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Thermoelectric membrane distillation has shown promise as a new membrane distillation tech-
nique capable of improving energy consumption metrics. This study features an experimental de-
sign approach to investigating the performance of a thermoelectric membrane distillation system.
Screening and full factorial designs were implemented in Minitab 16 to determine the optimal
process conditions for minimizing the specific energy consumption of the system. The process
parameter with the most significant impact on the specific energy consumption of thermoelec-
tric membrane distillation systems was determined and a mathematical model for predicting the
specific energy consumption was derived. The study showed that adjusting the feed flowrate, the
most influential continuous parameter, from a sub-optimal level to an optimal level, while keep-
ing other process variables at their optimal levels, could lead to a 34% reduction in the system’s
specific energy consumption. At the optimized process parameters of the thermoelectric mem-
brane distillation system, the minimized specific energy consumption fell about 35% below the
threshold value of 1,000 kWh/m? found among the efficient membrane distillation systems in the
literature.

¢ Thermoelectric heat exchanger provides the driving force for the membrane distillation pro-
cess

e Seven process variables are assumed to influence the energy consumption of the distillation
process

e The variables are screened before being analyzed in a full factorial experimental design
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Introduction

Freshwater scarcity is a global problem that is currently being addressed by saline water desalination. Reverse osmosis (RO),
multi-stage flash (MSF) and multi-effect distillation (MED) are the most widely adopted desalination technologies [1]. Despite the
popularity of these technologies, they have been found unsuitable for small-scale desalination especially in rural or remote areas
where access to high-quality energy is limited as well as areas prone to natural disasters [2,3]. This is because MSF and MED have
high energy and equipment costs and have associated operational and environmental issues due to the use of fossil fuels [4], while
RO is reliant on high-quality electricity in addition to having operational issues like fouling and membrane deterioration [5].

Emerging desalination technologies like membrane distillation (MD) have been proposed as an alternative to the well-established
systems [6,7]. In the context of desalination, MD is a thermal process that uses a microporous hydrophobic membrane to distill water
from salt solutions. The hydrophobic nature of the membrane keeps the membrane pores dry and retains the salt solution through
surface tension, allowing water vapor to diffuse across the membrane [8]. Vapor transport in MD is driven by a vapor pressure
gradient maintained across the membrane. To establish this vapor pressure gradient, the saline solution in contact with one side
of the membrane is heated while the other side of the membrane is cooled. Although there are several MD configurations in the
literature, direct contact membrane distillation, in which the membrane is in direct contact with a liquid phase on either side, is
the oldest and most studied MD configuration [9,10]. The commercial deployment of MD as an alternative to RO, MSF and MED for
desalination has been largely precluded by the high specific energy consumption (SEC) of MD systems. According to the literature, the
SEC of many existing water distillation systems (including MD) ranges from 1,210 — 6,720 kWh/m? even with solar heating assistance
[4,11]. For MD, many studies have reported a reduction in SEC to a somewhat threshold value of around 1,000 kWh/m3 through the
use of energy recovery devices (ERD) and other techniques [11-16].

Very recently, thermoelectric membrane distillation (TEMD) was proposed as a promising technique for improving the SEC metric
for MD systems. In TEMD, a thermoelectric cooler (TEC) is embedded in an MD module to serve two purposes: first, a thermal driver
for the process and, second, an ERD to effectively minimize heat exchanger losses to almost zero. This technique is attractive not only
because of its ability to minimize energy consumption, but also because of its ability to reduce the equivalent system mass, system
complexity, and the required real estate. Lee et al. [17,18] embedded a TEC directly at the membrane surface to treat waste streams
generated during space missions. Calculations based on the data reported in their papers, obtained from a series of batch experiments
in somewhat air gap MD configuration with no fluid flow, indicated that the SEC was improved to about 2,239 kWh/m?3. Besides
the authors’ works [19,20], this is the only report of TEMD systems that the authors have found in the literature. Recent works
by the authors [19,20] have demonstrated that using TEC as a direct thermal source inside a direct contact membrane distillation
(DCMD) module with continuous flow can reduce the SEC by more than 35% below the current threshold and simplify the MD
system by eliminating the systems needed for heating, cooling, and recuperative heat recovery. Although these results are promising,
the one-variable-at-a-time approach to experimental investigation adopted in these studies makes it challenging to delineate which
operational variable has the greatest influence on energy consumption and the conditions that minimize the energy consumption in
TEMD.

