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Abstract: Photovoltaic water pumping systems (PVWPS) are a promising solution to improve
domestic water access in low-income rural areas. It is challenging, however, to make them more
affordable for the local communities. We develop here a comparative methodology to assess relevant
features of both widely employed PVWPS architecture with water tank storage, and hardly used
PVWPS architecture with a battery bank instead of tank storage. The quantitative comparison is
carried out through techno-economic optimization, with the goal of minimizing the life cycle cost
of PVWPS with constraints on the satisfaction of the water demand of local inhabitants and on
the groundwater resource sustainability. It is aimed to support decision-makers in selecting most
appropriate storage for domestic water supply projects. We applied the methodology in the rural
village of Gogma, Burkina Faso. Results indicate that the life-cycle cost of an optimized PVWPS
with batteries is $24.1k while it is $31.1k if a tank is used instead. Moreover, reduced impact on
groundwater resources and greater modularity to adapt to evolving water demand is noted if using
batteries. However, as batteries must be replaced regularly and recycled adequately, PVWPS’ financial
accessibility could increase only if sustainable and efficient operation, maintenance, and recycling
facilities for batteries were present or developed locally.

Keywords: photovoltaic water pumping; optimal sizing; life-cycle cost; system architectures; storage
technologies; batteries

1. Introduction

Photovoltaic water pumping systems (PVWPS) are a promising way to provide sus-
tainable water access for domestic use in off-grid communities [1]. A correlation between
the lack of running water and solar resources has been found [2,3], and the cost of PV
systems is now competitive with other conventional systems like diesel [4,5]. However,
it is still a significant challenge to make them affordable for the communities living in
such low-income areas. Different architectures of PVWPS have been installed in rural
communities [6,7]. A PVWPS for domestic use consists of a PV array, a motor-pump, a
fountain to collect water, and a storage device. The architectures differ mainly by their
storage technologies. A system with a water tank is called here a tank PVWPS, and a
system with a battery bank is called a battery PVWPS [1,8].

The tank PVWPS is most widely spread for domestic use [9]. In the literature, opti-
mizations have been carried out, especially on the sizing of the tank and the PV array, to
minimize the system cost while satisfying the water demand. Muhsen et al. optimised a
PVWPS providing water to 120 inhabitants in Malaysia [10]. Bouzidi [11] and Bakelli [12]
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optimized PVWPS in Algeria, providing 60 m3 and 6 m3 of water for daily domestic use.
Meunier et al. optimized a PVWPS for domestic use for 280 inhabitants of a village in
Burkina Faso [13].

The battery PVWPS is less spread for domestic use but certain qualitative features of
this architecture have been highlighted in the literature. For example, Anis & Nour specify
that employing a battery maximizes solar power use allowing for panel size reduction,
and thus the cost of the PV array [14]. Khan et al. [15] and Meah et al. [16] explain that
they disregard battery storage to reduce the system’s life cycle cost and maintenance needs.
Gopal et al. [17] and Chand & Kalamkar [18] established that a battery increases the cost
and the complexity of the system while decreasing its efficiency.

As these studies report some contradicting findings; their conclusions do not allow a
substantial basis for the selection of an optimal architecture between the two. Selecting the
best system for a given case requires a quantitative comparison of optimized systems [19,20].
To our best knowledge, no article performs such a quantitative comparison for PVWPS for
domestic use.

For irrigation, a quantitative comparison was performed by Basalike in his thesis [21].
He compared the tank PVWPS and battery PVWPS for a case study in Rwanda. The
two architectures are sized by an intuitive method, and an economic comparison is then
performed. The thesis concludes that for irrigation in Rwanda, the battery architecture
has a higher initial cost than the tank architecture but is more performant and profitable
because it produces a surplus of electricity than can be sold. Nevertheless, the method
of [21] is not based on optimization, and its results could thus be refined. Indeed, as
mentioned in [22], intuitive methods usually result in oversizing systems compared to
optimization. Moreover, the results for irrigation should not be extrapolated to domestic
water access. Water demand and uses strongly differ in terms of volume and temporal
distribution [23]. Additionally, the constraints are less tight for irrigation: the aggregated
required volume is fixed, but the periods and flow rates of irrigation can vary [24].

