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Abstract 

The need for desalinated seawater and reclaimed wastewater is increasing rapidly with the rising 

demands for drinkable water required for the world with continuously growing population. 

Reverse Osmosis (RO) processes are now among the most promising technologies used to 

remove chemicals from industrial effluents. N-nitrosamine compounds and especially N-

nitrosodimethylamine (NDMA) are human carcinogens and can be found in industrial effluents 

of many industries. Particularly, NDMA is one of the by-products of disinfection process of 

secondary-treated wastewater effluent with chloramines, chlorines, and ozone (inhibitors). 

However, multi-stage RO processes with permeate reprocessing and recycling has not yet been 

considered for the removal of N-nitrosodimethylamine from wastewater. This research therefore, 

begins by investigating a number of multi-stage RO processes with permeate-reprocessing to 

remove N-nitrosodimethylamine (NDMA) from wastewater and finds the best configuration in 

terms of rejection, recovery and energy consumption via optimisation. For the first time we have 

applied Species Conserving Genetic Algorithm (SCGA) in optimising RO process conditions for 

wastewater treatment. Finally, permeate recycling is added to the best configuration and its 

performance is evaluated as a function of the amount of permeate being recycled via simulation. 

For this purpose, a mathematical model is developed based on the solution diffusion model, 

mailto:I.M.Mujtaba@bradford.ac.uk
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which is used for both optimisation and simulation. A number of model parameters have been 

estimated using experimental data of Fujioka et al. [13] (Journal of Membrane Science 454 

(2014) 212–219), so that the model can be used for simulation and optimisation with high 

accuracy and confidence. 

 

Keywords: Multi-stage Reverse Osmosis Processes; Permeate Reprocessing; Permeate Recycle; 

Species Conserving Genetic Algorithm Optimisation (SCGA); N-nitrosamine Removal. 

 

1. Introduction  

The reuse of recycled water continues to offer a practical and promising solution for resolving 

water shortage problems in several arid regions and developing countries. Water reuse reduces 

the challenges of increasing freshwater supply cost as well as mitigates environmental pollution. 

This readily explains the significant increase of upgraded wastewater and water reclamation 

plants across the world and especially in Europe [1,2]. However, the existence of pollutants such 

as N-nitrosamine in drinking and reused water resources continues to pose a real threat to public 

health and safety. N-nitrosamines compounds and especially N-nitrosodimethylamine (NDMA) 

(hydrophilic compound) are human carcinogens that can be formed in a range of industrial 

processes and discharged into secondary effluents. Particularly, chloramines, chlorines, and 

ozone (potential oxidants) can react with amines in the disinfection process of secondary-treated 

wastewater effluent to form NDMA [3]. They therefore pose a high risk to drinking water for 

humans and animals due to their highly toxicological effects [4,5]. Accordingly, many water 

authorities are now regulated against a strict allowable N-nitrosamine concentration level in 

drinking water and recycled water. For instance, the US Environmental Protection Agency (US 
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EPA) has strictly limited N-nitrosamine at 0.7 ng/L (which is equivalent to 0.7x10
-9 

kg/m³) to 

discharge due to the possibility of cancer risk to human at this concentration [6]. However, the 

notification level of NDMA was set at 10 ng/L and 1 ng/L in drinking water by the California 

Department of Public Health and the Ministry of Environment of Ontario respectively [7,8].   

Generally, the use of UV/H2O2 irradiation process has proved to be efficient for destroying 

NDMA. Other treatments, such as activated carbon adsorption, ozonation and sand filtration 

have not been so successful [9]. However, the UV/H2O2 technology not only consumes a lot of 

energy, but it also potentially increases the risk of increasing the carbon concentration of the 

reused water [10]. In this respect, the use of RO process is progressively increased as a 

projecting approach in response to avoid the need for costly conventional methods and to satisfy 

the requirements of very low limits of high toxic compounds. The performance of RO process is 

mainly dependent on several parameters including the operating conditions (feed concentration, 

pressure, flow rate and temperature) and the design (RO configuration). Having said this, the 

Reverse Osmosis (RO) process has been extensively used to abate organic compounds from 

wastewater, with an efficiency for eliminating NDMA from wastewater in the range 40 – 70%. 

There are several reasons for this, one being the uncharged properties of NDMA as well as it 

small molecular size which facilitates high permeation through the membrane [11,12].  

Fujioka et al. [13] used a full-scale retentate reprocessing design of three spiral wound RO 

membranes connected in a series configuration and confirmed a range of 40 to 61% NDMA 

removal. More recently, Fujioka et al. [14] have improved the NDMA removal to 92% based on 

an immersion of RO membranes in high-temperature ultrapure water. One possible explanation 

of this is the fact that heat treatment may tighten the membrane structure and therefore improve 

the removal of NDMA. However, the main drawback of this treatment was a substantial 
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reduction of water recovery. It is evident in their work that heat treatment has reduced the water 

permeability constant of the membranes in the range of 20 to 35% of several types of membranes 

compared to untreated membranes. This means that the stubborn NDMA existence in wastewater 

remains a challenge, which has motivated the authors to find a suitable solution but without heat 

treatment.    

A starting point of the research is to examine the permeate reprocessing and recycling technique. 

This is in fact a compulsory choice due to the stringent limits of permeate concentration of some 

impurities. Interestingly, Magara et al. [15], Redondo et al. [16], and Farhat et al. [17] alleviated 

the boron concentration in drinking water with promising results after using the permeate 

reprocessing design.  

The open literature contains several studies using Genetic Algorithms (GA) to optimise the 

performance of seawater and wastewater treatment processes [18 – 25]. Recently, Al-Obaidi et 

al. [26] used GAs to maximise the rejection of chlorophenol from wastewater. Holland [27] 

confirmed that the GA optimisation technique can yield better results compared to other 

conventional methods. However, engineering optimisation problems are very complex as they 

are multimodal in nature. In order to let GAs cope with multimodal problems and not be 

constrained in a local solution, several techniques have been developed. They include crowding 

[28], fitness share [29] and species conserving GA [30]. Species conserving GA (SCGA) can 

generally find multiple solutions of the optimisation problem at the end of each iteration, as 

opposed to a single solution. This approach provides a wide opportunity to select the proper 

optimized solution for any input data of operation. In other words, the SCGA will aid the 

optimiser to select the best optimal solution from a bunch of optimal solutions which would 

satisfy certain process requirements. In this paper, a Species Conserving Genetic Algorithm 
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(SCGA) of Li et al. [30] will be applied to the proposed RO process for the removal of NDMA 

from wastewater.   

