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Abstract: The current study aims to conduct a comprehensive analysis of the key parameters that
affect the energy output of the Bagisli Hydropower Plant, located on the Zap River in the Dicle (Tigris)
basin of Turkey. It considers the daily data for the time interval of 20162019 related to flow rate,
precipitation, and temperature in relation to the generation of electricity. The relationship between
energy output and flow rate is evident; however, the energy production is limited by the design
flow rate. The largest flow rates were seen during the spring season after the occurrence of peak
precipitation, which exhibited a shifting pattern. Similarly, energy generation also reaches its highest
level during this time period. Another outcome of this study is that there is no apparent association
between daily precipitation and daily energy generation. Moreover, a novel correlation with an R?
value of 0.89 has been proposed, in the deviation band of £20%, to estimate energy generation when
only flow rate data are available.
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1. Introduction

The expansion of both the population and industrial sectors has led to a significant
surge in worldwide energy consumption. Hydropower stands out as the predominant
renewable energy source, constituting a significant proportion of the entire renewable
energy portfolio, with a commanding share of 83.6% [1]. The growing interest in hy-
dropower development may be attributed to many factors, including reduced emissions of
carbon dioxide and other gases, increased efficiency, enhanced operational flexibility, lower
operating and maintenance costs, and potential economic benefits [1,2]. The generation
of electricity from hydropower facilities is subject to the effect of several characteristics
and circumstances, including the particular design and geographical placement of the
plant. Water flow rate or discharge is one of the main effective parameters that directly
affects energy generation. The “head” is another key factor that directly influences the
magnitude of gravitational potential energy, determining the amount that can be harnessed
and transformed into electrical energy. Turbine and generator efficiencies, reservoir size,
seasonal and weather variations, ecological flow requirements, maintenance, sedimenta-
tion, etc., are also effective parameters in energy generation from a hydropower plant. The
optimization of these parameters has significant importance in the context of optimizing
the energy output and efficiency of hydropower facilities, while simultaneously limiting
their environmental effect [3]. Furthermore, the selection of hydropower technology, such
as run-of-river or reservoir types, has a substantial impact on energy generation and the
adaptability of the system.

Energy generation from hydropower plants is significantly influenced by seasonal
variations, with the impact depending on the geographical placement and structural char-
acteristics of the hydropower installation, potentially having a substantial effect on water
resources [4,5] including the hydrological regime of the basin [6-9]. Seasonal fluctuations
may directly impact hydropower output via many processes, including alterations in pre-
cipitation, river flow changes, evaporation changes, sedimentation, and dam safety [10,11].
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For instance, energy generation from hydropower plants can be affected by variations in
the pattern of precipitation [12-14]. Besides the precipitation pattern, availability of water
sources, hydrological cycle, air temperature, and river discharge (flow) also have significant
impacts on energy generation [15,16]. The rise in the strength and occurrence of severe
weather phenomena might potentially have negative consequences on hydropower systems
and heighten the hazards linked to crucial circumstances for energy generation [17].

