
Academic Editor: Dingjiang Chen

Received: 30 April 2025

Revised: 3 June 2025

Accepted: 16 June 2025

Published: 19 June 2025

Citation: Dumitran, G.E.; Preda, E.C.;

Vuta, L.I.; Popa, B.; Ispas, R.E.

Combining Hydrodynamic Modelling

and Solar Potential Assessment to

Evaluate the Effects of FPV Systems on

Mihăiles, ti Reservoir, Romania.

Hydrology 2025, 12, 157. https://

doi.org/10.3390/hydrology12060157

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Combining Hydrodynamic Modelling and Solar Potential
Assessment to Evaluate the Effects of FPV Systems on Mihăiles, ti
Reservoir, Romania
Gabriela Elena Dumitran , Elena Catalina Preda *, Liana Ioana Vuta , Bogdan Popa and Raluca Elena Ispas

Hydraulics, Hydraulic Machinery and Environmental Engineering Department, National University of Science
and Technology POLITEHNICA Bucharest, Spl. Independentei, No. 313, 060041 Bucharest, Romania;
gabriela.dumitran@upb.ro (G.E.D.); liliana.vuta@upb.ro (L.I.V.); bogdan.popa@upb.ro (B.P.);
raluca.macovei@upb.ro (R.E.I.)
* Correspondence: elena.preda@stud.energ.upb.ro

Abstract: Floating photovoltaic (FPV) systems are a new green technology emerging
lately, having the indisputable advantage of not covering agricultural land but instead
the surface of lakes or reservoirs. Being a new technology, even though the number of
studies is significant, reliable results remain limited. This paper presents the possible
influence of an FPV farm installed on the surface of a reservoir in Romania in four scenarios
of the surface being covered with photovoltaic panels. The changes in the water mass
under the FPV panels were determined using mathematical modelling as a tool. For this
purpose, a water quality model was implemented for Mihăiles, ti Reservoir, Romania, and
the variations in the temperature, the phytoplankton biomass, and the total phosphorus and
nitrogen were computed. Also, by installing FPV panels, it was estimated that a volume
of water of between 1.75 and 7.43 million m3/year can be saved, and the greenhouse gas
emission reduction associated with the proposed solutions will vary between 15,415 and
66,066 tCO2e/year; these results are in agreement with those reported in other scientifical
studies. The overall conclusion is that the effect of an FPV farm on the reservoir’s surface is
beneficial for the water quality in the reservoir.

Keywords: hydrodynamic model; water quality model; floating photovoltaic systems

1. Introduction
To discover efficient and fast solutions to the climate and energy crisis, humanity

must ensure that new energy advancements do not jeopardise Sustainable Development
Goals [1]. In this context, a solution can be the placement of floating photovoltaic (FPV)
panels on the surfaces of hydropower plant (HPP) reservoirs. The implementation of such
a solution could have the following advantages: increasing renewable energy production,
controlling the evaporation phenomenon at the surface level of the reservoirs, mitigating the
intensity of light radiation in the water mass [2], reducing photosynthesis [3], changing the
currents and the kinetic energy of the wind in the water plane [4], changing the biochemical
reactions in the water body [5], and the lower transmission costs because the HPP reservoirs
already have a grid infrastructure for delivering electricity to consumers [6]. Also, the FPV
panels will generate more power than those placed on land, as the cooling effect of the
water increases the panels’ efficiencies, and their maintenance will be considerably reduced
since the wind and rain aid in cleaning their surface.

The potential for energy generation by floating photovoltaic (FPV) systems is very high.
Almeida et al. estimate that by covering approximately 10% of the surface area of artificial
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reservoirs worldwide with FPVpanels, it would be possible to generate as much electricity
as is currently produced by fossil fuel power plants [7,8]. Currently, it is estimated that
there are over 600 installed FPV plants worldwide, most of them located in Asia [8]. Among
these, most FPV plants are installed on artificial water bodies, with an average reservoir
surface coverage rate of 34.2% [9]. However, even under these conditions, with a significant
number of such installations, there is limited knowledge about the consequences of FPV
systems on freshwater ecosystems [10,11]. Thus, although FPV systems represent a new
opportunity for the energy sector, detailed studies on the potential environmental effects of
FPV systems are still needed [12].

Nevertheless, it is anticipated that the potential ecological effects of FPV systems on
water bodies are primarily determined by the level of FPV panel coverage [8], and the main
mechanism of action is the disruption of the radiant energy balance in the installation area,
influencing multiple factors [13]. The installation of FPV farms in aquatic ecosystems can
have direct and indirect impacts on a variety of environmental characteristics [3,14]. Ray
et al. highlighted that FPV systems reduce the intensity of light and wind reaching the
lake’s surface, while also observing variations in dissolved oxygen concentrations in the
water column [15]. Armstrong et al. and, later, Exley et al. investigated the impact of FPV
installations on water temperature and, implicitly, on many different biological processes
driven by the water temperature, such as primary production and the carbon cycle [3,16].
Understanding the impact of FPV plants on water temperature is, thus, necessary for
properly comprehending the ramifications for the complete aquatic environment [13,17].
Mathematical modelling represents a useful tool for investigating the potential effects
of FPV systems on aquatic ecosystems. In this regard, Oliviera, in 2024, reviewed the
specialised works that investigate this subject and observed that most of them are based on
the use of modelling [9].