Pardo et al. [25] compared these two storage options (tank and battery) in another
framework which is an urban water pressurized network. They designed a method to
compare the two options based on their payback period. This method requires a calibrated
hydraulic model and considers the monthly consumption of an urban network and not
the hourly water need of a population. They concluded that, for their case study, battery
storage is less expensive but also that there is no universal solution because it depends on
the network and location specificities.

This article aims to assess advantages and limitations that characterize tank and battery
architectures for PVWPS for domestic water supply in off-grid communities. In contrast
to the existing literature, our study employs an original techno-economic optimization
and a comparative methodology, designed for the current study. The method is applied
to find the most suitable architecture for a given case study in Burkina Faso. The method
designed here only needs data on the population water consumption, the irradiance, and
the temperature so it can be replicated for other locations and communities. We also discuss
the results in light of a few aspects which have hardly been considered previously, i.e.,
impact on groundwater resources and difficulties with systems operation and maintenance.

The technical and economic models of both architectures are detailed in Section 2. The
case study considered is described in Section 3. The optimization methodology is described
in Section 4. The results are presented and discussed in Section 5.

2. Methodology
2.1. Architectures

The tank and battery architectures are represented in Figure 1. The tank architecture
is made of a PV array; a maximum power point tracker (MPPT), which tracks the best
operating point of the PV array; a motor-pump (with a DC motor or an inverter and an AC
motor); an elevated water tank in steel (expensive and reliable) or plastic (cheap but not
fully reliable, so not considered in this study); a controller to start and stop the motor-pump
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according to the water volume in the tank; a fountain to collect water and pipes [6,8,26].
The battery architecture is made of a PV array; a battery bank; a MPPT charge controller
to control the power flow from the PV array to the battery bank or the motor pump; a
motor-pump; a pressure switch to start and stop the motor-pump, according to the fountain
tap opening; a fountain and pipes [17,21,27].
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2.2. Technical Models

Figure 2 shows the block diagrams of the tank and battery PVWPS technical models.
The inputs of both models are the ambient temperature Ta, the irradiance Gpv, and the
user’s water demand, which is represented by gi =

(
ti, V∗di

)
, where ti is the time of arrival

of the user group gi and V∗di is the water volume demanded by the group gi. The models’
output is the flow rate of collected water at the tap, Qc,t for the tank architecture and Qc,b
for the battery architecture. The sizing variables are the PV array peak power Ppv,p, the size
of the storage device (tank volume Vt or battery bank capacity Capb), and the motor-pump
reference MP. They will be used as optimisation variables (see Section 4).

2.2.1. Tank Architecture

We detailed the technical model of the tank PVWPS in [28]. For the sake of complete-
ness, we restate the equations, which are solved numerically in a sequential manner. The
power output production of the PV array Ppv is computed using:

Ppv(t) =
Gpv(t)
1000

Ppv,p

(
1 + γ

(
Ta(t) +

NOCT − 20
800

Gpv(t)− 25
))

b(t), (1)

where Ppv,p (W) is the peak power of the PV array in standard test conditions (STC), γ is the
temperature coefficient of the maximum power point, NOCT is the normal operating cell
temperature. b is the on-off controller trigger signal, which allows transferring (b = 1) or
not (b = 0) the power from the PV array to the motor-pump. The value of b is determined
by the water level in the tank Ht, measured by a float switch. When the water goes above



Energies 2021, 14, 2483 4 of 16

the stop level, the on-off controller turns off the motor-pump, and when the water goes
below the restart level, the controller turns on the motor-pump.
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Qp is the pumped flow rate and is determined by the input power to the motor-pump
Ppv and the total dynamic head TDHt through an abacus provided by the manufacturer [29].
The total dynamic head TDHt is given by:

TDHt(t) = −(Hb,s + Hb,d(t)) + Ht,b + Ht,i + ψ Qp(t)
2, (2)

Hb,d(t) = −κ0Qp(t)− µ0Qp(t)
2, (3)

where ψ is the coefficient associated with pressure losses in the pipe between the motor-
pump and the tank, κ0 is the aquifer losses coefficient, and µ0 is the borehole losses
coefficient. The heights Hb,s, Hb,d, Ht,b, and Ht,i are represented in Figure 1. The flow rate
from the tank to the fountain is:

Qc,t(t) = δtap(t) Qc,0 , (4)

where δtap models if the tape is open (δtap = 1) or closed (δtap = 0). Qc,0 is a parameter that
depends mainly on the tank height; it is assumed constant here. The tap opens at the arrival
of a group of users ti and closes when the group has collected its needed volume V∗di.

