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Abstract
The power system long-term expansion planning is a computer-intensive problem as demands a varied set of studies especially
considering the increasing deployment of intermittent renewables. In the case of the Brazilian power sector planning, the
responsible institutions mostly use proprietary software. This paper presents the multiyear two-stage academic generation
and transmission expansion planning software, called CARTHER, developed by the authors in order to provide the academy
an open-source and non-commercial software, with a friendly interface and with several applications for expansion planning
of hydrothermal systems with high intermittent renewables penetration. CARTHER is then calibrated for a case study in the
Brazilian power sector, considering the most recent governmental goals for renewable energies for the horizons of 2030, 2040,
2050 and 2060. The results demonstrate the functionality and the qualitative capacity of CARTHER optimization under the
expansion’s criteria of flexibility and reliability in the face of the intermittent renewables penetration.

Keywords Power system planning · Long-term generation Expansion planning · Optimization tool · Renewable energy
integration · Brazil

Abbreviations

GEP Generation expansion planning
VRE Variable renewable energy
CGT Open cycle gas turbine
CCGT Combined cycle gas turbine

List of symbols

X(i,w, j) Installed capacity of technology i in sub-
system w for horizon j, in GW

e(i, j) Hours of use in the year of technology i in
horizon j

CT(i, j) Levelized cost of technology i, in horizon
j, where the levelized cost covers the sum
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of capital, fuel, O&M and environmental
costs

Dj Energy demand in horizon j
L(i,w, j) Availability of fuel from technology i in

subsystem w for horizon j
k(i, j) Conversion factor from MWh to unit of

measurement of fuel of technology i in
period j

B(i, j) Blocking binary variable of technology i
in horizon j

V RE min(i,w, j) Minimum expansion of the VRE technol-
ogy i in subsystem w in horizon j, in GW

M(i,w, j) Limit of use of technology i in subsystem
w in horizon j, in GW

t(i,w, j) Portion of the generation of technology i
in subsystem w destined for transmission
in horizon j

N(w, j) Transmission usage limit, in TWh, of sub-
system w in horizon j

c(i, j) CO2 emission factor per unit of energy
generated from technology i in horizon j,
in Mton-CO2/TWh
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F(w, j) CO2 emission limit for subsystem w in
horizon j

D(w, j) Demand from subsystem w in horizon j
αte(i, j) Flexibility coefficient of dispatchable

technology i in horizon j
αVRE(i, j) Flexibility coefficient of VRE technology

i in period j
αload( j) Load flexibility coefficient in horizon j

1 Introduction

Stimulated by international agreements between several
countries, such as the Paris agreement, their respective gov-
ernment institutions are opting for renewable power sources
to expand the infrastructure of their power sectors. Accord-
ing to the International Energy Agency—IEA, renewables
generated 26% of electricity worldwide in 2018 [1]. Based
on the widespread adoption of incentive policies in favour of
renewables, this share may reach up to 45% in 2030 [2].

Amid accelerated transition of the panorama of the coun-
tries electrical matrix, the variable or intermittent renewable
energy sources (VRE), solar and wind energy, whose vari-
ability presents new challenges to the electricity sector,
concerning reliability, flexibility and operational stability.
Currently, the solutions used to mitigate the impact of
the VRE intermittency to the system range from demand
response, operating reserve; interconnectionwith other grids;
curtailment of intermittent technology; energy storage; com-
plementarity between renewable sources; demand-side man-
agement [3].

In this sense, planning and research institutions around
the world seek to address this challenge of VREs, starting
directly with the long-term planning of future investment
decisions, called generation expansion planning (GEP).

The GEP consists of identifying the optimum configu-
ration of installed capacity based on the generation tech-
nologies available, from an economic perspective, to meet
the expected demand for the planned horizon. Several mod-
els are known internationally for their contribution to the
GEP studies development. It is worth mentioning the electric
generation expansion analysis system—EGEAS, precursor
model that gave rise to several models that are currently
used, such as system optimizer, PLEXOS, Aurora, UPLAN e
ENPEP (WASP). In addition to these, it stands out the OPT-
GEN model from PSR Consulting, which has been applied
in a diverse range of countries from the Balkans and South
America [4, 5].

