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Summary

The transformation of the European power system to a climate-friendly one by
2050 involves a shift from fossil fuel generation to renewable energy sources. As
a part of this transition, flexible assets are needed to balance out the increasing
variability in electricity supply and demand to ensure stability in the system. Hy-
dropower can be an enabler for the green transition because of the technology’s
unique ability to provide both short-term operational flexibility and long-term
energy storage in the reservoirs. On the other hand, hydropower plants may neg-
atively impact surrounding ecosystems in several ways. To mitigate the negative
impacts of hydropower, environmental regulations are normally defined in the li-
cences of hydropower plants. Environmental regulations are necessary to protect
local ecosystems and to respect the needs of other stakeholders. Nevertheless,
such regulations may reduce the operational flexibility of the hydropower plants
and are therefore also associated with a cost.

Good utilisation of renewable energy resources contributes to lower system costs
and security of supply. To achieve efficient use of water for power generation,
hydropower producers rely on decision support tools to schedule the short- and
long-term operation of hydropower plants and reservoirs. Accurate representa-
tion of environmental constraints in hydropower scheduling models is required to
make correct assessments of the operational flexibility of hydropower plants and
the influence of environmental regulations. Understanding the implications of
environmental constraints on the operation of hydropower plants and their capa-
bility to provide flexibility to power systems is imperative to effectively plan the
operation of hydropower-dominated power systems with high shares of variable
renewable power generation.

The work conducted in this thesis investigates the implications of environmental
constraints on flexible hydropower plants in stochastic scheduling models with
long planning horizons. The impacts of different types of environmental con-
straints have been assessed from the perspective of a profit-maximising power
producer operating in a competitive market and from a cost-minimising system
perspective considering a wind- and hydropower-dominated region of a power
system. A special emphasis was put on the modelling and evaluation of reservoir-
filling constraints that are formulated as reservoir-level dependent discharge lim-
itations (soft reservoir-filling constraints). The results are disseminated through
five scientific papers, where three are published and two are under review at the
present time. The publications constitute the core of this thesis and substantiate
the discussions and results presented here.

The work in this thesis contributes to the overall understanding of environmental
constraints on the operations of hydropower plants. Two stochastic optimisa-
tion models have been developed, one for the scheduling of a hydropower system



from the perspective of a single producer and one for the scheduling of a wind-
and hydropower-dominated region in a power system. The models are based on
stochastic dynamic programming (SDP) and include non-convex reservoir-level
dependent environmental constraints. The models are used to investigate the
implications of environmental constraints on the operation of hydropower plants,
the importance of including such constraints in the strategic scheduling of hy-
dropower plants with reservoirs and, finally, the interplay between environmental
constraints and reserve capacity requirements. Four different types of environ-
mental constraints are considered in this thesis: a soft reservoir filling constraint
(reservoir-level dependent discharge limitation), a reservoir ramping constraint,
a minimum release constraint and a ramping constraint on discharge.

The findings imply that environmental constraints may have considerable impacts
on seasonal reservoir management and that, under certain conditions, there is
an economic benefit in planning for soft reservoir filling constraints (reservoir-
dependent discharge limitations) in advance. Furthermore, the results show that
reservoir-level dependent (i.e., state-dependent) constraints may induce a non-
concave expected future profit function and significantly change the expected
marginal value of storing water in some periods. The work also investigates
and discusses the impacts of three different types of discharge constraints (i.e.,
reservoir-level dependent discharge limitations, minimum release requirements
and ramping restrictions on discharge) on the available flexibility in a hydro-
dominated region of a power system. The results show that the impacts on the
capability to meet the demand for electricity and reserve capacities requirements
depend on the characteristics of the environmental constraints, such as if the
constraint mainly reduces the available power capacity or the amount of regulated
energy production, and if the constraint includes state- and time-dependencies.
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Chapter 1: Introduction

1 Introduction

This chapter presents an overview of the thesis. Section 1.1 provides the underly-
ing motivation for the work, followed by the scope and assumptions of the thesis
in Section 1.2. The main contributions of the work are summarised in Section
1.3, before the list of publications is presented in Section 1.4. Finally, an outline
of the thesis is given in Section 1.5.

1.1 Motivation

The global community is unified in the commitment to limit the rise in global
temperatures to 1.5-2 degrees Celsius compared to pre-industrial levels [1]. Yet,
several studies show that current pledges fall short of what is required to reach
these targets and point to the need to accelerate the transformation of the energy
system towards low-carbon energy resources [2-4]. Such a transformation offers a
chance to build a safer and more sustainable energy system but may also introduce
threats to energy security, as pointed out in the latest World Energy Outlook
(WEO) [5]. Investments in flexibility to balance out variations in electricity
supply and demand is one of ten provided guidelines in the WEO to reinforce
energy security.

Hydropower is foreseen as a key enabler for the green transition in many parts
of the world because of the technology’s operational flexibility. The potential to
provide long-term energy storage and to rapidly adjust generation distinguishes
hydropower from other renewable energy resources [6]. On the other hand, hy-
dropower plants have negative impacts on surrounding ecosystems. Hydropower
plants may, for example, alter the flow regime in regulated rivers, create barri-
ers for fish migration due to the establishment of dams and impact terrestrial
ecosystems [7,8]. Coincident with the climate crises, the world faces a biodi-
versity crisis. Human actions have never before threatened more species with
global extinction and, according to the Intergovernmental Science-Policy Plat-
form on Biodiversity and Ecosystem Services (IPBES), land use changes have
had the largest negative impact on nature since 1970, to which power production
contributes substantially [9].

To limit the burden of hydropower on local ecosystems and communities, hy-
dropower plants are usually subject to environmental regulations. In many coun-
tries, environmental regulations are given as terms in the licences which control
the rights to operate hydropower plants. The terms in the licences are usually



Chapter 1: Introduction

only revised periodically (often with a 30- to 50-year interval). In these processes,
new environmental regulations may be imposed to align the licence terms with
environmental policies (e.g., the European water framework directive [10]) and
to adjust operations in accordance with new knowledge of environmental impacts
and mitigation measures. More than 400 licences are liable for revision in Nor-
way [11,12], and there is considerable potential for ecological improvements in
many of the affected watercourses [13]. It is expected that stricter environmen-
tal restrictions will be imposed on several of these hydropower plants during the
revision of the licences, and especially on the plants that have been determined
to have a high ecological priority by the Norwegian regulator (NVE) in [12].

Efficient operation of reservoir hydropower contributes to good utilisation of re-
sources, lower system costs and security of supply in power systems. In the Nordic
power system, liberalised markets contribute to efficient resource allocation by
having power producers compete to deliver energy and balancing services. En-
vironmental constraints on hydropower reduce the operational flexibility of the
plants and are therefore associated with an economic cost in addition to the
environmental benefits. Accurate representation of environmental regulation in
the hydropower scheduling problem is therefore important to correctly assess the
reduced operational flexibility associated with such constraints, and to ensure
efficient utilisation of the hydropower resources.

On top of this, increasing shares of wind power, electrification and more cross-
border transmission capacity are expected to result in higher requirements for
reserve capacity in the Nordic power market [14]. The Nordic transmission sys-
tem operators (TSOs) rely on flexible assets such as hydropower plants to handle
imbalances in the power system. However, the Norwegian TSO, Statnett, has
highlighted that several hydropower plants with a “high ecological priority” are
also important contributors of flexibility services to the Nordic power system [14].
This may lead to trade-off situations where ecological and recreational needs are
weighted against the need for a flexible and secure power supply. Understand-
ing the flexibility potential and limitations of hydropower plants, including the
implication of different types of environmental constraints, is therefore becoming
increasingly important in the operational planning of hydro-dominated systems.

1.2 Scope and objective

This thesis models environmental constraints in hydropower scheduling models
with a long (seasonal to yearly) planning horizon and examines the implica-
tions of the constraints on hydropower operations. Environmental constraints
are necessary to mitigate the negative externalities of hydropower plants, but are
also associated with reduced operational flexibility and an economic loss for the
hydropower owner. Furthermore, flexible power generation and energy storage
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solutions are becoming increasingly vital in the changing European and Nordic
power systems, where conventional thermal power plants are being phased-out
and the share of unregulated, renewable generation is increasing. This also influ-
ences the hydro-dominated Nordic power system, which is expected to face higher
requirements for reserve capacity in the coming years [14]. Reduced flexibility
of the Norwegian hydropower fleet may therefore provide operational challenges
since several of these plants deliver crucial flexibility services to the Nordic power
system. Thorough evaluations and knowledge of the implications of environ-
mental constraints on hydropower operations are therefore important, both for
hydropower producers and for security of supply.

The work of this thesis is part of FME HydroCen, one of several Norwegian Cen-
tres for Environment-friendly Energy Research (FME). HydroCen is a research
centre for hydropower technology with the main objective of enabling the Norwe-
gian hydropower sector to meet complex challenges and exploit new opportunities
through innovative technological solutions. The work is connected to work pack-
age 3, Market and services, and is part of a project that focuses on the impacts
of environmental constraints and uncertainties. The project is highly relevant
as more than 400 hydropower plants in Norway are liable for revision of licence
terms and thereby may face new environmental regulations [12]. In a survey
conducted as part of the project [15], several Norwegian hydropower produc-
ers reported challenges with handling complex environmental constraints in the
scheduling of hydropower plants, as these constraints often cannot be included in
scheduling tools with long planning horizons. The project is particularly relevant
to the Nordic power system as hydropower constitutes about 50% of the total
power generation in the system and two thirds of this comes from Norwegian
plants [16]. In Norway, around 87% of the total yearly generation and 85% of the
total generation capacity comes from hydropower [17].

The research presented in this thesis has been limited to the modelling of hy-
drologic environmental constraints on hydropower operations, and the impacts
of such constraints on hydropower plant operations and power system areas with
limited transmission capacity. Several environmental constraints are included
in the papers, but the work especially considers constraints that include depen-
dencies on the reservoir level (state-dependent constraints). Particularly, the
implications of a soft reservoir filling constraint imposed on several Norwegian
hydropower plants (also referred to as a maximum-discharge constraint in this
work) are evaluated. In general, there has been a knowledge gap on the im-
plications of these types of constraints and how to handle them in operational
planning. The environmental constraints that are considered in the different
parts of this thesis are: 1) soft reservoir filling constraints, 2) reservoir ramping
constraints, 3) minimum release constraints and 4) flow ramping constraints.

The temporal and spatial scope is limited to the scheduling of systems comprising
a hydropower cascade of up to two reservoirs over a long planning horizon (sea-
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sonal to yearly). The problem is formulated either from the profit-maximising
perspective of a single hydropower producer or from a cost-minimising perspec-
tive for a limited area of a larger power system. Since the work focuses on
environmental constraints with non-convex characteristics, solution algorithms
that can handle non-convex problems have to be used. These algorithms usually
have limited scalability and the spatial scope was restricted accordingly. The
case studies and analyses are based on Norwegian topology, weather patterns
and plant characteristics.

The following four research questions describe the starting point of the research:

1. How can state-dependent environmental constraints be modelled in stochas-
tic medium-term hydropower scheduling models?

2. What are the operational and economic impacts of state-dependent envi-
ronmental constraints on the operation of hydropower plants in cascaded
hydro systems?

3. What are the implications of omitting state-dependent environmental con-
straints in the medium-term hydropower scheduling, or in other words,
what are the consequences of not considering such constraints in the sea-
sonal planning of the reservoir management?

4. What are the implications of environmental constraints on operational flex-
ibility and security of supply in hydropower-dominated power systems?

To address research questions one, two and three, the perspective of a risk-neutral
and price-taking operating agent is assumed, where all revenues are expected from
selling power in the day-ahead (spot) market. This research considers single
hydropower plants and small cascaded hydropower systems. Research question
four broadens the scope to consider a renewable-based area of the Nordic power
system with a weak transmission connection to the rest of the system. Two
optimisation models have been developed to answer the research questions: 1)
a medium-term hydropower scheduling model that optimises operation from the
perspective of a risk-neutral price-taker in a competitive power market and 2) a
cost-minimising scheduling model for optimal operation of wind- and hydropower
plants in a region of a congested power system.

1.3 Contributions

The main contributions of this thesis are:

Identification of research gaps in the modelling of environmental con-
straints in hydropower scheduling (Paper I). A review of environmental

4
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constraints in hydropower scheduling and associated modelling challenges is pro-

vided.

An SDP-based modelling framework for medium-term hydropower
scheduling considering a non-concave future profit function (Paper
IT). The implemented stochastic dynamic programming (SDP) model optimises
the medium-term scheduling of a hydropower system with two reservoirs. Non-
concave expected future profit functions are approximated as piecewise linear
functions by the use of Special Ordered Sets (SOS) following the approach given
in [18] for two-dimensional functions. To keep the number of mixed-integer lin-
ear programming (MILP) problems to a minimum, the proposed SDP algorithm
checks if the calculated future value points are non-concave in either dimension
and includes SOS in the decision problem if non-concave behaviour is detected.

Modelling of state-dependent and non-convex environmental constraints
in medium-term hydropower scheduling (Paper IT and III). State-dependent
reservoir constraints in the form of soft reservoir constraints and reservoir ramp-
ing constraints are accurately treated in the SDP-based modelling framework.
The environmental constraints depend on the state variables: reservoir volume,
the weekly inflow and a variable indicating if the low-inflow period has ended.

Water values and optimal operation of hydropower systems consider-
ing environmental reservoir constraints in medium-term hydropower
scheduling (Paper II and IITI). The water values and optimal operation of se-
lected hydropower systems have been studied when considering soft reservoir fill-
ing constraints and reservoir ramping constraints in the medium-term hydropower
scheduling model. The soft reservoir filling constraint is found to have a distinct
impact on the water value curves and the optimal operation. The strategic and
operational impacts of the environmental constraints are found to be sensitive to
the expected power price and the configuration of the hydropower system.

The economic impacts of considering environmental reservoir con-
straints in medium-term hydropower scheduling (Paper III). Optimal
short-term operations of hydropower systems are strongly impacted by the water
values calculated in the medium- and long-term hydropower scheduling. The eco-
nomic value of considering complex environmental constraints in medium-term
scheduling has been assessed by simulating the operation of selected hydropower
systems. Simulated optimal operation based on water values that consider envi-
ronmental reservoir constraints has been compared to simulated operation based
on water values not considering the constraints. Improved water values are found
to reduce the economic cost of environmental constraints in some situations.

An SDP-based optimisation model for operation of hydropower-dominated
renewable power systems considering reserve capacity requirements
and environmental constraints (Paper IV and V). The implemented model
optimises the operation of a wind- and hydropower-based region of a power sys-
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tem over long planning horizons. The objective is to minimise the system cost
of meeting electricity demand and reserve capacity requirements while respecting
physical and environmental constraints. State-dependent and non-convex envi-
ronmental constraints are included, as well as spinning and non-spinning reserve
capacity requirements.

The marginal costs of meeting electricity demand and reserve ca-
pacity requirements in hydropower-dominated renewable energy sys-
tems with environmental constraints on hydropower plants (Paper V).
The influence of environmental constraints on the operation of a wind- and
hydropower-dominated region of a power system has been studied. The avail-
able operational flexibility in renewable power systems can be strongly impacted
by environmental constraints on hydropower plants. In particular, the effect of
the environmental constraints on system costs, curtailment of load, provision of
reserve capacity and the marginal costs of meeting electricity demand and reserve
capacity requirements are considered.

1.4 List of publications

This PhD thesis is based on the papers listed below. The papers are given in full
in the Publications chapter of this document. Paper III and V are currently
under review, and modifications to the manuscripts should be expected.

Paper I L. E. Schéffer, A. Adeva Bustos, T. H. Bakken, A. Helseth and M. Korpas,
“Modelling of environmental constraints for hydropower optimization prob-
lems — a review”, 2020 17th International Conference on the European En-
ergy Market (EEM), Stockholm, Sweden, 2020, pp. 1-7.

DOI: 10.1109/EEM49802.2020.9221918

Paper II L. E. Schiffer, A. Helseth and M. Korpas, “A stochastic dynamic program-
ming model for hydropower scheduling with state-dependent maximum dis-
charge constraints”, Renewable Energy, vol. 194, pp. 571-581, 2022. DOI:
10.1016/j.renene.2022.05.106

Paper III L. E. Schaffer, T. H. Bakken, A. Helseth and M. Korpas, “Optimal oper-
ation of hydropower systems with environmental constraints on reservoir
management”, under review in Water Resour Manage., submitted March
2023.

Paper IV L. E. Schiffer, M. Korpas and A. Helseth, “Optimal operation of hydro-
dominated power systems with environmental constraints”,2022 18th In-
ternational Conference on the European Energy Market (EEM), Ljubljana,
Slovenia, 2022, pp. 1-6. DOI: 10.1109/EEM54602.2022.9921058.
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Paper V L. E. Schiffer, T. H. Bakken and M. Korpas, “Implications of environmental
constraints in hydropower scheduling for a power system with limited grid
and reserve capacity”, under review in Energy Syst., revised manuscript
submitted April 2023.

Publications related to the work carried out in this thesis, but that are either
outside the scope of the thesis or only contain a minor contribution from the
candidate, are listed below. The two last papers are written as part of, or based
on, Master student projects where the PhD candidate has been the co-supervisor.
The last paper (Alic, 2023) uses an extension of the medium-term scheduling
model developed in this PhD.

e A. Helseth, B. Mo, H. O. Hagenvik and L. E. Schéffer, “Hydropower schedul-
ing with state-dependent discharge constraints —an SDDP approach”, Jour-

nal of Water Resources Planning and Management, vol. 148, no. 11, 2022.
DOI: 10.1061/(ASCE)WR.1943-5452.0001609.

e S. A. Borresen and L. E. Schiffer, “Evaluating modelling approaches for
state-dependent environmental constraints in medium-term hydropower schedul-
ing,” 2022 18th International Conference on the European Energy Market
(EEM), Ljubljana, Slovenia, 2022, pp. 1-6,

DOI: 10.1109/EEM54602.2022.9921089.

e A. Alic, L. E. Schéffer, V. Trovato, M. Toffolon, “Optimal price-based
scheduling of a pumped-storage hydropower plant considering environmen-
tal constraints”, under review in Energy Syst., submitted Nov. 2023.

1.5 Thesis structure

The thesis consists of five chapters. Chapter 1 has presented an overview of the
thesis, describing the motivation, aim and scope of the work, as well as a summary
of the main contributions. Chapter 2 contextualises the thesis by providing an
introduction to the research area and a review of the state-of-the-art literature
on the most relevant topics. A brief introduction to stochastic programming and
some of the key modelling elements of this work are presented in Chapter 3,
before the main results are discussed in Chapter 4. Finally, concluding remarks
and suggestions for future work are given in Chapter 5.
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Chapter 2: Research context

2 Research context

This chapter places the research conducted as part of this PhD into the wider
research context. First, Sections 2.1 and 2.2 give a brief introduction to hydro-
dominated, renewable power systems and hydropower scheduling in liberalised
markets. Then, Section 2.3 presents the most common environmental regulations
on operations of hydropower, before Section 2.4 gives a more thorough review of
environmental constraints in hydropower scheduling. The review is partly based
on the literature review conducted in Paper I and extended during the course
of this PhD.

2.1 Hydropower-dominated renewable power sys-
tems

The green shift is transforming power systems around the world towards partly—
and in time, fully—renewable power systems, introducing new challenges for both
power producers and system operators. One such challenge is to balance out
fluctuations in renewable power generation to ensure system stability and security
of supply. Hydropower-dominated systems, such as the Nordic power system,
are exceptionally well positioned to integrate large shares of variable renewable
power generation as hydropower plants can rapidly adjust production to balance
out short-term fluctuations. Furthermore, water can be stored in the reservoirs
for longer periods to balance out seasonal variations and longer periods with
low generation from other renewable energy sources. It is well established that
large amounts of wind power can be integrated into hydropower-dominated power
systems (see e.g., [19,20]), and coordinated day-ahead planning of wind and
hydropower operations has been shown to ease congestion problems [21].

Nevertheless, to handle higher variability, efficient use of flexibility assets in the
system is becoming increasingly important. In the Nordic (and European) power
system, markets are used to ensure competition between power producers and
balance the supply and demand of electricity. Power producers first trade to
deliver energy in the day-ahead market before commitments can be adjusted
closer to real-time in the intraday market. This trading is done on market plat-
forms, such as Nord pool and EPEX SPOT. The transmission system operators
(TSOs) are responsible for balancing out short-term imbalances in real-time. The
TSOs acquire reserve capacity in advance to ensure that flexible resources can
be activated when required. The requirements for reserve capacity are usually
categorised depending on response time (e.g., from seconds to several minutes)
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and required duration (e.g., from minutes to several hours). Reserve capacity
with short activation time is often referred to as spinning reserves since the units
must be running to deliver on time. In the Nordic system, spinning reserves usu-
ally refer to Frequency Containment Reserves (FCR) and automatic Frequency
Restoration Reserves (aFRR). Non-spinning reserve capacities can be slower to
activate but may have a longer duration time. In the Nordic system, the Regula-
tion Power Market (RPM) is used to procure non-spinning reserves, i.e., manual
Frequency Restoration Reserves (mFRR). Non-spinning reserves are used to re-
lieve the spinning-reserve capacity. An overview of the Nordic balancing markets
is provided in [22].

Provision of reserve capacity has previously been considered in medium-term hy-
dropower scheduling models (see e.g., [23-25]), and for hydro-dominated power
systems with high penetration of wind power in [26]. Some short-term hy-
dropower scheduling models also consider reserve capacity requirements in com-
bination with environmental constraints on hydropower. A weekly hydropower
scheduling model for the day-ahead and spinning reserve markets, which includes
environmental constraints on the operation of hydropower, is presented in [27].
Similarly, environmental constraints on hydropower operations are included in
the short-term power market model used to assess the benefits of exchanging
spinning reserve capacity in the Nordic market in [28]. However, none of these
studies include the implications of long-term operational planning, nor discuss the
interplay between reserve capacity requirements and environmental regulations.

2.2 Hydropower scheduling in liberalised mar-
kets

This section provides a brief overview of the hydropower scheduling problem to
place the research presented in this thesis in the broader field of hydropower
scheduling. The hydropower scheduling problem optimises the use of water for
electricity production from hydropower plants. This implies finding the perfect
balance between when to use water for power production and when to store wa-
ter for later use. Large reservoirs can store water over many seasons and may
require planning horizons of up to several years to be considered in the schedul-
ing. The problem is complicated by the many uncertain factors that impact the
decisions, as well as the number of physical, technical and regulatory details of
the hydropower systems. Uncertainty and variability in weather parameters, fuel
costs, COq-prices, electricity demand and grid capacity are factors that impact
the optimal use of hydropower resources and may necessitate a long planning
horizon. The many details of the hydropower cascades, on the other hand, may
require a fine time resolution and a large number of variables and constraints to
be included in the problem formulation. Furthermore, the use of binary logic and

10



Chapter 2: Research context

non-linear terms may be necessary to accurately represent certain plant charac-
teristics. The combination of uncertain variables, long planning horizons and a
high level of detail causes the overall scheduling problem to grow in size, quickly
making it intractable. For practical reasons, the problem is therefore often solved
as a set of scheduling problems with varying levels of details and planning hori-
zons [29,30].

Hierarchies of hydropower scheduling models have been developed to determine
the optimal scheduling of hydropower-dominated power systems in different parts
of the world, such as Canada, Brazil and the Nordic region. A common approach
is to solve the overall problem by dividing it into long-term, medium-term and
short-term scheduling problems [31,32]. Information about the uncertain vari-
ables is transferred from the longer planning horizons to the short-term scheduling
where the operational decisions are refined by considering a higher level of phys-
ical detail. The scheduling approaches vary between geographical regions due
to the different characteristics of the hydro-systems, market designs and regula-
tions. However, the core principle of the scheduling hierarchies is the same: to
transfer information about the uncertain future from the long-term models to the
short-term models.

The following describes the hydropower scheduling hierarchy based on the Nordic
approach. The Nordic power market was de-regulated to a competitive market
in the 1990s [33]. In competitive power markets, individual consumers and pro-
ducers place bids to buy or sell electricity through market platforms like Nord
Pool. All the market participants try to maximise their own benefit. For power
producers, this implies maximising profit by selling electricity at the highest
price possible. The equilibrium between supply and demand, i.e., the market
cross, determines which producers are obliged to deliver electricity, as well as
the power price in each time step. In well-functioning power markets, such as
the Nordic market, competition efficiently pushes the power prices down towards
the marginal cost of producing electricity, as the power producers compete on
price to be allowed to deliver electricity. Both central dispatch and competitive
markets with perfect competition should provide the theoretical cost-optimal so-
lution that maximises socioeconomic welfare. The Nordic hydropower scheduling
hierarchy provides decision support to hydropower producers participating in
competitive power markets [29]. The Nordic scheduling toolchain comprises both
cost-minimising power system models (long-term) and profit-maximising, price-
taker models (short- and medium-term). The toolchain is illustrated in Fig. 2.1.

2.2.1 The water value

The marginal value of storing water, the water value, is a central element in
hydropower scheduling [32]. The water value represents the expected marginal
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Figure 2.1: Ilustration of the scheduling toolchain for the decentralised Nordic
system. Source: [29].

value of storing water for later use rather than using it immediately, or in other
words, the alternative cost of using water. For thermal power plants, the marginal
cost of production is set by the fuel cost, while for variable renewable energy
resources, the marginal cost is normally assumed to be zero as unregulated inflow,
wind and solar radiation are free resources. For reservoir hydropower, on the
other hand, the alternative cost of power production in each time step—the water
value—represents the marginal cost of hydropower production. This might seem
strange, but considering that water is a limited resource, the water values provide
a means to constantly evaluate the current value of electricity production towards
the expected future value. Simplified, this means that a hydropower producer
only wants to dispatch generation when the power price is higher than the water
value.

The ability to store water in the hydropower reservoirs creates a strong time cou-
pling where the expected future cost or profit is a function of decisions forwards in
time. Furthermore, since water often can be stored for long periods (up to several
years), the calculation of the water values has to consider long planning horizons
and uncertainties in different parameters such as inflow, power prices and de-
mand/supply. The main goal of long- and medium-term hydropower scheduling
is to calculate water values for use in short-term hydropower scheduling.

12
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2.2.2 Long-term hydropower scheduling

Long-term hydropower scheduling models optimise the operation of the power
system from a cost-minimising perspective based on fundamental modelling of
production and consumption. This type of model may have a large spatial scope
but with an aggregated representation of power production and consumption. An
important feature of long-term modelling is to represent the multi-stage uncer-
tainty of weather parameters such as inflow, wind, solar radiation and tempera-
ture. Operational decisions may be modelled down to an hourly resolution, while
uncertainty normally is represented for a weekly resolution. Physical and techni-
cal details are often excluded or simplified to make the problem computationally
tractable. The main challenge is to tackle the long-term uncertainty while suffi-
ciently representing the physical characteristics of the hydropower plants and
reservoirs. Methods for aggregation (and disaggregation) of the hydropower
topology may therefore be used in these types of models. In addition to cal-
culating water values for short-term scheduling models, long-term hydropower
scheduling models are used to analyse future scenarios for the power system,
expansion planning and price forecasting.

2.2.3 Medium-term hydropower scheduling

The medium-term scheduling problem is placed between the long- and short-
term modelling in the scheduling hierarchy. The term covers a wide category
of scheduling models with varying planning horizons, geographical scope and
representation of details, see for example [29,34]. The time-frame in long- and
medium-term hydropower scheduling models can sometimes overlap as there is
not one standard classification for the length of the planning horizon or the spatial
scope. However, a common feature of the medium-term scheduling models is that
they provide refined water values to the short-term scheduling problem based on
a more detailed representation of the hydropower system and, sometimes, a finer
time resolution.

In systems with central dispatch, the models have a cost-minimising perspec-
tive, while a profit-maximising objective often is used for liberalised markets.
In the Nordic region, medium-term scheduling models take the perspective of
a risk-neutral, profit-maximising hydropower producer. The system description
normally covers a small geographical region or a single hydropower cascade. The
hydropower producer is assumed to be an individual competitive participant in
the power market who optimises the operation of the hydropower plants under a
price-taker assumption. Power price forecasts are therefore one of the main in-
puts to the model and are normally provided through scenarios generated using
a long-term scheduling model and other available resources.

13
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2.2.4 Short-term hydropower scheduling

The short-term scheduling models are distinctively different from the long- and
medium-term models. Short-term models normally only consider a planning
horizon of one to two weeks but include much more details in the system de-
scription [35]. As with medium-term models, short-term models may follow a
central dispatch approach (cost-minimising) or take the perspective of a profit-
maximising hydropower producer. Common to both approaches is that the mod-
els rely on water values from the medium- or long-term models for information
about the uncertain future. The water values are the only available information
about the future, and the only signal to store water by the end of the plan-
ning horizon. In liberalised markets, such as the Nordic, the producer-centric
short-term models are used for placing bids in the power markets and optimising
production to fulfil the obligations to the markets after the market is cleared.
The short planning horizon and limited geographical scope leave room to in-
clude a detailed system description including non-linear elements such as binary
unit commitment, head-dependent production curves and complex environmental
constraints.

2.3 Environmental regulation of hydropower op-
eration

Negative external impacts are associated with the utilisation of all types of energy
sources. Renewable energy sources generally contribute to reduced greenhouse
gas emissions, but negative externalities are also often affiliated with the power
plants [8]. Hydropower plants are built into the river at specific locations where
the water resources are abundant and topography favourable for power produc-
tion, thus the power plants strongly impact the river system and surrounding
ecosystems. Hydropower projects may alter the flow regime downstream of the
power plant, create barriers for fish migration, leave bypass river sections dry for
longer periods and impact the terrestrial ecosystem [7]. Environmental concerns
caused by the operation of hydropower plants are often related to the alteration
of flow regimes in bypass sections and downstream the outlets [36-38], but can
also be related to factors such as unnatural fluctuations in the water levels in the
reservoirs [39,40], changes in water temperature [41], poor water quality [42], gas
saturation [43] and even greenhouse gas emissions from reservoirs [44].

Environmental constraints may be imposed to minimise and mitigate the environ-
mental impacts of hydropower. In many countries, such constraints are defined in
the terms of the licences of the hydropower plants and are revised periodically [45].
The environmental constraints defined in the licences have to balance the soci-
etal need for a reliable supply of electricity from hydropower while sustaining
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important environmental qualities in the rivers and lakes affected by hydropower
operations [11]. The process of defining, and revising, licences is therefore often a
time-consuming task, requiring thorough investigations of impacts on the power
system and on the surrounding ecosystems [46].

A wide range of environmental constraints may be imposed on the operation of
hydropower plants with the ambition of mitigating negative effects on surround-
ing ecosystems or to facilitate other water uses (e.g., recreational use or irriga-
tion). Certain environmental constraints are designed for a specific purpose, and
might therefore only be used in a few places, while other types of environmental
constraints are frequently recommended and more generic in type. Frequently
applied environmental constraints on hydropower plants in the Nordic countries
aim to control the water level in the reservoir, the flow downstream of the plant
or the flow in a bypass section. The most common categories of environmental
constraints on hydropower operations in the Nordic region are discussed briefly
in the following. Some of the discussed environmental constraints are illustrated
in Fig. 2.2.

/ Reservoir filling constraints
/ e

Minimum
downstream flow

Minimum flow / Flow
ramping

Figure 2.2: Illustration of different types of environmental constraints in a
hydropower-regulated river.

2.3.1 Flow constraints

Flow constraints aim to preserve certain flow characteristics in the river down-
stream of the hydropower plant or in a bypass section. The most frequently
used flow constraints in the Nordic countries are minimum flows and maximum
ramping rates.

Minimum flows (also referred to as environmental flows, ecological flows and e-
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flows) are integrated into water policy and legislation in several countries and
regions around the world [47], such as the implementation of the Water Frame-
work Directive (WFD) [10,48] in Europe. In Norway, minimum flows may not
have been included in licences given 30-50 years ago but are expected to be in-
cluded in the terms of most hydropower plants during the ongoing revision of the
licences. Flow requirements can be given as direct requirements on release from
the reservoir/plant or as conditions on flow at a certain point in the river down-
stream of the power plant (i.e., “downstream flow” in Fig. 2.2) or in a bypass
section (i.e., “minimum flow” in Fig. 2.2). A large set of methods are available
to set ecologically sound minimum flow regimes (see e.g., [49-52]). Traditionally,
minimum flows were defined as constant minimum levels but recent environmen-
tal regulations include more dynamic release requirements like low flows, seasonal
variations, artificial flood releases and inflow-dependencies [53,54]. In extreme
cases, release can be regulated as mandatory run-of-river operation [55], where
the release has to be equal to the inflow for given periods.

Flow ramping constraints restrict the maximum rate of change in the release from
hydropower plants, and are imposed to mitigate frequent and rapid fluctuations
in the operation (often referred to as hydropeaking). Hydropeaking operations
can have large environmental impacts downstream of the power plants compared
to rivers exposed to traditional, base-load production [13,56]. Several studies pro-
pose ecologically acceptable flow regimes in downstream river sections exposed
to hydropeaking operations [38,57]. In Norwegian hydropower licences, ramping
constraints have traditionally only been included as qualitative formulations to
encourage smooth operation and not in quantitative terms. But recent stud-
ies have shown that hydropeaking occurs at a considerably high level in Nordic
rivers [13,58] and can increase with higher shares of variable renewable energy
resources [59,60]. Consequently, more precise (quantitative) ramping constraints
are expected to be included in the licence terms of several Norwegian hydropower
plants after the licences are revised. In some recently revised licences, quantita-
tive maximum ramping rates over a resolution of one hour or 30 minutes have
been defined. More complex formulations of ramping constraints may include
dependencies on daylight, discharge, the morphology of the river or the flow at a
given point downstream of the outlet of the plant.

2.3.2 Reservoir constraints

Reservoir constraints restrict reservoir management directly or indirectly to pre-
serve certain conditions in hydropower reservoirs. Such constraints may be im-
posed on hydropower plants to preserve ecologically important spawning grounds,
reduce the risks of landslides and erosion along the shorelines, improve ice cov-
erage and facilitate multiple water use (e.g., irrigation and recreational use) [11].
A few studies assess the impacts of hydropower operations on ecological condi-
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tions in reservoirs (see e.g., [39,40]), but in general, less research investigates
the implications of hydropower operations on the conditions in reservoirs than in
rivers.

Short-term fluctuations in the water level in the reservoir can be mitigated by
the use of reservoir ramping constraints. This type of constraint is less frequently
applied than flow ramping constraints but may be imposed to preserve ecological
conditions in the shoreline to ensure safe ice coverage in winter or to facilitate
recreational use of the reservoir. Ecologically acceptable levels of variation in the
water level of reservoirs have been proposed in [61].

Reservoir filling constraints (also called reservoir level constraints) are frequently
used to reach certain target water levels in the reservoirs in certain periods. Min-
imum reservoir filling constraints can be used to ensure water supply (e.g., for
ecological purposes, irrigation and drinking water) or to facilitate recreational
use and tourism, while maximum reservoir filling constraints may be imposed
as a flood-dampening measure. In many systems, hard reservoir level limits are
unsuitable because of large seasonal variations in inflow. Instead, soft reser-
voir constraints can be used. Soft reservoir filling constraints are formulated as
constraints on discharge that depend on the water level in the reservoir (these
constraints are therefore also referred to as state-dependent maximum discharge
constraints). Soft reservoir filling constraints are imposed on many hydropower
plants in the Nordic region to accommodate tourism and recreational use of the
reservoirs in the summer season. Such needs are also common in other parts
of the world but are often met through different types of regulations, operating
rules or agreements.

2.4 Environmental constraints in hydropower schedul-
ing

Environmental regulations are often included as constraints in the hydropower
scheduling problem, though some types of environmental constraints are more
frequently applied than others. Several studies consider frequently applied envi-
ronmental constraints like minimum flow and ramping constraints, while a few
studies explore other environmental factors such as temperature limits [62] and
water quality [63,64]. In the following, the discussion is limited to flow, ramping
and reservoir constraints.

Environmental constraints on hydropower are often associated with negative op-
erational and economic impacts in addition to the intended environmental ben-
efits. In general, all constraints reduce the operational flexibility of power pro-
duction and are therefore associated with a cost. The costs associated with
environmental constraints are usually a consequence of lower energy yield or that
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power production is shifted between hours. In addition, hydropower plants’ abil-
ity to provide other types of services to the power system may be restricted.
Economic assessments can be carried out to compare the environmental benefits
to the associated costs. However, fair comparisons can be challenging to achieve
as the environmental benefits are often difficult to quantify [65,66].

Environmental constraints can be included in the short-, medium- and long-term
scheduling problem, but the formulations of the constraints have to be adapted
to the type of model and solution method that is used. In general, environmen-
tal constraints are frequently included in short-term scheduling models, as these
models include a detailed description of the hydropower system. Furthermore,
short-term models often allow for non-linear and non-convex terms in the mod-
elling [35], making it possible to represent complex environmental constraints. On
the other hand, medium- and long-term scheduling models are often based on lin-
ear programming and a convex model formulation, which makes it challenging
to consider complex environmental constraints. Still, many types of environmen-
tal constraints can be included without difficulties in these types of models but
may be excluded due to a general caution of adding constraints to the already
computational heavy scheduling problems.

Exclusion or simplification of environmental constraints in medium-term hy-
dropower scheduling may create an inconsistency between the water values (i.e.,
the strategic reservoir management) and the optimal decisions in the short-term
scheduling. Over time, this may lead to sub-optimal operation, a loss in revenues
for the hydropower producer and increased system costs. Furthermore, if envi-
ronmental constraints are ignored in the long-term planning, important aspects
in the development of hydro-dominated power systems may be underestimated
or missed, potentially resulting in misleading analyses about and expectations
for the future power system.

2.4.1 Flow constraints

Flow constraints refer to constraints that are used to control the flow in by-
pass sections or in the river downstream hydropower plants, such as minimum
flow, minimum release and ramping constraints. Constant and dynamic (time-
dependent) flow constraints are usually straightforward to include in most hy-
dropower scheduling models. More complex formulations such as integral re-
quirements, e.g., requirements to release a specific amount of water over a given
period, and ramping constraints, create a time coupling that can be challenging to
treat accurately in dynamic programming based models. Furthermore, more ad-
vanced formulations may include dependencies on the water level in the reservoir
or inflow (i.e., state-dependencies) or non-linearities. Examples of non-linearities
are flow ramping rates given as a function of the flow or logical conditions.
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The operational and economic impacts of standard flow constraints are thor-
oughly assessed in the research literature. Several studies have found the costs of
minimum flow constraints to increase (almost) linearly with the restrictiveness of
the constraint and the costs of ramping constraints to increase quadratically with
the restrictiveness of the constraint (see e.g., [62,67-69]). Nevertheless, the costs
associated with these constraints strongly depend on the hydropower system, the
inflow conditions and the configuration of the power system [70,71]. The costs
of minimum flow constraints are, for example, found to increase with the level of
price volatility [72,73].

Minimum flow and ramping rates have been demonstrated to have a considerable
impact on water values [74,75]. Furthermore, the importance of considering such
constraints in the calculation of the water value is assessed in [71] by combining
a linear programming-based medium-term scheduling model and a more detailed
short-term operational model. The results demonstrated a significant economic
improvement under certain conditions but not for all the considered hydropower
systems. Moreover, it is important to distinguish between system costs and the
loss in revenues for a hydropower producer. If sufficient flexibility is available in
a system, ramping constraints may not have a significant impact on system costs
[76], even though the hydropower producer’s revenues are considerably reduced.

The costs are a result of the different characteristics of the constraints. Mini-
mum flow in a bypass section usually results in a direct energy loss proportional
to the amount of water released. Minimum release requirements, on the other
hand, do not result in a direct loss of energy if the water can be released through
the turbines but may reduce the overall energy delivered due to reduced opera-
tional efficiency. On the contrary, ramping constraints may even increase total
power production under certain conditions (see e.g., [67]). Nevertheless, the con-
straints are still associated with a cost, as hydropower generation may be shifted
from peak to off-peak periods [77]. Furthermore, minimum release and ramping
constraints also limit hydropower producers’ ability to deliver services such as re-
serve capacity. Minimum release constraints force the hydropower plant to stay
in operation, thereby limiting the capacity available for downwards regulating
services, but potentially increasing the available supply of upwards regulation.
In [78] the authors find a lower cost impact when including markets for regulat-
ing reserves due to an increase in the provision of upwards reserves. Ramping
constraints, on the other hand, restrict the short-term operational flexibility of
the plants and may therefore limit the supply of both upwards and downwards
regulating services. Minimum flow requirements in bypass sections do not limit
the short-term operational flexibility directly and are therefore not considered to
limit the provision of reserve capacity.
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2.4.2 Reservoir constraints

Reservoir constraints are normally not associated with a direct loss of water or
energy, but the amount of available water may be restricted in certain periods.
Consequently, power production may be reduced in certain periods and increased
in others to compensate, changing the use of the reservoir for seasonal storage.
Hard reservoir level constraints are normally included in hydropower scheduling
models to control the water volume available for regulation, but limited research
addresses the operational and economic impacts of environmental reservoir con-
straints for hydropower producers or for power system operations [79].

Nevertheless, some research considers the representation of more complex reser-
voir filling constraints in medium-term hydropower scheduling models. Complex
reservoir filling constraints are applied in many systems when hard reservoir con-
straints are unsuitable due to practical considerations. Summer filling targets for
tourism or recreational purposes can, for example, be demanding to reach because
of large inflow variations. In such situations, hydropower producers would have to
hold back water before the summer season to be sure to reach the hard constraint.
This could increase the system costs as power production would be reduced in
the low inflow period and the risk of spillage would increase in the high inflow
period. To avoid such unwanted consequences, alternatives to hard constraints
can be used. In the Nordic region, this is handled via regulation through the use
of soft reservoir filling constraints, which implicitly restrict the water level in the
reservoir in the summer, instead of explicitly like hard constraints. Alternatively,
probabilistic constraints can be used to set aggregated upper and lower bounds
for the reservoir filling, as is currently done by EDF in France [80]. A stochastic
viability approach has also been found to yield promising results [80,81].