 

1.1 Novelty and contribution of this work 

To the best of authors' knowledge, there has not yet been any study utilising the permeate 

reprocessing design for removing NDMA using multi-stage RO process. Here, a multi-stage RO 

system is proposed with the retentate and permeate reprocessing option. As we aimed to explore 

and assess the performance of a number of configurations of multi-stage RO process with 

different permeate reprocessing scheme in this work, it is not economically feasible to achieve it 

via laboratory experiments. Hence, a high fidelity model validated against reliable experimental 

data of Fujioka et al. [13] is used. Note, Fujioka et al. [13] carried out the experiments using 

seven elements of spiral wound membranes each with an area of 7.9 m
2
 in series configuration. 

However, in this work, we used a total of 18 membrane elements each having 37.2 m
2
 area of the 

same geometry used by Fujioka et al. [13] to create several configurations. Therefore, the model 

developed in this work based on the experimental data is valid for our multi-stage configurations. 

In the past, Genetic Algorithm has been used for optimising RO process for wastewater 

treatment. However, in this work, for the first time we have used Species Conserving Genetic 

Algorithm (SCGA) to optimise process conditions. Three important indicators of performance 

(a) high NDMA rejection (b) recovery rate and (c) energy consumption are used to select the best 

RO configuration. Finally, a permeate recycling option is added to the best configuration and 

further simulation is carried out to investigate the effect of recycling on rejection, recovery, and 

energy consumption.  
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2. Previous experimental work of Fujioka et al. [13] 

Fujioka et al. [13] used a full-scale cross-flow RO filtration system of seven 4ʺ glass-fiber 

pressure vessels in series (each pressure vessel holds one spiral-wound membrane element) to 

remove NDMA from N-nitrosamine stock solution containing 10 mg/L of several N-nitrosamine 

solutes including NDMA (Fig. 1). The N-nitrosamine solution was prepared in pure methanol 

besides aqueous feed stock solutions of NaCl, CaCl2 and NaHCO3 were prepared in Milli-Q 

water at 2M (NaCl) and 0.1 M (CaCl2 and NaHCO3) concentrations to imitate the electrolyte 

composition found in the secondary or tertiary treated wastewater. Then, the two stock solutions 

are mixed to obtain approximately 250 ng/L (3.3761x10
-9 

kmol/m³) of NDMA. 

The RO experiments started by filling the feed tank with the model wastewater considering full 

batch system where both the concentrate and permeate streams are recycled back into feed tank 

to keep fixed feed concentration. In this respect, the feed was pumped at fixed feed flow rate of 

2.43x10
-3

 m³/s, while the operating feed pressure has been increased from 4, 6.5 and 10.1 atm to 

adjust average permeate flux at 2.78x10
-6

, 5.56x10
-6

 and 8.33x10
-6

 m/s respectively during the 

experiments. However, the operating temperature was kept at 20±0.1 °C along the experiments. 
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Fig. 1. Schematic diagram of full-scale seven elements RO plant (Fujioka et al. [13]) 

 

 

2. Modelling of the spiral wound RO process  

The mathematical modelling of the membrane module facilitates simulation and optimisation 

studies required for identifying the most effective design of the system [31]. The main objective 

of this section is to establish a mathematical model to predict accurately the performance of a 

spiral wound RO process for the rejection of N-nitrosamine compounds from aqueous solutions. 

For this to happen, the transport phenomena of water and solute through the membrane need to 

be represented mathematically for building an appropriate process model, which will incorporate 

the calculations of the fluid properties.  

Al-Obaidi et al. [32,33] have developed two distributed mathematical models based on the 

solution diffusion model and irreversible thermodynamic model to predict the performance of 

single and multi-stage spiral wound RO process for the removal of N-nitrosamine from 

wastewater. However, these models have not considered the feed spacer characteristics and the 

Feed Wastewater  

  

RO Pressure Vessels Retentate 

Permeate  
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High-Pressure 
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impact of operating temperature on the transport parameters. In this paper, a new mathematical 

steady state model is developed for the removal of NDMA from wastewater. 

 

2.1 Assumptions 

The following assumptions are applied to develop the proposed model: 

1. The solution diffusion model is used for mass transport through the module. 

2. The membrane characteristics and the channel geometries are assumed constant. 

3. Validity of the Da Costa equation to predict the pressure drop across the membrane. 

4. Validity of the film model theory to estimate the concentration polarisation impact.  

5. Constant atmospheric pressure at the permeate channel of 1 atm. 

6. The underlying process is assumed to be isothermal. 

7. Constant pump and energy recovery device efficiencies of 80 and 90% respectively. 

 

2.2 Governing equations 

Based on Assumption 1, the solution diffusion model can be used to predict the water and solute 

flux Jw and Js (m/s, kg/m² s) through the membrane as expressed by Lonsdale et al. [34]. 

𝐽𝑤= 𝐴𝑤 [(
(𝑃𝑓(𝑖𝑛)+𝑃𝑓(𝑜𝑢𝑡))

2
− 𝑃𝑝) − (∆𝜋𝑇𝑜𝑡𝑎𝑙)]                                                                               (1)                                                              

𝐽𝑠= 𝐵𝑠 (𝐶𝑚 − 𝐶𝑝)                                                                                                                          (2)    

Where 𝐴𝑤 and 𝐵𝑠 (m/atm s, m/s) are solvent and NDMA transport coefficients respectively. 

𝑃𝑓(𝑖𝑛), 𝑃𝑓(𝑜𝑢𝑡) and 𝑃𝑝 (atm) are inlet feed pressure, retentate pressure and permeate pressure 

respectively.  

The total osmotic pressure difference of NDMA ∆𝜋𝑇𝑜𝑡𝑎𝑙  can be described in Eq. (3).  

∆𝜋𝑇𝑜𝑡𝑎𝑙 = (𝜋𝑚 − 𝜋𝑝)                  (3) 
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Where 𝜋𝑚 (atm) is the osmotic pressure of NDMA at the membrane wall concentration 𝐶𝑚 

(kg/m³), while 𝜋𝑝 (atm) is the osmotic pressure at permeate channel regarding the permeate 

concentration 𝐶𝑝 (kg/m³). The estimation of the feed and permeate osmotic pressure can be 

obtained using Eqs. (4) and (5) [13]. 

𝜋𝑚 = 1.19 (𝑇 + 273.15) (
𝐶𝑚

𝑀𝑤𝑡 
)             (4)  

𝜋𝑝 = 1.19 (𝑇 + 273.15) (
𝐶𝑝

𝑀𝑤𝑡 
)             (5)  

𝑀𝑤𝑡, 𝑇  (kg/kmol, °C) are the molecular weight of NDMA provided in Table 3 and operating 

temperature respectively. The concentration of NDMA at the wall membrane was estimated 

based on Assumption 4, which in turn is based on the validity of the film model theory where the 

solvent flux is linked to concentration polarization and mass transfer coefficient 𝑘 , using the 

following equation: 

(𝐶𝑚 − 𝐶𝑝)

(𝐶𝑏 − 𝐶𝑝)
= 𝑒𝑥𝑝 (

𝐽𝑤

𝑘  

)                                                                                                                      (6) 

𝐶𝑏, 𝑘  
(kg/m³, m/s) are the bulk concentration in the feed channel and the mass transfer 

coefficient for NDMA respectively. 𝐶𝑏 is taken the average value of feed 𝐶𝑓  and retentate 

𝐶𝑟 concentrations using Eq. (7). 

