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SUMMARY IN SWEDISH 
Vattenmagasin används för att reglera vattenföringen av en rad olika skäl, t.ex. 
hantering av översvämningar, vattentillgång och kraftproduktion. Nya insatser 
för att öka mängden förnybarenergiproduktion har omfattat en ökning av 
intermittent elproduktion såsom vind- och solenergiproduktion. Den variabla 
karaktären av dessa energikällor har ökat behovet av regleringskapacitet, där 
vattenkraftsproduktionen är en betydande källa. Den fysiska beskrivningen av 
vattendraget och dess inverkan på vattendynamiken i ett avrinningsområde 
med flera kraftstationer och regleringsmagasin är ofta förenkelad i 
produktionsplaneringsmodeller. I ett nätverk av reservoarer och 
vattenkraftverk används optimeringsmodeller för att uppnå bästa möjliga 
resultat med hänsyn till kraftproduktion, ekonomi, miljö samt samhälleliga 
begränsningar. Komplexiteten i beräkningen kan ofta vara en begränsande 
faktor för användandet av optimeringsmodeller i stora vattenkraftnätverk, 
vilket gör en förenkling av hydrodynamiken längs flödessträckor nödvändig. 
Hanteringen av hydrologiska- och hydrodynamiska begränsningar inom 
vattenresurshantering studerades inom denna avhandling i syfte att utröna dess 
roll i det framtida energisystemet. I denna avhandling har hydrauliken längs 
vattendragen mellan kraftstationer beskrivits med kinematisk-diffusiv (KD) 
vågekvationen. KD-modellen implementerades i optimeringsmodeller för att 
undersöka effekten av hydrauliken på strömsträckor mellan kraftstationer, 
vilket visade att det fanns signifikanta effekter av våg diffusion på 
flödessträckor samt även för det resulterande produktionsschemat för ett 
nätverk av reservoarer, Dalälven (Sverige). Inom detta doktorsarbete har 
variansen i hydrografen i ett reglerat vattendrag studerats, och dess beroende 
av regleringspolicy, inflödeshydrograf samt vattendragens hydraulik kartlagts. 
Variansen i flödeshydrografen studerades även för hela nätverket med hjälp av 
en spektral metodik som även inkluderade en spektral regleringsanalys för 
avrinningsområdet Dalälven. Regleringen av reservoaren visade sig ofta öka 
variansen i flödeshydrografen över kortare perioder, medan vattendraget 
dämpar flödesvariationerna och därmed ökar reglersystemets kapacitet. Den 
ökade variansen som orsakas av den hydrodynamiska diffusion innebär en 
ökad reglerkapacitet i systemet, som bör beaktas i planeringsmodeller. Den 
kapacitet som tillförs genom vattendragets beskrivning visade sig bero på den 
heterogena beskrivning, dvs. kinematisk- och geomorfologisk-spridning, inom 
nätverket, vilken potentiellt kan vara av stor betydelse för driften av ett nätverk 
av reservoarer. Även om hydrodynamik i vattendraget visade sig öka den 
tillgängliga regleringskapaciteten, visades den totala regleringskapasiteten av det 
svenska reservoarsystemet även vara tydligt knutet till variabiliteten i klimat. 
Möjligheten för det svenska reservoarsystemet att reglera klimatstyrd variation i 
vattentillgång är tydligt begränsad till några få månader, och har därmed 
begränsade möjligheter att reglera samverkande varierande energikällor, såsom 
vindkraft. Formuleringar av miljömål för reservoarhanteringen, vilka ofta 
implementeras som hårda begränsningar på flöde ut ur reservoaren, föreslås 
hanteras med hjälp av implementering av ytterligare målvariabler fokuserade på 
specifik miljöambition. Avvägningen mellan de två målen (energi produktion 
och minskat fosforutsläpp) undersöktes. Detta skulle bidra till ökad 
reglerkapaciteten i systemet samt möjlighet att förbättra den ekologiska 
livskvaliteten och det allmänna hälsotillståndet i kustnära områden. 
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ABSTRACT 
Water reservoirs are used to regulate river discharge for a variety of reasons, 
such as flood mitigation, water availability for irrigation, municipal 
consumption and power production purposes. Recent efforts to increase the 
amount of renewable power production have seen an increase in intermittent 
climate-variable power production due to wind and solar power production. 
The additional variable energy production has increased the need for regulating 
the capacity of the electrical system, to which hydropower production is a 
significant contributor. The hydraulic impact on the time lags of flows between 
production stations have often largely been ignored in optimization planning 
models in favor of computational efficiency and simplicity. In this thesis, the 
hydrodynamics in the stream network connecting managed reservoirs were 
described using the kinematic-diffusive wave (KD) equation, which was 
implemented in optimization schemes to illustrate the effects of wave diffusion 
in flow stretches on the resulting production schedule. The effect of wave 
diffusion within a watershed on the variance of the discharge hydrograph 
within a river network was also analyzed using a spectral approach, illustrating 
that wave diffusion increases the variance of the hydrograph while the 
regulation of reservoirs generally increases the variance of the hydrograph over 
primarily short periods. Although stream hydrodynamics can increase the 
potential regulation capacity, the total capacity for power regulation in the 
Swedish reservoir system also depends significantly on the variability in 
climatic variables. Alternative formulations of the environmental objectives, 
which are often imposed as hard constraints on discharge, were further 
examined. The trade-off between the two objectives of hydropower 
production and improvement of water quality in downstream areas was 
examined to potentially improve the ecological and aquatic environments and 
the regulation capacity of the network of reservoirs.  

 

Keywords: reservoir operation; dispersion processes; wave diffusion; multi-
objective operation; water resource management; discharge variability; power 
spectrum analysis 
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CHAPTER 1 

1. INTRODUCTION: AIMS AND SCOPE OF THE THESIS 
This section provides an introduction to the operation planning of 
large-scale reservoir networks for hydropower production, as well 
as an introduction to the hydraulics and hydrology of such 
hydropower systems and their importance in hydropower 
production planning. Finally, the motivation and the scope of the 
thesis are presented. 
 

1.1 Hydropower and dams  
The regulation of river discharge is performed for a variety of 
reasons, such as flood management, the assurance of water 
availability for consumption, irrigation and power production 
purposes. To control river discharge, reservoirs are built in the 
stream, altering the natural flow and the hydrograph. The use of 
reservoirs for flow regulation has long been an important part of 
society, dating to before ancient times (Rouse 1983). Reservoir 
damming affects approximately half of the world’s rivers (Nilsson 
et al. 2005), and over 40,000 large dams are estimated to restrain 
one-sixth of the total global runoff (Jackson et al. 2001). Water 
management policies have large-scale implications on resource 
sustainability from both societal and environmental standpoints 
(Shah and Kumar 2008). By altering the natural discharge of rivers, 
reservoirs can decrease the velocity of river discharge and vary the 
discharge based on demand. The anthropogenic alteration of 
discharge associated with reservoir construction can cause a variety 
of environmental problems. The alteration of natural discharge or 
the natural hydrograph severely impacts the surrounding habitat 
(Bratrich et al. 2004) and alters the transportation of solutes and 
sediments (pollutograph) downstream.   

A significant objective of reservoir management is to increase the 
hydraulic head loss at a power station for the production of 
energy, i.e., hydropower. Hydropower energy is considered the 
largest renewable electricity source, accounting for ~15% of 
electricity production globally (IEA 2009). This percentage is 
expected to increase by 2.3-3.6% per year between 1990 and 2020 
(EC 2000a; Lehner et al. 2005). Additionally, hydropower accounts 
for ~50% of total electricity production in Sweden (SE 2009). 
Currently, hydropower accounts for 86% of the world’s renewable 
energy production (Hamududu and Killingtveit 2012); however, 
recent efforts to limit carbon emissions have resulted in increases 
in wind and solar power production. Hydropower is used to offset 
fluctuations in the energy demand due to societal needs and 
variability in other resources (Krajačić et al. 2011). The 
intermittent characteristics of renewable energy sources such as 
wind and solar power are therefore expected to increase the 
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demand for balancing the capacity of the grid, for which 
hydropower is a suitable candidate (Benitez et al. 2008). Thus, the 
management strategies of water reservoirs will change. In a 
network of reservoirs and hydropower plants, optimization models 
are used to achieve the best overall discharge schedule, optimize 
reservoir-specific storage, and manage various objectives and 
environmental and societal constraints. Considering the significant 
variability in the driving variables, it is of great importance to 
determine a suitable dynamic description of the system. The travel 
time between the arrival of water at hydropower stations in a river 
network is affected by the hydraulic effects on flow stretches and 
may have a substantial impact on production, acting as a 
management constraint. In planning models, the impact of the 
watershed on the discharge is often ignored, potentially leading to 
inaccurate hydrological predictions and sub-optimal policy 
scheduling. Historically, hydrology and water planning have been 
approached as two separate domains despite their inter-
dependence. Notably, the impact of the time lag of flow (hydraulic 
impact) between production stations has largely been ignored in 
favor of computational efficiency and simplicity. Extensive 
research in recent decades has increased the understanding of the 
interdependencies of the processes involved, leading to the 
expressed need for a holistic view of the water-energy system in 
planning (Cai et al. 2003; Huang et al. 2016). 

 

1.2 Research motivation  
The scientific aim of this thesis focuses on the physical processes 
in the hydrological domain that affect the planning of reservoir 
systems controlled for the main objective of hydropower 
production. A formal understanding of the interconnection 
between the two systems, especially the significance of flow times 
between hydropower stations and the temporal and spatial 
resource distribution, is of great importance for resource 
management. Governmental commitments concerning the 
management of water resources are being implemented (Backer et 
al. 2010; EC 2000b; EC 2008; EC 2009), imposing specific 
remediation and sustainability targets. In addition, commitments 
have been made to increase the proportion of renewable power 
production in an effort to decrease the carbon footprint of society 
(UN 2015). The interconnections between these objectives require 
an additional understanding of the integrated relationships to 
implement meaningful management practices in the future. 
Additionally, this approach requires a holistic view of the water-
energy system. The interdependencies of the water-energy system 
are reflected in the expected increase in the variability of the 
demand as a result of increased intermittent energy production and 
the expected impact on the environment (Scherer and Pfister 
2016). River fragmentation caused by dam construction and 
operation impacts water quality and aquatic biodiversity (Catherine 
Reidy et al. 2012; Friedl and Wüest 2002) homogenizes the 
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hydrological regime at various scales (Poff et al. 2007). 
Quantitative knowledge of the governing mechanisms of streams 
and hydrological processes is essential to relate the response of a 
regulated system of reservoirs to planning and management, as 
well as to examine the effect of a regulation strategy on the 
watershed.  
 
The dynamics and relevant timescales of water resource planning 
depend on the inflow hydrograph of the regulated reservoir, 
which, in turn, depends on the hydraulically incurred time lags 
between reservoirs. Inaccuracy in flow predictions may lead to 
deviations from expected production or sub-optimal decisions and 
spillage. Hydraulic models can describe the behavior of the flow in 
streams and simulate the relevant timescales and dynamics of the 
system. Methodologies of considering streamflow hydraulics in the 
operation of smaller watersheds have previously been examined 
(Labadie 2004; Litrico 2009). Unver and Mays (1990) and Shim et 
al. (2002) coupled elaborate flow routing models with optimization 
routines but did not examine the implications on power 
production. Recently, Montero et al. (2013) used simplified 
hydraulic models in the optimization of smaller watersheds. 
However, for the optimization of the operation of large regulated 
networks, the solutions proposed for the implementation of the 
streamflow description are severely limited by computational 
demands, often resulting in a constant time lag or even 
instantaneous transport. This can be motivated if the transport 
time between compartments is much smaller than the numerical 
time step of the calculation, which implies that the deformation of 
the flood wave as a result of the hydraulics along the flow stretch 
is omitted. To limit the complexity of the system, simplifications 
need to be made that still reflect relevant timescales of the flow 
dynamics (Nash and Sutcliffe 1970). Here, knowledge concerning a 
physically based hydraulic model applied at the watershed scale is 
combined with common optimization procedures to describe the 
variability in flow in a short-term operating system and the effect 
of the hydraulic description on production. The importance of the 
additional complexity of the system description is further assessed 
by integrating the physical description of the watershed and the 
associated regulation practices. Correlations in inflow between 
individual reservoirs, in addition to their basin-specific physical 
descriptions, are related to their shared climatological factors. 
Statistical relationships over distance impose tele-connections by 
co-variability as a function of scale, which demands consideration 
in reservoir management as it imposes constraints on discharge 
and storage. 
 

1.3 Scope and focus of the study 
The interdependencies between the governing processes of a 
hydrological system and a hydropower energy system are 
significant. The regulation of river discharge to meet the demand 
for hydropower production involves the consideration of 
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numerous hydraulic processes in a stream network, water 
reservoirs and watershed runoff, as well as the connected electrical 
grid. The physical description of the stream connects the 
hydrological processes and response to the reservoirs and power 
stations. This thesis focuses on the impact of the streamflow 
hydraulics and geomorphology on the operation of hydropower 
reservoirs.  
 
A constant time lag associated with the flow between hydropower 
reservoirs implies that there is no deformation of the hydrograph 
along the stream. However, the travel time of the flow depends on 
the flow stage, and the diffusion of the wave leads to a distribution 
of the time lag. The flow behavior can often be described by the 
kinematic-diffusive wave equation, which represents a distribution 
of time lags in the description of the travel time of flow in the 
stream. The aim of this thesis is to improve the description of time 
lags in production planning optimization models for hydraulically 
coupled networks of reservoirs for hydropower production and to 
examine the effect of the physically based time lag description on 
production planning and river discharge, specifically, the effect of 
wave diffusion. These analyses focus both on the specific physical 
influence of model formulation on production planning, as well as 
the statistical behavior of the production planning system. First, 
the flow behavior based on operation schedules and optimization 
objectives is related to runoff considering precipitation and the 
physical description of the watershed. Second, this thesis aims to 
derive forms of hydrological statistics and forecasting 
methodologies applicable to water management planning to 
improve hydropower production planning. The runoff from an 
area often exhibits particular patterns (distributions) as a result of 
the distribution of precipitation in the area, climatological 
variability and hydraulic behaviors at the watershed scale, which 
can be related to regulatory and demand patterns. Knowledge 
concerning the long-term trends associated with the driving 
variables can be used to estimate future trends in management 
planning.  
 

The overall objectives of this thesis are to develop an 
understanding of the hydrological constraints imposed on the 
regulation of water resources, statistically describe the potential for 
improved production planning and develop novel methods of 
implementation for the improved understanding of short- and 
long-term resource optimization. The impact of a changing energy 
demand is examined by relating key processes associated with the 
physical description to the variability in energy production. This 
study includes the phenomenological examination of the 
governing hydraulic and geomorphological processes and their 
effects on the hydropower production of a reservoir (point), the 
reservoir network (watershed scale) and the regional scale 
(country). The process-based framework developed in this study 
incorporates the physical description of the behavior of water and 
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its relationship to energy production. The developed framework is 
intended for use in reservoir network operation planning over 
multiple timescales, as well as use in studies of reservoir storage 
and watershed characterization. The specific aims of the included 
papers are as follows: 
• Develop a methodology for using the kinematic-diffusive wave 

equation to describe flow times in rivers, and include the equation in 
a water management optimization model. The approach is 
demonstrated for the Dalälven River, for which there is a network of 
reservoirs and hydropower stations (Paper I), to determine the 
importance of including the kinematic-diffusive wave equation in 
operation planning models for a quantitative valuation of 
hydrological relationships;  

• Develop a methodology based on time series analysis to investigate 
the statistical relationship between hydrological conditions and 
reservoir and watershed management and to examine the impact of 
reservoir management on the variability in discharge from a 
watershed (Paper II);  

• Develop and examine the effect of an additional objective function 
that accounts for the valuation of environmental stress in water 
resource planning models as an alternative to hard operational 
constraints (Paper III); 

• Examine the capacity for the regulation of total runoff using all 
reservoirs in Sweden, as well as the associated dependence on climate 
variability, management strategy and demand (Paper IV); 

• Examine how watershed dispersion and the kinematic-wave equation 
affect the balancing capacity of the reservoir system (Paper V).  

 

1.4 Disposition of the thesis 
Following this introductory chapter, a theoretical background 
regarding the research area is presented in chapter 2, including a 
brief description of the energy and reservoir systems and their 
associated mathematical descriptions. Chapter 3 further develops 
the methodologies and mathematical descriptions applied, as well 
as a thorough description of the case study areas used in the 
investigations and the data involved. The main results of the thesis 
and a short discussion are presented in chapter 4. Chapter 5 
presents the conclusions. The five papers on which this thesis is 
based are appended in the Appendix. 
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CHAPTER 2 

2. THEORETICAL BACKGROUND: HYDROLOGIC PROCESSES 
THAT GOVERN HYDROPOWER PRODUCTION 

In this section, introductions to the main processes and 
dependencies of the hydropower-reservoir system and the 
hydrological system of the watershed are provided. Brief 
descriptions of the significant processes and mechanisms, in 
addition to the common mathematical framework, are included. 
 