Soft reservoir constraints are in practice discharge limitations that depend on the
water level in the reservoir. Even though the constraints relax the target filling
requirement, these constraints still impose intrusive restrictions on the operation
of the system. The constraints may impact the seasonal flexibility of the hy-
dropower plants less than hard reservoir constraints but may in return restrict
the provision of energy and regulating services in certain periods. Furthermore,
the constraints are challenging to apply in scheduling models that require a con-
vex problem formulation as they include both logical conditions and dependen-
cies on the water level (i.e., state dependencies) [15]. In [82] an advancement of
the stochastic dual dynamic programming (SDDP) algorithm (SDDiP [83,84]) is
used to model a soft reservoir filling constraint in the medium-term scheduling
of a multi-reservoir system in Norway. The study demonstrates a potential for
improved scheduling by accurately treating this type of constraint compared to
using a linear approximation. A tight linear approximation of the soft reservoir
constraints is proposed and tested for two multi-reservoir hydropower systems in
Norway in [85], with the approximation demonstrating a good economic perfor-
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mance. This was further investigated in a Master thesis connected to this PhD
that compared the tight linear approximation to a traditional linear approxima-
tion and an accurate implementation by the use of SDP [86,87]. The results
revealed that the economic performance of the tight linear approximation is close
to the accurate implementation for the considered hydropower plant. Further-
more, soft reservoir filling constraints, or discharge limitations that depend on the
water level, can also be used to coordinate water use for hydropower production
and irrigation, as demonstrated for a hydropower system in Chile in [88].
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Chapter 3: Optimal scheduling of hydropower systems with
environmental constraints

3 Optimal scheduling of hydropower
systems with environmental constraints

Two stochastic optimisation models are developed and used as part of this PhD.
The first is a medium-term hydropower scheduling model that optimises the
operation of a hydropower system from the perspective of a profit-maximising
producer under a price-taker assumption. This model is used in Papers IT and
III. The second is a hydropower scheduling model in the form of a fundamental,
cost-minimising optimisation model that optimises the operation of a wind- and
hydropower-dominated region of a power system over a long planning horizon.
This model is used in Papers IV and V. The models are presented in Paper
IT and Paper V, respectively.

This chapter describes some of the key modelling aspects used as part of this
work. Section 3.1 gives a brief introduction to stochastic programming, the use of
dynamic programming methods to solve stochastic hydropower scheduling prob-
lems (Section 3.1.1) and modelling of non-concave (non-convex) expected future
profit (cost) curves as piecewise linear approximations (Section 3.1.2). Section
3.2 presents two common techniques for modelling of uncertainty, Section 3.3
presents the most common constraint in the hydropower scheduling problem and
the modelling of the environmental constraints is presented in Section 3.4. Fi-
nally, an overview of the solution framework is given in Section 3.5.

3.1 Stochastic programming for hydropower schedul-
ing

Optimal operation of hydropower depends on a wide range of uncertain fac-
tors such as hydrology, weather parameters, fuel prices, electricity demand and
faults. Furthermore, uncertainty may have to be considered for different time
resolutions and planning horizons. In this thesis, uncertainty is considered on
a weekly resolution over a one-year planning horizon for different stochastic pa-
rameters. The used producer-centric, medium-term hydropower scheduling model
considers uncertainty in inflow and in the (exogenously given) power price, while
the cost-minimising scheduling model for a hydro-dominated region of a power
system considers uncertainty in inflow, wind power generation and temperature-
dependent electricity demand. Both of the hydropower scheduling models are
solved using stochastic dynamic programming (SDP).
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Stochastic programming considers decision-making under uncertainty and is par-
ticularly useful when uncertain parameters significantly impact the costs associ-
ated with the decisions. Stochastic programming methods can be used to find
the optimal solution when decisions have to be made before the outcome of the
uncertainty is known. The idea is to consider the potential outcomes of the un-
certain parameters when making the decisions, ensuring that the optimal decision
is made given the possible outcomes. This implies that the optimal decision is
not necessarily optimal for the actual realisation of the uncertain parameters but
instead for the available information when the decision is made.

A two-stage stochastic optimisation problem is a decision process where a set
of decisions, the first-stage decisions, have to be made before the uncertain pa-
rameters are revealed, while a second set of decisions, the second-stage recourse
decisions, are made after the actual realisation of the uncertainty is known [89].
The objective is to minimise the total cost of the first- and second-stage decisions.
Equation (3.1) describes the decision process, where the cost functions f; and fo
represent the value of the first and second-stage decisions. In each stage t, y; is
a vector of the decision variables, x; is a vector of the incoming state variables
and z; represents the uncertainty revealed at the beginning of each stage. The
second term describes the expected value of the second-stage decisions given the
possible realisations of the uncertain variables (E.,ez,][...]).

min [f1(9617y17zl)+ E [minf2($2,y2722)}] (3.1)
Y1 20€75 Y2

The solution space of the problem is bounded by the constraints in the sets
Yyt € Vi(t, yt, 2t), where the state-variables in the second-stage is a function of the
variables in the first-stage. The function xo = §(x1,y1, 21) describes the transition
of the state variables from one stage to the next, where the state variables at the
beginning of the second stage (z2) are a function of the variables in the previous
stage, namely the incoming state-variables (1), the made decisions (y;) and the
uncertainty (z1). The state variables comprise all the information that is carried
between the stages, describing the condition of the system in the given stage.

The two-stage stochastic problem described in Equation (3.1) can be generalised
into a multi-stage formulation [89], where new information is revealed before every
stage. In the two-stage formulation, the second term of the objective function
represents the recourse decision after the uncertainty is revealed. However, this
term can in itself comprise a sequence of decisions and stages, turning the problem
into a multi-stage problem. The second term of the objective function thereby
represents the future cost assuming optimal operation in all future stages.

The hydropower scheduling problem is a stochastic, multi-stage problem. The
problem is defined by physical, technical and regulatory constraints, such as
bounds on the reservoir level and discharge, efficiency curves for the power sta-
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tions and environmental regulations. The primary decision variables are the
amount of water to discharge from each reservoir in every time step, implicitly
determining the power generation, reservoir level (storage) and spillage. Hy-
dropower producers make operational decisions in a sequence, where updated
information becomes available stage-wise and corrective actions can be made in
the following stages. The option to store water in the reservoir is controlled by
the water balance constraint, which couples the decisions in time. The water level
in the reservoir is the main state variable in the hydropower scheduling problem,
but other state variables can also be included, such as snow storage, accumulated
inflow in previous stages or information about other stochastic parameters.

Stochastic problems are often solved by defining a set of potential realisations
of the uncertain variables, referred to as scenarios. A probability is associated
with each scenario, making it possible to calculate the expectation over the set
of defined scenarios. As the decisions in each stage depend on the previous deci-
sions, the size of the problem grows exponentially with the number of scenarios
for each stage. Tractability is therefore a major challenge when solving multi-
stage stochastic problems. A wide range of methods and approaches are used
to solve multi-stage stochastic problems within the field of hydropower schedul-
ing, see for example [90,91]. The following gives a brief introduction to dynamic
programming-based methods. These mature methods are frequently used to solve
large hydropower scheduling problems and form the foundation of the models de-
veloped in this PhD.

3.1.1 Dynamic programming based methods

Dynamic programming (DP) decomposes the overall problem into smaller, stage-
wise problems (often referred to as decision problems) that can be solved se-
quentially using backwards recursion. The method requires the state space to
be discretised, and the decision problem is solved for each discrete state in every
stage. Multi-stage, stochastic problems can be solved using stochastic dynamic
programming (SDP) [92]. If the problem is stochastic, the problem is solved for
each discrete state and stochastic realisation (scenario) in every stage. Using
backwards recursion, the method iterates from the last stage T to the first stage.
After solving the problem for each state and scenario in a stage (t+1), the expec-
tation of the optimal solutions over all the scenarios is used to solve the previous
stage (t), as given by (3.2).

9t(Te, Ye, 2t) = n;in [ft(«’cnyu 2) + ‘/t+1(1't+1)} (3.2)

t
Where g(...) is the total cost in stage t, f¢(...) represents the cost of the immediate
decisions and Vp41(...) is the expected future cost, i.e., Vi(z:) = E[gt(xt,yt, zt)}.

The state variables are a function of the decisions in the previous stage x;11 =
(e, 1, 21)-
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The formulation in (3.2) assumes that the stochastic variables are uncorrelated
between the stages. Temporal correlation can be considered by including an
additional state variable (z), like given in [3.3].

9t (e, yt, 2) = r%in [ft(xnym 2) + Vi (w41, Zt)] (3.3)

where Vi(zt,2e-1) = Bz, [gt(xt., Yt, zt)} and ., ., , is the expectation based
on the conditional probability of moving to state z; in a stage from state z;_1
in the previous stage. Inflow is often included as a state variable in hydropower
scheduling models to represent the temporal persistence in the inflow series, but
other hydrologic variables can also be used as discussed further in [93].

In hydropower scheduling problems, the state space is normally defined by the
water volume in the reservoirs and the problem is solved for a set of discrete
reservoir fillings. This means that (3.2) is solved for a set of defined start-reservoir
fillings in stage t, and the state in the following stage (t+1) is given by the
resulting end reservoir filling in stage t. The first term in (3.2) thereby considers
the immediate cost of the hydropower production, while the second term considers
the cost associated with the end reservoir filling or, in other words, the value of
storing water for later time periods. The expected future value (or cost) curve
is approximated by the expected value calculated for each discrete state in the
following stage (t+1).

A major advantage of SDP, and a main reason why the method has been used in
this work, is that the method permits non-convex characteristics to be included
in the problem formulation, making it possible to consider nonlinear constraints
or non-convex state-dependencies. A major drawback, on the other hand, is that
the problem grows exponentially with the number of state variables, known as
the curse of dimensionality [92]. This causes the method to be best suited for
small systems, since the problem size increases with an additional state variable
for each reservoir. Nevertheless, SDP may be used for larger systems by apply-
ing aggregation techniques like in [33] or different efficiency techniques, such as
parallelisation techniques, efficient discretisation of the state space or Benders
cuts like described in [94]. Alternatively, more computationally efficient methods
like stochastic dual dynamic programming (SDDP) can be used to solve larger
systems, however, such methods often require a convex model formulation. SDP
can therefore be a preferred alternative for smaller systems with pronounced
non-convexities.

The stochastic dual dynamic programming (SDDP) method overcomes the curse
of dimensionality by utilising information from the dual solutions of the deci-
sion problems [95]. Instead of discretising the entire state space of the problem,
the expected future cost curve is approximated step-wise by using a forwards-
backwards sweeping algorithm. The forwards sweep finds the optimal solution
for a sample of scenarios, whereas the backwards pass adds water value cuts
based on the optimal state in the forwards iteration. Cuts are constraints that
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are added to the decision problem to restrict the solution space [89]. The method
iterates back and forth until the upper and lower bounds of the objective func-
tion value converge within a statistically defined interval. The method is con-
sidered the state-of-the-art solution method for scheduling of large hydropower
systems [96,97] under uncertainty and allows for hundreds of state variables to
be included in the problem [98].

As already mentioned, a disadvantage of SDDP is that the method requires a
convex model formulation. One reason for this is that the method relies on cut-
sharing between the states. For non-convex model formulations, some cuts may
be valid only for certain states and therefore cut off parts of the feasible solu-
tion space (and potentially the optimal solution) if shared between all states.
To obtain a convex model formulation, certain characteristics of the scheduling
problem usually have to be simplified or omitted. In many situations, this is
a reasonable trade-off to solve larger problems. Other alternatives are to use
SDP or stochastic dual dynamic integer programming (SDDiP), a more recent
advancement that overcomes some of the limitations of SDDP [83,84]. How-
ever, SDDIP is still considered to be an immature solution method and induces
considerable computational complexity compared to SDP.

3.1.2 Representation of the future value function

The representation of the future value of storing water is essential to obtain good
solutions in hydropower scheduling. In DP, the expected future value function
(also often referred to as the cost-to-go function) is approximated based on the
optimal solutions for a set of system states. Different techniques can be used
to represent the expected future value function in SDP. While a piecewise linear
approximation based on water value cuts is used in SDDP, a classic approach in
SDP is to interpolate between the calculated expected future value points. This
approach is compared to a more advanced representation based on cubic splines
in [99]. Furthermore, the expected future value function can be represented by
applying the water values directly, either by interpolating in the water value
tables like in [33] or to generate cuts like in [94]. A piecewise linear function can
be obtained either by interpolation between the expected future value points or
the use of water value cuts, as illustrated in Fig. 3.1.

Piecewise linear approximations based on interpolation between the future value
points or water value cuts require that the expected future value function is
concave (or convex) to guarantee an optimal solution, unless conditions are used
to control which of the value points or cuts are used for different states. If the
expected future value function is non-concave (or non-convex) the solution space
may be inaccurately represented. Fig. 3.2 illustrates the implications it may
have if a piecewise linear approximation is obtained based on an assumption of
concavity for a non-concave function. Small non-convexities may not have large
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(a) Interpolation (b) Cuts

Figure 3.1: Illustrations of a piecewise linear approximation of a concave function
obtained by interpolation between points (a) or water value cuts (b). A finer
discretisation between the points will result in a more accurate approximation of
the function.

implications on the optimal solution, but the severity of the inaccuracies may be
difficult to measure without comparing it to an accurate solution.

(b) Cuts

R o

Figure 3.2: Illustrations of concave, piecewise linear approximations of a non-
concave function using interpolation (a) and cuts (b). The interpolation proce-
dure may overestimate the feasibility area by skipping unfavourable points (unless
forced to use adjacent points), as illustrated by point A in (a). The cuts proce-
dure may underestimate the feasibility area unless the cuts are limited in range,
as shown in (b). The over- and underestimated areas are marked by the yellow-
shaded areas.

Non-concave expected future value functions may occur frequently due to non-
convexities in the problem formulation, such as non-convex environmental con-
straints. Different approaches based on binary variables or special ordered sets
(SOS) may be used to represent non-concave (or non-convex) functions as a
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piecewise linear function (see e.g., [18,100,101]). In the scheduling models de-
veloped as part of this PhD, special ordered sets of type 2 (SOS-2) are used in
the modelling of non-concave expected future value functions to enforce the use
of neighbouring points, i.e., as illustrated in Fig. 3.3. SOS-2 are ordered sets of
non-negative variables where only two adjacent variables are allowed to take on
non-zero values. Special ordered sets are useful to control the behaviour of vari-
ables in optimisation models and are so frequently used in operational research
that they are implemented in several commercial optimisation solvers, such as in
CPLEX.

Figure 3.3: Illustration of a non-concave piecewise linear approximation of a
non-concave function by the use of interpolation where adjacent points have to
be used.

The method presented in [18] is used to formulate two-dimensional piecewise
linear approximations of the expected future value functions in the scheduling
models developed in this PhD. The method is an implementation of the triangle
method through the use of SOS-2. Even though the use of SOS-2 is efficient, the
method introduces binary variables, thereby turning the decision problem into a
MILP. The implementation is described in Paper II.

3.2 Scenario generation

Stochastic optimisation methods require a realistic representation of uncertain
parameters. As previously mentioned, uncertainty is normally represented in
stochastic programming methods by a set of scenarios. For the optimisation
methods to provide useful solutions, realistic scenarios that span the sample space
of the uncertainty are required. This section describes two methods to represent
uncertainty that are frequently used for hydropower scheduling.
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3.2.1 Auto-regressive models

Auto-regressive (AR) models can be used to represent random processes. A
general AR-model of order p (AR(p))is given in (3.4). As seen from (3.4), the
predicted variable, Z;, depends linearly on the previous variables, Z;_;, and on
a stochastic term (noise), ¢;. The auto-regressive coefficients, ®;, reflect the
memory of the process backwards in time. The short-term memory of auto-
regressive models allows for the representation of correlation in time.

P
Zi=> ®Zii+e (3.4)
=1

For multivariate time series, vector auto-regressive (VAR) models can be used
to capture both correlations in time and between variables. A general VAR(p)
model is given by (3.5), where Z; are vectors of variables, ®; are the coefficient
matrices and €; are noise vectors. The predicted variables Z; are now given as a
function of the previous values of all the variables involved, as well as the error
term.

P
Zy = Z D7 i+e (3.5)
i=1

Auto-regressive models are useful tools to represent stochastic processes as the
models can capture correlations in time and between variables. Such models can
be used to represent uncertainty directly in SDDP, while SDP requires a discrete
representation of the uncertainty. In this work, auto-regressive models have been
used to sample scenarios for the case studies. A VAR model was used for the
case studies in Papers I'V and V|, since VAR models have been found to provide
better descriptions of inflow in systems with correlations between inflow and wind
than AR models [102].

3.2.2 Markov models

A Markov model is a discrete representation of uncertain variables, where the
future states only depend on the current state. A Markov chain describes the
probability of moving from each of the states (nodes) in one period to all possible
states (nodes) in the next period, as illustrated in Fig. 3.4. Markov chains are
often used to represent uncertainty in SDP-based models. The stochastic process
in an SDP model can be stage-wise independent as in the formulation in (3.2), or
correlation from one stage to the next can be represented by including a stochastic
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Figure 3.4: Illustration of a Markov chain where the transition probabilities, pi,
give the probability of moving from a state (node) [ in stage t-1 to a state (node)
k in stage t.

Generating Markov models by using K-means clustering

Markov models are used to represent the stochastic parameters in the SDP models
developed in this PhD. The Markov models are generated from a set of scenarios
using K-means clustering [103,104]. For each stage, the scenarios are clustered
together into a set of representative nodes (i.e., a set of representative realisations
of the stochastic variables), as illustrated in Fig. 3.5. The clustering algorithm
considers the different types of stochastic variables simultaneously so that each
node consists of one value for each of the stochastic variables. The result is a
set of nodes (stochastic states) per stage connected together in a Markov chain
(Fig. 3.5b). The transition probabilities are calculated by counting the number
of scenarios that transition between two nodes (clusters) from one stage to the
next.

An adequate representation of extreme realisations of uncertain variables, such
as inflow and price, is essential in hydropower scheduling [105]. The most ex-
treme outcomes may be under-represented in the Markov model when K-means
clustering is used to determine the set of nodes, potentially leading to an un-
derestimation of the consequences of extreme events. To counteract this, Paper
V suggests extending the Markov model with additional “extreme nodes” that
represent extreme outcomes of the stochastic variables, as illustrated by the red
nodes in Fig. 3.5b. A similar approach was used in [105] to expand a Markov
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Figure 3.5: Illustration of the generation of a Markov model by clustering (from
Paper V). The scenario trajectories are clustered together into three clusters
per stage, marked by different colours in (a). The clusters in each stage are
represented by the centre points of the clusters. The centre points are used
as nodes (stochastic states) in the Markov model, as illustrated in (b). The
probability of moving between different nodes (states) from one stage to the next
is given by the transition probabilities, which are calculated by counting the
number of scenario trajectories that moves between the clusters.

3.3 Hydropower modelling

This section briefly presents the mathematical formulation of the hydropower
scheduling problem. Further discussion of the various modelling techniques,
mathematical formulations and solution methods are provided in the research
literature. The reader is referred to [90] for a basic description of the multi-
reservoir optimisation problem and a review of solution methods, and to [35] for
an overview of more detailed objectives and constraints that can be included in
the modelling of the short-term scheduling problem.

Hydropower systems are complex physical installations with plenty of non-linear
characteristics. As mentioned previously, the level of detail included in hy-
dropower scheduling models depends on the scope and planning horizon of the
problem. Stochastic scheduling models for multi-reservoir hydropower with long
planning horizons usually consider the dispatch problem for a simplified rep-
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resentation of the systems, i.e., the production units, reservoirs and different
waterways, for example as illustrated in Fig. 4.1. The problems are compu-
tationally difficult to solve due to the dynamic and stochastic characteristics,
and non-convex characteristics are usually not considered or simplified. The for-
mulations of the hydropower scheduling problem used in this PhD are based
on linear and convex formulations, except for the representation of the environ-
mental constraints. The developed models are based on SDP and can therefore
handle non-convex problem formulations. Despite this, to limit the complexity,
non-convex characteristics are only included (when necessary) in the modelling
of the environmental constraints, as described in Section 3.4.

3.3.1 Objective functions

The objectives of the scheduling problem depends on the planning horizon of the
scheduling problem and the system characteristics. This PhD considers two dif-
ferent objectives, namely that of a profit-maximising power producer operating
in a competitive market and a cost-minimising system perspective. Other objec-
tives can be to maximise the total power generation, minimise floods or even a
combination of several targets (i.e., multi-objective).

Scheduling problems that consider long planning horizons are normally solved
using methods based on decomposition techniques, such as SDP and SDDP, as
discussed in Section 3.1. The objective functions of these problems usually consist
of two terms, namely to maximise/minimise the value/cost in the current period
(i.e., stage) and in the future. The expected future value or cost is approximated
by a function, as previously discussed in Section 3.1.

Maximising total revenue

The objective of the medium-term scheduling model in this PhD is to maximise
profit for the hydropower producer. Assuming that the operational costs of hy-
dropower production are negligible, this turns into an objective of maximising
revenues. Revenue maximisation is widely used in competitive power markets,
such as the Nordic, where the power producers are assumed to be price-takers
(i.e., the operational decisions of the producers are assumed to not impact the
price). Maximum revenue is obtained by scheduling production (p) to achieve the
highest possible price (\) as given in (3.6), i.e., to maximise the expected revenue
of producing in the current period (A\;p;) and the expected value of saving water
in the reservoirs for later (aq1).

max { \py + v | (3.6)
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Minimising operational costs

From a system perspective, the aim is to optimise the use of available resources
to meet certain obligations at the lowest possible cost. The objective functions
minimises the operational costs of the system as given in (3.7). The cost in
the current period (¢) is given by a cost function (Cy(x:)) that describes the
costs associated with a set of decision variables (x;) and the expected future cost
(1)

min {Ct(wt) n am} (3.7)

A simplified version of the cost-minimising objective of the hydropower scheduling
model used in Paper V is given in (3.8). Here, costs are associated with import
of electricity and unmet system obligations such as curtailment of electricity
demand and unmet reserve capacity requirements (described in section 3.3.8).

min {/\tet +CY%lsy +CTsy + at+1} (3.8)

The operational system cost described in (3.8) is given by the cost in the current
period (t) and the expected future cost (c;+1). The operational costs comprise
the cost/revenues of import/export (e;) at an exogenously given power price (At),
the cost of curtailing electricity demand (Is;) given the value of lost load (C'*)
and the cost of unmet reserve capacity requirements (s;) given a high penalty cost
(C7). Operational costs of wind- and hydropower are assumed to be negligible,
but there is a cost of using water rather than storing it for later (i.e., the expected
future cost ay41 ).

3.3.2 Water balance of the reservoirs

The water balance describes the hydrologic balance in the reservoirs by keeping
track of water that enters and exits each reservoir in each period (¢) in the
planning horizon (T'), as given in (3.9).

v =vet+qil —q—fi+ 2 VteT (3.9)

The reservoir volume in a period (vi41) is given by a initial reservoir volume
(v¢) and the water that enters and exits the reservoir in the period. Water may
enter the reservoir in the form of release from reservoirs higher up in the cascade
(g¥") and inflow (Z;), and exit the reservoir in the form of release (g,) and
spillage (f;). The release decisions are described by vectors (¢V” and q) and
may comprise different types of releases such as discharge through the turbines
and bypass flows. Negative inflows (i.e. Z; < 0 ) may occur if the system is
exposed to evaporation.
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3.3.3 Bounds on water storage in the reservoirs

The regulated volume of the reservoirs, i.e., the water volume that is available
for hydropower production, is controlled by lower and upper bounds (V™" and
Vmat) as given in (3.10). Strategic boundaries may be imposed in certain periods
as described further in Section (3.4.1).

Vmin S vy S ymaa VteT (310)
3.3.4 Bounds on release and power production

Upper and lower bounds on releases from the reservoirs (Q™" and Q™) are
defined in (3.11) and for power production (P™™ and P™) in (3.12). Release
may be restricted due to physical limitations, or strategically to, for example,
impose minimum flow obligations as described further in Section 3.4.2. The
power-discharge relationship is described further in Section 3.3.6.

Qmin S q S Qmaz vteT (311)

Pmin < p < PO Wt e T (3.12)

3.3.5 Operating status (commitment)

The operational status of a power station (or unit) describes if the station is
running or not, also referred to as the commitment status of the unit. Unit
commitment can be included to model the start and stop of units/stations and
to avoid operation below the minimum production point. This can be imposed by
defining binary “commitment” variables (also referred to as “running” variables),
like given in (3.13), where u; = 1 if the unit is running and u; = 0 otherwise.
However, this turns the problem into a mixed integer linear program (MILP)
and unit commitment is therefore normally not considered in large, stochastic
scheduling models. It is, on the other hand, more frequently included in short-
term scheduling models.

up € {0,1} (3.13)
Linearised unit commitment, as given in (3.14), is less precise, as partial start /stop
and operation below the minimum production point may occur, but may be easier

to include in stochastic scheduling models with long planning horizons.
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ut € [0, 1] (3.14)

3.3.6 The hydropower production function

The hydropower production function (HPF) is in reality a complex state-dependent,
nonlinear and non-convex function. Modelling of the HPF is one of the core chal-
lenges in the short-term scheduling problem [35] and techniques to approximate
the complex relationship between discharge, head and power output are, for ex-
ample, discussed for MILP-based models in [101,106]. Linear approximations or
piecewise linear and concave approximations of HPF are often used in scheduling
models with long-planning horizons because of the modelling complexity.

In the medium-term hydropower scheduling model used in Papers IT and III,
the HPF is described as a piecewise linear and concave approximation, as given
by (3.15) and (3.16). The power-discharge relationship is described by several
discharge segments (d € D), where the utilisation of each discharge segments
(gi,q) is restricted by a maximum limit (Q7'**). The power output (p;) is a
function of the utilisation of each discharge segment and the efficiency (n4) of
each segment.

pe=Y Nagra VtET (3.15)
deD
4,a < Q7" VteT,deD (3.16)

An important feature of hydropower is that the best operational point often is
below the maximum operating point. This means that a hydropower plant op-
erating at the best efficiency usually can increase (or decrease) production on
demand. A piecewise linear and concave functional relationship can capture this
characteristic but will overestimate the efficiency of operating at low output as
illustrated in Fig.3.6a. To better represent the efficiency of operating at low
output, a minimum discharge point can be incorporated like suggested in [28]
and illustrated in Fig. 3.6b. The formulation assumes a concave and piece-
wise linear curve above the minimum output point, as illustrated in Fig. 3.6b.
Operation below the minimum output point can be avoided by the use of binary
commitment variables as given in (3.17)-(3.19). The binary commitment variable
(u¢ € {0,1}) controls if the station is running or not. If the station is running,
the minimum production (P™") and the minimum discharge (Q™") define the
minimum output point, while the total discharge (¢;) and the total power output
(pt) are given by the minimum output point and the piecewise linear and concave
approximation of the power-discharge relationship as given by (3.17)-(3.19).

pe=wP™ +> niga VET (3.17)
deD
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4 < w QM + Z qta VEeT (3.18)
deD
0< g <wQp™ WeT,deD (3.19)
g g
& &

pmin|

IQ""" Discharge (q)
Figure 3.6: Illustration of a concave and piecewise linear approximation of the
HPF (a) and a piecewise linear approximation of the HPF with a minimum output
point A (b) for a station with several units (based on [28]). The approximation
in (b) is extended with the red dotted line below point A if the commitment
requirement is linearised.

An approximation of the HPF like the one illustrated in Fig. 3.6b was used
together with linear unit commitment (i.e., u; € [0,1]) in Paper V. Operation
below the minimum output point may occur when the commitment requirement
is linearised, as illustrated by the red dotted line between zero and point A in
Fig. 3.6b. If this happens, i.e., u; takes on a value between 0 and 1, the capacity
of each discharge segment (Q7**) is reduced accordingly. The linear formulation
is less accurate than using binary commitment variables. Nevertheless, the lin-
ear formulation provides some opportunities, such as to define a lower efficiency
below the minimum output point or to limit available reserve capacity below the
minimum output point (which is discussed in Section 3.3.7).

3.3.7 Provision of reserve capacity

Paper V addresses the interplay between environmental constraints and reserve
capacity requirements in a region of a wind- and hydropower-dominated sys-
tem. The reserve capacity that a hydropower plant can provide is limited by the
scheduled production (p;) and the minimum and maximum production capacity
(P™m and P™®). To ensure a quick response time, provisions of upwards and
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downwards spinning reserves (1";3+ and 7;7) require that the hydropower plant
is running, as controlled by the commitment variable (u:) in (3.20) and (3.21),
respectively.

Provision of upwards non-spinning reserves is restricted by the total turbine ca-
pacity in (3.22) and the availability of water in the reservoirs in (3.23). Equation
(3.23) ensures that there is enough water in the reservoir (v;) to activate the re-
serve capacity (r"*7). An optimistic estimate of the required water is calculated
based on the maximum efficiency (™), where ¢ converts the units to a total

amount of water for the period ¢.

pe it <w P Vel (3.20)
pe—ri” >wP™" WteT (3.21)
st T p <P Ve T (3.22)
¢(;;;+) <v, WteT (3.23)

If unit commitment is not modelled, or if a linearised unit commitment formu-
lation is used ( i.e., u; € [0,1]), operation between zero and the minimum pro-
duction point may occur and the capability of the hydropower plants’ to deliver
spinning reserve capacity is likely to be overestimated [28]. However, if commit-
ment between zero and one occurs in a linearised unit commitment formulation,
the total available capacity in (3.20) and (3.21) will be partly reduced. Such
a formulation may therefore provide better results than a dispatch formulation
without unit commitment. Furthermore, the problem formulation can be tight-
ened further to discourage operation below minimum output to occur for the
purpose of delivering reserves, as suggested in [23]. The suggested approach was
applied in Paper V.

3.3.8 System requirements

Papers IV and Paper V consider the operation of a wind- and hydropower
dominated region of a power system, where the aim is to operate the system at the
lowest possible cost while meeting the electricity demand and the requirements
for reserve capacity (while also respecting other constraints). These obligations
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are defined as constraints in the problem. Slightly simplified formulations of the
constraints are provided below.

Power balance

The power balance in (3.24) states that the total power production from the
hydropower plants (pp, for h € H) and the wind power plants (w;) must be
larger than or equal the total electricity demand (D), or curtailment of demand
(Is¢) will occur (and be penalised in the objective function).

S phetw 2Dyl VteT (3.24)
heH

Requirements for reserve capacity

Equation (3.25) ensures that the total provision of reserve capacity from all the
hydropower plants is greater than the requirement for reserve capacity (R;),
where unmet reserve requirements (s;) are penalised in the objective function.
The formulation in (3.25) can be used to define requirements for different types
of reserve capacity.

> rni=Ri—s VteT (3.25)
heH

3.4 Modelling of environmental constraints

This section presents the mathematical formulation of the environmental con-
straints considered in this work, and discusses some of the main modelling chal-
lenges. The four considered types of constraints are: 1) reservoir filling con-
straints (included in Paper II-V), 2) minimum release constraints (included in
Paper V), 3) maximum flow ramping (included in Paper V) and 4) maximum
reservoir ramping constraints (included in Paper ITI). An important goal of this
thesis is to model soft reservoir filling constraints in medium-term scheduling and
assess the implications of this type of constraint on the scheduling of Norwegian
hydropower systems. Considerable attention is therefore devoted to this type of
constraint.
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3.4.1 Reservoir filling constraints

Reservoir filling constraints, or reservoir level constraints, limit the reservoir vol-
ume (v) to be in between the volume limits (V™™ and V™), as given in (3.10).
Such constraints are used to define the regulation volume in the reservoir but
can also be used to define strategic boundaries, e.g., to reduce the risk of flood
or water shortage. In such cases, time-dependent reservoir limits that force the
reservoir level to be above or below a strategic reservoir level in certain periods
can be used. For example, equation (3.26) enforces the reservoir level to be above
the filling target (V;"*) for parts of the planning horizon (T C T).

>V YteTcT (3.26)

Hard reservoir filling constraints like (3.26) can in certain situations be difficult
(or impossible) to respect because of the large uncertainty and variations in in-
flow. Alternative or relaxed formulations, such as probabilistic constraints [80] or
soft reservoir filling constraints (state-dependent discharge limitations) [15], are
therefore sometimes applied instead. In practice, soft reservoir filling constraints
are limitations on discharge (¢¢) where the maximum allowed discharge (Q7***)
depends on the water level in the reservoir as given in (3.27).

@ <QMT(v) VteT CT (3.27)

In this thesis, the focus is on soft reservoir constraints used in the Nordic region.
Several hydropower reservoirs in Norway have (high) target filling degrees for the
summer season to facilitate recreational use and tourism, as discussed in Section
2.4.2. This is facilitated by the use of soft reservoir filling constraints that ensure
that no discharge (other than to meet minimum flow obligations) is permitted
when the water levels are below a target level for a certain period, as illustrated
in Fig. 3.7.

The soft reservoir filling constraint is described mathematically by (3.28)-(3.29).
First, (3.28) states that for a given period (¢t € T"), discharge from the reservoir
(g¢) is restricted to only allow environmental flow requirements (Q§™") if the water
level in the reservoir is below a given threshold (V,""), as illustrated by phase
1 in Fig. 3.7. If the water level (within the given period) exceeds the threshold
(ViE™), (3.28) is replaced by a hard minimum reservoir level constraint enforcing
the water level to stay above the threshold for the reminding period (illustrated
by phase 2 in Fig. 3.7), as given in (3.29). The soft reservoir filling constraint
can also be followed by a period, T', where the reservoir level is not allowed to be
reduced, as given in (3.30). This is illustrated by phase 3 in Fig. 3.7.
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Threshold 1.

Volume

Constraint period 3. %X

Figure 3.7: Illustration of the soft reservoir filling constraint (from Paper III). "
The constraint period can be divided into three phases: (1) if the reservoir level is
below the threshold, discharge from the reservoir is restricted, (2) if the reservoir
level is above the threshold, the threshold becomes the minimum allowed reservoir
level, and (3) the reservoir can not be drawn down, only filled up.

@ < Q" v SV vteT' CT (3.28)
>V | e >V VteT' T (3.29)
Vt > Vt—1 Vit € T cT (330)

Soft reservoir filling constraints are included in the models in Papers II-V to
ensure high water levels in the summer. When used in this context, the discharge
limitations (3.28) are normally activated when entering the constraint period (i.e.,
t € T), then changed to (3.29) when (if) the water level reaches the reservoir
threshold (a high water level) and finally deactivated by the end of the constraint
period. However, the discharge limitation can also be activated by high inflows
(i.e., the start of the snow-melting period), as discussed in Paper II.

While hard reservoir filling constraints usually are straightforward to include in
scheduling models, soft reservoir filling constraints comprise several complicating
factors. First of all, the constraint includes reservoir dependencies and logical
conditions, which make the problem non-convex. This complicates the use of
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methods that require a convex model formulation, such as SDDP. For the purpose
of this PhD work, an SDP-based approach has been used to allow for non-convex
model formulations. Furthermore, the state-dependent logical conditions can be
handled in the SDP algorithm instead of in the decision problem, as shown in
Paper II, reducing the number of binary variables in the optimisation prob-
lem. Consequently, the state-variables (i.e., the water levels) are only evaluated
between the stages, implying that the discharge limitation (3.28) first will be re-
placed by a hard minimum reservoir level constraint (3.29) in the following stage.
In practice, this means that (3.28) is active if V5% < V¢ where V%"t is the
reservoir filling at the beginning of a stage (which is the same as the end-reservoir
filling in the previous stage). Furthermore, the non-convex characteristics of the
constraint may result in a non-concave expected future value function. This is
handled by the use of SOS-2 as described in Section 3.1.2, turning the decision
problem into a MILP.

An alternative to using SDP is to use SDDiP, as demonstrated in [82]. However,
the method is considered to be an immature solution method and introduces
other modelling challenges and limitations, such as that the state variables have
to be binary variables, the use of different types of cuts and convergence issues.
Furthermore, tight linear approximations of the soft reservoir filling constraints
have been found to provide good results in SDDP-based models for medium-term
scheduling in a recently published study [85].

3.4.2 Minimum flow constraints

Minimum flow requirements can be attributed either to the bypass section or
to the river section downstream of the outlet of the hydropower plant. Flow
constraints restrict the release of water from the hydropower plant, i.e., bypass
(¢*) and discharge (q) to be above a given minimum boundary (Q¢™") in each
period (¢ € T'). The constraint can be defined for total release, as in (3.31), or
specifically for bypass or discharge. Advanced environmental regulations may in-
clude dynamic (time-dependent) release requirements such as low flows, seasonal
variations and artificial flood releases. Seasonal minimum release requirements
are included in Paper V.

@+ >Q"  WeT (3.31)

Other more complex formulations can include dependencies on the water level in
the reservoirs, dependencies on the flow at a certain point in the river or integral
requirements. The latter may, for example, be if a hydropower plant is required
to release a specified amount of water (QF) over a longer period (T'), as given in
(3.32).

42



Chapter 3: Optimal scheduling of hydropower systems with
environmental constraints

S+ =Q" (3.32)

teT
3.4.3 Flow ramping constraints

Flow ramping constraints mitigate rapid changes in the flow downstream hy-
dropower plants by restricting the maximum change in discharge between two
successive time steps. The constraint limits the up and down ramping in dis-
charge (g¢) to stay below the maximum ramping rate (6;*%*), as given in (3.33).

=0 < gy — @ <6 VteT (3.33)

Ramping constraints introduce additional time couplings to the problem, which
makes the constraints more challenging to represent accurately in DP-based mod-
els because of the decomposition into stage-wise subproblems. In Paper V,
ramping constraints are included in each of the stage-wise subproblems (deci-
sion problem) in the SDP model but not between the stages in the backwards
recursion. More sophisticated approaches can be applied to include flow ramping
between the stages in SDP-based models. For example, discharge can be included
as an additional state-variable [69], but this was not investigated further in this
work as ramping between the stages was considered to be of small importance to
the overall solution.

3.4.4 Reservoir ramping constraints

Reservoir ramping constraints can be imposed to limit rapid changes in the wa-
ter levels in reservoirs, as given in (3.34). The change in reservoir volume (v)
between two consecutive periods is restricted to be smaller than the maximum
ramping rate (y/***). The constraint depends on the reservoir level in the pre-
vious period and is thereby state-dependent. Furthermore, like flow ramping
constraints, reservoir ramping constraints introduce a time coupling. However,
this time coupling can be handled in SDP-based scheduling models without fur-
ther adjustments since the reservoir level already is a state variable.

= () S vppr — v <A (v) VEET (3.34)

The maximum permitted ramping rate may be given as a maximum change in
the water level in the regulation and be implemented as a maximum volumetric
ramping rate in the modelling. The maximum permitted change in water volume

43



Chapter 3: Optimal scheduling of hydropower systems with
environmental constraints

depends on the shape of the reservoir and is a function of the water level in the
reservoir (i.e., 7;"*"(v¢)). This introduces another state dependency, as well as a
potential non-convexity due to the shape of the reservoir. A reservoir-dependent
maximum ramping rate, which is represented by a step-wise function, is included
in Paper ITI. The maximum ramping rate is determined by the reservoir level
at the beginning of the stage and is constant within the stage. The non-convex
characteristics of the ramping rate may result in a non-concave expected future
value function, which is handled by the use of SOS-2 as described in Section 3.1.2.

The reservoir ramping constraint in Paper III restricts reservoir ramping be-
tween two consecutive periods, however, reservoir ramping restrictions may also
be defined for periods of varying length, which may introduce more complex time
couplings to the problem.

3.5 Overview solution framework

The results from the medium- and long-term hydropower scheduling models can
be validated through simulations of the operational decision-making. This is
a frequently used approach for SDP-based models, where the expected future
values (FV;) are calculated for a discrete set of system states in a backwards
recursion. In the operational simulation, the decision problems are optimised in
a forwards sequence for a set of scenarios using the calculated expected future
value functions. Furthermore, the operational simulation may include a chosen
level of detail in the stage-wise decision problem. The same model formulation
as in the stochastic scheduling model can be applied directly, a refined problem
formulation can be used as described in [33] or a more detailed short-term model
can be implemented like in [107] and [71]. A detailed short-term model can be
used to achieve a more realistic setup, while, for example, a simpler formulation
may be preferred to isolate the impacts of the information given through the
expected future value functions/water values.

Fig. 3.8 illustrates how an SDP-based modelling framework can be divided into
two main parts: a strategy calculation (SDP model) and an operational forwards
simulation. This modelling setup was used in Paper II-V for different problem
formulations. First, the SDP model calculates an optimal strategy based on a
discrete set of reservoir states and stochastic states in the strategy phase. The
model is set up for a one-year planning horizon, but an infinite horizon effect is
achieved by iterating until the water values in the first and last stages converge.
The water values are calculated from the expected future value points at the
end of each iteration and used to update the end-value at the start of the next
iteration. The main results from the SDP model are the expected future value
points and the water values. The expected future value points are used in the
operational forwards simulation to represent the expected future value function,
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while the water values are useful to visualise and analyse the calculated strategy.
The final simulation gives the optimal operation of the system for a range of
simulated scenarios.

Initialisation
- FVicit=0=0
FVj=at=0 = FVj=1,=r Jo1im0 System description,
< stochastic variables
Run SDP model

Solves the decision problem
for all stages, reservoir states
and stochastic states
(calculates the expected
future value FV; ter)

Convergence?

YES System description,
Fv* f / scenarios

— NO

Run simulation
Solves the decision problem in
a forwards sequence for a set
of scenarios

¥

Optimal operation

Figure 3.8: Flow chart of the strategy phase (SDP model) and final simulation.

The stage-wise decision problems can be formulated as MILPs to represent a
non-concave expected future value function or to include other non-convex con-
straints. As mentioned previously, non-convex characteristics are only included
in this work to model environmental constraints (if necessary). A higher compu-
tational time is to be expected to solve a MILP problem than a linear program
(LP), and the computational time increases with the complexity of the prob-
lem. Furthermore, an LP formulation is required to obtain dual values from the
optimal solutions. To obtain dual values from the MILP problems, a second
simulation can be conducted with the binary variables fixed to the values from
the first simulation. This approach is used in Papers IV and V to obtain dual
values from the scheduling problems that include non-convex environmental con-
straints. It is worth mentioning that the dual values that are obtained by fixing
variables may be inaccurate as the costs associated with the fixed variables are
not considered.
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4 Results and discussion

This section summarises and discusses the main results from the work conducted
as part of this PhD. Firstly, Section 4.1 discusses the results from Papers II
and III, which consider environmental reservoir constraints in medium-term hy-
dropower scheduling from the hydropower producer perspective. Secondly, Sec-
tion 4.2, presents the results from Papers IV and V. The focus of this work
is on the implications of environmental constraints on hydropower plants in
hydropower-dominated renewable power systems with an emphasis on opera-
tional flexibility.