The mathematical optimization methods for GEP vary:
linear programming (LP) [6], mixed integer linear pro-
gramming (MILP) [7], non-linear programming (NLP) [8],
dynamic programming [9] and metaheuristic techniques
[10–13].

Therefore, decision-makers have developed considerable
knowledge on how to address the impacts of VREs on long-
termmodels, within the parameters of firm capacity [14, 15],
flexibility [16, 17] and GEP case studies with high penetra-
tion of VREs for regions, states and countries, considering
their systemic characteristics [18–20]. In [21], the increase in
the VRE’s penetration in Iran’s national power grid (INPG)
is investigated, through a MILP model of dynamic multi-
objective planning. The authors of Bhuvanesh et al. [22] use
amodel based on amulti-objective genetic algorithm forGEP
in the state of Tamil Nadu in India, in order to minimize the
total cost of expansion, the GHG emission and investigate
the penetration of VREs.

In Brazil, it highlights theModelo de Expansão de Longo
Prazo—MELP, developed by the Centro de Pesquisas de
Energia Elétrica—CEPEL. The MELP is intended for the
long-term GEP of horizons between 20 and 30 years, used in
the study Plano Nacional de Energia 2030 (PNE 2030) by
Empresa de Pesquisa Energética—EPE [23].

Currently, EPE uses the investment decisionmodel (MDI)
for expansion studies over the ten-year horizon and, in part-
nership with PSR Consulting, uses the OPTGEN model for
future long-term studies considering the entry of VREs [24,
25]. In the technical literature, researches are also devel-
oped evaluating several aspects of the VRE’s penetration in
the Brazilian Interconnected Power System—BIPS for the
long-term horizon [26–28], from studies for the planning of
a 100% renewable electrical matrix [29] to studies of the
complementarity betweenVRE and dispatchable renewables
[30].

However, the main softwares used by CEPEL and EPE
for long-term BIPS’s GEP are proprietary softwares and are
not open source. Thus, the benefit of this work is to con-
tribute to the development of LT GEP studies presenting
a computational tool to help in the understanding and in
preliminary studies considering the GEP problem. This arti-
cle presents the functionality of the open-source multiyear
two-stage academic generation expansion planning software,
called CARTHER developed by the authors. CARTHER is
a tool capable of optimizing the long-term expansion of any
multi-regional hydrothermal system, which can be divided
into up to four interconnected subsystems. In addition, the
model allows: to optimize up to four different time horizon
scenarios, simultaneously and independently and these sce-
narios may have differences in any user input parameters;
accurate analysis of VRE penetration due to the representa-
tion of the VRE generation profile curve and the load curve
in hourly levels; the insertion of up to two new generation
technologies in addition to the existing ones; measure CO2
emissions; and importing existing system technologies in an
automated manner.

In thisway,CARTHERoffers a range of applications, such
as analysis of the technical–economic impact of policies to
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encourage VRE penetration, evaluation of fuel price and fuel
availability policies in the different subsystems, evaluation of
environmental policies to reduce emissions of CO2 and iden-
tification of transmission bottlenecks between subsystems.

Through the CARTHER calibration for the representation
of hypothetical scenarios of long-term BIPS expansion, the
case study investigates techno-economically the maximum
solar PV and wind penetration in the BIPS for the horizons
of 2030, 2040, 2050 and 2060.

The main contributions of the present paper are:

• The development of an open-source software with ade-
quate VRE representation to LT GEP Studies.

• Considers a real data from a real large-scale system.
• A study case considering different VRE penetration sce-
narios in the BIPS.

The remainder of the present paper has been represented
as follows: Sect. 2 presents the CARTHERmethodology and
functionalities, followed by the description of its objective
function and constraints. Section 3 refers to the BIPS expan-
sion planning case study, presenting the input data calibration
of the load and VREs curves. Finally, in Sect. 4, the results
and the performance of CARTHER are investigated and the
conclusions are presented in Sect. 5.