The cost-effectiveness, lower emissions, and rapid response to peak demands make
hydroelectricity a beneficial energy generation method. Consequently, much emphasis is
being placed on the examination of the consequences of the aforementioned parameters
on hydropower plants. Numerous investigations have analyzed the effects of climatic
fluctuations on various regions [18-22], specifically focusing on increased temperatures,
higher evaporation rates, changes in annual precipitation patterns, changes in mean flows,
and alterations in river regimes resulting in reduced runoff [23-25]. A recent study on
the examination of the impact of seasonal variations on the capacity for the generation of
power from photovoltaic solar and hydropower plants in Brazil has been conducted by
Medeiros et al. [26]. The analysis of trends indicates that there was a yearly rise of 3.43 mm
in total rainfall at the plant site during the studied period. However, there was a cor-
responding drop in electricity output of 3.23 MWh per year due to the prioritization
of water use for human consumption and irrigation reasons. It is concluded that the
incorporation of climatic patterns into energy system planning is crucial, since the unpre-
dictability of the climate may cause significant swings in the generation of renewable power.
Ceribasi et al. [27] performed an investigation on the effects of variations in several cli-
matic parameters including the precipitation, temperature, and humidity on the power
generation from hydropower plants located in Turkey named Dogancay I and II. According
to their study, which uses a new trend analysis method, it is revealed that precipitation,
temperature, and humidity have significant effects on energy generation. Yu et al. [28]
present a methodology for examining the effects of climate alterations on reservoir inflows
and the hydropower plants in the Dajia River located in Taiwan. It was found that the
potential increase in temperature, which results in an elevated demand for electricity in
the summer season, could potentially affect the stability of the electricity supply due to
the reduction in the generation of hydropower. As generally known, changes in precip-
itation have a crucial role in determining the magnitude of variations in flow rate and
hydropower output; Wagner et al. [29] reveal the degree of possible effects of precipitation
on hydropower generation. A study conducted by Mohor et al. [30] aimed to assess the
effects of climate forecasts on the hydrological regime of the Tapajos Basin in the Amazon.
An analysis was conducted to examine the effects of these alterations on the anticipated
operation of a hydropower plant. The majority of predictions indicated a decline in basin
discharge as a consequence of precipitation variations. In the forecasted scenarios, there
was evidence to suggest that the yearly hydrological cycle is seeing an increase in the
length of low discharges. The findings presented in the study are linked to an extended
duration of the dry season, as predicted by the climate projections. Another projection
study was performed by Markoff and Cullen [31] and revealed that the energy generation
from hydropower plants decreases in nearly all projections. Besides the aforementioned
studies, there are various studies on the determination of the effects on hydropower energy
generation due to seasonal variabilities. For instance, while Novitasari et al. [32] examined
the influence of climate change and land use on energy generation, Yulistiyanto et al. [33]
studied the effect of flow discharge on energy generation.

As summarized, hydropower emerges as the prevailing renewable energy source,
comprising a substantial share of the overall renewable energy portfolio. The generation of
energy from hydropower plants is influenced by several factors and conditions, such as the
specific design and geographical location of the plant, in addition to seasonal variations.
The present study undertook a thorough examination of the important factors that influence
the energy generation of a selected hydroelectric facility, known as the Bagisli Hydropower
Plant, which is situated on the Zap River within the Dicle basin in Turkey, considering
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the daily data for the time interval of 2016-2019 related to flow rate, precipitation, and
temperature in relation to the generation of electricity. Apart from relevant literature, as
partly summarized before, this study comprehensively analyzes the mentioned effective
parameters using long-term daily data to enhance the efficiency of hydropower facilities
and guarantee a reliable and adequate energy supply throughout the year. Furthermore, to
the best of the author’s knowledge, there is no equation composed of flow rate parameters
to determine the energy generation in the case of the availability of only flow rate data,
while the present study proposes a correlation with acceptable accuracy.

2. Materials and Methods
Characterization of Studied Area

The hydropower plant being investigated is the Bagisli Regulator and Hydropower
Plant (HPP), referred to hereafter as Bagisli HPP, situated on the Zap River. It operates as
a run-of-river (RoR)-type hydropower plant. The length of the river is nearly 200 km (in
Turkey) and the basin area of the river and its tributaries spans around 26,325 km?, with
35% of the catchment being within the territorial boundaries of Turkey, while the other part
is situated in Northern Iraq [34]. The Dicle basin, which contains the Zap River, is located
in the southeast of Turkey, as shown in Figure 1, and is one of the twenty-six basins. The
yearly mean flow rate of Dicle Basin is 21.3 km® and with Firat Basin, the two basins share
28.5% of all flows in Turkey [35]. The Zap River feeds the Dicle (Tigris) River with a mean
yearly flow volume of 292 m3/s.

(Intake)

, fBagiin >

Figure 1. Location of Dicle (Tigris) Basin, Zap River, and Bagisli HPP.

Bagisli HPP, which is located in Hakkari Province, was commissioned in 2009. The
exact location of the HPP is within 37°42/49"-37°43/55" northern latitudes and 44°03'17"-
44°05'09" east longitudes. The rain area is approximately 2889 km?. The installed capacity
of the HPP is 30 MW and its estimated energy generation is 100 GWh/year [36]. The project
area is mainly composed of a regulator that stores and regulates the water, transmission
tunnels, penstock, and power house. Figure 2 illustrates the locations of the stream gauging
station numbered 2621 and the length of the transmission tunnels. While the distance
between the gauging station and the regulator is 3 km, the distance between the regulator
and the power house is nearly 3.3 km. The stored water in the regulator is transferred via a
transmission tunnel along the 3.3 km.
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Figure 2. Orientation of main components of power plant and stream gauging station.

