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ARTICLE INFO ABSTRACT

Floating photovoltaic power plants are a quickly growing technology in which the solar modules float on water
bodies instead of being mounted on the ground. This provides an advantage, especially in regions with limited
space. Floating modules have other benefits when compared to conventional solar power plants, such as re-
ducing the evaporation losses of the water body and operating at a higher efficiency because the water reduces
the temperature (of the modules). So far, the literature has focused on these aspects as well as the optimal design
of such solar power plants. This study contributes to the body of knowledge by i) assessing the impact of floating
solar photovoltaic modules on the water quality of a hydropower reservoir, more specifically on the develop-
ment of algal blooms, and by ii) studying the impact that these modules have on the hydropower production. For
the first part, a three-dimensional numerical-hydrodynamic water-quality model is used. The current case
(without solar modules) is compared to scenarios in which the solar modules increasingly cover the lake, thus
reducing the incident sunlight from 0% to finally 100%. The focus is on microalgal growth by monitoring total
chlorophyll-a as a proxy for biomass. For the second part, as the massive installation of solar modules on a
reservoir may constrain the minimum water level (to avoid the stranding of the structures), the impact on
hydropower revenues is examined. Here, a tool for optimal hydropower scheduling is employed, considering
both different water and power price scenarios. The Rapel reservoir in central Chile serves as a case study. The
response of the system strongly depends on the percentage that the modules cover the lake: for fractions below
40%, the modules have little or no effect on both microalgal growth and hydropower revenue. For moderate
covers (40-60%), algal blooms are avoided because of the reduction of light in the reservoir (which controls
algal growth), without major economic hydropower losses. Finally, a large solar module cover can eradicate
algal blooms entirely (which might have other impacts on the ecosystem health) and results in severe economic
hydropower losses. Altogether, an optimum range of solar module covers is identified, presenting a convenient
trade-off between ecology health and costs. However, a massive deployment of these floating modules may affect
the development of touristic activities in the reservoir, which should be examined more closely. In general, the
findings herein are relevant for decision-makers from both the energy sector and water management.
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1. Introduction growing from 0.01 GW in 2014 to 1.1 GW in 2018, with over 0.5 GW

added only in that last year [2]. Still, this number is modest in the

Solar energy is renewable, quiet, widely available, and cost-effec-
tive, making it a very convenient power source. However, solar in-
stallations might compete with other land uses, which is especially
critical in densely populated areas [1]. One emerging solution is lo-
cating the panels on water bodies, called floating solar photovoltaic
(FPV). The deployment of FPV has been explosive in the last years,
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context of the total installed solar photovoltaic capacity of over 500 GW
by the end of the same year [3].

FPV has distinct advantages over conventional solar photovoltaic
installations. One is the lack of competing uses of the water surface
(with the exception of recreational activities). Second, an easy site-
preparation (leveling of the terrain is unnecessary) and modular
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deployment lowers total costs [2]. Third, FPV can reduce the eva-
poration losses of the water body by as much as 90% [4]. Fourth, FPV
may limit algal growth, thus improving water quality indirectly [2].
Fifth and final, the water cools down the panels, which results in 2% [5]
to 7% [6] higher solar efficiencies, and water bodies are unshaded
surfaces with high albedos (sunlight reflection), further improving the
solar generation [7]. As challenges, when FPV is installed on large
water bodies, they must be able to withstand storms (requiring a strong
mooring and anchoring system), which may also imply deviations from
the optimal orientation and tilt [8]. Maintenance of FPV might be more
challenging than earth-mounted PV, and given their incipient deploy-
ment, some components are still more expensive but could benefit in
the future from economies of scale. For further differences between
floating PV and conventional PV, the reader may consult reference [9].