2 CARTHERmodel

CARTHER is defined by its developers as a multiyear two-
stage academic generation expansion planning software,
whose motivation is to make available to the academic com-
munity this free, open-source software for long-term GEP
(LT GEP) studies of any hydrothermal power system.

The objective of this tool is to optimize power sys-
tems expansion scenarios represented by the user, from an
economic perspective, in other words, it presents the config-
uration of low-cost generation technologies for the proposed
scenarios, considering the costs associated with the plant’s
construction, operation andmaintenance, costs formitigating
externalities, in addition to considering existing operational
constraints [31].

CARTHER carries out the expansion planning consid-
ering several types of generation technologies available in
four regions. The mechanism that allows comparing such
different power sources is the levelized cost of electricity—L-
COE. The LCOE represents the average revenue per unit of
energy production, in $/MWh, which would be required by
the project owner to recover all investment and operating
costs, also considering a specified return on investment over
the plant’s life cycle [32, 33].

The software is classified asmultiyear because it can inde-
pendently optimize up to four scenarios in parallel, and these

Fig. 1 The four subsystems of CARTHER

scenarios can be in different horizons, with differences in
any user input parameters, such as fuel availability, electrical
constraints among several other characteristics. This com-
putational tool also qualifies as multi-regional, the electrical
system can be divided into up to four interconnected sub-
systems, electrical areas. This first version of the software is
modelled for the BIPS, with the definition of the electrical
areas according to the existing division in Brazil, which are
south (S), southeast/midwest (SE-CO), north (N) and north-
east (NE), as shown in Fig. 1.

Nevertheless, CARTHER has applicability not only for
the BIPS, but also for optimizing the expansion of any other
multi-regional hydrothermal system, with: representation of
the load and VRE generation profile curves in hourly lev-
els for each subsystem, the possibility of insertion of up to
two new types of generation technologies, the measure of
the CO2 emission from the expansion and the import of the
existing system in an automated way. With this, the model
can be used for different applicabilities: technical–economic
analysis of incentive policies for VRE penetration, evalua-
tion of fuel price and availability policies in the different
subsystems, evaluation of environmental policies to reduce
CO2 emissions and identification transmission bottlenecks
between subsystems.

The computational tool’s programming platform is excel’s
Visual Basic for Applications (VBA) from Microsoft®. The
model optimization is performed through the MILP tool
called COIN Branch and Cut solver (CBC) executed by
OpenSolver from excel.
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2.1 Description of the CARTHERmodel methodology

In this section, the general methodology and the main equa-
tions of themodel are presented. It is intended to raise a global
understanding of the performance and correlation between
the various data and variables in the model optimization
process. Figure 2 shows amacroviewof theCARTHERmod-
elling structure for a scenario through a general flowchart,
while the sub-items address the equations in more detail.

Figure 2 the methodology is divided into 5 steps: User
Data Inputs, 1st Data Preparation, 1st Simulation Stage, 2nd
Data Preparation and 2nd Simulation Stage.

The representation of a scenario starts in the User Data
Inputs step, where the user enters information about: the load

forecast; load andVRE profiles curves; operating parameters
of each of the technologies; data on the costs of construction,
operation, maintenance and externalities linked to the tech-
nologies; and data that sets the scenario constraints.

Then, in the 1st Data Preparation, the tool calculates,
for each technology, its LCOE, thus building a basis for
economic comparison between the different forms of power
technologies.

In the third step, 1st Simulation Stage, after calculating the
LCOE of each technology and having the input data for the
scenario, the first simulation is carried out, inwhich the PLIM
CBC optimization provides parameters on the VRE genera-
tion, presenting a proposal for solar PV and wind installed
capacity expansion for the scenario.