The design flow and mean flow, which are given in Table 1 as 31.24 m3/s and
15.16 m3/s, respectively, are determined by the data obtained from 2621 numbered stream
gauging stations. The further technical specifications are summed up in Table 1.

Table 1. Technical specifications of Bagisli HPP.

Location Zap River/Hakkari/Turkey
Installed Capacity 30 MW
Energy Generation [Est.] 100 GWh

Regulator

Transmission Tunnel

Plant Components
Penstock

Power house

Transmission Tunnel 3.3 km

Turbine Type Francis (horizontal) * 3
Turbine Power 10.1 MW (each)
Turbine Efficiency 0.91

Net head 108.3 m

Design Flow 3124 m3/s

Mean Flow 15.16 m3/s

3. Data Collection
3.1. Temperature

The air temperature data of the studied field were obtained from the Turkish State
Meteorological Service [37] for 2016-2019 at the points of 37°47'15” northern latitudes
and 44°07'23" east longitudes. The given official gauging station, which is the nearest
temperature measurement station to the stream gauging station numbered 2621, is 5 km
away from the stream gauging station. Data attained from the indicated official station
represent the general temperature characteristics of the examined area, which consists of a
stream gauging station, regulator (intake), and power house. Figure 3 demonstrates the
daily temperature variation of the given field, including the values of the years between
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2016 and 2019. When the temperature characteristics given in the figure are analyzed, it can
be seen that the studied region has a continental climate. For the specified time interval, the
highest and lowest recorded temperatures are 26.8 °C and —22 °C, respectively. In general,
it can be seen that the temperatures of the area are below 0 °C for the months of December,
January, and February, in the interval of —22 °C-0 °C, which have the lowest recorded
temperatures throughout the year. On the other hand, at the end of June, July, and August,
the observed temperatures are in the range of 16 °C-26 °C for the given years.
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Figure 3. Temperature characteristics of the studied field.

It can be deduced from Figure 3 that the mean air temperatures of the area in the
summer season, including June, July, and August, are increasing for the successive years
studied. In 2016, the mean temperature of the summer months was 20.1 °C, while this value
was calculated as 21.06 °C in 2017, 21.25 °C in 2018, and 21.43 °C in 2019. Considering
the years examined, partial increases were observed in the mean temperatures of the
summer months. On the contrary, although there were no significant changes in the mean
temperatures of the winter months consisting of December, January, and February in the
years examined, while the mean temperature of the relevant months was around —6 °C,
this value increased in 2018 and was calculated as —1.8 °C.

3.2. Precipitation

The precipitation data for the examined area were acquired from the Turkish State
Meteorological Service for the period of 2016 to 2019 [22]. The data were collected at
certain geographical coordinates, namely 37°47'15” northern latitudes and 44°07'23" east
longitudes. The gauging station, which is the closest station to the stream gauging station,
is also located at a distance of 5 km from the stream gauging station as the air temperature
measurement station. The distance between the station where precipitation measurements
were obtained and the HPP under examination is approximately 8 km. The data obtained
from the designated official station provide an overview of the precipitation patterns in the
studied region. Figure 4 represents the daily precipitation of the studied area in mm, for
the time range of 2016-2019. The concentration of precipitation occurs mostly throughout
the winter and spring seasons, namely from November to May, accounting for around
90% of the total annual precipitation. The yearly total precipitation ranges from 220 mm to
530 mm, while the monthly mean precipitation varies between 20 mm and 43 mm. Notably,
in the period spanning from 2016 to 2019, 2016 experienced the lowest total precipitation,
whereas 2018 recorded the highest total precipitation. A considerable proportion of the
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yearly precipitation is mostly in the form of rainfall, with the exception of the elevated
areas where snowfall persists, but with lesser significance. The studied location has a high
precipitation season throughout the spring period, with peak precipitation often occurring
in the month of April. In the summer season, which consists of the months of June, July,
and August, the precipitation goes down to its lowest values.
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Figure 4. Precipitation characteristics of studied field.

