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A Computationally Efficient Formulation for a
Flexibility Enabling Generation Expansion Planning

Daniel Vázquez Pombo , Student Member, IEEE, Jon Martinez-Rico , Miguel Carrión , Member, IEEE,
and Miguel Cañas-Carretón , Member, IEEE

Abstract�This paper presents a new mixed-integer linear pro-
gramming formulation for combined generation, storage and
demand response expansion planning. The proposed formula-
tion captures �exibility dynamics in integrated energy systems
in long horizons with large temporal resolution. The objective
function considers costs related to: investment, operation, emis-
sion penalties, �xed and variable maintenance. The considered
units are: generators, storage (batteries and hydro-pumped) and
demand response units (desalination, power-to-X, electric vehi-
cles and electrolysers). The operation is modelled as an hourly
unit commitment including time-dependent startup costs and
intertemporal constraints such as ramping limits and minimum
up and down times. This �exibility enabling formulation boosts
renewable integration and contributes towards decarbonisation
of other energy sectors such as transport. A commercial solver is
used to evaluate the formulation for large scale cases considering
20 years horizon and 12 full weeks per year imposing minimum
renewable shares of 50 and 100% in year 9 and 19, respectively.
The formulation exceeds tractability limits of previous works,
achieves lower over-installation and renewable curtailment by
integrating �exibility in the generation expansion problem, and
allows to size demand responsive units if desired.

Index Terms�Optimization, isolated power systems, �exibility,
demand response, energy storage, P2X.

I. INTRODUCTION

THE OVERALL objective of deploying ever growing rates
of renewable energy sources (RES) without compromis-

ing supply reliability brings complex challenges to power
system planning and operation. In this context, the electri-
fication of other energy fields via smart coupling is known
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as integrated energy systems (IES), which add flexibility to
the grid by allowing supply and demand balancing as a
coordinated effort across different energy systems. Hence,
roadmaps designed using flexibility enabling tools increase
reliability [1], renewable penetration [2] and reduce levelised
cost of energy [3].

Generation expansion planning (GEP) is used to design
power system configurations based on overall cost minimi-
sation. It helps understanding the long-term implications of
decisions such as power plant investment and operation. GEP
capture energy market’s games by focusing on profit maximi-
sation, or on finding the best technology mix in a vertically
integrated power system. The latter corresponds to a cen-
tralised planner perspective aiming to minimise total system
cost, which is traditionally defined as the sum of investment
and operational cost. However, maintenance and emission
penalties were also recently included [4], [5]. Such GEPs
are commonly used to study the effect of regulations and
technicalities in an energy system over long horizons. They
support regulators in driving the system topology towards a
particular configuration, such as 100% RES-based [6]. They
constitute large-scale optimisation problems due to the multi-
year horizons, and the duality in capturing both short and
long-term dynamics. GEPs can be modelled as a dynamic
multistage decision process or as a static problem, which sim-
plifies the computational complexities by considering a single
year [4].

Recent GEP innovations target capturing short-term dynam-
ics of RES and traditional units (thermal, hydro and nuclear)
by increasing resolution; resembling better a real grid’s oper-
ation and RES-induced uncertainty. However, disregarding
operational flexibility results in myopic GEPs under-investing
in adaptable units leading to reserve shortage, load shedding,
and RES curtailment [7]. Koltsaklis and Dagoumas [3] high-
light GEP trends as using unit commitment (UC) to model
operation, increasing resolution or including energy storage
(ES), demand response (DR) and sector integration. However,
their UC formulation misses key details, as reserve provision.
Hua et al. [7] improve the UC resolution by capturing ramps,
on/off states, etc. While Tejada-Arango et al. [8] propose
power-based models to improve rampings and reserves mod-
els. Furthermore, Cañas-Carretón and Carrión [9] include wind
power and ES as reserve-based flexibility providers. Yin and
Wang [10] investigate the threshold between over-installing
RES versus traditional units due to their opposed investment
and operational cost ratios.
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Fig. 1. Tractability limit comparison.

There are two approaches solving GEPs: heuristic and ana-
lytical. The former are faster, but only the latter guarantee
global minimum which is desirable over reducing computa-
tional time as GEP focus on multi-year planning, not real
time applications [10]. Given their complexity, GEPs become
intractable fast with growing time periods. Rather than limiting
the horizon, the common approach consists on reducing it to
a small set of reference periods; e.g., by representing a year
as a cluster of few days. For example, Cañas-Carretón and
Carrión [9] and Tejada-Arango et al. [8] use 9 days, and 4
weeks, respectively. However, methods defining representa-
tive periods miss energy dynamics of storage systems and DR
units, resulting in unfeasible GEP outcomes [11]. In addition to
redefining characteristic periods, their number must increase to
capture both daily and seasonal dynamics. Therefore, tractabil-
ity must be ensured by simplifying the solution finding process
minimising time steps reduction.