In the present study, an experimental design approach is taken to understand how the operational variables affect the performance
of TEMD systems. For the first time, the variable that has the most significant influence on energy consumption and the optimal
conditions that minimize the energy consumption in TEMD systems are determined. The potential interactions between these variables
and their effect on system performance are also identified and analyzed. The results of this study are expected to serve as the basis for
establishing the specifications needed for advancing TEMD systems to a higher technology readiness level that allows the technology
to be more energetically competitive with the likes of RO, MSF and MED for both small- and large-scale desalination.

Method details
Experimental setup

Fig. 1 is a schematic of the TEMD setup used for all the experimental runs. The setup consists of a direct contact membrane
distillation (DCMD) module purchased from convergence systems, with an active membrane area of 60 cm? and a thermoelectric
heat exchanger (TEHX) as the thermal source to drive the distillation process. The TEHX, assembled by sandwiching thermoelectric
coolers (TECs) between two water blocks that are made from acrylic, with finned aluminum plates as the heat transfer medium (see
Fig. 2), was situated outside the membrane module for convenient operation and precise control of process variables. The electrical
leads of the TECs were connected in parallel to a power supply so that the actual current passing through each TEC is the total
current divided by the number of TECs installed in the TEHX. For example, each of the 4 TECs installed in the small TEHX will have
a current of 1 A and 2.5 A passing through it when a total of 4 A and 10 A are supplied respectively by the power supply unit. The
properties of the membranes and TECs used in the experimental setup are provided in Table 1 and Table 2, respectively. Tap water
(conductivity ~ 360 uS/cm) was used as the feed while deionized water (conductivity ~ 0.7 uS/cm) was used as the permeate. The
choice of tap water feed was to prevent rapid corrosion of the aluminum heat transfer plates in the TEHX, whilst still being able
to check for potential wetting of the membrane. Both the feed and permeate streams flowed in countercurrent mode through the
TEHX and the DCMD module. The flow conditions are varied according to the screening and factorial designs described in the next
sections. Temperatures at the inlet and outlet of the feed and permeate as well as the weight of distillate collected were recorded
using a data logger connected to a computer. The distillate flux J (in kg/m?2-h) and the specific energy consumption SEC (in kWh/m?)
were calculated using Eq. (1) and Eq. (2), respectively: where Am (in kg) is the mass of distillate collected in time At (in h), A is
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Fig. 1. A schematic of the TEMD setup (a) with hot fluid recirculation and (b) without hot fluid recirculation.

Fig. 2. Water blocks (left) and thermoelectric heat exchanger (right).

Table 1
Characteristics of the MD membranes.
Characteristics Membrane
unlaminated PTFE Laminated PTFE
Manufacturer Sterlitech Sterlitech
Pore size (pm) 0.2 0.2
Liquid Entry Pressure (psi) 40 37
Clean air flow (L/min cm?) @ 70 mbar 0.34-.94 0.26-0.55
Thickness (um) 50 (thin) 120 (thick)
Table 2
Characteristics of the thermoelectric coolers.
Characteristics Thermoelectric coolers
TEC1-12706 TEA1-24106
Source TRU components Everredtronics
Plate type Ceramic Aluminum
Dimensions (L(mm) * W(mm) * H(mm)) 40 x 40 x 4.0 40 x 40 x 4.4
Maximum current (A) 6.1 6.0
Maximum cooling power (W) 61.4 67.0
Maximum temperature difference (°C) 70 101
Hot side temperature (°C) 27 30
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Table 3

Selected process variables and their levels.
No Factors Code Levels

low High

1 Current (A) A 4 10
2 Feed flow rate (mL/min) B 200 800
3 Permeate flow rate (mL/min) D 200 800
4 Membrane thickness E thin thick
5 Hot fluid recirculation C No Yes
6 TEC plate type F ceramic aluminum
7 TEHX size G small big

Table 4

Screening design table with associated response (SEC) data.
Trial A B D C E F G SEC_1 SEC_2
1 4 200 800 no thick aluminum small 3819 3212
2 10 200 200 no thin aluminum  big 8289 7958
3 4 800 200 no thick  ceramic big 1200 1000
4 10 800 800 no thin ceramic small 3887 4023
5 4 200 800 yes thin ceramic big 609 630
6 10 200 200 yes thick  ceramic small 1342 1237
7 4 800 200 yes thin aluminum small 1099 1170
8 10 800 800 yes thick aluminum  big 1688 1783

the membrane area (in m?), P is the electrical power supplied to the TEMD system (in kW) and p is the water density (in kg/m?)
[14,15,21].

