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Solar desalination is a viable solution to freshwater scarcity in remote, off-grid
communities without centralized infrastructure. In this work, the design,
performance, and evaluation of an autonomous photovoltaic (PV)-battery-
reverse osmosis (RO)-water tank desalination system are presented using
simulation. The system is modeled in MATLAB software at an hourly resolution
for one complete year (8760h) with realistic climatic data from the POWER
(Power System Energy) database at the National Aeronautics and Space
Administration. Physically consistent models are applied to PV generation,
battery energy-power behavior, RO-specific energy consumption, and
freshwater storage dynamics. Baseline results indicate that a community
demand of 10 m3/day can be met with 98.63% daily reliability, resulting in
3643.73 m3/year of desalinated water and 0.319% unmet demand, with a
realized SEC of 4.74 kWh/m3. However, only 56.43% of the available PV-bus
energy is utilized, indicating considerable PV curtailment. The outcome of phase
2 indicates that a decrease in the levelized cost of water (LCOW) through
relaxing reliability to 95% daily, without compromising acceptable service
levels, is possible. Demand sensitivity, design space exploration, and dispatch
policy comparison reveal the great potential of curtailment-aware operation, in
conjunction with sufficient water storage, to enhance system efficiency and
economic performance in remote desalination applications.

1. Introduction

to water supply. Desalination provides a viable pathway for
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Freshwater scarcity is one of the most important
challenges that the world faces globally and the consequences
are particularly dire in remote and off-grid communities
where centralised water infrastructure, reliable electricity
and logistical access are limited. In such areas, poor access to
safe drinking water limits health, livelihood and
socioeconomic development. Climate change, population
growth and the growing demand for water are further factors
that put added pressure on these systems, further boosting
the need for decentralized, robust and sustainable solutions
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the increase of freshwater availability in water stressed
coastal and arid regions where saline or brackish water
resources are abundant. Traditional desalination in isolated
locations has used a standard of diesel generators or grid
power. Although technically workable, these options have
high operating costs, vulnerability of fuel supply, greenhouse
gas emissions and a complexity in maintenance, making it
difficult to sustain long term. These limitations have led to the
development of increasing interest in renewable-energy
powered desalination systems that can be automated and
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meet decarbonization goals [1]. Amongst renewable
possibilities, solar photovoltaic (PV) reverse osmosis (RO)
has emerged as one of the most scalable and extensively
studied configurations as RO has comparatively low specific
energy consumption, modularity and compatibility with a
variable solar input [2]. Advancements in PV, power
electronics and stand-alone DC systems as well as solar-
coupled RO operation have further increased its suitability for
decentralized deployment [3]. Nevertheless, one of the
primary challenges is solar intermittency, in particular,
situations when the system is forced to satisfy the daily
demand of water with no help of grid.

Abbreviations
PV Photovoltaic
RO ReverseOsmosis

SEC Specific Energy Consumption (kWh/m?)
LCOW  Levelized Cost of Water (USD/m?)

SocC State of Charge

GHI Global Horizontal Irradiance (W/m?)
NOCT Nominal Operating Cell Temperature (°C)
OPEX  Operating Expenditure

CAPEX Capital Expenditure

C-rate  Battery Charge/Discharge Rate (h™)
LCOE  Levelized Cost of Energy

RE Renewable Energy

SWRO Seawater Reverse Osmosis

BESS Battery Energy Storage System

Both electrical and water storages are important in
bridging the gap between timing mismatch between solar
availability and freshwater needs. Batteries will be able to
buffer short term variations in PV, and the freshwater tanks
will decouple the water production and consumption and
enhance service continuity. However, simplified
representations of storage are still widely used in the
literature, and misunderstands battery energy capacity and
power capability or ignores charge/discharge limiting
behavior, both of which can misrepresent the trade-off
between reliability and cost of storage system [4]. The PV
curtailment is also under-quantified and operational control
is often simplified although it is important to quantify its
efficiency and cost [5]. More generally integrated renewable-
desalination studies do not typically couple issues of
reliability, storage sizing, and the hourly nature of the system
behavior in physically consistent way [6]. The given research
will fill this gap by creating an off-grid PV-battery-RO-water
tank desalination framework with explicit curtailment, C-rate
constrained battery modeling, and rule-based dispatch
analysis [7]. In addition, there is a sensitivity of solar driven
RO performance to thermal and operational conditions, which
supports the need for realistic system level treatment instead
of idealized averaging [8]. The specific objectives of this study
are to:

e Develop a physically consistent, hourly time-stepped
simulation model of: - an off-grid PV-battery-RO-water
tank desalination system that is appropriate for a remote
community.

e Quantify the trade-offs between the reliability, the use of
solar energy and the levelized cost of water by exploiting
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the design space through systematic design and dispatch
policy analysis.

e Providing design relevant insights supporting efficient
sizing and operational strategies - Providing efficient
design methods for sizing and designing autonomous solar-
powered desalination systems.