This work focuses on formulating a GEP allowing to con-
sider large number of decision stages and time periods, while
also capturing flexibility provision by traditional generators,
RES, storage and demand responsive units. In order to main-
tain tractability, and due to its low relevance for island systems
due to the short distances, transmission constraints have
been dismissed to keep the focus on GEP. Regarding uncer-
tainty arising from demand and price evolution, the common
approach is to consider an stochastic formulation. However,
we follow the advice of Dagoumas and Koltsaklis [12] who
recommend employing deterministic formulations combined
with sensitivity analysis as it facilitates the understanding
of the results by regulators. That is, handling uncertainty at
the modelling level and not at the formulation. Hence, the
contributions of this study are:

� A tight mixed-integer linear programming (MILP) formu-
lation suitable for static and dynamic studies that ensures
global optimum and limits integer incidence to two vari-
ables. One for investing decisions, sizing units, and a
binary setting on/off states. Thus, maintaining tractabil-
ity despite optimising substantially longer periods than
previous work. The evaluation considers 12 equivalent
weeks per year over a 20 years horizon. Figure 1 com-
pares the reported number of periods employed in our
proposed GEP (PGEP) with others extracted from scien-
tific literature, showing clear tractability superiority for
our proposed method. Note that besides generation and
storage, the PGEP is also able to size demand respon-
sive units and thus, can be used to economically optimize

IES configurations depending on heat, water, hydrogen,
transport needs, etc.

� Flexibility inclusion as RES, storage and demand
response participation in reserve provision. We present an
electrical storage model suitable for batteries and another
for hydro pumped-storage (HPS). In addition, we propose
a basic demand response model suitable for any control-
lable load, and others focused on power-to-X (P2X) units
such as electrolysers, electric vehicle (EV) charging sta-
tions, and water desalination; which contribute to load
shifting and balancing.

� Realistic case study covering 20 years with hourly reso-
lution aiming to reach 50 and 100% RES-shares by 2030
and 2040 in São Vicente Island, Cape Verde. The PGEP
is compared in terms of computational efficiency against
other formulations and in terms of resulting configura-
tion, energy mix, cost, and emissions when flexibility is
included versus when it is avoided.

This paper continues the work of [6] by including new
forms of energy storage, demand response, and sector inte-
gration between electricity, water, transport, etc. Furthermore,
the new formulation also allows to either size or operate not
only generators and storage, but also DR units.

II. FLEXIBILITY IN MODERN POWER SYSTEMS

In the GEP context, flexibility is understood as the voluntary
shift in generation or consumption to provide a service. Thus,
up and down regulation consist on production increase or con-
sumption decrease and vice versa, respectively. The considered
flexibility sources are: RES, ES and DR.

A. RES-Based Reserve Provision

Traditionally, RES units aim to maximise production to
reduce the emissions of a given power system. While this
approach works well for RES-shares below 20%, it presents
stability issues beyond 30% [14]. Subsequently, System
Operators (SOs) set increasingly stiff requirements such as the
obligation for wind farms (WFs) to reserve 1.5% of their avail-
able power for frequency control in the Spanish market [15],
or frequency containment reserve in the Danish one [16].
These requirements are not particularly challenging for RES
in principle, as there is an ever growing number of scientific
publications regarding the participation of both WFs and pho-
tovoltaic (PV) plants in ancillary services. Out of those, the
more relevant from the perspective of a GEP are related to
curtailment and bidirectional reserve provision.

Cañas-Carretón and Carrión [9] allow up to 10% WF de-
rating to provide bidirectional reserve, which they justify based
on mechanical limitations of the turbines. However, WFs can
be asymmetrically de-rated. Thus, effectively setting the min-
imum feasible operation point of a WF as 10% of a single
turbine, without affecting lifetime as the rest are disconnected.
Then, there is seldom work considering PV as a flexible unit
in GEP problems. PV plants can be dispatched as long as
there is available power thanks to their full size converters,
which qualifies them for ancillary service provision [17], [18].
While curtailment is not yet demanded for reserve provision,
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it is already requested to PV plants during periods of overpro-
duction to avoid overloading [19]. In fact, countries such as
the Netherlands already allow this support as part of hybrid
power plants. Recent tests in a 50 MW plant combining WF
and PV under the same point of connection show how cur-
rent PV technology is perfectly capable of operating de-rated
similarly to wind, thus providing reserve services [20]. Hence,
this work considers both WF and PV able to provide reserve.

B. Energy Storage

ES provide flexibility by distributing energy demand over
time by charging during overproduction periods and vice versa.
This classic concept has been used for decades in HPS and,
more recently, in battery systems. Particularly, EVs can be
considered special batteries with additional constraints.

Batteries (including EVs) can be installed virtually any-
where, are fully dispatchable and can be used for reserve and
frequency support, but their energy capacity is limited (daily
to weekly cycles) [21]. Conversely, HPS are geographically
dependent, suitable for applications requiring large storage
capacity (seasonal or yearly cycles), and can be integrated
with other sectors using water as primary resource. On the
other hand, HPS present asymmetric and size dependent min-
imum and maximum pumping and turbining limits related to
the installed turbopump. In addition, they tend to present min-
imum up and down times, while ramping limits only appear
for very high sampling rates above one minute.