The understanding of the technical–economic aspects of FPV systems is quite ad-
vanced, which has allowed, in recent years, for a rapid adoption rate of this technology.
However, this rapidly expanding renewable energy source is difficult to apply; on the one
hand, this is due to the absence of standardised protocols, and on the other hand, it is due
to gaps in the knowledge related to the impact of FPV systems on the aquatic environment
regarding ecological criteria [18]. There is, therefore, still a lack of understanding of the
biochemical effects of FPV systems on water bodies; furthermore, there is a need for com-
prehensive studies integrating the physical, chemical, and biological aspects of water body
dynamics. To address this knowledge gap, we sought to answer the following questions: i:
Given the vulnerability of water bodies in Romania to both eutrophication and the effects
of climate change, can the installation of FPV systems represent an adaptation solution? ii.
Due to the 20% limitation on the FPV panel coverage area in Romania, various coverage
scenarios could have both positive and negative effects—particularly in terms of the water
quality beneath the FPV panels, GHG emissions, and the volume of water saved when
operating in tandem with hydropower plants.

At this moment, in Romania, there is a huge interest in developing FPV systems.
Hidroelectrica, the operator of around 6400 MW in hydropower plants, intend to develop,
over the next few years, more than 1500 MW in FPV systems. This study investigates the
feasibility of establishing an FPV farm on the Mihăiles, ti Artificial Reservoir in Romania,
which is used for hydroelectric purposes. The Mihăiles, ti Reservoir is an excellent example
of an interior lake without any kinetic energy and/or wave energy, as on the reservoir’s free
surface, there are waves only when strong winds arise. Using modelling techniques, this
study also aims to identify the potential impacts on the aquatic environment when the water
surface is covered with FPV panels at coverage levels of 5%, 10%, 15%, and 20%. Therefore,
this study intends to provide a better understanding of the potential consequences for
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water quantity and quality of various degrees of lake surface coverage with FPV panels.
The analysis represents a quantitative assessment of the potential effects of FPV panels
on the water quality indicators by creating and calibrating a hydrodynamic and water
quality model for the Mihăiles, ti Reservoir. The effect of the FPV panels on the water
temperature, nutrients (total nitrogen and phosphorus concentrations), and phytoplankton
concentrations in the FPV-panel-covered area was investigated. Based on this analysis, an
adequate management strategy for the lake’s water resource could be developed in the
future, considering both its trophic strata and the future trends of increasing temperatures
due to climate change.

2. Materials and Methods
2.1. Study Area

In 1929, the Parliament of Romania adopted a law related to the construction of a canal
to transform Bucharest—the capital of Romania—into a port on the Danube River. However,
due to the economic recession of the 1930′s, the project was abandoned. Nevertheless,
based on this law, before World War II, the engineer Dorin Pavel created a project for the
Bucharest–Oltenit,a Canal. Based on this project, over time, various options were studied for
a navigable connection between Bucharest and the Danube River. In 1984, it was decided
to adopt a project that proposed the construction of channels exclusively on the Arges,
River, even though this solution was the most expensive and the one that technically raised
the most difficult problems for both its execution and operation. The plan included four
locks and three ports, and the canal was designed to have a length of 73 km, a width of
80 m, a level difference of 53 m, and a minimum water depth of 4.5 m (Figure 1). In 1984,
work began on this canal, but it was abandoned after 1989, with the only completed and
operational facility being hydrotechnical node No. 5—HPP Mihăiles, ti.

Figure 1. The Arges, catchment and the plans for the development of the lower course of the Arges,
River, with a navigable connection between Bucharest and the Danube River (the red colour indicates
the unrealised objectives).

The Mihăiles, ti HPP is located on the lower course of the Arges, River, positioned
on the right bank. It is a low-head plant, with a dam creating the Mihăiles, ti Reservoir.
Characteristics related to the Mihăiles, ti Reservoir and HPP are presented in Table 1.
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Table 1. Characteristics of the Mihăiles, ti HPP.

Parameter Value

Longitude 44.32979 DD
Latitude 25.905075 DD

Normal operating level 86.5 MASL
Maximum dam height 22 m
Reservoir mean height 13 m

Reservoir surface 1030 ha
Reservoir length 8 km

Length of frontal and lateral dikes 13.49 km
Maximum reservoir width 3 km

Total reservoir volume 99 × 106 m3

Attenuation reservoir volume 46.3 × 106 m3

Dam length 48 m
Net head 18 m

Installed flow in the HPP 58 m3/s
Installed capacity of the HPP 8 MW
Energy generation of the HPP 24 GWh/year

The Mihăiles, ti Reservoir has a retention time of 20 days and a complex use, serving for
flood mitigation, electricity generation, the water supply for downstream consumers, the
irrigation of an area of 10,000 hectares, and ensuring the ecological flow downstream in the
Arges, River. Figure 2a presents the distribution of direct normal irradiation over Romania,
from Global Solar Atlas, and the Mihăiles, ti Reservoir’s location, while in Figure 2b, the
Mihăiles, ti Dam is presented (https://arges-vedea.rowater.ro/wp-content/uploads/2021
/02/Lucrari-hidrotehnice-in-exploatare.pdf accessed on 29 April 2025).