Am

J = 1
A XAt M

P XAt X p

SEC =
Am

2)
In all the experiments, the solutes rejection was calculated from measurements of the final conductivity of the collected distillate
and was found to be more than 99% in all cases.

Screening design

To identify the significant main/interaction effects affecting the SEC, a screening design was created in Minitab 16. A total of seven
factors (three numeric and four non-numeric) were considered and two levels of each factor were applied. Table 3 lists these factors
along with their high and low levels. The levels for the thermoelectric heat exchanger (TEHX) differ by the number of TECs that the
aluminum heat transfer plate can accommodate, i.e. small (4 TECs) and big (8 TECs). For the levels of the membrane thickness, refer
to Table 1 in the previous subsection. To reduce the number of experimental trials, the 1/16 fraction design with resolution III was
used. Therefore, a total of 8 trials with 2 replicates each was obtained. Randomization of the experiments was used to reduce the
effect of undesirable disturbances. The experimental layout for the screening of variables and their associated SEC response is shown
in Table 4.

Full factorial design

All the factors investigated in the screening step described above were observed to be significant. Given that some of these factors
were non-continuous, the best settings for these factors, as given by the response optimizer in Minitab, were chosen and fixed for the
full factorial design experiments. Also, since the main effect of the feed flow rate was considerably higher than that of the permeate
flow rate, the permeate flow rate was fixed at the best level in the full factorial design. Hence, only the current and feed flow were
selected for further analysis. Furthermore, all interaction effects were assumed to be negligible compared to the main effects, which
were significant for all the variables.

Each variable in the full factorial design was treated to three levels resulting in 3% = 9 trials with each trial replicated three times
to help analyze variability in the SEC as well as reduce errors. The experimental layout for the full 32 factorial design is shown in
Table 5 with the response (SEC) values recorded at each trial condition.

Method validation

1. Analyzing screening data
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Table 5
Full factorial design table with associated response (SEC) data.
Trial A B D C E F G SEC_1 SEC_2 SEC_3
1 4 50 800 yes thick ceramic  small 1179 1186 1151
2 7 50 800 yes thick ceramic  small 1358 1498 1481
3 10 50 800 yes thick ceramic  small 1366 1405 1379
4 4 200 800 yes thick ceramic small 979 916 918
5 7 200 800 yes thick ceramic  small 1282 1114 1187
6 10 200 800 yes thick ceramic  small 1345 1125 1214
7 4 800 800 yes thick ceramic small 625 632 657
8 7 800 800 yes thick ceramic small 930 948 941
9 10 800 800 yes thick ceramic  small 1032 929 1098
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Fig. 3. Pareto chart at 5% significance level (left) and main effects plot for SEC (right).

Analysis of the screening data carried out in Minitab 16 software revealed that all seven process variables considered are significant,
with recirculation of the hot fluid having the highest impact on the SEC of the system as shown in the Pareto plot in Fig. 3 (left). The
Pareto chart typically plots absolute values of the effects and draws a reference line. Any effect extending beyond this reference line is
considered significant. However, because we used replicates, error terms are present and the software displays the absolute values of
the standardized effects instead. Since all the effects extend past the reference line at 2.31 standardized value, then all the variables
considered are potentially important. However, the degree of their significance is different. A comparison of the relative strengths
and direction of effects on the SEC is shown in the main effects plot in Fig. 3 (right). This plot reinforces the information provided
in the Pareto chart. The steeper the line in the plot, the greater the effect. Hence, recirculation of the hot fluid has the greatest effect
on energy consumption while the size of the thermoelectric heat exchanger has the least effect on energy consumption. It is evident
from Fig. 3 (right) that low current, high feed flow rate, hot fluid recirculation, high permeate flow rate, thick membrane, ceramic
TECs, and small TEHX are necessary for minimizing the SEC of the system.

