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Abstract

The negative impacts of power systems on biodiversity have to be mitigated, while
simultaneously ensuring affordable and secure electricity 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 interac-
tion 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-dom-
inated power system is used to assess the implications of environmental constraints
and reserve capacity requirements in combination. The model is used for a repre-
sentative case study where three types of environmental constraints are imposed
on the operation of the hydropower plants in a region of the congested 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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Subset of hydropower plants with environment restrictions, in H

Set of hydropower plants that discharge to plant &

Set of time steps within a stage (week)

Set of discrete reservoir segments

Set of scenarios

Set of reservoir states

Set of stochastic states

Set of stages (weeks) in the planning horizon

Subset of stages (weeks) where an environmental constraint is active, in 7
Set of weighting variables y, , defined for each hydropower plant &

Decision variables

@, The future expected operating cost for stage ¢ + 1

by,  Bypass in time step k from plant 2

Cn Cost of start-up in time step k for plant &

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

Jen Spillage in time step k from plant &

Yom  Weighting variable allocated to the discrete reservoir segment combination
n, m

Is,, Rationing of demand in time step k&

Prn  Generated electricity in time step k from plant &

qrna Discharge in time step k from plant 4 allocated to discharge segment d

gy,  Total discharge in time step k from plant

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

rf:;q Provisions of upwards spinning reserves in time step k from plant &

rli‘h Provisions of downwards spinning reserves in time step k from plant &

rj(”; Provisions of upwards non-spinning reserves in time step k from plant &

sf" Slack variable for upwards spinning in time step k

sy Slack variable for downwards spinning in time step &

s Slack variable for non-spinning in time step k

0, Sum of weighting variables for reservoir segment / for hydropower plant /

Uy g, Commitment (running) variable in time step k from plant %

vin  Reservoir level in time step k in reservoir h

Wy Wind power generation in time step k

Wi Curtailment of wind power in time step k

Parameters

B Coefficient matrix

Chs Cost of rationing of demand

Ccr Penalty cost for unmet reserve capacity requirements

G Start-up cost of hydropower plant /

6" Maximum allowed ramping rates of discharge for plant &

Di Industry electricity demand in time step k

D¢ Average weekly household electricity demand
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Convergence criterion in the SDP algorithm

Efficiency of hydropower plant % for discharge segment d
Maximum efficiency of hydropower plant A

Efficiency of operating at the minimum output for plant A
Conversion factor from flow to volume

Factor to scale for the number of hours in time step k

Number of hydropower plants

Number of time steps

Power price in time step k

Mean of data the series

Number of nodes in the Markov model

Number of discrete reservoir states

Profile to distribute weekly inflow to each time step k

Profile to distribute weekly household demand to each time step k
Profile to distribute weekly wind power to each time step k
Minimum power output of hydropower plant &

Matrix comprising the expected future cost for each reservoir state
Matrix comprising the water values for each reservoir state
Minimum discharge of hydropower plant &

Maximum capacity of discharge segment d for hydropower plant /&
Minimum discharge for plant 2 given by environmental restrictions

Requirement for upwards spinning reserves

Requirement for downwards spinning reserves

Requirement for upwards non-spinning reserves

Reservoir state

Stochastic state

Standard deviation of data series

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

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

Helping parameter to discourage operation below minimum output
Number of stages in the planning horizon

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

Target water level (threshold) for reservoir 4 given by the state-dependent
maximum discharge constraint

Wind power potential

Data point

Noise vectors

Total weekly inflow

Total weekly inflow scaled to hydropower plant &
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1 Introduction

The transformation towards more sustainable power systems concerns abating the
negative impacts on the climate and biodiversity, while simultaneously providing
an affordable and secure electricity supply. To achieve this, efficient use of renew-
able energy resources and storage is a prerequisite [1]. Power systems with larger
shares of variable renewable energy resources have higher variability and uncer-
tainty 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 renew-
able power production and energy storage. The potential for long-term energy stor-
age 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 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 pro-
duction, including hydropower. Land use changes have had the largest relative nega-
tive 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 hydro-
power 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 miti-
gate 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, environmental
restrictions are often imposed through concessions for hydropower plants. In the
Nordic region, hydropower concessions may be revised after 30—-50 years in opera-
tion. 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 watercourses used for hydropower
generation [9]. For hydropower plants considered to have a high ecological prior-
ity by the Norwegian regulator (NVE) [10], it is expected that stricter environmen-
tal restrictions will be imposed during the revision of the concessions. At the same
time, higher shares of wind power, electrification and more cross-border transmis-
sion 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 eco-
logical 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 situa-
tions where ecological and recreational needs are weighted against the need for a
flexible power supply.
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It is the TSOs that are responsible for maintaining security of supply by balanc-
ing 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 categorised 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 Nor-
dic and European power markets) [12]. Reserve capacities that are slower to acti-
vate, 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 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 therefore 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 previ-
ously been considered for the Nordic power system in combination with fundamen-
tal long-term planning models in [15, 16], and in a fundamental short-term hydro-
thermal scheduling model in [12]. Furthermore, procurement of spinning reserve
capacity has been considered in medium-term hydropower scheduling from the per-
spective of a producer operating as a price-taker in [17, 18] and a price-maker in
[19]. Accurate representation of unit commitment introduces non-convexities into
the problem as discussed in [18, 19]. Such details are therefore often linearised, like
in [17, 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 sup-
ply 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 several 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-domi-
nated power systems like the Nordic power system [22, 23], while also considering
limited transmission capacity [24]. Furthermore, coordinated operation of wind and
hydropower has been shown to ease congestion problems [25]. Still, to the best of
our knowledge, modern environmental regulations of hydropower plants combined
with reserve capacity requirements have not previously been considered in the long-
term operational planning of hydropower-dependent systems with wind power. Pre-
vious research that considers both reserve capacity requirements and environmental
constraints on hydropower is based on short-term modelling. A weekly hydropower
scheduling model for the day-ahead and spinning reserve markets that includes envi-
ronmental constraints on the operation of hydropower is presented in [26]. Similarly,
environmental constraints on hydropower operations are included in the short-term
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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 uncertainty have not been considered, nor has the inter-
play between reserve capacity requirements and environmental regulation been
assessed.

We consider three types of environmental constraints on the operation of hydro-
power 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 requirements. 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 envi-
ronmental 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 uncertainty, due to the trade-off between accuracy and compu-
tational complexity [32]. Non-convex constraints with dependencies on the water
level in the reservoir 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 constraints
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 con-
straints on hydropower operation in combination with reserve capacity require-
ments in a wind- and hydropower-dominated power system. A stochastic optimisa-
tion 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 elec-
tricity demand are considered in the model. To the best of our knowledge, no previ-
ous model for long-term stochastic scheduling of a hydro- and wind power system
which considers both state-dependent environment constraints and reserve capacity
requirements has been presented in the literature. Furthermore, limited work con-
siders 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 flexibility of hydropower
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plants. A representative Norwegian case study is 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 Sect. 2. The environmental constraints are described in Sect. 3,
including a discussion of the flexibility implications and the mathematical for-
mulations. The case study is described in Sect. 4, before the results are presented
in Sect. 5. Finally, the paper is concluded in Sect. 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 environmental
constraints are imposed on the system. Two large reservoir hydropower plants
provide short-term operational flexibility and seasonal energy storage in the sys-
tem. 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 dis-
patch decisions in time, while the large variations in inflow, wind power genera-
tion 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 programming
(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 problems. 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 capacity requirements at the low-
est 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 3 h. Further-
more, we assume that the stochastic variables can be represented by a discrete
Markov chain as briefly described in Sect. 2.1. The weekly decision problem is
described in detail in Sect. 2.2 before an overview of the modelling framework
and the SDP-model are described further in Sect. 2.3. The Markov model and
scenario generation method used in the case study is explained in Sect. 4.2.
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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 electricity
demand of households. A weekly time resolution is considered suitable for describ-
ing 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 discrete Markov
chain, allowing the conditional probability distribution of future states to only
depend on the current state. Markov chains are frequently used to represent stochas-
tic variables in SDP-based models for hydropower scheduling [40]. Correlations of
one lag are considered by including a stochastic 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 generation and temperature-dependent electricity demand. The Markov
model used in the case study is described further in Sect. 4.2, together with the sce-
nario generation procedure.