With an expected 4000% growth over the next few years,
EVs represent both a challenge and a flexibility provider in
power grid operation, justifying their inclusion in GEP as a
fleet and not individual units [22]. The strategies aiming to
minimise their impact consist, basically, on scheduling charg-
ing, and discharging operations and fast response [23]. They
must present a minimum state of charge (SOC) at the begin-
ning of a particular time period due to the minimum driving
range required by the owners. Then, availability is subjected to
the EVs being plugged at a charging spot, which can be mod-
elled using different methods. For instance, the coincidence
factor of privately owned cars is around 30% for fleets above
30 cars and 25% above 50 [24]. However, the sampling of such
study results too small for a country wide analysis. Then, fleets
belonging to companies or public institutions can be modelled
by assuming coincidence factor of 100% during night times
and weekends, while 0% the rest of the time [25]. Lastly, EVs
are discharged based on the drivers usage, in addition to the
grid support operation [26].

C. Demand Response

DR is a flexibility enabling service where a smart load is
paid to shift a specific quantity of its consumption for a specific
time without affecting comfort or overall production capacity
in the long run. DR must be distinguished from load shedding,
where the utility is forced to disconnect or limit the energy
access of a load disregarding comfort loss in order to avoid a
blackout. In this work, we consider a general DR model suit-
able for most applications, and specific models for desalination
and P2X applications.

DR strategies are modeled by satisfying a minimum and
a maximum energy supply to be delivered over a particular
period, e.g., a day [27]. Some power to heat applications such
as district heating networks have a storage tolerance allowing
them to plan in the hourly horizon [28]. Particularly, refrig-
eration centres and smart buildings have proven to increase
RES utilisation by more than 35% [29]. Other energy intensive
industries traditionally employed in load-shedding schemes,
such as aluminum manufacturers, can be adapted to support
DR, with the added benefit of not losing manufacturing capac-
ity [30]. Nevertheless, it should be assessed on a per-case basis
whether there is a need to model additional constraints such
as ramping limits, minimum on/off times, etc.

While roughly two thirds of the planet are covered with
water, only about 1% is suitable for human consumption.
Today, 20% of human population suffers water scarcity,
expecting to reach 40% by 2030 [31]. The main technology
aiming to tackle the water crisis is desalination, which consists
in purifying saline water to obtain fresh, potable water. This
is an extremely energy intensive process whose most efficient
example is reverse osmosis (RO), which represents 65% of
the global capacity and requires 2 to 4 kWh of electricity to
produce 1 m3 of fresh water [32].

RO plants include freshwater storage, which allows them to
provide DR in the form of: load shifting, reserve and frequency
support [33]. In addition, they can foster sector coupling in an
IES context by considering the freshwater storage as one of the
reservoirs in a HPS, a district heating intake, or any industry
using water as resource. It is not necessary to include ramping
limits as their response time ranges up to 1 minute. However,
since they are designed to operate at nominal rate, there are
doubts regarding their efficiency when de-rated. Future stud-
ies might review efficiency modelling for ROs, which could
be captured with a piecewise linearisation or, a step function
characterising non-linear operational points [34].

Hydrogen (H2), subjected to non-polluting manufacturing,
is the only zero-carbon energy carrier under serious consider-
ation for low-carbon transport, industrial decarbonisation and
heat provision [35]. Due to the lack of a Green Hydrogen
definition we consider it as the H2 solely produced with RES.

Besides increasing RES shares and profitability when partic-
ipating in DR markets, electrolysers may avoid transport losses
by obtaining H2 at the consumption centre, let that be a refu-
eling station, an industry, etc. In the GEP context, H2 presents
the advantage of contributing towards system decarbonisation
by reducing emission related costs [36], [37].

III. MATHEMATICAL FORMULATION

The generation expansion planning problem is solved with
a novel MILP optimisation formulation, in which economic,
technical and environmental aspects are included.

A. Nomenclature

Indices & Sets

Ddr Demand response technologies
Dnf Non flexible demand
Df � Ddr Flexible demand
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Dh2o � Ddr RO water desalination plants
Dh2 � Ddr Hydrogen electrolysers
dis/ch Discharge/charge operation
E Existing units in y = 1
G Generators
Gcon � G Synchronously coupled generators
Ghy � Gcon Hydroelectric plants
Gt � Gcon Thermal generators
Gre � G Renewable source generators
Gpv � Gre PV plants
Gwf � Gre Wind farms
h � H Energy comfort time periods
j Generic iterator for units
N E Non-existing units in y = 1
S Energy storage units
Sev � S Electric vehicle fleet
Shy,u � S Hydro pumped storage upper reservoir
Shy,l � S Hydro pumped storage lower reservoir
Sb � S Battery energy storage system
ur/lr Upper and lower reservoirs
t � T UC time periods (hours)
Tn � T All hours in the year but the first
Tf � T First hour of each year
tw � TW Time periods for working hours (hours)
td � TD Daily dawn time
y � Y Investment time periods (years)
� Set of all variables

Parameters

Cco2 Emissions cost [AC/ton CO2]
Cfm

j Fixed maintenance cost [AC]
Ci

j Investment cost [AC/MW]
Co

j Operational cost of unit j [AC/MWh]

Co,rd
j Downward regulation cost [AC/MWh]

Co,ru
j Upward regulation cost [AC/MWh]

Csd
j Shut-down cost of unit j [AC]

Csu
j Start-up cost of unit j [AC]

Cvm
j Variable maintenance cost [AC/MWh]

D Maximum demand [MW]
�Dt Profile of maximum demand [p.u.]
Ej, Ej Maximum/minimum energy limit [MWh]