FPV can be installed on natural or artificial water bodies. Flooded
mines and hydropower reservoirs are examples of the latter, and they
might be particularly attractive for FPV given the existing infra-
structure. This includes access to roads and transmission systems, which
are a common barrier for solar deployment [10]. Hybridization with
hydropower reservoirs is especially promising because i) such re-
servoirs are very widespread (installed power capacity over 700 GW
worldwide, plus 170 GW of pumped hydro), ii) most electrical equip-
ment (transformers, transmission lines) are in place, and iii) a combined
operation can offer a steady power output (that a stand-alone solar
photovoltaic would struggle to do [11]). However, studies on such
hybrids are scarce. A recent (2018) conference publication from
Breyer’s team [7] determined the world’s potential for such hybrids.
They found that covering the existing hydropower reservoirs with 25%
of FPV could at least double the hydropower generation (6300 TWh
versus 2500 TWh). The study from Cazzaniga [12] goes in a similar
direction, finding that covering 2.5% of the existing reservoirs could
increase the energy production from such hybrids by around one third.
Nevertheless, FPV might also constrain the operation of hydropower
because a minimum water level needs to be held to avoid the stranding
of FPV structures (this is similar, for example, to hydropower flow
constraints which also impact the revenues [13]), but this has not been
assessed so far.

And there is another yet unexplored issue of FPV, which is its effect
on the aquatic ecosystem. For example, FPV may impact the ecology
because photosynthesis is controlled by light. Controlling sunlight to
the right amount might reduce oxygen depletion as a consequence of
eventually degrading algal biomass and might prevent the development
of toxic algal blooms [14]. However, too much shading could kill all
pelagic primary producers, such as microalgae, which could have det-
rimental impacts on the overall food chain. Some studies [2,7,15]
comment that FPV could impact the water quality but do not perform
the corresponding scientific experiment. Two recent literature reviews
on FPV ([9] from 2019 and [16] from 2016), which in total looked at
around 200 publications, revealed that most available studies focus
primarily on technical and implementation aspects, as well as the
techno-economic assessment of FPV. Both studies identified the need
for starting to understand the ecological impact of FPV on the water
body.

In the present study, the impact of FPV is examined in terms of
controlling microalgal blooms, and potential limitations to hydropower
operations. More specifically, the main contribution of the current work
is answering the following questions:

i. How does shading by FPV impact microalgal biomass development?
Understanding this issue for assuring a healthy ecosystem is re-
levant, particularly in the context of such a fast-growing technology.

ii. How does FPV interfere with hydropower operation? Assessing the
impact on hydropower revenues is crucial, given the large potential
that these reservoirs offer for new floating solar installations.

iii. What FPV sizes are to be tolerated or ideal in regard to the pre-
viously raised issues? The interaction of impacts (to both algal
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growth and hydropower operation) may lead to an optimal range of
FPV.

To answer these questions, a simulation framework is proposed that
will be illustrated in a case study. The Rapel hydropower reservoir in
Chile [17] is selected because it is close to a densely populated area (i.e.
valuable land) and it frequently suffers from toxic cyanobacterial
blooms. Furthermore, Chile is expected to require strong investments in
storage technologies [18] to integrate the vast solar potential the
country offers [10]. Thus, better understanding FPV-hydropower hy-
brids, as virtual storage [7], helps in that mission.

The next section elaborates on the methods applied in this study,
which includes the simulation framework and description of the case
study. Results pertaining to algal growth and hydropower operation are
discussed in Section 3. Finally, conclusions are drawn in Section 4.

2. Methods

A simulation framework composed of two models will answer the
posed research questions. The first is a numerical model that simulates
the hydrodynamics of a water body, allowing to examine how FPV, by
reducing the incoming light, affects the development of microalgal
biomass (presented in Section 2.1). The second model is an optimiza-
tion tool for hydropower scheduling, used to assess the impact of FPV
on the hydropower operation (Section 2.2). This framework is applied
in a case study on a real hydropower reservoir in Chile (Section 2.3).

2.1. Ecology model

To assess the ecological health of water bodies, nowadays, numer-
ical models are commonly used. Contrary to physical-ecological studies
that excel when taking snapshots of current situations, numerical
models are especially helpful to study future or extreme scenarios.
Here, a three-dimensional hydrodynamic/ecology model, called
ELCOM-CAEDYM (Estuary, Lake, and Coastal Ocean Model -
Computational Aquatic Ecosystem Dynamics Model), is chosen [19].
ELCOM is a computational simulation tool that considers the hydro-
dynamic and thermodynamic behavior of stratified lakes and reservoirs.
The transport and the interactions between biological and chemical
processes are simulated by dynamically coupling the water quality
module (CAEDYM) [19]. There is other software available for water
quality simulation. For example, the open-source tool CE-QUAL-W2, a
2D model (laterally averaged) used for long and narrow reservoirs [20]
or the commercial tool MIKE 3, a 3D model with a water quality
module [21]. In general, any software that is able to couple the hy-
drodynamics of the reservoir with the water quality would be suitable
for the here intended simulations. The selection of ELCOM-CAEDYM for
the purposes of this study is based on previous knowledge of the Rapel
Reservoir with this particular model [22-24].