2. Literature review

Solar-driven desalination has not ceased to garner
interest as a solution to freshwater scarcity in areas that lack
constant centralized water and energy infrastructure.
Photovoltaic-powered reverse osmosis (PV-RO) is one of the
most feasible and the most researched among the renewable-
based desalination alternatives due to its comparatively low
specific energy usage, modularity and decentralized
implementation. The PV-RO technical feasibility in off-grid
and weak grid situations, especially in small and medium-
scale applications applicable to remote communities, has
been established by previous researchers [9]. One of it is the
ability to operate reliably when the solar irradiance or water
demand vary. Due to the intermittent nature of solar
availability, there are temporal mismatches between the
availability of energy, desalination production, and water
demand. Many studies strive for high reliability through
oversizing of PV or the addition of extra storage, both of which
add cost [10]. However, reliability has generally been
disregarded as it is implicit in that annual water output or
average output has been reported without necessarily
quantifying unmet demand or service continuity on hourly or
daily basis.

Battery storage is frequently put forward to smooth out
solar variability, but modeling of battery storage in it is
usually simplified. Infineon Power provides a bottom-up
approach that highlights the distinction between battery
energy capacity (kWh) and power -capability (kW) in
combination with weak enforcement of the SOC to produce
unrealistic long-term behavior and obscure cost-reliability
trade-offs [11]. In contrast, freshwater storage tanks have
received attention as less expensive forms of buffer, which
can decouple production from consumption and can
potentially replace electrical storage to some extent with
underexplored [12,13]. Operational control is another area
that is weakly developed. Common strategies like PV-only or
storage priority operation are easy to put in place but
potentially do not make good use of surplus solar energy. PV
curtailment may be substantial in off-grid applications but is
not typically explicitly quantified or even considered as a
design objective [14]. Likewise, though LCOW is widely used
in techno-economic assessment, there are still many studies
that employ annual-average assumptions and fail to fully
capture the dynamic interaction between reliability, use of
storage and curtailment [15]. More generally, PV sizing,
storage and cost are frequently examined in isolation and not
in one physically consistent hourly time scale [16].
Accordingly, there is a crucial gap which is the lack of studies
that incorporate the combination of 8760 hours of simulation,
explicit reliability assessment, physically consistent energy-
power modeling of the battery, enforceable SOC limits,
quantified PV curtailment, and integrated cost-reliability
trade-off analyses in a single transparent off-grid desalination
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framework. This gap provides a motivation for the present
work.

3. Methodology

This work takes a fully simulation-based developing,
evaluating and optimizing an off-grid solar powered
desalination system for remote communities. All the
components are dynamically modeled in the form of physical
models in the MATLAB tool at hourly time resolution over
8760 h, with an emphasis on physical consistency,
transparency, and reproducibility. The overall workflow with
part of the component interactions, dispatch logic, and
performance evaluation is summarized in Figure 1.

* Meteorological Data
(NASA POWER: GHI, Ternp)

® Water Demand Profile

 System Design Variables
PV, Battery, RO, Tank

Component Models (Hourly Simulation) Dispatch Policy Selection

® PV_ONLY
® TANK_SECURE
® CURTAILMENT_AWARE

Battery Storage Model

(NOCT-based) (kWh, SOC, C-Rate)

RO Model Water Tank Model
(SEC-Based)

’ PV Model

)
8760-Hour Simulation Loop
® Hourly Energy & Water Balance
e Battery SOC Update
Performance Metrics Evaluation
o Reliability (Hourly & Daily)
® Solar Utilization & Curtailment
® Specific Energy Consumption (SEC)
® Levelized Cost of Water (LCOW)
>/
Phase 1 | Phase 2
Baseline Validation & Di i Dgsign Optimi: '7 & Analysis

® Demand Stress Tests
® Sizing Sweeps

® Demand Stress Tests
® Sizing Sweeps

® Policy Comparison
® Sensitivity Analysis

@ Policy Comparison
® Sensitivity Analysis

Figure 1. Overall simulation workflow of the PV-battery-RO-tank
desalination system, illustrating component interactions, rule-based
dispatch logic, hourly performance evaluation, and System
configuration

The proposed desalination system consists of four
directly coupled subsystems in off-grid configuration, i.e. (i)
photovoltaic (PV) array, (ii) battery energy storage, (iii)
reverse osmosis (RO) desalination unit, and (iv) freshwater
storage tank. The PV array in turn drives DC power to a
central electrical bus in which energy is dynamically fed to the
RO operation, battery charge or curtailment in instances
where the generation is higher than the immediate demand
and storage capacity. Depending on the dispatch policy the
battery is capable of discharging to support the operation of
the RO during non-solar hours. The water tank provides
short-term and diurnal buffering of freshwater production to
the demands of the community. The system is modelled as PV-
primary fully autonomous with no grid connection & no diesel
generator.
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3.1 Meteorological data