EH
j , EH

j Energy to be consumed in horizon H
F2E Fuel emissions [tons CO2/tons of fuel]
My Renewable share milestone [p.u.]
Nj Maximum module number per unit
Nh Number of hours in a year
Ny Total number of years
P2F Fuel consumption [tons of fuel/MW]
Pre Maximum RES share [p.u.]
�Pret Profile of maximum RES share [p.u.]
Pj, Pj Maximum/minimum power limit [MW]

Psd
j Maximum power before shut-down [MW]

Psu
j Maximum start-up power [MW]

RDj Maximum ramp-down limit [MW]
REs RES uncertainty [p.u.]
RUj Maximum ramp-up limit [MW]

RU, RD Upward/downward reserve [p.u.]
r Discount rate
SoCjd SOC level at dawn for j � Sev [MWh]
SoCi

j Initial SOC [MWh]
SoCj, SoCj Maximum/minimum SOC [MWh]

Tdec
j Decommissioning year of unit j

Tdown
j Minimum off time [periods t]

Toff
j Number of periods t until decommission

Tup
j , Tup

j Maximum/minimum on time [periods t]

T0up
j , T0down

j Maximum on/off time from initial t
T0up

j , T0down
j Minimum on/off time from initial t

tpi/po EV plug in/out time
�g

y,j Profile of growth rate of unit j
�i

j ci
j growth rate of unit j

�D
j Demand growth rate of unit j

�co2 Cco2 growth rate
�j Efficiency [p.u.]

Variables

ce, ce
y,j Total, annual emissions cost of unit j [AC]

ci, ci
y,j Total, annual investment cost of unit j [AC]

cm, cm
y,j Total, annual maintenance cost of unit j [AC]

co, co
t,j Total, hourly operational cost of unit j [AC]

csu
t,j Start-up cost of unit j [AC]

csd
t,j Shut-down cost of unit j [AC]

co2y,j CO2 emissions of unit j [tons of CO2]
fy,j Fuel consumption of unit j [tons of fuel]
ny,j Integer, installed module number per year y

and unit j
pt,j Power output of unit j [MW]
pt,j Max available power output [MW]
rdt,j Downward reserve of unit j [MW]
rut,j Upward reserve of unit j [MW]
soct,j SOC of unit j
�aux

t,j Auxiliary variable for unit j
�on

t,j Binary. 1 if online, and 0 otherwise

B. Formulation

Both t and y represent indices as hours and years. Then,
yr(t) computes the latter based on the first, simplifying
notation and limiting the incidence of certain variables and
constraints. The objective function has four annualised terms:
investment (ci), maintenance (cm), operational (co) and emis-
sions (ce) costs, defined in equations (1)-(5). In (5), decarbon-
isation via sector integration is defined by Dh2 � Sev.

min
�

ci + cm + co + ce (1)

ci =
Y�

y=1

ci
y,j

(1 + r)y
, �y, �j � G � S � Ddr (2)

cm =
Y�

y=1

cm
y,j, �y, �j � G � S � Ddr (3)
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co
t =

T�

t=1

co
t,j + csu

t,j + csd
t,j, �t, �j � G � S � Ddr (4)

ce =
T�

t=1

� �

j�Gt

co2yr(t),j �
�

j�Dh2�Sev

pt,j

�

Cco2�co2, �t (5)

Operational cost is defined in (6)-(8), start-up and shut-
down costs in (9) and (10), investment in (11) and (12), and
maintenance in (13), whose terms represent fixed and vari-
able costs, respectively. Lastly, (14) establishes a lower bound.
Note that, (11) captures only the first decision year, while (12)
covers the rest based on ny,j; the modular installed capacity.
In this way, investment cost is divided in yearly installments,
similarly to an amortization. Then, increases are only applied
in year y if ny,j has grown with respect to y � 1.

co
t,j � Co

j pt,j + Co,ru
j rut,j + Co,rd

j rdt,j, �t, �j � G (6)

co
t,j � Co

j

�
pdis

t,j + pch
t,j

�
+ Co,ru

j rut,j + Co,rd
j rdt,j,

�t, �j � S (7)

co
t,j � �Co

j pt,j + Co,ru
j rut,j + Co,rd

j rdt,j,

�t, �j � Ddr (8)

csu
t,j � Csu

j

�
�on

t,j � �on
t�1,j

�
, �t > 1, �j � G � S � Ddr (9)

csd
t,j � Csd

j

�
�on

t�1,j � �on
t,j

�
, �t > 1, �j � G � S � Ddr (10)

ci
y,j � Ci

j �
i
jny,j, y = 1, �j � G � S � Ddr (11)

ci
y,j � ci

y�1,j + Ci
j �

i
j

	
ny,j � ny�1,j



,

�y > 1, �j � G � S � Ddr (12)

cm
y,j � Cfm

j ny,j +
Nhy�

Nh(y�1)+k

pk,jC
vm
j ,

�y, �k = 1 : NhNy, �j � G � S � Ddr (13)

ci
t,j, cm

t,j, co
t,j, csu

t,j, csd
t,j � 0, �t, �j � G � S � Ddr (14)

Binary and integer variables are defined in (15)-(16). These
monitor building, and on/off states, which is key to capture
operational flexibility. The product �on

t,j ny,j is linearised with
the auxiliary variable �aux

t,u which requires constraints (17)-(20).
Note that there is no need for an additional binary monitor-
ing the charging/discharging operation of ES as these can not
occur simultaneously due to the implemented efficiencies and
price signals [38].

