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Abstract – Desalination using reverse osmosis (RO) systems is 

one of the water technologies introduced to address freshwater 

scarcity in arid and semi-arid regions through the production of 

water with characteristics for human consumption. The Zapotal 

River Basin located in Santa Elena, Ecuador, is a semi-arid area, 

where water demand is greater than available water sources. The 

objective of this research is to design a decentralized RO system to 

production of water for consumption purposes, in terms of low 

salinity content. Therefore, a water sampling campaign was carried 

out in the study area to identify the communities with the greatest 

need for water desalination. Additionally, physicochemical water 

parameters and the analysis of major ions in surface and 

groundwater samples were measured to design a RO desalination 

system. An open-source software named “WAVE” was used to 

determine the removal efficiencies and energy consumption. 

Synthetic water solutions using NaCl electrical conductivity (EC) 

concentrations ranging from 3000 to 24000 μS/cm were used as feed 

water for the RO technology to simulate the measured EC of the 

study area. The experimental removal efficiency results were 95.98 

and 99.52%, with an energy consumption of 3.90 - 4.58 𝒌𝑾𝒉/𝒎𝟑. 

The energy consumption was optimized by increasing the number of 

membranes in the RO plant simulation. Finally, the importance of 

this study lies in designing and proposing a brackish water treatment 

alternative to assure the availability of water for human consumption 

and its sustainable management, reaffirming what is stated in SDG 

6. 

 

Keywords – Reverse osmosis, Electrical conductivity, Energy 

consumption, Desalination technology.  

I. INTRODUCTION 

Freshwater constitutes less than 3% of the global water 

resources, whereas 97% is provided by the water from oceans, 

lakes, and seas with high content of dissolved salts [1]. 

Worldwide water scarcity is expected to intensify in the next 20 

years, because of population, economic, and energy 

consumption growth [2]. Therefore, the identification of non-

conventional water catchment sources is a necessity nowadays. 

Brackish waters are surface or groundwater sources with a 

salinity content of between 1 and 25 g/L. Freshwater presents a 

salinity of less than 1 g/L compared to a salinity of seawater 

above 35 g/L [3]. In this line, brackish water is a good 

alternative for desalination compared to seawater, since its 

treatment results in lower costs and lower energy demand [4]. 

Muñoz et al., [5] reported that brackish groundwater saves 

between 0.69 and 1.3 kg CO2 eq per m3 compared to seawater, 

generating a lower environmental impact.  

Desalination is a technology introduced to address water 

scarcity [6], [7], by treating water with high salt content and 

producing water for drinking and industrial purposes with 

relatively simple and low-cost processes [6]. For desalination 

purposes, membranes are essential [7], with reverse osmosis 

(RO) being one of the most promising pressure-driven 

membrane techniques today [8].   

Over the past 40 years, RO membrane technology has been 

progressing intensively and at present, it represents 44% of the 

global desalination production market, with a share of about 

80% in desalination plants around the world [9]– [11]. 

RO plants emerge as an alternative for brackish water 

treatment to other water desalinization techniques, such as 

multi-stage flash (MSF) desalination and multi-effect 

distillation (MED), requiring less energy, and lower investment 

and maintenance costs [11], [12]. RO is widely applied in the 

removal of salts content, hardness, pathogens, turbidity, 

synthetic organic compounds, inorganic compounds, 

pesticides, and many contaminants from water [13].  

The performance of the RO technique mainly comprises a 

semi-permeable membrane where water molecules are 

transported through the membrane and salts are retained. Such 

behavior is given by applying pressure above the osmotic 

pressure value, which allows water to flow out of the solution 

from higher to lower concentration [14]. The benefits of RO 

include the low space required for the system, the operational 

and automation ease of the process [15], and a relatively low 

cost of water production [16]. Consequently, this technology 

represents a high potential for application in arid and semi-arid 

regions, where the provision of fresh water is a significant 

challenge.   

