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ARTICLE INFO ABSTRACT

Floating Photovoltaic systems have developed very fast in recent years. Compared to individual Floating
Photovoltaic systems, further advantages, such as grid connectivity and energy storage, can be obtained when
Floating Photovoltaic operates collaboratively with Pumped Storage Power Systems. This paper proposed an
Integrated Floating Photovoltaic-Pumped Storage Power System and quantitatively assessed the potential of the
integrated system in electricity generation and conservation of water and land resource. The study developed a
coordinated operation model for the Integrated Floating Photovoltaic-Pumped Storage Power System, which
employed a dual-objective optimization, namely to maximize the benefits of electricity generation and to
minimize the energy imbalance at the same time. The dual-objective optimization was solved using the genetic
algorithm method. Other benefits of the Integrated Floating Photovoltaic-Pumped Storage Power System,
namely conservation of water and land resource, were also assessed. The proposed methodology was applied to a
2GW Floating Photovoltaic farm and a 1 GW Pumped Storage Power System. Results indicated that the
Integrated Floating Photovoltaic-Pumped Storage Power System has a great potential for gaining the benefits of
electricity generation (9112.74 MWh in a typical sunny day averagely) and reducing energy imbalance
(23.06 MW aggregately in one day). The coordinated operation provides the possibility to achieve a higher
generation benefits without affecting the reliability of the grid, while the optimization method plays a key role of
efficient coordination. In addition, the system would help to save 20.16 km? land and 19.06 million m® water a
year due to the reduction in evaporation loss. The synthetic benefits greatly improve the economic and en-
vironmental feasibility of photovoltaic systems in reality.
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1. Introduction

According to China’s first national water census bulletin (2013) [1],
the total number of natural lakes with a surface area of 1 km? or larger
is 2865 and the total surface area is about 78,000 km?. However, water
resource is unevenly distributed over the country and the volume per
capita is very limited. China has constructed 46,758 hydropower sta-
tions. However, many of the hydropower stations in recent years could
not operate at its full capacity due to insufficient water storage. In
addition, the competition for water resource between electricity gen-
eration and agricultural production has become increasingly intensive
in China [2]. Therefore, it has been crucial and urgent for China to
conserve water resource, while promoting sustainable development of
renewable energy at the same time [3].

According to China’s Intended Nationally Determined Contribution
(INDC), China aims to increase the consumption of non-fossil fuels to
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20% of the total consumption of primary energy by 2030. By Sep.2018,
the total installed capacity of photovoltaic (PV) plants had reached
164.74 GW [4]. Given that traditional terrestrial PV systems require
large area of land surface (about 8 m? for 1 kW), the development of PV
in China is facing enormous challenge about land resource, especially in
eastern China.

Based on the above background, Floating PV (FPV) systems, i.e. to
install PV cells on a floating system on water surface [5], can offer a
synthetic solution for energy production and conservation of water and
land resource [6]. Since the first pilot FPV plant was built in California
in 2008, over 20 FPV power plants have been built in the world, with
the installed capacity from 0.5 kW to 100 MW [7,8]. China is one of the
countries with the most developing FPV systems in recent years. Many
FPV projects with a total capacity of 1.7 GW has been constructed and
this figure will grow to 5GW by the end of 2018 [9].

The advantages of FPV technology has been demonstrated by
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literatures. Choi [10] has claimed that the generation efficiency of FPV
systems is 11% higher than conventional terrestrial PV systems due to
lower module temperature. Trapani et al. [11] reported that by in-
stalling FPV offshore, the limited land resource in the islands of Malta
can been largely saved. The literatures [12] and [13] have also elabo-
rated the performance, challenges and environmental impacts of FPV,
which support the deployment of FPV.

Moreover, further advantages can be obtained when FPV systems
are installed on hydropower reservoirs [14]. An integrated hydro-FPV
system cannot only solve the grid-connection problem of regular ter-
restrial PV systems [15], but also achieve the complementary effects
between hydro and solar energy [16]. Kougias et al. [17] proposed to
install FPV systems on existing water reservoirs and reported that the
combined hydro-FPV system was expected to create mutual gains for
both hydropower and solar power. Kougias et al. in [18] described that
the close water-energy interrelationship has brought opportunities of
achieving the synergy between electricity production and water pro-
vision. Beluco and Souza [19] argued that the time complementarity
between hydropower and solar energy is beneficial for sizing and op-
eration of integrated hydro-PV systems.

In addition to the aforementioned advantages, a Pumped Storage
Power System (PSPS), a special form of hydropower, can complement
an FPV power system to achieve energy storage and to address the
intermittency problem of solar energy [20]. Kocamana et al. [21] in-
dicated that PSPS can help to improve grid stability, power quality and
reliability due to the merits of flexible regulation and strong load-fol-
lowing capability. Ma et al. [22] demonstrated that PSPS have the
highest storage capacity and can be more economical than other tech-
nologies for energy storage. Patwal et al. [23] investigated the impacts
of a PSPS incorporating terrestrial PV power units in India. They found
that the integration makes the system more efficient, economically vi-
able, and reliable, which confirmed the advantage of the combination.

Many countries have constructed many PSPS stations over the
decades, which ensured a large capacity of complementing renewable
energy [24]. Foley et al. [25] performed a technical, economic and
environmental long-term generation expansion planning analysis on the
integration of PSPS with wind power in the electricity grid system of the
Ireland. Dursun et al. [26] also reported adopting pumped storage fa-
cilities to accommodate the growing penetration of wind energy and
investigated the contribution of wind-hydro pumped storage systems to
meeting Turkey's electricity demand. Spain has constructed a PSPS to
operate jointly with the wind power plants on the EI Hierro and Canary
Islands [27]. Aihara et al. [28] studied the power supply reliability in
power system using operation of the PSPS with a large penetration of
land PV based on a case study in Japan. Therefore, there should be
great potential of solar and hydro energy by the maximum utilization of
these renewable sources.