𝐶𝑏 =
𝐶𝑓+𝐶𝑟

2
                                                                                                        (7)                                                                                  

The mass transfer coefficient 𝑘 (m/s) for NDMA is a function of pressure, concentration, flow 

rate, and temperature, which is calculated using the proposed equation of Winograd et al. [35]. 

This is an empirical equation which takes into account the impact of geometry of feed spacer and 

feed flow channel, dynamic viscosity and solute diffusivity.  

𝑘 = 0.753 (
𝐾

2−𝐾
)

0.5

(
𝐷𝑏

𝑡𝑓
) (

𝜇𝑏 𝜌𝑏

𝐷𝑏
)

0.1666

(
2 𝑡𝑓  

2 𝑈𝑏

𝐷𝑏 ∆𝐿
)

0.5

                                                                      (8) 
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𝐾, 𝐷𝑏 , 𝜇𝑏 , 𝜌𝑏 , 𝑡𝑓 , ∆𝐿 and 𝑈𝑏 are the efficiency of mixing net (i.e. spacer) (K = 0.5) 

(dimensionless) [13, 36], diffusion coefficient (m²/s), dynamic viscosity (kg/m s), density 

(kg/m³), feed channel height (m), characteristic length of mixing net (m) and feed velocity (m/s) 

respectively. The estimation of diffusion coefficient 𝐷𝑏 and density 𝜌𝑏 is carried out using the 

water equation of Koroneos [37] due to the very dilute aqueous solutions of NDMA, which were 

considered in this study as follows: 

𝐷𝑏 = 6.725𝑥10−6  𝑒𝑥𝑝 {0.1546𝑥10−3 𝐶𝑏  −
2513

𝑇 +273.15
}                                                             (9)            

𝜌𝑏 = 498.4 𝑚𝑓 + √[248400 𝑚𝑓
2 + 752.4 𝑚𝑓 𝐶𝑏]                                                                    (10) 

𝑚𝑓 = 1.0069 − 2.757𝑥10−4 𝑇                                                                                                   (11) 

The viscosity coefficient 𝜇𝑏 (kg/m s) is calculated using Eq. (12) [13]. 

𝜇𝑏 = 2.141𝑥10−5 𝑥 10
(

247.8

(𝑇+273.15)−140)
)
                       (12) 

The bulk feed velocity 𝑈𝑏 (m/s) is calculated using Eq. (13). 

𝑈𝑏 =
𝑄𝑏 

𝑊 𝑡𝑓 𝜖
                                                 (13) 

𝑄𝑏 , 𝑊 and 𝜖 (m³/s, m, dimensionless) are the bulk feed flow rate, which is calculated using Eq. 

(14), membrane width and void fraction of the spacer respectively.  

𝑄𝑏 =
𝑄𝑓+𝑄𝑟

2
                                                                               (14) 

𝑄𝑓 and 𝑄𝑟 (m³/s) are the feed and retentate flow rates. 

The process of NDMA rejection is accompanied by a pressure drop along the membrane edges. 

Therefore, the retentate pressure 𝑃𝑓(𝑜𝑢𝑡) (atm) is calculated using Eq. (15). 

𝑃𝑓(𝑜𝑢𝑡) = 𝑃𝑓(𝑖𝑛) − ∆𝑃𝑑𝑟𝑜𝑝                                                          (15) 
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∆𝑃𝑑𝑟𝑜𝑝 (atm) is the pressure drop of the spiral wound element, which is calculated using the 

proposed correlation of Da Costa et al. [38] (Eq. 16) in line with Assumption 3. Da Costa et al. 

[38] assumes that the pressure and kinetic losses occur due to drag on the feed spacer and a 

change in direction of flow respectively. In fact, they neglect the friction losses at the channel 

walls and on the spacer surface.  

∆𝑃𝑑𝑟𝑜𝑝 = (
𝜌𝑏  𝑈𝑏

2 𝐿 𝐶𝑡𝑑

2 𝑑ℎ
)  𝑥 9.8692𝑥10−6                                                                      (16) 

𝐶𝑡𝑑 , 𝑑ℎ (dimensionless, m) are the total drag coefficient, which is calculated using Eq. (17) and 

hydraulic diameter of the feed spacer channel respectively. 𝐿 (m) is the membrane length.  

𝐶𝑡𝑑 =
𝐴′

𝑅𝑒 
𝑛                                               (17) 

𝐴′ and 𝑛 (dimensionless) are the spacer characteristics. Also, the Reynolds number 𝑅𝑒 

(dimensionless) is calculated using Eq. (18). 

𝑅𝑒 =
𝜌𝑏  𝑑ℎ   𝑈𝑏 

 𝜇𝑏
                                                                                                                             (18) 

𝑑ℎ (m) is the hydraulic diameter, while the overall solute and mass balance equations of the unit 

are given by Eqs. (19) and (20).  

𝑄𝑓 = 𝑄𝑟 + 𝑄𝑝                                      (19) 

𝑄𝑓 𝐶𝑓 = 𝑄𝑟 𝐶𝑟 + 𝑄𝑝 𝐶𝑝                                    (20) 

𝐶𝑓, 𝐶𝑟 and 𝐶𝑝 (kg/m³) are the concentration of NDMA in feed, retentate and permeate channel 

respectively. Also, Eq. (21) is used to calculate the concentration at the permeate channel for 

NDMA [26].  

𝐶𝑝 =
𝐶𝑓  𝐵𝑠

𝐵𝑠+
𝐽𝑤

exp(
𝐽𝑤
𝑘 

)

                                                                                   (21) 

The rejection parameter 𝑅𝑒𝑗 (dimensionless) of NDMA can be calculated using Eq. (22).  
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𝑅𝑒𝑗 =
𝐶𝑓 − 𝐶𝑝

𝐶𝑓
 𝑥100                                                                                                                     (22) 

The total recovery 𝑅𝑒𝑐 (dimensionless) of a single module can be calculated using Eq. (23). 

𝑅𝑒𝑐 =
𝑄𝑝

𝑄𝑓
 𝑥100                                                                                                                           (23) 

𝑄𝑝 (m³/s) is the total permeated flow rate, which can be calculated using Eq. (24). 

𝑄𝑝 = 𝐽𝑤  𝐴 

𝐴 (m²) is the effective membrane area.  

The total energy consumption 𝐸𝐶1 (kWh/m³) of any stage of RO system measured in kWh per 

m³ of the total permeate is calculated using Eq. (24) of Qi et al. [39] based on the use of a high-

pressure pump.  