2.1. Hydraulic and hydrologic transport processes  
As precipitation falls over a watershed, the excess after 
evapotranspiration becomes runoff that eventually reaches streams 
and lakes as streamflow or surface water flow. The effects of the 
watershed hydrologic processes on the movement of water are 
described by the fluid mechanics of the water flow, particularly 
stream hydraulics and groundwater flow. The timing and 
magnitude of a flow hydrograph can be examined using known 
hydraulic and hydrologic techniques (Freeze and Harlan 1969). In 
this thesis, the emphasis lies on incorporating the flow routing 
techniques in reservoir operation planning, as well as examining 
the effect of operations on the hydrographs of river networks.  
The principle of continuity of the mass of water, i.e., the water-
balance, is an axiom frequently utilized in hydrological science. In 
the case of a fixed control volume (CV), constant water density 
and water moving relative to a coordinate system, the temporal 
rate of change of the water volume ∀ (m3) within the control 
volume, 𝑑𝑑

𝑑𝑑𝑑𝑑 ∫ 𝑑𝑑∀𝐶𝐶𝐶𝐶 , and the net rate of mass flux over the control 
surface (boundaries) can be expressed in the integral form of the 
continuity equation considering constant density (Chow et al. 
1988): 
 
𝑑𝑑
𝑑𝑑𝑑𝑑 ∫ 𝑑𝑑∀𝐶𝐶𝐶𝐶 + ∫ 𝒖𝒖𝑑𝑑𝑨𝑨𝐶𝐶𝐶𝐶 = 0       (1) 
 
where u is the fluid velocity, ∀ is the control volume, and A is the 
surface area of the control volume. Equation (1) can be interpreted 
by examining the terms individually. The first term 𝑑𝑑

𝑑𝑑𝑑𝑑 ∫ 𝑑𝑑∀𝐶𝐶𝐶𝐶  
represents the temporal rate of change in volumetric storage in the 
control volume, and the second term is the volumetric water flow 
through the control surface. When considering lumped flow 
responses, the variation in the water storage volume Vj (m3) of 
reservoir j can be expressed as a sum of the inflows and outflows 
of the reservoir: 
 
𝑑𝑑𝐶𝐶𝑗𝑗
𝑑𝑑𝑑𝑑

= −�𝑞𝑞𝑜𝑜𝑜𝑜𝑑𝑑,𝑗𝑗 + 𝑞𝑞𝐸𝐸𝐸𝐸,𝑗𝑗 + 𝑞𝑞𝑤𝑤,𝑗𝑗� + �𝑞𝑞𝑙𝑙𝑜𝑜𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗 + 𝑞𝑞𝑖𝑖𝑖𝑖,𝑗𝑗�   (2) 
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where qout,j (m
3 s-1) is the discharge from the reservoir, qET,j (m

3 s-1) is 
the volumetric evaporation rate, qw,j (m

3 s-1) is the withdraw rate of 
water for irrigation, qin,j (m

3 s-1) is the inflow of water to reservoir j 
from upstream reservoirs, and qlocal,j (m

3 s-1) is the local watershed 
runoff into reservoir j. The discharge from the reservoir qout,j 
consists of the discharge passing through the turbine of a 
connected power station qprod,j (m

3 s-1) and the spillage discharge qspill,j 
(m3 s-1) that bypasses the power station without contributing to 
power production. 
 
Streamflow follows the one-dimensional (1-D) form of Eqn. (1): 
 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑑𝑑

= 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

          (3) 
 
where q (m3) is the stream discharge and A (m2) is the cross-
sectional area of the stream channel. Furthermore, the description 
of the water flow behavior involves conservation of momentum, 
which can be expressed in a one-dimensional (depth averaged) 
form: 
 
𝜕𝜕𝑜𝑜
𝜕𝜕𝑑𝑑

+ 𝑢𝑢 𝜕𝜕𝑜𝑜
𝜕𝜕𝜕𝜕

+ 𝑔𝑔 𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

+ 𝑔𝑔�𝑆𝑆0 − 𝑆𝑆𝑓𝑓� = 0    (4) 
 
where g (m s-2) is the acceleration due to gravity, S0 is the bed slope 
(-) and Sf is the energy gradient in the direction of flow. The 
coupled expression of Eqns. (3) and (4) represents the frequently 
applied Saint Venant equations, which is also referred to as the 
dynamic wave model. Currently, no analytical solution to the 
system of equations exists; however, numerical approximations 
and simplifications are often made without losing precision in 
certain cases. For large rivers, the inertia terms of the 
hydrodynamic description can often be neglected, simplifying the 
equations considerably. The behavior of flow within rivers can 
often be approximated using the well-known kinematic-diffusive 
wave equation (Rinaldo et al. 1991; Snell and Sivapalan 1994), 
which provides a physically based distribution of the time lags in 
flow associated with hydrodynamic wave diffusion and wave 
celerity. This equation is accurate for flow cases with moderately 
steep wave fronts and is given as follows: 
 
𝑑𝑑𝜕𝜕
𝑑𝑑𝑑𝑑

+ 𝜃𝜃(𝑞𝑞,ℎ, 𝑥𝑥) 𝑑𝑑𝜕𝜕
𝑑𝑑𝜕𝜕
− 𝐷𝐷(𝑞𝑞,ℎ, 𝑥𝑥) 𝑑𝑑

2𝜕𝜕
𝑑𝑑𝜕𝜕2

= 0    (5) 
 
where 𝜃𝜃(𝑞𝑞,ℎ, 𝑥𝑥) (m s-1) is the kinematic wave celerity, 
𝐷𝐷(𝑞𝑞,ℎ, 𝑥𝑥) ≅ 𝜃𝜃ℎ

3𝐶𝐶0
 (m2 s-1) is the longitudinal wave diffusion, and h 

(m) is the water level. Wave celerity is interpreted as the velocity of 
a disturbance in the water surface traveling downstream, and the 
hydrodynamic diffusion coefficient D represents various in-stream 
hydraulic dispersive mechanisms dominated by wave diffusion. 
Wave diffusion refers to the hydrodynamic diffusion, i.e., the 
spreading of waves due to the energy potential anomaly of the 
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water surface that is slowly adapting to the overall energy gradient 
of the steady state stream.  
 
The most significant process that affects water transport is 
advection, i.e., the transport of the bulk of the water mass. The 
kinematic wave model excludes, in addition to the inertial forces, 
also the pressure terms that act on the flow, i.e., D = 0 in Eqn. (5). 
Thus, we must distinguish between the velocity of the water 
traveling downstream and the celerity of the energy wave, which is 
given by the expression 𝜃𝜃 = dq/dA. In part a result of the stage 
dependency of the discharge, the celerity of the flood wave will be 
greater than the velocity of the water (group velocity) traveling 
downstream, i.e., the water travel time can be significantly greater 
than that of the energy wave (flood wave) observed. The 
applicability and accuracy of the kinematic-diffusive wave equation 
have been examined in numerous studies (Moramarco et al. 2008; 
Singh 1996; Singh and Aravamuthan 1995; Tsai 2003).  
 
Hydraulic models are often formulated in distributed form using 
partial differential equations and are applied on all scales at which 
the physical significance is important, thereby allowing velocities to 
vary over space and time (e.g., Eqns. (3-4) and (5)). However, it 
can be beneficial to lump individual processes into compartments, 
where the influences of individual processes are dependent only on 
time (zero dimensional). Common examples of compartmental 
models are the Hydrologiska Byråns Vattenbalansavdelning (HBV) 
model (Bergström 1976; Bergström and Lindström 2015; 
Lindström et al. 1997) and the Hydrological Predictions for the 
Environment (HYPE) model (Lindstrom et al. 2010).  
 
Ecological impact  

Reservoir operations have long been known to significantly affect 
the aquatic environment; therefore, ecological considerations are 
an inherent part of water resource planning and operation (Jager 
and Smith 2008; Straskraba 1994). In examining the water quality 
of the discharge, it has been observed that reservoir operation 
scheduling can lower the variability in the quality indicators 
throughout the year, though often not alter the mean values 
(Cunha et al. 2014). The sediments transported with the flow of 
the stream can significantly influence the water quality both within 
the watershed and in the estuary downstream. The increased 
residence time afforded by reservoir storage allows for the 
deposition of sediments, biological assimilation and other bio-
chemical processes (Vorosmarty et al. 2003). 

 

2.2. Reservoir operation  
Reservoirs are constructed to alter the hydrologic response of a 
watershed based on a desired outcome, e.g., decreased flood peaks, 
steady water levels or a power production demand. All of these 
processes require storage. The regulation capacity of a reservoir 
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network provides considerable value to the water and energy 
system, allowing for the balance of variations in the river flow and 
demand. The reservoir storage capacity is expected to increase in 
value as the intermittent characteristics of the power demand (as a 
result of increased intermittent power production) (Korpaas et al. 
2003; Zafirakis et al. 2013) and supply (as a result of climate 
change)(Giuliani et al. 2016; Madani et al. 2014) become more 
prevalent.  
 
The potential for power production associated with water stored in 
reservoirs is converted to electricity P (W) by letting the water pass 
through turbines connected to the generators of a hydropower 
plant j:  
 
𝑃𝑃𝑗𝑗 = 𝜌𝜌𝑔𝑔𝜂𝜂𝑗𝑗ℎ𝑗𝑗 𝑞𝑞𝑗𝑗,𝑝𝑝𝑝𝑝𝑜𝑜𝑑𝑑        (6) 
 
where ℎ𝑗𝑗  (m) is the net hydraulic head at the power station 
(difference between the gross hydraulic head and the energy losses 
within the power plant), ρ (kg m-3) is the density of water and ηj (-) 
is the time-averaged power station efficiency. The total energy 
produced over the time period T (s) is as follows: 𝐸𝐸𝑗𝑗 =
∫ 𝑃𝑃𝑗𝑗𝑘𝑘(𝑡𝑡)𝐸𝐸
𝑑𝑑=0 𝑑𝑑𝑡𝑡. The net hydraulic head at the power station can 

further be divided into its contributing parts: ℎ = ℎ𝑓𝑓 + ℎ𝑝𝑝 +
ℎ𝑣𝑣𝑙𝑙𝑝𝑝 , where hf (m) is the minimum hydraulic head, hp (m) is the 
pressure head at the power station and additional losses, and hvar 
(m) is the variable hydraulic head (Vj/Aj,res), i.e., the variable 
storage divided by the reservoir area Aj,res (m

2). 

2.2.1. Operational constraints 
The operation of a water reservoir is limited by water level and 
water release constraints that are imposed as a result of the 
physical properties of the reservoir, societal concerns, flood safety 
restrictions and environmental concerns. Power stations with no 
regulated upstream reservoir are referred to as run-of-river 
stations. Common operational constraints may be applied to the 
discharge through turbines and spillways or the water surface 
elevations of the individual reservoirs and are expressed as follows: 
 
𝑉𝑉𝑗𝑗,𝑚𝑚𝑖𝑖𝑖𝑖 < 𝑉𝑉𝑗𝑗 < 𝑉𝑉𝑗𝑗,𝑚𝑚𝑙𝑙𝜕𝜕        (7) 
0 < 𝑞𝑞𝑗𝑗,𝑝𝑝𝑝𝑝𝑜𝑜𝑑𝑑 < 𝑞𝑞𝑗𝑗,𝑝𝑝𝑝𝑝𝑜𝑜𝑑𝑑,𝑚𝑚𝑙𝑙𝜕𝜕       (8) 
𝑞𝑞𝑗𝑗,𝑚𝑚𝑖𝑖𝑖𝑖 < 𝑞𝑞𝑗𝑗 < 𝑞𝑞𝑗𝑗,𝑚𝑚𝑙𝑙𝜕𝜕        (9) 
 
where Vj,min (m

3) is the minimum reservoir storage, Vj,max (m
3) is the 

maximum reservoir storage, qj,min (m
3 s-1) is the minimum reservoir 

discharge, and qj,prod.max (m
3 s-1) is the maximum production discharge 

limited in terms of turbine power capacity (m3 s-1). The maximum 
acceptable discharge, qj,max (m

3 s-1), is determined by the capacity of 
the spillways or environmental concerns (Gandolfi et al. 1997; 
Goulter and Castensson 1988).  
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The positive effects of common constraints imposed for 
environmental purposes are often limited (Bednarek and Hart 
2005), suggesting that the important role of discharge variability in 
meeting ecological goals may be taken into account by establishing 
a certain reservoir discharge variability (Bizzi et al. 2012) or 
alternatively a time-varying ecological hydrograph, i.e., qj = qj,min(t) 
(Chen et al. 2015). The use of a more dynamic environmental flow 
description has been suggested, allowing for additional 
collaboration between stakeholders (Richter et al. 2006).  

2.2.2. The Nordic energy market and seasonal planning 
The Nordic region commenced the deregulation of the energy 
market in the beginning of the 1990’s, privatizing large parts of the 
infrastructure and instituting the NordPool marketplace. The 
demand in a deregulated energy market is determined by the 
expected or actual energy price, further determining the future 
value of the resource as expressed by expected revenue. The 
liberalized Nordic power market is divided into several time 
horizons, where the spot market mainly functions for short-term 
contracts, and other financial contracts and instruments have been 
established for the long-term uncertainties of power management 
to allow for the hedging of future revenue. The operation of the 
reservoirs and power stations for hydropower production is then 
optimized to maximize the total expected revenue or minimize the 
expected risk. Reservoir operation planning is generally formulated 
as a multi-stage problem, considering a regulating agent with 
access to the short-term spot market and financial energy market, 
which is generally described as a risk-averse price-taking agent (i.e., 
the marginal cost curve will determine the supply). For such an 
agent, the objectives are to maximize the utility of the energy 
portfolio over the considered time horizon and determine the 
reservoir release schedule to fit the predicted demand curve. 

Hydropower production is a popular source of production 
balancing capacity, as it has a short startup time, or high 
dispatchability, and, perhaps more importantly, low production 
cost. With increased intermittent energy production, the need for 
balancing production increases. The Nordic power market is 
significantly dependent on hydropower generation, and, as a result 
of regionally localized spatial effects, the driving inflows to the 
system are correlated, leading to significant system capacity 
dependence on climatic variables. Furthermore, the reservoir 
capacity in Nordic countries amounts to over half of the total 
European reservoir capacity, the importance of which is expected 
to increase in the future (Graabak and Korpås 2016). Several 
general reviews of the optimization of the Nordic reservoir system 
and market operation management have previously been provided 
(Boomsma et al. 2014; Faria and Fleten 2011; Fleten and 
Kristoffersen 2007; Fosso et al. 1999; Halldin 2005; Scharff et al. 
2014). 
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2.3. Optimization of management objectives  
Optimization models are used in power production management 
to find a global optimal solution to production objectives by 
controlling the reservoir regulation volumes in a network of 
reservoirs and hydropower plants. During periods of low 
electricity demand, inflowing water accumulates in reservoirs. In 
Sweden, this is usually during summer. Water is released when the 
demand is high, which is usually during the winter in Sweden. The 
manager of a reservoir would in principle prefer to maximize the 
hydraulic head at the power station (Eqn. (6)) and the power 
production capacity; however, the risk for water spillage increases 
with the reservoir level, thereby decreasing the future value of the 
resource. Generally, the operation of the reservoir system must 
consider additional objectives to maximize the energy production 
or revenue, i.e., minimizing the revenue risk (Hongling et al. 2008). 
Numerous optimization and simulation models of operation 
planning for hydropower systems have been developed over the 
years (Arnold et al. 1994; Barros et al. 2003; Grygier and Stedinger 
1985; Jacobs et al. 1995; Wurbs 1993); however, their application 
to large networks of reservoirs can be computationally intensive 
(Labadie 2004) and often proprietary (Rani and Moreira 2010). The 
computational requirements of the models increase with the size 
of the considered system, making simplification of the 
mathematical representation of the states and the streamflow 
description necessary, while still reflecting relevant timescales.  
 
The problem of determining the optimal discharge schedule for a 
reservoir can be stated as follows: 
 
𝐽𝐽 = min𝜕𝜕𝑥𝑥𝑥𝑥 𝐹𝐹(𝒙𝒙)        (10) 
 
where x is the controllable decision vector (bold symbols signify 
vectors) with a set of permissible values denoted by 𝑋𝑋𝑋𝑋𝐑𝐑𝑖𝑖, J is the 
cost function and F is a function describing the objective(s) of 
reservoir operation subject to the operational constraints (some 
specified by Eqns. (7-9)) or imposed as constraints (Eqns. (11-12)) 
and bounds (Eqn. (13)) set on the decision vector: 
 
𝑐𝑐𝑒𝑒𝜕𝜕(𝒙𝒙) = 0         (11) 
𝑐𝑐(𝒙𝒙) < 0          (12) 
𝒙𝒙𝑚𝑚𝑖𝑖𝑖𝑖 < 𝒙𝒙 < 𝒙𝒙𝑚𝑚𝑙𝑙𝜕𝜕        (13) 
 
where ceq and c are functions that incorporate the operational 
constraints and xmin and xmax describe the minimum and maximum 
bounds, respectively, on the variables in control vector x. 
 
The objective function of reservoir operations for the purpose of 
hydropower production requires the consideration of the potential 
power production function, as described by Eqn. (6), which is a 
non-convex function of discharge. The non-convex property of 
the power production function may lead to an intractable system, 
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and simplifications often are warranted to improve its 
performance. Furthermore, while the operational choices are 
continuous functions of time, the decisions are numerically 
represented as a large number of discrete choices. Therefore, 
planning optimization is limited to a discrete time horizon Th (s). 
Multiple methods have been applied to determine the optimal 
storage in reservoirs at the end of the time horizon considered in 
planning Th, i.e., the value of the water levels in the reservoirs post 
scheduling. The discharge release decisions are therefore 
dependent on the future value of the storage volumes in the 
reservoirs and implemented as an operational constraint or added 
to the objective function. A common methodology is dynamic 
programming optimization (Castelletti et al. 2008; Labadie 2004), 
resulting in the guaranteed optimum of the specified problem. 
Although generally successful, the dynamic programming method 
suffers from grave limitations, note the curse of dimensionality 
(Bellman 1957). The computational requirements increase with the 
number of states in the reservoir system, making the application 
time intensive, and, in many cases, infeasible. The necessary 
conditions for optimality are provided by the Karush-Kuhn-
Tucker (KKT) conditions; however, for non-linear programming 
(NLP) problems, it is rare that algorithms can determine the global 
minimum. Considering the non-convex problem of hydropower 
operation, the ability to guarantee an optimum schedule becomes a 
difficult task for a system of multiple reservoirs without 
simplifications. A common algorithm for the optimization of NLP 
problems is the sequential quadratic programming (SQP) method 
(Arnold et al. 1994), which incorporates the quadratic form of the 
objective function. As opposed to the quadratic programming 
(QP) formulation, SQP iteratively considers quadratic sub-
problems, resulting in an alternative formulation. Because of the 
general difficulty of solving the complex problem of a multi-
reservoir system, the problem formulation is often simplified by 
approximating the objective function, the constraints or both. A 
common practice when faced with the difficulty of solving a non-
convex optimization problem is to linearize the problem over the 
examined time horizon. For the potential power production from 
a hydropower unit, this means assuming that the water discharge 
dominates the power production function, i.e., the head at the 
power station can be assumed constant over the examined time 
horizon. Although this approximation is satisfactory for high-head 
reservoirs (hvar ≪ hf), the effect may be significant for low-head 
reservoirs (Goor et al. 2011).  

The case for optimality associated with water resource operations 
is generally poor for many systems subject to uncertainty, and a 
greater understanding has come forward of the need to 
incorporate alternative more robust operation schedules into 
operational procedures (Giuliani et al. 2014). An increasing body 
of work suggests that use of multi-objective operation be 
expanded (Maier et al. 2014), thereby allowing for the examination 
of the chosen schedule of the incorporated objectives of reservoir 
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operation. The trade-off between the objectives can then be 
examined to determine the best overall result. 

