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Supplementary Note 1 | Calculation of driving force available from temperature 
and pressure differences across a vapour gap 

The vapour pressure difference across the membrane (i.e., the driving force for vapour flux) is 

affected by both temperature and hydraulic pressure. For successful operation, the driving force 

from the temperature difference must be greater than the driving force from the hydraulic 

pressure difference across the membrane in the opposite direction. The dependence of the 

equilibrium vapour pressure of water, Pv, on temperature is described by the Antoine equation: 

( )10log v
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C T
= −

+
 (S1)

where the equilibrium vapour pressure can be determined from the temperature, T, and three 

constants (A, B, and C) available in the literature1. 

The dependence of the equilibrium vapour pressure on hydraulic pressure can be determined 

using the Kelvin equation2: 
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Here, Pv,0 is the equilibrium vapour pressure at ambient pressure and temperature T0, Pv is the 

equilibrium vapour pressure at hydraulic pressure Ph, R is the ideal gas constant, and Mv is the 

molar volume of liquid water. 

The above equations can be used to calculate the partial vapour pressure for a wide range of 

temperature and hydraulic pressure differences. The equivalent vapour pressure driving force 

available from pressurized water at 20 °C and heated water is shown in Fig. 1b of the article.  

 

Supplementary Note 2 | Pressure generation testing 

For pressure generation experiments, a salt concentration difference across a vapour-gap 

membrane was used to induce the partial vapour pressure difference necessary for water flux. 

The use of a concentration gradient rather than a temperature gradient enabled a more constant 

partial vapour pressure difference across the membrane. It also circumvented the need to 

constantly heat and cool an insulated device. The partial vapour pressure of sodium chloride 

solutions at 20 °C was determined using commercial software (OLI Systems, Morris Plains, NJ). 
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The partial vapour pressure difference between DI water (0.0231 bar) and a 5 M sodium chloride 

solution (0.0202 bar) was 0.0029 bar. From Equation S1, we determined this driving force is 

equal to employing a 1.9 °C temperature difference with the cold temperature fixed at 20 °C. 

The complete data for duplicate runs of the pressure generation experiment is shown in 

Supplementary Fig. 1. The hydraulic pressure in the sealed reservoir was monitored using a 

pressure gauge, and the electrical conductivity of the stirred DI water reservoir was also 

measured to detect any liquid water leakage across the membrane, which would carry with it the 

dissolved sodium chloride. After initiation of the experiment, the pressure increased steadily for 

around 5 hours. During this period, conductivity measurements showed no salt transferred across 

the membrane, indicating that the air gap created by the porous membrane was not compromised. 

After reaching the maximum pressure of around 13 bar, the pressure in the sealed reservoir 

decreased. Concomitantly, a rapid increase in the conductivity of the DI reservoir was observed, 

indicating that the pressure loss in the sealed reservoir was a result of liquid water flowing 

through wetted pores of the membrane. 

Supplementary Note 3 | Model for vapour transport across hydrophobic 
membranes

Models for vapour transport were developed to predict the performance of the system. The 

vapour flux across a membrane, Jw, can be described as the product of the water vapour 

permeability coefficient, Bw, and the partial vapour pressure difference between water interfaces 

on either side of the membrane: 

, ,[ ( ,0) ( , )]w w v H m v C m hJ B P T P T P= −  (S3)

The partial vapour pressure, Pv, is a function of both the hydraulic pressure, Ph, and the 

temperature at the interface on the hot or cold side of the membrane (TH,m or TC,m, respectively). 

This dependence is explained in Supplementary Note 1. The areal power density was determined 

as the product of the water flux and the hydraulic pressure difference across the membrane3. 