4.1 Environmental reservoir constraints in medium-
term hydropower scheduling

The optimal operation of hydropower systems considering environmental con-
straints on reservoir management is studied from the perspective of a profit-
maximising power producer in Papers IT and ITI. This work includes two types
of environmental reservoir constraints: soft reservoir filling constraints and reser-
voir ramping constraints. Both constraints depend on the water level in the
reservoir and are thereby state-dependent. Furthermore, both constraints intro-
duce non-convexities to the problem. The soft reservoir constraint is studied in
Papers IT and ITI, while the reservoir ramping constraint is considered in Paper
IIT.

Two hydropower systems are included in this part of the work (HPS 1 and HPS 2).
HPS 1 is based on the two upper reservoirs and power stations of the Bergsdalen
water course located in the west of Norway (used in Papers II and III). HPS
2 is based on the Driva water course located in Trgndelag in mid-Norway (used
in Paper III). The technical specifications and topology of the two modelled
systems are shown in Fig. 4.1, while Fig. 4.2 depicts the reservoir thresholds
imposed on HPS 1 and HPS 2 together with the accumulated historic inflow
to these reservoirs. The reservoir threshold imposed on HPS 2 (as part of the
soft reservoir filling constraint) is more challenging to reach than the threshold
imposed on HPS 1.

Paper III assesses the operational and economic impacts of the constraints under
different power price assumptions. The assumed power price characteristics are
illustrated in Fig. 4.3. Traditionally, the power price in the Nordic system is
higher in the winter period and lower in the summer season (e.g., 2015 in Fig.
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Figure 4.1: Topology of HPS 1 and 2 from Paper III. Reservoirs (triangles),
plants (rectangles) and waterways for discharge (solid lines) and spillage (dashed
lines) are shown, as well as maximum discharge (m?/s), production (MW) and
reservoir volumes (Mm?) and average yearly inflow (Mm?).

(a) HPS 1 (b) HPS 2
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Figure 4.2: Tllustration of the reservoir thresholds (orange lines) given in the soft
reservoir filling constraints for HPS 1 (left) and HPS 2 (right) together with the
historical accumulated inflow (blue lines) and the reservoir capacity (red dotted
line).

4.3a). However, periods with high prices may occur in the summer if there is an
abnormally dry spring/summer (e.g., 2018 in Fig. 4.3a) or as a result of higher
short-term price variation in general (e.g., high price variation in Fig. 4.3b).

The rest of this section focuses on the operational implications of environmental
reservoir constraints and the significance of including such constraints in medium-
term hydropower scheduling. A short summary of the operational impacts of the
constraints is given in Section 4.1.1. These results are based on simulations with
the constraints, but without the constraints being considered in the water value
calculation. The main purpose of medium-term hydropower scheduling models
is to calculate water values for use in short-term operational decision-making.
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Figure 4.3: Power price characteristics used in Paper V. Historical weekly power
prices (a) from Nordpool for price-zone NO5 and the assumed intra-week price
variation (b) are plotted. The historical price series are chosen for their differences
in seasonal profiles.

Section 4.1.2 therefore discusses the impacts of the two environmental reservoir
constraints on the water value curves, while Section 4.1.3 discusses the economic
implications to operational decision-making of using water values that consider
these types of constraints.

4.1.1 Operational impacts of environmental reservoir con-
straints

This section summarises the economic and operational impacts of the environ-
mental reservoir constraints. Operations of the hydropower systems are simulated
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with and without the environmental reservoir constraints.

Soft reservoir filling constraints

The soft reservoir filling constraint has a considerable impact on the operation of
both hydropower systems. Even though the constraint is only active for a defined
period, the reservoir management may change over the entire planning horizon.
Considerably differences are seen in the spring/early summer, as the reservoir fills
up more rapidly because of the strict discharge limitation given by the constraint
(i.e., Eq. (3.28)). The results in Paper III show that the optimal reservoir
management and the economic impact of the constraint are found to be strongly
dependent on the expected power price and the characteristics of the hydropower
system. As expected, the loss in profit for the power producer is larger if high
power prices are expected in the constraint period (spring/summer) and the loss
increases with the level of short-term price variability. The loss in profit varies
from 0.04-4.35 M€ per year for the two hydropower systems under different price
expectations (i.e., a reduction of less than 1% to almost 15% of the profit).

Reservoir ramping constraints

The reservoir ramping constraint has a milder impact on the operation of the
considered hydropower systems than the soft reservoir filling constraint. Besides
restricting down-ramping, the operational and economic impacts of this con-
straint strongly depend on the shape of the constrained hydropower reservoirs.
This is because the volumetric maximum ramping rate, and thereby effectively
the strictness of the constraint, is a function of the shape of the reservoir. This
becomes apparent in Paper IIT where the same maximum ramping rate (in cm)
results in a stricter limitation in discharge for certain reservoir fillings in HPS 1
than in HPS 2. Consequently, the reservoir ramping constraint is found to impact
the reservoir management more for HPS 1 than HPS 2. In HPS 1, the water level
in the reservoir is considerably higher in the reservoir throughout the year as the
discharge is more restricted for lower reservoir fillings due to the constraint. In
HPS 2, only small (but similar) changes are seen in the reservoir filling through-
out the year, demonstrating that the magnitude of the impacts is site-specific.
The case study in Paper IIT demonstrates a loss in profit due to the reservoir
ramping constraint, however, the loss in profit is considerably smaller than for
the soft reservoir filling constraint ranging from 0.07-0.34 M€ per year for the
two hydropower systems (i.e., from less than 1% to 2.5%). The economic loss
was found to increase with the level of price variation.
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4.1.2 Water value characteristics

The main outputs from medium-term hydropower scheduling models are water
value tables or water value cuts for use in the short-term operation of hydropower
plants. An important focus of this PhD is therefore to analyse the impact of the
environmental reservoir constraints on the water value curves.

The water values describe the marginal value of having one more unit of water
within a week. In an unconstrained system, the water value would be set by
the highest power price within the planning period, since this would give the
value of having one more unit of water available for power production. In reality,
all hydropower systems are constrained by physical, technical and regulatory
conditions. Consequently, the water value will be higher for low reservoir fillings,
because of the risk of running out of water, and lower for high reservoir fillings,
because of the risk of spilling from the reservoir. Furthermore, the water values
calculated by linear hydropower scheduling models will always be non-increasing
for increasing water levels in the reservoir, given that the expected future value
function is a concave function.

The environmental constraints discussed in this work reduce the operational flex-
ibility of the power plants to varying degrees. In practice, both constraints limit
the allowed discharge from the power plants in parts of the planning horizon.
The soft reservoir filling constraint may strictly limit discharge in several weeks
(if the reservoir filling is below a given threshold), while the reservoir ramping
constraint may partly reduce the allowed discharge capacity depending on the
reservoir filling and the hydrologic conditions. A reduced discharge capacity im-
plies an increased duration time for the hydropower plant because the plant has
to produce for a longer time to release the same amount of water over the year.
For flexible hydropower plants, this normally means that part of the produc-
tion is shifted from hours with higher power prices to hours with lower power
prices, generally leading to lower water values. Furthermore, the environmental
constraints may change the shape of the functional relation between the water
value and reservoir volume, and the impacts of the constraints may vary between
the weeks. Due to the non-convex characteristics of the constraints, the water
values are not guaranteed to be non-increasing for increasing water levels in the
reservoir.

Soft reservoir filling constraints

The impacts of the soft reservoir constraint on the water values from the medium-
term hydropower scheduling model are studied in Papers II and III. The soft
reservoir filling constraint is active for a limited number of weeks of the year and
under certain conditions (i.e., the reservoir filling and inflow). The constraint
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impacts the water values in these weeks, but the effect may also propagate to
weeks when the constraint is not active. Since the SDP algorithm iterates until
the water values in the first and last week of the planning horizon converge,
the effect of the constraint may spread to all weeks in the planning horizon.
The case studies in Papers II and III indicate a considerable impact on the
water values of the constraint. The changes are found to be sensitive to the
power price assumptions, the strictness of the constraint and the characteristics
of the hydropower system. Furthermore, the constraint is determined to give
non-monotonic water value curves and a non-concave expected profit function.

The expected power prices within the constraint period will strongly influence
the value of reaching the reservoir threshold and being allowed to produce. Sup-
pose low power prices dominate the constraint period. In that case, a flexible
hydropower plant may not want to produce in this period anyway, hence resulting
in small changes in the water values due to the constraint. An example of this
can be seen in Fig. 4.4 from Paper III, where the soft reservoir filling constraint
only gives small changes in the water value curves. In this case, the constraint is
active until week 42; this is therefore the first week where the constraint impacts
the water value curves in the water value calculation (due to the backwards re-
cursion in the SDP algorithm). Small differences can be seen in some of the weeks
when the constraint is active, and as we move backwards in time, the constraint
has no impact on the water values. There are no differences in the weeks before
the constraint becomes active (as seen for week 20), implying that there is no
value in changing the reservoir management in advance of the constraint for this
case.

On the contrary, an expectation for high power prices within the constraint period
may induce larger changes in the water value curves as the example in Fig. 4.5
from Paper III illustrates. Under a different power price assumption, but for
the same hydropower system and case (as in Fig. 4.4), the changes in the water
value curves induced by the constraint are considerably larger. In general, the
water values close up to and around the threshold (from below) are higher when
the constraint is considered. The same effect is spread out over a wider range of
reservoir fillings (also lower reservoir fillings) in earlier weeks (as seen for week
28). The increase in the water values depends on the probability of reaching the
threshold forwards in time (and thereby relaxing the discharge limitation) and
the expected power prices in these weeks. The variations in expected inflow and
power price result in an uneven impact on the marginal value, which is why the
water value curves may be both increasing and decreasing from week to week.
In week 22, the entire water value curve is lifted by the constraint, indicating an
increased value of storing water for (almost) all reservoir fillings. Furthermore,
this effect is carried down to the weeks before the constraint becomes active
(as seen for week 20), implying that it can be optimal to change the reservoir
management in advance of the constraint.
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Figure 4.4: Water value curves without any environmental constraint (NoEnv
case, black line) and with the soft reservoir constraint (ResFill case, red line) for
HPS 2 assuming the Low-VO0 price in Paper III, which is a traditional power
price with low price variability (i.e., no or few high price periods in the summer).
The reservoir threshold in the weeks when the constraint is active is given by the
vertical line (orange, dashed line).

An example of a different situation is shown in Fig. 4.6 for HPS 1. Like in the
previous example, there is a considerable difference in the water value curves
when the constraint is considered and the effect propagates to the weeks before
the threshold becomes active (see weeks 18 and 15). Compared to the water value
curves calculated without considering the environmental constraint (NoEnv), the
water values in these weeks are lower for low reservoir fillings and higher for
reservoir fillings closer to the thresholds. Also, in this example, the changes in
the water value curves indicate a value of changing the reservoir management
before the constraint becomes active. However, for low reservoir fillings, lower
water values indicate that it may be optimal to use more water rather than store
more water, opposite from the situation for week 20 in Fig. 4.5. For higher
reservoir fillings, the water values are higher when considering the constraint,
indicating a higher value of storing water. In the last example, only a few high
price periods are expected within the constraint period, resulting in a limited
value of reaching the reservoir threshold earlier. The water value curves therefore
represent a tipping point. For low reservoir fillings, it can be optimal to use more
water before the constraint becomes active and accept a longer wait before the
power production can be started up again (when the threshold is reached), while
for higher reservoir fillings, it can be optimal to store water to reach the reservoir
threshold earlier.

Finally, it is worth pointing out that the examples in Fig. 4.4 and Fig. 4.6 are
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Figure 4.5: Water value curves without any environmental constraint (NoEnv
case, black line) and with the soft reservoir constraint (ResFill case, red line) for
HPS 2 assuming the High-V2 price in Paper III, which has higher power prices
in the summer and high price variability (i.e., several high price periods in the
summer). The reservoir threshold in the weeks when the constraint is active is
given by the vertical line (orange, dashed line).

based on the same price assumptions, but for different systems and configurations
of the soft reservoir filling constraint. Because of the different characteristics of
the hydropower systems (i.e., the number of reservoirs, degree of regulation and
capacity factors) and the soft reservoir filling constraints (e.g., the threshold levels
and constraint periods), considerably larger changes are seen in the water value
curves for HPS 1 than for HPS 2.

Reservoir ramping constraints

The impacts of the reservoir ramping constraint on the water values from the
medium-term hydropower scheduling model are studied in Paper III. The reser-
voir ramping constraint is active throughout the entire planning horizon and the
maximum ramping rate (volumetric) depends on the reservoir level. In prac-
tice, the constraint partly limits discharge in certain periods, depending on the
reservoir filling, inflow and discharge from reservoirs higher up in the cascade.
Because of this, the impact of the constraint on the water values may vary from
week to week. The impact seen on the water values also varies between the hy-
dropower systems and the price assumptions. The reservoir ramping constraint
mainly impacts the water value curves in three ways. Firstly, the constraint lim-
its rapid drawdown of the reservoir and may therefore induce an increased risk
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Figure 4.6: Water value curves without any environmental constraint (NoEnv
case, black line) and with the soft reservoir constraint (ResFill case, red line) for
HPS 1 assuming the Low-VO0 price in Paper III, which is a traditional power
price with low price variability (i.e., no or few high price periods in the summer).
The reservoir threshold in the weeks when the constraint is active is given by the
vertical line (orange, dashed line).

of spillage, resulting in lower water values for high reservoir fillings. Secondly,
the constraint limits the operational flexibility of the plant, potentially increasing
the duration time of the plant, which may reduce production in some high-price
hours and thereby the value of storing water. And finally, the ramping constraint
is stricter for lower reservoir levels (due to the maximum ramping rate being a
function of the reservoir level), which may give a non-concave expected future
value function and non-monotonic water value curves. In general, the changes in
the water values due to the reservoir ramping constraint are much milder than
for the soft reservoir filling constraint. This is reasonable, as the soft reservoir
filling constraint is more intrusive than the reservoir ramping constraint.

Fig. 4.7 shows examples of calculated water value curves (presented in Paper
III). For several weeks, the water values are slightly lower when considering the
ramping constraint as seen for weeks 36 and 26. In some weeks, like weeks 6 and
16, more distinct changes can be seen in the shape of water value curves. The
water values may increase with increasing reservoir fillings and, for some reservoir
fillings, the water values may be higher with the constraint compared to without
the constraint. These changes are a result of the state-dependent (i.e., reservoir
level dependent) and non-convex characteristics of the ramping constraint.
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Figure 4.7: Water value curves without any environmental constraint (NoEnv
case, black line) and with the reservoir ramping constraint (Ramp case, red line)
for HPS 1 assuming the Low-V2 price in Paper III, which is a traditional sea-
sonal power price with high price variability.

4.1.3 Operational and economic impacts of considering en-
vironmental reservoir constraints in the water value
calculation

This section discusses the economic and operational impacts on operational decision-
making of using water values that consider environmental reservoir constraints,
or in other words, the economic and operational impacts of planning for the con-
straints, based on the work presented in Paper III. The influence of the water
values is isolated by simulating the operation of the hydropower systems with the
environmental reservoir constraints using water values that are calculated with-
out the constraints and comparing it to simulated operation using water values
that consider the constraints.

Water values are used in operational decision-making models to represent the
value of storing water beyond the planning horizon. The water values make it
possible to compare the value of producing electricity now (the power price) to
the expected value of electricity production later (the water values). Higher water
values are a signal to store water, while lower water values are a signal to produce
(when seen against the power price). Several of the water value curves discussed
in the previous section change considerably when environmental constraints are
considered, which indicates that optimal reservoir management might change
considerably when planning for the constraints in advance.
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Soft reservoir filling constraints

The economic gain (reduction in loss) from including the soft reservoir filling
constraint in the calculation of the water values is found to strongly depend on
the power price assumptions. In the case study in Paper III, the economic
improvements are found to be up to 1.4% (0.16 M<€) for HPS 1 and 2.6% (0.66
M<€) for HPS 2, reducing the cost of the constraint (i.e., loss in profit) by up
to 50% and 15%, respectively. Nevertheless, improved planning is not found to
give an improved economic performance under all power price assumptions. In
general, improved planning is found to give substantial improvements in economic
performance when relatively high power prices are expected within the constraint
period. The economic gain is found to increase with the level of price variation.

The economic improvements are a result of changes in power production and
reservoir management. The changes in the water value curves may impact power
production and reservoir management in the weeks before the constraint be-
comes active and after the reservoir threshold is met. Since discharge from the
hydropower plant is strictly restricted in the period when the constraint is active
(until the reservoir level reaches the threshold), the water values are not influenc-
ing the power production from the constrained hydropower plants in these weeks.
It is therefore interesting to see how the improved water value curves impact the
reservoir filling before the soft reservoir filling constraint becomes active.

The producer can adjust the reservoir management to prepare for the constraint
in advance. If high power prices are expected in the spring/summer, it may be
optimal to keep the reservoir filling higher to more quickly reach the reservoir
threshold, while, under the other price assumptions, it may instead be favourable
to use more water before the constraint becomes active (in other words, have a
lower reservoir filling). The results in Paper ITI show that higher water values in
the weeks before the constraint becomes active (Fig. 4.5) lead to higher reservoir
fillings and the reservoir threshold being met earlier, as shown in Fig. 4.8b. This
is assuming the high expected price with high price variation. On the contrary,
no or small changes in the water value curves (Fig. 4.4) give close to identical
reservoir management, as seen in Fig. 4.8a for the low expected price with no price
variation. Lower water values result in lower reservoir fillings and the reservoir
threshold being met later. The largest changes in reservoir management, due to
the constraint, are seen in the cases that have the highest loss in profit.

Fig. 4.9 shows the difference in the share of simulated scenarios that reach the
reservoir threshold in different weeks when planning for the soft reservoir filling
constraint in advance, compared to when not considering the constraint. If high
power prices are expected within the constraint period, a higher share of the
simulated scenarios reaches the threshold earlier. On the contrary, if low power
prices are expected within the constraint period, the same amount or slightly
fewer of the scenarios reach the threshold.
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Figure 4.8: Simulated reservoir fillings based on water values calculated without
considering the soft reservoir filling constraint (ResFillSim in grey) compared
to simulated reservoir fillings based on water values calculated considering the
constraint (ResFill in red). The results are from the case study in Paper III. A
low price is expected in the constraint period for the cases in (a), while a higher
price is expected for the cases in (b). The two cases in (a) give very similar
results, and the grey area is therefore not visible.
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Figure 4.9: The difference in the share of scenarios for which the reservoir filling
is above the threshold in each week within the constraint period when including
the soft reservoir filling constraint in the water value calculation compared to
when not considering the constraint. The plots are taken from Paper IIT and
show the results under different power price assumptions.

Reservoir ramping constraints

Small or no economic improvements are found by including the reservoir ramping
constraint in the calculation of the water values (Paper III). Under certain price
assumptions, economic improvements of up to 0.22% (0.03 M€) are found for HPS
1. As a consequence of the reduction in the water values discussed in Section 4.1.2,
the reservoir fillings are slightly reduced in some of the cases, but the seasonal
curve is maintained. The fulfilment of the reservoir ramping constraint is not
impacted by the water values, as the constraint is modelled as a hard constraint
in the optimisation problem.
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The considerably smaller impacts of planning for the reservoir ramping constraint
compared to the soft reservoir filling constraint can be explained by several fac-
tors. Firstly, the constraint is not as intrusive as the soft reservoir filling con-
straint and has a lower associated cost. Secondly, the constraint is active during
the entire planning horizon and seasonal differences in the power price and reser-
voir management may therefore be less influential on the consequences of the
constraint. Furthermore, the influence of the reservoir level (state-dependency)
on the strictness of the constraint is not as strong, meaning that actively chang-
ing the reservoir filling to relax the constraint may not be as effective as for the
soft reservoir filling constraint.

4.2 Operational flexibility in hydropower-dominated
renewable power systems with environmen-
tal constraints

Papers IV and V study the reduced flexibility in a wind- and hydropower-
dominated region of a power system when different types of environmental con-
straints are imposed on parts of the hydropower fleet. The case study is relevant
to the Norwegian power system, which comprises large hydropower plants spread
across the country, power-intensive industries (often located close to large power
plants) and scattered electricity demand from settlements. In [14], the Norwegian
TSO (Statnett) underlines the importance of certain hydropower plants to ensure
a secure power supply in particularly congested regions of the Norwegian power
system. These regions typically comprise a few large hydropower plants or a
hydropower cascade, some form of power-intensive industry, a (small) settlement
and potentially also a more recently developed wind power park. In such regions,
the operational flexibility of the hydropower plants may be imperative to ensure
a secure power supply, which may lead to trade-off situations where ecological
and recreational needs are weighted against the need for a flexible power supply.

Fig. 4.10 illustrates the test system used in Paper V. The system relies on
power production from wind- and hydropower to meet the electricity demand
and is connected to a larger system through a weak transmission link. The long-
and short-term operational flexibility in the system is provided by the hydropower
plants. The effect of the environmental constraints on the operational flexibility
in the system is evaluated by assessing the curtailment of electricity demand,
curtailment of demand for reserve capacity, provision of reserve capacity services,
operational costs, and the marginal cost of meeting demand and reserve capacity
requirements.

Three types of environmental constraints on hydropower are included in this
part of the work: a soft reservoir filling constraint, a flow ramping constraint
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Figure 4.10: Illustration of the test system from Paper V.

and a minimum release constraint. The constraints restrict discharge from the
hydropower plant in different ways: the soft reservoir filling constraint imposes
a discharge reduction or stop in given periods, the minimum release constraint
enforces the discharge to be above a minimum level at all times and the flow
ramping constraint restricts the rate of change in discharge. The environmental
constraints are imposed on the lower hydropower plant (HY2) in the cascade.

In addition, spinning and non-spinning reserve capacity requirements are consid-
ered. Table 4.1 lists the levels of reserve requirements used in the case study in
Paper V. The spinning-reserve capacity levels are dimensioned to 10% of the
household demand for electricity (Level 1) and 10% of the 90th percentile of the
wind power generation (Level 2) for the winter and summer seasons. The non-
spinning reserve capacity requirements are defined for the winter season (Level
1) or throughout the year (Level 2). The reserve capacity levels are dimensioned
to cover approximately 25% of the average household demand (Level 1) and 30%
of the average household demand (Level 2).

Table 4.1: Overview of the reserve capacity levels.

Case Spinning Reserve Req. Non-spinning Reserve Req.
Level 0 0 MW 0 MW

Level 1 5-10 MW 0-20 MW

Level 2 15.5-23.3 MW 25 MW

In general, the system becomes more constrained when environmental constraints
and reserve capacity requirements are included, which leads to higher system
costs. Furthermore, the reserve capacity requirements results in higher curtail-
ment of wind power generation and lower net export of energy. Numeric results
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from the case study in Paper V are presented in Table 4.2 and a summary of
the results is given below. The summary presents the main impacts of the envi-
ronmental constraints on the operation of HY 2, followed by a short discussion of
some of the system implications. Fig. 4.11 shows the resulting average provision
of the different types of reserves by each of the hydropower plants without and
with each of the environmental constraints.
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Figure 4.11: Average provision of reserve capacity services by the upper (HY1)
and lower (HY?2) hydropower plant for the level 1 and 2 reserve capacity require-
ments. The four cases are: no environmental constraint (E0), the soft reservoir
filling constraint (E1), the flow ramping constraint (E2) and the minimum release
constraint (E3). The environmental constraints are imposed on hydropower plant
HY?2. The results are from the case study in Paper V. A partly relaxed version
of the soft reservoir constraint (E1) is used in (b).

4.2.1 Soft reservoir filling constraint

The soft reservoir filling constraint reduces the available power generation capac-
ity in the system when the constraint is active. The hydropower plant subject
to the constraint can not deliver electricity or reserve capacity services in this
period because of the discharge limitation. The constraint also restricts the sea-
sonal shifting of energy (i.e., storage of water), by enforcing a rapid filling in
the spring/summer season under all conditions. Thereby, the constraint limits
both the short-term operational flexibility in certain weeks, by reducing the ca-
pability to deliver reserve capacity and electricity, and the long-term flexibility
in the system, by interfering in the seasonal reservoir management. However, the
filling requirement of the constraint coincides with the natural filling season in
the Nordic power system, i.e., in normal weather years inflows are high in this
period. In that sense, the constraint may intensify the use of the reservoir for
seasonal storage (following a traditional seasonal pattern).
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Figure 4.12: The average dual value of the power balance constraint (solid lines)
and the average power production (bars) for the lower hydropower plant (HY?2)
with and without the state-dependent maximum discharge constraint (plotted in
red and black respectively) for the Level 1 reserve capacity case. The dark red
areas are where the grey and red bars overlap.

The change in power production from the constrained hydropower plant is illus-
trated in Fig. 4.12, together with the marginal cost of meeting the demand in
the system, i.e., the dual value of the power balance (see equation (3.24)). The
power production is reduced at the beginning of the constraint period but in-
creases later in the summer. Overall, the constraint causes an increase in spillage
and a slight reduction in hydropower generation. The constraint shifts the peak
of the marginal cost by a few weeks, from the end of the dry winter season to
the high-inflow spring season. The marginal cost is reduced in the late winter
period because the reservoir filling is kept higher before the constraint becomes
active, which reduces the risk of curtailment of electricity demand in these weeks.
The new peak is caused by the reduction in power production in the constraint
period, which increases the risk of curtailment of demand in this period. A sim-
ilar pattern is seen for the supply of reserve capacity requirements in the period
when the constraint is active. Overall, the constraint slightly reduces the average
provision of upwards reserves (spinning and non-spinning) from the hydropower
plant subject to the constraint (HY?2), while the provision of downwards reserves
is more or less unchanged (see Fig. 4.11).

4.2.2 Minimum release constraint

The minimum release constraint reduces the amount of water available for sea-
sonal shifting as well as the plant’s ability to provide downwards reserve capacity.
Total hydropower production is reduced because the hydropower plant in periods
operates at a lower efficiency to meet the minimum release requirement, while
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total spillage is reduced because the reservoir filling is lower. Curtailment of
wind power production increases (see Table 4.2) due to the increased amount of
unregulated power production (i.e., the hydropower production required to meet
the minimum release constraint).

The reduced ability to store water for low-inflow periods increases the risk of cur-
tailment of electricity demand in the winter season and thereby the marginal costs
of meeting the electricity demand. The tight resource situation also increases the
marginal cost of meeting the reserve capacity requirements. Particularly, the
marginal costs of meeting the downwards reserve capacity requirements increase
considerably (see Fig. 4.14b) due to the hydropower plant’s reduced ability to
ramp down production. Overall, the average provision of upwards reserves from
the constrained hydropower plant (HY2) increases, while the provision of down-
wards spinning reserves is reduced (see Fig. 4.11).

4.2.3 Maximum flow ramping constraint

The maximum flow ramping constraint restricts how rapidly discharge, and thereby
power production, can be increased or decreased. The constraint limits the hy-
dropower plants’ ability to respond to short-term fluctuations in electricity de-
mand and to deliver reserve capacity services, but has no direct impact on the
hydropower plants’ ability to shift production between seasons.

The constraint is found to have small operational impacts but provides a slightly
higher reservoir filling, which results in a small increase in total spillage and a
slight reduction in curtailment of demand as can be seen in Table 4.2. Still,
the constraint sets an upper limit to the amount of upwards and downwards
reserves that can be provided by the hydropower plant, and thereby the amount of
reserve capacity available in the system. The effect of this is clearly visible in Fig.
4.11b. If the reserve capacity requirements exceed the available amount of reserve
capacity, curtailment of demand for reserve capacity becomes necessary and the
marginal cost of meeting these requirements reaches the penalty for breaching
these requirements. This can happen as a consequence of limited power capacity
due to the ramping constraint and is independent of the energy situation in the
system.

4.2.4 Additional remarks

The environmental constraints are found to affect the marginal costs of meeting
the demand for electricity and reserves differently. The impacts of the environ-
mental constraint on the marginal costs of meeting demand are illustrated in
Fig. 4.13 and the impacts on the marginal costs of meeting the spinning reserve
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capacity requirements are shown in Fig. 4.14. The magnitude of the change
and the numeric values are sensitive to the configuration of the system, the for-
mulation of the environmental constraints and the assumed costs in the system
(e.g., the value of lost load and other penalties). Nevertheless, some general re-
marks can be made based on the structural changes and the characteristics of
the environmental constraints.
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Figure 4.13: The change in the average marginal cost of meeting electricity de-
mand when including the soft reservoir filling constraint (E1), the ramping con-
straint (E2) and the minimum release constraint (E3), compared to when no
environmental constraints are considered (E0). The average marginal cost of EQ
is plotted in Fig. 4.12.
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Figure 4.14: Change in the average marginal cost of meeting the requirements
for spinning reserve capacities when including the soft reservoir filling constraint
(E1), the ramping constraint (E2) and the minimum release constraint (E3),
compared to when no environmental constraints are considered.

All the constraints impact the marginal costs in the most resource-constrained
period of the year, namely the late winter. Furthermore, the soft reservoir fill-
ing constraint mainly impacts the marginal costs before and at the beginning
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of when the constraint is active, while the minimum release constraint impacts
the marginal costs over a larger part of the planning horizon. The different be-
haviours are related to the scarcity of both energy and power. The soft reservoir
filling constraint reduces the marginal cost in the late winter period because
more water is available, which improves the energy situation and thereby also
the power situation. Then, in the weeks after, the marginal costs increase as a
result of reduced power capacity when the discharge limitation becomes active.
The minimum release constraint reduces the availability of energy in the system,
especially in the winter, which leads to higher costs of meeting demand and pro-
viding upwards reserve capacity. At the same time, the available power capacity
for providing downwards reserves is reduced, which significantly increases the
costs of meeting the requirements for downward reserve capacities. Finally, the
ramping constraint tightens the power situation in the system, but for moderate
reserve capacity requirements (such as Level 1 in the case study), this only results
in small changes in the marginal cost. Still, the ramping constraint significantly
reduces the amount of reserve capacity available and may make it impossible to
meet high requirements for reserve capacity (such as Level 2 in the case study).
In such cases, the ramping constraint has a large impact on the marginal costs
of meeting the requirements for reserve capacity, depending on the penalties for
breaching the constraints.

It is not always possible to meet all the requirements in a heavily constrained
system. In such situations, the model is forced to accept penalties that may
have large impacts on the water values and the price formation in the system. A
special feature of the soft reservoir filling constraint is that the limitations associ-
ated with the constraints can be counteracted by reaching the reservoir threshold.
The penalties may therefore strongly impact the reservoir management, to the
extent that the reservoir management no longer follows a seasonal pattern. This
was, for example, seen in some of the cases in Paper IV. This signifies a sys-
tem under high pressure, where extreme measures are taken (by the model) to
unlock flexibility, but where the optimal solution is not realistic as the environ-
mental constraint has unwanted consequences for the reservoir management. To
overcome this, a partly relaxed version of the soft reservoir filling constraint was
used in combination with high requirements for reserve capacity in Paper V.
In the relaxed version of the constraint, operation at the minimum output was
allowed even though the threshold was not met. By using a less strict (but still
restrictive) version of the constraint, the impacts on the marginal costs of meeting
electricity demand and spinning reserve capacity requirements were considerably
reduced, as these services could partly be supplied by the constrained power plant
within the constraint period. The result demonstrates how alternative formula-
tions of environmental constraints may unlock valuable flexibility in renewable
power systems and should be investigated further.
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4.3 Further discussion

4.3.1 Implications for hydropower producers

The results from Papers II and IIT reveal that the value of planning for the
state-dependent (i.e., reservoir-level dependent) constraints depends on the ex-
pected power price, the characteristics of the hydropower system and the strict-
ness and design of the constraints. The findings indicate that there can be a
decent economic value in incorporating the soft reservoir filling constraint in the
medium-term hydropower scheduling for the power producers, especially if the
model improvements can be obtained at a reasonable cost. Furthermore, the value
is higher for price characteristics that are expected to become more frequent in
the future, such as higher price variability and (potentially) shifted seasonal price
profiles.

Notably, the attainment of the reservoir threshold is also found to be sensitive
to the power price and this is intensified when the power producers plan for
the constraint. The attainment of the reservoir threshold increases with higher
expected power prices within the constraint period, and in such situations, the
higher value of planning for the constraint coincides with improved effectiveness
of the constraint. On the other hand, low expected power prices in the constraint
period may trigger a more rapid down-drawing of the reservoir before the con-
straint period, which again may result in the threshold being met at a later point
in time.

In addition to being price sensitive, the impacts of the constraints depend on the
characteristics of the constraints, such as how intrusive or strict the constraints
are and time- and state-dependencies. The results indicate that there is value
in planning for intrusive state-dependent constraints, perhaps especially if the
constraints are only active for a limited period. However, if the constraint is very
strictly formulated (e.g., a reservoir threshold that is very difficult to reach), the
operational leeway may be limited and thereby also the value of planning for the
constraint.

4.3.2 Implications for regulators and system operators

Even though every system and hydropower plant is unique, and requires in-
dividual assessments, some general observations may be taken from this work
concerning the implications for the power system.

For regulators (that impose environmental constraints), the results from Papers
IT and III illustrate a couple of interesting effects. The loss in profit for the
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producers varies considerably depending on the power price assumptions and
system characteristics, but several of the cases give low costs for the producers.
The reservoir ramping constraint was, for example, mainly found to have small
“unintended” operational and economic impacts. However, the impacts of this
constraint also depend strongly on the characteristics of the hydropower system.

Furthermore, the soft reservoir filling constraint is interesting since the aim of
the constraint concerns the reservoir level, but discharge is the variable that is
directly restricted. The goal of this constraint is to obtain a high reservoir filling
in the summer season but instead of defining a hard reservoir limit, the constraint
limits discharge from the reservoir until the threshold is met or for a given pe-
riod. The constraint effectively facilitates high reservoir fillings in the summer,
without imposing (unreasonable) system costs in low-inflow years. Nevertheless,
in a competitive market setting like the Nordic power market, this causes the
effectiveness of the constraint to depend on the power prices in addition to the
inflow. The constraint may therefore trigger different operational behaviour de-
pending on the price characteristics, which should be considered when designing
environmental constraints for future system conditions.

More research is required on the interplay between environmental constraints and
the need for flexible power supply in power systems with high shares of variable
energy sources, but there are some takeaways from the work in Papers IV and
V. The results from these papers illustrate how some types of constraints, with
different characteristics, reduce the flexibility in the system. The constraints may
introduce both power- and energy-related challenges. The minimum release con-
straint has an energy impact and changes the use of seasonal storage by reducing
the amount of water that can be used for regulated power generation. This leads
to a tighter energy situation in the low inflow period and higher marginal costs
of meeting electricity demand and reserve capacity requirements. The minimum
release constraint also reduces the availability of capacity for down-regulation.
The soft reservoir filling constraint and the flow ramping constraint reduce the
available capacity for up- and down-regulation. An important difference is that
the soft reservoir filling constraint only limits the available capacity for a given
period but also limits energy production in this period (energy and power im-
pact). Furthermore, the state-dependency of the constraint (in combination with
the limit on generation) restricts how the seasonal storage in the reservoir can be
used.

Additionally, the configuration of the constraints should not be underestimated.
Partly relaxing certain requirements may unlock valuable flexibility and reduce
system costs. Parts of this work considered a less strict version of the soft reservoir
filling constraint, where production at the minimum output was allowed before
the threshold was met. The results demonstrated that such relaxations may
have a positive effect on the operational impacts but should be more thoroughly
assessed to evaluate the consequences for the effectiveness of the constraint. Also,
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research from other fields has indicated that environmental constraints can be
made more efficient from an ecological perspective by making the constraint more
specialised. This could, for example, be achieved by relaxing and tightening
constraints depending on the season, inflow and the state of the system. However,
this may make the constraints more challenging to incorporate into scheduling
tools and thereby lead to less efficient resource allocation.

4.3.3 Main limitations

There are several limitations to the work conducted as a part of this thesis. Some
of the most important are discussed here.

Firstly, the choice of solution method, stochastic dynamic programming (SDP),
restricts the scalability of the developed models and thereby the size of the sys-
tems that have been considered in the case studies. The method was chosen
to allow for the modelling of non-convex characteristics in stochastic scheduling
models that consider long planning horizons, but more research is needed on
methods that can incorporate complex environmental constraints in models for
larger hydropower systems, e.g., building on the SDDiP approach like in [82] or
linear approximations like in [85]. Alternatively, systems with more reservoirs
could potentially be considered by applying different efficiency techniques in the
SDP algorithm, as discussed in [94].

Secondly, the conducted work focuses on the stochastic scheduling of hydropower
operations for long planning horizons and assumes several simplifications in the
detailed modelling of the hydropower operations. At the same time, there is a
particular interest in understanding the implications of environmental constraints
for operational flexibility on different time scales. The simplified representation of
the hydropower functions, such as linearising the hydropower production function
and unit commitment, results in an overestimation of the short-term flexibility
of the power plants, and may, for example, lead to an underestimation of the
impacts on the provision of ancillary services.

Finally, the necessity to prioritise between a higher level of detail and a larger
scope is another challenge when evaluating the implications of environmental
constraints. This thesis considers a limited geographical scope, taking either the
perspective of a single hydropower producer operating in a competitive market
or the perspective to minimise system cost for a region of the power system.
Environmental constraints may have large impacts on a single hydropower plant
or cascade but only small implications for the system if there are enough flexible
assets available. However, in a different region, the situation may be completely
different and a specific plant may be essential to security of supply. Further-
more, in a hydropower-dominated system like the Norwegian one, environmental
constraints on several hydropower plants may coincide and induce a larger to-
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tal impact on the power system. The implications of environmental constraints
should therefore be investigated from different scopes, considering both more
detailed, local implications and aggregated system effects.
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5 Conclusions and further work

This PhD has investigated the implications of environmental constraints in stochas-
tic hydropower scheduling problems for long planning horizons. The work has
made new contributions with respect to the modelling of state-dependent (i.e.,
reservoir-level dependent) environmental constraints, given new insights into how
different types of state-dependent environmental constraints impact the strategy
for reservoir operation (i.e., the water values) and assessed the implications of
this to operational decision making. Furthermore, the impacts of different types
of environmental constraints on the operation of hydropower plants have been
explored from the perspective of a profit-maximising hydropower producer and
from a cost-minimising perspective in the context of a wind- and hydropower-
dominated region of a power system.

The work conducted in this PhD aimed to answer the four research questions
given in Section 1.2. To conclude this thesis, the main findings of the work are
highlighted in response to these questions in Section 5.1, while suggestions for
further work are provided in Section 5.2.

5.1 Concluding remarks

In this thesis, particular attention has been devoted to the modelling and assess-
ment of certain state-dependent environmental constraints, namely, a soft reser-
voir filling constraint and a reservoir ramping constraint. State-dependent (i.e.,
reservoir-level dependent) constraints can be challenging to model in medium-
term scheduling models based on linear programming as they introduce non-
convex characteristics to the scheduling problem. An SDP-based modelling ap-
proach has been used in this work to allow for an accurate representation of
environmental constraints in the scheduling problem. SDP was used because
of the method’s ability to handle non-convex relationships and because it is a
well-established method for solving stochastic hydropower scheduling problems.

Two SDP-based hydropower scheduling models have been developed; a producer-
centric, profit-maximising medium-term hydropower scheduling model and a cost-
minimising optimisation model for long-term scheduling of a wind- and hydropower-
dominated region of a power system. The models are presented in detail in
Papers IIT and V, respectively. Both models have been used to assess the
implications of state-dependent environmental constraints on the operation of
hydropower plants. The work demonstrated the usefulness of adopting SDP-
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based models to investigate the implications of state-dependent environmental
constraints on hydropower systems with one to two reservoirs, but the models
are not well-suited to analyse large multi-reservoir systems because of limited
scalability. However, the models developed here provide a fundament for the
implementation of environmental constraints in more computationally efficient
scheduling models suited for larger hydropower systems.

The case studies in Papers II and III show that the modelled environmen-
tal reservoir constraints have a considerable impact on the operation of the
hydropower plants. Particularly, the soft reservoir filling constraint changes
the reservoir management throughout the year significantly. The operational
and economic implications of this constraint were shown to be sensitive to the
seasonal profile of the expected power price and the level of price variations.
More periods with high power prices in the period when the constraint is active
(spring/summer) were found to result in higher costs (loss in profit) of the con-
straint. Furthermore, the water value curves clearly demonstrate the impacts of
including state-dependent environmental reservoir constraints in medium-term
hydropower scheduling. Again the largest impacts were found for the soft reser-
voir filling constraint, where significant changes in the shape of the water value
curves were detected under certain price assumptions. The non-convex charac-
teristics of the constraints were found to result in a non-concave expected future
value function.

The consequences to operational decision-making of including environmental reser-
voir constraints in the strategy calculation (i.e., the medium-term scheduling)
were investigated in Paper ITI. Small to no economic improvements were deter-
mined for the reservoir ramping constraint, while improvements of up to 2.6%
(i-e., reductions in the economic loss) were found for the soft reservoir filling con-
straint. The economic improvements may seem modest, but hydropower produc-
ers often aspire to such marginal improvements when operating in competitive
markets. Furthermore, both the economic improvements and the fulfilment of
the constraint were found to be sensitive to the power price assumptions. Higher
expected power prices in the constraint period gave higher water levels in the
reservoirs and a higher economic gain from planning for the constraint. Im-
proved planning for this type of constraint may therefore have larger operational
and economic consequences in the future, as the ongoing transition of the power
system may lead to more frequent occurrences of high prices throughout the year,
underlining the importance of considering different price characteristics in these
types of studies.

The last research question of this thesis concerns the implications of environ-
mental constraints on system flexibility and security of supply in hydropower-
dominated power systems. This is a broad question, and has by no means been
fully answered by the work herein, but was addressed in Papers IV and V.
Three types of environmental constraints were considered in Paper V: a soft
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reservoir filling constraint, a flow ramping constraint and a minimum release con-
straint. The constraints have fundamentally different impacts on the operation
of hydropower plants. The first imposes a time- and state-dependent discharge
stop, the second restricts the rate of change in discharge and the last sets a
lower bound for release. The interplay between the environmental constraints
and requirements for spinning and non-spinning reserve capacity was discussed
in the study. The constraints change the operation of the hydropower plants and
may thereby reduce or increase the provision of reserves from the constrained
hydropower plant. Reduced provision of reserve capacity from the constrained
hydropower plant was compensated by increasing the provision of reserves from
the other hydropower plant. Nevertheless, for high reserve capacity requirements,
the amount of unmet reserve capacity increased considerably for some of the cases.
Furthermore, the impacts on the marginal costs of meeting the energy demand
and the reserve capacity requirements were found to vary considerably between
the constraints, both in magnitude and structure.