 
(a)  (b) 

Figure 2. (a) A map of Romania showing the direct normal irradiation and the Mihăiles, ti Reservoir’s
location and shape; (b) Mihăiles, ti Dam.

The multiannual mean energy for the 2002–2023 period was 23.85 GWh/year, with
the highest average monthly energy in June 2021, 4.51 GWh, and the lowest in June 2008,
25 MWh. Figure 3 shows the variation in the mean annual energy production by the
Mihăiles, ti HPP and the evaporation from the reservoir for the period 2002–2023. The
weather information downloaded from the meteorological site open-meteo.com was used
for estimating the evaporation from the water surface with the Penman–Monteith equa-
tion [19]. The maximum annual evaporation rate, 1077 mm/y, was observed during 2012,
and the minimum was observed in 2005, 893 mm/y (Figure 3). For the daily evaporation
rate, the biggest value was 10.2 mm/day, and the smallest was 0.028 mm/day.

https://arges-vedea.rowater.ro/wp-content/uploads/2021/02/Lucrari-hidrotehnice-in-exploatare.pdf
https://arges-vedea.rowater.ro/wp-content/uploads/2021/02/Lucrari-hidrotehnice-in-exploatare.pdf
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Figure 3. The annual evaporation and energy production for the Mihăiles, ti HPP.

The National Administration “Romanian Waters” (NARW) is a public institution
that manages issues related to the sustainable management of water resources and their
protection against depletion and degradation. For the Mihăiles, ti Reservoir, the integrated
assessment of quality elements is monitored by NARW in three planned monitoring sections
in the photic zone: at the dam, in the middle of the lake, and at an intermediate point
located between the middle of the lake and its tail.

It is specified that for the monitored indicators, NARW calculates the vertical average
values in the photic zone of the lake, and in Figure 4, these indicators for the Mihăiles, ti
Reservoir are presented: temperature (T), dissolved oxygen (DO), DO at saturation, total ni-
trogen (TN), total phosphorus (TP), and phytoplankton (A). Regarding these values, NARW
classified the water body as having a moderate ecological potential, with phytoplankton
being the determining element.

 

(a) (b) 

0

25

50

75

100

125

0

5

10

15

20

25

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

D
O

 s
at

u
ra

ti
o
n

 (
%

)

T
em

p
er

at
u

re
, 
D

O
, 

P
h

y
to

p
la

n
k
to

n

Phytoplankton (mg/m3) Temperature (°C)

DO (mgO2/l) DO saturation

0

20

40

60

80

100

120

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

T
P

 (
m

g
/m

3
)

T
N

 (
m

g
/m

3
)

TN (mg/m3) TP(mg/m3)

Figure 4. The variation in the measured indicators for the Mihăiles, ti Reservoir, as reported by NARW:
(a) temperature, DO, and phytoplankton; (b) nutrients (TN and TP).

From the perspective of biological elements, the water body is classified as having a
moderate potential, while from the perspective of general physicochemical indicators, it
is classified as having the maximum potential. Following the monitoring of the reservoir,
it was identified that for the last 10 years, especially during the summer periods, the
water body has been in a eutrophic state, both chemically and biologically. Thus, it can be
observed that the values for the TN concentrations for the years 2018–2020 and 2023, the
values for the TP concentrations for the period 2019–2023, as well as the concentrations of
phytoplankton in 2013 and over the period 2020–2023 classify the reservoir in the eutrophic
category. In Figures 5 and 6, for each of the indicators of interest for the Mihăiles, ti Reservoir,
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the limits of the transition of the water body from being mesotrophic to being eutrophic are
highlighted. In the Mihăiles, ti Reservoir, the phytoplankton concentration varies between
3.25 and 23.5 mg/m3, with the maximum values for the last few years (2022 and 2023)
corresponding to hypertrophic stages.
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Figure 5. The trophic classification of the Mihăiles, ti Reservoir based on the phytoplankton
concentration.
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Figure 6. The trophic classification of the Mihăiles, ti Reservoir based on the nutrient concentrations:
(a) TN; (b) TP.

Regarding the TN in the Mihăiles, ti Reservoir, the mean value of the concentration for
the 2002–2023 period was 1218.2 mg/m3; the highest average was recorded in 2018 at the
middle of the lake station, 1855 mg/m3, and the lowest average was recorded in 2017 at the
intermediate point located between the middle of the lake and its tail section, 395 mg/m3.

For the TP concentration, the mean value for the study period was 40.7 mg/m3, with
the highest average being recorded in 2020 at the middle of the lake station, 128.5 mg/m3,
and the lowest average being recorded in 2006 at the dam station, 3 mg/m3. Over the entire
study period, 2013–2023, the total nitrogen and the total phosphorus correlated with the
phytoplanktonic biomass value, placing the lake in the mesotrophic category.

