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for the chosen basin following a semi-distributed and conceptual approach. The hydrological model is calibrated
utilizing the optimization algorithm Shuffled Complex Evolution - University of Arizona (SCE-UA) and then val-
idated. Secondly, a hydropower model is developed for a hydroelectric plant of the chosen basin. The hydropower
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model is adjusted to the physical characteristics of the plant. Thirdly, future climate scenarios are extracted from
the literature for the studied area. These scenarios include quantitative and seasonal climate variations, as well as
different initial reservoir levels. Fourth, the hydrological-hydropower model is simulated for 52 scenarios and the
impact of changes in the rainfall and temperature patterns for hydropower generation is evaluated. For each sce-
nario, the water storage in the reservoir and energy produced by the plant are analyzed. The financial impact for
extreme scenarios is presented. The methodology is applied to the Trés Marias hydroelectric plant at the upper
Sdo Francisco river basin (Brazil) and it can be replicated to any other hydropower system. The results show
that extreme positive values predicted for rainfall will likely not cause issues to the plant, considering a moderate
rise in temperature. However, negative predictions for rainfall, regardless of changes in temperature, should be
an alert to the authorities responsible for water and energy resources management.

© 2020 International Energy Initiative. Published by Elsevier Inc. All rights reserved.

Introduction

Brazil is among the world's largest hydropower producers alongside
China, Canada, and United States. Its total installed capacity is >172,000
MW of which almost 110,000 MW from hydroelectric plants. Fossil,
wind, biomass, solar, and nuclear sources complement hydropower
generation with installed capacity of 16.83%, 8.96%, 8.71%, 1.66%, and
1.14%, respectively (ANEEL, 2019).

The Brazilian hydropower system is interconnected in terms of gen-
eration and transmission of energy. Most of its plants have storage res-
ervoirs. Despite the interconnection of the system, its capacity to
regularize inflows, and the increasing use of alternative sources, the
country has faced several water and energy crises over the last years.

The energy trading market, structured in 2004, allows companies to
define regulated and free contracts. Regulated contracts are defined in
biddings of lowest price. In free contracts, the energy prices, amounts,
and periods are freely negotiated. The positive or negative differences
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among the contracted, generated, and consumed energy are traded in
the short-term market, wherein the Settlement Price of Differences
(SPD) for energy is defined through mathematical models. For 2020,
the SPD was limited between 39.68 and 559.75 R$/MWh (CCEE, 2020a).

Porto (2016) analyzed SPD variations for recent years. In 2008 the
SPD reached high values and in 2014 it achieved its maximum value.
In both periods, the main reason for high SPD values was the absence
of favorable hydrological conditions. Thus, the SPD that depends on hy-
drological conditions is a variable of risk associated with hydropower
generation contracts. Alterations in the rainfall and temperature trends,
as well as the occurrence of extreme events, complicate water resources
management, increasing levels of uncertainty.

The impact of climate change on hydropower generation has been
analyzed worldwide. In Africa, for example, can be cited Spalding-
Fecher et al. (2017), Lumbroso et al. (2015), and Harrison,
Whittington, & Wallace (2003). In America, Boehlert et al. (2016),
Tarroja et al. (2016), Kopytkovskiy et al. (2015), Madani et al. (2014),
and Haguma et al. (2014) investigated this topic. In Asian countries,
the effects of future climate on hydroelectric generation were studied
by Shrestha et al. (2016), Liu et al. (2016), Jahandideh-Tehrani et al.
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(2015), Park and Kim (2014), and Wang et al. (2014). In Europe,
Sanchez and Izzo (2017), Lobanova et al. (2016), Gaudard et al.
(2016), Timalsina et al. (2015), Sample et al. (2015), Gebre et al.
(2014), Maran et al. (2014), and Gaudard et al. (2014) also explored
this subject. In Oceania, the influence of climate variability in hydro-
power generation was examined, for example, in Caruso et al. (2017).
Most of these studies deal with warmer temperatures and uncertainties
about regional changes in the precipitation patterns.

In Brazil, Mohor et al. (2015), Schaeffer et al. (2013), and Soito and
Freitas (2011) investigated the impact of climate change for hydro-
power generation in the Amazon region. The following references are
also applied to Brazil and they are specifically related to the objects of
this study. For this reason, they are described in details.

Silveira et al. (2014) carried out inflow projections for thirteen hy-
droelectric plants. They used six models from IPCC-AR4 for precipita-
tions; A1B, A2, and B1 GHG emission scenarios; the Soil Moisture
Account Procedure (SMAP) model for inflows; and the Penann-
Mothiet method for evapotranspiration. The average annual inflow
projected for 2010-2099 is compared with 1931-1999. For the South-
east, Center-west and South regions, the models show that the water in-
flows will likely decrease by 5% every 30 years. Regarding to the North
and Northeast regions, the model outputs are divergent.