The water level in the tank Ht (t) is determined by:

Ht(t) = max
(

0, Ht(t0) +
∫ t

t0

Qp(τ)−Qc,t(τ)

St
dτ

)
, (5)

where St is the cylindrical tank base area.

2.2.2. Battery Architecture

The PV model, the motor-pump model and the hydraulic model are the same for the
battery PVWPS as for the tank PVWPS. The battery controller regulates the discharge and
charge by connecting and disconnecting the motor-pump and the PV array. The PV array
is disconnected when the battery is full. The motor-pump is disconnected when the battery
voltage vb goes below the stop level vb,s and is reconnected when the voltage goes above



Energies 2021, 14, 2483 5 of 16

the restart level vb,r. For charging the battery, a scheme with bulk, absorption, and floating
phases is considered. During the bulk phase, the current is equal to the PV current until the
battery reaches voltage of vabs. During the absorption phase, the voltage is kept constant at
vabs. During the float phase, the voltage is kept constant at v f l . The efficiency of the charge
controller is ηcc. For the discharge, the current cannot exceed imax.

We consider lead-acid batteries as they are the most commonly available in low-income
rural areas [30,31]. The battery is modelled by:{

Psto(t) = ηb(Ppv(t)− PMP(t))
Psto(t) =

dEsto(t)
dt

, (6)

where Psto is the power entering the batteries, Esto is the energy stored in the battery, Ppv
is the power produced by the PV array, PMP is the power consumed by the motor-pump,
and ηb is the efficiency of the battery. The efficiency is equal to 90% when the state of
charge (SOC) is below 66%, ηb = 1.85− 1.43 SOC for a SOC superior to 66%, and it is
considered equal to 1 for discharging [32]. The voltage of the battery vb during discharging
is computed from [33]:

vb(t) = α SOC(t) + β + Rbib(t), (7)

where ib is the current of the battery and Rb the internal resistance. α and β are coefficients
fitted from the datasheet of manufacturers [34–36].

The total dynamic head TDHb is given by:

TDHb(t) = −(Hb,s + Hb,d(t)) + H f o + ψ Qp(t)
2. (8)

The motor-pump is activated by a pressure switch installed on the tap. We consider
that the motor-pump switches on at the tap’s opening and switches off at the tap’s closing.
We consider that the water pumped flow rate Qp is kept constant at the desired flow Q∗p.
The power consumed by the motor-pump PMP is deduced from TDHb(t) and Q∗p through
the motor-pumps characteristics:

PMP(t) = min
(

P
(

TDHb(t), Q∗p
)

, PMP,max(t)
)
· b(t), (9)

where P is a polynomial that fits the motor-pump characteristic, and b is the binary signal
given by the pressure switch. PMP,max is the maximum input power in the motor-pump,
given by:

PMP,max(t) = iMP,nomvb(t), (10)

where iMP,nom is the nominal current of the motor-pump.
If the battery and the PV array cannot provide the PMP, the power to the motor-pump

is lower and corresponds to the addition of the PV array generation and of the maximum
power from the battery. The final Qp is then inferior to Q∗p and is computed from the
recalculated PMP(t) and TDHb(t). The collected water rate at the tap Qc,b is equal to the
pumped flow rate Qp.