2.2 The weekly decision problem

The weekly decision problem for the scheduling of wind- and hydropower genera-
tion 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 capacity at the lowest
possible cost. The weekly decision problem is solved for every stage (week), dis-
crete reservoir state and stochastic state (i.e., node in the Markov model) in the SDP
model. The model solves the weekly decision problems over a yearly planning hori-
zon (t € 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 tran-
sition probabilities in the Markov chain. All uncertain variables are assumed known
at the beginning of the week and the weekly decision problem is therefore determin-
istic. 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 (z).

The decision problem is formulated as a linearised (i.e., continuous) unit com-
mitment model, jointly optimising the energy generation and procurement 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 3 h, allowing for intra-week variations in the input parameters, i.e., inflow, wind
power, electricity demand and power price, to be considered in the decision-making.
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For the stochastic variables, the intra-week variations are modelled by weekly pro-
files which scale the stochastic input parameters to each time step. For brevity of the
mathematical 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 deter-
mined by import/export (e;) at the price (4,), rationing of demand (Is;) at the cost
(C"), a penalty cost (C") of relaxing the spinning and non-spinning reserve require-
ments (sf;', s, »s;) and a start-up cost (¢, ;) of each hydropower plant % in each time
step k. Some cost elements are scaled for the number of hours in each time step
(F ,i’ ). The future expected operating cost («,, ;) is a function of the current stochastic

state (s}') and the reservoir state at the end of the week (given by v;cp; 1—x)-

a,(s?, s[") = min{ Z Ff(ﬂkek + Clslsk + Cr(Si-'— + sz— + SZS))
kek

+ Z Z Crn T Wt Vperp ks S7) }

ke heH

ey

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
(@41 (Vo 51)) in Eq. (2). The future cost points are the expected objective 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 res-
ervoir fillings in the two reservoirs. The weighting variables (y, ,,) 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 weighting variables and the discrete reservoir states
as given in Egs. (4) and (5), respectively, where each reservoir is discretised into
n € N reservoir segments.

X1 Vherumrs ;) = Z Z Ynm@is1 Vo 57 )
neN meN

N N
DDt =1 3)

n=1 m=1
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Vieh = Z Z yn,mvz,ef V k=K, h=1 4)
neNmeN

V= 0 X FanVes ¥ k=Kh=2 s
neN meN

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 values. This behaviour can be
used to force the use of neighbouring weighting variables (y,,,,) in the interpolation
between future cost points, thereby capturing 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
functionality in many commercial solvers such as CPLEX. Note that the basic formula-
tion of the decision problem in this study is linear, but that nonconvex expected future
cost functions may occur when the state-dependent maximum discharge constraint is
included, as described in Sect. 3.3. If a nonconvex expected future cost function may
occur, SOS-2 are added to the formulation through Egs. (6)~(7), where 6, is the sum
of the weighting variables for each discrete reservoir segment / in reservoir 4, as given
in Eq. (6), and ©, = {0,_; ;. 01=r s --- » Oy 1 -

0, = vV [ h

Lh Z o yn,m € '/\/’ EH (6)
{nm)eN;
®, SOS-2 V heH @)

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). Equation (8) describes the bal-
ance of water entering and exiting the hydropower reservoirs for each plant / in each
time step k. Water can exit from the reservoirs by release in the form of discharge to the
turbines (g, ), bypass (b ) or spillage (f; ;) if the reservoir is full. Water may enter the
reservoir as inflow (Z,) or due to discharge from reservoirs higher up in the cascade
(HZ” ). The total weekly inflow is distributed to each time step by (a)f). Bypass and
spillage are assumed to flow directly to sea level. The units are converted from flow

(st) to volume (Mm) by a conversion factor (F©).

Vi = Viern + FE@p + by + fin) — F€ Z (qx) = w(Z,
jen,’ ®
V keK,heH
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VZlin < Vih < V;L”“x YV ke IC,h eH (9)

The operation of the hydropower stations % for each time step k is constrained
by Egs. (10)—(15). The unit commitment of each station is controlled by a variable
indicating if the station is running (u; ;). A linear approximation of unit commitment
is used for computational purposes, i.e., the “running" variable () is a continu-
ous variable between O and 1, as given by Eq. (10). Linear approximations of the
power-discharge relationship (PQ-curve) normally 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 (QZ“'”) and power output (PZ”'”), following the approach
described in [12].

The cost of start-up (cy ) is given by the cost C;"" and change in running status
as given in Egs. (11) and (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 (u; ;). The power
output for a station operating above the minimum generation level is described as a
piecewise linear and concave function of D, discharge segments, where the power
output of each discharge segment d is given by the efficiency (1, ;). The use of each
segment (g, ;, 4) is restricted by a maximum limit (Q’”“") in Eq. (14).

0<u, <1 V keK.heH (10)

n = Cl ey —w_y ) ¥V k€K heH (11)

an20 V keKheH (12)

Pen = e, P+ Z Maina Y kEKhEH (13)
deD,

0< Gupa @iy VYV k€K,heH,deD, (14)

Qen < u, Q" + Z Gna ¥V kEKhEH

deD, (15)

Equations (16)—(19) describe the amount of reserve capacity that can be provided
by the hydropower plants. Provisions of upwards (r ) and downwards (r;”,) spin-
ning reserves require that the hydropower plant is running, as given by Egs. (16) and
(18), respectively. Provision of upwards non-spinning reserves (r"”) is restricted by
the total turbine capacity in Eq. (17) and the availability of water in the reservoirs.
Equation (19) provides an optimistic boundary for the required available water based
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. . s . 3
on the maximum efficiency (<L), where FC converts the units from flow (mT) to vol-

P
ume (Mm?).

rept P S Py YV ke heH (16)

rew ot <PV keKheH (17)

ro Sy —wP)" vV keK,heH (18)

Fl\ == |<w, V keKheH (19)
m, ’

The linearised unit commitment formulation does not guarantee operation above
the minimum production point. To discourage operation below minimum output to
occur for the purpose of delivering reserves, parameters o-Zp and o-ff"w" are introduced
in Egs. (20) and (21) respectively. Equation (20) limits the delivery of upwards spin-
ning reserves from hydropower plant /4 if operating below minimum output, where
ol = i for P > RS* and 0 if P < RS*. Similarly, Eq. (21) limits the delivery

down _ ﬂ
h RS-
The requirements for upwards and downwards spinning reserves are given by RS*
and RS-, respectively. Note that Egs. (20) and (21) only tighten the problem for-
mulation if PZ”” > RSt and PZ”'” > 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].

of downwards spinning for operations below minimum output, where ¢

ot <py, ¥V keKheH (20)
(O_;liawn + l)r/i,_h Spk,h V ke K,h eH (21)

2.2.4 Wind power constraints

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

we—wi=w)W V kekK (22)

@ Springer



Implications of environmental constraints in hydropower...