3.3. Flow Rate

Data from the stream gauging station are used to determine the flow characteristics of
the Zap River, particularly in the studied field. The data pertaining to the analyzed region
were obtained from the General Directorate of State Hydraulic Works [35], covering the
time span from 2016 to 2019. The station, named 2621-Stream Gauging Station, is located at
37°45'34" northern latitudes and 44°03'21"” east longitudes, and is 3 km away from Bagisli
Regulator, as shown in Figure 2. The design flow and mean flow of the Bagisli HPP and
river, which are 31.24 m3/s and 15.16 m3/s, respectively, were also determined with data
obtained from the mentioned gauging station. The gauged water is held in the regulator
and transferred through the transmission tunnel to the penstock and then to the power
house. It should be noted that the given gauge station has a crucial role in the operation of
the power plant and the projection of energy generation.

Figure 5 demonstrates the recorded daily flow rates via the stream gauge station
located in the Zap River, for the range of 2016-2019. The mean flow rates for the given time
interval showed that the minimum and maximum monthly total flow rates were 87 m?®/s
in September 2017 and 1972.8 m3/s in May 2019, respectively. Additionally, the monthly
mean flow rate for four years is 381.2 m?3/s. In terms of the annual mean flow rates, the
lowest value was recorded in 2017 at 315 m3/s, while the highest value was recorded in
2019 at 510 m?/s. The long-term daily mean flow rate is obtained as 11.46 m3/s for the
60 years, while it is 12.53 m?3 /s for the studied time interval. The difference between the two
flow rate values is not significant for the examination of the studied project field. It can be
seen in Figure 6 that from October to the end of February, nearly a constant flow occurred.
The flow rates peak in June and exhibit a steep upward trend starting from March. The
daily average flows declined from the end of June, exhibiting a similar pattern to that seen
between March and June, but in a decreasing form. It may be derived from the figure that
the plots of 2018 and 2019 demonstrate a shifting trend to July according to the other years.
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The possible reason behind this shift may be the changing precipitation characteristics of
the studied field.
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Figure 5. Flow rate characteristics of the Zap River.
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Figure 6. Yearly energy generation of Bagisli HPP.

3.4. Energy Generation

The energy generation characteristics of Bagisli HPP are determined using the hourly
energy generation data obtained from Energy Exchange Istanbul (EXIST), which is an
energy exchange company founded in 2015 and licensed by the Energy Markets Regulatory
Authority (EMRA) of Turkey [38]. Bagisli HPP has been generating energy since 2009, and
the energy generation values for the operated years, within the unavailability of the values
of 2013, are given in Figure 6. The maximum yearly energy generation occurred in 2019 with
98 GWh, while the minimum was in 2012 with 56 GWh. The difference between maximum
and minimum energy generation is 42 GWh, which is 75% higher than the minimum energy
generation value. The mean annual energy output for all years of generation was 74 GWh.
The amount is around 25% less than the estimated total annual energy generation capacity
of 100 GWh, as mentioned in the project file. Upon analyzing the data from 2016 to 2019, it
was determined that the mean annual energy output equaled nearly 84 GWh. The amount
of energy generated closest to the expected energy generation value stated in the project file
was achieved in 2019 and recorded as 98 GWh. The figure shows that energy generation
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from Bagisli HPP exhibited a fluctuating characteristic. The possible reasons behind these
fluctuations may be the freezing of the stored water in the regulator due to the low level,
insufficient rains, maintenance, and the duration of summer seasons.

Figure 7 illustrates the daily energy generation of the hydropower plant for the time
interval of 2016-2019, and it can be seen that energy generation in 2019 surpasses that of the
other years. The daily total energy generation was derived by summing the hourly energy
generation data acquired from Energy Exchange Istanbul (EXIST) [38]. The peak energy
generation of HPP occurred from the end of May to the end of June due to the rains and
melting snow, especially at the top of the mountains. The peak daily energy output reached
an average of 700 MWh, consistently seen in the months of May and June over the whole
study period. Energy generation rose in March and decreased at the end of June. In the
winter season, especially between January and February, there were interruptions caused
by the freezing of stored water in the regulator due to the low level. Similar interruptions
arose between the end of August and October as a result of the inadequate flow rate.
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Figure 7. Daily energy generation of Bagisli HPP for the given years.

