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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Productivity, selectivity, and energy
consumption were investigated in
AGMD.

• Feed ow rate and applied vacuum sol-
idly correlate with distillate ux and
STEC.

• The distillate quality is regulated by the
relative rate o vapor and liquid ow.

• The total pressure dierence across the
membrane governs the system rejection.
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A B S T R A C T

The implementation o air gap membrane distillation systems is limited by a lack o overall perormance pre-
dictions which rely on ew available pilot-scale studies. This study evaluates the productivity, energy con-
sumption, and selectivity o a pilot-scale air gap membrane distillation system by combining experiments and
modeling activities. The eect o operating conditions, i.e., applied vacuum, eed ow rate, and eed stream
salinity, was investigated to identiy regulating actors and quantiy dependencies. Response surace method-
ology was applied to model the phenomena and provide statistical analysis. Increasing ow rates produced a near
linear increase o productivity within the investigated range. Operating at higher applied vacuum also translated
into enhanced productivity, though the distillate ux increased by a maximum o 10 % when vacuum increased
rom 100 mbar to 500 mbar. Flow rate and vacuum also governed the observed salt ux by a similar
magnitude because salt ux resulted mainly rom liquid pore ow phenomena. The trans-membrane pressure
regulated the membrane rejection: increasing the pressure dierence led to a lower rejection. Moreover, high
eed stream salinity lowered both the productivity and the distillate quality. The productivity gains were typi-
cally achieved at the expense o an increase in specifc thermal energy consumption; however, an interesting
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relation was observed with eed stream salinity, with a minimum o specifc thermal energy consumption o
roughly 300 kWhth⋅m3 identifed in the treatment o a stream with a salinity o 150 gL.

1. Introduction

The increasing demand or sae reshwater, together with eorts to
reduce the impacts o brine management, are leading to the growth o
zero liquid discharge (ZLD) strategies and technological solutions [1,2].
Membrane-based separation processes participate toward achieving ZLD
in agricultural, industrial, and desalination applications [3–6]. In
particular, membrane distillation (MD) is gaining interest rom both the
scientifc community and industrial stakeholders, because it can desa-
linate high-salinity streams up to substantial water recovery rates
[7–10]. MD is a thermally-driven process that exploits a temperature
dierence between the two sides o a porous hydrophobic membrane to
create a vapor pressure dierence, which leads to the transport o vapor
across the membrane pores. Despite its high energy consumption, MD
has higher degree o exibility in terms o eed salinity in comparison to
reverse osmosis desalination and it can be powered with low-grade heat
and renewable energy sources [11–13].

Although a signifcant amount o research on MD has been carried
out in the last decades, ull-scale MD systems have not yet reached
commercial easibility, partly because pilot-scale investigations aimed
at scaling-up the technology are limited by the complexity o scale-up
operations [14]. Technical and economic assessments o MD cannot be
accurately perormed with the results o bench-scale studies because o
dierences in scale and testing procedures [15,16]. Pilot-scale research
is critical to retrieve accurate description o perormance and to iner
adequate predictions o the behavior oMD systems at ull-scale [17,18].

Among the possible MD confgurations, vacuum-assisted air gap
membrane distillation (V-AGMD) utilizing spiral-wound modules is
advantageous in terms o water production and energy efciency
compared to others [19,20]. The concept underlying V-AGMD confgu-
ration is the increase o distillate water production achievable by
exploiting the removal o air (creation o a vacuum) rom the gap o the
module. The vacuum decreases the vapor pressure in the air gap and
membrane pores, which consequently decreaes the mass resistance to
distillate production [21]. This conceptualization was applied in an
early stage bench-scale version by Winter et al. in 2011 [22], and sub-
sequently scaled up and commercialized in dierent confgurations by
the company Aquastill. Moreover, a comprehensive evaluation o the V-
AGMD systems should also take into account the process energy con-
sumption and the quality o the product water. Several energy analyses
have been perormed to identiy the most efcient confgurations, sizes,
and sources o exergy losses in AGMD systems [13,23,24]. However,
both eed stream salinity and operating conditions substantially inu-
ence the absolute energy needs and the relative contribution o dierent
energy sources. For what concerns the distillate quality, it has been
shown that increasing the eed salinity typically worsens the quality o
the product water [17,25]. In terms o operating conditions, Ruiz-
Aguirre et al. suggested that the distillate quality may not depend on
the operating conditions under ideal scenarios, and that the electrical
conductivity dierences in the product water that are commonly
recorded in experimental investigations might be mainly due to mem-
brane surace deects [14,26].