In the Norwegian power system, a large share of the hydropower fleet is in the
process of receiving revised licences whereby new or updated environmental con-
straints on the operation of the plants may be imposed. In this process, the
regulator (NVE) has to consider the requests of different stakeholders to restrict
the plants’ operation, while simultaneously preserving electricity generation and
flexibility resources so that the TSO (Statnett) can ensure security of supply.
This thesis considered several environmental constraints that are relevant to the
Norwegian system. Particularly, the soft reservoir filling constraint has been
thoroughly assessed, contributing to a deeper understanding of the implications
of this type of constraint under different conditions from the perspective of the
hydropower producer and the power system. Furthermore, the results in Pa-
per V may provide useful insights into how different environmental constraints
impact the availability of energy and power in a hydropower-dominated system.
Finally, the configuration of the constraints is important. Efficient environmental
constraints may be achieved by tailored or more intricate formulations, but may
also be challenging to incorporate into the hydropower scheduling.

5.2 Suggestions for further work

Further work should consider complex environmental constraints in stochastic
scheduling models for larger hydropower systems. The use of SDDiP such as
in [82] or the use of tight linear approximations for linear programming-based
models (such as SDDP in [85]) could be further investigated. An interesting
topic could be to formulate and investigate the use of tight linear approximations
for different types of complex, non-convex environmental constraints.

Furthermore, advanced environmental constraints may be imposed more fre-
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quently in the future as tailored formulations (e.g., which include dependencies
on time, flow or water levels) can increase the ecological benefits and/or reduce
the negative impacts on the power system. However, a major drawback is that
more complex constraints are often difficult to consider in the scheduling models.
In general, the modelling of advanced environmental constraints in stochastic
scheduling models, such as temperature- or inflow-dependent minimum flow re-
quirements and flow-dependent ramping limits, remains a key topic for further
research.

Another topic that needs further investigation is the interplay between differ-
ent types of requirements in hydropower-dominated power systems. To capture
short-term flexibility impacts better, an improved simulator combining stochastic
scheduling models that consider complex environmental constraints with more de-
tailed short-term models could be used in future studies. Alternatively, methods
to incorporate more details into the stochastic hydropower scheduling problem
could be investigated. Additionally, for hydropower-dominated systems, the im-
plications to the power systems of coincident environmental constraints should
be considered for larger regions with several hydropower plants.

Finally, future research should strive to achieve more generalised results as some
similarities can be expected between hydro-dominated systems globally. An inter-
esting topic could be to work conceptually with how different types of constraints
impact the operational flexibility of hydropower plants in different regions of the
world, and, based on this, develop a standardised categorisation.
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Abstract—Hydropower plants and reservoirs can have negative
ts on their surr ding ecosystems. To limit such impacts,
environmental regulations may be lmposed This paper provndes
a review of literature on the most ly used envir
constrains in scheduling of hydro-domi d systems and pro-
posed constraints for future market conditions. Furthermore,
we review literature on how environmental constraints are
included in hydropower scheduling methods and discuss the main
modelling challenges. We find an increasing interest in modelling
of environmental constraints in recent literature, and conclude
by highlighting challenges to improving the representation of
environmental regulations in hydropower scheduling models.

I. INTRODUCTION

The European power system is going through rapid changes
as a consequence of technological developments and political
targets to limit climate change. Among the changes are integra-
tion of large capacities of variable renewable energy generation
into the power system, increased cross-border transmission
capacity and the decommissioning of traditional power gener-
ation technologies in several countries. The ongoing changes
in the European power system are expected to give increased
short-term variability in power generation and increase the
need for balancing resources. Technologies that can respond
to rapid fluctuations in intermittent renewable generation and
load, such as hydropower, can play an important role as
flexibility providers to the system [1]. Reservoir hydropower
plant operators can adapt their operational profiles to the
needs of the system by rapidly adjusting production. This
flexibility benefits system operation and provides added value
for hydropower plant operators in liberalized markets [2].

On the other hand, hydropower modify the surrounding
ecosystems [3]. Hydropower projects may alter the flow
regime downstream the hydropower outlet, leave bypassed
river sections dry in longer periods, create barriers for fish
migration due to the establishment of dams and impose
impacts to the terrestrial ecosystem [4]. Flow alterations and
associated ecological consequences are major environmental
concerns which have been assessed in several studies. An
evaluation of streams and rivers in the US found that 86%
of the assessed cases had modified flow magnitude because
of hydropower or other water use [5], while [6] found that

Funded by The Research Council of Norway, Project No. 257588

92% of in total 165 reviewed papers reported lower values
for recorded ecological metrics as a result of flow alteration.
The flow regime is central to sustaining the ecological state
of rivers and can influence important factors such as water
quality, nutrition, physical habitat and biotic interactions [7].

To limit the burden of hydropower on the local fluvial
ecosystems, many countries impose regulations on the opera-
tion of hydropower plants. In the hydropower scheduling such
regulations are normally represented as constraints on opera-
tions. In addition to an environmental benefit, environmental
regulations normally also have an economic impact on the
operation of the power system and the specific hydropower
plant. The economic impact depends on the definition of the
imposed constraint, the characteristics of the power plant and
the system and market which the plant operate in. Accu-
rate modelling of environmental regulation in the scheduling
problem is therefore important to correctly assess the reduced
flexibility associated with such constraints.

This paper provides a review of literature on current and
future environmental constraints (ECs) in the scheduling of
hydro-dominated systems from an environmental and mod-
elling perspective. ECs are here defined as legislative con-
ditions on operation of hydropower plants with the origin
from ecological or social considerations. In section I we
present the development of environmental regulations, the
most commonly used mitigation measures and expected devel-
opments considering future market conditions. In section III,
the representation of environmental regulations as operational
constraints in the planning of hydropower and modelling chal-
lenges are discussed. Finally, we discuss the findings in section
IV and highlight challenges to improve the representation of
environmental regulations in hydropower scheduling models.

II. ENVIRONMENTAL REGULATIONS ON HYDROPOWER

In most parts of the world, the rights to operate hydropower
plants are regulated through some form of licensing process
controlled at different governmental levels [8], [9], [10], [11].
The level of environmental regulation and how it is controlled
vary depending on how the power sector is regulated (e.g.
centrally coordinated or deregulated market), the national or
regional water resource management [12] and the priority
of environmental considerations in general. We here discuss



regulation framework and mitigation measures mostly based
on the Nordic region and the US. However, there are clear
similarities to how hydropower is managed in other European
countries and Canada.

In some parts of the world, such as Europe and the US, hy-
dropower is normally regulated through the licensing terms of
the plant, where environmental regulations might be defined.
However, many hydropower plants have licences that were
granted up to a century ago that are currently under revision
or will be revised [9], [13], [14], [10]. More than 400 licences
can come up for revision only in Norway before 2022 [15]. In
these processes, many plants can be imposed environmental
regulation and measures to improve ecological conditions. It
has been widely recognized that modifications of flow regimes
is associated with ecological change and can have cascading
impacts on the fluvial ecosystems [5], [6]. When revising
environmental regulation of regulated water courses, environ-
mental or societal gains have to be weighed against loss in
hydropower production and security of electricity supply and
at the same time fulfil environmental policy and regulations.
Knowledge about the operational regime of hydropower plants
is an important factor for understanding ecological responses
to dam regulation and support development of mitigation
measures for today and future market conditions [16].

The future of hydropower is closely linked to sustainable
energy policies, as well as electricity market design and dy-
namics [1]. It is argued that the ongoing development of wind
power in the Nordic region may give more frequent and rapid
fluctuations in the operation of hydropower (hydropeaking)
as a result of increase in balancing services provided from
hydropower [17]. Such operations can have large additional
environmental impacts downstream the outlet of the power
plants compared to rivers exposed to traditional, base-load
production [17]. Examination of data from 150 sites in Nordic
rivers have shown that hydropeaking occur at a considerably
high level, with an increasing trend over the last decade [18].
On the another hand, the magnitude of the hydropeaking
operations in Norwegian rivers has been found to be mod-
erate compared to selected rivers in Austria, Switzerland and
Canada [17].

A. Mitigation Measures Today and in the Future System

There was a rapid progress in the 1970’s in Europe and the
US regarding the implementation of mitigation measures, such
as minimum flow. This was a result of new environmental and
freshwater legislation coupled with the needs of quantitative
assessment of flows to protect aquatic species impacted by
dam construction [19]. For example, in Norway before the
70’s, all water was diverted from the bypassed rivers to the
hydropower plant and no minimum flow requirements were
defined in the majority of the licences. As the environmental
movement was advancing the introduction of minimum flows
was standardised as a small constant flow, sometimes diversi-
fied as seasonal flows [20]. From the late 1980’s, we see cases
where the environmental terms develop towards more dynamic
release to better meet the ecological needs, e.g. including

low flows, seasonal variations and artificial flood releases
[21]. Environmental flows, also referred to as ecological flows
and e-flows, have a firm place in many intergovernmental
agreements and are integrated into water policy and legislation
in several countries and regions around the world [19], such
as the implementation the Water Framework Directive (WFD)
[22] in Europe.

Traditionally, ECs focus on preserving certain flow or
reservoir levels, or avoiding too rapid changes in water levels
in rivers and reservoirs. It naturally follows that minimum
flows and maximum ramping rates are commonly applied
environmental regulations on operation of hydropower plants
[23]. A table of representative environmental requirements
issued in the US is provided in [10]. The list includes
familiar requirements that impact operation, such as minimum
release constraints (discharge or bypass) and constraints on
ramping rates for flow and reservoir, as well as more extreme
measures such as mandatory run-of-river operation. The lack
of consistent data and strong local variations have made it
difficult to develop quantitative guidelines to support regional
environmental flow standards [6]. Hence, local assessments are
necessary to evaluate to what extent environmental regulations
can mitigate local environmental impacts [24].

When considering mitigation measures for hydropower op-
erations under future system conditions, market optimisation
and simulations of hydropower operations are recommended
[25]. It has been demonstrated that environmental considera-
tions can be united with power production [26]. The impacts
on environmental conditions in reservoirs induced by hy-
dropower under future market conditions have been analysed
in [27], and it has been demonstrated that increasing supply
of flexibility services from hydropower can result in more
frequent and rapid hydropower induced water-fluctuations in
the future [28]. Such types of operational regimes might not
have been considered in the original licensing process, and
the revision of licences are expected to give more advanced
and sophisticated restriction to improve or sustain ecological
qualities [15]. The terms in the revised licences may be
more dynamic, based on the needs of the ecosystem and
the hydrological state of the basin, e.g. environmental flow
releases defined for finer temporal resolution ' [29], [30] or
flow regimes based on expected inflow [31].

B. External Impacts of Environmental Regulations

In addition to the intended ecological benefits, ECs often
have other consequences, depending on the system where the
plant operate and the formulation of the constraint. Normally,
these are economic consequences, but can also be impacts
on greenhouse gas emissions from the power system or other
water use. ECs should ideally be determined based on marginal
value. To estimate the marginal value, environmental and other
contextual impacts are considered. It can be more challenging
to quantify the environmental benefits than the economic costs
of mitigation measures [32], but for some cases the benefits

Ifor example hour to hour or day to day basis rather than seasonal



of environmental mitigation measures has been quantified to
exceed the economic cost of the measures [33]. In general,
an interdisciplinary approach should be used when assessing
impacts from renewable energy sources on ecosystems [34],
and some research indicate that such an approach facilitate so-
lutions where both environmental improvements and economic
advantages can be achieved [25].

Studies of economic impacts are case specific and sensitive
to the available flexibility in the power system. Also, it is
important to distinguish between system costs and the revenues
of an operator when assessing economic impacts. If sufficient
flexibility is available in the system, ramping rates may not
have a significant impact on system costs [35], but the con-
strained power plant may see a loss of revenue. Furthermore,
participation in several markets, such as provision of ancillary
services, has been shown to impact the cost of environmental
regulations [36]. Restrictions on minimum release, ramping
rates and total water release have been found to have a
significant effect on hydropower generation in off-peak and
peak hours [37]. Several studies find an increase in cost
when minimum flow and ramping constraints become more
restrictive, [38], [39], [40], and for several cases the cost has
been shown to increase linearly and quadratic with minimum
flow and maximum ramping respectively [23]. In addition, the
economic impact has been found to be larger in systems with
higher price volatility for certain cases [41].

The reduced operational flexibility caused by ECs can
also result in increased overall C'Os-emissions [42], [36].
By reducing the available flexibility from hydropower, other
sources of flexibility have to be unlocked that potentially have
higher C'O,-emissions. Similarly, it can become beneficial to
reduce the flexibility contribution from hydropower in order
to reduce the ecological costs if new sustainable sources of
flexibility, e.g. demand response, is added to the system [43].

III. ENVIRONMENTAL CONSTRAINTS ON HYDROPOWER
OPERATIONS

As discussed, environmental regulations can have large
impacts on operation of hydropower plants and are therefore
important to include in the operational planning models. Op-
erational planning of hydro-dominated power systems applies
models and methods that have matured over several decades
[44]. The key task in systems with reservoir storage is to
balance the optimal use of water in the short-term with the
volumes stored for later use to minimize the expected oper-
ational cost of the system. The problem formulation should
consider the characteristics of the system and the deployed
constraints, planning horizon and temporal resolution. Some
factors that typically increase the complexity of hydropower
scheduling are: storage which make the problem dynamic in
time, topology with dependencies between several reservoirs
and power stations, physical characteristics that introduce
nonlinearities (e.g. head dependencies), and uncertainty in
inflow and power prices. The problem is typically divided
into a long-term model and a short-term model because of
the complexity and quickly growing size of the problem.

The short-term model includes more operational details, while
the long-term model has a longer planning horizon, includes
uncertainty and sometimes also covers a wider geographical
scope. The models are often linked together by a strategy
for use of water which is calculated in the long-term model
and used as a boundary condition to the short-term model.
Sometimes a medium-term model is used to obtain a more
detailed strategy calculation, i.e. refining water values from
aggregated to individual reservoirs.

Environmental regulations can be considered in the mod-
elling either through the objective function or through con-
straints which is the focus in this paper. An example of the
former is multi-objective formulations and objectives based
purely on ecological metrics [45], [46], [47]. ECs can be
included in both long-, medium- and short-term modelling,
but the formulation of the constraint have to be adjusted
depending on the type of model and solution method, e.g.
linear programming (LP), mixed integer LP (MILP) and non-
linear programming (NLP) models.

A. Environmental Constraints

This section present the most common ECs used to reg-
ulate hydropower operations, as well as some more complex
formulations. Other specific ECs also exist, such as constraints
based on temperature limits [40] and water quality [48], [49].
The presented constraints are defined for each time step ¢ in
the planning horizon, 7', if not otherwise specified.

1) Reservoir level constraints: restrict the reservoir level
to be between defined boundaries by limiting the reservoir
volume v, to be in between the volume limits V"™ and V'"™**
[50], as given in (1). The reservoir limits can be defined for
certain periods, i.e. time dependent boundaries.

ymin < g, < ymaz o

2) Release constraints: limit the release from the power
plant, i.e. discharge ¢” and bypass ¢, to be in between
certain boundaries, Q™" and Q™*, per time period [38].
The constraint can be on the total release as in (2), or defined
specifically for bypass or discharge.

QnLin g th +th S Qm,n;r (2)

These constraints are typically defined as a constant min-
imum/maximum level, sometimes with seasonal variations
(time dependent) [50]. More complex formulations of the
constraint can be dependent on the water level in the reservoir
or the inflow (see state-dependent constraints (9)) and/or on
logical conditions (see constraints (7)- (8)). A slightly different
definition of the release constraint occur when hydropower
plants are required to release a specified amount of water Q%
over a given period (e.g. a month) [37], such as given in (3):

>

t=7,..,T7+N

(¢ +4¢’) = Q" 3

In the more extreme cases, release can be regulated as
mandatory run-of-river operation [38], where the release is



forced to equal the inflow Z; as in (4). Run-of-river operation
can be mandatory for parts of the planning horizon (e.g. certain
weeks/moths), 77, or the entire planning horizon, 7" = T.

@ +a’) =2 @

3) River flow constraints: are often given as conditions
on flow at a certain point in the river downstream of the
power plant. For practical reasons flow constraints are nor-
mally implemented as a constraint on release. To account
for the transportation time of flowing water, constant time
delay between the reservoirs in the system is sometimes
included. However, often a more accurate modelling of the
physical flow in the river could be beneficial. To achieve an
improved description, an alternative is to use a river routing
approach based on streamflow routing curves [51]. The curves
describe how different amounts of the water released from an
upstream reservoir reach the downstream reservoir in different
times based on empirical streamflow data. The improved flow
modelling makes it possible to include constraints in specific
river points, such as constraints on river level and hourly and
daily variation in river level.

4) Ramping constraints: restrict the maximum change of
plant release and reservoir volume between two successive
time intervals. Rapid changes in flow downstream of the plant
is avoided by constraining release or discharge [52], as given

in (5). The maximum rate of change per time step is given by
6771(1.72.
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Another objective of ramping constraints can be to limit
how quickly the water level in the reservoir is permitted to be
changed. The water level is a function of the water volume
in the reservoir. Hence, the restriction can be enforced by
constraining the decrease in reservoir volume v between two
consecutive periods [53], as given in (6), or by applying
a maximum discharge limit as given in (2). The maximum
change in reservoir volume between two consecutive periods
is given by ™",

7/\/mrm~ <vp—wvg < ’)’m“m (6)

5) Logical constraints: refer to a set of constraints gov-
erned by logical conditions [54]. Given specific conditions
constraints can be activated or deactivated, or the constraint
formulation can be modified. An example can be that the
maximum discharge level is lower if the reservoir level is
below a certain threshold. Such conditions can normally be
modeled by using binary variables. An example is given in (7)-
(8), where the binary variable u; is true (= 1) if the reservoir

level v; is above the reservoir level threshold VZM and false
(zero) if not [55].
()
pmaz maz
ut <wvpor < (1+u) 3
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6) State-dependent constraints: are constraints that depend
on the value of one or more state variables in the problem
formulation [56], e.g. reservoir volume and inflow [31]. Often
such constraints also depend on logical conditions [55]. The
previous discharge constraints (7)-(8) are state dependent as
the discharge levels depend on the reservoir volume, i.e. the
upper discharge level Q™" is a function of the reservoir
volume v [54]. This can be expressed as:

@ < QM (v) ©)
7) Constraints dependent on the origin of the water:

are constraints that become valid depending on when the
water was accumulated in a reservoir or where the water
originally came from. In such cases it can be necessary to keep
track of the water present in the reservoir before a constraint
became active, to keep track of the water accumulated during
a constraint interval, or to keep track of water accumulated
through a specific intake. Since the water may have different
constraints dependent on time or path, the water within the
same reservoir can be used differently and therefore also have
different value. A possible approach to handle such constraints
is to include virtual reservoirs in addition to the physical
reservoirs in the modelling and calculate separate water values
for the virtual reservoirs [57].

B. Modelling Challenges

More detailed operational constraints, such as ECs, are
most commonly included in the modelling of the short-term
problem. However, in hydropower dominated systems (e.g. the
Nordic, the Brazilian and the Canadian), ECs may have an
important impact on the overall flexibility in the system and
should also be considered in the long-term planning. Even if
the effect of a constraint on the system is limited, the impact on
the long-term use of water in a reservoir could be significant
and should be considered in the strategy. A main conclusion
from the review in [23] was that minimum flow and maximum
ramping rate constraints seldom were included in the water
value calculation and the effect of such constraints on long-
term operations was not estimated. The author demonstrated
that such constraints have a significant impact on water values
in some regions [50] and should be included in the calculation
of medium to long-term strategies for water use [58]. If a
constraint not significantly affects the medium- to long-term
use of water, it may be sufficient to include it in the short-term
models. In general, cautiousness of adding extra constraints to
the problem is important to limit the problem size.

The long and medium-term hydropower scheduling prob-
lems are traditionally solved using LP and formal optimisation
methods such as stochastic dynamic programming (SDP) [59]
or stochastic dual dynamic programming (SDDP) [60]. A
drawback of the SDDP method is that a convex problem
formulation is required. Most ECs can be included in convex
model formulations without considerable difficulty, such as
constraints (1)-(6). However, state-dependent constraints (9)
and logically conditioned constraints (7)-(8), introduce non-
convexities into the problem. For an exact modelling of the



non-convex medium term hydropower scheduling (MTHS)
problem the SDDiP method [61] can be used [62]. The method
is very time consuming, but has been used to solve the MTHS
problem with non-convex ECs of type (9) in [56]. A more time
efficient approach can be to represent complicating constraints
with linear approximations [54]. In [63], an SDDP model is
used to investigate trade-offs between multiple use of water by
including irrigation withdrawals in the water balance. Further-
more, non-convex irrigation constraints included in a SDDP
based approach has been found to give feasible solutions close
to the optimal solutions determined by a MILP model [55].
The short-term models, including nonlinear and non-convex
constraints, can normally be modelled exact [64], [65] or by
using a wide range of heuristics and meta-heuristics [66] . In
[58], a MILP short-term model is used together with a medium
term, SDP based model to test the solution of the medium-
term model and estimate the impact of including ECs in the
water value calculation.

In methods based on dynamic programming (DP), preser-
vation of constraints with bindings in time, such as constraint
(5), (6), (8), or integral requirements like in constraint (3)
can be a challenge between consecutive stages. In DP the
problem is decomposed into several stages (e.g. weeks) with
time steps on a finer resolution (e.g. hours) within each stage.
As each stage normally is solved as a separate (sub)problem,
flow constraints are not preserved from the last time step in
one stage to the first time step in the following stage. This can
give unwanted results, such as rapid ramping between stages.
To ensure continuity across the stages for constraints of type
(5), flow can be included as a state variable [23], or an heuristic
approach can be used. For example can a simple rule-based
method be used to set the flow in the first period of a stage
equal the flow in the last period in the previous stage [67].
Reservoir volume is normally used as a state variable and
constraints of type (6) will therefore change the calculation of
cut coefficients in cut based methods such as SDDP. Some of
the same challenges considering time couplings appears at the
end of the planning horizon where the value of the affected
variables can be set to be free or forced to take specified
values.

The river flow is a crucial driver for ecological processes
[7], still the water flow in the river between reservoirs are
normally not modelled in hydropower scheduling models since
accurate flow modelling is very complex. To improve the
representation of flow in planning models for hydropower
[68] suggest a non-linear function for water delay in cascaded
hydro systems, while a river routing approach is used in [51]
and [69]. The river routing approach has been demonstrated
to yield a high accuracy in maximum daily and hourly river-
level variations [51], as well as cost reductions as a result
of improved coordination of hydropower generation [69]. In
[70], a coupled reservoir operation and water diversion model
is developed to consider the interaction of reservoir operation
and downstream water diversions. The model is demonstrated
to provide improved decision support to balance the ecological
needs with other needs for water use.

IV. CONCLUDING REMARKS

Trade-offs between environmental benefits, economic costs
and other consequences have to be considered when devel-
oping environmental regulations, as discussed in section II.
For hydropower producers, expected higher price volatility
will give increased value of flexibility compared to today and
hence also higher costs of being imposed restrictions on own
operation. This implies that accurate modelling becomes more
important as the cost of model simplifications or inaccuracies
can increase. Neglected or simplified model representations
of ECs should therefore be revisited. In the long-term models,
omitting or simplifying ECs can result in an overestimation
of the flexibility of hydropower. In hydropower-dominated
systems this could lead to problems for security of supply
and potential high system costs. We find that there has been
modest emphasis on accurate representation of ECs in long-
term models in the technical literature, while such constraints
more often are accurately handled in short-term models. Thus,
there is a time-inconsistency [71] between long- and short-
term models in the treatment of such constraints. As shown
in section III, most of the ECs in use can be included in both
long- and short-term operational models, but time couplings
and non-convexities can be more demanding to model.

Based on the ecological considerations discussed in section
I and II, it is clear that future operational conditions may
be ecological demanding and environmental regulations are
required. Improved knowledge over the last decades has made
more exact formulation of the ECs to fit the primary eco-
logical needs achievable, such as more dynamic constraints.
Furthermore, in certain cases local knowledge can be used to
achieve wanted ecological benefits, while also preserving most
of the operational flexibility of the plants. In this context we
find another trade-off. On one side, tailored constraints can
minimize the impact on flexibility and associated cost while
realising the wanted ecological benefit. But on the other side,
tailored constraints make standardization difficult which again
could make accurate modelling more resource demanding.

To conclude, we see that modelling of ECs in hydropower
planning models has seen increased interest in the literature
in the last decade. This can be a result of improved modelling
methods and computational performance, which makes it
possible to implement more complex constraints in operational
models. Furthermore, the literature shows that improved mod-
elling of ECs can be beneficial both from an environmental
and economic perspective. Still, exact modelling of ECs can
become hard or even impossible in operationally used models
if modelling complexity is not considered in the formulation
of the ECs. Model implementations can in turn provide
poor ecological performance if not considering the underlying
purpose of the ECs. Hence, cross-disciplinary knowledge is
necessary to achieve environmental regulations that perform
well both considering ecology and economy. When succeeded,
previous projects have shown that it is possible to realise win-
win situations.
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We present a medium-term hydropower scheduling model that includes inflow- and volume-dependent
environmental constraints on maximum discharge. A stochastic dynamic programming algorithm (SDP)
is formulated to enable an accurate representation of nonconvex relationships in the problem formu-
lation of smaller hydropower systems. The model is used to assess the impact of including state-
dependent constraints in the medium-term hydropower scheduling on the calculated water values.
The model is applied in a case study of a Norwegian hydropower system with multiple reservoirs. We
find that the maximum discharge constraint significantly impacts the water values and simulated
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operation of the hydropower system. A main finding is that the nonconvex characteristics of the envi-
ronmental constraint are reflected in the water values, implying a nonconvex objective function. Oper-
ation according to the computed water values is simulated for cases with and without the environmental
constraint. Even though operation of the system changes considerably when the environmental
constraint is included, the total electricity generation over the year is kept constant, and the total loss in
expected profit is limited to less than 0.8%.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Through the European Green Deal, the EU has set ambitious
targets for both climate change mitigation and broader environ-
mental sustainability [1]. To align capital flows with these policy
goals, the EU is in the process of defining requirements for envi-
ronmentally sustainable activities. Hence, power producers have
strong incentives to operate in an environmentally sustainable way.

Like all power plants, hydropower operations may modify the
surrounding ecosystems [2]. The environmental concerns of hydro-
power operations are often related to alteration of the flow regime
downstream the plant [3], but can also be related to the changes in
water temperatures or changed water volumes in the reservoirs. To
protect ecological and recreational interests, regulation often imposes
mitigation measures and limitations on operation, see e.g., Refs. [4,5].

Environmental regulation should be incorporated as constraints
in optimisation-based hydropower scheduling models. Omitting
such constraints can result in misestimation of hydropower elec-
tricity generation, revenues, and the amount of flexibility hydro-
power can provide to the electricity system [6]. The need for

* Corresponding author.
E-mail address: linn.e.schaffer@ntnu.no (L.E. Schaffer).

https://doi.org/10.1016/j.renene.2022.05.106

flexible resources is expected to increase as the transition of the
European power system moves forwards. In the transition towards
a low-carbon system, hydropower can play an important role as a
flexibility provider by responding to rapid fluctuations in inter-
mittent renewable generation and load [7]. Additional constraints
on operation may reduce this flexibility potential. To correctly
represent hydropower operation requires properly accounting for
environmental constraints imposed on hydropower production.

In this research we are concerned with operational hydropower
scheduling, i.e., the sequence of decisions that are made leading up
to the actual operation of the system. Due to the computational
complexity, the scheduling problem is normally solved for different
planning horizons and technical details. Medium-term hydropower
scheduling considers reservoir management under uncertainty
over a planning horizon of several months up to a few years. In
contrast, short-term scheduling usually concerns operational de-
cisions over a period of days to weeks, and typically accounts for
more technical details. In the decentralised Nordic system,
medium-term scheduling models are used to compute water
values, which are an essential input to the operational short-term
models [8]. The purpose of water values is to reflect the long-
term value of short-term operational decisions.

State-of-the-art methods to solve the medium-term scheduling
of hydropower systems use stochastic dual dynamic programming

0960-1481/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Index Sets

Dy Set of discharge segments per hydropower plant h

g Set of subsets used in the triangle method

H Set of hydropower plants

HP Set of hydropower plants with outlet to plant h

J Set of iterations in SDP algorithm

K Set of time steps within each stage

[ Set of reservoir segments per reservoir

NEEmb Set of combinations of discrete reservoir storage
. segments that includes segment ! for reservoir h

/\/'g’“g Set of y for each diagonal g used in the triangle

method

SP Set of endogenous states

st Set of stochastic states

T Set of stages

Decision Variables

Q1 Expected future profit in stage t, in ﬁ

Bhn Auxiliary variable for segment n in reservoir h

X Auxiliary variable for set g

Ynm Weighting variable for reservoir segments n, m

fien Spillage in time step k from reservoir h, in m3[s

2% Generated electricity in time step k from hydropower
station h, in MW

Qihd Discharge in time step k per segment d from reservoir
h, in m3[s

Upeh Slack variable used to penalise low storage volumes
in time step k in the reservoir h, in Mm?

Vich Storage volume in reservoir h, time step k, Mm?

Parameters

A Change in water value matrix

Nhd Efficiency per hydropower plant h and discharge
segment d, %"%

H Hydropower plant restricted by the state-dependent
maximum discharge constraint

7t Sum inflow per stage t, in Mm?>

A Power price in stage t, in ﬁ

Scaling factor, distributing the weekly sum inflow Z;
to each reservoir h

Distribution factor of inflow to each time step k
Expected future profit matrix, in stage t,iteration j
Water value matrix for reservoir h, stage t, iteration j

Scaling factor for price variability in time stage k

& Environmental state in stage t

c® Penalty cost for low reservoir filling, in =

c Penalty cost for spillage, in ﬁ

FH Conversion factor, number of hours in time step k

F‘é Conversion factor, flow to volume, %

FVpm Expected future profit for reservoir segments n and
m,in €

J Maximum number of iterations in SDP algorithm

K Number of time steps in each stage

Pr(...) Transition probability matrix

Q,’,i'” Regulatory maximum discharge limit of hydropower
plant h, in m3[s

Qh’"i" Minimum discharge limit of hydropower plant h, in
m3[s

Q¥ Maximum discharge per reservoir h and discharge

' segment d, in m>[s

sP Endogenous state

st Stochastic state in stage t

T Number of stages in the planning horizon

ta First stage when the inflow is above a given threshold

tg Time-dependent activation stage of the
environmental constraint (16)

te First stage when the reservoir level is above a given
threshold

tp Stage from when "no decrease in storage volume is
allowed”

tg Stage when the environmental regulation is
deactivated

Véi”’ Environmental threshold for reservoir h, in Mm?>

Vrff Volume of each segment n in reservoir h, in Mm>

Vi Initial storage volume in reservoir h, in Mm?

V,T“" Maximum storage volume in reservoir h, in Mm?

V,’]""n Minimum storage volume in reservoir h, in Mm>

Zn Inflow to reservoir h, in Mm?

(SDDP) [9] algorithms. These algorithms decompose the problem
without discretising the state variables (such as reservoir volume
and inflow), making it computationally tractable for systems with
multiple reservoirs. For medium-term scheduling in the Nordic
market, the combined SDP/SDDP method described in Ref. [10] is
widely used. It combines SDDP with an outer layer based on sto-
chastic dynamic programming (SDP) [11] to treat uncertainty in
market prices. Still, a major drawback of the method is that non-
convexities cannot be easily treated in the modelling.

Nonconvex problem formulations are typically needed to repre-
sent the complex interaction between power output and water [12],
and unit commitment of generators [13]. The challenge of repre-
senting nonconvex relationships in the SDDP algorithm has
frequently been addressed in the literature by the use of approxi-
mations, e.g., Refs. [14—17]. A few studies also consider accurate
modelling of non-convexities by the use of SDP [18] or stochastic
dual dynamic integer programming (SDDiP), such as in Refs. [19,20].

SDP was used early on in hydropower planning, as it allows for
explicit representation of uncertainty, e.g., in inflow and price

572

[21-23]. The method has the advantage that it can represent
nonconvex and nonlinear relationships. The main drawback of the
method is that the state variables have to be discretised, causing the
problem to grow exponentially in size with the number of state
variables (e.g., reservoirs). The method is therefore best suited to
solve systems with a small number of reservoirs, unless an aggre-
gation technique is used like in Refs. [24—26]. Despite of this
weakness, the SDP method is very well suited for accurate sched-
uling of hydropower systems with pronounced nonconvexities.
Regulators have imposed a wide range of environmental con-
straints on hydropower systems. Ecological flow requirements and
maximum ramping rates are often applied, and may have signifi-
cant impact on the flexibility of the hydro system. These constraints
have been extensively studied in the technical literature, see e.g.,
Refs. [27-29], and can be included in hydropower scheduling
models without compromising the convexity requirement of the
SDDP algorithm. However, fewer research studies consider envi-
ronmental constraints that involve state-dependencies or logical
conditions, which can not easily be treated in a convex model
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formulation [30]. Furthermore, only a very limited number of
studies discuss the impact of environmental constraints on water
values. To the best of our knowledge, the impact of environmental
constraints on water values has only been discussed in Refs. [31,32].
In Ref. [32], an SDP-based model is used to evaluate the sensitivity
of the water values to environmental flows and ramping re-
strictions. The authors of [31] find that incorporating the same
environmental constraints into a linear programming based water
value model has significant impacts on the profitability of hydro-
power plants with one or at most two turbines.

This research considers the representation of a particular type of
state-dependent environmental constraint in the medium-term
scheduling of hydropower operation. Several European countries
consider lake water alterations to be relevant mitigation measure to
reduce impacts from water regulations [33], one example being state-
dependent maximum discharge regulations. In the Nordic region,
such constraints are imposed on several reservoirs, and are likely to be
implemented in other hydropower reservoirs in the future. The pur-
pose of the regulation is to retain inflow during spring, to meet the
ecological and recreational needs for high water levels in the reservoir
through summer. In other regions, volume-dependent maximum
discharge constraints are also used to allocate available water be-
tween irrigation purposes and electricity production [17].

Volume-dependent maximum discharge regulation in long- and
medium-term hydropower scheduling has previously been studied
by the use of SDDIP in Ref. [20] and approximated using SDDP in
Ref. [17]. We accurately represent state-dependent maximum
discharge constraints in a medium-term hydropower scheduling
model based on SDP. Compared to Ref. [17], a different type of
maximum-discharge regulation is considered. Furthermore, we use
a different methodology (based on SDP) allowing an accurate
formulation of state-dependent constraints. Compared to Ref. [20],
we use a more mature methodology (SDP) and take a broader view
of state-dependencies, studying a formulation of the maximum
discharge constraint with a dynamically defined constraint period
dependent on inflow. SDP-based models have previously been used
to study environmental constraints in Refs. [31,32], but not for
environmental constraints that include state-dependencies such as
those discussed here.

The developed model is tested on a two-reservoir case study of a
Norwegian hydro system. We discuss how the state-dependent
environmental constraint modifies the resulting water value
curves from the SDP algorithm, further distinguishing our research
from Refs. [17,20], and use the water values to simulate operation of
the system. The simulation results show the impact of the
constraint on reservoir operation and economics. The novel
contribution of this research is twofold in that we:

e Formulate a medium-term hydropower scheduling model based
on SDP that accurately treats state-dependencies in the
maximum allowed discharge from hydropower stations.
Maximum discharge depends on the state variables reservoir
volume, weekly inflow and a variable indicating if the low-
inflow period has ended.

Assess the impact of including such state-dependent maximum
discharge constraints on the water value curves and shed light
on the potential impacts that system operation guided by such
curves may have. The assessment is carried out for a hydro-
power cascade in Norway.

The remainder of this paper is structured as follows: Section 2
describes the developed hydropower scheduling model; a case
study is presented in Section 3; and concluding remarks are found
in Section 4. Section 2 comprises subsections describing the weekly
decision problem (Section 2.1), the state-dependent environmental
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constraint on maximum discharge (Section 2.2), the stochastic
variables (Section 2.3) and the solution strategy (Section 2.4). The
case study in Section 3 presents calculated water values (Section
3.2) and results from the simulations (Section 3.3).

2. Hydropower scheduling model

In the following we present a medium-term hydropower
scheduling model that is formulated for a hydropower cascade
operated by a single hydropower producer assumed to be a risk-
neutral price taker. The model maximises profit from operating
the hydropower system for a presumed stationary future system
state. The operation of the system is optimised for weekly decision
stages over a horizon of one year.

The hydropower scheduling problem is a multi-stage stochastic
optimisation problem. To solve the problem, we decompose the
overall problem into several smaller subproblems, using the princi-
ples of SDP [11]. By decomposing the problem, we obtain one
separate decision problem for each stage and state of the system. The
SDP algorithm solves the decision problem, described in Section 2.1,
for all stages and system states until convergence, as described in
Section 2.4. The scope of potential system states is divided into a set
of discrete states. The discrete states include all the information that
is passed between the decision stages, from t — 1 to t. The set of
states comprise subsets of endogenous states SP and exogenous
stochastic state variables SY. The storage volume in the reservoirs is
the endogenous state variable. The stochastic state variables are: the
weekly average energy price A, the weekly total inflow into the
system Z and the environmental state variable £. The stochastic
variables are represented by a discrete Markov chain, as described in
Section 2.3. The environmental state variable indicates if the so-
called "low-inflow period” has ended. In practice, the variable in-
dicates whether the inflow level has exceeded a certain threshold
over a shorter period of time. The extension of the discrete Markov
chain to include an environmental state variable is explained further
in Section 2.3, while the environmental constraint is described
thoroughly in Section 2.2. The implementation of the environmental
constraint in the SDP algorithm is described in Section 2.4.

2.1. The weekly decision problem

The decision problem is solved for all system states, i.e., com-
binations of discrete reservoir volumes and stochastic nodes in the
Markov chain. Since the stochastic variables are known at the
beginning of the stage, each single decision problem is solved as a
deterministic problem. The stochastic nature of the problem is
managed in the SDP algorithm. Uncertainty is represented through
the price and inflow states, and the uncertainty of future realisa-
tions of the stochastic variables are reflected in the expected water
values. Each stage is divided into K number of time steps.

The objective function (1) maximises the immediate profit of the
decisions and the impact on the expected future profit given by a;1.
The expected future profit is a function of the stochastic state of the
system and the resulting storage volume in the reservoirs at the end
of the stage. Spillage of water is penalised according to a low cost C.
Furthermore, operation of the reservoirs below a filling degree of
10% is penalised to represent risk-aversion of the producer.

a(sPst) = max{hZFﬁﬂk S —C> > fin

kek heH keKheH

= RS “ugn + @it (When o St }

keKheH

1)

The energy production is a function of the discharge, gy s ¢, from
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each of the reservoirs, as given in (2). The maximum and minimum
discharge is limited by (3) and (4). Furthermore, the discharge is
bounded by the availability of water in the reservoirs. The reservoir
balance (5), keeps track of the change in water volume in each
reservoir, where the volumes, vy, are bounded by (6). To calibrate
the reservoir management, a soft-constraint on minimum reservoir
volume is used to reflect the risk-aversion of the producer.

Peh— DO Madkna =0 vV keK,her (2)
deD,

Qena < QY V keK,heH,deD, 3)

> kg > Qrin v keK,heH (4)

deD,

c
Vih = Vk—1h + F ( > akna +fien

deDy

(5)
-FEY | > dkja +fk.j) = o1Zn

jen \deD;

V kek\l,heH

VI 4 0.1%(Vjex — yjnim)
S Uh + Ugp < VP (6)
V kek,heH

While (1)—(6) describes the general decision problem, the
following equations present the interpolation in the expected
future profit function for a system with two reservoirs. The ex-
pected future profit a1 is a function of the storage volume in the
reservoirs at the end of the stage, and is bounded by (7)-(12). A
two-dimensional, piecewise-linear approximation obtained by the
triangle method is used to represent 1. The triangle method
approximates multidimensional functions by the use of linear tri-
angles, see e.g., Refs. [34,35]. The method was chosen for its ability
to approximate nonconvex functions and its simplicity [36]. The
formulation can be adapted to larger hydropower systems by
expanding the dimensions of the expected future profit
approximation.

The optimal expected future profit is obtained by convex com-
bination of the expected future profit points FVp, using the
weighting variables vy, m, as given by (7)-(9). The points are calcu-
lated for each of the discrete reservoir states in the previous stage,
and given as input to the optimisation problem. The sum of the
weighting variables in each dimension are used to find the total
weight of the discrete volume segments for each reservoir in (10)-
(11), binding the expected future profit to the storage volumes in
the reservoirs at the end of the stage.

Qe — Z Z YnmfVnm =0 (7)
neNmeN
N N
Zn:l Zm:l Ynm =1 (8)
Yam <1, V neN,menN 9)
Bin = Z Yam ¥ IENhEH (10)
{nmyencm
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veh— D BrnVie =0 V k=KheH (11)
neN

Xe= 2. Yam V g€¢ (12)
{nmyeny

p.v.q.f, 7, uERT, a1 ER (13)

Nonconvex characteristics in the expected future profit function
are dealt with by restricting the weighing variables (y). In the
optimal solution, a maximum of two adjacent weights (y) in each
dimension can have non-zero values, thereby forming a square of
adjacent weighting variables that can be active. Such behaviour can
be enforced by special ordered sets of type 2 (SOS2) [37]. In SOS2,
only two adjacent variables in the set can be non-zero. SOS2 are
included in most commercial solvers, such as CPLEX, which is used in
this research. In (14), 8y, is defined as one SOS2 for each dimension h
(i.e., for each reservoir). By using four weights to describe a point in
two dimensions, the model is given the freedom to decide which
points to use. To ensure one unique solution, we force the model to
use a predefined set of weights (3 out of 4) by defining the set x to be
aS0S2 in (15) [37]. The set x comprises the sum of the weights v in
the diagonal direction, hence forming a triangle of adjacent
weighting variables. Piecewise-linear formulations of functions in
two and three dimensions are thoroughly discussed in Ref. [35]. The
SOS2 defined in (14) and (15) can be removed if the future profit
function is concave, changing the formulation from an MILP to an LP.