Fig. 1 illustrates the conceptual scheme of the ELCOM-CAEDYM
model and the full technical detail can be found in reference [19]. The
main inputs refer to the bathymetry, meteorological data, inflows, bio-
chemical loads of the tributaries, and outflows (than can be controlled
by hydropower generation).

A direct effect of installing FPVs is reducing the incident short-wave
solar radiation on the water surface. To explore this impact on the
ecosystem, the full range of scenarios going from 0% to 100% of cov-
ered area is explored. The FPV systems are here assumed to be opaque
and equally distributed over the water body; hence, each scenario re-
duces the incident short-wave solar radiation over the whole lake be-
tween 0% and 100%. CAEDYM uses the incident shortwave radiation as
input to compute the surface thermodynamics. For simulating primary
algal production, the short-wave intensity at the surface is converted
into the photosynthetically active component (assuming that 75% of
the incident spectrum is between 400 and 700 nm in CAEDYM). As this
component penetrates into the water column, CAEDYM calculates, for
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Fig. 1. Hydrodynamic/ecology model: ELCOM-CAEDYM.

each computational cell, the light extinction coefficient as a function of
the concentrations of algae, inorganic, and detritus particles, and dis-
solved organic carbon contents. This way, the light that penetrates into
deeper waters depends on the extinction coefficient (i.e. the compo-
nents listed above) of the shallower waters. This is a commonly used
approach that can be consulted in reference [25]. Out of scope is ad-
dressing the light attenuation of various wavelengths over depth (dif-
ferent algal species need varying ranges of wavelengths) because this is
not influenced by FPV, rather by the characteristics of the water body
itself.

In terms of output, the focus is on total chlorophyll-a, a common
proxy for photosynthetic active biomass [26]. The total chlorophyll-a
concentration is defined as the sum of three groups of freshwater algae
species (chlorophytes, diatoms, and cyanobacteria) that are simulated
by CAEDYM. The growth of each concentration C during the time t is
simulated as a first-order kinetic reaction (6C/dt = uC), where the net
growth rate 4 depends on the water temperature, nutrient availability,
water salinity, and light intensity [25].

2.2. Hydropower operation model

In the present work, the impact of FPV on hydropower operation is
studied, in the task of better understanding the collateral effects of FPV.
The operation (and revenues) from the FPV power plant itself, topics a
classical FPV project developer would be interested in, are per experi-
ment-design out of scope. The area of installed FPVs sets a minimum
water level and a corresponding minimum volume that the reservoir
needs to maintain. If the water level dropped further, and the surface
became smaller than this minimum surface, the solar panels would
strand (see Fig. 2). This poses a volume constraint for hydropower
operation. To evaluate the effects of the different levels of FPV covers
on a reservoir hydropower plant, an optimization model for reservoir
operation is developed and used. This model is implemented in GAMS
[27], a commercial software to formulate optimization problems. Once
the problem is set up, it is solved with a commercial solver: CPLEX [28].

The model is based on maximizing the revenue Z, which is the
product between the generated power G; and the selling electricity price
P, summed over time (see Eq. (1)). To account for seasonalities inherent
to hydropower operation, the model considers a time horizon T equal to
one full year, i.e. 8760 sequential hourly time steps.

T=8760
Z GI.Pfcenarias
=1 (€]

The hourly power generation G; is calculated as the product between
the water release Q/**" and its hydropower yield Y (see Eq. (2)). This
yield is the product of the efficiency of the hydropower plant, accel-
eration of gravity, water density, and the hydraulic head. Here, a con-
stant yield is assumed, implying a constant head, which is a necessary
simplification for preserving the linearity of the model for the sake of
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Fig. 2. FPV and its impact on the minimum water level for hydropower.
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solving speed. Note that for high-head reservoirs (such as it is the case
of the case study), this approximation-error is limited.