Another crucial part of the battery PVWPS model is the computation of the bat-
tery lifetime. Indeed, batteries in that kind of climate usually last between 3 [37] and
5 years [38]. The battery’s lifetime determines the replacement needs and impacts the
system replacement costs. The improved Rainflow counting model is used to assess the
battery lifespan [39] and the effect of temperature is estimated through the Arrhenius
law [40]. The lifetime Lb in years is thus given by:

Lb = min

 1

∑k
DODk
DOD

1
CFSOC, f inal,k

e
Ea
R ( 1

20−
1
T )

,
Lmax

e
Ea
R ( 1

20−
1

avg(T) )

 (11)
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where DOD is an amplitude of reference equal to 10%, DODk, and CFSOC, f inal,k are the
amplitude and final state of charge of cycle k; with k ranging all the cycles of discharge of
the battery in one typical year. Ea is the activation energy of the reaction (~50,000 J/mol for
ageing reactions in lead-acid batteries), R the molar gas constant (8.3143 J/mol/◦C) and T
the temperature (◦C). We consider that the batteries’ calendar ageing limits the lifespan to
a maximum of Lmax years given by the manufacturer at 20 ◦C [34]. This maximal lifetime
admissible for batteries is also multiplied by the factor of the Arrhenius law.

2.3. Economic Model

The output of the economic model is the life cycle cost LCC. This life cycle cost is split
into variable costs, which depend on the sizing and the architecture of the PVWPS, and a
fixed cost:

LCC = Cinit,var + Crepla,var + Cmaint,var + LCC f ixe, (12)

where Ciniti,var is the discounted variable capital cost, Crepla,var is the sum of the discounted
variable replacement costs, Cmaint,var is the sum of the discounted variable maintenance
costs, and LCC f ixe is the life cycle fixed cost. Only the variable costs are detailed because
the fixed cost LCC f ixe does not impact the optimisation results [41]. The term LCC f ixe is
detailed in [13] and includes the initial, maintenance, and replacement costs of the borehole,
the pipes, and taps.

The variable initial cost Ciniti,var is:

Cinit, var = Cpv + CMP + δtCt + δb(Cb + Ccc) , (13)

where Cpv, CMP, Ct and Cb are the capital costs of the PV array, the motor-pump, the tank,
and the battery, respectively; (δt, δb) = (1, 0) for a tank PVWPS, and (δt, δb) = (0, 1) for a
battery PVWPS. The annual maintenance cost is estimated at 1% of the initial cost each
year [13]. Thus, the discounted variable maintenance cost is:

Cmaint,var =
L

∑
i=1

0.01 Cinitial,var

(1 + dr)i , (14)

where dr is the discount rate, and L is the lifetime of the system. The discounted replace-
ment cost Crepla is given by:

Crepla =
L

∑
i=1

NR(i)

(1 + dr)i , (15)

where NR(i), the replacement costs for PVWPS at year i is:

NR (i) = λpv(i)Cpv + λMP(i)CMP + δtλt(i)Ct + δbλb(i)Cb + δbλcc(i)Ccc (16)

where λpv(i), λMP(i), λt(i), λb(i), λcc(i) are equal to 1 if i is a multiple of the PV array
lifetime Lpv, the motor-pump lifetime LMP, the tank lifetime Lt, the battery lifetime Lb or
the charge controller lifetime Lcc, respectively, and 0 otherwise.

3. Case Study
3.1. PVWPS in Gogma, Burkina Faso

In the following, we consider the case study of the village of Gogma, located in
the centre-eastern Burkina Faso, Sub-Sahara African. The village hosts 1100 inhabitants
and there is no running water. A tank PVWPS is installed in Gogma since January
2018. Figure 3a shows this installation. A video of the system is also available on:
https://youtu.be/VrjM0edKVsI (accessed on 17 March 2021). The PV array has a peak
power Ppv,p of 610 Wp, the motor-pump reference MP is a SQFlex 5A-7 (Grundfos) and the
tank volume Vt is 11.4 m3. The PVWPS provides water to around 280 inhabitants of the
village. Around 8 m3 are pumped daily during the dry season and around 6 m3 during
wet season [26].

https://youtu.be/VrjM0edKVsI
https://youtu.be/VrjM0edKVsI
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Since January 2018, we have been collecting the irradiance on the plane of the PV array
Gpv, the ambient temperature Ta, and the collected flow rate Qc in Gogma with a time step
of ~2.2 s [28]. The data used were rescaled to an equally spaced temporal resolution of
1 min by nearest interpolation [42,43]. The water demand is inferred from the collected
flow rate and is characterized by a list of user groups gi, with their arrival time ti and
their water demand volume V∗di. It is possible to determine the demand profile from the
collected flow rate because the current system of Gogma is oversized. An extract of the data
measured by the sensors is shown in Figure 3b. We present the user groups gi deduced
from the collected flow rate in Figure 3c and the daily demand profile in Figure 3d.