In this study, a multi-parameter investigation is presented with the
goal o narrowing the gap in the understanding o V-AGMD systems
behavior and scalability. Specifcally, the perormance o a pilot-scale V-
AGMD system is discussed considering the productivity o the process,
the energy consumption, and the product water quality. Response sur-
ace methodology (RSM) was applied to model the perormance o the
investigated MD system [6,27–29]. The control variables o the model, i.
e., the operating parameters investigated in the experimental campaign,
were the eed ow rate, the applied vacuum, and the eed stream salinity

(NaCl concentration). The analyzed responses o the model, i.e., the
experimental outcomes retrieved with statistical signifcance by the
tuned model, were the distillate ux, the temperature dierence be-
tween the condenser outlet and the evaporator inlet, and the associated
specifc thermal energy consumption (STEC). In addition, the specifc
electrical energy consumption (SEEC) was evaluated to provide a
comprehensive view o the energy requirements. Due to the limitations
o using the absolute distillate quality in correctly describing the system
selectivity, both membrane rejection and salt ux were evaluated to
achieve a more mechanistic and less system-specifc discussion. To
conclude, the normalized solute ux with respect to eed stream salinity
was analyzed to give insights on selectivity in terms o membrane wet-
ting and membrane surace deects.

2. Materials and methods

2.1. Description o the unit

The experimental campaign was perormed using a pilot-scale V-
AGMD system (Aquastill, Sittard, the Netherlands) that was operated at
the Water and Energy Sustainable Technology (WEST) Center (Tucson,
AZ). A schematic o the unit is reported in Fig. 1. The pilot-scale system
is composed o a eed stream circulation loop and separated heating and
cooling loops with heat exchangers used to regulate the eed water
temperature at the inlet o both the cold side (Tcold,in) and the hot side
(Thot,in).

Through a centriugal pump (Arbo pumps, Smilde, the Netherlands)
connected to the eed reservoir, the eed solution frst passed through the
heat exchanger o the cooling loop to lower its temperature until the set-
point was reached in each o the tests (blue line). The cooling loop
operated with a constant ow o service water available onsite. The
cooling loop was equipped with a narrowing section, connected to the
distillate reservoir (green dashed line), to generate vacuum by the
Venturi eect. The vacuum was deployed in the distillate line to pro-
mote vapor ow through the membrane pores and its desired level was
regulated through an adjustable relie valve that ensured a setting pre-
cision always higher than 95 %. Ater cooling, the eed stream entered
the membrane cold channels to serve as a gap cooling stream. The
stream gained heat by conduction rom the other membrane side
together with latent heat rom the vapor re-condensing in the gap and
was thus preheated as it exited the cold channel. Its temperature was
urther increased passing through the heat exchanger o the heating loop
until the set-point was reached and the eed stream entered the hot
channels (red line). The heating loop comprised o a submersed coil
hosting a ow o service water heated by an electrical resistance. The
dierence in vapor pressure due to the temperature gradient between
the two sides o the membrane drove the vapor rom the hot channel
through the membrane pores to the air-gap where it condensed on the
condensing plate. The produced distillate was collected in the distillate
tank until reaching a volume o 3.5 L and was automatically recirculated
into the eed reservoir. Ater the eed stream exited the hot channels o
the module it diretly re-entered the eed reservoir. In this closed loop
confguration, the eed stream concentration was held constant to
perorm experiments at a fxed salinity value. The V-AGMD unit was
equipped with hydraulic pressure sensors at both the eed hot and cold
inlets while temperature sensors were present at the cold inlet, cold
outlet, hot inlet, and hot outlet o the eed loop, as well as at the outlet o
the distillate channel. All o the sensors were monitored by a digital
interace and the values recorded by a programmable logic controller
(PLC) every 10 s. For this research a new membrane was utilized. The
membrane characteristics provided by the manuacturer are reported in
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Table 1 together with urther inormation reported in Fig.S1 and Table
S1 in the Supporting Inormation. The salt rejection measured by the
manuacturer was obtained with tap water as eed stream, operating at
eed temperatures o 80 ◦C – 20 ◦C.

