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1. Additional Text 

Supplemental Text 1. The operation of the SEE includes two phases. At the transition point from 

phase 1 to phase 2, the two streams reach the same salt concentration (C0). For theoretical phase 1 

energy generation, the calculation is based on the free energy of mixing using Eq. S1, where Rg is 

the universal gas constant, T is the absolute temperature, cI and cII are the initial solute 

concentrations for the Stream I and Stream II, and 𝜑𝜑 is the dilution ratio defined as Vd/Vc which 

we considered 1 for our case.(Ramon et al., 2011) For our default condition cI and cII were 0.6 M 

and 0.01 M.  

∆𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝑅𝑅𝑔𝑔𝑇𝑇(𝑐𝑐𝐼𝐼𝑙𝑙𝑙𝑙
𝑐𝑐𝐼𝐼(1+𝜑𝜑)
𝑐𝑐𝐼𝐼+𝜑𝜑𝑐𝑐𝐼𝐼𝐼𝐼

+ 𝜑𝜑𝑐𝑐𝐼𝐼𝐼𝐼𝑙𝑙𝑙𝑙
𝑐𝑐𝐼𝐼𝐼𝐼(1+𝜑𝜑)
𝑐𝑐𝐼𝐼+𝜑𝜑𝑐𝑐𝐼𝐼𝐼𝐼

)        Eq. S1 

The minimum energy consumption for desalination was calculated based on Eq. S2, where Rg is 

the ideal gas constant, T is the absolute temperature, γ is the water recovery rate (considered 50% 

in this system since the volumes of both Stream I and Stream II are initially equivalent), C0 is the 

initial concentration of both Stream I and Stream II at the beginning of phase 2, CIf is the Stream 

I effluent concentration, and CIIf is the Stream II effluent concentration. If we consider replacing 

C0 with (CIf + CIIf)/2, Eq. S1 and Eq. S2 are the same, which is logical considering the salt transfer 

process (phase 2) is just the reverse of the previous spontaneous mixing (phase 1). Due to the water 

transfer observed within the SEE system, the theoretical minimal energy consumption was 

calculated using the endpoint effluent concentration of Stream I (final desalinated water produced). 

This final desalinated water concentration was used to obtain the theoretical effluent concentration 

of Stream II, and the midpoint of these 2 effluent concentration values was used to represent C0 in 

each case. This point of equilibrium determined where phase 1 ended and phase 2 began. Ideally 
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the system would reach equilibrium at half the operating time t, but due to the overpotential and 

water transfer, the EG phase is observed to be shorter. 

𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝑅𝑅𝑔𝑔𝑇𝑇 �
𝑐𝑐0
𝛾𝛾
𝑙𝑙𝑙𝑙 �𝑐𝑐𝐼𝐼𝐼𝐼

𝑐𝑐0
� − 𝑐𝑐𝐼𝐼𝐼𝐼𝐼𝐼𝑙𝑙𝑙𝑙 �

𝑐𝑐𝐼𝐼𝐼𝐼
𝑐𝑐𝐼𝐼𝐼𝐼𝐼𝐼

��         Eq. S2 

The real energy generation and consumption were calculated based on Eq. S3, where Ic is constant 

current applied and Vcell is the voltage potential over time. Negative values correlated to energy 

generation, while positive values correlated to energy consumption. Due to the water leakage in 

the SEE system, the effluent concentrations were used similarly as in Eq. S2 to calculate the 

equilibrium midpoint.  

𝐸𝐸𝐸𝐸 = 𝐼𝐼𝑐𝑐 ∫ 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑡𝑡𝑓𝑓
𝑡𝑡0

          Eq. S3 

The energy generation efficiency for phase 1 is calculated by the fraction of real energy generated 

over the theoretical, while the energy consumption efficiency for phase 2 is calculated by the 

fraction of theoretical energy consumption over the real energy consumed. The energy 

consumption was calculated and normalized to the mols of ions transferred for each operating 

condition. After assessing the water leakage, the energy consumption was also normalized to the 

volume of treated water produced. 

In electrodialysis systems not all the current is used effectively and back diffusion of ions or co-

ion transport occurs due to imperfect membranes.(Turek, 2003) The coulombic efficiency is 

calculated as the total electric charge transported by ions over the electric charge transported 

applied to the system.(Galama et al., 2014) This was based on Eq. S4, where n is the moles of ions 
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transferred, F is the Faraday’s constant of 96485 C/mol, Ic is constant current, and t is the operation 

time.  