The temperature at the membrane liquid-vapour interface is calculated accounting for heat 

transfer across the membrane: 

, ,( )c
w vap H m C m

Kq J h T T
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(S4)
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where q is the heat flux transferred across the membrane, hvap is the enthalpy of vaporization that 

can be described as a function of the average of the temperatures at the hot and cold interface, Kc 

is the thermal conductivity of the membrane, δ  is the membrane thickness, and hH and hC are the 

heat transfer coefficients of the boundary layer on the hot and cold side of the membrane, 

respectively. Each heat transfer coefficient is calculated as a function of the Nusselt number, Nu, 

the thermal conductivity, k, and the hydraulic diameter, DH: 

H
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=  

 
 

(S7)

The hydraulic diameter, DH, is determined as the cross section area divided by the wetted 

perimeter of the rectangular channel where a and b are the channel dimensions: 

2
H

abD
a b

=
+

 
(S8)

Both channels were 3.4 cm wide and the feed and permeate channel were 0.07 cm and 0.1 cm 

deep, respectively. Using the crossflow velocities of 15.6 cm s-1 and 23.1 cm s-1 for the feed and 

permeate channels, respectively, the Reynolds number, Re, was estimated to be 520 for the feed 

channel and 470 for the permeate channel. The Nusselt number was then determined using a 

laminar flow equation4,5: 
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The Prandtl number, Pr, ranges from 7.1 at 20 °C to 3.0 at 60 °C, and the channel length, L, was 

9.9 cm. The resulting Nusselt numbers ranged from 5 to 7 resulting in corresponding heat 

transfer coefficients between 2000 and 2500 W m-2K-1. 

The water vapour permeability coefficient, Bw, was determined by fitting the above model to 

experimental water flux data using a least-squares nonlinear regression method. Values available 

in literature were used to estimate the conductive heat transfer coefficient, Kc, of the 
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polytetrafluoroethylene (PTFE) membrane (0.04 W m-1K-1)4. A strong fit was obtained between 

the 27 experimental points (shown in Supplementary Table 1) and the predicted data (R2 = 0.92) 

with a water vapour permeability coefficient, Bw, of 173 L m-2h-1bar-1 (4.81 × 10-7 kg m-2s-1Pa-1). 

Predicted curves using this vapour permeability coefficient are shown in Fig. 2g and demonstrate 

an agreement between the experimental behaviour and theoretical predictions.

Supplementary Note 4 | Estimating vapour permeability based on Knudsen 
diffusion

The vapour permeability of the membrane was predicted using models for Knudsen diffusion. 

For membranes with pore sizes less than the mean free path of water vapour molecules 

(approximately 0.1 µm at 30 °C), transport resistances in the membrane will be dominated by 

collisions between vapour molecules and the pore walls6. If the membrane thickness is 

substantially larger than the pore size, the kinetic resistances due to pore wall collisions are much 

greater than those from evaporation and condensation at the liquid-vapour interfaces on either 

side of the membrane7. Surface diffusion effects have also been found to be minimal in 

hydrophobic membranes8. Based on the assumption of Knudsen transport, the membrane 

permeability coefficient, k
wB  , can be predicted using the following equation6,8–10. 

2 8
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k
w
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r RTB
RT M

ε
τδ π

=  
(S10)

where ε is the membrane porosity, r is the mean pore radius, T is the membrane temperature, τ is 

the membrane tortuosity, δ is the membrane thickness, and MW is the molecular weight of water. 

We note that the above equation is generally applied for membranes with uniform pore size 

and cylindrical, non-interconnected pores. However, studies have also found agreement between 

similar models and experimental data from membranes with a non-uniform pore size 

distribution8,11. The parameters used for our permeability calculation were based on experimental 

characterization of the membrane samples and estimates available in the literature. The porosity 

of membrane PTFE layer was determined gravimetrically using isopropanol wetting and found to 

be 0.77 ± 0.02, and the PTFE layer thickness was determined using a micrometer (43 µm). The 

pore radius was estimated to be 20 nm based on membrane specifications and a tortuosity of 1.2 

was assumed based on previous results using similar membranes12. With these parameters, the 

calculated water vapour permeability coefficient based on Knudsen diffusion was 150 L m-2h-
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1bar-1 (4.19 × 10-7 kg m-2s-1Pa-1). This calculated value is similar to the experimentally 

determined water vapour permeability coefficient, even with the large pore size distribution of 

the tested PTFE membrane. However, the accuracy of the calculated value is difficult to interpret 

since the pore size and tortuosity are both estimations, and the analysis is included solely to 

demonstrate that experimental measurements are reasonably close to theoretical models. 