Hourly meteorological inputs are necessary to reflect the
variability with time of solar-powered desalination systems
and evaluate reliability under the real conditions of operation.
In this study, Global Horizontal Irradiance (GHI) and ambient
air temperature data were acquired on an hourly basis from
the NASA POWER Project through Data Access Viewer for 1
full annual cycle. For the Phase 2 analysis, the dataset is for 1
September 2024 to 31 August 2025 for a site at 30.7264,
76.7684 for location-specific performance evaluation. This
data becomes the cornerstone of the simulation framework of
8760 h simulation. GHI and ambient temperature were
directly used in PV model. Missing values have been treated
by linear interpolation, and nearest end extrapolation on the
boundaries, negative values of irradiance was clipped to zero
and ambient temperature was bounded within a physically
reasonable range to ensure numerical stability and realism
[17]. Because only one full annual meteorological realization
was used, the levels of interannual variability were not
considered, and the multi-year validation is future work.

3.2 Component models

All the system components are modelled based on
system-level formulations consistent with published
literature and suitable for long-term/ hourly simulations. The
models have priority of physical interpretability, and at the
same time, ensure computational efficiency.
PV model: The PV array was modeled with a rated power
formulation that included temperature correction that relied
on the Nominal Operating Cell Temperature (NOCT) method
that was included in the simulation code. For each hourly time
step, the cell temperature was estimated first using Eq. (1):

NOCT-20
Tc = Tamb + TG (1)

where T, is the PV cell temperature (°C), Tmpis the ambient
temperature (°C), and Gis the incident irradiance (W/ m?2).
The hourly DC power output of the PV array was then
calculated using Eq. (2):

Ppy.ac = Prated (%) [1+y(T, - 25)] (2)

TC

where P,q¢04is the rated PV capacity, Gsrcis the irradiance at
standard test conditions, and yis the linear temperature
coefficient. The DC-bus power available to the desalination
system was then obtained using Eq. (3):

Ppy bus = NMpusPpv,ac (3)

Accordingly, the "total accessible PV energy" in this study is
the PV energy accumulated at the DC bus after the application
of Eq. (3) and not the theoretical resource based on irradiance
before electrical losses. In this study, a constant aggregate DC
bus efficiency was used to represent inverter, controller and
wiring losses as a first order system level approximation.
Although the model uses parameters representative of
commercially mature crystalline-silicon modules, an
additional sensitivity analysis was done using alternative
representative PV parameter sets to examine the influence of
different PV  technology characteristics on system
performance.
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Battery model: The battery energy storage system was
modeled in order to achieve physical consistency and to make
a clear distinction between energy capacity and power
capability. Battery capacity was defined as being in kWh,
while the usable energy window was defined based on the
allowable SOC range by using Eq. (4):

Eusavie = Epac(S0Cnax — SOCmin) (4)

In order to prevent unrealistically large power exchange by
small-capacity batteries, the maximum charging and
discharging powers were related to battery capacity by the
selected C-rate as given in Egs.: (5) and (6):

Pch,max = CrateEpar (5)

Paismax = CrateEbat (6)

The hourly SOC update was then calculated from the charge-
discharge energy balance using Eq. (7):

C Pc At—P isAt is
SOCysy = SOC;, + W 7)

When Eba=0, all the dynamics of SOC, charge/discharge

limits, and effects of battery efficiency were switched off
automatically, and the system worked in PV-direct
configuration without electrical storage. Battery aging was
not considered in the baseline model as its effect was assessed
separately in a bounding sensitivity analysis.
RO model: A specific-energy-consumption (SEC)-based
model was used to formulate the reverse-osmosis (RO) unit
giving the direct connection between electrical input and the
freshwater production on a per-hour basis. The total
electrical power needed for the RO unit was determined by
the Eq. (8):

Pro = Paux + SEC - Qro (8)

where P, is the fixed auxiliary load due to pretreatment,
pumping and control systems and is the hourly freshwater
production rate. Accordingly, hourly RO production was
calculated from the net power available to membranes using

Eg. (9).

P —P,
Qro = ZRoet s ©

Subject to maximum RO production capacity and available
tank headroom; Partial load operation was allowed when
available power was too little for rated production. The
baseline model assumes constant SEC as tractable system
level approximation; the effects of part load inefficiency and
membrane ageing were however evaluated separately
through bounding sensitivity analysis.

