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a b s t r a c t

Short-term operating requirements and constraints in power systems are becoming increasingly impor-
tant with the greater flexibility needed due to the integration of variable renewables. However, large
problem sizes and computational barriers have limited the extent towhich they are included in long-term
planning models. Our objective is to understand the role of electricity storage in future renewable-based
systems by including an accurate representation of short-termoperationwith high temporal detail within
a long-term planning framework. Specifically, we discuss the development of a long-term investment
model including a continuous relaxation of the technology-clustered formulation of the short-term unit
commitment problem, including detailed operating reserve sizing and supply. This model is solved for a
full year, and is applied to a test system with system load and renewable generation characteristics from
the Belgian power system in a greenfield setting, i.e., assuming no pre-existing capacities, to analyze the
role of storage at different renewable penetration levels. Both pumped-hydro storage and battery energy
storage is considered, and their role in providing energy services and frequency control is investigated.
We derive broadly applicable conclusions on the benefits and role of electricity storage to motivate why
it may be built and operated. Results show that, in general, the integration of storage resources decreases
total system cost, partially replaces flexible power plants, facilitates the integration of renewable energy
sources, and allows inflexible technologies to perform better.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Motivation

Electricity storage refers to systems, bidirectionally coupled
with the power system,which buffer energy. The energy buffer can
be implemented based on a variety of physical principles: energy
stored as thermal, chemical, electro-chemical, kinetic, or potential
energy, or in the electro-magnetic field [1]. Although pumped-
hydro storage (PHS) is currently the most installed storage tech-
nology with ≥99% of global capacity, and significant potential for
new PHS capacity may still be present [2,3], cost decreases and
technological advancements are making battery energy storage
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(BES) increasingly competitive. The storage of electricity is ex-
pected to play an important role in the transition to power systems
with high shares of variable renewable energy sources (RES) in
the generation mix [4]. Variable RES technologies, i.e., wind tur-
bines and photovoltaic (PV) systems, are characterized by their
dependency on weather conditions, which lead to expected power
variations and unexpected forecast errors, and as such generally
increase the variability in the system. This variability can be dealt
with by flexibility, which indicates the ability to provide power
adjustments to keep the system balanced at different time scales.
Flexibility can be provided by flexible supply, flexible demand,
and storage, which can also be activated in neighboring regions
through the grid [5].

This article studies the role of storage in future RES-based
systems bymeans of a long-term investment model for generation
and storage capacity, commonly referred to as a generation ex-
pansion planning (GEP) model. Conventional GEP models typically
include a simplified representation of short-term systemoperation
and its costs, through low temporal and operational detail. How-
ever, the ongoing integration of variable RES makes short-term
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system operation increasingly important to consider in detail in
long-term system planning [6,7]. It is only by considering a high
level of temporal and operational detail that accurate insights can
be obtained in the role of storage.

1.2. Literature review

1.2.1. Including temporal and operational detail in generation expan-
sion planning

Four approaches can be identified for the temporal detail, each
with a different trade-off between computation time and the ex-
tent to which short-term operation can be accurately considered.
First, planners can use a load duration curve (LDC), or residual
LDC (RLDC) when considering variable RES. This approach neglects
the chronology of the generation and consumption balance, and
thus not allows to include intertemporal links and related costs
(i.e., start-up and shut-down costs, minimum up and down times,
ramp rates and costs, and energy storage buffer dynamics) [8].
Second, some GEP models represent the seasonal, weekly, and
daily variabilitywithin a year by a limited number of time slices [9].
The value for any time slice for the RES generation and system
load corresponds to the average value in the period considered
in the time slice. While this may not result in large approxima-
tion errors with low shares of variable RES, with high shares of
variable RES this underestimates the variability of the residual
load, and undervalues flexible technologies compared to inflexi-
ble technologies [10,11]. Third, GEP models can include a set of
representative periods (e.g., a few days or weeks), chosen such
that their RLDC approaches the RLDC of the entire year [8,10].
The disadvantage is that the selection of representative periods
may be difficult to justify, and that it is difficult to represent all
variability in the system in a limited set of periods, thereby leading
to inaccuracies [9]. Fourth, the most accurate approach, but also
the most computationally intensive one, is the use of hourly time
steps for the entire year. While this is common practice in short-
term models, it is not for long-term models due to the increase in
problem size.

The operational detail determines how accurately technical
constraints on the power plant level (i.e., commitment decisions,
generation limits, ramp rates, minimum up and down times, en-
ergy storage buffer dynamics) and system level (i.e., power bal-
ance, reserve balance) are taken into account. High operational
detail is typically present in short-term power system models,
i.e., unit commitment (UC) and economic dispatch models, which
can assess the impact of RES integration on system operation, and
thus on the scheduling of power plants. They are generally used
to focus on issues related to flexibility adequacy, i.e., the short-
term ability to keep the system balanced. In contrast, long-term
power systemmodels, i.e., investment and GEP models, can assess
the impact of RES integration on system planning, and thus on the
generation mix. They are generally used to focus on issues related
to system adequacy, i.e., the ability to meet peak demand. To keep
computation efforts within limits, they typically do not consider
the same level of operational detail as short-term models [12].
Historically, low operational detail could be present in GEPmodels
without large approximation errors [13,14]. However, this is not
the case with the greater flexibility required due to the integra-
tion of variable RES: short-term operation becomes increasingly
important to consider in long-term planning [15]. Not considering
this leads to an underestimation of the need for and value of
flexibility [6,7]. In this regard, two approaches to increase oper-
ational detail in GEP can be identified [10]. In the first approach,
the investment and operation problem are considered separately
and sequentially, i.e., the results of the investment problem are
ex post used as input for the operation problem. This is referred
to as the so-called soft-linking of both problems, which can also
be solved iteratively [16]. In the second approach, the operation
problem with high operational detail and the investment problem
are solved together and simultaneously.

1.2.2. The role of electricity storage in power systems
The role and value of storage has already been studied in the

existing literaturewith varying levels of capacity expansion oppor-
tunities and temporal and operational detail.

First, many studies have examined the benefits of storage on
system operation by considering predetermined generation and
storage portfolios, not allowing for endogenous capacity expan-
sions (e.g., [17–22]). This is typically done by comparing results, in
terms of operational costs, dispatch schedules, or RES curtailment,
of a reference case without storage with one or multiple cases
including storage.

Second, others focus exclusively on the storage sizing problem
given exogenously-defined generation portfolios. Ref. [23] opti-
mizes storage investments considering the residual load and using
a simplified representation of short-term operation, with storage
as a way to compensate excess RES generation. In [24] storage siz-
ing is based on the system’s variability, while in [25] it is based on
the system’s uncertainty, and [26–28] consider both to determine
storage requirements over different time scales.

Third, the final category of studies co-optimizes storage with
generation investments. Ref. [29] uses some form of RLDCmethod,
neglecting the chronology of the required power balance over
time, thereby not capturing intertemporal links and related costs.
Ref. [30] does not consider any operational detail in the planning
of storage, generation, and grid capacity. Ref. [31] considers an
hourly power balance, subject to operational constraints, but does
not consider reserve requirements. In [32] a detailed combined
investment and dispatch model is proposed, which neglects com-
mitment decisions, minimum load levels, and minimum up and
down times, but aims to compensate this shortcoming through
ramping penalties. Ref. [33] includes a detailed representation of
system operation, but considers exogenous investments in RES
and endogenous investments in selected conventional generation
technologies and compressed air energy storage, and includes
simplified reserve modeling. In [34–36] a detailed short-term
operation is included, but only a limited number of representative
days is considered. This may lead to inaccurate representations
of consumption and RES generation variations, and may not fully
capture the added value of the ability of mid-to-long-term storage
to shift energy between more distant, or longer, periods of time.
Finally, [37] includes a lot of operational detail, but only considers
four representative weeks, and assumes fixed energy-to-power
(E2P) ratios for storage,making it difficult to gain insight in optimal
storage sizing for energy-related vs. power-related services. In
addition, whereas we focus on RES generation targets, [37] focuses
on CO2 emission goals.

