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Abstract: This work proposed an optimal design of PV-system-based water-pumped energy storage
for both electricity and water supply. A case study was considered in a rural community in Cameroon.
The parameters of the assessment of the system were reliability, represented in the present work by
the system supply deficiency (SSD), and economic accessibility, represented by the levelized cost of
energy (LCOE). The obtained results showed that for 0% SSD, the optimal configuration of the system
was composed of 438 PV modules of 235 W, an immersed solar motor pump of 35 kW, a hydroelectric
turbine of 51.7 kW, an upper reservoir of 2307.1 m3, an inverter of 25.27 kW, and a total dynamic head
of 88 m. The corresponding LCOE to this configuration is 0.224 USD/kWh. The economic accessibility
of the designed system was evaluated by comparison with a PV-system-based battery energy storage.
The optimal design configuration of the studied PV-system-based battery energy storage was a PV
generator (120 PV modules of 235 W), solar motor pump (15 kW), upper reservoir (590.4 m?), battery
capacity (351.78 kWh), inverter (25.27 kW), and total dynamic head (81 m). The corresponding LCOE
to this configuration was 0.1857 USD/kWh. Although the PV-system-based battery storage appeared
to be economically more cost-effective than the PV-system-based water-pumped energy storage, the
sensitivity analysis revealed that there was the possibility for the PV-system-based water-pumped
energy storage to be economically more profitable than the PV-system-based battery energy storage.
This economic outperformance occurred when the project lifetime was a multiple of 7.5 years or
when the costs of the storage components were reduced from 20% to 60%.

Keywords: water pump; energy storage; battery; SSD; LCOE; electricity and water supply

1. Introduction

The wide deployment of micro-grids-based renewable energies systems (RES) is the
solution for energy challenges all over the world. The integration of micro-grids in national
and regional strategies is the way to increase energy access, thus leading to sustainable
development. The small-scale and standalone micro-grid systems are well-adapted for
energy supply in rural and remote areas. These systems, in such cases, could be used for
electrification, cooking, and water supply.

The main problem with using renewable energy systems is actually the low conversion
efficiency and the high-cost energy storage devices (ESD) used for blackouts or lower
production periods. The use of an energy storage system (ESS) is mandatory for the
continuous availability of the energy demanded. The actual most-used energy storage
system is the battery.

Water and energy supply from micro-grids for household applications could signifi-
cantly improve the living conditions of people in rural and remote areas. Many studies used
battery energy storage in water-pumping system-based renewable energies for electricity
and water supply. Hegazy et al. [1] optimally designed a PV /battery system to supply
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water for irrigation in an isolated area of Egypt. The obtained results were found to be
better than using a diesel generator or utility grid. Thapelo et al. [2] developed multi-
criteria decision-making to select the optimal micro-grid configuration for water pumping.
The PV /battery system has been detected as the best configuration. Malla et al. [3] stud-
ied a PV /battery water-pumping system for applications in the agricultural sector. The
performance of the proposed study approach was demonstrated by the reliability of the
system to respond efficiently to the load demand. The performance of a PV /battery system
for electricity and water supply has been evaluated by Bhayo et al. [4]. Muralidhar and
Rajasekar [5] demonstrated the feasibility of a PV /battery system for both lighting and
water supply in a village in India. An energy management platform has been developed
for this purpose. The techno-economic study of a standalone photovoltaic/water-pumping
system for the water supply in rural and remote areas was performed by Falama et al. [6].
The optimally designed system was able to fulfill the water demand of 328 households.
Ibrahim et al. [7] developed a computer program to create a comprehensive design of solar
pumping-system components with different water demands. Verma et al. [8] reviewed
the water pumping system powered by solar PV. It was found that the PV water pumping
system was more advantageous than diesel-powered water pumps. An optimal detailed
analysis of a standalone photovoltaic/battery system was realized by Falama et al. [9] for
the electricity supply in rural and remote areas. The batteries’ size was identified as the
most influential component on the studied system’s cost, while the reliability of the system
was mostly influenced by the PV size.