2.2. V-AGMD perormance estimators

The perormance o the V-AGMD system was evaluated in terms o
productivity, specifc thermal energy consumption, specifc electrical
energy consumption, salt rejection, and salt ux. All experiments were
perormed at constant Thot,in and Tcold,in equal to 70 ∘C and 30 ∘C,
respectively. Data were automatically recorded every 10 s in steady-
state conditions to prove the reliability o the perormance in long-
term operations. To ensure that the steady-state was reached, each
experiment was perormed or a duration o at least 6 h [30]. All o the
experiments were perormed recirculating continuously the distillate
water into the eed tank. Thereore, the overall system recovery could be
assumed to be approximately 0 % (no considerable amount o water lost
during the experiment) while the single pass water recovery o the
module (raction o distillate water produced by the module in a unit
time with respect to the inuent ow rate) that can be directly calcu-
lated as Jw⋅A⋅Q1

 was always lower than 4 %.
The productivity o the unit was assessed by computing Jw, the

distillate ux across the membrane, as given in Eq. (1).

Jw = Vd

A⋅Δt
(1)

where A is the active area o the membrane and Vd is the volume o
distillate water collected in the time rame Δt. Both the thermal and the
electrical energy consumption were assessed. The thermal analysis was
perormed analyzing the STEC, which is widely used since it expresses
the external thermal energy input necessary to produce one cubic meter

o distillate water. The STEC was computed according to Eq. (2).

STEC =
Qf ⋅ρf ⋅C⋅


Thot,in  Tcold,out



Jw⋅A⋅36⋅106 (2)

where Q is the eed ow rate, ρ is the eed density, and C is the specifc
heat capacity that is assumed to be constant. The SEEC indicates instead
the electrical energy consumed per volume unit o distillate product and
was calculated using Eq. (3). Only the electrical energy needed to
circulate the water trough the membrane channels was evaluated, while
the energy consumption related to the vacuum generation and to the
cooling o the eed stream were not considered due to the confguration
o this specifc system (Venturi eect or vacuum and service water
stream or cooling).

SEEC = Qf ⋅ΔPdrop

36⋅η⋅Jw⋅A (3)

where η is the efciency o the water-circulating pump, assumed equal
to 70% to obtain a conservative estimation, while ΔPdrop is the hydraulic
pressure drop over the entire membrane module, i.e. Pcold,in  Phot,out in

Fig. 1. Schematic representation o the pilot-scale V-AGMD system used to perorm the experiments. Blue lines represent cold/chilled streams, red lines reer to hot
streams, bold black lines reer to the distillate product, green dashed lines reer to air/vacuum, while normal black lines reer to service water streams.

Table 1
AGMD module and membrane characteristics.
Parameter Unit Value

Membrane material – Polyethylene
Number o channels – 12
Membrane active area m2 25.92
Channel length m 2.7
Nominal pore size μm 0.3
Thickness μm 96
Porosity % 85
Liquid entry pressure bar 4.2
Manuacturer measured salt rejection % 99.75
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reerence to Fig. 1. As the outlet o the evaporator channel is open to the
atmosphere, it can be assumed that its relative pressure is close to zero
and thus ΔPdrop was calculated directly as the eed cold inlet pressure
level, assuming the value o the eed hot outlet negligible to give a
conservative estimation.

To assess the selectivity o the process, the salt passing through the
hydrophobic membrane was attributed to the pore ow phenomenon:
water ows through membrane pores in the liquid phase, consequently
transporting the dissolved species. In the presence o pore ow, the total
distillate ux is the sum o the vapor ux and the liquid ux as reported
in Eq. (4).
Jw = Jw,v + Jw,l (4)

