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Abstract

Climate change, rapid economic developments and further growth of the human popu-
lation are regarded as the major drivers of increasing water-related problems worldwide.
The changing hydrological circumstances and water demand patterns pose a challenge to
the management of water resources systems as these systems are designed to maintain
a fragile balance between water supply and demand. With the projected changes, this
balance is likely to be disrupted, ultimately requiring adaptation of the existing infras-
tructure. In many water resources systems reservoirs are the key element to ensure a
stable water supply. Yet, since reservoirs can be characterized as rather inflexible types
of infrastructure, one of the few options for adaptation is to adjust their operation. It is
however unclear to which degree of water supply and demand changes this so called dam
reoperation is still possible.

The objective of this thesis is to determine whether reoperation of the Xin’anjiang-
Fuchunjiang reservoir cascade (Hangzhou Region, China) is an effective adaptation strat-
egy to mitigate potential impacts of climate change and regional socio-economic devel-
opments. We follow a scenario-based approach to explore the effects of various likely
degrees of supply and demand changes for the future period between 2011 and 2040. The
outcomes are compared to the control period 1971-2000. Population growth, increasing
industrial production and changing land use are considered as driving forces for increasing
water demand, while climate change is investigated as process influencing water supply.
The scenario-wise changes in water supply and demand are used as forcing for the WEAP
water allocation model, which is employed to simulate reservoir performance. This per-
formance is measured using the Shortage Index (SI) as indicator for water shortages and
the Mean Annual Energy Production (MAEP) for hydropower generation.

The impact of climate change and socio-economic developments on the reservoir system
is determined by simulating the performance of conventional operating rules for both the
control period and each future scenario. We find a SI of 0.007 for the control period and
values ranging from 0.05 to 0.92 for the investigated future scenarios. The largest annual
deficit is 3.9 billion m® (15% of the annual supply requirement), simulated in the high water
stress scenario. Even though the increasing SI implies that more drought problems are
likely in the future period, the deficits are still fairly small compared to what is generally
regarded acceptable in the literature. Next to the increasing water shortages, simulation
of the various scenarios shows a decrease between -12.8% and -16.3% for the MAEP.

In a second step the water allocation model is interlinked with the NSGA-II meta-
heuristic algorithm in order to derive long-term multireservoir operating rules adapted
to each scenario. Based on the optimization results, we conclude that for this case dam
reoperation is an effective adaptation strategy to reduce the impact of changing patterns
of water supply and demand. Compared to conventional operation, operating rules that
are adapted to the forecasted changes can reduce the SI with approximately 72% while
the MAEP shows an average increase of 5.4%. Due to the fact that the average inflow
in all scenarios is lower than during the control period, adapted operating rules cannot
completely restore the system performance to that of the control period. The performance
gains for energy production are thus limited to avoiding unnecessary spills and maintaining
an optimal head over the turbines.
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Glossary

Active storage zone - Middle reservoir storage zone, between spillway crest level and
the Minimum Drawdown Level (MDDL). Also named conservation pool.

Agricultural water demand - Water required for agricultural purposes, including irri-
gation, drinking water for livestock and water to fill fishing ponds.

Base load plant - Type of power plant that operates continuously, thereby supplying a
constant base load to the electricity grid.

Capacity ratio - Reservoir active storage capacity relative to the mean annual inflow.

Cash crop - Crop type grown for sale. Crop types within this category typically have
relatively high profit margins and are often exported to other countries.

Chromosome - The data structure of an individual, in which all decision variables are
coded in the form of a fixed-length vector.

Conservation pool - See active storage zone.

Crossover - Operator within a genetic algorithm in which the chromosomes of two parent
solutions are swapped, thereby producing a new individual (the child solution).

Dead storage - Reservoir storage zone below bottom outlets. Intended for sediment
accumulation.

Deficit event - Period in which continuous water shortages occur.
Domestic water demand - Household water demand.

Firm power - Amount of power that is guaranteed to be generated by the hydropower
plant continuously (uninterruptible). Also called base load.

Flood control zone - Highest reservoir storage zone, intended for flood control.

Flushing - Sediment management technique in which sediments are discharged through
bottom outlets of the dam at a low pool level.

Freeboard - Vertical distance between Maximum Water Level and the crest of the dam.

Generation - One cycle within the optimization procedure (also referring to the individ-
uals within this cycle).

Hangzhou Region - Sub-provincial city Hangzhou.
Hedging - Operational rules that guide the rationing of water in case of shortages.

Inactive storage zone - All storage beneath the minimum drawdown level, including
buffer storage and dead storage.

Individual - Candidate solution during the optimization procedure of a genetic algo-
rithm.

Industrial output - Portion of the Gross Domestic Product that is generated by the
secondary sector of the economy.



Industrial water demand - Water required for industrial processes, also including cool-
ing water for power plants.

Installed capacity - Technical upper limit to the output of a power plant. Also referred
to as nameplate capacity or plant capacity.

Load-following plant - A type of power plant that is being dispatched as electricity is
needed, therefore usually only operating during the peak demand hours of a day.

Metaheuristic algorithm - Computational method used to optimize a problem by im-
proving a random candidate solution iteratively until a satisfactory result is obtained.

Minimum drawdown level - Water level below which the reservoir will not be drawn
under normal operation so that the minimum head required for hydropower gener-
ation can be maintained.

Multireservoir system - System of interconnected reservoirs in a river. Can be orga-
nized either parallel or in series (the latter being referred to as a ‘cascade’).

Municipal demand - Water requirements of the tertiary and quaternary sector of the
economy. Commercial services for example include shops, department stores and
hotels. Relevant water-consuming public services are hospitals, offices and schools.

Mutation - Type of operator used in genetic algorithms. As the name suggests, this
involves random tweaks to the chromosomes of individuals.

Nameplate capacity - Same as installed capacity.

Pareto front - Set of solutions that are Pareto optimal. Any individual along the Pareto-
front can not be improved for a certain criterion without reducing its performance
on another criterion.

Penstock - Tunnel through which water is transported from the reservoir to the turbines.

Plant factor - The fraction of each timestep that water is being released while the power
plant is online.

Plant load factor - Measure of power plant use, defined as the ratio between average
power load on the plant for a certain period divided by the installed capacity.

Pool level - Water level in a reservoir.

Population - The complete set of candidate solutions during the optimization procedure
of a genetic algorithm.

Reservoir - Artificial lake (usually the impoundment of a dam).
Reliability - Probability that the reservoir is not in deficit mode.
Rule curve - Visual representation of long-term release rules.

Run-Of-River hydroelectricity - Type of hydropower development in which little or
no storage is required to produce energy.

Secondary power - All additional power that is produced above contracted firm power
level.

Sluicing - Operational technique in which sediment-laden flood flows are allowed to pass
through reservoirs as quickly as possible to prevent deposition in the reservoir.

Solution diversity - Spreading of individual solutions along the Pareto front.

Spillway - Common feature of dams which is used to discharge (spill) water from the
reservoir.



Staple crop - Category of crop types that are used to produce the dominant portion of a
standard food diet in a given population. Staple crops are different in each country,
but the most well known are cereals such as wheat, rice, maize, wheat and potatoes.

Tailwater level - Water level directly downstream of the dam.

Vulnerability - Probabilistic measure indicating the distance between the target releases
and the actual releasing during a deficit event.
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Chapter 1

Introduction

This chapter addresses the outline of the research project. First the context of the problem
is discussed from a broad point of view in Section 1.1. Using this overall perspective as a
starting point for reasoning, Section 1.2 outlines the more narrow scope of this thesis. We
investigate the Xin’anjiang-Fuchunjiang reservoir cascade as a specific case. This reservoir
cascade, situated in Hangzhou Region (China), is introduced in Section 1.3. Section 1.4
presents the objective and the main research questions of this study, followed by a brief
explanation of the structure of this thesis in Section 1.5.

1.1 Background

Water availability is expected to become one of the pressing global issues of the 21st
century. Climate change, rapid economic developments and further growth of the hu-
man population are regarded as the major drivers of increasing water-related problems
worldwide. According to the Intergovernmental Panel on Climate Change (IPCC, 2007),
changes in climate variables such as precipitation and temperature will influence the hy-
drology of many river basins. A severe impact on water supply, flood risk, irrigation and
hydropower production is expected at various levels. Yet a spatial analysis of Vorosmarty
et al. (2000) revealed that on a global scale population growth may even have a larger
impact on future water scarcity than climate change.

The changing hydrological circumstances and water demand patterns pose a challenge
to the management of water resources systems as these systems are designed to maintain
a fragile balance between water supply and demand. With the projected changes, this
balance is likely to be disrupted, ultimately requiring adaptation of the existing infras-
tructure. In many water resources systems reservoirs are the key element to ensure a
stable water supply. Adaptation is difficult however, as reservoirs can be characterized
as rather inflexible types of infrastructure. Increasing storage capacity is in most cases
not feasible and relocation is impossible after construction. It can be concluded that al-
ternative adaptation strategies are required to prevent performance losses associated with
changing patterns of water supply and demand.
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For reservoirs one of the few feasible options is to adjust their operation (Schumann,
1995). This so called dam reoperation is however a complicated procedure, since reser-
voirs are not only used to fulfill water demand. Several other, often conflicting, purposes
are common, such as generation of hydroelectric power, downstream discharge regula-
tion, recreation and fishery. Another complicating factor to reoperation is the fact that
reservoirs are seldomly operated as a single unit. Rather are they organized as so called
multireservoir systems: multiple cascaded or parallel reservoirs along a single river. As
upstream reservoirs largely determine the inflow into downstream reservoirs, an integrated
assessment of the operation of such systems is necessary.

1.2 The dam reoperation challenge

As the construction rate of new reservoirs has steeply decreased in recent years, there is
currently a lot of attention from the scientific community to optimize the operation of
existing reservoir systems (Labadie, 2004). Optimization of reservoirs (and in particular
multireservoir systems) is a complicated process with high computational requirements.
Computer hardware and software limitations in the past have required simplifications and
approximations to optimization models that operators were unwilling to accept. Simula-
tion models have therefore been applied for decades to derive decent operating rules by
trial-and-error (Wurbs, 2003).

However, recent developments have led to a new generation of computationally efficient
techniques that are able to optimize multireservoir systems in an integrated way. These
Metaheuristic Algorithms (MA) have been applied successfully to reservoir systems with
various configurations, often resulting in better operating rules than the ones currently
being used (Oliveira and Loucks, 1997; Chen et al., 2007; Kumar and Reddy, 2007; Chang
and Chang, 2009; Fu et al., 2011; Liu et al., 2011; Ostadrahimi et al., 2012).

Despite these new opportunities, Labadie (2004) argued that still many large reservoirs
worldwide do not produce the level of benefits that once provided the economic justifi-
cation for their development. The reason does not necessarily lie in shortcomings to the
optimization techniques. An inadequate consideration of the operations and maintenance
issues once a project is completed is a more likely reason. Throughout the years per-
formance can also be undermined when new uses arise that were not considered in the
planning phase. Frequent re-evaluation of the reservoir operating rules is therefore impor-
tant to maintain and, whenever feasible, increase reservoir performance under changing
circumstances during its lifetime. However it is yet unclear to which degree of water supply
and demand changes dam reoperation is still possible.

Dam reoperation may be a solution to mitigate the effects of climate change as this
is expected to severely influence river discharge. Several studies have recently been pub-
lished on the impacts of climate change on hydrological regimes. These works generally
incorporate one or more climate change projections into a hydrological model (Minville
et al., 2009). However, only few studies have investigated the adaptation of water resources
systems in detail. One of the rare examples is a case study of Minville et al. (2010), who
analyzed the impact of climate change on water resource management of the Peribonka
River System in Canada. They concluded that reservoirs can become less reliable and
more vulnerable and that reservoir operating rules should be re-examined in order to take
account of a changing hydrology due to climate change.
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Payne et al. (2004) conducted a similar study for the Columbia River Basin, USA.
They concluded that climate change is likely to have a severe impact on the performance
of reservoirs in the basin. Several adaptation strategies for reservoir operation were in-
vestigated using the ColSim simulation model. However, the authors did not conduct a
full-scale automated reoperation of the reservoir.

Schumann (1995) and Raje and Mujumdar (2010) are one of the few authors that
actually investigated the flexibility and adjustability of reservoir operation in case of a
large shift in water supply and demand patterns. In both studies a new optimization of
operating rules is proposed and demonstrated as a suitable adaptation strategy. How-
ever, the adaptability of more complex cascade reservoir systems is yet uninvestigated.
The question remains open whether or not it is really effective to adapt such systems to
changing supply and demand patterns just by dam reoperation.