4. Results and Discussion

The energy generation of a hydropower plant may be impacted by several factors,
which might vary depending on the specific design and geographical location of the
facility. Hydropower energy generation is mostly affected by seasonal variations, which are
principally driven by alterations in precipitation patterns, temperature fluctuations, and
water availability. Comprehending and effectively controlling the fluctuations in seasons
are vital in order to maximize the efficiency of hydropower facilities and guarantee an
adequate and uniform supply of electricity over the whole of the year. Within the context
mentioned, effective parameters for the energy generation of a selected hydropower plant,
named Bagisli HPP, have been comprehensively investigated based on the daily data related
to flow rate, precipitation, and temperature compared to energy generation.

Figure 8a—d illustrate the variation in monthly total precipitation, flow rate, and energy
generation data, whose sources have been mentioned before, with respect to each other for
the given time interval of 2016-2019. It is clearly seen from the figure that flow rate and
energy generation have a direct relationship in all sub-figures. When the flow rate reaches
its peak level, energy generation also reaches its highest value; thus, the two indicators act
in a similar way. Throughout the analysis, the mean daily energy output in May attained
the peak value of 640 MWh. Similarly, while analyzing the daily mean flow, it was found
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that the maximum value of the daily mean flow recorded in May was 47 m3/s. When
analyzing the energy generation data and flow rates in unit days, the energy generated in
2016 was 230 MWh/day with a daily mean flow rate of 12.8 m3/s. In 2017, the values were
190 MWh/day and 10.5 m3/s, in 2018 they were 226 MWh/day and 11.4 m3/s, and in 2019
they were 272 MWh/day and 17.1 m3/s. The findings clearly demonstrate that variations
in mean daily flow values directly impact energy generation values. However, in some
months of the given years, although there was flow in the river, no energy was generated,
especially in extremely cold months. This outcome may arise from the freezing of the water

in the regulator due to its low level.
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Figure 8. Variation in monthly energy generation, flow rate, and precipitation for the given years,
(a) 2016, (b) 2017, (c) 2018, and (d) 2019.

Generally, it is known that the link between precipitation and river flow rate (dis-
charge) is of utmost importance in the context of hydropower generation since it directly
impacts the accessibility of water that augments the total resources for the purpose of
power generation. Figure 8a—d show the variation in monthly flow rate that occurred
in the stream gauging station on Zap River, which passes through the Bagisli HPP, with
respect to monthly precipitation data. It can be deduced from the figure that a relationship
between precipitation and flow rate occurs in the spring season consisting of the months
of March, April, May, and June, especially in Figure 8b—d. In the given figures, firstly, the
precipitation rate increases and has a peak level, and then the flow rate increases and has a
peak, due to the shifting data of precipitation for the mentioned months. When the total
monthly precipitation changes by year are analyzed, it can be seen that the peak values in
precipitation are obtained in the spring months. However, in Figure 8d, the monthly mean
precipitation value in January differs from other years. Prior to the peak value observed
between March and April, high precipitation was also observed in January, but it returned
to seasonal averages in February. Due to the continental climate of the region, precipitation
between December and February is generally in the form of snow. In the relevant months,
daily air temperature averages vary between —2 °C and —8 °C. The instantaneous effect
of precipitation in the form of snow on the flow rate may be more limited compared to
rainfall. The daily mean precipitation, defined as the amount of precipitation each day,
ranges from 0.6 mm/day to 1.5 mm/day. The daily mean unit flow rate ranges from
10.5 m3/s to 17.1 m3/s. When examining the mean daily precipitation values during the
spring season (March to May), the data show that it was 1.5 mm in 2016, 2.0 mm in 2017,
2.5 mm in 2018, and it was also 2.5 mm in 2019. Additionally, the mean daily flow rates
for the same time periods were recorded as 31.4 m3/s,26.1 m3/s,32.5m3/s, and 41 m?/s,
respectively. Upon analysis of the data, it is evident that the unit flow rate has a positive
correlation with mean daily precipitation, with the exception of the year 2016. When the
unit daily energy generation values for the same monthly periods are compared, it can be
seen that 28.9 MWh units of daily energy generation were obtained in 2016, 23.3 MWh in
2017, 30 MWh in 2018, and 38 MWh in 2019. The effect of the change in the actual unit daily
flow and precipitation values is seen in the unit daily energy generation, except for 2016.