Silveira et al. (2016) analyzed the projections of precipitation and
temperature for the Sdo Francisco river basin utilizing 17 models of
IPCC-AR5, with RCP 4.5 and RCP 8.5 scenarios, for 2011-2100. They em-
ploy 10-year moving averages, linear regression, and the Mann-
Kendall-Sen method. About 28% of the models did not adequately repre-
sent the variation in precipitation. All models presented positive trend
for temperature. For the precipitation, regardless of divergence, the
models show anomalies between —20% and 20% every 30-year period.

Tiezzi et al. (2014) simulated scenarios of climate change and evalu-
ated their impact for five hydroelectric plants that belongs to the South-
east region. They utilize precipitation data from ETA CPTEC/HadCM3;
A1B, A2, B1, and a fourth scenario of climate change, and the SMAP-
MEL model for inflows. The impact was analyzed through the product
of the natural water inflow by the plant's average productivity. The
results for 2011-2099 show an overall increase in water quantity, espe-
cially for the hydroelectric plants Furnas and Trés Marias.

Schaeffer et al. (2018) investigated the potential vulnerabilities of
the Brazilian energy sector for sixteen hydroelectric plants in the period
2071-2100. Climate projections were based on A2 and B2 GHG emis-
sions scenarios from IPCC. According to the results, climate change
may cause a drop from 8.6% to 10.8% in average annual inflow, with
more intense impact (drop of 25%) in the Sdo Francisco basin.
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As can be observed by the last four paragraphs, the studies related to
the Sdo Francisco river basin only evaluate the flow projections with no
conclusions about the consequences for hydropower generation. There-
fore, in this study we analyze the impact of climate variations for the op-
eration of a hydroelectric plant called Trés Marias, located in the upper
Sdo Francisco river basin, Brazil. The source of all data and the free tool
employed are provided. As such, either this work can be replicated or its
methodology can be applied to any other hydroelectric system.

It is also possible to realize that the studies diverge regarding the fu-
ture climate in the region. For this reason, all scenarios predicted in the
literature for the upper Sdo Francisco basin are simulated. For each sce-
nario, the water storage in the reservoir and energy produced by the
plant are analyzed. The financial impact for extreme scenarios is pre-
sented. This way, the knowledge and the results obtained from this
paper can help authorities, companies and researchers improve the
management of the water and energy resources of the system.

The methodology adopted consists of four steps: (Section 0)
hydrological model; (Section 0) hydropower model; (Section 0) future
climate scenarios; and (Section 0) simulation of the hydrological-
hydropower model and evaluation of the results. Usually, the
hydrological and hydropower systems are designed individually with
more than one software and replicating data. This may compromise
the decision-making process in terms of time and accuracy. In this
paper we model both the hydrological and hydropower systems to-
gether, in a single free tool, sharing the same database.

Upper Sao Francisco basin and Trés Marias hydroelectric plant

The S3o Francisco river basin has almost 640,000 km? of drainage
area and corresponds to 7.5% of the national territory. Its most impor-
tant river, Sdo Francisco, covers around 2700 km, from the source to
the mouth, passing by six Brazilian states (Fig. 1 - Left side). This basin
is located between the Southeast and Northeast regions and occupies
a significant part of the area recognized as being subject to critical pe-
riods of prolonged drought (Fig. 1 - Right side) (CBHSF, 2020).

The most important hydroelectric plants in this basin are Trés
Marias, Sobradinho, Itaparica, Paulo Afonso complex, and Xingd
(Fig. 2). They represent almost 11% of the national installed capacity
for hydropower generation. The first three plants (solid line) have reser-
voir with maximum volume of 19,528 hm?; 34,117 hm?; and 10,782
hm?, respectively. The last ones (dashed line) are run-of-river hydro-
power plants (ANA, 2020a; CEMIG, 2020c; CHESF, 2020).

Trés Marias is the first plant of the cascade and the second largest
reservoir of the basin. Upper Sdo Francisco has an area of approximately
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Fig. 1. Location of the Sdo Francisco river basin in Brazil (Lerner, 2006 - adapted).
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Fig. 2. Schematic diagram of the hydroelectric plants in the Sdo Francisco river basin.

51,000 km?. Therefore, the Trés Marias hydroelectric plant at the upper
Sdo Francisco basin (Brazil) is the object of this study.

Computational tool

In order to assess the impact of changes in the rainfall and
temperature patterns for the Trés Marias hydroelectric plant, a
hydrological-hydropower model is employed. Both parts (hydrological
and hydropower) are designed, calibrated, validated, and simulated in
the software RS Minerve.