1.3 Study area

The sub-provincial city Hangzhou, located in Zhejiang Province (southeast China), was
selected as study area. Hangzhou is a region covering about 16,850 km?, governed as a
so called sub-provincial city. It contains a metropolitan area as well as a surrounding
rural area with smaller sattelite cities and villages (Figure 1.1). The metropolitan area is
administratively divided into 8 densely populated districts, commonly referred to as the
Hangzhou urban districts. The rural part of Hangzhou Region is divided into 5 districts:
Fuyang City, Tonglu County, Lin’an City, Jiande City and Chun’an County.

The population in the region is mainly concentrated in the metropolitan area, close
to the mouth of Qiantang River. The major center of industrial activity is Xiaoshan, a
coastal plain south of the river. Currently more industrial zones are developed further
along the Fuchun River branch. Medium to small scale enterprises are predominant in the
river basin, of which the light industries mainly produce paper, food, textile and arts and
crafts. The heavy industrial output covers machinery, chemicals, metal components and
construction materials. Water consumption of these industries is high.

A large part of Hangzhou Region is located in the Qiantang River Basin. This basin
is situated between east longitudes 118° to 121° and north latitudes 28° to 31° and covers
a total area of 55,558 km?. Qiantang River has several large tributaries. It meanders
through mountainous terrain, urban areas and coastal plains from southwest to northeast,
ultimately draining in the East China Sea (see Appendix A).

The largest upstream branches, Xin’an River and Lan River, originate in mountainous
areas and confluence in the center of the catchment. From this confluence point the river
continues as the Fuchun River. Smaller tributaries, Fenshui River and Puyang River,
flow into this main branch. At the confluence point with the latter, just before entering
Hangzhou City, the name becomes Qiantang River. At the mouth of the river, in Hangzhou
Bay, the average discharge is 1043 m3s™'. The discharge regime is characterized by a high
flow period between March and July and a low flow in the remaining months.

Nearly the entire Hangzhou Region relies on surface water from the Qiantang River
for its supply. Water is abstracted directly from the river through various intakes. The
only exception is the district Lin’an City, where groundwater is used. No serious water
shortages have occurred in recent years, yet water quality remains an important issue.
Pollution from upstream river sections and salt water intrusion at the river mouth pose a
risk for the various downstream water intakes of water purification plants.
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Two cascaded reservoirs are used to maintain a stable water supply: Xin’anjiang Reser-
voir upstream and Fuchunjiang Reservoir further downstream. Next to their important
role in water supply, the reservoirs have other competing purposes such as flood control
and hydropower generation. Operation of the reservoir cascade has recently gained at-
tention from local policy makers as its releases are crucial for preventing downstream salt
water intrusion.

Hangzhou Region is particularly suitable for our study as it currently faces rapid
population growth and economic development. These developments are, in combination
with climate change effects, expected to cause an increasing stress on the water availability.
All data relevant for this study have been monitored for an extensive period and are
available in statistical records and hydrological datasets. Currently the reservoirs in the
area are operated independent of each other. Coordinated dam reoperation could therefore
be a potential solution to relieve the area from its projected future water stress.
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Figure 1.1: Administrative division of Hangzhou Region and location of the relevant elements of
the water resources system.
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1.4 Research objective and questions

The objective of this research project is defined as:

To investigate whether reoperation of the Xin’anjiang-Fuchunjiang reservoir cascade is
an effective adaptation strategy to mitigate potential impacts of climate change and
regional socio-economic developments.

In the context of this objective we define the effectiveness of an adaptation strategy as its
ability to restore the performance of a system to its original situation. The following five
questions are used as a guideline towards the objective:

1. What are the relevant aspects regarding current operation of the reservoir cascade?

2. What is the likely extent to which climate change and socio-economic developments
could impact the future patterns of water supply and demand?

3. How can the relevant aspects of the water resources system be included in a model
for simulation and optimization of cascade reservoir performance?

4. What is the impact of the projected changes in water supply and demand on the
performance of the reservoir cascade under current operating conditions?

5. How much performance can be gained by coordinated reoperation of both cascade
reservoirs?

1.5 Research approach and thesis outline

The research questions logically ensue from the underlying research model (Figure 1.2).
Each chapter of this thesis covers one research question. In Chapter 2 the design fea-
tures and operation of both cascade reservoirs are discussed (research question 1). The
methodology (questions 2 and 3) is addressed in Chapters 3 and 4.

Chapter 3 describes the method for reconstruction of historical water demands and the
forecasting of future water supply and demand. We consider the impact of climate change
and socio-economic developments during the future period 2011-2040 and compare this
to the control period 1971-2000. As we want to investigate the reoperation potential of
the reservoir system, we follow a scenario-based approach to explore the effects of various
degrees of likely supply and demand changes. To this extent we consider three underlying
socio-economic forces on the demand side (population growth, industrial production and
changing land use) and climate change as underlying process influencing the supply side.
For each process three equally likely future development trajectories are identified. The
resulting water stress scenarios are based on four extreme combinations of these processes
and a middle scenario (Figure 1.3).

The tool that plays a central role in the methodology of this research project is a
water allocation model interlinked with an optimization algorithm. Water supply and
demand data are the actual input for this model, for which the setup is described in
Chapter 4. This chapter also introduces the optimization module used to derive adapted
reservoir operating rules. In this study only the long-term operating rules are subject to
optimization. Possible physical changes of the dams and other infrastructure in the future
are outside the scope of this study.

15



Climate change Future performance
impact on hydrology after reoperation

Future water stress Adapted reservoir Performance gained
scenarios operating rules by reoperation

Projected Future performance
socio-economic with conventional
developments operation

Effectiveness of dam
reoperation

Impact of projected
supply and demand
changes

Reconstructed
Bl
developments

Current reservoir
operating rules

Performance in
Control period water control period with
supply and demand conventional
operation

Observed hydrology

Figure 1.2: The underlying structure behind this thesis. The numbers correspond to the research
questions, which follow the same sequence as the chapters in this thesis. The answer to each re-
search question is found by combining and comparing the related research objects, thereby reasoning
towards the final conclusion on the right side of the scheme. The objective (0O) is achieved by com-
paring the performance of conventional operating rules with adapted operating rules in the future
period.

The water allocation model is used to evaluate the current reservoir performance and
possible future performance. This reservoir performance is defined as the net social and
economic benefit generated by the reservoir system, expressed in terms of water shortages
and hydropower production. Performance of the reservoir system with the conventional
operating rules is presented and discussed in Chapter 5. These results are then compared
with the reservoir performance after reoperation in Chapter 6. Finally, Chapter 7 combines
all the individual research questions and gives the conclusions and recommendations.

Severe climate
change

M1 H

Low socio- High socio-
economic A economic
development development

L M2

Moderate
climate change

Figure 1.3: The five water stress scenarios considered: Low (L), Moderate 1 (M1), Average (A),
Moderate 2 (M2) and High (H).
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Chapter 2

The Xin’anjiang-Fuchunjiang
reservoir cascade

In this chapter the relevant aspects regarding the current operation of the Xin’anjiang-
Fuchunjiang reservoir cascade are discussed, thereby answering the first research question.
Section 2.1 introduces the location and purposes of the reservoir cascade. Detailed opera-
tion of Xin’anjiang Reservoir and Fuchunjiang Reservoir is addressed separately in Section
2.2 and 2.3, respectively.

2.1 Overview

The outflow from Xin’an subbasin is nowadays completely controlled by Xin’anjiang Reser-
voir (Figure 2.2), also known as the Thousand Islands Lake. It is by far the largest reservoir
in the Qiantang River Basin. The dam was constructed between 1957 and 1960 and it has
been in continuous operation ever since. Its design can be described as a concrete gravity
dam with ogee crest and controllable spillways. About 67 km downstream of Xin’anjiang
Reservoir, a smaller dam has been build: Fuchunjiang Reservoir. It was completed in
1968. The river-style reservoir has a long and narrow shape, with a length of about 26.5
km and a small width-length ratio.

Xin’anjiang Reservoir is operated for multiple purposes. Flood control has the highest
priority, followed by hydropower production and water supply. As the reservoir itself is
also used extensively for fishery and recreation, a fairly constant pool level is maintained
with 108 m above Mean Sea Level (MSL) as target storage level. The primary functions of
Fuchunjiang Reservoir are similar to Xin’anjiang Reservoir: hydropower production and
water supply. Due to its relatively small size, the flood control capabilities are limited.

State Grid Corporation of China (SGCC) operates both reservoirs and supplies the
generated energy to the East China Power Grid. Under normal circumstances the oper-
ations of Xin’anjiang Reservoir are independent to those of Fuchunjiang Reservoir. Only
during potential flood events the operators switch to an emergency control system that
coordinates the spillway releases of both reservoirs. Sedimentation is currently not a sig-
nificant issue, such that sediment flushing or sluicing is not considered in the release rules.
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Table 2.1: Design characteristics of Xin’anjiang and Fuchunjiang Reservoir (Hydropower and Wa-
ter Resources Planning € Design General Institute, 2006; Zhejiang Design Institute of Water
Conservancy € Hydroelectric Power, 2006). A more detailed description is given in Appendiz C.

Category Aspect Xin’anjiang Fuchunjiang Unit
Reservoir Reservoir

Dam and reservoir layout Reservoir capacity ratio® 1.33 0.03 -
Total storage capacity 21.63 0.885 10° m®
Dead storage 7.57 0.076  10° m?®
Dam crest level 115 32.2 m+MSL
Maximum water level 114 28.2 m-+MSL
Normal tailwater level 22.6 7 m+MSL
Minimum pool level 86 11.6  m+MSL

Spillways Spillway crest level 99 11.6  m+MSL
Spillway capacity 14000 32640 m’s™

Hydropower works Installed capacity 810 360 MW
Number of penstocks 9 6 -
Total penstock capacity 1291.5 3000 m3s!
Penstock intake level 70.4 15 m+MSL
Firm power output 160 128 MW

2.2 Xin’anjiang Reservoir operations

To deal effectively with the uncertain water demands and inflows, Xin’anjiang Reservoir
uses two complementary operation modes for different time scales. Long-term operating
rules prescribe reservoir releases throughout a hydrological year with 10-day time incre-
ments. Short-term operation is embedded within this framework, tracking the long-term
guidelines over shorter time horizons in hourly time increments. Short-term releases are
guided with decision support systems that use energy demand, upstream discharge mea-
surements, reservoir storage levels and meteorological forecasts as input.

The long-term release decisions are based on the so called reservoir zoning. Currently
the reservoir has a total of five storage zones. The elevation of each zone varies throughout
the year and is guided by a corresponding rule curve (Figure 2.1). Every storage zone
has its own set of rules (zone rules) that prescribe the quantity of water to be released.
Whenever the water level is in a certain zone, the corresponding release rules of that zone
apply (Table 2.2). Typically, one zone rule specifies the downstream supply requirement
and a second zone rule the hydropower production target.

For the flood control zone (1), spillway gates will be opened and operators are required
to release water at full discharge capacity Qmaz- For zones II to IV the total releases R
in each operational period j are equal to the downstream supply requirement F' or the
hydropower production requirement, whichever is highest. The lowest storage zone (V)
uses hedging rules, which guide the rationing of water whenever shortages are likely to
occur. For this zone the actual releases are restricted 70% of the inflow I. This is used
to limit the impact of water shortage in a later stage of the drought and smoothen deficit
fluctuations (Srinivasan & Philipose, 1998).

I The capacity ratio is defined as the active storage capacity of the reservoir relative to the mean annual
inflow.
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Figure 2.1: Reservoir zoning and rule curves of Xin’anjiang Reservoir. The first operational period
corresponds with the start of the calendar year.

Hydropower production targets for each operational period are set by the operators
based on inflow forecasts, current reservoir storage levels, interannual inflow patterns and
personal experience of the operators. In this study linear hydropower production rules
are adopted for each storage zone to reflect the human decision making process, thereby
incorporating all aforementioned factors. Table 2.2 shows that the energy production E
is based on the reservoir active storage at the beginning of the current operational period
Sa,; and total forecasted inflow volume during the current operational period ;.

A clear seasonal pattern is observed in the historical release decisions for zones III
and IV. We therefore define seasonally varying coefficients for the hydropower production
rules of these zones. The coefficients for zone II are assumed not to vary seasonally as the
reservoir storage only occasionally reaches such high levels. Coefficients of the production
rules are determined by model calibration (Section 4.4).

Within the long-term framework the hydroelectric station is operated as a load-following
plant. The plant is normally dispatched during daytime and early evening, which are the
periods when the electricity demand is the highest. As a result of these operating rules,
the electricity output is highly intermittent. Yet on a long-term basis, the operators must
guarantee a minimum average output of 160 MW. All energy that is produced in addition
to this so called firm power output is defined as secondary energy.

Table 2.2: Zone rules for Xin’anjiang Reservoir.

Zone Water supply rule Hydropower production rule
I Rg - Qmaz -

11 R; = Fj E; :a2+b2(5a,j+lj)

111 RJ' = Fj E]' =as,s + b3,s(Sa7]‘ + IJ)

v Rj = Fj Ej = Q4,5 + b4,5(Sa,j + Ij)

\% R; =0.7I; -
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Power plant usage can be expressed as a so called plant load factor, which is often
defined as the ratio between average power load on the plant for a certain period divided
by the installed capacity. For Xin’anjiang Reservoir this factor is 21.5%. It is related
to out-of-service periods reserved for maintenance, fluctuations in electricity demand and
projected water availability.