2.2.5 System constraints

The power balance, given by Eq. (23), ensures that the sum of the hydropower gen-
eration (py ), wind power generation (w;) and exchange of energy (e;) equals the
total demand in all time steps k. The total electricity demand is given by an industry
demand (Dllc), a household demand (D) and the option to ration demand (Is;) at a
high cost. The weekly average household demand is scaled to each time step by a
weekly demand profile (a),?). The utilisation of the transmission cable is limited by
Eq. (24).

—_ nC Dyl
};{pkyh+wk+ek+lsk—l)k+a)kl) A4 kE’C (23)

—E<e¢,<E V kek 24)

The requirements for reserve capacity can only be met by provision of spinning
b o .. + .
(r]ih, r!ih) and non-spinning (erh ) reserves 'by the hydropower plant§ in the system.
Equations (25)—(27) ensure that the requirements for upwards spinning reserves
(RS*), downwards spinning reserves (RS7) and non-spinning reserves (RMS*) are
met. The reserve requirements in Eqgs. (25)—(27) can be relaxed by the use of slack

variables (s°t, s°~, s%) but are penalised at a high cost in the objective function.

s+ S+ S+
};{Qhﬂk >R V kek 25)
— S— S—
;—tri,h_ks,c >R V kek 26)
ns+ ns+ NS+
};{r’kﬁ +51% > R V kek 27

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 strat-
egy 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 back-
ward recursion. The algorithm iterates from the last stage 7 to the first stage. In each
stage, the decision problem is solved for all combinations of discrete reservoir states
(i.e., N? states) and the nodes in the Markov model (i.e., M nodes). The state vari-
ables comprise all the information passed from one decision stage to the next. We
consider two state variables: the reservoir state (s”) and the stochastic state (s;). The
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System description,
stochastic variables

Initialization
Qj=qt=7 = 0

Qj+1,t=T = % t=0

Run SDP model
Solves the decision problem for all
stages, reservoir states and
stochastic states
(calculates ay (sP, s¢))

NO

Convergence?
Wje=r —Wje=ol <€

at(sp,s#)*YEs /" System description, /

/ stochastic scenarios

Run simulation
Solves the decision problem in a YES
forward sequence for a set of
scenarios l
NO
Optimal operation / | Re-simulate
per scenario ﬁ LPs with fixed variables

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

reservoir states comprise information about the water levels in the reservoirs at the
beginning of each stage, while the stochastic states comprise information about the
stochastic variables. 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 val-
ues 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 differ-
ence between the water values in the last stage and the first stage is below a prede-
fined error (¢). The water value matrix (W) 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 = T') before a new iteration starts. The pseudocode
of the implemented SDP algorithm is given in Appendix 1. 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.

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 Sect. 2.2. All decision variables are
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defined as positive variables, except the expected future cost («,,;) and exchange
(e,), which may take non-positive values. Furthermore, the environmental con-
straints presented in Sect. 3 may be added to the problem. If the environmental con-
straints make the problem nonconvex, Eqgs. (6)—(7) are added to the formulation,
turning the problem into a MILP. If the simulation comprises weekly decision prob-
lems 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 (y,, ) that
are used to represent the nonconvex expected future value curve (see Sect. 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.

3 Modelling of environmental constraints

Operation of hydropower plants can be restricted by a wide range of environmental
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 therefore 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 mathematical formulation of the
constraints as included in the weekly decision problem described in Sect. 2.2. The
environmental constraints can be imposed on all or a subset of the hydropower plants
in the system (A C H), for the entire planning horizon or a given period (7C 7).
State-dependent constraints introduce 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. Minimum 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 proportional 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
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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 through-
out the year, sometimes diversified between seasons [42], but are usually 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 downstream sec-
tions, 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. Consider-
ing the minimum discharge downstream of the outlet, parts of the power generation
may be moved from hours with high demand to hours with low demand to meet the
constraint, thereby reducing the operational 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 model-
ling complexities (e.g., flow regulations dependent on the stochastic state). The min-
imum release requirement, given in Eq. (28), ensures that the sum of discharge (g, )
and bypass (b, ) is above a minimum requirement (QZ’”). The amount of discharge

allocated to meet the minimum release requirement is represented by a separate var-

iable (q,’("Zl) and constrained by the total discharge (Eq. 29). The parameter

min

= max{ LA } is introduced to discourage operation below minimum output. A

Q:nv ’

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.

min
%

itbasz Q¥ reTkekheh @
(G}Znin)q:fl]ir;: < Gixn YV te Ik (S IC,h (S 7:[ (29)

As discussed, minimum discharge obligations may limit the plants’ ability to
deliver downwards spinning reserves. By introducing q,’(’f;l” as a separate variable,
the minimum amount of turbine capacity allocated to meeting the minimum release
requirement (qﬁ”m’t"m) 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 11;”[”. Furthermore, Eq. (21) is tightened

as shown in Eq. (31).

en S Poknh = Ul hmm - q:”lzlhnzl "V ieTkeKheMH (30)

(UZW" + D S P — q:‘?,llg;lnll;nin V ieTkeKhel G
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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 environmental 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 down-
stream rivers), and flushing of organisms when the hydropower plants ramp up. In
Norway, the majority of such restrictions have previously been expressed in qualita-
tive terms. More quantitative constraints on ramping rates are expected to be defined
in revisions of these types of terms, following new classification systems for envi-
ronmentally acceptable hydropower operations [43].

Constraints on ramping rates do not have a direct energy loss but reduce the flexi-
bility 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-regulat-
ing reserves is limited by the maximum allowed ramping rates. Ramping restrictions
can be more challenging to model in long-term scheduling models, as such con-
straints 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 ;™.

=6, S dueh — 4w <6V 1€TkeEK he A (32)

Provision of upwards and downwards reserves is implicitly restricted by Eq. (32).
The problem formulation is tightened further by adding Egs. (33) and (34). By
including these constraints, the maximum allowed increase/decrease in power out-
put per time step (17,"*6;™") is scaled to an hourly limitation on provision of reserve

capacity (#). For example, a ramping restriction of 15 MW per time step of 3 h
k
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.

ns 5 1 max cenv i
rr,ka + rt}lh < F_fn" 5, V treTkeKheH (33)
s— 1 max senv i
rt,k,h < ﬁnh 5]1 V te Ik (S ’C,h S H (34)

k

3.3 State-dependent maximum discharge constraints
State-dependent maximum discharge constraints (also known as soft reservoir con-

straints) are limitations on discharge imposed to achieve certain water levels in the
reservoirs for given periods and are therefore categorised as a type of reservoir
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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 con-
straints (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].

Hard reservoir constraints, and especially minimum water levels, may have large
flexibility implications. A minimum water level requirement for the summer sea-
son 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 spill-
age 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 operation of the plant is strictly limited during the constraint period. As
illustrated in Fig. 2, power production can be restricted in parts of the period when
the constraint is active, also limiting the provision of spinning and non-spinning
reserves.

The constraint is defined mathematically as follows:

1. If the water level in the reservoir is below a given threshold V,lli'” for a given period
t € T, discharge from the reservoir is restricted to allow only environmental flow
requirements by Eq. (35).

Gun < Q" N Viipekn <V)" ¥V t€TkeKhefl (35)

Threshold

1./4. 2. 3.

Fig.2 Illustration 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 changes
into a minimum water level constraint (i.e., yellow shaded area, period 3)

Volume

4.
Week
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2. If the water level exceeds the threshold V}’f”’ within the given period 7', 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).

Voen 2 VI v ka2 VMV teTkeKheH (36)

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).