B, SOS-2 V heH (14)

X SOS -2 (15)

2.2. Activation of the environmental regulation

The purpose of the considered state-dependent maximum
discharge regulation is to meet the needs of ecological habitat and
recreational use for high water levels in the hydropower reservoir
in summer. Due to high seasonal and yearly variations in inflow,
time-dependent minimum reservoir level constraints may lead to
inefficient reservoir management during the low-inflow, winter
period and increased system costs. To avoid this, the regulation is
rather formulated as a state-dependent restriction on discharge
from the reservoir. As discussed in section 1, formulations that
include state-dependencies can present modelling challenges. We
here present a general formulation of the regulation where a se-
lection of different requirements can be included:

e Other than to honour minimum flow obligations, no discharge is
allowed within a given period of time, unless the storage volume
in the reservoir reaches a given threshold. If the required
threshold is reached, discharge is permitted as long as the
storage volume is kept above the threshold.

The constraint can be activated by a given date or by the-end of
the "low-inflow period”, ie., inflow levels above a given
threshold over a short period. This is normally the beginning of
the snow-melting in spring.

From a given date and until the end of the restriction period,
discharge from the reservoir is permitted as long as the storage
volume in the reservoir does not decrease.

The above regulation can be expressed mathematically by a set
of constraints. The activation and/or deactivation criteria defined in
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the regulation are often formulated as logical conditions dependent
on the state variables, i.e., storage volume in the reservoirs and
inflow. The state-dependent conditions are illustrated in Fig. 1. The
dependencies on both inflow and storage volume in the reservoir
are handled in the SDP algorithm, as described in section 2.4.

The different types of constraints imposed by the maximum
discharge regulation are described by (16)-(19). Depending on the
current state of the system, the constraints are added to the formu-
lation before the decision problem is solved. The first part of the
environmental regulation is a regulatory maximum discharge ca-
pacity constraint. When the constraint period is initiated, (16) re-
places (3) to restrict release from the reservoir only to serve
downstream requirements for minimum river flows. The constraint is
activated by inflow above a certain threshold (in t4) or by a given date,
tp.

> kg < Qim

deD,

vV kekK,h=H (16)

When (and if) the storage volume in the reservoir reaches the
predefined threshold V}f’”, constraint (16) is relaxed and replaced
with a minimum reservoir level regulation, (17)—(18). (17) is active
for the first week the storage volume in the reservoir reaches the
wanted threshold (in t¢), while (18) becomes active from the
following week. When (17) or (18) are active, discharge is permitted
but the storage volume in the reservoir must be kept above the
threshold.

vim v h=H (17)

Vk=kh =

wp > Vim v kek,h=H (18)

Finally, for a given period, tp-t;, the storage volume in the
reservoir is not permitted to decrease. This constraint is shown in
(19). The formulation ensures that the storage level in the reservoir
at the end of a stage is equal or higher than the storage level at the
beginning of the stage. The storage level could also be bounded
over each time step k.

V k=Kh=H

ven > Vi (19)

The formulation assumes that the reservoir level can be main-
tained once above the threshold. This can be challenging in some
hydropower systems due to minimum flow requirements or
negative inflow (e.g., evaporation). While we did not encounter

g AN Reservoir
E
2 threshold
>
te Stage
Inflow threshold
3
JE ) [ g N
=
<

Stage

7

Fig. 1. Illustration of the state-dependent conditions in the environmental regulation.
Within the orange shaded period, the constraint can be activated by inflow above a
defined threshold, illustrated by point ts. Similarly, the no discharge restriction can be
deactivated within the green shaded area by storage volume above the reservoir
threshold, as illustrated by point tc.
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feasibility issues, these can be avoided by including a slack-variable
that is penalised in the objective function in (18) and (19).

2.3. Stochastic variables

We consider three exogenous stochastic variables in this
research; the total weekly inflow into the system, the weekly
average energy price and the environmental state, i.e., if the inflow
has been above a certain threshold. Inflow normally has a strong
weekly correlation, while inflow and price tend to be negatively
correlated in hydro-dominated systems. The environmental state
variable is an extension of the inflow state. For computational
simplicity, we assume that the stochastic variables can be described
by discrete nodes using a Markov decision process. The following
procedure is used to generate the Markov chain:

o Inflow and price data is given as input to the model, e.g., his-
torical or forecasted data.

e An auto-regressive model is fitted to the input data. Serial cor-
relation in inflow and cross-correlation between inflow and
price is considered.

e 10 000 scenarios are sampled from the auto-regressive model.

e A given number of discrete nodes per week are generated from
the scenarios, using K-means clustering. Each node represents
one inflow value and one price value.

e The transition probabilities are determined by counting the
share of scenarios transitioning between the different nodes
from one week to the next.

In addition, information on the environmental state is required.
The environmental state represents a binary variable, indicating
whether the inflow has been above a certain threshold. For the
weeks when this is applicable, the Markov chain is expanded with
an additional environmental state (activated and not activated) in
each of the nodes, as illustrated in Fig. 2. The transition probabilities
are updated by multiplying with the probability of inflow above (or
below) the threshold in each node, presuming that the inflow level
has not previously been above the threshold. Once the environ-
mental state is activated, it can only be deactivated by the reservoir
storage level reaching above the given threshold or by a given date.

2.4. Solution strategy

The hydropower scheduling problem is solved using the SDP
algorithm described in Algorithm 1. The algorithm is based on
backwards recursion and solves the decision problem for each stage
and state of the system for a planning horizon of one year. To ac-
count for end-of horizon effects, an iterative approach is used until
the water values in the last and first stage converge. The algorithm

Environmental state

Stage

Fig. 2. lllustration of a Markov chain with two nodes per stage representing unique
price and inflow values, and an additional environmental state in t = 3 to 4. The
additional nodes are illustrated in yellow.
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iterates over all stages (7'), all reservoir states (SP) and all stochastic
states (SY) in lines 4—6. SP comprises all combinations of discrete
storage volumes for the reservoirs in the system. The stochastic
variables are updated in line 7, while reservoir specific data is
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updated for each hydropower plant in lines 8—11. The expected
future profits for all end reservoir states are updated in line 12.

The decision problem is solved in line 13 following the

Algorithm 1: SDP Algorithm

174 0,A <+ o0o,ai—r(...) <0

2 while A > ¢ orj < J do

3 j—J+1

4 for t = T:-1:1 do

5 for s? € S* do

6 for si € S* do

7 {\i, Zi, &) = stochVar(sY)

8 for h € H do

9 Vi, < resVolume(sP, h)

10 I+ wp, X Zm?

11 end

12 FV « ®;,({1,..., P}, s})

13 (P, s}') < solveProblem(t, &, Vi, _g, Zn_g)
14 end

15 for si' | € S* do

16 Bjua(s7,510) — s Pr(stlsiey)au(s”, st)
17 if s > 1 then

18 UhEH (P — 1, s} 4)

getWV (®;,-1({1, ..., s"}, s-1))

19 end

20 end

21 end
22 end
23 | A [V (57 sp) — W _o(s7,s7)|, sP €SP st eSS heH
24 if A > e then

25 Wk (8P, 1) = W _o(s7,8)), sP €SP st eSheH
26 D141 (P, s7) = Pj—0(s”,5)), s” €S8P, s eS8
27 end
28 end
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procedure described in algorithm 2. The algorithm checks if any of
the environmental conditions described in Section 2.2 are met, and
solves the associated decision problem with the corresponding
constraints included, ie., (16), (17), (18) or (19). The inflow
dependent early activation of the constraint is included as a sto-
chastic state ¢ in the discrete Markov chain. The environmental
constraints are only included in a selection of the subproblems, but
the non-concave characteristics of the expected future profit
function may carry down to earlier stages before fading out. For
efficiency, the expected future profit approximation is checked for
concavity before each subproblem is solved. If the function is
concave, (14) and (15) are relaxed and the problem is solved as an
LP. If the problem is solved for a system without the environmental
regulation, the decision problem is an LP described by (1)-(13).

The solution of the optimisation problem for all stochastic states
st is used to calculate the expected future profit, in line 16. The
expected future profit is stored to matrix ®. The water values are
calculated and stored to the water value matrix ¥ in line 18,
following a similar approach as in Ref. [18]. When an iteration is
completed, convergence is determined in line 23, by comparing the
calculated water values in the last and first stage. If the algorithm
has not converged in iteration j, the water value matrix and the
expected future profit matrix for the last stage T is updated with the
values from the first stage in iteration j, in lines 25 and 26, before
the next iteration.

Algorithm 2: Function solveProblem(...)
Input: 4,V i, Zyefps &

if (tg <t <tp) A (V> \',ff’;,
ay(...) + Optimise (1) - (15), (18)

else if (5 <t <tp) A (Vig + Zy_p

| u(.) + Optimise (1) - (15), (17)

else if tp <t <tp then

| () + Optimise (1) - (15). (19)

else if ¢t < tp A& then

) then

®

w

i
>V, then

IS

@

B

N

8 ‘ ay(...) = Optimise (1) - (15), (16)
9 else

‘ ay(...) < Optimise (1) - (15)

end

Output: a(...)

3. Case study
3.1. Case Description

This case study assesses the impact of the state-dependent
maximum discharge regulation on water values, simulated reser-
voir operation and profit from the simulated operation of the sys-
tem. First, water values are calculated in the SDP model, before
optimal operation of the system is simulated for a selection of
scenarios.

The described model is applied to the hydropower system
shown in Fig. 3. The hydropower system is based on Bergsdals-
vassdraget in Western Norway. The system comprise several hy-
dropower reservoirs and power plants, of which the two upper
reservoirs and power plants are modelled here. The modelled part
of the system has a total generation capacity of approximately
55 MW and a reservoir storage capacity of up to 360 Mm®.

The lower of the two modelled reservoirs has a state-dependent
environmental maximum discharge constraint. The constraint is of
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Fig. 3. Topology of the modelled system. Reservoirs (triangles), power plants (rect-
angles), and water routes for discharge (solid lines) and spillage (dashed lines) are
shown. Maximal values for discharge (m3[s), production (MW), reservoir volumes
(Mm?) and average yearly inflow (Mm®) are given (not considering the environmental
constraint).

the type described in Section 2.2. The discharge limitation can be
activated by inflow above the weekly average from week 15 and, at
the latest, in week 19. The discharge limitation is active until week
32, or until the storage volume in the reservoir is above 146 Mm?. If
the storage volume in the reservoir reaches 146 Mm®, discharge is
permitted as long as the water level stays above the threshold. From
week 33 to week 35, the reservoir storage is not allowed to be
reduced. The constraint is deactivated in week 35. In addition, a
minimum discharge of 3 m?/s is imposed on the lower reservoir.

Two cases are considered; without the environmental regula-
tion, wo/Env, and with the environmental regulation, w/Env. In the
w/Env case, the decision problem is solved with the environmental
regulation, as given in Section 2.4. The SDP model is solved for one
year of weekly decision stages, comprising three price periods of
56 h each. A high intra-week price variation is assumed. Each of the
reservoirs are discretised into 20 equidistant points, giving 400
combinations of reservoir states. Since the focus of this research is
on the modelling of the environmental constraint, a relatively
coarse representation of uncertainty and time discretization is
included. A discrete Markov chain with 10 nodes per stage is used,
each comprising a unique price and inflow value. In the weeks
when early activation of the environmental constraint could occur,
the environmental state variable is added, leading to a total of 20
nodes per stage.

The discrete Markov chain is generated using inflow data from
58 historical years and power prices generated based on the same
inflow data. Alternatively, forecasted weather data from climate
models can be used, see e.g., Ref. [38]. The power prices were
provided from the long-term hydropower scheduling model EMPS
[25], based on a low emission dataset of the European power sys-
tem for 2030 [39]. The penalty cost of spilling water is set low, C5 =
10-3 —£_ The cost of drawing down the reservoir below 10% of the

m3/s
storage capacity is set to approximately 150 an? and 580 M,en] for the
lower and upper reservoirs, respectively.

The simulation is conducted as weekly decisions in a sequence,
solving the decision problem formulated in Section 2.1 as a short-

term operational problem for each week. The same technical
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details as in the SDP model are included. The water values calcu-
lated in the SDP model are used as input to the weekly decision
problem to evaluate the value of the water in the reservoir at the
end of each week. For the w/Env case, the logical conditions for
activating the environmental constraint, as described in Section 2.2,
are checked each time the weekly decision problem is solved.
When (and if) the conditions are met, the associated constraints,
i.e., (16), (17), (18) or (19), are added to the decision problem.

The model was implemented in Julia v1.5 using the Jump
package [40] and the CPLEX 12.10 solver [41]. The relative MIP gap
is set to zero and the absolute MIP gap to 10 10 The case study was
carried out on an Intel Core i7-8650U processor with 16 GB RAM.
One iteration of the wo/Env case solved 208k decision problems in
approximately 440 s. One iteration of the w/Env case solved 224k
decision problems in approximately 1860 s, whereof approximately
407% of the decision problems were solved as MILP. By reducing the
number of problems solved as MILP, the solution time of the w/Env
case was reduced with around 30%. The algorithm converged in
16—20 iterations with a convergence criterion of 103 an,.
Advanced tuning of the applied MIP solver and use of parallel
processing could serve to improve the computational efficiency
[42].

3.2. Water values

The water values are the main result from the SDP model. We
are especially interested in how the water values change when
including the state-dependent maximum discharge constraint. This
is of high importance in real-life hydropower scheduling, as the
water values provide essential information for short-term decision
making.

The upper reservoir is not directly impacted by the environ-
mental regulation in the w/Env case but can be actively used to help
manage the regulation. If it is optimal to adjust the reservoir
management of the upper reservoir to reach the threshold in the
lower reservoir more rapidly, this would be reflected in the water
values of the upper reservoir. However, only minor or no changes
were seen in the water values for the upper reservoir, implying that
it is not economically profitable to release more water from the
upper reservoir to reach the reservoir threshold in the lower
reservoir earlier. This result is sensitive to several factors, such as
the expected power prices in the weeks when the constraint is
active, the strictness of the constraint and the efficiency of the
lower power plant compared to the upper power plant. Since small
or no changes were seen in the water values of the upper reservoir,
the rest of this section only considers the water values of the lower
reservoir. The water values presented for the lower reservoir are
given for a medium storage level in the upper reservoir (i.e.,
~ 85Mm3).

Fig. 4 shows the calculated water values for the wo/Env case and
the w/Env case. The water values change with the storage volume in
the reservoir and the week of the year. In the wo/Env case, the water
values are non-increasing with increasing storage volume in the
reservoir. This will always be the result from linear hydropower
scheduling models where the expected future profit is a concave
function. For low storage volumes in the reservoir, the water value
is high because of the risk of emptying the reservoir. For higher
storage volumes in the reservoir, the water value decrease as the
risk of spilling water increase. The water value is zero when water
has to be spilled because of full reservoirs. In the w/Env case, the
same behaviour of high and low water values can be observed for
low and high storage volumes, respectively. However, the water
values also sometimes increase with increasing storage volumes.
For this case, the expected future profit is therefore a nonconcave
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function.

The increasing water values with increasing reservoir storage
volumes in the w/Env case are a direct result of the state-dependent
maximum discharge constraint. The largest differences in the water
values between the two cases can be seen when the strictest part of
the environmental regulation is active (week 18—32) and back-
wards in time (towards week 1). In the weeks when the constraint
is active and the storage volume in the reservoir is lower than the
threshold (146 Mm?), the water values are higher in the w/Env case
than in the wo/Env case. Since discharge from the reservoir is
strictly limited over a longer period, the model cannot take
advantage of the potential high prices within this period, unless the
threshold is reached. As a result, the water values are higher in the
w/Env case compared to the wo/Env case for storage volumes where
the maximum discharge capacity restriction can be deactivated
early.

The water values are calculated from the last to the first week of
the year, hence the impact of the constraint on the water values
from later weeks affects the earlier weeks. Week 32 is the last week
when the maximum discharge capacity restriction is active. Fig. 5
compares the water values from the two cases for selected
weeks. No large differences can be seen after the constraint is
deactivated; this is, for example, shown in Fig. 5a. In week 32
(Fig. 5b), the difference between the water value curves for the two
cases becomes more distinct. The local peak in the water value
curve for the w/Env case in Fig. 5b is a result of discharge being
permitted when the storage volume in the reservoir reaches the
threshold. Moving forwards in time, this effect is being shifted to-
wards lower storage volumes, as shown in Fig. 5¢ and d.

3.3. Simulation results

Simulations were run for 1000 scenarios, randomly selected
from the originally sampled scenarios. The wo/Env case and the w/
Env case were simulated for the same scenarios, using water values
from the SDP model for each of the cases accordingly. The final
simulations are conducted to test the calculated water values in an
operational decision-making setting, as well as to demonstrate the
effect of the environmental constraint on operation of the system.

The activation and deactivation of the maximum discharge ca-
pacity restriction varies between the scenarios because of the state-
dependent nature of the conditions. Fig. 6 shows when the
maximum discharge constraint is activated and deactivated in the
w/Env case for the simulated scenarios. In approximately 85% of the
scenarios, the storage volume in the reservoir reaches the threshold
before week 33, deactivating the maximum discharge constraint.
The discharge limitation is activated by high inflow before week 19
in 50% of the scenarios. Even so, inflow-dependent activation was
found to only have muted impact on the strategy and simulated
economic results for the case considered. Still, under other price
assumptions inflow-dependent activation could be of higher
importance.

The results from the simulations show a considerable change in
optimal operation when the environmental constraint is included.
Fig. 7 compares the change in storage volume in the lower reservoir
over a year for the wo/Env and w/Env cases. In general, the storage
volume in the reservoir is kept higher in the w/Env case. The largest
difference can be seen in the spring and summer weeks, when the
environmental regulation is active. In this period, no discharge is
permitted if the storage level is below the reservoir threshold. For
several weeks in this period, the median reservoir storage volume
is raised from below 100 Mm? in the wo/Env case to over 150 Mm>
in the w/Env case, demonstrating the effectiveness of the constraint
to achieve the underlying purpose of reaching the threshold.

For most of the simulated scenarios, the storage volume in the
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Fig. 4. Calculated water values for the lower reservoir in the two cases plotted for the storage volume in the reservoir and week of the year.
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Fig. 5. Water values calculated in the w/Env case (dashed lines) and the wo/Env case (solid lines). The vertical lines give the reservoir threshold.
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Fig. 6. Activation and deactivation of the maximum discharge restriction per week,
given in share of scenarios.

lower reservoir reaches the reservoir threshold in week 25-30 in
the w/Env case. This means that the optimal operation of the res-
ervoirs lies within the reservoir volume segments where the
maximum discharge capacity constraint has the largest impact on
the water values, indicating the importance of including the
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Fig. 7. Simulated storage volume in the lower reservoir in the wo/Env (purple) and w/
Env (green) cases. Min/max (dotted lines), quartiles (dashed lines) and the medians
(solid lines) are shown. The horizontal line gives the reservoir threshold.

constraint in the calculation of the water values. Furthermore, the
reservoir storage volume is also kept higher in the autumn and
winter weeks in the w/Env case compared to the wo/Env case.
Higher storage volumes throughout the year, and not only when
the constraint on discharge is active, can be explained by the
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Table 1
Average profit and electricity generation.

Renewable Energy 194 (2022) 571-581

Case Reservoir Profit [/yr] Production [MWh/yr] Profit week 19-35 []
wo/Env Upper 5.16E-+06 1.04E+05 1.20E+06
Lower 4.19E+06 9.00E-+04 1.16E+06
Total 9.34E+06 1.94E+05 2.36E+06
w/Env Upper 5.15E+06 1.04E+05 1.24E+06
Lower 4.12E+06 8.98E+04 7.16E+05
Total 9.27E+06 1.94E+05 1.95E+06
Difference Upper —0.10% —0.0% 3.12%
Lower —1.60% —0.22% —38.46%
Total -0.77% -0.11% —17.23%

differences in water values. Higher water values for higher storage
volumes in the w/Env case give the model an incentive to keep
more water in the reservoir when coming into the constraint
period.

A selection of average numeric results from the completed
simulations are given in Table 1. The total yearly profit from the
system is reduced by around 72 k(0.8%) in the w/Env case compared
to the wo/Env case. In the period when the constraint is active, week
19-35, the total profit from electricity generation is reduced by
approximately 17% or 406 k. By shifting the electricity generation,
the model manages to keep the total generation in the w/Env case
close to the total generation in the wo/Env case, significantly
reducing the total loss in profit. This means that the loss in profit is
mainly caused by a lower average realised price of electricity, and
not reduced sales of electricity. Still, it should be mentioned that the
economic results are sensitive to the power price assumptions used
in the simulations. Higher power prices in the constrained period
can increase the cost of restricting production in this period, and
vice versa.

4. Conclusion

We present a medium-term hydropower scheduling model
comprising an accurate representation of inflow- and volume-
dependent environmental constraints on maximum discharge.
Such constraints cause a pronounced nonconvexity in the sched-
uling problem. The proposed model can solve nonconvex model
formulations for smaller systems, by applying an SDP-algorithm,
where binary variables are only required to represent the non-
convex characteristics of the expected future value function. By
dynamically checking for nonconvexities in the value function, we
find that the number of weekly decision problems solved as MILPs
can be reduced significantly. Still, the required discretization of the
state space leads the SDP-algorithm to scale poorly for larger sys-
tems with more reservoirs.

The model is applied to a case study of a Norwegian hydropower
system with multiple reservoirs. Simulations of the system with
and without the environmental constraint show a substantial dif-
ference in operation of the reservoir to which the constraint is
imposed. In the case with the environmental constraint, the storage
volume in the reservoir reaches the wanted threshold for most of
the scenarios. Still, the total electricity generation over the year is
maintained and total loss in profit is limited to approximately 0.8%.

The calculated water values were found to change considerably
when the state-dependent maximum discharge constraint was
included in the SDP model. For the reservoir to which the constraint
was imposed, the water values were found to both increase and
decrease with increasing storage volumes in the reservoir, reflect-
ing that the expected future profit function is nonconcave. The
distinct changes in the calculated water values when the environ-
mental regulation was considered show the importance of accurate
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modelling of such regulations. This conclusion is further strength-
ened by the optimal reservoir operation being within the non-
concave area of the expected future profit function for most of the
simulated scenarios, as demonstrated by the simulation results. If
the future profit function is used as boundary condition in opera-
tional short-term scheduling models, the nonconcave shape may
impact the results substantially.

The substantial impact on the calculated water values and
reservoir operation observed in this study support further research
on nonconvex environmental constraints. To strengthen the find-
ings from this study, future research should investigate the impact
of using accurate water values, compared to water values based on
simplified problem formulations, in operation of hydropower sys-
tems with environmental regulation. Furthermore, a wider selec-
tion of cases and hydropower watercourses with different
variations of the state-dependent maximum discharge constraint
could be analysed. Finally, a broader analysis to evaluate how well
the constraint meets the underlaying purpose of the environmental
regulation, as well as other unintended consequences like flood
risk, could be of interest.
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Abstract

Hydropower systems’ unique capability to provide flexibility and long-
term energy storage makes the low-carbon technology a key contrib-
utor to cost-effective and reliable decarbonisation of power systems.
To ensure sustainable operation, environmental regulations are nor-
mally imposed on the plants. Some of these regulations can be dif-
ficult to model in existing scheduling tools based on optimisation
because of their non-convex and logical characteristics. This study
assesses the operational impacts of two types of environmental reser-
voir constraints, as well as the economic impacts of considering
these constraints in medium-term hydropower scheduling. The results
show that optimal reservoir management may change considerably
due to these types of constraints. Furthermore, improved planning
results in a decent increase in expected profit to the power producer
under certain price assumptions in several of the simulated cases.

Keywords: Environmental constraints, Hydropower scheduling, Reservoir
management, Stochastic optimisation
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1 Introduction

Successful transition to low-carbon power systems relies on a rapid transi-
tion into and efficient use of renewable energy resources. Hydropower is the
only large-scale renewable electricity-generating technology that can provide
both short-term system flexibility and long-term energy storage [1]. By rapidly
responding to fluctuations in intermittent power generation and load, regu-
lated hydropower can act as an enabler of cost-efficient integration of larger
shares of wind and solar power generation, thereby playing an important role
in the green transition [2].

In liberalised power markets, such as the Nordic power market, efficient use
of power plants rely on competition between power producers to sell electricity
in the market. Hydropower producers aim to maximise profit by optimising
the use of water for power generation while honouring technical and regula-
tory constraints. Regulatory constraints, such as environmental constraints,
are imposed to accommodate considerations conflicting with power produc-
tion, i.e., to preserve environmental qualities and mitigate adverse effects due
to hydropower production. These constraints are normally given in the licens-
ing terms of the power plants and revised periodically (often with 30-50 years
intervals). Many hydropower plants in Europe and the US will go through revi-
sion of terms over the next decade [3-5], providing the opportunity to adjust
or impose new environmental constraints.

While environmental constraints play an important role in protecting the
diverging interests of life in and close to regulated watercourses, they often
come with an associated cost. The constraints restrict the operational flex-
ibility of the power producers and may reduce the total energy supply and
the power plants’ capability to deliver power system services. The regulator,
therefore, has to weigh the requirements for environmental constraints towards
the power system’s needs. These trade-off decisions often require extensive
analyses, which can lead to time-consuming revision processes [6]. Especially
in hydro-dominated systems, like the Nordic, Canadian and Brazilian sys-
tems, the consequences on power system operations and security of supply of
imposing new constraints have to be properly considered by the regulators.

1.1 Environmental constraints on the operation of
hydropower

Land use changes caused by energy production are identified as one of the
main pressures on the environment and the ecosystems [7]. Hydropower is a
technology that makes direct use of natural resources and is built into the
river at specific locations where the water resources are abundant and topog-
raphy favourable for power production. Despite the site-specific character of
hydropower, environmental impacts from the development and operation of
hydropower projects can to some extent be generalised. Hydropower projects
typically introduce barriers and fragmentation and lead to changes in the nat-
ural flow regime [8]. Parts of the river system might experience dramatically
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reduced flow or large changes in the natural flow regime. In the reservoir
area, large and unnatural fluctuations in water level are recognised as a main
ecological stressor.

Environmental constraints can be imposed on hydropower systems to mit-
igate the environmental impacts of river regulations. The constraints are
normally defined to sustain important environmental qualities in the rivers and
lakes, while also considering the need for a reliable supply of renewable energy
from hydropower. Environmental constraints exist in many versions, and some
are more widely applied than others. A variety of river flow constraints can be
used to preserve certain flow characteristics in bypass sections or downstream
hydropower plants. Most frequently applied are minimum flows, also known
as environmental flows, which are used to preserve flow in rivers downstream
points of water abstractions, i.e., downstream of dams and intakes, and down-
stream of hydropower outlets in periods the power plant is not in operation.
A large set of methods are available to set ecologically sound minimum flow
regimes in bypass sections [9-11]. Furthermore, maximum ramping rates on
discharge are frequently used to reduce the negative effects of rapid and fre-
quent changes in the flow downstream of the hydropower outlets (also known
as hydropeaking operations). Several studies have been carried out to propose
ecologically acceptable flow regimes in downstream river sections exposed to
hydropeaking operations, see for example [12, 13]. The operational and eco-
nomic consequences of minimum flows and maximum ramping rates have been
extensively studied in the literature by the use of hydropower scheduling mod-
els (see e.g., [14-16]), as well as the implications for optimal long-term reservoir
management [17].

Reservoir constraints restrict reservoir management directly or indirectly to
preserve certain conditions in reservoirs and dams. There are different reasons
for imposing restrictions on the operation of the reservoirs, such as ecologic
preservation of important spawning grounds, the risks of landslides and ero-
sion along the shorelines, and to facilitate multiple water use (e.g., irrigation
and recreational use). Perhaps the most common are reservoir constraints
aimed at achieving certain water levels in the reservoirs in specific periods for
landscape, recreational or agricultural reasons. Target filling degrees can be
achieved by imposing hard limits on the water level, or by imposing restric-
tions on the discharge to implicitly restrict the water level in the reservoir. A
few recent studies have analysed the ecological impacts of changing conditions
in hydropower reservoirs (see e.g., [18, 19]), and a set of possible constraints
on variation in the water level of reservoirs have been proposed in [20].

In this paper we consider two types of reservoir constraints: soft reservoir
filling constraints and maximum reservoir ramping. Both constraints are state-
dependent in the sense that they depend on the reservoir volume which is a
state variable in the scheduling model to be used. The soft reservoir filling
constraint induces a discharge limitation when the reservoir filling is below a
given target and is therefore sometimes also referred to as a state-dependent
maximum discharge constraint in the research literature. In the Nordic region,
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soft, reservoir filling constraints are commonly imposed due to landscape con-
siderations and recreational use. The recreational aspects are usually most
pronounced in areas of popular tracking routes, where cabins are numerous
and/or the reservoirs are used for fishing from boats. The reservoir constraints
are often assigned to specific dates, aiming to reach certain levels of reser-
voir fillings before the high season for recreational use (the summer season).
In other regions, similar types of constraints can be used to ensure suffi-
cient water supply for drinking water or agricultural use. On the other hand,
maximum reservoir ramping constraints are not commonly applied on Nordic
hydropower plants today but may be required in the near future to reduce
the magnitude and frequency of changes in the water level in the reservoirs.
That the constraints depend on the water level in the reservoirs (i.e., are state-
dependent) make them non-convex and thereby more challenging to model in
linear programming based hydropower scheduling models.

1.2 Hydropower scheduling and modelling complexities

Because of the computational complexity of the hydropower scheduling (HS)
problem, the problem is normally solved for different planning horizons and
technical details [21]. Short-term models provide daily operational decision
support by optimising operations over a short time horizon (days to weeks)
including a high level of technical detail, but with no uncertainty. In contrast,
long- and medium-term HS typically consider reservoir management under
uncertainty over a planning horizon of several months up to several years, but
comprise fewer details than the short-term models. The division between short-
and medium/long-term is mainly to ensure reasonable computation times.

We are in this paper concerned with modelling simplifications of environ-
mental constraints in medium-term hydropower scheduling (MTHS). In the
Nordic region, the MTHS models optimise reservoir management for a single
watercourse from the perspective of a price-taking, risk-neutral producer [22].
One of the main uses of MTHS is to calculate the opportunity cost of water
(i.e., the water values) for use in the short-term models. In the short-term
models, the water values (or cuts) represent the value of storing water in the
reservoirs at the end of the planning horizon, which is crucial for the efficient
use of water resources in the long run.

The computational efficient stochastic dual dynamic programming (SDDP)
algorithm in [23] is the state-of-the-art method for solving stochastic, large-
scale HS problems. However, a major drawback of SDDP is the need for
a convex model formulation of the problem. This limits the method’s abil-
ity to represent certain characteristics of the problem accurately, such as the
complex interaction between power output and water [24] and unit commit-
ment of generators [25]. Non-convex relationships in the problem are normally
approximated (see e.g., [26, 27]) or omitted from the medium-term problem
formulation, potentially leading to loss of precision in the water values. Since
deterministic short-term models are designed to handle non-convexities, the
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operational decisions will respect technical functionality that was not con-
sidered when computing water values. Consequently, short-term operational
decisions become inconsistent with the strategy applied when making the deci-
sions, as discussed in [28, 29] in the context of approximate representation
of transmission grid constraints. Similarly, some types of environmental con-
straints are difficult to incorporate when computing water values and may
therefore lead to unnecessary operational inefficiencies [30]. Soft reservoir filling
constraints are one type of environmental constraint that is often omitted or
approximated in medium-term hydropower scheduling, due to the non-convex
characteristics of the constraints [31].

1.3 Research scope and contribution

Our research considers environmental constraints on reservoir management.
The research is motivated by the ongoing revisions of hydropower licenses
in Norway, where reservoir constraints will likely be imposed in several
hydropower systems. Recent revision processes have demonstrated the chal-
lenges of assessing diverging needs and pointed to a knowledge gap concerning
the consequences of environmental constraints for power system operation.
Furthermore, hydropower producers report challenges in handling complex
environmental constraints in strategic reservoir management. In other words,
improved modelling and knowledge of these types of constraints are needed
both from a regulatory perspective considering revisions of licensing terms and
from the producer’s perspective considering hydropower system operation.

An underlying question is whether complex environmental constraints
should be included in MTHS models, and what the operational implications
of improving this aspect in the modelling could be. In [32] stochastic dynamic
programming (SDP) [33] based modelling framework is used to accurately
represent soft reservoir filling constraints (also referred to as state-dependent
maximum discharge constraints) in the MTHS problem. The study demon-
strates that the constraint has a significant impact on the water value curves
and leads to a non-concave expected future profit function. Furthermore, an
advancement of the SDDP algorithm (SDDIP [34, 35]) has been used to model
this type of complex constraints in [36], demonstrating that more detailed
modelling holds a potential for improved operational decision-making. Finally,
the use of a tight linear approximation of the constraint in linear programming
based MTHS models has been shown to give a good economic performance in
[37].

We contribute to the existing literature by presenting a thorough assess-
ment of the operational and economic implications of treating two types of
environmental reservoir constraints, namely soft reservoir filling constraints
and reservoir ramping rates, in the MTHS. To the best of our knowledge,
few studies include reservoir ramping constraints in the hydropower schedul-
ing problem and none consider the impacts of this type of constraint on the
water value curves. Both constraints are state-dependent and may introduce
significant non-convexities in the scheduling model. For this purpose, we apply
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a modelling framework based on SDP. The case study is conducted for two
Norwegian water courses and six different power price expectations.

The remaining of this article is structured as follows. The methodology is
presented in Section 2, including a description of the hydropower scheduling
model, the environmental constraints and the case study. The results from the
strategy phase, i.e., the water value curves from the SDP-model, are presented
and discussed in Section 3, while the simulation results are presented in Section
4 (including a discussion of the value of using improved water values) before
the article is concluded in Section 5.

2 Methodology
2.1 Hydropower Scheduling Model

The MTHS problem can be formulated as a multi-stage stochastic optimisa-
tion problem. The goal is to find the optimal operation planning policy to
maximise profit under uncertainty, over a planning horizon of months to years.
We assume a risk-neutral, price-taking hydropower producer who optimises
operation given a presumed stationary future system state. Two exogenous
stochastic variables are considered; the total weekly inflow into the system
and the weekly average energy price. In our model setup, we assume that the
stochastic variables can be described by discrete nodes using a Markov deci-
sion process. This objective and model setup are in line with standard practice
by most Nordic hydropower producers.

The SDP-based modelling framework used in this study is well suited for
accurate scheduling of hydropower systems with pronounced non-convexities.
The method scales poorly due to the ”curse of dimensionality”, but is suitable
for small hydropower systems. The main features of the modelling framework
are presented here, while a more detailed description can be found in [32]. The
scheduling problem is solved in two phases; a strategy phase and an opera-
tional simulation phase. In the strategy phase, the expected future value of
storing water is calculated for a discrete set of system states using stochastic
dynamic programming (SDP). The solution algorithm is based on SDP to allow
for non-convex characteristics to be included in the problem formulation. In
the SDP algorithm, the problem is decomposed into weekly decision problems,
formulated as linear programming (LP) or mixed integer linear programming
(MILP) problems, which are solved in sequence using backward recursion. The
resulting strategy, namely the water values, is the computed expected marginal
value of storing water for power production at a later time. In the simulation
phase, a simulation of the system operation is conducted using the strategy cal-
culated in the strategy phase. Here the weekly decision problems are optimised
in a forward sequence for different inflow and price scenarios. The simulation
phase serves as a proxy for simulating the short-term scheduling using water
values computed in the strategy phase. The water values represent the alter-
native cost of production and are used as the marginal cost of hydropower
production in the simulation. This is the only available information about the
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future in the simulation and without it, the model would not see any reason
to save water for later periods.

2.1.1 Stochastic variables

Uncertainty in price and inflow is considered. A Markov chain with 10 nodes
per stage is used in the SDP-algorithm, each node comprising a unique price
and inflow value. An auto-regressive model is used to draw 10 000 scenar-
ios, which are then clustered together using K-means clustering to create the
Markov model, following the procedure described in [32].

2.1.2 The weekly decision problem

The weekly decision problem is solved in a backwards recursion in the strategy
phase and a forward sequence in the simulation phase. Each decision problem is
solved as a deterministic problem, where the stochastic state S* (i.e., a defined
weekly inflow and weekly average power price) and the reservoir state s? (i.e.,
the reservoir volume at the beginning of the week) is given before the problem
is solved. In the strategy phase, the decision problem is solved for all discrete
stochastic states in the Markov model and a predefined set of discrete reservoir
states. In the simulation phase, the decision problem is solved in a sequence for
a range of scenarios, where the stochastic state is given by the weekly scenario
values and the reservoir volume is given by the end reservoir state in the
previous week. The base of the decision problem is equal in the strategy and
simulation phase, while the inclusion of environmental constraints may vary
between the phases, as further described in section 2.2. Both the environmental
constraints considered in this work are dependent on the reservoir volume
and can thus be classified as state-dependent constraints. That is, information
related to these constraints is passed between decision stages (weeks) in the
SDP algorithm through the reservoir volume state variable. The environmental
constraints are described in detail in sections 2.1.3 and 2.1.4.

The weekly decision problem optimises the operation of the hydropower
system to maximise profit while honouring all physical and regulatory con-
straints. The objective function (1) maximises the profit of the hydropower
plants h over all time-steps k& within the week, as well as the expected future
profit of storing water for the remaining of the planning horizon, given by
a¢+1. The income of the power producer is given by the power price Ay in each
time-step k, and the power production py j, scaled for the number of hours
in each time-step by F¥. The expected future profit a4 is a function of the
resulting storage volume in the reservoirs at the end of the stage, as well as
the stochastic state of the system. Each stage (week) is divided into K time
steps of 3 hours.

(8P, s¢) = max{ STFINDY T prn + ara (vnenn—x, 8?)} (1)

kel heH



b ek o Tt B e S

8 Optimal operation of hydropower systems with environmental...

The energy production is a function of the discharge, g .4, divided into
d € D discharge segments with an associated efficiency ny, 4, as given in (2).
The total discharge in each time-step is limited in (3) by the maximum dis-
charge capacity @Q}'G" of each discharge segment d. The reservoir volume vy, p,
is bounded in (4) by the maximum and minimum reservoir volumes (V;™" and
Vymar) The reservoir balance (5) keeps track of the change in water volume
in each reservoir. Water may enter the reservoir as inflow Zj j or as discharge
from the reservoir above in the cascade H,”, and may exit the reservoir either
as discharge gy 5.q or spillage fy n. F € is a factor for converting the units. The
decision variables are defined as positive variables, except a1 which is a free
variable (6).

Dk,h — Z Nhddknd =0 V keK,heH (2)
deDy,

Qena < Qg ¥ keK heH,deDy, (3)

Vi <o <V Y keK,heH (4)

Ve h—Vk_1.n + FE( Z Gi,hod + frn)
deDy,

(5)
“FC N (> arja)= Zen VY keKheH
JEHUP deD;
p,v,q, f € R+7 Qiq1 € R (6)

The expected future profit function is represented by convex combination
of the expected future value points calculated in the previous stage (¢ + 1), as
described in [32]. If the expected future value function is non-concave, special
ordered sets of order 2 (SOS2) are used to ensure that adjacent points are used,
turning the problem into a MILP [38]. Both the environmental constraints
considered in this work are state-dependent and may introduce non-convex
characteristics into the problem, which may result in a non-concave expected
future value function in the weekly decision problem.

2.1.3 Modelling of the soft reservoir filling constraint

Soft reservoir filling constraints are frequently used in Norway to facilitate
so-called "summer filling” requirements. The goal is to reach a certain filling
degree in the reservoirs before the summer season for aesthetic, recreational
and, sometimes, ecological reasons. The constraint is activated in spring,
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around the snow-melting, to ensure that the spring inflow is retained in the
reservoirs for the summer season. Because of the large variations in seasonal
and yearly inflow, discharge is constrained rather than imposing minimum
restrictions on the water level in the reservoirs. This way, the power producers
are not punished for not reaching the target filling degree in low inflow years. If
an explicit reservoir limit had been used, the power producers could be forced
to withhold water through winter to be sure to reach the reservoir threshold
before summer. This could result in higher operational costs for the power
system in the low-inflow period, as well as increased flood risk in high-inflow
years. Instead, the regulation allows the hydropower producers to operate as
normal through the winter season.

The soft reservoir filling constraints are formulated as logical conditions
dependent on the water level in the reservoir, introducing nonlinear and
non-convex relationships into the problem. The constraints are therefore chal-
lenging for hydropower producers to incorporate in stochastic models based
on linear programming. A general formulation of the constraint is illustrated
in Fie. 1.

Threshold 1.

Volume

3

‘ - ' Week
Constraint period 3. EX

Fig. 1 Illustration of the soft reservoir filling constraints. The constraint period can be
divided into three phases: (1) if the reservoir level is below the threshold, discharge from the
reservoir is restricted, (2) if the reservoir level is above the threshold, the threshold becomes
the minimum allowed reservoir level, and (3) the reservoir can not be drawn down, only
filled up.

The soft reservoir filling constraint is defined for a specific period of the
year, t € 7 C T, where T represent the entire planning horizon. This period is
normally the spring/snow-melting and summer seasons in Norway. In the first
phase of the constraint period, discharge is restricted to be below a given limit,
QY™ as given in (7). The discharge limit is normally set to either zero discharge
(i-e., stop the station) or minimum discharge (i.e., environmental flow). The
discharge limitation is a requirement only if the water level in the reservoir
is below a target level, V™. If the storage level in the reservoir reaches a
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given threshold within the constraint period, constraint (7) is replaced with a
minimum reservoir level restriction (8). The constraint can also be followed by
a period where no decrease in the reservoir level is permitted, as given by (9).
Note that (9) not is state-dependent but defined for a part of the constraint
period (time-dependent), as illustrated in Fig. 1.

Z G < QY™ | vpmr < VIV k€K h= H (7)

deDy,
Opn = Vi | vpmrn 2 VIV kEK, b= H (8)
Vk,h = Vk—1,h V k=K, h= H 9)

The state-dependent logic in the regulation is handled in the SDP algo-
rithm. In the strategy phase, the reservoir volume and the inflow at the
beginning of the week are checked and, if the respective conditions are met,
constraints (7) or (8) are added to the decision problem.

2.1.4 Modelling of the reservoir ramping constraint

The reservoir ramping constraint is imposed to avoid rapid draw-down of the
water level in the reservoir. When water is drawn from the reservoir, the shore-
line is left dry. The area of the dried-up shoreline depends on the shape of
the reservoir. Reservoir ramping limitations are often given as the maximum
permitted change in water level given in meters over a period. This can be con-
verted into a maximum volume of water that can be discharged over a period.
The amount of water that can be withdrawn for power production varies
according to the shape of the reservoir making the constraint non-convex. The
ramping constraint (10) is modelled as a volumetric constraint where the max-
imum allowed change in reservoir volume, §;"*(vg=1), is a function of the
reservoir volume at the beginning of the week. The functional relationship
between the ramping limit and the reservoir level is represented by a piece-wise
linear function. The ramping limit is updated in the SPD-algorithm based on
the reservoir state in each stage before the weekly decision problem is solved.

