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A new technique for recovering clean water from aqueous waste streams using 
membrane distillation is proposed.  Current state-of-the-art technologies use external 
support systems to provide the heating and cooling necessary to drive the distillation 
process.  To eliminate these external systems, we propose Thermoelectric Membrane 
Distillation (TMD).  TMD embeds thermoelectric devices - acting as heat pumps - directly at 
the membrane surface thereby heating the rententate while simultaneously cooling the 
permeate to provide the energy transport needed for distillation. This paper describes our 
proof-of-concept work for this new method of membrane distillation. 

 Nomenclature 
 

AGMD = air gap membrane distillation 
ARC = Ames Research Center 
BEB = brine evaporation bag 
CAD = computer-aided design 
CVPC = chlorinated polyvinyl chloride 
DCMD = direct contact membrane distillation 
DOC = direct osmotic concentrator 
I = current 
ISS = International Space Station 
IWP = ionomer-membrane water processor 
J = diffusion mass transfer 
N = molar flux 
ESM = equivalent system mass 
MD = membrane distillation 
P = pressure 
PP = polypropylene 
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PVC = polyvinyl chloride 
SGMD = sweeping gas membrane distillation 
T = temperature 
T-s = temperature-entropy 
TE = thermoelectric 
TEC = thermoelectric cooler 
TIMES = Thermoelectric Integrated Membrane Evaporative Subsystem 
TMD = thermoelectric membrane distillation 
VCD = vapor compression distillation 
VMD = vacuum membrane distillation 
 

I. Introduction 
ASA has investigated many ways to recover water from urine, waste, and brine for space missions.  These 
technologies number in the several dozens and employ physical, thermodynamic, and electrical separation 

methods.1 Membrane Distillation employs a hydrophobic porous membrane as a barrier to the liquid water phase, 
yet allows the vapor phase to pass through.  The process is driven by the differential water vapor pressure between 
the two sides. The use of membranes for phase separation is particularly well suited for space applications where 
there is an absence of gravity. All of the membrane distillation technologies that NASA has examined to date require 
external heating and cooling subsystems to drive the water transport.  These external subsystems add to launch mass 
and increased complexity.  
 Of current interest is a newly proposed means of membrane distillation that uses embedded thermoelectric heat 
pumps at the membrane surface to distill water from aqueous waste streams.  We refer to this new innovation as 
Thermoelectric Membrane Distillation (TMD).  TMD combines the subsystems for achieving mass transport, energy 
transport, and phase separation into a self-contained system that combines the membrane with thermoelectric 
devices acting as heat pumps. This arrangement requires no external heating, cooling, or condensing systems to 
enable the distillation process, and requires no mechanical phase separators (such as centrifugal phase separators).  
This has the potential of reducing equivalent system mass (ESM) and reducing system complexity, balance against 
the less understood consequences of introducing thermoelectric devices and associated circuitry.  In this paper we 
present a description of TMD, the principle of operation, and our initial proof-of-concept test results. 

II. TMD Description 

A. Membrane Distillation Overview 
Membrane distillation (MD) is based on the simple principle that a hydrophobic membrane that is selectively 

permeable to water vapor can be used to distilled water (permeate) from waste streams (rententate). The water vapor 
flux through the membrane pores is driven by the vapor pressure difference between the permeate and rententate. 
Heating and cooling is often used to create a temperature difference and therefore the corresponding water vapor 
pressure difference.6 Heating of the rententate also vaporizes the liquid water.  Water vapor can then diffuse through 
the membrane pores to the permeate side where cooling re-condenses the vapor.  The overall process is thus 
distillation of water using a hydrophobic membrane that is selective for water vapor. 

