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Abstract: Study region: The Três Marias 396 MW power plant located on the São Francisco River in
Brazil. Study focus: Hydropower generation is directly and indirectly affected by climate change. It
is also a relevant source of energy for electricity generation in many countries. Thus, methodologies
need to be developed to assess the impacts of future climate scenarios. This is essential for effective
planning in the energy sector. Energy generation at the Três Marias power plant was estimated using
the water balance of the reservoir and the future stream flow projections to the power plant, for
three analysis periods: FUT1 (2011–2040); FUT2 (2041–2070); and FUT3 (2071–2100). The MGB-IPH
hydrological model was used to assimilate precipitation and other climatic variables from the regional
Eta climatic model, via global models HadGEM2-ES and MIROC5 for scenarios RCP4.5 and RCP8.5.
New hydrological insights for the region: The results show considerable reductions in stream flows
and consequently, energy generation simulations for the hydropower plant were also reduced. The
average power variations for the Eta-MIROC5 model were the mildest, around 7% and 20%, while
minimum variations for the Eta-HadGEM2-ES model were approximately 35%, and almost 65% in
the worst-case scenario. These results reinforce the urgent need to consider climate change in strategic
Brazilian energy planning.

Keywords: climate model; São Francisco river; hydrological model; large reservoir

1. Introduction

In Brazil, electricity is generated mainly from hydropower. Even with the increased
use of other renewable sources, hydropower still accounts for about 62% of the installed
capacity, and it remains the country’s main source of electricity generation [1]. The main
reasons for variations in water levels are consumption, land use and development, climate
variations, and climate change. Of all these factors, climate change is raising consider-
able concern, as the increase in average temperature may induce changes in atmospheric
pressure, wind and evaporation patterns, and changes in precipitation patterns [2,3]. Hy-
dropower generation depends directly on river stream flows and is affected by climate
change [4–6].

It is important to assess the possible impacts of climate change on water resources in
order to effectively plan the energy sector and to define measures that can mitigate the
negative impacts of climate change on Brazil [5,7]. Policy makers in the Brazilian electricity
sector still do not consider how vulnerable the system may be to changes in water availabil-
ity in its long-term planning in light of future climate change [5,7,8]. Hydrometeorological
modeling—integrating climate modeling with hydrological modeling—is a very important
tool in forecasting and projecting stream flows in order to assess the impacts of climate
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change on sectors directly or indirectly dependent on water resources [9–11]. Several
authors acknowledge that these climate models still do not accurately represent weather
and climatic variations, especially when dealing with precipitation projections. However,
they do make it clear that it is important to include them in decision-making processes, as
these models can provide valuable information on the possible effects of climate change
on the energy sector that can be used to assess and improve their adaptive capacity, if
necessary [6–8,12].

Several studies have quantified the impacts of climate change on hydroelectric power
generation by estimating stream flow variations based on changes projected by the climate
models [4,5,11,13–16]. For instance, [7,8,17] determined the impacts on hydroelectric gen-
eration in the Brazilian Interconnected System and its subsystems. The first two studies
focused on regional climate models, while the latter focused on both global and regional
models. In general, the results show significant reductions in power generation in the
northern and northeastern regions of Brazil [18]. Other studies [19–22] show decreases in
stream flows in the Amazonian river basins, a problem further aggravated by deforestation.
As a consequence, hydroelectric power generation may suffer significant losses in these
basins. There is no consensus of opinion on projections for the southeastern region, but
studies do indicate a small increase in stream flows [23]. These results are very frustrating
for Brazil, especially because hydropower has already been extensively explored in areas
that will receive increased stream flows, and is quite underdeveloped in areas that will be
impacted most negatively by climate change.

The objective of this paper is to evaluate the possible effects of climate change on
hydropower generation at an actual power plant. The next section details the power
plant selected for the case study, and the basic data are introduced. The third section
describes the methodology used in this study and its applications, including the calibration
of the hydrological model, climate model, stream flow projections, and finally impacts on
electricity generation. The fourth section discusses and comments on the results, and the
last section addresses the main conclusions.