3.2. Technical and Economic Models Parameters

Table 1 summarizes the technical parameters detailed in Section 2.2, for the case study
of the PVWPS of Gogma. The costs considered are given in Table 2. We obtained these
costs through a total of 16 company surveys in Burkina Faso [13,30,44].
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Table 1. Technical parameters for Gogma.

Common to the Tank and
Battery PVWPS Relative to the Tank PVWPS Relative to the Battery

PVWPS

System Tank [45] Lead-acid batteries [34–36]
L = 20 years Ht,b = 4.2 m vb = 48 V

Ht,t = 3.4 m Rb = 6 mΩ
PV array [45] Ht,r = 0.4 m β = 43.2 V

NOCT = 32 ◦C Ht,s = 0.1 m α = 7.5 V
γ = −0.004 ◦C−1 Ht,i = 0.1 m Lmax = 8 years

Motor-pump [29,41] Fountain Charge controller [46]
iMP,nom = 8.4 A Q0 = 5.5 × 10−4 m3/s vb,s = 44.4 V

Models: SQFlex 5A-3, SQFlex vb,r = 55.2 V
0.6–2, SQFlex 8A-5, SQFlex8A- vabs = 57.6 V
3, SQFlex 11A-3, SQFlex 1.2-2 v f l = 55.2 V
SQFlex 5A-7 and SQFlex2.5-2 ηcc = 98%

imax = 20 A

Hydraulic model [41]
κ0 = 2.4 × 103 s/m2 Fountain

µ0 = 8.4 × 105 s2/m5 H f o = 1 m
ψ = 4.9 × 106 s2/m5

Hb,s = 7.5 m

Table 2. Economic parameters for Gogma.

Common to Tank and
Battery PVWPS Relative to the Tank PVWPS Relative to the Battery PVWPS

PV array [13] Steel tank [13] Lead-acid batteries [30]
Cpv = 0.79 Ppv,p [$]

Lpv = 20 years
Ct = 6.2× 102 Vt + 5.2× 103 [$]

Lt = 20 years
Cb = 0.19 Capb + 126 [$]

Lb is obtained from Equation (11)

Motor-pump [13] Charge controller [30,46]
CMP = 2.2× 103 $

LMP = 10 years
Ccc =150 $

Lcc = 5 years

Discount rate [44]
dr = 5.6%

Fixed costs [13]
LCC f ixe = 1.78× 104 $

4. Quantitative Comparison through Techno-Economic Optimization
4.1. Method

To find the most suitable architecture for a particular case, it is necessary to compare
the optimized systems. We make separate optimizations for the two architectures and
then compare these optimizations’ results to determine the cheapest architecture. For
each optimization, we use the differential evolution algorithm detailed in reference [47].
Technical models are evaluated during two weeks of the dry season (from the 8th to 21st
of April 2019) and two weeks of the wet season (from the 24th of June to the 7th of July
2019) [41], to represent the whole year.

4.2. Formulation

The optimizations are formulated as follows:
For tank architecture:

minimize
Ppv,p ,MP,Vt

LCC

such that ∫ ti+1
ti

Qc,t(t) dt ≥ V∗di, ∀i ∈
[
1, Ng

]
Hb(t) > −30 m, ∀t

TDHt (t) < Hp,max(MP), ∀t.
(17)
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For battery architecture:
minimize

Ppv,p ,MP,Capb , Q∗
LCC

such that ∫ ti+1
ti

Qc,b(t) dt ≥ V∗di, ∀i ∈
[
1, Ng

]
Hb(t) > −30 m, ∀t

TDHb (t) < Hp,max(MP), ∀t.
(18)