However, there is a lack of study looking into the Integrated
Floating PV-Pumped Storage Power System (IFPV-PSPS), and, to the
authors’ knowledge, there has been few demonstration projects in this
form in practice. In principle, an IFPV-PSPS can simultaneously yield
multiple benefits: saving terrestrial land, saving water resource and
enhancing electricity generation of PV. As regards the methods for the
coordination of hydro-PV hybrid systems, An et al. [29] adopted the
theories of complimentary hydro-PV operation and detected principles
for its short-term scheduling. Ming et al. [30] formulated a robust op-
timization model to maximize the total energy production in the
scheduling of daily generation. Yang et al. [31] developed a long-term
multi-objective optimization model for simultaneously maximizing
annual power generation and ensuring reliability, and a dynamic pro-
gramming technique was adopted to solve the optimization problem. In
addition, other studies on integrated hydro-PV systems pay their at-
tentions on, e.g., system sizing [32] and control optimization [33], in
which the operation scheduling strategy is indispensable. Different
from ordinary hydropower plants, a PSPS can generate electricity and
restore energy by pumping water. The operation scheduling of a PSPS
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has recently attracted much attention. Aihara et al. [28] proposed a
genetic algorithm and tabu search-based method for scheduling the
operation of a PSPS to improve generation benefits and system relia-
bility. In Patwal et al. ’s work [31], a crisscross search particle swarm
optimization technique was implemented for the scheduling of a PSPS.
A common problem in the existing studies is the assumption that the
pumping power of a PSPS is adjustable, which, however, is on the
contrary. More importantly, a coordinated operation strategy for an
IFPV-PSPS has not yet been developed. Furthermore, few studies have
systematically considered the associated benefits of an IFPV-PSPS in
terms of the preservation of land and water resources.

Therefore, the paper aims to quantitatively assess the potential of
the IFPV-PSPS. To this aim, the operation of the IFPV-PSPS was simu-
lated using a Coordinated Operation (CO) model. While there are nu-
merous ways for the two individual systems to operate together, the CO
model is optimized to simultaneously maximize the power generation
and minimize the energy imbalance using genetic algorithm method.
The CO model optimization was implemented under a typical sunny
weather condition and the results were further compared with an in-
dividual FPV system, an individual PSPS and the plain aggregation of
the two individual systems, respectively. In addition, extra benefits of
the IFPV-PSPS in terms of water conservation and land saving were
assessed.

The remainder of the paper was organized as follows: Section 2
presents the methods of the assessment of IFPV-PSPS, comprising the
simulation model used to estimate the energy generation benefits and
the method for calculating the water and land saving effect of IFPV-
PSPS; Section 3 presents the modelling results of the optimized co-
ordination of the IFPV-PSPS and comparison analysis are made. Finally,
Section 4 presents the conclusion of the study.

2. Methods

The method for evaluating the potential of the IFPV-PSPS consists of
three steps:

Step 1. The mathematical models for simulating the time series of FPV
and PSPS production were established (Section 2.1). Specifi-
cally, a Multivariate Non-Linear Regression (MNLR) model for
estimating the performance of FPV was built and it was vali-
dated using the experimental data from a real FPV station
(Section 2.1.1). A model for simulating the performance of the
PSPS was constructed, with reference to the working principles
of PSPS [34] (Section 2.1.2). The system size and electricity
load profile were determined for the study (Section 2.1.3).

A CO model for simulating the IFPV-PSPS was developed to
estimate the potential of electricity generation (Section 2.2).
The CO model employed a dual-objective optimization, namely
to maximize the benefits of electricity generation and to mini-
mize the energy imbalance, and the dual-objective optimization
was solved by Genetic Algorithm (GA).

The approach for assessment of benefits of the IFPV-PSPS in
terms of water conservation and land saving was established
based on three scenarios. (Section 2.3)

Step 2.

Step 3.

2.1. Mathematical model for Floating Photovoltaic and Pumped Storage
Power System

The mathematical models for evaluating the FPV and the PSPS were
constructed, and the system size and the electricity load profile are
reported in this section.

2.1.1. Mathematical model for evaluating the Floating Photovoltaic

Three types of models can be used to forecast FPV power outputs,
and they include: black box methods, e.g. Artificial Neural Network
(ANN) based methods [35], decision tree [36] and Support Vector



L. Liu, et al.

Machine (SVM) [37], gray box methods, e.g. wavelet neural network
[38], and white box methods, e.g. generalized linear model [39]. For
the sake of convenience, a Multivariate Non-Linear Regression (MNLR)
model [40], which is a statistic white-box model derived based on the
physical mechanism of photovoltaic system, was built to forecast the
FPV power outputs. It is validated using the experimental data from a
3kW experimental FPV system in Jinan, China. Enhanced electricity
generation can be obtained due to the cooling effect of water body.

Power output can be influenced by various meteorological factors,
in which the solar irradiance and temperature are the most significant
ones [41]. From the FPV plant, a large amount of irradiance, tem-
perature and power data can be obtained. Data processing technologies
provide support for dealing with complex data information and de-
signing statistical model [42]. The MNLR equation with solar irradiance
and temperature as variables can be expresses as (1) and (2):

PPV = bo +b1KG + szGlnG + b3KG(lnG)2 + b4KG2 + b5KG21nG

+ bsKG*(InG)? (€D)]

@

where Ppy is the PV power output (MW); b, is a constant; b; — be are the
regression coefficients; ¢ is the power-temperature coefficient (/°C), set
to be 0.0045; K is the relation weight between power output and
temperature; G is the solar irradiance (W/m?); T,, is the PV module
temperature; T, is the air temperature on the water body. Module
temperature T,, can be determined as:

K=1+ &(T, — 25°C)

Tn=T, +bG + ¢ 3)

where b is the fitting coefficient; c is the constant.

The data on the FPV power output, solar radiation and temperature
with an interval of 15 min from January 1 to July 30, 2018 were used to
determine the MNLR model. The future power produced Ppy by an FPV
plant can be expediently forecasted by using the instantaneous me-
teorological data (forecasted values of solar irradiance G and air tem-
perature T,). The forecasted solar irradiance and air temperature were
obtained from an exogenous source, namely the National Aeronautics
and Space Administration (NASA).

When the FPV is integrated with the PSPS, the energy balance of the
FPV system at time t can be expressed as:

Ppv = Pryre + Poy + Ppy 4)

where Ppyy is the electricity delivered to the load; t is time step, which is
set as 15 min in this study; Py is the electricity used for pumping water;
Pp is the PV curtailment, referring to the discarded electricity. Other
losses are neglected in the study.

2.1.2. Mathematical model for the Pumped Storage Power System
The power output of hydropower at time t can be expressed as Eq.

(5).

Pr ¢ = 15, ApQ: AH 5)

AH = Hup — Hgown (6)

where Py is the electricity output of the hydropower station (W); A is
the synthetic output coefficient of the power station, set to be 9.81; 7,
represents the efficiency of electricity generation, assumed to be 0.75;
Q is the discharge flow (m3/s); p is the density of water (1000 kg/ms)
and AH is the net water head of the power station (m); H,, and Hgeyn
are the upper and lower water head (m).

The pumped power can be described as Eq. (7).