DA AT SO Ik <V YV 1€TKER 3
heH

rns+
C [,k,h li li - A~
F ( Svan=V)" Ivigexa2V," VY teTkeKheH

max
h

(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 Egs.
(40) and (37) with Eq. (39).

D S0 viyga<Vi" ¥ 1€TkeK (39)
heH
Grjn < Q;ﬂm | Vit jmkn < V;l,im VieTkeKheh (40)

The reservoir level dependent logical conditions described above are handled in
the SDP algorithm. Within the constraint period (¢ € 7), the water level in the reser-
voir 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 V, ), instead of the end-reservoir filling in the previous
week (Vi_y g=g.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

m
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the expected future cost curve, i.e., adding Eqgs. (6)—(7) to the decision problem as
described in Sect. 2.2.2, which turn the problem into a MILP.

4 Case study

This section describes the test case study of a regional, renewable-based power sys-
tem based on real-life and simulated data from Norway. The test case is used to ana-
lyse 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 require-
ments 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 bal-
ance net load in systems with high shares of wind power generation, while deliv-
ering 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 con-
straints 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 Sect. 2
including the different environmental constraints described in Sect. 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 abso-
lute MIP gap to 10~? in the solver settings. The SDP model was solved for a conver-

gence criterion of € < 0.1 s where € denotes the maximum difference in the water
values from the previous iteration.

inflow 227 MW
v N P
s S
SN 3
4 “ 100 MW 25
Inflow | HY1 AL c 10
250 MW
~ 1 1 ! T e e
Q[m?/s]
D 20
HY 2 M Y A 150
L Sw
aut
70MW {fixed) . 0—0 20 0 60 80
80 MW (avg.) % Q[m?/s]
(a) The test case power system (b) Details of the hydropower system

Fig.3 Illustration of the test case system
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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 3). 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 4000 % and

2000 % respectively.

The hydropower system is set up to resemble a physical system, in order to rep-
resent 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 sta-
tions. As discussed in Sect. 2.2, a lower efficiency is assumed for operation at mini-
mum 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 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 2.

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 sto-
chastic variables. The dataset consists of weekly historical inflow series, simulated
wind power generation and temperature-adjusted household demand for a region in
mid-Norway. The data follow seasonal patterns. To subtract the seasonality from the
time series, the data was first normalised by Eq. (41), where 4, and o, are the mean
and standard deviation of the series in week t.

S X, — u
X, = p 41)

To account for correlations in time and between the variables in the multivariate
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 stationary. VAR models
have been found to give improved descriptions of inflow in systems with correla-
tions 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.
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p
X, =) BX,_ +y, (42)

i=1

The SDP model requires a discrete representation of the stochastic variables. This
was achieved by scenario generation and clustering [49]. To generate a larger sam-
ple of scenarios than provided in the original data, 10,000 scenarios consisting of
successive, weekly realisations of the stochastic variables were sampled from the
VAR(1) model. To obtain a manageable number of scenarios, 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 scenarios). 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 trajecto-
ries 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 sce-
nario 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 adequately.
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 repre-
sented in the stochastic model, the cost of running out of water or spilling water may

Stage-wise
clustering

Scenarios
Nodes

St:age ]
(a) (b)

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

Stage
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be undervalued. To account for this, the representation 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.

The stochastic variables (scenarios and Markov model) are de-normalized revers-
ing the process in Eq. (41) before being applied in the case study. The forward simu-
lation was conducted for 1000 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 profiles
which are used to distribute the weekly values to the 3-h time steps. Household
demand is represented by a generic weekly profile with a 3-h 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 genera-
tion are used. The weekly wind profiles are from the original input data and matched
to the weekly scenario values based on the average weekly wind power generation.
The deterministic industry demand is assumed to be constant in all time steps, while
the deterministic, exogenous power price is given for a 3-h resolution. The determin-
istic exogenous power price, the average seasonal profiles for inflow, wind power
and household demand, and the weekly profiles for demand and wind power genera-
tion are given in Appendix 3.

4.4 Environmental constraints

Three environmental constraints are considered for the lower hydropower plant
(HY 2): state-dependent maximum discharge, ramping on discharge and minimum
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 Sect. 3) to the decision problem.

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 con-
straint limits the maximum permitted 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 hs
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Fig.5 Illustration 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

. Case Spinning reserve require- Non-spinning
capacity levels ments reserve require-
ments
Level 0 0 MW 0 MW
Level 1 5-10 MW 0-20 MW
Level 2 15.5-23.3 MW 25 MW
Table 3 Overview of case EO El E2 E3

runs (X), simulations with
inconsistent future cost Level 0 X

X, IC X, IC X, IC
functions (IC) and cases
included in the sensitivity study Level 1 X X, 1C X.1C X, 1C
S) Level 2 X, S xhichs! X, IC X, IC, S

Uses E1* as defined in Table 1

to ramp up from 0 to maximum capacity, while the minimum output point can be
reached in 3 h (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 require-
ment 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].

4.5 Reserve capacity requirements

We consider two different levels of required reserve capacities, in addition to the
Level 0 (LO) case without reserve capacity requirements, as presented in Table 2 and
Fig. 5. The spinning reserve requirement in Level 1 (L1) is approximately 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
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potential for the summer and winter seasons, respectively. In Level 1, the non-spin-
ning reserve requirement is defined for the winter season and dimensioned to cover
approximately 25% of the average 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.

4.6 Overview of case runs

The model is solved for a range of different cases, combining the different environ-
mental considerations and reserve capacity requirements as given in Table 3. Note
that the E14+L2 case is solved using the modified state-dependent maximum dis-
charge constraint (see E1* in Table 1). An additional set of simulations are con-
ducted for the cases that include environmental constraints (E1-3) to evaluate the
importance of consistency in the strategy and simulation part, i.e., the importance
of including the environmental constraints in the strategy calculation as well as the
simulation. This is done by simulating the cases with the constraints (E1-3) using
inconsistent future cost functions (IC), namely expected future cost functions cal-
culated without the constraints (E0). Furthermore, a small sensitivity study of the
characteristics of the lower hydropower plant is outlined in Sect. 5.5.

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 con-
straints 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 environmen-
tal 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 develop-
ment 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 dis-
cussed further in Sects. 5.2 and 5.3.

For reference, we first consider the cases without environmental constraints
(E0O+LO, EO+L1 and EO+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 requirements are
included (EO+L1 and EO+L2 compared to EO+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
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export of energy. Minor amounts of energy and reserve capacity demand are cur-
tailed. There is a higher curtailment of demand in the EO+L1 case and higher curtail-
ment of demand for reserves in the EO+L2 case (compared to EO+L0). The rest of
this section discusses the implications of the environmental constraints (E1-3 com-
pared to EOQ) considering different levels of reserve capacity requirements (LO-2).
In general, larger impacts of the environmental constraints are seen for high reserve
capacity requirements (L2). This is logical, as this is the most constrained system
setup, where larger parts of the generation capacity are used to provide reserves.

When the state-dependent maximum discharge constraint is included (E1 com-
pared to EQ), 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 El is
imposed. Compared to without the constraint (E0), curtailment of demand increases
in the E1+L0 case but slightly decreases in the E1+L1 and E14+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 E0), and especially for the E1+L2 case compared to
EO0+L2, due to the penalty of curtailed demand for reserves.

The ramping constraint (E2) has small to no impact (< 1%) on the average hydro-
power generation, wind power generation and net export for all the levels of reserve
capacity requirements (LLO-2), compared to without the constraint (EO+L0-2).
Curtailment of demand is slightly reduced in the E24+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+L1 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+L0 and E2+L1 cases, while there is a high-cost
increase for the E2+L2 case due to a large amount of curtailed demand for reserves.