2.3 Fuchunjiang Reservoir operations

Fuchunjiang Reservoir is currently operated as a base load plant, delivering so called Run-
Of-River (ROR) hydroelectricity. The electricity output is highly variable, as in each
10-day operational period the reservoir approximately releases the same volume as the
forecasted inflow. This inflow in turn is determined by the releases from Xin’anjiang
Reservoir and the discharge from the Lan River branch. On average the spillways are
opened for approximately 30 days per year to enable passage of high water waves.

The spillway crest level of Fuchunjiang Reservoir is governing for the size of the dead
storage zone. On top of this zone is a conservation pool with a fixed elevation between
11.6 m+MSL (spillway crest) and 24.7 m+MSL. The flood control zone also has a fixed
elevation, with its top (maximum water level) at 28.2 m+MSL. With the current operation
style, streamflow is regulated on a daily timescale. Annual flow regulation is not possible
due to the low capacity ratio (Table 2.1). Yet for the dry season, when the inflows
are generally low, flow regulation on a seasonal timescale could be feasible. This could
possibly reduce the total amount of spills, with beneficial effects such as a higher electricity
production and less water shortages.

Figure 2.2: Xin’anjiang Reservoir (top) and Fuchunjiang Reservoir (below).
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Chapter 3

Supply and demand dynamics

This chapter explains the first part of the methodology: computation of historical water
supply and demand and estimation of their future development. As guided by the second
research question, we identify the likely extent to which climate change and socio-economic
developments could impact the future patterns of water supply and demand. From the
demand-side perspective we assess the socio-economic trends in order to reconstruct the
historical water demands as well as to make projections of the future water demand. The
demand-side processes are investigated in Section 3.1. Climate change, as predominant
process on the supply side, is discussed in Section 3.2. The resulting annual water supply
and demand patterns are presented in Section 3.3.

3.1 Demand side processes

Water demand is considered for each district separately to account for spatial variability.
Within each district, different demand categories are considered: domestic and municipal
demand, industrial demand and agricultural demand. We use linear demand functions
to estimate the annual water demand, thereby considering a distinct underlying driving
force for each demand category (Figure 3.1). For example, the domestic water demand is
obtained by multiplying the population size with the water demand per capita (thereby
further distinguishing between urban and rural population). It is assumed that the unit
demand rate does not change significantly throughout time.

Domestic ) - al Agricultural

Urban
(urban population} (rural population)

Figure 3.1: Hierarchy of the water demand categories and the respective driver for each category.
Driving forces are localized to district-level.
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Socio-economic data per district were obtained for recent years (2007-2010) from the
Hangzhou Bureau of Forestry & Water Conservancy (2008). Since this localized data were
not available for the entire control period, regional-average growth rates have been used
to reconstruct the historical urban and rural population, industrial output and irrigated
land area per district. The aggregated growth rates for Hangzhou Region were retrieved
from the China Economic and Social Statistics Database (CNKI, 2013). For the year 2000,
reconstructed socio-economic data are shown in Table 3.1. The Lin’an district is excluded
in this analysis since it relies on groundwater abstractions for its water supply.

Localized unit demand rates have been calculated based on the actual water demand
per district in recent years (Hangzhou Bureau of Forestry & Water Conservancy, 2008).
A complete overview of the used methodology and the resulting unit rates is given in Ap-
pendix B. The specific methodology for each separate socio-economic process is discussed
in the following subsections.

As only annually aggregated water demand could be obtained from literature, the
seasonal variations herein have been estimated. The CROPWAT method (FAO, 2012a)
was used for seasonal variation of irrigation water demand, and the variations in domestic
demand were estimated as a function of temperature (Wada et al., 2011). Industrial
demand and demand for livestock and fishery is assumed to be constant throughout the
year. The details of seasonal demand estimation are presented in Appendix B.

Table 3.1: Population and irrigated farmland per district for the year 2000. Since the real industrial
output per district could not be retrieved, the aggregate production for Hangzhou Region is used in
this study. Statistics for Lin’an are excluded as it is not relevant for the water demand.

Driver District Total
Hangzhou Fuyang Tonglu Jiande Chun’an (ex. Lin’an)
(urban)

Urban population [10°] 1839.56 90.05 75.62 91.37 52.39 2148.99

Rural population [10?] 1771.24 567.76 323.39  426.10 421.78 3510.27

Irrigated farmland [km?] 979 202 145 183 62 1571

Real industrial production - - - - - 70.9

[10° RMB]

3.1.1 Domestic and municipal demand

The primary driver of domestic and municipal water demand is population size. Water
consumption per capita appears to be significantly higher in urban areas relative to rural
areas (Appendix B). To reflect this accurately in the model results, rural and urban
population is considered separately. As of 2000, the total population in Hangzhou Region
(including Lin’an District) was 6.2 million, of which 2.3 million people were living in urban
areas and 3.9 million in the rural areas. The population is expected to grow further in
the upcoming years. A clear correlation can be observed between the increase in urban
population and a simultaneous decline in rural population. This urbanization trend is
observed throughout China.
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Figure 8.2: Development of the population in Hangzhou Region. Historical data were obtained from
the China Economic and Social Statistics Database (CNKI, 2013). The 2040 projections for the
low, middle and high growth scenario are around 8, 9 and 10 million, respectively.

Based on trends in the historical population dynamics and projections (Zhejiang De-
sign Institute of Water Conservancy & Hydroelectric Power and Zhejiang Institute of
Hydraulics & Estuary, 2005), three scenarios were constructed for the future. For the high
growth scenario we assume a steady annual growth in the urban districts of 3%, while
the population decline of the rural areas changes steadily from -1.5% to 0%. The low
growth scenario assumes a change in growth in urban districts from 3% in 2010 to 0.5%
in 2040. The population decline in the rural areas is assumed to stabilize slowly from the
current -1.5% to about -2% in 2040. For the moderate growth scenario a decline of the
rural population up to -1% per year in 2040 is projected in combination with a linearly
decreasing growth of the urban population of 3% in 2011 to 1.3% in 2040.

3.1.2 Industrial demand

Water required for industrial processes is assumed to be proportional to the total produc-
tion of the secondary sector of the economy. Therefore we use the real industrial output as
measure for the industrial demand (Loucks and Van Beek, 2005). The nominal industrial
output for Hangzhou Region was obtained from the China Economic and Social Statistics
Database. These data were corrected for inflation using the GDP implicit deflator records
for China (The World Bank, 2013), with 2000 as index year.

Between 2000 and 2010, the average growth of the real industrial output was 10% per
year. Future scenarios were developed by extrapolation of current trends and economic
forecasts according to Wang et al. (2007) and Wang et al. (2010). For the high growth
scenario a continuing expansion of the industrial output is assumed, with a linearly de-
clining growth rate stabilizing at 5.5% in 2025. The low growth scenario assumes a similar
decline towards a rate of 1.5% in 2025 (remaining constant at this rate afterwards). For
the average scenario we project a gradually declining growth towards 1.5% in 2040.
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Figure 3.3: The real industrial output of Hangzhou Region. Historical nominal industrial output
was obtained from the China Economic and Social Statistics Database (CNKI, 2013) and corrected
for inflation. Compared to the year 2000, a nearly 17 fold increase to 1187 billion RMB is expected
for the high growth scenario in 2040. The low and moderate growth scenario assume an industrial

production of 511 and 845 billion RMB in 2040, respectively.

3.1.3 Agricultural demand

The largest portion of all water being withdrawn from the Qiantang River is used for
agricultural purposes. This water is mostly used for irrigation, drinking water for livestock
and to fill fishing ponds. As livestock is kept on a small scale by farmers in the study
area, it appears to be strongly correlated to the rural population size. The total area of
irrigated farmland is considered as driving force for the irrigation water demand.

The amount of irrigated land appears to fluctuate throughout the control period. From
1970 to 1985, the total area increased due to forest logging. However, after 1985 the total
area declined gradually as more and more land was redeveloped to facilitate expansion
of the urban areas and industry. In recent years this decline has stopped, which can be
attributed to the development of new land area and the shift to new crop types. Whereas
the production of rice was dominant in the past, recently so called cash crops have become
more popular due to higher profit margins.

As of 2000, the region had about 1708 km? of irrigated farmland (1571 km? excluding
Lin’an District). Most of the land is used to grow staple crops such as rice, wheat, corn,
soybean and potato. In addition several cash crops such as tea, cotton, sugarcane and
medicinal herbs are common. Nevertheless, rice is still the prevailing crop type as it covers
about 85% of the total cultivated area.

There is no clearly observable trend in recent developments. Therefore various alter-
native developments are explored for the future scenarios. The moderate scenario assumes
no significant change. The two extreme scenarios assume a gradually increasing decline in
land surface and a constant increase respectively (Figure 3.4).
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Figure 3.4: Development of the total irrigated area in Hangzhou Region. Data were obtained from

CNKI (2013).

3.2 Supply side processes

Daily streamflow records of Lan River and monthly inflow records for Xin’anjiang Reservoir
were obtained for the entire control period. Those were preprocessed to 10-day averaged
timesteps (Appendix A). For the future period the hydrological regime is expected to
change due to the effects of climate change. Additional climate change effects on the
demand side, such as a potentially increasing irrigation water demand, are outside the
scope of this study since aggregated uncertainty herein is already reflected by the various
scenarios. The discharge of small tributaries such as Puyang River and Fenshui River are
assumed equal to the control period.

Projected streamflows for the future period were obtained using the GR4J rainfall
runoff model (Perrin et al., 2003). This model was calibrated separately for the Xin’an
and Lan subbasins. The input for the hydrological simulations was obtained by dynamic
downscaling of global climate simulations using the HadRM3P Regional Climate Model
(RCM). The RCM is implemented in the PRECIS modelling system and yields output
on a daily timescale with a spatial resolution of 0.5° by 0.5°. HadRM3P is driven by the
HadCM3 Global Circulation Model (GCM). The A1B, A2 and B2 SRES greenhouse gas
emission scenarios are evaluated in this study.

For each subbasin the daily simulated precipitation and temperature were compared
to the corresponding observed values for the period 1971-2000. To this extent all observed
data have been interpolated to area-average values using Thiessen polygons. The grid-
based RCM output was converted by taking the weighted average of the cells overlapping
the basin area. The weights have been determined as the fraction of the subbasin area
falling within a grid cell.
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Comparison of the averaged precipitation and temperature showed a significant bias.
We applied a bias correction for each individual subbasin as there seems to be a consensus
among most authors that this is a necessary step in order to match the RCM data with
the observations (Leander and Buishand, 2007; Terink et al., 2009).

A simple multiplicative shift method was used to correct the bias of the subbasin-
averaged daily RCM rainfall:

« _ Pom
s,d Ps,m

Ps,d (31)

In this equation the simulated daily precipitation amount P 4 is transformed to a corrected
amount Ps*7 4 With the ratio between mean monthly observed precipitation P, ,, and mean
monthly RCM simulated precipitation F;,,. This procedure adjusts only rainfall intensity
to reproduce the long-term mean observed monthly rainfall, and therefore does not correct
any systematic error in frequency or the intensity distribution. However, Ines and Hansen
(2006) concluded that in most cases this method provides similar results compared to a
more complicated frequency-intensity correction.

A similar bias correction method is used for temperature to adjust the monthly mean:

T;,d = Ts,d + (To,m - Ts,m) (3.2)

The corrected daily temperature T 5* 4 1s obtained by adding the difference between observed
monthly temperature 75, ,, and RCM simulated monthly temperature 7T ,, to the simulated
daily temperature Ty 4. The resulting data after bias-correction are used as forcing for the
hydrological models. Hamon’s equation (Hamon, 1961) is used to convert temperature to
evaporation.

The impact of each climate change scenario is assessed by analyzing the simulated
discharge of the GR4J model. As in this study drought periods are considered critical, the
simulation results (2011-2040) are compared and ranked based on the average discharge
(Table 3.2). The B2 scenario has the lowest total inflow and is therefore selected as the
most severe scenario for this particular study area. The A2 scenario has the highest
average discharge and is regarded as the least severe scenario. Finally, A1B is selected as
middle scenario.

Table 3.2: Mean and standard deviation of the 10-day averaged discharge in each streamflow
dataset.