Figure 8a—d show the characteristics of monthly total energy generation, flow, and
precipitation values for the years analyzed. Monthly total flow and energy generation
values have formed a distinct profile with little variation over the years. In this profile,
flow rate and energy generation values increase in spring, while they show a decreasing
trend in the rest of the year. On the other hand, although the profile formed by the monthly
total precipitation amounts varies according to the years, it generally forms peaks in the
spring and autumn months. It can be seen that the peaks in the spring months contribute to
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energy generation, while the peaks in the autumn months do not contribute significantly to
energy generation. For example, in Figure 8a—c, while precipitation increases in the summer
and autumn, the flow rate stays constant. This may result from the high evaporation rate
in the summer and autumn seasons, which are the driest times of the year. Also, energy
generation from the hydropower plant for the given time period shows an unchanging
trend. Additionally, Figure 8a acts differently from other related figures. The peak of
precipitation occurred before the flow rate peak, but it had a lower-level peak before the
flow rate peak. The lower peak of precipitation may have supplied enough water for the
river flow rate.

In essence, the correlation between precipitation and river flow rate has significant
importance in the functioning of hydropower facilities. Comprehending and effectively
overseeing this association is important in order to maximize energy generation and
guarantee the long-term viability of hydropower energy.

4.1. Energy Generation vs. Temperature

The hydrological cycle is subject to the effect of air temperature, which has a direct
impact on the overall water availability within rivers and reservoirs. High or extremely
cold temperatures have the potential to induce alterations in precipitation patterns, increase
evaporation rates, especially at high temperatures, and alter the timing of snow melting.
The alterations have the ability to influence the magnitude and distribution of water
discharge, which has a direct impact on the capacity of hydropower facilities to generate
energy. Figure 9a—d show the variation in energy generation compared to air temperature
for the mentioned years, using daily data. From the outcomes of the comparison of
energy generation and temperature data, the adverse effects of air temperature on energy
generation can be classified into two categories: effects at high temperatures and effects
at extremely low temperatures. The air temperature of the studied area varies between
—22 °C and 26.8 °C. The boundaries of the given temperature interval consist of the highest
value in 2018 and the lowest value in 2016. It can be seen from the figure that in the winter
season, the cold temperatures were recorded in the range of —10 °C and —20 °C, except for
the year 2018. Figure 8a—d display the monthly total energy generation, and it is evident
that energy generation throughout the winter months, particularly in January and February,
was at its lowest levels, comparable to August and September. A circumstance that is quite
similar to the one that is shown in Figure 8a—d, which depict monthly energy generations,
can be seen in Figure 9a—d, which depict daily energy generations and air temperatures
with respect to each other. Figure 9a—d demonstrate that there is no energy generation in
the extremely cold (<—20 °C) temperature range. Furthermore, the daily energy output
reaches its lowest level when the temperature falls between 0 °C and —20 °C. The cause
of this outcome is the solidification of the water contained in the regulator and river bed
as a consequence of the reduced water level. Moreover, based on the mean temperatures
recorded in December, January, and February, the lowest mean temperature was —6.9 °C in
2017, while the highest mean temperature for these months occurred in 2018 at —1.8 °C.
The lowest energy output recorded for December, January, and February of the relevant
years was 862 MWh in 2017, while the maximum energy generation was 3796 MWh in
2018. It is observed that higher mean winter temperatures lead to increased energy output
during those months.

The energy generation rate increases with the increase in recorded temperature until its
value reaches values around 20 °C, and it can be seen that the maximum energy generation
occurs in the temperature interval of 5 °C-20 °C, and the mentioned recorded warmer air
temperatures also belong to the time period of the spring season. Beyond 20 °C, energy
generation decreases due to two possible reasons: an increase in temperature that results in
high evaporation and a decrease in precipitation during the summer season.



Appl. Sci. 2024, 14, 2069

12 of 20

800
w*
4 .. °s
g 600 ° ..:. - .
5 .- ® g Y 2
400 - *. o®s
e L
[ ] L J
E ° o ° %
200 | A
. R %.
P o L] ®
o P . N— I o we
-30 -20 -10 0 10 20 30
Temperature [°C]
(a
800
e
% °8
_ 600 - ..‘ - .
: .« Nl
5 DL
§ 400 A *. P ]
® LY
[ ]
° °
E ° e %

200 -

%
. m‘
[ J ® hd
° [ ]
o © 0 ®®n cummscememEmED ° eoen
" {
30 20 10 0 10 20 30

(b)

800

600 -

400 - *

Energy Generation [M\H]
[}
o

S

Temperature [°C]

(c)

20 30

800
>
i e o
600 - ...: -
P S L]
.. ® 9 ...z

400 + ‘

Energy Generation [MVH]
[ )
[ ]

Temperature [°C]

(d)

20 30

Figure 9. Alteration in daily energy generation with respect to temperature, (a) 2016, (b) 2017,

(c) 2018, and (d) 2019.