Membrane distillation comes in a variety of forms.  Direct Contact Membrane Distillation (DCMD) uses the 
membrane to separate the liquid phases of both the permeate and rententate with water vapor transport only within 
the pores of the membrane.  DCMD requires separate systems to heat and cool the bulk liquid permeate and 
rententate.  Air Gap Membrane Distillation (AGMD) employs an air gap between the cold side of the membrane and 
a cold condensation plate; water vapor transports through the membrane and across the air gap to be re-condensed 
on the cold plate. This has the added advantage over DCMD by reducing the thermal conduction losses across the 
membrane; however, the presence of the air gap reduces the water vapor flux. Vacuum Membrane Distillation 
(VMD) employs a vacuum on the permeate side of the membrane. This has the advantage of creating a higher vapor 
pressure driving force for increased production or lower rententate operating temperatures, which may produce a 
                                                             
6 To first order, the rententate and permeate can be considered single component pure water.  However, the 
rententate (and to a much lesser extent the permeate) generally has dissolve contaminants that affect the water vapor 
pressure.  Additionally, the contact angle of the water within the pore will affect the water vapor pressure per the 
Kelvin equation. 
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cleaner permeate. VMD, however, has the risk of liquid breakthrough due to the pressure difference exceeding the 
water breakthrough pressure at the membrane. Also a separate cooling system is required to condense the permeate 
water vapor. Sweeping Gas Membrane Distillation (SGMD) uses a flowing gas, such as heated air, over the 
permeate side of the membrane.  The low relative humidity of the heated air provides the water vapor pressure 
driving force. SGMD also requires a separate cooling condenser along with a blower to move the air.  For any one of 
these MD methods, external subsystems are required that can consist of pumps, blowers, chillers, condensers, and 
heaters.  In addition, in order to recover the heat of condensation and increase energy efficiency, a recuperative heat 
exchange system and/or a heat pump is needed.  

NASA has examined several types of MD systems for the purposes of water recovery from urine, urine brine, 
and hygiene water. The Direct Osmotic Concentrator2 (DOC) used DCMD as one of three subsystems to recover 
water, the other two subsystems being forward and reverse osmosis systems. The Brine Evaporation Bag3,4 (BEB) 
investigated using VMD for the processing of urine brine.  The Ionomer-membrane Water Processor (IWP) 
investigated SGMD for both urine and urine brine.5,6 The IWP also incorporated a Nafion ionic membrane in 
addition to the hydrophobic membrane to reduce the transport of volatile hydrocarbon contaminants into the 
permeate. The Thermoelectric Integrated Membrane Evaporative Subsystem7 (TIMES) investigated DCMD for 
urine processing and used a thermoelectric (TE) heat pump to heat and cool the bulk permeate and rententate, with 
the TE heat pump located separately from the membrane.  In all these systems external support subsystems as 
previously mentioned are required.  

The methods used for heating and cooling are critical for space missions in order to efficiently use energy.  Since 
energy is added to the system to change liquid water into vapor, and energy is rejected from the system to convert 
vapor back into a liquid, any distillation method should employ a means to recapture the enthalpy of liquefaction for 
use in supplementing the enthalpy of vaporization. A temperature-entropy (T-s) diagram is useful for illustrating the 
closed cycle heating and cooling process between given temperatures and the amount of work necessary to drive this 
process.  Figure 1 illustrates cooling for a Carnot and vapor-compression cycle.  

TIMES and DOC have incorporated engineering designs with the means for recovering enthalpy through the use 
of external heat exchangers and heat pumps; BEB and IWP have not.  However, for BEB and IWP, engineering 
designs that incorporate such methods as recuperative heat exchangers are not precluded.  Additionally, for the IWP, 
cold dry air from the chiller after condensing out the recovered water was heated and then recirculated back as dry 
sweep gas.7 Other water recovery systems that are currently state-of-the-art and that are now being used on ISS, 
such as the Vapor Compression Distillation (VCD) system that processes urine and hygiene water, uses a 
compressor to provide the necessary work to reject heat at a higher temperature to the evaporator and a recuperative 
heat exchanger to recapture the enthalpy of condensation. For TMD, recapture of enthalpy is accomplished with a 
thermoelectric heat pump that removes the heat of condensation (cooling) taking place at the cold side membrane 
and pumps it back to warm side of the membrane for vaporization (heating).  The evaporator and condenser are then 
effectively contained in a single device and located directly at the membrane surface. 

 

  
 

Figure 1. Temperature-entropy refrigeration cycle of a working fluid for the Carnot (left) and vapor-
compression (right) cycles. 