Approximately one-third of the rural population in 

developing countries live in semi-arid and arid regions [11]. 

Ecuador has 20% of its surface under arid and semi-arid 

conditions; most of these drylands are concentrated on the 

Pacific coast side, especially in the provinces of Manabí and 
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Santa Elena, where the “Chongón-Colonche” mountain range 

extends [17]. 

The Zapotal River watershed is a semi-arid zone in the 

province of Santa Elena, Ecuador. In this area, water demand is 

greater than water availability [18]. Precipitation is the main 

source of water; however, evaporation is greater than 

precipitation [19], thus the communities living in this area are 

subjected to water stress. In general, there are frequent drought 

seasons where the aquifer formations are the only source of 

water supply "of strictly natural origin" while providing the 

base flow in the river courses [20].  

Addressing the problem of water scarcity in Santa Elena, 

the Chongón - San Vicente irrigation canal, inaugurated in 

2014, was built in response to the need for water suitable for 

irrigation and human consumption [21]. However, this project 

failed to meet the water demand. 

Currently, an important part of the population of Santa 

Elena is supplied by groundwater. Nevertheless, the aquifers 

present various problems due to overexploitation, 

contamination, and the proximity of the sea, which affects their 

quality and possible uses. 

The deployment of an RO desalination system to solve 

water scarcity problems in semi-arid and arid regions would 

reduce the environmental impact on a local and global scale by 

using brackish water from groundwater and surface sources 

[22]. In this context, this study aims to design a decentralized 

brackish water treatment system for drinking water production 

in the communities of the Zapotal River watershed. This system 

will assure the water quality, with regards to the salinity 

concentration for drinking purposes. This study will be 

conducted by focusing on the removal of electrical conductivity 

content according to local and international water quality 

standards and considering the water demand of a growing 

population.  

II. METHODOLOGY 

A. Study area 

The study area is located in the Zapotal River watershed in 

the province of Santa Elena, Ecuador (Fig. 1). This watershed 

is a coastal plateau with plains or semi-undulating plains, with 

short streams and small, narrow, shallow, and seasonal rivers, 

which flow into the Pacific Ocean [23], [24]. In this intermittent 

dendritic drainage watershed, the main rivers are Verde, 

Azúcar, Seco, Campaña, and San Rafael. These rivers converge 

to the Zapotal river, the most important tributary since it 

supplies water to the urban communities [23].  

The study area is semi-arid and therefore represents a 

deficit of surface water sources [24]. According to [25], in this 

zone, there is scarce precipitation marked with intrannual 

(torrential) and interannual (droughts) irregularity. According 

to reports from the National Institute of Meteorology and 

Hydrology of Ecuador (INAMHI), the average annual 

precipitation is 264 mm/year, and the average annual 

temperature is 24.3 °C [26]. 

Some of the geological formations leading to the formation 

of local - discontinuous aquifers within the Zapotal River 

watershed are the San Eduardo Formation, which is formed of 

limestones; the Ancon, Socorro, and Seca Group Formations 

and the Dos Bocas Formation, which present secondary 

formation gypsum; and the Cayo Formation, which contains 

siliceous lulites and chert. These formation aquifers are porous-

free-coastal and are highly related to alluvial deposits, 

generating suitable conditions for groundwater accumulation. 

Notably, that groundwater is exploited for the supply of 

populations in the sectors [27]. 

 

Fig. 1 Map of the study area showing surface and groundwater sampling 

points in the province of Santa Elena, Ecuador.  

B. Sampling and analytical measurements 

Ten water samples (n=10) were collected during the dry 

season of September 2022 in the communities of Chanduy, 

Santa Elena, and Simón Bolívar. Eight samples corresponded 

to surface sources and two were from groundwater sources. 

