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Abstract: The first goal of this study is to examine the performance of a semi-empirical model used for calculating 

specific energy consumption (SEC) in reverse osmosis desalination. We have introduced a simulation tool (SECSM) to 

compare this semi-empirical model (SECSEM) and the SECSM. It's worth noting that the simulation model is open source 

and can be easily integrated easily with other software tools. For this comparison, we explored a temperature range T 

(10°C - 22°C - 35°C), recovery rate R from 30% to 65%, and a pump efficiency range of γHPP  ~78% to 98%. An 

increase in these parameters leads to a decrease in SEC (both SECSEM and SECSM) for systems without energy recovery 

devices (ERD). However, the introduction of an ERD results in a variable change in SECSEM. Under specific conditions 

of 35°C, a pump efficiency of 98%, and an R of 65%, the SECSEM reaches its minimum values. In the case of the two-

stage unit (TS), the SECSEM and SECSM models converge to the same value of 0.28 KWh/m³. Meanwhile, for the single-

stage unit (SS), the values are 0.4 KWh/m³ and 0.39 KWh/m³, respectively. Regarding the unit equipped with the BW 

400 34 and SW HF 085 31 membranes, in both SS and TS configurations, the energy consumption for both models 

converge towards the values 0.71 KWh/m³, 0.70 KWh/m³, and 0.95 KWh/m³, 0.94 KWh/m³ respectively. In the second 

part of this paper, a comparative study to validate this semi-empirical model without ERD against experimental data 

was conducted. The SECSEM showed values very close to the experimental results. The findings are discussed below. 

Key words: Brackish water, Specific energy consumption, Reverse osmosis, Experimental study, The Semi-Empirical 

model  

 
1. INTRODUCTION 

 

Water is the most crucial resource for the survival of 

all life forms on the planet [1],[2]. Earth is blessed with 

an abundant water supply, with approximately 94% of its 

existing as seawater in the oceans, while the remaining 

6% is classified as freshwater. Freshwater, which is vital 

for consumption and various purposes, accounts for 

approximately 72% of the planet's water supply and is 

primarily found underground, with the remaining 27% 

stored in glaciers [3]. Water is categorized based on its 

salinity levels, with seawater having a high concentration 

of total dissolved solids (TDS) at around 35000 mg/L or 

more. Brackish water, or water with moderate salinity, 

falls within the range of 1,000 to 15,000 mg/L of TDS 

concentration. Freshwater, characterized by low salinity, 

contains less than 500 mg/L of TDS. A comprehensive 

analysis of the different types of water has been 

documented in detail by [4]. Due to the rapid expansion 

of the global population and the increasing demand for 

water [5], the need for sustainable water sources is 

expected to rise sharply over the next decade. This has 

prompted research aimed at improving various 

desalination processes, including reverse osmosis (RO) 

[6], liquid-liquid extraction, multi-stage flash distillation, 

and membrane distillation [7]. More than half of the 

world's freshwater is produced using the most widely 

adopted desalination method, namely RO [8]. The range 

of applications for RO membrane technology has 

expanded considerably in recent years, including large-

scale desalination of seawater and brackish water for 

drinking water production, industrial process water 

conditioning, and treatment of various effluents for clean 

water reuse. The current focus is on applying 

sustainability criteria, including minimising the specific 

energy consumption of product water [9].  

However, RO is known to be energy-intensive due 

to the high hydraulic pressure required as the driving 

force [10],[11]. To address this issue, various measures 

have been implemented to reduce the specific energy 

consumption of the RO process. These include the 

development of RO membranes with exceptionally high 

permeability [12], the use of pressure recovery devices 

such as efficient ERDs [13], improvements in the 

geometric design of spiral-wound membrane modules 

for RO, and the mitigation of fouling effects through 

chemical pretreatment [14],[15]. The sustainability of the 

overall process in terms of SEC [16], is commonly 

expressed as Kilowatt-hours (KWh) per cubic meter of 
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the performance of water treatment processes [17].  

Recent literature contains numerous research papers 

focusing on specific energy consumption in reverse 

osmosis facilities. These papers can be categorized into 

two types: those that use data from operational facilities 

[18],[19], and those that rely on theoretical analysis 

[20],[21]. While the first type of data is valuable, it often 

presents averaged energy consumption values over an 

unspecified range of process parameters, lacking detailed 

information on process design and operating conditions. 