Because of the high cost of the batteries and the high CO, emissions during battery
manufacturing, another alternative for energy storage is being explored and implemented
by researchers and industrialists. Some of the energy storage solutions proposed in the
literature are the hydrogen energy storage system, the flywheel energy storage, the water-
pumped energy system, the thermal energy storage system, etc. Since water pumping is
already integrated into an energy-system-based water supply, it is possible to suppress the
battery and consider the energy storage based on the water pumping by integrating mini-
hydroelectric power generation. Such a kind of study was developed by Sanna et al. [10],
who realized the continuous operation of the high energy efficiency of a brackish water
reverse-osmosis desalination plant based on photovoltaics and water-pumped energy
storage. Gilton et al. [11] also demonstrated the importance of coupling the photovoltaic
with pumped hydro energy storage for developing countries.

Different methods are used in the literature for the optimal design of power sys-
tems [12-16]. However, recently, metaheuristics algorithms have gained more attention for
the optimization of energy systems [17-20].

Some research gaps have to be highlighted in the present study: (1) Many studies are
performed in the literature for electricity and water supply in rural and remote areas com-
munities, using two systems separately. The combination of the two systems in one could
be more advantageous; (2) since pumped hydropower energy storage is expensive, the
possibility of reducing the cost of renewable energy systems-based pumped hydropower
energy storage should be explored in order to allow the extension of this clean energy pro-
duction systems; and (3) few studies have considered the Firefly algorithm for performing
multi-objective optimization of power systems; however, based on the performance of this
method [21,22], it should also be widely used.

The aim of this research paper is to optimally design a cost-effective and reliable
PV-system-based water-pumped energy storage for household electricity and water supply
applications using a multi-objective Firefly algorithm. The contribution of this work is
to (1) explore the benefits of using the PV-based water-pumped energy storage (WPES)
system, (2) compare the PV/WPES with the PV energy battery energy storage for optimal
decision-making, and (3) detail the operation of a PV/WPES and explore the possibility
of his economic improvement, in order to increase the consideration and the interest of
developing this system.
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2. Presentation of the Study Site and the Proposed Systems
2.1. Description of the Study Site

The studied systems are designed to supply both electricity and water for a small
community in rural or remote areas. The main objective is to optimally design a PV-energy
system-based water pump energy storage and to compare the designed system with the
option of using battery energy storage. The proposed configurations of the energy systems
to study are presented in Figures 1 and 2. In Figure 1, the PV energy generated is used to
feed an electric load (household devices or appliances) and immersed solar motor pump.
The pumped water is stored in an upper reservoir for household uses and to run a mini-
hydroelectric turbine. The electricity generated by this mini-hydroelectric turbine is used
as backup energy when the PV energy generated is unable to fulfill the electricity load
demand. The stored water in the lower reservoir, after running the turbine, could be used
for agricultural purposes. The main components of the energy storage for the system
proposed in Figure 1 are the pump, the reservoirs, and the mini-hydroelectric turbine. The
operating principle of the system configuration presented in Figure 2 is almost the same as
the one described in Figure 1. However, the energy storage is assured by the battery in the
system presented in Figure 2.

Upper
reservoir

Hydroelectric turbine

-
/

Lower Agricultural Houschold

reservoir water supply water supply

S Ground surface

Figure 1. PV-system-based water pump energy storage for electricity and water supply.
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Figure 2. PV-system-based battery energy storage for electricity and water supply.

2.2. Study Site and Household Loads Profiles

The locality of Salak in northern Cameroon was used as a case study to perform the
simulations. The geographic coordinates of Salak are 10°28'0” N and 14°13'60” E. The
monthly hourly irradiance profile and the monthly hourly ambient temperature of Salak
are, respectively, given in Figures 3 and 4. It is assumed that all the days of a month have
the same pattern over the various hours. Thus, the given hourly data can be considered as
the average daily data corresponding to each month. The load demand is established for a
population of 150 households. The daily energy demand for each household is 1515 Wh.
Assuming that each household is composed of 8 persons, and considering that the daily
water need for each person is 41 L, the total daily water demand of this population is 328 L.
The daily household electrical and water load profiles are presented in Figure 5.
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Figure 3. Monthly hourly irradiance of Salak.
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Figure 4. Monthly hourly ambient temperature of Salak.
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Figure 5. Electrical and water loads demand profiles.