In the absence o membrane scaling and other chemical wetting
agents, pore wetting is mainly caused by operating at trans-membrane
pressure (TMP) that exceeds the membrane liquid entry pressure
(LEP) o a raction o the pores. Since membranes present a distribution
o pore size, larger diameter pores inevitably contribute to pore ow
even at low pressure levels [931–33]. Note that in V-AGMD the TMP is
calculated as the sum o the evaporator channel pressure (average value
along the module) and the value o the vacuum. Consequently, the
transport o non-volatile solutes across the membrane due to pore ow,
i.e., the salt ux, Js, can be evaluated as a unction o either the liquid
distillate ux or the total distillate ux, as given in Eq. (5).
Js = Jw,l⋅cf = Jw⋅cd (5)

where c and cd are the concentrations o NaCl in the eed stream and in
the produced distillate water, respectively. In strict terms, c in Eq. (5)
should be considered as the average concentration o the salty eed
stream inside the evaporator channel, and not simply as the inlet bulk
eed concentration. However, as the single pass recovery rate o the
module was small, typically between 1 % and 3 % or the various tests
and always <4%, the dierence between these two concentrations may
be considered negligible in this study. Note that these equations are
specifc to V-AGMD systems and may not be applicable to other MD
confgurations. It is worth highlighting that the solution electric con-
ductivity was measured instead o the salt concentration, as the ormer
can be used as proxy or the latter within concentration ranges whereby
the two parameters have a linear relationship. As extensively discussed
in previous literature studies, this relationship may be confdently
assumed to be linear at values o salt concentration lower than
approximately 150 g/L as shown by the correlation reported in Fig.S2 in
the Supporting Inormation [14]. The last parameters used to evaluate
the selectivity o the process were the salt rejection, R, and the log
removal value, LRV, calculated according to Eq. (6) and Eq. (7)
respectively.

R =
(

1 cd

cf

)
⋅100 (6)

LRV = log10

(
cf

cd

)
=  log10

(
1 R

100

)
(7)

Note that LRV directly correlates to rejection: 90 % rejection trans-
lates to a LRV o 1 while 99 % rejection translates to a LRV o 2. c is the
electric conductivity measured in the eed tank, which may be consid-
ered constant because the experiments were perormed under near
steady-state conditions with both the concentrate and the distillate
streams being recirculated into the eed tank. On the other hand, cd is the
average electric conductivity value measured in the distillate pipe
exiting the module throughout the test. The distillate stream electric
conductivity was practically constant (low standard deviation) during
each test, owing to steady-state conditions. Once again, note that c
represents the inlet bulk eed conductivity, not the average bulk con-
ductivity o the salty stream in the evaporator channel, the latter
increasing along the module as water recovery increased, while cd

represents the conductivity rom the distillate ow coming rom the
entire module. Thereore, rejection calculated with Eq. (6) should be
rigorously regarded as an observed “module rejection” rather than an
observed “membrane rejection”, which would require associating cd
with the average bulk conductivity o the salty stream within the
module. That being said, since as aorementioned the recovery rate o
the module was small, the change in c or cd along the module may be
considered negligible and the results obtained by applying Eq. (6) may
be interpreted in this study as “membrane rejection” values or all
practical purposes.

2.3. Design o experiments, statistical analyses, and experimental
procedures

The sotware Design Expert was used to design the experimental
campaign based on RSM through the application o central composite
design (CCD), which defned the number o experiments and the values
o the variables needed or the statistically signifcant assessment o the
variables and responses. In addition, to understand the process behavior
under high salinity conditions, represented by a eed stream NaCl con-
centration o 150 g/L, experiments were also conducted at low salinities
o 1 g/L and 5 g/L representing control scenarios and allowing easier
highlight o the eect o salinity. The statistical ranges o variable values
are reported Table 2, together with the experimental ranges necessary to
properly build the response surace through CCD and to probe the entire
multidimensional space. In this scenario, 13 experiments were per-
ormed or each salinity, 8 o them at dierent values o ow rate and
vacuum, together with 5 replicates o the central point. The collected
experimental results were used as input data to generate the model or
each response according to the best quadratic ft. Analysis o variance
(ANOVA) was used to analyze the statistics and to evaluate the quality o
the obtained model.

3. Results and discussion

3.1. Relationship between applied vacuum, eed fow rate, and
productivity

The steady-state distillate uxes observed in the experiments are
reported against eed ow rate and applied vacuum in Fig. 2. An in-
crease in eed ow rate always translated into higher distillate uxes, i.e.
productivity, regardless o the vacuum value. This trend was described
also in a research report by Eykens et al. [34] and in a review by Chen
et al. [33]. Also an increase in applied vacuum led to greater produc-
tivity, while the impact o this second operating variable was substan-
tially lower than that o eed ow rate. These trends are well exemplifed
by comparing the results o the various experiments perormed at 100
mbar with those obtained at 500 mbar vacuum, under the same eed
ow rate values. While doubling the eed ow rates translated into a
similar increase in distillate ux, operating at a vacuum fve times
higher only resulted in slightly larger productivity, up to approximately
10 % o gain; see Fig. 2, second and ourth panel. In a previous research,
Liu et al. [35] suggested that even i an increase in vacuum inside the air
gap lowered the resistance in the pores while enhancing the vapor
pressure dierence and thereore the driving orce, the recorded pro-
ductivity improvements were barely more than 10 %. The data plotted
in Fig. 2 also imply that eed stream salinity is an important actor
regulating productivity because the distillate ux in the hyper-saline