                                                             
7 Testing conducted on an SBIR engineering development unit [ref 5] at NASA. 
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B. Thermoelectric Membrane Distillation 
The innovation behind TMD is to incorporate 

thermoelectric heat pumps at the membrane surface.  
Figure 2 schematically depicts the components and 
mass and energy transport process for TMD where the 
TE device is sandwiched between the cold permeate 
membrane and the warm rententate membrane. The 
TE is used as a heat pump to take heat from cold side 
and reject it to the warm side using electrical work.  
The heat taken from the cold side is ideally the 
enthalpy released by the condensing water vapor.  
This heat is rejected to the warm side and is used to 
vaporize the water.  Additional heat is rejected at the 
warm side beyond the amount needed to vaporize the 
water and is equal to the work required per the 2nd 
law. This is illustrated in the T-s diagrams of Figure 1 
for a Carnot cycle and for a vapor compression cycle.  
Because the total heat rejected to the warm side is 
more than is required to simply vaporize the liquid, 
the additional heat (due the added work) must be 
rejected to the environment.  This can be 
accomplished with heat exchange to the environment (a cold reservoir), or can be partially recaptured through 
electrical work using a thermopile that then rejects to the environment, that is, a TE cooler running in reverse to 
generate electrical work out that can be used to supplement the electrical work into a TE heat pump. 

Loss mechanisms include heat and TE internal resistance.  Losses in the system (entropy generation) are through 
the normal means such as through finite temperature gradients and heat losses to the environment if the system is not 
well insulated.  There is also a flow of heat through the membrane and TEs due to the temperature gradients. 
Irreversible Joule heating due to internal TE resistance increases the amount of heat that needs to be handled at the 
warm side, either by rejection to surroundings or through (electrical) work recovery as previously noted. 

There are potential advantages and disadvantages over existing MD methods. Potential advantages are: 
1) Elimination of bulky external heating and cooling systems – can result in reduce mass and increased 

reliability. TE coolers are highly reliable.  Whereas other systems need to use mechanical compressors, 
vacuum pumps, or blowers, and temperature and flow stream feedback control for recuperative heat 
exchange, TMD has the potential to control energy transport at the membrane surface within well-defined 
localized areas in the vicinity where the TE devices are located. 

2) Mass and heat transport occur directly at the membrane surface.  The potential benefit is that the heating 
and cooling necessary for vaporization and condensation, respectively, need only be applied at the 
membrane surface in the fluid boundary layer. The advantage is that there heating and cooling is not needed 
in the bulk liquid; heating and cooling is only needed in the vicinity of the boundary layer.  Traditional MD 
systems require heating and cooling of the bulk fluids. 

3) Heat pump located directly between the hot rententate and cold permeate.  There is no need for a separate 
external heat pump or recuperative subsystem to recover the enthalpy of condensation for use in 
vaporization.  The embedded TEs serve this purpose as heat pumps, operating directly between the hot 
rententate and cold permeate thermal reservoirs. 

4) Single, self contained system with increased effectiveness.  Phase separation, energy transport devices, and 
electronics are embedded at the membrane surface.  Ideally then, with the progress in 3D printing of 
electronics and circuits, TE devices, sensors for temperature and concentration measuring, and other micro- 
electronics can be fabricated on the membrane surface for highly localized, active heating and cooling at the 
membrane surface thereby increasing the efficiency of the overall system. 

Potential disadvantages are: 
1) Thermoelectric devices are not efficient. Coefficient of Performance (COP) is in the range of 0.7 to 1 for the 

temperature difference and cooling power of interest. 
2) Degradation in performance due to such things as concentration polarization, fouling, or simple wear and 

tear will require replacement. Equivalent System Mass (ESM) for TMD consumables needs to be considered 

 
Figure 2.  TMD where TE heat pumps are positioned 
between water vapor selective membranes. 
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(due to embedded electronics) relative to current state-of-the-art systems. Trade space considerations for 
current systems and TMD will need to include consumables, maintenance, servicing and reliability.  