RS Minerve is freely distributed to interested users and has been ap-
plied to studies in Switzerland, Spain, Peru, Brazil, France, and Nepal
(Deval Castillo, Luengo Garcia, Lorenzo Riera, Garcia, & de Paz Garcia,
2011; Garcia Hernandez et al., 2013; Lujano Laura et al., 2016 and
Tobin et al., 2011). For hydrological systems, RS Minerve offers seven
models, identified as: SNOW-GSM, SWMM, GSM, SOCONT, HBV, GR4],
and SAC-SMA. For hydropower systems, it contains some objects that
may represent a hydroelectric plant, such as: reservoir, penstock, tur-
bine, and spillway. Details can be found in RS Minerve (2020).

Methodology
Hydrological model

The hydrological representation of the upper Sdo Francisco basin is
based on the HBV model. It is a semi-distributed conceptual model of
rainfall-runoff transformation type (Bergstrom, 1992). As shown in
Fig. 3, the hydrological model converts rainfall (mm/d) and potential
evapotranspiration (mmy/d) into water inflow (m>/s). Due to the size
of the basin, the upper Sao Francisco is divided into 21 sub-basins in
the hydrological model (HBVy, HBV,, ..., HBV,;). The choice of the
sub-basins contemplates the stations in head water as much as possible
for the broadest representation.

Rainfall data are provided by the National Water Agency through the
Hidroweb software (ANA, 2020b). They are available for 49 measure-
ment stations, in daily time-step, from 1987. Potential evapotranspira-
tion data come from National Institute of Meteorology by BDMEP
database (INMET, 2020). They are presented for 10 measurement

stations, in monthly time-step, from 1961. The monthly data are con-
verted to daily data, considering a constant evapotranspiration through-
out the month. In order to evaluate the performance of the hydrological
model the simulated water inflows are compared to the recorded water
inflows. Recorded water inflow data are also provided by the National
Water Agency through the Hidroweb software. They are available for
the 21 measurement stations defined in the hydrological model.

HBV uses fifteen parameters, listed in Table 1. The fifteen parameters
of each sub-basin are calibrated, utilizing the Shuffled Complex Evolu-
tion — University of Arizona (SCE-UA) optimization algorithm. SCE-UA
is a global optimization method based on several existing algorithms,
including the genetic algorithm. SCE-UA introduces the concept of com-
plex information exchange, named complex shuffling. RS Minerve
(2020) presents a general description of the steps, a flow chart, an illus-
tration, and the parameters of the SCE-UA algorithm.

The objective function (1) searches to maximize five indicators:
Nash coefficient (Nash), Nash coefficient for logarithm values (Nashln),
Pearson correlation coefficient (Pearson), Kling-Gupta efficiency (KGE),
and bias score (BS) since their ideal value is equal to the maximum pos-
sible value and, at the same time, to minimize the value or the absolute
value for three indicators: relative root mean square error (RRMSE), rel-
ative volume bias (RVB), and normalized peak error (NPE) since their
ideal value corresponds to zero. Each indicator is weighted (w;...wg)
with a value defined by the user. Details about the characteristics of
the performance indicators can be found in RS Minerve (2020).

Max(Nash.wy + Nashln.w, + Pearson.ws + KGE.w,4 + BS.ws (1)

—RRMSE.wg — |RVB.w+|—|NPE.wg|)

The 21 sub-basins presented good results for calibrating process
followed by validation. As an example, Table 2 shows the performance
indicator values at the end of the basin, i.e. near the Trés Marias reser-
voir. For the first five indicators, the closer to “1” the better performance
of the model. For the last three indicators, values near zero indicate a
good performance.

Based on Table 2, it is possible to conclude, for example, that for high
flows (indicator #1) the calibration results are better than validation

Rainfall Evapotranspiration
(mm/d) (mm/d)
Hydrological — V V
Model HBV1 HBV2 HBV21
N2
Water Inflow
(m3/s)

Fig. 3. Input-output variables of the hydrological model designed in RS Minerve.
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Table 1
Full list of parameters for the HBV model (RS Minerve, 2020).
Parameter Unit Description Range
A m? Surface of the basin >0
CFMax mm/°C/day Melting factor 0.5t0 20
CFR - Refreezing factor 0.05
CWH - Critical relative water content of the 0.1
snow pack
TT °C Threshold temperature of rain/snow 0to3
TTInt °C Temperature interval for rain/snow 0to3
mixing
TTSM °C Threshold temperature for snow melt 0
Beta - Model parameter (shape coefficient) 1to5
FC m Maximum soil storage capacity 0.050 to 0.65
PWP - Soil permanent wilting point threshold 0.030to 1
SUMax m Upper reservoir water level threshold 0to0.10
Kr 1/d Near surface flow storage coefficient 0.05 to 0.5
Ku 1/d Interflow storage coefficient 0.01to 0.4
Kl 1/d Baseflow storage coefficient 0to0.15
Kperc 1/d Percolation storage coefficient 0t00.8
Table 2

Performance indicators after calibrating and validating processes for Trés Marias reservoir.