Fig. 2 CARTHER operation flowchart
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Fig. 3 Residual load duration curve

In the 2nd Data Preparation, a new data preparation takes
place, considering the results obtained in the first simula-
tion. With the result of the VREs installed capacity in GW,
average FC input data, solar PV and wind profile curves, the
renewable duration curve is constructed. Similarly, with the
load predicted in TWh and the annual variability profile of
the load curve, the load duration curve is drawn up.With this,
the VRE duration curve is subtracted from the load duration
curve, resulting in the residual duration load curve, as shown
in Fig. 3.

The residual load duration curve, area in blue, represents
the energy profile that must be met by conventional gener-
ating units (non-intermittent) in the last step. Before the last
step, the residual curve is divided into 12 energy levels.

Finally, in the2ndSimulationStage, the 12 energy levels of
the residual curve are optimized, starting from the first level
(base of the curve) to the peak (last slice of energy), so that the
plants satisfy all conditions/characteristics/constraints from
the energy level whose optimization is underway. In this way,
the 2nd Simulation Stage optimizes the residual curve, con-
sidering the input parameters and all the constraints that set
the scenario, and finally provides an optimal solution to the
scenario proposed by the user.

2.1.1 Optimization: minimizing costs

The objective of the proposed computationalmodel is tomin-
imize the expansion costs for the scenario horizon, making
available to the user how much installed capacity per source
must be installed. This optimization process is based on the
objective function and constraints described in Eqs. (1)–(10).

min
N I∑

i�1

NW∑

w�1

N J∑

j�1

CT(i, j)e(i, j)X(i,w, j) (1)

s. a

N I∑

i�1

NW∑

w�1

e(i, j)X(i,w, j) � Dj , ∀ j ∈ {1, ..., N J } (2)

(3)

k(i, j )e(i, j)X(i,w, j ) ≤ L (i,w, j ), ∀i ∈ {1, ..., N I } , ∀w

∈ {1, ..., N J } , ∀ j ∈ {1, ..., N J }

(4)

X(i,w, j ) ≥ 0, ∀i ∈ {1, ..., N I } , ∀w

∈ {1, ..., N J } , ∀ j ∈ {1, ..., N J }

(5)B(i, j)X(i,w, j) � 0, ∀i ∈ {1, ..., N I } , ∀ j ∈ {1, ..., N J }

(6)

X(i,w, j ) ≥ V RE min(i,w, j ), ∀i ∈ {1, ..., N2} , ∀w

∈ {1, ..., N J } , ∀ j ∈ {1, ..., N J }

(7)

X(i,w, j ) ≤ M(i,w, j ), ∀i ∈ {1, ..., N I } , ∀w

∈ {1, ..., N J } , ∀ j ∈ {1, ..., N J }

N I∑

i �1

t(i,w, j )e(i, j )X(i,w, j ) ≤ N(w, j ), ∀w

∈ {1, ..., NW } , ∀ j ∈ {1, ..., N J }
(8)

N I∑

i�1

c(i, j)e(i, j)X(i,w, j) ≤ F(w, j), ∀w

∈ {1, ..., NW }, ∀ j ∈ {1, ..., N J }
(9)

N I−2∑

i�1

αte(i, j)e(i, j)X(i,w, j)

+
NW−1∑

w�1

N I∑

i�1

αte(i, j)t(i, j)e(i, j)X(i,w, j)

+
N2∑

i�1

αVRE(i, j)e(i, j)X(i,w, j) + αload( j)D(w, j) ≥ 0,

∀w ∈ {1, . . . , NW }, ∀ j ∈ {1, . . . , N J } (10)

Equation (1) represents the objective function, that is, the
equation to be minimized, which corresponds to the sum of
the product between the additional installed capacity in GW,
X(i,w, j), number of utilization hours in the year, e(i, j) and the
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LCOE,CT(i, j), of the different technologies i, in subsystems
w for horizon j.

Equations (2)–(5) form the set of fundamental constraints
of the model, which are essential to obtain a solution that
respects the primary technical and operational characteris-
tics of a system. Constraint (2) requires that the sum of the
energy generated by the technologies, e(i, j)X(i,w, j), must be
able to meet the increase in demand forecast, D( j), for the
horizon j.