Water tank model: The water tank was modelled as an
hourly storage buffer for fresh water that connects the RO
production with community water supply. At each hourly
time step, storage in the tank was updated from the balance
between RO inflow and community withdrawal, while making
sure the volume stored in the tank was kept within the
available tank storage volume. The post-demand tank volume
dictated the amount of water that could be supplied and the
amount of headroom available for RO production in the same
hour. Two operational thresholds were defined in order to
make dispatch decisions: a secure volume and a target
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volume. These were expressed quantitatively as fixed
fractions of tank capacity, namely

Vsecure = 0.30 Vpax (10)
and
Vta'rget = 0.70 Vnax (11

where Vmax is the total capacity of tanks as used in the control
logic, the secure volume is the minimum strategic buffer
(short term water reliability) volume, while the target volume
is the preferred level of operation (storage recovery). These
thresholds give the water tank the role of strategic buffer, and
reduce the need for unnecessary dependence on the battery
storage by affecting when RO production is prioritized.
Dispatch policies: Three rule-based dispatch policies under
identical climatic and system conditions were implemented
and evaluated. PV only In PV only the RO unit works when the
instantaneous PV is sufficient and does not discharge the
battery. In TANK_SECURE, for post-demand tank RO
operation is favored if the post-demand tank volume is lower
than the target volume cap, and battery support will be
permitted only if the tank volume is lower than the secure
volume cap, to help restore minimum water security. In Case
of CURTAILMENT AWARE, the above logic is further
extended to support opportunistic RO operation in the
surplus PV generation, which would otherwise be curtailed,
hence improve the solar energy utilization. Algorithmically,
dispatch evaluates the status of tank in relation to
V_secureand V_target followed by the decision to perform RO
operation and then the decision to admissible battery support
under selected policy.
Performance metrics: System performance was assessed
with the complementary indicators of reliability, energy and
economic performance. Hourly reliability was defined as the
ratio between the volume of simulated hours that had zero
unmet water demand, as provided in Eq. (12):
N(Up=0)

Np

Rhourty = (12)
where Uyis the hourly unmet demand, N(U, = 0)is the
number of hours with no unmet demand, and Njis the total
number of simulated hours. Daily reliability was defined as
the fraction of days for which the full daily water demand was
satisfied, as shown in Eq. (13):

N(U4=0
Rygiry = 2= (13)

Ng

where U,is the total unmet demand over a day and Nyis the
number of simulated days. In addition, unmet demand was
quantified using annual unmet volume, unmet-demand
percentage, shortage days, and average shortage per failure
day.

Solar utilization was defined as the ratio of accessible PV
energy at the DC bus in actual use for RO operation or battery
charging and given by Eq. (14):

Sy = Epvased (14)

Epv,bus

The curtailment fraction was calculated using Eq. (15):

CF = Ecure (15)

Epv,bus
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where Epy ,5is the total PV energy available at the DC bus
and E_,,.is the curtailed PV energy. The realized specific
energy consumption (SEC) was computed from Eq. (16):

E
SECreq = =22 (16)

Wprod

where Ep,is the total electrical energy supplied to the RO unit
and Wp,yqis the total freshwater produced.

Economic performance was assessed using the levelized cost
of water (LCOW), defined in Eq. (17) as:

CRF-CAPEX+OPEX gnnual

W aelivered

LCOW =

(17)

where CAPEXincludes the costs of PV capacity, battery
energy capacity, RO production capacity, and tank volume;
OPEX  nnuaiis the annual operating cost; Wyepivereqals the
annual delivered freshwater volume; and CRFis the capital
recovery factor. In the present study, OPEX ,,uaWas
assumed to be 4% of CAPEX, the discount rate was taken as
8%, and the project lifetime was assumed to be 20 years also
shown in Table 1. Replacement costs were not included
directly in the baseline LCOW formulation; instead, the
possible effects of battery aging and membrane-related
replacement were evaluated separately through bounding
sensitivity analyses.

Table 1. Economic assumptions used in LCOW calculation

Parameter Value

PV cost 1000 USD/KW
Battery cost 250 USD/kWh

RO cost 1500 USD/(m3/day)
Tank cost 120 USD/m3
Annual OPEX 4% of CAPEX
Discount rate 8%

Project lifetime 20 years

3.3 Phase structure and design-space exploration

The methodological framework was separated into two
phases. Phase 1 was focused on model verification and
baseline evaluation through hourly energy balance
(diagnostics), water balance, SOC limit enforcement, tank
capacity enforcement, as well as battery C-rate consistency
checks to insure physically consistent behavior. Baseline
outputs such as realized SEC, solar utilization, curtailment
fraction and reliability, were also compared with literature
values. Phase 2 has extended the work to systematic design
space exploration where the PV capacity, battery energy
capacity, RO production capacity and tank volume were
varied over a discrete grid and each configuration was
simulated over 8760 hours. In this enumerative co-design
sweep, the feasible designs were found by applying a
threshold of daily-reliability, following which trade-offs
between LCOW, reliability, and solar utilization were
investigated with the help of Pareto analysis.