2. Materials and Methods

The methods adopted in this study are summarized in the flowchart of Figure 1. The
MGB-IPH hydrological model was calibrated to the Upper São Francisco river basin, based
on hydrological and meteorological data observed in the historical period from 1961 to 1990.
A bias correction using delta-change and quantile–quantile mapping methods was applied
to the climate projections, generated by dynamic downscaling with the Eta climate model,
for the “present” (1961–1990) and future (2011–2100) periods. With the hydrological model
calibrated and the projections corrected, inflows were generated to the reservoir of the
Três Marias power plant (Três Marias HPP). Finally, based on the physical and operational
characteristics of the power plant, energy generation was simulated considering the flow
projections, and the results were analyzed by comparing future periods with the historical
reference period (Present). These methods are further detailed in the following sections.
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2.1. Study Area and Selected Hydropower Plant 
The basin chosen for this study is located in the Upper São Francisco River basin in 
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where the Três Marias HPP dam is located. The basin has a total drainage area of 50,946 
km² and contains important tributaries of the São Francisco River. It was subdivided into 
four sub-basins that have gauging stations with reliable databases (Figure 2). These four 
stations were used to calibrate the hydrological model. 

The climate is predominantly warm and rainy in the summer and dry in the winter. 
Regarding composition, 3.3% of the region comprises urbanized areas, 1.9% comprises 
plantations, 5.4% comprises woods and/or forests, 32.5% comprises pastures, 44.5% com-
prises farms, and 12.3% comprises other uses. Furthermore, the region concentrates 
around 50% of the population of the San Francisco Hydrographic Region in an area that 
corresponds to only 16% of the total area [24]. As a result, this region may suffer significant 
impacts due to climate change. 

Figure 1. Methodological flowchart adopted to assess climate change impacts on energy generation
at Três Marias HPP.

2.1. Study Area and Selected Hydropower Plant

The basin chosen for this study is located in the Upper São Francisco River basin
in Minas Gerais State, in southeastern Brazil. It flows to the section of the São Francisco
River where the Três Marias HPP dam is located. The basin has a total drainage area of
50,946 km2 and contains important tributaries of the São Francisco River. It was subdivided
into four sub-basins that have gauging stations with reliable databases (Figure 2). These
four stations were used to calibrate the hydrological model.
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The Três Marias HPP was inaugurated in July 1962, and it currently has a 396 MW 
installed capacity [25]. Companhia Energética de Minas Gerais—CEMIG (Energy Com-
pany of Minas Gerias)—is responsible for operating the facility, which has a reservoir with 
a total volume of 19,528 hm³, and a flooded area of 1040 km². The dam is 2700 m long and 
75 m maximum high [26]. The Três Marias reservoir plays an important role in regulating 
the São Francisco river’s stream flows, and is used for multiple purposes: power genera-
tion, navigation, urban and industrial supply, and irrigation projects [12]. 

2.2. Hydrological Model 
The MGB-IPH (Large Basin Model of the Hydraulic Research Institute) is a distrib-

uted conceptual model used to simulate the process of transforming rainfall into large 
basin stream flows, generally larger than 10,000 km² [27]. The discretization of the hydro-
graphic basin within the model is performed in irregular units called mini-basins [28]. The 
mini-basins are then subdivided into hydrological response units (HRU), which represent 
the spatial variability of the hydrological behavior. The HRU are based on soil character-
istics and vegetation coverage [7,27,28]. In addition to the physical characteristics, the 
model also needs hydrological and meteorological information as input data. The MGB-
IPH [29] is composed of algorithms for water balance, evapotranspiration (Penman–Mon-
teith), surface, sub-surface, and subterraneous runoff in the cell, and drainage in the river 
network (Muskingum–Cunge or Inertial). A summary of MGB functioning is presented in 
Figure 3. 

Figure 2. Hydrographic basin of the Três Marias HPP and its location in the São Francisco Hydro-
graphic Region. The enlarged part of the figure shows the subdivision of the basin under study in the
sub-basins used in the calibration of the hydrological model, where each yellow point represents the
mouth of the sub-basin.
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The climate is predominantly warm and rainy in the summer and dry in the winter.
Regarding composition, 3.3% of the region comprises urbanized areas, 1.9% comprises plan-
tations, 5.4% comprises woods and/or forests, 32.5% comprises pastures, 44.5% comprises
farms, and 12.3% comprises other uses. Furthermore, the region concentrates around 50%
of the population of the San Francisco Hydrographic Region in an area that corresponds to
only 16% of the total area [24]. As a result, this region may suffer significant impacts due to
climate change.