In most MD systems, increasing the feed side temperature often leads to a reduction in the SEC because of the increased vapor
flux [15,22,23]. Although increasing the current increases the feed side temperature in a TEMD process leading to higher vapor flux,
the SEC reduces. This is because the increase electrical work input due to the increasing current outweighs the energy associated
with increased vapor production. In the case of feed flowrate, the effect on SEC observed in TEMD systems is consistent with most
MD systems. Increasing the feed flow rate increases vapor flux by creating favorable hydrodynamic conditions in the MD module
[15]. Increased turbulence and decreased boundary layer resistances are examples of such favorable conditions [24]. Recirculating
the hot fluid increases the working temperature on the feed side of the MD module at any value of the electrical work input. This
increase in feed side temperature leads to increased vapor flux without any change in the electric work input, and by Eq. (2), results
in reduced SEC. Permeate flow rate has the same effect on SEC as the feed flow rate except to a lesser degree due to the lower
working temperature at the permeate side of the module. Increasing membrane thickness generally leads to lower flux in MD systems
[25] which should increase SEC according to Eq. (2). However, adequately thick membranes minimize conductive heat losses inside
a membrane module so that the component of energy transport through the membrane by vapor is greater, leading to lower SEC.

While carrying out the statistical analysis above, it was assumed that the screening data came from a normal distribution. To
validate this assumption and the findings from the Pareto chart, a normal probability plot (NPP) of residuals and a histogram of
residuals were constructed and the results are displayed in Fig. 4. A residual is the difference between the response value obtained
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Fig. 4. Normal probability plot and histogram of residuals of the screening data.

Table 6
Analysis of variance table for the factorial design data at a 5% significance level.

Source  Degrees of freedom  Sequential Sum of Squares ~ Adjusted Sum of Squares  Adjusted Mean Squares  F-value  P-value

A 2 460700 460700 230350 70.19 0.000
B 2 901822 901822 450911 137.39 0.000
AB 4 21887 21887 5472 1.67 0.201
Error 18 59074 59074 3282

Total 26 1443483

S = 57.2878 R-Squared = 95.91% R-Squared(adjusted) = 94.09%

from experiment and the predicted response value. Since the residuals lie approximately on a straight line in the normal probability
plot and follow a bell-shaped curve of the top of the bars in the histogram, they are normally distributed, and so, our assumption of
normally distributed data is valid.

2. Analyzing factorial design data

In the factorial experiments, each of the 9 runs were replicated three times. Just as the screening data was shown to be approxi-
mately normally distributed, the full factorial data obtained (Table 5) was also verified to be normally distributed (see Supplementary
Information Fig. S1). The analysis of variance (ANOVA) table for the data is shown in Table 6 at a 5% significance level. This 5%
significance level (i.e., 95% confidence level) means that any variable with a p-value above 5% is considered insignificant and vice
versa. The results in Table 6, therefore, indicates that the main effect of current, A, and feed flow rate, B have a significant impact
on the SEC since their p-value is less than 5%. Their interaction effect, AB, however, has no significant influence on SEC since its
p-value is above 5%. This conclusion is supported by the interaction plot in Fig. 5 (left) which suggests that there is a weak interaction
between the current and the feed flow rate. The weak interaction is signaled by the almost parallel curves of the high and low settings
of the current parameter against the feed flow rate parameter. The interpretation of this is that the effect of the current on the SEC
is the same irrespective of the setting of the feed flow rate. The same is true for the flow rate which changes the SEC in the same
manner regardless of the setting of the current.

While both the current and the feed flow rate are statistically significant, their relative magnitudes and direction of influence are
different for the two variables. It is clear from Fig. 5 (right) that the feed flow rate has a stronger influence on the SEC and decreases
the SEC as its setting is changed from low to high. This is due to the steeper nature of the SEC versus feed flow curve compared to
the SEC versus current curve. The current, which has a weaker influence on the SEC than the feed flow rate, increases the SEC as
its setting is changed from low to high. Moreover, the effect of current on SEC from its low setting to its intermediate setting is very
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Fig. 6. Pareto plot (left) and interaction plot (right) for SEC variability.

different from its effect from its intermediate setting to its high setting, with the former having a much steeper line than the latter
according to Fig. 5 (right). For the feed flow rate, however, its effect on SEC from low setting to intermediate setting is almost the
same as that from its intermediate setting to high setting.

3. SEC Minimization

The results of the analyses carried out on the screening and factorial data allowed us to conclude that the SEC of TEMD systems
can be minimized by maintaining a high feed flow rate and low current setting, and that SEC is unaffected by the interaction of
current and feed flow rate. However, to accept this conclusion, it was important to analyze how the current, feed flow rate, and their
interaction affect the variability in SEC. To achieve this, an uncoded design matrix was constructed with only the high and low levels
of the factors and the natural logarithm of the standard deviation (SD) in SEC was the response of interest (see Table 7).