The optimization’s objective is to minimize the life cycle cost (see Equation (12)).
The optimization variables are the PV array peak power Ppv,p, the motor-pump reference
MP, the size of the storage devices (tank volume Vt or battery capacity Capb), and the
reference value of control mode Q∗ in the case of a battery architecture. We consider
that the PV array peak power can be comprised between 100 and 2000 Wp and the tank
volume between 5 and 30 m3 [13]. The principal constraint is to meet the current water
demand at Gogma’s PVWPS. We formulate this constraint by checking that the volume
delivered between the arrival of a group i (at ti) and the arrival of the next group (at ti+1) is
larger than the water demand volume of the group gi (see Figure 3 and Section 3.1). The
groups are constructed in such a way that they are separated by at least 20 min or a period
without demand. Ng is the number of groups of users. Another constraint is that the water
level in the borehole must remain above the position of the motor-pump. In Gogma, the
motor-pump is 30 m below ground. The last constraint is that the total dynamic head TDH
must remain lower than the maximum pumping height Hp,max(MP) given in the datasheet
of the motor-pump reference MP [41].

5. Results of the Optimizations and Comparison of Architectures

Table 3 presents the results of the optimization for both architectures. Another control
mode of the motor-pump has been studied for battery architecture: a control by fixed
power. The results found are very similar to those obtained for battery architecture with
flow rate control, and the optimal sizing has slightly larger life cycle cost [30]. Therefore,
these results are not detailed in this article.

Table 3. Comparison of tank and battery optimal PVWPS.

Tank PVWPS Battery PVWPS

Sizing

PV peak power Ppv,p 410 Wp 462 Wp

Motor-pump reference MP SQFlex 2.5-2 SQFlex 2.5-2

Tank volume Vt 5 m3

Battery capacity Capb 1673 Wh

Control Variable Q∗ 30.4 L/min

Economic

Variable costs $13.3 k $6.3 k

Fixed costs $17.8 k $17.8 k

LCC $31.1 k $24.1 k

Maintenance

Storage replacements 0 5

Starts and stops per day max: 8–mean: 4 max: 107–mean: 84

Availability of spare parts Not applicable Low

Environment

Toxicity Low High (lead)

Maximum pumped flow rate 48.3 L/min 30.4 L/min

Lowest water level in the borehole −10.0 m −8.9 m
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Figure 4 compares the pumped and collected flow rates on a fraction of the 15th of
April 2019, for both optimized architectures. It shows that the pumped flow rate is larger
for the tank PVWPS but that the motor-pump starts and stops more for the battery PVWPS.
The collected flow rates are similar for both PVWPS and each group demand is satisfied.
While the tank architecture has been experimented on in [28], the battery architecture still
needs to be implemented and monitored to experimentally confirm these results.
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Figure 5 presents the breakdown of the variable costs for each system. It shows the
repartition between the costs for initial installation, maintenance, and replacement. It also
shows the different components’ share in these costs.
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In terms of life cycle cost, the battery architecture is cheaper for the case study of
Gogma. This is mainly due to the difference in initial cost between both architectures (see
Figure 5) because of the cost of storage devices. Indeed, the tank is a lot more expensive
than the battery bank. However, it is interesting to note that the variable costs represent
only 27 to 43% of the LCC. Thus, the choice of an adapted architecture and the optimization
of sizing impacts only a fraction of the cost.

Non-economic criteria should also be considered: modularity, number of starts, and
stops of the motor-pump, availability, impact on groundwater resources and toxicity.

Firstly, the battery architecture is more modular than the tank architecture. It is easier
to change the battery bank’s capacity (during a replacement of the whole battery bank) than
to change the tank’s volume. As it can be hard to estimate the water demand, the sizing can
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be challenging to adjust, and having flexibility after the installation of the system is a great
advantage. Moreover, the demand of a population can change during the lifetime of the
system, because of the population’s evolution and activities. Once again, the modularity of
battery PVWPS is beneficial.

Secondly, the battery PVWPS is more stressful for the motor-pump than the tank
PVWPS. In the presented case study, the tank PVWPS requires a maximum of eight starts
and stops of the motor-pump per day with an average of four starts and stops; while the
battery PVWPS requires a maximum of 107 starts and stops per day with an average of
84 starts and stops and a lot of starts and stops is more damaging for the pump than a
continuous operation. However, the number of starts and stops remains in the range of
operation of the considered motor-pumps for both architectures (at least 150 starts and
stops per day [48,49]).