The Três Marias HPP was inaugurated in July 1962, and it currently has a 396 MW
installed capacity [25]. Companhia Energética de Minas Gerais—CEMIG (Energy Company
of Minas Gerias)—is responsible for operating the facility, which has a reservoir with a total
volume of 19,528 hm3, and a flooded area of 1040 km2. The dam is 2700 m long and 75 m
maximum high [26]. The Três Marias reservoir plays an important role in regulating the
São Francisco river’s stream flows, and is used for multiple purposes: power generation,
navigation, urban and industrial supply, and irrigation projects [12].

2.2. Hydrological Model

The MGB-IPH (Large Basin Model of the Hydraulic Research Institute) is a distributed
conceptual model used to simulate the process of transforming rainfall into large basin
stream flows, generally larger than 10,000 km2 [27]. The discretization of the hydrographic
basin within the model is performed in irregular units called mini-basins [28]. The mini-
basins are then subdivided into hydrological response units (HRU), which represent the
spatial variability of the hydrological behavior. The HRU are based on soil characteristics
and vegetation coverage [7,27,28]. In addition to the physical characteristics, the model
also needs hydrological and meteorological information as input data. The MGB-IPH [29]
is composed of algorithms for water balance, evapotranspiration (Penman–Monteith),
surface, sub-surface, and subterraneous runoff in the cell, and drainage in the river network
(Muskingum–Cunge or Inertial). A summary of MGB functioning is presented in Figure 3.
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Hydrological (precipitation and stream flow) and climatological data (temperature,
relative humidity, wind speed, atmospheric pressure and solar radiation) are required
to calibrate the model [7,30]. In total, 159 rainfall stations, 3 fluviometric stations, and
11 meteorological stations were used [31,32] to collect data. The inflows in the Três Marias
reservoir were obtained from the Operador Nacional do Sistema Elétrico—ONS (National
Electric System Operator) database [33].

2.3. Climate Model

The Eta model is a regional atmospheric numerical model that covers most of South
America and Central America. Currently, it has a horizontal resolution of 20 km and
38 vertical layers [34]. In its most recent revision, the Eta was adapted for climate change
studies and was applied in the Third National Communication of Brazil to the United
Nations Framework Convention on Climate Change (UNFCCC). This study used the
scenarios generated by the Eta as presented in the studies conducted by Chou et al. [34,35],
which downscaled the MIROC5 and HadGEM2-ES models. The projections were made
available by the Center for Weather Forecasting and Climate Studies of the National
Institute for Space Research (CPTEC/INPE) for the periods Present (1961–1990), FUT1
(2011–2040), FUT2 2041–2070), and FUT3 (2071–2100), for the RCP4.5 and RCP8.5 scenarios
(IPCC-AR5). According to [34,35], the MIROC5 and HADGEM2 models were chosen
because they accurately represent the South American climate when compared to another
climate models, and their projections are representative of the variability presented in the
IPCC models for South America. Furthermore, the downscaling conducted by [34,35] is the
most extensive high-resolution climate change simulation undertaken for Brazil, and it has
been used for impact analyses in different economic sectors of the country.

Bias correction for the climatological variables used as input data in the hydrological
projections was applied to avoid creating non-real stream flows. The delta-change method-
ology was used to remove climatic variable bias [36], and the quantile–quantile mapping
methodology was used for precipitation [37].

2.4. Stream Flow Projections

The hydrological model assimilated projections for future stream flows after calibrating
and verifying the hydrological model and removing the climatic projection biases. First,
we simulated the Present period (1961–1990) to evaluate the performance of the Eta model
variations (MIROC5 and HadGEM2-ES) in comparison with observed data. Subsequently,
simulations were performed for the three future periods (FUT1, FUT2, and FUT3) for
both variations of the regional climate model to the two emission scenarios (RCP 4.5 and
RCP 8.5).