III. Proof-of-Concept  
An experimental system for proof-of-concept testing was constructed. The approach was to develop a flexible 

test system that can be used to quickly validate the TMD concept and to characterize performance parameters.  
Identifying and characterizing key performance parameters would help to develop a model that can be used for the 
design of engineering prototypes. In addition, the system would need to support rapid change out of membranes and 
TEs of various dimensions.  

The configuration tested consisted of commercially available TE coolers were “sandwiched” between two 
hydrophobic membranes. This configuration resulted in a TMD configuration as shown in Fig. 1. The hot and cold 
surfaces of the TE are in direct contact with the corresponding hot rententate membrane and cold permeate 
membrane, This configuration is similar to AGMD and was selected to accommodate the thickness of the TE cooler 
and to reduce heat transfer losses from the hot rententate to the cold permeate due to the thermal conduction losses 
across the gap.  The experimental system was designed to measure the pressure head and fluid displacement 
between permeate and rententate reservoirs by recording the rate of change of the corresponding liquid column 
heights that would occur when a temperature difference is produced across the TMD membranes.  Initial tests were 
conducted with deionized water.  The proof-of-concept test system was designed to measure the difference in water 
pressure head produced on either side of the “gap” TMD configuration as a function of TE power input.  
Temperatures in the water near the membrane surfaces and on the exterior of the warm and cold water reservoirs 
were also recorded using thermocouples. 

A. Test System 
The hydrostatic pressure head test system is shown in Figure 3. The system consists of a commercial 

thermoelectric referred to by the industry as a thermoelectric cooler (TEC) sandwiched between two hydrophobic 
membranes, all kept in place by two symmetric pipe assemblies made of clear plastic that are filled with the 
permeate on one side and the rententate on the other side. Each of the two assemblies consists of a flange connected 
to a pipe elbow that is itself attached to a graduated column.  

 

 
  

Figure 3. Schematic static pressure head TMD proof-of-concept test system 
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The membrane tested is a high-porosity, microporous membrane from Celgard (part number EZ2090). It is 

composed of a single layer of polypropylene (PP) material and it is characterized by a thickness of 20 micron, a 
porosity of 67%, and an average pore size of 97 nanometers. The membrane is stable over a pH between 2 and 12, 
has a highly uniform pore structure, and has a moisture vapor transmission rate of 100,000 g/m2/day. It is designed 
specifically for applications that require a hydrophobic but highly breathable barrier such as membrane distillation. 
It has been down-selected among other membrane candidates because of its higher porosity, water vapor 
permeability, chemical resistance, and mechanical strength. The TEC is a commercially available module from TE 
Technology, Inc. (part number CH-109-1.4-1.5). The dimensions of the module are 40 mm x 40 mm x 4 mm with a 
center hole. The hole has a diameter of 13 mm. Typical operating parameters for the tests runs was electrical input 
powers between 6W and 19W with cold side temperatures ranging from 20 ºC to 34 ºC and warm side temperatures 
of 40 ºC to 80ºC. The COP is a function of the input voltage and temperature differential between the cold and the 
hot side. The module is waterproof and is potted on all sides between the two ceramic heat transfer plates. 
Specifications and performance curves can be found on the company’s web site. 

Silicon gaskets are used to secure the TEC and the membranes between the flanges of the two assemblies and to 
prevent leaks while protecting the TEC from excessive compression when the flange bolts are torqued down. 
Provisions are made through the gaskets that allow the TEC wires to be connected to a power. A power supply with 
adjustable current and voltage output provides the desired power to the TEC during the experiment. Each side of the 
system has a thermocouple that measures the temperature of the liquid at the membrane surface, and a thermocouple 
is attached to the exterior surface of the each elbow.  Figure 4 shows the constructed system that consist of clear 
acrylic flanges, 1 ½” clear PVC elbows, and clear acrylic tubes with 3/8” inside diameter graduated columns. 

The general operating procedure for the reported initial proof-of-concept tests is to fill the permeate and 
rententate sides with the appropriate liquids, and top off the column levels to the same initial and equal reference 
level.  Power to the TEC is then turned on and held steady, generally until steady state is achieved.  Over time the 
column levels are recorded along with temperatures and power to the TEC.  At steady state, power is cut and the 
system is allowed to passively dissipate heat until room temperatures are achieved.  De-ionized water for both the 
warm and cold side was used for the reported results. 