_ 8pq.Ah

Pt
Din

(7)
where 7, represents the storage efficiency, assumed to be 0.75; g is
gravitational acceleration, 9.8 m?/s is used in the study; q is the storage
inflow (m?/s), i.e. the volume of water pumped by the electricity from
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the FPV; Ah is the delivery head (m).
The water balance is defined as:

Vt+1=V[+(It+qt—Qt)><At (8)

where V is the storage volume in reservoir (m?); I is the natural runoff
(m?/s). For PSPS, only a small amount of natural runoff is needed for
supplementing water evaporation and leakage losses, which is negli-
gible in the operation; t + 1 is the next time step; At is the length of the
time step (s). Considering the storage and outflows of the reservoir
associated with the PSPS, the water balance can be further expressed as:

) X At
(C)]

The storage capacity Vcap is also required, which should be no less
than the difference between the maximum and minimum values
yme — ymin simulated over the period. In addition, a nonlinear func-
tion f(x) was adopted to express the relationship between the storage V
and water level L according to the reservoir characteristic:

710

Py,
Nowe X A X AH,

MinPpt _
g X Ah,

Vt+1=Vz+(L+

Vi=f(L) UL (10)

2.1.3. System size and electricity load

The collaborative performance of an IFPV-PSPS is affected by the
relative size of the FPV and the PSPS [43]. While optimization of the
size of the FPV and the PSPS is out of the paper’s scope, the paper
referred to a real PSPS, i.e. the Taian PSH station with a capacity of
1GW, as the study project and assumed the capacity of the integrated
FPV Ppycqp to be 2 GW, according to the proposed size in [44]. The PSPS
consists of four reversible pump turbines/generator motors with a ca-
pacity (Ppcaps Prcap) of 250 MW each. The Taian PSPS operates to sta-
bilize the electricity output of the FPV and meet the electricity loads at
the same time. The electricity output of the 2GW FPV system is calcu-
lated according to the experimental FPV system in Jinan [45]. The
details of the PSPS can be seen in Table 1.

The rated power of the load P;; was set as 1000 MW and the daily
dynamic load was determined according to a typical daily electricity
load in the geographical area under study (Fig. 1) [46]. The time in-
terval of the data is 15 min.

As shown in Fig. 1, the daily load contains two peaks, namely one in
the morning and the other in the evening. When the load cannot be
fully met by the amount of electricity from the IFPV-PSPS, it will resort
to the grid.

The actual load P, that can be met by the IFPV-PSPS is determined
according to an iterative process as shown by Eq. (11) and follows the
energy balance restrictions (12)—(14).

Z[Tzl Pry, — Zthl Py — Z[T:1 Pp, + E[T:1 Py,

Pre= Py X T
o1 Pure
= PLI,[ X—
Epr 11)

Table 1

Parameters of PSPS in the designed IFPV-PSPS system.
Parameter Value
Total hydropower capacity 1GW
Pumped capacity 1GW
Individual hydropower capacity 250 MW
Units number 4
Coefficient 0.75

11.076 million m®
8.9511 million m®
29.93 million m®

Upper reservoir storage volume
Generation storage volume
Lower reservoir storage volume

Upper reservoir area 1.432km?
Lower reservoir area 84.53 km?
Relative water head 248 m
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Fig. 1. The load variation on a typical day in Shandong power grid in summer
and winter.

s. t.
EPV = EPVL + EP + ED (12)
Epy — Ep — Ep + Ey = Eco 13)
ECO + ER = EL (14)

where Epy is the generation energy of PV during the regulation period
(MWh); Ep is the total pump energy during the day (MWh); Epyy, is the
total PV power generation to the load during the day (MWh); Ej, is the
total discarded energy during the day (MWh); Ey is the total amount of
hydropower generation power energy during the day (MWh); Eco is the
total amount of power generation by the integrated system during the
day (MWh); E is the total amount of reserve power (MWh), with the
initial value being 0; Ej; is the total amount of electricity load with
initial value being 1000 MW (MWh); E; is the total amount of actual
electricity load (MWh).

2.2. Coordinated operation model for the integrated Floating Photovoltaic-
Pumped Storage Power System

A CO model was developed to optimize the operation of the IFPV-
PSPS. The CO model employed a dual-objective optimization, namely to
maximize the benefits of electricity generation and meanwhile to
minimize the energy imbalance, and the dual-objective optimization
was solved by GA.

2.2.1. The coordinated operation model with dual-objective

As the electricity output from the IFPV-PSPS is not always consistent
with the dynamic load, the imbalance between them is defined as
Regulation Power Source (RPS), APy, determined as Egs. (15) and (16):

Pri = Ppyr; + Py + APy, 15)
APy = Prits Prie < OifPryre + Pae > Pry
Re = ;
"7 Pras Pro > OifPovr + P < Pryg (16)

where P, is the dynamic electricity load; Ppy;, is the excessive electricity
from the FPV; Py is the power output of the hydropower plant; APy is
the RPS, i.e. the imbalance between the output of the IFPV-PSPS and
the dynamic load; Py, is the excessive electricity of the IFPV-PSPS over
the dynamic load; P, is the amount of electricity deficit when the IFPV-
PSPS cannot meet the dynamic load.

The CO model employed a dual-objective optimization and the first
objective is to obtain the maximum generation benefits of the IFPV-
PSPS on the premise of maximizing the utilization of solar energy (see
Eq. (17)).
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Table 2
The range of the parameters Py, and Pp.
Unit type Generation Pumping
Conventional units 0~Py 0, Py
Variable-speed units 0~Py 0.5PNy ~ PN
T
F = max Z (Prvi,e + Pr,o)
=1 17

where the time periods T is 96 in an operational day pursuant to the
time interval of 15 mins. The sum of Ppy;, and Py, is actually the co-
ordinated power output Pro, of the integrated system.

The second objective is to minimize the imbalance between the
electricity output of the IFPV-PSPS and the electricity load, which is
expressed as:

F=min| L S ap?
2= mlnv T & Rt

In the optimization process, the PSPS adjusts its operation by
scheduling Py, and Pp,, while the FPV regulate its operation by dis-
patching Ppyy,, to simultaneously achieve the maximum power gen-
eration and minimum the energy imbalance. The range of the para-
meters are shown in Table 2, where Py is the rated pump/ generation
capacity of the unit.

18

2.2.2. The collaborative strategy and genetic algorithm method to solve the
dual-objective optimization

Since existing operating strategies of FPV and PSPS systems are
developed independently [47], a collaborative strategy was employed
to optimize the collaborative operation of the IFPV-PSPS, i.e. the
electricity generated by the FPV system is used for water pumping in
the first place and the excessive electricity from the FPV is then used to
meet the electricity load. The dispatch of PV electricity output is illu-
strated in Fig. 2.

