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Chance-Constrained Scheduling of Underground
Pumped Hydro Energy Storage in Presence
of Model Uncertainties
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Abstract—Abandoned underground quarries or mines may be
rehabilitated as natural reservoirs for underground pumped hydro
energy storage (UPHES). In addition to the inherent modeling
inaccuracies of the traditional PHES that arise from, e.g., approxi-
mating the nonlinear pump/turbine head-dependent performance
curves, the optimal operation of these underground plants is also
affected by endogenous model uncertainties. The latter typically
arise from a limited knowledge of the physical characteristics of the
system such as the geometry and hydraulic properties of the un-
derground cavity. In this paper, chance-constrained programming
is leveraged to immunize the day-ahead scheduling of an UPHES
owner against both these model uncertainties and the modeling ap-
proximations. The proposed method is tested on a fictitious UPHES
system using an existing underground quarry as lower reservoir.
Results demonstrate that the methodology allows finding a compro-
mise between conservativeness and economic performance, while
being computationally efficient. This model may thus be integrated
in the daily scheduling routine of UPHES owners, or may help
regulators and system operators to better estimate the available
flexibility of such resources.

Index Terms—Chance-constrained programming, day-ahead
scheduling, flexibility, model uncertainties, underground pumped
hydro energy storage.

NOMENCLATURE
A. Sets and Indices
T Set of time steps, index .
Q Set of stochastic scenario of exogenous vari-

ables, index w.
H Set of UPHES plants, index .
N Set of net head intervals, index n.
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R Set of reserve categories, index r.
RT SR Set of upward reserve categories.
R SR Set of downward reserve categories.

B. Decision Variables

res, Total reserve capacity allocated in reserve cat-

egory r, (MW).

Reserve capacity allocated in pump (P) and

turbine (T) mode by plant % in reserve category

r, (MW).

Uptor Additional displaced volume of water due to
' activation of reserves of plant / in reserve cat-

egory r at time step ¢, (m?3).

P T
TeS), .y TES)

ePA Energy exchanged in the day-ahead market at
time step t, (MWh).

zf;t, z,?ﬁt Binary variables indicating the pump (P) and
turbine (T) status of plant 4 at time step .

PhoisPhy Output power in pump (P) and turbine (T)
modes of plant £ at time step ¢, (MW).

q,lj,t, q,?t Water flow rates in pump (P) and turbine (T)

mode of plant 4 at time step ¢, (m%/s).
v v}L"VtV Water volume in the upper (up) and lower (low)
basins of plant £ at time step ¢, (m3).
Water head in the upper (up) and lower (low)
basins of plant & at time step ¢, (m).

up low
hh,t’ hh,t

hpet Net head in plant / at time step #, (m).

hl,j’}s Head loss in plant /4 at time step 7, (m).

d}?’lﬁf Binary variable, equal to 1 if the net head of

' plant £ is in interval n at time step ¢, and O

otherwise.

C. Parameters

At Temporal resolution of the optimization proce-
dure, (h).

T Probability of scenario w.

ASS Price for availability of reserve capacity in re-
serve category r, (€ /MW).

AB:’? Electricity price in the day-ahead energy-only
market at time step ¢ in scenario w, (€ /MWh).

cyP Operating costs of plant &, (€ /MWh).

h
AP,f ., APT ~ Ramping ability in pump (P) and turbine (T)

mode of plant 4 in reserve category r, (MW).
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@1;, @f Maximum water flow rates in pump (P) and
turbine (T) mode of plant &, (m3/s).

Vzp, Vfw Maximum water volume in the upper (up) and
lower (low) basin of plant A, (m?3).

Vet Target amount of water in the upper basin at the
end of the optimization horizon of plant 4, (m3).

E;n, F;n Stepwise approximation of upper and lower
bounds of the safe operating zone in turbine
(T) mode for net head interval n, (MW).

72”7?2,1 Piecewise linear approximation of upper and
lower bounds of safe operating zone in turbine
(T) mode for net head interval n, (MW)

a, Fz)n Slope and constant term of upper bound of safe

operating zone in turbine (T) mode for net head
interval n, (MW/m), (MW).

1. INTRODUCTION

HE massive integration of electricity generation from re-
T newable energy sources, such as solar and wind energy,
poses significant challenges for power system operators. These
resources are intrinsically uncertain and intermittent, which
results in an increased need of flexibility to mitigate mismatches
between electricity generation and consumption [1]. Pumped-
hydro energy storage (PHES), a robust and mature technology
currently representing over 99% of the worldwide installed stor-
age capacity, may play a pivotal role in providing this flexibility
[2]-[4]. Recent progresses in power electronics have indeed
enabled PHES units to operate dynamically at variable speeds in
both pump and turbine modes, thereby enhancing their operating
range [5].

However, the potential of conventional PHES installations
is constrained, since it requires a minimum height difference
between both reservoirs. Conversely, in underground pumped
storage hydropower (UPHES), as represented in Fig. 1, the upper
reservoir is located at the surface or at shallow depth, while
the lower one is underground, making this a viable alternative
in flat regions [6]. Although this underground basin can be
excavated, abandoned quarries and mines may be used, allowing
significant investment cost reductions and, in some cases, to
exploit the existing access to the grid [7], [8]. To the best of
author’s knowledge, there are currently no UPHES in operation,
but different authors investigated the possibility to implement
such systems in open pit or underground quarries, focusing on,
e.g., geo-mechanical [9], [10] and hydrogeological issues [7],
[11]. These studies highlight significant storage potential, even
in relatively flat regions. For example, the capacity in Belgium’s
Walloon Region is assessed at 815 MW and 5000 MWh, dis-
tributed over 76 sites [12]. In the case study (Section IV), we
describe a hypothetical UPHES unit, based on the characteristics
of a potential site in Belgium.

In this paper, we study the multi-period, stochastic day-ahead
scheduling problem faced by UPHES unit owners that jointly
participate in energy and reserve markets. The profitability of
UPHES plants strongly depends on the efficiency of the plan-
ning process governing its participation in energy and ancillary
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Fig. 1. Typical underground pumped hydro energy storage (UPHES) system.

service markets. These schedules must indeed be determined
optimally to fully exploit the limited hydro energy resource
while satisfying hydraulic and electromechanical constraints,
over an horizon of typically one day or one week. This gives
rise to challenging optimization problems [13]-[15], which are
discontinuous (due to the forbidden operating zones of the
hydraulic machines to avoid cavitation, see Section II), non-
linear (to accurately represent, e.g., head dependencies), and
non-convex (due to integer decision variables to discriminate
the pumping, generating and idle operation modes), which must
be solved under uncertainty (e.g., on market conditions).