Dataset Mean (st. dev.) [m3s™]

Lan River Xin’an River Total

1971-2000 (control period) 543 (692) 349 (352) 892 (776)
2011-2040 (A1B) 509 (840) 295 (469) 804 (962)
2011-2040 (A2) 491 (915) 315 (557) 806 (1071)
2011-2040 (B2) 482 (875) 309 (530) 791 (1023)
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3.3 Water supply and demand totals

The total water supply requirement is defined as the water demand plus the annual volume
required to satisfy the governing instream flow requirement. The water demand unit
rates as shown in Appendix B are applied to obtain annual volumes for each category.
In addition, the governing flow requirement for Hangzhou Region is the minimum flow
required at the mouth of Qiantang River (Zhejiang Design Institute of Water Conservancy
& Hydroelectric Power and Zhejiang Institute of Hydraulics & Estuary, 2005). In reality
the exact minimum flow requirement has been altered several times. However, in this study
we use the most recent formulation of this requirement and assume that it is constant for
both the control period and future period.

The minimum discharge should be guaranteed at all times in order to limit pollution
concentrations, control sedimentation, enable navigation and prevent downstream salt
intrusion. During the high-water period from April to June an average flow of about 700
m? s is required. During the dry season the prescribed minimum flow is reduced to about
200 m? s7!. The annual volume required is approximately 10.3 billion m?.

From Figure 3.5 it can be observed that there was abundant water available throughout
the control period, which is in line with observations and previous studies (Daixin et al.,
2005). Yet, for all future scenarios there are periods in which the water supply requirements
exceeds the inflow. Despite the regulation ability of the reservoirs in the area, these results
suggest that water stress is likely to occur in the future. The significant increase in water
demand seems to be a major disrupting factor in the water balance.
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Figure 3.5: Annual inflow and supply requirement (water demand and flow requirements) for the
control period and the five scenarios.
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Chapter 4

Model setup

Based on the third research question, we investigate in this chapter how the relevant
aspects of the water resources system can be included in a model for simulation and opti-
mization of cascade reservoir performance. The overall modelling framework is presented
in Section 4.1, after which the setup of the simulation module (Section 4.2) and the op-
timization module (Section 4.3) is explained in more detail. The optimization module is
employed twice: first for calibration of the water allocation model (discussed in Section
4.4) and in a later stage for optimization of the reservoir operating rules (Section 4.5).

4.1 Modelling framework

Performance of the reservoir system is computed as a function of hydrologic fluxes within
the river basin, water demands and reservoir operating rules. The complexity of such
calculations requires a water allocation model that simulates the distribution of water
volumes on a river basin scale. Such models generally do not include hydrodynamics, but
only compute volumes and fluxes throughout a chosen simulation period.

For the computation of optimal operating rules, the water allocation model is coupled
to an external optimization algorithm. A direct Parameterization-Simulation-Optimization
(PSO) approach is chosen for this interlink. In this approach the reservoir rule curves are
optimized directly using a Metaheuristic Algorithm (MA). Compared to traditional opti-
mization methods, such as Linear Programming, Nonlinear Programming and Dynamic
Programming, MAs offer great computational efficiency. Furthermore, there are no limits
to the objective function and constraints in terms of nonlinearities, non-convexity, discon-
tinuities and the amount of decision variables (Rani and Moreira, 2010).

As illustrated in Figure 4.1, an optimization run is initiated by the MA, which generates
an initial, random, set of candidate operating rules. These candidate operating rules are
then subsequently fed into the water allocation model. This model simulates the behaviour
and performance of the reservoir system based on the proposed operating rules. The
simulation output can be used to evaluate the fitness of the individual candidate rules. In
the next iteration step the optimization algorithm improves the population of candidate
rules using intelligent techniques and again feeds it into the water allocation model. The
iterations continue until no further improvements are found.
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Figure 4.1: Model flowchart. The water allocation model can be used stand-alone to evaluate the
performance of operating rules. For calibration and for the derivation of adapted operating rules the
model is interlinked to the optimization module. NSGA-II is used as optimization core algorithm.

4.2 Simulation module

A wide variety of water allocation models have been developed in recent years. There
are several software packages available, which are generally all capable of performing net-
work systems simulation and analysis, including flood management, water supply and
hydropower operations (Rani and Moreira, 2010). Most models use a network-based ap-
proach, meaning that all the features of the river basin are represented by links and nodes.
Nearly all models attribute relevant information, such as inflow, physical properties, wa-
ter demand and operating rules, to their respective node or link in the schematized river
basin.

For this study WEAP (Water Evaluation And Planning system) has been selected
as simulation tool. This model has been developed by the Stockholm Environmental
Institute (SEI, 2013). Compared to other well known models, such as HEC-ResSim (US
Army Corps of Engineers, 2013) and Ribasim (Deltares, 2013), it is unique in the sense
that it offers great flexibility in modelling by employing an internal scripting language that
can be used to define operating rules and specify custom functions and model variables.
WEAP also supports interaction with external programs, which enables coupling to a
separate optimization algorithm.

The study area was schematized to a system of links and nodes in WEAP. The mod-
elling of hydropower operations is described in detail in Appendix C. To accurately model
the water demands, a separate demand node was assigned to each district in Hangzhou
Region (Figure 4.2). The total demand per district has been attributed to the different
categories defined in Chapter 3: domestic, municipal, industrial and agricultural demand.
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It has been considered that only a portion of the water demand is actually consumed
and that the remaining part will be returned to the system after usage. Consumption
rates were obtained for each individual demand category (Appendix B). The minimum
flow requirement at the mouth of Qiantang River (Section 3.3) was implemented in WEAP
as a time-varying constraint.

Tributaries of Xin'an River

Chun'an County
Xin’anjiang Reservoir

Xin'an River{ﬂ Jiande City
Lan River

Fuchunjiang Reservoir

Fenshui River

: > Tonglu County
Fuchun River ( )
. F .
Puyang River _ O uyang City
- Hangzhou
Qiantang River urban districts
\/

Figure 4.2: Water system diagram. The five demand districts are represented by a circle. Inflow
into Xin’anjiang Reservoir is represented by a single node, while there are multiple small tributaries.

A temporal resolution of 10 days was chosen to run the simulation model. This timestep
corresponds to the traditional Chinese crop calendar and is therefore the most common
in reservoir operation (Chen et al., 2007; Chaves and Chang, 2008). Every month of the
year is divided into three timesteps, of which the first two are exactly 10 days and the
last timestep accounts for the remaining days in the month. All input data with a higher
resolution are aggregated to corresponding time intervals before loaded into the model
(thereby accounting for leap years).

4.3 Optimization module

4.3.1 Metaheuristic Algorithms

The core component of the optimization module is a Metaheuristic Algorithm (MA) that
generates and improves candidate solutions and feeds these to the water allocation model.
MAs are particularly suitable for solving multiobjective problems since they evaluate a
large set of possible solutions during each iteration step. This way of processing yields
a set of Pareto-optimal solutions within a single run of the algorithm, while traditional
optimization methods require a series of separate runs (Rani and Moreira, 2010). Several
MAs have been tailored specifically to multiobjective optimization. Such algorithms in-
clude additional features, such as elitism and sorting, to obtain an equal spread of solutions
along the Pareto front (the ’solution diversity’).
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Build random Initial Population P° (size N);
Set empty archive P9 (size N);
Sett=0
while t < t,,4, do
evaluate Fitness Values of P?;
P! = P' + P (size 2N);
compute Front Ranks based on Pareto dominance - sort;
add solutions to P4 until N individuals have been found;
determine crowding distance between points on each front;
select elitist points from the lower front;
generate Child Population P!*?! (size N);
Binary Tournament Selection;
Crossover and Mutation;
t=t+1;
end

Figure 4.83: Pseudocode NSGA-II

Most MAs are based on physical or evolutionary phenomena, the latter including Parti-
cle Swarm Optimization (PSO), Ant Colony Optimization (ACO) and Genetic Algorithms
(GA). GA are most commonly used. They use crossovers and mutations to improve their
candidate solutions. In the terminology of genetic programming, candidate solutions are
referred to as individuals, who together form a population that evolves through time. Each
individual in a population is the representation of a unique chromosome, which is a row
vector containing all decision variables. After each iteration step, a new generation of
individuals is formed, of which the superior ones evolve along the Pareto front.

4.3.2 NSGA-II

For this study the Nondominated Sorting Genetic Algorithm IT (NSGA-II) was selected, as
it is known to be highly efficient and has successfully been applied in various cases (Chang
and Chang, 2009; Liu et al., 2011). The algorithm, proposed by Deb et al. (2002), can
explicitly handle multiple objectives. As the subject of our optimization is a multipurpose
reservoir cascade, this ability makes it favorable over many other MAs. The pseudocode
is presented in Figure 4.3.

The algorithm uses features such as an elitist archive, crowding distance calculation and
nondominated sorting to obtain a well-spread Pareto front. The first feature, elitism, is a
procedure in which the fittest individuals of the previous generation are directly injected in
the next generation (Luke, 2012). During each iteration step, all individuals of a generation
are ranked in terms of fitness with the nondominated sorting technique. Individual A is
said to Pareto dominate individual B if A is at least as good as B in every objective and
better than B in at least one objective. Based on this definition, all individuals can be
ranked and organized in several fronts. The front ranking and domination concepts are
shown in Figure 4.4.

The so called crowding distance is used to define the density of individuals along the
same front. It is calculated by the Euclidean distance between the individual and its
adjacent individuals (Chang and Chang, 2009). When comparing two solutions that have
the same front rank, extreme solutions prevail over not extreme ones. If both solutions
are not extreme, the one with the bigger crowding distance wins (Salazar et al., 2006). In
this way, a well-spread Pareto front is obtained.
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Figure 4.4: Front ranking concept (left) and domination principle (right). Each point represents
an individual candidate solution.

4.3.3 Parameter settings

Chromosomes in genetic algorithms can either be binary or real coded. In this study a
real-coded scheme was chosen as various authors have recently shown that this consis-
tently yields a better performance (Kumar and Naresh, 2007; Chang et al., 2005). Each
decision is subjected to two constraints: an upper and lower boundary value. A simple
constraint handling technique was used, in which the algorithm repairs infeasible solutions
by replacing its value by the value of the constraint that was being violated.

The main settings of the genetic algorithm were chosen based on the findings of Li
and Wei (2008). Their sensitivity analysis showed that for multireservoir systems an op-
timal convergence and highest quality of the final solution is achieved with mutation and
crossover probabilities of 0.05 and 0.85, respectively. The NSGA-II algorithm uses binary
tournament selection, gaussian mutation and intermediate crossover. A population size of
100 individuals was chosen, as this leads to a well spread Pareto front and decreases the
likelihood of premature convergence of the algorithm (Chang and Chang, 2001). During
several test runs it was observed that no significant improvement occurs after 75 genera-
tions. Therefore the algorithm was set to be terminated after 100 generations.

4.4 Model calibration and validation

4.4.1 Method

Data available for calibration and validation of the WEAP model includes records with 10-
day historical pool levels of Xin’anjiang Reservoir, 10-day releases of Fuchunjiang Reservoir
and monthly hydropower production of both reservoirs. Only few aspects remained to be
calibrated as most of the crucial model parameters were obtained from design reports and
interviews with the operators. The calibration target parameters are:

1. Hydropower production efficiency of both Xin’anjiang Reservoir and Fuchunjiang
Reservoir (2 parameters, estimated range: 70%-95%).

2. Plant factor (see Appendix C.2.2) of both Xin’anjiang Reservoir and Fuchunjiang
Reservoir (2 parameters, estimated range: 90%-100%).

3. Coefficients of linear hydropower production rules of Xin’anjiang Reservoir for each
zone (18 parameters, see Section 2.2).
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The NSGA-II algorithm was employed for automatic calibration. To this extent the 22
target parameters have been encoded in a chromosome, with their likely range as opti-
mization constraints. The Nash-Sutcliffe Model Efficiency (NSE) was used to evaluate the
model predictive power for the following aspects:

1. Storage volumes of Xin’anjiang Reservoir (10-day timescale).
2. Discharge downstream of Fuchunjiang Reservoir (10-day timescale).

3. Joint hydropower production of Fuchunjiang Reservoir and Xin’anjiang Reservoir
(monthly timescale).

The NSE in its general form is defined as:

> (yi,o - yi,5)2
> (yi,o - ?J_0)2

In this equation y; , and y; s respectively are the observed and simulated values at timestep
1, with g, as the mean of all observed values. The NSE ranges from —oo to 1, in which 1
indicates a perfect model fit.

A split sample test was done with 1981-1990 as calibration period and 1991-2000 as
validation period. The years prior to 1981 were left out on purpose, as in that time
Xin’anjiang Reservoir was operated with a set of temporary operating rules. After com-
pletion of the dam in 1960, the massive migration of inhabitants living in the area to be
impounded was not yet finished. Therefore the pool levels were kept artificially low for two
decades. Whereas the designed maximum water level was about 115 m+MSL, the maxi-
mum water level in this period was 102 meters. After 1981, the dam operators switched
to the currently used operating rules (Zhejiang Design Institute of Water Conservancy &
Hydroelectric Power, 2006).