 
 
 

 
 

Figure 4. Test system with clear permeate and rententate 
reservoirs and column liquid height. 
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B. Test Results 
1. Data corrections 
A sample of the initial test results for water column height vs. time is shown in Figure 5.  Average power to the 

TE was 16.3 Watts over the time range of 0:30 to 8:00 hrs. The associated table shows water temperatures for the 
warm (T1) and cold (T2) sides.  Results indicated that the TMD operated as expected with water flux permeating 
from the hot to cold side with an increase in the cold side column height and a corresponding decrease in the hot 
side column height. An unexpected observation, though, was an initial increase in the warm column height during 
the first hour of operation. This observation led to the needed corrections to the observed water height by examining 
the specific volume expansion of water (inverse density).  Analysis of this effect is given by the adjusted curves in 
Fig. 5.  The variation in volume can be calculated as 

 
 !"

!
= 𝑒𝑥𝑝 𝛼! 𝑇 𝑑𝑇!!

!!
− 1 (1) 

 
where 𝑉 is the volume of the material, 𝑇 its temperature, 𝛼!(𝑇) is the volumetric expansion coefficient as a function 
of temperature 𝑇, and 𝑇!, 𝑇! are the initial and final temperatures, respectively.   

When initially operating the test system with fresh de-ionized water and making sure there were no air bubbles 
in the water before beginning a test, it was observed that bubbles would appear in the warm reservoir as the 
temperature increased.  Calculations of air solubility in water and the amount of degassing that could be produced 
could not account for the observed gas volume.  However, between the two membranes there is an initial amount of 
air with a volume comparable to the observed bubble volumes.  It was concluded that the bubbles were a result of air 
permeating from the gap to the warm reservoir as the temperature increased.  This was generally confirmed later; 
after approximately 3 runs with purging of the bubbles between runs, bubbles no longer were observed during 
subsequent runs.  The affect of air vs. water vapor in the gap could have interesting repercussions for operating the 
tested configuration and is further addressed in Section C. 

2. Results 
During the intial start of a run, it was observed that the warm side temperature increases.  After the first 60 

minutes, the water column heights change that is consistent with water permeation from the hot to cold reservoirs.  
The tests were conducted with approximately constant power to the TEC for 8 hours, until which time the power 
was turned of and the system was allowed to cool to the initial room temperature.  During the cooling phase, it can 
be seen that the column levels remained nearly constant, indicating that there was no water transport between 
reservoirs, i.e., no leaks across the membrane. A subsequent reversal of the TEC current to create the temperature 
conditions for reversing the permeation was also conducted, and showed that water did flow back as would be 
expected.   

 

 
Figure 5. Warm (T1) and cold (T2) water temperature and column heights over time for Test #23.  Average 
power 16.3 Watts from t=0:30 to 8:00. 
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The table in Fig. 5 shows the volume expansion adjusted temperatures of the reservoirs vs. time.  As can be seen, 
the warm reservoir temperature initially increased whereas the cold reservoir decreased as would be expected.  
Shortly thereafter, however, both reservoirs began to increase in temperature.  Heat reject to the hot side accounted 
for the increase in temperature; and thermal gradients from the hot to cold side resulted in the cold side temperature 
increasing.  This occurred until a steady state condition was achieved, as can be seen after about 4 hours.  At steady 
state the flux continued to displace water from the hot to the cold reservoirs, and may have still continued after 8 
hours.  Beyond 8 hours of runtime will be invested in future tests to determine the steady state maximum pressure 
head.   

From the level vs. time data for eacj applied power to the TEC, flux can be measured and specific power 
calculated. Figure 6 displays the collected results for T1 and T2, displaced liquid volume, and calculated specific 
power as a function of power input to the TEC.  As can be seen from Fig. 6, temperatures and liquid volume appear 
to monotonically and non-linearly increase with increasing TEC power, resulting in lower specific power with 
increasing TEC power.  This can probably be attributed to the non-linear exponential behavior of the saturated 
liquid-vapor curve for water.  The saturated curve is shown in the inset in Fig. 6.  Higher operating temperatures for 
a given temperature difference between the hot and cold reservoirs produce a higher vapor pressure difference and a 
subsequent higher driving force for flow.  
 