To address these complex decision problems, researchers have
deployed a wide range of techniques for both hydro generation
and pumped storage plants. For example, dynamic programming
has been used but its practical application is strongly affected by
the curse of dimensionality [16], [17]. A nonlinear programming
model is proposed in [18], but solving such nonlinear problems
directly comes typically entails a high computational cost and
the global optimality of the solution cannot be guaranteed [19].
Similarly, convergence issues in Lagrangian relaxation-based
implementations [20], [21] motivated researchers to pursue other
techniques. Meta-heuristics [22]—-[24] were also tested, but such
techniques do not provide any information about the solution
optimality, which is moreover strongly dependent on the starting
solution provided to the algorithm. Therefore, piecewise linear
approximation-based formulations have been proposed using
mixed-integer linear programming (MILP). These models have
been progressively improved (with more tight and compact
formulations) to solve the PHES scheduling problem with head-
dependent characteristics more efficiently [25]-[35]. However,
errors caused by the linearization, required to ensure compu-
tational tractability, of complex effects (i.e., nonlinear water
levels within reservoirs, penstock head loss and head-dependent
pump/turbine performance curves) may lead to infeasible solu-
tions. In order to guarantee the feasibility of the PHES schedule,
a MILP formulation considering conservative estimates of the
output power range has been proposed in [36].

The common feature of all these models is that they as-
sume that the characteristics of the hydro plants are perfectly
known. However, for UPHES units, the geometry and hydraulic
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properties of the underground cavity are typically unknown
(Fig. 1). In such flooded cavities, water transfers rely on complex
interactions between shafts, galleries, potentially collapsed
chambers, and the adjacent porous and/or fractured rock struc-
tures. This leads to uncertainty on the UPHES state (such as
the exact net head value), and thus on its safe operating range.
Disregarding these model uncertainties may thus mislead the
UPHES operator into believing that the obtained schedule satis-
fies all hydraulic and electromechanical constraints, while it may
actually lead to infeasible (unsafe) solutions. Such a situation
results in, e.g., an inability to meet day-ahead schedules and
costly financial penalties in real-time or balancing markets.

The main contribution of this paper is the immunization of
the UPHES day-ahead scheduling problem in energy and reserve
capacity markets against infeasible operating conditions, arising
from both the approximation of the UPHES nonlinear character-
istics and the limited knowledge of the UPHES state (endoge-
nous model uncertainties), by leveraging chance-constrained
programming. Indeed, by defining a probability that constraint
violations are kept smaller than a target value, the method allows
managing the risk of obtaining infeasible operating schedules
(that would lead to severe financial penalties), while avoiding to
rely on conservative approaches, as in [36], which would prevent
the UPHES to take full advantage of its flexibility, reducing its
profitability.

An important advantage of the proposed procedure is that
modeling errors and endogenous model uncertainties can be
considered independently from the exogenous sources of un-
certainty (that do not influence the UPHES state, such as market
conditions), which are here modeled with scenarios to fully
exploit the knowledge of the associated probability distributions
(that can be efficiently forecasted [37], [38]). Results from a case
study on a hypothetical UPHES plant on an actual candidate site
demonstrate that the proposed chance-constrained method al-
lows determining the risk attitude that maximizes profits, thereby
outperforming their risk-neutral, deterministic equivalents.

The remainder of this paper is organized as follows. Section II
introduces the rationale and principle of the proposed method-
ology, while Section III describes the mathematical formulation
of the UPHES day-ahead scheduling problem, including the
chance-constrained approach to deal with both modeling errors
and endogenous system uncertainties. Section IV presents and
discusses the computational results obtained for different risk-
attitudes of the UPHES operator, and shows the robustness of the
solution through an out-of-sample analysis. Finally, conclusions
and potential outlooks for future research are given in Section V.

II. MOTIVATION

When determining the operating schedule of any pumped
storage system, which may be linked to a position in a day-ahead
energy and/or ancillary service markets, the operator must take
into account the technical constraints of the system. In addi-
tion to typical limits in terms of energy capacity and ramping
abilities, the operation of hydraulic machines is governed by
a three-dimensional relationship between the water flow, the
output power and the net head. This function, referred to as
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Fig. 2. Unit performance curve (UPC) of a Francis machine in turbine mode.

the unit performance curve (UPC) describes the efficiency of
the hydraulic machinery. Such a curve is illustrated in Fig. 2 for
a typical reversible variable-speed Francis machine in turbine
mode.

Aside from their complex water-power conversion character-
istics, hydraulic machines are also characterized by two for-
bidden operating zones (Fig. 2). First, increasing the output
power for a fixed net head value requires higher water flow rates,
which ultimately leads to cavitation problems. Second, part-load
operation (lower output power for a given net head value, i.e.,
lower water flow rates) gives rise to mechanical vibrations and
severe erosion of the hydraulic system [39]. Note that the safe
UPHES operating domain is not fixed, but depends on the net
head value (since the latter defines the pressure conditions, and
thus the stability margins of the hydraulic machine). An accurate
description of the head-dependent UPCs is thereby essential
to ensure that the resulting UPHES model leads to a reliable,
feasible operating schedule and, thus, a profit-maximizing mar-
ket participation. However, the inherent complexity to properly
represent the nonlinear (non-concave and non-convex) UPCs
requires relying on modeling approximations (Section III).

In real-life applications, the decision problem may be compli-
cated by uncertainty on the real-time state of the system, e.g., due
to the participation in operating reserve markets. Indeed, in this
case the stochastic real-time activation of reserves impacts the
net head available at each time step, which in turn determines the
feasible operating region. In the specific case of UPHES, the pos-
sibly partially unknown internal physical characteristics (such as
the exact geometry and the hydraulic behavior of underground
cavities) may render the net head value itself uncertain, further
complicating the scheduling problem faced by UPHES owners.