NSE=1-— (4.1)

4.4.2 Results

After calibration an overall hydropower production efficiency of 82.4% was obtained for
Xin’anjiang Reservoir and 75.0% for Fuchunjiang Reservoir, with respective plant factors
of 98.4% and 95.8%. The coefficients of the hydropower production rules of Xin’anjiang
Reservoir are shown in Table 4.1.

Table 4.1: Coefficients of the linear hydropower production rules for each zone of Xin’anjiang Reser-
voir after calibration. The seasons are defined according to the meteorological calendar. Spring thus
begins on 1 March, summer on 1 June, autumn on 1 September, and winter on 1 December.

Zone Season a [GWh] b [GWh/MCM]

1I All 11.2 0.0185
Spring —105.8 0.0230
I Summer —102.6 0.0207
Autumn —137.0 0.0245
Winter —77.6 0.0197
Spring 6 0.0087
v Summer 0 0.0097
Autumn 2.5 0.0068
Winter 20.3 0.0057
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Figure 4.5: Simulation results for the calibration and validation period: 10-day storage volumes
of Xin’anjiang Reservoir (A), 10-day discharge directly downstream of Fuchunjiang Reservoir (B)
and joint monthly hydropower production of Fuchunjiang Reservoir and Xin’anjiang Reservoir (C).

Calibration resulted in a close fit for the discharge downstream of Fuchunjiang Reser-
voir and for the storage volumes of Xin’anjiang Reservoir. The monthly cascade hy-
dropower production could however not be simulated with such accuracy (Figure 4.5).
This can partially be attributed to the high sensitivity of energy simulations compared to
discharge and storage simulations. Energy output is computed according to the equations
presented in Appendix C. It involves an efficiency parameter that changes continuously
depending on the hydraulic head and on the discharge through the turbines. The model
is unable to capture these fluctuations in great detail as it does computations on a 10-day
timescale.
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Another important aspect is that the model only predicts production levels based on
the reservoir storage and inflow. Whenever there is a high energy demand, the operators
may decide to produce more energy than would seem logical from a hydrological perspec-
tive. Additional errors can be attributed to uncertainties in the inflow forecasts and the
human factor in the release decisions. Nevertheless, the accuracy is acceptable for the
scope of this study as we intend to use the model for computation of energy production on
a longer timescale (annual production totals). The relative error between the observed and
simulated Mean Annual Energy Production (MAEP) for the calibration period is +0.5%
and for the validation period +5.4%.

4.5 Optimization of reservoir operations

4.5.1 Optimization target parameters

Various authors recognize the potential of coordinated multireservoir operation (Li and
Wei, 2008; Liu et al., 2011). Therefore the overall optimization strategy is to reoperate
Fuchunjiang Reservoir to a monthly regulating reservoir and to coordinate its operation
with that of Xin’anjiang Reservoir. We intend to achieve this coordination by using linear
decision rules for both reservoirs. Because of their relative simplicity, linear decision rules
are often used in multireservoir operation (Liu et al., 2011; Ostadrahimi et al., 2012). In
addition, Karamouz et al. (1992) argued that in most cases more complicated nonlinear
decision rules do not yield a significantly higher performance.

The flood control purpose is regarded as a hard constraint to the optimization problem.
Therefore the original elevation of the flood control zones of both reservoirs is maintained.
Only the release decisions within the conservation pools are subject to optimization. For
Xin’anjiang Reservoir, the conservation pool comprises the current zones II, ITI, IV and V
(in the optimization considered as a single zone). The conservation pool of Fuchunjiang
Reservoir is the fixed zone between 11.6 m+MSL and 24.7 m+MSL (Section 2.3).

We use seasonally varying decision rules in order to discriminate between the different
flow regimes of Qiantang River. Variation on smaller time intervals is regarded inap-
propriate as it drastically increases the amount of optimization parameters, thereby also
increasing the likelihood of the algorithm getting stuck in a local optimum. Active storage
and inflows of both reservoirs are included in the rules as state variables, with correspond-
ing coefficients to be determined for each season s by the optimization algorithm:

Exj=ax;s+bx,s(S,x,;+ Ix,j) + cx,s5,F; (4.2)

Erj=ars+bps(Sar;+ Irj) + crs(Sax; + Ix,;) (4.3)

The total energy production targets F for Xin’anjiang and Fuchunjiang Reservoir (denoted
with subscripts X and F respectively) are defined per 10-day operational period j. The
production targets are determined by the active reservoir storage S, at the beginning of
the current operational period j and forecasted inflow for the current operational period
1. Multireservoir coordination is achieved by including the active storage of both cascade
reservoirs in the release decision of the individual reservoirs. Additionally the hydropower
production of the downstream reservoir is also determined by the inflow to the upstream
reservoir.
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The goal is to optimize the coefficients of the current linear decision rules of both
reservoirs using the NSGA-II algorithm. Since sedimentation is not an issue for either
one of the reservoirs (Section 2.1), flushing or sluicing rules have not been considered in
the optimization. In total there are 24 decision variables (six coefficients for each of the
four seasons), which are coded in a chromosome structure. We use the plant factors and
hydropower production efficiencies as obtained by model calibration.

4.5.2 Objective function

Formulation of the optimization objective depends on the specific purpose of the reservoir
system under consideration. The Xin’anjiang-Fuchunjiang reservoir cascade has three
main purposes:

1. Flood control.
2. Hydropower production.
3. Downstream water supply (water demand and minimum flow requirement).

Downstream flooding and dam overtopping is not allowed within the simulation period.
Therefore the flood control purpose is included in the problem formulation as a hard con-
straint instead of an objective to be minimized. Hydropower production and water supply
remain as competing optimization objectives. The results are presented as a tradeoff
between these competing objectives, visualized in a Pareto front.

Given the current operation style of the reservoir cascade, maximization of the Mean
Annual Energy Production (MAEP) is favorable as objective above other criteria such as
reliability of power supply. Performance of downstream water supply is expressed as the
so called Shortage Index (SI), as defined by the US Army Corps of Engineers (1997). This
index reflects the observation that economic and social effects of shortages are roughly
proportional to the square of the degree of shortage. The annual SI indicator has been
used by various authors and has proven to be highly suitable for reservoir optimization
(Chang and Chang, 2009; Tung et al., 2003). In mathematical form the optimization
problem can be stated as:

maz(MAEP) = maz [le %(AER-)] (4.4)
=1

, (100 &K /D2
min(SI) = min [N ; <E> 1 (4.5)
Subject to:

In these equations N is the number of years in the considered study period, D; is the total
deficit in the ith year (supply required minus actual volume supplied) and F; is the total
supply requirement in the ith year. The supply requirement is the sum of water demand
and the downstream flow requirement. The Mean Annual Energy Production (M AEP)
and Annual Energy Production (AEP) are both in GWh. Both indicators are subject to
the constraints included in the WEAP model, which simulates with a 10-day timestep j.
This model is based on three inputs: Fj, I; and O; are the supply requirements, inflows
and operating rules in the jth 10-day period, respectively.
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Chapter 5

Performance of conventional
reservoir operation

In this chapter we evaluate the performance of the Xin’anjiang-Fuchunjiang reservoir cas-
cade using its conventional operating rules. Performance is measured with the Shortage
Index (SI) and the Mean Annual Energy Production (MAEP), both introduced in the
previous chapter. As a baseline reference, we first investigate the water shortages and
energy production for the control period in Section 5.1. Section 5.2 then addresses the
performance for each future scenario. In Section 5.3 the actual impact of each scenario is
determined by comparing the performance in the control period with the projected future
performance.

5.1 Control period

For the control period the water allocation model was employed according to the setup de-
scribed in Chapter 4. The model does not require a warm-up period as the initial storage
levels of both reservoirs, which are normally the only unknowns, could be obtained from
historical records. As of January 1, 1971, the total storage volumes of Xin’anjiang Reser-
voir and Fuchunjiang Reservoir were 10.5 billion m?® and 0.446 billion m?, respectively.

An aspect that complicates simulation of the control period is the temporary set of
operating rules that were used for Xin’anjiang Reservoir in the period from 1971-1980
(Section 4.4). Since the details of these temporary operating rules are unknown, and
in order to make a fair comparison with the future period, the entire control period was
simulated as if Xin’anjiang Reservoir was operated with the currently used operating rules.

The results show that there are no significant water shortages in the control period as
a Shortage Index of 0.007 was found. This is in line with observations and conclusions
of the International Commission on Irrigation and Drainage (Daixin et al., 2005), who
confirmed in their study that so far no severe drought events have occurred in the zone
downstream of Fuchunjiang Reservoir. Simulations point out that only in 1979 a small
deficit event occurred. The MAEP of the reservoir cascade in the control period was 2623
GWh.
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5.2 Future period

For the future period all scenarios of Chapter 3 were evaluated with the WEAP model.
The initial storage volume of Xin’anjiang Reservoir for the future period simulations is
unknown. Yet historical records revealed that in the December months between 2001
and 2009 the average pool level was 98.7 m+MSL, equivalent to a storage volume of
approximately 12.5 billion m3. Since there is little fluctuation in storage volume, we
assume the same value for the beginning of the future period. As Fuchunjiang Reservoir
has a fairly constant pool level, centered around the target storage level of 23 m+MSL,

an initial storage of 0.446 billion m? was assumed here.
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Figure 5.1: Development of the annual water deficit (D) (A) and the Annual Energy Production
(AEP) of the reservoir cascade (B) throughout the future period.

The results of the simulations are shown in Figure 5.1 and Table 5.1. Despite the
large range of predicted deficits and energy production by the various scenarios, a clear
increasing trend is observable for the shortages and a slightly decreasing trend for the
energy production. The absolute water deficit rapidly increases after 2030, yet generally
remaining low compared to the total supply requirement. A peak deficit of 3.9 billion m?
is simulated for scenario H in the year 2040, reaching to about 15% of the total supply
requirement of that year.
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The water shortages considered include both the downstream flow requirement and
the domestic, municipal, industrial and agricultural water demand. Due to the higher
allocation priority of the latter categories, most deficits affect the downstream flow re-
quirement only. However, since this automatically leads to significant salt water intrusion
and increased pollution levels, it is likely that water intakes close to the river mouth will be
paused in such a deficit event. Deficits in the downstream flow requirement thus indirectly
threaten the continuation of water supply for all other demand categories.

It can be observed that in terms of water shortages, scenario M1 almost has the same
impact as scenario A. The water shortages are highest for scenario H and M2, also being
the scenarios with the highest projected socio-economic growth. As expected, the lowest
SI is found for scenario L. Remarkably, the energy production is highest for scenarios M1
and H, while scenario L shows the lowest energy production. This result is caused by the
consistently higher water demand for the H scenario, which forces the reservoirs to release
large quantities of water. These releases are then also used to produce additional energy.
A negative side effect of this higher production is the systematical decrease in storage
volume of Xin’anjiang Reservoir, particularly for scenario H.

Table 5.1: The Shortage Index (SI, dimensionless) and Mean Annual Energy Production (MAEP,
in GWh) in each scenario. For comparison also the change in energy production relative to the
control period is given between parentheses.

Simulation SI MAEP (rel. impact)
Control period 0.007 2623 (-)

Scenario L 0.05 2243 (-14.5%)

Scenario M1 0.19 2286 (-12.8%)

Scenario A 0.18 2196 (-16.3%)

Scenario M2 0.47 2230 (-15.0%)

Scenario H 0.92 2266 (-13.6%)

Mean future period 0.36 2244 (-14.4%)

5.3 Net performance losses

The impact of each scenario is determined by comparing the SI and MAEP indicators
of the future scenarios with the control period. From the results in Table 5.1 it can be
observed that the Shortage Index shows an increase from 0.007 in the control period to
an average of 0.36 for the future period. Even though this is a large relative increase, the
ST is still fairly small when considering the theoretical limits of the index (0 to 100).

The SI is in the same order of magnitude as reported by various other authors, yet
somewhat lower than generally found for reservoir systems in China and Taiwan. Yin
et al. (2010) for example simulated the performance of a reservoir system in the Tang
river basin (China) and reported an SI of 0.4 for the period between 1997 and 2006.
Chang and Chang (2009) investigated the current operation of a parallel reservoir system
in Taiwan and found SI values between 0.5 and 1.8.
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As the SI reflects both the frequency and the magnitude of relative shortages, it must
be interpreted likewise (US Army Corps of Engineers, 1997). The SI implies that shortages
of 40% are four times as serious as shortages of 20% and that a shortage of 60% would
be nine times as costly as a shortage of 20%. There seems not to be a strict consensus in
literature as to which SI is still acceptable. According to Gosschalk (2002), an SI in the
order of 0.25 is often acceptable (corresponding to a single shortage of 50% in 100 years,
or 25 shortage events of 10% each in 100 years). In addition, Chou et al. (2013) evaluated
the scheduling of regional water resources projects, using an SI of 0.5 as threshold value
for acceptable system performance.