4. Results

This section presents the annual 8760 h results of the
simulations in the MATLAB environment of the PV-battery-
RO-water-tank system. Phase 1 is an evaluation of baseline
behavior and physical consistency, and Phase 2 is an
evaluation of demand sensitivity, design space exploration,
dispatch performance, and robustness for autonomous PV-
primary off-grid operation.
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4.1 Phase 1: Baseline system behavior

Phase 1 testing of system functionality at a nominal
community water demand of 10 m3/day or equating to a
yearly demand of 3650 m3. It aims at checking internal model
consistency, characterizing the dynamic behavior of the
coupled system of PV-battery-RO-tank and providing a
quantitative basis to be used in future optimization. The
revised annual water balance indicates that the system has
3643.73 m3/year desalinated water production and 3638.36
m3/year supplying, and it is 11.64 m3/year (0.319%)
undistributed annually. Accordingly, the baseline case results
in 98.63% daily reliability, with 5 days/year of shortage and
2.33 m3 per failure day average shortage, instead of 100%
uninterrupted service. Figure 2 shows the hourly distribution
of PV power during a representative week: PV is to support
first the RO operation and then battery charging and the
remaining surplus is curtailed. During the year, the PV bus
delivers 32,437 kWh which resulted in 56.43% solar
utilization and 43.57% curtailment. Actual SEC is 4.74
kWh/m3 and the final tank storage is 20.37 m3, which proves
that there is stable but not lossless operation.

9000 : : : : ; :

8000 - ]
7000 |
6000 - 1

5000 - 1

Count

4000 - 1

3000 - 1

2000 - 1

1000 - 1

0L—= L L L L L a

-15 -1 05 0 0.5 1 15
PV bus balance error (kW) %1015

Figure 2. Hourly photovoltaic power allocation during a
representative week of baseline operation, showing the distribution
of PV energy to RO operation, battery charging, and curtailment

The dynamics of water tanks are illustrated in Figure 3.
The tank has a predictable diurnal cycling with the storage
increasing during the day as RO operation is on and
decreasing when withdrawal periods occur as community
demand is met. However, the revised results for the annual
period are based on the conclusion that tank volume is not
always kept above the secure threshold all year round.
Instead, the base case has a large, but imperfect level of
buffering performance with 5 shortage days and an annual
unmet demand of 11.64 m3. The seasonal analysis goes on to
show that these shortfalls are clustered in the month of May
which suggests that reliability loss is linked to temporally
concentrated operational stress rather than persistent tank
inadequacy. Even so, the tank is an effective short-term
storage buffer and the final tank storage of 20.37 m3 provides
evidence of significant residual storage throughout most of
the year.
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Figure 3. Temporal evolution of freshwater tank volume during a
representative week under baseline conditions

A plot of the hourly production profile of RO water is
presented in Figure 4. The production of fresh water is
strongly related to the availability of solar energy and partial-
load operation is realized in periods of moderate irradiance
when full RO power is not available. In the revised baseline
results, the total annual energy contributed to the RO unit
comes to about 17,281 kWh which renders the SEC to 4.74
kWh/m3 realized. This value is still within the range that is
typically reported for small scale RO systems and validates
the physical consistency of the baseline simulation.

Battery state-of-charge (SOC) behavior is shown in
Figure 5. The SOC is found to mostly be near the upper limit,
with only shallow discharges occurring for low irradiance
hours. This trend is in line with the diagnostics of the baseline,
which indicate a limited battery cycling and justifies the
interpretation that the battery is mainly a short-term
balancing buffer but not a comprehensively cycled storage
resource. This result is also helpful in understanding the
subsequent design space trends, where a portion of the
reliability function can be shifted between electrical storage
and water storage.
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Figure 4. Hourly reverse osmosis water production profile during a
representative week of baseline operation
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Errors in PV energy balance over one hour is not on the
order of 10-15 kW, instead the revised PV - bus energy
balance diagnostic confirms a numerical exact accounting
over an entire hour with a maximum absolute balance error
of only 1.78 x 10-15 kW, proving a very high level of numerical
consistency. Table 2 shows an overview of the baseline
annual performance metrics.
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Figure 5. Battery state-of-charge profile highlighting limited cycling
behavior under baseline conditions

Table 2. Phase-1 baseline annual performance metrics (10 m3/day
demand)

Metric Value
Annual water demand 3650 m3
Annual RO water produced 3643.73 m3
Annual water supplied 3638.36 m3
Annual unmet demand 11.64 m3 (0.319%)
Daily reliability 98.63%

PV bus energy available 32,437 kWh
Solar utilization 56.43%

PV energy curtailed 43.57%
Realized SEC 4.74 kWh/m3
Shortage days 5 days/year
Average shortage per failure day 2.33 m3/day
Final tank storage 20.37 m3

4.2 Phase 2A: Demand sensitivity

Phase 2A studies the systems performance at community
water demands (based on 5, 10, 15 and 20 m3/day) operating
under three dispatch policies (PV_ONLY, TANK_SECURE and
CURTAILMENT_AWARE). Figure 6 shows the variation with
demand of the daily reliability and LCOW. At a flow rate of 5
m3/day all the policies have 100% daily reliability and zero
unmet demand. However, as the demand grows, there is a
strong break in reliability for PV_ONLY: for 15 ms3/day,
reliability is 27.67% with 13.77% unmet demand and for 20
m3/day reliability is 0.55% with 35.05% unmet demand,
since it is only dependent on PV (instantaneous) availability.
In comparison, TANK_SECURE and CURTAILMENT_AWARE
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have much higher reliability (98.36-98.63%) for 10 m3/day,
about 85.48% for 15 m3/day and 41.64% for 20 m3/day.
Under CURTAILMENT_AWARE, LCOW goes from 6.81 to 2.02
USD/m3 as demand increases and solar utilization increases
to 95.34% and curtailment goes down to 4.66% (Table 3).