In this paper, we leverage chance-constrained programming
to hedge the operating schedule of an UPHES against adverse
effects associated with these uncertainties and the risk of in-
feasible operating schedules. The chance constraints introduced
in Section III-D immunize the UPHES against infeasible sched-
ules, arising from (i) the approximations of the unit performance
curves (UPCs), (ii) the limited knowledge of the UPHES charac-
teristics (endogenous uncertainties), and (iii) the uncertain future
activation of operating reserves by limiting the operating region
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Fig. 3. Structure of the considered operating reserve and energy-only market
and the associated day-ahead decision procedure of the UPHES owner.

of the UPHES. By reformulating the chance constraints as a
set of convex constraints instead of relying on scenario-based
techniques, we preserve computational resources to solve a NP-
hard mixed integer problem. As such, this formulation provides
an efficient framework to obtain the best trade-off between (i)
the revenues in day-ahead energy and reserves markets and (ii)
real-time penalties due to overly aggressive bidding strategies
(for which the energy cannot be provided due to infeasible
schedules), based on the risk-attitude of the UPHES owner.

III. METHODOLOGY

Below, we formulate the day-ahead scheduling problem faced
by an operator of UPHES plants. The operator maximizes its
profit in the day-ahead energy and reserve markets, consider-
ing modeling errors and endogenous model uncertainties (via
chance-constraints), and exogenous sources of uncertainty, i.e.,
electricity prices in the day-ahead energy market (via represen-
tative scenarios). The UPHES owner is a price-taker in both
reserve and energy markets.

The considered market structure is inspired by the European
energy-only and reserve capacity markets, which are cleared
sequentially via independent auctions [40]. In most countries,
however, the reserve procurement currently takes place well
before the day-ahead market clearing (e.g., week-ahead), which
prevents storage resources to efficiently contribute due to the
necessity to be continuously available during the whole contract-
ing period [41]. To overcome this barrier, European regulatory
bodies have recently defined guidelines [42] to clear the reserve
capacity market on a daily basis, shortly before the energy
market (Fig. 3).

Considering the limited delay between the clearing of both
day-ahead markets and the strong link between operating re-
serves and arbitrage opportunities for an UPHES owner, we
formulate the UPHES owner’s participation in these markets
as a single decision problem. In our formulation, the UPHES
operator needs to be in balance in real-time, i.e., what is offered
on all market floors must actually be supplied. However, due
to approximation errors and uncertainties, it may happen that
the UPHES is unable to meet its operating schedule, thereby
facing imbalance penalties (relating to expensive adjustments
in intraday or real-time balancing markets) that significantly
exceed day-ahead energy prices. To mimic and quantify the
impact of such real-time adjustments to the UPHES position,
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we perform out-of-sample simulations representing possible
configurations of the (imperfectly known) underground reser-
voir, day-ahead electricity prices and real-time activation of
reserves (Section I'V).

A. Objective Function

The UPHES operator participates in both reserve and en-
ergy markets by deciding the charging (pump) and discharging
(turbine) power in the form of quantity bids. We disregard
uncertainty on the reserve capacity prices, assuming these may
be predicted with high confidence. The day-ahead scheduling
problem’s objective therefore boils down to (1), where the
UPHES operator maximizes its expected profit ®* based on (i)
the revenues for the availability of up and down reserve capacity
over the scheduling horizon, (ii) the revenues associated with
energy sold and bought in the day-ahead electricity market, and
(iii) the operating costs of the units:

max 4 = 37 24 A1 . res,

TERT

F3 | X e hiy et = 3 O (P + )
teT | wEQ N —r’  h€H
(i4) (i14)

ey

We assume that (i) the participation in the balancing market is

budget-neutral (the expected profit for the activation of reserves

is offset by the UPHES operating costs) and (ii) the operator

must provide a feasible operating schedule, i.e., that it may not

willingly incur imbalance penalties, hence, these penalties do
not appear in the objective function (1).

B. Energy Balance and Reserve Allocation Constraints

Constraint (2) imposes that the energy exchanged on the
electricity market is balanced by the available resources:

Pt =AY (phy—phy) W )
heH

The flexibility of the PHES units can be valued in the re-
serve market. The proposed formulation aims at determining
the optimal reserve capacity in the different products » € R,
through a profit-maximizing allocation of the UPHES flexibility
res, over the scheduling horizon (3). Upward reserve capacity
can be provided either by increasing the generated power in
turbine mode or by reducing the pumping power. Similarly,
downward reserves are supplied by lowering the turbine power

or by increasing up the pump output power:

Z (resg’t - Tesl,? ”) =res, Vit,r 3)

heH ’ o
Moreover, the reserve capacity allocated to each unitis limited
by its ramping ability and the operational requirements of the dif-
ferent reserve categories. Indeed, up and down services are clas-
sified into different categories according to their response speed
[43]. Frequency containment reserves (FCR) are automatically
activated to alleviate momentary frequency deviations. Then,
automatic frequency restoration reserves (aFRR) are dispatched

Authorized licensed use limited to: Olivier Deblecker. Downloaded on June 22,2020 at 06:12:07 UTC from IEEE Xplore. Restrictions apply.



1520

to free up FCR capacity for new contingencies. If the problem
persists, the system operator requests the activation of manual
frequency restoration reserves (mFRR), which remain online
until the situation is resolved. Upward FCR (fir) and downward
FCR (fd) must be fully activated in 30 seconds, upward aFRR
(au) and downward aFRR (ad) in 7.5 minutes, whereas upward
mFRR (mu) and downward mFRR (md) in 15 minutes.

resfmm < z,ﬁﬁt . AR’,‘;W Vh,t,i € {T,P},r € {fu, fd} 4)
resﬁl,t,fu + 7”68;17,&7(1“ < Z;l,t : AR;‘L,au Vha t,i € {Tv P} (5)
resfhnfd + resfht’ad < sz,t . ARZ,ad Vh,t,i € {T,P} (6)

Z Tes;z,t,r é Z;lz.,t ! AR;Lmu Vhatai € {T,P} (7)
reR+
Z res;z,t,r S Z;;L,t : A‘R;‘L,md thtvi € {Ta P} (8)
reR-

Constraint (4) ensures that the UPHES owner does not allocate
more reserve capacity to the FCR category than it can provide
within 30 seconds (according to the UPHES ramping abilities).
Equations (5)—(6) allow offering the remaining ramping capacity
available in a 7.5 minutes time frame as aFRR. Similarly, Con-
straints (7)—(8) ensure that the offered reserve capacity complies
with the ramping requirements of the mFRR.