Neither the main effect of current and feed flow rate nor their interactions were statistically significant for variability in the SEC
of a TEMD system since none of these effects extends to the reference line in the Pareto plot in Fig. 6 (left). Moreover, the interaction
plot in Fig. 6 (right) indicates that the variability in SEC is minimized by keeping the current at a low setting and the feed flow rate
at a high setting.

Since both the SEC mean and SEC variability are minimized by keeping the current low and the feed flow rate high, the optimal
settings for minimizing the SEC of a TEMD system is, thus, to keep the current at a low setting (4 A), wherein 1 A flows through
each of the four TECs mounted on the small heat exchanger, keep the feed flowrate at a high setting (800 mL/min), keep the
permeate flow rate at high setting (800 mL/min), recirculate the hot fluid back through the heat exchanger, use thick membranes,
keep thermoelectric heat exchanger size small (i. e. base plate to accommodate only four TECs), and use TECs with ceramic plates.
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Table 7

Uncoded design matrix for SEC variability using the standard deviation (SD).
A B D C E F G variation in SEC (SD) In(SD)
4 50 800 yes thick ceramic  small 18.520 2.919
4 800 800 yes thick ceramic  small 1358.000 2.823
10 50 800 yes thick ceramic  small 1366.000 2.989
10 800 800 yes thick ceramic  small 1032.000 4.445

4. Predictive model for the SEC

A model equation for predicting the SEC of a TEMD system was obtained through a regression analysis performed on the data
in Table 5. The data was fitted to both linear and nonlinear regression models and the results were compared. It was determined
that nonlinear regression was more suitable for fitting the SEC model because statistical analysis of confirmatory tests data showed
that the predicted SEC lies within the statistical confidence interval at 99% confidence limit while the predicted SEC from the linear
regression model did not. Details of the test data and the calculations can be found in the supplementary information. Eq. (3), derived
from a nonlinear regression fitting, gives the SEC as a function of the current A and feed flow rate B, assuming all other factors are
kept at their optimal levels.

SEC = 1440 — 20:# —0.567B 3)
The R-squared value of this linear model was 88.9% (see supplementary information Table S2), indicating that the model is a
good fit. According to this equation, a change in the feed flow rate setting from its low level to its high level (optimal setting) at the
optimal setting of the current will cause a 34% decrease in the SEC. On the other hand, changing the current setting from high level to
low level (its optimal setting) decreases the SEC by 31% at the optimal setting of the feed flow rate. This further affirms the stronger
influence that the feed flow rate has on the SEC compared to the current when other process variables are fixed at their optimal
setting. Furthermore, when all the process variables are set at their optimal values, the model equation predicts that minimum SEC is
achieved with a value of about 662 kWh/m3. This value is approximately 34% below the threshold found among the best MD systems
in the literature.

Conclusions

This paper has presented an experimental investigation to understand how operational variables affect the performance of ther-
moelectric membrane distillation systems. The variables with significant influence on energy consumption and the setting of these
variable that minimizes energy consumption of the system were delineated using experimental design. Additionally, potential interac-
tions between the variables and their effect on system performance were identified and analyzed. From the results, it was concluded
that thermoelectric membrane distillation system performance is influenced by all its operational variables, but to different degrees.
Contrary to previous reports suggesting that the electric current is the most significant operational variable affecting energy con-
sumption, this work showed that the feed flow rate, in fact, has the most significant impact on the energy consumption when other
variables are kept at their optimal levels. According to a nonlinear model developed in this work for predicting the specific energy
consumption of the thermoelectric membrane distillation system, adjusting the feed flowrate from its low level to its high level (op-
timal setting) at the optimal current setting results in a 34% reduction in specific energy consumption, whereas changing the current
from its high level to its low level (optimal setting) at the optimal feed flow rate setting leads to a 31% decrease in specific energy
consumption. The results obtained in this work further concluded that when all process variables are at their optimal level, specific
energy consumption is minimized. Based on the model prediction, the minimized specific energy consumption is about 35% below
the 1,000 kWh/m3 threshold found among the efficient membrane distillation systems in the literature, similar to previous reports
on thermoelectric membrane distillation systems. Indeed, the results presented in this study may be used to develop the requirements
for a higher technology readiness level thermoelectric membrane distillation system.
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