Appl. Sci. 2024, 14, 2069

13 of 20

The provided figures demonstrate a correlation between the energy output of the HPP
and air temperature, indicating that the energy generation of HPPs is directly influenced
by air temperature. Moreover, it is crucial to recognize that the influence of air temperature
on hydroelectric energy generation may vary depending on variables such as geographical
location, type of hydropower system, and local hydrological conditions.

4.2. Energy Generation vs. Precipitation

It is known that the energy generation of hydropower plants is heavily dependent on
precipitation, given that these facilities operate by harnessing the flow of water. Therefore,
the deviations in patterns of precipitation have the potential to induce fluctuations in river
flow. Extensive periods of insufficient precipitation have the potential to diminish river flow,
thereby exerting an influence on the energy generation capacity of hydropower facilities.
On the contrary, substantial precipitation has the potential to enhance river flow, thereby
optimizing the generation of hydropower. Figure 10a—d illustrate the variation in daily
energy generation of Bagisli HPP in contrast with daily precipitation in the studied field for
the given time interval. It should be noted that the given figures have been produced using
the daily precipitation data and daily energy generations, which are the sources of the data
mentioned before. It can be concluded from the figures that the daily precipitation has no
impact on daily energy generation, which means there is no correlation between them. As
can be seen in Figure 10a—d, energy generation can be achieved at a high level even on days
when precipitation is 0 mm. The reason for this situation is that when the monthly total
precipitation characteristics are examined, it takes time for the precipitation to be transmitted
to the power plant as flow rate. As can be seen in Figure 8a—d, the effects of snowfall in winter
and rainfall in spring are observed in the following days and months. In addition, when
Figure 10a—d are analyzed, it can be seen that on some days there is no energy generation
even though there is precipitation. This outcome does not state that precipitation has no
impact on energy generation. Because, as given in Figure 8a,b evaluated before, which
represent the variation in energy generation, flow rate, and precipitation using monthly
mean data, the peak of flow rate occurs with the peak of energy generation after the
peak of precipitation, which means monthly flow rate and energy generation follow the
precipitation that occurred in the studied region. The highest energy generation among
the studied years was attained in 2019, which had the highest precipitation value. This
result clearly shows that precipitation has a direct effect on energy generation through river
flow. Therefore, the unpredictability of precipitation and the possibility of alterations as a
result of seasonal variations may incorporate unpredictability into the energy generation of
hydropower plants over the long term.

4.3. Energy Generation vs. Flow Rate

The functionality of a hydropower facility is influenced by the hydrological circum-
stances of the area, which include variations in flow rates over the course of the seasons.
Thus, the water flow rate occurring in a hydropower plant is a crucial determinant that has
a direct impact on its energy generation. Greater flow rates correspond to a larger quantity
of water being accessible for the purpose of propelling the turbines, leading to an aug-
mentation in the generation of power while ensuring the stability and reliability of energy
generation. Increases or decreases in precipitation may result in significant variations in
the amount of water flow rate and availability for hydropower energy generation.

Figure 11a—-d show the relationship between the daily energy generation at the power
plant and the daily flow rate of the river on which the power plant is located. As can be
seen in the figure, there is a linear relationship between daily flow rate and daily energy
generation, unlike the relationship between daily rainfall and daily energy generation.
This linear relationship continues until the power plant’s design flow level is reached. As
mentioned in the Section “Characterization of Studied Area”, the design flow of the studied
hydropower plant was determined to be 31.24 m3/s, given in Table 1, which means the
maximum energy generation can be produced using this value. The flows that arose in the
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river over the design value were directed to the spillways. In the given Figure 11a-d, at
some points, while the flow rate passes the design flow value, the generated energy does
not reach its highest value. The reason behind this outcome is the maintenance of the whole
system, including turbines. It can also be concluded that, in the presence of low flow rates,
energy generation is also interrupted. In addition, the relationship between the monthly
total energy generation at the power plant and the monthly total flow rate is given in detail

in the section where Figure 8a—d are interpreted.
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Figure 10. Alteration in daily energy generation with respect to precipitation, (a) 2016, (b) 2017,
(c) 2018, and (d) 2019.