3. Mathematical Modeling

The proposed methods of analysis used to determine the optimal parameters of the
system are based on model-based design and optimization methods, which are increasingly
used for transdisciplinary analyzes of complex systems not only of a stationary nature,
such as the proposed system, but also of complex mobile systems, i.e., land vehicles [23],
mobile robots [24], or aircraft [25]. All the necessary abbreviations, symbols, and Greek
symbols definitions are provided in Abbreviation section of the manuscript.

3.1. PV Output Calculation
The PV power output is calculated by the equation:

Pyo(t) = Xpo Pro e ((;if) : [1 - oc(TC - Tmfﬂ 1)
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where
NOCT — 20 '

800

Py ref is the power of the PV generator at the maximum point in standard test condi-
tions given by the constructor, and X, is the number of PV modules.

T.=T, + G @)

3.2. Pump Modeling

The pump’s nominal power is calculated as follows:
Ppump_nom = Xp X Pp_nom 3)

Xp is the multiplication factor of the pump’s nominal power.
At any time £, the volumetric flow rate of the pumped water is given as:

_ 1p X Ppump(t)
Qp(t) = Toxgx H 4)

In Equation (4), H; is the total dynamic head.

3.3. Mini-Hydroelectric Turbine Modeling

The turbine power supply at any time ¢ is given as:

Pe(t) = nr x p x g x Hr x Qi (t) ©)

The water volumetric flow rate input into the turbine is deduced from Equation (5) as:

Q=1 ®)

e xpx g x Hy

3.4. The Household Water Supply Modeling

At any time t, the water supply for household uses is given as follows:

t+1
Vo) = [ Qu(t)at @)
Qy is the volumetric flow rate of the household water supply.

3.5. The Upper Reservoir Modeling

The maximum volume of the upper reservoir is modeled as follows:

_ Ep
Vmax = Xres X (Pgl_lt + VDt) (8)

Ep is the daily electrical load demand, Vp ; is the total daily water demand for
household uses, and X, is the multiplication factor of the upper reservoir volume.

The volume of water in the storage reservoir at any time t is determined by the
relationship:

t+1 t+1 t+1
Ve ) = Ve + [ Q= | [ o+ [T qutnar] )
The instantaneous state of charge of the water tank is given as follows:

VR(t)
Vmﬂx

SOW(t) = (10)
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3.6. The Electrical Load Demand Modeling

The instantaneous total power demand is given in Equation (11):

Pp(t) = Pea(t) +Ppump(t) (11)
The total annual energy demand is calculated as follows:

8760
Ep =Y 7% Pp(t) (12)

In Equation (11), P, represents the power demand for household electrification.

3.7. Battery Modeling

The storage capacity of the batteries can be determined from the following relationship:

Xpat X Maximum daily load energy (Wh)
DOD x Npatt,_c X Ninverte X Uregulator

Cbatt,n (Wh) = (13)

The storage capacity and the state of charge of the batteries at any time f are respectively
given by Equations (14) and (15).

(Pp(t) = Ppo(t))

Cpatt (t) = Cpart(t — 1) + (Ppo(t) — Po(t)) X Hpar ¢ — , (14)
Ninverterx Nbatt_d
SOC(t) = CbLt(t) (15)
Cbatt,n

Cpattn is the nominal capacity of the batteries.

3.8. Economic Modeling

The net present cost of the system includes the investment cost, the replacement cost,
and the operation and maintenance costs. The net present cost of any component X of
the system is given by Equation (16). Thus, the net present costs of the PV generator, the
pump, the turbine, the reservoir, the battery, and the inverter, are respectively obtained
by replacing, in Equation (16), X with PV, Pump, Turbine, Reservoir, Battery, and Inverter.
The total net present cost of the system-based water-pumped energy storage is given in
Equation (17). The total net present cost of the system-based battery storage is obtained by
replacing Turbine with Battery in Equation (17).

N XogMm

Xeost = Xinp + Xrepl + szl ﬁ — Xsalo (16)
(1+754)

NPC = PViost + Pumpeost + Turbinecost + Reservoircost + Inverter cost (17)

The salvage values of the PV generator, pump, turbine, reservoir, battery, and in-
verter are respectively obtained by replacing, in Equation (18), Y with PV, Pump, Turbine,
Reservoir, Battery, and Inverter.