G =Y Q[turbine (2)

The hydropower operation is constrained by its water balance (Eq.
(3)). The reservoir volume of the next time step V},, is calculated as the
difference between inflow Q" and the water released to the turbines
Q/“rbine (multiplied by the duration of the time step, i.e. one hour), plus
the previously-stored volume V,.

Vt+1 — (Q[i’lscenarivs _ Qtf“’bi"e).dt + Vt (3)

The maximum and minimum volumes of the reservoir limit the
hydropower operation (Eq. (4)). The maximum volume V™% is defined
by the physical capacity of the reservoir, while the minimum volume
ymin s corresponds to either the minimum technical volume (due to
the water intakes) or to the minimum level imposed by FPV. The ending
condition of the stored volume is a decision set to be equal to the
starting volume. This avoids undesired emptying of the reservoir.

Vieanarios < Vi < Vmax &)

2.3. Field of study

This section will describe the field of study. First, a general de-
scription is provided, followed by the defined scenarios for the ecology
model, and the defined scenarios for the hydropower operation model.

2.3.1. Description

The above-proposed framework is applied to the Rapel reservoir, a
hydropower plant in central Chile. This reservoir is selected because of
three reasons. 1) it is close to a densely populated region; hence, the
land is expensive making it a classical candidate for FPV power plants.
2) it is downstream of strong agricultural activities; thus, wastewater
and run-off of nutrients have impaired the water quality of the lake
severely. Most significantly, it has accelerated the growth of micro-
algae, in particular, the taxon cyanobacteria that are well-known to
produce harmful and deadly toxins. Moreover, their mass occurrence
and impact on the food chain poses a threat to the overall biodiversity
of the ecosystem [22]. And 3), the reservoir shows strong fluctuations
in its water level conditioned by the operation of its hydropower plant.
In this sense, installing FPV here is very different from a lake with more
constant water levels. Care must be put on avoiding the stranding of
FPV, which in turn impacts the hydropower revenues.
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Fig. 3. The Rapel hydropower reservoir and its basins. (Satellite image from
Google Maps.)

The Rapel reservoir (340S, 71.60W, 105 m.a.s.l.) was constructed in
1968 for power generation (380 MW, about 75 m of head) but has since
also become an important recreational area. It is a dendritic and tem-
perate monomictic reservoir with a storage capacity of 400 Mm?>,
composed of three sub-basins (Fig. 3). The southern part of the reservoir
contains the Cachapoal basin, which receives water from the Cachapoal
and Tinguiririca Rivers. In the eastern zone, the Alhué basin receives
waters from Alhué Creek. The Muro basin receives contributions from
the other two basins and is located in the northwestern zone of the
reservoir. The reader may consult reference [29] for further details.

2.3.2. Inputs and scenarios for the ecology model

In terms of inputs for the ecology model (recalling the left side of
Fig. 1), these are taken from reference [23]. The initial condition of the
lake was obtained from field observations [22]. This setup for the Rapel
reservoir was previously calibrated and validated in 2014 for a regular
mesh grid of rectangular elements 50 mx50 m in the horizontal di-
mensions, and 2 m in the vertical [22]. More details on the model for
this specific reservoir can be found in reference [22]. In short, a model
that was calibrated in earlier studies is here used to answer new
questions, now related to the impact of FPV on the reservoir.

In total, a time horizon of 2.5 years is simulated, starting in January
of 2011 (austral summer). This time horizon is chosen because of data
availability: for these years, there are several publications available that
serve as a baseline against which the results from the current work can
be compared. Much longer time horizons are challenging in both
computational and memory terms. For the analysis, the first months
(before the winter-overturn of the reservoir) are excluded because these
are strongly influenced by the initial conditions (vertical water tem-
perature profile). Thus, the resulting time frame applies from October
2011 to May 2013.

The base case (no FPV) is compared to scenarios in which the FPV
covers increase in steps of 10% (of covered area) until fully covering the
lake. These 10 scenarios, in addition to the base case, should provide a
fair resolution in the context of this exploratory study. These scenarios
will be abbreviated, such that, for example, FPV10 refers to a covered
lake area of 10% (which at the same time reduces the short-wave ra-
diation by 10%).