4.3 Phase 2B: Design-space exploration

The coupled design space of PV capacity, battery energy
capacity, RO production capacity, and tank volume are
investigated in Phase 2B. Feasible designs are considered to
be those with daily reliability of at least 95%. Solar utilization
as a function of PV size for feasible configurations is shown in
Figure 7 together with the corresponding Pareto front
between LCOW and solar utilization. Larger PV capacity
generally makes the feasibility better, but it also has
diminishing returns in the utilization of unless accompanied
by sufficient battery, tank or RO capacity. The outcomes of the
revised design-space results confirm that the feasible region
has several Pareto-efficient solutions instead of one global
optimum enabling flexibility of adaptation to site-specific
circumstances. A recommended knee point design was also
found among the Pareto set. Representative feasible
configurations are summarized in Table 4.

Daily reliability (%)
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Compares the baseline and minimum-LCOW feasible
designs which highlights the cost-reliability tradeoff between
economic efficiency and service performance presented in
Table 5.

4.4 Phase 2C: Heatmap analysis

A heatmap of the daily reliability as a function of battery
capacity and tank volume is presented in Figure 8 for the
representative case of PV =20 kW, RO = 1.5 m3/h and demand
= 10 m3/day. Reliability indicates that there is a strong initial
improvement with the inclusion of storage, which then
reduces with moderate storage sizes. For instance, increases
in battery capacity range from 0 to 20 kWh led to significant
improvements of reliability for all tank sizes, whereas for 40 -
60 kWh, there are smaller gains. A similar trend can be seen
for tank volume. Importantly, larger tank volumes can
compensate to some extent for the lower battery capacity: e.g.
the reliability rises from ca. 0.93 at 0 kWh and 10 m3 to ca.
0.98 at 0 kWh and 40 m3. The outcome of this experiment
demonstrates the importance of water storage as strategic
reliability buffer and validates the fact that battery storage
and tank storage are partially replaceable in remote
desalination design.

—&— PVoNLY
—&— TANKSsEGURE
CURTAILMENT.WARE

Demand (m3/day)

Figure 6. Daily reliability and levelized cost of water as functions of community water demand for different dispatch policies

Table 3. Phase-2A demand sensitivity results

Policy Demand ) D?i.ly Unmet . So!ar Curtailment LCOW
(m3/day) reliability (%) | demand (%) | utilization (%) (%) (USD/m3)

PV_ONLY 5 100.00 0.00 28.19 71.81 6.81
PV_ONLY 10 96.71 0.91 55.31 44.69 3.44
PV_ONLY 15 27.67 13.77 71.98 28.02 2.63
PV_ONLY 20 0.55 35.05 72.29 27.71 2.62
TANK_SECURE 5 100.00 0.00 28.19 71.81 6.81
TANK_SECURE 10 98.36 0.42 55.62 44.38 3.42
TANK_SECURE 15 85.48 3.69 81.02 18.98 2.36
TANK_SECURE 20 41.64 15.83 95.34 4.66 2.02
CURTAILMENT_AWARE 5 100.00 0.00 29.86 70.14 6.81
CURTAILMENT_AWARE 10 98.63 0.32 56.43 43.57 3.42
CURTAILMENT_AWARE 15 85.48 3.68 81.03 18.97 2.36
CURTAILMENT_AWARE 20 41.64 15.83 95.34 4.66 2.02
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Figure 7. Design-space exploration results showing solar utilization versus PV size and the Pareto front between LCOW and solar utilization for
feasible designs

Design PV Battery 3 3 Daily Solar utilization Curtailment LCOW
category | (kW) | (kwh) | T20K(m) | RO(m/h) | ohiity %) | (%) (%) (USD/m?)
Minimum-
LCOW 20 20 40 0.8 95.07 57.18 42.82 2.31
feasible
design
Balanced
feasible 20 40 20 0.8 96.99 57.51 42.49 2.40
design
High-
atilization | 5| 59 40 15 95.62 74.44 25.56 3.11
feasible
design
Table 5. Baseline versus optimized feasible system design comparison
Metric Baseline design Optimized feasible design Change
PV capacity (kW) 20.00 20.00 0.00%
Battery capacity (kWh) 40.00 20.00 -50.00%
Tank capacity (m3) 30.00 40.00 +33.33%
RO capacity (m3/h) 1.50 0.80 -46.67%
Annual water production (m3) 3643.73 3593.08 -1.39%
Annual water demand (m3) 3650.00 3650.00 0.00%
Annual unmet water (m3) 11.64 46.76 +301.86%
Unmet demand (%) 0.319 1.281 +301.86%
Daily reliability (%) 98.63 95.07 -3.61%
Solar utilization (%) 56.43 57.18 +1.33%
Curtailment (%) 43.57 42.82 -1.72%
LCOW (USD/m3) 3.415 2.307 -32.45%
Shortage days (days/year) 5 18 +260.00%
Average shortage per failure day (m3/day) 2.33 2.60 +11.55%
Excess water (m3/year) -6.27 -56.92 -808.03%
Final tank storage (m3) 20.37 24.95 +22.47%
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Figure 8. Daily reliability heatmap as a function of battery energy capacity and freshwater tank volume