Lifey — (N — Lifey x floor(Li?Qy))
Lifey

Yaro = Yrepl X (18)

In the equations above, “floor” is a MATLAB function to obtain the integer part of a
number, f is the annual inflation rate, i” is the nominal interest rate, N is the project lifetime
(years), and Lifey is the lifetime of the component Y.
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4. Optimization
4.1. Operational Strategy

The PV energy delivered by the generator is determined for each time interval, here
1 h. This energy is used to supply the electrical load for household electrification and
immersed solar pump in pumping water, which is stored in an elevated reservoir. The
stored water is used for running a mini turbine, drinking, cooking, etc. Different cases
can be considered when focusing on the PV-system-based water-pumped energy storage
presented in Figure 1.

a.  When the PV energy generated is greater than the electrical load demand (excluding
the pump power demand):

v If the difference between the PV power and the load power (excluding the
pump power demand) is greater than the maximum permissible energy of the
pump (Ps_p(t) > Ppump,max(t)), then the energy supplied to the pump is equal
to the maximum permissible power, and the excess PV energy is lost. Thus, the
turbine is off, meaning that the turbine power generation is zero in that case.

v If the difference between the PV power and the load power (excluding the
pump power demand) is in the permissible power range, that is to say, between
Ppump,min and Ppump,max (Ppump,min(t) < Ps?pv(t) < Ppump,max(t))/ then the
running power of the pump is equal to Ps , (1);

v If the difference between the PV power and the load power (excluding the
pump power demand) is less than the minimum permissible power (Ps_py(t) <
Ppump,min(t)), then the turbine is on, and the turbine power generation is the
difference between Ps_yy(t) and Ppump,max (t). The pump power is Pyyimp,max (t)
in that case.

b.  When the PV energy generated is less than the electrical load demand (excluding the
pump power demand):

v The turbine is on, and the turbine power generation is the sum of the total
power deficit.
v The pump power is off in that case.

c.  The state of charge of the water (SOW) in the tank (the level of water in the upper
reservoir) is determined for each time interval. If the volume of the water in the tank
is greater than (or equal to) the maximum volume of the tank, the pump will stop
working until the next time interval and will restart if the volume of the water in the
tank decreases.

The operational strategy described below is also applied to the PV system presented
in Figure 2, with the difference of considering the battery for energy storage. In that case,
the instantaneous charge of the battery occurs when the state of charge (SOC) is less than
100% and the PV power generated is greater than the total power demand. The discharge
of the battery occurs when the SOC is greater than 20% (the minimum state of charge of the
battery) and the PV power generated is unable to fulfill the load demand.

4.2. Optimization
4.2.1. Presentation of the Optimization Algorithm

A double objective optimization technique based on the Firefly algorithm is used in
the present study for the optimal design of the proposed systems. The Firefly algorithm
is one of the metaheuristic algorithms used to solve optimization problems. Initially
used to evaluate a single objective function, Yang [11], the developer of this bio-inspired
algorithm, has later extended the algorithm for multi-objective optimization problems. For
this purpose, Yang developed a pseudo-code consisting of a find a vector solution while
minimizing the functions of assessment. This pseudo-code, presented in Algorithm 1, is
used in the present study to optimally determine the parameters of the systems’ design. In
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this pseudo-code, the updated position pjﬁlp dated of a firefly f1 is calculated with respect to

the initial position pi’zitial
firefly f1 with another firefly f; is calculated by Equation (20).

of this firefly through Equation (19). The distance between the

L 2 o o
pjb;lpdated _ p}qztwl + Bge 7df1f2 (pzfzztzal _ pzfrllztzal) + 1o (19)
N 2
dpf, = kzl(ﬂfl,k ~ M) (20)

In the above equations, T is the randomization parameter, ¢ is a random number
drawn from a Gaussian distribution or a uniform distribution, 7 is the light absorption
coefficient, and 6 is the attractiveness at dg, ;, = 0.

Algorithm 1 Double objective firefly optimization algorithm [26].