�on
t,j , �

aux
t,j � {0, 1}, �t, �j � G � S � Ddr (15)

ny,j �
�
0, Nj

�
� Z, �t, �j � G � S � Ddr (16)

�aux
t,j � Nj �on

t,j , �t, �j � G � S � Ddr (17)

�aux
t,j � nyr(t),j, �t, �j � G � S � Ddr (18)

�aux
t,j � nyr(t),j � Nj

�
1 � �on

t,j

�
,

�t, �j � G � S � Ddr (19)

�aux
t,j � 0, �t, �j � G � S � Ddr (20)

Commissioning rules for existing units are (21)-(23), which
respectively fix the initial size, only allowing to decommis-
sion and forcing it by the end of the expected lifetime.
Complementarily, (24) only allows candidate units to increase
the number of installed modules. Investments are prevented
during the year with (25), as justified by the time required for
approval and construction. Lastly, (26) ensures that a unit can
be only turned on if it exists.

ny,j = 1, y = 1, �j � E (21)

ny,j � ny+1,j, �y < Y, �j � E (22)

ny,j = 0, �y � Tdec
j , �j � G � S � Ddr (23)

ny,j � ny+1,j, �y < Y, �j � N E (24)

ny,j = 0, y = 1, �j � N E (25)

�on
t,j � nyr(t),j, �t, �j � G � S � Ddr (26)

Upper and lower operational bounds are defined in (27)-(30)
for active power, and in (31)-(34) for the reserves.

0 < pt,j < PjNj, �t, �j � G � Ddr (27)

Pdis/ch
j < pt,j < Pdis/ch

j Nj, �t, �j � S (28)

0 < pt,j < PjNj, �t, �j � G � Ddr (29)

Pdis/ch
j < pdis/ch

t,j < Pdis/ch
j Nj, �t, �j � S (30)

0 < rut,j < PjNj, �t, �j � G � Ddr (31)

0 < rut,j <
�

Pdis
j + Pch

j

�
Nj, �t, �j � S (32)

0 < rdt,j < Pj Nj, �t, �j � G � Ddr (33)

0 < rdt,j <
�

Pdis
j + Pch

j

�
Nj, �t, �j � S (34)

Lower and upper bounds relate to capacity and on/off
state respectively with (35)-(36), and (37)-(42). Eqs. (37)-(42),
avoid multiplying �on

t,j by Pj and/or �Pret , imposing less con-
straints on �aux

t,j .

pt,j � Pj �aux
t,j , �t, �j � G � Ddr (35)

pdis/ch
t,j � Pdis/ch

j �aux
t,j , �t, �j � S (36)

pt,j � Pj �on
t,j Nj, �t, �j � Gcon (37)

pt,j � Pj ny,j, �t, �j � Gcon (38)

pt,j � Pj �on
t,j Nj �Pret , �t, �j � Gre (39)

pt,j � Pj �Pret ny,j, �t, �j � Gre (40)

pdis/ch
t,j � Pdis/ch

j �on
t,j Nj, �t, �j � S (41)

pdis/ch
t,j � Pdis/ch

j ny,j, �t, �j � S (42)

Active power and reserves are coupled in (43)-(46), while
ESS reserve capabilities are implemented in (47)-(48). Ramp-
up and startup rates are defined in (49)-(50), shutdown limits
in (51)-(52), and ramp down dynamics in (53)-(54).

pt,j + rut,j � pt,j, �t, �j � G � Ddr (43)

pt,j � rdt,j � 0, �t, �j � G � Ddr (44)

pdis
t,j + rut,j � pch

t,j � pdis
t,j , �t, �j � S (45)

pch
t,j + rdt,j � pdis

t,j � pch
t,j, �t, �j � S (46)
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rut,j � pdis
t,j + pch

t,j, �t, �j � S (47)

rdt,j � pdis
t,j + pch

t,j, �t, �j � S (48)

pt,j � pt�1,j + RUj �aux
t�1,j + Psu

j

�
�aux

t,j � �aux
t�1,j

�

+ Pj

�
nyr(t),j � �aux

t,j

�
, �t > 1, �j � G � Ddr (49)

pdis/ch
t,j � pdis/ch

t�1,j + RUdis/ch
j �aux

t�1,j + Pdis/ch,su
j

�
�aux

t,j � �aux
t�1,j

�
+ Pdis/ch

j

�
nyr(t),j � �aux

t,j

�
,

�t > 1, �j � S (50)

pt,j � Pj �aux
t+1,j + Psd

j�
�aux

t,j � �aux
t+1,j

�
, �t < T, �j � G � Ddr (51)

pdis/ch
t,j � Pdis/ch

j �aux
t+1,j + Pdis/ch,sd

j�
�aux

t,j � �aux
t+1,j

�
, �t < T, �j � S (52)

pt�1,j � pt,j � RDj �aux
t,j + Psd

j

�
�aux

t�1,j � �aux
t,j

�

+ Pj

�
nyr(t�1),j � �aux

t�1,j

�
, �t > 1, �j � G � Ddr (53)

pdis/ch
t�1,j � pdis/ch

t,j � RDdis/ch
j �aux

t,j + Pdis/ch,sd
j

�
�aux

t�1,j � �aux
t,j

�
+ Pdis/ch

j

�
nyr(t�1),j � �aux

t�1,j

�
,

�t > 1, �j � S (54)

Minimum on/off periods are defined in (55)-(57),
and (58)-(60), respectively. Maximum on hours are usually
expressed as (61), generating a constraint per t. Such con-
straint models scheduled maintenance, whose periods range
from few to several months. Hence, if reformulated as (62),
generates a constraint per t = T

up
u .