2.3.3. Inputs and scenarios for the hydropower operation model

To assess the impact of FPV on the hydropower operation, three
dimensions were subject to scenario analysis: Water inflows, electricity
prices, and minimum reservoir volumes. The two former are known
drivers for hydropower operation, while the latter is defined to test the
hypothesis of the current study. The details are as follows:

m Inflow scenarios are based on historical flow provided by Chile’s
National Power System Coordinator [30]. This data showed to have
better availability than the inputs for the ecology model, which al-
lowed to simulate 55 years (data between the years 1961 and 2015).
Note that only the inflows are varied, while the meteorological
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forcings (wind speed, air humidity and temperature, and cloud

cover) are not modified (i.e. they correspond to the time horizon

mentioned in Section 2.3.2).

The electricity price data were obtained from Chile’s National Power

System Coordinator for the years 2014 through 2017 (four years)

[31]. These are hourly time series for the node closest to Rapel.

m Each FPV scenario has a surface value (FPV area), which translates
into a corresponding minimum volume. As the most extreme sce-
narios are likely to have a significantly higher impact on results,
those are given a higher resolution (instead of defining only 10
scenarios as in the ecology model, here 14 are run).

Combining all three dimensions (55 hydrological years x 4 elec-
tricity price years X 14 minimum volumes) is the resulting scenario
setup for studying the hydropower operation under different levels of
FPV.

3. Results and discussion

Recall that the focus of the present study is on two unexplored as-
pects of FPV. One is its impact on lake ecology and the other on hy-
dropower operations. But it should not be omitted that FPV also offers
other advantages as explored in earlier studies, including a reduction in
evaporation and a displacement of carbon emissions (CO,). For ex-
ample, the water saved (due to lower evaporation) in FPV100, the most
extreme scenario of this study, would be close to 15% of the reservoir’s
total volume per year. By displacing conventional coal generators,
FPV100 would also reduce the CO, emissions by over one million tons
per year (for more details, see Table 1 in the appendix).

The remainder of this section first discusses the findings of the water
quality simulations (Section 3.1), followed by the hydropower optimi-
zation (Section 3.2). The final section (Section 3.3) focuses on de-
scribing the optimal range of FPV sizes by combining the results from
Section 3.1 and Section 3.2.

3.1. Microalgal biomass development as a proxy for water quality

This subsection has two parts. The first focuses on the spatial dis-
tribution of chlorophyll-a for the different FPV scenarios and the second
on the temporal evolution.

The spatial concentration of chlorophyll-a in the Rapel reservoir is
shown in Fig. 4. This plot shows the top view of the reservoir and
displays depth-averaged chlorophyll-a values (with red standing for
high values of chlorophyll-a) for the end of the simulation horizon. The

Table 1
General aspects of FPV scenarios.
Scenarios PV covered Installed Reduction in CO,  Annual
area (km?) power emissions (kt evaporation
capacity CO,/year)* reduction (%)’
™Mw)!
FPVO 0 0 0 0%
FPV10 4 195 130 2%
FPV20 8 390 260 3%
FPV30 12 585 390 5%
FPV40 16 780 520 7%
FPV50 20 975 640 8%
FPV60 23 1170 770 10%
FPV70 27 1365 900 12%
FPV80 31 1560 1030 13%
FPV90 35 1755 1160 15%
FPV100 39 1950 1290 16%

! Assuming 0.5 MWp per hectare.

2 Using 1500 yearly full load hours [38,39] and a greenhouse gas emission
factor for Chile of 0.44 tCO2/MWh [40].

3 Using the simplified Penman equation, based on radiation and wind speed
[41]. Expressed relative to the reservoirs maximum volume.
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Fig. 4. Concentration of chlorophyll-a in Rapel after the simulation period for the different FPV scenarios. (The color-code of these FPV scenarios will also be used in

the upcoming plots.)

first subplot shows the base case, that is without FPV. From here, it can
be observed that most of the cases exhibit concentrations between 20
and 50 pg/l. These are extremely high values in the context of the
World Health Organization’s guidelines for safe recreational water en-
vironments (10 pg/l chlorophyll-a) [32]. Especially, the Alhué creek
basin suffers from strong algal blooms due to its longer retention times
[33]. Conversely, the Muro basin experiences lower concentrations of
microalgae, possibly influenced by a stronger hydrodynamic regime
due to turbine action (higher flow velocities and mixing rates). More on
the behavior of the base case can be read in Refs. [22,23].