 

2.4. Discharge variability and water management planning  
The variability in river discharge is controlled by several processes 
in a watershed, leading to a complex regulatory problem over a 
range of timescales. Reservoirs have a significant impact on the 
associated watershed hydrograph, increasing the residence time of 
the water in the watershed, i.e., decreasing the average velocity of a 
water particle in the watershed. Discharge regulation aims to alter 
the discharge from a reservoir to fit a demanded time series, 
thereby imposing a hydrograph that depends on societal demands 
and less on natural discharge. The balancing capacity of reservoir 
storage is utilized to dampen the variable characteristics of the 
inflow, effectively increasing the correlation between discharge and 
demand. In many cases, it is the role of the reservoir to dampen 
the variability in the hydrograph and limit high-flow scenarios 
(flood events). In other cases, the variability increases as a result of 
highly variable demand. Poor prediction of the capacity for 
regulation therefore leads to increased market and system risk, as 
well as sub-optimal solutions. The seasonal temporal variability in 
the hydrologic mechanisms affects the predictability of the models 
and thereby indicates a lack of understanding of the evolution of 
the system, such as the effects of ice and snow predictions (Shen 
2010). Additionally, the non-stationarity of the expected inflow to 
the system (climate change) and the characteristics of the 
watershed (land use change) reflect the ongoing hydrologic change 
over time, which complicates reservoir management (Li et al. 
2016).  

2.4.1. Climatic variability 
Long-term processes, such as large-scale surface-groundwater 
circulation in watersheds, are driven by seasonal variations in 
infiltration, as well as climatic factors. As a result of the additional 
energy inputs to the Earth’s hydroclimatic system, a shift in climate 
is expected in the near future, likely leading to an intensification of 
the water fluxes in the global hydrological cycle (IPCC 2014a; 
IPCC 2014b). To a high extent, the variability in runoff depends 
on climate variability and is found to co-vary with climate indices 
such as the North Atlantic Oscillation (NAO) index, the Pacific 
Decadal Oscillation (PDO) index, as well as solar intensity indices 
(Dijkstra et al. 1999; Fang et al. 2014; Plaut et al. 1995; Speich et al. 
1995). Global climate models (GCMs) are used to predict the 
potential changes in water availability (Milly et al. 2005), and the 
effects on reservoir management and hydropower production 
(Hamududu and Killingtveit 2012; Hamududu and Killingtveit 
2016; Vicuna et al. 2008). In recent decades, numerous studies 
have investigated the presumed impacts of climate change, 
showing that climate change must be considered as an integral part 
of both reservoir construction (Block and Strzepek 2010) and 
management (Giuliani and Castelletti 2016; Madani et al. 2014). In 



Effects of watershed dynamics on water reservoir operation planning 
 

- 15 - 
 

the Nordic region, most studies indicate increases in runoff in the 
winter, spring and fall and a decrease in the summer months 
(Minville et al. 2008); however, the runoff in the region is expected 
to increase overall (Bergström et al. 2001; Gardelin et al. 2002). 
Although the total runoff in Nordic countries is expected to 
increase, the variability in inflow is also expected to increase, 
leading to additional challenges in prediction and management. 
Studies have shown that runoff variations as a result of climate 
change will impact the regulation capacity of reservoir systems 
(Gaupp et al. 2015; Giuliani et al. 2016), affect reservoir regulation 
management adversely (Loaiciga et al. 1996), increase spillage and 
decrease the efficiency of the resource (Bergström et al. 2001).  

2.4.2. Demand variability 
Municipal, industrial and irrigation water use has doubled over the 
past half century and considerably affected the hydrological cycle 
(Wada et al. 2013). Recently, the amount of intermittent energy 
production, such as wind and solar power, has expanded 
considerably as a result of an increased effort to expand the role of 
renewable energy in the power production grid. This has led to an 
increased demand for balancing power (Holttinen 2005), for which 
hydropower is a suitable candidate because of its storage capacity 
(Korpås et al. 2013). Balancing the variability of intermittent 
energy sources can further increase the total power production 
capacity and avoid the curtailment of wind power production 
(Chang et al. 2013), thereby allowing the expansion of renewables 
(Olauson et al. 2016). Korpaas et al. (2003) used a dynamic 
programing optimization algorithm to balance storage associated 
with the optimal operation of wind power within NordPool. The 
use of other renewable energy sources increases the value of the 
balancing capacity of the reservoir (Zafirakis et al. 2013). 
Renewable energy sources, such as wind, solar and hydropower, 
depend on climatic variables that are associated with covariance 
over certain periods. The covariance between energy sources may 
at times have a significant impact on the availability of energy 
(Wörman et al. 2016), causing increased fluctuations in production 
using these energy sources and increased need for regulating the 
capacity on long timescales. Studies have shown a need for the 
adaptive management of energy systems, as well as planning for 
anticipated climate and energy shifts (Mayor et al. 2016; Parkinson 
and Djilali 2015). Wind power production can be difficult to 
predict, as the relationship at various scales is not well understood. 
The variance in the power production demand from hydropower 
production is therefore expected to increase with wind power 
expansion; however, Olauson and Bergkvist (2015) showed that 
the variability in the demand will increase to a lesser degree 
depending on the spatial distribution of wind farms. Thus, 
indicating that the geographical distribution of the production 
capacity can increase the balancing capacity of the system and 
allow for additional wind power development.  
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2.4.3. Watershed morphology 
In addition to the expected changes in the runoff and demand, the 
geomorphology of the watershed can be important, especially 
since both natural and anthropogenic modifications might occur. 
Examples of land use change in watersheds that affect the 
hydrological response include the construction of dams, levees, 
drainage networks, etc., as well as deforestation and the alteration 
of land cover (Destouni et al. 2013; Jarsjö et al. 2012). Reservoir 
construction and regulation management can significantly change 
the hydrological response of a watershed and alter the trends and 
patterns of runoff (Lindström and Bergström 2004; Wörman et al. 
2010). The common practice of dredging channels in agricultural 
areas and the extensive drainage works constructed during the 19th 
and 20th centuries extensively affect the hydrological response of a 
watershed, decrease the area of wetlands and increase the velocity 
profiles in streams (Åkesson et al. 2016). Alterations of land use in 
a watershed not only affect the volumetric response of water but 
also significantly affect the water quality. Notably, the residence 
time of water and solutes is often a defining parameter of the 
processes involved. Variability in discharge may also have a 
degenerative effect on rivers, incurring a widening of the channel, 
geomorphology alteration, and forcing sediment downstream. 
Many biogeochemical processes in the stream may be considerably 
affected by temporal variations in the hydrograph. The variability 
in the hydrograph is directly related to the suspension of 
matter/sediments and, in many instances, controls the 
pollutograph.   
 
Incommensurability issues refer to the discrepancies between the 
model parameters of “physical” models and the measured physical 
properties, e.g., when determining a model parameter at the local 
scale and extrapolating the parameter to the watershed scale, the 
effect of heterogeneity may be lost, resulting in incorrect 
assumptions regarding the representativeness. In the management 
of reservoirs within a large network(s) or watershed(s), the 
measurement and examination of model parameters become 
demanding tasks. Such parameters require calibration in physical 
models based on limited data. Because of the inherent complexity 
associated with processes incorporated into hydraulic models, the 
physical significance of a determined parameter value may be 
difficult to interpret (Kirchner 2006; Pianosi et al. 2016). The large 
number of parameters often needed for the simulation of a large 
watershed may become difficult to uniquely determine via 
calibration since many parameter sets will yield similar results. This 
problem is referred to as the problem of equifinality, where 
“physical” parameters cannot be determined from the examined 
data (Beven 2006).  

2.4.4. Management under uncertainty 
The control of an inherently uncertain system, such as a 
hydrological system, is a considerable challenge. The problem of 
decision making under considerable uncertainty is characterized by 
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not fully understanding the resultant effects of decisions. The 
uncertainties associated with the variability in inflow and demand 
are often handled using stochastic optimization models, in which 
the uncertainty is represented explicitly (or implicitly) by, e.g., 
random variables with known distributions (Jacobs et al. 1995). 
The uncertainty in the driving variables, i.e., inflow and demand, 
often increases with length of the examined time-horizon. Short-
term runoff and demand predictions (sub-weekly) are considered 
accurate in smaller systems, while for mid-term planning (weekly 
time step), the uncertainty increases, and the use of stochastic 
planning models becomes more common (Halldin 2005).  
 
In operational management, the deviations from the predicted 
states are corrected by successive updating using real states, i.e., 
data assimilation using current data is used to update the 
prediction of driving variables and furthermore the release 
schedule. Thus, the impact of the uncertainty in variable prediction 
on the system is mitigated by incorporating new information as it 
becomes available, which minimizes the effect of inaccurate 
information. The updating procedure is accomplished using the 
model predictive control (MPC), also referred to as the receding 
horizon control (Breckpot et al. 2013; Montero et al. 2013; Morari 
and Lee 1999). The MPC formulation optimizes the system 
considering the time horizon of the predicted future states Th and 
repeats the optimization at each time step using the updated state 
as the initial condition. The procedure allows the system to 
progress and evolve with time while incorporating new 
information as needed and limiting the computational demand. 
The optimization problem (Eqn. (10)) can be transformed as 
follows: 
 
𝐽𝐽 = 𝐽𝐽�𝑡𝑡, 𝒙𝒙𝑘𝑘+𝜑𝜑|𝑘𝑘�         (14) 
 

where xk is the controllable decision vector at a discrete time step 
kϵ[1:N] of size Δt (s), where the total number of time steps is 
N(=Th/Δt), and 𝜑𝜑 (s) is the updating time step in the MPC 
procedure. The formulation enables a comparison of system 
dynamics, as the progression of the system will deviate depending 
on the accuracy of system description. 

 

2.5. Pathways, network effects and hydraulic diffusion  
As described in section 2.1, the behavior of river discharge 
depends on the physical description of the watershed. The 
instantaneous unit hydrograph (IUH) (Sherman 1932; Troutman 
and Karlinger 1985) describes the impact of the physical 
description of the integrated groundwater and streamflow 
responses on transforming precipitation to river discharge. A 
similar response function can be useful in the characterization of 
the streamflow processes alone by dampening the characteristic 
unit pulse into the stream network. In this study, the discharge at 
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the outlet of the watershed enters the watershed somewhere 
upstream in the river system, as forecasted via runoff modelling, 
and follows a stream channel until it reaches the outlet. The 
response at the outlet of the watershed is thereby connected to 
every contributing point in the watershed via streamflow paths. 
Assuming a linear flow description and long flow paths, the 
superposition principle can be applied, and the response of a flow 
path can be expressed by the convolution of IUHs along a flow 
path to the outlet of the watershed. The geomorphological 
instantaneous unit hydrograph (GIUH) theory incorporates the 
structures of all flow paths in a watershed (Rinaldo et al. 1991; 
Rodriguez-Iturbe and Valdes 1979; Snell and Sivapalan 1994), 
where the flow paths link points in the stream network to the 
outlet downstream considering the independent time lag 
distributions at individual stream points. The response 
downstream in a stream network is described by the convolution 
of the upstream hydrograph 𝑞𝑞𝑖𝑖  (m3 s-1) based on the time lag 
distribution of the flow path:   
 
𝑞𝑞𝛾𝛾(𝑋𝑋, 𝑡𝑡) = 𝑓𝑓𝛾𝛾(𝑋𝑋, 𝑡𝑡) ∗ 𝑞𝑞𝑖𝑖

𝛾𝛾(𝑋𝑋, 𝑡𝑡)      (15) 
 
where 𝑓𝑓𝛾𝛾(𝑋𝑋, 𝑡𝑡) = 𝑓𝑓1(𝑥𝑥1, 𝑡𝑡) ∗ 𝑓𝑓2(𝑥𝑥1, 𝑡𝑡) ∗ … ∗ 𝑓𝑓𝑁𝑁(𝑥𝑥𝑁𝑁, 𝑡𝑡) is the 
resulting time lag distribution over a flow path, which, in effect, 
scales the upstream hydrograph 𝑞𝑞𝑖𝑖

𝛾𝛾, 𝑓𝑓𝑖𝑖(𝑥𝑥𝑖𝑖 , 𝑡𝑡) is an independent 
time lag distribution of an individual stretch i that incorporates the 
stream description (roughness, channel geometry and other 
geomorphologic properties), 𝑞𝑞𝑖𝑖 (𝑋𝑋, 𝑡𝑡) is the distributed inflow to 
the stream channel at distance X from the outlet (determined 
through runoff modeling as precipitation passing through the 
saturated and non-saturated areas), 𝑞𝑞𝛾𝛾(𝑋𝑋, 𝑡𝑡) is the response of a 
single pathway and the effluent discharge at the outlet of the 
watershed can then be determined by the summation over the flow 
paths: 𝑞𝑞𝑜𝑜𝑜𝑜𝑑𝑑(𝑡𝑡) = ∑ 𝑞𝑞𝛾𝛾(𝑋𝑋, 𝑡𝑡)𝛾𝛾𝑥𝑥Γ .  
 
For individual stretches where the spatial distribution of the inflow 
is known (e.g., from the reservoir), the downstream hydrograph 
into the following reservoir qin,j can be obtained through the 
convolution of the upstream hydrograph with the IUH of the 
individual stream, i.e., 𝑓𝑓(𝑋𝑋, 𝑡𝑡) = 𝑅𝑅(𝑡𝑡):  
 
𝑞𝑞𝑖𝑖𝑖𝑖,𝑗𝑗(𝑡𝑡) = ∫ 𝑅𝑅𝑗𝑗(𝑡𝑡 − 𝜏𝜏)𝑞𝑞𝑖𝑖,𝑗𝑗(𝜏𝜏)𝑑𝑑𝜏𝜏𝑑𝑑

0 = 𝑅𝑅𝑗𝑗(𝑡𝑡) ∗ 𝑞𝑞𝑖𝑖(𝑡𝑡)  (16) 

 

where qn,j is the discharge (hydrograph) at the upstream side of a 
flow stretch connected to reservoir j, 𝜏𝜏 is a dummy variable and R 
is the IUH of the stream connecting reservoir j to the upstream 
reservoir. The IUH is subsequently referred to as the scaling factor 
of the stream. Various methodologies have been used to describe 
the scaling factor R with varying success. The uniform distribution 
and exponential distribution were initially used (Gupta et al. 1980; 
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Wilson et al. 1979). In later years, the kinematic-diffusive wave 
equation (Eqn. (5)) has been the most common approach 
(Franchini and OConnell 1996; Riml and Worman 2015; Rinaldo 
et al. 1991; Snell and Sivapalan 1994). The heterogeneity of the 
transport conditions, i.e., the variability in the hydraulic 
parameters, has further been shown to have a significant impact on 
the resulting hydrograph via a phenomenon referred to as 
kinematic dispersion (Saco and Kumar 2002). In addition, the 
variation in distance as a result of topological variations influences 
the hydrograph, in effect, dampening the variance in the 
hydrograph, which is referred to as geomorphological dispersion. 
Dispersion processes refer to the spreading of a wave due to the 
heterogeneity of the surrounding environment, e.g., stream 
properties such as geometry and friction. The relative importance 
of the watershed dispersion mechanisms in describing the 
hydrograph depend on the characteristics of the watershed, such as 
size (D'Odorico and Rigon 2003; Robinson et al. 1995). 

 

 
Fig. 1. Schematic of two reservoirs connected by a stream reach. The outflow discharge 

time series (qout,j) from the lower reservoir (j) is dependent on the lateral local inflow 
(qlocal,j) and the stream inflow (qin,j), i.e., the upstream reservoir discharge (qout,j-1) 

influenced by the streamflow description (Rj). 
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CHAPTER 3 

3. METHODOLOGIES 
In this chapter, the methodologies used in the thesis are described. 
First, the case study areas are described, and the main 
characteristics of the examined watersheds, along with descriptions 
of the measured time series, are provided. The mathematical 
frameworks for transport modeling and reservoir operation used in 
Papers I-V are formulated. The perception of the processes 
described by the models is discussed in context, illustrating the 
specific applications of these models to the time series data.  
 
Paper I evaluates the need and significance of incorporating a 
physically based description of the wave diffusion process in the 
planning of reservoir operation and introduces the physical 
dependency of regulation on the watershed processes. In Paper 
III, the transport of solutes is incorporated into the operation 
planning procedure, illustrating the applicability of multi-objective 
reservoir operation in the consideration of environmental goals.  
 
In Paper II, the statistical relationship between the system of 
controlled water resources and the watershed description is 
described in the form of a power spectral methodology developed 
in this thesis. The derived closed-form solution is then expanded 
in Paper IV to examine the capacity of regional reservoirs to 
balance power production variations in relation to climate 
variability and watershed descriptions. Paper V evaluates the 
relative impact on reservoir operation of watershed processes. 
Thus, Papers II, IV and V examine the relationship between 
hydrograph variations and regulation, while Papers I and III 
primarily demonstrate applications. 
 

3.1. Case studies 
3.1.1 Dalälven, Sweden 

Common to Papers I-III and V is the use of the Dalälven River, a 
watershed stretching from western Sweden to the Baltic in the 
east, as a case study. The watershed has been regulated since the 
beginning of the 20th century, and regulation considerably 
increased in the mid-century with the active regulation of large 
reservoirs (e.g., Lake Siljan in 1922). The network of regulated 
reservoirs includes more than 36 power stations and 13 large 
reservoirs (mainly located in the upper part of the watershed). The 
storage capacity of the reservoir network corresponds to a degree 
of regulation of approximately 40%, i.e., 40% of the yearly runoff 
can be stored in the regulated reservoirs. The watershed has an 
area of approximately 29,000 km2, consisting of 7% surface water, 
4% agricultural land, 8% wetlands, 75% forest and 6% other land 
usage. The Dalälven River can be divided into the two main 
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tributaries: the East branch and the West branch. The East branch 
provides 68% of the mean total discharge of 374 m3 s-1 at the 
outlet. The main objective of the operation of the reservoirs in the 
catchment is hydropower production considering the imposed 
constraints on operation. The West branch is mainly managed as a 
run-of-river operation, as the water storage capacity of the 
reservoirs is low.  