Table 2
Experimental design o the selected operating conditions, representing the range
o variable values o the RSM model.
Controls Unit Modeling range Experimental range

Vacuum mbar 100–500 17–583
Feed ow rate L⋅h1 600–1,200 476–1,324
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scenario (150 g/L) was substantially lower than that observed in the low
salinity cases (1 g/L, 5 g/L). For this reason, and due to the strong
similarity between the results obtained at 1 g/L and 5 g/L, the ollowing
sections will only discuss results related to 5 g/L and 150 g/L eed stream
salinities. In summary, the observed productivity were coherent with
available literature studies perormed with similar confgurations,
modules size, as well as evaporator and condenser temperatures
[15,19,25,27,31,36]. Specifcally, distillate uxes between 0.5 LMH and
2.5 LMH were observed or low to medium salinity scenarios while
distillate uxes lower than 1.5 LMH were typically measured when
using hyper-saline eed streams. Based on the distillate ux results dis-
cussed just above, the response suraces were built or the 5 g/L scenario
(Fig. 3a) and or the 150 g/L scenario (Fig. 3b). Details regarding the set
o results used to develop the model (Tab.SA1 and Tab.SA3) together
with the outcome o the statistical analysis (Tab.SA2 and Fig.SA1, Tab.
SA4 and Fig.SA2) are reported in the appendix o the Supporting

Inormation. The graphs in Fig. 3 report the surace o the distillate ux
values modeled as a unction o eed ow rate and applied vacuum.
Despite absolute values being substantially higher or the low salinity
eed, the two suraces present analogous shape that supports the reli-
ability o the results and confrms that the impact o eed ow rate was
dominant compared to that o applied vacuum. This may be due to the
reduced temperature drop occurring along the module at high eed ow
rates, i.e., better preservation o the bulk temperature and thus o the
driving orce. In addition, another benefcial eect o increasing the eed
ow rate is the consequent reduction o both temperature and concen-
tration polarization due to increased channel heat and mass transer
coefcients [36]. On the other hand, the loss in productivity due to
salinity accounts or a decrease o around 50 % between the two cases,
as similarly shown in a previous research [25]. Moreover, it is worth
mentioning that the quadratic surace in Fig. 3a shows a minimum
distillate ux at mid vacuum values. This might be suggesting that the
decrease in temperature dierence when increasing the applied vacuum
(as observed in Fig. 4a and discussed in the next paragraph) generates a
decrease in driving orce that is more signifcant than the lowered
resistance in the pores due to vacuum increase itsel, until around 300
mbar when the latter eect becomes dominant. On the other hand, the
minimum in the distillate ux shown in Fig. 3a may be due to the
mathematical nature o the quadratic unction deployed to ft the sur-
ace response, and it might not be due to a physical phenomenon.
However, note that using a linear or a quadratic response surace results
in minor dierences, considerable smaller than the experimental un-
certainty o the data. However, these pilot-scale results and their abso-
lute values o distillate ux suggest that in a real scale operation an
increase in productivity would be more easily pursued by selecting a
larger eed ow rate instead o enhancing the applied vacuum. In
addition, it is worth noting that both suraces present a pseudo-linear
behavior. This observation implies that the perormance improvement
obtained by increasing the operating parameters may be considered
largely independent o the initial conditions.