𝐶𝐶𝐶𝐶 = 𝑛𝑛𝑛𝑛
𝐼𝐼𝑐𝑐𝑡𝑡

           Eq. S4 

Supplemental Text 2. The conductivities of prepared NaCl feed solutions were all measured using 

a conductivity probe. These measured values were then converted from mS/cm to M using a 

standard curve (Figure S2). For the final conductivities, the measured values were corrected for 

their change in volume due to water transport. As the SEE cell holds an uncertain amount of 

leftover water at any point, conductivities were also corrected to limit any errors in manually 

measuring final water volume. In regards to Fig 2a, the measured and calculated values for 

conductivity, final volume, and salinity are presented in Table S1, along with the example 

calculations for how they were obtained in consistency with all other data in Eqs. S5, S6, and S7. 

Table S1. Properties of the two streams before and after the SEE operation. 

 Conductivity 
at t0 (mS/cm) 

Salinity 
at t0 (g/L) 

Conductivity 
at tf (mS/cm) 

Final 
Volume 
(L) 

Corrected 
Conductivity 
at tf (mS/cm) 

Corrected 
Salinity at 
tf (g/L) 

Stream I 59.27 32.45 0.8748 0.176 0.7698 0.42 
Stream II 1.278 0.70 57.44 0.226 64.91 35.54 

Salinity at 𝑡𝑡0 = 59.27 𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐

× 0.00936 𝑀𝑀
𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐

× 58.44 𝑔𝑔
𝑚𝑚𝑚𝑚𝑚𝑚

= 32.45 𝑔𝑔
𝐿𝐿
     Eq. S5 

Corrected Conductivity at 𝑡𝑡f =
(0.176𝐿𝐿)×�0.8748𝑚𝑚𝑚𝑚

𝑐𝑐𝑐𝑐�

0.2𝐿𝐿
= 0.7698 𝑚𝑚𝑚𝑚

𝑐𝑐𝑐𝑐
    Eq. S6 

Corrected Salinity at 𝑡𝑡f = 0.7698 𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐

× 0.00936 𝑀𝑀
𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐

× 58.44 𝑔𝑔
𝑚𝑚𝑚𝑚𝑚𝑚

= 0.42 𝑔𝑔
𝐿𝐿
   Eq. S7 
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Supplemental Text 3. Electrodialysis is known to transport water along with ions during its 

process and consequently affect the efficiency of desalination and the amount of final water 

produced.(Wilson, 1960; Strathmann, 2004) This water transport occurs as either osmosis or 

electro-osmosis. Osmosis (free water transport) increases with osmotic pressure differences caused 

by the concentration gradient between concentrate and dilute.(Sata, 2007; Tedesco et al., 

2016,2017) Electro-osmosis (transport of water bound to ions) occurs when ions pass through the 

membrane.(Mulder and Mulder, 1996; Tedesco et al., 2016,2017) Water transport can also be 

attributed to water molecules permeating due to a hydrostatic pressure gradient.(Tedesco et al., 

2016,2017) The combination of osmosis and electro-osmosis can lead to significant water transport 

during the SEE process, limiting the decrease in the concentration of Stream I near the end of the 

process as water may transport proportionally with ions through the membrane.(Porada et al., 

2018) Especially osmosis, can contribute to a lower dilute yield (desalinated water produced) as 

well as higher energy losses resulting from decreased electrical current used for the actual 

desalination process.(Brydges and Lorimer, 1983; Indusekhar and Krishnaswamy, 1985; Galama 

et al., 2014) The main methods to decrease the osmotic water transport in electrodialysis are by 

reducing the concentration gradient over the IEMs, increasing the current density of operation, and 

thus, decreasing the energy efficiency.(Porada et al., 2018) We attribute the water transport 

phenomenon to our results of lower than expected salinities in Stream II due to higher volume of 

water, and decreased desalinated water yield in Stream I. 
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2. Additional Figures 

 

 

Figure S1. Experimental setup of the SEE system. 

 

 