Measurements of the water quality are taken near a reservoir close 
to the outlet of the watershed (Älvkarleby) for environmental 
monitoring purposes on a monthly to yearly basis. The watershed 
is estimated to experience an average total load of phosphorous of 
270 tons per year and discharge an average of 151 tons per year, 
contributing to approximately 0.5-1% of the total riverine 
phosphorous load to the Baltic basin (HELCOM, 
http://www.helcom.fi/). Topologically, land use and land cover 
data from the area and known point sources are used to run the 
compartmental catchment model Hydrological Predictions for the 
Environment (HYPE) set up for Sweden (S-HYPE) (Lindstrom et 
al. 2010), from the Swedish Meteorological and Hydrological 
Institute (SMHI). SMHI collects precipitation, discharge and 
phosphorous data, processes the data using the HYPE model and 
publishes the estimated local runoff and phosphorous loads via the 
web portal Vattenweb (http://vattenweb.smhi.se/). Individual 
stakeholder operators provide the data on reservoir characteristics 
and time series of energy production, water stage and reservoir 
flow discharge. 

 

Fig. 2. The location of the Dalälven River Basin (highlighted) in Sweden. The 

power stations (red) and large reservoirs (named) in the catchment are shown.  

http://www.helcom.fi/
http://vattenweb.smhi.se/
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3.1.2 Regulated catchments in Sweden 
The HBV model of the SMHI was used to generalize 
measurements of precipitation (650 rain gauges) and discharge 
(198 weirs) in the form of distributed discharge series in Swedish 
catchments over a 51-year period (1961 to 2011). Sweden was 
divided into 1001 sub-watersheds varying from 14.7 to 9791 km2. 
In these sub-watersheds, the runoff at a daily resolution was 
determined. The data set includes the total power production at 
the 506 power stations, as well as their individual characteristics. 
The regulated reservoirs in the region are well represented by the 
303 regulated sub-watersheds. From these data, regulated 
catchments were isolated and shown to be representative of the 
power balancing capacity of the region.  
 
The power production demand curves in the region (Sweden) were 
determined for the case of considering an increase in the demand 
and balancing the production capacity as a result of increasing the 
intermittent power production as expressed by the wind power 
potential. Wind power prediction is associated with difficulty, e.g., 
wind speed and power plant characteristics. Numerous techniques 
for wind power prediction, over both short and long terms, have 
been developed in recent years (Sfetsos 2000; Sideratos and 
Hatziargyriou 2007). Olauson and Bergkvist (2015) used the 
meteorological data set MERRA to estimate the wind power 
potential. The predicted data associated with potential wind power 
production in Sweden could then be used in future scenarios 
reflecting the most probable expansion and usage of wind power 
(Olauson et al. 2015). The interdependencies of the climate-
dependent energy sources of wind and hydropower are further 
assessed in Paper IV, which examines the effect of the covariance 
on the total energy availability. Three scenarios of wind power 
expansion were used in the analysis corresponding to 20, 30 and 
50 TWh per year of total energy production in the region, as 
described in Table 1. Additionally the average potential wind 
energy in the region was expressed using an estimate of the 
geostrophic wind (Wern and Bärring 2009), as determined by 
SMHI from observations of air pressure and density.  

 
In the examination of the large geographical region of Sweden, 
regionalization and spatial discretization are used to improve data 
management. The runoff was determined for 303 sub-watersheds, 
and a reservoir volume called the Dedicated Reservoir Volume 
(DRV), VDRV (m3) is determined for each sub-watershed, as further 
described in section 3.5. The DRV is an aggregation of the 
reservoir volumes located downstream of the sub-watershed in 
proportion to the runoff from the watershed, i.e., the volume 
allocated to regulate the runoff from the sub-watershed. The 
procedure allows for the identification of the regulation bounds of 
the system considering independent regulation versus a complete 
cooperation regulation scenario, thereby reflecting the runoff 
relationships over large scales and in aggregated watersheds. The 
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forcing data used in the analysis of the standard storage interval are 
based on daily hydroclimatic data, including precipitation, river 
discharge, temperature and geographical information, which have 
previously been used to describe runoff for over half a century in 
Sweden (Wörman et al. 2017). 
 

 

 
Fig. 3. Maps of Sweden divided into 1001 sub-watersheds: a) spatial distribution of 

the power potential of the surface water according to Wörman et al. (2017) and b) 

Dedicated Reservoir Volume (DRV) in 303 sub-watersheds and hydropower 

production units 
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Table 1. Scenarios of potential future wind power production utilized to estimate the 
regulatory capacity of the regional hydropower system (Sweden). Scenarios A1, B1 and C1 
are taken from Olauson et al. (2015), and a stepwise expansion over the years 2000, 2010 

and 2020 is assumed. This table is adapted from Paper VI. 
Scenario Annual 

production; 
Mean power, 
PW, m 
 

Installed 
capacity, PW, 
c 
 

Standard 
deviation 
in hourly power; 
Ratio with PW, m 
 

Strategy of wind power 
expansion 
 

A1 20.1 TWh; 2,294 
MW 

7,478 MW 1,399 MW; 61.0% Keep old WECs built in 2000 
or later 
 

B1 30 TWh; 3,425 
MW 

9,773 MW 1,881 MW; 54.9% Keep old WECs built in 2010 
or later 
 

C1 50 TWh; 5,708 
MW 

14,231 MW 2,909 MW; 51.0% Keep old WECs built in 2020 
or later 
 

Runoff-
wind 
coherence 
approach 
 

66 TWh; 7,523 
MW 

Not specified Not specified Wind power production 
follows the intensity of 
geostrophic wind 
 

 

 

3.2. Transport modeling  
The function of a reservoir is to increase the water residence time 
for regulation purposes, with significant implications on the 
surrounding environment. In reservoir operation planning, the 
impact of stream hydraulics is often disregarded, thereby ignoring 
any associated effect on the hydrograph. As the water discharge 
becomes increasingly erratic over the short term, the model 
accuracy becomes increasingly important in planning, and the 
description of the water mass balance incorporated into the 
objective function must be improved. The lack of accuracy in flow 
prediction in production planning models results in deviations 
between the optimized system and the (real) operational behavior. 
These differences can lead to sub-optimal management decisions 
and loss of value or decreased production compared to the 
potential (optimal). 

3.2.1 Water travel time 
The time it takes for the water released at a reservoir upstream to 
travel downstream to a reservoir and/or power station is referred 
to as the water travel time of the stream. The streamflow coupling 
between reservoir and power station operations within the same 
network imposes a dynamic constraint on the planning of system 
operations. As described in section 2.1, streamflow is generally 
well described using the non-linear partial differential Saint Venant 
equations (Eqn. (3-4)). However, they are rarely used in multi-
reservoir operations planning (Pinho et al. 2015). The inherent 
complexity of optimization models and the iterative characteristic 
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of their operation have long justified certain simplifications of the 
hydraulic description of the streamflow, and the formulation of the 
hydrodynamics that describes the travel time in the stream is often 
simplified in optimization models (Teegavarapu and Simonovic 
2000; Turgeon 1981). In reality, the water travel time include time 
lag distributions; however, in the optimization of a large network 
of reservoirs, the travel time between reservoirs is often described 
by a single time lag, or in some cases, as an instantaneous transfer 
of water between hydropower stations (Franco et al. 1994), thereby 
disregarding any hydrograph deformation. The Muskingum model 
was used by Braga and Barbosa (2001), while Schwanenberg et al. 
(2011) implemented the kinematic wave model in a non-linear 
optimization scheme. In reality, the diffusion of the wave leads to 
a time lag distribution that depends on the river stage. However, as 
the size of the system increases, the computational demand 
becomes unmanageable, and additional simplifications often have 
to be made. Paper I specifically implemented an improved travel 
time description of the flow between reservoirs that considers the 
time lag distribution within the stream based on the kinematic-
diffusive wave equation. Several studies have previously examined 
the use of variations of the kinematic-diffusive wave equation for 
water control (Litrico and Fromion 2004; Litrico and Georges 
1999). Montero et al. (2013) examined the effects of simplified 
descriptions on small watersheds. The importance of the time lag 
description associated with a systematic variation in operational 
conditions had not been previously investigated in large-scale river 
networks, which was the focus of Paper I. However, extensive 
studies have previously focused on the background and limitations 
of the kinematic-diffusive wave model (Singh 1996). Its 
applicability stems from a simplification in which gravity waves are 
neglected and only kinematic and diffusive waves are 
acknowledged. The criteria for selecting the appropriate 
description of the streamflow behavior or routing model have 
been proposed and developed by several authors for a variety of 
situations (Moramarco et al. 2008; Singh and Aravamuthan 1995; 
Tsai 2003; Tsai 2005).  
 
The kinematic-diffusive wave equation, Eqn. (5), is a non-linear 
parabolic partial differential equation. Though no analytical 
solution exists (Singh 1996), several numerical schemes have had 
some success in large networks and watersheds (Akan and Yen 
1981; Szymkiewicz 2010b). Under certain conditions of small 
variations in the river stage, it is acceptable to linearize the model 
description as independent of stage and discharge (Singh 1996), 
i.e., assuming that the flow parameters are constant and allowing 
for a simplified solution:  
 
𝑑𝑑𝜕𝜕
𝑑𝑑𝑑𝑑

+ 𝑢𝑢𝑗𝑗
𝑑𝑑𝜕𝜕
𝑑𝑑𝜕𝜕
− 𝐷𝐷𝑗𝑗

𝑑𝑑2𝜕𝜕
𝑑𝑑𝜕𝜕2

= 0      (17) 
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where uj (m s-1) and Dj (m s-2) are constant values of the celerity 
and wave diffusion, respectively, i.e., Eqn. (17) is a linear form of 
Eqn. (5) that is linearized for a reference discharge q*. The non-
linear behavior of flow and its impact on production lies beyond 
the scope of this study; however, earlier studies showed that 
streamflow velocity variations with river stage can be an essential 
factor, especially for high flows when the regular river channel is 
flooded (Åkesson and Wörman 2012). Equation (17) can be 
discretized using the Crank-Nicolson centered difference scheme 
(Szymkiewicz 2010a), which creates a transport matrix that can be 
incorporated into the matrix of the linear operation constraints of 
the optimization model and is dependent on the parameters uj and 
Dj along individual stretches. This method describes the non-
uniform flow in the stream. The physically based constant 
parameters uj and Dj, reflect the apparent hydraulics in the stream. 
A dimensionless number describing the relative impact of the 
advective velocity to the effect of diffusion in the river stretch Lj 
(m), referred to as the Peclet number (Pej = ujLj/Dj), is often used 
to represent the physical impact of the stream. In a network of 
reservoirs, the stream transfer function then describes the impact 
of the stream on the discharge.  

The assumption of uniformity further allows the kinematic-
diffusive wave equation to be used in combination with the 
convolution approach (Eqn. (16)), as described in section 2.5, 
allowing for the separation of the individual watershed response 
from the total runoff. 

3.2.2 Solute transport model 
The hydrology of a watershed dominates all mass transport within 
the watershed. The controlled discharge from reservoirs within a 
watershed is strongly related to the transport of phosphorous 
(Basu et al. 2010; Bolin et al. 1987). The increased residence time 
afforded by the reservoirs allows for the additional retention and 
sedimentation of phosphorous within the watershed. In Paper III, 
a solute transport model was implemented in an optimization 
model to incorporate the relationship between discharge and 
phosphorous transport and allow for a multi-objective planning 
procedure of the reservoir system and valuing phosphorous 
discharge.  
In this thesis, the transport of phosphorous through a watershed is 
defined based on mass conservation applied to combined 
reservoirs and upstream flow reaches. Two distinct mass phase 
species, i.e., a particulate phase and dissolved phase, are defined, 
and both are divided into immobile and mobile zones, as described 
in Fig. 4. The generality of the approach has been established, and 
it has been widely applied in studies of the transport of reactive 
solute in streams (Jakeman et al. 1999; Jonsson et al. 2004; Riml 
and Wörman 2011). The mass exchange between the two zones is 
generally dominated by deposition and re-suspension processes 
that occur in the water reservoirs, where water velocities are 
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particularly low. The mass conservation of the solute in a single 
reservoir j is expressed as follows: 
 
𝑑𝑑�𝐶𝐶𝑗𝑗𝑙𝑙𝑗𝑗�

𝑑𝑑𝑑𝑑
= −𝑞𝑞𝑗𝑗𝑐𝑐𝑗𝑗 + 𝑞𝑞𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖 + 𝑞𝑞𝑗𝑗,𝑙𝑙𝑜𝑜𝑙𝑙𝑐𝑐𝑗𝑗,𝑙𝑙𝑜𝑜𝑙𝑙 − 𝜓𝜓�𝑐𝑐𝑝𝑝,𝑗𝑗 , 𝑐𝑐𝐶𝐶𝑆𝑆,𝑝𝑝,𝑗𝑗 , 𝑞𝑞𝑗𝑗� (18a) 

𝑑𝑑�𝐶𝐶𝑗𝑗
𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙𝑆𝑆𝑆𝑆,𝑗𝑗�

𝑑𝑑𝑑𝑑
= 𝜓𝜓         (18b) 

 
where 𝑉𝑉𝑗𝑗,𝑠𝑠𝑒𝑒𝑑𝑑 (m3) is the volume of the reservoir (bottom) 
sediments, cj (kg m-3) is the concentration of the solute in the 
mobile zone in reservoir j, cin (kg m-3) is the concentration of the 
solute in the mobile zone transported from the upstream 
reservoirs, cj,local (kg m-3) is the concentration of the solute in the 
local runoff to reservoir j, and cSZ,j (kg m-3) is the total 
concentration of the solute in the immobile zone. cp,j and cd,j are 
referred to as the particulate and dissolved forms of solute in the 
mobile zone, respectively, while cSZ,p,j and cSZ,d,j are the particulate 
and dissolved forms of the solute in the immobile zone, 
respectively. An instantaneous equilibrium is assumed to exist 
between the dissolved (cd,j, cSZ,d,j) and particulate (cp,j, cSZ,p,j) 
concentrations, leading to a constant ratio between the phases in 
the two zones in the forms of kd = cp,j / cd,j (mobile zone) and kb = 
cSZ,p,j / cSZ,d,j (immobile zone). The mass transfer between the mobile 
and immobile zones is described by the function 𝜓𝜓 (kg m3 s-1): 
 
𝜓𝜓�𝑐𝑐𝑝𝑝,𝑗𝑗, 𝑐𝑐𝐶𝐶𝑆𝑆,𝑝𝑝,𝑗𝑗, 𝑞𝑞𝑗𝑗� = 𝑣𝑣𝑑𝑑,𝑙𝑙𝐴𝐴𝑗𝑗,𝑝𝑝𝑒𝑒𝑠𝑠𝑐𝑐𝑝𝑝,𝑗𝑗 − 𝑟𝑟𝑑𝑑𝐴𝐴𝑗𝑗𝑐𝑐𝐶𝐶𝑆𝑆,𝑝𝑝,𝑗𝑗   (19) 
 
where vt,a (m s-1) is the apparent settling velocity and rt (m s-1) is the 
re-suspension rate of the particulate phosphorous.  
 
Because of the common interactions between particles, the settling 
velocity vt (m s-1), as described by the Stokes (terminal) settling 
velocity, may result in an unreliable approximation for practical 
applications. Furthermore, the effective particle settling velocity vt,e 
(m s-1) determined through the well-known Vollenweider equation 
(Reckhow 1979) does not explicitly include the re-suspension of an 
immobile particle: 𝑣𝑣𝑑𝑑,𝑒𝑒 = 𝜕𝜕𝑖𝑖𝑖𝑖𝑙𝑙𝑖𝑖𝑖𝑖

𝜕𝜕𝑗𝑗𝑙𝑙𝑗𝑗
− 𝜕𝜕𝑗𝑗

𝜕𝜕𝑗𝑗
. This relationship prohibits 

independent variation in settling and resuspension within the 
regulatory regime. The effective particle settling velocity can vary 
between 5 and ~200 (m/year) in regulated reservoirs (Panuska and 
Robertson 1999; Reckhow 1979), demonstrating a dependence on 
discharge (Bolin et al. 1987). The steady state approximation of 
Eqn. (18) results in a settling velocity of the following form: 
𝑣𝑣𝑑𝑑,𝑙𝑙 = 𝜕𝜕𝑖𝑖𝑖𝑖𝑙𝑙𝑖𝑖𝑖𝑖

𝜕𝜕𝑗𝑗,𝑟𝑟𝑠𝑠𝑠𝑠𝑙𝑙𝑝𝑝,𝑗𝑗
+ 𝜕𝜕𝑗𝑗,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑗𝑗,𝑙𝑙𝑙𝑙𝑙𝑙

𝜕𝜕𝑗𝑗,𝑟𝑟𝑠𝑠𝑠𝑠𝑙𝑙𝑝𝑝,𝑗𝑗
− 𝜕𝜕𝑗𝑗𝑙𝑙𝑗𝑗

𝜕𝜕𝑗𝑗,𝑟𝑟𝑠𝑠𝑠𝑠𝑙𝑙𝑝𝑝,𝑗𝑗
+ 𝑟𝑟𝑑𝑑∗

𝑙𝑙𝑆𝑆𝑆𝑆,𝑝𝑝,𝑗𝑗

𝑙𝑙𝑝𝑝,𝑗𝑗
. Based on Bolin 

et al. (1987) and Brett and Benjamin (2008), the apparent settling 
velocity is expressed as a non-linear function of the steady state 
approximation: 
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𝑣𝑣𝑑𝑑,𝑙𝑙
∗ = 𝜇𝜇𝑣𝑣𝑣𝑣𝑑𝑑,𝑙𝑙

𝛽𝛽𝑣𝑣 = 𝜇𝜇𝑣𝑣 �
𝜕𝜕𝑖𝑖𝑖𝑖𝑙𝑙𝑖𝑖𝑖𝑖

𝜕𝜕𝑗𝑗,𝑟𝑟𝑠𝑠𝑠𝑠𝑙𝑙𝑝𝑝,𝑗𝑗
+ 𝜕𝜕𝑗𝑗,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑗𝑗,𝑙𝑙𝑙𝑙𝑙𝑙

𝜕𝜕𝑗𝑗,𝑟𝑟𝑠𝑠𝑠𝑠𝑙𝑙𝑝𝑝,𝑗𝑗
− 𝜕𝜕𝑗𝑗𝑙𝑙𝑗𝑗

𝜕𝜕𝑗𝑗,𝑟𝑟𝑠𝑠𝑠𝑠𝑙𝑙𝑝𝑝,𝑗𝑗
+ 𝑟𝑟𝑑𝑑∗

𝑙𝑙𝑆𝑆𝑆𝑆,𝑝𝑝,𝑗𝑗

𝑙𝑙𝑝𝑝,𝑗𝑗
�
𝛽𝛽𝑣𝑣

          (20) 
 
where 𝜇𝜇v (-) and βv (-) are coefficients that describe the non-linear 
relationship associated with solute deposition.  
The re-suspension of the solute depends on the reservoir discharge 
and is expressed as 𝑟𝑟𝑑𝑑 ≈

𝜕𝜕𝑗𝑗
𝜕𝜕𝑗𝑗

. The apparent re-suspension rate 𝑟𝑟𝑑𝑑∗ is 
then expressed as a non-linear function of the re-suspension rate: 

𝑟𝑟𝑑𝑑∗ = 𝜇𝜇𝛾𝛾𝑟𝑟𝑑𝑑
𝛽𝛽𝛾𝛾 = 𝜇𝜇𝛾𝛾 �

𝜕𝜕𝑗𝑗
𝜕𝜕𝑗𝑗
�
𝛽𝛽𝛾𝛾

, where 𝜇𝜇𝛾𝛾 (-) and 𝛽𝛽𝛾𝛾 (-) are coefficients 

of the non-linear relationship of the re-suspension of particulate 
phosphorous in the immobile zone. 