𝐸𝐶1 =

((𝑃𝑓(𝑖𝑛) 𝑥101325) 𝑄𝑓 )

𝑄𝑝  𝜀𝑝𝑢𝑚𝑝
  

36𝑥105                                                                                                             (24)             

In case of using an energy recovery device ERD in the RO process network, the calculation of 

the total energy consumption 𝐸𝐶2 (kWh/m³) is carried out using Eq. (25). More specifically, the 

energy performance of the conventional pilot-plant is calculated in respect of the outgoing and 

ingoing entering energies. 
 

𝐸𝐶2 =

(𝑃𝑓(𝑖𝑛) 𝑥101325) 𝑄𝑓 )

𝑄𝑝  𝜀𝑝𝑢𝑚𝑝
 − 

(𝑃𝑓(𝑜𝑢𝑡) 𝑥101325)  𝑄𝑟 𝜀𝐸𝑅𝐷

𝑄𝑝
  

36𝑥105
                                                                         (25)           

Eq. (26) can be used to calculate the outlet pressure of ERD 𝑃𝑓(𝑜𝑢𝑡)(𝐸𝑅𝐷), which will be used in 

next stage for the outlet pressure of membrane modules of the previous stage 𝑃𝑓(𝑖𝑛)(𝐸𝑅𝐷). 

𝜀𝐸𝑅𝐷 =
𝑃𝑓(𝑜𝑢𝑡)(𝐸𝑅𝐷)

𝑃𝑓(𝑖𝑛)(𝐸𝑅𝐷)
                                                                                                                       (26) 
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Finally, the feed temperature 𝑇 has an impact on the physical properties and the transport 

membrane constants, 𝐴𝑤 and 𝐵𝑠. Therefore, Eqs. (27) and (28) are investigated the impact of 

temperature on these parameters as follows [40]: 

𝐴𝑤(𝑇) =  𝐴𝑤(𝑇𝑜)  
𝜇𝑏(𝑇𝑜)

𝜇𝑏(𝑇)

                                                                                                                 (27) 

𝐵𝑠(𝑇) =  𝐵𝑠(𝑇𝑜)  
(𝑇+273.15)

(𝑇𝑜+273.15)
  

𝜇𝑏(𝑇𝑜)

𝜇𝑏(𝑇)

                                                                                                (28) 

𝐴𝑤(𝑇𝑜) and 𝐵𝑠(𝑇𝑜) are the permeate and NDMA transport parameters at reference temperature.   

The process model of nonlinear algebraic equations shown in Section 2.2 is written in the 

compact form of: g(z, u, v) = 0.  

 z is the set of all algebraic variables,  

 u is the set of decision variables need to be optimised and  

 v represents the constant parameters of the model.  

 The function g is assumed to be continuously differentiable with respect to all their 

arguments. 

The model developed was implemented on the gPROMS software suite [41]. 

 

2.3 Determination of transport parameters   

One of the main requirements of testing the proposed model in simulation mode is that the 

unknown parameters of the model should be estimated based on reliable experimental data. 

These parameters include; the water permeability constant 𝐴𝑤, the NDMA transport parameter 

𝐵𝑠 and the spacer characteristics of 𝐴′ and 𝑛. In this research, the experimental data of Fujioka et 

al. [13] who considered a set of seven elements of spiral wound membranes arranged in series 

configuration with initial conditions of 6.51 atm, 2.43x10
-3 

m³/s, 2.5x10
-7

 kg/m³ (250 ng/L) and 
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20 ºC are used to predict the best values of the unknown parameters of the proposed model. The 

parameters are estimated using the gEST tool of the gPROMS software suite. The estimated 

dimensions of the spacer mesh (𝐴′ and 𝑛) were found to be close to the spacer type CONWED-1 

as reported in the study of Da Costa et al. [38] (𝐴′ = 1.29 and 𝑛 = 0.24). The results of 

parameter estimation are given in Table 1.  

 

Table 1. Parameter estimation results at 20 °C 

Parameter 

𝐴𝑤 

(m/s atm) 

𝐵𝑠 

(m/s) 

𝐴′  

(dimensionless) 

𝑛  

(dimensionless) 

value 6.904x10
-7

 5.59x10
-6

 1.21 0.27 

 

 

 

 

 

2.4 Reliability of the model and model validation 

In this work, we have used exactly the same geometry membrane module as used by Fujioka et 

al. [13] so that the model developed based on the experimental data can be used reliably for 

further model-based studies (as is the focus of this work). 

Table 2 provides a comparison of experimental and predicted values of retentate plant pressure 

𝑃𝑓(𝑜𝑢𝑡), total permeate flux 𝐽𝑤 and total NDMA rejection 𝑅𝑒𝑗 showing a very good match of 

marginal absolute errors. The validated model can therefore be used to carry out an optimisation 

study of several selected multi-stage RO process of permeate-reprocessing and recycling as 

described below.  
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Table 2. Model validation results 

𝑃𝑓(𝑜𝑢𝑡) (atm) 

  Exp.      The. 
A
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%
 𝐽𝑤 (m/s) x10

6
 

Exp.                The. 

A
b
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%
 𝐶𝑝 (kg/m³) x10

9
 

Exp.        The. 

A
b
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E
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r 

%
 𝑅𝑒𝑗 (-) 

Exp.      The. 

A
b

so
lu

te
 

E
rr

o
r 

%
 

4.697 4.697 0.0 3.158 3.178  0.64 2.39 2.191 8.31 35.08 35.09 0.02 

 

3. Description of permeate reprocessing multi-stage RO process  

Although multi-stage RO permeate reprocessing option has been considered in seawater 

desalination, this option has not been considered in wastewater treatment in the past specially for 

NDMA removal from wastewater. In this work, for the first time, several configurations with 

multi-stage RO permeate reprocessing option are proposed and optimised in terms of NDMA 

removal from wastewater and energy consumption.  