Now, as the FPV cover increases, the concentration of chlorophyll-a
declines resulting from a reduction in photosynthesis at lower irra-
diances. FPV20 and FPV30 achieve significant reductions but still ex-
ceed the recommended level (by the World Health Organization). In
scenarios FPV40 and beyond, the blooms are effectively prevented.
From scenario FPV70 onwards no measurable differences in algal
concentration are observed (for the time chosen in the figure). An ap-
parent exception is FPV10, which, compared to the base case, shows no
(or only minimal) changes. This may relate to the fact that the solar
radiation of the base case is close to or beyond the photosynthesis sa-
turation point (i.e. it is not a limiting factor).

In terms of temporal evolution, Fig. 5 shows the lake-average

chlorophyll-a concentration for the simulation horizon. Starting with
the base case (no FPV), it can be observed how the concentration
evolves from low values at the starting point in October 2011, to a first
bloom in summer 2012 (January-March), followed by a decay in
winter, and yet another bloom in summer 2013. In general, larger in-
stallations of FPV result in gradually lower peak concentrations of
chlorophyll-a, especially those summer peaks. Scenarios FPV10 to
FPV30, while following that trend, still result in blooms. High chlor-
ophyll-a concentrations are only avoided from scenario FPV40 and
onwards. Now, some of these scenarios have another issue: persistently
low concentrations of these primary producers. This is critical because
microalgae are an important part of the lake’s food chain. The literature
shows minimum (average) concentrations of 0.4 ug/l chlorophyll-a for
similar but healthy oligotrophic lakes in Chile [34]. Especially scenarios
FPV70 to FPV100 are consistently below that minimum threshold, po-
tentially threatening the ecosystem (although some reservoirs for
drinking water might benefit from the total absence of algae). If such
extreme covers are intended, a potential solution is acting on the
transparency of the FPV installations, which can be done by varying the
design of the floats (pontoons) and the panels.

Summarizing the ideas above, FPV shows to reduce concentrations
of chlorophyll-a effectively. In order to avoid the algal blooms from

100 Base case
40% FPV
Eﬁ 10 60% FPV
7
z
=
2 1
=
St
=]
= —
Q
0.1
= 100% FPV
0.01
N & & & & & &
O N O W 5 o O
o W ?’Q 5\) OE' X ?,Q

Fig. 5. Chlorophyll-a concentrations (lake-averaged) for the different FPV scenarios over the modeling horizon.
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which Rapel is suffering, scenarios FPV40 to FPV100 are candidate
solutions. However, scenarios FPV60 to FPV100 might limit algal
growth too severely, resulting in persistently low concentrations that
might restrict the carbon transfer into higher food levels and thus
hamper the lake ecology. The thresholds are specific to each ecosystem,
which is why it is recommended conducting studies at the sites of in-
terest for new FPV installations. Acknowledging and understanding
allowable ranges of FPV cover is relevant for all future FPV projects, as
well as stakeholders interested in preserving the lake’s ecology.

As a final note for this subsection, microalgal growth is a con-
sequence of CO,, light, and nutrient availability. Hence, by reducing
irradiance with FPV, a possibly high nutrient regime (called eu-
trophication) remains unaltered. Here, simply the algal growth is re-
stricted. This still has some advantages: (a) lower biomass leads to
eventually less dead organic material, less bacterial degradation activ-
ities, and less oxygen consumption; and (b) lower algal biomass sig-
nificantly reduces the likelihood of developing toxic species and the
release of their toxins. In other words, in this study, severe effects of
water pollution are attenuated by reducing algal growth.

3.2. Hydropower operation

The impacts of FPV on the revenues of the hydropower plant will be
assessed next. Recall that each FPV scenario requires a minimum water
level in order to avoid the stranding of the structures, which limits the
operational range of the hydropower plant.

Fig. 6 shows the yearly incomes of the hydropower plant over the
different FPV scenarios. The different data points, for a given cover of
FPV, correspond to the diverse hydrologic and electricity-price condi-
tions (as explained in Section 2.3). Each revenue is normalized by the
values from the corresponding base case (FPVO, under the same hy-
drological and price conditions).