Vh_1p— Vkn <O (vpmy) ¥V keK,h=H (10)

2.2 Modelling framework and simulation set-up

The modelling framework is divided into two phases: a strategic phase and a
simulation phase, as illustrated in Fig. 2. To evaluate the operational impacts of
the environmental constraints, the SDP algorithm solves the decision problem
formulated in 2.1.2 without and with the environmental constraints presented
in section 2.1.3 and 2.1.4. The resulting water values are then used in a set
of final simulations to assess the technical and economical impact of following
the resulting strategies (see Fig. 2). The simulations are conducted for 1000
scenarios in a series. The model framework is implemented in Julia v1.5 using
the Jump package [39] and the CPLEX 12.10 solver [40].
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Fig. 2 Flow chart of the strategy phase and final simulation.

2.3 Case Study Description

A case study of two different Norwegian water courses (HPS 1 and HPS 2)
constrained by two types of environmental reservoir constraints is conducted to
evaluate the operational and economic impacts of the constraints. Section 2.3.1
describes the two hydropower systems, the environmental regulation imposed
on each of the systems and the set-up of the environmental cases, while section
2.3.2 describes the power price assumptions.

2.3.1 Description of the hydropower systems and the
environmental regulation

The topology of HPS 1 is based on the Bergsdalen water course located in
the west of Norway. The real system comprises several hydropower reservoirs
and power plants, of which the two upper reservoirs and power plants are
modelled here. HPS 2 is based on the Driva water course located in Trgndelag
in mid-Norway. The technical specifications and topology of the two modelled
systems are shown in Fig. 3. Data describing Norwegian hydropower systems
are openly available from the Norwegian regulator (NVE) 1.

Both hydropower systems used in this case study are restricted by a soft
reservoir filling constraint. For HPS 1, the lower of the two modelled reservoirs
is constrained by the regulation. The regulation states that discharge is not
permitted from when the "low-inflow period” ends (earliest in week 15 or at
the latest from week 19). The discharge limitation is active until week 32, or
until the storage volume in the reservoir is above the threshold; V'™ = 146
Mm3. If the storage volume in the reservoir reaches 146 Mm?, discharge is
permitted as long as the water level stays above the threshold. From week 33
to week 35 the reservoir storage is not allowed to be reduced. In the model,

Lhttps://www.nve.no/energi/energisystem/vannkraft /Modell-av-det-norske-
vannkraftsystemet/
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150 Mm? ~ HPS1

37.88 m3/s

(a) HPS 1 (b) HPS 2
Fig. 3 Topology of HPS 1 (left) and HPS 2 (right). Reservoirs (triangles), plants (rectan-
gles), and waterways for discharge (solid lines) and spillage (dashed lines) are shown, as well
as maximal discharge (m?3/s), production (MW) and reservoir volumes (Mm3), and aver-
age yearly inflow (Mm3).

the soft reservoir filling constraint is assumed to be active from weeks 19-33,
and from weeks 33-35, the reservoir management is restricted to ensure a non-
decreasing water level in the reservoir. The constraint is illustrated in Fig.
4a.

The configuration of the soft reservoir filling constraint on HPS 2 differs
somewhat from the regulation of HPS 1. The soft reservoir filling constraint is
here defined from week 22 to week 42 but has a step-wise increasing threshold
as illustrated in Fig. 4b. As described earlier, discharge is permitted if the water
level reaches the defined thresholds, as long as the water level is kept above
the threshold for the rest of the constraint period. If and when the threshold is
met, depends on the reservoir filling when the constraint is activated and the
inflow. The average accumulated inflow (historic data) and the most extreme
high and low inflow-years are plotted together with the thresholds in Fig. 4.
The plots show that the threshold should be possible to meet in average- and
high-inflow years, but that it can be challenging in low-inflow years.

400 Threshold s 500 Threshold v
Reservoir capacity -7 Reservoir capacity Pid
—— Average inflow 400 I | — Average inflow
300 | |_ — Min/max inflow year — — Min/max inflow year
T % 300 | Lot 2 D e .
= 200 s

0 10 20 30 40 50 0 10 20 30 40 50

(a) HPS 1 (b) HPS 2
Fig. 4 Illustration of the reservoir thresholds (orange lines) given in the soft reservoir filling
constraints for HPS 1 (left) and HPS 2 (right) together with an accumulated plot of the
average historic inflow (blue lines) and the reservoir capacity (red dotted line).

Contrary to the soft reservoir filling constraints, the reservoir ramping con-
straints are not currently imposed in the concessions of the two case systems.
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Reservoir ramping constraints have not traditionally been imposed on Nor-
wegian reservoirs, but may become more relevant in the following years as
new research on environmental conditions in hydropower reservoirs become
available. Furthermore, reservoir ramping may become a problem in systems
where turbine capacity and/or pump expansions are of interest. To the best
of our knowledge, quantitative levels for acceptable water level variations in
hydropower reservoirs are not available for different time scales. However,
recent research classifies daily water level variations of 0.10 — 0.50 m to rep-
resent a slightly modified reservoir [20]. Based on this, we have set a ramping
restriction of 0.013 m/3h. Table 1 and 2 gives the ramping restriction in Mm3
for HPS 1 and HPS 2 respectively.

Table 1 Reservoir segments and maximum down-ramping constraint HPS 1.

Reservoir volume | Reservoir level | Max ramping | Max ramping
[Mm3] [M.o.h] [m/3h] [Mm?3/3h]
00.0 - 25.2 560.2 - 570.0 —0.013 —0.0334
25.2 - 58.5 570.0 - 575.0 —0.013 —0.0868
58.6 - 99.5 575.0 - 580.0 —0.013 —0.1063
99.5 - 181.5 580.0 - 588.0 —0.013 —0.1333

Table 2 Reservoir segments and maximum down-ramping constraint HPS 2.

Reservoir volume | Reservoir level | Max ramping | Max ramping
[Mm3] [M.o.h] [m/3h] [Mm3/3h]
00.0 - 53.6 645.0 - 649.0 —0.013 —0.1742
53.6 - 116.6 649.0 - 652.5 —0.013 —0.2340
116.6 - 202.0 652.5 - 657.0 —0.013 —0.2467
202.0 - 280.0 657.0 - 660.8 —0.013 —0.2668

Table 3 Definition of the environmental cases

Case name ‘ Description

NoEnv No environmental constraints are included in the modelling

ResFillSim | The soft reservoir filling constraint is included in the simulation phase

ResFill The soft reservoir filling constraint is included in both the strategy
and the simulation phase

RampSim The reservoir ramping constraint is included in the simulation phase

Ramp The reservoir ramping constraint is included in both the strategy and

the simulation phase

2.3.2 Power price assumptions

Six different price models are used in the case study, as given in Table 4.
The prices are based on two different historical price profiles and three levels
of intra-week price variation. The price assumptions are used to evaluate the
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impact of different price expectations in medium-term scheduling. The Markov
model and the sampled scenarios have been scaled so the average expected
price matches the historical price series shown in Fig. 5a. In addition, the three
different levels of price variations illustrated in Fig 5b are used. The price-
variation plots show the scaling factors used to convert the weekly stochastic
prices into a price per time-step in the decision problem.

015 (Low) 7\//\ A\ High variation (v2)
018 (High) \ Medium variation (V1)
No variation (V0)
- (AW V2 sorted
N \ / \/ —— V1 sorted
20

0 10 20 30 a0 50 ) 500 1000 1500 2000 2500
Week Time-step

EUR/MWh
Scaling factor

(a) Seasonal profiles (b) Intra-week price scaling
Fig. 5 Plot of historical weekly power prices (left) from Nordpool for price-zone NO5 and
the assumed intra-week price variation (right). The historical price series are chosen for their
differences in seasonal profiles.

Table 4 Summary of the power price assumptions included in the case study

Price model | Yearly price profile | Intra-week price variation
High-V0 2018 No price variation
High-V1 2018 Medium price variation
High-V2 2018 High price variation
Low-V0 2015 No price variation
Low-V1 2015 Medium price variation
Low-V2 2015 High price variation

3 Results from the strategy phase

The main result from the strategy phase is the expected future value of storing
water given different combinations of reservoir fillings and stochastic outcomes.
The water values are the change in the expected future value with a marginal
change in reservoir volume and are calculated under the different price assump-
tions for the two hydropower systems without any environmental constraints
(NoEnv) and with each of the two environmental constraints (ResFill and
Ramp cases). We here discuss the water value curves obtained for HPS 1 and
HPS 2 for the reservoirs where the environmental constraints are imposed. The
water values in the lower reservoir of HPS 1 depend on the reservoir filling in
the upper and lower reservoir. The plots in this section are given for a medium
filling degree of the upper reservoir.

Constraints on the operation of hydropower plants reduce the operational
flexibility of the power plants in different ways. If the maximum discharge
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capacity is reduced (directly or implicitly), the operational time of the plant
needs to increase to maintain a reasonable reservoir operation. For flexible
hydropower plants, this normally implies that parts of the production may be
shifted to periods with lower power prices, generally leading to lower water
values. However, the constraints may also change the shape of the functional
relation between water value and reservoir volume, and have varying impacts
in different weeks.

3.1 Soft reservoir filling constraints

The water value curves are found to change considerably when the soft reser-
voir filling constraint is included in the strategy calculation. In the period when
the environmental regulation is active, the water values are higher for reservoir
fillings close to (from below) the reservoir level threshold compared to when
the environmental constraint is not included in the modelling. This indicates a
non-concave expected future profit function, as has previously been discussed
in [32]. The non-concave characteristics are a result of the power production
being limited below the threshold but permitted as soon as the threshold is
reached. The magnitude of the changes in the water value curves depends on
the price assumptions, the hydropower system and the configuration of the
environmental constraint. For HPS 1, considerable changes are seen for all the
price assumptions, as can be seen in Appendix A.1, but the largest impact is
found for High seasonal price and high price variation (High-V2). Also for HPS
2 the largest changes are found for the High-V2 price, while smaller changes
are seen for the Low seasonal price, see Appendix B.1.

The operation of the constrained reservoir is severely restricted when the
soft, reservoir filling constraint is active and the water level in the reservoir is
below the threshold. In this period, no production is allowed and the strategy
does therefore not impact the operation of the constrained reservoirs. However,
the above-discussed changes in the water value curves can propagate back to
earlier stages in the SDP backward recursion and change the optimal reservoir
management before the constraint becomes active. Fig. 6 and Fig. 7 show
the water value curves in selected weeks before the constraint becomes active
assuming the Low-V0 price for HPS 1 and the High-V2 price for HPS 2. For
both price assumptions, we see a distinct difference in the water value curves
when the environmental constraint is considered. For HPS 2 under the High-
V2 price assumption, we see a general increase in the water values, indicating
a higher value of storing water to reach the reservoir threshold sooner. For
HPS 1, under the Low-VO0 price, there is a higher water value for high reservoir
fillings close to the activation of the constraint, but a lower water value for
low reservoir fillings. This indicates that, if the reservoir filling is low, the
model finds it optimal to use more water before the constraint period starts,
potentially making it more challenging to reach the threshold. Since weeks 15
and 18 are at the end of the winter period (low inflow period), the reservoir
filling is normally low at this point, implying that the model in most scenarios
(under the given assumptions) would produce more in the winter period rather
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than save water to try and reach the threshold earlier. This can be explained
by the low expected power prices in the summer (i.e., constraint period), and
thereby a low economic value of holding back production in the winter (high
price period) to reach the threshold earlier.
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(a) Week 18 (b) Week 15

Fig. 6 Water value curves for the lower reservoir in HPS 1 in the noEnv and ResFill cases
under the Low-V0 price assumption.
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Fig. 7 Water value curves for the reservoir in HPS 2 in the noEnv and ResFill cases under
the High-V2 price assumption.

3.2 Reservoir ramping constraint

The reservoir ramping constraint limits how rapidly the reservoir can be drawn
down, effectively imposing an upper discharge limitation that depends on the
water level in the reservoir and the amount of incoming water to the reservoir
(inflow and discharge from reservoirs higher up in the cascade). The results
from the strategy calculation show some modifications on the water value
curves, but not as distinct as for the soft reservoir filling constraint. For HPS
1, the water values are lower for high and low reservoir fillings in many of the
weeks, as shown for weeks 6 and 11 for the Low-V2 price in Fig. 8. For high
reservoir fillings, the water values may be reduced due to an increased risk
of spillage. As a consequence of the ramping constraint, it may take longer
to draw down the reservoir before high inflow periods, increasing the risk of
spillage. The reduced water values for low reservoir fillings are a consequence
of the strictness of the constraint for low reservoir fillings. Since the maximum
ramping rate is a function of the reservoir filling, as given by Equation (10), the
reservoir filling (in meters) changes more rapidly per volumetric unit of water
for lower reservoir fillings. The ramping constraint thereby becomes stricter
for low reservoir fillings, which results in lower water values for low reservoir
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fillings. For some weeks and price assumptions, the water values may also be
higher when the ramping constraint is considered than when not, as shown for
weeks 26 and 31 for HPS 1 for the High-V2 price in Fig. 9. The water values
may also increase with increasing water levels in certain situations, however,
the behaviour is much more subtle than for the ResFill cases. The non-convex
behaviours of the expected future value functions are a result of the reservoir
level-dependent ramping rate in Equation (10). Since the reservoir is divided
into segments with different ratios between the water volume (Mm?) and water
level (m), the water value may increase when the water level reaches a new
segment, as a consequence of the change this induces in the environmental
constraint.

For HPS 2, the water value curves only change slightly when including the
reservoir ramping constraint compared to when the constraint is not considered
(Ramp cases compared to the NoEnv cases). The water values are close to
equal, and in some cases slightly lower, than in the NoEnv cases. More water
value curves for HPS 1 and HPS 2 are provided in Appendix A.2 and B.2.
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Fig. 8 Water value curves for HPS 1 in the NoEnv and Ramp cases for the Low-V2 price
assumption.

8000 8000

6000

s o
& 3
3 8
3 8

4000

Water value (€/Mm?)
Water value (€/Mm?)

2000 2000

0 50 100 150 0 50 100 150
Volume (Mm?) Volume (Mm?)

(a) Week 26 (b) Week 31

Fig. 9 Water value curves for HPS 1 in the NoEnv and Ramp cases for the High-V2 price
assumption.

4 Results from the simulation phase

This section discusses the operation of the hydropower plants considering the
two types of environmental constraints separately. We first discuss the implica-
tions of the constraints in cases ResFillSim and RampSim. Secondly, we discuss
the impacts of improved planning, i.e., cases ResFill and Ramp. The presented
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results are for 1000 simulated scenarios with different price and inflow realisa-
tions. Average income, production and spillage for all the cases under different
price assumptions are given in Table C1 and Table C2 in Appendix C.

4.1 Soft reservoir filling constraints

Fig. 10 and Fig. 11 show that the reservoir management change considerably
when the soft reservoir filling constraint is considered in the simulation (Res-
FillSim cases). This is a consequence of the discharge being restricted from
a given date until the reservoir threshold is met. Still, we also see that the
changes vary under different price expectations. For the Low-V2 price, the
changes in the reservoir management are less pronounced than for the High-
V2 price. The reservoirs are drawn down almost completely during the winter
for the Low seasonal price because of high power prices in the winter, while
the lower power prices in the spring/summer period cause the reservoirs to fill
up during the high inflow period (spring). This trend is also seen in the NoEnv
cases (see Fig. 10a and Fig. 11a), even though production is not restricted in
these cases. On the contrary, we see that the reservoirs are not filled up as
much in the NoEnv cases for the High seasonal price (see Fig. 10a and Fig.
11a). This is a result of higher power prices in the spring/summer period,
making it optimal to produce more in this period if the power production is
not restricted (NoEnv case). This causes a larger difference in the reservoir
management between the ResFillSim cases and the NoEnv cases for the High
seasonal price than for the Low seasonal price.

150 1 [ Quartites Notny | T i
[ Quartiles ResFillsim / -~
—— - Median Nonv / AN
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[ Quartiles NoEnv
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— — - Median ResFillSim
Threshold

Reservoir volume [Mm?]
Reservoir volume [Mm?]

Week

(a) Low-V2 price (b) High-V2 price
Fig. 10 Simulated reservoir storage levels over the year for reservoir 2 in HPS 1, without
(grey) and with (red) the soft reservoir filling constraint.

Even though it is not a violation of the constraint to not meet the threshold,
the purpose of the constraint is only fully achieved when the water level reaches
the threshold. Fig. 12 shows the share of the scenarios that are above the
threshold for each of the cases per week. For most of the price assumptions,
only a small share of the scenarios reach the threshold when the environmental
constraint is not included (NoEnv cases). By including the soft reservoir filling
constraint in the simulation phase (ResFillSim cases), the water levels are lifted
and at least 60% of the scenarios reach the threshold within the end of the
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Fig. 11 Simulated reservoir storage levels over the year for HPS 2, without (grey) and with
(red) the soft reservoir filling constraint.

constraint period for all the price assumptions. The improvement of including
the constraint is especially large for the High seasonal price.
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Fig. 12 The share of the scenarios (in %) for which the reservoir filling is above the thresh-
old in each week within the constraint period.

The economic costs (i.e., the losses in profit) associated with the soft reser-
voir filling constraint are found to vary considerably depending on the price
assumptions. In general, the loss in profit is highest when there are high power
prices during the summer period (the High seasonal price profile) and increase
with higher price variation. For the High price with different levels of intra-
week price variation, the loss associated with the soft reservoir filling constraint
varies from 1.5-2.7% for HPS 1 and from 8-14.7% for HPS 2. For the Low price,
on the other hand, the economic loss is considerably smaller: from 0.8-1.5%
for HPS 1 and 0.8-2.4% for HPS 2. It is reasonable that the larger economic
impacts are found for the price assumptions with relatively high prices within
the constraint period (the price cases with the High seasonal profile and/or
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high price variations). Furthermore, we notice that HPS 2 has a higher associ-
ated loss (in percent) of the constraint than HPS 1. This can be explained by
the physical and regulatory differences between the systems. In short, the reser-
voir threshold is more difficult to reach in HPS 2, and the system is therefore
restricted by the discharge limitation for longer periods.

4.2 Reservoir ramping constraint

The water level in the reservoir in HPS 1 is kept considerably higher for all the
price cases when the reservoir ramping constraint is included in the simulation
phase (RampSim), as shown for the Low-V2 and High-V2 prices in Fig. 13. For
HPS 2, on the other hand, the ramping constraint only leads to minor changes
in reservoir management. The different impacts of the ramping constraint on
the two systems are a consequence of the shapes of the reservoirs, implicitly
leading to a stricter limitation of the discharge capacity for low reservoir fillings
in HPS 1 than in HPS 2. The impact of the ramping constraint on the reservoir
management is found to be slightly stronger for higher price variability.
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Fig. 13 Simulated reservoir storage levels over the year for reservoir 2 in HPS 1, without
(grey) and with (red) the soft reservoir filling constraint.

The reservoir ramping constraint ensures that the reservoir is drawn down
more carefully for lower reservoir fillings to avoid rapid changes in water level,
resulting in higher reservoir fillings. Fig. 14 shows that the ramping con-
straint (the RampSim cases) effectively reduces the most extreme reductions
in water level for both the hydropower systems, but especially for HPS 1.
Even though the (negative) extremes are reduced, we notice that there is some
down-ramping violating the constraint (< —0.0133%). This is a consequence
of inaccurate modelling of the state-dependencies of the constraint, where the
volumetric boundary for the ramping constraint is set for a week at the time,
based on the reservoir filling at the beginning of the week.

Even though the reservoir management is changed considerably as a con-
sequence of the ramping constraint, the economic loss due to the constraint is
considerably lower than what was found for the soft reservoir filling constraint.
The loss in profit ranges from 0.74-1.95% for HPS 1 and from 0.5-2.49% for
HPS 2. The economic losses are found to be highest for the Low seasonal price
and increase slightly with the level of price variability.
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Fig. 14 Change in reservoir volume per time step (3h) without (NoEnv in black) and with
(RampSim in red) the reservoir ramping constraint.

4.2.1 Expansion case HPS 2

To further investigate the impacts of the reservoir ramping constraint, an
expansion case was conducted for HPS 2, increasing the turbine capacity by
50% compared to the original system design. By drastically increasing the dis-
charge and power production capacity, the hydropower plant’s capability to
respond to short-term price variations is improved. At the same time, this
implies that more water can be drawn from the reservoir in each time step,
potentially resulting in a more severe ramping of the water level in the reser-
voir. The expansion case is evaluated for the Low-V2 price. Fig. 15a shows the
duration curve of the discharge in the original and the extension cases with-
out and with the ramping constraint. Fig. 15b shows the duration curve of the
down-ramping of the reservoir for the same cases. We see that the increased
discharge capacity is utilised in 15-20% of the hours in the NoEnv (exten-
sion) case, but only in about 5% of the hours in the RampSim case because
of the ramping constraint. The profit increases by 7.2 % in the expansion case
if no environmental constraints are considered (comparing the NoEnv cases),
but only with 1.7 % when the ramping constraint is included in the simula-
tion (comparing the RampSim cases). In other words, the ramping constraint
drastically reduces the potential value of a turbine capacity expansion for this
system.
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Fig. 15 Duration curves of the discharge and reservoir ramping over all simulated scenarios
for the Original NoEnv case (red, solid line), the Original RampSim case (red, dashed line),
the Expansion NoEnv case (black, solid line) and the Expansion RampSim case (black,
dashed line).
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4.3 Impacts of improved planning

The impact of improved planning can be evaluated by comparing the simulated
operation in the cases where the environmental constraint only are included
in the simulation (ResFillSim and RampSim cases) to the cases where the
constraints are considered in both the strategy and simulation phase (ResFill
and Ramp cases). Average results for all the cases are given in Table C1 and
Table C2 in Appendix C. The above-discussed economic impacts are based
on the assumption that the hydropower producers ignore the environmental
constraints in the medium-term reservoir scheduling (i.e., do not plan for the
constraints in advance). If the producers can include the environmental con-
straints in the strategy phase, either accurately as discussed here or by the use
of approximations as in [37], the associated loss could potentially be reduced.

4.3.1 Soft reservoir filling constraints

The economic gain from improved planning strongly depends on the price
assumptions. For the High seasonal price (with different levels of price varia-
tion), we find that the expected profit of HPS 1 is improved by 0.5-1.4% by
considering the soft reservoir filling constraint in the medium-term schedul-
ing, at the most reducing the economic loss of the constraint with around
50%. For HPS 2 the economic performance improves by 0.6-2.6%, reducing the
loss by up to 15%. For the Low seasonal price (with different levels of price
variations), we found a lower economic impact of the soft reservoir filling con-
straint. Under these price assumptions, no significant economic gain is found
from improved modelling. For some price expectations, we even get a slightly
reduced profit when planning for the constraint (<0.1%). This is likely to be a
result of a slight under-representation of the probability of low inflow scenarios
in the Markov chain used in the SDP-model. As the Markov model is made by
K-means clustering, the most extreme scenarios may have lower inflows than
what is captured in the stochastic model, resulting in a slight underestimate
of extreme inflows and a modest underestimation of the risk of running out of
water in the strategy.

The High-V2 price gives the largest economic gain of improved planning
for both HPS 1 and HPS 2. In these cases, the water levels in the reservoirs
are kept higher through the winter when planning for the constraint compared
to when not planning for the constraint (ResFill compared to ResFillSim), as
shown in Fig. 16. The same tendency, but with a lower magnitude is found
for the High-V1 and High-VO0 prices. For the case runs with a High seasonal
price expectation, the reservoir threshold is met in 80-100% of the scenarios
for both HPS 1 and HPS 2 when planning for the constraint, as shown in Fig.
17. This is an improvement compared to the number of scenarios that reach
the threshold in the constraint period when the constraint only is included in
the simulation, as shown in Fig. 18. Furthermore, the threshold is met earlier
in the constraint period for HPS 1 when planning for the constraint.
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For the Low seasonal price, only small adjustments in the reservoir man-
agement are found. For HPS 1 slightly lower reservoir fillings can be observed
when planning for the constraint. This is in line with the differences in the
calculated water values, as discussed in section 3.1. As a consequence, the
effectiveness of the environmental constraint is not found to improve with
improved planning. For HPS 1, the fulfilment of the constraint is even slightly
worse when a low seasonal price is expected (when comparing the ResFill to
the ResFillSim results), as shown in Fig. 18.
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Fig. 16 Simulated reservoir storage levels when considering the soft reservoir filling con-
straint in the simulation (ResFillSim in grey) compared to when considering the constraint
in the strategy and simulation phase (ResFill in red).
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Fig. 17 The share of the scenarios (in %) for which the reservoir filling is above the thresh-
old in each week within the constraint period.

4.3.2 Reservoir ramping constraint

Only small to no economic improvements are achieved by including the reser-
voir ramping constraint in the medium-term scheduling. For HPS 1, the profit
is increased by 0.12-0.22%, while for HPS 2 a slightly reduced profit is found
for all the price assumptions (<0.1%). As discussed for the soft reservoir fill-
ing constraint, this is a result of the discretised inflow model leading to a
slight underestimate of extreme inflows in the strategy. In the HPS 2 expan-
sion case, on the other hand, an increased profit of 0.53% is achieved when
planning for the reservoir ramping constraint. An economic gain of including
the reservoir ramping constraint in the medium-term scheduling, even though
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Fig. 18 The increase in the share of scenarios for which the reservoir filling is above the
threshold in each week within the constraint period when considering the constraint in the
strategy (i.e., the difference between the ResFill case and the ResFillSim case).

small, is found for the price expectations with the highest relative cost of the
ramping constraint. In these situations, a change in reservoir management can
be observed. For the Low-V2 price, the reservoir filling is kept a bit lower
when planning for the constraint, as shown in Fig. 19a for HPS 1. A similar
trend is seen for the HPS 2 Expansion case, where the reservoir filling is kept
lower when the ramping constraint is considered in the planning compared to
when the constraint only is considered in the simulation, as shown in Fig. 19b.
Finally, as the reservoir ramping constraint is a hard constraint directly tar-
geting the underlying goal of the constraint, the fulfilment of the constraint is
not impacted by if the constraint is included in the strategy phase or not.
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Fig. 19 Simulated reservoir storage levels for the RampSim case (in grey) and the Ramp
case (in red).

5 Conclusion

We have studied the operational and economic implications of two types of
environmental reservoir constraints: a soft reservoir filling constraint and a
reservoir ramping constraint, and evaluated the value of including the con-
straints in the medium-term hydropower scheduling. We find that a framework
combining strategy computation by SDP and system simulation is useful
to assess the impact of non-convex and nonlinear elements in medium-term
hydropower scheduling. The impacts of the two environmental constraints are
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evaluated for two different hydropower systems under six different price model
assumptions.

The results from the strategy calculations show that the water value curves
change considerably for some of the cases, but that the magnitude depends on
the expected power price, the hydropower system and the type of constraint.
The soft reservoir filling constraint gives higher water values for reservoir fill-
ings close to the constraint threshold, in line with what has been shown in
previous studies [32]. Furthermore, the impacts increase with increasing price
variation and are found to be strongly dependent on the seasonal profile of the
power price. The reservoir ramping constraint, on the other hand, is only found
to induce smaller changes in the water value curves. Still, also for this con-
straint, the state-dependent and non-convex characteristics of the constraint
cause the water values to increase with increasing reservoir levels in certain
situations, demonstrating a non-concave expected future value function.

For the soft reservoir filling constraints the simulation results demonstrate
a considerable change in reservoir management due to the constraint. The dif-
ference in reservoir management and economic performance is found to vary
between the different price assumptions. In most cases, the economic loss asso-
ciated with the constraint is partly reduced when the constraint is included
in the medium-term scheduling, as also has been shown in previous research
[36, 37]. The economic gain from improved planning is found to be strongly
dependent on the expected seasonal profile of the power price and the level of
price variation. Furthermore, we find that the achievement of the constraint
also is impacted by the price expectations. A higher expected cost of the con-
straint (i.e., of being below the reservoir threshold) gives a stronger incentive
to save water through the winter, resulting in a better fulfilment of the purpose
of the constraint.

The reservoir ramping constraint is found to have small economic impacts,
even though the reservoir management changes considerably under certain
price assumptions. The highest costs of this type of constraint are found for
a "traditional” seasonal profile with high prices in winter and lower prices in
spring/summer. The economic loss increases slightly with higher price vari-
ation. Furthermore, the costs depend on the shape of the reservoir (which
impacts the strictness of the constraint) and the operational flexibility of the
power plant. A considerably higher cost of the constraint was found when the
turbine capacity was increased by 50% for one of the hydropower plants in the
case study (HPS 2). Improved planning, by including the reservoir ramping
constraint in the medium-term scheduling model was found to give small to
no economic improvements.
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Appendix A Water Value curves HPS 1

A.1 Soft reservoir filling constraint
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Fig. A1 Water value curves for the lower reservoir in HPS 1 in the NoEnv and ResFill
cases under the High-V2 price assumption.
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Fig. A2 Water value curves for the lower reservoir in HPS 1 in the NoEnv and ResFill
cases under the High-VO0 price assumption.
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A.2 Reservoir ramping constraint
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Fig. A5 Water value curves for the lower reservoir in HPS 1 in the NoEnv and Ramp cases

under the High-V2 price assumption.
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Fig. A6 Water value curves for the lower reservoir in HPS 1 in the NoEnv and Ramp cases
under the High-VO0 price assumption.
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Fig. A7 Water value curves for the lower reservoir in HPS 1 in the NoEnv and Ramp cases
under the Low-V2 price assumption.
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Fig. A8 Water value curves for the lower reservoir in HPS 1 in the NoEnv and Ramp cases
under the Low-VO0 price assumption.
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Appendix B Water Value curves HPS 2

B.1 Soft reservoir filling cosntraint
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Fig. B9 Water value curves for the reservoir in HPS 2 in the NoEnv and ResFill cases
under the High-V2 price assumption.
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B10 Water value curves for the reservoir
under the High-VO0 price assumption.
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B.2 Reservoir ramping constraint
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Fig. B13 Water value curves for the reservoir
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Fig. B14 Water value curves for the reservoir in HPS 2 in the NoEnv and Ramp cases
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under the Low-V2 price assumption.

3.0x10"
2.0x10*
4

1.0x10f 0Env

amp
0

[ 50 100 150 200
Volume (Mm?)

(b) HPS 2 week 11

2.00x10"

1.50x10"

1.00x10"
5.00x10° NoEnv
Ramp

0

0 50 100 150 200
Volume (Mm?)

(d) HPS 2 week 21

3.0x10*

2.0x10"

"
1.0x10f 0Env
amp

0

0 50 100 150 200
Volume (Mm?)

(f) HPS 2 week 31

4.0x10"

3.0x10"

2.0x10"
1.0x10" oEnv
amp

0

0 50 100 150 200
Volume (Mm?)

(h) HPS 2 week 41

5.0x10"

4.0x10"

3.0x10*

2.0x10"

1.ox10* :rE“r;’
0

0 50 100 150 200
Volume (Mm?)

(j) HPS 2 week 51

45

in HPS 2 in the NoEnv and Ramp cases



b ek o Tt B e S

46 Optimal operation of hydropower systems with environmental...
= " =
£ 40510 E s ot
€ 30x10* =)
] . ¢ 2.0x10°
3 2.0x10 H
B g .
& 1ox10® oEnv § L0x10 NoEnv
s amp g Ramp
= 0 = 0
Q 50 100 150 200 0 50 100 150 200
Volume (Mm?) Volume (Mm?)
(a) HPS 2 week 6 (b) HPS 2 week 11
= 3.0x10° = 2.00x10*
£ £
4
z £ 150x10
£ 2.0x10 g 130%
g 3 o
E 2 1.00x10
% 1ox10t 4
g oEnV g 5.00x10° oEny
g amp g amp
= 0 = 0
0 50 100 150 200 Q 50 100 150 200
Volume (Mm?) Volume (Mm?)
(c) HPS 2 week 16 (d) HPS 2 week 21
= 3.0x10 Tz
£ £ s.0x10°
€ 2.0x10 e .
s 8 2.0x10
2 Loxdt s @
g oEnv g 1.0x10 NoEnv
& amp g Ramp
= 0 = 0
0 50 100 150 200 0 50 100 150 200
Volume (Mm?) Volume (Mm?)
(e) HPS 2 week 26 (f) HPS 2 week 31
= 4.0x10° = 4
E T 4.0x10
= " H
3 010 3 5ot
g " 3
3 20010 R
g g
& 1ox10* IoEnV 3 1.0x10 NoEny
g amp g Ramp.
= 0 = 0
Q 50 100 150 200 0 50 100 150 200
Volume (Mm?) Volume (Mm?)
(g) HPS 2 week 36 (h) HPS 2 week 41
= ~ s.0x10°
"
é 4.0x10 § 4.0x10"
£ s0x10*  30x10t
2 ’ ] 4
§ 2.0x10 g 2.0x10
8 1.0x10° °E"" Z 1.0x10° NoEnv
& amp e Ramp
0 0
Q 50 100 150 200 0 50 100 150 200
Volume (Mm?) Volume (Mm?)
(i) HPS 2 week 46 (j) HPS 2 week 51

Fig. B16 Water value curves for the reservoir in HPS 2 in the NoEnv and Ramp cases
under the Low-VO0 price assumption.
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Optimal Operation of Hydro-Dominated Power
Systems with Environmental Constraints

1% Linn Emelie Schiffer
2" Magnus Korpas
Department of Electric Power Engineering
Norwegian University of Science and Technology
Trondheim, Norway
{Linn.e.schaffer, magnus.korpas} @ntnu.no

Abstract—This paper studies the operation of a small re-
newable and hydro-dominated power system when introducing
environmental constraints. The risk of rationing and the local
prlce formation is investigated using a stochastic, cost-minimising

i model for long-term operation of a regional re-
newable power system with reservoir hydropower. The model is
applied to a case study based on Norwegian hydropower plams
with state-dep I constraints on reservoir
management. The results demonstrate the reduced operational
flexibility of the hydropower system and an increased risk of
rationing, when the environmental constraint is imposed. In some
of the case runs, the long-term management of the constrained
reservoir is found to change considerable, but is also shown to
be sensitive to the value of lost load, the transmission capacity
and the total wind power generation.

Index Terms—Electricity Price, Environmental Constraints,
Hydropower, Flexible Power Generation, Security of Electricity
Supply
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I. INTRODUCTION

The European Green Deal defines ambitious targets for both
climate change mitigation and broader environmental sustain-
ability. A sustainable power system must ensure affordable,
high quality power supply at the lowest possible environ-
mental and social costs. Environmental requirements are often
imposed on power plants to ensure sustainable operation by
preserving ecological, social and recreational interests of the
surrounding area. Such requirements may reduce the plants’
operational flexibility, thereby reducing the plants’ capability
to adjust production according to the market.

The operation of hydropower plants modify the surround-
ing ecosystems by altering the flow regime downstream the
hydropower outlet and the water levels in the reservoirs.
Flow alterations and associated ecological consequences are
major environmental concerns [1], [2]. Minimum flows and
maximum ramping rates are among the most commonly ap-
plied mitigation measures, but a wide range of environmental
constraints may be imposed on hydropower plants to limit the
negative impacts of operation [3].

While important to preserve ecological and social inter-
ests, environmental constraints may in some situations be
conflicting with security of power supply. Many existing
power systems, such as the Norwegian, rely on hydropower
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plants to deliver load-following power generation and reserve
capacity to avoid blackouts and maintain the power quality
in situations of unexpected events [4]. The trade-off between
environmental and economic considerations is one of the core
challenges when deciding on new terms in revision processes
for hydropower licenses in Northern Europe [5]. Furthermore,
available flexibility in the power system and concerns for
secure power system operations have become more pressing in
recently conducted revisions. Because of hydropower plants’
importance for security of electricity supply in the whole
Nordic region, the consequences of new or adjusted environ-
mental constraints to the power system should be thoroughly
assessed on local, regional, and national levels.

Limited research addresses the implications of environmen-
tal constraints in competitive power markets dominated by
hydropower, and less so the importance of accurate repre-
sentation of such constraints in the long-term operations of
hydropower. Existing research mainly consider environmental
constraints in the form of minimum flow requirements and
ramping restrictions. Reduced profit for hydropower producers
due to such constraints have been assessed using both short-
and long-term scheduling models, see e.g. [6]-[8]. A frame-
work to evaluate the cost to the power system has also been
suggested [9]. While ramping restrictions have been found
to impact strategies for reservoir management under certain
conditions [10], such constraints mainly limit the short-term
flexibility. Only a few publications consider environmental
constraints that include state-dependencies in long-term hy-
dropower scheduling. Such constraints have been found to
have a considerable impact on the water value curves used
for reservoir management, [11], [12], and may significantly
impact the seasonal flexibility.

We evaluate the impacts of environmental requirements
for hydropower reservoirs on the risk of scarcity situations
and price formation in a competitively operated power sys-
tem reliant on hydropower. Especially, environmental, state-
dependent reservoir constraints that are imposed on Nordic
hydropower plants are considered. To the best of our knowl-
edge, this has not been addressed in the research literature
previously. A multi-stage stochastic model for operation of
small renewable electricity systems is presented and used to



investigate the impact on the formation of the electricity price.
The modelled part of the power system relies on hydropower,
and is only weakly linked to a the larger power system.
The model is formulated from a system perspective with an
objective to minimise the cost of meeting local electricity
demand and is solved using stochastic dynamic programming
(SDP) [13]. The main contribution of this work lies in the
modelling of the state-dependent environmental constraint, and
in the assessment of the impact on the operation of the system
and the local electricity price formation for a case study based
on a Norwegian hydropower system. The local price formation
is directly impacted by the risk of rationing [14] and is a
measure of the stress in the local system.

The remainder of this article is structured as follows: the
stochastic power system model and the modelling of the
environmental constraint is presented in Section II, the case
study is presented in Section III, before the results and the final
conclusion is presented in Section IV and V accordingly.

II. POWER SYSTEM MODEL

This section presents the multi-stage, stochastic model used
to optimise operation, and determine the corresponding elec-
tricity price, of a renewable electricity system dependent on
hydropower plants constrained by environmental requirements.
A more thorough description of the use of SDP in hydropower
scheduling can be found in [12], [15], [16]. We here emphasize
on describing the stage-wise (weekly) decision problem.

The defined optimisation problem optimises operation of
the system illustrated in Fig. 1, i.e. determines electricity
generation, storage of water in the reservoirs, and utilisation
of the weak transmission link in order to meet the local
electricity demand at the lowest possible cost. The hydropower
reservoirs are the only form of energy storage in the system
and determine the ability of the hydropower plants to generate
electricity during the year. The option to store water in
the reservoirs couple the decision variables in time, making
the problem dynamic. Furthermore, the problem depends on
uncertain weather parameters, making the problem stochastic.

A. Multi-stage, stochastic programming model

To solve the large multi-stage, stochastic problem at hand,
we use SDP [13]. SDP is a mature solution method based on
decomposing the problem into smaller stage-wise independent
problems which can be solved sequentially. The method allows
for nonconvex characteristics to be included in the model
formulation, but can only be used for smaller or aggregated
hydropower systems due to the need to discretise the state
variables, making the problem grow exponentially in size with
the number of reservoirs considered.

The SDP model solves the problem for a yearly time-
horizon, broken down to 52 weekly decision stages (t € 7).
In each stage, the model solves the weekly problem for a
set of discrete stochastic states (sf € S") and a set of
discrete reservoir states (s? € SP). Three stochastic variables
are considered; the total weekly inflow to the reservoirs, the
weekly average wind power production and a temperature

dependent weekly load. The reservoir states give the start
filling of the reservoir in each stage. Each time the weekly
decision problem is solved, the sum of the immediate cost
and the expected future cost is minimised to find the optimal
operation of the system.

To account for end-of-horizon-effects, the SDP algorithm
iterates until convergence. When the model has converged, the
calculated strategy (water values) are used in a final forward
simulation of the same system, optimising system operation
for a range of scenarios.

B. Weekly decision problem

The weekly decision problem is solved for every discrete
system state. The uncertainty is reflected by the stochastic
states and corresponding transition probabilities in the SDP
algorithm. The weekly decision problems are deterministic
as the stochastic variables for each week are known at the
beginning of the week. Each problem consist of K time steps,
allowing for intra-week variation in weather parameters and
load profiles.

The objective of the decision problem (1) is to minimise the
sum of the immediate and expected future cost. The immediate
cost is determined by the cost of energy import/export at
a deterministic market price (Ayey), and the cost of load
rationing (C'*ls},), in each time step k. The expected future
cost (ay41) is a function of the current stochastic state of the
system (s') and the resulting reservoir state at the end of the
stage (Ut he k=K)-

ay(sP,sy) = min{ Z()\kck + C’”lsk)

kek 1)
+ arp1(Vhen k=K 51') }

The power balance (2) state that the electricity generation
from hydropower (py, ) and net import (ey,) of electricity has
to equal the net local electricity demand in all time steps
(k € K), i.e. the electricity consumption of households (D,f)
and industry (D{_) minus the wind power generation (W;,). If
required, load can be rationed (Isj) at a high cost (C'*) or
wind power can be curtailed (wj,) for free.

Z DPie,h + e+ sy —wj, = Dg + D,i — Wy
heH (@)
vV kek
The electricity generation from each of the hydropower
plants h € H is given by the discharge (qx,n,4) from each plant
and the efficiency 7y, 4 of each discharge segment d € D, as
given in (3). Discharge per segment is restricted by (4). The
water level in the reservoir vy is restricted by upper and
lower limits in (5).

Pk,h — Z MhdQkha =0 YV kel heH (3)
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Constraint (6) provides a mass balance for the water stored
in the reservoirs. Water is drawn from the reservoir as dis-
charge (qk.n,a) or spillage (fx,n), and can be added to the
reservoir as inflow (¢xZp) or through discharge from the
reservoirs above. Water that is spilled is lost from the system.
The factor ¢, distributes the weekly total inflow (Z3) to the
time steps, while F'€ is a conversion factor from ™ 1o mm3.
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C. Environmental requirements

Many hydropower reservoirs in Norway are also used for
recreational purposes in the summer. In this period, low water
levels in the reservoirs can make it difficult to access the
water surface. In order to meet ecological and recreational
needs for high water levels in summer, constraints may be
imposed on the operation of selected reservoirs. The purpose
of the considered constraint is to enforce rapid filling of the
reservoirs (b € H) in order to reach a target water level
within a given period. Because of large inflow-variations, a
hard reservoir constraint may induce high socioeconomic cost
in low-inflow years and is therefore not suitable. Instead, a
dynamic formulation that restricts discharge from the reservoir
is used. The constraint is formulated as a requirement to
stop any discharge, except to meet minimum flow obligations,
within a certain period ¢t € T, if the water level in the reservoir
is below a given threshold (V,f””), as given in (7). If there are
no minimum flow obligations Q""" = 0.