Additionally, the generation, e(i, j)X(i,w, j), of technology i
must be such that the fuel consumed, k(i, j)e(i, j)X(i,w, j), does
not exhaust the available fuel supply, L(i,w, j), for subsystem
w in horizon j, composing Eq. (3).

Equation (4) ensures that the additional installed capacity
per power source, X(i,w, j), must assume positive values.

Equation (5) consists of a blocking technology constraint,
where only technologies that have a viable capacity factor
(CF) tomeet the level of demandof the residual curve are con-
sidered as solution options (B(i, j) � 0). That is, if B(i, j) � 1,
itmeans that the technology does not have a viableCF tomeet
the level of demand and the expansion of this technology to
this level of demand must be null, X(i,w, j) � 0.

The equations from (7) to (10) are called complemen-
tary equations. Equation (7) allows the user to define the
minimum expansion, V RE min(i,w, j), in GW, of the VRE
technology i to be installed in subsystem w of horizon j.
Equation (7) limits the expansion capacity, M(i,w, j), in
GW, of technology i to be installed in subsystem w of
horizon j. Equation (8) restricts the subsystem’s ability to
exchange in TWh, t(i,w, j)e(i, j)X(i,w, j) in subsystem w the
period j, in N(w, j). Equation (9) allows the constraint of
the amount of CO2 to be emitted, c(i, j)e(i, j)X(i,w, j), equal
or less than F(w, j), by subsystem w in horizon j. Finally,
constraint (10) represents the flexibility balancing equation
for each subsystem, based on the equation developed for the
MESSAGE model [34], where αload determines the portion
of flexible energy required by the load, αload( j)D(w, j) and
αVRE(i, j) determines the portion of the energy generated
by the VREs of subsystem w that requires flexibility. The
αte(i, j) indicates the generation portion of each dispatchable
technology in the subsystem w and the generation derived
from interchange capable of providing flexibility.

3 Case study

This work performs a GEP analysis for BIPS, which investi-
gates the techno-economic impact for different VREs, solar
PV and wind, insertion scenarios in CARTHER, comparing
the so-called reference scenarios with the scenarios of max-
imum VRE penetration.

Therefore, in this section, the calibration of the BIPS 2019
base year scenario and the parameters for planning the expan-

Table 1 Expected additional demand for horizons

Total demand (TWh) 2030 2040 2050 2060

N 17.31 38,31 66,01 102,51

NE 34.29 75,92 130,80 203,13

SE/CO 122.79 271.87 468.37 727.36

S 36.25 80.26 138.27 214.73

BIPS 210.64 466.36 803.45 1247.73

sion of the BIPS to 2030, 2040 2050 and 2060 time horizons
are presented, composing the reference scenarios. And, from
the simulations of the reference scenarios, alternative scenar-
ios of VRE expansion are carried out, seeking the maximum
VRE penetration in the system, with no spilled energy.

The data that set the economic parameters, demand,
technologies and constraints, were established based on doc-
uments referring to the main institutional agencies respon-
sible for managing the Brazilian power and energy system
[35–38].

3.1 Demand

The demand refers to the BIPS1 load discounted of imports,
that is, it comprises all electrical energy requirements made
available to the country, via centralized generation only. The
demand forecast is based on the following assumption of
CARTHER’s operation, the base year power system, that is,
the existing system is considered in balance between supply
and demand, meeting the criteria of stability and flexibility.
In other words, CARTHER analyses the power sector exclu-
sively in the scope of the expansion. Therefore, CARTHER
does not use the expected total demand for the study hori-
zon as an input, but rather the expected increase in demand in
relation to the base year for the study horizon. In this way, the
expected additional demand for the study horizons is shown
in Table 1.

3.2 Load curve andVRE generation curves profiles

The load curve profiles, Table 2, and generation of wind and
solar PV technologies, Tables 3 and 4 are based on data pro-
vided by ONS [39–41].

3.3 Technologies

The database on economic and performance characteristics
for each of the technologies in the reference scenario for the
time horizons is listed in Table 5.