Samples AS1, AS2, and AS3 were from surface water, sampled 

in rivers. Samples AR1 and AR2 corresponded to surface water 

samples, sampled in reservoirs. Samples AC1, AC2, and AC3 

were collected at different points of the Chongón - San Vicente 

irrigation canal. Samples AP1 and AP2 were collected from 

groundwater (deep wells) in the Saya and Manantial 

communities (Fig. 1). 

Physicochemical water parameters, such as pH, electrical 

conductivity (EC), total dissolved solids (TDS), and 

temperature (T) were measured on-site using a HANNAH 

multiparameter (HI 9829) calibrated against pH and EC 

standards. Samples were refrigerated and transported following 

the guidelines of the Ecuadorian standard NTE INEN 2169 

[28]. The analysis of major ions as Ca2+, Mg2+, Na+, K+, Cl-, 

SO4
2-, HCO3

-, NO3
- and NO2

- was performed at the Sanitary 

Laboratory of the Escuela Superior Politécnica del Litoral 

(ESPOL). 

Ca2+ and Mg2+ concentrations were determined by 

volumetric titration with EDTA. HCO3
- concentration was 
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measured by titration with sulfuric acid. The Na+ ion was 

analyzed by potentiometry (HACH probe). The other major 

ions were analyzed with visible light spectrophotometry using 

the HACH DR 3900 equipment. Verification with the standards 

for adjustment was performed before each measurement of 

major ions. 

C. Experimental procedure 

The desalination process was carried out in the reverse 

osmosis pilot plant shown in Fig. 2. Synthetic water was 

prepared by dissolving table salt (NaCl) in the feed tank to 

obtain different EC concentrations ranging from 3000 to 24000 

µS/cm (increasing 3000 µS/cm in each experiment). The 

purpose was to simulate the EC measured in the study area. The 

RO system has a storage tank where the water is pumped to a 

multimedia filter by a centrifugal pump (1 hp) to reduce 

turbidity and solids suspension. The filter column had gravel, 

zeolite, and activated carbon. The water flowed to the 

ultraviolet (UV) light cabinet for pathogen inactivation, and 

subsequently pumped to a filtration process (5 and 1 µm). The 

water was pumped to the membrane by a high-pressure pump 

(17 bar). The membrane presented a recovery rate of 15%. To 

calculate the salinity removal efficiency, the physicochemical 

parameters EC and TDS were measured.  In addition, the HCO3
- 

content of the feed water (synthetic water), permeate, and 

concentrate was monitored. 

D. Modelling  

To make a comparative analysis of the theoretical and 

experimental removal efficiencies, TDS removal modeling was 

performed in the Water Application Value Engine (WAVE, 

version 1.77) software. The following parameters were input to 

the model: permeate flow rate, pH, concentration of major ions 

(Cl- y Na+), turbidity, total organic carbon (TOC), total 

suspended solids (TSS), and temperature. 

Subsequently, to model the reduction in energy 

consumption, the reverse osmosis plant was simulated by 

increasing the number of RO membranes and adding 

recirculation processes. 

 
Fig. 2 Schematic diagram of reverse osmosis pilot plant. 

III. RESULTS 

A. Hydrochemical analysis 

Fig. 3 presents the hydro-chemical composition of surface 

and groundwater in the study area using Stiff diagrams. These 

diagrams show that most of the groundwater exhibits sodium-

chloride hydrochemical composition. For instance, surface 

water point (AS3) showed concentrations of 500 mEq/L of Cl- 

and Na+. The remaining surface water samples presented 

concentrations ranging from 12 to 60 mEq/L of Cl-, and 12 to 

40 mEq/L of Na+. The salinity content could be attributed to 

their proximity to the seashore. Additionally, the sodium-

chloride composition is consistent with the groundwater type of 

AP1 and AP2. Since these wells are deep, water-rock 

interaction is favored, increasing the salinity of the water [29]. 

 

Fig. 3 Stiff diagrams that show the hydro-chemical composition of water samples in the study area of Zapotal. 