 

 
Fig. 4. Transport dynamics of phosphorous within a reservoir as described by a 

compartment model that incorporates the interactions between the mobile and 

immobile zones 

 

3.3. Reservoir operation 
Several different optimization models were developed and used in 
the course of this thesis to solve the problem described by Eqns. 
(10-13) and to determine the best schedule of operation for a 
reservoir and network of reservoirs. The operation planning 
optimization models used in this study are all associated with 
individual limitations, and situations may arise where they might 
not be the optimal choice of model or model parameters. The aim 
of the development of the optimization models has been to 
incorporate transport models into the operation planning 
procedure and describe the influence of the altered system 
hydrodynamics on the regulation of reservoir discharge and the 
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watershed effluent discharge. An overall aim was to increase the 
understanding of the impact of hydropower regulation on the 
hydrological response, with the goal of improving water resource 
operation planning. 

3.3.1 Optimization algorithms 
Multiple optimization algorithms have been developed for water 
resource operation over the years (Labadie 2004; Yeh 1985). 
Dynamic programing has long been the standard for operation 
planning; however, this approach has significant limitations, as 
described in section 2.3. In many cases, the problem description or 
solution methodology is simplified, partially losing the dynamics or 
accuracy of the solution. Notably, in an effort to examine the 
effect of the system dynamics on the optimal solution of a large 
system of reservoirs, the solution methodology is often simplified. 
However, the non-linear power production function (as described 
by Eqn. (6)) generally results in a non-convex objective function of 
operation. Thus, the determined solution of the optimization 
problem may be a local minimum. For certain constraint 
conditions, the Karush–Kuhn–Tucker (KKT) conditions provide 
necessary conditions for the determined solution to be optimal. 
Furthermore, for a convex problem, these conditions are also 
sufficient. Non-linear optimization is a complicated subject that 
includes SQP. SQP assumes a quadratic function locally and solves 
for the problem sequentially. A problem with non-linear 
optimization techniques, and required by non-linear dynamics, is 
that the determined solution often cannot be guaranteed as the 
global optimum, an effect that is avoided by linearizing the 
problem. For a linear or positive definite quadratic problem, the 
local solution can be assumed as the global equivalent. Linearizing 
the potential power production is accomplished by assuming the 
hydraulic head in the power function (Eqn. (6)) is constant and no 
longer depends on the water balance of the reservoir (Eqn. (2)).  
Multi-objective reservoir management has become increasingly 
popular in recent years due to its flexibility in operation, allowing 
for the control of water resources while relaxing the constraints set 
on the system. Approximate techniques, such as Genetic 
algorithms (GA), have increased in popularity for solving large 
non-linear problems, as they are able to provide the entire Pareto 
curve from a single run. Although GA techniques do not 
guarantee the optimal solution, these solutions do approach the 
Pareto curve of the solution.  
 
The choice of optimization method depends on the numerical 
complexity (e.g., number of states, form of the objective function 
and constraints), as well as the intended application. In the 
operation of a reservoir system under highly uncertain inflow, the 
determination of the global optimum may not yield the best result. 
Instead, operation planning may be better served by using 
simplified models that allow for multiple runs and even stochastic 
optimization. Furthermore, considering reservoirs with small 
variable storage, the importance of the non-linear component of 
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operation planning may be minimal, and simplifications can be 
made. 

3.3.2 Implementation of constraints 
Reservoir discharge operations are capable of altering the 
hydrological and ecological regimes of a watershed and the 
associated estuary (Basu et al. 2010; Liu et al. 2012). Common 
societal and environmental constraints focus on the minimum and 
maximum water levels and discharges, as described in section 
2.2.1. In a network of reservoirs, their operation schedules are 
interdependent, as the discharge from an upper reservoir will flow 
into the next reservoir, influencing the apparent water balance, as 
described by Eqn. (2). An explicit approximation of Eqn. (2) 
expresses the water storage of reservoir j as (assuming small water 
withdrawals and evapotranspiration 𝑞𝑞𝑤𝑤,𝑗𝑗 ≈ 𝑞𝑞𝐸𝐸𝐸𝐸,𝑗𝑗 ≈ 0): 
 
𝑉𝑉𝑗𝑗𝑘𝑘 = 𝑉𝑉𝑗𝑗𝑘𝑘−1 − ∆𝑡𝑡�𝐹𝐹𝑗𝑗𝑖𝑖𝑘𝑘 (𝑞𝑞𝑖𝑖𝑘𝑘−1, 𝑞𝑞𝑖𝑖𝑘𝑘−2, … , 𝑞𝑞𝑖𝑖0) − 𝑞𝑞𝑗𝑗𝑘𝑘 + 𝑞𝑞𝑗𝑗,𝑙𝑙𝑜𝑜𝑙𝑙𝑙𝑙𝑙𝑙

𝑘𝑘 � (21) 
 
The routing matrix function 𝐹𝐹𝑗𝑗𝑖𝑖𝑘𝑘  expresses the linear time lag 
description (section 3.2.1) of the streamflow discharge transported 
downstream from the upper reservoir. Numerically, the upstream 
discharge qn is transformed downstream by multiplication: 
 
𝐹𝐹𝑗𝑗𝑖𝑖𝑘𝑘 (𝒒𝒒𝑖𝑖) = �𝒓𝒓𝑗𝑗𝑖𝑖𝑘𝑘 �

𝐸𝐸
𝒒𝒒𝑖𝑖       (22) 

 
where 𝒓𝒓𝑗𝑗𝑖𝑖𝑘𝑘  is a vector containing coefficients that describe the time 
lag distribution between the upstream reservoir n and reservoir j at 
time step k. The square matrix 𝐹𝐹𝑗𝑗𝑖𝑖  is then defined by the 𝒓𝒓𝑗𝑗𝑖𝑖𝑘𝑘  
vectors as rows, which introduce additional space nodes of 
equivalent storage and discharge and effectively augment the 
system states. The hydraulic coupling of reservoirs is then 
described using a matrix that incorporates the connections 
between reservoirs and the additional states in the stream. The 
total number of nodes in a network of reservoirs is as follows: N = 
NP · Lj / Δx, where NP is the number of reservoirs and the 
discretization spatial step ∆x varies between the connecting stream 
reaches.  
 
The hydraulic coupling between reservoirs is implemented using 
equality constraints, which are required for operation:   
 
𝑨𝑨𝒙𝒙 = 𝒒𝒒𝑙𝑙𝑜𝑜𝑙𝑙𝑙𝑙𝑙𝑙         (23) 
 
where 𝒒𝒒𝑙𝑙𝑜𝑜𝑙𝑙𝑙𝑙𝑙𝑙 is a vector of the total local runoff to the reservoir 
system. A is a block matrix composed of 3 matrices, including two 
matrices that describe the flow in the network and a matrix 
describing the change in storage. These matrices are expressed as 
follows: 𝑨𝑨 = [𝑨𝑨𝐾𝐾 𝑨𝑨𝐾𝐾 𝑨𝑨𝐶𝐶], where AK is a block matrix with 
elements F jn describing the hydraulic flow connections between 
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reservoirs and AS is a diagonal block matrix describing the discrete 
derivative of reservoir storage. 
 

𝑨𝑨𝐶𝐶 =

⎣
⎢
⎢
⎢
⎡
1 −1 0 0 ⋯ 0
0 1 −1 0 ⋯ 0
0
⋮
0

0
⋮
0

1 −1 ⋯ 0
⋮ ⋱ ⋱ ⋮

0 … 1 −1⎦
⎥
⎥
⎥
⎤

�𝑁𝑁∙
𝑇𝑇ℎ
∆𝑡𝑡�,�𝑁𝑁∙

𝑇𝑇ℎ
∆𝑡𝑡+1�

   (24) 

 
The constraints set on the discharge operation (Eqn. (11-13)) are 
then functionally linear constraints that allow for the 
determination of permissible operation sets prior to optimization.  
 
Environmental constraints are imposed on operation to minimize 
the associated ecological impacts. Bednarek and Hart (2005) 
illustrated the questionable ecological results of a minimum 
discharge and implied that the potential benefits increased when 
alternative formulations or requirements were established, such as 
the use of an ecological hydrograph (Chen et al. 2015) or 
alternatively imposing a minimum hydrograph variance as a 
constraint (Bizzi et al. 2012). The ecological constraints set on the 
operation of reservoirs may constitute significant limitations on 
the production and the management of reservoir storage. In Paper 
III, an alternative form of the environmental goals associated with 
the environmental constraints is examined in detail. 

3.3.3 Objective of  operation 
Reservoirs are constructed for multiple objectives; however, rarely 
do operational optimization schemes consider the trade-offs made 
between objectives, instead specifying alternative objectives as 
hard constraints on the system description. In Paper III, the 
possible implementation of an environmental constraint set on 
power production as a second objective and the resulting impact 
on power production are examined.  
 
One of the common objectives of the management of reservoir 
operation is the control of hydropower production, as described 
by Eqn. (6), i.e., the maximization of power production or 
satisfying the demand, over the time horizon considered. 
Maximizing the total produced energy E (J) from a network of 
reservoirs is expressed as the sum over the period Th (s) of the 
discretized form of Eqn. (6): 
 
𝐸𝐸 = ∑ ∑ ∑ ∆𝑡𝑡 ∙ 𝑃𝑃𝑗𝑗𝑘𝑘

𝐸𝐸ℎ/∆𝑑𝑑
𝑘𝑘=0

𝑁𝑁𝐸𝐸
𝑘𝑘=1

𝑁𝑁𝑁𝑁
𝑗𝑗=1 ≈ ∑ 𝜌𝜌𝑔𝑔𝜂𝜂𝑗𝑗 ∑ ∆𝑡𝑡 ∙𝐸𝐸ℎ/∆𝑑𝑑

𝑘𝑘=0
𝑁𝑁𝑁𝑁
𝑗𝑗=1

�
𝐶𝐶𝑗𝑗
𝑘𝑘

𝜕𝜕𝑗𝑗,𝑟𝑟𝑠𝑠𝑠𝑠
+ ℎ𝑗𝑗,𝑓𝑓� 𝑞𝑞𝑝𝑝𝑝𝑝𝑜𝑜𝑑𝑑,𝑗𝑗

𝑘𝑘        (25) 

 
where NP is the total number of power stations within the 
network, NT is the total number of turbines (further assumed to 
be 1), ∆𝑡𝑡 is the discretization time step, 𝜂𝜂𝑗𝑗 is the time-averaged 
power station efficiency (assumed constant), and Aj,res is the 
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reservoir area (assumed constant). The pressure head loss at the 
power station hj,p is assumed to be negligible compared to the 
minimum hydraulic head hj,f and the variable hydraulic head hj,var.  
 
The water remaining in the reservoirs should be valued (Tilmant et 
al. 2008) and expressed as the total future potential for power 
production in the reservoirs. In Papers I and III, the value of 
future operation is added to the objective function by specifying 
the total energy potential production. The objective function is 
then specified as a combination of the total power production over 
the examined period and the future power production: 
 
𝒙𝒙� = argmax

𝒙𝒙
 𝐹𝐹(𝒙𝒙)       (26) 

 
where the objective function is 𝐹𝐹(𝒙𝒙) = 𝐸𝐸𝑑𝑑𝑜𝑜𝑑𝑑(𝒙𝒙). 𝒙𝒙 is the control 
vector, which can be expressed as: 
 
𝒙𝒙 = �𝒒𝒒𝑝𝑝𝑝𝑝𝑜𝑜𝑑𝑑,𝒒𝒒𝑠𝑠𝑝𝑝𝑖𝑖𝑙𝑙𝑙𝑙, 𝒔𝒔�        (27) 
 
𝐸𝐸𝑑𝑑𝑜𝑜𝑑𝑑(𝒙𝒙) (J) is the total future energy production at the power 
station. The valuation of future energy based on storage can be 
determined in different ways, e.g., 𝐸𝐸𝑑𝑑𝑜𝑜𝑑𝑑(𝒙𝒙) = 𝐸𝐸(𝒙𝒙) + 𝐸𝐸𝑝𝑝𝑜𝑜𝑑𝑑(𝒙𝒙), 

where 𝐸𝐸𝑝𝑝𝑜𝑜𝑑𝑑 = ∑ ∆𝑡𝑡 ∙ �𝑆𝑆𝑗𝑗
𝐸𝐸ℎ/∆𝑑𝑑/𝐴𝐴𝑗𝑗 + ℎ𝑗𝑗,𝑓𝑓�𝑞𝑞𝑝𝑝𝑝𝑝𝑜𝑜𝑑𝑑,𝑗𝑗,𝑚𝑚𝑙𝑙𝜕𝜕

𝑁𝑁𝑁𝑁
𝑗𝑗=1 , i.e., the 

storage discharge with the maximal production discharge. 
However, if considering a constant water level (linear 
optimization), the potential energy production in the reservoir is 
described by 𝐸𝐸𝑑𝑑𝑜𝑜𝑑𝑑 = 𝒇𝒇𝐸𝐸𝒙𝒙, where f is a vector given by 𝒇𝒇 =

�𝑤𝑤1 ∙ 𝒇𝒇𝑝𝑝𝑝𝑝𝑜𝑜𝑑𝑑 𝟎𝟎
𝑁𝑁∙

𝑇𝑇ℎ
∆𝑡𝑡

𝑤𝑤2 ∙ 𝟏𝟏𝑁𝑁∙𝑇𝑇ℎ∆𝑡𝑡+1�
𝐸𝐸
. The weighting coefficients, 

w1 and w2, are used to value the storage capacity at the power 
station and are determined by iteratively examining the maximized 
total production based on the ratios between w1 and w2, which 
converge for maximized energy production (Yoo 2009). 
 
The societal, ecological and environmental benefits are often 
considered difficult to compare because the latter may be difficult 
to quantify in some areas and rely on various indicators, allowing 
for arbitrary interpretation. Suen and Eheart (2006) estimated the 
relative benefits of various ecological objectives relative to 
production for the operation of a single reservoir. Paper III 
demonstrates the applicability of a second objective function for 
minimizing the ecological impact of anthropogenic activities on 
the estuary of a regulated watershed. The transport of 
phosphorous through the watershed was controlled using the 
network of reservoirs available. This approach limited the resulting 
impact of eutrophication in the Baltic Sea to improve the health of 
coastal areas and aquatic habitats. The dual-objective optimization 
problem of maximizing power production and minimizing the 
total phosphorous discharge of a network of reservoirs is 
formulated as follows: 



Nicholas Zmijewski TRITA-HYD 2017:01 
 

- 34 - 
 

 
𝒙𝒙� = argmin

𝒙𝒙
 𝐹𝐹(𝒙𝒙) = [−𝐸𝐸𝑑𝑑𝑜𝑜𝑑𝑑(𝒙𝒙) 𝑇𝑇𝑃𝑃(𝒙𝒙)]   (28) 

 
where TP (kg) is the total phosphorous discharge from the 
watershed as a result of the discharge schedule and is described by 
the phosphorous transport model in section 3.2.2. TP is then the 
integral of the examined environmental objective over time, which 
allows for additional flexibility compared to the requirement of 
limiting the discharge at every point in time.  
Reservoirs can have a significant impact on a watershed and 
control the ecological habitat and the transport of substances. The 
incorporation of the transport dynamics of phosphorous into the 
planning optimization model of a reservoir network allows for the 
consideration of the environmental objective of managing the 
phosphorous discharge in a river basin. The incorporation of 
environmental goals into the objective function converts the hard 
constraints (required) to soft (desired) constraints, allows for 
additional flexibility in operation and emphasizes the examination 
of the trade-off between the suggested management goals 
(Castelletti et al. 2010). 
 

3.4. Evaluation of time series  
The primary function of regulated reservoirs is to modify the 
variability in flow to suit the societal demand. Historical time series 
of discharge and power production can be used to quantify the 
relationship between the driving variables of the reservoir system 
and the processes involved.  
 
The potential power production of a power station, with a 
connected reservoir and stream, is first expressed in the time 
domain. The hydraulic description of the connected stream is 
related to a decrease in the production accuracy using a numerical 
scheme. In a separate investigation, the observed time series are 
further transformed to the Fourier domain, which allows for the 
separation of the frequency of variability and the development of a 
closed-form expression of the problem. 