# Indicator Calibration value Validation value
1 Nash 0.87287 0.86059
2 Nash-In 0.89635 0.91432
3 Pearson 0.93892 0.94168
4 Kling-Gupta 0.89645 0.81704
5 Bias score 0.99579 0.96647
6 RRMSE 0.37422 0.36417
7 Relative volume bias 0.06491 —0.15478
8 Normalized peak error 0.00409 —0.10243

results, whereas for low flows (indicator #2) the opposite occurs. Addi-
tionally, the simulated discharge as well as the simulated peak dis-
charge (indicators #7 and #8) is, on average, above the recorded
information for the calibration results (positive values) and below it
for the validation results (negative values).

Hydropower model

The hydropower model is based on the production function, Eq. (2).
The goal of the production function is to quantify the power generation
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of a hydroelectric plant, considering the efficiency of the turbine-
generator sets, net head, and water discharge.

p = kang. [hgy(X)—her(u)—hp] . (2)

where:

p Istheinstantaneous power obtained in the conversion process of
the hydraulic potential energy to electrical energy (MW).

k Is the gravity constant, multiplied by the water specific weight
and divided by 10°. Its value is 0.00981 (MW/(m?/s)/m).

N g Is the efficiency of the turbine-generator set in the conver-
sion process of the mechanical energy to electrical energy.

x Is the water storage in the reservoir of the plant (hm?).

hm(x) Is the forebay elevation which is a function of the water stor-
age x (m).

u Isthe total water release of the plant, that is, the sum of the water
discharge and the water spillage (m>/s).

hy(u) s the tailrace elevation which is a function of the water re-
lease u (m).

hyi Is the penstock head loss which is a function of the water
discharge (m).

q Is the water discharge by the turbines in the powerhouse (m>/s).

As shown in Fig. 4, from the water inflow (output of the hydrological
model), plus the reservoir initial level (m) and water discharge values
(m3/s), the hydropower model computes the power generation (MW)
and storage volume (hm?).

The operation data related with the hydropower model are provided
by the energy company responsible for the power generation in Trés
Marias, also in daily time-step, for the last 20 years (CEMIG, 2020a).
The functions that describe the plant's physical characteristics come
from the Electric Energy Trading Chamber. They are available in the of-
ficial file named Hidr.dat (CCEE, 2020b).

The calibration and validation processes of the hydropower model
consists of adjusting the functions that describe the plant's physical
characteristics. As shown in Hidalgo et al. (2010), the quality of these
functions significantly impacts the result of computational models
used for planning the power system, contributing to bring the real and
simulated operation closer.

The hydropower model utilizes four functions that describe the
plant's physical characteristics. For the reservoir, the level-volume poly-
nomial is employed. Regarding penstocks (that carry water from the
reservoir towards the generation units), their length, diameter, rough-
ness, and kinematic viscosity are necessary. For the turbine-generator
sets, the threshold in the level of the reservoir to start and stop them
are considered, as well as the discharge-performance relation.

Hydrological Water Inflow
_________ Model o _(m¥s)
Initial Level Water Discharge
(m) v (m¥s)
— N2 N2
Hycli\;gzg\lzver ‘ Production Function ‘
N2 N2
- Power Storage
(Mw) (hms3)

Fig. 4. Input-output variables of the hydropower model designed in RS Minerve.
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Table 3
MAPE, MPE, and RRMSE between simulated and recorded operation for the Trés Marias
hydroelectric plant.

# Variable MAPE MPE RRMSE
1 Forebay level 0.30 —0.30 0.00
2 Water inflow 21.28 —1.61 0.40
3 Water discharge 0.00 0.00 0.00
4 Power generation 2.84 —2.30 0.03

The adjusting of these functions is done using historic data of the last
20 years. Table 3 shows the mean absolute percentage error (MAPE),
mean percentage error (MPE), and relative root mean square error
(RRMSE) of the main variables related to the hydropower model.

Based on Table 3, it is possible to realize that the greatest difference
between the simulated and recorded operation is for water inflow (col-
umn: MAPE - line: 2). This difference is negative (column: MPE - line:
2),1i.e. simulated water inflows are, on average, lower than the recorded
information. That is coherent with indicators 7 and 8 of Table 2. For this
reason, although the water discharge is fulfilled (line 3), the forebay
level decreases over the time (column: MPE - line: 1). As consequence,
the gross head decreases and the simulated power generation is also
lower than the recorded information (column: MPE - line: 4). The
RRMSE column confirms these observations.

