007. Similar to the result from the wet year study, 

optimized releases are larger than historical releases. This case study demonstrates the 

optimization model is working even during one of the most severe drought in Teneesee 

history. 

  

Reservoir

Actual 

Release 

(TAF)

Model 

Release 

(TAF)

Model - 

Actual 

Release 

(TAF)

%  

Change Reservoir

Actual 

Release 

(TAF)

Model 

Release 

(TAF)

Model - 

Actual 

Release 

(TAF)

%  

Change

Fort 

Loudoun 451.64 457.33 5.68 1.26% Nickajack 732.39 980.29 247.90 33.85%

272.26 329.26 57.00 20.94% 633.27 997.96 364.69 57.59%

263.28 339.30 76.02 28.87% 581.65 869.02 287.37 49.41%

fontana 93.28 119.97 26.69 28.61% Guntersville 737.36 1149.70 412.34 55.92%

18.79 19.64 0.85 4.51% 678.02 1249.56 571.54 84.30%

43.01 52.27 9.26 21.54% 659.52 1150.13 490.61 74.39%

Norris 160.69 148.73 -11.96 -7.44% Tims Ford 5.39 17.80 12.41 230.18%

43.21 77.43 34.22 79.19% 5.40 10.03 4.64 85.89%

43.45 42.58 -0.87 -2.01% 5.86 9.62 3.76 64.13%

Melton Hill 160.80 164.22 3.41 2.12% Wheeler 788.00 1201.35 413.34 52.45%

50.39 99.93 49.54 98.30% 751.13 1296.49 545.36 72.61%

53.62 119.94 66.32 123.68% 764.58 1370.01 605.43 79.18%

Watts Bar 584.50 629.59 45.08 7.71% Wilson 754.76 1298.32 543.57 72.02%

448.47 561.17 112.70 25.13% 714.33 1297.44 583.12 81.63%

440.55 719.92 279.36 63.41% 731.36 1449.88 718.52 98.24%

Chatuge 9.23 11.35 2.12 22.92% Pickwick 803.04 1496.81 693.77 86.39%

4.39 42.37 37.98 864.71% 831.18 1409.75 578.58 69.61%

4.30 42.22 37.92 882.23% 806.41 1692.97 886.55 109.94%

Nottely 3.13 0.56 -2.57 -82.09% Kentucky 789.96 1575.94 785.97 99.50%

3.23 0.25 -2.98 -92.39% 1088.61 1783.49 694.88 63.83%

3.19 29.26 26.08 818.47% 1886.89 2799.57 912.68 48.37%
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2.5.5 Additional Optimization Verifications 

2.5.5.1 Objective Improvement 

 

Figure 18. PSO convergence plot. (Single runs. Max iteration = 800, Population size = 500) 
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Figure 18 shows evolution of TVA’s profit over time/iterations (maximum iteration = 800). 

Most of the progress was made at the beginning during the first 100 iterations and it took 

longer time to make a slight improvement at the end.  

 

2.5.5.2 Robustness 

 

Figure 19. TVA objective vs. iteration plot for 8 trials with different starting points (Max 

Iteration = 800, Population size = 500). 

The above plot shows TVA profit vs. iteration during multiple PSO optimization runs (each 

time with random starting locations). To evaluate the degree of robustness of the 

optimization method, the program was run 8 times. The variations among the values indicate    

a degree of robustness of the method. Because most of the maximum profits are located 
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around a relatively flat line, the result demonstrates a high robustness of the optimization 

program.  

 

2.6 SUMMARY AND CONCLUSIONS 

In this chapter, a new multi-reservoir simulation and optimization program (GRAPS) is 

introduced. This generalized multi-reservoir program employs state-of-the-art nonlinear 

optimization techniques to find out optimum reservoir operations of a reservoir system. In the 

case study, optimum water allocations from wet and dry years (2007 and 2009) are 

determined for reservoir system in the Tennessee Valley, one of the drought ridden regions in 

the United States. In the case study, preliminary optimization results indicate that the 

program is able to increase releases and increase profit in both wet and dry year scenarios. 

The case study also demonstrates GRAPS’ ability to model large scale reservoir systems. 