Supplementary Note 5 | Effect of compaction on membrane performance 

In experiments where a temperature-driven flux was measured at different hydraulic pressures, 

compaction of the membrane made a notable impact on membrane flux. Initial tests were 

conducted using temperature-driven fluxes at incrementally increasing hydraulic pressures 

(Supplementary Fig. 2). When pristine membranes were used, a very strong dependence of flux 

on hydraulic pressure was noted, where the membrane at a pressure of 3.4 bar would 

demonstrate a flux of 24.6 L m-2h-1 with a 60 °C hot temperature and a 20 °C cold temperature, 

whereas a flux of only 13.5 L m-2h-1 could be achieved when the pressure was increased to 10.3 

bar with the same membrane and temperature difference. The change in flux was much greater 

than what would be expected from the relatively small impact of increased hydraulic pressure on 

the partial vapour pressure driving force across the membrane (Supplementary Note 1). The 

vapour pressure difference across the membrane negligibly decreases from 0.1772 bar to 0.1771 

bar (0.07%) when the hydraulic pressure increased from 3.4 to 10.3 bar. There was also a lack of 

liquid water leakage across the membrane, indicating that pore wetting was not an explanation 

for the observed flux decrease. Liquid water flux was measured by dosing the cold pressurized 

water with sodium chloride to reach a 0.1 M concentration and monitoring the conductivity of 

the hot reservoir. We noted that despite the decrease in flux, there was not a significant increase 

in the electrical conductivity of the hot reservoir. 

To confirm that compaction was responsible for the lower flux at higher operating pressures, 

we tested membranes that were run at 10.3 bar for at least 30 mins prior to testing. We noted that 

these compacted membranes did not display as strong of a dependence on pressure and also 

demonstrated a lower flux. Additionally, scanning electron microscopy images of the pristine 

membrane surface and the membrane surface after testing showed changes in the structure 

(Supplementary Fig. 3). The membrane after operation under hydraulic pressure had more 
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densely packed fibres. Thus, we concluded that compaction of the membrane PTFE layer likely 

occurs at higher pressures, reducing the permeability of the membrane. 

Pristine membranes were also tested in operation without any hydraulic pressure difference 

across the membrane in a separate bench-scale test setup for comparison to measurements taken 

under hydraulic pressure (Supplementary Fig. 4). The membrane was tested with the PTFE layer 

facing the hot feed stream and the PTFE layer facing the cold permeate stream. We note that the 

vapour flux across the membrane with the PTFE layer facing the feed stream was similar to the 

flux when a membrane was operated at 3.4 bar (26.4 and 24.6 L m-2h-1bar-1, respectively) with a 

60 °C feed temperature and a 20 °C cold temperature. When the membrane was oriented with the 

PTFE layer facing the permeate stream, a lower flux was observed, likely due to condensation 

within the polyester support layer of the membrane. 

Supplementary Note 6 | Membrane pore wetting pressure calculation 

The wetting pressure of a membrane pore, ΔPwet, is dependent on capillary forces and can be 

described using the Young-Laplace equation13: 

max2 coswet lP rβγ θΔ = −  (S11)

where β is a geometric pore coefficient, lγ  is the liquid surface tension, θ is the contact angle, 

and rmax is the maximum pore radius. From this equation, it is evident that small pore sizes and 

low surface energy are required for resilient membranes. Using the measured wetting pressure of 

the PTFE membrane of approximately 13 bar and the tabulated contact angle of PTFE 

(108°)14,15, the maximum pore diameter is estimated to be approximately 77 nm.