Thirdly, the use of batteries can also decrease the system availability. Indeed, in this
case study, five replacements of the battery are needed throughout the lifetime of the
PVWPS. Moreover, battery lifetime can be largely reduced if the discharge cycles are not
well managed and regulated by an adapted charge controller [37,38,50]. The risk brought by
batteries on the overall system’s availability is increased by thefts, notably because batteries
are relatively small and expensive [51]. Battery replacements must be planned to ensure a
long operation time of the system despite their relatively short lifetime. Several examples
show that these replacements can be hard to ensure. It has been reported that technicians
were sometimes unable to provide replacements [52], mostly because adequate batteries
were not available. Sometimes the deep cycles batteries were replaced by automotive
batteries [53]. These batteries cannot stand deep cycles, so they will have a shorter lifespan
and endanger the system’s sustainability. An adapted replacement framework must then
be implemented when a battery PVWPS is installed.

Fourthly, in terms of impact on groundwater resources, the battery architecture threat-
ens the sustainability of groundwater resources in the case of Gogma less. In our case study,
thanks to the controlled pumping rate (see Figure 4a), the battery PVWPS has a maximum
pumped flow rate of 17.9 L/min inferior to the tank one. Excessive pumped flow rates and
drawdown can have dangerous consequences on the borehole and the whole aquifer [54].
Narvarte et al. underlined that an important pumped flow rate could damage the internal
surface below the water table and create some voids. This phenomenon can result in the
collapse of the borehole [55]. Moreover, important pumped flow rates may modify the
structure of the surrounding soil and of the pressure map, and can create cavities like
sinkholes [56] or even subsidence of the whole region [57].

Finally, in terms of toxicity, lead-acid batteries contain lead and antimony, which
are particularly toxic. Leaks often resulting from a lack of maintenance [58] and can be
dangerous for human health and the surrounding environment. Moreover, the unregulated
recycling of lead batteries in Burkina Faso creates a health danger for the population (lead
exposure) and concerns non-governmental organizations [59]. On the contrary, tanks that
are usually found in these areas are made of stainless steel [44] which is not toxic but they
can be a source of pollution if they are not decommissioned at their end of life.

6. Conclusions

The techno-economic analysis carried out for the village of Gogma defines optimal
sizing for two architectures: battery and tank. The optimization results indicate that opting
for a battery PVWPS instead of a tank PVWPS reduces the life cycle cost of the system
by 22% ($31.1k for tank architecture and $24.1k for battery architecture). Moreover, the
distribution of costs over the lifetime of the system is different between the two solutions.
The initial cost is slightly larger for a tank PVWPS (84% for the tank architecture against
74% for the battery architecture). The results found for this case study could be relevant
to similar isolated villages. As the initial and life cycle costs are barriers to installation for
rural communities, the PVWPS with battery storage may benefit a larger community share.
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However, the battery PVWPS requires to be replaced several times throughout its
lifetime (20 years) while the tank lasts the whole PVWPS lifetime.

Each decision-maker will therefore have to select the best PVWPS adapted to his or her
situation, considering the results of this techno-economic optimization and other aspects
described here.

Several tracks can be considered to mitigate the difficulties brought by using batteries.
The system’s maintenance including battery replacements could be closely supervised by
the installer, during the whole lifetime of the system. Local people could also be trained to
maintain the system. It is possible to mitigate some viability problems directly in the techno-
economic optimization by adding, for instance, a constraint on the minimum lifetime of
batteries, and choosing sizing where replacements are less frequent. However, it is essential
to keep in mind that, given the climate in sub-Saharan Africa, current lead-acid batteries can
last at the most four years, making their replacements unavoidable. Finally, only lead-acid
batteries have been considered in this article because data collection showed that it is the
only technology currently widely available in low-income rural areas. However, lithium-
ion batteries, which are emerging in rural and isolated areas for stand-alone renewable
energy systems [60], could mitigate some challenges, notably thanks to their longer lifespan
and greater modularity [31,61,62]. They could thus be the object of future work. Note
that an ageing model and charge control adapted to lithium-ion batteries should then be
implemented.