Define the assessment functions A1 (p), A»(p) where the vector p = (1, ... , k), k is the number of
variables
Initialize a population of N fireflies ps, (fi =1,2,..., Np)
While iter < Nty pqy (maximum number of iterations)
for f; = 1:Nf
for f, = 1:Nf (f1 #f2)

Evaluate the objectives functions
¢ initial _ : initial
ifp 7 Pareto-dominates p '

. updated
generate new solution p f

updated

1
updated . . . . .
P is the new solution in the Firefly population

Pareto-dominates pj[’;”"“l

ifp

else
pi}?”i“l is the new solution in the Firefly population
End
end
End
End
Sort and find the current best approximation
Update iter<—iter+1
End

Results

4.2.2. Functions of Assessment and Optimization Constraints

The reliability of the system to supply both electrical energy and water must be
ensured while minimizing the investment cost. The reliability of the system is measured
by its capacity for supplying electricity and water without any deficiency. The function
related to the system reliability calculates the sum of the loss of power supply probability
(LPSP) and the sum of the loss of water supply probability (LWSP). This function, given
by Equation (21), is called, in the present study, the system supply deficiency (SSD). The
second function to optimize defines the total levelized cost of the energy of the system
(LCOE) and is given by Equation (22).

):?i610 [Psupply(t) < Pdemund(t)} + Z§Z610 [Vsupply(t) < Vdemund(t)}
8760

$ \  NPC x CRF
KWh)~ — Ep

SSD(%) = (21)

LCOE ( (22)
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The capital recovery factor CRF is given as follows:
. 1 . ")/
crRF— A+ (23)
(1+i)7 -1
where s
l p—
i= 24
1+ f 24
The optimization constraints are given as follows:
va(t) +Pt(t) > Pdemand(t) (25)
t+1 t+1
Ve = | [ e+ [ Qo] (26)
va,min < va < va,max (27)
XP,min <Xp< XP,mux (28)
Xres,min < Xes < Xres,mux (29)
Ht,min S Ht S Ht,max (30)
Xbat,min < Xbat < Xbat,max (31)

Xpomin and Xpymax are, respectively, the minimum and maximum values of the PV
power multiplication factor, Xy, min and Xy, uqx are, respectively, the minimum and maximum
values of the pump power multiplication factor, X, i and Xyes,max are, respectively, the
minimum and maximum values of the reservoir multiplication factor, H; ,,;, and Hy, . are,
respectively, the minimum and the maximum values of the multiplication factor of the total
dynamic head, and Xy i, and Xpas,max are, respectively, the minimum and the maximum
values of the multiplication factor of the batteries capacity. The parameter specifications
used for simulation are presented in Table 1.

Table 1. Parameter specifications used for simulation.

Designation Value

PV specifications

Type of PV module BP 3 series [27]

PV rated power 235 W

Initial investment 1500 USD/kW [28]
Replacement cost 1500 USD/kW

O&M cost 1% of investment/year [29]
Lifetime (year) 25

Solar motor pump specifications

Initial investment 380.22 x nominal power—6360.9 [30]

Replacement cost

O&M cost

Lifetime (year)

Upper reservoir specifications
Initial investment

Lifetime (year)

Initial investment
100 USD/year
10

170 USD/m?3 [30]
35
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Table 1. Cont.

Designation Value

Battery specifications

Efficiency of charge and discharge 85%

Depth of discharge 80%

Minimum state of charge 20%

Initial investment 0.213 USD/Wh [31]
Replacement cost 0.213 USD/Wh
O&M cost 3% of investment/year [31]
Lifetime (year) 25

Inverter specifications

Efficiency 95%

Inverter utilization factor 1

Initial investment 715 USD/kW [28,29]
Replacement cost 715 USD/kW
O&M cost 100 USD/year [32]
Lifetime (year) 15

Hydroelectric turbine specifications

Initial investment 1000 USD/kW [33]
Replacement cost 1000 USD/kW
O&M cost 100 USD/year
Lifetime (year) 10

Financial specifications

Interest rate 8%

Annual inflation rate 4%

Project lifetime 25 years

5. Results and Discussion
5.1. Optimal Design of the PV-Based Water-Pumped Energy Storage System

The computational simulation of the system-based water pump energy storage, using
Firefly double objective optimization, leads to the determination of the parameters given
in Table 2. These parameters are obtained for an SSD of 0%, meaning that the system
is perfectly reliable. The knowledge of these parameters leads to the calculations of the
optimal characteristics of the system, given in Table 3. The optimal design of the proposed
system corresponds to an LCOE of 0.224 USD/kWh. The optimal configuration of the
system for 0% SSD is thus composed of 438 PV modules of 235 W, a solar pump of 35 kW,
an upper reservoir of 2307.1 m?3, a turbine of 51.7 kW, an inverter of 25.27 kW, and a total
dynamic head of 88 m.