Next to the impact on water shortages, a decrease between -12.8% (scenario M1) and
-16.3% (scenario A) is projected for the MAEP in the future period. The mean decrease is
-14.4%. This indicates that under conventional operation, a significant impact on energy
production is to be expected for all scenarios. Even though the increasing Shortage Index
indicates that more drought problems are likely in the future period, the deficits are still
fairly small when compared to what is generally regarded acceptable by other authors.
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Chapter 6

Reservoir performance atter dam
reoperation

In this chapter we investigate in how far the impact of socio-economic growth and climate
change can be mitigated by coordinated dam reoperation. To this extent we derive oper-
ating rules, adapted to each scenario, that minimize the Shortage Index and maximize the
Mean Annual Energy Production. In Section 6.1 we present the performance of adapted
operating rules per scenario. We also show the relative performance differences compared
to conventional operation, which are a scenario-wise measure of impact reduction.

The performance loss that remains after dam reoperation is defined as the residual
impact of the projected changes in supply and demand. This impact is measured by
comparing the performance after dam reoperation with the historical performance (con-
ventional operation during the control period). The residual impact is presented in Section
6.2, indicating the ability of the reservoir system to adapt to the induced changes in supply
and demand. Finally, in Section 6.3, we summarize the findings of this chapter and reflect
on the used methodology.

6.1 Impact reduction with adapted operation

According to the setup described in Chapter 4, we search for Pareto-optimal solutions
using the NSGA-II metaheuristic algorithm interlinked with the WEAP water allocation
model. Target parameters for optimization are the three coefficients of the proposed linear
hydropower production rules for each of the two reservoirs in the cascade, discriminating
between four seasons (24 parameters in total). In total five scenarios for the future period
between 2011-2040 were evaluated (30 years per simulation). We also optimize the oper-
ations for the control period in order to get some insight in the current optimality of the
conventional operating rules.

A well-distributed Pareto front was obtained for each optimization of the future period,
of which an example is shown in Figure 6.1. Table 6.2 shows the midpoints and edge points
of the Pareto fronts obtained for each scenario. The control period optimization yielded a
single point as optimum, as the Shortage Index could be completely reduced to zero. The
derived coefficients of the hydropower production rules for each scenario are provided in
Appendix D.
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The actual impact reduction that can be achieved by reoperation is established by a
scenario-wise comparison of conventional operation performance (Chapter 5) and adapted
operation performance. Compared to conventional operation, the Shortage Index (SI)
could be reduced significantly for all future scenarios, while a simultaneous gain in hy-
dropower production was achieved. On average we find a 72% reduction of the SI and a
5.4% gain in Mean Annual Energy Production compared to conventional operation (Table
6.2).

Effects on the SI are larger than reported by other authors, while the hydropower
production gains are of a similar order of magnitude. Chang and Chang (2009) for instance
reduced the SI of a parallel reservoir system with about 10% after reoperation and a
recent study of Fu et al. (2011), which was specifically focused on hydropower production,
reported a production gain of about 5%.
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Figure 6.1: Pareto front for the optimization of scenario A after 100 generations. The midpoint is
determined by the arc length between the endpoints of the front.)

As explained in Chapter 4, the proposed operating rules enable coordination between
both reservoirs. Releases from the upstream Xin’anjiang Reservoir are restricted whenever
the storage volume of the downstream Fuchunjiang Reservoir is large. This coordination
minimizes unnecessary spills and generally leads to a higher pool level of Xin’anjiang
Reservoir (Figure 6.2). A higher pool level leads to additional benefits as it enlarges the
effective head on the turbines, resulting in more energy production per unit inflow to the
reservoir. A second beneficial aspect of coordination is that we allow for more fluctuations
in the pool levels of Fuchunjiang Reservoir, so that more inflow can be buffered and more
water can be released through the turbines instead of spillways.
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Figure 6.2: Storage volume of Xin’anjiang Reservoir for scenario A. It can be observed that with
adapted operating rules the reservoir drawdown is less than conventional operation. The generally

higher pool levels ensure a larger head on the turbines, thereby also enabling more hydropower
production.

6.2 Residual impact after dam reoperation

Under all investigated future circumstances, reoperation of the Xin’anjiang-Fuchunjiang
reservoir system yields a significant impact reduction. In absolute terms however, optimal
operating rules are unable to completely restore the system performance to that of the
control period. Despite the 5.4% performance gain in hydropower production, the average
future decrease is still 9.8% compared to the control period (Table 6.1). Therefore we can
state that even though dam reoperation is a highly effective strategy, it cannot be used
as a stand-alone solution whenever the goal is to maintain the current performance of the
reservoir system.

Table 6.1: The residual impact of each water stress scenario after implementation of adapted
operating rules. The residual impact is defined as the difference between the future performance
after reoperation and the control period performance of the reservoir system (using conventional
operation). Midpoint solutions from the obtained Pareto fronts were selected for this comparison.

Simulation A SI A MAEP [GWh] (rel.)
Scenario L +0.002 -259 (-9.9%)

Scenario M1 +0.005 -213 (-8.1%)

Scenario A +0.060 -256 (-9.8%)

Scenario M2 +0.155  -322 (-12.3%)

Scenario H +0.248  -236 (-9.0%)

Mean future period +0.094 -257 (-9.8%)

The residual impact after reoperation is defined as the difference between the future
performance after reoperation and the control period performance. Residual performance
losses be attributed to the average streamflow in all future scenarios being lower than
in the control period. This leads to a reduced average discharge through the reservoir
turbines and thus a decrease in hydropower production. The main benefits of adapted
operating rules thus lie in their ability to facilitate more extreme variability of the inflow,
reducing the amount of spills, enlarging the average head on the turbines and improving
the timing of releases.
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6.3 Dam reoperation effectiveness

Despite the fact that dam reoperation cannot completely mitigate the impact of climate
change and socio-economic developments, it appears to be an elegant strategy to at least
reduce the impact. The significant improvements also show that the chosen interlinked
simulation-optimization approach is a promising technique to derive optimal operating
rules for complex multireservoir systems. Even though we have investigated the specific
case of Hangzhou Region, the methodology can directly be applied to any other water
resources system. Yet, the benefits are likely to be dependent on the exact characteristics
of the system considered and on the quality of currently used operating rules.

A commonly reported shortcoming of metaheuristic algorithms is a premature con-
vergence of the candidate solutions. This can either be caused by a search space that is
too large or by incorrect settings of the algorithm (population size, mutation rate and
crossover rate). We experienced that in particular much attention should be paid to re-
striction of the search space. This has been achieved by determining the range over which
each optimization target parameter can fluctuate, such that separate boundary conditions
could be applied for each individual parameter. After applying these detailed boundary
conditions, we indeed observed fast and consistent convergence to the same optimum.
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Chapter 7

Conclusions and recommendations

In the first chapter the objective of this thesis was defined as ‘to investigate whether
reoperation of the Xin’anjiang-Fuchunjiang reservoir cascade is an effective adaptation
strategy to mitigate the potential impacts of climate change and regional socio-economic
developments’. The five consecutive research questions were used as a guideline towards
this goal. Section 7.1 of this chapter recaps each research question and summarizes the
major conclusions. In Section 7.2 recommendations for additional research are provided.

7.1 Conclusions

The design and current operation of the Fuchunjiang-Xin’anjiang reservoir cascade were
addressed in Chapter 2, as subject of the first research question. The main finding is that
currently both reservoirs are operated individually. Only during potential flood events the
operators switch to an emergency control system that coordinates the spillway releases of
both reservoirs. Fuchunjiang Reservoir is currently operated as a Run-Of-River plant, with
only short-term flow regulation ability. However, the reservoir sizing and design suggest
that with dam reoperation a regulation ability on longer timescales could be achievable.
The larger Xin’anjiang Reservoir has a multiyear flow regulation ability and is operated
with linear hydropower production rules that are embedded within five operational storage
zones.

Operation of both reservoirs is determined by the incoming streamflow and the wa-
ter demand of Hangzhou Region. The variations herein were investigated on an annual
timescale in Chapter 3. The content of this chapter was guided by the second research
question, with the goal to identify the likely extent to which climate change and socio-
economic developments could impact the future patterns of water supply and demand.
The analysis of each separate process resulted in five water stress scenarios for the future
period between 2011-2040, which were compared to the control period (1971-2000). Re-
sults suggest that there was abundant water available in the control period, which is in line
with observations. Yet for all future scenarios there are periods in which the water supply
requirements exceed the inflow. There appear to be large seasonal variations in water
demand. Particularly the agricultural water demand shows large seasonal variations, with
a first peak in April and a second peak around July. Despite the regulation ability of the
reservoirs in the area, the results indicate that water stress is likely to occur in the future.
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All relevant aspects that were explored in Chapters 2 and 3 have been incorporated in
the WEAP water allocation model. The modelling setup, described in Chapter 4, involves
a simulation module (with WEAP as core component) interlinked with an optimization
algorithm. WEAP in itself is capable of simulating water shortages and hydropower
production. Since there are large spatial variations in the water demand throughout the
study area, each district was assigned a separate water abstraction node in the model.
Our optimization strategy involves the NSGA-II Metaheuristic Algorithm as core for the
optimization module. We adopt linear decision rules in order to achieve coordination of
both cascaded reservoirs that are currently operated separately. The Mean Annual Energy
Production (MAEP) and Shortage Index (SI) were selected as objective functions.

The actual impact of climate change and socio-economic developments on the perfor-
mance of the reservoir systems was determined in Chapter 5. We find a Shortage Index of
0.007 for the control period and SI values ranging from 0.05 to 0.92 for the investigated
future scenarios. The largest annual deficit is 3.9 billion m® (15% of the annual supply
requirement), simulated in the high water stress scenario. Even though the increasing
SI implies that more drought problems are likely in the future period, the deficits are
still fairly small compared to what is generally regarded acceptable in literature. A de-
crease between -12.8% and -16.3% is projected for the MAEP in the future period, with
a scenario-mean decrease of -14.4%. This indicates that under conventional operation, a
significant impact on energy production is to be expected for all scenarios.

In Chapter 6 the final research question is addressed regarding the potential of dam
reoperation. Based on the optimization results, we conclude that dam reoperation is an
effective adaptation strategy to reduce the impact of changing patterns of water supply
and demand. Operating rules that are adapted to the forecasted changes result in a
significant reduction of the water shortages. Compared to the performance of conventional
operation, adapted operating rules reduce the SI by 72% while the MAEP shows an average
increase of 5.4%. In absolute terms however, optimal operating rules cannot completely
restore the system performance to that of the control period. This is primarily due to
the fact that the average inflow in all scenarios is lower than during the control period,
leading to a reduced average discharge through the reservoir turbines and thus a decrease
in hydropower production. The performance gains for energy production are therefore
limited to avoiding unnecessary spills and maintaining an optimal head over the turbines.

Overall we can conclude that, despite the fact that dam reoperation cannot completely
mitigate the impact of climate change and socio-economic developments, it appears to be
an elegant strategy to at least reduce the impact. The significant improvements also show
that the chosen interlinked simulation-optimization approach is a promising technique
to derive optimal operating rules for complex multireservoir systems. Even though we
have investigated the specific case of Hangzhou Region, the methodology can directly be
applied to any other water resources system. Yet, the benefits are likely to be dependent
on the exact characteristics of the system considered and on the quality of currently used
operating rules.
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7.2 Recommendations

The conclusions of this study primarily serve a scientific purpose, which is to increase the
understanding of dam reoperation potential. However, the findings are also of practical
importance since they point out that the water supply of Hangzhou Region can be im-
proved significantly by reoperation of the Xin’anjiang-Fuchunjiang reservoir cascade. Even
though the benefits of reoperation are demonstrated by this study, additional studies are
necessary before such strategy could actually be implemented.

A first step towards possible implementation is an accurate forecasting of future wa-
ter demands. In this study we have evaluated various scenarios and shown that for all
projected development trajectories reoperation is effective. However, a more detailed long-
term forecast of the expected water demands is required to find out which developments are
the most likely. In such analysis, also the possibility of more groundwater abstractions (in
order to relieve surface water resources) should be investigated. Optimal operating rules
for the most likely water demand trajectory can then be selected and tested extensively
using additional synthetic discharge series.

The operational consequences for implementation of adapted operating rules is a sub-
ject to be investigated in more detail. Adapted rules have consequences for the dispatching
of the hydropower plant, dam maintenance schedules, release control systems and the cur-
rently used short-term operating rules. Specific analysis of the hydropower dispatching
is required, as the derived operating rules only prescribe the optimal dispatching from a
hydrological perspective. There may be reasons to deviate from the optimal energy pro-
duction targets that are related to the demand side of electricity. Additional analysis of
the demand side of energy production is therefore recommendable.