I Reliability (daily) I Solar utilization EEEEETI PY used (1-curtailment)

Percent (%)

@
1=

CURTAILMENT,WARE

PVNLY TANKSECURE

Figure 9. Comparison of dispatch policies in terms of daily reliability, solar utilization, and levelized cost of water

Table 6. Phase-2D policy-level performance comparison (10 m®/day)

Policy Daily r(f/:)i)abi“ty delﬂ:l‘l‘:f:% ; Solar ‘Eﬁ/i:;zaﬁ“ Curtailment (%) | LCOW (USD/m?)
PV_ONLY 96.71 0.91 55.31 44.69 3.44
TANK_SECURE 9836 0.42 55.62 4438 3.42
CURTAILMENT_AWARE 98.63 0.32 56.43 43,57 3.42

4.5 Phase 2D: Policy comparison

Dispatch policies are compared with the help of bar
charts of reliability, solar utilization and LCOW in Figure 9.
The policy, which has the name of CURTAILMENT_AWARE, is
always more efficient to maximize the solar utilization while
maintaining equal or better reliability than TANK_SECURE.
The PV_ONLY policy has the worst performance according to
all aspects. Table 6 summarizes performance at the policy
level.

4.6 Phase 2E: Sensitivity analysis

Figure 10 presents a tornado plot of the sensitivity of
LCOW to the main parameters. Community demand is the
primary cost driver followed by RO SEC, whereas battery
efficiency has little impact for the range tested. A 25% drop in
demand gives a 32.91% increase in LCOW, but a 25% increase

gives a 18.96% decrease. By comparison, varying SEC by +-
20% causes a change in LCOW of only -0.32% to +0.69%, and
lowering battery efficiency from 0.95 to 0.90 causes a change
in LCOW of only 0.01%. Bounding analyses further reveal that
severe battery aging results in LCOW increasing to about
3.490 USD/m3 and severe membrane aging and 20% part-
load SEC penalty results in LCOW increasing to about 3.655
and 3.439 USD/m3, respectively, with only minor reductions
in reliability. The results of LCOW and reliability are
summarized in Table 7. To quantify the probable impacts of
non-ideal component behavior beyond the baseline model,
additional bounding cases were considered for battery aging,
membrane aging and part load RO inefficiency. The resulting
impacts on reliability, unmet demand and LCOW are
summarised in Table 8.
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Figure 10. Tornado plot showing sensitivity of levelized cost of water to key system parameters

Table 7. Phase-2E sensitivity results for LCOW and reliability

Case LCOW LCcow Daily reliability
(USD/m3) change (%) | (%)

SECx0.8 3.4045 -0.32 100.00

SECx1.2 3.4390 0.69 96.99

Demand x

0.75 4.5393 3291 100.00

Demand x

1.25 2.7679 -18.96 95.07

Battery eta

-095 3.4153 0.00 98.63

Battery eta

-0.90 3.4157 0.01 98.63

Table 8. Bounding sensitivity results for degradation-related
scenarios

Dail
Scenario relizi’bility Unmet Lcow
(%) demand (%) (USD/m3)
Baseline 98.63 0.319 3.415
Severe
battery 98.36 0.362 3.490
aging
Severe
membrane 97.26 0.840 3.655
aging
20% part-
load SEC | 96.99 1.006 3.439
penalty

Overall, the results indicate that high levels of reliability
are not sufficient for efficient off-grid desalination. It can be
stressed that coordinated system sizing and curtailment
aware dispatch can be used to reduce PV curtailment, reduce
water cost and provide sustainable freshwater solution to
remote communities.

5. Discussion

The outcomes of this study give a system level insight
into the design of off-grid solar-powered desalination
systems to meet the balance of reliability, efficiency and cost
under the operational constraints characteristic of remote
communities. The analysis transcends the use of either a
static or averaged framework of PV generation, battery

storage, RO desalination, and freshwater storage, and reflects
the dynamism of interactions between the theoretically
feasible and economically viable design and operations of a
particular design by employing an hourly resolved (8760 h)
framework of physical consistent models. One of the key
conclusions is that it is often economically inefficient to make
the off-grid solar-powered desalination systems 100%
reliable. While near perfect reliability can certainly be
achieved in theory, high PV oversizing, high curtailment, and
underutilization of installed assets can be necessary to
achieve near perfect reliability. The phase 2 demonstrates
that slightly less strict reliability thresholds, including
requiring that of 95 percent daily reliability, can become large
treats in solar uptake and in LCOW reduction. For remote
communities, however, such service levels may be acceptable
particularly were complemented by short-term water storage
or demand side flexibility.