C. Technical Constraints of PHES Technology

The hydraulic machine is constrained by water discharges
limitations in pump (9) and turbine (10) mode:

—P
Qe <z Q,  Vhit o)

—T
qg,t < Zl?,t “Qy,
The water volumes in the upper (11) and lower (12) reservoirs

allow coupling the charge and discharge decisions across the
scheduling horizon:

Vh, t (10)

o =it 4 (ab - af,) At vht
o = (G b)) AL YR (1)

When scheduling PHES plants that are providing upward re-
serves, one should ensure that sufficient water is stored in the up-
per reservoir and/or that the lower basin is able to accommodate
the additional water inflow. Similarly, for the reliable provision
of downward reserves, the formulation should guarantee that
enough water is available in the lower basin and/or that the upper
reservoir is sufficiently large to store the transferred water. These
limits on the water volumes have to be respected at each time
step, in the worst-case scenario, i.e., activation of all reserves in
one direction [44]:

Vup+z Z Vhtr,r Svht<72p

t'=1reR+

t
= us, Vht

t'=1rcR-

13)
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—low

10w < Vh

Vlow + Z Z ,U;"Ie;,

t'=1reR+t

t
res
3P xE

t'=1reR+

Vh,t o (14)

The additional water volumes v}, .

reserves are obtained as follows

3600 - 10° - (res{t,’r + Tesl,;t,m)

Vpt The P9 h?ftt/ (15)
where g = 9.81 m/s? and p is the fluid density (1000 kg/m3).
To avoid nonlinearities in (15), the efficiency 7y,  and net head
value h}‘bett, are assumed to be constant. Practically, conservative
values are considered to prevent infeasibilities (e.g., by overes-
timating water volumes when considering the maximum limits
of the basins).

The water volume in the upper reservoir at the end of the
scheduling horizon (i.e., the financial value of the energy stored
in the UPHES beyond the scheduling horizon) is enforced via a
target value:

due to the activation of

up > V’:arget Vh

Vpper (16)

The height of the water column in the upper (17) and lower
(18) reservoirs is a function of the water volume in the corre-
sponding reservoir. The complexity of these functions is defined
by the geometry of the natural cavities used as reservoirs, as well
as the water interactions with the surrounding environment. Due
to friction and turbulence within the penstock, the net head is
always lower than the gross head (20). This penstock head loss
(19) is usually modeled as a quadratic function of the water
flow [17]:

B, = ;;p( ;y;) Vh,t (17)

B = FiV (okY) VRt (1%

W = (afraf) vne 9

= Bl — Y RS Vbt 2
los _Pnt

gross head

The three one-dimensional nonlinear functions (17), (18), and
(19) are, in this work, all approximated via piecewise linear
interpolation, as proposed in [36].

Asrepresented in Fig. 2, hydraulic pump-turbine machines are
characterized by three-dimensional nonlinear relations, referred
to as unit performance curves (UPCs), linking the net head, the
output power, and the unit outflow in pump (21) and turbine (22)
mode. These UPCs thus define the hydraulic efficiency of the
PHES plant:

ph = 1PO (g h3)  Vhit Q1)
pho= 17T (o ms) et @)

In order to avoid a nonlinear formulation, the UPCs (21) and
(22) are linearly approximated. Considering the computational

Authorized licensed use limited to: Olivier Deblecker. Downloaded on June 22,2020 at 06:12:07 UTC from IEEE Xplore. Restrictions apply.



TOUBEAU et al.: CHANCE-CONSTRAINED SCHEDULING OF UNDERGROUND PUMPED HYDRO ENERGY STORAGE

4 (a) Stepwise approximation || (b) Piecewise linear approximation
A T =T
F, x F oy
—I
g fn:.\
Q
=
o}
-] Net head
I
-3 I interval 7€ N
k)
Z
=1
EIfl Fom

Output power

Fig. 4.  Approximation methods of the turbine performance curve.

burden, we follow the idea in [29], [36], ! by discretizing the net
head into several subintervals n € N. We use one-dimensional
linear functions in each net water head subinterval n to approx-
imate the relationship between the output power and the water
discharge.

Furthermore, as indicated by the white areas in Fig. 2, PHES
units are also characterized by forbidden zones, defined by
stability limits of the hydraulic machine. These restricted zones
lead to a discontinuous optimization problem that requires two
binary variables 2} , and 2z}, to discriminate operation modes
(pump, turbine and ’idle) at each time step.

it an, <1 Vhit (23)

In addition, the resulting safe operating ranges of UPHES
plants (24)—(25) must account for the capacity allocated to
provide operating reserves. Specifically, UPHES capacity may
not be simultaneously reserved for both reserve provision and
arbitrage purposes, such that the feasibility of activating sched-
uled UPHES reserve capacity is always guaranteed:

P P p p P —p
Zht Py T E T€Shr S Dht < Znt Pht

reR+
- Z resg,r Vh,t (24)
reR-
Zg,t 'Bi,t + Z Tesf,r < pit < Zg,t 'ﬁg,t
reR-
— Y resy, Vhit o (25)

reR*

The limits on the UPHES safe operating zones, i.e., [pgt , ]3}%]
in turbine and [pl}j £ ]35 ;] in pump operation, vary nonlinearly
with the net heady, and must therefore be considered as state
variables. In what follows, we discuss two options to model these
zones in turbine mode (25), which differ by their (i) accuracy
and complexity and (ii) computational burden. Obtaining the
equivalent constraints for the pump mode (24) is straightforward.

1) Stepwise Approximation of Operating Zones: In this first
method depicted in Fig. 4(a), the safe operating limitations

'Note that other approximations, such as meshing and triangulation
techniques [34]-[35], exist.

1521

pT and p;t defined in (25), are respectively approximated by
Thit

constant values F* and F)f within each net head interval

neN:

> T f(1sz ) ~M7(1fdPHES) "M Vh.tn (20
—L hmn h,t h,t,n Y

Pt Y resi, < Frnt+(1=dPHES) .M Vht,n (27)

reRt

To ensure that the adequate power bounds are considered
(based on the net head value), these constraints will only be
binding when the binary state variable dl,jlt{_];is is equal to 1,
and will otherwise be deactivated by the inclusion of the M
penalty (M > F hT n — n)- In addition, the minimum bound is
only imposed when the unit is actually generating (zgt =1),
thereby ensuring, along with (10) and (22), that the turbine power
is equal to O when the unit is pumping or offline.