2.5. Determining the Impacts on Hydroelectric Generation

Simulations were performed based on the daily water balance of the reservoir to de-
termine the power generated by the Três Marias HPP from the reservoir inflow projections
(Equation (1)).

Vt+1 = Vt +

(
Qin f ∆t × 3600× 24

106

)
+

(
P∆t

1000× At

)
−

(
E∆t

1000× At

)
−

(
Qturb∆t × 3600× 24

106

)
(1)

where subscribe ∆t is daily time interval; Vt+1 [hm3] is the storage volume of the reservoir
at the end of the day; Vt [hm3] is the storage volume of the reservoir at the beginning of
the day; Qinf∆t [m3/s] is the average inflow in the reservoir; P∆t [mm] is the direct total
precipitation on the reservoir; At [km2] is the flooded area of the reservoir; E∆t [mm] is the
total evaporation of the reservoir; and Qturb∆t [m3/s] is the average turbine flow.

The main constraints considered for Equation (1) are:{
Vmin ≤ Vt+1 ≤ Vmax; (a)

0 ≤ Qturb∆t ≤ Qturbmax; (b)
(2)
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where Equation (2a) represents the constraint for reservoir volume, bounded between a
minimum Vmin (4250 hm3) and a maximum storage Vmax (19,528 hm3), and Equation (2b)
are limits to the value of turbined water discharge (Qturbmax = 924 m3/s).

Volumes above the maximum level are discharged by the spillways of the power plant.
A linear relationship between the maximum and minimum volumes of the reservoir was
considered to determine the turbine flow (Equation (3)a). The turbines use the maximum
inflow capacity at maximum volume. If the reservoir reaches the operational minimum,
or 0% of the useful volume, the turbine inflow will also be zero. This operating rule is
conservative in terms of power generation because it preserves the reservoir volume when
there is a reduction in water availability. In fact, the Três Marias HPP is operated centrally
by the ONS, and depends on the conditions of the entire National Grid.{

Qturb∆t = 39.6567.h∆t − 21, 779.4335; (a)
hmin ≤ h∆t ≤ hmax; (b)

(3)

where Equation (3b) represents the constraint for reservoir water level, h∆t [m] is the
reservoir water elevation at the time interval, and hmin [m] and hmax [m] are minimum and
maximum reservoir water elevation.

The reservoir evaporation was determined using data from local meteorological sta-
tions and the Penman equation [38]. The flooded area of the reservoir (At) is function of
reservoir water elevation (h), which is a function of reservoir storage volume (V), according
with Table 1. And finally, from Qturb, the power generated by the Três Marias HPP was
determined (Equation (4)):

P∆t = H∆tQtutb∆tk (4)

where H [m] is the hydraulic head, taken from the difference between the upstream and
downstream reservoir level (515.7 m) [39]. K is the average specific productivity of turbine-
generator set, which was 0.008564 (MW.s/m4) [39].

Table 1. Characteristic curves of the Três Marias reservoir. Source: [40].

Water Level (m) Area (km2) Volume Storage (hm3)

549.2 315.75 4250

549.96 416.92 6300

556.9 593.42 10100

562.86 788.38 14500

572.5 1009.32 19528

3. Results and Discussion
3.1. Hydrological Model Calibration

The MGB-IPH model was calibrated based on comparisons between the observed and
calculated hydrograms, and on three performance measures: the Nash–Sutcliffe Efficiency
(NSE), the Nash–Sutcliffe Efficiency for logarithms of stream flows (NSELog), and the
Percent Bias (PBIAS) [7,30,41]. Calibration was performed for the four sub-basins presented
in the methodology for the period between 1970 and 1979 (Table 2). It should be noted
that all values obtained represent a very good fit for the model, considering NSE and
NSELog [41] in calibration and verification periods. Only PBIAS indicated performance
reductions for the verification period, but even in the worst case (Velho da Taipa station) it
can still be considered satisfactory [41]. In the verification phase of the model performed
for the period between 1990 and 1999 (Table 2), one can see that the model continued to
present good results, although there were slight increases in volume errors. The verification
between 1990 and 1999 was adopted because these years are outside the Present period,
used for analysis of the projections. In addition, this is a similar period in terms of average
flows, intra-annual variability, and withdrawals of water for human activities.
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Table 2. Performance measures obtained in the calibration (1970 to 1979) and verification (1990
to 1999).