For the minimum release constraint (E3), reductions in hydropower generation (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 curtailments 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 inter-
preted 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 cur-
tailment of demand of the considered environmental constraints. This increase is
due to water being used to meet the minimum release requirement, which reduces
the amount of water available for seasonal shifting. The consequence is an increased
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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 compared to E3+L1). The dark red areas are where the grey and red bars overlap

probability of low water levels (and in the worst case, running out of water) in low-
inflow years. Figure 6 shows the average total reservoir filling and curtailment of
demand with and without the minimum release constraint for the L1 reserve capac-
ity requirement (E34+L1 compared to EO+L1). An increase in average curtailment
is found for many of the weeks when including this constraint, even though curtail-
ment of demand only happens in the most extreme scenarios. A similar development
was apparent for all the assessed reserve capacity levels when adding the minimum
release constraint (E3). For the state-dependent maximum discharge constraint (E1),
the total curtailment of demand increases in the E14+L0 case and decreases for the
E1+L1 and E14+L2 cases. The ramping constraint (E2) gives equal or lower amounts
of curtailment of demand for all the reserve capacity levels.

Figure 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 (EO).
The dual value of the power balance can be interpreted as the marginal cost of meet-
ing demand. For the minimum discharge constraint (E3), an increase in the marginal
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(a) Reserve requirement level 1 (b) Reserve requirement level 2

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 EO+L1 and EO+L2
cases)
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cost of meeting demand is observed for a large part of the year. The ramping con-
straint (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 require-
ments (L1 and L2), but especially for L2. This is because the reservoir filling is kept
slightly higher when the ramping 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 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 E14+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, allow-
ing production at minimum output within the constraint period. Even though the con-
straint 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 reservoir filling coming into the constraint period (i.e.,
there is a slightly higher reservoir filling by the end of the winter period).

5.3 Provision of reserve capacity

Figure 9 displays the average provision of each type of reserve capacity in several 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
EO) 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 EQ), there
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Fig.8 The average dual value of the power balance constraint (solid lines) and the average power pro-
duction (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
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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

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 require-
ments 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 EO), HY 2 delivers more upwards and downwards reserves when a
medium-high level of reserve capacity is required (L.1). 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, 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 values when the environmental con-
straints 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 (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. Similar 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 reduc-
tion for the downwards spinning reserves (E2 compared to EO). 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
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Fig. 10 Change in the marginal cost of meeting the upwards and downwards spinning reserve require-
ments when including different environmental constraints (i.e., the difference compared to the EO cases)

that the upwards reserve requirement (in combination with the non-spinning require-
ment) 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 opera-
tional flexibility and the changes in the provision of reserve capacity due to impos-
ing the different environmental constraints. Another aspect is the importance of con-
sidering 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). Figure 11 shows the difference in costs of the simulated operation using
consistent versus inconsistent strategies.

We see that there is a reduction in operational costs for the state-dependent maxi-
mum discharge constraint (E1) and the minimum release constraint (E3). A larger
reduction in costs is observed for higher levels of reserve capacity requirements for
both constraints. For the E1 case, the economic improvement is lower for the highest
level of reserve capacity requirements (Level 2 compared to Level 1), but this is likely
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Fig. 11 Reduction in the operational costs of using consistent strategies in the forwards simulation com-
pared to using inconsistent strategies (i.e., expected future cost functions calculated considering the envi-
ronmental constraints versus expected future cost functions not considering the constraints)

due to a less strict version of the constraint being used in the E1+L2 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 calcula-
tion 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 constraint when a consist-
ent 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 con-
straint 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 calculation
may also partly be a result of the level of detail in the study, such as the ramping con-
straint only being active within the week, the underestimation of the intra-week varia-
tion in the SDP model (backwards recursion) and the coarse temporal resolution (3 h).
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 EO-3+L2 cases. The capacity factor (CF) and the degree of regu-
lation (DR) of the plant were changed by adjusting the maximum turbine capacity
and reservoir size. The sensitivity cases are described in Table 5, where V, Q and
P give the reservoir size, maximum discharge and maximum 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.

The average operational costs, hydropower production, curtailment of demand and
curtailment of reserve capacity of including the state-dependent discharge (E1) and the
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Table 5 Description of sensitivity cases

Sensitivity Description
Base V=179Mm? Q = 58.0mT_’,P = 170.0 MW (DR = 0.46, CF = 0.45)
HighReg V =239Mm?,Q = 58.0“’—:,P = 170.0 MW (DR = 0.53, CF = 0.45)
LowReg V=119Mm? Q = 58.0"’—:,P =170.0 MW (DR = 0.39, CF = 0.45)
HighCap V=179Mm?,Q = 75.5‘%",1) =233.1MW (DR = 0.46, CF = 0.34)
LowCap V=179Mm? Q = 40.5‘“7_3,13 = 1149 MW (DR = 0.46, CF = 0.64)
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Fig. 12 Average operational costs (a), hydropower production (b), curtailment of demand for energy (c)
and curtailment of demand for reserve capacity (d) solving without the environmental constraints (EO),
with the state-dependent discharge constraint (E1) and the minimum release constraint (E3) for different
configurations of the hydropower system

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 constraint
was found to be lower for more flexible system configurations and higher for less flex-
ible system configurations. Without the environmental constraints (E0), the degree of
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regulation has a larger cost impact than the capacity factor. 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 mini-
mum release constraint is found to be sensitive to the capacity factor of the plant. Fur-
thermore, the total hydropower production is reduced relatively more for lower turbine
capacities when the minimum release constraint is included (E3 compared to EO). The
curtailment of demand for energy and reserve capacity increases considerably when
the minimum release constraint is included (compared to EQ), 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 considered: reservoir-
level dependent maximum discharge (i.e., state-dependent), maximum ramping of
discharge and minimum release. The representative Norwegian case study demon-
strates 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 environ-
mental 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 capabil-
ity to provide reserve capacity were found to depend on the type of environmen-
tal constraint being imposed. The minimum release and ramping constraints are
active throughout the entire year, and the largest flexibility impacts of these con-
straints are observed in the most energy-restrained periods 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 capac-
ity requirements at the beginning of this period. The ramping constraint was mostly
found to have very small operational 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 con-
straint 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
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state-dependent maximum discharge constraint was used in some of the cases,
showing considerably lower impacts on the marginal cost of meeting the demand for
energy and reserve capacity. Alternative formulations of environmental constraints
could be investigated further to assess the change in operational flexibility towards
the effectiveness of meeting environmental targets.

Appendix 1: SDP Algorithm

Algorithm 1: SDP Algorithm

17+ 0,A«oo,ai=p(...) <0
2 while A > ¢ or j < J do

3 j<j+1
4 for t = T:-1:1 do
5 for s? € SP do
6 for s} € S;* do
7 {Z;, D, W;} « stochVar(s?)
8 for h € H do
9 Vi, < resVolume(s?, h)
10 Iy +— wp X ZAtsyr
11 end
12 a1 (sP, s¥) < @;.({1, ..., P}, s})
13 ot (sP, s}) < solveProblem(t, sP, si')
14 end
15 for sy | € §* do
16 Djp-1(7, 81 1) = Dguess Prisy | siy)au(s?, sy)
17 if s > 1 then
18 \I';fz"l(sp —1,8% ) «
g@tWV(¢j,t,1({1, ceey Sp}, 5?71))
19 end
20 end
21 end
22 end
23 A | \I/;t:T(s”,s?) — Uk _o(sPyst) |, P e8P st eSP heH
24 if A > e then
25 \I/;?HJZT(S”, sp) = Wh_o(sP,st), P eSP speS hel
26 Djp14=7(sP,s¢) « ®j4—0(sP,sy), sP €SP, speS
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 (7), all reservoir
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states (S”) 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 sto-
chastic 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 sy is used to calculate the expected future cost in line 6. The
expected future cost for each reservoir state is stored in matrix ®. The water values are
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 before the next iteration, see lines 23 and 26.