V keK,heH

(@)

If, the water level reach the threshold at any time within the

restriction period, the water level in the reservoir has to stay

above the threshold for the rest of the period T, adding (8) to
the weekly decision problem (and removing (7) ).

> wna QM| v <V
deD,

vn > Vi ¥ keK,he H ®)

Since the activation of (7) depends on the reservoir
level (vg,n), the environmental constraint introduces a state-
dependency, making the scheduling problem nonconvex. This
type of constraints are imposed on several Nordic hydropower
plants and can have a considerable impact on the seasonal
reservoir management [12].
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~
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Y

Fig. 1. Illustration of the system used in the case study.

TABLE I
HYDROPOWER SYSTEM
Power Reservoir | Generation | Discharge Average
P‘iane[ Capacity Capacity Capacity Inflow
[Mm3] [MW] [m3/s] [Mm3 /yr]
Upper (1) 195 15.0 26.0 536.0
Lower (2) 179 126.6 375 2763

III. CASE STUDY

The SDP model is applied to a small renewable system,
illustrated in Fig. 1, resembling a region that is weakly linked
to the rest of the power system. The model is run with 52
weekly stages and an 3-hour resolution within each stage.
The electricity demand within the region can be met by wind-
and hydropower, and partly by import at a deterministic price.
The transmission capacity is not sufficient to meet the power
demand at all times.

The wind power generation is represented by weekly energy
series, which is evenly distributed between the intra-week
time-steps. The total electricity demand is divided into a
household consumption and an industry consumption. The
household consumption is assumed to follow a weekly load
profile, while the industry consumption is constant.

The hydropower system is based on the Grésjg and Troll-
heim power plants in Folldalen, Norway. Details are given in
Table 1. The weekly inflow is assumed to be distributed evenly
throughout the week. The environmental reservoir constraint
is active from week 18-35 on the lower reservoir, and states
that no generation is permitted from the lower reservoir if the
filling of the reservoir is below 85% of maximum '.

Historical inflow data, wind power generation, temperature
adjusted load profiles and an exogenous power price for mid-
Norway is taken from a 2030 low emission dataset [17] run
with the EMPS model [14] 2 . To create a suitable test system,
the data was scaled to match the capacity of the chosen
hydropower system.

!'This type of constraint has been suggested for this power plant, but was
not imposed in the recently finished revision of the licensing terms.

2A market model designed for systems dominated by reservoir hy-
dro, used in the Nordic power market. https:/www.sintef.no/en/software/
emps-multi-area-power-market-simulator/



TABLE II
CASE DETAILS

TABLE III
AVERAGE YEARLY RESULTS

Case Total Load | Wind Power | Transmission VOLL Case Reservoir Cost Rationing | Spillage | Net Import
: [GWh] [GWh) [MW] [ €\MWh] s Constraint | [106 €] | [GWh] | [Mm3] [GWh]
Base 1403 474 100 500 Base NO 2.16 0.37 11.44 76.85
HighTrans 1 403 474 300 500 VOLL300 NO 2.08 0.37 11.44 76.85
LowTrans 1403 474 50 500 VOLL100 NO 2.00 0.43 1143 76.76
VOLL 300 1 403 474 100 300 LowTrans NO 2.70 0.47 12.58 78.12
VOLL 100 1403 474 100 100 HighTrans NO 1.93 0 11.64 77.29
HighWind 1 403 949 100 500 HighWind NO -15.83 0.09 16.28 - 387.94
Base YES 3.61 0.46 28.95 94.59
‘VOLL300 YES 3.50 0.47 28.87 94.49
X . VOLL100 YES 2.81 6.53 18.58 77.60
A. Representation of uncertainty LowTrans YES 4.80 1.55 35.58 101.12
. . . . . . HighTrans YES 2.33 0 18.09 83.44
Uncertainty is considered for inflow, wind power generation HighWind YES -14.98 0.99 23.78 381.07

and electricity demand from households (temperature depen-
dent). Serial- and cross-correlations in the stochastic variables
are accounted for by the use of a vector auto-regressive model
of order one (VAR(1)) to draw scenarios [18]. Each scenario
consist of 52 weekly values for each of the stochastic variables.
In the SDP-algorithm, the stochastic variables are represented
by a Markov-model. The final simulations were conducted for
100 of the originally sampled scenarios.

B. Case runs

In total, 12 case-runs are presented as part of this work.
Sensitivities are conducted on the transmission capacity, value
of lost load (VOLL) and wind power generation, as given
in Table II. In addition, the different configurations of the
system is considered both with and without the environmental
reservoir constraint.

IV. RESULTS AND DISCUSSION

This section present results from solving the cases described
in Table II. We compare results from optimal operation of
the Base and HighWind case with and without constraints on
operation of the reservoir, and comment on the sensitivity to
the value of lost load (VOLL) and the transmission capacity.
Finally, we discuss the implications of the reservoir constraint
on resource utilisation, local price formation and security of
supply.

A. Operational results

The environmental constraint has a considerable impact on
the operation of the system. If the reservoir level is below
the threshold in the constraint period, the lower hydropower
plant is not allowed to produce, which drastically reduce the
generation capacity in the system. Combined with unfavorable
wind conditions, this can lead to a shortage of generation and
rationing of load. Table III presents average yearly results
for operation of the system for the different case runs. In
general, the operational costs increase when including the
environmental constraint, due to higher imports of energy
and (in most cases) increased rationing of load. Furthermore,
spillages from the hydropower reservoirs increase for all cases
when the reservoir constraint is included, reducing the total
energy generation from the hydropower plants.

1) Base case: Fig. 2 (upper) shows the operation of the
lower reservoir (where the constraint is imposed). The reser-
voir management throughout the year changes completely
when considering the environmental constraint, in order to
keep both hydropower plants in operation. With high reservoir
fillings throughout the year, spillage would be expected to
increase, reducing the total generation from hydropower. The
average spillage increase from 1.4% to 3.5% percent of the
average total inflow when the constraint is included. There is
no curtailment of wind power.

2) High wind case: In this case, the total wind generation
is doubled, resulting in a net export of energy and a negative
total system cost, as given in Table III. The system still has
some rationing of load, but less than in the Base case. In some
hours curtailment of wind power occur, but on average less
than 0.5% of the total wind generation is curtailed. The high
share of wind gives a high variation in total energy availability
between the scenarios, increasing the spread in the operation of
the hydropower plants. This can be seen comparing the High
Wind case Fig. 2 (lower) to the Base case in Fig. 2 (upper).
Due to the increased availability of energy, rationing is lower
than in the Base case when the environmental constraint is
not included, while the spillage of water is higher. When the
environmental constraint is included, we find that the seasonal
reservoir operation of the reservoirs are less changed than in
the Base case. As a result, there is more rationing and less
spillage.

3) Value of lost load: The results are sensitive to the
expected cost of rationing, which is impacted by two factors:
VOLL (EUR/MWh) and the amount of rationing (MWh). The
VOLL can be seen as a calibration parameter, and the optimal
value used in this type of models is not easily defined. Ideally,
it should vary with type of consumption and duration of the
rationing of load [19]. From Table IIT we see that a low VOLL
(VOLL100) gives more rationing of load, but equal or less
spillage of water from the reservoirs than in the Base case.
More rationing is accepted in the VOLL 100 case, as the
system cost of rationing in this case is quite low. Fig. 3 shows
that the reservoir management is more similar to the operation
without the reservoir constraint for VOLL 100, giving lower
spillage than in the Base and VOLL 300 cases. VOLL up to
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Fig. 2. Water filling in the lower reservoir for the Base case (upper) and
Highwind case (lower) for all scenarios.
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Fig. 3. Average water filling in the lower reservoir for all cases.

4000 EUR/MWh was also tested, but gave similar results to
the Base and VOLL 300 cases.

4) Transmission capacity: The transmission capacity to the
larger system is vital for security of supply. If the transmission
capacity is reduced (LowTrans), the system becomes more
vulnerable to uncertainty and variation, which again increase
the probability of rationing. This is reflected in the operation
of the reservoirs by that the water level in the reservoirs are
kept higher, as shown in Fig. 3 for the lower reservoir. The
differences in operation are particular apparent for the cases
with the environmental constraint, having higher rationing
and spillage compared to the Base case. This is due to the
restrictions on operation combined with low import capacity
and high reservoir levels, accordingly.

If the transmission capacity is unconstrained (higher than
peak demand), scarcity will never be a problem (no rationing),
and the power generation can be optimised towards the larger
system. Comparing the HighTrans cases with and without the
environmental constraint, we see only small differences in the
operation of the hydropower reservoirs in the weeks before the
environmental constraint is activated, as illustrated in Fig. 3.
We have assumed a constant transmission capacity, the actual
capacity can vary with the operation and state of the system.

B. Local price formation

The dual value of the power balance gives the marginal
cost of covering one more unit of load, and represents the

Base
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Fig. 4. The dual value (local price) in the Base Case (upper) and HighWind
case (lower) plotted over one year for all scenarios. The highest dual values
reach (500 EUR/MWh), but for readability the y-axis is capped in the plots.

theoretical power price in competitive power markets. In
the defined system, one additional unit of load would in
most hours either be covered by increasing the hydropower
generation or adjusting the import/export. If the local system
is not constrained, the local price is equal to the exogenous
market price on the other side of the transmission cable.
However, when there is an increased risk of load rationing,
spillage of water or curtailment of wind power, the local price
formation will increase or decrease accordingly. The resulting
local price for the Base and HighWind case are given in Fig.
4. For both cases, there are more hours with high local prices
when including the environmental constraint.

In the Base case, the highest local prices can be found
before and in the beginning of the constraint period (before
time-step 1000) when including the environmental constraint.
Since the water level in the lower reservoir is below the
threshold for some scenarios (week 18 in Fig. 2), rationing
of load becomes necessary, resulting in local prices up to the
VOLL (i.e. 500 EUR/MWh). The higher local prices before
the constraint becomes active is due to the increased risk of
rationing, which gives higher marginal costs of using water.
In the HighWind case, the high local prices occur later than
in the Base case. This is because the water level in the lower
reservoir stays below the threshold for a longer period for
many of the scenarios (see Fig. 2). Still, due to the relatively
high wind power generation there are only a few scenarios
where rationing is required. Furthermore, the local price falls
to zero in more periods, due to curtailment of wind power or
spillage from the reservoirs.

V. CONCLUSION AND FURTHER WORK

An SDP-model for long-term scheduling of small hydro-
dominated systems is presented and applied to a case study
based on two Norwegian hydropower plants. The small test
model is found to be useful to evaluate area-specific aspects of
power system operation, such as the conducted case study. The
case study results demonstrate how operation of the system
is restricted when an environmental reservoir constraint is



included, increasing the risk of rationing in certain periods.
The magnitude and frequency of rationing strongly depend on
the configuration of the system and the assumptions of VOLL
used in the operational planning. Furthermore, both increased
transmission capacity and higher wind power generation are
found to reduce the impact of the constraint on the reservoir
management.

The results, in the form of price formation and rationing,
show that the system becomes more stressed when the envi-
ronmental constraint is added. The local price is found to be
higher within the constraint period in many of the scenarios. In
some of the scenarios, the increased risk of rationing also lifts
the local price in the weeks leading up to constraint period. To
dampen the negative impacts, the operations of the hydropower
resources are adjusted, significantly changing the reservoir
management. The sensitivity to the VOLL demonstrates the
importance of correctly pricing this parameter and alternative
flexibility resources in the system, such as demand flexibility.

Further work should include demand side flexibility, short-
term variations in wind generation and reserve capacity re-
quirements. In addition, impacts on local flexibility of different
types of environmental constraints could be considered.
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The paper ”Implications of environmental constraints in hydropower
scheduling for a power system with limited grid and reserve capac-
ity” was submitted for review to Springer in the journal Energy Systems in
November 2023. A revised version of the manuscript was submitted for 2°4 round
of revision in the same journal in April 2023. The revised version is included here.
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Abstract

The negative impacts of power systems on biodiversity have to be
mitigated, while simultaneously ensuring affordable and secure electric-
ity supply for the future. This may lead to trade-off situations where
ecological, recreational or social needs are weighted against the need
for flexible power supply. This paper explores the interaction between
the security of electricity supply and environmental constraints on the
operation of flexible hydropower plants in the Norwegian renewable-
based power system. A long-term, stochastic scheduling model of a
wind- and hydropower-dominated power system is used to assess the
implications of environmental constraints and reserve capacity require-
ments in combination. The model is used for a representative case
study where three types of environmental constraints are imposed
on the operation of the hydropower plants in a region of the con-
gested Norwegian power system. In addition, requirements for spinning
and non-spinning reserve capacity have to be met. The case study
results demonstrate varying impacts on the operation of the hydropower
plants, curtailment of demand and provision of reserve capacity
depending on the type of environmental constraint being imposed.
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Nomenclature

Sets

Dy, Set of discharge segments for hydropower plant h

H Set of hydropower plants

H Subset of hydropower plants with environment restrictions,

inH

P Set of hydropower plants that discharge to plant h

K Set of time steps within a stage (week)

N Set of discrete reservoir segments

S Set of scenarios

SP Set of reservoir states

S* Set of stochastic states

T Set of stages (weeks) in the planning horizon

T Subset of stages (weeks) where an environmental constraint

is active, in T
O Set of weighting variables 7, ,, defined for each hydropower

plant h

Decision variables

Qg1
b 1
Ch,h
€k
frn
Tn,m

lsk
Pk,h
qk,h,d

dk,h
min

Ak, h

o, h

s+
Tk

The future expected operating cost for stage t + 1

Bypass in time step k from plant h

Cost of start-up in time step k for plant h

Exchange of energy (import/export) in time step k

Spillage in time step k from plant h

Weighting variable allocated to the discrete reservoir seg-
ment combination n,m

Rationing of demand in time step k

Generated electricity in time step k& from plant h

Discharge in time step k& from plant h allocated to discharge
segment d

Total discharge in time step k from plant h

Amount of discharge allocated to meet the minimum release
requirement in time step k& from plant A

Provisions of upwards spinning reserves in time step k& from
plant h
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r,‘ifh Provisions of downwards spinning reserves in time step k
from plant A
Z’S,j Provisions of upwards non-spinning reserves in time step k
from plant A
sz+ Slack variable for upwards spinning in time step k
sy Slack variable for downwards spinning in time step k
sp° Slack variable for non-spinning in time step &
011 Sum of weighting variables for reservoir segment [ for
hydropower plant h
U, b Commitment (running) variable in time step k from plant h
Vk,h Reservoir level in time step k in reservoir h
W wind power generation in time step k
wy, curtailment of wind power in time step k
Parameters
B coefficient matrix
Cls Cost of rationing of demand
cr Penalty cost for unmet reserve capacity requirements
Cjtart Start-up cost of hydropower plant h
i Maximum allowed ramping rates of discharge for plant h
Di Industry electricity demand in time step &
D¢ Average weekly household electricity demand
€ Convergence criterion in the SDP algorithm
Mh,d Efficiency of hydropower plant h for discharge segment d
nprer Maximum efficiency of hydropower plant h
pimin Efficiency of operating at the minimum output for plant A
FC¢ Conversion factor from flow to volume
FH Factor to scale for the number of hours in time step k
H Number of hydropower plants
K Number of time steps
Ak Power price in time step &
I mean of data the series
M Number of nodes in the Markov model
N Number of discrete reservoir states
wkZ Profile to distribute weekly inflow to each time step k
wp Profile to distribute weekly household demand to each time
step k
w,ZV Profile to distribute weekly wind power to each time step k
pin Minimum power output of hydropower plant h
) Matrix comprising the expected future cost for each reservoir

state



b ek o Tt B e S

4 Implications of environmental constraints in hydropower scheduling...

v Matrix comprising the water values for each reservoir state

Qpin Minimum discharge of hydropower plant h

b Maximum capacity of discharge segment d for hydropower

plant h

QZ”“ Minimum discharge for plant h given by environmental
restrictions

RS+ Requirement for upwards spinning reserves

RS- Requirement for downwards spinning reserves

RNS+ Requirement for upwards non-spinning reserves

sP reservoir state

sy stochastic state

o standard deviation of data series

o’ Helping parameter to discourage operation to occur below

minimum output due to upward spinning requirements

gflown Helping parameter to discourage operation to occur below
minimum output due to downward spinning requirements

gpmin Helping parameter to discourage operation below minimum
output

T Number of stages in the planning horizon

Vim Discrete reservoir state, where n, m denotes the combination
of discrete reservoir fillings in the two reservoirs

Vjim Target water level (threshold) for reservoir h given by the
state-dependent maximum discharge constraint

w Wind power potential

X Data point

Yy noise vectors

Z Total weekly inflow

Zn Total weekly inflow scaled to hydropower plant h

1 Introduction

The transformation towards more sustainable power systems concerns abating
the negative impacts on the climate and biodiversity, while simultaneously pro-
viding an affordable and secure electricity supply. To achieve this, efficient use
of renewable energy resources and storage is a prerequisite [1]. Power systems
with larger shares of variable renewable energy resources have higher variabil-
ity and uncertainty in power generation than thermal power systems, thereby
increasing the need for balancing power and reserve capacity [2]. Hydropower
is anticipated to be a key enabler for the green transition in many parts of the
world as a provider of renewable power production and energy storage. The
potential for long-term energy storage combined with the ability to rapidly
adjust generation distinguishes reservoir hydropower from all other renewable
energy resources [3]. In power systems with high shares of renewable energy
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resources, the operational flexibility of hydropower plants may therefore be
imperative to the security of supply.

On the other hand, negative impacts are associated with all types of power
production, including hydropower. Land use changes have had the largest rel-
ative negative impact on nature since 1970 and power production contributes
substantially to this [4]. Many of the world’s watercourses are regulated for
the purpose of hydropower generation, leading to interruption of natural flow
conditions, fragmentation of ecosystems and changes in habitat conditions [5-
7]. Furthermore, hydropower operations may also limit the access to water for
other important functions, such as agriculture, drinking water supply, flood
control, tourism or recreation, while in several cases these functions can also
co-exist and benefit from each other. To mitigate the negative impacts of power
generation, environmental regulations may be imposed, such as the goals for
improved ecological status of freshwater ecosystems defined in the European
Water Framework Directive [8].

To protect the interests of local ecosystems and communities, environmen-
tal restrictions are often imposed through concessions for hydropower plants.
In the Nordic region, hydropower concessions may be revised after 30-50 years
in operation. In this process, environmental constraints can be updated or
added to improve the environmental conditions of the watercourse. There is
considerable potential for ecological improvements in many Norwegian water-
courses used for hydropower generation [9]. For hydropower plants considered
to have a high ecological priority by the Norwegian regulator (NVE) [10], it
is expected that stricter environmental restrictions will be imposed during the
revision of the concessions. At the same time, higher shares of wind power, elec-
trification and more cross-border transmission capacity are expected to result
in higher requirements for balancing power in the Nordic power market [11].
The Norwegian transmission system operator (TSO), Statnett, has emphasised
that several of the hydropower plants with a “high ecological priority” also
are important contributors of flexibility services to the Nordic power system
[11]. Particularly, some of these plants are essential to the security of supply in
congested regions of the power system. This may lead to trade-off situations
where ecological and recreational needs are weighted against the need for a
flexible power supply.

It is the TSOs that are responsible for maintaining security of supply by
balancing out short-term imbalances in the Nordic power market. Reserve
capacity may be acquired in advance to ensure that flexible resources can
be activated when required. The requirements for reserve capacity are cate-
gorised depending on response time and required duration. Reserve capacities
with short activation time (fast-responding reserves) are often referred to as
spinning reserves (e.g., FCR and aFRR in the Nordic and European power
markets) [12]. Reserve capacities that are slower to activate, also referred to as
non-spinning reserves (e.g., mFRR and RR in the Nordic and European power
markets), are used to release the fast-responding reserves and may be required
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for a longer duration [13]. An overview of the Nordic balancing markets and
the procurement procedure are presented in [14].

Hydropower can provide non-spinning and spinning reserves. The latter
requires that the plants are running (i.e., to respond fast) and may there-
fore require a higher level of detail to be included in the scheduling models,
such as unit commitment and minimum production levels. Procurement of
spinning-reserve capacity has previously been considered for the Nordic power
system in combination with fundamental long-term planning models in [15] and
[16], and in a fundamental short-term hydrothermal scheduling model in [12].
Furthermore, procurement of spinning reserve capacity has been considered
in medium-term hydropower scheduling from the perspective of a producer
operating as a price-taker in [17, 18] and a price-maker in [19]. Accurate rep-
resentation of unit commitment introduces non-convexities into the problem
as discussed in [18] and [19]. Such details are therefore often linearised, like in
[17] and [20], which may lead to an overestimation of available reserve capacity
[20] and inaccurate estimations of costs [12]. A review of methods for solving
large-scale unit commitment problems with uncertainty is provided in [21], but
with a focus on short-term problems. Accurate modelling of unit commitment
is rarely considered in large-scale, stochastic hydropower scheduling problems
for long planning horizons.

In this paper, we explore the interaction between security of electricity
supply and environmental constraints on operation of hydropower plants in
congested regions of power systems with high shares of wind- and hydropower
generation. This is relevant for the congested Nordic power system where parts
of the system may be weakly linked to the rest of the system. Traditionally,
these regions rely on large, flexible hydropower plants, but in recent years sev-
eral of these areas have also seen new developments in wind power. It is well
established that large amounts of wind power, above 50% of the capacity, can
be integrated into hydropower-dominated power systems like the Nordic power
system [22, 23], while also considering limited transmission capacity [24]. Fur-
thermore, coordinated operation of wind and hydropower has been shown to
ease congestion problems [25]. Still, to the best of our knowledge, modern envi-
ronmental regulations of hydropower plants combined with reserve capacity
requirements have not previously been considered in the long-term opera-
tional planning of hydropower-dependent systems with wind power. Previous
research that considers both reserve capacity requirements and environmen-
tal constraints on hydropower is based on short-term modelling. A weekly
hydropower scheduling model for the day-ahead and spinning reserve markets
that includes environmental constraints on the operation of hydropower is pre-
sented in [26]. Similarly, environmental constraints on hydropower operations
are included in the short-term hydrothermal scheduling model used to assess
the benefits of exchanging spinning reserve capacity in the Nordic market in
[12]. Still, the implications for long-term operational planning under uncer-
tainty have not been considered, nor has the interplay between reserve capacity
requirements and environmental regulation been assessed.
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We consider three types of environmental constraints on the operation of
hydropower plants in this paper: 1) discharge constraints with dependencies on
the water level in the reservoir (here referred to as state-dependent discharge
constraints), 2) ramping restrictions on flow, and 3) minimum flow require-
ments. The economic impacts of environmental minimum flow requirements
and ramping rates have been extensively studied in the existing literature,
see e.g., [27-29]. These types of environmental constraints have also been
shown to have a significant impact on medium-term hydropower scheduling
[30, 31]. Constraints that introduce binary logic or nonconvex characteristics
are often omitted or simplified in long-term operational planning under uncer-
tainty, due to the trade-off between accuracy and computational complexity
[32]. Non-convex constraints with dependencies on the water level in the reser-
voir can be challenging to include in long-term scheduling models that require
a convex model formulation. However, such constraints have previously been
demonstrated to have a considerable influence on medium-term hydropower
scheduling in [33, 34]. Furthermore, linear approximations for discharge con-
straints with dependencies on the water level in the reservoir are suggested in
[35].

The novelty of this work lies in the modelling of modern environmental
constraints on hydropower operation in combination with reserve capac-
ity requirements in a wind- and hydropower-dominated power system. A
stochastic optimisation model for the long-term scheduling of a hydropower-
dominated power system is used to assess the implications of environmental
constraints on the security of electricity supply in a wind- and hydropower-
dependent region. The system relies on flexible hydropower generation to meet
the variable electricity demand and the spinning and non-spinning reserve
capacity requirements. Uncertainty in inflow to the hydropower reservoirs,
wind power generation and temperature-dependent electricity demand are con-
sidered in the model. To the best of our knowledge, no previous model for
long-term stochastic scheduling of a hydro- and wind power system which
considers both state-dependent environment constraints and reserve capac-
ity requirements has been presented in the literature. Furthermore, limited
work considers environmental constraints in combination with reserve capacity
requirements. The main contributions of this work are twofold:

1. The formulation of a stochastic optimisation model for long-term schedul-
ing which balance environmentally-constrained hydropower, wind power
and exchange with an external power system to meet variable demand and
reserve capacity requirements. Environmental constraints on hydropower
discharge are modelled, including reservoir-level dependent maximum
discharge, maximum ramping of discharge and minimum release.

2. A thorough assessment of the interplay between environmental constraints
on hydropower and the system’s reserve capacity constraints in long-term
operation planning. Both types of constraints limit the operational flex-
ibility of hydropower plants. A representative Norwegian case study is
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presented, including a sensitivity study of certain characteristics of the
hydropower system.

The rest of this article is structured as follows. The long-term scheduling
model is presented in section 2. The environmental constraints are described
in section 3, including a discussion of the flexibility implications and the math-
ematical formulations. The case study is described in section 4, before the
results are presented in section 5. Finally, the paper is concluded in section 6.

2 Stochastic scheduling model

We consider the long-term scheduling of a wind- and hydropower-dependent
region in the Nordic power system. By regional, we mean that the model rep-
resents a limited geographical area, for example, a part of a price area in the
Nordic power system with a weak transmission link to the larger power system,
or a small-scale equivalent. The problem is formulated as a cost-minimizing
operational problem, where electricity demand is met by wind- and hydropower
plants, or import. In addition, reserve capacity requirements and environmen-
tal constraints are imposed on the system. Two large reservoir hydropower
plants provide short-term operational flexibility and seasonal energy storage
in the system. The optimal use of the hydropower reservoirs for energy storage
is strongly dependent on the meteorological conditions (i.e., water inflow and
wind) and the electricity demand. The ability to store water in the reservoirs
couples the dispatch decisions in time, while the large variations in inflow,
wind power generation and electricity demand on multiple time scales make
the problem stochastic in nature.

The resulting stochastic and dynamic optimisation problem calls for
efficient decomposition methods and is solved using stochastic dynamic pro-
gramming (SDP) [36]. SDP is an established solution method for long-term
hydropower scheduling problems (see e.g., [37]), that decomposes the problem
into smaller stage-wise problems, here referred to as weekly decision prob-
lems. The overall aim is to optimise the operation of the reservoirs and power
plants in the system to meet the electricity demand and the reserve capac-
ity requirements at the lowest possible cost, while respecting the physical and
regulatory constraints. We assume that the problem can be decomposed into
weekly decision stages for a planning horizon of one year, with an intra-week
time resolution of three hours. Furthermore, we assume that the stochastic
variables can be represented by a discrete Markov chain as briefly described
in section 2.1. The weekly decision problem is described in detail in section
2.2 before an overview of the modelling framework and the SDP-model are
described further in section 2.3. The Markov model and scenario generation
method used in the case study is explained in section 4.2.

2.1 Representation of uncertainty

We consider uncertainty over a weekly resolution for three variables: inflow
of water to the reservoirs, wind power generation and temperature-dependent
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electricity demand of households. A weekly time resolution is considered suit-
able for describing uncertainty in inflow for hydropower in the Nordic system
[38, 39], but may not be ideal for the modelling of short-term uncertainty and
variations in wind power. However, the model aims to model the scheduling
of hydropower with reservoirs over a long planning horizon, which in itself is
a difficult problem to solve. Short-term uncertainty should instead be handled
in the short-term modelling.

In general, we assume that the stochastic variables are correlated in time
and between themselves. The stochastic variables are represented by a dis-
crete Markov chain, allowing the conditional probability distribution of future
states to only depend on the current state. Markov chains are frequently
used to represent stochastic variables in SDP-based models for hydropower
scheduling [40]. Correlations of one lag are considered by including a stochas-
tic state variable in the SDP algorithm. A Markov model with M nodes in
each stage is generated for use in the SDP model. Each node comprises a
value for each of the stochastic variables, namely inflow, wind power genera-
tion and temperature-dependent electricity demand. The Markov model used
in the case study is described further in section 4.2, together with the scenario
generation procedure.

2.2 The weekly decision problem

The weekly decision problem for the scheduling of wind- and hydropower gener-
ation is described in the following. The model aims to meet electricity demand,
which consists of a deterministic industry demand and a stochastic household
demand, as well as requirements for spinning and non-spinning reserve capac-
ity at the lowest possible cost. The weekly decision problem is solved for every
stage (week), discrete reservoir state and stochastic state (i.e., node in the
Markov model) in the SDP model. The model solves the weekly decision prob-
lems over a yearly planning horizon (¢ € T), from the last week (T) to the first.
The uncertain nature of the problem is represented in the SDP algorithm by
the stochastic states and corresponding transition probabilities in the Markov
chain. All uncertain variables are assumed known at the beginning of the week
and the weekly decision problem is therefore deterministic. This implies that
the total weekly inflow (Z), the average weekly wind power generation (W)
and the average weekly household demand (D) are known at the beginning
of the week ().

The decision problem is formulated as a linearised (i.e., continuous) unit
commitment model, jointly optimising the energy generation and procure-
ment of reserve capacity from the hydropower plants. This implies that all
the hydropower functions are linearised in the decision problem. The weekly
problem is solved for K time steps of three hours, allowing for intra-week vari-
ations in the input parameters, i.e., inflow, wind power, electricity demand and
power price, to be considered in the decision-making. For the stochastic vari-
ables, the intra-week variations are modelled by weekly profiles which scale the
stochastic input parameters to each time step. For brevity of the mathematical
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formulation, the index denoting the stage (week), ¢, is only used to indicate the
change of stage (week). The presented formulation is for a hydropower system
with two reservoirs.

2.2.1 Objective function

The objective function (1) minimises the cost of operating the system in the
current week and the expected future cost of operating the system. The current
cost is determined by import/export (ex) at the price (\x), rationing of demand
(Isg) at the cost (C'), a penalty cost (C") of relaxing the spinning and non-
spinning reserve requirements (s, s;~, s7°) and a start-up cost (cy,p) of each
hydropower plant h in each time step k. Some cost elements are scaled for the
number of hours in each time step (F; ,fl ). The future expected operating cost
(oi41) is a function of the current stochastic state (sy') and the reservoir state
at the end of the week (given by vhen k=k)-

Oét(sp“?y) = mln{ZFf <)\kek + Clslsk + Cr(sz—}— 4 SZ— 4 SZS )
keKx (1)

+ Z Z Cryn + arp1(Vher p=K, St’) }

keK heH

2.2.2 Approximation of the expected future cost function

The expected future cost function is approximated by a two-dimensional piece-
wise linear and convex combination of the discrete expected future cost points
(ovt41(Vm, s3)) in Eq. (2). The future cost points are the expected objec-
tive function value, given the current stochastic state (s}'), calculated in the
previous stage (¢ + 1) for each reservoir state (V},,,), where n, m denotes the
combination of discrete reservoir fillings in the two reservoirs. The weighting
variables (v, ) are defined for all possible combinations of discrete reservoir
fillings in the reservoirs and have to sum up to one as given in Eq. (3). The final
reservoir fillings by the end of the stage (week) are connected to the weight-
ing variables and the discrete reservoir states as given in Egs. (4) and (5),
respectively, where each reservoir is discretised into n € N reservoir segments.

a1 (Vhen k=K, 5¢') = Z Z Yn,m0t+1(Vi,m, S¢) (2)
neN meN
N N
D am=1 (3)
n=1m=1
Vk,h = Z Z YnmViet ¥V k=Kh=1 (4)
neN meN
n =Y Y YamVieh ¥V k=Kh=2 (5)

neN meN
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Nonconvex future cost functions can be handled by introducing special
ordered sets of type two (SOS-2). SOS-2 are ordered sets of non-negative
variables where only 2 adjacent variables are allowed to take on non-zero val-
ues. This behaviour can be used to force the use of neighbouring weighting
variables (7y,,) in the interpolation between future cost points, thereby cap-
turing the nonconvex characteristics in the linear approximation of the future
cost function. The implementation follows the approach for piecewise linear
approximation of two-dimensional functions described in [41]. Special ordered
sets are frequently applied in operational research and are included as func-
tionality in many commercial solvers such as CPLEX. Note that the basic
formulation of the decision problem in this study is linear, but that non-
convex expected future cost functions may occur when the state-dependent
maximum discharge constraint is included, as described in section 3.3. If a
nonconvex expected future cost function may occur, SOS-2 are added to the
formulation through Egs.(6)-(7), where 6,5, is the sum of the weighting vari-
ables for each discrete reservoir segment [ in reservoir h, as given in Eq.(6),
and eh = {(9[:11}” 01:27;1, veny gl:N,h}-

On="Y., mm VYV IENheEH (6)

{n,m}yeNgomb
0, SOS-2 V heH (7)

2.2.3 Hydropower constraints

The hydropower system is modelled as a cascade of connected hydropower
plants with stations and reservoirs. The reservoir management is restricted by
the water balance (Eq. (8)) and the reservoir regulation boundaries (Eq. (9)).
Eq. (8) describes the balance of water entering and exiting the hydropower
reservoirs for each plant h in each time step k. Water can exit from the reser-
voirs by release in the form of discharge to the turbines (g ), bypass (b,5) or
spillage (fx,n) if the reservoir is full. Water may enter the reservoir as inflow
(Zy) or due to discharge from reservoirs higher up in the cascade (H,"). The
total weekly inflow is distributed to each time step by (w f ). Bypass and spillage
are assumed to flow directly to sea level. The units are converted from flow
(ng) to volume (Mm?) by a conversion factor (F©).

Ve — Vk—1.n + FC(qun + bip + fon) — FC Z (qr,;) = W Zn

JEHP (8)
V keK,heH
Vit < <V ke K,heH 9)

The operation of the hydropower stations h for each time step k is con-
strained by Eq. (10)-(15). The unit commitment of each station is controlled
by a variable indicating if the station is running (u,5). A linear approximation
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of unit commitment is used for computational purposes, i.e., the “running”
variable (ug,p) is a continuous variable between 0 and 1, as given by Eq. (10).
Linear approximations of the power-discharge relationship (PQ-curve) nor-
mally provide good estimates when the hydropower stations are operated close
to the best efficiency points of the units in the station, but overestimate the
power generation when the station is running on low output. To reflect the
reduced efficiency in “low operation” points, we include a minimum discharge
(@) and power output (P/"), following the approach described in [12].

The cost of start-up (c,p) is given by the cost C5*"* and change in running
status as given in Eq. (11) and Eq. (12). The total discharge is described by Eq.
(15) and the total power output as a function of the station discharge by Eq.
(13). The modelling of the minimum operational point is based on the running
variable (ug,p). The power output for a station operating above the minimum
generation level is described as a piecewise linear and concave function of Dy,
discharge segments, where the power output of each discharge segment d is
given by the efficiency (n5,q4). The use of each segment (g n,q) is restricted by
a maximum limit (Q}'3") in Eq. (14).

Oguk>h§1 V ke K,heH (10)

o > CRt o up py —ug—1p) ¥ kEK,heH (11)

an>0 YV kekKheH (12)

Peh = we n P+ Z Mhddkhd Y keEK,heH (13)

deDy,

0<qgrna<urnQpg” VY keK,heH,deDy (14)

Qe < U, QR + Z Gihd YV keKheH (15)
deD;

Eqs. (16)-(19) describe the amount of reserve capacity that can be provided
by the hydropower plants. Provisions of upwards (rj% ) and downwards (r] )
spinning reserves require that the hydropower plant is running, as given by
Egs. (16) and (18), respectively. Provision of upwards non-spinning reserves
(r5F) is restricted by the total turbine capacity in Eq. (17) and the availability
of water in the reservoirs. Eq. (19) provides an optimistic boundary for the
required available water based on the maximum efficiency (%)7 where FC

converts the units from flow (m?a) to volume (Mm?).

T'ZJ;L +pk,h < uk’hp}:naz V ke ’C, heH (16)

e A oen S PPV keKhel (17)
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T’Z;L < Pk,h — Uk hPmm V ke K,heH (18)
,r,ns+
FO(EM Yy <upp ¥V keKheH (19)
e :

The linearised unit commitment formulation does not guarantee operation
above the minimum production point. To discourage operation below mini-
mum output to occur for the purpose of delivering reserves, parameters a;;p
and 0¥ are introduced in Egs. (20) and (21) respectively. Eq. (20) limits

the delivery of upwards spinning reserves from hydropower plant h if oper-

ating below minimum output, where 0,” = 1;5+ for prin > R3* and 0 if

Pmin < RST. Similarly, Eq. (21) limits the delivery of downwards spinning

. .. prin .
for operations below minimum output, where Jflo“’" = 5= The require-

ments for upwards and downwards spinning reserves are given by RSt and
RS~ respectively. Note that Eqgs. (20) and (21) only tighten the problem for-
mulation if P > R5* and P > RS~, accordingly. These constraints
are therefore only useful in some special situations, for example, if a smaller
amount of reserve capacity is required to be provided within a region or from
a particular hydropower cascade, e.g., like the case study in [17].

oWt <pen ¥V k€K heEM (20)
(O_goum + 1),2; < Di,h VY ke K:, heH (21)

2.2.4 Wind power constraints

The wind power generation (wy,) is restricted by the wind power potential (W)
and the curtailment of wind power (wf,), as given in (22). The average weekly
wind power potential is scaled to each time step by a weekly profile (w,gv)

wp —wi =wi' W ¥V kek (22)

2.2.5 System constraints

The power balance, given by Eq. (23), ensures that the sum of the hydropower
generation (pg,p), wind power generation (wy) and exchange of energy (eg)
equals the total demand in all time steps k. The total electricity demand is
given by an industry demand (Df), a household demand (D) and the option
to ration demand (Isy) at a high cost. The weekly average household demand
is scaled to each time step by a weekly demand profile (wp). The utilisation
of the transmission cable is limited by Eq. (24).

> pentwk+er+lsy =D +wP D!V kek (23)
heH

—E<er<E V kek (24)
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The requirements for reserve capacity can only be met by provision of
spinning (7“,5;;” 77 5,) and non-spinning (rﬁf) reserves by the hydropower plants
in the systonﬁ. Eq (25)-(27) ensure that the requirements for upwards spinning
reserves (RS1), downwards spinning reserves (R°~) and non-spinning reserves
(RNST) are met. The reserve requirements in Eq. (25)-(27) can be relaxed by
the use of slack variables (s°F,s°~,s™T) but are penalised at a high cost in

the objective function.

dorh+sit =RV kek (25)
heH
dorintsy =RV kek (26)
heH
dorpst st = RNST Y kek (27)
heH

2.3 Overview of the model framework

The solution framework is divided into two main parts: a strategy calculation
(SDP model) and an operational forwards simulation (FS) as described in
Fig. 1. The strategy calculation serves to compute the expected future cost
functions (sometimes also referred to as the cost-to-go functions) that are used
in the forwards simulation to represent the value of storing water.

In the strategy calculation, the SDP model is solved iteratively based on
backward recursion. The algorithm iterates from the last stage T to the first
stage. In each stage, the decision problem is solved for all combinations of
discrete reservoir states (i.e., N2 states) and the nodes in the Markov model
(i.e., M nodes). The state variables comprise all the information passed from
one decision stage to the next. We consider two state variables: the reservoir
state (sP) and the stochastic state (s}). The reservoir states comprise infor-
mation about the water levels in the reservoirs at the beginning of each stage,
while the stochastic states comprise information about the stochastic vari-
ables. Three stochastic variables are considered in this work: the total weekly
inflow to the reservoirs, average weekly wind power generation and the total
weekly temperature-dependent electricity demand. The expected future costs
are calculated by taking the expectation of the calculated future costs for each
system state over all the stochastic states.

To account for end-of-horizon effects, the algorithm iterates until the water
values in the first and last stages converge, as shown in Fig. 1. The water values
are the marginal value of storing water in the reservoir (i.e., the marginal
change in the expected future cost function). Convergence is achieved when
the maximum difference between the water values in the last stage and the first
stage is below a predefined error (€). The water value matrix (V) comprises
the calculated expected water values for all reservoir states. If the convergence
criterion has not been met, the water values from the first stage are used to
calculate the expected future cost at the end of the planning horizon (t =
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T) before a new iteration starts. The pseudocode of the implemented SDP
algorithm is given in Appendix A. When convergence is achieved, the operation
of the system is optimised for the weekly decision stages in a forwards sequence
in the simulation. The forwards simulation is conducted for a set of S scenarios,
using the calculated expected future costs to approximate the value of storing
water in the weekly decision problem.

Initialization
Qjy1,e= = Qjp=0 G=re=7 =0 System description,
2 stochastic variables

Run SDP model
Solves the decision problem for all
stages, reservoir states and
stochastic states
(calculates a, (s?, st'))

NO

Convergence?
W)= — Wje=ol <€

o (sP, s¥)* YES System description,
stochastic scenarios

Run simulation
Solves the decision problem in a YES
forward sequence for a set of
scenarios l
Optimal operation Re-simulate
per scenario LPs with fixed variables

Fig. 1: Flow chart of the solution process with the strategy phase (SDP-model)
and final simulation.

The weekly decision problem is solved in both the strategy calculation
and the forward simulation. The basic formulation of the decision problem
is given by Egs. (1)-(5),(8)-(27) and is an LP, as described in section 2.2.
All decision variables are defined as positive variables, except the expected
future cost (ay4+1) and exchange (eg), which may take non-positive values.
Furthermore, the environmental constraints presented in section 3 may be
added to the problem. If the environmental constraints make the problem
nonconvex, Egs. (6)-(7) are added to the formulation, turning the problem into
a MILP. If the simulation comprises weekly decision problems that are MILPs,
a second simulation may be conducted in order to obtain dual values from the
solution. In the second simulation, the weighting variables (-, ) that are used
to represent the nonconvex expected future value curve (see section 2.2.1) are
fixed to the optimal solution from the first round of simulations. The SOS-
2 (Egs. (6)-(7)) can then be removed from the decision problem, turning the
problems into LPs before a second round of simulations is conducted.
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3 Modelling of environmental constraints

Operation of hydropower plants can be restricted by a wide range of environ-
mental constraints, often with the goal of controlling the water level in the
reservoir or the flow downstream of the plant or in a side river (bypass section).
The constraints aim to mitigate negative effects on surrounding ecosystems
or facilitate other water uses (e.g., recreational use or irrigation). While some
environmental constraints are designed for a specific purpose, and might there-
fore only be used for one particular hydropower plant or system, some types
of environmental constraints are frequently recommended and more generic in
type. Most commonly used are constraints to control the flow in certain parts
of the river reach, i.e., minimum flow requirements or maximum ramping rates.