Existing theoretical studies provide relevant insights into 

energy consumption, either in a general sense or within 

optimisation frameworks (e.g.[20],[22],[23]). However, 

a thorough examination of the specific contributions to 

energy usage is still lacking [21].  

The primary objective of this paper is to predict the 

behaviour of the SECSEM across various scenarios 

involving a reverse osmosis unit for brackish water. The 

calculations from the SECSEM are performed using the 

Python language. Additionally, the energy recovery 

system for reverse osmosis is included in the simulation 

solely to compare the values obtained with the SECSEM 

formula in the presence of an ERD. During the 

simulation, we employed two distinct membrane types, 

namely BW 400 30 and SW HR 085 31, within the 

context of brackish water. This selection was made to 

highlight disparities in energy fluctuations and to 

observe the evolution curves of the SECSEM. The 

analysis is typically carried out using a comprehensive 

software model (Lanxess Lewaplus design), which 

allows for the simulation of different water 

characteristics to calculate the SECSM in RO plants 

operating under stable conditions [24]. Finally, we will 

rely on experimental data from brackish water treated 

through reverse osmosis to validate this semi-empirical 

model. A comparative study will also be conducted 

between the experimental data and the SECSEM. 

 

2. INPUT DATA FOR THIS STUDY 

 

2.1 Composition of brackish feed water and 

parameters of operation 

 

Table 1 displays the mineral composition of water 

extracted from the SAFI region of Morocco. The goal is 

to meticulously outline the precise mineral composition 

of the brackish water in question, providing a solid 

foundation for comparing the simulation results with the 

data generated by the semi-empirical model. In this 

research endeavour, as mentioned earlier, different 

pressure levels were applied to enhance the adaptability 

of the semi-empirical formula to diverse pressure 

conditions. According to the Lewaplus simulator model, 

the system is divided into two membrane types arranged 

in a spiral-wound configuration within a standard 7-

element pressure vessel. The input data used for the case 

study, summarised in Table 2, represent typical 

conditions and module design parameters commonly 

encountered in such applications. 

 

Table 1. Feed brackish water 

Element Values 

pH 8.37 

Ca2+(mg/L) 57.52 

Mg2+(mg/L) 52.65 

Na+(mg/L) 209.73 

K+(mg/L) 4.7 

Cl−(mg/L) 340-380 

HCo3
−(mg/L) 111.9 

So4
2−(mg/L) 160 

Sio2(mg/L) 4.57 

Co3
2−(mg/L) 2.15 

Conductivity (us/cm) 1656.76 

 

Table 2. Data used for this study 

Characteristics of the 

feed brackish water 

Value 

Salinity    1000.48 mg/L 

Parameters of 

operation 

 

Feed Flow 𝐐𝐅 200.00 m
3
/h 

Recovery rate 𝐑 30% – 65% 

Temperature 𝐓  10°C – 35°C 

Membrane design BW 400 34 SW HF 085 31 

Type of membrane Lewabrane Lewabrane 

Membrane polymer Composite 

Polyamide 

Composite 

Polyamide 

Membrane active area 37 m
2 

7.4 m
2
 

 

3.  SPECIFIC ENERGY CONSUMPTION 

FROM THE SEMI-EMPIRICAL FORMULA 

MODEL 

 
3.1 Specific energy consumption in the RO process 

 

Energy consumption in reverse osmosis refers to the 

amount of energy required to produce a certain volume 

of treated water using the RO process. It is commonly 

expressed in kilowatt-hours per cubic meter (KWh/m³) 

or kilowatt-hours per gallon (KWh/gal). It is important 

to note that SEC can vary significantly depending on the 

specific application and the RO system being used [25]. 

Advanced technologies, system optimisation, and 

improvements in membrane technology have led to more 

energy-efficient RO systems in recent years, reducing 
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water treatment option. 

 

3.2 Theoretical formula model of specific energy 

consumption without an ERD system 
 

Figure 1 shows the SS and TS reverse osmosis units 

in the absence of an ERD. The formula of the semi-

empirical model used to calculate the specific energy 

consumption for reverse osmosis systems without an 

ERD is based on similar models found in the literature 

[19],[24]. Furthermore, we have refined this model to 

ensure that the presented results align with both 

simulation and experimental data in an acceptable 

manner. Generally, the semi-empirical formula can be 

expressed as follows: 

SECSEM =
Ps ×𝛿𝑟𝑟𝑚

R ×  γHPP

                              (1) 

Ps is the supply pressure in Pascal, R is the recovery rate 

and 𝛄𝐇𝐏𝐏 is the high-pressure pump efficiency. 