Sub-Basin Gauging Station River
Calibration Verification

NSE NSELOG ∆V (%) NS NSLOG ∆V (%)

01 Porto das Andorinhas São Francisco 0.878 0.928 5.830 0.817 0.925 11.688

02 Velho da Taipa Pará 0.808 0.772 5.477 0.810 0.770 16.742

03 Ponte da Taquara Paraopeba 0.869 0.891 5.321 0.814 0.825 −2.929

04 Três Marias HPP São Francisco 0.826 0.822 3.390 0.858 0.872 12.050

The results of MGB-IPH model calibration and verification are presented in Figure 4,
for Três Marias HPP. It is possible to observe that the performance of the model is very
similar in both periods. It is noted that in some years of the verification phase there is an
overestimation in the flows of the periods of low flows, such as in 1990, 1996, 1999, and
2000. These differences explain the increase in the values of ∆V between the calibration
and the variation and can be linked to increased water diversion for different purposes.
The São Francisco River basin has intense water use in many of its regions, highlighting
consumption for human supply and irrigation [42–45]. In particular, in relation to irrigation,
there has been a significant growth over the last two decades, and it is estimated that there
will still be a significant increasing in consumption until 2030 [44].
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There is a long historical record of drought occurrences in the São Francisco River
basin. The most recent was registered between the years 2012 and 2018, standing out
for being one of the longest and most intense drought periods in the basin [46]. For
this reason, the performance of the MGB-IPH model was also assessed for this period
of years. This assessment is particularly important since projections of climate models
indicate occurrences of similar conditions in the periods of the future. Figure 5a shows
the result for Três Marias HPP. The hydrological model overestimates stream flows in
almost every year. However, in the sub-basin corresponding to the Porto das Andorinhas
station, this overestimation does not occur (Figure 5b). The most likely explanation for
this difference is that in the basin upstream of Porto das Andorinhas there is no significant
water consumption. In the case of the other sub-basins, there is the consumption of water
by the metropolitan region of Belo Horizonte (more than 2.5 million inhabitants) and
extensive areas of irrigated agriculture implemented in the last 20 years. As the MGB-IPH
model was calibrated for a period when irrigation was insignificant and the population
was smaller, the result is an overestimation of flows in recent years. But despite this, the
model responded very satisfactorily to this period with much below average rainfall, which
is quite similar to the projections generated by the climate models.
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Despite the importance of water withdrawals in the water availability of the basin,
which may impact energy generation, these withdrawals were not considered in the sim-
ulations of future periods. Reliable projections of water demand in Brazilian basins are
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only available until 2030 [44], and do not consider possible changes in climate. Thus, it
should be considered that the results obtained by this study, regarding the impacts on
energy generation, should be more intense due to the consumption of water for other uses.