Supplementary Note 7 | Full-scale system efficiency analysis 

Theoretical modelling was used to evaluate the efficiency of the full-scale thermo-osmotic 

energy conversion system shown schematically in Fig 4a of the main text. The closed-loop 

system includes a heat exchanger to recover some of the heat transferred across the membrane 

thereby improved the overall efficiency.  To effectively model the system, the mass and heat 

flows must be accounted for.  In the closed-loop system, the hot stream at the temperature of the 

heat source, TH, enters the membrane module as the feed stream. The cold stream at the 

temperature of heat sink, TC, and under applied hydraulic pressure, enters the opposite side of the 
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membrane module as the permeate stream. Due to the partial vapour pressure difference across 

the membrane, water vapour transfers from the hot feed stream to the cold permeate stream, 

increasing the temperature and flow rate of the pressurized permeate stream while decreasing the 

temperature and flow rate of the feed stream. The effluent of the permeate stream at an elevated 

temperature then bifurcates to a stream that is depressurized through the turbine and a stream that 

flows through the heat exchanger, where it releases heat to increase the temperature of the 

incoming cold stream which is composed of the cooled effluent of the membrane module feed 

stream. The heat exchanger hot stream exits the heat exchanger as a pressurized and cool effluent 

and flows through the heat sink.  Overall, the system absorbs high temperature heat from the heat 

source, rejects low temperature heat to the heat sink, and does mechanical work via the turbine. 

Several key assumptions were made in modelling the membrane module and heat exchanger. A 

fixed temperature difference was approximated in the membrane module (Supplementary Fig. 5), 

a reasonable assumption for counter-current systems operating with nearly equal flow rates on 

either side of the module16. In the membrane module, the temperature difference can be divided 

into two different components. The first is the temperature difference required to equal the 

opposing driving force from hydraulic pressure; this threshold temperature difference parameter 

is explained further below. The second component is the excess temperature difference used to 

drive flow, ΔTM. The use of a fixed ΔTM value allows for estimation of the flux achievable across 

the membrane, and for a given ΔTM value, the temperature difference driving flux across the 

membrane is constant irrespective of the hydraulic pressure difference in the system. A fixed 

temperature difference on the hot side of the heat exchanger, ΔTHX, is also assumed.  This fixed 

temperature difference corresponds to the driving force for heat transfer. Using a fixed 

temperature difference in the membrane module and heat exchanger allows for facile calculation 

of the temperature of water exiting each module. For example, the temperature of the stream 

exiting the hot side of the heat exchanger would simply equal the influent hot temperature minus 

the fixed temperature difference, ΔTHX.  We note that approximately equal flow rates will be 

required entering either side of the membrane module and heat exchanger for constant 

temperature profiles to be assumed.  This condition can be met since the permeating flow rate 

across the membrane module, which is later transferred through the turbine, is relatively small 

compared to the flow rate in the pressurized and unpressurized loop.  The permeation flow rate is 

quantified later in this section. 

http://dx.doi.org/10.1038/nenergy.2016.90
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Additional assumptions are made regarding other conditions in the system.  The flows exiting 

the heat source and heat sink are assumed to be at the heat source temperature, TH, and the heat 

sink temperature, TC, respectively. In reality, heat exchangers will be used to cool and heat the 

source water, so additional inefficiencies will occur. The heat capacity, Cp, and enthalpy of 

vaporization, hvap, are also assumed to be constant. We approximate that the inherent enthalpy of 

liquid water transported across the membrane is negligible. Finally, the turbine is presumed to 

operate at perfect efficiency. 

To account for the effect of hydraulic pressure on the vapour flux, parameters were defined to 

quantify the effective loss in temperature difference across the membrane due to the applied 

hydraulic pressure difference, ΔP. These threshold temperature differences are defined at the 

side of the module that the cold permeate stream enters, ΔTth,C, and the side of the module that 

the hot feed stream enters, ΔTth,H: 

*
,th C C CT T TΔ = −  (S12)

*
,th H H HT T TΔ = −  (S13)

Here, *
CT  corresponds to the temperature of water at atmospheric pressure at which its partial 

vapour pressure is equal to that of the cold stream at increased hydraulic pressure, ΔP. *
HT  

corresponds to the temperature of water at hydraulic pressure ΔP at which its partial vapour 

pressure is equal to the initial hot stream partial vapour pressure at ambient hydraulic pressure: 

*( ,0) ( , )v C v CP T P T P= Δ  (S14)

*( , ) ( ,0)v H v HP T P P TΔ =  (S15)

The partial vapour pressure of water, Pv, is a function of both temperature and hydraulic 

pressure. 