 

δrrm =
3.6 × 10−5 × πos

CAD

                      (2) 

 

C𝐴𝐷 = ∆𝑃 × 𝑁𝑀𝐸,𝑅𝑂 × 𝑁𝑆,𝑅𝑂                  (3) 

 

πos represents the osmotic pressure, while CAD serves as 

an adjustment factor to refine the specific energy 

consumption calculations within the semi-empirical 

model. The selection of this parameter is based on 

multiple tests and literature focused on specific energy 

consumption. It is a comprehensive term that includes 

various components intended to have an indirect 

influence on energy consumption. Among these factors, 

we must consider the pressure drops within the 

membrane elements in the pressure tubes [27], he 

membrane elements that can be installed in the pressure 

tubes, and the stages that can be implemented in a 

reverse osmosis system [28]. In this case, based on the 

calculations related to the adjustment term, its value is 

set at 0.03, which represents a numerical value derived 

from the factors mentioned above. Finally, the 

theoretical formula for specific energy consumption is 

written as follows: 
 

SECSEM =
Ps ×0.03

R ×  γHPP

                                 (4) 

 

 

 

 

 

 

 

 

 
 

Figure 1 Brackish feed water RO treatment plant.  

(a) Itemized single-stage unit without ERD;  

(b) Unit with two stages without ERD 

 

During the RO process, the feed water is pressurised 

and forced through the semi-permeable RO membrane. 

The membrane acts as a barrier, allowing water 

molecules to pass through while blocking dissolved 

solids, contaminants, and minerals [29]. As a result, two 

streams of water are produced: purified water (permeate) 

and retentate (reject or brine). The feed water enters the 

RO system as a single stream and exits as either 

concentrated or permeate water in a one-stage RO 

system. The concentrate from the first stage serves as the 

feed water for the second stage in a two-stage RO 

system. The filtered water collected in the first stage is 

combined with the treated water obtained in the second 

stage. Additional stages enhance system efficiency. In 

RO, concentrate water refers to the water that carries the 

majority of the impurities and contaminants rejected by 

the RO membranes [30]. This concentrated water exits 

the RO unit at high pressure due to the operating 

conditions of the system. 

 

3.3 Single-stage / Two stages RO with ERD system 
 

In Figure 2, a reverse osmosis unit with an ERD is 

configured to incorporate a mechanism for recovering 

and reusing energy that would otherwise be wasted 

during the RO process. The ERD helps improve the 

overall energy efficiency of the RO system by reducing 

the amount of energy required to operate it [31]. An 

energy recovery device, such as a pressure exchanger or 

turbine, is integrated into the RO system to capture 

energy from the brine stream [32]. The ERD works by 

transferring energy from the pressurised concentrate 

water to the incoming feed water, thereby reducing the 

overall energy consumption of the system. A pressure 

exchanger is a device that utilises the pressure energy 

from the brine stream to pressurise the incoming feed 

brackish water. It operates through a process of 

hydraulic energy exchange, where the high-pressure feed 
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semipermeable membrane. This process allows energy to 

be transferred from the brine to the feed brackish water 

without direct mixing. For the semi-empirical formula of 

energy consumption in the presence of an ERD, the 

difference between eq. 3 and this equation lies in the 

introduction of the ERD efficiency term. As for the 

adjustment term, the same calculations are applied to this 

equation. In general, the equation in the presence of 

energy recovery is written as follows: 

 

SECSEM =
Ps × (1 − γERD × (1 − R)) × δrrm

γHPP × R
        (5) 

 

γERD provides the ERD efficiency. The final formula for 

theoretical energy consumption is as follows: 

SECSEM =
Ps × (1 − γERD × (1 − R)) × 0.03

γHPP × R
         (6) 

 

In this study, regarding the comparison between the 

semi-empirical model and the simulation, we chose an 

efficiency of 98% for the pump and the energy recovery 

device. For the efficiencies of 78% and 88%, we have 

listed the best values obtained for energy consumption in 

the tables. 
 