There are two scales, groundwater, and surface water*. 
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The water of the Chongón-San Vicente irrigation canal was 

calcium-bicarbonate with concentrations of about 1.5 mEq/L of 

HCO3
- and 1 mEq/L of Ca2+. The presence of these ions may 

result from sedimentary formations (San Eduardo Formation) 

consisting of hard limestones that interact with surface water 

[30].  

B. Physicochemical characterization of water 

The water from the sampling points presented EC values 

ranging from 109 to 16270 µS/cm, with an average EC of 3102 

± 4785.42 µS/cm as shown in Table I. It was observed that the 

pH values of the points studied were alkaline, ranging from 7.32 

to 8.84. The most basic pH value corresponded to the surface 

water sample AS3, it also presented a high TDS concentration 

of 9460 mg/L. The World Health Organization (WHO) 

establishes as a recommended limit for EC, a threshold of no 

more than 800 µS/cm for drinking water and 500-600 mg/L of 

TDS [31], [32]. Moreover, according to NTE INEN 1108 [33], 

water pH for human consumption must meet a threshold 

between 6.5 and 8.0. Therefore, the study points that require 

attention, in order of importance according to their critical 

status, are AR1, AP1, AS1, AR2, AP2, AS2, and AS3. The 

water sample point, AP2, was the focus of this work since it is 

a water catchment source used for human consumption. 

TABLE I 

PHYSICOCHEMICAL PARAMETERS MEASURED IN-SITU.  

Type of 

Source 

Sampling 

point 

EC 

[µS/cm] 

TDS 

[mg/L] 
pH  

T 

[°

C] 

Surface 

water 

AC1 109 50 7.32 27 

AC2 136 65 7.29 25 

AC3 146 70 7.75 25 

AR1 1219 564 7.93 28 

AR2 2890 1410 7.57 27 

AS1 2010 1039 7.89 24 

AS2 3250 1709 7.78 24 

 AS3 16270 9460 8.84 24 

Groundwater 
AP1 1916 969 8.51 24 

AP2 3070 1471 7.72 28 

 

C. Desalination experiments  

The desalination process was performed using the reverse 

osmosis pilot plant. Experiments were carried out with 

synthetic water, obtaining TDS removal efficiency percentages 

between 95.98 and 99.52%. Table II shows the removal 

efficiency for each EC concentration scenario. It was 

demonstrated that the higher the EC in the feed water, the higher 

the EC of the permeate and reject effluents. For instance, by 

increasing the EC from 6000 to 18000 µS/cm, the permeate 

concentration increased from 36.8 to 304.0 µS/cm, 

respectively. Similar results were reported in [1], employing 

spiral wound membranes, and varying the salinity of the feed 

flow between 25 and 45 𝑘𝑔/𝑚3, it was found that increasing 

the salinity concentration of the feed water increased the 

permeate salinity by 67%, and by 45% in the rejection flow.  

 It can be observed that the permeate flow rate has a 

decreasing trend, starting with an average of 1.48 ± 0.05 GPM 

when desalinating 3011.3 µS/cm, and ending with a flow rate 

<0.5 GPM when desalinating 24003.3 µS/cm. This trend leads 

to a lower permeate volume compared to the concentrate 

volume. In addition, it was found that the permeate pressure 

increased by 1.1% as the salt content increased, as well as the 

concentrate water pressure by 1.5%. This behavior might be 

associated with the variation in the osmotic pressure required 

for the water to be treated to flow through the membrane, which 

implies a higher energy demand and thereafter higher cost in 

permeate water production [5], [34]. 

The pilot-scale RO system under the current configuration 

desalinates water that complies with the WHO standards, i.e., 

up to an EC concentration of about 800 µS/cm. Even when the 

feed water is higher than 21000 µS/cm, the EC of the permeate 

was 528.75 µS/cm, meeting the WHO standards. Communities 

such as Chanduy-San Rafael (AS2) and Zapotal (AS3), which 

are supplied by catchment water from the Zapotal River and 

Boca Rio Chanduy, could benefit from this type of advanced 

water treatment technology. 