Knowledge gleaned from such large scale simulation and optimization model can be useful 

for improving reservoir operations under a changing climate.  
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3 CONCLUSIONS 

The multi-reservoir simulation-optimization program GRAPS has been developed to meet 

the needs for better modeling program for reservoir operation and basin management. 

Written in Fortran, GRAPS is a user friendly and flexible program for simulation and 

optimization of complicated multi-reservoir systems. The software program includes state-of-

the-art optimization methods (PSO and FSQP) that can be chose to solve large-scale 

nonlinear reservoir operation problems. The applications of GRAPS in the two case studies, 

reservoirs in Ceará, Brazil and reservoirs in TVA watershed, illustrate the program’s 

capabilities to model complex reservoir systems and meet a wide range of water resources 

modeling needs.  

 

In contrast to commercial software, GRAPS is free to use for noncommercial and educational 

purposes. One of the major advantages of GRAPS is its malleable software structure that 

allows users to easily add additional functions and features. If needed, this program can be 

easily adapted and modified to allow for additional modules or can be linked to existing 

software. For instance, work has been done on linking GRAPS with an energy allocation 

model. 
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3.1 Major Contributions 

This thesis encompasses numerous innovative contributions to the existing knowledge of 

water resources management. Possibilities of utilizing GRAPS are endless. Some of the 

major contributions from this thesis research include:  

1. Help in advancing the study of water resources management and bridging the gap 

between theory and practice 

2. A generalized simulation model for water allocation and reservoir management 

developed by using physically based mass balance equations and in a node-link 

scheme. 

3. A generalized multi-reservoir optimization model to optimize reservoir water user 

releases in any time step. 

4. Optimum water allocations determined by using state-of-the-art nonlinear 

optimization methods. 

5. Applications of the simulation and optimization model done on Ceará, Brazil, a semi-

arid and one of the poorest regions in Brazil, and Tennessee, one of the most drought-

ridden state in the U.S. 

6. One of a few, if not the first computer program in water resources management that 

utilizes ensemble format input and is suited to investigate the intersection of reservoir 

management and climate change.  
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3.2 Limitations and Subsequent Work 

Like all water resources models, GRAPS has its limitations by representing real world 

conditions with many simplifications. Although contributing to the study of water resources 

management and reservoir operation immensely, GRAPS is under active modular 

development and many improvements can be made:  

1. Incorporate monthly electric market price for a better economic analysis 

2. Implement multi-objective analysis capability 

3. Develop GIS-based decision support components 

4. Include a groundwater model for conjunctive surface-groundwater management 

5. Incorporate the ability to model water quality 
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Appendix A: Abbreviation 

 

AC - Acre 

AF - Acre-Foot 

DP - Dynamic Programming 

ENSO – El Nino Southern Oscillation  

FSQP - Feasible Sequential Quadratic Programming  

GA - Genetic Algorithm 

GCM - General Circulation Model 

GRAPS - Generalized Reservoir Analyses Using Probabilistic Streamflow Forecasts 

LP - Linear Programming 

PSO - Particle Swarm Optimization 

SQP - Sequential Quadratic Programming 

TAF - Thousand Acre Feet 

TVA - Tennessee Valley Authority 
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Appendix B: Symbols and Notations 

DI  Direct inflow 

RE  Direct release 

  Loss fraction 

a  within year distribution factor for the direct inflow release 

RF  Return flow 

f  Fraction of monthly releases from upstream reservoir that contribute into the 

current reservoir with the contribution effective from previous releases (NL 

months) 

  Monthly demand fraction 

D  Diversion flow 

  Diversion loss fraction 

q  Natural inflow 

k  Ensemble number 

SP  Spill 

Ex  Net spillage 

Q  Net inflow 

R  Release for each use 

minS  Minimum storage 

maxS  Maximum storage 

0S  Initial storage 

H  Elevation of spillway 

maxSP  Maximum spillway discharge 

  Storage-elevation curve coefficients 

E  Evaporation 
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  Evaporation rate 

P  Hydropower 

K  Generator efficiency 

  Density of water 

g  Gravity constant 

h  Height difference between headwater and tailwater elevations 

 

 