1.3. Scope and contributions

This article’s scope and contribution is the illustration of the role
of electricity storage in future RES-based systems by including an
accurate representation of short-term system operation within a
long-term planning framework. We first discuss the development
of a combined, and simultaneously solved, long-term investment
and short-term operation model with high temporal and oper-
ational detail. We consider hourly periods for a full year, and
consider high operational detail in line with what is considered in
a short-term power system model. In order to be able to solve nu-
merically for meaningful optimization horizons, short-term oper-
ation is modeled through a continuously-relaxed and technology-
clustered approximation of the conventional mixed-integer
plant-level UC problem. This model is able to capture the in-
creasing impact of flexibility needs in both the close-to-real-time
scheduling phase (i.e., energy market) and real-time operation
phase (i.e., reserve market), following the ongoing integration
of variable RES, and includes a detailed representation of the
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flexibility supply by both generation and storage technologies.
The representation of operating reserves is unparalleled in that it
includes detailed exogenous and endogenous reserve sizing, and
periodical (i.e., for multiple hourly periods) reserve allocation to
providers, in line with the market design in Europe. Second, we
apply this model to a test system with system load and RES gener-
ation characteristics from the Belgian power system in a greenfield
setting, i.e., assuming no pre-existing capacities. We do not aim to
determine likely deployment scenarios or address optimal path-
ways towards the future, but to derive general conclusions on the
benefits and role of storage at different RES penetration levels, and
to gain insight in the interdependency between flexibility options.
Both PHS and BES is considered, and their role in providing energy
services and frequency control is investigated. We consider differ-
ent storage scenarios with regard to the available natural potential
for PHS anddecreasing cost of the energy storage subsystemof BES.

2. Methodology

The developed model is a partial equilibrium model, focusing
solely on the electricity sector. It decides on the investments in and
dispatch of generation and storage capacity tomeet the demand for
energy and reserves at lowest total system cost, while respecting
detailed short-term operation constraints, and reaching increasing
RES targets. Results from such a system perspective approach may
serve as a proxy for the outcome in a vertically integrated envi-
ronment, an unbundled environment with a centralized electricity
pool model (e.g., the PJM market), or a liberalized market with
bilateral- and exchange-based trading (e.g., the European market)
assuming perfect competition [38].

All technologies are defined as either injection or offtake tech-
nologies. In the developed model injection technologies includes
dispatchable and intermittent generation, and storage discharging.
In real power systems this also includes import from adjacentmar-
kets through interconnection capacity, and the postponing of flex-
ible consumption. Offtake technologies include storage charging,
but in real systems this also includes export to adjacent markets
and the forwarding of flexible consumption. Table 1, Table 2, and
Table 3 provide an overview of the sets, decision variables, and
input parameters used in this article, and their SI (or base) andmost
commonly used unit.

2.1. Continuously-relaxed and technology-clustered UC formulation

The mixed-integer plant-level UC problem alone is already
computationally challenging to solve for significant optimization
horizons, even in its deterministic form and without grid repre-
sentation. This is in part due to its many and elaborate techno-
economic constraints, but especially because of themany commit-
ment decisions represented by binary variables for each unit for
each time step. Therefore, a more computational-friendly formu-
lation of the UC problem needs to be included as a subproblem
next to the investment problem within a GEP model with high
temporal detail. To reduce problem size and facilitate manage-
able computation times, we couple a continuous relaxation of
the technology-clustered formulation of the UC problem to the
investment problem.1

2.1.1. Technology-clustered UC formulation
A technology-clustered formulation combines identical or sim-

ilar units into clusters, which assumes non-binding transmission

1 Although this continuously-relaxed and technology-clustered approximation
should not be used to analyze actual system operation, it is valuable to include
short-term operation in long-term planning.

Table 1
Nomenclature: list of sets.

Symbol Description

h ∈ H Hourly time steps.
i ∈ I Injection technologies, I = ID ∪ II.
ID Dispatchable injection technologies, ID ⊆ I.
II Intermittent injection technologies, II ⊆ I.
o ∈ O Offtake technologies, O = S.
r ∈ R Operating reserve categories, R = RU ∪ RD.
RD Downward FCR, aFRR, and mFRR, RD ⊂ R.
RDA Downward FCR and aFRR, RDA ⊂ RD.
RDF Downward FCR, RDF ⊂ RDA.
RU Upward FCR, aFRR, and mFRR, RU ⊂ R.
RUA Upward FCR and aFRR, RUA ⊂ RU.
RUF Upward FCR, RUF ⊂ RUA.
s ∈ S Electricity storage technologies, S ⊆ ID, S = O.
w ∈ W Minimum up time set.
z ∈ Z Minimum down time set.

constraints, i.e., a copper plate, and identical techno-economic
characteristics of units within a cluster. The latter introduces ap-
proximation errors for existing capacity, as for this capacity dif-
ferences among units exist due to project-specific elements, but
not for new capacity, as for this capacity it is common practice in
planning studies to use generalized data. The use of technology-
generalized data thus impacts the results in long-term GEP with
capacity legacy, but does not introduce errors compared to plant-
level formulations in long-term greenfield GEP [8,12,39]. Ap-
proximation errors occur because of the inherent mathematical
difference between plant-level and clustered formulations. How-
ever, [8,39] show that a clustered formulation only results in min-
imal errors (i.e., near or below 1%) while needing significantly less
computation time (i.e., up to 2000 times), which is also confirmed
by [40], thereby justifying the use of a technology-clustered UC
formulation in GEP models.

Clustering reduces the problem size in two ways. First, the
large set of binary variables representing the commitment decision
of individual units (i.e., 0 or 1) is replaced by a smaller set of
integer variables that represent the commitment decision of a
cluster (i.e., from 0 to the number of units in the cluster). Second,
clustering also reduces the number of continuous equations and
variables, as all decisions except a unit’s commitment (i.e., power
output, reserve provision) apply to the small number of clusters
rather than the large set of individual units. Commitment decisions
are still captured at the unit level.

2.1.2. Continuously-relaxed UC formulation
In addition, to include the UC problem in an investment frame-

work, computation times are further reduced by replacing the
integer commitment variables by linear commitment variables.
This linearized technology-clustered formulation of the short-term
UC problem coupled to the long-term investment problem has
already been successfully used in [6,41]. Of all short-term oper-
ating constraints, [41] found that relaxing integers provides the
best accuracy vs. computation time trade-offs for power system
planning purposes, and concludes that a continuously-relaxed and
technology-clustered formulation is strongly advised for GEP stud-
ies focusing on flexibility.

2.2. Objective function

The objective of the developed model is to determine the gen-
eration and storage mix, output schedules, and reserve provision,
such that the demand for energy and reserve capacity is met at
the lowest total system cost over the full optimization horizon
|H| · T h (1). The total system cost consists of the following
costs for all injection and offtake technologies: the power-related
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Table 2
Nomenclature: list of decision variables (all are nonnegative, i.e., ∈ R+).