From a scientific point of view the importance of this study lies not only in the re-
sults but also in the adopted methodology. It has been demonstrated that the chosen
simulation-optimization approach is a powerful way to improve reservoir performance.
Even though we have selected the NSGA-II genetic algorithm, there is a wide variety of
similar Metaheuristic Algorithms available. Possible alternatives include Ant Colony Opti-
mization (ACO), Simulated Annealing (SA) and Particle Swarm Optimization (PSO). As
there is currently little consensus in literature on the question which of those algorithms
delivers the best performance, additional research could reveal the differences between
these algorithms in terms of computation speed, convergence characteristics and quality
of the results.

Next to the recommendations related to the methodology we can also recommend
additional research to verify whether the applied method yields similar benefits for different
reservoir systems. Even though the potential benefits of dam reoperation are likely to be
determined by the exact characteristics of the water resources system and the performance
of its current operation, it is currently unknown which particular characteristics are the
most important. As a final aspect, we recognize the uncertainty that lies in the global
climate simulations. Therefore it is recommendable to evaluate different Global Circulation
Models in addition to the HadCM3 model used in this study.
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Appendix A

Hydrology in detail

This appendix addresses the hydrology of the study area from a more detailed point of
view. A summary of the regional climate and properties of the various river sections in
the study area is provided in Section A.1. In Section A.2 the available data is discussed,
along with the actual implementation in the WEAP model.

A.1 Hydrological area characteristics

Qiantang River Basin has a sub-tropical monsoon climate with four distinct seasons. The
average annual precipitation is between 1200 mm and 2200 mm. It is strongly correlated
to the land surface topography: the mountainous areas generally have more precipitation
than the plains. Annual evaporation rates are between 800 mm and 1000 mm. The
evaporation is highest in the coastal areas and lowest in the mountains. The average
annual temperature ranges from 16°C to 18°C (Daixin et al., 2005).

Table A.1: Hydrological characteristics of the relevant river sections. Length and catchment area
of each section includes its child sections.

River section Mean discharge Area Length Parent section

[m3s']  [km?] [km]
Lan River 543 19,468 303  Fuchun River
Xin’an River 335 11,674 359  Fuchun River
Fenshui River 90 3,444 165  Fuchun River
Fuchun River 968 38,318 461 Qiantang River
Puyang River 75 3,452 150 Qiantang River
Qiantang River 1043 55,558 605 -

Qiantang river has several large tributaries. Most of the water flows into Hangzhou
Region through Lan River and Xin’an River, who originate in mountainous areas and
confluence in the center of the catchment. From this confluence point the river continues
as the Fuchun River. Smaller tributaries, Fenshui River and Puyang River, flow into this
main branch. At the confluence point with the latter, just before entering Hangzhou City,
the name becomes Qiantang River. The main hydrological characteristics of each branch
are summarized in Table A.1.
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A.2 Available data and model implementation

There are seven relevant hydrological fluxes going in and out of the study area. This
section described how the datasets were obtained and preprocessed.
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Figure A.1: Overview of all relevant hydrological fluzes going in (green arrows) and out (red arrows)
of the study area.

A.2.1 Inflow from Lan River

Discharge from the Lan River branch is recorded at the Lanxi discharge station. The
original dataset was in daily timesteps, from 1971 till 2000. The data was aggregated to
10-day timesteps, thereby considering historical leap years. The inflow was implemented
in the WEAP model as a so called headflow property for the Lan River link. Streamflow
for the future scenarios was simulated on daily basis with the GR4J model. Output of
this model was also aggregated to 10-day periods and then fed into the WEAP model.

The accuracy of future discharge predictions is subjected to some uncertainty caused
by upstream anthropogenic activities. The first source of uncertainty is the extent to
which the amount of water abstractions upstream of Lanxi station are to change in the
future. A significant increase in water withdrawal in upstream branches is not accounted
for in the hydrological simulations, as the GR4J model is calibrated based on the current
outflows of the entire subbasin. Increasing upstream abstractions due to population growth
and increasing economic activity would likely result in a slightly lower discharge than is
currently predicted.
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A second aspect is the various Run-Of-River hydropower stations that are present
along the upstream branches of Lan River. These dams will in reality influence the natural
discharge patterns of the river. However, as they have no significant flow regulation ability,
the influence on 10-day aggregated discharge is assumed to be neglectable.

A.2.2 Inflow from tributaries of Xin’an River

The outflow from the Xin’an subbasin is nowadays completely regulated by Xin’anjiang
Reservoir. As the inflow to this reservoir comes from a large number of smaller tribu-
taries, it was not possible to obtain direct discharge records. Therefore the inflow was
reconstructed based on historical reservoir storage levels, historical releases and net pre-
cipitation on the reservoir. The inflow is specified as a single link in WEAP, representing
all tributaries together. The GR4J model was used for simulation of streamflow in the
future period.

A.2.3 Evaporation and precipitation

Detailed pan evaporation measurements (E601) were obtained for the period 1981-1990.
The measurements are from Yuankou station, located downstream of Xin’anjiang Dam
(close to Jiande City). The original pan evaporation measurements have been converted
to lake evaporation using monthly pan coefficients.

Daily precipitation measurements were obtained from Meicheng station, located at
the bifurcation point of Lan River and Xin’an River. The original dataset covered the
period 1961-2000. The first 10 years were omitted in further calculations. The stations
are assumed to be representative for the evaporation and precipitation on both reservoirs.

The evaporation and precipitation fluxes were aggregated into 10-day timesteps and
averaged for the simulation period. They were included in WEAP as a net evaporation
flux to estimate reservoir system losses (for both Xin’anjiang Reservoir and Fuchunjiang
Reservoir).

Table A.2: Precipitation (P), reference evapotranspiration (ETy) and simplified discharge of Fen-
shui and Puyang River as implemented in WEAP.

Month P ETo Discharge [m® s7']

[mm d'] [mm d'] Fenshui River Puyang River
Jan 1.95 0.82 30 50
Feb 2.97 0.80 65 63
Mar 4.64 0.99 115 75
Apr 5.46 1.72 126 88
May 5.38 2.44 145 100
Jun 7.97 2.61 192 113
Jul 4.7 3.69 126 100
Aug 4.15 4.09 91 88
Sep 2.98 2.8 90 75
Oct 2.16 2.09 48 63
Nov 1.62 1.53 36 50
Dec 1.27 1.11 24 38
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A.2.4 Groundwater fluxes

Groundwater fluxes along the boundaries of the study area are assumed to be insignifi-
cant compared to the total discharge of Qiantang River. Seepage losses that occur from
Xin’anjiang Reservoir have been monitored in recent years. The total seepage through the
dam and ground appears to be 0.0015 m? s™', which is neglectable.

A.2.5 Inflow from Fenshui River

The discharge of Fenshui River is controlled by Fenshui Hydro Junction, a small reservoir
that maintains a fairly constant outflow. The average discharge is about 90 m? s, which
is only 9% of the total discharge of Qiantang River. The monthly average discharges were
obtained from the Hangzhou Water Resources Bulletin (Hangzhou Bureau of Forestry &
Water Conservancy, 2008), shown in Table A.2.

A.2.6 Inflow from Puyang River

Puyang River is the furthest downstream tributary of Qiantang River. It is fairly small,
with an average flow of 75.5 m? s”! (Hangzhou Bureau of Forestry & Water Conservancy,
2008). According to Pan et al. (2006), the discharge varies from about 1.5 times the
average in the wet season to as low as 0.5 times the average in the dry season. No long-
term discharge records were available for Puyang River, but the small streamflow (about
7% of the total discharge of Qiantang River) justifies a more simplified implementation in
the model (Table A.2).
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Appendix B

Water demand in detail

As discussed in Chapter 3, a total of four water demand categories are considered in this
study: domestic (rural and urban), municipal, industrial and agricultural (irrigation and
livestock/fishery) demand. The water demand for these categories is computed separately
for each of the five districts in the study area, represented by a withdrawal node in the
WEAP model. Section B.1 presents the unit demand rates and consumption rates for
each category and per district. As only annually aggregated water demand could be
obtained from literature, the seasonal variations herein have been estimated. The related
computational procedures are explained in Section B.2.

B.1 Unit demand and consumption rates

Actual water demands, population numbers and irrigated farmland were obtained from
the Hangzhou Water Resources Bulleting (Hangzhou Bureau of Forestry & Water Con-
servancy, 2008). The nominal industrial output was obtained from the China Economic
and Social Statistics Database and corrected with inflation data (The World Bank, 2013).
Based on these statistics, the actual unit demand rates have been calculated. The resulting
rates are shown in Table B.1.

Table B.1: Unit demand rates.

Demand Demand rate Unit Cons.
category rate
(%]
Hangzhou Fuyang Tonglu Jiande Chun’an
(urban)
Domestic 66 75 46 83 34 m>/cap/yr 36.9
(urban)
Domestic 41 39 41 54 61 m?3/cap/yr 84.2
(rural)
Municipal 263.1 110.6 18.6 17.3 14.7  m®/cap/yr 52.1
Industrial 6.60 2.55 0.47 0.47 0.23 MCM/10° 32.5
RMB/yr
Agricultural 0.78 0.78 0.89 0.89 1.30 MCM/km?/yr  75.3
(irrigation)
Agricultural 220.3 47.8 128.1 30.6 14 m?/cap/yr 86.2
(fishery and
livestock)
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We have accounted for the fact that only a portion of the water demand is actually con-
sumed, and the remaining part will be returned to the system after usage. The amount
of water demand that is withdrawn from the system is expressed as the so called con-
sumption rate. This rate has been obtained from the Hangzhou Water Resources Bulletin
(Hangzhou Bureau of Forestry & Water Conservancy, 2008) and is specified uniquely for
each separate demand category (Table B.1).

B.2 Seasonal variations in water demand

B.2.1 Domestic demand

It has been assumed that municipal and industrial water demand remain constant through-
out the year. Variation in water demand for domestic purposes is estimated as a function of
temperature (Wada et al., 2011). To this extent we use the monthly averaged temperature
for Hangzhou Region. Water demand variations are computed as follows:

Cd,i Tm - Tm,avg
Cam =5 {(Tm - Tmmr> * 1'0] (B

In this equation Cy, is the domestic demand in month m, Cy; the total domestic demand
in year 4, T}, the actual temperature, T}, 4,y the average monthly temperature and 7,4,
Tinin the maximum and minimum temperature, respectively (all in °C'). The constant r
is the dimensionless amplitude, representing the relative difference between the domestic
water demand in the warmest and the coldest month. A value of 0.1 was used in this
study, as it appears to fit well with observed variations in areas with a similar climate as
Hangzhou Region (Wada et al., 2011).

B.2.2 Irrigation demand

Monthly variations in irrigation water demand are estimated using the CROPWAT method.
Based on the dominant crop types, a simplified representation of the area was made.
Hereby the five prevailing crop rotation schemes are considered: rice/winter wheat, potato/
vegetable, rapeseed /winter wheat and vegetable/winter wheat (Qiu et al., 2003). The ap-
proximate area used for each crop calendar was obtained from the China Economic and
Social Statistics Database (CNKI, 2013). In total, the five considered rotations covered
about 2690 km?, which is 71% of the total cultivated area.

Based on the situation in 2010, rice/winter wheat was the predominant calendar, cov-
ering about 30% of the considered farmland. Approximately 24% was used for potato/
vegetable, 19% for maize/winter wheat, 14% for rapeseed /winter wheat and 12% for veg-
etable/winter wheat. The considered crops are generally speaking located in irrigated
areas. It has been assumed that the crop patterns have not significantly changed through-
out the years.

The irrigation demand Cj;,., for each crop type is computed with the following equation:

Cirr = Ep - Pe (B2)

In this equation E, is the potential crop evapotranspiration (mm/day) and P, the effective
rainfall in mm/day. The effective rainfall is defined as the part of the rainfall which is
effectively used by the crop after rainfall losses due to surface run off and deep percolation
have been accounted for.
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Table B.2: Key input values for the CROPWAT calculations: crop coefficients K. and land prepa-
ration dose. The table also reflects the different planting dates of the crop types. Rice requires a
large initial preparation dose as the land is flooded after sowing.

Month K. [-] Land prep.
dose [mm]
Rice Winter Potato Vegetables Vegetables Rapeseed Maize
wheat (autumn  (spring
sown) sown)

Jan 0 1.15 0 1.05 0 0 0 0

Feb 0 1.15 0 0.75 0 0 0 0

Mar 0 0.75 0 0 0 0 0 0

Apr 1.10 0.30 0.50 0 0.78 0.35 0 200 (rice)
May 1.19 0 1.15 0 0.95 1.15 1.20 0

Jun 1.20 0 1.15 0 1.05 1.15 1.20 0

Jul 1.20 0 0.90 0 1.05 1.75 1.00 0

Aug 1.10 0 0.65 0 0.75 0.35 0.50 0

Sep 1.10 0 0 0 0 0 0 0

Oct 0 0 0 0.78 0 0 0 0

Nov 0 0.70 0 0.95 0 0 0 0

Dec 0 1.00 0 1.05 0 0 0 0

Based on the recommendations of FAO (2012b), a constant rainfall effectiveness of
80% was assumed. Average precipitation from Table A.2 was used in the calculations.
The potential crop evapotranspiration is computed as follows:

E, = K.ET,

(B.3)

Here K. is the crop coefficient (dimensionless) and ETj the reference evapotranspiration
(mm/day). The average irrigation demand per unit land area was determined by com-
puting the irrigation demand for each crop type and multiplying this with its respective
relative land cover.