Appendix 2: Stochastic variables

See Figs. 13, 14 and 15.
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Fig. 13 Plot of the stochastic inflow states used in the Markov model (orange diamonds), the simulation
scenarios (red) and the minimum and maximum of the input data (marked by blue lines)
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Fig. 14 Plot of the stochastic household demand states used in the Markov model (orange diamonds), the
simulation scenarios (red) and the minimum and maximum of the input data (marked by blue lines)
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Fig. 15 Plot of the stochastic wind power generation states used in the Markov model (orange dia-
monds), the simulation scenarios (red) and the minimum and maximum of the input data (marked by
blue lines)

Appendix 3: Additional input data

See Figs. 16, 17, 18, 19 and and 20
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Fig. 16 Illustration of the deterministic price series with 3-h resolution used for exchange/trade towards
the larger power system
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Fig. 17 Wind power generation for two random weeks (examples) with a 3-h 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
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Fig. 18 Illustration of the weekly profile for the household demand (3-h 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. 19 Illustration of the average yearly profile for the household demand and wind power generation
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Fig. 20 Illustration of the average yearly inflow to each of the hydropower plants

Funding Open access funding provided by NTNU Norwegian University of Science and Technology
(incl St. Olavs Hospital - Trondheim University Hospital).

Data availability Data can be made available from the corresponding author upon request.

Declarations

Funding and Conflict of interest This work is part of HydroCen (the Norwegian Research Centre for
Hydropower Technology) and was funded by the Research Council of Norway (PNO 257588). The
research is part of a PhD co-supervised by one of the guest editors of the Special Issue on Hydropower
Scheduling. Besides that, the authors have no competing interests to declare that are relevant to the content
of this article.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is
not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licen
ses/by/4.0/.

References
1. IEA. Net Zero by 2050. Paris (2021). https://www.iea.org/reports/net-zero-by-2050
2. Holttinen, H., Kiviluoma, J., Helisto, N., Levy, T., Menemenlis, N., Jun, L., et al.: Design and opera-

tion of energy systems with large amounts of variable generation: Final summary report, IEA Wind
TCP Task 25 (2021). https://cris.vtt.fi/fen/publications/design-and-operation-of-energy-systems-
with-large-amounts-of-vari

3. IEA. Hydropower Special Market Report. Paris: IEA (2021). https://www.iea.org/reports/hydro
power-special-market-report

4. Brondizio, ES., Settele, J., Diaz, S., Ngo, H.T. (eds): Global assessment report on biodiversity and
ecosystem services of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosys-
tem Services. Bonn, Germany: IPBES (2019). https://zenodo.org/record/6417333

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.iea.org/reports/net-zero-by-2050
https://cris.vtt.fi/en/publications/design-and-operation-of-energy-systems-with-large-amounts-of-vari
https://cris.vtt.fi/en/publications/design-and-operation-of-energy-systems-with-large-amounts-of-vari
https://www.iea.org/reports/hydropower-special-market-report
https://www.iea.org/reports/hydropower-special-market-report
https://zenodo.org/record/6417333

Implications of environmental constraints in hydropower...

10.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

Richter, B.D., Baumgartner, J.V., Powell, J., Braun, D.P.: A method for assessing hydrologic altera-
tion within ecosystems. Conserv. Biol. 10(4), 1163-1174 (1996). https://doi.org/10.1046/1.1523-
1739.1996.10041163.X

Poff, N.L., Allan, J.D., Bain, M.B., Karr, J.R., Prestegaard, K.L., Richter, B.D., et al.: The natural
flow regime. Bioscience 47(11), 769-784 (1997). https://doi.org/10.2307/1313099

Grill, G., Lehner, B., Thieme, M., Geenen, B., Tickner, D., Antonelli, F., et al.: Mapping the world’s
free-flowing rivers. Nature 569(7755), 215-221 (2019). https://doi.org/10.1038/s41586-019-1111-9
The European Parliament: European Water Framework Directive 2000/60/EC of the European Par-
liament and of the Council of 23 October 2000 establishing a framework for Community action in
the field of water policy. https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex %3 A32000L00
60

Halleraker, J.H., Kenawi, M.S., L’Abée-Lund, J.H., Bakken, T.H., Alfredsen, K.: Assessment of
flow ramping in water bodies impacted by hydropower operation in Norway—is hydropower with
environmental restrictions more sustainable? Sci. Total Environ. 8(832), 154776 (2022). https://doi.
org/10.1016/J.SCITOTENV.2022.154776

Halleraker, J.H., Bjgrnhaug, M., Langéker, R.M., Selboe, O.K., Sgrensen, J., Brodtkorb, E., et al.:
Vannkraftkonsesjoner som kan revideres innen 2022. NVE (2013). https://www.miljodirektoratet.
no/publikasjoner/2013/oktober-2013/vannkraftkonsesjoner-som-kan-revideres-innen-2022/

Statnett. Verdien av regulerbar vannkraft-Betydning for kraftsystemet i dag og i fremtiden (2021).
https://www.statnett.no/contentassets/b82dcf206acc4762b2abcc3182e5bc52/verdien-av-regulerbar-
vannkraft-statnett-mars-2021.pdf

Helseth, A., Haugen, M., Farahmand, H., Mo, B., Jaehnert, S., Stenklgv, L.: Assessing the benefits
of exchanging spinning reserve capacity within the hydro-dominated nordic market. Electr. Power
Syst. Res. 10(199), 107393 (2021). https://doi.org/10.1016/J.EPSR.2021.107393

Moreira, C., Castro, M., Vasconcelos, M., Silva, B., Vagnoni, E., Nicolet, C., et al.: D2.1 flexibility,
technologies and scenarios for hydro power. In: The Hydropower Extending Power System Flexibil-
ity project (XFLEX HYDRO) (2020). https://www.xflexhydro.com/knowledge/flexibility-technologi
es-and-scenarios-for-hydropower-report

Khodadadi, A., Herre, L., Shinde, P., Eriksson, R., Soder, L., Amelin, M.: Nordic balancing mar-
kets: overview of market rules. In: International Conference on the European Energy Market, EEM.
2020 9 (2020). https://doi.org/10.1109/EEM49802.2020.9221992

Farahmand, H., Doorman, G.L.: Balancing market integration in the Northern European continent.
Appl. Energy 8(96), 316-326 (2012). https://doi.org/10.1016/J. APENERGY.2011.11.041

Jaehnert, S., Doorman, G.L.: Assessing the benefits of regulating power market integration in
Northern Europe. Int. J. Electr. Power Energy Syst. 43(1), 70-79 (2012). https://doi.org/10.1016/J.
1JEPES.2012.05.010

Helseth, A., Fodstad, M., Mo, B.: Optimal medium-term hydropower scheduling considering energy
and reserve capacity markets. IEEE Trans. Sustain. Energy 7(3), 934-942 (2016). https://doi.org/10.
1109/TSTE.2015.2509447

Abgottspon, H., Njalsson, K., Bucher, M.A., Andersson, G.: Risk-averse medium-term hydro opti-
mization considering provision of spinning reserves. In: 2014 International Conference on Probabil-
istic Methods Applied to Power Systems, PMAPS 2014—Conference Proceedings (2014). https://
doi.org/10.1109/PMAPS.2014.6960657