Future climate scenarios

The scenarios contemplate the predictions of climate change pub-
lished in Silveira et al. (2014, 2016), Tiezzi et al. (2014), and Schaeffer
et al. (2018) for the upper Sdo Francisco; described in the Introduction
section. They cover the rainfall and temperature variations, between
the minimum and maximum extremes, and the possible displacements
of the dry and rainy seasons throughout the year. Therefore, the scenar-
ios consider alterations in the rainfall and temperature patterns both in
quantitative and seasonal terms.

For rainfall, the predictions are divergent regarding the decrease or
increase of this variable. The scenarios range from —20% to +20%
under a time-step of 10%. Therefore, —20%, —10%, +10%, and +20%
are the variations of rainfall analyzed in this study.

The predictions for temperature indicate a rise of up to 7 °C. Evapo-
transpiration values for 1 °C, 2 °C, 3 °C, 5 °C, and 7 °C are calculated by
the Thornthwaite method (Thornthwaite, 1948) because it showed
the best fit for the historical data. The results obtained show an increase
in the evapotranspiration rate of 7%, 16%, 28%, 59%, and 107%; respec-
tively. These values are consistent with the results presented in Kosa
(2009).

The possible changes in quantitative and seasonal terms for the dry
and rainy seasons in the upper Sdo Francisco are presented by Tiezzi
et al. (2014) in Graphic 1D. According to this reference, there is no
temporal change for the dry season. However, the rainy season may
start one month in advance, i.e. in August instead of September.

Table 4
Characteristics of the 52 analyzed scenarios.
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Additionally, this reference indicates rainfall events more intense in
the first and last four months of the year. Therefore, for this scenario,
the rainfall values are increased by 20%, 15%, 10%, and 5% in the months
01 and 12,02 and 11, 03 and 10, 04 and 09; respectively.

Two values for reservoir initial level are employed in the scenarios.
The first one, 565.00 m, corresponds to the approximate average level
of the last 20 years in Trés Marias reservoir. The second one, 558.31 m,
refers to the initial level of the reservoir for the sequence of water dis-
charges employed in the scenarios.

Therefore, as shown in Table 4, for covering the predictions of cli-
mate change extracted from the literature a combination of four scenar-
ios for rainfall (+10%, +20% —10% and —20%), six for
evapotranspiration (0%, 7%, 16%, 28%, 59%, and 107%), and two for reser-
voir initial level (565.00 m and 558.31 m) is evaluated for a one-year pe-
riod. These 48 scenarios are divided in wet (1...24) and dry (25...48)
scenarios. Moreover, four shifted scenarios are analyzed (49...52). The
scenarios 49 and 50 refer to the early rainy season (in August instead
of September). The scenarios 51 and 52 also consider early rainy season,
but add an increase of 20%, 15%, 10%, and 5% in the rainfall values for the
first and last four months of the year. Again, both options of reservoir
initial level are taken into account. In total, 52 scenarios are analyzed.

Simulation of the hydrological-hydropower model and evaluation of the
results

The results of the simulated scenarios are presented in three parts:
(Section 0) wet scenarios, (Section 0) dry scenarios, and (Section 0)
shifted scenarios. The simulated scenarios with climate change are com-
pared to the recorded scenarios without climate variation. For each sim-
ulated scenario, at least two questions are examined:

(1) Does the reservoir level (output variable) reach the mini-
mum or maximum limit of 549.20 m or 572.50 m, respec-
tively, any time during the simulation? If the reservoir level
goes down the minimum, water discharge values (input var-
iable) are likely not fulfilled. Otherwise, if it exceeds the
maximum limit, a certain amount of water needs to be
spilled.

Does the simulated scenario show results with gain or loss in
the power generation (output variable) in relation to the re-
corded scenario? According to Eq. (2), the forebay level, hy,
(x), impacts the power generation, p. Therefore, the reser-
voir final level and total produced energy are the most im-
portant variables for the results analysis.

(2)

Wet scenarios

The maximum limit of the reservoir was reached but not exceeded
by the wetter scenario (rainfall = +20%, ETP = 0%, and reservoir initial
level = 565.00 m). Therefore, it was not necessary to spill water.