Heat is transferred across the membrane either by conductive heat transfer or by convective 

flow of water vapour. The thermal efficiency of the membrane, ηth, is defined to quantify how 

much of the total heat transferred across the membrane is attributable to the convective flow of 

water vapour (i.e., is carried across the membrane in the latent heat of vaporization): 

http://dx.doi.org/10.1038/nenergy.2016.90


10 NATURE ENERGY | www.nature.com/natureenergy

SUPPLEMENTARY INFORMATION DOI: 10.1038/NENERGY.2016.90
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Kh K T T T
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δ

Δ
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Δ + Δ + Δ
 (S16)

where Km is a coefficient relating the mass flux across the membrane to the temperature 

difference, Kc is the thermal conductivity of the membrane, δ is the membrane thickness, ΔTth,avg 

is the average threshold temperature difference across the membrane, and hvap is the enthalpy of 

vaporization. We note that the Km term assumes a linear dependence of water flux on the 

temperature difference across the membrane. This assumption requires the Km term to be 

representative of the behaviour of the entire membrane module. Further justification of this 

approximation is discussed below. 

The heat flux across the membrane due to the latent heat of vaporization can be quantified as 

the product of the enthalpy of vaporization and the transmembrane flow rate, ΔQ. It can also be 

determined by the change in temperature of the feed stream from the entrance to the exit of the 

membrane module: 

,( )vap th f p H C th C Mh Q Q C T T T TηΔ = − −Δ −Δ  (S17)

where Qf is the feed flow rate entering the membrane module. Using this relationship, we can 

quantify the recovery ratio of water across the membrane, γ , as the transmembrane flow rate 

divided by the initial feed flow rate. 

,( )p th
H C th C M

f vap

CQ T T T T
Q h

η
γ Δ= = − − Δ − Δ  (S18)

We note that the maximum recovery ratio occurs when no pressure is used in the system (ΔTth,C 

approaches zero) and very large membrane areas are used (ΔTM approaches zero).  For a system 

operating with a 60 °C heat source and a 20 °C heat sink, the maximum recovery ratio is equal to 

0.07, meaning that the permeating flow rate will always be much lower than the initial flow rate 

of the feed stream. 

Work is done by depressurizing water through the turbine. The flow rate through the turbine is 

equal to the transmembrane flow rate, ΔQ. We can multiply this value by the operating pressure, 

ΔP, to determine the work done by the system, W, per unit time, t (i.e., the power output). 
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( ),
p th

f H C th C M
vap

CW P Q PQ T T T T
t h

η
= Δ Δ = Δ − − Δ − Δ  (S19)

The heat input, q, is a function of the temperature difference between the water entering and 

exiting the heat source. 

,( )f p th H M HX
q Q C T T T
t

ρ= Δ + Δ + Δ  
(S20)

where ρ is the density of the working fluid (i.e., water). The efficiency of the entire system can 

be defined as the work output, W, divided by the thermal energy input, q: 

,

,

H C th C Mth

vap th H M HX

T T T TPW
q h T T T

ηη
ρ
 − − Δ − ΔΔ= =   Δ + Δ + Δ 

 (S21)