Table 2. Optimized parameter values corresponding to the optimal best solution.

SSD (o/o) LCOE ($/kWh) va Xp Xres Ht
0 0.2240 438 35 1.5 88

Table 3. The optimal characteristics of the proposed system.

Number of  Pump Power \II{(::;el::,eo?: Turbine Inverter D T::;jrlﬁc
PV Modules (kW) 3 Power (kW) Power (kW) y
(m3) Head (m)
438 35 2307.1 51.7 25.27 88

The daily PV power profile produced at the studied site for each month of the year is
presented in Figure 6. It is shown in this figure that for the designed system, the PV peak
power produced is 120 kW within the month of March. This result is obvious since this
period corresponds to the hottest period of the year in northern Cameroon. As can be seen
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in Figure 7, the most important amount of the daily PV electricity produced for the month
of March is recorded from 7:00 a.m. to 4:00 p.m.

120

AR o

f f |
E 80 [ B
40 - { { -
eRings N RN

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Time (hours)

Figure 6. PV power produced profile.
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60

PV power (kW)

40

20
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012345678 910111213141516171819202122232425
Time (hours)

Figure 7. PV power produced profile for the month of March.

The daily profile of the pump power demand for each month of the year is presented
in Figure 8. It can be observed from Figure 8 that, mostly, the pump runs at its maximum



Energies 2023, 16, 307

13 of 22

power. This result proves the capability of the designed system to perfectly fulfill the
electrical load demand requirement. The daily running time of the pump for each month of
the year is presented in Figure 9. This figure shows that the maximum pump daily running
time is 11 h (corresponding to the months of March, April, May, June, and December), thus
giving the pump a minimum breaking time of 13 h per day, which could be advantageous
to increase the pump’s lifetime. The daily profile of the pump power demand for the month
of March, presented in Figure 10, shows that the pump is running only during the day
(from 6:00 a.m. to 4:00 p.m.). This result proves that, for the proposed system, the pump
running time slot is proportional to the time slot of the PV power availability (only during
the day). Thus, the power generated by the mini-hydroelectric turbine is not used to power
the pump during the night but is only used for household electrification. The sudden drop
in power in Figure 10 occurs when the available power to run the pump is less than the
maximum pump running power but higher than the minimum pump running power. Thus,
the pump is running on this available power supply. The sudden increase in power means
that the available instantaneous power to run the pump is higher than the maximum pump
running power. In this case, the pump is running at its maximum power.

45
40 _ln' o) lTI lr lr lﬂ' q o) lF r p |
35+ k 7
=30 i
5
S 251 | 1
C;) o ¢ 1 {
20 -
S
>
o 15 7
10 7
5_ -

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Time (hours)

Figure 8. Pump power demand profile.
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Figure 10. Daily profile of the pump power demand for the month of March.

The daily profile of the turbine power for the months of the year is presented in
Figure 11. Figure 12, which presents the daily profile of the turbine power for the month
of March, shows that the turbine mostly operates during the night, corresponding to the
period of the day when the PV generator is unable to produce electricity. However, for the
period of the day when the PV generator produces the most important part of his energy
(from 8:00 a.m. to 4:00 p.m.), the turbine is off since its output power is zero.
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40 —— I

35

30

25 -

20 -

156 -

Turbine power (kW)

0 Il 1 1 1
01234567 8 910111213141516171819202122232425
Time (hours)

Figure 12. Turbine power profile for the month of March.