Symbol Unit (SI, typical) Description

ccycs e/s,e/year Cycling cost of technology s.
es,h J,MWh Stored energy level of technology s at time step h.
einsts J,MWh Installed energy storage capacity of technology s.
ninj
i,h ,n

off
o,h – Number of online units of technology i and o at time step h.

nsd,inj
i,h ,nsd,off

o,h – Number of online units of technology i and o shutting down at time
step h.

nsdr,inj
r,i,h ,nsdr,off

r,o,h – Number of online units of technology i and o committed to shut down
at time step h to provide reserve r .

nsu,inj
i,h ,nsu,off

o,h – Number of offline units of technology i and o starting up at time step h.
nsur,inj
r,i,h ,nsur,off

r,o,h – Number of offline units of technology i and o committed to start up at
time step h to provide reserve r .

pcu,inji,h W,MW Curtailment of technology i at time step h.
pinji,h ,p

off
o,h W,MW Injection of technology i and offtake of technology o at time step h.

pinst,inji ,pinst,offo W,MW Installed power rating of technology i and o.
plsh W, MW Load shedding at time step h.
prd,inji,h ,prd,offo,h W,MW Decrease in injection of technology i and offtake of technology o by

ramping down units at time step h.
pru,inji,h ,pru,offo,h W,MW Increase in injection of technology i and offtake of technology o by

ramping up units at time step h.
psd,inji,h ,psd,offo,h W,MW Decrease in injection of technology i and offtake of technology o by

shutting down units at time step h.
psu,inji,h ,psu,offo,h W,MW Increase in injection of technology i and offtake of technology o by

starting up units at time step h.
r injr,i,h , r

off
r,o,h W,MW Provision of reserve r by technology i and o at time step h.

rs,injr,i,h , r
s,off
r,o,h W,MW Provision of reserve r by online units of technology i and o at time step

h.
rsd,injr,i,h , rsd,offr,o,h W,MW Provision of reserve r by online units of technology i and o

by shutting down at time step h.
rsu,injr,i,h , rsu,offr,o,h W,MW Provision of reserve r by offline units of technology i and o

by starting up at time step h.

Table 3
Nomenclature: list of parameters.

Symbol Unit (SI, typical) Description

Ares
i,h % Generation forecast for intermittent injection technology i.

C cu
i e/W,e/MW Curtailment cost of technology i.

C fom,inj
i ,C fom,off

o e/W,e/MW Fixed O&M cost of technology i and o.
C fuel,inj
i ,C fuel,off

o e/J,e/MWh Fuel cost of technology i and o.
C inv,e
s e/J,e/MWh Investment cost for energy capacity of technology s.

C inv,inj
i ,C inv,off

o e/W,e/MW Investment cost for power rating of technology i and o.
C ls e/W,e/MW Load shedding cost.
C ra,inj
i ,C ra,off

o e/W,e/MW Ramping cost of technology i and o.
C sd,inj
i ,C sd,off

o e/W,e/MW Shut-down cost of technology i and o.
C su,inj
i ,C su,off

o e/W,e/MW Start-up cost of technology i and o.
Cvom,inj
i ,Cvom,off

o e/J,e/MWh Variable O&M cost of technology i and o.
Dh W,MW System load.
Ncal,inj
i ,Ncal,off

o s, years Calendar life of technology i and o.
Ncyc
s – Cycle-life of technology s.

P inj
i , Poff

o W,MW Typical unit size of technology i and o.
Pmin,inj
i , Pmin,off

o % Minimum load level of online units of technology i and o.
Ren
r,i % Endogenous reserve requirement for reserve r .

Rex
r W,MW Exogenous reserve requirement for reserve r .

Rm,inj
i ,Rm,off

o %/s, %/min Ramping ability of technology i and o per minute.
Rs,inj
i ,Rs,off

o % Spinning ramping ability of technology i and o per time step.
Rs,r,inj
r,i ,Rs,r,off

r,o % Ramping ability of technology i and o for reserve r .
Rsd,inj
i ,Rsd,off

o % Shut-down ramping ability of technology i and o per time step.
Rsu,inj
i ,Rsu,off

o % Start-up ramping ability of technology i and o per time step.
Sres % RES generation target.
T h s, h Duration of time step h.
Tmdt,inj
i , Tmdt,off

o s, h Minimum down time of technology i and o.
Tmut,inj
i , Tmut,off

o s, h Minimum up time of technology i and o.
T 1,r
r s,min Allowed ramp duration to provide reserve r .

T 2,r
r s, h Duration of the provision of reserve r at contracted power.

η
inj
s ,ηoff

s % (Dis)charge efficiency of technology s.
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investment cost, the fixed operating and maintenance (O&M) cost,
the fuel cost, the variable O&M cost, the ramp cost, the start-up
cost, and the shut-down cost; the following additional costs for all
storage technologies: the energy-related investment cost, and the
depreciation cost following excessive storage cycling; and finally
the load shedding cost in case of insufficient available supply, and
the curtailment cost in case of excess renewable generation:

min
[∑

i∈I

[
(C inv,inj

i + C fom,inj
i ) · pinst,inji

+

∑
h∈H

[
(C fuel,inj

i + Cvom,inj
i ) · pinji,h · T h

+ C ra,inj
i · (pru,inji,h + prd,inji,h ) + C su,inj

i · psu,inji,h + C sd,inj
i · psd,inji,h

]]
+

∑
o∈O

[
(C inv,off

o + C fom,off
o ) · pinst,offo

+

∑
h∈H

[
(C fuel,off

o + Cvom,off
o ) · poffo,h · T h

+ C ra,off
o · (pru,offo,h + prd,offo,h ) + C su,off

o · psu,offo,h + C sd,off
o · psd,offo,h

]]
+

∑
s∈S

(C inv,e
s · einsts )+

∑
h∈H

(
C ls

· plsh +

∑
i∈II

C cu
i · pcu,inji,h

)]
/(|H| · T h)

+

∑
s∈S

ccycs . (1)

2.3. Power system constraints

Three requirements are considered on the system level. First,
an hourly power balance between scheduled generation and
consumption is included, i.e., the energy market-clearing con-
straint (2a). This ensures that the expected variability in the system
is dealt with. Second, an hourly balance between the demand for
and supply of reserve capacity is included, i.e., the reserve market-
clearing constraint (2b). This ensures that the unexpected variabil-
ity in the system is dealt with. ENTSO-E2 categorizes reserves into
three groups. Frequency Containment Reserve (FCR), i.e., primary
control, is activated automatically to stabilize the frequency in a
matter of seconds. Frequency Restoration Reserve (FRR) is either
activated automatically (aFRR), i.e., secondary control, or manually
(mFRR), i.e., fast tertiary control, and restores the system frequency
by restoring the balance in the control zone, thereby relieving the
activated FCR. Finally, Replacement Reserve (RR), i.e., slow tertiary
control, can be used to support or relieve the activated FRR [6].
In the developed model the demand for reserves includes an
exogenously-determined component in line with current system
imbalances (SIs), and an endogenously-determined component to
deal with additional SI volumes due to forecast errors of increasing
levels of RES generation. The latter is endogenously-determined as
it depends on the installed RES capacity, which is decided upon
during the optimization and increases with the RES generation
target. The sizing of both components is discussed in Section 2.7.
Third, a system-wide RES generation target is imposed to ensure
that a predefined share of the consumption is covered by RES (2c):

∑
i∈I

pinji,h −

∑
o∈O

poffo,h = Dh − plsh , ∀ h ∈ H, (2a)

∑
i∈I

r injr,i,h +

∑
o∈O

roffr,o,h

2 European Network of Transmission System Operators for Electricity.

= Rex
r +

∑
i∈II

(Ren
r,i · p

inst,inj
i ), ∀ r ∈ R, h ∈ H, (2b)

∑
h∈H

∑
i∈II

pinji,h ≥ Sres ·

∑
h∈H

Dh. (2c)

2.4. Dispatchable injection and offtake constraints

Flexibility is provided through cycling, which can be defined
as changing the output by starting up, shutting down, or ramping
up and down. Techno-economic constraints that limit this cycling
include commitment decisions, start-up and shut-down costs,
minimum and maximum output levels, minimum up and down
times, and ramp rates and costs. Since themodeling of dispatchable
injections and offtakes is quite similar, only the constraints for
the former are described here. They only differ in the provision
of reserve capacity: while a potential increase in injection output
contributes to the provision of upward reserve, a potential increase
in offtake output contributes to the provision of downward re-
serve, and vice versa for a potential decrease in output. While the
operation of dispatchable generators is fully described by (3a)–(5l),
storage operation is additionally subject to the offtake constraints
and constraints discussed in Section 2.6.