3.2. Projection of Stream Flows

First, simulations were carried out for the Present (1961–1990) period to verify the
behavior of the simulated stream flows when the MGB-IPH model assimilates the projec-
tions of the climatic models after bias correction. In Figure 6a, it is possible to observe
that both models, Eta-MIROC5 and Eta-HadGEM2-ES, adequately simulated the seasonal-
ity of the basin. The blue line represents the flows generated from the simulation of the
MGB-IPH model with the rainfall observed in the basin. It appears that this simulation is
close to the observed values, but in the months of higher flow there is an underestimation
(Figure 6a). The simulations with the precipitation of the climate models show overesti-
mates in the months from January to May. This occurs even after bias corrections, due to
the non-linearity of the processes of transforming rain into flow. That is, the differences in
relation to the observed precipitation are amplified in the simulated flows. However, these
overestimations do not interfere with the projection’s evaluations, since the flows of the
future periods are not compared with the observed flows of the present period.
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Figure 7b shows the duration curve of the observed and simulated stream flows. One
can see that the projections of both models tend to overestimate the maximum stream flows
and to underestimate the minimum stream flows. However, the Eta-HadGEM2-ES model
shows differences between calculated and observed stream flows that were much more
expressive than the Eta-MIROC5 model, about 45% for higher stream flows, and −58% for
lower stream flows, against 18.5% and −13.3%, respectively, in the Eta-MIROC5 model.
We may, therefore, conclude that the Eta-MIROC5 model better represents the climatic
conditions in the Três Marias HPP basin for the analyzed period.
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Figure 7 shows the variation of the reference stream flows Q95% and Q50% (stream
flows that occurred 95% and 50% of the time) for future periods relative to the Present
period, for both climate models and both emissions scenarios. Graph (a) shows significant
reductions of the most frequent stream flows in future periods relative to the Present period.
The Eta-HadGEM2-ES model showed reduced stream flows somewhat more significantly
than the Eta-MIROC5 model, relative to the Present period. When focusing on the final
value, the Eta-HadGEM2-ES model had even more expressive and pessimistic results. The
50% (b) stream low was reduced in both models; however, they were much less pessimistic
in the Eta-MIROC5 when compared to Q95%. The simulations of the Eta-HadGEM2-ES
model continue to be more pessimistic than those of other models. There was a reduction
from 400 m3/s, in the Present period, to just over 75 m3/s, in the period between 2071 and
2100 for the RCP8.5 scenario. We can see in both graphs that the Eta-HadGEM2-ES model
more clearly shows the differences in the projections for the different emission scenarios
(RCP4.5 and RCP8.5). It is important to remember that simulations for the Present period
have shown that both models tend to underestimate more frequent stream flows, which
may result in the model predicting more pessimistic values.

The presented results are expressively pessimistic for the Três Marias HPP sub-basin,
with Q95% stream flow reductions above than 50% in most projections. Q50% reductions
ranged from 18 to 49% for Eta-MIROC5 and from 48.5 to 81% for the Eta-HadGEM2-ES
model. Hydroelectric generation at the Três Marias power plant may suffer significant
impacts, that will not only affect its individual generation but also that of the entire National
Grid, if these projections become reality in the future.

When analyzing recent observed reservoir inflow data at the Três Marias HPP, it is
possible to observe a significant change in average inflows when comparing the 1999–2011
period to the 2011–2017 period, for example. The average inflow rate decreased from
630 m3/s to 395m3/s, approximately 40%, preliminarily confirming the results of sev-
eral studies related to the impacts of climate change on water resources, indicating that
historical hydrological series data may not be representative of real future scenarios. In
other words, policy makers in the Brazilian electricity sector need to be very careful
when considering stationary stream flow time series data in planning and operating water
infrastructures [47,48]. The results presented here, as well as in other studies, show that it
is important to develop methodologies to consider the possible effects of climate change on
planning and operational policy within the Brazilian electrical sector.

3.3. Impacts on Power Generation

The ability of the adopted operating model to accurately project power generation
levels at the Três Marias plant was assessed. Due to the unavailability of measured genera-
tion data for the period from 1961 to 1990, data from the period 1999 to 2009 were used.
Figure 8 presents the results in terms of the average annual power generation when the
initial condition of the reservoir was 87% (Figure 8a) and when operating at 78% capacity
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(Figure 8b). It should be noted that the adopted operating rule can reproduce historical
power generation, but it is sensitive to the initial condition of the reservoir. The results
in Figure 8 show that the operating rule is conservative and maintains reservoir volumes.
Thus, the initial 100% volume of the reservoir capacity was adopted for all simulations.
This study did not seek to reproduce the actual operation of the plant, given the complexity
of the Brazilian electrical system. It is possible to reproduce the generation of energy from
the present period, based on the history of turbine flows, but the same cannot be performed
for the future period. Therefore, a simple linear model was adopted, considering that is
capable of generate results that are consistent with the actual outputs of the plant and,
mainly, because this operation model can be reproduced in future periods.
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The power generated by the Três Marias HPP was determined for the periods under
analysis by taking the stream flow projections from the previous analysis. Figure 9 shows
average power generation for future periods relative to the Present period. There was a
tendency towards similar stream flows, and therefore, there were reductions in generation.
It is important to note that average power reductions were greater than reductions in
stream flows. This is mainly due to the reservoir, which facilitates a planned dispatch to
control the potency dependent turbine inflow—which in turn depends on the reservoir
volume/water level, operational decisions, maximum turbine discharge, etc.—and not
just from the inflow. The results clearly show that the Eta-HadGEM2-ES model was the
most pessimistic and showed reductions above 30% in both scenarios. I worst case is for
FUT3 in scenario RCP8.5, with 60% reduction on average power generation, corresponding
to almost 100 MW. The Eta-MIROC5 model is less pessimistic, as most variations were
between −7% and −20%.
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The duration curves of power generation for both models and scenarios are presented
in Figure 10. It is possible to observe a reduction in time duration that the plant operates
on maximum capacity (450MW). The greatest reductions is indicated for scenario RCP8.5
with HadGEM2-ES model. Furthermore, energy generation in future scenarios will also be
reduced for all values of the duration curve, increasing turbines downtime and operation
at lower reservoir levels.
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(d) Eta-HadGEM2-ES→ RCP8.4. Discussion.