Figure S2. Standard curve to convert measured conductivity values to molarity of NaCl. 
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Figure S3. SEE operation with varying current densities. The operating conditions for varying applied current density were a feed 
solution flow rate of 200 mL/min, a Stream I NaCl concentration of 0.6 M, and a Stream II NaCl concentration of 0.01 M. The 
flow rate for the electrode rinse solution was fixed at 100 mL/min. Salinity exchange was conducted between 200 mL of feed 
solutions over the seven different applied current densities (0.1, 0.2, 0.5, 1, 2, 5, 10 mA/cm2). The blue curve represents the 
measured voltage over time, while the gold triangles represent the measured salinity values of Stream I and II at the beginning and 
end of a completed salinity exchange process. The applied current density for each run is listed at the top of each subfigure. 
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Figure S4.  SEE performance under varying current densities. a, Energy efficiencies for phases 1 and 2 calculated for varying 
current densities. The lowest current density resulted the most significant water transport and human error in experiments, leading 
to a lower calculated energy consumption than the theoretical, shown by the 0.1 mA/cm2 having a phase 2 energy efficiency above 
100%. As shown, both phase 1 and 2 energy efficiencies decrease with increasing current density. The highest current densities (5 
& 10 mA/cm2) resulted in a negative phase 1 energy efficiency because the movement of ions occurred too quickly to observe an 
energy generation. b, Final volume of desalinated water produced for varying current densities. The proportional water recovery 
percentage is also shown. c, Coulombic efficiency over varying current densities. 
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Figure S5. SEE operation for varying circulation flow rates. The operating conditions for varying circulation flow rate were a 
Stream I NaCl concentration of 0.6 M, a Stream II NaCl concentration of 0.01 M, an applied current density of 1 mA/cm2, and an 
operating time of 9 hours. The flow rate for the electrode rinse solution was fixed at 100 mL/min. Salinity exchange was conducted 
between 200 mL of feed solutions over a range of feed solution flow rates (50-200 mL/min). The blue curve represents the measured 
voltage over time, while the gold triangles represent the measured salinity values of Stream I and II at the beginning and end of a 
completed salinity exchange process. The circulation flow rate for each run is listed at the top of each subfigure. 
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Figure S6. SEE performance with different circulation flow rates. a, Energy consumption of the SEE process with various 
circulation flow rates (50-200 mL/min). This energy analysis does not account for any pumping costs as this was out of the scope 
for preliminary testing/results of SEE. b, Energy efficiency of phases 1 and 2 for different circulation flow rates. c, Final volume 
of desalinated water produced for varying circulation flow rates. The proportional water recovery percentage is also shown. d, 
Coulombic efficiency for varying circulation flow rate. 
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Figure S7. SEE operation for varying NaCl concentration of Stream I. The operating conditions for varying NaCl concentration of 
Stream I were a feed solution flow rate of 200 mL/min, a Stream II NaCl concentration of 0.01 M, an applied current density of 1 
mA/cm2, and an operating time of 9 hours. The flow rate for the electrode rinse solution was fixed at 100 mL/min. Salinity exchange 
was conducted between 200 mL of feed solutions over six different initial NaCl concentrations of Stream I (0.1-0.6 M). The blue 
curve represents the measured voltage over time, while the gold triangles represent the measured salinity values of Stream I and II 
at the beginning and end of a completed salinity exchange process. The initial NaCl concentration of Stream I for each run is listed 
at the top of each subfigure. 
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Figure S8. SEE performance over different NaCl concentrations of Stream I. a, Energy efficiencies for phases 1 and 2 calculated 
for varying Stream I NaCl concentrations. As shown, both phase 1 and 2 energy efficiencies decrease with decreasing Stream I 
concentrations. The lowest Stream I concentration (0.1 M) resulted in a negative phase 1 energy efficiency because there was not 
enough salinity gradient between Stream I and II to observe an energy generation. b, Final volume of desalinated water produced 
for varying NaCl concentrations of Stream I. The proportional water recovery percentage is also shown. c, Coulombic efficiency 
for varying NaCl concentrations of Stream I. 
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Figure S9. SEE operation for varying NaCl concentration of Stream II. The operating conditions for varying NaCl concentration 
of Stream II were a feed solution flow rate of 200 mL/min, a Stream I NaCl concentration of 0.6 M, an applied current density of 
1 mA/cm2, and an operating time of 9 hours. The flow rate for the electrode rinse solution was fixed at 100 mL/min. Salinity 
exchange was conducted between 200 mL of feed solutions over three different initial NaCl concentrations of Stream II (0.01-0.03 
M). The blue curve represents the measured voltage over time, while the gold triangles represent the measured salinity values of 
Stream I and II at the beginning and end of a completed salinity exchange process. The initial NaCl concentration of Stream II for 
each run is listed at the top of each subfigure. 
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Figure S10. SEE performance over different NaCl concentrations of Stream II. a, Energy efficiencies for phases 1 and 2 calculated 
for varying Stream II NaCl concentrations. b, Final volume of desalinated water produced for varying NaCl concentrations of 
Stream II. The proportional water recovery percentage is also shown. c, Coulombic efficiency for varying NaCl concentrations of 
Stream II. 
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Figure S11. Final volume of desalinated water produced for SEE and conventional electrodialysis (CE) under varying current 
densities. The proportional water recovery percentage is also shown. 
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