2.4.1. Commitment constraints
A cluster’s number of online units can change by starting up

offline units or shutting down online units (3a). It is limited to
the maximum number of online units, determined by the ratio of
the installed capacity and typical unit size (3b). The number of
offline units that can start up, or be reserved to start up to provide
reserve, is limited to the units that have been offline for at least
the minimum down time (3c). Similarly, the number of online
units that can shut down, or be reserved to shut down to provide
reserve, is limited to the units that have been online for at least the
minimum up time (3d):

ninj
i,h+1 = ninj

i,h + nsu,inj
i,h − nsd,inj

i,h , ∀ i ∈ ID, h ∈ H, (3a)

ninj
i,h ≤ pinst,inji /P inj

i , ∀ i ∈ ID, h ∈ H, (3b)

nsu,inj
i,h +

∑
r∈RU

nsur,inj
r,i,h ≤ pinst,inji /P inj

i − ninj
i,h

−

∑
z∈Z

nsd,inj
i,h−z, ∀ i ∈ ID, h ∈ H, (3c)

nsd,inj
i,h +

∑
r∈RD

nsdr,inj
r,i,h ≤ ninj

i,h −

∑
w∈W

nsu,inj
i,h−w, ∀ i ∈ ID, h ∈ H. (3d)

2.4.2. Output level constraints
A cluster’s output level can change by ramping online units

up or down, starting up offline units, or shutting down online
units (4a). The output level is limited by the generation limits of the
online units (4b)–(4c). Units starting up have to at least reach the
minimum output level, and are constrained by the start-up ramp
rate (4d)–(4e). A technology’s start-up ramp rate is defined as the
maximum of the required ramp rate to reach the minimum output
level over one time step and the spinning ramp rate to allow all
technologies to start-up in one hourly time step. Similarly, units
shutting down have to be able to ramp down to a zero output
level from at least the minimum output level, and are constrained
by the shut-down ramp rate (4f)–(4g), which is defined similar
to the start-up ramp rate. Ramping online units up and down is
limited by the spinning ramp rate, while ensuring that ramping
ability reserved for reserve provision is accounted for separately
from the ramping that occurs in the scheduling phase to provide
energy services (4h)–(4i). In addition to the spinning ramp rate, the
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ramping ability for online units is also constrained by the capacity
available to perform spinning ramping (4j)–(4k):

pinji,h+1 = pinji,h + pru,inji,h − prd,inji,h

+ psu,inji,h − psd,inji,h , ∀ i ∈ ID, h ∈ H, (4a)

pinji,h ≥ ninj
i,h · Pmin,inj

i · P inj
i , ∀ i ∈ ID, h ∈ H, (4b)

pinji,h ≤ ninj
i,h · P inj

i , ∀ i ∈ ID, h ∈ H, (4c)

psu,inji,h ≥ nsu,inj
i,h · Pmin,inj

i · P inj
i , ∀ i ∈ ID, h ∈ H, (4d)

psu,inji,h ≤ nsu,inj
i,h · Rsu,inj

i · P inj
i , ∀ i ∈ ID, h ∈ H, (4e)

psd,inji,h ≥ nsd,inj
i,h · Pmin,inj

i · P inj
i , ∀ i ∈ ID, h ∈ H, (4f)

psd,inji,h ≤ nsd,inj
i,h · Rsd,inj

i · P inj
i , ∀ i ∈ ID, h ∈ H, (4g)

pru,inji,h +

∑
RU

rs,injr,i,h ≤ (ninj
i,h − nsd,inj

i,h )

· Rs,inj
i · P inj

i , ∀ i ∈ ID, h ∈ H, (4h)

prd,inji,h +

∑
RD

rs,injr,i,h ≤

(
ninj
i,h − nsd,inj

i,h

−

∑
RD

nsdr,inj
r,i,h

)
· Rs,inj

i · P inj
i , ∀ i ∈ ID, h ∈ H, (4i)

pru,inji,h +

∑
RU

rs,injr,i,h ≤ (ninj
i,h − nsd,inj

i,h ) · P inj
i − (pinji,h

− psd,inji,h ), ∀ i ∈ ID, h ∈ H, (4j)

prd,inji,h +

∑
RD

rs,injr,i,h ≤

(
pinji,h − psd,inji,h −

∑
RD

rsd,injr,i,h

)
−

(
ninj
i,h − nsd,inj

i,h −

∑
RD

nsdr,inj
r,i,h

)
· Pmin,inj

i · P inj
i , ∀ i ∈ ID, h ∈ H.

(4k)

2.4.3. Reserve provision constraints
Dispatchable injection technologies provide upward reserve

through online units that can increase their output and offline
units that can start up (5a), and downward reserve through online
units that can decrease their output or shut down (5b). Contracting
FCR with injection technology i is limited by the technology’s FCR-
specific spinning ramp rate (5c), (5f), while contracting FCR plus
aFRR is limited by the aFRR-specific spinning ramp rate (5d), (5g),
and contracting FCR plus aFRR plus mFRR is limited by the mFRR-
specific spinning ramp rate (5e), (5h). Units providing reserve
through starting up or shutting down are also limited by the
technology’s ramping ability, and need to be able to overcome at
least the minimum output level (5i)–(5l):

r injr,i,h = rs,injr,i,h + rsu,injr,i,h , ∀ r ∈ RU, i ∈ ID, h ∈ H, (5a)

r injr,i,h = rs,injr,i,h + rsd,injr,i,h , ∀ r ∈ RD, i ∈ ID, h ∈ H, (5b)∑
r∈RUF

rs,injr,i,h ≤ (ninj
i,h − nsd,inj

i,h ) · Rs,r,inj
fcr,i · P inj

i , ∀ i ∈ ID, h ∈ H, (5c)

∑
r∈RUA

rs,injr,i,h ≤ (ninj
i,h − nsd,inj

i,h ) · Rs,r,inj
afrr,i · P inj

i , ∀ i ∈ ID, h ∈ H, (5d)

∑
r∈RU

rs,injr,i,h ≤ (ninj
i,h − nsd,inj

i,h ) · Rs,r,inj
mfrr,i · P

inj
i , ∀ i ∈ ID, h ∈ H, (5e)

∑
r∈RDF

rs,injr,i,h ≤

(
ninj
i,h − nsd,inj

i,h

−

∑
r∈RD

nsdr,inj
r,i,h

)
· Rs,r,inj

fcr,i · P inj
i , ∀ i ∈ ID, h ∈ H, (5f)

∑
r∈RDA

rs,injr,i,h ≤

(
ninj
i,h − nsd,inj

i,h

−

∑
r∈RD

nsdr,inj
r,i,h

)
· Rs,r,inj

afrr,i · P inj
i , ∀ i ∈ ID, h ∈ H, (5g)

∑
r∈RD

rs,injr,i,h ≤

(
ninj
i,h − nsd,inj

i,h

−

∑
r∈RD

nsdr,inj
r,i,h

)
· Rs,r,inj

mfrr,i · P
inj
i , ∀ i ∈ ID, h ∈ H, (5h)

rsu,injr,i,h ≥ nsur,inj
r,i,h · Pmin,inj

i · P inj
i , ∀ r ∈ RU, i ∈ ID, h ∈ H, (5i)

rsu,injr,i,h ≤ nsur,inj
r,i,h · Rs,r,inj

r,i · P inj
i , ∀ r ∈ RU, i ∈ ID, h ∈ H, (5j)

rsd,injr,i,h ≥ nsdr,inj
r,i,h · Pmin,inj

i · P inj
i , ∀ r ∈ RD, i ∈ ID, h ∈ H, (5k)

rsd,injr,i,h ≤ nsdr,inj
r,i,h · Rs,r,inj

r,i · P inj
i , ∀ r ∈ RD, i ∈ ID, h ∈ H. (5l)