 
 

Figure 2 Brackish feed water RO treatment plant.  

(a) itemized single-stage unit with ERD; 

(b) Unit with two stages in the presence of ERD 

 

4.  RESULTS 

 

This section includes a comparative analysis 

between the semi-empirical model and the simulation. 

Additionally, a comparison of experimental models is 

presented in this segment. To predict the behaviour of 

this semi-empirical model, we conduct a parametric 

analysis encompassing several influential factors 

affecting specific energy consumption. This article 

references multiple parametric studies investigating 

variations in specific energy consumption [25],[33],[34]. 

In our case, simulation serves as a means to corroborate 

the calculations presented, ensuring a reliable basis for 

comparison with the values derived from this semi-

empirical model for reverse osmosis systems, both with 

and without energy recovery. Figure 3 illustrates the 

changes in SECSEM across various temperature levels. In 

the case of an SS unit, the SECSEM results in higher 

energy consumption compared to a TS unit [35]. The 

introduction of two membranes leads to a disparity in 

energy consumption. The SECSEM applied in the BW 400 

34 membrane demonstrates lower energy consumption 

compared to the SW HF 085 31 membrane. Furthermore, 

a strong alignment between the SECSEM and the SECSM 

is evident, with this alignment becoming particularly 

pronounced in the context of TS energy variation. The 

same principle applies to energy variation in an SS unit: 

the SECSEM exhibits a correlation with the SECSM. This 

correlation is prominently demonstrated in Figure 3.e, 

where the model for a system without energy recovery 

closely mirrors the values presented by the simulation. 

On the contrary, the SECSEM shows a decrease in energy 

consumption for both membrane types as the conversion 

ratio increases, reaching its tipping point at R = 65%. 

Notably, temperature substantially impacts energy 

variation in the SECSEM, a dynamic observed in both SS 

and TS units. Furthermore, what is truly remarkable is 

the consistent superiority of the SECSEM over the SECSM 

across every curve depicted in this figure. This 

phenomenon holds for all scenarios, encompassing both 

membrane types and stages within the study. It 

underscores the robustness and effectiveness of the 

SECSEM employed in this comprehensive analysis. Table 

3 provides a detailed comparison of the optimum energy 

consumption values between the SECSEM and SECSM at 

R = 65%. This comparison encompasses various 

temperature settings and pump efficiencies. What is 

particularly striking is that, regardless of these variables, 

the difference between the two models remains fixed at 

0.03 KWh/m³. This consistency underscores the 

superiority of the SECSEM for specific energy 

consumption in reverse osmosis without energy 

recovery, as it consistently outperforms the SECSM in 

generating more favourable comparative results. 

The inclusion of an energy recovery system impacts 

the SECSEM and its evolution within both SS and TS 

reverse osmosis units. In this instance, as shown in 

Figure 4, the simulation model surpasses the semi-

empirical model across both membrane types and stages. 

Additionally, a noteworthy observation is that, with 

increasing temperature, the disparity between the 

SECSEM and the SECSM becomes more pronounced, 

particularly at R = 30%. Another point to highlight is 

that, within both SS and TS feeds, the SECSEM exhibits 

almost a linear progression for both membrane types. 

This suggests that the inclusion of the energy recovery 

term significantly impacts the results obtained from eq.5. 

Nevertheless, as the conversion rate increases, a 

noteworthy alignment between the SECSEM and the  
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Regarding the evolution of the SECSEM, it is noteworthy 

that there is no opposing trend between the SECSEM and 

the SECSM when both the conversion rate and 

temperature variation increase. This is because energy 

consumption consistently follows an upward trajectory 

in both computational models, without any indication of 

a decrease. Nonetheless, the implementation of ERD 

notably influences the SECSEM. Specifically, it leads to a 

divergence in values at R=30% and an affinity between 

the SECSEM and the SECSM at R=65% provided in Table 

4. This divergence and affinity signify the dynamic 

interplay between the semi-empirical model and 

practical results when considering the influence of 

energy recovery on specific energy consumption in 

reverse osmosis processes. 

To assess the practical significance of specific 

electrical energy consumption, an extensive 

experimental study was conducted to measure this 

parameter, as mentioned in reference [36]. To validate 

this model, a comparison between the values obtained 

from the experimental model and the SECSEM is outlined 

in equation 3. The results of this investigation are 

presented in Table 5. 

