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1. Introduction 

 

 Seawater desalination is a common practice in 

water-scarce countries to produce fresh water. 

Due to its significant improvement and low 

energy consumption, reverse osmosis (RO) is 

taking over the thermal processes. However, it is 

still an energy intensive process with 

consumption ranging from 1.5 to 3 kWh/m
3
 of 

fresh water. On the other hand, the organic matter 

(OM) found in wastewater is a potential source of 

energy, recoverable in the form of methane by 

anaerobic digestion.  However, the low 

concentration of OM in wastewater (about 300 

mg/L) is a limiting factor. Indeed, efficient 

anaerobic digestion takes place at a concentration 

exceeding 1500 mg/L. Therefore, forward 

osmosis (FO) emerges as a promising technology 

to concentrate OM in wastewater at low cost. In 

FO system, draw solution is a key factor affecting 

its efficiency. A combination of FO and RO units 

for seawater desalination and OM recovery 

appears to be an attractive approach. In our 

knowledge, there is a lack of studies reporting 

about the feasibility of such combination from an 

energy point of view. The objective of this study 

is to investigate the feasibility of this approach. 

An experimental study was carried out to validate 

the feasibility of OM concentration using 

different draw solution concentration and estimate 

theoretical methane yield. Then, different 

combination scenarios were considered to 

estimate their energy consumption. 

 

2. Materials and methods 

 

 Concentration potential of FO 

Lab-scale FO experiments were carried out. 

Experimental layout consisted of an FO cell, draw 

solution tank and feed solution tank. FO cells 

consist of a serpentine channel separated by a 

semi-permeable cellulose tri acetate membrane. 

Draw and feed solution (1L each) were 

recirculated in co-current mode using peristaltic 

pumps. A flow rate of 3.9×10
-4

 m/s was used. 

Wastewater from the inlet of a primary 

sedimentation tank was supplied as a feed 

solution, while 0.5, 1.0 and 2.0 M of NaCl 

solutions were used as a draw solution. It is worth 

mentioning that seawater has an average osmotic 

pressure of 2.5 MPa which is equivalent to 0.5 M 

of NaCl solution. The 1.0 and 2.0 M NaCl 

solutions respectively represent the brines at 50 

and 75% recovery rate. The concentration of OM 

in the feed solution was measured with a means of 

spectrophotometry (DR-2800, HACH). The 

concentration factor (CF) is calculated by the 

following equation:  

CF =
initial volume of feed solution 

volume of feed solution at time t
  

Calculation of energy balance on combined 

system of FO and RO 

Total energy consumption, 𝐸𝑡  ( kJ/𝑚3) , is 

calculated by 

𝐸𝑡 = 𝐸𝑅𝑂 + 𝐸𝑟𝑒𝑐𝑖𝑟𝑐. + 𝐸𝐶  

where 𝐸𝑅𝑂 (kJ/𝑚3) is energy spent to produce 

concentrated draw solution from seawater. 

𝐸𝑟𝑒𝑐𝑖𝑟𝑐.  (kJ/𝑚3 ) is energy for recirculation of 

water in FO. 𝐸𝐶  ( kJ/𝑚3 ) is energy for FO 

membrane cleaning. For evaluation of 𝐸𝑅𝑂 , a 

minimum thermodynamic energy, 

𝐸𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐,𝑚𝑖𝑛𝑖𝑚𝑢𝑚  (kJ/𝑚3) , which 

represents the thermodynamic energy for 

producing pure water from seawater, can be 

substituted as follows
1
;  

𝐸𝑅𝑂 = 𝐸𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐,𝑚𝑖𝑛𝑖𝑚𝑢𝑚 =
1

𝑅
∫ 𝜋

𝑉

36

𝑅

0

𝑑𝑅 

where R (-) is recovery rate, π (MPa) is the 

osmotic pressure of a solution, V (𝑚3 ) is the 

volume of product water. 𝐸𝑟𝑒𝑐𝑖𝑟.  can be 

estimated by the following equation for potential 

energy; 

𝐸𝑟𝑒𝑐𝑖𝑟. =
1

3.6 × 106
×

𝑄𝜌𝑔ℎ

𝜂𝑝𝜂𝑀

 

where Q (𝑚3/day) is flow rate, ρ (kg/𝑚3) is 

density of water, 𝑔  (m/𝑠2) is gravity 

acceleration, 𝜂𝑝 and 𝜂𝑚 (-) are efficiencies. 

The energy production from OM in anaerobic 

digestion reactor, 𝐸𝑝𝑟𝑜𝑑.  (kJ/𝑚3) , can be 

calculated as follows; 

𝐸𝑝𝑟𝑜𝑑. = 𝑢𝐶𝐻4
× 𝑘 × 𝐶𝑂𝑀 

where 𝑢𝐶𝐻4
 ( kWh/𝑚3 ) is energy density, k 

(𝑚3 − 𝐶𝐻4/mg − COD) is production ratio from 

OM in wastewater and 𝐶𝑂𝑀 (mg − COD/𝑚3) is 

concentration of OM in concentrated wastewater. 



The constant values are as follows
2
; 

𝑢𝐶𝐻4
= 10 

k = 0.34 

 

3. Results and discussions 

 

The concentration of OM in wastewater and 

concentration factor in volume respectively 

showed in Figure 1 and 2. FO could achieve 

acceptable level for anaerobic digestion with all 

draw solutions. Likewise, the concentration factor 

reached more than 5. Increase in the concentration 

of draw solution gave higher rate of 

concentration. 

For the FO and RO combined system, two 

scenarios were considered as shown in Figure 3 

and 4. In scenario 1, seawater is desalinated in RO. 

The desalinated water is used in users to 

discharge wastewater. The wastewater is 

concentrated in FO with the brine from RO as the 

draw solution. The concentrated wastewater goes 

to the anaerobic digester to produce electricity 

through 𝐶𝐻4 , while the diluted brine is 

discharged to the sea. In scenario 2, seawater is 

first supplied to FO for concentrating wastewater, 

then diluted seawater is desalinated in RO. The 

concentration of the brine should be same level of 

seawater, so that the brine can be directly 

disposed into the sea. The permeate of RO is 

supplied to users. The concentrated wastewater is 

treated in the anaerobic digester to generate 

electricity. Figure 5 shows the calculation results 

of consumption and recovery energy of the 

systems. The difference between recovered and 

consumed energy showed the net energy of the 

systems. It is said that FO is resistant for 

membrane fouling, so  𝐸𝐶  is negligible. 𝐸𝑟𝑒𝑐𝑖𝑟𝑐. 

was small, thus only 𝐸𝑅𝑂  was considered for 

total energy consumption. In scenario 1, the 

energy consumption increases because energy 

demand for producing concentrated brine was 

high at high concentration of raw water. In 

contrast, the consumption was much less in 

scenario 2, while positive net energy balance of 

0.81 kWh/𝑚3 was achieved. Diluted seawater by 

FO system helps RO system to decrease the 

energy demand. 

 

4. Conclusions  

 
Concentration of wastewater by FO achieved the 

acceptable concentration of OM for anaerobic 

digestion. In scenario 2, less energy is consumed 

by RO due to dilution of RO feed water. This 

leads higher net positive energy compere to 

scenario 1. 
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Fig. 1 COD concentration 

of wastewater 

Fig. 2  

Concentration factor 



 

   
 

 

 

 

  

Fig. 3 scenario 1: RO followed by FO Fig. 4 scenario 2: FO followed by RO 

Fig. 5 Energy calculation of scenario 1 and 2 