When comparing Figure 10a,b, is possible to see that the projections of the Eta-MIROC5
model for RCP8.5 indicate greater reductions than RCP4.5. For example, the average power
generation for the Present period of Eta-MIROC5 model is 278 MW, than the duration time
of this power production will decrease from about 45% in the Present to duration values
between 30% and 40% in future periods of RCP4.5. In case of RCP8.5, this reduction of
duration time is more pronounced, decreasing to less than 35% in periods FUT1 and FUT2,
and 18% in FUT3.

For Eta-HadGEM2-EI, it is possible to observe that reductions in scenario RCP4.5
Figure 10c were similar to the projections given by the Eta-MIROC5 model for RCP8.5
(Figure 10b). Considering Eta-HadGEM2-ES the average power generation in the Present
period is 242.8 MW with a 48% duration time. This duration time is reduced to below
31% in scenario RCP4.5 for all future periods (Figure 10c). For RCP8.5 (Figure 10d) the
reductions are for about 24% duration time for periods FUT1 and FUT2, and for FUT3 it
reached only 11%. More information about the power simulations considered in this study
are available in the Supplementary Materials.
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The results found in this work are in line with assessments from other studies on the
impact of climate change on hydroelectric plants in Brazil. Simulations with projections
from the Coupled Model Intercomparison Project Phase 3 (CMIP3) showed that the flows
of the main rivers of the north, southeast/mid-west and northeast subsystems show a
tendency to reduce in the future, while for the south region, the estimates are for an
increase [5]. As a result, the average energy generated by the set of hydroelectric plants in
the National Interconnected System—SIN—can reduce by up to 30% [5]. Similar results
were obtained with simulations of climate projections from CMIP5 [48], also for the SIN,
with most models indicating trends towards reductions in flows and a consequent drop
in energy generated. When individual plants are analyzed, reduction trends exceed 50%
in many cases [5,48]. Even with the existing interconnection in the generation system,
where a drop in generation in one region can be compensated by an increase in another, the
estimated reduction is quite significant. Furthermore, the recent episode of intense drought,
as in the period from 2012 to 2021 [49,50], which affected the southeast, center-west and
northeast regions, may have been a sign that the trends estimated in the projections are
already happening.

Although the results of many models agree in relation to the impacts of climate change
on hydroelectric generation in Brazil [5,48], it is necessary to consider that the uncertainties
in climate projections are high. Such uncertainties are present throughout the chain of
models used in the process of generating flow projections. In hydrological models, for
example, calibration is a fundamental step and must be planned according to the impact you
want to evaluate. In the case of analyzing future trends in extreme values, for example, the
model can be adjusted to better represent the probability curve of extremes [51], maximum
or minimum. Basins with scarce data also need a specific approach [52], although there are
few studies with proposals for these cases. In the case of energy assessment, as in this study,
the traditional approach [41] produces good results [5,48) and is not the main source of
uncertainty in projections. The biggest uncertainties still lie in the results of climate models,
which often present large discrepancies between different models [53]. Therefore, the use
of different models and scenarios is always recommended in any assessment of climate
change impacts. On the other hand, decision makers must know that uncertainties are
part of the process of evaluating the impacts of climate change, and this knowledge will
help them for properly use of the results in their planning actions. This type of study is
important for experimenting with and verifying methodologies that can aid in planning
operations in the energy sector in the long term. This is especially true since these results
do away with the premise currently held by the sector, which is that hydrological series
data are stationary [8,17].