2.5. Intermittent injection constraints

Renewable generation volumes are driven by weather condi-
tions and support schemes, rather than by electricity prices. As
such, it is usually modeled as negative load, resulting in a residual
load to be met by dispatchable units. However, the renewable
generators’ participation in electricity markets is becoming in-
creasingly active, with the possibility to curtail output. They have
close-to-zero (or even negative if subsidized) marginal costs, a
time-varying maximum power output, and limited operational
constraints. The time-varying RES output is calculated by using
a normalized feed-in profile, which is scaled with the installed
capacity. This available output can either be injected in the grid
to be consumed, or curtailed in case of oversupply (6):

pinji,h + pcu,inji,h = Ares
i,h · pinst,inji , ∀ i ∈ II, h ∈ H. (6)

Although RES may provide contracted reserve to the TSO if
tender periods are sufficiently short (e.g., hours), they are not able
to contribute in the provision of reserve in the analyzed case study
due to the assumed monthly contract periods (Section 2.7). In
currentmarkets especiallywind generators already provide down-
ward reserve through non-contracted reserve for short periods
of time. In the future, these may provide upward reserve as well
when constantly performing under their availability limit, and PV
systems may also provide reserve through improved control and
aggregation.

2.6. Electricity storage constraints

Storage systems are subject to energy buffer dynamics and
a limited cycle-life. Furthermore, a symmetrical development of
charge and discharge power ratings is assumed.

During charging, only part of the consumed electric energy is
converted to energy stored in the buffer due to a charge efficiency,
while during discharging, only part of the stored energy is con-
verted back into electric energy due to a discharge efficiency (7a).
These additions and removals have to respect the minimum and
maximum storage capacity, while the available range to provide
energy services is constrained in both directions by the margins
that are contracted for reserve provision (7b)–(7c). Linear ramp-
ing is assumed from the current output level to the output after
activation in T 1,r

r . The energy capacity that is reserved for reserve
provision is assumed to be the energy required for the linear
ramping and to maintain reserve provision up to T 2,r

r (Fig. 1).
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Fig. 1. Energy storage capacity that needs to be reserved to provide reserve capacity
(A + B).

Storage plants have a limited lifetime, which is either deter-
mined by the calendar life in case of infrequent use or by the
cycle-life in case of frequent use. The calendar life is the maximum
time that it can be used, independent from the operation, while
the cycle-life takes into account the deterioration of the energy
storage subsystem due to use [5,42]. While the cycle-life limits the
operation of BES, for PHS the cycle-life is sufficiently large such
that the depreciation cost following cycling patterns is negligible.
Although there is no direct constraint on the number of cycles
during the considered optimization period, due to the limited
cycle-life a constant targeted cycling rate is implied throughout the
lifetime. If the cycling rate is lower than or equal to this targeted
cycling rate, the additional depreciation cost from cycling is zero,
otherwise it is positive (7d):

es,h+1 = es,h + (ηoff
s · poffs,h − pinjs,h/η

inj
s ) · T h, ∀ s ∈ S, h ∈ H, (7a)

es,h ≥ (1/ηinj
s ) ·

∑
r∈RU

[
(r injr,s,h · T 1,r

r )/2

+ r injr,s,h · (T 2,r
r − T 1,r

r )
]
, ∀ s ∈ S, h ∈ H, (7b)

es,h ≤ einsts − ηoff
s ·

∑
r∈RD

[
(roffr,s,h · T 1,r

r )/2

+ roffr,s,h · (T 2,r
r − T 1,r

r )
]
, ∀ s ∈ S, h ∈ H, (7c)

ccycs ≥ C inv,e
s ·

(
ηoff
s ·

∑
h∈H

poffs,h/N
cyc
s − einsts /Ncal,inj

s

)
, ∀ s ∈ S. (7d)

2.7. Reserve sizing

2.7.1. FCR sizing
The required FCR is determined on the ENTSO-E level, and is set

at 3GW for the synchronous area of continental Europe, covering
the outage of two of the largest elements (i.e., an N-2 criterion).
This effort is shared over the different control zones according to
their share in the system [43,44]. In line with the volume currently
contracted by Elia, an exogenously-determined FCR requirement
of 100MW in both the up- and downward direction is included
in the analyzed case study. Since Elia does not expect significant
changes in the need for FCR [45], the endogenously-determined
FCR requirement is zero.

2.7.2. FRR and RR sizing
The sizing of FRR and RR is the responsibility of the TSO, subject

to ENTSO-E guidelines, and is based on both a deterministic and

probabilistic assessment. The deterministic assessment considers
the largest possible SI due to the loss of a single grid element. For
Belgium the loss of a 1GW interconnector is considered (i.e., the
future Nemo interconnector). The FRR to be contracted has to at
least be sufficient to cover such an event in both directions. The
probabilistic assessment is based on recent historical SI time series
of at least a full year, and determines the combined amount of
FRR and RR to be contracted. ENTSO-E requests that the contracted
amount of FRR and RR at least should be able to cover 99% of the
observed SIs in both directions (Fig. 2a), which is also imposed in
the considered case study. In case the reserve sizing based on the
probabilistic assessment results in lower reserve needs than the
deterministic assessment, the latter is kept as a minimum for the
amount of FRR that needs to be contracted. Although RR may be
contracted to cover the gap between both in case the probabilistic
assessment results in higher reserve needs than the deterministic
analysis, this gap may also be covered by FRR as contracting RR
capacity is not required. Since Elia does not contract RR, it is not
considered here [43,44]. Similar to the approach used by Elia [43],
after having determined the total FRR need, a time series of the
difference between the SI of consecutive quarter-hourly periods,
representing the volatility of the SI, is considered to determine the
share of aFRR (Fig. 2b). The aFRR to be contracted is determined by
the required capacity to cover a certain percentage of the volatility
of the SI in both directions. In the analyzed case study this per-
centage is assumed to be 80%, in line with information provided by
Elia [45]. The remaining FRR to be contracted to cover the total FRR
need determines the amount of mFRR (Fig. 2c).

Since the previously discussed sizing determines the FRR
need for the current situation, it represents the exogenously-
determined aFRR and mFRR requirement. In contrast to FCR, the
endogenously-determined aFRR andmFRR requirement is nonzero
due to increasing absolute levels of forecast errors with larger RES
penetrations. For each intermittent RES technology a probability
density function (pdf) of the normalized forecast errors is intro-
duced by comparing the day-ahead forecast with the real-time
output and describing the error by means of a normal distribution.
Similar to the method for the exogenous component, the 99%
quantile in both directions determines the total endogenous FRR
requirement. Afterwards, this total FRR requirement is again trans-
lated to endogenously-determined aFRR and mFRR needs. Again,
the aFRR to be contracted is determined by the required capacity
to cover 80% of the forecast error’s volatility. This is then comple-
mented by mFRR to meet the total endogenously-determined FRR
needs. It is assumed that variable RES only increase the need for up-
ward reserve. In case of unexpected excess generation, the market
design is expected to incentivize RES to curtail output if insufficient
alternative downward flexibility providers are available.

2.7.3. Sizing and contract periods
In the analyzed case study the reserve requirements are sized

on a yearly basis, while, in line with current reserve procurement
trends in Europe, shorter contract periods (here monthly) for re-
serve capacity are considered. Abstraction is made from which
share of the reserve requirements is to be procured by the TSO
as an ancillary service to balance its control zone, or by market
participants to keep their portfolio balanced.