2.2. FPV Configuration

The geographical location, topographical features, and climatic characteristics of
Romania have established favourable conditions for the use of solar energy throughout
extensive regions. Romania exhibits a multiannual average sunshine duration ranging
from 1600 to 3200 h per year and global solar radiation of between 700 and 1450 kWh/m2

per year, with significantly elevated values in the plain and plateau regions [20]. In
this context, photovoltaic farms appear as a technology with considerable development
potential, particularly on low-relief terrains, like those in the southern part of Romania,
where the Mihăiles, ti Reservoir is located.
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Romania has about 3500 lakes covering an area of about 1.1% of the country’s surface,
which means about 2600 km2 [21]. Although the FPV potential in Romania is great, so far,
to our knowledge, only two small applications have been realised.

Kakoulaki et al., in 2023, analysed the potential for FPV systems in Europe and
estimated that in Romania, for a total area of hydropower reservoirs of 394 km2, considering
south-facing modules at a 100 inclination angle, the energy potential is between 4.4 TWh
(for a coverage degree of 10%) and 44.1 TWh (for a coverage degree of 100%) [22].

In Romania, the installation of FPV systems on the surfaces of lakes managed by
NARW has been permitted since 2024, but only for a maximum coverage rate of 20%. In
this context, for the Mihăiles, ti Reservoir’s 960 hectares, four scenarios were analysed, in
which the FPV panel coverage rate was (1) 5%; (2) 10%; (3) 15%; and (4) 20% of the total
surface area of the lake. For the analysed scenarios, the area occupied by the FPV panels
and the total area of the lake are presented in Table 2.

Table 2. Analysed scenarios for the surface covered by the FPV farm on the Mihăiles, ti Reservoir.

Scenario FPV Coverage Rate (%) FPV Surface (ha)

No. 1 5 48
No. 2 10 96
No. 3 15 144
No. 4 20 192

To run the simulations for the power plant’s planning, the Global Solar Atlas software
was chosen, which is one of the most popular software programs currently used for solar
energy and represents an efficient instrument that allows for the accurate analysis of various
configurations of complete PV and FPV systems. Figure 7a illustrates the diagram of the
sun’s trajectory for the project location (44◦32979′ N, 25◦905075′ E), which indicates the
sun’s position in the sky at any point of time during the day throughout the year, while
Figure 7b presents the specific photovoltaic power output across Romania.

   

(a)  (b) 

Figure 7. (a) The solar path for the FPV system Mihăiles, ti; (b) a map of Romania showing the specific
photovoltaic power output.

2.3. Water Quality Model

Managing surface water quality is crucial for effective water resource management,
and water quality modelling serves as a strong and valuable tool in addressing related
management challenges. The mathematical modelling of water bodies is a challenging
approach that necessitates an understanding of physical, chemical, and biological processes,
which is the reason that most people prefer a more simplistic approach [23]. In the pro-
posed model, it was preferred to separate the physical and biochemical models, and the
components were coupled by introducing the output data from the physical model into the
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biochemical model. The current model describes the annual cycle of temperature, nutrients,
and phytoplankton, considering physical processes like light absorption, turbulence, and
advection, as well as biochemical processes like nutrient assimilation, dissipative processes
(respiration, excretion, and death), and sedimentation.

Temperature has an impact on almost all water quality processes that occur in a
water body, and it is often simulated by performing a heat balance on each computational
element of the system [24]. The main objective of physical modelling is to follow the
seasonal variations in water temperature, and the thermocline depth into reservoirs is
determined using the available energy for mixing in the epilimnion, which is given by the
kinetic energy of the wind and the thermal energy from the sun. Since our physical model
served as a basis for predicting the water quality over a seasonal period, we decided to use
a one-dimensional vertical model, which has the advantage of a good reproduction of the
mixing processes but also a fast computation time. The model presented here and used for
the Mihăiles, ti Reservoir is an advection-diffusive one, which describes vertical transport
by simple formulations and requires few input data. The basic equation for expressing the
water temperature variation in the reservoir is described in Equation (1) [25]:

∂T
∂t

=
1
S

∂

∂z

[
SK(z)

∂T
∂z

]
− 1

S
∂w · T

∂z
+

∂

∂z

[
Rs

ρCp

]
, (1)

where T is the temperature (◦C), K(z) is the vertical diffusion coefficient (m2/s), w is the
vertical velocity (m/s), S is the cross-sectional area (m2), RS is the source term due to
surface–atmosphere exchanges (W/m2), ρ is the water density (kg/m3), and Cp is the
specific heat (J/kg◦C).