T0up
j�

k=1

�
1 � �on

k,j

�
= 0, �j � G � S � Ddr (55)

k+Tup
j �1

�

n=k

�on
n,j � Tup

j

�
�on

k,j � �on
k�1,j

�
,

�j � G � S � Ddr, �k = T0up
j + 1 . . . T � Tup

j + 1 (56)

T�

n=k

�
�on

n,j �
�
�on

k,j � �on
k�1,j

��
� 0,

�j � G � S � Ddr, �k = T � Tup
j + 2 . . . T (57)

T0down
j�

k=1

�on
k,j = 0, �j � G � S � Ddr (58)

k+Tdown
j �1
�

n=k

�
1 � �on

n,j

�
� Tdown

j

�
�on

k�1,j � �on
k,j

�
, �j �

G � S � Ddr, �k = T0down
j + 1 . . . T � Tdown

j + 1 (59)

T�

n=k

�
1 � �on

n,j �
�
�on

k�1,j � �on
k,j

��
� 0,

�j � G � S � Ddr,�k = T � Tdown
j + 2 . . . T (60)

k+Tup
j �1�

n=k

�on
n,j � Tup

j

�
�on

k,j � �on
k�1,j

�
,

�j � G � S � Ddr, �k = 0 . . . T (61)

k+Tup
j �1�

n=k

�on
n,j � Tup

j � Tdown
j , �j � G � S � Ddr,

�k �


0, T, 2T, . . . , Tup
j � T, Tup

j

�
(62)

Power balance, upper and lower reserve provision require-
ments are defined in (63), (64) and (65), respectively.

�

j�G
pt,j +

�

j�S
pdis

t,j �
�

j�S
pch

t,j �
�

j�Ddr

pt,j

�
�

j�Dnf

�Dt Dj �
g
yr(t),j = 0, �t (63)

�

j�Gcon�S�Ddr

rut,j +
�

j�Gre

rut,j
	
1 � REs


�
�

j�Dnf

RU �Dt Dj�D
yr(t),j, �t (64)

�

j�Gcon�S�Ddr

rdt,j +
�

j�Gre

rdt,j
	
1 � REs


�
�

j�Dnf

RD�DtDj�D
yr(t),j, �t (65)

Upper RES-shares limits are imposed by operational caps
or to establish a progressive transition justified by the neces-
sary learning curve for system operators with (66). Conversely,
lower limits force milestones over time as in (67)-(68).

�

j�Gre

pt,j �
PRE

1 � PRE

�

j�Gcon

pt,j, �t (66)

�

j�Gre�S
pt,j �

�

j�G�S
pt,jM

a, �T2030 � t � T2040 (67)

�

j�Gre�S
pt,j �

�

j�G�S
pt,jM

b, �t � T2040 (68)

Hydro production is usually limited due to physical or
strategic reasons as in (69), where the horizon length is
adaptable. Similarly, (70) sets the minimum and maximum
requirements for demand responsive units. There, EH

j and E
H
j

define the energy requirements for a particular unit j in Ddr,
which can be modelled as profiles depending on the expected
growing rate of the particular technology. Hence, we refor-
mulate them as year-dependent, E

H
y,j, in (71). Note that such

formulation captures the well-known rebound effect of DR
units.

t+H�

t=1

pt,j � EH
j , �j � Ghy (69)

EH
j �

t+H�

t=1

pt,j � EH
j , �j � Ddr (70)
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EH
j �g

yr(t),j �
t+H�

t=1

pt,j � EH
j �g

yr(t),j, �j � Ddr (71)

SOC bounds are defined in (72)-(73), while (74) and (75)
define initial and final values. Final SOC is fixed to avoid ESS
depletion in the end of the horizon.

0 � soct,j � SoCj Nj, �t, �j � Sb � Shy,u � Shy,l (72)

SoCjnyr(t),j � soct,j � SoCjnyr(t),j,

�t, �j � Sb � Shy,u � Shy,l (73)

soct,j = SoCi
jnyr(t),j, t = 1,

�j � Sb � Shy,u � Shy,l � Sev (74)

soct,j � SoCi
jnyr(t),j,

t = T, �j � Sb � Shy,u � Shy,l � Sev (75)

SOC evolution is ruled with one equation for the first hour
of every year, Tf , and another one for the rest, Tn. This is
due to the possible decommissioning or expansion of the ES.
Hence, (76)-(77) define the behaviour for batteries and the
upper reservoir of HPS, while (78)-(79) does so for the lower
reservoir. Then, (80)-(81) integrate a RO plant sharing the
lower reservoir with a HPS.