3.2. Relationship between applied vacuum, eed fow rate, and energy
consumption

In general, according to the defnition o STEC reported in Eq. (2), an
increase in distillate ux, a decrease in eed ow rate, and/or a decrease
in temperature dierence between the cold outlet and the hot inlet,
translate into a lower specifc thermal energy consumption. The energy
perormance o the process lays on the trade-o behavior o these
various parameters and their relative impacts. To address these phe-
nomena, the response suraces were frstly built or the temperature
dierence between the evaporator inlet and the condenser outlet. This
temperature dierence inuences the STEC since the latter is

 150 g/L

Fig. 2. Steady-state distillate ux (y-axis) is reported as a unction o eed ow
rate (x-axis) and applied vacuum (panels). The solid bars reer to a eed stream
containing 1 g/L o NaCl, the sparsely patterned bars reer to a eed stream
containing 5 g/L o NaCl, while the densely patterned bars are related to a
concentration o 150 g/L. This data is used to build the respond surace or the
distillate ux. For the central point, i.e. Q equal to 900 L/h and applied vac-
uum equal to 300 mbar, the fve replicates showed negligibly dierent results,
i.e., within 2 %, and or this reason standard deviation bars cannot be observed.

Fig. 3. Modeled distillate ux values are reported as a unction o applied vacuum and eed ow rate. Figure a) reers to a eed solution with 5 g/L o NaCl while in b)
the eed concentration is 150 g/L. The suraces shade has visual purpose only, and it does not reer to a quantitative scale.
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proportional to the amount o heat that the heat source needs to transer
to the eed stream to reach the target temperature. The obtained results
are reported in Fig. 4.

Analogous trends o temperature dierence were recorded or the
two investigated eed salinities. The modeled suraces highlight that an
increase in eed ow rate always translated into an increase in tem-
perature dierence between the cold outlet and the hot inlet (and thus
into a larger STEC), while an increase in applied vacuum led to a
decrease in temperature dierence and thus to a STEC reduction. It is
important to point out that at high salinity values the eect o applied
vacuum becomes small and thus the dominant regulating actor remains
the eed ow rate. In general terms, as previously discussed by Hardikar
et al. [37], in pilot-scale AGMD systems, the eective trans-membrane
temperature dierence, i.e. the driving orce, is roughly one order o
magnitude lower than the one o the set hot and cold inlet temperatures.
Typical values o temperature dierence are between 3 ◦C and 7 ◦C
when condenser and evaporator inlets are set at 30 ◦C and 70 ◦C,
respectively. This mechanism is the main reason or the relatively low
distillate uxes recorded in this research (see Fig. 2 and Fig. 3) and in
most o the other pilot-scale studies, especially when compared to
bench-scale results.

The trends o temperature dierence may be rationalized consid-
ering the various heat ow mechanisms occurring across the membrane
and within the channels. An increase in eed ow rate always produced
an increase in the temperature dierence between the two membrane
sides leading consequently to a substantially higher distillate ux, i.e.
productivity. This eect is largely caused by lowering the eed residence

time in the ow channel, consequently reducing the heat transer be-
tween the two membrane sides and thus diminishing the eed stream
preheating [15]. The decrease in temperature dierence when
increasing vacuum values may be attributed to the enhanced latent heat
ux sustaining the heat transer between the condensing distillate and
the cold eed side o the membrane, hence increasing the temperature o
the latter.

The trends in distillate ux and temperature dierence discussed
above consequently aect the STEC reported in Fig. 5. First, note that
the modeled STEC values dier considerably in Fig. 5a and Fig. 5b (the
color scale is the same to highlight the absolute values dierence while
the z-axis is dierent to properly show the suraces shapes). For the low-
salinity case, a trade-o between productivity and STEC was observed
when changing the eed ow rate: increasing this parameter was detri-
mental rom the perspective o thermal energy consumption (Fig. 5a),
even i it led to a distillate ux increase (Fig. 3a). However, according to
Eq. (2), the higher achieved productivity was not sufcient to counteract
the combined negative eects o higher temperature dierence and
higher eed ow rate itsel on energy consumption, which was higher as
a consequence. On the other hand, increasing the magnitude o the
vacuum would produce small eects on productivity and a slight
decrease in STEC.

Results relative to the hyper-saline scenario are reported in Fig. 5b.
When considering the inuence o eed ow rate, a non-monotonous
trend was observed, with the STEC decreasing with eed ow rate and
reaching a shallow minimum around 1000 L/h. To the best o our
knowledge, a similar shape was previously recorded only in a research

Fig. 4. Modeled temperature dierence values between the eed hot inlet and the eed cold outlet are reported as a unction o applied vacuum and eed ow rate.
Figure a) reers to a eed solution with 5 g/L o NaCl while in b) the concentration is 150 g/L. The suraces shade has visual purpose only, and it does not reer to a
quantitative scale.