In water quality modelling, nitrogenous and phosphorous compounds play impor-
tant roles as they consume oxygen during oxidation processes. Thus, the most common
modelling approaches for biochemical reactions in a water mass are based mostly on mass
conservation [7], in which the nutrient concentration is calculated from inputs, and the
phytoplankton biomass is assessed in correlation with the limiting nutrients, most often the
total phosphorus or the total nitrogen. The biochemical model for the Mihăiles, ti Reservoir
is mathematically transposed by the balance equation of A, TP, and TN in the water mass,
with a time step of one day and a spatial step of 1 m in depth. The equations describing
those interactions are specific to prey–predator relations; thus, the evolution of each food
web constituent is conditioned by the presence or absence of other constituents [26].

The phytoplanktonic biomass is described by its growth term, production, and loss—
by respiration and mortality terms and by grazing [26]; this can be expressed as shown in
Equation (2):

∂A
∂t

= (growth(T, TP, TN, I)− loss(T))× A, (2)

where the growth term is expressed by growth(T, TP, TN, I) = growthmax × ftemp ×
fnutrient × flight, and the limiting factors are computed following the standard formulations:

• The Michaelis–Menten Monod equation for nutrient limitation fnutrient = min
(

fp, fn
)
,

fp = P
P+kspP

, fN = N
N+kspN

;

• The Steele formulation for the limitation due to light intensity flight =
2 I

Iopt
I

Iopt
2
+2×β× I

Iopt
+1

;

• An exponential relation for temperature ftemp = T × ϑT
T−20.

I represents the light intensity, Iopt = 2.5·T, ϑT, and kspP, kspP, and β are explained in Table 3.
The loss processes due to respiration are considered as both the endogenous component (re)
and as photosynthesis (rf): loss(T) = respiration+mortality+ excretion with respiration =

re(T)+r f (T, I) and re(T) = coe f re × e0.069·T and r f (T, I) = kr × growthmax × ftemp × flight.
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The excretion and mortality terms are considered by excretion = coe f exret ×
(

1 − flight

)
×

growth(T, TP, TN, I) and mortality = coe f mort × 1.05(T−20).

Table 3. Calibrated constants in the model.

Symbol Description Range [27] Assigned Value

growthmax Maximum phytoplankton growth rate 0.5 to 20 0.75 day−1

ϑT Non-dimensional temperature multiplier 0.02 to 1.06 0.0682
ksp P Half saturation constant for phytoplankton P uptake 0 to 10 5 mg·m−3

ksp N Half saturation constant for phytoplankton N uptake 0 to 120 15 mg·m−3

β Light intensity coefficient 10−3 to 10−2 0.002
coefre Respiration coefficient 0 to 0.2 0.0175

kr Growth rate for algal biomass 0 to 0.3 0.025
coefexret Excretion coefficient 0 to 0.25 0.03
coefmort Mortality coefficient 0 to 0.2 0.2

ε Efficiency factor 0 to 0.8 0.6
apa Phosphorus/chlorophyll ratio in phytoplankton 1 1 mg P·mg Chla−1

cza Predation coefficient of algae by zooplankton 0.0025 0.0025
ana Nitrogen/chlorophyll ratio in phytoplankton 1 1 mg N·mg Chla−1

The total phosphorus and the total nitrogen, TP and TN, are considered [26] by the
model using Equations (3) and (4):

∂TP
∂t

= apa × (1 − ε)× cza(T, A)× A − apa × growth(T, TP, TN, I)× A (3)

∂TN
∂t

= ana × (1 − ε)× cza(T, A)× A − ana × growth(T, TP, TN, I)× A (4)

where cza is the predation rate of the algal biomass by zooplankton and is expressed as

cza(T, A) =
coe f pred

A
A+10

1.0866(T−20) , while apa, ε, apc, kdz, ana, and anc are coefficients, for which the used
values are specified in Table 3.

Based on the total data availability, the model was calibrated for the period from 1
January 2013 to 31 December 2022 and validated for the 2023 summer period, meaning
100 days, from 1 of June to 9 of September. To represent the time fluctuations in the analysed
indicators, the Julian day was used, with the first day being 1 June 2023 and day 100 being
8 September 2023. The time step was one day, and the model’s performance was evaluated
using the correlation coefficient—R.

3. Results and Discussion
Using the Global Solar Atlas software for the Mihăiles, ti location, the annual global

horizontal irradiation was calculated to GHI = 1393.3 MWh/m2, the annual direct normal
irradiation was calculated to 1304.7 kWh/m2, and the global tilted irradiation was calcu-
lated to 1502.5 kWh/m2. In the preliminary design of the FPV system model, the major
factors responsible for the maximum output power were the direction and the position
of the FPV array. The solar declination angle varied with time and was limited to 23.44◦.
For the southern zone of Romania, the optimum value for the angle is recommended to be
near to 100 [28]. In this respect, the modules should be placed facing the southern direction,
with the optimum tilt angle of β = 100 for the PV panels and an azimuth angle equal to
180◦. Values representing the monthly energy generation by the FPV systems for the four
analysed scenarios, determined using Global Solar Atlas, are presented in Figure 8.
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Figure 8. The total FPV energy generation for the 4 scenarios for the following coverage rates: 5, 10,
15, and 20%.