Pérez-Diaz, J.I., Guisdndez, 1., Chazarra, M., Helseth, A.: Medium-term scheduling of a hydro-
power plant participating as a price-maker in the automatic frequency restoration reserve market.
Electr. Power Syst. Res. 8(185), 106399 (2020). https://doi.org/10.1016/J.EPSR.2020.106399
Hjelmeland, M.N., Helseth, A., Korpés, M.: A case study on medium-term hydropower scheduling
with sales of capacity. Energy Proced. 1(87), 124—131 (2016). https://doi.org/10.1016/J.EGYPRO.
2015.12.341

van Ackooij, W., Danti Lopez, 1., Frangioni, A., Lacalandra, F., Tahanan, M.: Large-scale unit com-
mitment under uncertainty: an updated literature survey. Ann. Oper. Res. 271(1), 11-85 (2018).
https://doi.org/10.1007/s10479-018-3003-z

Sgrensen, B.: A combined wind and hydro power system. Energy Policy 9(1), 51-55 (1981). https://
doi.org/10.1016/0301-4215(81)90207-X

Kan, X., Hedenus, F., Reichenberg, L.: The cost of a future low-carbon electricity system with-
out nuclear power—the case of Sweden. Energy 3(195), 117015 (2020). https://doi.org/10.1016/J.
ENERGY.2020.117015

@ Springer


https://doi.org/10.1046/J.1523-1739.1996.10041163.X
https://doi.org/10.1046/J.1523-1739.1996.10041163.X
https://doi.org/10.2307/1313099
https://doi.org/10.1038/s41586-019-1111-9
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32000L0060
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32000L0060
https://doi.org/10.1016/J.SCITOTENV.2022.154776
https://doi.org/10.1016/J.SCITOTENV.2022.154776
https://www.miljodirektoratet.no/publikasjoner/2013/oktober-2013/vannkraftkonsesjoner-som-kan-revideres-innen-2022/
https://www.miljodirektoratet.no/publikasjoner/2013/oktober-2013/vannkraftkonsesjoner-som-kan-revideres-innen-2022/
https://www.statnett.no/contentassets/b82dcf206acc4762b2abcc3182e5bc52/verdien-av-regulerbar-vannkraft-statnett-mars-2021.pdf
https://www.statnett.no/contentassets/b82dcf206acc4762b2abcc3182e5bc52/verdien-av-regulerbar-vannkraft-statnett-mars-2021.pdf
https://doi.org/10.1016/J.EPSR.2021.107393
https://www.xflexhydro.com/knowledge/flexibility-technologies-and-scenarios-for-hydropower-report
https://www.xflexhydro.com/knowledge/flexibility-technologies-and-scenarios-for-hydropower-report
https://doi.org/10.1109/EEM49802.2020.9221992
https://doi.org/10.1016/J.APENERGY.2011.11.041
https://doi.org/10.1016/J.IJEPES.2012.05.010
https://doi.org/10.1016/J.IJEPES.2012.05.010
https://doi.org/10.1109/TSTE.2015.2509447
https://doi.org/10.1109/TSTE.2015.2509447
https://doi.org/10.1109/PMAPS.2014.6960657
https://doi.org/10.1109/PMAPS.2014.6960657
https://doi.org/10.1016/J.EPSR.2020.106399
https://doi.org/10.1016/J.EGYPRO.2015.12.341
https://doi.org/10.1016/J.EGYPRO.2015.12.341
https://doi.org/10.1007/s10479-018-3003-z
https://doi.org/10.1016/0301-4215(81)90207-X
https://doi.org/10.1016/0301-4215(81)90207-X
https://doi.org/10.1016/J.ENERGY.2020.117015
https://doi.org/10.1016/J.ENERGY.2020.117015

L. E. Schéffer et al.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Tande, J.O., Korpés, M., Uhlen, K.: Planning and operation of large offshore wind farms in areas
with limited power transfer capacity. Wind Eng. 36(1), 2012-69 (2012). https://doi.org/10.1260/
0309-524X.36.1.69

Matevosyan, J., Olsson, M., Soder, L.: Hydropower planning coordinated with wind power in areas
with congestion problems for trading on the spot and the regulating market. Electr. Power Syst. Res.
79(1), 39-48 (2009). https://doi.org/10.1016/J.EPSR.2008.05.019

Chazarra, M., Garcia-Gonzalez, J., Pérez-Diaz, J.I., Arteseros, M.: Stochastic optimization model
for the weekly scheduling of a hydropower system in day-ahead and secondary regulation reserve
markets. Electr. Power Syst. Res. 1(130), 67-77 (2016). https://doi.org/10.1016/J.EPSR.2015.08.
014

Guisandez, 1., Pérez-Diaz, J.I., Wilhelmi, J.R.: Approximate formulae for the assessment of the
long-term economic impact of environmental constraints on hydropeaking. Energy 10(112), 629—
641 (2016). https://doi.org/10.1016/J. ENERGY.2016.06.076

Huuki, H., Karhinen, S., Ashraf, F.B., Haghighi, A.T., Marttila, H.: The economic cost of hydro-
power environmental constraints under decreasing price volatility. River Res. Appl. (2022). https://
doi.org/10.1002/RRA.4049

Niu, S., Insley, M.: On the economics of ramping rate restrictions at hydro power plants: balanc-
ing profitability and environmental costs. Energy Econ. 39, 39-52 (2013). https://doi.org/10.1016/j.
eneco.2013.04.002

Guisandez, 1., Pérez-Diaz, J.I., Wilhelmi, J.R.: The influence of environmental constraints on the
water value. Energies 9, 6 (2016). https://doi.org/10.3390/en9060446

Guisandez, 1., Pérez-Diaz, J.I., Nowak, W., Haas, J.: Should environmental constraints be consid-
ered in linear programming based water value calculators? Int. J. Electr. Power Energy Syst. (2020).
https://doi.org/10.1016/].ijepes.2019.105662

Schiffer, L.E., Adeva-Bustos, A., Bakken, T.H., Helseth, A., Korpés, M.: Modelling of environmen-
tal constraints for hydropower optimization problems—a review. In: 2020 17th international con-
ference on the european energy market (EEM). IEEE, pp. 1-7 (2020). https://ieeexplore.ieee.org/
document/9221918/

Schiffer, L.E., Helseth, A., Korpas, M.: A stochastic dynamic programming model for hydropower
scheduling with state-dependent maximum discharge constraints. Renew. Energy 7(194), 571-581
(2022). https://doi.org/10.1016/J. RENENE.2022.05.106

Helseth, A., Mo, B., Hagenvik, H.O.: Nonconvex environmental constraints in hydropower schedul-
ing. In: International Conference on Probabilistic Methods Applied to Power Systems (PMAPS), pp.
1-6 (2020)

Helseth, A., Mo, B., Hans, X., Hagenvik, O., Schiffer, L.E.: Hydropower scheduling with state-
dependent discharge constraints: an SDDP approach. J. Water Resour. Plan. Manage. 148(11),
04022061 (2022). https://doi.org/10.1061/(ASCE)WR.1943-5452.0001609

Bellman, R.: Dynamic programming and stochastic control processes. Inf. Control 1(3), 228-239
(1958). https://doi.org/10.1016/S0019-9958(58)80003-0

Labadie, J.W.: Optimal operation of multireservoir systems: state-of-the-art review. J. Water Resour.
Plan. Manage. 130(2), 93—111 (2004). https://doi.org/10.1061/(ASCE)0733-9496(2004)130:2(93)
Gjerden, K.S., Helseth, A., Mo, B., Warland, G.: Hydrothermal scheduling in Norway using sto-
chastic dual dynamic programming; a large-scale case study. In: 2015 IEEE Eindhoven PowerTech,
PowerTech 2015 (2015). https://doi.org/10.1109/PTC.2015.7232278