Scenario Rainfall Evapotranspiration (ETP) Reservoir initial level
# Name
1..24 Wet +10%, +20% 0%, 7%, 16%,28%, 59%, 107% 565.00 m 558.31 m
25...48 Dry —10%, —20%
49...50 Shifted Month 08 = 09 (No change)
51...52 Shifted Month 08 = 09

01 and 12 = +-20%
02 and 11 = +15%
03 and 10 = +10%
04 and 09 = +05%
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Table 5 Table 7
Results for wet scenarios. Results for shifted scenarios.
Scenario A Final A Energy Scenario AFinal  AEnergy Scenario A Final AEnergy Scenario A Final A Energy
m Level (m) (MWh) m level (m) (MWh) m level (m) (MWh) Rainfall level (m) (MWh)
Reservoir initial level = 565.00 m Reservoir initial level = 565.00 m
+10% 0% 338 76,058.64 +20% 0% 6.89 153,198.96 Month 0.31 1984.08  Month 5.93 133,921.44
7% 2.54 59,270.64 7% 5.90 135,646.56 08 =09 08 =09
16% 1.56 38,435.76 16% 4.79 113,714.16 01 and 12 = +20%
28% 034 11,800.56 28% 3.45 85,565.28 02and 11 = +15%
59% —3.80 —57,902.64 59% 0.39 17,845.44 03 and 10 = +10%
107% —8.52 —152,060.88 107% —5.12 —79,440.48 04 and 09 = +05%
Reservoir initial level = 558.31 m Reservoir initial level = 558.31 m
+10% 0% 497 103,071.36  +20% 0% 9.96 201,835.20 Month 0.31 2864.64  Month 8.88 178,346.16
7% 3.69 80,442.72 7% 8.84 180,474.96 08 =09 08 =09
16% 2.8 52,074.24 16% 7.14 152,098.08 01 and 12 = +20%
28% 034 15,416.88 28% 5.07 115,003.92 02and 11 = +15%
59%  Below minimum 59% 0.39 23,039.76 03 and 10 = +10%
107% 107% Below minimum 04 and 09 = +05%

Table 5 shows the results for the 24 wet scenarios. For each scenario,
the variation of the reservoir final level (A Final Level) and total pro-
duced energy (A Energy) of the simulated scenario in relation to the re-
corded one is presented. The reservoir level went down below the
minimum limit for the three less wet scenarios, identified in Table 5
with the text “below minimum”. For these three scenarios, the water
discharge values were not accomplished.

As the evapotranspiration rate increases the reservoir level, and conse-
quently the power production, decreases. Of the 24 scenarios, 18 present
positive values for the output variables, 3 display negative results, and 3
cannot meet the water discharge values. The two most optimistic scenarios
(rainfall = +20%, ETP = 0%, and both reservoir initial levels) show, on av-
erage, A Final Level = 8.42 m and A Energy = 177,517.08 MWh.

Dry scenarios

For all dry scenarios the reservoir level stayed below the maximum
limit. This was expected, since in the wet scenarios it was only
reached once.

Table 6 shows the results for the 24 dry scenarios. The reservoir level
decreased below 549.20 m (minimum limit) in the three dryer scenar-
ios with reservoir initial level equal to 565.00 m and in all scenarios per-
formed with initial level of 558.31 m. In these scenarios, there was not
enough water in the reservoir to meet the water discharge goals. They
are identified in Table 6 with the text “below minimum”.

There are no positive results in the dry scenarios. Negative values are
presented by 9 scenarios. For all the other 15 scenarios the reservoir
level decreased below the minimum limit. The less pessimistic scenario

Table 6
Results for dry scenarios.
Scenario A Final A Energy Scenario A Final A Energy
Rainfall Erp Vel (M) (MWh) Rainfall Erp Vel (M) (MWh)
Reservoir initial level = 565.00 m
—10% 0% —4.59 —83,091.36 —20% 0% —8.76 —167,760.00
7% —5.54 —100,280.16 7% —9.56 —183,477.60
16% —6.67 —121,563.60 16% —10.50 —202,830.96
28% —8.06 —148,632.48 28%  Below minimum
59% —11.07 —211,552.80 59%
107% —1129 —278,410.32 107%
Reservoir initial level = 558.31 m
—10% 0% Below minimum —20% 0% Below minimum
7% 7%
16% 16%
28% 28%
59% 59%
107% 107%

(rainfall = —10%, ETP = 0%, and reservoir initial level = 565.00 m) pre-
sents A Final Level = —4.59 m and A Energy = —83,091.36 MWh.

Shifted scenarios

As well as wet scenarios, shifted scenarios refer to a rise in rainfall
amount. The maximum limit of the reservoir was reached, but again
not overpassed, by the scenario with addition in rainfall values and res-
ervoir initial level equal to 565.00 m.

There was no simulated scenario with a reservoir level below the min-
imum limit. Therefore, the water discharge values were fulfilled in all
scenarios.