For the preliminary projects of the FPV systems for the Mihăiles, ti Reservoir, the
average area required for the designed FPV installations ranged between 48 ha and 192 ha.
The smaller area ratio (the ratio of the FPV system to the total water surface area of
the reservoir) in each scenario indicates that the system will not have an impact on the
ecosystem. The proposed method is highly efficient in generating ecologically friendly
renewable power. The evaporation rate in the Mihăiles, ti Reservoir during the period
2002–2023 was determined using the Penman–Monteith equation, and the average annual
value is 975.52 mm/year. Currently, the average power density (the installed capacity
divided by the FPV panels’ surface area) reported for FPV systems is between 100 and
200 MW/km2 [29], and in our study, this calculated power density was between 145
and 173 MW/km2. Additionally, as it can be seen from the results, an energy density
(the annual energy divided reported by FPV panels’ surface area) of between 164.69 and
196.04 GWh/km2 was obtained, with a specific yield of 1130 kWh/kWp (Table 4).

Table 4. The energetic performance of FPV farm for analysed scenarios for Mihăiles, ti Reservoir.

Scenario Installed Capacity
(MWp)

Power Density
(MW/km2)

Annual Energy
(GWh/year)

No. 1 70 145.83 79.05
No. 2 150 156.25 169.40
No. 3 250 173.611 282.30
No. 4 300 156.25 338.80

Based on the methodology proposed by Ravichandran in 2022 [30], the volumes of
water that can be directly saved by installing FPV have been estimated (Table 5). Thus, the
direct saving water volume represents the volume saved through evaporation mitigation,
and it can be used for hydropower generation and the HPP will generate additional energy
of 158 MWh per year.

Additionally, the term indirect water savings refers to the amount of water consumed
by the HPP, which is obtained by converting the electrical energy generated by the FPV
system into the volume of water. As observed, the largest volumes of saved water are for
scenario No. 4, with 7.43 × 106 m3 per year, which corresponds to the highest coverage
degree of the lake’s surface with FPV panels. The FPV covering systems offer benefits, such
as power generation and evaporation mitigation. The energy ratio (the energy obtained
from the FPV system divided by the energy obtained from the HPP) results show that the
FPV systems with smaller coverage areas produce more energy than the HPPs in reservoirs.
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Table 5. The water savings and energy ratio corresponding to the FPV farm for the analysed scenarios
for the Mihăiles, ti Reservoir.

Scenario Direct Water
Saving

Increase in Hydro
Power

Indirect Water
Saving

Energy
Ratio

(106 m3/Year) (MWh) % (106 m3/Year)

No. 1 0.42 14.93 0.62 1.33 3.32
No. 2 0.84 29.86 1.252 2.87 7.10
No. 3 1.26 44.79 1.878 4.87 11.84
No. 4 1.69 59.72 2.504 5.74 14.21

Next, the effects of the FPV system on water quality was studied. In this sense, the
developed model was calibrated for the period 2013–2022, and the calibration technique
necessitated establishing a balance between phytoplankton growth and variations in the
available nutrients from the water column. The TP dynamics received special attention
because this nutrient was the primary limiting factor for phytoplankton biomass.

The developed model is based on local climatology, and it has been used by the authors
also for other aquatic ecosystems in Romania with good results in predicting water quality
indicators [31–33]. The model calibration for the Mihăiles, ti Reservoir was achieved for the
FPV panel surface-coverage variant by fine-tuning the coefficients’ values for the period
2012–2022. Thus, starting from the coefficient values reported in the literature, which
are presented in Table 3, and considering the particularities of the temperate continental
climate in Romania, multiple simulations were performed to identify the best values of these
coefficients so that the difference between the measured and simulated values of the model
state variables would be as small as possible. Following the calibration process, the values
of the coefficients indicated in Table 3 were obtained. The calibrated model reproduces the
spatial and temporal distribution of the concentration of water quality constituents, and the
evaluation of the model’s performance is made through the calculation of the correlation
coefficient—R squared. Therefore, the best correlation was obtained for the TP, with a 0.993
value, followed by the TN, with 0.9546; phytoplankton, with 0.9262; and temperature, with
a 0.9094 value.

The model validation was carried out over a period of approximately three months
during the summer of 2023, and the variations of the four indicators of interest (T, TN,
TP, and A) were evaluated for different degrees of lake coverage with the FPV panels.
Thus, simulations of the behaviour of the Mihăiles, ti Reservoir under the condition of
non-coverage with FPV panels were carried out, determining the variations over time of
the four quality indicators in the water mass. Then, for the four scenarios of covering
considered (5%, 10%, 15%, and 20% of the lake’s surface), simulations were made. Thus, for
each percentage of coverage, the conditions of the intensity of solar radiation in the water
mass under the photovoltaic park were modified, and the temporal variations of T, TN,
TP, and A in the water mass were obtained. The results of these simulations are shown in
Figures 9–12, where for an easier comparison, the variations of the indicators for scenarios
No. 2 and 4 are presented in comparison with the situation when the lake surface is not
covered with FPV panels.
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(a) 

(b) 

(c) 

Figure 9. Temperature variation for the analysed scenarios: (a) without FPV panels; (b) 10% FPV
panel coverage rate; (c) 20% FPV panel coverage rate.