Based upon the collaborative operation strategy, the dual-objective
optimization problem was solved using the GA method, with the ad-
vantages of simplicity, easy implementation and having a lot of suc-
cessful practice applications. The first step was to determine the initial
values of the CO power in the GA optimization, as indicated in Fig. 2,
and it helps to improve the computation efficiency. If the excessive PV
power, Ppyg,, is larger than the load, P, ,, the CO power, Pro,, increases
from the load value P, with an increase coefficient R, which is a
random number between 1 and 1.3. In this process, the CO power, Pco,,
can be adjusted to gain more benefits from power generation. If the
excessive PV power, Ppyg , is smaller than the load, P, ;, the CO power
Pro, is equal to the load, P.,. The initial values of the CO power,
Peo (t =1, 2---,96), were acquired using pre-optimization before the GA
optimization.

With the initial values of the CO power, the dual-objective optimi-
zation problem was then solved using the GA method. The GA method
operates on a population of chromosomes, which are initialized, eval-
uated, selected, crossed-over and mutated along the generations to find
the best solutions to the CO of the IFPV-PSPS [48]. The results from the
GA optimization is a set of pairwise values for the two objectives, often
called the Pareto Frontier [49]. The process of the GA optimization is
illustrated at the bottom of Fig. 2. The detailed parameter settings
adopted in the GA method can be found in Appendix A.

2.2.3. Constraints to the coordinated operation model
The constraints to the CO model and the associated dual-objective
optimization are as follows.

PN < Pp, < PROX (19)
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E Maximum pumping power E
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E Electricity load Excessive PV power time series i
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IF excessive PV power larger than load ?
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CO power time series
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v

Objectives:

(2) Energy imbalance F,

E (1) Generation benefits F, E
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New CO power time series | Selection |
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T | Crossover |
Adjustable Power A
Povi1 Ppyvio Pevios - Mutation Final CO model results
Pui Pro Pros

GA algorithm optimization

Fig. 2. The collaborative operation strategy and the GA method to solve the dual-objective optimization.

Pt < Puy < PRY (20)
0 < Ppypt < Ppy s — Ppys (21
A —=e)P <Py + Py <A+ )P, (22)
Ni < Ny < NEE (23)
NEY" < Npo < NP 24
N/ < Ny, + Npy < N (25)
vt < v < v (26)
VI — VI < Vigy 27)
VI < Vog — V4 < e (28)
HMn < H, < H™ (29)
LM <L < L™ (30)

where Ppi" and Pf'{*are the lower and upper limit of pumping power at
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time period t; Pjj' and PJ}¢* are the lower and upper limit of electricity

output by the hydropower plant at time ¢, set as 0 and 250 MW; Eq. (22)
restricts the deviation degree of coordinated output to load, whilee
indicates the deviation coefficient towards load, set as 0.3 in this study;
Ny, and Np, are the number of units for generation and pumping in
operation; Njj'#' and Nj¢* are the minimum and maximum number of
generation units to start up, which are 0 and 4; Nf{" and N}%** are the
minimum and maximum number of pumping units to start up; N and
N/ are the minimum and maximum number of units, which are 0 and
4 in this study; V; denotes the real-time water volume at time t; V™" and
V{"* are the lower and upper limit of water storage at time t; The dif-
ference between the maximum and minimum values of water volume
ymex — ymin gyer the period, is required to be no more than the storage
capacity V., for the IFPV-PSPS; The Vi — 1] is the water volume
change of the day, with the V46 and V] as the water volume at the end
and at the beginning of the day; v"" and v™®* are the acceptable change
in the volume of water storage, set as —250 and 250 thousand m?;
H/""and H"*are the lower and upper limit of water head at time t; L"
and L/"™are the lower and upper limit of water level at time ¢, re-
spectively.



L. Liu, et al.

Table 3
Power density of existing FPV installations.

Plant Name Size Power Capacity =~ Power Density
Kato-Shi [50] 31300m*  2.87 MWp 91.69 MWp/km?
Otae & Jipyeong Reservoir 52600 m? 6 MWp 113.95 MWp/
[51] km?
Umenoki 74300 m? 7.75 MWp 104.31 MWp/
km?
QE II Reservoir 57500 m? 6.33 MWp 110.09 MWp/
km?
Yamakura Reservoir [52] 180000 m? 13.7 MW, 76.11 MWp/]((m2
Overall 301100m>  31.05 MW, 99.23 MWp/km?

Source: [53].
2.3. Benefits of saving in land and water resource

The methods for evaluating the potential of the FPV in land con-
servation and water saving are reported in this section.

2.3.1. Land saving effect

The study evaluates the effect of the FPV on land saving via the
parameter power density (MWp/km?), which measures the installed
capacity of an FPV system on a unit area of water surface. Table 3
compiles the power density of existing FPV installations in the world,
which have an average power density of 99.23 MWp/ km?.

Based on the average power density, the technical capacity and
generation potential of the water bodies (reservoir, lake, canal, etc.) for
installing FPV systems was further evaluated.

Technical capacity potential = urban openspace X power density [€2D)
Technical generation potential

_ Z urban openspace X power density

- X capacity factor X operating hours 32)

2.3.2. Water saving effect

With growing demand for water, the water saving effect is an im-
portant benefit of the system [54]. In general, an FPV system covers a
large area of water surface and thus is able to save water resource by
reducing water evaporation loss, which is the direct water-saving effect
of the FPV system. When an FPV system is installed on the reservoir of a
PSPS, the electricity generated by the PV system can be used to sub-
stitute the electricity generated by the hydropower station, via sup-
plying electricity to end users or pumping water, and this is equivalent
to saving the water consumption of the PSPS. This is called indirect
water-saving effect in the paper.

Regarding the direct water-saving effect, there is a variety of
methodologies for estimating the water loss due to evaporation and the
Penman-Monteith method is the most widely used one [55], which is
complex and out of the scope of this study. Therefore, the study used an
ordinary method and assumed that: 1) the evaporation is proportional
to the exposed surface area of the water body and 2) the evaporation
rate is uniform across the entire surface of the water body. Therefore,
the direct water-saving effect can be calculated as Eq. (33) according to
[56]:

E=EXCXp (33)

where E means the amount of avoided evaporation due to the in-
stallation of the FPV system and E, represents the amount of evapora-
tion losses under natural conditions, which is 0.9-1.2 million m® (MCM)
per km? for the project under study [571; C is the area of covered water
surface; p is the prevention coefficient, assumed to be 0.9 in the study.
The indirect-water saving effect is calculated by converting the
amount of electricity generation by the FPV system into the volume of
water consumed by the hydropower station, as shown by Eq. (34).