1 BIPS load—all energy available to the country, via centralized gen-
eration and import. Excluding demands related to isolated systems,
distributed generation and self-production not injected into the network
[37].
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Table 2 Daily load curve profile by subsystem

Demand (GWh/h)

Subsystem 00–02 h 02–04 h 04–06 h 06–08 h 08–10 h 10–12 h 12–14 h 14–16 h 16–18 h 18–20 h 20–22 h 22–00 h

Southeast 34.15 32.14 32.71 37.29 42.13 43.71 44.36 45.54 42.18 43.96 43.58 39.74

North 5.64 5.37 5.18 4.94 5.57 5.67 5.87 6.07 5.64 5.83 5.99 6.06

Northeast 10.49 10.09 9.42 10.3 11.43 11.54 11.66 11.94 11.1 11.14 11.72 11.35

South 9.26 8.83 9.36 11.56 12.94 13.54 12.99 13.45 13.12 13.48 12.81 11.11

Table 3 Annual wind curve
profile by subsystem Capacity factor (%)

Subsystem Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Sudeste 42 39 36 44 46 55 62 64 70 64 60 47

Norte 55 28 40 20 23 49 57 66 85 80 84 56

Nordeste 38 37 32 40 42 50 58 60 65 57 54 42

Sul 35 27 33 36 33 32 37 36 41 44 37 35

Table 4 Daily solar PV curve profile by subsystem

Generation (GWh/h)

Subsystem 00–02 h 02–04 h 04–06 h 06–08 h 08–10 h 10–12 h 12–14 h 14–16 h 16–18 h 18–20 h 20–22 h 22–00 h

Southeast 0 0 0 100 250 337.5 325 275 175 0 0 0

North 0 0 0 300 800 966.5 966.5 833.5 700 0 0 0

Northeast 0 0 0 275 625 725 725 600 400 0 0 0

South 0 0 0 300 800 966.5 966.5 833.5 700 0 0 0

The North and South subsystems have only distributed PV generation or microgeneration. In this case, the PV solar generation curve profile adopted
for these subsystems is based on the BIPS average hourly solar generation curve as a whole

Table 5 Generation technologies characteristics

Parameters Capital cost
(US$/kW)

Fixed O&M
cost
(US$/kW)

Variable
O&M cost
(US$/kWh)

Cost of
externalities
(US$/ton-C)

Capacity
factor (%)

Energy
efficiency
(%)

Life cycle
(years)

Coef. of
flexibility
(α)

Large hydro
(≥1000MW)

1352 12.91 – – 38–85 – 30 0.5

Medium
hydro
(≥300MW)

1816 12.91 – – 38–85 – 30 0.5

Small hydro
(≤300MW)

2661 7.75 – – 38–85 – 30 0.3

Coal 2500 25.82 0.00357 15 40–91 30 25 0.15

OCGT 775 43.90 0.00516 15 0–93 38.5 20 1

CCGT 970 69.72 0.00516 15 40–93 56 20 0.5

Fuel oil
thermal

1070 25.82 0.00108 15 0–85 30 20 1

Nuclear 5000 110 0.00042 – 70–95 – 60 0

Biopower 1200 23.24 30 – 20–80 30 20 0.3

Wind 1500–1300 100 – – 45 – 20 − 0.08

Solar PV 1350–800 5.16 – – 30 – 20 − 0.05

In alignment with [36], the VRE capital costs, wind and solar PV, show a great tendency to decline. The other technologies have their costs
considered constant in the study horizons. Fonte: [36, 37, 42]. Load flexibility coefficient adopted is α � − 0.1
OCGT Open cycle gas turbine, CCGT Combined cycle gas turbine
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Fig. 4 Total cost comparison

4 Results

This section presents the results of the BIPS GEP, perform-
ing a comparative economic analysis between the reference
expansion and maximum VRE penetration scenarios.

The result of the optimal mix of technologies and their
respective expansions of installed capacity in MW for the
reference scenarios and maximum penetration VRE of 2030,
2040, 2050 and 2060 are shown in Tables 6 and 7.