 

 
Figure 6. T1 and T2, displaced liquid volume, and specific power vs. power to the TEC. 
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C. Observations 
Observations in regard to bubble formation indicate that the bubbles are not completely a result of degassing of 

air from water, but perhaps permeation of air through the membrane that was initially present in the gap.  If so, then 
what would be the consequences of water vapor vs. air in the gap?  Consider water vapor transport through the gap 
in the limit of air as a stagnant film.  For this binary mixture, the molar flux of water is composed of both advective 
and diffusive transport, 𝑁! = 𝑦! 𝑁! + 𝑁!"# + 𝐽! where 𝑁! and 𝑁!"# are the molar fluxes of water and air, 
respectively, 𝑦! is the mole fraction of water, and 𝐽! is the molar diffusion of water governed by Fick’s first law.8  
For stagnant air 𝑁!"# = 0 and so the flux of water vapor is 

 
 𝑁! = 𝐽! 1 − 𝑦!   (2) 

 
where 1 − 𝑦!  is the mole fraction of air.  Equation (2) shows that decreasing the molar concentration of air will 
quickly increase the flux of water. For sublimation using lyophilization this has been modeled and shown to be the 
case.9  If the relation holds for TMD then water vapor flux should increase as air is removed by permeation through 
the membranes.  Evacuation of air within the gap prior to TMD operation may be considered in future tests.  An 
additional advantage to evacuating the gap might be a decrease in thermal conduction losses between the rententate 
and permeate due to a lower gas/vapor pressures in the gap.  For a full evacuation of air from the gap, water is not 
expected to condense in the gap unless there occurs liquid breakthrough.  In order for liquid water to be present in 
the gap, liquid water must enter the gap through the membrane with a drop in pressure. A check of the pressure-
enthalpy diagram for water shows that water can only be generated in the gap if liquid water (as two phase flow) 
enters through the membrane, i.e., breakthrough. However, water vapor may condense on cold surfaces within the 
gap.  For example, one potential place for condensation in the gap is at the cold permeate membrane. The possibility 
of this occurring would be countered against the heat dissipated by the TEC due to internal resistance and heat 
dissipation, and the heat from the rententate warm side being conducted through the gap to the cold side. This would 
need further examination, with respect to impeding the flow of water vapor through the permeate membrane, as well 
as the potential for and the consequences of gap flooding that may occur during operation and/or downtime. 

D. Future work 
The initial proof-of-concept tests have generated promise for TMD as a new means for membrane distillation. 

The next step is to test with a salt solution and/or representative waste stream, to test a continuous flow system and 
to examine the parameter space for increasing performance and optimizing designs.  Parameters space examination 
would include, but not be limited to: testing of single membranes with single TECs on either side of the membrane, 
and double TECs with membrane being sandwiched; boundary layer vicinity heating and cooling, and implications 
for engineering designs; electrical circuitry printed on membranes; different membrane types; and TEC distribution 
and size relative to membrane open area for transport. 

IV. Conclusion 
Thermoelectric Membrane Distillation is a new and innovative way to recover water from aqueous waste 

streams. TMD uses water selective hydrophobic membranes to maintain phase separation, and embeds at the 
membrane surface thermoelectric heat pumps. Adding thermoelectric heat pumps provides the energy required for 
vaporizing water from rententate while simultaneously re-condensing distilled water as permeate. This unique   
arrangement allows for a complete, self-contained wastewater distillation system that has the advantage of 
eliminating bulky external support systems – such as heating and cooling systems, pumps, blowers, and recuperative 
heat exchangers – that are required for current state-of-the-art water purification systems. For these reasons, TMD is 
especially applicable for space missions where volume and mass are at a premium and where insufficient gravity 
exists to adequately manage liquid-vapor interfaces.  Proof-of-concept has been validated through experimental 
demonstration that TMD does operate and perform as expected. 
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