2) Piecewise Linear Approximation of Operating Zones: In
the stepwise formulation, the safe operating zone within each net
head interval n € Nis approximated by arectangle, which may be
conservative. Henceforth, this method is improved by approxi-
mating the operating zone by a more general (but more complex)
polygon [31]. As represented in Fig. 4(b), the operating limits
are thus represented as linear and monotonic functions f* and

“h,n
f;{ » Which allows representing the UPCs more accurately:

T T T net T
Dht — E resy . > Ap n-hp% + Bhoy,

reR- jgn
—(1=zpy) M —(1—dy¥%5)- M Vh,t,n (28)
pg’t + Z T‘esgm < Zznhzett +§;l;n
e 7.
+(1—d5S) M Vhtn (29)

Note that both approximation methods used to represent the
nonlinear UPC functions are inherently linked to a discretiza-
tion error (whose magnitude depends on the number of net
head intervals N). This error is quantified in the case study
(Section IV-A), where it is referred to as approximation error
of ‘type 1’.

D. Accounting for Endogenous Model Uncertainties

The UPHES model is characterized by structural uncertainty
associated with the geometry and hydraulic properties of the
underground basin, as well as approximation errors from lin-
earizing the non-linear UPCs. Both effects boil down to an
uncertain value of the net head h}°f, which is translated into
uncertainty regarding the safe opera’ting zones (feasible region)
and the associated efficiency of the hydraulic machine. To hedge
against infeasibilities, the restricted operating zone constraints

(24)—(25) are therefore revised in [36] by using a conservative
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Fig. 5. Tllustration of the chance-constrained programming approach, which
infers tighter bounds on the safe output power range.

upper bound of the unit output power, thereby guaranteeing the
feasibility of the resulting PHES with respect to the non-linear
UPCs. However, in addition to its conservativeness, such an
approach does not allow properly considering endogenous
model uncertainties.

In this paper, chance-constrained programming is therefore
leveraged to hedge against both formulation approximations
and model uncertainties. As depicted in Fig. 5 for the turbine
operation mode, the principle is to convert the uncertain net
head distribution into uncertain power limitations, by using the
UPCs. Based on the risk-attitude £ of the UPHES operator,
the latter distributions are then exploited to infer tighter (safer)
operating bounds on the operational range of the unit. In this
way, in the risk-neutral case, based on the net head value hzett
the minimum and maximum power limits are respectively given
by points A and A’. If the UPHES operator is risk-averse, the
bounds are tightened and given by points B and B’. Overall, the
chance constraints thereby ensure that the restricted operating
zone constraints are satisfied with a predefined probability 1-¢
over the uncertainty space (i.e., the net-head distribution’s do-
main). Note that if € = 0.5, a chance constraint is identical to its
deterministic equivalent.

In this paper, chance constraints are reformulated analytically.
Considering the simplified stepwise approximation (26)—(27)
and the more complex piecewise linear model (28)—(29), we
obtain two different reformulations of the problem. As demon-
strated below, the stepwise formulation allows the chance con-
straints to be analytically recast as linear constraints, whereas the
piecewise linear approach yields a second-order cone program
[44]. Both problems can be solved efficiently using off-the-shelf
solvers, as illustrated in our case study (Section IV). The chance
constraints and their analytical reformulation are presented for
the upper limit in turbine mode, but the equations can be straight-
forwardly adapted for the lower limit in turbine mode and the
pump operation.

1) Stepwise Approximation of Operating Zones: Constraint
(27) is reformulated as a chance constraint:

Pr (p{t + Z resg’r < (1 —|—3T) an

reR+

+(1=dp¥S) M) >1—¢  Vhitn  (30)
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Fig. 6. Discretization errors in the piecewise linear formulation.

The uncertainty associated with the power limits is as-
sumed to follow a normal distribution, i.e., 6~ ~ N (0, (@1)?).
Henceforth, for 1—< > 0.5, the chance constraints (30) can be
analytically reformulated as a linear constraint [45]:

Phet 2 Tesy,
reR*
<Fh+ (1-dHES) . M -0t (1-2)-5" Wt
(3D
where ®!(1 — ¢) is the (1 — ¢)-quantile of the standard normal
distribution.
2) Piecewise Linear Approximation of Operating Zones:
Constraint (29) is reformulated as follows:

Phet+ 3 resh, < (143" ) Ay, - it

Pr ' reRt ' ' '
+ By + (1 dEHES) M

>1—c

Vh,t,n (32)

Contrary to the previous formulation (30) where the uncertain
variable was additive, the uncertainty 6 is here proportional
to the net head. These chance constraints (32) can no longer
be recast as simple linear constraints, but can be rewritten as
second-order conic (SOC) constraints [45]:

T T —7T net 7T
Dht + E resp,. < Ay W% + By,
reRt

(1= WS M @ (1 =€)y Vhitn (33)
—1 5T net ) 2
gizl,t.,n > (UT ’ Ah,n ’ hh,;)

where &, ¢, is an auxiliary decision variable. The resulting
formulation is a mixed integer quadratically-constrained prob-
lem (MIQCP) that can be solved with commercial off-the-shelf
solvers such as CPLEX.

Note that both chance-constrained formulations yield dis-
cretization errors when the distribution characterizing the net
head uncertainty covers multiple intervals n € N (Fig. 6). Indeed,
in the piecewise linear model, the lower bound of the output
power (curve on the left, Fig. 6) should be given by point C.
However, in the proposed formulation, the bound is actually
given by point B (pertaining to the associated adjacent segment),
which decreases the conservativeness of the chance-constrained
model. Since the risk-attitude ¢ (and thus the degree of

Vh,t,n (34)
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conservativeness of the procedure) can be freely selected, the
impact of this discretization error on the UPHES operating
schedules can be controlled by the operator. We will return to
this issue in our case study (Section IV-A), where it is referred
to as approximation error of ‘type 2’.