In regard to the tank architecture, it would be helpful to expand the range of data col-
lected for tank costs as this could allow the use of cheaper tanks, smaller than 5 m3 volume.
For volumes between 2 and 10 m3, plastic tanks, which are cheaper, are usually used. A
study of their costs in Burkina Faso has already been performed [44] but a study of their
suitability for drinkable water is necessary before including them into the optimization.

The optimization methodology and comparison approach developed in this article
may be used elsewhere in developing countries, and where irradiance, temperature, and
water demand of the population are known. Our research did not yield a universal and
most suitable architecture, but provides a methodology for optimizing and comparing
these two systems in any situation. Therefore, this study can be useful to non-governmental
organizations, companies, and governments that aim to install PVWPS for domestic water
supply. First, it can guide their choice of architecture and help them to size the components.
Second, it allows to predict the PVWPS operation before installation.
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Nomenclature

b(t) triggering signal from the switch
Capb battery capacity (Wh)
Cb, Ccc, CMP,Cpv, Ct CAPEX (battery, charge controller, motor-pump, PV array, tank) ($)
CFSOC, f inal,k final state of charge of cycle k
Cinit,var initial variable cost ($)
Cmaint,var maintenance variable cost ($)
Crepla,var replacement variable cost ($)
γ temperature coefficient of the maximum power point (◦C−1)
DODk depth of discharge of cycle k
DOD amplitude of reference
dr discount rate
δtap state of the tap (open/close)
δb, δt type of architecture (battery/tank)
Ea activation energy (J/mol)
Esto energy stored in battery (Wh)
Gpv irradiance on the plane of PV (W/m2)
gi :

(
ti, V∗ci

)
group of users (time of arrival, volume of water demanded (m3))

Ht,b height between bottom of the tank and water level in the tank (m)
Ht,c height of tank (m)
Ht,i height between top of the tank and its entry level (m)
Ht,s height between entry level and stop level in the tank (m)
Ht,r height between stop level and restart level in the tank (m)
Ht(t) level of water in the tank (m)
Hb,s height between ground level and static water level in the borehole (m)
Hb,d(t) height between static water level and water level during pumping (m)
H f o height between ground level and fountain (m)
Hp,max(MP) maximum TDH for motor-pumps (m)
ηb efficiency of battery charging
ηcc efficiency of charge controller
ib(t) current from battery to motor-pump (A)
imax maximum current from battery (A)
iMP,nom nominal current of motor-pump (A)
κ0 aquifer losses coefficient (s/m2)
Lb, Lcc, LMP,Lpv, Lt lifetime (battery, charge controller, motor-pump, PV array, tank) (year)
LCC life cycle cost ($)
LCC f ixe fixed part of life cycle cost ($)
MP reference of motor pump
µ0 borehole losses coefficients (s2/m5)
NR(i) variable replacement costs of year i ($)
NOCT Normal Operating Cell Temperature
PMP(t) power consumed by the motor-pump (W)
PMP,max(t) maximum power to motor-pump (W)
Ppv(t) power generated by PV array (W)
Ppv,p peak power of PV array (Wp)
Psto(t) power to battery (W)
Q∗p reference flow rate (m3/s)
Qc,0 nominal flow rate of the fountain tank (m3/s)
Qc,t(t), Qc,b(t) collected flow rate of tank/battery architecture (m3/s)
Qp(t) pumped flow rate (m3/s)
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Rb battery resistance (Ω)
R Arrhenius constant (J.mol−1.K−1)
St surface of the base of the tank (m2)
SOC(t) state of charge of the battery
Ta(t) ambient temperature (◦C)
TDH(t) total dynamic head (m)
vabs, v f l voltage of battery during absorption/float phase (V)
vb(t) voltage of battery (V)
vb,r reconnection level of motor-pump for charge controller (V)
vb,s disconnection level of motor-pump for charge controller (V)
Vt volume of tank (m3)
ψ pipe pressure losses coefficient (s2/m5)
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