It is noteworthy that for the studies of scenarios from 2040
to 2060, only the hydraulic potential inventoried outside envi-
ronmental protection areas is considered, plus an additional
margin of 200%as an expansion limit, thus providing an extra
GW capacity which allows the model to take his own expan-
sion preferences. With this, it is observed that CARTHER,
both for the reference scenarios and maximum VRE integra-
tion scenarios, uses the availability of medium-sized UHEs
in their totality, 3600 MW, indicating a possible favourable
economic viability for the hydraulic expansion in greater
scale if there was an even greater expansion limit. In other
words, an update of the outdated studies of hydraulic poten-
tial inventoried, as pointed out by [38], would allow a greater
mediumand large hydraulic expansion,whichwould result in
a greater participation of renewable sources in the expansion.
In addition, it is worth mentioning the coal and petroleum2

derivatives technologies were passed over by CARTHER in

2 Fuel oil thermal plant was utilized only in the expansion of the NE
subsystem of horizon 2030.

favour of the biopower, CCGT and OCGT technologies, thus
demonstrating a greater economy on the part of these tech-
nologies, in line with the expectation cited by the study [43],
that gas technologies assume an important role as a transition
technology for a future power sector matrix with high costs
for the emission of pollutants, where the gas plants stands
out, mainly, due to its infrastructure already built, low cost
of adaptation for gas of the industrial facilities of plants that
use more polluting fuels, such as coal and petroleum prod-
ucts, and the expected growth of the national supply of fuel
from the pre-salt.

From an economic point of view, the scenarios of max-
imum VRE penetration and the reference scenarios are
compared through Fig. 4.

It is noted that the increase in the VRE representation in
the composition of the BIPS matrix, in the maximum VRE
scenarios, results in an extra financial contribution for all
horizons, varying between 19.7 and 26.6%.

From the expansion optimized data by CARTHER plus
the installed capacity of the existing BIPS in 2019, we have
the final BIPS matrix composition for the study horizons of
the reference and maximum VRE penetration scenarios, as
shown in Fig. 5.

For the reference scenarios, the growth of the participation
of the VREs stands out, starting from 10.48% of thematrix in
2019 (base year) and reaching a representation of 26.61% of
the total installed capacity for 2060. In addition, among the
VREs, there is a more significant growth in the share of solar
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Fig. 5 Electrical matrix comparison

PV compared to wind, justified by being the most economi-
cal technology between both of them. Based on Fig. 5, some
common behaviours are identified across all horizons. First,
in general, the significant increase in theBIPS’s total installed
capacity from the reference scenario to the maximum VRE
scenario. Since the objective is the maximum insertion of
VRE, this difference in the final amount of installed capac-
ity of the system is natural, as it is known that the average
CF of operation of the VREs is lower than the majority of
dispatchable generation technologies, thus requiring a higher
installed capacity to meet the same demand.

Second, in the maximum VRE scenarios, it appears that
the growth inVREpenetration is also accompaniedbygreater
representativeness of OCGT and biopower technologies in
the matrix followed by a reduction in the percentage of
CCGT when compared to the reference scenario. It high-
lights the representativeness gain of the biomass renewable
technology in the role of the plant responsible for providing
despachability in a greater presence of VRE technologies
in the system, demonstrating the capacity for complemen-
tarity between renewable sources, as discussed [30]. This
fact is shown in CARTHER through the difference between
the residual curve profiles of the reference and maximum
VRE scenarios, exemplified by the residual curves for 2060
in Fig. 6.