The study also clarifies the role played by storage. Even
though batteries are frequently considered the primary
reaction to the variability of the solar power, the base level
performance demonstrates insignificant cycling and a flat SOC
profile, which means that a battery is presented as a short-
term balancing buffer rather than a deep-shifting energy
source. In the design space exploration, the reliability
increases reduce with battery capacity exceeding the
moderate levels, and the capital cost rises. In contrast,
freshwater storage has been identified as an important and
low-cost reliability buffer. The results of the heatmap and
feasible design indicate that one can partially replace the
battery capacity by increasing the volume of the tank. This is
particularly relevant to remote applications where water
tanks are easier to fabricate, install and maintain than
electrochemical storage systems. Photovoltaic curtailment is
another understanding. Rather than just seen as a bad thing,
high curtailment should be taken as an indication of mismatch
between PV capacity, RO throughput, storage and dispatch
strategy. The good performance of the curtailment-aware
policy indicates that dispatch logic is an additional design
variable, in addition to component sizing. Comparing with the
existing studies, the numerical performance of the proposed
system is in the general agreement with the values found in
the literature for small-scale PV-powered RO desalination.

66




S. Kumar et al. /Future Technology

Reported specific energy consumption values are within
the ranges reported by [18,19], LCOW values are within the
ranges reported by [20,21] for off-grid and for hybrid
renewable desalination systems, respectively However, many
previous works implicitly assume reliability, often averaged
energy balances are used, or explicit accounting of PV
curtailment is not performed. References [22,23] indicate the
need of hybrid storage and control, but often explicit
quantification of the interaction among reliability,
curtailment, and cost is not performed on the hourly time
scale. The present study goes beyond state of the art by
explicitly testing reliability at the hourly and daily level,
physically enforcing the consistency between battery energy
and power by using C-rate constraints, and by using
curtailment as a central performance measure and not a
residual outcome.

For practical design and fabrication, the findings provide
three major insights: it is not a good idea to adopt large
battery systems by default, but balanced investment is
required in the areas of PV capacity, RO throughput, electrical
storage, and water storage; oversizing PV without
corresponding conversion and storage capacity mainly
results in increased curtailment rather than service quality;
the application of simple rule-based dispatch can significantly
improve efficiency and cost, making control strategy
especially valuable for use in areas with low complexity
remote community deployments. The research has a number
of limitations. It is based on hourly climate data from one
location and one representative annual realization only,
therefore, interannual variability, extreme events and true
multi-year robustness could not be assessed and meaningful
year-to-year uncertainty statistics are outside the scope of the
available dataset. The RO subsystem was modeled with a
constant SEC formulation, so that the effects of salinity,
temperature, membrane aging and part load effects were not
explicitly modeled. The PV performance degradation and
battery aging are components degradation which were not
part of the baseline model. In addition, fixed unit cost
assumptions were adopted and LCOW should be taken as a
comparative design indicator rather than a site-specific
financial prediction. The framework should be expanded in
future work to involve multi-year simulations in various
climatic areas and add element degradation, which will
enable the evaluation of interannual robustness, uncertainty
in reliability and LCOW, as well as replacement planning to be
evaluated more rigorously. Additional gains also may be
realized by adaptive or predictive dispatch strategies such as
model predictive control to improve reliability, utilization,
and cost under uncertain operating conditions.

6. Conclusion

This research suggested a physically consistent
simulation framework for design and analysis of an off-grid
solar powered desalination system for remote communities.
Using an hourly resolved 8760 h model in the Matlab
programming language that integrates photovoltaic
generation, battery storage, reverse osmosis desalination and
freshwater storage, the results revealed that it is possible to
achieve high service reliability without having to rely on grid
electricity nor on fossil-fuel backup. However, the analysis
also revealed that maximising reliability is not always
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economically efficient. The baseline case showed a high
98.63% reliability at the daily level with a low 0.319% unmet
demand but a high amount of PV curtailment. Design-space
exploration showed that a minimum-LCOW feasible design
can result in a reduction of up to 32.45% in water cost;
however, with a degree of reduction of reliability. The results
have further found that battery storage is not always the most
cost-effective reliability buffer. Water storage can partially
replace the battery capacity and curtailment-aware dispatch
can enhance the utilization rate of the solar power while
ensuring a high reliability. Sensitivity analyses verified that
community demand is the primary LCOW driver with an
insignificant contribution from battery efficiency; while
another set of bounding cases indicated that battery aging,
membrane aging, and part load SEC penalties affect the
results in quantifiable but small amounts. Although limited to
one climatic location as well as a simplified SEC-based RO
representation, the study offers a useful design basis for
future multi-year and degradation-aware and regionally
comparative analyses.
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