Energy Conversion and Management 194 (2019) 173-185

V= 0.75 X 3600 X Epy, X (1 — €)

¢ o X g X AH 34

where V,, is the volume of water resource (m>); Epy . is power generation
of the FPV system (Wh); € is the discarding rate of PV power, which is
ratio of discarded PV output Ep to the total amount of electricity gen-
erated by the FPV system Epy; AH is the water head of the PSPS (m).

3. Results

The results of the generation potential based on CO optimization of
the IFPV-PSPS and the benefits of water and land conservation are
presented in this section.

3.1. Modelling results of the Floating Photovoltaic, integrated Floating
Photovoltaic-Pumped Storage Power System and Pumped Storage Power
System

The results in terms of power generation of the FPV, optimal CO of
the IFPV-PSPS and operation of the PSPS are reported in this section.

3.1.1. Power generation of the Floating Photovoltaic

The FPV power output on a typical sunny day was evaluated to
examine the above proposed methodology. The most notable distinc-
tion of FPV output in cloudy and rainy days from that in a sunny day is
the reduction in the output. Since this study concentrates on the opti-
mization of the CO of the IFPV-PSPS, the variations in the output, as
well as related uncertainty in the output forecast, go beyond the scope
of the study. In addition, the output in a sunny day can be regarded as a
nominal value for estimating the potential of the IFPV-PSPS.

Ambient temperature is an important parameter that can affect the
working performance of PV systems. In general, the FPV module has a
lower working temperature than an equivalent terrestrial module due
to the cooling effect of the water body. This effect can be clearly seen in
the measured data from the experimental FPV system in Jinan (Fig. 3).

Based on the empirical model from Cheng C’s work [58], the re-
lationship between module temperature T,, of monocrystalline silicon
FPV cells and air temperature on water surface T, can be determined as:

T, = T, + 0.0145G — 2.8148 (35)

For comparison, the equation between land PV module temperature
T,y and air temperature T on land is:

T = Ty + 0.0130G — 0.5898 (36)
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Fig. 3. Module temperature of an FPV system and a terrestrial PV system under
a sunny weather.
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Fig. 4. Pareto Front of the proposed multi-objective CO model for the IFPV-
PSPS.

where G is the solar irradiance (W/m?).

By comparing Egs. (35) and (36), the PV module temperature on
water surface can achieve lower value than PV module on land, with an
average temperature difference of about 4 °C, which will lead to a dif-
ference of 1.8% in power generation efficiency.

Validated by the measured data from the experimental FPV system
in Jinan, the power output of the FPV systems under sunny weather
conditions can be expressed as in Eq. (37):

Ppy = 7.520KG(t) — 8.87KGInG(t) + 3.967KGIn* G(t) — 2.300KG>(t)
+ 0.542KG3nG(t) — 0.024KG?In? G(t) + 47.67(MW) 37)

Therefore, the electricity output from the FPV was forecasted with a
fifteen-minute interval, which is taken as the boundary condition for
the dual-objective CO model.

3.1.2. Optimal coordinated operation of the
Photovoltaic-Pumped Storage Power System

The non-inferior solutions to the CO model, known as the Pareto
Front, were obtained by solving the dual-objective optimization pro-
blem (Fig. 4 and Table 4). The results represent the average values of
1000 iterations of a one-day solution.

As indicated by Fig. 4, a larger generation benefit corresponds to a
larger imbalance between the electricity output and the load. The sta-
tistical characteristics of the results are shown in Table 4. On average,
the proposed IFPV-PSPS system is able to produce 9112.74 MWh gen-
eration benefits in one day and the energy imbalance can be restricted
to 23.06 MW.

Since the optimal results of the IFPV-PSPS include many CO
schemes regarding the dual-objectives of electricity generation and
energy imbalance, a CO schemes with the status of [9126.21 MWh/d,
24.47 MW] in Fig. 4 is randomly selected for demonstration. The fol-
lowing analysis can also be applied to other status.

integrated  Floating

3.1.3. Operation of the Pumped Storage Power System
The operation scheduling of the PSPS under the demonstrated CO
scheme can be seen in Fig. 5. The four reversible pump turbines/

Table 4
Characteristics of the dual objectives on a regular day.
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Fig. 5. Operation schedule of PSPS in CO process for the optimal solution.

generator motors have a capacity of 250 MW each. A column in Fig. 5 at
a time point represents that the turbine/generator is in operation and
otherwise it is in the idle state. Correspondingly, the accumulated vo-
lume of pumped water by the IFPV-PSPS and water storage in the re-
servoir are shown in Fig. 6.

The power generation by PSPS is 4701.37 MWh/d, about half of the
total electricity output of the IFPV-PSPS. Due to the supplement by the
pumped water using surplus energy from IFPV-PSPS, the daily water
consumption of the IFPV-PSPS is restricted to a very low level, i.e.
25.85 * 10* m®/day or 28.33 m®>/MWh, and this is owing to the colla-
borative operation strategy, i.e. the electricity generated by the FPV is
stored by pumping water.

In addition to the scheduling of PSPS, the specific data of the dis-
patching of FPV power underlying the selected CO scheme of in support
of the comparison analysis in Section 3.2 is also listed additionally in
Appendix C.

3.2. Comparison between the integrated Floating Photovoltaic-Pumped
Storage Power System and stand-alone systems

The performance of the IFPV-PSPS is compared with a stand-alone
FPV, a stand-alone PSPS and the plain aggregation of an FPV and a PSPS
without optimal CO to reveal the potential of the proposed system.

3.2.1. Comparison between the Integrated Floating Photovoltaic-Pumped
Storage Power System and a stand-alone Floating Photovoltaic system

The power output of the IFPV-PSPS in this status is shown in Fig. 7.
For comparison, the power output from a hypothetical stand-alone FPV
system of the same capacity was simulated to compare with the IFPV-
PSPS as that in Fig. B.1 in Appendix B. The results on the benefits of
electricity generation and on the energy imbalance were computed and
reported in Table 5. The specific data in support of Table 5 could be
found in Appendix C.

The following results have been derived (Fig. 7 and Table 5).

e With the CO model, the output of the IFPV-PSPS can well follow the

Energy generation benefits (MWh/day)

Energy imbalance (MW)

min Max average

Std. min max average Std.

The day 8863.38 9317.18 9112.74

127.86 0 48.59 23.06 12.74




L. Liu, et al.

1000

1000

Sorage volume
-+ = Pumping water volume

14

0
18:00 21:00 24:00

>

I

g

800 800 £

~ 5
e I
<+ a~]
S 600 600 §
e .
E &
S 400 400 &
g g
] g
2 200 200 §
(¢}

=

g

9:00 12:00 15:00
Time

%:00 300 6:00

€

Fig. 6. The accumulated volume of pumped water by the IFPV-PSPS and water
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Fig. 7. The power output of the IFPV-PSPS and matching with load in one day.

load curve. Therefore, the energy imbalance between the output of
the IFPV-PSPS and the load is much smaller than the imbalance
between a stand-alone FPV and the load. This implies a significant
improvement in the system stability and reliability.