To increase the NDMA rejection from wastewater as found in the literature, Fig. 2 shows 

schematic diagrams of five configurations (A to E) of permeate recycling of multi-stage RO 

process, which will be used to investigate. The configurations are based on the mixing of the 

collected permeate of stage 1, feed it to stage 2, and so on. Moreover, the use of energy recovery 

device (ERD) is inevitable for transferring the potential energy from the high-pressure streams to 

the low-pressure streams of each stage, which in turn reduces the issue of high energy 

consumption for the proposed design. In the end, the collected low-pressure retentate streams of 

all the stages are disposed of. Each configuration contains six pressure vessels connected in 

different arrangements of stages. Three elements of spiral wound RO membrane type BW30-400 

of 37.2 m² (effective membrane area) produced by Dow/FilmTec and connected in series were 

inserted inside each pressure vessel. The technical details of the membrane used, spacer 

characteristics, friction factor and the water and NDMA transport parameters are given in Table 
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3. The selection of the configurations of Fig. 2 is based on the allowed manufacturer operating 

limits of feed flow rate of each stage and element. Pump (maximum of 40.46 atm) and energy 

recovery efficiencies are assumed to be 80 and 90% respectively.  
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Fig. 2. Schematics of various configurations of multi-stage permeate reprocessing RO system 
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Table 3. Specifications of the spiral wound membrane element [42] 

Make Dow/FilmTec 

Membrane type and configuration 

BW30-400, Spiral-wound, Polyamide Thin-Film 

Composite 

Feed and permeate spacer thickness 𝑡𝑓 (m) 5.93x10
-4 

Hydraulic diameter of the feed spacer channel 𝑑ℎ (m) 8.126x10
-4

 

Effective membrane area 𝐴 (m²) 37.2 

Membrane length 𝐿 and width 𝑊 (m) 1 and 37.2 

𝐴𝑤 (m/ atm s) at reference temperature of 28.8 °C 9.5096x10
-7

 

𝐵𝑠 (NDMA) (m/s) at reference temperature 20 °C * 5.35x10
-6 * 

𝑀𝑤𝑡𝑁𝐷𝑀𝐴 (kg/kmol) * 74.05 

Spacer type (NALTEX-151-129) 

𝐴ʹ (dimensionless) 7.38 

n (dimensionless) 0.34 

𝜀 (dimensionless) 0.9058 

    *: Fujioka et al. [13] 

 

4. Optimisation of permeate reprocessing RO system  

4.1 Problem description and formulation 

This section deals with the optimisation of the proposed configurations A to E shown in Fig. 2 

using the SCGA technique. The inlet feed concentration of NDMA for all configurations is 1x10
-

6
 kg/m³ (1000 ng/L) which is same as that of Fujioka et al. [14]. The final NDMA rejection 

(𝑅𝑒𝑗(𝑁𝐷𝑀𝐴)) and energy consumption (EC) are chosen as the two objective functions for the 

optimisation problem where NDMA rejection is maximised and EC is minimised simultaneously 

for each configuration (A to E), while optimising the operating conditions of plant feed pressure, 
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flow rate and temperature. The lower and upper bounds of the feed flow rate for each membrane, 

operating pressure and temperature are set as constraints of the optimisation problem. We 

considered a maximum pressure drop of 0.987 atm for each membrane element as given in Table 

4. 

The mathematical description of the optimisation problem of the RO process with permeate 

reprocessing design is illustrated below: 

                  Max                                                    𝑅𝑒𝑗(𝑁𝐷𝑀𝐴)(-) 

                 Min                                                     EC (kWh/m³) 

  𝑄𝑓(𝑝𝑙𝑎𝑛𝑡), 𝑃𝑓(𝑝𝑙𝑎𝑛𝑡), 𝑇(𝑝𝑙𝑎𝑛𝑡) 

 

Subject to:  

                      Equality constraints:  

                              Process Model                         g(z, u, v) = 0   

Inequality constraints of the plant:  

                                                             𝑄𝑓(𝑝𝑙𝑎𝑛𝑡)
𝐿 ≤  𝑄𝑓(𝑝𝑙𝑎𝑛𝑡)  ≤  𝑄𝑓(𝑝𝑙𝑎𝑛𝑡)

𝑈
   

                 (10 atm)  𝑃𝑓(𝑝𝑙𝑎𝑛𝑡)
𝐿 ≤  𝑃𝑓(𝑝𝑙𝑎𝑛𝑡)  ≤  𝑃𝑓(𝑝𝑙𝑎𝑛𝑡)

𝑈 (40.463 atm) 

                       (20 °C) 𝑇(𝑝𝑙𝑎𝑛𝑡) 

𝐿 ≤  𝑇(𝑝𝑙𝑎𝑛𝑡)
 
 ≤  𝑇(𝑝𝑙𝑎𝑛𝑡) 

𝑈 (45 °C)  

Inequality constraints of the element:  

                                           (1.008x10
-3

 m³/s)  𝑄𝑓
𝐿 ≤  𝑄𝑓  ≤  𝑄𝑓

𝑈
 (5.363x10

-3
  m³/s)  

                     (10 atm)  𝑃𝑓(𝑖𝑛)
𝐿 ≤  𝑃𝑓(𝑖𝑛)  ≤  𝑃𝑓(𝑖𝑛)

𝑈 (40.463 atm) 

                                                             (20 °C) 𝑇  
𝐿 ≤  𝑇  

 ≤  𝑇  
𝑈  (45 °C) 

                   ∆𝑃𝑑𝑟𝑜𝑝  ≤ 0.987 (atm) 
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It is important to note that the maximum and minimum limits of the plant feed flow rates 

𝑄𝑓(𝑝𝑙𝑎𝑛𝑡) depend on the number of parallel pressure vessels in the first stage. 

 

Table 4. The limits of operation of the spiral-wound membrane element [42] 

Parameter  Value  

Max. operating temperature 𝑇 (°C)  45 

Max. operating pressure (atm) 40.463 

Max. pressure drop (atm) 0.987 

Max. feed flow rate (m³/s) 5.363x10
-3

  

Min. feed flow rate (m³/s) 1.008x10
-3

 

 

4.2 The characteristics of Species Conserving Genetic Algorithm (SCGA)  

Although Genetic Algorithm (GA) based optimisation technique has been used for several 

industrial applications such as thermal cracking [43] and RO wastewater treatment [26], for the 

first time, we applied Species Conserving Genetic Algorithm (SCGA) based optimisation 

technique in RO wastewater treatment process. SCGA [30] has already been demonstrated [44] 

as an effective method for searching for several solutions for complex optimisation problems. 

This will be used for selecting appropriate operating conditions. Interestingly, the SCGA 

generates multiple solutions for each optimisation problem, which provides the option of 

selecting the most appropriate solution. 

A species is the fundamental concept of the SCGA and described as a set of individuals with 

similar characteristics. In a population, a species 𝑠𝑖 is around its species seed 𝑥∗ (the best 

individual), if for everyone 𝑦 ∈ 𝑠𝑖 

𝑑(𝑥∗, 𝑦) < 𝑟𝑠                                                                                                                               (29) 
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and 

𝑓(𝑦) ≤ 𝑓(𝑥∗)                                                                                                                                (30) 

Where 𝑑(∗,∗) is to calculate the distance between two individuals and 𝑟𝑠 is the species radius.  

Fig. 3 Error! Reference source not found.shows the species distribution in a 2D space. A 

species consists of some individuals and takes a portion of the feasibility region. Some 

individuals are located in the intersection of several spaces. The pseudocodes of the SCGA [30] 

is illustrated in Fig. 4, where 𝐺(𝑡) denotes the population at time 𝑡 and 𝑋𝑠 denotes the species 

set. 