Equation S21 allows for determination of efficiency with few system parameters and is thus 

generally applicable for a wide range of systems. One of the main simplifying assumptions 

required for this calculation is that there is a fixed temperature difference in both the membrane 

module, ΔTM, and in the heat exchanger, ΔTHX. The operation of heat exchangers has been 

discussed thoroughly in the literature17. Modelling studies have also shown that efficient 

membrane distillation systems can operate with a nearly fixed temperature difference at any 

point in the module, so long as the flow rates entering either side of the membrane module are 

nearly equal16. However, while the driving force for conductive heat transfer in both the 

membrane module and heat exchanger is the temperature difference, the vapour flux is 

dependent on the partial vapour pressure difference, which increases nonlinearly with 

temperature. In this efficiency analysis, we approximate a linear dependence of the vapour flux 

on the temperature difference ( w m MJ K T= ×Δ ). While this assumption is not valid to calculate 

exact water fluxes over a wide range of temperatures (models to calculate the water flux are 

discussed in Supplementary Note 3), it can accurately describe the behaviour of a given 

membrane module if Km is representative of the performance of the module as a whole. For 

example, to estimate the efficiency of a module with a 60 °C heat source, a 20 °C heat sink, and 

a ΔTM of 5 °C, small scale water flux measurements with hot-cold pairings of 60-55 °C, 33-

22 °C, and 25-20 °C might be used in the approximation of Km. In the results shown in Fig. 4, a 

value for Km was not assumed since a thermal efficiency, ηth, of unity was approximated. In 

membrane distillations systems, thermal efficiencies from 0.6 to 0.8 have been found16. These 
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thermal efficiency values can be multiplied by the estimated system efficiency in Fig. 4c-d to 

determine the actual efficiency of a given system. 

Supplementary Note 8 | Further evaluation of efficiency behaviour 

Evaluation of the efficiency of a closed-loop system under different conditions using equation 

S21 yields several key insights. The efficiency of the process is directly dependent on the 

thermal efficiency of the membranes. Typically, the thermal efficiency for hydrophobic 

membranes ranges from 0.6 to 0.8 when no hydraulic pressure difference exists across the 

membrane, and the value can be maximized by designing membranes with an increased porosity, 

since air is a much better insulator than polymers16. The thermal efficiency term decreases 

substantially when increasing hydraulic pressure differences across the membrane are used, 

especially if the membrane has a high conductive heat transfer coefficient. 

The fixed temperature differences at any point in the membrane module, ΔTM, or heat 

exchanger, ΔTHX, have a dramatic impact on the efficiency of the system. Increasing the 

temperature difference in either of these modules will substantially reduce the efficiency of the 

process (Supplementary Fig. 6a,b). The larger temperature difference causes more heat to be 

absorbed from the heat source without an increase in work output, leading to the reduced 

efficiency. However, larger temperature differences in the membrane module are required to 

reach high power densities and minimize the size of the membrane module. Similarly, a larger 

temperature difference in the heat exchanger will reduce the area needed for heat transfer. Thus, 

a realistic system will require some balance between the high efficiency achievable with a small 

temperature difference in the modules and the improved mass and heat transfer obtainable with a 

large temperature difference. We note that increasing the hydraulic pressure in the system helps 

to counteract the negative impact of a larger temperature difference on efficiency. This is 

because a higher hydraulic pressure difference allows for increased work output with a similar 

heat input, thus improving the overall efficiency of power generation. 

The source temperature difference also has an impact on the overall efficiency of energy 

extraction (Supplementary Fig. 6c). As would be expected, higher source temperature differences 

always enabled higher efficiencies. The higher source temperatures also allowed for a slightly 

greater fraction of the Carnot efficiency to be obtained. For example, at an operating pressure of 

100 bar and temperature difference in the membrane module, ΔTM, of 1 °C, the percent of the 
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Carnot efficiency obtainable increased from 50.3% to 57.3% when the hot source temperature 