Comparing the residual curves of the reference and the
maximum VRE scenarios for 2060, there is a natural reduc-

tion in the amount of energy in the residual curve as a whole
for greater VRE penetration in the system. However, there is
mainly a change in the profile of the residual curve. In the
reference scenarios, the shape of the residual curve has the
largest portion of the energy required during almost all hours
of the year, the base of the curve (dotted region of the graph),
with a reduced portion of peak energy. In the maximumVRE
scenario, this configuration of the energy distribution in the
residual curve changes. The amount of energy required at
the base of the curve is decreased, as the dotted regions of
the graphs are compared.With this, the CCGT, whose LCOE
is more economical than the biomass plants for the required
demand above 8030 h per year, has a reduced portion of
the load curve with economic advantage for expansion. That
is, for energy demand in periods of less than 8030 h in the
year (with CF below 91.7%), the expansion of biopower is
more economically advantageous, justifying the choice of the
model for the dispatchable renewable technology, biopower
units, to complement the expansion of VRE. In addition, in
the scenario of maximum VRE, it is noteworthy that despite
the model opting for the expansion of the biopower technol-
ogy, whose α � 0.3, in detriment of the CCGT technology,
whose flexibility coefficient is greater, α � 0.5, the model
increases the penetration of OCGT, whose α � 1.0, demon-
strating the qualitative response of the model in the scope of
the flexibility and reliability of the expansion in the face of
a large-scale VRE expansion.
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Fig. 6 BIPS residual curves for 2060
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Table 6 Expansion of installed capacity in MW for the reference sce-
narios

Horizons 2030 2040 2050 2060

Large hydro (≥1000 MW) 0 0 0 0

Medium hydro
(≥300 MW)

0 3600 3600 3600

Small hydro (≤300 MW) 1122.2 0 0 0

Coal 0 0 0 0

OCGT 175.16 0 0 0

CCGT 3871.5 11426.6 16143.9 30038.5

Fuel oil thermal 15993.5 35163.8 54694.1 98614.2

Nuclear 0 0 0 0

Biopower 2931.5 3480.3 4442.1 15658.8

Wind 8993 15500.8 22657.8 30662.5

Solar PV 11043 21492 32300 60064.6

Table 7 Expansion of installed capacity in MW for maximum VRE
share scenarios

Horizons 2030 2040 2050 2060

Large Hydro (≥1000 MW) 0 0 0 0

Medium Hydro
(≥300 MW)

0 3600 3600 3600

Small Hydro (≤300 MW) 500 0 0 0

Coal 0 0 0 0

OCGT 175.16 0 0 0

CCGT 9900.1 23340.7 37011.9 64876.7

Fuel oil Thermal 2776.3 7989.1 15593 38037.8

Nuclear 0 0 0 0

Biopower 6552.8 12678.7 19744.6 24638.3

Wind 16768 27000 27000 61000

Solar PV 31392 62400 101900 177700

5 Conclusion

In this work, themain objective is to present themethodology
of an open-source, two-stage, multiyear computational tool
and its range of applicability forLTGEPstudies of hydrother-
mal systems with high intermittent renewables penetration,
whose studies are calibrated in this article forBIPS expansion
scenarios.

Through the case study, the adequate performance of the
model is verified concerning the main parameters of the sys-
tem impacted with a large-scale VRE insertion: flexibility
and reliability. In general, the need for an extra financial
contribution proportional to the greater integration of VRE
in the system was noticed. Among the VREs, there is a more
expressive growth in the share of solar PV compared to wind
power, justified by its greater economy between the two. In

the reference scenarios, the results of the BIPS matrix for
all horizons present the same characteristic, which consists
of a more sustainable expansion, prioritizing gas plants over
coal and oil products technologies, in line with expectations
de [43], where gas technologies assume the role of transition
technology towards a more sustainable future power sector
matrix. In the scenarios of maximum VRE penetration com-
pared to the reference scenario, there is the loss of space
of the CCGT technology for an increase in the representa-
tiveness of the biopower in the matrix, demonstrating the
capacity of complementarity between renewable technolo-
gies, agreeing with [30]. In addition, it is noteworthy that
although the model opts for a more sustainable expansion,
biomass, whose α � 0.3, to the detriment of CCGT, whose
flexibility coefficient is greater, α � 0.5, the model increases
OCGT penetration, whose α � 1.0, demonstrating the qual-
itative response of the model in the scope of the flexibility
and reliability of the expansion in the face of a large-scale
VRE expansion.
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