The overall utilization rate of the electricity from the FPV increase
from 31.82% in the stand-alone FPV system to 86.62% in the IFPV-
PSPS. While the electricity from the FPV directly to the load remains
nearly the same, 56.08% of the total amount of electricity is used for
pumping water, which can be further used to generate electricity. In
the meantime, the curtailment of the FPV outputs is reduced from
68.18% to 13.38%.

As a result, the IFPV-PSPS can produce a total of 9126.21 MWh
electricity benefits in one day, much more than 4610.68 MWh/d
from a stand-alone FPV system.

Table 5
Comparison of the IFPV-PSPS and a stand-alone FPV system.
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Fig. 8. Comparison between an IFPV-PSPS and a stand-alone PSPS.

3.2.2. Comparison between the integrated Floating Photovoltaic-Pumped
Storage Power System and a stand-alone Pumped Storage Power System

The IFPV-PSPS is further compared with a stand-alone PSPS in this
section.

For a regular stand-alone PSPS, water is pumped to the upper re-
servoir using the electricity from the grid during the load valley, while
water is discharged to the lower reservoir for power generation at the
load peak. Therefore, the generation benefits of a stand-alone PSPS and
the amount of electricity consumption for water pumping can be cal-
culated as Egs. (38) and (39).

3600 X V, .

Eys = W(Genemtwn mode) (38)
0.75 % 3600 X V, .

Eps = ﬁ@umpmg mode) (39)

where Ey s refers to the generation benefits of the PSPS; and Ep s is the
electricity consumption of the PSPS from the power grid.

For a stand-alone PSPS of the same capacity as that in the IFPV-
PSPS, the generation benefit is 4701.37 MWh/d, much less than
9126.21 MW/d from the IFPV-PSPS (Fig. 8). In the meantime, the
electricity consumption of the stand-alone PSPS is 8065.54 MWh, which
requires a large amount of costs and leads to additional environmental
emissions.

Based upon comparison analysis, the superiorities of IFPV-PSPS
than stand-alone systems were validated. In truth, the superiorities rely
on the combination of the two kinds of systems. i.e. the FPV and PSPS
interact with each other and achieves complementarity. The PSPS im-
proves the utilization rate of PV power and address the intermittency
problem of PV, while FPV could provide electricity for pumping water
that reduces the costs of PSPS, the which a win-win cooperation.

3.2.3. Comparison between the integrated Floating Photovoltaic-Pumped
Storage Power System and the plain aggregation of a Floating Photovoltaic
and a Pumped Storage Power System

There are numerous ways for the FPV and the PSPS work together.

Generation Benefits Energy imbalance

FPV power to load

FPV power for pumping FPV power curtailment Total Power (MWh)

(MWh/day) (MW) (MWh) water (MWh) (MWh)
IFPV-PSPS 9126.21 24.47 4424.84 8125.00 1938.45 14488.29
(30.54%) (56.08%) (13.38%) (100%)
Stand-alone FPV  4610.68 744.27 4610.68 0 9877.61 14488.29
(31.82%) (0%) (68.18%) (100%)
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Fig. 9. Generation benefits and energy imbalance of the plain aggregation of
two individual systems and comparison with the Pareto Frontier.

In order to indicate the advantages of the proposed FPV-PSPS system
under the optimal CO, the generation benefits and related energy im-
balance of the plain aggregation of two individual systems were cal-
culated and compared with the Pareto Frontier, as shown in Fig. 9, with
the blue stars representing the results of the plain aggregation. The
differences can be regarded as the results of optimization.

The CO scheme under zero energy imbalance [8863.38 MWh/d,
0 MW] can be regarded as the best result for the plain aggregation of
the two stand-alone. The effects of energy imbalance from 0 MW to
50 MW on generation benefits through adjusting power scheduling and
dispatching are investigated through the Pareto Frontier optimal solu-
tion set, illustrating that generation benefits increase remarkably as
energy imbalance rises. The coordinated generation benefits are aug-
mented by 1.4% and 2.5% respectively when 10 MW and 20 MW energy
imbalance. The generation benefits can be further enhanced by about
5.1% (generation benefits: 9317.18MWh/d) if an energy balance of
50 MW is allowed.

The CO scheme [8838.86 MWh/d, 36.10 MW] is another solution of
the plain aggregation of the two stand-alone systems. It is obvious the
performance in terms of generation benefits and associated energy
imbalance without coordination management is inferior than that
under CO model optimization.

3.3. Benefits on savings in land and water resource

The associated benefits of IFPV-PSPS in light of land and water
saving is also discussed to provide references for decision making. The
land saving effect and water conservation benefits are reported in
Table 6.

(@) Saving in land

Table 6
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e With the energy density of 99.23 MW/km? the required water
surface area for installing the 2 GW FPV system is 20.16 km>. This
corresponds to a saving of 20.16 km? land resource, if the same
capacity of PV system were to be installed on land. The coverage
rate of the water surface is 23.85% for the Taian PSPS’s reservoir
(84.53 km?) and this will create very minor impacts on the reservoir
and related activities, e.g. tourism and fish farming.

Based on the same principle of the FPV system, the potential for
savings in land resource in Shandong is over 210 km? with the
technical capacity of 20.84 GW, given a mild coverage rate of the
water surface of 10%. To make a comparison, the installed PV ca-
pacity in Shandong is 10.52 GW at the end of 2017 and is aiming to
achieve 18 GW in 2022 and 24 GW capacity till 2028 [59]. There-
fore, the large technical potential capacity of FPV will definitely
accelerate the development of PV industry in Shandong. In addition,
the corresponding technical generation potential of FPV is antici-
pated to be 11.05 TWh/y, with FPV utilization rate of 20% and
working period of 2920 h/year.

The potential of Shandong Province can be extended to other areas
in China, especially the provinces in eastern China, where terrestrial
land resource is very limited, especially for large scale deployment
of PV systems. There is a total of around 125 thousand km? water
surface in China and the technical potential capacity for FPV sys-
tems can reach 180 GW, with a very conservative coverage rate of
only 1.5%. To make a comparison, the amount of China’s PV in-
stalled capacity is 164.74 GW, of which the distributed PV capacity
is 46.80 GW by Sep. 2018 [60]. Therefore, the FPV will boost the
development of PV industry in China as an innovative and pro-
spective power generation technology.

(b) Saving in water resource

The direct water-saving effect is calculated as the avoided eva-
poration loss and the proposed IFPV-PSPS system can preserve
water resource 16.33-21.78 MCM every year, and this amount is
about twice the generation capacity of the reservoir.