 

 

Fig 3. A distribution of species in a 2D space. 
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Fig. 4. The pseudocodes of the SCGA 

 

The population is dynamically separated in a SCGA into several groups, called species, based on 

the similarities and each is built around its species seed. The principle of the SCGA is to find 

species and keep them in order to survive in the future generations. 

Compared with a traditional genetic algorithm, there are three special operators in the SCGA: 

1. Identifying species seeds: The operator is designed to search species from a current 

population. At the beginning, all the individuals are marked as unprocessed. A best 

unprocessed one is picked up to be a species seed and all members which distance to the 

species seed is less than the species radius are recorded as “processed”. This procedure 
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will be repeated until all the individuals have been processed. All the species seed will be 

saved in the set, 𝑋𝑠.  

2. Conserving species seeds: After the population is built by using the genetic operations, 

the species will be conserved and copied from the species set, 𝑋𝑠 back to the new 

population. 

3. Determining global solutions: As the best individual in a species seeds is saved in the set 

𝑥𝑠, the simple way to identify solutions is to select the best species from 𝑥𝑠. A threshold 

𝑟𝑓 (0 < 𝑟𝑓 ≤ 1) is applied for this purpose. A species seed 𝑥 in the species set (𝑋𝑠) is 

treated as a solution, if:  

𝑓(𝑥) ≤ 𝑓𝑚𝑎𝑥 − (𝑓𝑚𝑎𝑥 − 𝑓𝑚𝑖𝑛) 𝑟𝑓                     (31)                                                                                        

Where 𝑓𝑚𝑖𝑛 and 𝑓𝑚𝑎𝑥 are the best and worst objective value.  

The default value of species radius is set as 1 in this paper.  

Basically, SCGA can only solve problems with a single objective. The above problem in Section 

4.1 has two objectives and therefore a in new single objective is developed as given in Eq. (32) 

to be compatible with SCGA requirements 

𝑓(𝑄𝑓(𝑝𝑙𝑎𝑛𝑡), 𝑃𝑓(𝑝𝑙𝑎𝑛𝑡), 𝑇(𝑝𝑙𝑎𝑛𝑡)) = 𝑊1 x 𝑅𝑒𝑗(𝑁𝐷𝑀𝐴) + 𝑊2 x (
1

𝐸𝐶
)                                                       

(32) 

𝑊1 and 𝑊2 are the weighting factors. Therefore, the original problem is changed to maximise the 

objective function in Eq. (32).  In this paper, two objectives are the same important. The 

maximum value of 𝑅𝑒𝑗(𝑁𝐷𝑀𝐴) is set as 1 to simplify the analysis and the maximum value of 𝐸𝐶 

is about 5. Then, let 𝑊1 to be 1, then 𝑊2 should be 5, which means both objectives are the same 

important level and have the same contribution of the system objective.  
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4.3. The optimisation results 

The multi-objective optimisation problem is solved by using the SCGA platform linked with the 

model of Section 2.2 considering the multi-stage RO process with permeate reprocessing 

configuration (Fig. 2). To fulfil the requirements of the optimisation platform using SCGA the 

process model presented in Section 2 has been written in C++. Table 5 shows the optimisation 

results of the configurations A to E with plant feed concentration 𝐶𝑓(𝑝𝑙𝑎𝑛𝑡) of 1000 ng/L (1x10
-6

 

kg/m³) with the optimised plant feed pressure, flow rate and temperature. Due to its inherent 

property, the SCGA method has provided several optimum solutions for each selected 

configuration A to E. The nondominated solution is shown in bold in Table 5. 

Table 5. Optimisation results of configurations A to E (fresh feed concentration: 𝐶𝑓(𝑝𝑙𝑎𝑛𝑡)=1000 ng/L),  

C
o
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fi
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ra
ti

o
n

 

S
o

lu
ti
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n
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The decision variables 

𝑅𝑒𝑗(𝑁𝐷𝑀𝐴) 

(-) 

𝑅𝑒𝑐(𝑝𝑙𝑎𝑛𝑡)  

(-) 

𝐶𝑝(𝑝𝑙𝑎𝑛𝑡)x10
8
 

(kg/m³) 

𝐸𝐶 

(kWh/m³) 

𝑄𝑓(𝑝𝑙𝑎𝑛𝑡) 

(m³/h) 

𝑃𝑓(𝑝𝑙𝑎𝑛𝑡) 

(atm) 

𝑇(𝑝𝑙𝑎𝑛𝑡) 

(°C) 

A 

1 30.348 27.5 20 92.17 20.98 7.38 3.37 

2 43.2 32.2 22.3 94.6 17.2 5.40 4.78 

3 46.692 30.2 27.4 94.22 17.5 5.78 4.42 

4 42.66 27.39 29.71 93.25 18.18 6.75 3.85 

B 

1 59.616 31.28 20.0 87.01 27.32 13.00 2.96 

2 76.608 26.95 20.65 87.47 18.16 12.50 3.12 

C 

1 38.592 38.45 22.68 90.21 50.15 9.79 1.96 

2 38.628 35.96 20.60 90.17 44.39 9.83 1.96 

D 

1 57.924 36.24 20 82.24 49.55 17.80 1.78 

2 57.384 40.17 20.06 82.0 55.93 18.00 1.87 

3 49.5 34.19 20.02 80.25 54.97 19.80 1.60 

E 1 59.328 13.64 20.0 79.07 5.34 20.90 4.77 
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2 50.58 13.22 20.54 77.93 6.20 22.10 4.22 

 

A close look at the results shows that the permeate reprocessing design has significantly 

improved the removal of NDMA compared with the findings of the literature, which 

approximately ranged between 40 – 70% [9,11,12] except that of Fujioka et al. [14] (92% 

rejection was obtained but under heat treatment with a substantial reduction of water transport 

parameter and recovery rate). Interestingly, solution A1 is close to that obtained by Fujioka et al. 

[14] in terms of rejection. Cleary, all cases show that rejection increases with lower recovery 

rate. However, only configurations C and D have achieved high recovery rate compared to other 

configurations tested. Interestingly, the recovery of configurations E and A is the worst one. The 

presence of only one pressure vessel in the last stage can explain the main reason for this. Note 

that configuration E has the lowest recovery due to the higher feed flow rate of augmented 

permeate streams of five pressure vessels that fed to the final module compared to only two 

pressure vessels in configuration A. This in turn increases the bulk velocity inside the last 

module leading to a lower recovery rate. In the same respect, the recovery rate of configuration E 

is not comparable with configuration B (Table 5). To explain this concern, both configuration B 

and E are simulated at same operating conditions of 1000 ng/L, 59.328 m³/h, 13.64 atm, and 20 