Table II shows the variation of pH in the water in both the 

permeate and reject streams. For example, the permeate flow 

tended to be basic and the reject tended to be acidic. This may 

be due to the low bicarbonate concentration in the feed water 

which ranged between 37.25 mg/L and 46.50 mg/L 

respectively. Low bicarbonate concentrations may be 

associated with poor buffering capacity, i.e., poor ability to 

mitigate changes in the proton concentration in water, resulting 

in alkaline treated water (permeate). 

D. Simulation versus experimentation 

Theoretical (software) and experimental (pilot plant) TDS 

removal performance was compared. Fig. 4 shows the 

experimental and simulation results of TDS concentration 

removal in the permeate or treated water. The TDS 

experimental concentrations are lower compared to the 

simulation results for the permeate. For example, when 

removing 15000 µS/cm, experimental TDS concentrations of 

94 mg/L for permeate and 8265 mg/L for reject are obtained, 

while the simulation reported 118 and 9927 mg/L TDS, 

respectively. However, when the TDS concentration exceeded 

18000 or 21000 µS/cm, the experimental values were higher 

than the simulated ones. To exemplify, when the EC was 24000 

µS/cm, the experimental TDS were 482 and 123667 mg/L for 

permeate and concentrate, while the simulation TDS were 295 

and 16521 mg/L, respectively. These results show that the 

reverse osmosis pilot plant under the current configuration 

efficiently removes ions up to treating water with 

concentrations of EC of < 21000 µS/cm. 

Fig. 5 shows the results of the TDS level in the simulated 

and experimental concentrates when increasing EC levels. The 

simulated TDS concentrations were higher than the 

experimental values. This implies that the plant removes less 

TDS than expected. 
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TABLE II 

EXPERIMENTAL RESULTS OF THE PILOT-SCALE REVERSE OSMOSIS SYSTEM. 

Nominal 

electrical 

conductivity 

(µS/cm) 

Measured electrical conductivity 

(μS/cm) 
pH 

Pressure  

(bar) Flow of 

permeate 

(GPM) 

Removal 

efficiency 

(%) 
Synthetic Permeate Concentrate Synthetic Permeate Concentrate Permeate Concentrate 

3000 3011.3 14.5 ± 3.11 3602.3 ± 267.74 6.76 8.22 6.42 3.6 12.7 1.48 99.52 

6000 6008.0 36.8 ± 4.36 7270.5 ± 136.86 6.93 9.63 7.52 3.7 13.0 1.28 99.39 

9000 9006.0 106.5 ± 30.16 7270.5 ± 175.31 5.76 6.79 4.76 3.8 13.6 1.13 98.82 

12000 12005.0 180.8 ± 46.19 13985.0 ± 336.80 6.64 8.17 6.25 3.8 13.9 0.88 98.49 

15000 15005.0 188.3 ± 7.85 16525.0 ± 461.92 6.71 8.51 6.66 3.9 13.9 0.69 98.75 

18000 18002.5 304.0 ± 58.29 19295.0 ± 562.70 6.45 7.50 6.16 3.9 14.6 0.53 98.31 

21000 21002.5 528.8 ± 64.97 21772.3 ± 496.95 6.56 7.65 6.31 3.7 13.7 <0.50 97.48 

24000 24003.3 964.7 ± 135.68 24733.3 ± 122.20 6.64 8.17 6.25 3.8 14.0 <0.50 95.98 

 

 

Fig. 4 Results of the TDS value of the permeate (treated water) at different 

conductivity concentrations. 