3. Data, scenarios, and assumptions

3.1. Data

Four dispatchable generation technologies are taken into ac-
count, i.e., base, mid, peak, and high peak load, each having dif-
ferent techno-economic characteristics, and ordered in terms of
decreasing fixed cost and increasing variable cost. The first two
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(a) Probabilistic sizing. (b) SI volatility. (c) Sizing of aFRR.

Fig. 2. Probabilistic reserve sizing in line with the approach used by Elia.

Table 4
Economic input parameters, fixed costs are annualized via annuities using a 5% interest rate. Electricity storage charge and discharge parameters are assumed to be identical.

Name Ncal,inj
i Fixed costs Variable costs

[a] Total Annualized

C inv,inj
i C inv,e

s C inv,inj
i C inv,e

s C fom,inj
i C fuel,inj

i Cvom,inj
i C ra,inj

i C su,inj
i C sd,inj

i
[e/kW] [e/kWh] [e/kW] [e/kWh] [e/kW] [e/MWh] [e/MWh] [e/MW] [e/MW] [e/MW]

Base 50 5000 – 274 – 43 10 5 1.30 200 0
Mid 35 1700 – 104 – 34 26 10 1.30 50 0
Peak 25 855 – 61 – 21 43 10 0.7 37 0
hPeak 15 486 – 47 – 12 66 10 0.3 25 0
PV 25 895 – 64 – 13 – 0 – – –
onWind 30 1270 – 83 – 27 – 0 – – –
ofWind 30 2600 – 169 – 80 – 0 – – –

BES 15 100 300 10 29 0 – 0 0 0 0
PHS 50 375 50 21 3 0 – 0 0 0 0

technologies are nuclear and coal power plants, respectively,
whereas peak and high peak load technologies correspond to
combined cycle gas turbines (CCGTs) and open cycle gas turbines
(OCGTs), respectively. In addition, three variable RES technologies,
i.e., onshore wind, offshore wind, and PV, and two electricity stor-
age technologies, i.e., PHS and Li-ion BES, are considered. Although
many different estimates for the cost data and technical parame-
ters is available, the assumed input data is inspired by [10,46–48],
and is shown in Tables 4 and 5. These values may deviate from
actual levels, but the relative levels for the different technologies
are believed to be representative.

To limit the reserve capacity that can be provided, the ramp
rate on a minute basis Rm,inj

i /Rm,off
o is used. In line with guidelines

from the Belgian TSO Elia [49], we assume that capacity providing
reserve has to be able to perform the promised change in power
output in 0.5min for FCR, 7.5min for aFRR, and 15min for mFRR.
As such, the technologies’ spinning ramp rate for each reserve
category Rs,r,inj

r,i /Rs,r,off
r,o can be derived. Since the ramp rate on a

minute basis is usually defined as being faster compared to the
hourly ramp rate, the reserve-specific spinning ramp rate is limited
by the hourly ramp rate to avoid situations in whichmore ramping
is possible in 7.5min or 15min than in an hour. While those fast
ramp rates on aminute basismay be appropriate for infrequent use
(i.e., reserve provision), they are believed to be too high for contin-
uous operation (i.e., electricity generation), potentially incurring
additional O&M costs. As such, the hourly ramp rates are used for
ramping in the scheduling phase to provide energy services.

We use historical RES power output data from Elia [50] and
consumption data from ENTSO-E [51], on an hourly basis, for
Belgium for 2014. For this period PV is characterized by 1054 full
load hours, while onshore and offshore wind are characterized by

2046 and 3600 full load hours, respectively. Average consumption
is 9539MW, fluctuating between a minimum of 6623MW and a
maximumof 13110MW.Using data from Elia, the exogenous aFRR
and mFRR requirements are 157MW and 843MW, respectively,
in both directions, while the endogenous aFRR and mFRR require-
ments amount to 0.01MW and 0.12MWperMWPV, 0.02MW and
0.15MW per MW onshore wind, and 0.05MW and 0.33MW per
MW offshore wind, respectively, all in the upward direction.

Since a high RES curtailment cost corresponds to today’s elec-
tricity markets with subsidies, and a zero (or low) RES curtailment
cost corresponds to future markets without subsidies but with
active RES participation, we assume a RES curtailment cost of
0 e/MWh. Finally, the cost of involuntary load shedding is set at
3000 e/MWh, based on the price cap in the day-ahead market of
the Central Western European region.

3.2. Scenarios

The portfolio and operation of the system is optimized with an
hourly time resolution. Five increasing targets for the share of RES
in the final consumption, ranging from 0 % to 50 %, are considered.
Furthermore, four storage scenarios are considered. The reference
storage scenario, in which no storage is available to be installed,
serves as benchmark. By comparing it with the results of the other
three scenarios, the role and value of electricity storage can be
analyzed. In scenario 1 both PHS andBES is available to be installed,
while in scenario 2 the available PHS energy capacity is limited
to 8.7GWh. The chosen upper limit is based on the conventional
Belgian PHS capacity, considering the currently developed capac-
ity, i.e., Coo-Trois-Ponts I and II, and Plate-Taille, and the recently
proposed extension of the Coo-Trois-Ponts PHS plant [3]. Finally,
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Table 5
Technical input parameters. Electricity storage charge and discharge parameters
are assumed to be identical, except for the minimum load requirement
(Pmin,inj

i /Pmin,off
o ).

Name P inj
i Pmin,inj

i Rs,inj
i Rm,inj

i η
inj
s Tmut,inj

i Tmdt,inj
i Ncyc

s
[MW] [%] [%] [%/min] [%] [h] [h] [-]

Base 400 50 33 3 – 24 24 –
Mid 300 50 50 4 – 6 4 –
Peak 200 50 80 6 – 4 1 –
hPeak 100 10 100 10 – 1 1 –

BES 10 0 100 100 95 0 0 3000
PHS 100 30/70 100 50 87 0 0 ∞

scenario 3 studies the impact of a future reduction of the energy-
related investment cost of BES from 300e/kWh to 150e/kWh,
while keeping the upper limit for PHS at 8.7GWh.

3.3. Assumptions

First, although the test system includes system load and RES
generation characteristics for Belgium, we abstract from an ac-
tual system with capacity legacy but instead adopt a long-term
greenfield approach. While this does not allow us to derive de-
ployment scenarios or optimal pathways, it allows for broadly
applicable system-independent insights in the role and value of
storage technologies and in the interdependency of the included
flexibility options. The developed GEP model however allows to
include capacity legacy by imposing starting values per technology,
and can thus also be used for studies that focus on optimal future
portfolios for specific countries or regions.

Second, since not all services that storage can provide are con-
sidered (e.g., voltage support, congestion management, and black-
start capabilities), this analysis may underestimate the total value
of storage for the system.

Third, since the different flexibility sources are to some extent
interchangeable, the transition to a RES-based power system can
be achieved through various portfolios of flexibility sources. As
flexible demand is not considered, the results may overestimate
the absolute supply of flexibility by storage. In addition, since ex-
change with neighboring regions is not considered, the possibility
to import flexibility supply or to smoothen system variability is
neglected, thereby most likely overestimating the need for local
flexibility. Furthermore, the linear scaling of historic RES gener-
ation profiles further overestimates absolute flexibility needs, as
it neglects possibly smoother RES generation profiles by future
changes in geographical distribution.

Fourth, in GEP it is common practice to ignore the internal grid,
to not constrain the applicability of the results by the current net-
work. We assume a copper plate because the grid can be upgraded
in the long-run and we aim to derive broadly applicable insights,
and in order to be able to solve numerically for a full year with high
operational detail. Instead, GEP is typically considered separately
from network expansion planning (NEP), with the GEP output
serving as input for the NEP model. We thus do not distinguish
between the locations or voltage levels to which installed gen-
eration and storage capacities are connected. In real systems the
total flexibility need may consist of needs at the transmission and
distribution level, possibly requiring different technical solutions.