The data in Table 5 indicates a notable correlation 

between the increase in feed concentration and a 

corresponding rise in specific experimental energy 

consumption. This trend is consistent with the 

observations made for the semi-empirical model without 

ERD. Specifically, when the feed concentration is at 2 

g/L, the experimental energy consumption reaches its 

minimum at 0.56 KWh/m³, and the SECSEM closely 

mirrors this value at 0.568 kWh/m³. At higher 

concentrations, such as 3 g/L and 4 g/L, both the 

experimental measurements and the SECSEM show a 

similar pattern, reaching 0.64 KWh/m³ and 0.634 

KWh/m³, as well as 0.74 KWh/m³ and 0.748 KWh/m³, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3 SECSEM and SECSM variations based on 

recovery rate in single and two-stage systems without 

ERD across different temperatures and γHPP = 98%. 

(Curves a and b depend on10°C / Curves c and d depend 

on 22°C / Curves e and f depend on 35°C). 

 

 
 

Figure 4 Curves fitting of SECSEM and SECSM variations                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

based on recovery rate in single and two-stage systems 

with ERD across different temperatures and γERD  = 

γHPP= 98%. (Curves a and b depend on10°C / Curves c 

and d depend on 22°C / Curves e and f depend on 35°C). 
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Table 3. Comparison values between SECSEM and SECSM 

for a system without ERD at R= 65%. 

BW 400 34 
T (°C) 𝛄𝐇𝐏𝐏 SECSM-SS SECSEM-SS SECSM-TS SECSEM-TS 

 

10 

0.78 1.01 1.03 0.63 0.63 

0.88 0.9 0.91 0.55 0.56 

0.98 0.8 0.82 0.5 0.51 

 

22 

0.78 0.67 0.68 0.45 0.45 

0.88 0.6 0.6 0.4 0.4 

0.98 0.53 0.54 0.36 0.36 

 

35 

 

0.78 0.49 0.5 0.35 0.36 

0.88 0.43 0.44 0.31 0.32 

0.98 0.39 0.4 0.28 0.28 

SW HF 085 31 

T (°C) 𝛄𝐇𝐏𝐏 SECSM - SS SECSEM - SS SECSM - TS SECSEM - TS 
 

10 

0.78 2.6 2.64 1.75 1.78 

0.88 2.31 2.34 1.55 1.58 

0.98 2.07 2.01 1.4 1.42 

 

22 

0.78 1.68 1.7 1.19 1.21 

0.88 1.49 1.51 1.05 1.07 

0.98 1.34 1,36 0.95 0.96 

 

35 

0.78 1.18 1.2 0.88 0.9 

0.88 1.05 1.06 0.78 0.79 

0.98 0.94 0.95 0.7 0.71 

Table 4. Comparison values between SECSEM and SECSM 

for a system with ERD at R= 65%. 

BW 400 34 
T (°C) 𝛄𝐇𝐏𝐏 SECSM-SS SECSEM-SS SECSM -TS SECSEM-TS 

 

10 

0.78 0.69 0.75 0.47 0.46 

0.88 0.61 0.63 0.41 0.39 

0.98 0.55 0.54 0.37 0.33 

 

22 

0.78 0.47 0.50 0.35 0.33 

0.88 0.42 0.42 0.31 0.28 

0.98 0.39 0.37 0.28 0.24 

 

35 

 

0.78 0.35 0.36 0.29 0.26 

0.88 0.31 0.31 0.25 0.22 

0.98 0.28 0.26 0.23 0.19 

SW HF 085 31 

T (°C) 𝛄𝐇𝐏𝐏 SECSM - SS SECSEM - SS SECSM - TS SECSEM - TS 
 

10 

0.78 1.76 1.92 1.28 1.29 

0.88 1.65 1.62 1.14 1.09 

0.98 1.4 1.38 1.02 0.93 

 

22 

0.78 1.16 1.24 0.91 0.9 

0.88 1.03 1.04 0.81 0.74 

0.98 0.92 0.89 0.73 0.63 

 

35 

0.78 0.83 0.87 0.71 0.65 

0.88 0.74 0.74 0.63 0.55 

0.98 0.66 0.63 0.56 0.47 

 

Table 5. The comparative study between experimental 

measures (SECEXP) and SECSEM 

Reference Feed salinity 

(g/l) 

SECEXP 

(kWh/m3)  

SECSEM 

(kWh/m3) 

Errors 

(%) 

 
 

[36] 

2  0.56  0.568 1.41 

3 0.64  0.634  0.95 

4 0.74  0.748 1.07 

 

 

 

 

 

 

 
Figure 5 Difference pressure across pressure tube in 

reverse osmosis unit.  

a) itemized system without ERD;  

b) itemized system with ERD. 