The results from shifted scenarios are in Table 7. As expected,
since these scenarios correspond to a rise in rainfall without increas-
ing temperature/evapotranspiration, all output variables are
positive. The two scenarios with early rainy season (first three col-
umns of Table 7) do not show significant changes since the rainfall
of September reproduced in August was not intense. The other two
scenarios (last three columns of Table 7) present, on average, A
Final Level = 7.40 m and A Energy = 156,133.80 MWh.

Discussion

Seeing the wet and dry scenarios, it is possible to realize that negative
outputs from studies with higher water level correspond to studies with
lower water level that cannot meet the water discharge values. In other
words, negative results from scenarios with reservoir initial level equal
to 565.00 m are converted to “below minimum” in scenarios with reser-
voir initial level equal to 558.31 m. That happens because there is not
enough water in the reservoir to accomplish the water discharge values.
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Fig. 5. Level-volume polynomial of the Trés Marias reservoir (CCEE, 2020b).
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Fig. 6. Useful volume in the Trés Marias reservoir over the last 15 years (CEMIG, 2020a, 2020b).

Examining wet and shifted scenarios, it can be concluded that the
gains related to the output variables are more expressive in scenarios
with lower reservoir initial level. That can be justified with the expo-
nential function that relates level and volume of the reservoir (Fig.5).
The lower the reservoir water level, the greater the impact of rising rain-
fall because the reservoir level increases faster, as well as the gross head,
and consequently the power generation, Eq. (2).

Fig. 6 shows the percentage of useful volume in the Trés Marias res-
ervoir over the last 15 years. As can be seen, the reservoir water level
remained much higher from 2005 to 2009 than from 2013 to 2018.
The average percentage of useful volume in 2005-2009 was 80.79%, in
2010-2012 reduced to 71.73%, in 2013-2018 dropped off 27.88%, and
in 2019 increased to 66.79%. Therefore, both scenarios, with reservoir
initial level equal to 558.31 m (27.26% of useful volume) and equal to
565.00 m (56.59% of the useful volume) are close to the reality of the re-
cent years.

The extremes of generation can be extracted from the wettest and dri-
est scenarios. For the wettest scenario, that means, with more resource
(rainfall = +20%, ETP = 0%, and reservoir initial level = 565.00 m) the
maximum limit of the reservoir was reached. Therefore, it was possible
to obtain the plant's maximum power of 396 MW. For the driest scenario,
that means, with less resource (rainfall = —20%, ETP = 107%, and reser-
voir initial level = 558.31 m) the minimum limit of the reservoir was not
reached. Consequently, it was not possible to produce energy.

The variability of generation can be analyzed from the scenarios with
the highest and lowest results. For the scenario with the highest result
(rainfall = +20%, ETP = 0%, and reservoir initial level = 558.31 m) an
extra energy of 201,835.20 MWh was produced throughout the year.
For the scenario with the lowest result (rainfall = —10%, ETP = 107%,

Table 8

Scenarios A, B, C, and D.
Scenario Change  Rainfall Reservoir A Final level A Energy

Level (m) (m) (MWh)

A Uniform +10% 565.00 3.38 76,058.64
B 558.31 4.97 103,071.36
C Varied  Month 565.00 5.93 133,921.44
D 08 =09 558.31 8.88 178,346.16

01and 12 = +20%
02and 11 = +15%
03 and 10 = +10%
04 and 09 = +05%
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and reservoir initial level = 565.00 m) a reduction of 278,410.32 MWh
was observed.

In order to compare average or uniform and instantaneous extreme
impacts of climate change on the reservoir of interest, four scenarios are
analyzed. For average or uniform impacts, two scenarios are extracted
from Table 5. For instantaneous extreme impacts, two scenarios are ex-
tracted from Table 7. The considered scenarios and their results are
shown in Table 8. These four scenarios (named A, B, C, and D) are similar
because all of them have an extra rainfall of 10%, on monthly average,
without increasing temperature/evapotranspiration.

Comparing A with C and B with D (same reservoir initial level), it is
possible to realize that scenarios with varied changes (Cand D) produce
more energy than scenarios with uniform changes (A and B). Scenario C
produces 76% more energy than scenario A; whereas scenario D pro-
duces 73% more energy than scenario B. Therefore, scenarios with var-
ied changes differ from scenarios with uniform changes significantly.

For the scenario with greatest results (rainfall = +20%, ETP = 0%,
and reservoir initial level = 558.31 m) the storage final level increases
9.96 m and an extra energy of 201,835.20 MWh is produced throughout
the year. The energy price in the short-term market (SPD), defined for
2020, is up to 559,75 R$/MWh (price ceiling). Therefore, this scenario
may bring an annual monetary gain of R$ 112,977,253.20 or US$
22,595,450.64 (1 US$ = 5 RS).