In the following, we present the three types of environmental constraints
included in this study. We briefly describe the purpose of the constraints and
the implications for operational flexibility, before we provide the mathemati-
cal formulation of the constraints as included in the weekly decision problem
described in section 2.2. The environmental constraints can be imposed on all
or a subset of the hydropower plants in the system (7:[ C H), for the entire
planning horizon or a given period (7" C 7). State-dependent constraints intro-
duce non-convex characteristics to the problem and are therefore challenging
to include in models based on linear programming [32].

3.1 Minimum flow constraints

Minimum flow constraints can be attributed either to the bypass section or
to the river section downstream of the outlet of the hydropower plant. Min-
imum flow in the bypass section requires a constant discharge of water to
be released from the reservoir past the turbines or intake, to maintain water
flow in the original river bed. This results in a direct energy loss propor-
tional to the amount of water released. The minimum discharge constraint
targeted at the downstream section of the river also requires a minimum flow
of water to be released from the reservoir, but in this case, the water can be
released through the turbines, which implies that the water can still be used
for power generation. Still, total power production can be reduced, as opera-
tions with sub-optimal efficiency may occur more frequently in order to meet
the constraint. The minimum flow regimes are often defined as a constant flow
throughout the year, sometimes diversified between seasons [42], but are usu-
ally only a small proportion of the original flow. In Norway, a few cases have
more dynamic minimum flow regimes with the intention to mimic natural,
hydrological variations.

Both for minimum flow requirements in the bypass sections and down-
stream sections, water must be stored and available to meet the constraint
in all periods of the year, hence reducing the operational flexibility of the
hydropower plant. Considering the minimum discharge downstream of the out-
let, parts of the power generation may be moved from hours with high demand
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to hours with low demand to meet the constraint, thereby reducing the oper-
ational flexibility of the plant. In addition, the hydropower plant’s capability
to supply downwards reserves may be reduced, since the plant may be forced
to stay in operation to deliver the required water flow.

Minimum flow requirements are normally straightforward to include in
long-term scheduling models, even though more advanced requirements may
introduce modelling complexities (e.g., flow regulations dependent on the
stochastic state). The minimum release requirement, given in Eq. (28), ensures
that the sum of discharge (g,5) and bypass (by,5) is above a minimum require-
ment (Q;""). The amount of discharge allocated to meet the minimum release
requirement is represented by a separate variable (qL"}L") and constrained by the

min

total discharge (Eq. 29)). The parameter o}""" = max{%, 1} is introduced

—h
to discourage operation below minimum output. A slack variable penalised
with a high cost in the objective function can be included in Eq.(28) to ensure
feasibility in low water and inflow states or if negative inflows are considered.

G A bkn > QM ¥V teT ke hetl (28)
(P ™) gin < qrpn ¥ teT,keK,heH (29)
As discussed, minimum discharge obligations may limit the plants’ ability

to deliver downwards spinning reserves. By introducing ¢7" as a separate

variable, the minimum amount of turbine capacity allocated to meeting the
minimum release requirement (q,?fﬁ”n,’f"”) can be withdrawn from the capacity
available for providing downwards reserves by updating Eq.(18) as shown in
Eq. (30). The efficiency of operating at the minimum output is given by .

Furthermore, Eq. (21) is tightened as shown in Eq. (31).

e < Prkh — Uk n P — gtV teTkeK,heH (30)

(odown 4 Drign < P — q{”,;";tnhmm V teT.keK,heH (31)

3.2 Ramping constraints

Maximum ramping constraints limit the rate of change in discharge from
the power plants. The aim of such restrictions is to reduce the environmen-
tal impacts of rapid and frequent fluctuations in flow, sometimes denoted as
hydropeaking operations. A major concern related to hydropeaking operation
is stranding of fish and other water-related organisms during down-ramping
(because of de-watering of the downstream rivers), and flushing of organ-
isms when the hydropower plants ramp up. In Norway, the majority of such
restrictions have previously been expressed in qualitative terms. More quanti-
tative constraints on ramping rates are expected to be defined in revisions of
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these types of terms, following new classification systems for environmentally
acceptable hydropower operations [43].

Constraints on ramping rates do not have a direct energy loss but reduce
the flexibility of the plant by shifting parts of the production between hours in
the short-term (within a day). Furthermore, the plants’ potential to supply up
and/or down-regulating reserves is limited by the maximum allowed ramping
rates. Ramping restrictions can be more challenging to model in long-term
scheduling models, as such constraints couple decision variables in consecutive
periods. Here we consider ramping rates within the weekly decision problem, as
given in Eq. (32), and not between the stages. The maximum allowed ramping
rates are given by 65",

=05, < Qb — Qe k—1,0 <05 V teT, ke, he H (32)

Provision of upwards and downwards reserves is implicitly restricted by Eq.
(32). The problem formulation is tightened further by adding Eq.(33) and Eq.
(34). By including these constraints, the maximum allowed increase/decrease
in power output per time step (n;***d;"") is scaled to an hourly limitation on
provision of reserve capacity (F%) For example, a ramping restriction of 15
MW per time step of three hours would give a maximum ramping of 5 MW
per hour, if we assume even ramping within the time step, and the maximum
reserve capacity that can be provided would therefore be 5 MW

e 1 A
P T S ATV teTkeKhe R (33)
k
: :
i S g Y teTkeKhen (3
k

3.3 State-dependent maximum discharge constraints

State-dependent maximum discharge constraints (also known as soft reservoir
constraints) are limitations on discharge imposed to achieve certain water lev-
els in the reservoirs for given periods and are therefore categorised as a type
of reservoir constraint. In Norway, reservoir constraints are divided into hard
and soft reservoir constraints. Hard reservoir constraints define maximum and
minimum allowed water levels for given periods. Minimum water levels may
be imposed to ensure water supply (e.g., for ecological purposes, irrigation
and drinking water) or to facilitate tourism and recreational activities, while
maximum reservoir levels can be imposed to secure sufficient dampening of
floods. State-dependent maximum discharge constraints (i.e., soft reservoir
constraints) can be used when hard reservoir constraints are unsuitable because
of seasonal variation in inflow, or if hard constraints are considered too strict.
In Norway, state-dependent discharge constraints are used to incentivise high
water levels in the summer season for recreational and landscape purposes,
but these constraints can also be applied to ensure irrigation or drinking water

supply [44].
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Hard reservoir constraints, and especially minimum water levels, may have
large flexibility implications. A minimum water level requirement for the sum-
mer season could potentially reduce the power production in winter and early
spring, since water must be restrained in the reservoir to ensure that the
minimum level can be met for all possible inflow realisations. Instead, power
production is increased in the summer season (which typically has lower
demand) and the probability of spillage increases. The plants’ capability to
provide reserve capacity is not considered to be reduced. On the contrary,
state-dependent maximum discharge constraints do not require water to be
restrained in the reservoir before the constraint becomes active, but the opera-
tion of the plant is strictly limited during the constraint period. As illustrated
in Figure 2, power production can be restricted in parts of the period when the

cC g
Tre
Threshold
o n 1./4. 2. 3.
&
=
2 h4
> 2. 3. 4,
Week

Fig. 2: [llustration of the state-dependent discharge constraint. The constraint
is active in periods 2 and 3 (red and yellow shaded areas). When the water level
is below the threshold, discharge from the reservoir is not permitted (i.e., red
shaded area, period 2), but when the threshold is met, the constraint chlanges
into a minimum water level constraint (i.e., yellow shaded area, period 3).

The constraint is defined mathematically as follows:
1. If the water level in the reservoir is below a given threshold V™ for a
given period ¢ € T, discharge from the reservoir is restricted to allow only
environmental flow requirements by Eq. (35).

G < Q" | virh=rn <Vi™ VY teT ke heH  (35)

2. If the water level exceeds the threshold V}f’im within the given period T,
Eq. (35) is replaced by a minimum reservoir level constraint enforcing the
water level to stay above the threshold for the remainder of period 7 in

Eq. (36).

Vi = VI o gekn 2 VIV teTkeK,heH  (36)
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By constraining the discharge, the power production and provision of
reserve capacity from the plant are also restricted. In practice, no provision of
reserves is allowed when Eq. (35) is active, as given by Eq. (37). If the reservoir
threshold is met (i.e., Eq. (35) is replaced by Eq. (36)), provision of reserves
is possible, but Eq. (19) is replaced by Eq. (38).

DT AT AT SO [vekmkn < VIV teT k€K (37)
heH

s+
e Toh lim lim = y
F( ) < Vepn— V) |Uz—1,k:K,h >V, V teT, ke, heH

n’}’{L(L(L’
(38)
We also consider a relaxed version of the state-dependent maximum
discharge constraint;
1. Even if the reservoir threshold is not met, production at the minimum
discharge point and provision of spinning reserves are allowed, replacing
Eq. (35) with Eq. (40) and Eq. (37) with Eq. (39).

Sorih <0 Jvak—kn <Vi™ OV teT,kek (39)
heH

G < Q™ Jvikmxn <V ¥ teT ke heH (40)

The reservoir level dependent logical conditions described above are han-
dled in the SDP algorithm. Within the constraint period (t € T), the water
level in the reservoir is checked at the beginning of each week (stage) before the
decision problem is solved. If the water level is below the threshold, constraints
(35) and (37) are added to the decision problem. For the relaxed version of
the constraint, (40) and (39) are added instead of (35) and (37). If the water
level is above the threshold, constraints (36) and (38) are added to the decision
problem. In the backwards recursion, the decision problem is solved for a set
of discrete reservoir states. The reservoir level at the beginning of the week is
then given by the discrete value for the water level in each reservoir (given by
Vn,m), instead of the end-reservoir filling in the previous week (vi—1 g=rk,n)-

We avoid adding binary variables to the decision problem by handling
the state-dependent logic directly in the SDP algorithm. However, due to the
nonconvex characteristics of the regulation, the future expected cost function
may become nonconvex. This is handled by including special ordered sets in
the modelling of the expected future cost curve, i.e., adding Eqs.(6)-(7) to the
decision problem as described in section 2.2.2, which turn the problem into a
MILP.
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4 Case study

This section describes the test case study of a regional, renewable-based power
system based on real-life and simulated data from Norway. The test case is used
to analyse the impact of different environmental constraints on the operation
of the system, while also considering three different levels of reserve capacity
requirements. The operational flexibility needed to meet net demand and the
reserve capacity requirements has to be supplied by the hydropower plants.
The system represents a realistic future situation in parts of the Nordic system
where hydropower plants have to balance net load in systems with high shares
of wind power generation, while delivering reserve capacity and respecting
stricter environmental constraints. The case study design is highly relevant for
the hydro-dominated Norwegian power system. Several hydropower cascades
in the Nordic area are subject to environmental constraints and contain power
plants that are crucial for security of supply. Moreover, several of these systems
have limited access to the larger power system due to grid constraints.

The case study was conducted using the scheduling model described in
section 2 including the different environmental constraints described in section
3. The model was implemented in Julia v1.5 using the JuMP package [45] and
the CPLEX 12.10 solver [46]. For the MILP problems, the relative MIP gap is
set to zero and the absolute MIP gap to 10710 in the solver settings. The SDP
model was solved for a convergence criterion of ¢ < 0.1%, where e denotes
the maximum difference in the water values from the previous iteration.

4.1 System description

An overview of the case study system is provided in Fig. 3a. The system
consists of two hydropower plants in a cascade, wind power, household demand
and industry demand. We assume that there are no grid limitations within the
modelled area, but the system is connected to a larger power system through
a transmission line with limited capacity. The transmission line can be used to
trade towards a deterministic, exogenous power price (given in Appendix C).
The transmission link can cover parts of the demand but is not sufficient to
completely support the local system. The costs of curtailment of demand for
energy and reserve capacity are set to 4,000 % and 2,000 M€—W, respectively.
The hydropower system is set up to resemble a physical system, in order
to represent the physical properties of the environmental constraints. The
topology of the system is given in Fig. 3b together with an illustration of
the PQ-curves of both stations. As discussed in section 2.2, a lower efficiency
is assumed for operation at minimum output (or below). The efficiency at
minimum output is set 20% lower than the best operational efficiency.

4.2 Markov model and scenarios sampling

As described in 2.1, three stochastic variables are considered in this work:
weekly inflow to the reservoirs, average weekly wind power generation and
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(a) The test case power system (b) Details of the hydropower system

Fig. 3: Illustration of the test case system.

average weekly household demand. The stochastic variables are represented by
a Markov model in the SDP model and a set of scenarios in the simulation.
Plots of the stochastic input data, the sampled scenarios and the Markov model
are shown in Appendix B.

The Markov model was generated by the use of a vector auto-regressive
model and clustering. Weekly time series from 58 weather years from the
HydroCen Low Emission dataset for 2030 of Northern Europe [47] are used as
input data for the stochastic variables. The dataset consists of weekly histor-
ical inflow series, simulated wind power generation and temperature-adjusted
household demand for a region in mid-Norway. The data follow seasonal pat-
terns. To subtract the seasonality from the time series, the data was first
normalised by Eq. (41), where u; and o, are the mean and standard deviation
of the series in week t.

e Xy — e

o

To account for correlations in time and between the variables in the multi-
variate time series, a vector auto-regressive model of order one (VAR(1)) was
fitted to the data, assuming the seasonally adjusted data to be weekly sta-
tionary. VAR models have been found to give improved descriptions of inflow
in systems with correlations between inflow and wind [48]. A general VAR(p)
model is given in Eq. (42), where X; are vectors of variables, B; are the
coefficient matrices and €; are noise vectors.

P
X, = Z B X, +y, (42)

i=1
The SDP model requires a discrete representation of the stochastic vari-
ables. This was achieved by scenario generation and clustering [49]. To generate
a larger sample of scenarios than provided in the original data, 10,000 scenar-
ios consisting of successive, weekly realisations of the stochastic variables were
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sampled from the VAR(1) model. To obtain a manageable number of scenar-
ios, a Markov chain with 10 nodes per stage (week) was generated from the
sampled scenarios by the use of K-means clustering [50].

The Markov model was generated based on the sampled scenarios, rather
than the original data, to have a larger sample (than the original 58 scenar-
ios). If a small sample is used for clustering, some nodes may only be visited
by a few scenarios, which could lead to very low transition probabilities and
numeric issues in the SDP algorithm. The centre points of the clusters are
used as nodes (stochastic states) in the Markov model and the probability of
transitioning between the nodes (stochastic states) from one week to the next
was determined by counting the share of trajectories transitioning between the
clusters. Note that each stochastic state comprises a value for each of the three
stochastic variables. The generation of the Markov model is illustrated in Fig.
4. An alternative approach to clustering could be to use a scenario reduction
method like in [51].

A weakness of the applied method is that the nodes in the Markov model
may not represent the most extreme outcomes of each stochastic variable ade-
quately. Extreme realisations of the stochastic variables are essential for the
scheduling of the hydropower plants [52]. If low and high inflow years are not
satisfactorily represented in the stochastic model, the cost of running out of
water or spilling water may be undervalued. To account for this, the represen-
tation of extreme inflow scenarios in the Markov model is adjusted by adding
an additional high and low inflow node for each week, similar to the approach
in [52]. The extreme nodes are set equal to the highest and lowest inflow values
for each week in the original input data. Finally, the transition probabilities
are adjusted by allocating the scenarios closest to the extreme values to the
new nodes.
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Fig. 4: Illustration of the generation of a Markov model by clustering. For each
stage (week), the scenario trajectories are clustered together, as illustrated by
the coloured areas in (a). Each cluster is represented by the centre point of the
cluster. The centre points are used as nodes (representative stochastic states)
for each stage in the Markov chain, illustrated in (b). Finally, the Markov chain
is expanded by adding two extreme nodes in each stage, as represented by red
in (b).

The stochastic variables (scenarios and Markov model) are de-normalized
reversing the process in Eq. 41 before being applied in the case study. The
forward simulation was conducted for 1,000 of the 10,000 sampled scenarios.
The scenarios were drawn randomly from the sample, and the same scenarios
were used for all the cases in the case study.

4.3 Intra-week variability

Inter-weekly variations in the stochastic variables are modelled by weekly pro-
files which are used to distribute the weekly values to the three-hour time steps.
Household demand is represented by a generic weekly profile with a three-
hourly resolution. For wind power generation and inflow, flat weekly profiles
are used in the SDP calculation, as the real weekly variations cannot be well
described by a single generic profile. In the forwards simulation, a set of weekly
profiles for variability in wind power generation are used. The weekly wind
profiles are from the original input data and matched to the weekly scenario
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values based on the average weekly wind power generation. The determinis-
tic industry demand is assumed to be constant in all time steps, while the
deterministic, exogenous power price is given for a three-hour resolution. The
deterministic exogenous power price, the average seasonal profiles for inflow,
wind power and household demand, and the weekly profiles for demand and
wind power generation are given in Appendix C.

4.4 Environmental constraints

Three environmental constraints are considered for the lower hydropower plant
(HY 2): state-dependent maximum discharge, ramping on discharge and min-
imum release. An overview of the environmental constraints is presented in
Table 1. The environmental constraints are considered in each case by adding
the associated equations (given in section 3) to the decision problem.

Table 1: Overview of environmental constraints

Case Constraint name Active period Level

EO0 None None None

El State-dependent maxi- | Week 18-35 q <0 if v < 85% of reser-
mum discharge voir capacity

E1* Relaxed state-dependent | Week 18-35 g < QMM if v < 85% of
maximum discharge reservoir capacity

E2 Ramping on discharge All weeks 15 mTj per time step up and

down
E3 Minimum release Week 1-17 and 44-52 | Winter: 6.95 %, Summer:
(winter), 18-43 (summer) 20.07 m°

The state-dependent maximum discharge constraint (E1) states that from
week 18, no discharge is permitted from the reservoir before a target level
of 85% of the reservoir capacity is reached. After the wanted water level is
reached, the water level has to stay above the target level until week 35. The
relaxed version of the constraint (E1*) is active for the same period but allows
for operation at minimum output when the water level is below the thresholds
in the constraint period. The ramping constraint limits the maximum permit-
ted change in discharge from one time step to the next (up and down). This
type of constraint is only considered within the week and not included as a
state variable connecting the subproblems in the SDP-model. The maximum
ramping level corresponds to a ramp-up period of approximately 12 hours to
ramp up from 0 to maximum capacity, while the minimum output point can be
reached in three hours (one time step). Finally, the required minimum release is
defined for the summer and winter seasons specifically. For the summer season,
the minimum release requirement is set to 35% of maximum turbine discharge,
while the requirement is set to 12% in the winter. This is a relatively high flow
requirement, but in line with emerging best-designed mitigation measures in
the range of 25-30% of the max turbine flow capacities [9].
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4.5 Reserve capacity requirements

We consider two different levels of required reserve capacities, in addition to
the Level 0 (L0) case without reserve capacity requirements, as presented in
Table 2 and Fig. 5. The spinning reserve requirement in Level 1 (L1) is approx-
imately 10% of the average variable demand, while the requirement in Level
2 (L2) is dimensioned to 10% of the wind power generation in the 10% hours
with the highest wind power potential for the summer and winter seasons,
respectively. In Level 1, the non-spinning reserve requirement is defined for
the winter season and dimensioned to cover approximately 25% of the aver-
age household demand. In Level 2, a constant amount of non-spinning reserves
dimensioned to cover approximately 30% of the average household demand is
required throughout the year.

B —— e — — — — — — — -
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———— Level 2, non-spinning
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Fig. 5: [llustration of the spinning (solid lines) and non-spinning (dashed lines)
reserve requirements for Level 1 (green) and Level 2 (red).

Table 2: Overview of the reserve capacity levels.

Case Spinning Reserve Requirements Non-spinning Reserve Requirements
Level 0 0 MW 0 MW

Level 1 5-10 MW 0-20 MW

Level 2 15.5-23.3 MW 25 MW

4.6 Overview of case runs

The model is solved for a range of different cases, combining the different envi-
ronmental considerations and reserve capacity requirements as given in Table
3. Note that the E1+L2 case is solved using the modified state-dependent
maximum discharge constraint (see E1* in Table 1). An additional set of sim-
ulations are conducted for the cases that include environmental constraints
(E1-3) to evaluate the importance of consistency in the strategy and simula-
tion part, i.e., the importance of including the environmental constraints in
the strategy calculation as well as the simulation. This is done by simulating
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the cases with the constraints (E1-3) using inconsistent future cost functions
(IC), namely expected future cost functions calculated without the constraints
(E0). Furthermore, a small sensitivity study of the characteristics of the lower
hydropower plant is outlined in Section 5.5.

Table 3: Overview of case runs (X), simulations with inconsistent future cost
functions (IC) and cases included in the sensitivity study (S).

EO E1l E2 E3
Level 0 X X, IC X,IC | X,IC
Level 1 X X, IC X,1C | X,IC
Level 2 X,S | XT,1C?, 87 | X,IC | X, IC, S

5 Results and discussion

This section describes the results from the case study. We first discuss some
overall operational results. This is done for the three different types of
environmental constraints considering the different levels of reserve capacity
requirements. Secondly, we discuss the capability of the system to meet the
demand for electricity and the requirements for reserve capacity. Thirdly, the
value of considering the environmental constraints in the strategy calculation
(i-e., the SDP model) is assessed, before we finish with a sensitivity study of
the design of the lower hydropower plant.

5.1 Average total results (yearly)

This part describes the overall results given in Table 4 and discusses the devel-
opment when including the different environmental constraints and reserve
capacity requirements. Total curtailments of demand for energy and reserves
(i.e., unmet demand and reserve capacity requirements) are only briefly
mentioned here and discussed further in sections 5.2 and 5.3.

For reference, we first consider the cases without environmental constraints
(E0+L0, E0+L1 and E0+L2). The overall operational costs are negative, due
to the export of energy out of the area. The cost of operation increases (i.e., the
profit is reduced from 12 M€ to around 8 M€) when reserve capacity require-
ments are included (E0+L1 and E0+L2 compared to E0+L0). The average
total hydropower generation is maintained with increasing levels of reserve
capacity requirements, but the average wind power generation is reduced
(down 2-5%), resulting in a lower net export of energy. Minor amounts of
energy and reserve capacity demand are curtailed. There is a higher curtail-
ment of demand in the E0+L1 case and higher curtailment of demand for
reserves in the EO0+L2 case (compared to E0+LO0). The rest of this section
discusses the implications of the environmental constraints (E1-3 compared to

! Uses E1* in Table 3.
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E0) considering different levels of reserve capacity requirements (L0-2). In gen-
eral, larger impacts of the environmental constraints are seen for high reserve
capacity requirements (L2). This is logical, as this is the most constrained sys-
tem setup, where larger parts of the generation capacity are used to provide
reserves.

When the state-dependent maximum discharge constraint is included (E1
compared to EO), there is an increase in spillage for all the levels of reserve
capacity requirements (L0-2), resulting in a slight reduction in hydropower
generation and net export. Only small changes in wind power generation are
found when E1 is imposed. Compared to without the constraint (E0), cur-
tailment of demand increases in the E14+L0 case but slightly decreases in the
E1+4L1 and E1+L2 cases. There is a slight increase in curtailed demand for
reserves in the E1+L1 case and a higher increase in the E1+L2 case. The costs
of operation increase in all cases with the constraint (E1 compared to EO0),
and especially for the E14+12 case compared to E0+L2, due to the penalty of
curtailed demand for reserves.

The ramping constraint (E2) has small to no impact (<1%) on the average
hydropower generation, wind power generation and net export for all the levels
of reserve capacity requirements (L0-2), compared to without the constraint
(E0+LO0-2). Curtailment of demand is slightly reduced in the E2+L1 case and
more so for the E2+L2 case, while spillage increases by around 2-6% for the
two cases, compared to the EO+L1 and EO+L2 cases. A small amount of
demand for reserves has to be curtailed in the E2+4L1 case, while there is a
considerable increase in the E2+L2 case (6.37 MW /h on average compared to
a 0.1 MW/h average in the EO+L2 case). Compared to without the ramping
constraint (E0+L0-2), the cost of operation is slightly increased for the E2+1L0
and E2+4L1 cases, while there is a high-cost increase for the E2+L2 case due
to a large amount of curtailed demand for reserves.
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Table 4: Average total results from all the case runs.
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For the minimum release constraint (E3), reductions in hydropower gen-
eration (of about 3-5%) and net export (of about 10-23%) are seen for all
cases and increase with the level of reserve capacity requirements. Spillage is
about halved when the minimum release constraint is included. Reductions in
both hydropower generation and spillage imply that the hydropower plants are
operated at lower efficiency. Wind power generation is slightly reduced when
reserve capacity requirements are included (L1 and L2 cases). Higher curtail-
ments in demand for energy and reserve capacity are observed for all cases and
increase with the level of reserve capacity requirements.

5.2 Impacts on operational flexibility

The curtailment of demand and the dual value of the power balance can be
interpreted as measures of the available operational flexibility in the system.
The results in Table 4 show that the minimum release constraint (E3) leads to
the highest curtailment of demand of the considered environmental constraints.
This increase is due to water being used to meet the minimum release require-
ment, which reduces the amount of water available for seasonal shifting. The
consequence is an increased probability of low water levels (and in the worst
case, running out of water) in low-inflow years. Fig. 6 shows the average total
reservoir filling and curtailment of demand with and without the minimum
release constraint for the L1 reserve capacity requirement (E3+L1 compared
to EO+L1). An increase in average curtailment is found for many of the weeks
when including this constraint, even though curtailment of demand only hap-
pens in the most extreme scenarios. A similar development was apparent for
all the assessed reserve capacity levels when adding the minimum release con-
straint (E3). For the state-dependent maximum discharge constraint (E1), the
total curtailment of demand increases in the E1+LO0 case and decreases for the
E14L1 and E14L2 cases. The ramping constraint (E2) gives equal or lower
amounts of curtailment of demand for all the reserve capacity levels.
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Fig. 6: The average total reservoir level (solid lines) and curtailment of demand
(bars) with and without the minimum release constraint (plotted in red and
black respectively) for the Level 1 reserve capacity requirements (EO+L1 com-
pared to E3+L1). The dark red areas are where the grey and red bars overlap.
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Fig. 7 plots the change in the average dual value of the power balance
(Eq.(23)), when including the environmental constraints (E1-E3) compared to
without (E0). The dual value of the power balance can be interpreted as the
marginal cost of meeting demand. For the minimum discharge constraint (E3),
an increase in the marginal cost of meeting demand is observed for a large part
of the year. The ramping constraint (E2), reduces the marginal cost in the
period before the snow melting starts (i.e., the end of the winter period) for
both the levels of reserve capacity requirements (L1 and L2), but especially for
L2. This is because the reservoir filling is kept slightly higher when the ramp-
ing constraint is included, resulting in lower average curtailment of demand in
the winter period, but also slightly higher system costs due to more spillage
and curtailment of wind power. For the state-dependent maximum discharge
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Fig. 7: Change in the average marginal cost of meeting demand (over all the
simulated scenarios) when including different environmental constraints (i.e.,
the difference compared to the E0O+L1 and E0+L2 cases).

constraint (E1), there is first a decrease in the marginal cost around week 16,
before there is a larger increase around week 18-20 in the E1+L1 case. This is
due to a slightly higher reservoir filling in the late winter, resulting in reduced
curtailment of demand in this period. The increase in the marginal cost right
after is caused by the environmental constraint limiting discharge from the
lower hydropower plant before the target reservoir level is reached, as shown in
Fig. 8. In the E1+L2 case, the state-dependent maximum discharge constraint
has a smaller impact. This is because a less strict version of the constraint is
used, allowing production at minimum output within the constraint period.
Even though the constraint still imposes a large reduction in the operational
flexibility in this period, the impact on the marginal cost of meeting demand
is more or less removed. There is still a small reduction in the marginal cost
around week 16, demonstrating that the constraint has an impact on the reser-
voir filling coming into the constraint period (i.e., there is a slightly higher
reservoir filling by the end of the winter period).
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Fig. 8: The average dual value of the power balance constraint (solid lines)
and the average power production (bars) for the lower hydropower plant with
and without the state-dependent maximum discharge constraint (plotted in
red and black, respectively) for the Level 1 reserve capacity case. The dark red
areas are where the grey and red bars overlap.

5.3 Provision of reserve capacity

Fig. 9 displays the average provision of each type of reserve capacity in sev-
eral of the cases. We see that the lower hydropower plant (HY 2) delivers less
downwards spinning reserves when the minimum release constraint is imposed
(E3 compared to E0) but more upwards spinning and non-spinning reserves.
As a result, the amount of curtailed demand for downwards reserves increases
considerably. When the state-dependent maximum discharge constraint is
included (E1 compared to EO0), there is a slight decrease in the provision of
upwards and non-spinning reserves by HY 2 for the case with level 1 reserve
requirements. For the high reserve capacity requirements case (L2), there is
a higher decrease in non-spinning reserves and a small increase in upwards-
spinning reserves. When the ramping constraint is imposed (E2 compared to
E0), HY 2 delivers more upwards and downwards reserves when a medium-high
level of reserve capacity is required (L1). However, for higher reserve capacity
requirements (L2), a large decrease in the provision of upwards spinning and
non-spinning reserves from HY 2 is observed when imposing the ramping con-
straint. We observe that the high reserve capacity requirements (L2) are not
always possible to meet, especially when the ramping constraint is imposed.
The dual value of the requirements for upwards and downwards spinning
reserve capacity (Egs. (25) and (26)) represent the marginal cost of providing
one more unit of each type of reserve capacity, or in other words, the marginal
cost of meeting the reserve capacity requirements. The changes in the dual val-
ues when the environmental constraints are imposed (E1-3 compared to the EO
case) are plotted in Fig. 10. For the Level 1 reserve capacity requirements, the
state-dependent discharge constraint (E1) has a similar impact on the marginal
cost of meeting the upwards and downwards spinning reserve requirements as
seen for the marginal cost of meeting demand in Fig. 7. The marginal cost
decreases around week 16 and then increases in weeks 18-20 when the discharge
limitation becomes active. When the minimum discharge constraint is imposed
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Fig. 9: Average provision of reserves by the upper (HY1) and lower (HY2)
hydropower plant for each type of reserves in the Level 1 and Level 2 reserve

capacity requirement cases.

(E3), the marginal costs of meeting both the upwards and downwards spinning
reserve requirements increase in all weeks of the year except the summer weeks.
Particularly, the marginal cost of providing downwards reserves increases. Sim-
ilar impacts, only larger in magnitude, are found for higher reserve capacity
requirements (L2) when imposing the minimum release requirement. On the
contrary, smaller impacts are seen in the E1+L2 case because of the relaxation
of the state-dependent maximum discharge limitation, as previously discussed.

For the level 1 reserve capacity requirements, the ramping constraint
induces a slight increase in the marginal cost of providing upwards reserves and
a slight reduction for the downwards spinning reserves (E2 compared to E0).
On the other hand, for higher reserve capacity requirements (L2), the average
marginal cost of upwards reserve capacity rises drastically when the ramping
constraint is included, implying that the upwards reserve requirement (in com-
bination with the non-spinning requirement) cannot be met. There is also a
high increase in the marginal costs of providing downwards reserve capacity
in the winter period.

5.4 Importance of strategy

So far we have discussed the overall operational results, the implications for
operational flexibility and the changes in the provision of reserve capacity due
to imposing the different environmental constraints. Another aspect is the
importance of considering the environmental constraints in the calculation of
the expected future cost functions (consistent strategy), compared to when the
environmental constraints are not considered in the calculation of the expected
future cost functions (inconsistent strategy). Fig. 11 shows the difference in
costs of the simulated operation using consistent versus inconsistent strategies.
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Fig. 10: Change in the marginal cost of meeting the upwards and down-
wards spinning reserve requirements when including different environmental
constraints (i.e., the difference compared to the EO cases).
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Fig. 11: Reduction in the operational costs of using consistent strategies in the
forwards simulation compared to using inconsistent strategies (i.e., expected
future cost functions calculated considering the environmental constraints ver-
sus expected future cost functions not considering the constraints).

We see that there is a reduction in operational costs for the state-dependent
maximum discharge constraint (E1) and the minimum release constraint (E3).
A larger reduction in costs is observed for higher levels of reserve capacity
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requirements for both constraints. For the E1 case, the economic improve-
ment is lower for the highest level of reserve capacity requirements (Level 2
compared to Level 1), but this is likely due to a less strict version of the con-
straint being used in the E14L2 case. The cost savings are mainly a result
of avoiding curtailment of demand for energy and reserve capacity. For the
minimum release constraint (E3), the amount of water available for seasonal
shifting is overestimated when the constraint is not included in the calculation
of the expected future cost functions, resulting in less efficient management
of the reservoir. For the state-dependent maximum release constraint (E3),
the reservoir management is adjusted to mitigate the implications of the con-
straint when a consistent strategy is used. This is achieved by increasing the
water level in the reservoir and thereby meeting the reservoir threshold earlier
in some of the scenarios. We do not find an economic improvement resulting
from including the ramping restriction in the calculation of the expected future
cost functions. This is partly logical, as the reservoir level cannot actively be
used to mitigate the constraint (like for E1), nor does the constraint directly
restricts the amount of water (i.e., energy) that can be regulated (like for E3).
However, the low impact of including this constraint in the strategy calcula-
tion may also partly be a result of the level of detail in the study, such as the
ramping constraint only being active within the week, the underestimation
of the intra-week variation in the SDP model (backwards recursion) and the
coarse temporal resolution (3h). This result also aligns with previous studies
when considering Nordic conditions [31].

5.5 Sensitivity of hydropower plant flexibility

A sensitivity study of the operational flexibility of the lower hydropower plant
was conducted for the E0-34+L2 cases. The capacity factor (CF) and the degree
of regulation (DR) of the plant were changed by adjusting the maximum tur-
bine capacity and reservoir size. The sensitivity cases are described in Table
5, where V|, @ and P give the reservoir size, maximum discharge and maxi-
mum power output for the lower reservoir, respectively. The estimated DR for
the total hydropower system and the estimated CF of the lower power plant
are also given. The “Base” case in the sensitivity study refers to the design as
described in Fig. 3b.

Table 5: Description of sensitivity cases.

Sensitivity‘ Description

Base V =179 Mm3, Q = 58.0™" P = 170.0 MW (DR = 0.46, CF = 0.45)
HighReg V =239 Mm3, Q = 58.0™>, P = 170.0 MW (DR = 0.53, CF = 0.45)
LowReg V=119 Mm3, Q = 58.0%3, P =170.0 MW (DR = 0.39, CF = 0.45)

HighCap V =179 Mm?3, Q = 75.5™> P = 233.1 MW (DR = 0.46, CF = 0.34)
LowCap V =179 Mm3, Q = 40.5™% P = 1149 MW (DR = 0.46, CF = 0.64)
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The average operational costs, hydropower production, curtailment of
demand and curtailment of reserve capacity of including the state-dependent
discharge (E1) and the minimum release (E3) for different configurations of
the hydropower system are shown in Fig. 12. In general, similar trends were
seen for the solutions based on the different hydropower plant configurations
when imposing the two environmental constraints. For the state-dependent
discharge case (E1), we did not find a consistent change in how the constraint
impacts the operation depending on the configuration of the power plant. For
the minimum release constraint (E3), the induced cost of imposing the con-
straint was found to be lower for more flexible system configurations and higher
for less flexible system configurations. Without the environmental constraints
(E0), the degree of regulation has a larger cost impact than the capacity fac-
tor. However, when including the minimum release constraint (E3), the largest
span in average costs is seen for the different capacity factors. In other words,
the impact on the operational cost of the minimum release constraint is found
to be sensitive to the capacity factor of the plant. Furthermore, the total
hydropower production is reduced relatively more for lower turbine capacities
when the minimum release constraint is included (E3 compared to E0). The
curtailment of demand for energy and reserve capacity increases considerably
when the minimum release constraint is included (compared to E0), but the
relative increases are higher for lower turbine capacities and for higher degrees
of regulation. We have omitted the results considering the ramping constraint
(E2) since the requirements for reserve capacity cannot be met for this case
(E2+L2).

6 Conclusion

The impacts of environmental constraints on the operation of hydropower
plants and the provision of spinning and non-spinning reserve capacity in a
wind- and hydropower-dominated region of a congested power system, like the
Norwegian, have been assessed using a stochastic, long-term scheduling model.
Three types of environmental constraints on hydropower discharge are con-
sidered: reservoir-level dependent maximum discharge (i.e., state-dependent),
maximum ramping of discharge and minimum release. The representative
Norwegian case study demonstrates the economic value of including the state-
dependent maximum discharge constraint and the minimum release constraint
in the long-term strategic scheduling, i.e., the calculation of the expected
future cost functions. This value was found to increase with the level of reserve
capacity requirements. In general, the operational costs increase with the
level of reserve capacity requirements and when environmental constraints are
imposed. The highest cost increases were found for the cases with the minimum
release constraint and when a ramping constraint was imposed in combination
with high reserve capacity requirements.

The operational flexibility of the hydropower plant and the plant’s capa-
bility to provide reserve capacity were found to depend on the type of
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Fig. 12: Average operational costs (a), hydropower production (b), cur-
tailment of demand for energy (c) and curtailment of demand for reserve
capacity (d) solving without the environmental constraints (E0), with the
state-dependent discharge constraint (E1) and the minimum release constraint
(E3) for different configurations of the hydropower system.

environmental constraint being imposed. The minimum release and ramping
constraints are active throughout the entire year, and the largest flexibility
impacts of these constraints are observed in the most energy-restrained peri-
ods of the year. On the other hand, the state-dependent discharge constraint
is only active for a limited period, mainly resulting in increased marginal costs
of meeting demand and reserve capacity requirements at the beginning of this
period. The ramping constraint was mostly found to have very small opera-
tional consequences, besides reducing the rate of change in discharge. However,
high requirements for reserve capacity could not be met when the ramping
constraint was imposed. Similarly, the minimum release constraint was found
to limit the provision of downwards reserves.

The magnitude of the implications of the environmental constraints was
found to be sensitive to the reserve capacity requirements but is also likely to
depend on the strictness of the environmental regulation. A slightly relaxed
version of the state-dependent maximum discharge constraint was used in some
of the cases, showing considerably lower impacts on the marginal cost of meet-
ing the demand for energy and reserve capacity. Alternative formulations of
environmental constraints could be investigated further to assess the change
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in operational flexibility towards the effectiveness of meeting environmental
targets.
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Appendix A SDP Algorithm

Algorithm 1: SDP Algorithm

1j+ 0,A«oco,a=p(...) <0
2 while A > ¢ orj < J do

3 j—J+1

4 for t = T:-1:1 do

5 for sP € SP do

6 for sy € S} do

7 {Zt, DE Wy} + stochVar(s¥)

8 for h € H do

9 Vi, + resVolume(sP, h)

10 Iy — wp, X ZAt’S?

11 end

12 a1 (sP, sy) < @;:({1,..., P}, s¥)

13 oy (sP, st) < solveProblem(t, sP, si')

14 end

15 for s} ; € S* do

" @1 (7, 50) — Ypesy Prist | st Jan(s”, st)
17 if s» > 1 then

18 ‘1’7%1{1 (sP = 1,5¢ 1)

getWV (®;,-1({1,...,sP},s¢ 1))

19 end

20 end
21 end
22 end
23 AN \P?’t:T(ST’,sz") — \I/;?;t:()(sp, s, sPeSPsteSP heH
24 if A > e then

25 \I’?+1,t:T(Sp7 8?) — \I’?)t:O(Spv 5?)7 sP e Sp7 ‘5? € S’ heH
26 Dji1i=1 (P, s¢) ¢ Pju=o(sP,sy), sV €SP, s €S"
27 end
28 end

The SDP algorithm is described in Algorithm 1. The algorithm is based on
backwards recursion and solves the decision problem for each stage and state
of the system for a planning horizon of one year. The algorithm iterates over all
stages (T'), all reservoir states (SP) and all stochastic states (S*) in lines 4-6.
The reservoir state (S?) comprises all combinations of discrete storage volumes
for the reservoirs in the system. The stochastic variables are updated in line 7
and reservoir-specific data is updated in lines 8-11. The expected future costs
of all end reservoir states are updated in line 12, before the decision problem
is solved in line 13. The solution of the optimisation problem for all stochastic
states s}’ is used to calculate the expected future cost in line 16. The expected
future cost for each reservoir state is stored in matrix ®. The water values are
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calculated and stored to the water value matrix ¥ in line 18. Convergence is
determined at the end of each iteration in line 23, by comparing the calculated
water values in the last and first stages. If the algorithm has not converged,
the water value matrix and the expected future cost matrix for the last stage T
are updated with the values from the first stage in the last completed iteration

D D

before the next iteration, see lines 25 and 26.

Appendix B Stochastic variables
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Fig. B1: Plot of the stochastic inflow states used in the Markov model (orange
diamonds), the simulation scenarios (red) and the minimum and maximum of

&

Simulation scenarios
Max/Min input data
State values, Markov model

Week

the input data (marked by blue lines).

MW

80

60

40

Fig. B2: Plot of the stochastic household demand states used in the Markov
model (orange diamonds), the simulation scenarios (red) and the minimum
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and maximum of the input data (marked by blue lines).
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Fig. B3: Plot of the stochastic wind power generation states used in the
Markov model (orange diamonds), the simulation scenarios (red) and the min-
imum and maximum of the input data (marked by blue lines).

Appendix C Additional input data
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Fig. C4: Illustration of the deterministic price series with three-hour resolu-
tion used for exchange/trade towards the larger power system.
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Fig. C5: Wind power generation for two random weeks (examples) with a
three-hour resolution, as represented in the simulation. A flat (average) profile
is used in the SDP model, but the total wind power generation varies from
week to week.

Winter week
= mmer week

50 N/

MW

0 10 20 30 40 50
Time step

Fig. C6: Illustration of the weekly profile for the household demand (three-
hour resolution). The same profile is assumed for all weeks in the SDP model
and the final simulations, but the total demand varies from week to week.
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Fig. C7: Illustration of the average yearly profile for the household demand
and wind power generation.
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Fig. C8: Illustration of the average yearly inflow to each of the hydropower
plants.
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