The indirect water-saving effect is calculated as the savings in water
consumption of the hydropower station. Based on the IFPV-PSPS
system, the annual electricity generation from FPV systems could
reach about 1.06 TWh/y, with the FPV utilization rate of 20%. Take
the average PV power discarding rate € to be 13%, the PV power will
correspond to further indirect water savings of about 1020 MCM.
Since there is great uncertainty, the calculation results of nation-
wide land and water saving of FPV is undetermined and open for
discussion.

4. Conclusion

The fluctuations and uncertainties in PV outputs have created great
challenges to practical utilization of solar energy. This paper presents a
novel form of multi-energy system, namely an IFPV-PSPS to achieve

Summary of land saving and water saving effect of FPV in the paper and potential area.

Water area Occupying rate  FPV occupying area  Technical capacity Technical generation Direct water Indirect water saving
(km?) (km?) potential (GW) potential (TWh/y) saving (MCM/y) (MCM/y)

FPV in the paper 84.53 23.85% 20.16 2 1.06 19.06 1020.00

FPV in Shandong 2100.00 10% 210 20.84 11.05 198.61 10628.40

FPV in China 124700.00 1.5% 1870.5 185.57 / / /
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synergetic benefits by CO of the PSPS and the FPV system. The paper
developed a dual-objective optimization model for the CO of the IFPV-
PSPS, which simultaneously maximizes the generation benefits and
minimizes the energy imbalance between the generation and the load.
The CO optimization model was solved using the GA method on the
prerequisite of a collaborative strategy.

The main findings include: the IFPV-PSPS, which includes a 2 GW
FPV and a 1 GW PSPS, can gain considerable generation benefits, i.e. on
average 9112.74 MWh a day, and minimize energy imbalance between
the IFPV-PSPS and the load to 23.06 MW. The superiority of the pro-
posed IFPV-PSPS was further supported by comparing the IFPV-PSPS
with a stand-alone FPV and a stand-alone PSPS, while the effectiveness
of the proposed model was verified by calculating the generation ben-
efits and related energy imbalance of the plain aggregation of two
stand-alone systems and comparing with the Pareto Frontier. With
additional benefits in saving terrestrial land, the IFPV-PSPS enables
another practical option for the deployment of PV, especially where
land resource is limited. The IFPV-PSPS can also been seen as an effi-
cient means to alleviate the water scarcity with an enormous water
saving potential, both directly by avoiding evaporation and indirectly
by pumping water.

In addition, the study makes contributions to the academic area
with the following implications:

e The proposed collaborative strategy can help to make a pre-opti-
mization and decrease the number of decision variables to be opti-
mized. This enables the GA method to solve more complex dual-
objective problems.

e The dual-objective optimization model is a generic approach that
can be easily applied to other CO of integrated energy systems.

Appendix A
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Notably, the present study indicates that CO provides the possibility
to achieve a higher utilization rate of intermittent renewable energy
without affecting the reliability of the grid, while the optimization
method plays a key role of efficient utilization.

e System sizing is another important issue for IFPV-PSPS. The load at
night is only satisfied by the PSPS, while the electricity output from
the FPV at daytime does not only suffice for the load, but also pumps
up water to save energy and also to maintain water balance.
Therefore, the capacity of the FPV is usually larger than the capacity
of the PSPS.

e The accuracy of PV power forecasts has influence on the coordinated
optimization of the integrated system. Thus, quantification of the
uncertainty using, e.g. probability interval method based on de-
terministic point forecasts, will help to improve the optimization
process. For a further interest in the quantification of uncertainties,
as well as the probability distribution of forecast errors, please refer
to, e.g. Liu et al. [41].

e On a higher political level, the development of FPV technology can
greatly contribute to China’s INDC, as well as to the long-term en-
ergy transition.
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The detailed parameter settings in the solving process using GA method are listed in Table A.1.

Table A.1
The summarized parameter settings for GA optimization.

Model parameter

Value

Annotation

Input 1

Input 2

Input 3

Decision variables

Number of variables

Constraints

The first objective
function F;

The second objective
function F,

Weight coefficient
transform

Number of population
size

Number of iterations

Evolution rate

Coding method

Pp(t=1,2,96)
Ppy ¢ (t =1, 2:--,96)
Ppy(t=1,2+96)
Py 1, Ppvi(t =1, 2---,96)
192
Egs. (19)~(30)

96

F=max Y, (Ppvi; + P
=1

L1 T
B= miny| Y1 APg 2

u = F; + 100000/F,

200

1000
0.2
Gray code

Section 2.2.2
Section 2.1.1
Section 2.2.2
Section 2.2.2
Section 2.2.2
Section 2.2.3
Eq. (17) in Section 2.2.1

Eq. (18) in Section 2.2.1

u is the evaluation
function in dual-
objective problems
/

/
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Appendix B
Fig. B.1.
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Fig. B.1. The comparison of power output from the stand-alone FPV and IFPV-PSPS.
Appendix C
Table C.1.
Table C.1
Scheduling of PSPS and dispatching of FPV electricity power.
Time Ppy/MW Ppyr/MW Pp/MW Pp/MW Pyy/MW Pco/MW Load/MW APR/MW
0:15 0 0 0 0 279.32 279.32 280.74 1.42
0:30 0 0 0 0 291.45 291.45 284.88 —6.57
0:45 0 0 0 0 284.84 284.84 282.46 —2.38
1:00 0 0 0 0 292.47 292.47 278.85 —13.62
1:15 0 0 0 0 263.19 263.19 274.64 11.44
1:30 0 0 0 0 272.81 272.81 272.21 —0.60
1:45 0 0 0 0 265.53 265.53 269.20 3.67
2:00 0 0 0 0 241.80 241.80 266.18 24.38
2:15 0 0 0 0 271.41 271.41 262.58 —8.83
2:30 0 0 0 0 285.57 285.57 258.97 —26.60
2:45 0 0 0 0 265.97 265.97 258.93 —7.04
3:00 0 0 0 0 255.47 255.47 257.71 2.24
3:15 0 0 0 0 244.71 244.71 253.49 8.79
3:30 0 0 0 0 259.84 259.84 252.27 —-7.57
3:45 0 0 0 0 256.59 256.59 247.46 —-9.12
4:00 0 0 0 0 244.69 244.69 246.83 2.14
4:15 0 0 0 0 231.50 231.50 245.00 13.50
4:30 0 0 0 0 277.94 277.94 240.19 —-37.75
4:45 0 0 0 0 225.95 225.95 244.33 18.38
5:00 0 0 0 0 259.70 259.70 247.29 —-12.41
5:15 0 0 0 0 249.11 249.11 249.04 —0.07
5:30 0 0 0 0 262.01 262.01 256.15 —5.86
5:45 2.67 2.67 0 0 242.30 244.96 263.27 18.30
6:00 35.87 35.87 0 0 243.77 279.63 272.78 —6.85
6:15 108.89 108.89 0 0 194.96 303.85 281.10 —22.75
6:30 213.47 213.47 0 0 110.53 324.00 292.98 —31.02
6:45 347.29 97.29 250.00 0 249.96 347.25 300.68 —46.57
7:00 474.49 224.49 250.00 0 110.35 334.84 309.00 —25.84
7:15 598.84 98.84 500.00 0 228.06 326.90 312.55 —14.36
7:30 714.09 214.09 500.00 0 83.17 297.26 322.04 24.78
7:45 832.04 82.04 750.00 0 249.19 331.23 331.54 0.31
8:00 942.27 192.27 750.00 0 133.29 325.55 345.22 19.66
8:15 1052.89 302.89 750.00 0 58.75 361.64 358.89 —-2.75
8:30 1138.67 371.20 750.00 17.47 0 371.20 369.59 —1.61
8:45 1228.89 406.34 750.00 72.55 0 406.34 382.08 —24.26
9:00 1320.44 374.75 750.00 195.69 0 374.75 393.96 19.21
9:15 1407.11 458.48 750.00 198.63 0 458.48 405.84 —52.63
9:30 1490.22 431.40 1000.00 58.83 0 431.40 415.95 —15.44
9:45 1567.56 431.58 1000.00 135.98 0 431.58 420.68 —10.89
10:00 1638.67 442.62 1000.00 196.05 0 442.62 429.00 —13.62