IV. CASE STUDY

The proposed model is applied to a hypothetical UPHES
system, using an existing underground quarry as lower reservoir,
to evaluate its practicality. In order to focus on the chance con-
straints and both approximations of the UPCs, a single UPHES
plant is studied on a specific day. The vertical drop between both
reservoirs is 90 m, where the lower one is a former underground
mine. The complex underground environment is known with
low certainty (approximate volume of 920,000 m3). The surface
of the rectangular-shaped upper reservoir, i.e., 30,625 m? (for
a volume of 225,000 m?3), is relatively limited, which induces
significant head variations (see Section IV-A). The standard de-
viation of the distribution characterizing the net head uncertainty
isequal to o, = 0.025, which corresponds to a variation of 2.25
m for anet head of 90 m. The UPHES nameplate capacity is equal
to 10 MW in both pump and turbine modes. The operating costs
are equal to 4 € /MWh in both pump and turbine modes.

Electricity prices in the day-ahead energy market are based
on BELPEX data, and fluctuate between 39.9 € /MWh (5 a.m.)
and 80.3 € /MWh (8 p.m.). Regarding operating reserves, FCR
is valued at 10 € /MW/h, aFRR at 12.5 € /MW/h, and mFRR at
5 € /MW/h.

We study the performance of the UPHES scheduling problem
based on the stepwise approximation and piecewise linear model
for different risk-attitudes . Recall that if € = 0.5, the formu-
lation is identical to the deterministic problem without chance
constraints. Both formulations are mixed-integer, and the gap
tolerance of the solver is fixed at 0.5%. The models are imple-
mented using Julia/JuMP, and solved using CPLEX 12.8 on an
Intel Core™ i7-3770 CPU @ 3.4 GHz with 16 Gb of RAM.

In what follows, we first quantify the modeling errors associ-
ated with both stepwise and piecewise linear models for different
input parameters, and we derive the best configuration to have
a compromise between modeling accuracy and computational
burden (Section IV-A). Then, a Monte Carlo out-of-sample
analysis (in which uncertainties are represented using many
representative scenarios) is performed to evaluate the feasibility
and cost-efficiency of the solutions obtained for different risk-
attitudes of the UPHES operator (Section IV-B). This analysis
allows quantifying real-time imbalances (which are not included
in the objective function), so as to determine the trade-off be-
tween the risk of infeasible operating schedules and the profits
in the day-ahead (energy and reserve) markets. Finally, this out-
of-sample analysis is extended to evaluate the robustness of the
Gaussian assumption for representing model uncertainties. To
that end, the optimal scheduling is tested against non-Gaussian
realizations of uncertain parameters (Section IV-C).

A. Impact of Modeling Errors

Due to the limited surface of the reservoirs, the net head varies
between 87 and 97 m (a fluctuation of more than 10% of the
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TABLE I
MODELING ERRORS FOR DIFFERENT NUMBER OF HEAD INTERVALS N
AND RISK-ATTITUDES &

Stepwise Piecewise linear

approximation approximation
N e Time €approx. 1 €approx.2 Time €approx. 1 €approx.2
[s] [MW] | [MW] [s] [MW] | [MW]

0.1 0.2 2.6

1 0.01 02 1.54 n/a 73 0.07 n/a
0.1 16.5 0.10 35.5 0.12
2 0.01 5.5 081 0.20 37.9 0.04 0.25
0.1 119.9 0.19 206.1 0.01
3 0.01 38.0 0-54 0.19 183.7 0.04 0.05
0.1 340.5 0.11 609.4 0.01
4 0.01 | 141.0 039 0.12 406.6 0.04 0.03
0.1 | 1045.1 0.16 | 5146.7 0.01
> 0.01 | 786.9 0.3 0.17 | 2740.2 0.04 0.02

nominal value). This induces important variations of the safe
operating zones, which necessitates to accurately represent the
UPCs. A sensitivity analysis is thus performed to quantify the
effect of the number of net head intervals N on (i) the simulation
time, (ii) the approximation error of ‘type 1’ e.pprox.1, 1.€.,
the difference between the actual UPC and the stepwise or
piecewise linear approximation presented in Fig. 4, and (iii) the
approximation error of ‘type 2’ eapprox.2, 1.€., the difference
between points B and C in Fig. 6. It is important to mention
that e,pprox.1 depends only on N, whereas e, pprox.2 depends on
both N and the risk level €. Mathematically, these approximation
errors may be defined as in Eq. (35) and (36), where they are
averaged over the scheduling horizon (aggregating contributions
of both operating modes). The results are provided in Table I.

1
_ T T =P =P
Capprox.1 = Z T ( Bmodcl,t_gactual,t + ‘pmodel7t_pactual7tD
teT
(35)
1 _ _
eapprox.2:Z f (’Bg,t *Bg’t + ‘p%,t - ngt ) (36)
teT

The piecewise linear approximation allows accurately repre-
senting the UPCs, whereas the stepwise model is a conservative
alternative that reduces the feasible operating region. In that
regard, for the piecewise linear model, even a single net head
interval leads to a limited approximation error of ‘type 1’, i.e.,
0.07 MW in average for a 10 MW UPHES plant. This error
then decreases with the number of net head intervals N. Note
furthermore that this type of approximation error does not lead
to infeasible operating schedules, assuming one knows the true
UPC and the system state. Indeed, these approximation errors
only reduce the UPHES operating range, hence may lead to
foregone profits, but do not put the UPHES owner at risk of
scheduling its unit outside of the safe operating range.

The approximation error of ‘type 2’ arises when N > 1 (when
the true safe operating limit is given by the adjacent segment).
In this specific case, the piecewise model (accounting for both
approximation errors) with N = 2 is actually worse than the
piecewise approximation with a single segment, especially if
the UPHES owner is risk-averse. As illustrated in Fig. 6, the dif-
ference between points B and C increases with the risk-aversion
(¢ = 0). However, this error is in general lower than the modeling

Authorized licensed use limited to: Olivier Deblecker. Downloaded on June 22,2020 at 06:12:07 UTC from IEEE Xplore. Restrictions apply.