Fig. 5. Modeled specifc thermal energy consumption values are reported as a unction o applied vacuum and eed ow rate. Figure a) is reerring to a eed solution
with 5 g/L o NaCl while in b) the concentration was 150 g/L.
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by Winter et al. [22], and modeled by Swaminathan et al. [13] and by
Hardikar et al. [15]. This result implies that when using a hyper-saline
stream, a system optimization is possible and that a best eed ow rate
exists that would maximize the productivity while minimizing the spe-
cifc thermal energy consumption o the process. In summary, as dis-
cussed by Hardikar et al. [15], the ow rate that minimizes the STEC is
zero at zero salinity, and it increases as the salinity increases as showed
in the results o Fig. 5.

To account or the overall energy consumption o the process also the
SEEC necessary to circulate the water through the membrane channels
was evaluated and the related results are reported in Table S2 in the
Supporting Inormation. Note that the energy required to generate the
vacuum and to cool down the system through the cooling loop should be
addressed, since they typically play an important role in pilot-scale MD
systems. Overall, the absolute values o the electrical energy consump-
tion were orders o magnitude lower than the thermal energy necessary
to heat up the eed stream. Recorded SEEC values increased as eed
stream salinity increased since the latter was associated to a reduction o
distillate production and an increase in the hydraulic pressure inside the
membrane channels. Obtained SEEC results ranged approximately rom
0.1 kWhel⋅m3 to 1 kWhel⋅m3, aligned with recent literature results
obtained with the same system confguration [27,36]. However, or a
more accurate analysis o the quality o the energy, other than quantity,
and or a airer comparison between electricity and low-grade heat re-
quirements, a thorough exergetic analysis should be conducted. The
latter, useul also to identiy inefciencies, is out o the scope o this
work.

3.3. Quality o the product distillate water: vapor and pore fows

While it is established that distillate quality depends on the operating
conditions, e.g., applied vacuum, eed ow rate, eed salinity, and
operating temperatures, the prediction o AGMD systems selectivity is
still challenging, especially in hyper-saline scenarios [14,19,25]. One
parameter that could partly unravel the selectivity o the process is the
salt ux. The salt ux results obtained in this study are reported in Fig.S3
in the Supporting Inormation. In summary, Fig.S3 suggests that an in-
crease in eed ow rate or in applied vacuum always translates into a
larger salt ux. This phenomenon may be rationalized by the increasing
TMP which in turn is the parameter regulating the pore ow [14,25,31].
However, salt ux alone cannot ully explain the selectivity behavior o
the process. It might not necessarily represent a reliable predictor o
distillate quality, nor a stand-alone selectivity indicator, since salt ux is
dependent on liquid distillate ux (see Eq. (5)), a correlation that was
corroborated experimentally in this study. On the other hand, the
salinity normalized salt ux may highlight the salt transport mecha-
nisms across the membrane when it is plotted against the TMP (Fig.S4 in
the Supporting Inormation). I pore ow occurs due to membrane ‘de-
ects’, it is assumed to be a linear unction o the TMP [31], whereas
when pore ow is due to membrane wetting the liquid distillate ux
should present an increasing gradient with respect to the TMP [38].
However, the data collected in this study and reported in Fig.S4 do not
ully corroborate either o the two hypotheses and leave space or
urther investigations o the pore-ow phenomena.

To maintain generality and to provide a clear and straightorward
selectivity analysis the salt rejection should be instead evaluated. The
rejection results obtained in this study are reported in Fig. 6 where the
LRV is plotted against the trans-membrane pressure. The rejection was
high in all the tests and above 99.1 % (above 2-log10). Nevertheless, the
data highlight that the rejection o the membrane was consistently lower
when the eed stream contained high salt concentration, especially at
low TMP values. This may be explained by the decrease in distillate ux
when increasing the eed stream salinity that directly translates into a
rejection decrease [7,14]. Moreover, the plot suggests that the rejection
was largely regulated by the TMP. As reported in Table 3, the TMP is
calculated as the sum o the applied vacuum and the average evaporator

channel pressure along the module, the latter related to the eed ow
rate. Note that the impact o applied vacuum on TMP was dominant in
this study, although under dierent operating conditions the main
contributor might be dierent and it should be addressed case by case.
Pressure data related to the 150 g/L salinity are reported in Table S3 in
the Supporting Inormation. Notice that the applied vacuum values
slightly dier rom themodel set points because o the intrinsic precision
o the relie valve, however the precision was always higher than 95 %
and did not aect the obtained results.