3.4.1 Time domain 
The kinematic-diffusive wave equation, as described in section 
3.2.1, allows for the calculation of the discharge variations along 
stream reaches between hydropower stations and reservoirs using 
the Crank-Nicholson explicit finite difference discretization 
(Szymkiewicz 2010a). The deviations from the expected inflow to 
the reservoir as a result of disregarding the hydraulic effects result 
in deviations from the expected power production. The expected 
deviation from a demand curve as a function of poor accuracy in 
flow prediction can be determined explicitly using a finite 
difference scheme, and the deviation was examined in Paper I as a 
function of the upstream hydrograph (pulse) and the streamflow 
description (kinematic-diffusive wave equation). 
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3.4.2 Fourier domain 
In examining fluctuations in time series, transforming a signal into 
the Fourier domain allows one to study the behavior of its 
variance as function of the frequency (or period), as opposed to 
specific times. The signal is assumed to be composed of a sum of 
periodic functions or complex amplitudes (Fourier coefficients) of 
harmonic functions determined by applying the Fourier transform: 
 
𝑍𝑍(𝜔𝜔) = ∫ 𝑧𝑧(𝑡𝑡)𝑒𝑒−2𝜋𝜋𝑖𝑖𝜋𝜋𝑑𝑑𝑑𝑑𝑡𝑡∞

−∞ = ∫ 𝑧𝑧(𝑡𝑡)(cos(𝜔𝜔𝑡𝑡) +∞
−∞

𝑖𝑖 sin(𝜔𝜔𝑡𝑡))𝑑𝑑𝑡𝑡         (29) 
 
where Z denotes the Fourier transform of variable z(t), i is the 
complex number and 𝜔𝜔 is the frequency (rad s-1). The wavelength 
of the periodic function is λ = 2π/ω. Often it is the magnitudes of 
fluctuations in the time series that are of importance and are 
examined in terms of the power spectrum of the time series 𝑆𝑆𝑆𝑆 
(Stoica P. 1997), as defined by multiplying the Fourier transform 
by its complex conjugate Z*: 
 
𝑆𝑆𝑆𝑆(𝜔𝜔) = |𝑍𝑍(𝜔𝜔)|2 = 𝑍𝑍(𝜔𝜔) ∙ 𝑍𝑍∗(𝜔𝜔)      (30) 
 
The power spectrum of a time series describes the distribution of 
the variance over the frequency (Katul et al. 2007), reflecting the 
relative importance of the coefficients of the examined wavelength 
of the observed time signal, i.e., the relative importance of low- vs. 
high-frequency. Integrating over all frequencies of the power 
spectrum then gives the total variance in the time series (Stoica P. 
1997):   
 
𝜎𝜎2 = 2

𝐸𝐸2 ∫ 𝑆𝑆𝑥𝑥(𝜔𝜔)1/𝐸𝐸
0 𝑑𝑑𝜔𝜔       (31) 

 
where T (=1/ω) (s) is the period considered in the integration. The 
periodic nature of the Fourier transform can constitute both a 
blessing and curse because the examination of the frequency 
distribution may contribute to additional understanding of the 
watershed; however, the time invariant nature of the estimated 
amplitudes severely limits such studies. The periodic nature of the 
Fourier approximation limits its applicability as an assumption 
must be made of the completeness of the data in the time series, 
and such series are rarely complete in the case of hydrological 
observations. 
 
As described in section 2.4, the variance in a river hydrograph 
depends on the hydraulic processes in the watershed. Specifically, 
the power spectrum can be used to relate the distribution of these 
variances in the hydrograph time series to underlying watershed 
processes. A uniform distribution of variances results in a flat 
power spectrum over a period in a log-log diagram. This 
phenomenon is often referred to as a white noise signal. However, 
the variance in discharge over a period often exhibits a linear trend 
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in a log-log diagram, indicating power law scaling or a fractal 
distribution S(T) ~ Tα, where α is a constant (or slope of the power 
spectrum). Power law relationships and fractal distributions have 
previously been observed in varying fields of studying natural 
phenomena (Sornette 2004), such as the fractal structure of a river 
network (Ignacio Rodriguez-Iturbe 1997; Snell and Sivapalan 
1994), which affects the runoff time series (Kirchner et al. 2000). 
Kirchner et al. (2000) observed power law distributions in the 
solute concentrations of a watershed effluent, and Dolgonosov et 
al. (2008) observed the same results in streamflow generation. 
These studies have all indicated that watershed processes can be 
distinguished in the outflow time series, allowing for some degree 
of separation of the individual contributions (Riml and Worman 
2015). The slope of the power spectrum α then indicates the 
inherent structure of the time series, and a more structured pattern 
is indicated by an increased slope. The relationship between the 
variance in water flow and variance in regulation was examined in 
Paper II using a power spectral method to illustrate the statistical 
relationship between the streamflow dynamics, runoff and 
management and the general impacts of individual processes on 
the resulting change in the distribution of the discharge variance 
over period. The relationship between the runoff, regulated 
discharge and reservoir storage is determined by the water balance 
of the reservoir (Eqn. (2)). The variance in regulated discharge can 
then be expressed as a function of the variance in storage over 
frequency based on its power spectrum. The Fourier transform of 
the water balance of a single reservoir can be used to determine its 
power spectrum and examine the variance over the frequency, i.e., 
transforming Eqn. (2) using Eqn. (30) as follows: 
 
𝜔𝜔2𝑆𝑆𝐶𝐶𝑗𝑗 = 𝑆𝑆𝜕𝜕𝑖𝑖𝑖𝑖,𝑗𝑗 + 𝑆𝑆𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗 + 𝑆𝑆𝜕𝜕𝑠𝑠𝑝𝑝𝑖𝑖𝑙𝑙𝑙𝑙,𝑗𝑗 + 𝑆𝑆𝜕𝜕𝑝𝑝𝑟𝑟𝑙𝑙𝑠𝑠,𝑗𝑗 + 2𝑆𝑆�𝜕𝜕𝑖𝑖𝑖𝑖,𝑗𝑗,𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗� −
2𝑆𝑆�𝜕𝜕𝑖𝑖𝑖𝑖,𝑗𝑗,𝜕𝜕𝑝𝑝𝑟𝑟𝑙𝑙𝑠𝑠,𝑗𝑗� − 2𝑆𝑆�𝜕𝜕𝑠𝑠𝑝𝑝𝑖𝑖𝑙𝑙𝑙𝑙,𝑗𝑗,𝜕𝜕𝑖𝑖𝑖𝑖,𝑗𝑗� − 2𝑆𝑆�𝜕𝜕𝑝𝑝𝑟𝑟𝑙𝑙𝑠𝑠,𝑗𝑗,𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗� −
2𝑆𝑆�𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗,𝜕𝜕𝑠𝑠𝑝𝑝𝑖𝑖𝑙𝑙𝑙𝑙,𝑗𝑗� + 2𝑆𝑆�𝜕𝜕𝑝𝑝𝑟𝑟𝑙𝑙𝑠𝑠,𝑗𝑗,𝜕𝜕𝑠𝑠𝑝𝑝𝑖𝑖𝑙𝑙𝑙𝑙,𝑗𝑗�     (32) 
 
where 𝑆𝑆𝐶𝐶𝑗𝑗 (m

6) is the power spectrum of the variation of storage in 
reservoir j, 𝑆𝑆𝜕𝜕𝑖𝑖𝑖𝑖,𝑗𝑗 (m

6) is the power spectrum of the inflow to the 
reservoir attributed to an upstream discharge and affected by 
streamflow hydraulics, 𝑆𝑆𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗(m

6) is the power spectrum of local 
runoff, 𝑆𝑆𝜕𝜕𝑝𝑝𝑟𝑟𝑙𝑙𝑠𝑠,𝑗𝑗 (m6) is the power spectrum of turbine discharge, 
and 𝑆𝑆𝜕𝜕𝑠𝑠𝑝𝑝𝑖𝑖𝑙𝑙𝑙𝑙,𝑗𝑗 (m6) is the power spectrum of spillway discharge. 
𝑆𝑆�𝜕𝜕𝑥𝑥,𝑗𝑗,𝜕𝜕𝑦𝑦,𝑗𝑗� describes the cross-spectrum relationship between the 
time series of variables x and y (m6), as determined by 𝑆𝑆�𝜕𝜕𝑥𝑥,𝑗𝑗,𝜕𝜕𝑦𝑦,𝑗𝑗� =

�𝑍𝑍𝜕𝜕𝑥𝑥,𝑗𝑗
(𝜔𝜔) ∙ 𝑍𝑍𝜕𝜕𝑦𝑦,𝑗𝑗

∗ (𝜔𝜔)�. If all flows in the water balance are assumed 
independent, 𝜔𝜔2𝑆𝑆𝐶𝐶𝑗𝑗 = 𝑆𝑆𝜕𝜕𝑖𝑖𝑖𝑖,𝑗𝑗 + 𝑆𝑆𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗 + 𝑆𝑆𝜕𝜕𝑠𝑠𝑝𝑝𝑖𝑖𝑙𝑙𝑙𝑙,𝑗𝑗 + 𝑆𝑆𝜕𝜕𝑝𝑝𝑟𝑟𝑙𝑙𝑠𝑠,𝑗𝑗.  
 
Similar to the transformation of the water balance, potential 
production (Eqn. (6)) can be expressed as its power spectrum 
using Eqn. (30): 
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𝑆𝑆𝑁𝑁𝑗𝑗 =
𝐾𝐾𝑗𝑗2

𝜕𝜕𝑗𝑗2
𝑆𝑆𝐶𝐶𝑗𝑗 ∗ 𝑆𝑆𝜕𝜕𝑝𝑝𝑟𝑟𝑙𝑙𝑠𝑠,𝑗𝑗 + 2 𝐾𝐾𝑗𝑗2

𝜕𝜕𝑗𝑗
ℎ𝑓𝑓�𝑆𝑆𝐶𝐶𝑗𝑗 ∗ 𝑆𝑆𝜕𝜕𝑝𝑝𝑟𝑟𝑙𝑙𝑠𝑠,𝑗𝑗 + 𝐾𝐾𝑗𝑗2ℎ𝑓𝑓

2𝑆𝑆𝜕𝜕𝑝𝑝𝑟𝑟𝑙𝑙𝑠𝑠,𝑗𝑗 (33) 

 
where 𝐾𝐾𝑗𝑗 = 𝜌𝜌𝑔𝑔𝜂𝜂𝑗𝑗 (m-2 s-2 kg) is a reservoir-specific constant and 
𝑆𝑆𝑁𝑁𝑗𝑗 is the power spectrum of the potential production of the 
reservoir (W2 s2).  
 
Considering the objective of discharge management for the 
purpose of power production is to satisfy a demand for power 
production, by effectively adapting the power spectrum of 
discharge to fit a demanded power spectrum of production, the 
power spectrum of reservoir production discharge can then be 
determined by combining the power spectra of Eqns. (2) and (6). 
 

𝑆𝑆𝜕𝜕𝑝𝑝𝑟𝑟𝑙𝑙𝑠𝑠,𝑗𝑗 =

1
4

⎣
⎢
⎢
⎡
�𝑆𝑆𝜕𝜕𝑖𝑖𝑖𝑖,𝑗𝑗

1/2 + 𝑆𝑆𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗
1/2 �

2
+ 𝑤𝑤2ℎ𝑓𝑓

2 −

���𝑆𝑆𝜕𝜕𝑖𝑖𝑖𝑖,𝑗𝑗

1
2 + 𝑆𝑆𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗

1
2 �

2

− 𝜔𝜔2𝐴𝐴2ℎ𝑓𝑓
2�

2

+ 4𝜔𝜔2 �ℎ𝑓𝑓 �𝑆𝑆𝜕𝜕𝑖𝑖𝑖𝑖,𝑗𝑗
1/2 + 𝑆𝑆𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗

1/2 � − 2 𝜕𝜕
𝐾𝐾𝑗𝑗
𝑆𝑆𝑁𝑁𝑗𝑗

1/2�
2

⎦
⎥
⎥
⎤
   

          (34) 
 
Eqn. (34) then expresses the power spectrum of the production 
discharge as a function of the power production and the relevant 
inflows as well as reservoir and power station characteristics. 
 
Utilizing linearity and the convolution approach, the separation of 
the spectra of inflow to a basin from the impact of the watershed 
processes can be performed using a scaling function R. The scaling 
factor R in Eqn. (16) can then be expressed using the linear 
kinematic-diffusive wave equation, i.e., the Hayami equation, and 
transformed into its power spectrum using Eqn. (30) resulting in: 
 

𝑆𝑆𝑅𝑅,𝑗𝑗(𝜔𝜔) = exp

⎣
⎢
⎢
⎢
⎡
𝑜𝑜𝑗𝑗𝐿𝐿𝑗𝑗
𝐷𝐷𝑗𝑗

⎝

⎜
⎛

1 − √2
2
�1 + �1 + 16 ��𝜋𝜋/𝐷𝐷𝑗𝑗

𝑜𝑜𝑗𝑗/𝐷𝐷𝑗𝑗
�
4

⎠

⎟
⎞

⎦
⎥
⎥
⎥
⎤
 (35) 

 
The power spectrum of the inflow to a basin can then be 
expressed by applying Eqn. (30) to Eqn. (16), resulting in the 
analogous expression 𝑆𝑆𝜕𝜕𝑖𝑖𝑖𝑖,𝑗𝑗 = 𝑆𝑆𝑅𝑅,𝑗𝑗𝑆𝑆𝜕𝜕𝑖𝑖,𝑗𝑗 for the individual reach. 
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The power spectrum of river discharge is typically considered 
noisy (Guan et al. 2011; Kirchner 2005), often requiring the use of 
filtering techniques prior to analysis (Kirchner 2005). De-trending 
the data, as well as the application of a Hamming window, can 
limit noise in the power spectrum (Worman et al. 2012), while 
spectral estimation is performed here using Welch’s averaged 
periodogram method. The fractal exponent (slope) or the power 
law coefficient can then be determined for the examined power 
spectrum of the time series. 

3.4.3 Calibration of parameters 
The least square (LS) methodology is used to determine the most 
appropriate parameter set for transport models such as the 
kinematic-diffusion equation and phosphorous transport model. 
The calibrated parameters of a river stretch in a controlled network 
are determined by minimizing the output error: 
 
𝜀𝜀 ≥ ∑ �𝑞𝑞𝑗𝑗,𝑚𝑚

𝑘𝑘 − 𝑞𝑞𝑗𝑗,𝑠𝑠
𝑘𝑘 �

2𝑁𝑁
𝑘𝑘=0   𝜀𝜀 ≥ ∑ (𝑚𝑚𝑚𝑚

𝑘𝑘 −𝑚𝑚𝑠𝑠
𝑘𝑘)2𝑁𝑁

𝑘𝑘=0   (36) 
 
where 𝑞𝑞𝑗𝑗,𝑚𝑚

𝑘𝑘  and 𝑞𝑞𝑗𝑗,𝑠𝑠
𝑘𝑘  are measured and simulated discharges, 

respectively, at time step k; 𝑚𝑚𝑚𝑚
𝑘𝑘  and 𝑚𝑚𝑠𝑠

𝑘𝑘 are the measured and 
simulated mass discharges, respectively, at time step k; and 𝜀𝜀 is the 
resulting calibration error of the respective model. The model 
parameters of the respective models are validated using a separate 
(but similar) period of the measured time series. The parameters of 
the streamflow model (i.e., the kinematic-diffusive wave equation) 
are calibrated for individual streams using the calculated inflow to 
the downstream reservoir (determined by the water balance of the 
reservoir using measured discharges and reservoir water level 
variations based on the individual reservoir conditions). Measured 
mass discharge values at the outlet of the watershed (monthly 
phosphorous concentrations at the most downstream reservoir of 
Älvkarleby in the Dalälven River network; section 3.1.1) are used 
to calibrate the parameters of the phosphorous transport model. 
The model calibration of the mass transport model was performed 
considering spatially and temporally invariant mass flow 
parameters, i.e., the settling velocity parameters (𝜇𝜇v and βv), the re-
suspension parameters 𝜇𝜇γ and βγ, the particulate-dissolved partition 
coefficients kd and kb and the initial sediment storage.  
 
An additional method of examining the hydraulic effect on the 
time series of discharge is to consider the temporal moments. The 
zeroth and first temporal moment of the hydrograph are the total 
flow time and the expected time lag of the hydrograph, 
respectively. The second central temporal moment of streamflow 
discharge expresses the variance of the examined pulse. By fitting a 
single harmonic function to the measured discharge time series, 
one typical period of variability was identified in the river 
hydrograph. From this typical variability, it is possible to quantify 
the relative effect of wave diffusion in the downstream reach on 
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the flow prediction accuracy. The variance at downstream location 
L (i.e., at the following reservoir) can be expressed as follows: 
 
𝜎𝜎𝑡𝑡,𝐷𝐷𝑆𝑆
2 𝑜𝑜2

𝐿𝐿2
= 𝜎𝜎𝑡𝑡,𝐷𝐷𝑆𝑆

2 𝑜𝑜2

𝐿𝐿2
+ 2 𝐷𝐷

𝑜𝑜𝐿𝐿
→ 𝐶𝐶𝑉𝑉𝐷𝐷𝐶𝐶 = 𝐶𝐶𝑉𝑉𝑈𝑈𝑁𝑁 + 2

𝑁𝑁𝑒𝑒
    (37) 

 
where CVDS and CVUP are the coefficients of variation of the 
downstream (DS) and upstream (UP) discharge pulses, 
respectively. In the second term on the right-hand side of Eqn. 
(37), the Peclet number is identified, suggesting that the difference 
between the variance of the pulse upstream and the pulse 
downstream is dependent on the hydraulic description of the 
individual stream. The difference between the coefficients of 
variation of the upstream and downstream pulses is related to the 
expected error (𝜀𝜀2 = 𝐶𝐶𝑉𝑉𝐷𝐷𝐶𝐶 − 𝐶𝐶𝑉𝑉𝑈𝑈𝑁𝑁) as a function of the Peclet 
number (Pe) if wave diffusion is disregarded. The variance in a 
pulse is determined by utilizing the correlation between the 
coefficient of variation of the flow times and an assumption of a 
typical regulation period Tp = 2π / ω. In this case, a single 
harmonic function is used to measure the discharge values using 
an LS method. The coefficient of variation of the hydrograph is 
then approximated as CVH,t = Tp / τlag, where τlag is the lag time of 
the downstream reach. 

3.4.4 Mathematical description of  the hydropower variability capacity 
The capacity of a reservoir to dampen variations in the water 
inflow depends on the power stations characteristics, the storage 
capacity of the reservoir and the spillway capacity. A novel 
framework was developed in Paper II for statistical (spectral) 
analysis of the regulatory capacity, and it was further applied in 
Papers IV-V.  
 
Operational constraints, such as environmental, societal or safety 
concerns, are formulated in a variety of ways. Such constraints 
include the maximum and minimum reservoir levels, discharge and 
change in discharge, as described in section 2.2.1. The maximum 
variation in the storage of a reservoir is then expressed as ∆j,max = 
Vj,max – Vj,min, i.e., the difference between maximal and minimal 
storage (Eqn. (7)). The regulation capacity of a reservoir is also 
dependent on the available water, i.e., the expected runoff, as 
shown in Eqn. (2). The regulation capacity can be assessed 
statistically, allowing for the incorporation of the expected 
variability in runoff into the determination of the expected need 
for reservoir volume regulation and required discharge capacity as 
part of the reservoir design.  
 