sock,j = sock�1,j + �ch
j pch

k,j

�
1

�dis
j

pdis
k,j , �k � Tn,�j � Sb � Shy,u (76)

sock,j = SoCi
j

	
nyr(k),j � nyr(k)�1,j




+ sock�1,j + �ch
j pch

k,j �
1

�dis
j

pdis
k,j ,

�k � Tf , �j � Sb � Shy,u (77)

sock,j = sock�1,j +
1

�dis
j

pdis
k,j

� �ch
j pch

k,j, �k � Tn,�j � Shy,l (78)

sock,j = sock�1,j +
1

�dis
j

pdis
k,j

� �ch
j pch

k,j + SoCi
j

	
nyr(k),j � nyr(k)�1,j



,

�k � Tf , �j � Shy,l (79)

sock,j = sock�1,j � �ch
j pch

k,j + �ch
q pk,q

+
1

�dis
j

pdis
k,j �

1

�dis
q

EH
q �g

y,q,

�k � Tn, �j � Shy,l, �q � Dh2o (80)

sock,j = SoCi
j

	
nyr(k),j � nyr(k)�1,j




+ sock�1,j � �ch
j pch

k,j + �ch
q pk,q +

1

�dis
j

pdis
k,j

�
1

�dis
q

EH
q �g

y,q, �k � Tf , �j � Shy,l, �q � Dh2o (81)

Regarding EVs, (82) models the availability of company or
state owned fleets, (83) covers SOC dynamics and (84) ensures
certain SOC at dawn.

�on
tw,j � 0, �tw, �j � Sev (82)

sock,j = sock�1,j � �ch
j pch

k,j +
1

�dis
j

pdis
k,j

� EH
j �g

yr(t),j, �t, �j � Sev, (83)

soctd,j � socd
j �g

yr(td),j, �td, �j � Sev, (84)

Fuel consumption and emissions are defined in (85)-(86).

fy,j =
Nhy�

Nh(y�1)+k

pk,jP2Fj,

�y, �k = 1 : NhNy, �j � Gt (85)

co2y,j = fy,jF2Ej, �y, �j � Gt (86)

Different policies can be easily introduced in the proposed
model by adding new constraints. These could be related to
EV-rate penetration, annual expenditure limits, etc.

IV. STUDY CASES

The Cape Verde Reference System [39] is used to evaluate
the computational dimension of the proposed formulation in
Case A, and the differences in optimal configuration, cost dis-
tribution and emissions when flexibility is integrated in a GEP
via sector coupling in Case B. We use the isolated network
of São Vicente, and plan it for a 20 years horizon with 12
equivalent weeks per year and hourly resolution considering
the operational characteristics and costs presented in Table I.
The GEP is formulated in Pyomo and solved using Gurobi
with a tolerance of 0.01% and a time limit of 200 hours, in a
Linux-based server with 30 GB of memory, and 2 cores [40].
Figure 2 presents the information flow of the algorithm.

A. System Overview

São Vicente is a mid-size island with low industrialisation
levels and a maximum load in the dozens of MW range. The
current energy mix includes 30 MW of fossil fuel-based ther-
mal units powered by diesel or heavy fuel and 7 MW of wind.
The renewable shares are capped at around 20% due to sta-
bility concerns caused by the power system’s general lack of
flexibility. For instance, renewables are not allowed to provide
reserve and there are no demand response applications. Hence,
the country is dependent on imports of refined fuels for both
electricity and transport. The peak power reached 15 MW in
2020 and is expected to reach 37 MW in 2050 according to
conservative estimates. The whole archipelago presents excel-
lent wind and solar resources with capacity factors of about
55 and 21% respectively. Regarding geothermal and tidal,
there is potential, but no solid studies justifying their inclusion
for the moment. Batteries and EVs are expected in the immedi-
ate future, and HPS is feasible and under consideration. There
are a number of diesel-fueled ships covering routes among
the islands and the continent, which could be substituted
by hydrogen-fueled vessels to reduce external energy depen-
dency and emissions. Lastly, 95% of the country’s fresh water
demand is covered with desalination via RO, which also rep-
resents the largest electric load in São Vicente. Summarising,
given their excellent renewable resource and untapped flexi-
bility possibilities, Cape Verde represents the perfect testing
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TABLE I
OPERATIONAL CHARACTERISTICS AND COSTS OF THE CONSIDERED UNITS

Fig. 2. Flowchart of the employed PGEP (expanded from [6]).

ground for the proposed GEP. Note that the analysis is kept at
transmission level, thus dismissing distributed generation such
as rooftop PV due to its low incidence.

B. Study Case A�Computational Analysis

The solving speed and tractability limit of the PGEP is eval-
uated with three other methods denoted as UT, TA and ME,
respectively. UT implements the aforementioned Un-Tight for-
mulation which causes a higher incidence of �aux

t,j . This implies

substituting (37)-(42) with (87)-(89). TA is a single-bus
deterministic version of Tejada-Arango et al. [8] consider-
ing DR and dismissing warm-start of thermal units. Lastly,
ME employs the UC proposed by Morales-España et al. [41]
adapted to consider ru, rd, RES, ESS and DR. Both TA and
ME consider 3 binaries accounting for commitment, start and
stop, implying the need for three auxiliary integers accounting
for their product with n.

pt,j � Pj �aux
t,j �t, �j � Gcon (87)
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Fig. 3. Energy Mix Configuration.