Fifth, the various sources of uncertainty (e.g., load, RES gen-
eration) are addressed with a deterministic approach, given the
computational complexity due to the included high temporal and
operational detail. This is in line with other GEP works including
such detailed short-term operation, as for these models it is com-
putationally impractical to consider the recent developments in
stochastic UC formulations. Decisions are based on expected val-
ues of probabilistic input parameters, but three reserve products

are contracted and scheduled to deal with deviations from these
expected values, and thus to deal with uncertainty. The reserve
sizing includes a deterministic and probabilistic assessment, and
considers unexpected outages and unexpected variations in the
load and RES generation. It provides both exogenous and endoge-
nous reserve requirements. The latter increase with the installed
variable RES capacity to deal with the increasing uncertainty in the
system due to its limited predictability.

These simplifications contribute to the computational solvabil-
ity of the presented combined long-term investment and detailed
short-termoperationmodel for a full year, and to the traceability of
results. We aim to derive general conclusions on the role and value
of electricity storage in renewable power systems, thereby not
focusing on absolute numbers in the results of individual scenarios,
but on orders of magnitude and differences between the four
scenarios.

4. Results

4.1. Total system cost

The availability of electricity storage lowers total system cost
(Fig. 3). This is true for all three storage scenarios, and its ex-
planation is threefold. First, storage can compensate the system’s
expected variability by storing base load and RES generation in
times of low residual load, and (partly) replacing peak and high
peak load generation in times of high residual load. As such, the
rather inflexible base andmid load generation technologies can be
operatedmore efficiently, while the need for flexible peak and high
peak load generators decreases. The negative correlation among
RES penetration and storage fuel cost, the latter being related to
the efficiency losses and the price at which energy is stored, rep-
resents a valuable benefit for storage that increases with the RES
target. Second, storage can compensate the system’s unexpected
variability by providing reserve. As such, inefficient scheduling
to keep conventional generators online (partly-loaded) to provide
spinning reserve can be reduced.3 This lowers the incompressible
part of supply, thereby decreasing RES curtailment in times of low
residual demand, and contributes to efficient merit-order schedul-
ing. Third, less RES capacity needs to be installed to reach the im-
posed RES targets. Excess RES generation that otherwise had to be
curtailed can now be stored, or simply generated to be consumed
since the incompressible part of supply is lower with storage as
flexibility provider compared to conventional generators.

Scenario 1 leads to the lowest system cost, while scenario 2
is still characterized by significant cost savings compared to the
reference scenario but ends up at a higher total cost than scenario
1. Finally, in scenario 3, the total system cost decreases again
compared to scenario 2 but remains well above scenario 1.

4.2. Generation and storage mix

Fig. 4 shows the installed capacities for the reference scenario
and the three storage scenarios, based on which four observations
can be made. First, when storage resources are available, less RES
capacity is needed to reach the imposed RES target. Depending on
the storage scenario, this leads to 9.7%–10.4%, 10.8%–16.7%, and
9.5%–17.0% less installed RES capacity to reach a 30%, 40%, and 50%
RES target, respectively. This may be important in countries where
the available land area for wind turbines or PV systems is scarce or
faces opposition. Second, storage resources allow base load plants

3 Upward FCR and aFRR is provided as spinning reserve by base, mid, and peak
generators as they cannot start-up in time to provide them as non-spinning reserve.
In addition, all downward reserve categories are provided as spinning reserve by all
conventional generators.
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Fig. 3. Total system cost relative to the case with a 0% RES target in the reference
scenario.

to remain in the optimal mix to a larger extent. Depending on the
storage scenario, its installed capacity increases by 67.2%–67.9%,
76.2%–88.7%, and 244.0%–369.3% for a 0%, 10%, and 20% RES target,
respectively. In addition, in scenario 1 base load is even included
(to a very limited extent) up to a 30% RES target compared to only
a 20% RES target for the other scenarios. Third, storage reduces
the need for peak and high peak generators. Depending on the
storage scenario, the installation of such power plants decreases
by 43.1%–62.6%, 38.7%–74.4%, and 36.0%–76.6% for a 30%, 40%, and
50% RES target, respectively. The impact of observations one to
three is always the largest in storage scenario 1 and the smallest
in scenario 2, with the impact in scenario 3 in between. Fourth,
when themaximumavailable PHS energy capacity is limited due to
geographical constraints, PHS is mainly replaced by peak and high
peak generation capacity, and only to a limited extent by BES at
the current energy-related BES investment cost. At a future lower
investment cost of the BES energy storage subsystem again less
peak and high peak generation is needed while the installed BES
power rating even surpasses PHS from a 30% RES target onwards.

Fig. 5 shows that a relationship between the imposed RES target
and installed flexible resources (i.e., peak andhighpeak generation,
PHS, and BES) can be observed independent from the analyzed
scenario. This may represent the flexibility need at different RES
targets, met by the different flexibility sources. Although no ab-
solute numbers can be concluded upon since this is most likely
dependent on the residual load profile, it shows that flexibility
sources are to some extent interchangeable. This is important
for regulators and policy-makers to take into account, e.g., when
deciding on capacity markets, as these generally result in current
gas-fired conventional generators being contracted to remain op-
erational (e.g., strategic reserve in Belgium, capacity auction in the
UK). As such, this may constrain the development of alternative
flexibility sources.

Finally, an analysis of the energy, power, and E2P ratio char-
acteristics of the installed storage resources in the three storage
scenarios is provided in Table 6. First, in scenario 1 a significant
amount of PHS is developed, both in terms of energy and power,
which includes an E2P ratio between 4.56h and 8.39h. The de-
veloped PHS is used for both energy-related and power-related
services. In contrast, BES energy capacity and power rating is
only developed to a limited extent, with the former being small
compared to the latter. The resulting E2P ratio is between 0.24h
and 0.47h, as BES is almost exclusively used to provide power-
related frequency control in this scenario. Second, in scenario 2
the total available PHS energy capacity is immediately developed
from a 0% RES target, while the accompanying installed PHS power
rating increases moderately with the RES target. This leads to E2P

ratios between 2.80h and 4.49h. Scenario 2 includes both higher
BES energy capacity and power rating levels compared to scenario
1, but E2P ratios have similar orders of magnitude (i.e., 0.25h–
0.82h). While BES takes over part of the power-related services
of PHS, flexible generators cover its energy-related services. Third,
scenario 3 shows that the available PHS energy capacity is fully
developed from the start even at a lower energy-related BES in-
vestment cost, but less power rating is developed. This leads to
higher E2P ratios for PHS compared to scenario 2, i.e., 4.09h–6.43h.
Significantly more BES energy capacity is developed, surpassing
the maximum available PHS energy capacity at a 50% RES target,
as well as more power rating, surpassing the installed PHS power
rating at high RES targets. Although the BES E2P ratio increases to
1.10h–2.26h, it is still well below the PHS E2P ratio. This anal-
ysis shows that both short-to-mid and mid-to-long-term storage
is needed: even when PHS would be available to an unlimited
extent, BES is developed, and even when the energy-related BES
investment cost would decrease towards the future, the available
PHS energy capacity is still fully developed. Although these sources
compete to provide some flexibility services, they complement
each other tomeet the system’s total flexibility demand in themost
efficient way.

4.3. Reserve provision

Fig. 6 shows the average reserve provision by the different
generation and storage technologies for the different scenarios.