As can be seen, the differences obtained for the temperature variation in the water
mass of the reservoir for the version not covered by FPV panels (Figure 9) and the variants
with 10% and 20% coverage, respectively, are not significant. Thus, depending on the
percentage of FPV panel coverage, we notice a slight cooling of the water mass, so that the
average temperature of the water in the reservoir decreases in percentage, with values of
between 0.62% and 10.27%, with the highest percentages identified for the coverage degree
of 20%. Also, a slight deepening of the epilimnion is observed as the area covered with FPV
panels increases.

Regarding the differences obtained for the phytoplankton biomass variation in the
water mass of the reservoir for the version not covered by FPV panels and for scenarios
No. 2 and 4, it can be observed that the concentration of phytoplankton decreases directly
proportionally to the degree of coverage (Figure 10). This is explained by a lower availability
of light for primary water producers. Thus, we observed that the average values of
the biomass in the reservoir for the analysed period decreased from 7.22 mg/m3 in the
uncovered version to 3.56 mg/m3 for scenario 4. Percentage wise, these decreases are 2.5%
for scenario No. 1, approx. 26% for scenario No. 2, approx. 38.6% for scenario No. 3, and
approx. 50.8% for scenario No. 4. We must specify that these decreases in algal biomass are
obtained only for the area of the reservoir covered by the photovoltaic panels, where the
intensity of solar radiation is attenuated.
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(a) 

(b) 

(c) 

Figure 10. The variation in the phytoplankton biomass for the analysed scenarios: (a) without FPV
panels; (b) 10% FPV panel coverage rate; (c) 20% FPV panel coverage rate.

Figures 11 and 12 show the variations in nutrient concentrations (TN and TP) in the
water mass of the Mihăiles, ti Reservoir for the non-FPV-panel-covered scenario and for
scenarios No. 2 and 4. It can be observed that the concentration of nutrients increases when
covering a higher percentage of the reservoir surface with FPV panels. This correlates with
the decrease in the phytoplankton biomass concentration, and it is explained by the decrease
in photosynthesizing activity. Since, in the developed model, the contributions of the two
nutrients, TN and TP, to algal development are considered similar—without considering
the affinities of the algae in the reservoir for certain forms of nutrients (nitrates, nitrites,
ammonia, orthophosphate, etc.)—the concentration variation components are also similar.
Thus, we observed that the average values of the TN concentration in the water mass for
the analysed period increase from 982.5 mg/m3 in the uncovered version to 1137.51mg/m3

for scenario 4, while for the TP concentration, this growth is from 32.68 mg/m3 in the
uncovered version to 37.9 mg/m3 for scenario 4. In percentage terms, these increases range
from 1.25% for scenario No. 1 to approx. 16% for scenario No. 4.
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(a) 

(b) 

(c) 

Figure 11. The variation in the total phosphorus for the analysed scenarios: (a) without FPV panels;
(b) 10% FPV panel coverage rate; (c) 20% FPV panel coverage rate.

(a) 

(b) 

Figure 12. Cont.
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(c) 

Figure 12. The variation in the total nitrogen for the analysed scenarios: (a) without FPV panels;
(b) 10% FPV panel coverage rate; (c) 20% FPV panel coverage rate.

Analysing the deviations in the quality indicator values obtained for the four scenarios
compared to their values in the hypothesis of the lake not being covered with FPV panels,
it can be observed that the values of the lake’s water temperature and the values of the
phytoplankton biomass decrease with the increase in the degree of coverage, while the
values of the nutrient concentrations increase slightly (Table 6).

Table 6. The modification of water quality in different scenarios of FPV panel coverage.

FPV
Coverage

Rate
0% 5% 10% 15% 20%

Value Value % Value % Value % Value %

T
(◦C) 18.11 17.72 0.62 17.29 −4.57 16.8 −7.25 16.25 −10.27

TN
(mg/m3) 982.5 1022 1.25 1061.38 8.03 1100 11.96 1137.51 15.78

TP
(mg/m3) 32.68 34 1.88 35.34 8.12 36.64 12.11 37.9 15.96

A
(mg/m3) 7.22 6.28 2.50 5.35 −25.95 4.44 −38.59 3.56 −50.79

For comparison, the vertically averaged values for the quality indicators simulated
were used, and it can be observed that on average, the temperature values decrease by
percentages ranging from 2 to 10%, while the phytoplankton concentrations decrease
considerably, by percentages ranging from 13 to 51% (Figure 13).
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Figure 13. The evolution of the quality indicators for the different FPV panel coverage scenarios:
(a) the increase of TN and TP concentrations; (b) the decreasing of temperature and phytoplankton.
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For the nutrient concentrations, it can be observed that, on average, their values
increase by percentages ranging from 4 to 16%, which was expected, considering the evolu-
tion of the algal biomass in the lake and the fact that the biochemical model is one based
on the principle of mass conservation. Therefore, the nutrient concentration is indirectly
related to algal production. Because of the algal bloom, the nutrient concentration begins
to fall, and when the phytoplankton peak is reached, the decomposition and resuspension
processes cause the nutrient content to rise (particularly phosphorus). For the developed
biochemical model, it was considered that the trophic level of the producers consumes the
two types of nutrients equally, in the form of TN and TP, so the results obtained for the
variations in the concentrations of TN and TP do not differ much (Figure 13).