(continued on next page)
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Table C.1 (continued)

Time Ppy/MW Ppyr/ MW Pp/MW Ppo/MW Pu/MW Pco/MW Load/MW APr/MW
10:15 1699.11 477.08 1000.00 222.03 0 477.08 434.32 —42.76
10:30 1763.11 491.24 1000.00 271.87 0 491.24 439.66 —51.58
10:45 1813.33 491.58 1000.00 321.76 0 491.58 446.18 —45.40
11:00 1859.56 510.71 1000.00 348.85 0 510.71 452.11 —58.60
11:15 1901.78 465.84 1000.00 435.94 0 465.84 456.23 —9.61
11:30 1908.44 470.07 1000.00 438.37 0 470.07 461.57 —-8.50
11:45 1919.56 486.06 1000.00 433.49 0 486.06 454.99 —31.08
12:00 1923.56 496.41 1000.00 427.14 0 496.41 447.18 —49.23
12:15 1915.11 498.17 1000.00 416.94 0 498.17 445.96 —52.20
12:30 1909.33 441.69 1000.00 467.64 0 441.69 435.20 —-6.49
12:45 1897.33 460.07 1000.00 437.27 0 460.07 432.78 —27.29
13:00 1893.33 430.46 1000.00 462.87 0 430.46 431.56 1.10
13:15 1872.00 441.78 1000.00 430.22 0 441.78 430.93 —10.85
13:30 1848.89 479.33 1000.00 369.56 0 479.33 429.10 —50.23
13:45 1806.67 440.85 1000.00 365.82 0 440.85 430.85 —10.00
14:00 1761.78 471.13 1000.00 290.65 0 471.13 433.78 —-37.35
14:15 1704.00 484.68 1000.00 219.32 0 484.68 437.92 —46.76
14:30 1651.11 488.43 1000.00 162.68 0 488.43 442.06 —46.37
14:45 1575.56 484.58 1000.00 90.97 0 484.58 444.42 —40.16
15:00 1459.56 518.46 750.00 191.10 0 518.46 449.75 —68.71
15:15 1332.44 508.35 750.00 74.10 0 508.35 453.88 —54.46
15:30 1208.89 458.89 750.00 0 14.20 473.09 458.02 —15.06
15:45 1011.11 261.11 750.00 0 189.36 450.47 459.77 9.31
16:00 780.27 280.27 500.00 0 167.64 447.91 461.53 13.62
16:15 570.62 320.62 250.00 0 144.66 465.29 462.69 —2.60
16:30 460.44 460.44 0 0 23.70 484.15 462.06 —22.09
16:45 367.82 367.82 0 0 75.39 443.21 460.82 17.61
17:00 295.64 295.64 0 0 193.70 489.35 460.19 —29.16
17:15 238.98 238.98 0 0 227.86 466.84 460.15 —6.69
17:30 184.27 184.27 0 0 270.24 454.51 454.16 -0.35
17:45 134.67 134.67 0 0 297.67 432.34 446.97 14.63
18:00 91.02 91.02 0 0 350.81 441.83 440.98 —0.86
18:15 54.89 54.89 0 0 376.05 430.94 434.38 3.43
18:30 22.84 22.84 0 0 407.09 429.94 427.18 -2.75
18:45 1.78 1.78 0 0 428.06 429.84 421.19 —8.64
19:00 0 0 0 0 406.76 406.76 415.79 9.04
19:15 0 0 0 0 418.94 418.94 410.99 —7.96
19:30 0 0 0 0 372.43 372.43 405.00 32.56
19:45 0 0 0 0 403.29 403.29 407.34 4.05
20:00 0 0 0 0 427.09 427.09 408.50 —18.58
20:15 0 0 0 0 431.49 431.49 410.85 —20.64
20:30 0 0 0 0 417.85 417.85 414.38 —3.48
20:45 0 0 0 0 434.68 434.68 410.77 —23.91
21:00 0 0 0 0 407.49 407.49 407.16 -0.33
21:15 0 0 0 0 417.88 417.88 404.15 -13.73
21:30 0 0 0 0 407.20 407.20 405.31 -1.89
21:45 0 0 0 0 394.29 394.29 392.76 —1.53
22:00 0 0 0 0 386.41 386.41 379.60 —6.81
22:15 0 0 0 0 376.69 376.69 371.22 —5.47
22:30 0 0 0 0 342.47 342.47 356.27 13.80
22:45 0 0 0 0 325.60 325.60 344.31 18.71
23:00 0 0 0 0 334.63 334.63 334.75 0.12
23:15 0 0 0 0 359.29 359.29 320.41 —38.88
23:30 0 0 0 0 278.53 278.53 307.25 28.71
23:45 0 0 0 0 311.80 311.80 306.02 —5.78
24:00 0 0 0 0 297.99 297.99 303.60 5.61
Statistic of power generation/MWh

Epy 14488.29

EpyL 4424.84

Ep 8125.00

Ep 1938.45

Ey 4701.37

Eco 9126.21

Ep 8863.38

Er 262.83
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