In the reference scenario, upward FCR is provided by online
conventional generators that have head room available to provide
this reserve. At low RES targets it is mainly provided by mid load
plants, while at high RES targets a significant share is provided by
high peak load plants. The different storage scenarios show that
when storage is available, BES is about the sole provider, with PHS
providing a minor share in scenario 2. In contrast to conventional
generation technologies and PHS, BES does not have to be com-
mitted to provide upward FCR. In the reference scenario, and in
the different storage scenarios at low RES targets, downward FCR
is provided by online generation capacity, as they can provide this
service fairly easy by ramping down. At high RES targets, andwhen
storage is available to be installed, storage provides the largest
share of downward FCR. As such, no conventional generators have
to stay online to solely provide this service, especially taking into
account the monthly contract periods. In scenario 1 and 2 both
PHS and BES provide downward FCR, with the latter providing the
major share, while at reduced energy-related BES investment costs
it takes over PHS’s share.

In the reference scenario upward aFRR is provided by online
high peak load plants, while storage is the major upward aFRR
provider in the different storage scenarios. In scenario 1 PHS is
the main provider, while in scenario 2 its share decreases at the
expense of BES, and upward aFRR provision is shared. In scenario
3 BES is the main provider. Similar to FCR, at low RES targets the
downward component is provided by ramping down base andmid
load plants that are online most of the time anyway. When storage
is available, and at higher RES targets, base and mid load power
plants would not constantly be online anymore following efficient
scheduling. Here, PHS provides the largest share in scenario 1,
while both PHS and BES provide a large share in scenario 2 and
3, with BES becoming downward aFRR’s main provider at high RES
targets.

If storage resources are not available to be installed, upward
mFRR is provided by high peak load generators, as they do not
have to be committed at part-load but can start up in time. In
storage scenario 1, the share of PHSof this energy-intensive reserve
increaseswith the RES target.When the PHS energy capacity is lim-
ited, peak and high peak load plants again provide the largest share
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(a) Reference scenario. (b) Storage scenario 1. (c) Storage scenario 2. (d) Storage scenario 3.

Fig. 4. Optimal mix in different storage scenarios given a variety of RES targets.

Fig. 5. Relationship between the installed flexible capacity and imposed RES target.

with PHS providing the remaining upward mFRR, and at lower
BES energy-related investment cost they may provide a share of
upward mFRR as well at the expense of high peak load generators.
Again, downwardmFRR is mostly provided by online conventional
generators. When storage resources are available they provide an
increasing share of downward mFRR as the RES target increases,
since the amount of conventional generators that have to remain
online for a month can be decreased. At current costs PHS is about
the sole storage technology providing downward mFRR, while in
scenario 3 BES provides a significant share as well.

5. Conclusions

In the context of RES-driven power systems, short-term operat-
ing constraints and requirements are important to consider during

long-term planning analyses. They are key drivers for flexibility,
but large problem sizes and computation times have limited the
extent to which they are included in policy and planning models.
We present the development of a combined, and simultaneously
solved, long-term investment and short-term operation model
with high temporal and operational detail. It decides on the in-
stalled generation and storage capacities to cover the demand for
energy and reserve capacity at lowest cost, given short-term oper-
ational constraints and residual demand variations, for increasing
RES generation targets. Short-term operation is modeled through
a continuous relaxation of the technology-clustered formulation of
theUCproblem. This allows for a better insight in the role and value
of storage as flexibility source.

The availability of storage resources lowers total system cost.
We show that this can be explained through its contribution to
compensate the system’s expected and unexpected variability,
and because less RES capacity needs to be installed to reach the
imposed RES targets. First, storage has the ability to compensate
the former by storing base load and RES generation in times of
low residual demand, and by partly replacing peak and high peak
generation in times of high residual demand. Second, storage has
the ability to compensate the latter by providing reserves, thereby
reducing the need for inefficient scheduling to accommodate
must-run (partly-loaded) conventional generators to provide spin-
ning reserve. Third, less RES needs to be installed to reach RES
targets, as excess RES generation that otherwise had to be curtailed
can now be stored, or simply generated to be consumed since the
incompressible part of supply is lower.

The detailed modeling of frequency control allows for two
main conclusions. First, independent from the storage scenario BES
provides a significant share of FCR, while it is only when PHS is
geographically constrained that BES provides significant shares of
aFRR as well. Finally, when in addition the cost for the energy
storage subsystem decreases, BES appears to be well-suited to

Table 6
Storage characteristics in the different storage scenarios at different RES targets.

PHS BES

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

einsts [GWh] 9.72 12.54 15.95 21.29 42.23 63.84 0.03 0.03 0.04 0.05 0.05 0.05
Scenario 1 pinst,inji ,pinst,offo [GW] 2.01 2.63 3.50 4.30 5.96 7.61 0.10 0.10 0.11 0.11 0.11 0.11

E2P ratio [h] 4.83 4.78 4.56 4.95 7.08 8.39 0.24 0.27 0.36 0.47 0.46 0.46
einsts [GWh] 8.70 8.70 8.70 8.70 8.70 8.70 0.03 0.12 0.35 0.44 0.51 0.49

Scenario 2 pinst,inji ,pinst,offo [GW] 1.94 2.26 2.64 2.42 2.54 3.12 0.11 0.20 0.45 0.55 0.62 0.62
E2P ratio [h] 4.49 3.85 3.29 3.60 3.43 2.8 0.25 0.58 0.78 0.81 0.82 0.79
einsts [GWh] 8.70 8.70 8.70 8.70 8.70 8.70 0.86 1.58 1.61 4.34 7.05 10.29

Scenario 3 pinst,inji ,pinst,offo [GW] 1.35 1.62 2.13 1.66 1.55 1.71 0.78 1.06 1.19 2.26 3.47 4.56
E2P ratio [h] 6.43 5.37 4.09 5.23 5.62 5.09 1.10 1.49 1.35 1.92 2.03 2.26
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(a) Reference scenario. (b) Storage scenario 1. (c) Storage scenario 2. (d) Storage scenario 3.

Fig. 6. Average reserve provision in different storage scenarios given a variety of RES targets.

provide FCR and aFRR, aswell asmFRR. This provides conditions for
whichBES is a favorable technology to provide the different reserve
products. Second, we quantitatively show how the interaction
between energy and reserve markets leads to storage contributing
to the provision of upward reserve at all RES targets, and to the
provision of downward reserve only at high RES targets.

Results show that there is a need for both short-to-mid-term
BES and mid-to-long-term PHS. PHS plants mainly provide en-
ergy services to the system, i.e., shifting energy in time, and
energy-intensive reserve products, while BES systems mainly pro-
vide power-related reserve products. Even when the available
PHS energy capacity would not be restricted by geographical
conditions, BES is developed, and even when the energy-related

BES investment cost would decrease towards the future, the avail-
able PHS capacity is still fully developed. Although these sources
compete to provide some flexibility services, they complement
each other to meet the system’s total demand for flexibility.

Furthermore, we conclude that a relationship is present be-
tween the imposed RES target and installed flexible resources,
independent from the analyzed scenario. This confirms that flexi-
bility sources are to some extent interchangeable. It can be hypoth-
esized that if due to capacity legacy or market design conventional
flexible capacity remains operational in the system, this affects the
development of alternative flexibility sources.

There are at least four topics for future work. First, an expan-
sion of the geographical scope would allow to analyze the role
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of storage under different scenarios for the degree to which the
considered system is interconnected. Second, an expansion of the
flexibility sources would allow to study the impact of the price-
responsiveness of the demand under different scenarios. Third,
whereas the reservation of generation and storage capacity to
provide frequency control is modeled, including the activation of
reserves would present a valuable addition to the current state-of-
the-art. Fourth, the developed model can be applied to inform a
specific system’s planners and policy-makers, and market players
on the operation and investment in storage capacity. This would
require including the current situation for the considered system
through capacity legacy.
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