increased from 40 to 80 °C with a 20 °C cold source temperature. 
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Supplementary Figure 1 | Pressure generation and salt leakage using a concentration-
induced vapour pressure gradient. In experiments, a membrane was placed in between 
deionized (DI) water in an open reservoir and a 5 M sodium chloride solution in a sealed 
reservoir. Hydraulic pressure generated in the sealed reservoir was monitored (blue 
circles), and the electrical conductivity of the DI water reservoir was also measured (red 
squares). Increases in electrical conductivity indicate liquid leakage across the 
membrane through wetted pores. The temperature was maintained at 20 ± 1 °C. 
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Supplementary Figure 2 | Net transmembrane water flux as a function of the hydraulic 
pressure difference. Hydraulic pressure is increased incrementally in each test. Pristine 
membranes are shown (hollow symbols) alongside membranes compacted at 10.3 bar 
prior to testing (solid symbols). Temperature differences, ∆T, of 20 and 40 °C were used 
(blue circles and green squares, respectively) with a 20 °C cold temperature. 
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Supplementary Figure 3 | Scanning electron microscope (SEM) images of the 
polytetrafluoroethylene (PTFE) membrane surface. a, Pristine membrane prior to 
testing. b, Membrane after pressurized operation at 15.5 bar. Scale bar is 1 μm. 
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Supplementary Figure 4 | Water flux of the PTFE membrane without a hydraulic 
pressure difference (blue circles). The hot feed reservoir was dosed with sodium 
chloride to reach a 0.1 M concentration, and the electrical conductivity in the cold 
permeate reservoir is shown (red triangles). Results from operation with the PTFE layer 
facing the hot feed water (closed symbols) and the PTFE layer facing the cold permeate 
water (open symbols) are shown. The temperature of the feed water is 60 °C and the 
permeate temperature is 20 °C. 
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Supplementary Figure 5 | Schematic of temperature profiles used in module-scale 
modelling. a, Temperature of the hot feed (red) and cold permeate (blue) streams in the 
membrane module. The minimum and maximum points on the x-axis correspond to the 
ends of the module. The feed stream starts at the hot source temperature, TH, and the 
permeate stream enters the module on the opposite side at the cold source 
temperature, TC. The difference between the feed and permeate temperatures 
comprises the fixed excess temperature difference that drives mass flux, ΔTM, and the 
threshold temperature differences that are defined on the hot and cold sides of the 
module (ΔTth,H and ΔTth,C, respectively). b, Temperature of the hot stream (red) and cold 
stream (blue) in the heat exchanger. The hot stream is the effluent of the permeate 
stream in the membrane module and the cold stream is the effluent from the feed 
stream. The difference between the temperature of the hot and cold stream is ΔTHX.  
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Supplementary Figure 6 | Full-scale system efficiency as a function of operating 
parameters. a, System efficiency with various excess temperature differences at any 
point in the membrane module, ΔTM, for operating pressures of 10, 50, and 100 bar. A 
perfect heat exchanger efficiency is assumed. b, System efficiency as a function of the 
fixed temperature difference in the heat exchanger, THX, for operating pressures of 10, 
50, and 100 bar. No excess temperature difference is assumed in the membrane 
module. A 60 °C hot source and 20 °C heat sink are used in the first two subplots. c, 
Effect of source temperature difference on the overall efficiency of the system for 
various temperature differences in the membrane module. A hydraulic pressure of 100 
bar is used, and the heat sink temperature is assumed to be 20 °C. The Carnot 
efficiency is also shown.  
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Supplementary Figure 7 | Bench-scale experimental setup for temperature-driven flux 
experiments. The conductivity and mass of the feed reservoir are continuously 
monitored by a PC. Pressure (P), temperature (T), and flow rate (F) were also 
monitored. Two chillers with heat exchange coils maintained the desired feed and 
permeate temperatures. Low- and high-pressure pumps were used to recirculate the hot 
feed and cold permeate water, respectively. 
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Temperature
Difference

Hydraulic Pressure Difference 
3.4 bar 6.9 bar 10.3 bar 

20 °C 5.24 ± 0.78 4.84 ± 0.70 5.40 ± 0.17 

30 °C 7.38 ± 0.78 7.36 ± 0.32 7.75 ± 0.69 

40 °C 13.10 ± 0.67 12.86 ± 0.99 12.29 ± 1.03 
 

Supplementary Table 1 | Net water flux measurements are varying hydraulic pressure 
differences and bulk temperature differences. The cold temperature was fixed at 20 °C. 
Standard deviations are based on measurements from three separate membrane 
samples. 
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