4. Conclusion

Vacuum-assisted air gap membrane distillation represents a prom-
ising technology or the concentration o hyper-saline streams achieving
near zero liquid discharge. However, urther implementation o this
technical strategy can be limited because ew studies dealing with the
scalability and the behavior o pilot- and ull-scale V-AGMD systems
have been recently published. This research unraveled the eect o eed
stream salinity and operating conditions (i.e. eed ow rate and applied
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V 
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Fig. 6. To evaluate the selectivity o the process the LRV is reported as a
unction o the trans-membrane pressure dierence calculated as the average
pressure along the evaporator channel plus applied vacuum. Green circles reer
to a eed stream concentration o 5 g/L o NaCl while pink squares reer to a
eed stream concentration o 150 g/L o NaCl.

Table 3
Operating conditions and resulting trans-membrane pressure values when
operating at 5 g/L eed salinity. The evaporator pressure column reers to the
average hydraulic pressure along the evaporator channel.
Applied vacuum Feed ow rate Evaporator pressure TMP

(mbar) (L ⋅ h1) (mbar) (mbar)

19 900 21 41
99 1,200 45 144
101 600 3 104
291 1,324 56 347
291 900 10 301
292 900 13 304
295 900 12 307
295 900 12 307
298 900 12 310
299 476 2 301
478 1,200 37 515
496 600 2 499
573 900 9 582
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vacuum) on productivity, energy consumption, and selectivity o a pilot-
scale V-AGMD system. In summary, the main fndings o this study are: i)
eed ow rate had a stronger impact on distillate ux than applied
vacuum even i an increase in both led to higher productivity. ii) When a
hyper-saline eed stream was used, the productivity decreased drasti-
cally compared to eed solutions characterized by low salinity. iii) The
specifc thermal energy consumption increased pseudo-linearly with
eed ow rate at low salinity values while in an hyper-saline scenario
when increasing the eed ow rate a decrease in STEC was observed (a
minimum value o STEC can be identifed). iv) an increase in vacuum led
to a slight increase in distillate ux and thus to a more eective pre-
heating phase that, combined, translated into a system energy peror-
mance improvement. Regarding the process selectivity, data suggest
that the salt rejection was regulated by the trans-membrane pressure: an
increase in pressure dierence translated into a decrease in rejection.
The results also indicated that, while increasing the eed ow rate led to
an improvement in productivity, it also led to an increase in salt ux.
Additionally, vacuum regulated the trans-membrane pressure and thus
its increase lowered the salt rejection.

Nomenclature

Acronyms

AGMD Air gap membrane distillation
ANOVA Analysis o variance
CCD Central composite design
LEP Liquid entry pressure
MD Membrane distillation
PLC Programmable logic controller
RSM Response surace methodology
TMP Trans-membrane pressure
V-AGMD Vacuum-assisted air gap membrane distillation
ZLD Zero liquid discharge

Symbols

ΔPdrop bar, hydraulic pressure drop over the membrane module
η , efciency o the water circulating pump
ρ kg⋅m3, eed density
A m2, membrane active area
C J⋅kg1⋅K1, specifc heat capacity
cd g⋅L1, concentration o NaCl in the produced distillate
c g⋅L1, concentration o NaCl in the eed stream
Js g⋅m2⋅h1, salt ux
Jw L⋅m2⋅h1, total water ux
Jw,l L⋅m2⋅h1, liquid water ux
Jw,v L⋅m2⋅h1, vapor water ux
Q L⋅h1, eed ow rate
Tcold,in ◦C, cold inlet temperature
Tcold,out ◦C, cold outlet temperature
Thot,in ◦C, hot inlet temperature
Thot,out ◦C, hot outlet temperature
Vd L, volume o distillate collected in the time rame Δt
LRV , log removal value
R %, salt rejection
SEEC kWhel⋅m3, specifc electrical energy consumption
STEC kWhth⋅m3, specifc thermal energy consumption
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