 

5.  Discussion 
 

In this section, it becomes evident that temperature 

and conversion rate influence the energy fluctuations 

within the SECSEM. Notably, it is imperative to observe 

that as temperature varied, the SECSEM consistently 

exhibited a stable progression, ultimately yielding 

optimal outcomes for both membrane types at a 

temperature of 35°C.  

In the context of the membranes examined in this 

research, it is noteworthy that the SW HF 085 31 

exhibits higher energy consumption compared to the BW 

400 34. This disparity in energy consumption can be 

attributed to differences in permeability characteristics 

between the two membrane types, as explained in the 

scientific literature review referenced previously [37]. 

In Figures 3e and 3f, temperature exerts a notable 

indirect influence on the SECSEM in both membranes (in 

SS and TS units).  

The rise in temperature leads to a decrease in 

pressure as a consequence of the reduction in water 
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the membranes [38]. 

Furthermore, for the BW 400 34 membranes, when 

the conversion rate reaches 65%, the SECSEM attains 

optimal values of 0.4 kWh/m³ and 0.28 KWh/m³ for the 

SS and TS stages, respectively. The same scenario 

applies to the SW HF 085 31 membrane, which achieves 

optimal values of 0.95 KWh/m³ and 0.71 KWh/m³, 

respectively. There is a corresponding decrease in 

SECSEM, reflecting the inverse correlation between the 

conversion rate and SECSEM. Conversely, within the SS 

configuration, SECSEM exceeds that of the TS 

configuration, primarily due to the higher Ps: R ratio 

associated with the SS compared to the TS units. 

Moreover, the SECSEM from SS aligns with existing 

literature, as demonstrated by Alhathal Alanezi et al., 

who also examined energy consumption variations in 

conversion rates, typically within the range of 36% to 

60% [31]. Notably, when considering conversion rates 

below 50%, the energy consumption behaviour observed 

in our study is consistent with their findings, with 

variations primarily arising from differences in water 

types and treatment preferences. Furthermore, it is worth 

noting that previous research has indicated that within 

the conversion rate range of 20% to 50%, the energy 

consumption in TS units surpasses that of SS units [39]. 

However, beyond this interval, the behaviour observed 

aligns with our findings as presented by the semi-

empirical model. This disparity can likely be attributed 

to the presence of the pressure drop factor considered 

within the scope of this investigation. Regarding the 

difference in pressure across pressure tubes, Figure 5 has 

been included specifically to elucidate our findings with 

a high degree of reliability. In Figure 5a, during the 

increase in feed flow, it is clear that the SW HF 085 31 

membrane in both stages experience a pressure 

difference across the pressure tube of 3.66 Bars and 2.57 

Bars more than the BW 400 34 membrane, which 

explains the higher energy consumption and corroborates 

the outcomes depicted in Figure 3. 

In Figures 4e and 4f, the SECSEM in the presence of 

an ERD shows that the increase in SECSEM can be 

attributed to the interplay of two factors: energy recovery 

efficiency and the conversion rate. Furthermore, the 

SECSEM in an SS exceeds that in a TS setup due to the 

applied supply pressure, which serves to augment energy 

demand. 

Regarding the BW 400 34 and SW HF 085 31 

membranes, as the conversion rate increases, the SECSEM 

in an SS experiences an elevation of 42.31% and 

44.44%, respectively.  

For the TS unit, the percentage increase in energy 

consumption is 31.58% and 31.91%, respectively. 

Moreover, with the assistance of figure 5b, it is observed 

that the difference in pressure across the pressure tube 

influences this semi-empirical energy variation between 

the two stages of reverse osmosis. We have encountered 

a similar study concerning the impact of an ERD on the 

feed flow.  

The results presented in this study, considering an 

efficiency of 95% for the ERD, align with the outcomes 

mentioned for the SECSEM with an efficiency of 98% 

[31].  