TABLE II
STUDY CASE A—RESULT SUMMARY

pt,j � Pj �Pret �
aux
t,j , �t, �j � Gre (88)

pdis/ch
t,j � Pdis/ch

j �aux
t,j , �t, �j � S (89)

The results summary of Table II shows the superiority of the
PGEP formulation. Disregarding the objective function differ-
ence, which falls within the tolerance range, PGEP finds the
solution 41% faster than UT, despite having nearly half a mil-
lion of additional constraints. On the other hand, TA and ME
become intractable for the analyzed case as the solver is exited
after 200 hours without having found a feasible solution.

C. Study Case B�Flexibility Impact on GEP

This study case evaluates the differences in configuration,
cost and emissions when flexibility is excluded and included
in the PGEP. The flexibility enabling scenario (Flex) includes
desalination, EVs, and hydrogen production; whose energy
requirements grow along with the island’s demand. While the
traditional GEP scenario (No-Flex) only considers generation
and storage in a similar way to [6]. The candidate units in
both scenarios are WF, PV, diesel generators, batteries and
HPS. The minimum energy consumption used in desalination
is extracted from the expected base load in Flex, while the
rest of the DR is added.

The resulting energy mix configuration and its evolution
over the horizon are presented in Fig. 3, which shows the
Flex scenario requiring significantly less capacity and opting
for HPS instead of batteries. Regarding cost, Flex presents
a 25% reduction with respect to No-Flex despite undertak-
ing the investments of RO, and electrolyser as depicted in
Fig. 4, which shows the cost distribution. In total, 20 year

Fig. 4. Cost distribution years 1, 5, 10, 15, and 20.

Fig. 5. Energy Mix years 1, 5, 10, 15, and 20.

costs result in 57.76, and 77.08 MAC for each scenario, respec-
tively. Particularly, emission costs only appear in the No-Flex
scenario since Flex transitions to a fully renewable system in
the first year. Yet, due to the low initial emission penalty, the
associated cost results too small to be appreciated in the figure.

PV dominates the generation mix of both scenarios as
presented in Fig. 5. However, Flex achieves a fully renewable
system much faster despite having to cover the additional load
posed by sector integration. In addition, wind covers a bigger
share of the production and storage needs are significantly low-
ered. Regarding curtailment, No-Flex presents a yearly average
of 59%, while Flex lowers it to 20%, which further exempli-
fies the efficiency gain unleashed with flexibility. Lastly, Flex
achieves an emissions-free system since year 2, while No-Flex
carbon must wait until year five as shown in Fig. 6. In addition,
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Fig. 6. Emissions in kt of CO2.

by integrating sector coupling, Flex shows a substantial decar-
bonisation effect in transport which is represented by Savings
in the same figure.

V. CONCLUSION

This paper presented a MILP formulation for combined gen-
eration, storage and demand response expansion planning. The
use of binary variables is minimised by only using one per unit
to monitor on/off states, while an integer variable is employed
to size the units modularly, which could be converted to
continuous if preferred. This way, the GEP keeps tractabil-
ity over far longer horizons than the reported previous work.
Following global trends towards integrated energy systems,
the formulation includes energy equivalent models for: elec-
tric and mechanical energy storage such as batteries and HPS;
but also for DR like electrolyzers, EVs, water desalination and
P2X applications.

The objective function is compound by four terms cover-
ing investment, maintenance, operational and emission-related
costs. Investment decisions are undertaken once per year.
Maintenance contains two terms: a yearly fixed and a vari-
able depending on usage. Then, operational costs include
day-ahead bidding in energy markets, up- and down-reserve;
but also start-up and shut-down costs. Lastly, emission penal-
ties are included to further motivate the energy transition.
Furthermore, smart loads such as electrolyzers and EVs are
employed to decarbonize transport, thus reducing emissions
accordingly. Water desalination is controlled not only to
accommodate higher shares of renewable energy, but also to
combine it with HPS by sharing one of the reservoirs, which
opens the possibility to further combine both technologies.
Lastly, we propose a way to impose reaching particular mile-
stones regarding renewable integration, which is aligned with
current political instances such as those of Cape Verde, a coun-
try that has established the target of reaching 50 and 100%
RES by 2030 and 2050, respectively.

The proposed formulation is tested on two case stud-
ies, one benchmarking its computational dimension against
other equivalent formulations, and the other making a real-
istic GEP evaluation for the island of São Vicente, Cape
Verde. The first highlights the superiority of the proposed
GEP maintaining tractability over long horizons and high res-
olutions. It also demonstrates how minimising the number
of integer variables boosts tractability, thus being preferred
instead of over-constrained UC formulations. Finally, the sec-
ond showcases the importance of including flexibility as part
of the analysis, offering 25% overall cost reduction, 30% less
curtailment, and decarbonizing other energy sectors.

Regarding future work, we can mention the analysis of
the proximity of alternative formulations with different num-
ber of integer variables to the convex hull of the multistage
GEP. Also, the development of an elaborated study case with
multiple scenarios and policy considerations for a particu-
lar country [42]. Lastly, this formulation could be adapted
for stochastic optimization to capture different sources of
uncertainty.
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