°C of feed concentration, flow rate, pressure, and temperature respectively. It is evident that the 

first stage of configuration B has generated 25.7% of recovery lower than the first stage of 

configuration E (32.5%). However, the second stage of configuration B has generated 42.8% of 

recovery rate compared to only 16.4% of configuration E. Finally, the total plant recovery rate of 

configuration B is 11% compared to 5.3% of configuration E. Therefore, it can be said that 

reduction in the bulk velocity can increase the permeate recovery. In terms of rejection, solution 
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A2 is the best where the NDMA concentration is reduced from 1x10
-6

 kg/m³ to 5.4x10
-8

 kg/m³ 

(which is equivalent to 54 ng/L). Note that the allowed NDMA concentration is 0.7 ng/L 

according to US EPA [6]. However, solution E2 is the worst in terms of solute rejection. In terms 

of recovery, solution D2 is the best and E2 is the worst. In terms of energy consumption, solution 

A2 is the worst, solution D3 is the best. Clearly, performance of E is the worst compared to all 

cases. However, looking at all 3 parameters (rejection, recovery, energy consumption) 

simultaneously, solution C1 stands out as the best (subjective decision). In terms of rejection, it 

is about 4% down compared to A2. In terms of recovery, C1 is 10% down compared to D2. In 

terms of energy consumption C1 is up by about 18% up compared to D3 but 60% down 

compared to A2. For completeness, the final concentration of NDMA in the permeate is 

presented in Table 5 for all cases. 

 

5. The permeate reprocessing and recycling of multi-stage RO process 

Section 4 dealt with permeate reprocessing only. In this section we consider permeate 

reprocessing combined with the permeate recycling option. Instead of applying recycling in all 

the configurations considered in Section 4, we only applied it on the best configuration identified 

in Section 4; i.e. configuration C. Fig. 5 shows a schematic diagram of the proposed multi-stage 

permeate reprocessing-recycling RO process (Configuration F). The main characteristics of this 

process is that a portion of permeate is recycled back to the feed stream at a constant plant feed 

flow rate. Thus, the feed flow rate of stage 1 will be increased as the recycled stream increases. 

Accordingly, the model developed of Section 2.2 has been calibrated to include the requirements 

of this configuration.  
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Fig. 5. Tested configuration of multi-stage permeate reprocessing-recycling RO design 

 

5.1. Results of the permeate reprocessing-recycling of multi-stage RO process 

Fig. 6 shows the impact of permeate recycling from the last stage of Configuration F (Fig. 5) on 

the total permeate concentration of NDMA and plant recovery rate. Note, zero permeate recycle 

corresponds to the results of Configuration C1 (Solution 1 in Table 5). The results show that 

increasing permeate recycle decreases both the permeate concentration and the recovery rate.  

The higher the permeate recycle to the inlet feed stream, the higher the reduction in the inlet feed 

concentration of the first stage. This will reduce the concentration polarisation and in turn will 

increase the mass transfer coefficient and will reduce the solute flux through the membrane. 

However, this will also cause an increase in the inlet feed flow rate throughout all stages. 

Therefore, it is expected that the feed velocity of all the stages will increase and this in turn will 

cause a higher pressure-drop along each module. As a result, this would diminish the passage of 

water through the membrane and finally reduces the recovery rate (Fig. 6). 
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Fig. 7 shows the corresponding rejection rate and energy consumption for different percentage of 

permeate recycle. As the concentration of final permeate decreases, both the corresponding 

NDMA rejection and energy consumption are increased. At the highest permeate recycle (50%), 

the rejection is 93.1%, recovery is 24.7%, the final permeate concentration is 6.91x10
-8

 kg/m³, 

the energy consumption is 5.655 kWh/m³ (Figs. 6 and7). Interestingly, this rejection and 

permeate concentration are close to those of Configuration A4 but the recovery rate is much 

higher. This higher recovery is achieved not only due to permeate recycle by also at the expense 

of higher energy consumption. Also note, the NDMA rejection rate 93.1% is higher than that 

reported by Fujioka et al. [14] which was 92%. Although the recovery rate and energy 

consumption were not explicitly mentioned by Fujioka et al. [14], the 92% NDMA rejection was 

achieved at the expense of reduced membrane permeability between 20 – 35% for several types 

of membranes at the same selected feed concentration of 1000 ng/L.    

From Figs. 6 and 7, it can be observed that 92.17% rejection can be achieved with permeate 

recycle of 30%, which gives a recovery rate of 34.82%, final permeate concentration of 

7.827x10
-8

 kg/m³ and energy consumption of 3.466 kWh/m³. The rejection achieved is similar to 

that of solution 1 of configuration A (Table 5). However, the permeate recycle approach of 

configuration F increases the recovery rate by around 40% compared to configuration A at 

almost the same energy consumption. 
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Fig. 6. The impact of permeate recycle on the plant NDMA concentration and total permeate recovery rate 

  

Fig. 7. The impact of permeate recycle on the plant NDMA rejection and total energy consumption 
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The simulation results presented in Figs. 6 and 7 are fitted with the following mathematical 

equations: 

𝐶𝑝(𝑝𝑙𝑎𝑛𝑡)𝑥108 = 0.0004 (𝑃𝑅%2) − 0.0756 (𝑃𝑅%) + 9.7677                                                (32)                                         

𝑅𝑒𝑐(𝑝𝑙𝑎𝑛𝑡)% = −0.5085 (𝑃𝑅%) + 50.095                                                                               (33) 

𝑅𝑒𝑗(𝑝𝑙𝑎𝑛𝑡)% = −0.0004 (𝑃𝑅%2) + 0.0756 (𝑃𝑅%) + 90.232                                                (34) 

𝐸𝐶(𝑝𝑙𝑎𝑛𝑡) = 0.0011 (𝑃𝑅%2) + 0.0154 (𝑃𝑅%) + 2.0445                                                        (35) 

The proposed equations are only function of a single variable of permeate recycle ratio for the 

proposed configuration F. These equations can be used to estimate the final permeate 

concentration, recovery rate, rejection or energy consumption for a given permeate recycle rate 

albeit for the considered operating conditions of this research. However, the authors believe that 

it would be possible to employ it in the prediction of the performance indicators for the RO 

process at different operating data, which will be investigated in future research. Specifically, for 

a specified permeate concentration, Eq. (32) can be used to determine the required permeate 

recycle ratio and the corresponding recovery and energy consumption of the proposed design. 

For a given parameter, the above equations will provide an opportunity to estimate the remaining 

parameters with little effort. For example, for a recovery rate of 44.39 % (same as C2 of Table 

5), the permeate recycle rate will be 11.22%, permeate concentration will be 8.9698x10
-8

 kg/m³, 

NDMA rejection will be 91.03% and energy consumption will be 2.355 kWh/m³. Note the 

NDMA rejection achieved and permeate concentration are better than those of C2 of Table 5 

although the energy consumption is slightly higher. 