Another similar study published last year discussed 

a system that addresses the variation of specific energy 

consumption in the context of seawater energy recovery 

using a direct osmosis system. The energy variations 

align with our semi-empirical model, with the variations 

attributed to differences in the type of water being 

treated and the specific hybrid system employed in the 

study [33]. 

The data from Table 5 underscore a notable trend: as 

the concentration of the feed increases, both the SECEXP 

and the SECSEM model demonstrate.  

This correlation is linked to the escalating pressure 

requirements associated with higher salinity levels, 

highlighting the necessity for increased energy to 

facilitate the desalination process [40], [41], [42]. 

Another significant observation is the remarkable 

proximity between the experimental and semi-empirical 

values.  

This proximity highlights the robustness and 

accuracy of the models used in this study, suggesting 

that the semi-empirical model effectively predicts system 

behavior in response to variations in feed salinity. 

Furthermore, it is worth mentioning that the error 

percentage remains consistently below 1.5% for 

salinities of 2, 3, and 4 g/L, as indicated in Table 5.  

This finding accentuates the precision and reliability 

of the values generated by this model, reaffirming its 

suitability for the specific water treatment scenario under 

investigation.  

This finding indicates that the semi-empirical 

model, in the absence of energy recovery, predicts values 

that are very close to the experimental results due to its 

alignment with the type of water being treated in this 

study. 

 

6.  CONCLUSION 
 

In the context of this article, we have introduced a 

new semi-empirical model designed to compute the 

specific energy consumption for both single reverse 

osmosis units, in scenarios with and without an energy 

recovery device. The aim is to establish the boundaries 

of this model within the mentioned cases. The simulation 

conducted in this study served as a comparative tool, 

followed by the validation of this model. The simulation 

was carried out using a well-established and dependable 

tool, ensuring that the values obtained are robust and 

credible. This step was essential for incorporating the 

simulation results into the subsequent discussion of the 

theoretical model. With the assistance of the parameters 

mentioned above, we have obtained the following 

results: 
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BW 400 30 membrane is lower than that for the SW 

HF 085 31 membrane. 

 At T = 10°C, the SECSEM for the BW 400 34 

membranes exhibits a strong alignment with the 

simulation, reaching 0.51 KWh/m³ at conversion 

rates of R = 55% and 60% for the TS unit. 

 When the temperature reaches 35°C, the variation in 

SECSEM closely aligns with the simulation in both 

stages as the conversion rate increases.  

 Regarding the SW HF 085 31 membranes, the 

behaviour of the semi-empirical energy 

consumption converges with the simulation in both 

stages at various temperatures. 

 The SECSEM indicates that energy consumption in an 

SS unit is higher than in a TS unit for both 

membranes at different temperatures. 

 For both membranes in SS feeding, the evolution of 

the SECSEM exhibits a similar increasing trend and 

aligns with the SECSM when the conversion rate 

reaches 60%. 

 For the TS unit, a difference between the SECSEM 

and the SECSM is observed at the minimum 

conversion rates. 

 After comparing with previous studies, our semi-

empirical model aligns with the existing literature 

that focuses on the same system presented in this 

study. 

 For brackish water reverse osmosis prototypes, the 

semi-empirical model yields values that are very 

close to the experimental measurements. 

 In comparison with the experimental study, the 

semi-empirical model shows values that are very 

close, with a very low margin of error for 

concentrations of 2, 3, and 4 g/L. 

Regarding the semi-empirical model and the 

presence of an ERD, we couldn't find a prototype with a 

recovery system to compare with the experimental 

measurements.  

However, in this case, the model has the same 

parameters as in the absence of energy recovery, with the 

difference lying in the existence of an energy recovery 

efficiency term.  

At present, we aim to extend the application of this 

semi-empirical model to various scenarios and conduct 

multiple trials with seawater to ensure the credibility of 

the presented values.  

The validation process involves subjecting the 

model to real-world conditions and a broader range of 

application 

This multifaceted approach seeks to establish the 

model's validity across different water sources, including 

seawater, which can vary significantly in their properties 

and composition.  

By conducting these extensive experiments and 

validations, we aim to demonstrate the versatility and 

applicability of the theoretical model in a variety of 

practical settings, ultimately bolstering its utility and 

scientific rigor. 
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