Mathisen, S.: Improved inflow modelling. Trondheim: HydroCen rapport 30. Norwegian Research
Centre for Hydropower Technology (2022). https://hydrocen.nina.no/english/Publications/Hydro
Cen-Report-series

Nandalal, K.D.W., Bogardi, J.J.: Dynamic programming based operation of reservoirs: applicabil-
ity and limits. Cambridge University Press (2007). https://www.cambridge.org/core/books/dynam
ic-programming-based-operation-of-reservoirs/95SFOB8§768ADCD261343E1A21F59F7C3F
Misener, R., Floudas, C.A.: Piecewise-linear approximations of multidimensional functions. J.
Optim. Theory Appl. 145, 120-147 (2010). https://doi.org/10.1007/s10957-009-9626-0

Bakken, T.H., Zinke, P., Melcher, A., Sundt, H., Vehanen, T., Jorde, K., et al.: Setting environmen-
tal flows in regulated rivers. Trondheim: SINTEF (2012). https://www.researchgate.net/publication/
334162598_Setting_environmental_flows_in_regulated_rivers

Bakken, T.H., Harby, A., Forseth, T., Ugedal, O., Sauterleute, J.F., Halleraker, J.H., et al.: Classifica-
tion of hydropeaking impacts on Atlantic salmon populations in regulated rivers. River Res. Appl.
(2021). https://doi.org/10.1002/RRA.3917

Springer


https://doi.org/10.1260/0309-524X.36.1.69
https://doi.org/10.1260/0309-524X.36.1.69
https://doi.org/10.1016/J.EPSR.2008.05.019
https://doi.org/10.1016/J.EPSR.2015.08.014
https://doi.org/10.1016/J.EPSR.2015.08.014
https://doi.org/10.1016/J.ENERGY.2016.06.076
https://doi.org/10.1002/RRA.4049
https://doi.org/10.1002/RRA.4049
https://doi.org/10.1016/j.eneco.2013.04.002
https://doi.org/10.1016/j.eneco.2013.04.002
https://doi.org/10.3390/en9060446
https://doi.org/10.1016/j.ijepes.2019.105662
https://ieeexplore.ieee.org/document/9221918/
https://ieeexplore.ieee.org/document/9221918/
https://doi.org/10.1016/J.RENENE.2022.05.106
https://doi.org/10.1061/(ASCE)WR.1943-5452.0001609
https://doi.org/10.1016/S0019-9958(58)80003-0
https://doi.org/10.1061/(ASCE)0733-9496(2004)130:2(93)
https://doi.org/10.1109/PTC.2015.7232278
https://hydrocen.nina.no/english/Publications/HydroCen-Report-series
https://hydrocen.nina.no/english/Publications/HydroCen-Report-series
https://www.cambridge.org/core/books/dynamic-programming-based-operation-of-reservoirs/95F0B8768ADCD261343E1A21F59F7C3F
https://www.cambridge.org/core/books/dynamic-programming-based-operation-of-reservoirs/95F0B8768ADCD261343E1A21F59F7C3F
https://doi.org/10.1007/s10957-009-9626-0
https://www.researchgate.net/publication/334162598_Setting_environmental_flows_in_regulated_rivers
https://www.researchgate.net/publication/334162598_Setting_environmental_flows_in_regulated_rivers
https://doi.org/10.1002/RRA.3917

Implications of environmental constraints in hydropower...

44.

45.

46.

47.

48.

49.

50.

SI.

52.

Pereira-Bonvallet, E., Piischel-Lgvengreen, S., Matus, M., Moreno, R.: Optimizing hydrothermal
scheduling with non-convex irrigation constraints: case on the Chilean electricity system. In: Energy
Procedia, vol. 87, pp. 132-140. Elsevier, New York (2016)

Dunning, I., Huchette, J., Lubin, M.: JuMP: a modeling language for mathematical optimization.
SIAM Rev. 59(2), 295-320 (2015). https://doi.org/10.1137/15M 1020575

IBM: CPLEX optimizer. Accessed 07 Jan 2021. http://www-01.ibm.com/software/

Schiffer, LE., Mo, B., Graabak, I.: Electricity prices and value of flexible generation in Northern
Europe in 2030. In: International Conference on the European Energy Market, EEM (2019)

Larsen, C.T., Doorman, G., Mo, B.: Joint modelling of wind power and hydro inflow for power sys-
tem scheduling. Energy Proced. 87, 189-196 (2016). https://doi.org/10.1016/J.LEGYPRO.2015.12.
350

Jardim, D.L.D.D., MacEira, M.E.P., Falcdo, D.M.: Stochastic streamflow model for hydroelectric
systems using clustering techniques. In: 2001 IEEE Porto Power Tech Proceedings, vol 3, pp 244—
249 (2001). https://doi.org/10.1109/PTC.2001.964916

Lloyd, S.P.: Least squares quantization in PCM. IEEE Trans. Inf. Theory 28(2), 129-137 (1982).
https://doi.org/10.1109/TIT.1982.1056489

Hjelmeland, M.N., Larsen, C.T., Korpas, M., Helseth, A.: Provision of rotating reserves from wind
power in a hydro-dominated power system. In: 2016 International Conference on Probabilistic
Methods Applied to Power Systems, PMAPS 2016-Proceedings (2016). https://doi.org/10.1109/
PMAPS.2016.7764206

Mo, B., Gjelsvik, A., Grundt, A., Karesen, K.: Optimisation of hydropower operation in a liberal-
ised market with focus on price modelling. In: 2001 IEEE Porto Power Tech Proceedings, vol 1, pp.
228-233 (2001). https://doi.org/10.1109/PTC.2001.964603

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer


https://doi.org/10.1137/15M1020575
http://www-01.ibm.com/software/
https://doi.org/10.1016/J.EGYPRO.2015.12.350
https://doi.org/10.1016/J.EGYPRO.2015.12.350
https://doi.org/10.1109/PTC.2001.964916
https://doi.org/10.1109/TIT.1982.1056489
https://doi.org/10.1109/PMAPS.2016.7764206
https://doi.org/10.1109/PMAPS.2016.7764206
https://doi.org/10.1109/PTC.2001.964603

	Implications of environmental constraints in hydropower scheduling for a power system with limited grid and reserve capacity
	Abstract
	1 Introduction
	2 Stochastic scheduling model
	2.1 Representation of uncertainty
	2.2 The weekly decision problem
	2.2.1 Objective function
	2.2.2 Approximation of the expected future cost function
	2.2.3 Hydropower constraints
	2.2.4 Wind power constraints
	2.2.5 System constraints

	2.3 Overview of the model framework

	3 Modelling of environmental constraints
	3.1 Minimum flow constraints
	3.2 Ramping constraints
	3.3 State-dependent maximum discharge constraints

	4 Case study
	4.1 System description
	4.2 Markov model and scenarios sampling
	4.3 Intra-week variability
	4.4 Environmental constraints
	4.5 Reserve capacity requirements
	4.6 Overview of case runs

	5 Results and discussion
	5.1  Average total results (yearly)
	5.2 Impacts on operational flexibility
	5.3 Provision of reserve capacity
	5.4 Importance of strategy
	5.5 Sensitivity of hydropower plant flexibility

	6 Conclusion
	Appendix 1: SDP Algorithm
	Appendix 2: Stochastic variables
	Appendix 3: Additional input data
	References