Clearly configuration F shows an improvement not only over configuration C but other 

configurations too. 
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To summarise, it is fair to say that the implementation of the proposed configuration of permeate 

reprocessing and recycle mode in multistage RO process would deliver high advantages towards 

the efficient removal of NDMA from wastewater which is systematically approved to be within 

40 – 70%. It must be stressed that the proposed configurations of RO system have not been used 

in practice yet to remove NDMA from wastewater and remain therefore theoretical at this stage. 

Also, the modelling equations developed in this work can be easily used to determine the 

required permeate recycle rate and to estimate the corresponding final permeate concentration 

and the energy consumption for a given NDMA rejection. 

 

7. Conclusions 

In this work, several configurations with multi-stage RO permeate reprocessing option are 

proposed and optimised in terms of NDMA removal from wastewater and energy consumption. 

For this purpose, a high fidelity mathematical model is developed and incorporated within a 

multi-objective optimisation framework using Species Conserving Genetic Algorithm (SCGA) to 

simultaneously maximise the rejection and minimise the total energy consumption subject to a 

number of process constraints. The mathematical model is validated against reliable 

experimental data and showed a good agreement. Amongst all the configurations considered, the 

best one is chosen based on its relative merit in terms of NDMA rejection (or final permeate 

concentration), recovery rate and energy consumption. The best configuration is then enhanced 

by adding the option of permeate recycling to the feed stream. Clearly, the new configuration 

with permeate reprocessing and recycling option offers an added benefit compared to other 

configurations with only the permeate reprocessing option. Finally, a series of simulation 

analyses are carried out for this configuration using different permeate recycle rate, and the 
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obtained NDMA rejection, final permeate concentration, recovery rate and energy consumption 

are fitted with polynomial and linear equations which can be used as decision making tools.  

Nomenclature 

𝐴 : Effective area of the membrane (m²) 

𝐴𝑤(𝑇) : Solvent transport coefficient at any temperature (m/atm s) 

𝐴𝑤(𝑇0) : Solvent transport coefficient at reference temperature (m/atm s) 

𝐴′ : The spacer characteristics (dimensionless) 

𝐵𝑠(𝑇) : Solute transport coefficient at any temperature (m/s) 

𝐵𝑠(𝑇0) : Solute transport coefficient at reference temperature (m/s) 

𝐶𝑏 : The bulk feed solute concentrations at the feed channel (kg/m³) 

𝐶𝑓 : The inlet feed solute concentrations at the feed channel (kg/m³) 

𝐶𝑓(𝑝𝑙𝑎𝑛𝑡) : The feed concentration of the plant (kg/m³) 

𝐶𝑚 : The solute concentration on the membrane surface at the feed channel (kg/m³) 

𝐶𝑝 : The permeate solute concentration at the permeate channel (kg/m³) 

𝐶𝑝(𝑝𝑙𝑎𝑛𝑡) : The product concentration of NDMA (kg/m³) 

𝐶𝑟 : The retentate concentration of a membrane module (kg/m³) 

𝐶𝑡𝑑 : The total drag coefficient (dimensionless) 

𝐷𝑏 : The solute diffusion coefficient of feed at the feed channel (m²/s) 

𝑑ℎ  : The hydraulic diameter (m) 

𝐸𝐶 : The total energy consumption of the whole plant (kWh/m³)  

𝐽𝑠 : The solute molar flux through the membrane (kg/m² s) 

𝐽𝑤 : The permeate flux (m/s) 
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𝑘 : The mass transfer coefficient at the feed channel (m/s) 

𝐾 : The efficiency of mixing net (i.e. spacer) (dimensionless) 

𝐿 : The length of the membrane (m) 

𝑚𝑓 : Parameter in Eq. (10)  

𝑀𝑤𝑡 : Molecular weight (g/mol) 

𝑛 : The spacer characteristics (dimensionless) 

𝑃𝑓(𝑖𝑛) : The inlet feed pressure of a membrane module (atm) 

𝑃𝑓(𝑖𝑛)(𝐸𝑅𝐷) : The inlet pressure of ERD (atm) 

𝑃𝑓(𝑝𝑙𝑎𝑛𝑡) : The inlet feed pressure of the plant (atm) 

𝑃𝑓(𝑜𝑢𝑡) : The outlet feed pressure of a membrane module (atm) 

𝑃𝑓(𝑜𝑢𝑡)(𝐸𝑅𝐷) : The outlet pressure of ERD (atm) 

𝑃𝑝 : The permeate channel pressure of a membrane module (atm) 

𝑄𝑏 : The bulk feed flow rate at the feed channel of a membrane module (m³/s) 

𝑄𝑓 : The inlet feed flow rate at the feed channel of a membrane module (m³/s) 

𝑄𝑓(𝑝𝑙𝑎𝑛𝑡) : The inlet feed flow rate of the plant (m³/s) 

𝑄𝑝 : The permeate flow rate at the permeate channel of a membrane module (m³/s) 

𝑄𝑝(𝑃𝑙𝑎𝑛𝑡) : The permeate flow rate of the plant (m³/s) 

𝑄𝑟 : The retentate flow rate at the feed channel of a membrane module (m³/s) 

𝑅𝑒  : The Reynold number at the feed channel (dimensionless) 

𝑅𝑒𝑐 : Total permeate recovery of a membrane module (dimensionless) 

𝑅𝑒𝑐(𝑝𝑙𝑎𝑛𝑡) : The total recovery rate of the plant (dimensionless) 

𝑅𝑒𝑗 : The solute rejection coefficient of a membrane module (dimensionless) 
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𝑅𝑒𝑗(𝑁𝐷𝑀𝐴) : The plant total rejection of NDMA (dimensionless) 

𝑇  : The feed temperature of a membrane module (°C) 

𝑇(𝑝𝑙𝑎𝑛𝑡) : The inlet feed temperature of the plant (°C) 

𝑇𝑟𝑒𝑓 : The reference temperature (°C) 

𝑡𝑓 : Height of feed channel (m) 

𝑈𝑏 : The bulk feed velocity at the feed channel of a membrane module (m/s) 

𝑊 : The membrane width (m) 

 

Greek letters 

𝜇𝑏 : The Feed viscosity at the feed channel of a membrane module (kg/m s) 

𝜌𝑏 : The feed density at the feed channel of a membrane module (kg/m³) 

∆𝐿 : The characteristic length of mixing net (m) 

∆𝑃𝑑𝑟𝑜𝑝 : The pressure drop of the spiral wound element (atm) 

∆𝜋𝑇𝑜𝑡𝑎𝑙 : The osmotic pressure difference (atm) 

𝜋𝑚 : The osmotic pressure at the membrane wall (atm) 

𝜋𝑝 : The osmotic pressure at the permeate channel (atm) 

𝜀𝑝𝑢𝑚𝑝 : Pump efficiency (dimensionless) 

𝜀𝐸𝑅𝐷 : Energy recovery device efficiency (dimensionless) 

𝜖 : The void fraction of the spacer (dimensionless) 
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