The variance in storage with frequency (or period) is described by 
its power spectrum (Eqn. (32)). Thus, using Eqn. (31), the total 
variance in the storage of a reservoir is determined by integrating 
over the power spectrum of storage and defining the regulation 
volume as follows: 
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∆𝑗𝑗,𝑚𝑚𝑙𝑙𝜕𝜕
2  = 𝑎𝑎2𝜎𝜎𝐶𝐶𝑗𝑗

2 = 𝑎𝑎2 2
𝐸𝐸2 ∫ 𝑆𝑆𝐶𝐶(𝜔𝜔)1/𝐸𝐸2

0 𝑑𝑑𝜔𝜔    (38) 
 
where T2 is the upper period limit considered in the regulation and 
a is a coefficient that depends on the distribution of the storage V 
over time. For an arbitrary distribution, a will depend on the 
percentiles of the standardized deviation (V - µV)/σV. Furthermore, 
a = zp for a normal distribution, where the probability distribution 
function is described by 𝑃𝑃 �(𝑉𝑉 − 𝜇𝜇𝐶𝐶)/𝜎𝜎𝐶𝐶 < 𝑧𝑧𝑝𝑝� = 1

2
𝑒𝑒𝑟𝑟𝑓𝑓�𝑧𝑧𝑝𝑝/

√2�, i.e., a expresses the probability of exceedance. Since the 
power spectrum of storage variations increases with period, Eqn. 
(38) demonstrates that a limit for storage variations exists and is 
related to the power spectrum of discharge and a maximum period 
of regulation that can be statistically satisfied by the regulation of 
the reservoir.  
 
Substituting Eqn. (38) into Eqn. (32) and rearranging, the limits of 
the power spectrum of the production from a specific power 
station can be defined as follows. 
 

𝑆𝑆𝑁𝑁𝑗𝑗 ≤ 𝑆𝑆𝑁𝑁𝑗𝑗
𝑚𝑚𝑙𝑙𝜕𝜕 = 𝐾𝐾𝑗𝑗2

𝜕𝜕2
�� 1

2𝑙𝑙
𝑤𝑤∆𝑗𝑗,𝑚𝑚𝑙𝑙𝜕𝜕 + 𝐴𝐴ℎ𝑓𝑓�

2

�� 1
2𝑙𝑙
𝑤𝑤2∆𝑗𝑗,𝑚𝑚𝑙𝑙𝜕𝜕 −

�𝑆𝑆𝜕𝜕𝑖𝑖𝑖𝑖,𝑗𝑗�
2

           (39) 

 
The constraints imposed on the reservoir discharge also create an 
upper period limit associated with the power spectrum of 
discharge, which limits the variability in the discharge, i.e., 
dqj/dt>qmax, which is equivalent to Eqn. (39) for storage. Eqn. (39) 
was utilized in Paper V to illustrate the effect of the 
geomorphological description of the watershed on the power 
production capacity. This approach relates streamflow processes to 
regulation constraints and, by extension, the regulation capacity of 
the reservoir.  
 
The assessment of the regulation capacity in larger areas, available 
for the expansion of intermittent power production, such as wind 
power, may require the aggregation of several reservoirs for further 
examination. The ability to regulate the inflowing runoff was 
assessed by assigning a regulatory capacity to the runoff from 
specific sub-watersheds i, i.e., allocating fixed “shares” in the 
downstream reservoir volumes associated with the runoff flowing 
downstream. The regulation capacity of each reservoir can then be 
determined by examining the average flow and the flow paths to 
the reservoir using the DRV approach:  
 

𝑉𝑉𝐷𝐷𝑅𝑅𝐶𝐶,𝑖𝑖 = ∑ � 𝜕𝜕𝑗𝑗,𝑖𝑖

∑ 𝜕𝜕𝑗𝑗,𝑊𝑊
𝐾𝐾
𝑊𝑊=1

� ∆𝑗𝑗,𝑚𝑚𝑙𝑙𝜕𝜕
𝑀𝑀
𝑅𝑅=1        (40) 
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where K is the number of flow paths to reservoir j, M is the 
number of reservoirs downstream of sub-watershed i, and W is a 
sub-watershed downstream of i. This form of regulation capacity 
dedication assumes the independent operation of the individual 
sub-watersheds.  
 
Analogous to the coefficient of variation CV, a standard storage 
variation RStd(V),i can be defined using Eqns. (32) and (38) assuming 
a negligible influence associated with the covariance of flows: 
 
∆𝑖𝑖,𝑚𝑚𝑙𝑙𝑥𝑥
𝜇𝜇𝑉𝑉,𝑖𝑖

= 𝑧𝑧𝑝𝑝𝑅𝑅𝐶𝐶𝑑𝑑𝑑𝑑(𝐶𝐶),𝑖𝑖 = 1
2𝐶𝐶𝐷𝐷𝐷𝐷𝑉𝑉,𝑖𝑖

∫ �𝑆𝑆𝜕𝜕𝑖𝑖𝑖𝑖,𝑗𝑗
(𝑇𝑇) + 𝑆𝑆𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗(𝑇𝑇) +𝐸𝐸2

𝐸𝐸=𝐸𝐸1

𝑆𝑆𝜕𝜕𝑙𝑙𝑜𝑜𝑡𝑡,𝑗𝑗
(𝑇𝑇)�𝑑𝑑𝑇𝑇        (41) 

 
where ∆𝑖𝑖,𝑚𝑚𝑙𝑙𝜕𝜕 is the bounded storage associated with sub-
watershed i and analogous to the term in Eqn. (38) and 𝜇𝜇𝐶𝐶,𝑖𝑖 is the 
expected storage associated with sub-watershed i, i.e., VDRV,i. 
RStd(V),i can then be determined over period, reaching the upper 
period T2. This upper period illustrates the presence of an upper 
limit to the regulation ability of the reservoir volume, where the 
ratio RStd(V),i ≤ 1. RStd(V),i then describes the variation of capacity of 
individual sub-watershed i and allows for the calculation of the 
total regulation capacity of an arbitrary area as it relates to the 
runoff and reservoir discharge (Eqn. (41)). For longer periods than 
those considered, it is assumed that other possibilities exist for the 
regulation of electricity production. 
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CHAPTER 4 

4. RESULTS AND DISCUSSION 
This thesis focuses on how the management of hydropower 
production depends on hydrological conditions, climatic systems 
and environmental constraints, and it attempts to improve the 
understanding of the role of the watershed description in water 
management. This chapter presents the most significant results 
from the studies on which the thesis is based, as collected from 
appended Papers I-V. Specifically, the results indicate that the 
influence of stream hydraulics on the hydrograph may have a 
significant impact on the scheduling of the reservoir system. Fig. 5 
shows that for the Dalälven River at Fäggeby, the power spectrum 
of river discharge has changed as a result of river regulations 
established in approximately 1921. The variance of the hydrograph 
at Fäggeby is significantly impacted by the flow in the watershed 
and the reservoir discharge regulation. The variance in river 
discharge can increase in regulated watersheds over periods shorter 
than a month and decrease over periods longer than approximately 
a month (Wörman et al. 2010), as shown in Fig. 5. The relative 
impact of the hydraulic description on hydropower regulation was 
described on a statistical form in Paper II, illustrating how 
regulation has a tendency to increase the variance at higher 
frequencies, while the hydraulics in stream channels will mitigate 
this effect. In Paper IV, it is further shown how watershed 
hydraulics can significantly increase the water regulation capacity 
of the stream-reservoir system, indicating that the variability in the 
power production capacity, and, therefore, production planning 
models, depends on the watershed description. The relationship 
between the watershed description, climatic inputs and power 
production demand is highlighted, indicating the need for a holistic 
view in water resources planning in both short and long terms.  
The subsequent section presents the results of the calibration of 
the water and phosphorous transport models. The results 
concerning the optimization of reservoirs over various spatial 
scales (single reservoir, network of reservoirs and regional 
regulation of uncoupled reservoirs) are then presented. These 
results emphasize the important effect of the streamflow 
description on the objective function, resulting discharge schedule 
and regulation capacity. Each section includes a brief discussion. 
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Fig. 5. Power spectrum of river discharge in the downstream Dalälven River 

catchment (Fäggeby) compared to the power spectrum of the precipitation over 
Sweden (blue). The power spectrum of discharge is produced by separating the 

time series of discharge at Fäggeby into the separate series: before active regulation 
(before 1921) and after active regulation commenced (after 1921). 

 

4.1. Transport model calibration 
In Paper I, the measured discharge and reservoir water level 
variations were used to calibrate the streamflow model parameters 
for the individual streams and show that wave diffusion can 
significantly affect the resulting hydrograph in certain stretches of 
the Dalälven River, especially in reaches characterized by low 
Peclet numbers (<10). Figure 6a demonstrates the prediction of 
the hydrograph resulting from the kinematic-diffusive (KD) wave 
equation, as well as the prediction considering a simple time shift 
(CTL) of the upstream hydrograph and disregarding wave 
diffusion. The average Nash-Sutcliff efficiency 

(1 − ∑ (𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−𝜕𝜕𝑙𝑙𝑜𝑜𝑠𝑠)2

(𝜕𝜕�𝑙𝑙𝑜𝑜𝑠𝑠−𝜕𝜕𝑙𝑙𝑜𝑜𝑠𝑠)2
𝐸𝐸
0 ) of the models were 0.23 (CTL) and 0.26 

(KD) based on validation data.  
 
Using the second central moment of a hydrograph pulse, as given 
in Eqn. (37), the difference between the variance of the 
hydrograph is related to the Peclet number of a stream and the 
upstream hydrograph variance, illustrating the relative importance 
of these two factors. Figure 6b demonstrates the decrease in the 
relative error parameter ε2 as the Peclet number increases and 
shows a clear dependence between the hydrograph variance CVH,t 
and the stream description expressed in the form of Pe. The 
impact is more significant on stations with short upstream 
regulation periods Tr (Fig. 6b). The hydrograph error decreases 
with the Peclet number of the stream as water flows from an 
upper reservoir to a downstream reservoir, causing changes in the 
flow responses of flow stretches, as well as production planning 
(Paper I).  
 
The parameters of the phosphorous transport model (section 
3.3.2) are calibrated using the monthly measured values. The 
resulting deposition parameters 𝜇𝜇v and βv are 14.7 and 0.4, 
respectively; the re-suspension parameters 𝜇𝜇γ and βγ are 12 and 0.1, 
respectively; the zone partitioning constants kd and kb are 16.4 and 
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37.2, respectively; and the initial sediment storage was 4.6 times 
the mass initially suspended in the mobile zone in the examined 
period (Fig. 7).  

 

 
Fig. 6. a) Prediction of inflow at the Avesta power station, where wave diffusion is 

prevalent (calibrated Peclet number = 3.7) in May 2010; b) Error measure (ε2) 
plotted against the Peclet number showing the calibrated parameters in streams 
connected to power stations in the Dalälven network (rings). The lines show the 

theoretical ε2 values as functions of the Peclet number (Eqn. (37)); c) Relative 
difference in optimized energy production between the kinematic-diffusion (KD) 
hydraulic description and a constant time lag (CTL) optimized from January to 
June 2009; d) Deviation from a constant production demand (ΔP j,Demand) from a 

reservoir (considering a constant area of 400 m2 and a hydraulic head (hf) of 1 m) as 
the result of disregarding wave diffusion when planning for an expected inflow 

hydrograph and streamflow characteristics (Pe) 
 

 

 



Nicholas Zmijewski TRITA-HYD 2017:01 
 

- 46 - 
 

 
Fig. 7. Results from the calibration (left) and validation (right) of the phosphorous 

transport model (yellow), as it responds to the estimated inflow (blue), compared to 
the phosphorous discharge by the HYPE model (green). The estimated 

phosphorous inflow (blue line) and discharge (green line) values determined using 
the extensive compartmental model HYPE are included for comparison. The 

phosphorous mass discharge (kg) was measured downstream (Älvkarleby) in the 
Dalälven River basin (red dots) from 2007-2012. 

 

4.2. Impact of the improved time lag description on reservoir 
operation 

4.2.1. Reservoir and watershed impacts on discharge 
The importance of wave diffusion in individual stream reaches on 
the shape of the hydrograph and resulting power production in 
one downstream power station was examined for several 
formulations of objective functions (Eqn. (10)), such as the power 
production demand, the maximization of total power production, 
and the consideration of the additional objective of minimizing the 
phosphorous discharge.  
 
An error in the description of the deformation of the hydrograph 
(Eqn. (23)) can cause a deviation in the predicted power 
production, i.e., a difference between expected (predicted) power 
production and resulting (actual) production based on considering 
the actual hydraulics of the streamflow. The deviation from 
expected inflow to the reservoir at a power station leads to a 
deviation in energy production that increases with decreasing 
Peclet number in the upstream stretch (Fig. 6c-d). The deviation is 
demonstrated for an expected (demanded) power production Pdemand 
(section 3.4.1.) in Fig. 6d, as well as for the case of a maximized 
power production (section 3.3.3.) in Fig. 6c. The deviation from 
expected power production is caused by the deviation of the actual 
from the expected (predicted) head at the power station when 
planning considers only a constant time lag associated with flow.  
The loss in model precision can be partially offset by shortening 
the time between regulation control updates. The maximum power 
production over the short term (1 week) determined by applying 
the MPC methodology (Eqn. (14)), i.e., incorporating assimilation 
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and the subsequent correction of the deviation from the optimal 
schedule, resulted in a relative deviation compared to the cases 
with and without consideration of wave diffusion in the flow 
reach. The deviation decreased with the Peclet number of the 
stream, as shown in Fig. 6c. The relative importance of an accurate 
flow description is naturally more significant for reservoirs with 
higher variances in hydraulic head.  
 
The effect of the description of the hydraulics of water flow in the 
watershed on the variability in flow and production was expressed 
in terms of spectral quantities, which allows for the examination of 
the statistical implication of a release schedule based on variability 
in discharge (Eqn. (34)) relative to the implication of the 
streamflow description (Paper II). The kinematic-diffusive wave 
equation in its power spectrum form is formulated as a scaling 
function SR = Sqin,j/Sqout,j-1 that considers the effect of the stream on 
the discharge, as shown in Fig. 8. The variance in the discharge is 
damped by the stream, illustrated by the fact that the ratio 
Sqin,j/Sqout,j-1 is less than or equal to unity.  
 

 
Fig. 8. Example of flow behavior affected by streamflow diffusion (Skattungsby during 
2007-2011) represented as a power spectrum of the scaling function (SR) plotted against 
period (T) [h]  for the case of constant parameters in the stream (i.e., uniform flow), as 

well as period-specific parameters (𝑺𝑺𝑹𝑹𝒋𝒋 = 𝑺𝑺𝒒𝒒𝒊𝒊𝒊𝒊,𝒋𝒋/𝑺𝑺𝒒𝒒𝒐𝒐𝒖𝒖𝒐𝒐,𝒋𝒋−𝟏𝟏) 
 

In this analysis, the variability in water flow and production is 
expressed by their power spectra over frequency, illustrating their 
statistical relationship over an occurrence period. Notably, the 
slope of the power spectrum of discharge, α𝜕𝜕, changes with the 
watershed scaling function and regulation strategy of the reservoir. 
Because the slope of a power spectrum often follows a power law 
distribution, the relative implication of wave diffusion and demand 
was quantified by a change in the power law representation of the 
slope.  
The difference between the kinematic-diffusive wave and the 
constant time lag models decreased with the fluctuation periods of 
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upstream hydrographs and wave diffusion in flow stretches. The 
power spectrum of the discharge from reservoirs in the Dalälven 
network demonstrates a moderate dependence on the hydraulic 
description of the stream, as shown in Fig. 9. The measured runoff 
time series exhibited power spectrum slopes of 2 to 3.2, whereas 
the slope of power production increased with the reservoir 
regulation capability in the range of 1.1 to 2.5, where a low slope 
reflects run-of-river regulation.  
 
The effects of regulation and wave diffusion on the ratio between 
the power spectrum of reservoir discharge with a connecting 
stream Sq,j/Sq,j-1 are most prevalent over short periods, as shown in 
Fig. 10, where the ratio between the power spectrum of discharge 
Sq,j/Sq,j-1 deviates increasingly from unity with the Peclet number. 
Fig. 10 shows that the effects of the two examined processes are 
of similar orders of magnitude under the assumptions that the 
variables follow the power law distribution and local runoff is 
negligible for the considered power station (Åsdammen). For the 
examined reservoir, the regulation mainly affects periods <~48 h. 
Regulation for hydropower production decreases the Sqj/Sqj-1 ratio 
(Fig. 10), illustrating that hydropower regulation causes the 
variance in the discharge time series to increase, while the stream 
has a dampening effect on the variance in discharge, especially 
over the short term. Wave diffusion becomes increasingly 
significant for cases when the slope of the upstream discharge 
decreases below 3 because the effect of wave diffusion is most 
significant over short periods. As illustrated in Figs. 6a-b and 9, 
considering the hydraulic impact becomes most important in 
stretches characterized by low Peclet numbers, especially those 
used for power production, as demonstrated in Fig. 6c-d. 
Production in these stretches further depends on the reservoir 
characteristics and upstream hydrograph, and the importance of 
accurate power production planning may increase. 
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Fig. 9. Ratio between the slopes of the discharge power spectra from examined 

reservoirs, illustrating the impact of the hydraulic description as described by the 
Peclet number on the slope of the power spectrum of discharge in a log-log 

diagram. The measured data series for reservoirs from 2007-2011 are indicated 
(points). The lines indicate the results determined by the power spectral model 

g iven in Eqn. (34). 
 