For the scenario with lowest results (rainfall = —10%, ETP = 107%,
and reservoir initial level = 565.00 m) the storage final level decreases
11.29 m, with reduction of 278,410.32 MWh and possibility of monetary
loss up to R$ 155,840,176.62 or US$ 31,168,035.32.

The object of this study, Trés Marias, was the first hydraulic enter-
prise in the country with multiple purposes. In addition to generating
energy, the reservoir is used to control the flow of the river (allowing
navigation and preventing flooding), irrigation, tourism, and leisure.
The total installed capacity of Trés Marias hydroelectric plant, 396
MW, is sufficient to supply 1.1 million people. In this context, discus-
sions on the impacts of climate change become even more relevant.

Climatic change can cause alterations in the: (I) average value of pre-
cipitation, (II) geographic distribution of rain, and (IIl) seasonal patterns
of rainfall. In addition, climate change can also bring an increase in aver-
age temperatures. Items (I) and (1) were especially evaluated in scenar-
ios 1 to 48. Item (III) was analyzed in scenarios 49 to 52. The alterations
affect the sectors of power generation, transmission, and distribution, as
well as the behavior of final consumers.

For the generation sector, the impact is due to hydrological risk. Cli-
matic change modifies the amount of water that reaches the reservoirs,
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which may cause a reduction in the power generation capacity. To mit-
igate this problem it is possible to expand the generation capacity from
alternative renewable sources (non-hydro); promote energy efficiency
programs; adhere to the power reallocation mechanism (transferring
power from plants with higher water inflow to plants with lower
water inflow); and invest in hybrid generation systems that combine
the benefits, for example, of hydro generation with solar or wind
generation.

The transmission sector can be affected by the unavailability of
power transmission lines. The increase in temperature, associated
with prolonged drought conditions, maximizes the risk of fires that
can reach the transmission lines. To mitigate this risk, flameproof
paint can be applied to wooden posts in risk locations. In addition, in-
spections and cleaning of the vegetation that interferes in the transmis-
sion lines should be continuously carried out.

In the distribution sector, the occurrence of intense rainfalls accom-
panied by windstorms and lightning can cause physical damage to in-
stallations that transport energy to final consumers. As a consequence,
company costs increase due to reimbursement to consumers for inter-
ruptions in the supply of energy. To reduce the magnitude of this risk,
preventive measures can be adopted, such as the management of
urban trees by pruning and the forecasting of storms through the oper-
ation of weather stations and radars.

Regarding to the behavior of final consumers, high temperatures
can cause an increase in electricity consumption and an overload of
the electricity distribution system. This risk can be managed by mon-
itoring operating conditions and prioritizing expansion works. Ac-
cording to CEMIG (2020d), if the scenario of emissions A1B of the
IPCC for 2010-2100 is confirmed, based on climatological simula-
tions and calculation of physical guarantees, there may be a reduc-
tion in the availability of hydropower generation in Brazil from 15%
to 25%.

Conclusions

In this paper, a hydrological-hydropower model is designed to sim-
ulate the impact of future climate scenarios for hydropower generation.
The HBV conceptual model and SCE-UA optimization algorithm, embed-
ded in RS Minerve, as well as the hydroelectric production function and
Thornthwaite method are employed. In total, 52 scenarios of climate
change are analyzed.

The simulated scenarios with climate alterations are compared to the re-
corded scenarios without changing in the rainfall and temperature patterns.
Both of them are carried out in the same hydrological-hydropower model.
Therefore, the results show the impact of climate change with no in-
terference of the model performance.

The predicted wet scenarios do not seem to be a problem for the
plant because, even for the extreme positive values of rainfall, the reser-
voir level did not exceed the maximum limit during the simulation. The
scenarios with shifted and concentrated rainfall are also non-issues for
the reservoir maximum limit. It is worth noting that Trés Marias reser-
voir is the second largest of the basin.

The predicted dry scenarios show simulation results that com-
promise the operation of Trés Marias. For 37.50% of these scenarios
there is loss in the amount of water storage and produced energy.
For the remaining 62.50%, the simulated operation cannot meet the
water discharge values. That is concerning because, since Trés Marias
is the first plant in the cascade, sometimes it works with discharge
restrictions due to drought in the downstream reservoir. Addition-
ally, about 80% of the waters at Sdo Francisco river come from the
upper part of the basin. Therefore, this is an important area for the
whole basin, considered a strategic reserve for the basin water
security.

Lastly the hydrological and hydropower models were designed to-
gether in a single free tool. That makes the model easier to be replicated
for anyone. The source of all data and the free tool employed are
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provided. As such, either this work can be replicated or its methodology
can be applied to any other hydroelectric system. The knowledge and
the results obtained from this paper can help authorities, companies
and researchers improve the management of the water and energy re-
sources of a system.
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