4.4. Correlation Development

The generation capacity of a hydropower plant is contingent upon four key factors:
flow rate, overall efficiency, ground acceleration, and net head, which pertains to the vertical
distance that the water falls. The equation of the energy generation of the hydropower
plant is given below [39,40].

P=ypxpxgxQxH (1)

where the given parameters are P, 17, p, g, Q and H, which represent the produced power
[kW], general efficiency, density of water [kg/m?], ground acceleration [m/s?], flow rate
[m3/s], and net head [m], respectively. The values of the mentioned parameters in the
given equation are nearly constant except for flow rate, which changes instantaneously.
According to Linder et al. [41], there is a clear relationship between hydropower energy
generation and stream flow (flow rate) that can be accurately represented using a statistical
model. From this point of view, a novel linear correlation with an R? value of 0.89 has been
produced, given in Equation (2), using the long-term daily flow rate data and daily energy
generation of the investigated hydropower plant. The only variable parameter is flow rate
for the proposed equation, derived by implementing more than 1000 data points, covering
2016-2018, as shown in Figure 12.

It should be noted that the flow rates that exceeded the value of the design flow rate
of 31.24 m?/s have not been taken into account in the derivation of the correlation because
the given design value determines the upper limit of energy generation.

P=221xQ+19 )

where P and Q are the energy generation [kW] and flow rate [m3/s], respectively. In
Figure 13, the obtained energy generation values using the proposed correlation have
been compared with the actual energy generation values of the same power plant for 2019,
and it can be seen that the deviation band of the equation is in the range of +20%. The
proposed correlation, derived using more than 1000 data points of daily flow rates and
energy generation, can be implemented in cases where there are only data on flow rates to
obtain an estimation of energy generation.
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5. Conclusions

The energy generation of hydropower plants may be influenced by several variables,
which can differ according to the particular design and geographical placement of the plant,
including fluctuations that occur during the seasons. The understanding and efficient man-
agement of seasonal variations are crucial for optimizing the performance of hydropower
plants and ensuring a consistent and sufficient energy supply throughout the year. This
study thoroughly examined the key factors influencing the energy generation of a selected
hydroelectric plant, taking into account the daily data pertaining to flow rate, precipitation,
and temperature in relation to energy generation. Furthermore, a novel correlation has
been proposed for the estimation of energy generation in the case of the availability of only
flow rate data.

Based on the comprehensive investigation that was carried out in the current study,
the following deductions can be made:

(a) There exists an apparent relationship between flow rate and energy generation. How-
ever, in the presence of high flow rates that exceed the design flow rate of 31.24 m3/s,
the energy generation of hydropower plants reaches its highest limit.

(b) The peak value of flow rate occurs during the spring season, composed of March-June,
after the existence of the peak value of precipitation, which has a shifting pattern,
and then energy generation likewise attains its maximum value during the same time
interval. However, in the rest of the months, these exhibit distinct behaviors.

(¢) The effect of air temperature variation on energy generation can be divided into
three sections: the effect of cold—low temperatures, warmer temperatures, and high
temperatures. While cold-low and high temperatures have adverse effects on energy
generation in terms of freezing and evaporation of water stored in the regulator
or flowing in the river, respectively, warm temperatures support an increase in the
snowmelt rate occurring in the mountains, which results in an augmentation in the
flow rate of the river.

(d) Thereis no discernible correlation between daily precipitation and daily energy output.
This finding does not imply the absence of a relationship between precipitation and
energy output; as it was mentioned previously, monthly mean data trends of energy
generation and precipitation have a strict relationship. The year with the greatest
energy generation, as shown in this study, was 2019, coinciding with the year in which
the highest precipitation levels were recorded.

(e) A novel linear correlation with an R? value of 0.89 has been obtained between the
long-term daily flow rate data and the daily energy output of the hydropower plant
under investigation. The energy generation values generated via the implementation
of the suggested correlation were compared to the actual energy generation values,
and we observed that the equation’s deviation band falls within the range of +20%.
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