1524

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 11, NO. 3, JULY 2020

TABLE II
COMPARISON OF THE RELIABILITY AND PROFIT OF THE UPHES OPERATOR FOR THE TWO APPROXIMATION APPROACHES AND DIFFERENT
RISK-ATTITUDES OF THE UPHES OWNER

Day-ahead optimization Out-of-sample results
Risk & | Expected | Computation | Reliability | Minimum | Average | Maximum | Res DAM | OpCosts | Average RT
Profit [€] Time [s] [%] Profit [€] | Profit [€] | Profit [€] [€] [€] [€] penalties [€]
0.5 2141.2 96 83.2 152.2 1860.0 2141.2 648.0 | 2095.7 | -602.5 -281.2
Stepwise 0.3 2075.0 62 85.3 293.9 1844.0 2075.0 552.7 | 21294 | -607.1 -231.0
approximation 0.1 1953.9 107 95.8 1183.1 1919.2 1953.9 415.0 | 2131.8 | -593.0 -34.6
0.01 1891.5 32 97.6 852.4 1861.2 1891.5 0 22854 | -393.9 -30.3
0.001 1877.5 14 98.7 1192.6 1868.8 1877.5 0 22643 | -386.9 -8.7
0.5 2375.5 534 68.1 -365.7 1736.5 2350.6 999.8 | 1959.8 | -584.0 -639.1
Piecewise 0.3 2301.8 256 75.1 -181.6 1881.9 2301.8 865.3 | 20284 | -591.4 -419.9
linear 0.1 2162.1 208 85.9 41.8 19443 2162.1 6534 | 2112.6 | -603.8 -217.9
approximation | 0.01 1894.5 163 97.7 912.4 1872.3 1894.5 0 2294.0 | -399.5 -22.1
0.001 1872.5 74 99.8 1338.5 1870.4 1872.5 0 2259.6 | -387.2 2.1

approximations of UPCs, and is compensated by the fact that
risk-averse policies reduce the operating range. Note, however,
that if these discretization errors of ‘type 2” would be significant,
an operator may obtain infeasible dispatch schedules.

Overall, the risk-attitude ¢ therefore needs to be adjusted
(Section IV-B) to find the trade-off between conservativeness
and economic performance. The results also show that N = 3
offers good characteristics in terms of computation burden and
modeling accuracy, hence, this number of head intervals will be
used in the subsequent simulations.

B. Balancing the Risk of Infeasible Operating Schedules and
Operating Profit

In Table II, we summarize the results of the 10 numerical
simulations (performed for the 2 different formulations and 5
risk attitudes ) of the UPHES operator. Results include (i) the
computation time and the profit that is expected in the day-ahead
scheduling procedure, (ii) the operating profits and costs as
obtained from an out-of-sample analysis (see below) and (iii)
the reliability of each result (i.e., the percentage of samples
for which all the operating constraints are satisfied). The profit
is split between the revenues associated with the provision of
regulation reserve capacity (Res), arbitrage in the day-ahead
market (DAM), operational costs (opCosts) and the financial
penalties in the balancing market that vary among scenarios
(RT penalties). These penalties result in variability in the profit
that can be actually generated, which is here described with its
minimum, average and maximum values.

The performance of the day-ahead scheduling is tested against
possible realizations (scenarios) of the uncertainties through a
Monte Carlo out-of-sample analysis. Each sample represents a
possible configuration of the underground reservoir (which will
infer different net head dependencies), along with a scenario
of day-ahead electricity prices and of the real-time activation
of reserves r € R. The number of samples N in the out-of-
sample analysis is fixed to 100,000 in order to guarantee that
the ex-post reliability (i.e., percentage of scenarios in which
the UPHES owner does not pay any imbalance penalties) is
accurately estimated. Moreover, this ensures that the width of
the 95% confidence interval around the ex-post average profit

never exceeds 3€ (i.e., a deviation of at most 0.15%) for the 10
cases simulated in Table II. Practically, this confidence interval
A is given by [46]:

Z1-a/2 * Oout
VN,

where o, is an estimator of the standard deviation (computed
on the N, out-of-sample values of the profit), and z;_, /7 is the
inverse of the standard normal cumulative probability density
function evaluated at 1 — /2 (where « is here set to 0.05).

For each sample, the power output (scheduled at the end of
the optimization) is adjusted based on the real-time contribution
of reserves. Similarly, the UPHES system state and forbidden
zones are also recomputed using the actual UPCs, which allows
determining the actual water volumes within reservoirs and iden-
tifying whether the actual output power is in the allowed range. If
not (because approximation errors and model uncertainties were
not properly considered in the optimization), the operator must
deviate in real-time from its balanced position to avoid damage to
the hydraulic equipment and face the resulting financial penalties
in the real-time market. These imbalance penalties are set to
200 € /MWh. In what follows, we discuss several trends that
can be identified in the results summarized in Table II.

First, the design parameters selected in Section IV-A allow
keeping the computation time below 10 minutes for both UPCs
approximations, which permits the practical utilization of the
tool for solving the day-ahead UPHES scheduling problem.
Interestingly, the time tends to decrease for risk-averse strategies
(whereas the problem size is independent of the risk levels ¢),
suggesting that trade-off between profits in reserves and energy
markets is then easier to find (more constrained optimization
problem).

Second, the piecewise linear approximation allows exploiting
the flexibility of the UPHES more aggressively due to the more
accurate description of the UPCs. Fig. 7 illustrates the impact of
different e-values on the feasible pump operating ranges (24), for
the stepwise (31) and piecewise linear (33)—(34) approximation
models (with tighter bounds for risk-averse strategies). This
is also apparent in the (ex-ante) expected operating profit in
the day-ahead scheduling problem (prior to the out-of-sample
evaluation): for the same risk-attitude ¢, the piecewise linear

A= (37
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Fig. 7. Evolution of the safe operating zone in pump mode over time.

approximation consistently yields higher profits. The highest
(ex-ante) expected profits are — as expected — observed in the
risk-neutral case (¢ = 0.5). However, the (ex-post) out-of-
sample violation probability of this (risky) deterministic so-
lution is very high, with a reliability of 68.1% in the model
using the piecewise linear approximation. As a result, one
observes high real-time penalties and lower expected profits,
leading to ex-post disappointment when the actual outcome is
revealed. Low ¢ values (lower than 0.1) have a limited impact
on real-time infeasibilities (i.e., high reliability of the operating
schedule, hence, low imbalance fees), whereas the reliability
strongly decreases with more risky approaches, as expected.
This highlights the need for probabilistic approaches to avoid
infeasibilities.