Changing stream flows due to climate change not only affect electric energy generation
but also other water uses, both upstream and downstream of the reservoir. These other
water uses may include navigation, fish farming, irrigation, flood control, water supply, and
recreation. Operational policy for the reservoir should factor in how climate change will
affect other users of water resources. Conflicts between multiple uses, especially between
energy power generation and other used, are already present in the Três Marias HPP region.
This further reinforces the need for joint planning water resources in the energy sector.
Furthermore, large-scale climate and hydrological models generally do not include the
simulation of hydraulic structures and the different uses of water [54], which interfere
with the behavior of flows. Therefore, this is also a source of uncertainty in climate change
projections, which can be important in many cases [55,56], making it necessary to develop
strategies to incorporate the human system-of-system impact into hydrological models [57].

Power plants with large capacity regulated reservoirs that are also members of the
SIN, as is the case with the Três Marias HPP, are less vulnerable to climate change, when
compared to run of the river hydropower. However, the Brazilian electricity sector has given
preference to run of the river hydropower in light of its lower impact on the environmental.
However, when factoring in energy stability in Brazil, power plants with reservoirs can
bring about benefits and should be reconsidered [6–8,17,48]. The UHE is operated and
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controlled by the centralized ONS because it is a member of the SIN. The results simulated
in this study consider isolated and conservative operation, and the impacts found here may
be more pessimistic than the whole system would actually be.

4. Conclusions

The results presented in this study showed that projections for future periods indicate
reductions in stream flows for both of the regional climate models studied, and consequently
indicate reductions in power generation at the Três Marias HPP. The most pessimistic model
was the Eta-HadGEM2-ES; however, Eta-MIROC5 more adequately reflected the basin’s
actual climatic conditions in the Present period analysis. Reductions were found for both
analyzed reference stream flows (Q95% and Q50%) and were more accentuated in less
frequent stream flows. The reduction in Q95% stream flows was more than 50% for most
projections in both models. The reductions varied between 18 and 49% for Eta-MIROC5 and
between 48.5 and 81% for Eta-HadGEM2-ES for Q50%. In general, reductions were greater
for RCP8.5 (which was the most pessimistic) and tended to worsen over time. The FUT3
period had the most pronounced reductions. Average power reductions followed the same
tendency as stream flows. However, variations were less expressive. This was expected,
since power does not depend only on inflows. The lowest average power reduction was
7.4% in the Eta-MIROC5 model, and the highest was 36.1%. The lowest reduction was 34.6%
for Eta-HadGEM2-ES, reaching 63.4% in the most extreme case. Both models presented
moderate projections for RCP4.5 and more severe projections for RCP8.5. In it is important
to remember when interpreting the results that the Três Marias HPP has some advantages
with respect to vulnerability to climate change. One advantage is that it is a member of the
National Grid and has a high capacity regulated reservoir.

The Brazilian electricity sectIr is highly dependent on water availability, and may
suffer considerable impacts in energy production due to climate change if the simulated
results actually materialize in the future. It is important reassert that there is no way to
guarantee the accuracy of the projections, mainly due to the uncertainties relating to the
modeling process. The models and data used were sufficiently robust to guarantee the
reliability of the results, but the intention of this study is not to exact determination upon
future stream flows and power production, but rather to highlight trends that may aid in
policy making for the energy sector. One main conclusion that can be drawn from this
study is that the stationary premise for analysis may not be adequate in providing reliable
projections of future stream flows. This premise has, up until now, been adopted in both
planning and designing hydropower facilities in the Brazilian electricity sector and in many
other sectors dependent on water resources. Hydroclimatic modeling is vitally important to
planning and policy making in these sectors. A projection system could anticipate variables
that may influence possible climate change scenarios, aiding in the decision-making process
and helping mitigate and adapt to climate change.
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