Fig. 6 shows that up to FPV30, there is no change in revenue (all
data points are at 100%). This is to be expected as 30% of the lake area
corresponds to the minimum volume (given the turbines’ intakes).
Hence, such FPV sizes would not alter the hydropower operation. From
FPV40 to FPV80, revenues start decreasing. The behavior seems linear
in this range, and the forgone-revenue in FPV80 reaches 10% on
average. The spread between the different scenarios (hydrology, elec-
tricity prices) grows up to 20%, adding uncertainty to the hydropower
operation. For FPV90 and FPV100, the revenues drop dramatically by,
on average, 15 and 30%, respectively. In the extreme, FPV100 displays
a maximum of 90% of (the base case’s) revenues and a minimum of

100% @ o ] ®

80%

60%

Hydropower reevenue (%)

40%

Base case
40% FPV
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45% of revenues. Here, all operational flexibility is lost; the hydro-
power system operates as a run-of-river power plant (i.e. a full-re-
servoir, in which all inflows are immediately released to the turbines).

Such an extreme scenario, as FPV100, seems unattractive to all in-
volved stakeholders. More in detail, FPV100 consists of a power capa-
city of 2 GW, a massive size for floating solar power plants (the world’s
added FPV capacity during 2018 was 0.5 GW [2]), which might be
unrealistic to be deployed on a single water body. The economically
most attractive FPV size is likely to be one that matches the hydropower
plant’s capacity to utilize its existing electricity installations (transfor-
mers, transmission lines). In the assessed case, this size is around FPV10
to FPV30 (depending on the power capacity density, MW/ha, resulting
from the floats used), which is in line with the sizes assumed in re-
ference [7]. Nevertheless, exploring the full range of FPV is valuable as
it allows for identifying overall trends.

As summary of this subsection, only large installations (FPV40 and
beyond) might interfere with hydropower operations. Until FPV90, the
forgone revenues are below 10% (relative to the base case). These grow
significantly in the extreme case (FPV100) with a large variance de-
pending on price and inflow scenarios. Understanding how FPV inter-
feres with hydropower is highly relevant for companies who are pro-
jecting FPV on hydropower reservoirs. For example, with these results,
maximum FPV covers can be identified, or compensation payments
from the FPV to the hydropower plant could be designed.

3.3. Finding the optimal range

In this last subsection of results and discussion, the findings from the
two aspects analyzed earlier will be combined, and some limitations of
the present study will be addressed.

The two subsections above looked at how FPV could impact algal
growth and hydropower revenues. These two aspects are plotted in
Fig. 7 (on the primary and secondary y-axis, respectively) versus the
FPV scenarios (x-axis). From here three distinct ranges of FPV scenarios
can be identified, depicted by the light-blue vertical:

1) FPVO to FPV40: these configurations have virtually no impact on
hydropower revenues and only a small impact on algae growth.
Although all FPV scenarios in this range decrease the algae growth,
as commented earlier (Section 3.1), it is not sufficient to prevent
future blooms.

2) FPV40 to FPV60: these sizes start to affect hydropower revenue, but
the losses are limited to 5%. In terms of algae, there is a significant

50% FPV
60% FPV
90% FPV
100% FPV

Fig. 6. Annual revenues for the FPV scenarios under different hydrologic and electricity-price conditions. Revenues are normalized by the corresponding base case

(FPVO).
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Fig. 7. Chlorophyll-a concentration (lake-averaged) and hydropower revenues for different FPV scenarios.

improvement. Both maximum and minimum concentrations are met
over the whole simulation horizon.

3) FPV60 to FPV100: hydropower revenues decrease further, in the
most extreme case showing losses around 30%. Algal blooms are
avoided, but (recalling the results from Section 3.1) the average
concentrations are below the minimum threshold necessary to sus-
tain the ecosystem.

Altogether, FPV40 to FPV60 offers a good trade-off between lake
ecology and hydropower losses in the studied reservoir. Economic
losses are well below 5%, while algal blooms are controlled.