Third, all risk-aware solutions lead to much lower violation
probabilities than their deterministic (risk-neutral) equivalent. In
this way, the optimal risk-attitude improves on the deterministic
solution by respectively 3.1% and 10.7% in terms of profits in
the stepwise and piecewise linear formulations. Indeed, risky
approaches (at high ¢ values) overestimate the expected profit
and may generate losses in real time due to the low reliability
(less than 85%) of the operating schedule. Conversely, when
the UPHES operator becomes strongly risk-averse (¢ — 0), the
benefits are more stable (i.e., low variation between scenarios),
but this comes at the expense of the average performance of
the strategy. Indeed, such policies excessively restrict the flex-
ibility potential of UPHES systems, leading to less profitable
schedules. For ¢ < 0.01, the UPHES operator does not provide
operating reserves (thereby decreasing its economic value). In
this case, the problem boils down to arbitrage in day-ahead mar-
ket, which significantly reduces the computation time. Hence, it
is possible to determine an optimal risk policy €, characterized
by the tradeoff between the revenues from offering operating
reserves and the financial penalties arising from portfolio imbal-
ances. By lowering its participation in operating reserve markets,
a risk-averse UPHES operator is able to provide the regulation
power in most reserve activation scenarios, avoiding imbalance
penalties. Moreover, the lower revenues of the operating reserve
markets is partly compensated by more revenue from the day-
ahead market. In this case study, the optimal risk-awareness is
€ = 0.1 for both the stepwise model and the piecewise linear
approximation.
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Fig. 8. Distributions of uncertainties used in the out-of-sample analysis.

Fourth, in presence of model uncertainties, the conservative-
ness of the stepwise approximation (Fig. 7) works to its advan-
tage for large e-values, as illustrated by the high reliability and
expected mean profit values. However, at optimal risk levels, the
piecewise linear approximation results in higher profits (relative
increase of 1.3%).

Fifth, except in (suboptimal) risk-averse strategies, the UP-
HES plant is operating (either in pump or turbine) across the
whole scheduling horizon in order to provide spinning reserve
since the unit cannot safely operate around 0 MW due to elec-
tromechanical constraints (Fig. 2). Since this requires scheduling
the UPHES close to the boundaries of the safe operating range,
a small error in the net head estimation may lead to the violation
of the allowed output power range (and the associated imbalance
payments) in case of full activation of operating reserves.

C. Robustness of the Results to the Assumption of Gaussian
Uncertainties

In the proposed chance-constrained model, it is assumed that
the net head uncertainty (which is converted into uncertain
operating ranges) follows a Gaussian distribution with zero mean
and o,p¢ = 0.025 (reference case) [12]. It is thus important to
evaluate the robustness of the solution obtained at the end of the
optimization (in which the Gaussian assumption is used) against
possible deviations from normality.

The quality of the risk-optimal solution obtained with the
piecewise linear model (¢ = 0.1) is tested through an out-of-
sample analysis, in which the UPHES state is characterized by
different distributions, depicted in Fig. 8 [47]: a normal distribu-
tion with zero mean and standard deviation of 0.03 (higher than
Oopt), @ Student’s ¢ distribution with v = 1 degrees of freedom,
as well as left- and right-skewed Normal distributions (where
the skewness is controlled by the parameter o). The results are
summarized in Table III.

Even if the uncertainty does not strictly follow normality, the
reliability of the operating schedule deviates at most by 7.2 per-
centage points. Nonetheless, the results suggest that the standard
deviation of the uncertain distribution is an important factor,
since this parameter regulates the occurrence and probability of
extreme scenarios (which may impact the solution reliability).
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TABLE III
ROBUSTNESS OF THE OPTIMAL CHANCE-CONSTRAINED SOLUTION WITH
RESPECT TO DIFFERENT REALIZATIONS OF UNCERTAINTIES

Distributions Reliability Mean Meal_q RT
[%] Profit [€] | penalties [€]
Normal with ¢ = 0.025 85.9 1944 3 2179
(reference case)
Normal with 6 =0.03 85.0 1886.1 276.0
Student’s t with v=1 83.2 1767.4 384.7
Left skewed Normal 78.7 1709.9 452.2
Right skewed Normal 91.5 2084.7 77.4

Indeed, both the Gaussian distribution with ¢ = 0.03, and the
heavy tailed Student’s  distribution have more values (compared
to the reference case) far from the mean, which results in lower
reliability and profit values.

As expected, the left-skewed (o = —5) distribution decreases
the reliability of the solution. Indeed, this function generates
samples characterized by a smaller surface of the lower reservoir,
which exacerbates head variations (and thus the safe operating
range). Conversely, the right-skewed (a = 5) distribution yields
better performance than the reference case since the samples are
associated with lower head variations, thereby reducing the risk
of infeasibilities.

In general, in case the uncertainties are not strictly Gaussian,
the proposed model is a convex approximation of the exact
chance constrained optimization, which is useful to maintain
the calculation burden within acceptable limits. In these cases,
it is important that ¢ is interpreted as a guideline (approximated
value) for risk-attitude, rather than a hard limit [47], since the
model cannot guarantee the resulting out-of-sample reliability.
If the parameters of the distribution are also uncertain, the
proposed framework can be made more conservative using
distributionally robust chance constrained programming [48].

V. CONCLUSION

In this paper, we propose a methodology to robustify the
day-ahead scheduling problem faced by UPHES owners against
both approximation errors and endogenous model uncertainties
using chance constrained programming. The anticipation of
the operator on the exogenous uncertainties (such as market
outcomes) is modeled via scenarios, thereby combining the
strengths of chance-constrained and scenario-based stochastic
optimization. This resulting formulation is computationally effi-
cient, and allows hedging against infeasible operating schedules
(due to violations of the safe operating zones) while maximizing
expected operating profits. In this paper, two different represen-
tations of these safe zones have been proposed and compared.

Ina case study considering a hypothetical UPHES on an actual
candidate site, it has been shown that an optimal risk-attitude
€ may be determined to fully leverage the potential of the
proposed framework, thereby outperforming both risk-neutral
and risk-averse policies. Storage operators must thus strive for
an accurate model of their hydraulic machine combined with
chance constrains to manage the risk of infeasible operating
conditions rather than relying on a conservative representation
of the system’s flexibility.

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 11, NO. 3, JULY 2020

The proposed approach may be used by any operator that aims
to immunize its scheduling procedure against endogenous model
uncertainties and approximations in the models describing the
flexibility of his assets. However, as an interesting perspective,
the uncertainty on reserve capacity prices can also be integrated
into the model, to better take into account the uncertainty
associated with this market outcome.
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