The comparison between the total power supply (PV power + turbine power) and the
total power demand (household electrification + pump power) is presented in Figure 13.
It is shown in this figure that the total load demand is fully satisfied at any time of the
months of the year. The result of the comparison between the volume of the pumped water
into the upper reservoir and the volume of the total water demand (including the volume
of the requested water to run the turbine and the volume of water for household uses) is
presented in Figure 14. This result reveals that the total water demand is fulfilled at any
time of the year. The obtained results prove that the designed system responds efficiently
to the load requirements.
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Figure 13. The comparison between the total power supply and the total power demand at any time
of the year.
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Figure 14. Comparison between the water supply and the water demand at any time of the year.

5.2. Comparative Analysis of the PV/WPES and the PV/Battery

The optimized parameters of the system presented in Figure 2, when using the battery
energy storage, are given in Table 4. These given parameters are obtained for 0% SSD,
corresponding to an LCOE of 0.1857 USD/kWh. The obtained results show that the size
of the PV generator, the pump, and the upper reservoir are significantly reduced when
considering the energy storage with battery rather than considering the water pump energy
storage. Even the total dynamic head is also reduced when using battery energy storage.
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The reduction of these listed parameters leads to the reduction of the LCOE. Thus, the
PV-system-based battery energy storage used for electricity and water supply is more
cost-effective than the PV-system-based water pump energy storage used for the same
purpose. The optimized parameters given in Table 4 are used to calculate the characteristics
of the system that is presented in Table 5. It comes out that the optimal PV-system-based
battery storage considered in the present study is composed of 120 PV modules of 235 W, a
solar motor pump of 15 kW, an upper reservoir of 590.4 m? of volume, a battery capacity
of 351.78 kWh, an inverter of 25.27 kW, and a total dynamic head of 81 m. Figure 15
compares the total power supply and the total power demand at any time of the year for
system-based battery energy storage. It comes out that the power supply at any time of the
year is greater than (or equal to) the power demand. This result is proof that the designed
system is perfect for responding efficiently to the load demand.

Table 4. Optimized parameters of the system-based battery energy storage.

SSD (%) LCOE ($/kWh) X, X, Xyes Xpar H;
0 0.1857 120 15 1 1 81

Table 5. Characteristics of the system component.

Number Pump Volume of Battery Inverter Total
SSD (%) of PV Power Reservoir Capacity Power Dynamic
Modules (kW) (m®) (kWh) (kW) Head (m)
0 120 15 590.4 351.78 25.27 81
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Figure 15. The comparison between the total power supply and the total power demand at any time
of the year for the PV-system-based battery energy storage.

A comparative analysis of the PV-system-based water-pumped energy storage and the
PV-system-based battery energy storage is performed in the present study by considering
the sensitivity of these systems to the variations of some parameters. The variation interval
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considered is from 20% to 180%. The optimized LCOE, given in Table 2 (0.224 USD/kWh
for the PV-system-based water-pumped energy storage) and Table 4 (0.1857 USD/kWh
for the PV-system-based battery energy storage), are considered for 100% variation of the
parameters. When considering the variation of the project lifetime, as shown in Figure 16, it
comes out that the LCOE of the PV-system-based water-pumped energy storage is the same
as the LCOE of PV-system-based battery energy storage, respectively, for variations of 30%
(corresponding to a project lifetime of 7.5 years), 60% (corresponding to a project lifetime of
15 years), 90% (corresponding to a project lifetime of 22.5 years), and 120% (corresponding
to a project lifetime of 30 years). The obtained results prove that the PV-system-based
water-pumped energy storage could economically challenge the PV-system-based battery
energy storage when considering a project lifetime multiple of 7.5 years.

0-7 T T T T T T T T T

=—©— PV based water pumped energy storage

0.6 - —f— PV based battery energy storage |

e S e
w s 13}
T T T

LCOE ($/kWh)

o
N
T

e
—
T

1

0 1 1 1 L 1 1 1 1 L
0 20 40 60 80 100 120 140 160 180 200

Percentage of variation (%)

Figure 16. Influence of the variation of the project lifetime on the COE of the studied systems.