On the other hand, the FPV solutions proposed for the Mihăiles, ti Reservoir can provide
between 79 to 339 GWh/year of clean energy, with zero GHG emissions. Given the fact
that, according to Nowtricity, https://www.nowtricity.com/country/romania (accessed on
6 April 2025), the conversion factor is 195 kgCO2e/MWh for each 1 MWh Romania mix, the
GHG emission reduction associated with the proposed solutions will vary between 15,415
and 66,066 tCO2e/year (Table 7).

Table 7. The reduction in GHG emissions for different scenarios of FPV panel coverage.

Scenario Total Water Saving
(106 m3/year)

GHG Emission Reduction
Associated with FPV System

(tCO2e/year)

No. 1 1.75 15,415
No. 2 3.71 33,033
No. 3 6.04 55,049
No. 4 7.43 66,066

4. Conclusions
Nowadays, more and more studies and research aim to provide clean energy, showing

that humanity is committed to respecting the environment. Also, as new technologies for
harnessing green energy are being developed at the highest rates since the beginning of
the industrial era, the share of RESs in the energy sector is continuously increasing and is
expected to increase even more in the next years. As an EU member, Romania is committed
to implementing and developing clean energy projects and to reducing its GHG emissions.
At the same time, Romania must ensure that the water quality in rivers and reservoirs is
maintained or improved so as to attain a good status, if possible.

The aim of this study was to present a cutting-edge solution that achieves both of
the objectives mentioned above: the use of FPV systems on a complex-use reservoir that
presents eutrophication phenomena, mostly during warm periods, and the attenuation
of these phenomena. The Mihăiles, ti Reservoir was chosen for this study, presenting the
advantage of being already connected to the National Power Grid, and four scenarios of the
surface being covered by FPV panels were investigated: 5, 10, 15, and 20% of the total water
surface. For assessing the gain in clean energy generation, the Solar Atlas tool was used,
while for investigating the benefits with regard to water quality indicators, a mathematical
model was applied.

The study yielded the following conclusions:

• The data obtained from the calibrated model are similar to the measured ones, ob-
serving that the values of correlations for all the investigated variables are greater
than 0.9.

• Upon analysing the deviations in the quality indicator values across the four scenarios
relative to the hypothesis of the lake not being covered by FPV panels, it is obvious

https://www.nowtricity.com/country/romania
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that the reservoir water temperature and the phytoplankton biomass values diminish
as the coverage degree grows, whereas the nutrient concentration values indicate a
slight increase. A drop in the temperature values is predicted (between almost 2%
and 10%, depending on the scenario), as well as a diminishment of the concentration
of phytoplankton, ranging from 13% up to 50%. In terms of nutrients, an increase
in their concentrations is expected, obviously in connection with the decrease in the
phytoplankton concentration. Thus, the nitrogen and phosphorus concentrations will
increase by between 4% and 15%.

• The proposed solution would generate between almost 80 and 340 GWh/year.
• Depending on the analysed scenario, covering the reservoir’s surface with FPV panels

will reduce evaporative water losses from the reservoir by 70 to 380 Mm3/year.
• The placement of FPV panels on the surface of the Mihăiles, ti HPP Reservoir will

contribute to GHG reductions of between 15 and 66 tCO2e/year.

This paper summarises the research conducted, promoting the consideration of FPV
systems as a clean and sustainable alternative for energy production and for improving the
resilience and sustainability of water ecosystems regarding reservoir eutrophication and
the pronounced impacts of climate change. Nevertheless, the use of a simple modelling tool
and the neglect of factors concerning the algae’s affinity for nutrients, as well as the grazing
rate of zooplankton on the algal biomass, may lead to an overestimation of the current
results if the primary aim is to preserve the original ecological environment. Future studies
should prioritise on-site evaluations of FPV projects to elucidate their environmental effects,
with systematic monitoring initiatives for reservoir water quality indicators and the CO2

emissions produced by the water body.
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Abbreviations
The following abbreviations are used in this manuscript:

FPV floating photovoltaic
GHG greenhouse gas
HPP hydropower plant
NARW National Administration “Romanian Waters”
DO dissolved oxygen (mg/L)
TN total nitrogen (mg/m3)
TP total phosphorus (mg/m3)
T temperature (◦C)
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A phytoplanktonic biomass (mg/m3)
K(z) vertical diffusion coefficient (m2/s)
w vertical velocity (m/s)
S cross-sectional area (m2)
RS source term due to surface-atmosphere exchanges (W/m2)
ρ water density (kg/m3)
Cp specific heat (J/kg◦C)
growth(T,TP,TN) growth term for phytoplankton
loss(T) losses term by respiration and mortality for phytoplankton
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