At this point, the reader is reminded that lake ecology is very in-
dividual to each lake, as it depends on numerous factors, such as me-
teorology, the concentration of nutrients in the inflows and sediments,
etc. Therefore, the specific ranges found above are only valid only for
this study site. Still, the inhere proposed methodology, as such, is
transferable. The authors argue that in any reservoir, it would be pos-
sible to observe that more extensive FPV covers reduce the chlorophyll-
a concentrations, as well as the hydropower flexibility (which in turn
would decreases the revenues). How sensible the response is to changes
on the FPV cover depends on the reservoir geometry and the trophic
state of the reservoir. Particularly, in reservoirs where the surface area
does not change significantly with the height, the optimal range defined
in Fig. 7 may widen to the right, whereas in a reservoir with good water
quality that range might move to the left.

In terms of limitations of this study, and steps proposed as future
work, there are other factors, beyond the considered algal growth and
hydropower revenue that may impact the feasibility and success of FPV.
For example, FPVs could interfere with recreational activities, as well as
the water value of hydropower [35]. Moreover, there are synergies that
remain unstudied, such as a hybrid operation between FPV and hy-
dropower, which could offer valuable services (such as steady power
output) to the power system. For such systems, the environmental
conditions (such as wind speed, evaporation, temperature) could be
important since they act on the FPV plants. All of that could help to
assess a more detailed performance. Also, the shadowing of FPV on the
lake could be simulated in more detail. For example, the spatial dis-
tribution and detailed attenuation of radiation might be relevant (here
only a uniform shading was assumed) since they support different taxa
of microalgae with various accessory pigments absorbing at different
wavelength regions. Studying the different microalgal taxa could reveal

insights on the food chain impacts (some might be inedible and, hence,
impact the carbon transfer into higher trophic levels) or other ecolo-
gical functions (carbon storage by photosynthesis, self-purification by
reducing nutrient levels, etc.). And finally, water quality is far more
complex than only algal concentrations; many other biological, che-
mical, and physical factors could be looked at [36].

As a general comment, when a lake suffers from algal blooms, the
most sustainable solution is to avoid high nutrient availability (which is
a driver for algae growth). Nutrients can be controlled in the inputs to
the ecosystem (inflows and sediments) or by applying in-situ techniques,
such as sediment removal or media-filtering [37]. In this case study,
nutrients come from agriculture activity and urban areas within the
catchment. Here, FPV showed to be either neutral or positive for im-
proving the situation of algal blooms (in the range identified) but
should not be considered as a stand-alone solution.

4. Conclusions

This paper studies how floating photovoltaic systems (FPV), if in-
stalled on a hydropower reservoir, would impact i) the development of
algal blooms (as proxy for water quality) with possibly positive con-
sequences for the overall oxygen budget and in avoiding toxin-produ-
cing species, and ii) the hydropower revenue by considering a
minimum height as to which the FPV is not stranding. For the first
objective, a numerical-hydrodynamic model (ELCOM-CAEDYM) is ap-
plied to simulate the concentrations of chlorophyll-a as a proxy for
algae. The current condition of a lake (no FPV installed) is compared to
scenarios of increasing (in increments of 10%) levels of FPV cover (in
terms of total area as well as incident short-wave solar radiation). For
the second objective, a hydropower scheduling tool is used. These is-
sues are illustrated in a case study on the Rapel reservoir of Chile.

Small FPV installations show to have little success in preventing
algal blooms. Moderate sizes of FPV can effectively avoid blooms while
supporting algal concentrations that are recommended for healthy
lakes. Very large FPV covers eliminate algae altogether, which might
threaten the lake’s ecology.

In terms of hydropower revenues, small and moderate installations
of FPV provoke only minor revenue-losses. These losses quickly in-
crease (up to 30%) for large installations because of the more stringent
minimum volumes that imply losing valuable hydropower flexibility.

When combining both aspects, the case study gave evidence that
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FPV should ideally be sized to about 40 to 60% of the lake’s surface. In
that range, the algal concentrations are kept within recommended
concentrations without incurring in revenue losses. These numbers are
specific to the shape and conditions of the water body.

As future steps, exploring with more detail the operation and sy-
nergies from a combined solar-hydropower plant is proposed.
Furthermore, the spatial modeling of FPV (and their cast shadows)
could be improved, that together with more attention on different algal
taxa, could reveal more details on foodchain impacts. Overall, the ap-
proach used in this work is relevant for decision-makers from the en-
ergy sector and ecology that are looking to develop an effective design
concept for the deployment of floating solar modules.
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