Figure 17 presents the influence of the variation in the cost of the energy storage
system on the LCOE of the studied systems. The energy storage cost for the PV-based
water-pumped energy storage includes the costs of the turbine and upper reservoir. The
energy storage cost for the PV-based battery energy storage includes only the cost of the
battery. It is shown in Figure 17 that, for the interval variation of from 20% to 60%, the
PV-system-based water-pumped energy storage could be more cost-effective than the
PV-system-based battery energy storage.
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Figure 17. Influence of the variation of the cost of the energy storage system on the LCOE of the
studied systems.

6. Conclusions

In this work, the optimal design of the PV-system-based water-pumped energy storage
has been performed for electricity and water supply using the multi-objective Firefly
optimization. A case study was considered in a rural community in North Cameroon,
which has great solar potential. The obtained results proved that the designed system
is reliable at 100% (0% SSD) and thus able to perfectly respond to the load requirements
at any time of the year. A comparative analysis of the designed PV-system-based water-
pumped energy storage was performed with a PV-system-based battery storage for the
same load demands. It has been demonstrated that the optimally designed PV system
configuration with battery energy storage is more cost-effective than the optimal PV system
configuration with water-pumped energy storage. However, the sensitivity analysis has
revealed that the PV-system-based water-pumped energy storage could be more cost-
effective than the PV-system-based battery energy storage when the project lifetime is a
multiple of 7.5 years or when the energy storage costs are reduced from 20% to 60% for
the two systems compared. The outcomes of the present study prove that water-pumped
energy storage could effectively replace battery energy storage. PV-system-based water-
pumped energy storage could be well adapted for rural and remote areas by supplying
both electricity and water.
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Abbreviations

The following abbreviations, symbols, and Greek symbols are mentioned in the manuscript.

PV Photovoltaic

WPES Water pumping energy storage

Bat Battery

NOCT Nominal operating cells temperature (°C)
LCOE Levelized cost of energy

SSD System Supply Deficit

Repl Replacement cost

Inv Investment cost

Salv Salvage value

CRF Capital Recovery Cost

O$sM Operation and maintenance

invert Inverter

Symbols

T, Ambient temperature (°C)

G Solar radiation (kWh/m?)

Grer Irradiance at reference condition (kW /m?)
GNocT Solar radiation at NOCT (kWh/m?)

T. Cell temperature (°C or K)

T ref Cell temperature at reference condition (25 °C or 298 K)
Woatt_c Battery discharge efficiency (%)

Nbaatt_d Battery charge efficiency (%)

Winverter Inverter efficiency (%)

X Year variation

Py Photovoltaic power (kW)

Ppy Photovoltaic at reference conditions (kW)

Xpo Number of PV modules

Ppump_nom ~ Pump nominal power (kW)

Xp Multiplication factor of the pump nominal power
Py_nom Reference pump nominal power (1 kW)

Qp Water-pumped flow rate (m3/s)

Ppump Pump power consumed (kW)

p Pump efficiency (%)

0 Volumetric mass of water (1000 kg/m?)

g Gravitational force (m/s?)

H; Total dynamic head (m)

Qr Flow rate of water into the turbine (m3/s)

Py Turbine power supply (kW)

7t Turbine efficiency (%)

Vb Volume of water demand (m?)

Quw Flow rate of water supply (m>/s)

Vinax Volume of the upper reservoir (m3)

Vb ¢ Total daily water demand for household (m3/s)
Xres Multiplication factor of the upper reservoir volume
V& Volume of water in the storage reservoir (m3/s)
50C State of charge of water

Ep Annual energy demand (kWh)

Pp Total power demand (kW)
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Poa Power demand for household electrification (kW)
Chattn Nominal capacity of the batteries (kWh)

Chatt Instantaneous batteries capacity (kWh)

Xpat Multiplication factor of batteries nominal capacity
DOD Depth of discharge of batteries (%)

Noatt_c Efficiency of charge batteries (%)

Woatt_d Efficiency of discharge batteries (%)

Hinverter Inverter efficiency (%)

Hregulator Regulator efficiency (%)

Xeost Total investment cost of a component (USD)

Xinw Initial investment cost of a component (USD)

Kiepl Replacement cost of a component (USD)

Xouspm Operation and maintenance cost of a component (USD)
Yoarw Salvage value of a component (USD)

Yiepi Replacement cost for the salvage value (USD)
Greek symbols

o Temperature coefficient (%/°C)

$ US dollar
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