 

 
Fig. 10. Ratio between the power spectrum of reservoir discharge and the power 

spectrum of upstream discharge over period T, as described by the power law (α) 
description of the driving variables (as defined in section 3.4.2). The variables that 
affect the reservoir discharge (Eqn. (34)) follow a power law distribution. Here, the 

Åsdammen reservoir (Dalälven River) is used as an example. The slopes of the 
power spectra of upstream discharge and production were 2.2 and 1.98, respectively 
(over the period 2007-2011), while the hydraulic parameters of the upstream stretch 
were calibrated to correspond to a Peclet number of 2.8, resulting in an MSE of 4.7 

for the period of May 2010. 
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4.2.2. Effect of regulation on a watershed 
The relationship between reservoir operation and water quality was 
examined by considering dual objectives in hydropower 
production and the environmental objective of mitigating 
phosphorus transported to the downstream estuary. The 
competing nature of the objectives in the operation of reservoirs 
results in a trade-off between these two objectives. Using the GA 
optimization methodology incorporating the phosphorous 
transport model (section 3.3.3), it was possible to examine the 
trade-off between the objectives in the operation of the reservoirs 
in the Dalälven River network. Due to the limited accessibility to 
measured phosphorous data, the analysis was conducted at a 
monthly resolution, which is more than the maximum time lag 
between reservoirs in the system. Such a resolution allows for the 
simplification of considering an instantaneous time lag between 
the reservoirs in the Dalälven network. Fig. 11 illustrates typical 
operation quantities for the reservoir (NP = 1) at Trängslet in the 
Dalälven River catchment considering both objectives over a 
single year (1999). In the examined year, the maximum possible 
production is 0.55 TWh, and this results in a discharge of 23 tons 
of phosphorous. The objective of minimizing the phosphorous 
discharge led to a considerable decrease in total production over 
the year, as shown by the trade-off curve in Fig. 11a. Fig. 11b-d 
shows the effects of a typical operation schedule of a single 
reservoir on the flow variables for the corresponding pair of 
objective values, as represented in the Pareto front (Fig. 11a) using 
a red circle. Note that for both objectives, it is often beneficial to 
increase storage, leading to an increased hydraulic head and a 
decreased concentration of phosphorous in the mobile zone. 
However, the risk of spillage increases when the storage of the 
reservoir approaches the maximum level described by the hard 
constraints. The total effluent discharge of phosphorous decreases 
as a result of regulation over the period examined. The trade-off 
between the objectives has a concave appearance, indicating that 
the minimization of phosphorous has an initially low cost that 
successively increases. Additionally, as indicated in previous 
research, the impact on the variance is also altered, validating the 
ability to significantly regulate the phosphorous discharge over 
time.  
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Fig. 11. Operation of a large reservoir (Trängslet in the Dalälven River network) 
with a connected power station for one year (1999) considering current operation 

constraints. Predictions of local runoff (qlocal) and nutrient inflow (ci) are determined 
using the compartmental model HYPE. a) Trade-off curve between the objectives 
of minimizing the phosphorous discharge and maximizing total power production 
determined using a genetic algorithm (NSGA-II), where the red circle indicates the 

latter scenario (Figs. b-d); b) Reservoir inflow qin (Mm3) and optimized flow 
discharge from the reservoir qj (Mm3); c) Mass transport of phosphorous (kg); d) 

Reservoir storage (Mm3);  
 

 

 

4.3. Regulation of a network of reservoirs 
The simultaneous operation of a network of reservoirs requires the 
consideration of the interdependencies between reservoir 
discharges in a network, i.e., the hydraulic coupling between 
reservoirs and the regulation at hydropower stations. The 
interdependencies vary based on the flow time between reservoirs 
(section 4.2) and the hydrodynamics of the watershed. The 
deviation from the expected energy production as a result of 
inaccurate flow prediction in optimization models may result in 
sub-optimal planning, decreasing the production efficiency and 
increase the flood risk, a risk that is amplified in the consideration 
of multiple connected reservoirs. 
 
Linear programming is used to solve the optimization problem by 
assessing the deviation from the expected production schedule. 
This procedure incorporates new information as time progresses 
(Eqn. (14)) over an optimized time horizon Th. The loss of model 
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accuracy increases with time between applied decisions and state 
feedback to the model (Fig. 12a-c), i.e., the inaccurate prediction of 
the optimal regulation increased with the updating time step size 
and could be limited by frequent updating. Additionally, the total 
production from the watershed was only altered marginally, 
although the distribution of resources in the network changed 
substantially. Over the examined period, the average maximum 
power production of the entire Dalälven River network decreased 
from 3.5 to 3.49 TWh/year when using the less accurate time lag 
model, disregarding wave diffusion, and considering frequent 
schedule updating (Fig. 12e). Although the decrease may seem 
small (only 0.3%), the effects on state variables can produce a sub-
optimal distribution of resources (Fig. 12d) of significant economic 
value.  

 
Fig. 12 a – c) Results of reservoir network optimization expressing the deviation as 
a result of considering hydraulic time lag implementation as a function of the time 

period (𝝋𝝋) considered in the MPC operation to update state predictions. d – e) 
Progression of the total variable storage of the reservoirs in the Dalälven River basin 

when maximizing the total production over the considered horizon and the total 
power production over time (March-May, 2007). 

 

The derived power spectra model links the variability in river basin 
effluent discharge and power production at various stations, as 
described by their power spectra, to the hydraulic description of 
the watershed via the distribution of flow paths through the 
watershed (section 2.5). The analysis of hydropower regulation in 
the Dalälven River basin shows that variations in wave diffusion 
along stream reaches change the slope of the discharge power 
spectrum in a log-log diagram. This effect can be described by the 
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arithmetic average of the Peclet numbers from all 33 individual 
flows stretches (Fig. 13). The effect of the network of reservoirs 
on the power spectrum of discharge from the watershed is 
seemingly analogous to the effects of the individual reservoirs, as 
shown in Fig. 13.  
 
 

 
Fig. 13. Ratio of the slope of the discharge power spectrum in the Dalälven River 

basin based on the network-averaged Peclet number (Pe~48) 
 

The relative impacts of the individual watershed processes on 
regulation availability were then examined in Paper V using Eqn. 
(39) by considering the importance of constant sub-watershed flow 
parameters versus steam-network uniform flow parameters of the 
entire watershed (D'Odorico and Rigon 2003; Saco and Kumar 
2004). Fig. 14 illustrates the relative impacts of dispersion 
processes over period, demonstrating that kinematic dispersion 
dominates (variability in velocity) but that hydraulic dispersion is 
also significant, especially over short periods (T<10). 
 

  

 
Fig. 14. Maximal regulation ability as related to the geomorphological description. 

Ratio between total power regulation capacity of the reservoirs in the Dalälven 
catchment as related to the dispersion mechanisms in the connecting streams 
affecting the hydrograph (IUH), i.e., comparing the regulation ability while 

considering the influence of the stream (Pe) 
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The consideration of phosphorous transport within a network of 
reservoirs was further quantified in the form of trade-off curves 
between the objectives of management, especially the ratio of total 
power production from the power stations within the reservoir 
network to maximum production (𝐸𝐸𝑑𝑑𝑜𝑜𝑑𝑑/𝐸𝐸𝑑𝑑𝑜𝑜𝑑𝑑,𝑚𝑚𝑙𝑙𝜕𝜕) and the ratio of 
phosphorous discharge at the outlet of the reservoir network 
(𝑇𝑇𝑃𝑃/𝑇𝑇𝑃𝑃𝑚𝑚𝑙𝑙𝜕𝜕) to maximum discharge (Fig. 15). Increasing the 
reservoir levels increases both the power production and 
phosphorous retention in the reservoirs; however, above a certain 
level, the increased residence time in the reservoirs can have 
adverse effects on the power production schedule. The sensitivity 
of the results to the parameters of the phosphorous model is 
examined in Fig. 16, which shows the trade-off curves for 
variations in the transport model parameters. As expected, the 
parameters representing the sedimentation of particulate 
phosphorus in reservoirs (as described by parameters 𝜇𝜇v and βv) 
dominate the phosphorous retention ability of reservoir operation. 
Additionally, increasing kd values (the particulate fraction of 
phosphorus) are shown to have a significant role in the retention 
of phosphorus by increasing the amount of particulate 
phosphorous that settles in reservoirs. The sensitivity of the 
partition parameter kd to the Pareto fronts is high, and it is known 
to vary considerably in time and space. The phosphorus mass 
exported at the watershed outlet decreases with increasing 
reservoir level (decreasing flow velocities and increasing reservoir 
deposition). However, increasing reservoir levels may in many 
cases have unintended consequences on the power production 
schedule, leading to decreased flexibility and increased spillage.  
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Fig. 15. Examination of the change in the resulting objective value: 𝑬𝑬𝒐𝒐𝒐𝒐𝒐𝒐/𝑬𝑬𝒐𝒐𝒐𝒐𝒐𝒐,𝒎𝒎𝒎𝒎𝒙𝒙 
versus 𝑻𝑻𝑻𝑻/𝑻𝑻𝑻𝑻𝒎𝒎𝒎𝒎𝒙𝒙. The trade-off between optimized total power production from 
the power stations in the Dalälven River basin and minimizing  phosphorous mass 

discharge from the reservoir network in individual years relative to a single 
objective 

 

 
Fig. 16. Trade-off between the optimized operation objectives of a network of 

reservoirs (Dalälven) for half a year (1999) considering the sensitivity of the 
calibrated phosphorous transport model parameters in the reservoir network and 

examining the influence on the trade-off curves of operation 



Nicholas Zmijewski TRITA-HYD 2017:01 
 

- 56 - 
 

4.4. Regulation of reservoirs at the regional scale 
Paper IV considered planning models over large areas, in which 
water regulation was examined using the DRV approach in 303 
sub-watersheds. An analysis of the regulation capacity of a regional 
hydropower system was conducted in relation to climate driven 
runoff statistics, structure of the hydropower production system 
and runoff flow dynamics in the watershed.  
As described by Eqns. (38-39), the variance in the need for 
discharge regulation can be related to inflow due to precipitation 
and the watershed (runoff) scaling function. Since SR ≤ 1, the 
description of the runoff processes in the watershed decreases the 
variance of the hydrograph, hence, smoothing the inflow to the 
reservoirs and thereby increasing the time period possible to 
regulate in hydropower reservoirs. For simplicity, a single 
watershed scaling function (Eqn. (35)) was used for all of Sweden. 
The scaling function represents the effect of the dampening 
occurring within the sub-watersheds as well as the hydraulic 
dispersion in the stream channels. However, the derivation of the 
applied scaling function also infers some smoothing of the 
downstream hydrograph associated with the correlation of runoff 
from different points in the watershed (i.e., geomorphological 
dispersion). Paper IV suggests that dampening of the hydrographs 
incurred due to the effects of in-stream hydraulics, which add an 
average factor of approximately 2.5 to the longest period possible 
to regulate on average for the whole hydropower system in 
Sweden (Fig. 17). This adds credence to the assertion that the 
description of the runoff processes in the sub-watersheds and the 
river system contributes to prolonging the feasible regulatory 
period. 
 
Numerous studies have examined the potential capacity of a 
reservoir to dampen variations in regulatory demand incurred by 
intermittent energy sources, especially wind power (Bueno and 
Carta 2006; Kaldellis and Kavadias 2001; Marques and Tilmant 
2013). The effect of periodicity in the regional demand resulting 
from introducing solar and wind power on variations in the 
regulatory volume was examined in Paper IV, which illustrated 
how the bounds of the regulation capacity depend on the co-
variability of climate related fluctuations in wind- and hydropower. 
In this analysis, the bounds of the regulatory capacity of the 
reservoir system in Sweden are delimited by two cases: a) 
individually operated watersheds and b) complete coordination of 
the resource at the national scale. Figure 17 shows the relative 
regulatory capacity defined as a ratio between regulatory volume 
demand and available reservoir volume, RStd(V), as function of the 
upper period T2 considered in the regulation. Considering a 
constant power demand, Fig. 17a illustrates the significant 
difference in the longest regulation period between considering the 
coordinate regulation of watersheds (T2 ≈ several years) vs. the 
individual regulation of sub-watersheds (T2 ≈ 0.17 years). Thus, 
the longest regulation period varies between T2 = 2.5 months up 
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to several years depending on coordination of the water availability 
in a specific area, reaffirming the results of the coordinated 
operation, as reflected by the upper bound (Anghileri et al. 2013). 
The balancing of wind power production was examined for the 
scenarios described in Table 1, resulting in the RStd(V) values given in 
Fig. 17b. The increased regulatory demand is reflected as a 
decreased value of T2 fulfilling RStd(V)  = 1, i.e., the period possible 
to regulate the total wind power production increases. Olausson et 
al. (2015) noted that the coefficient of variation of wind power 
production is expected to decrease with continued expansion as a 
function of, e.g., geographical spreading. Here, the demand for 
regulatory capacity is distributed over the region (303 sub-
watersheds) according to reservoir volume. Fig. 17b shows that the 
longest possible regulation period decreases with the wind power 
energy production added to the system from 2 months (at 20 TWh 
per year) to 1 month (at 50 TWh per year).   
 
In an energy market containing a significant portion of 
hydropower, the value of energy is highly correlated to the water 
runoff of the system, as the cost of hydropower is low compared 
to other sources. Climate variability controls water runoff, the 
energy demand, the regulation need and, hence, gives rise to risks 
to violate limits of the regulatory capacity of the system, as 
illustrated in Fig. 17. Extreme (high/low) flow scenarios will alter 
the value of runoff substantially (as available storage decreases), 
increasing the need for market hedging planning. The ability of the 
reservoir capacity to dampen fluctuations will likely increase in 
value as the possible regulation period T2 decreases, thereby 
increasing the marginal value (or opportunity cost) of the stored 
water. Optimization models rely on short-term hydrological inflow 
forecasting models and a long-term meteorological/climate 
forecasting models, which are subject to uncertainties associated 
with driving variables and parameter calibration. Eqn. (38) 
expresses the bounds (demand) of reservoir volume and can be 
used to equate the variability in stored power. This expression 
constitutes a support for economic planning and risk assessment 
to determine the limits of the system capacity due to climate 
variability. The permitted bounds of the storage volume depend 
on the quantiles of the storage variation distribution associated 
with the exceedance probability (Eqn. (38)). As indicated in Fig. 
17, if the probability of exceedance of the reservoir capacity is 
lowered from 31.7% (corresponding to RStd(V) = 1) to 1‰, the 
longest average period T2 of the 303 sub-watersheds decreases 
from 2 months to approximately 1 month and further increases as 
the quantile level increases (and the exceedance probability 
decreases).  
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Fig. 17. Examination of the regulation capacity of Sweden using the DRV 

framework 
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CHAPTER 5 

CONCLUSION: SUMMARY AND RECOMMENDATIONS 
5.1. Summary of research findings 

This thesis revolves around the use of large-scale optimization 
models for hydropower production planning, especially the 
incorporation of a hydraulic model and environmental constraints 
for operation of a reservoir network. The results of the studies 
conducted show the interrelationship between the watershed 
description and regulation planning. Specifically, the results reflect 
the significant impact of the streamflow description and its 
catchment-specific dependence, which is governed by the 
dispersion processes of the watershed and the reservoir 
characteristics. This thesis focused on both the deterministic and 
statistical behaviors of the hydropower production system and 
how the system is affected by hydraulic model formulation, 
fluctuations in climatic variables and demand fluctuations. The 
various analyses in the thesis are based on data obtained from the 
Dalälven River basin, a watershed that contains more than 36 
power stations and 13 large reservoirs, in addition to an outlook 
for the entire Swedish hydropower system provided in Paper IV.  

 
The main achievements of this thesis are as follows:  

• Development of a production planning model that uses 
the kinematic-diffusive wave equation to represent the 
time lags of flow between hydropower stations (Paper I).  

• Development of a dual objective model for hydropower 
production and phosphorus transport, as well as the 
definition of Pareto fronts for these objectives in the 
Dalälven River basin, Sweden (Paper III). 

• Examination of the statistical relationship between the 
variability in runoff, watershed hydraulics, power 
production management and regulatory capacity, as 
discussed in section 3.4 (Papers II, IV and V).  

• Analysis of the regulation capacity associated with 
managing the entire hydropower system in Sweden 
considering the variability in water availability and coherent 
demand due to balancing wind power production, as 
discussed in section 4.4 (Paper IV). 

 
In this thesis, the important effect of hydraulic behavior on 
hydropower production has been highlighted (specifically, in 
Papers I and II). The parameters of the transport models are 
assumed constant over time; however, they are known to vary 
considerably with flow and due to watershed conditions (section 
2.4). Issues can partially be avoided by re-calibrating transport 
models as additional information is acquired. Data assimilation 
procedures such as the MPC methodology (Eqn. (14)) are advised 
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for physically complicated watersheds where uncertainty in flow 
conditions may be considerable, as illustrated in Fig. 12, as well as 
in critical systems of regulation reservoirs.  
The limitations of hydropower regulation associated with 
balancing long-term variability in the production demand are 
examined in Paper IV. The examination shows that there is a 
maximum period T2 that can be considered for regulation of the 
fluctuation in the potential energy of surface water. This period T2 
depends on climate variability, watershed runoff processes and the 
need for balancing co-varying energy sources, such as wind power. 
The longest admissible regulation period should be included in 
planning strategies to improve the certainty of the electricity 
system over the long term. The results are expected to contribute 
to limit the impact of uncertainty in production planning, increase 
the resilience of operations and power production, and incorporate 
hydraulic effects into the operation planning of reservoirs. The 
study contributes to the expanding field of multi-objective 
reservoir operation by allowing the consideration of an 
environmental objective as an additional operational objective that 
increases the overall resilience of the operation. 
 

5.2. Recommendations for future studies  
Long-term optimization is based on forecasts of demand and the 
inflow or availability of resources. The main results of this thesis 
are expected to assist in the development of improved water 
resource management policies. The developed descriptions are 
expected to be used in characterization studies using the power 
spectra model developed in Paper II, which incorporates the 
effects of regulation on the variance of the hydrograph. 
To a certain degree, the variability in runoff is similar in different 
areas, a characteristic often not considered in management 
planning. Long-term predictions are included as a limiting forecast 
scenario for operations and capacity prediction, and if determined 
from local historical data, the formulation of the associated 
variability excludes the covariance, which may exist between 
runoff in neighboring areas. The covariance in runoff results from 
the systematic distribution of precipitation over the area, 
climatological variability and watershed network hydraulics. 
Knowledge regarding the co-variability between watersheds and 
runoff in a large region can improve the management of the water 
resource system over the long term, as demonstrated in Paper IV. 
The long-term coordinated management of inflows over large 
areas is considered a potential regulation resource that could 
expand the regulation capacity of a large system and dampen the 
variations in both flow and production. Hence, coordination over 
large areas is assumed to have considerable importance as the 
amount of intermittent power production increases and as climatic 
variations occur, such as dry/wet years.   
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