 

Fig. 5 Results of the TDS of the concentrate at different electrical 

conductivity concentrations. 
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E. Energy consumption 

Fig. 6 presents the energy consumption for each EC 

concentration to be decreased. The energy consumption, 

resulting from the simulation, varies between 3.90 and 4.58 

𝑘𝑊ℎ/𝑚3 when the EC of the water varied between 3000 and 

24000 µS/cm. These results demonstrate that an RO system 

under the current design could use the same amount of energy 

to treat water with a salinity concentration of 3000 µS/cm 

compared to treating water with an EC of 21000 µS/cm. This 

highlights that the RO treatment system is less energy efficient 

for treating water with low EC. Considering the high energy 

consumption of the RO process [4], it was crucial to reduce it 

to make the deployment of this type of technology feasible in 

communities with limited economic resources and without 

access to drinking water.  

 
Fig. 6 Energy consumption as a function of increasing conductivities in feed 

water. 

 

Fig. 7 shows the schematic of the RO system to reduce 

energy consumption at increasing EC concentrations. To 

achieve this, more membranes were incorporated in a series set-

up to increase the recovery percentage of the designed plant 

(Table III). In addition, there was a designated recirculation 

flow rate for each type of concentration, thereby increasing the 

percentage of recovery and thus obtaining a greater volume of 

permeate. This resulted in energy savings and an increase in the 

volume of water that can be treated. 

TABLE III 

RESULTS OF THE NEW REVERSE OSMOSIS PLANT SET-UP, RECOVERY OF 55% 

Nominal

EC 

(µS/cm) 

Stage1 

memb 

Stage2 

memb 

Optimized 

energy 

(𝒌𝑾𝒉/𝒎𝟑) 

TDS 

(mg/L) 

Energy  

saving 

(%) 

3000 4 0 0.74 19.8 81.0 

6000 4 0 0.95 42.9 75.3 

9000 4 0 1.25 103.6 68.3 

12000 3 2 1.33 154.6 64.5 

15000 4 3 1.22 165.6 67.0 

18000 4 3 1.33 291.0 64.4 

21000 4 4 1.45 415.6 64.2 

24000 5 5 1.52 630.5 63.4 

 

 
Fig. 7 Scheme of reverse osmosis plant to optimize energy consumption. 

Table III reports that with the optimized RO system set-up, 

the energy consumption was reduced to 0.74 𝑘𝑊ℎ/𝑚3  for 

treating brackish water with an EC value of 3000 µS/cm, and 

decreased to 1.52 𝑘𝑊ℎ/𝑚3 for treating water with an EC of 

24000 µS/cm. This optimization leads to energy savings of 

81.0, 67.0, and 63.4 % for treating water with EC of 3000, 

15000, and 24000 µS/cm, respectively. 

IV. CONCLUSIONS 

Most of the groundwater sources being monitored in the 

Zapotal River Basin present sodium-chloride hydrochemical 

facies due to the mineralogical characteristics of the watershed 

geological formation. It was identified that the water from the 

communities of Chanduy, Manantial, Zapotal, and Saya 

presented EC in a range of 109 to 16270 µS/cm, therefore, this 

research proposes a decentralized reverse osmosis system to 

desalinate the water until it reaches the EC concentration of 800 

µS/cm suggested by the WHO for consumption purposes.  

RO treatment allowed the removal of salts with an 

efficiency of 95.98 to 99.52%. According to the results, the 

current RO plant configuration (single pass, one stage) 

effectively desalinates brackish water at concentrations of 

approximately 21000 µS/cm. 

The current system presented a high energy consumption 

(3.90-4.58 𝑘𝑊ℎ/𝑚3), hence a new configuration was proposed 

in the RO system in which the number of membranes was 

increased, reaching a reduction of energy consumed of 81.0 % 

to desalinate water with EC of 3000 µS/cm and 63.4 % for 

24000 µS/cm. This could improve the efficiency of treatment to 

be efficient in terms of desalination and energy consumption 

and be applied in communities with scarce water availability. 
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