B.2.3 Resulting seasonal pattern

Based on the methods presented in the previous subsections, we obtain the seasonal de-
mand variations shown in Figure B.1.
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Figure B.1: Seasonal demand variations.
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Appendix C

Reservoir operations in detail

In this appendix the details behind reservoir operation are addressed. Section C.1 ex-
plains the physical constraints to reservoir operation from a theoretical point of view and
discusses the implementation of these constraints in the WEAP model. In Section C.2 hy-
dropower operations are discussed, along with their model implementation. The allocation
priority of the various supply targets is subject of Section C.3.

C.1 Physical reservoir constraints

Under normal circumstances, water is released from a reservoir through penstocks in the
dam that lead to the powerhouse. Whenever more discharge capacity is needed, spillways
can be enabled. Spillways are hydraulic structures that are normally used during flood
events, in order to prevent overtopping or damaging of the dam. Opening of spillways is
however not favorable as the spilled water cannot be used to generate hydropower.

C.1.1 Background

The change in storage of a reservoir during a certain time period ¢ can be described by a
simple water balance equation:

ASi =11+ Puy — Guy — Rurrt — Erg (C.1)

In this equation AS is the change in storage (m?®), determined by the total inflow I, pre-
cipitation P, groundwater seepage G, reservoir releases R and evaporation F (all in m?3).
Most variables in this equation are variable in time, but also depend on the pool level H
of the reservoir. The surface area also increases with the pool level, thus affecting precipi-
tation and evaporation fluxes. Head differences also affect the seepage from the reservoir.
Reservoir releases are a function of head, inflow, downstream supply requirements F' and
time.

Release rules generally prescribe the amount of water to be released depending on
inflow, reservoir storage and demand. The total releases are constrained by the maximum
hydraulic outflow Qaz:

R < Qs (H) (C.2)

The maximum hydraulic outflow is determined by both the water level in the reservoir
at a certain timestep and by the capacity of the various dam components. Whenever the
pool level is below the penstock intakes, no outflow is possible. For pool levels between the
spillway crest and the penstocks, the total penstock capacity can be utilized to discharge
water.
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Whenever the pool level is above the spillway crest, the outflow depends on the oper-
ation of the spillway, the pool level, and the hydraulic constraints of the spillways. This
together is defined in a so called spillway head-discharge relation. Finally, for pool levels
above the dam crest, overtopping will occur. In that case, the maximum flow is virtually
unlimited (even though in reality still bounded by friction).

In mathematical form, the maximum hydraulic outflow Q4. can be defined as:

0 it H<h,y

Qpmaz if hy < H < hy

Qp,max + Qs(h) if hs <H< hc
oo if H > h,

Qmaz = (CS)

In this equation H is the pool level, h, the penstock intake level, hg the spillway crest

level and h. the dam crest level (all in meters). The total penstock capacity @Qpmas and

spillway discharge Qs are in m s™'.

C.1.2 Model implementation

Storage-elevation tables were obtained for both reservoirs in order to compute reservoir
pool levels as a function of current storage. The obtained data is shown in Figure C.1.

1000 - 22500 4
Fuchunjiang Reservoir 20000 - Xin'anjiang Reservoir
800
17500 -
T E
g 0 & 15000
N ‘s
> =4 ]
& 400 | g 12500
& #
2]
10000 -
200
7500 -
0+ T T T 5000 T T T T )
10 15 20 25 30 85 90 95 100 105 110 115
Pool level [m+MSL] Pool level [m+MSL]

Figure C.1: Storage elevation curves for both reservoirs.

WEAP uses two variables to define total reservoir release constraints. The first one
is the Maximum Hydraulic Outflow (Qmaz), which is the total amount of water that can
be discharged from the reservoir at a certain water level. The second variable is the
Maximum Turbine Flow @pmasz, Which is the maximum amount of water that can be
discharged through the penstocks at a given water level. WEAP will not release water if
the reservoir storage is equal or lower than the dead storage.

Spillway head-discharge relations have also been obtained with fourth-order regression,
based on existing tabulated data:

Qs = skHy, +upHp , + v H , + wipHp g + 21 (C.4)

In this equation s, u, v, w and z are regression coefficients, obtained for each reservoir k.
The maximum spillway flow Q, in each timestep ¢ is in m3s.
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Table C.1: Release constraint settings in WEAP.

Parameter [unit] Xin’anjiang Fuchunjiang
Reservoir Reservoir

hs [m+MSL] 99 11.6

hp [m+MSL] 70.4 15

Qp,maz [m3s] 1291.5 1300

Stot [106 mS} 21626 554.30

s —0.03198 0

u 11.67 —0.1885

v —1510 15.87

w 8.001 x 10* —279.2

2 —1.375 x 10° 1403

C.2 Hydropower operations

C.2.1 Background

The powerhouse of a dam usually contains several turbine units and generators. The
power production is however bound by several constraints. Firstly, the generated electric
power can never exceed the installed capacity PjC. This capacity, also called nameplate
capacity, is the technical upper limit of power output.

Py < Py (C.5)

Second important limitation is that the turbines only work above a minimum net head
and only if there is sufficient flow. Furthermore, the net head over the turbines cannot
exceed a specified maximum to prevent damage to the equipment. Within the boundaries
of these constraints the generated electric power P (in W) for each operating unit j is
obtained from the general hydropower equation (Anagnostopoulos and Papantonis, 2007):

0 if hnet < hmzn
.Pj = pghnet(t)anj (t) if hpaz < Pnet > Rmin (CG)
0 if hnet > hmax

where p is the density of water (1000 kg m™), g the gravitational acceleration (9.81 m
s2), hnet the net head over the turbines in m, @ the discharge through the turbines in
m? /s and 7 is the overall efficiency (dimensionless). The overall efficiency is the product
of efficiencies of the hydraulic turbine, the electrical generator and the transformer. It
depends on the quality of these components, but also on the net head and the turbine
flow. Most dams use advanced flow allocation systems that maintain a high efficiency by
disabling certain turbines when low energy is produced. Therefore in practice the actual
efficiency is fairly constant and in this study assumed to be independent of net head and
total flow.

The net head in equation C.2.1 is the head available at the inlet of the turbine. It can
be computed by subtracting the hydraulic losses due to penstock friction from the gross
head. This gross head is defined as the difference between reservoir pool level and the
tailwater level when no water is flowing. In mathematical form:

hnet(t) = H(t) - h(t) - hf (07)

In which H(t) is the reservoir pool level and h(t) the tailwater level, both in m+MSL. The
hydraulic losses h¢ (in m) depend on the relative roughness of the penstock material and
the bends and curves in the piping.
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The tailwater level at the toe of both dams is determined by the releases from the
reservoir. In theory, the pool level of Fuchunjiang Reservoir could also influence the
tailwater level of Xin’anjiang Reservoir. Yet, this requires unusually high water that do
not occur frequently. Therefore it has been assumed that the tailwater level of Xin’anjiang
Reservoir is independent of the operation of Fuchunjiang Reservoir.

C.2.2 Implementation

WEAP has no build-in functionality to determine the net head over a turbine. It only
calculates the gross head and uses this as input for its hydropower calculations. Therefore
the hydraulic loss has been added in WEAP as an auxiliary parameter, which is added to
the tailwater level in each timestep, thereby effectively lowering the head of the turbines
to the approximate net head.

For the hydropower production WEAP uses a so called plant factor, which is defined
as the fraction of each timestep that water is released while the power plant is online.
This definition is different from the aforementioned plant load factor, which is the ratio
between amount of energy produced divided by the installed capacity. The plant factor is
usually larger than 95%, as a plant is normally offline only for critical maintainance works
to the generators. Often only a small part of all turbine/generator units is unavailable,
such that the plant can keep generating at all times.

The relation between reservoir releases and corresponding tailwater level has been de-
termined by fourth-order regression of historical water level and discharge measurements.
In a general form the tailwater level h of reservoir k£ (in m+MSL) is given by:

hie = arRj; + bR}, + ek RE  + di Ry + ex (C.8)

In which a, b, ¢, d and e are regression coefficients, obtained for each reservoir k. The
releases R in each timestep ¢ are in m3st.

Table C.2: Hydropower parameter settings in WEAP.

Parameter [unit] Xin’anjiang Fuchunjiang
Reservoir Reservoir

hmaz [m] 80 _

Romin, [m] 57.8 -

hf [m] 0.3 0.2

a 0 —4.355 x 10716

b 1.077 x 107° 1.534 x 10~

c —3.284 x 107¢ —2.082 x 1077

d 5.530 x 1073 1.746 x 1073

e 22.61 5.421
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C.3 Allocation priorities

WEAP uses an internal linear solver to allocate water based on the actual demand, supply
and the allocation priority. The prioritization of the model is based on existing studies
(Hydropower and Water Resources Planning & Design General Institute, 2006) and inter-
views with dam operators:

1. Hydropower production Xin’anjiang Reservoir.

2. Hydropower production Fuchunjiang Reservoir.

3. Water demand (equal for all demand nodes and categories herein).
4. Downstream flow requirement.

5. Refill of Xin’anjiang Reservoir.

6. Refill of Fuchunjiang Reservoir.

The reservoir cascade is primarily operated for hydropower production. Downstream water
demand therefore has a relatively low priority. In case of a severe deficit event, water is
only released to meet hydropower production targets. In case those releases are insufficient
to satisfy downstream water demand, the downstream flow requirement is determined to
be the first unmet allocation target.

Hydropower production and refills of Xin’anjiang Reservoir have a higher priority than
Fuchunjiang Reservoir since the operators of the Xin’anjiang Reservoir do not consider
downstream hydropower production targets in their release decisions. Under normal op-
eration, when there is abundant water, this prioritization makes no difference as both
reservoirs can achieve their production targets. During periods of drought however, the
higher priority of Xin’anjiang Reservoir will prevent additional releases that are required
for the sole benefit of Fuchunjiang Reservoir.
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Appendix D

Adapted operating rules

A direct Parameterization-Simulation-Optimization (PSO) approach was used to derive
optimal operating rules for each water stress scenario. The optimized coefficients for the
hydropower production rules (Section 4.5) are presented in this appendix. Performance of
the adapted rules is presented in Chapter 6.

Table D.1: Coefficients of the adapted linear hydropower production rules. The coefficients for each
scenario yield a fitness that corresponds to the midpoint of the respective Pareto front. Coefficient
a is in GWh, b and ¢ are in GWh/MCM.

Simulation Season ax bx cx ar br CF
Spring 2.5 0.0121 -0.0150 3.5 -0.0130 -0.0033
Control period Summer 7.4 0.0010 -0.0063 0 -0.0120 -0.0100
Autumn 40 0.0032 0.0032 0 -0.0053 -0.0028
Winter 11.7 0.0085 0.0047 0.3 -0.0135 -0.0007
Spring 14.3  0.0075 0.0008 5.1 -0.0086 -0.0069
Scenario L Summer 9.6 0.0043 -0.0110 4.8 -0.0054 -0.0067
Autumn 33.5 0.0026 -0.0055 5.1 -0.0137  0.0014
Winter 17.3  0.0073 0.0011 1.8 -0.0177 -0.0006
Spring 30 0.0029 0.0020 6.2 0.0007 -0.0021
Seenario M1 Summer 11.2 0.0033 -0.0072 3.7 -0.0048 -0.0020
Autumn 34.7 0.0020 -0.0051 0 -0.0147  0.0006
Winter 34.7 0.0027  0.0006 1.7 -0.0250 -0.0015
Spring 9.1 0.0050 -0.0008 1.5 0.0038 -0.0006
Scenario A Summer 0.2 0.0055 -0.0134 6.7 0.0042 -0.0037
Autumn 16.1 0.0053 0.0030 2.6 -0.0118 -0.0042
Winter 10  0.0060 0.0048 1.2 -0.0143 0.0015
Spring 0.7 0.0031 0.0083 0 -0.0054 -0.0098
Scenario M2 Summer 19.6 0.0036 -0.0014 4.6 -0.0064 -0.0117
Autumn 28.5 0.0034 -0.0190 5.7 -0.0033 -0.0093
Winter 25.9 0.0080 -0.0167 1.1 -0.0054 -0.0100
Spring 20.0 0.0039 -0.0011 10.0 -0.0058 -0.0019
Seenario H Summer 1.5 0.0022 -0.0059 10.0 -0.0068 -0.0034
Autumn 29.8 0.0027  0.0065 0.9 -0.0150 -0.0050
Winter 35.1  0.0053 -0.0068 5.8 -0.0045 -0.0048
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