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Evaluating energy consumption of air gap membrane distillation for
seawater desalination at pilot scale level

Abstract

This study aimed to optimise an air gap membrane distillation (AGMD) system for seawater desalination with
respect to distillate production as well as thermal and electrical energy consumption. Pilot evaluation data
shows a notable influence of evaporator inlet temperature and water circulation rate on process performance.
An increase in both distillate production rate and energy efficiency could be obtained by increasing the
evaporator inlet temperature. On the other hand, there was a trade-off between the distillate production rate
and energy efficiency when the water circulation rate varied. Increasing the water circulation rate resulted in
an improvement in the distillate production rate, but also an increase in both specific thermal and electrical
energy consumption. Given the small driving force used in the pilot AGMD, discernible impact of feed
salinity on process performance could be observed, while the effects of temperature and concentration
polarisation were small. At the optimum operating conditions identified in this study, a stable AGMD
operation for seawater desalination could be achieved with specific thermal and electrical energy consumption
090 and 0.13 kW h/m3, respectively. These values demonstrate the commercial viability of AGMD for small-
scale and off-grid seawater desalination where solar thermal or low-grade heat sources are readily available.
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Abstract: This study aimed to optimise an air gap membrane distillation (AGMD) process
for seawater desalination with respect to distillate production as well as thermal and electrical
energy consumption. Pilot evaluation data shows a notable influence of evaporator inlet
temperature and water circulation rate on process performance. An increase in both distillate
production rate and energy efficiency could be obtained by increasing the evaporator inlet
temperature. On the other hand, there was a trade-off between the distillate production rate
and energy efficiency when the water circulation rate varied. Increasing the water circulation
rate resulted in an improvement in the distillate production rate, but also an increase in both
specific thermal and electrical energy consumption. Given the small driving force used in the
pilot AGMD, discernible impact of feed salinity on process performance could be observed,
while the effects of temperature and concentration polarisation were small. At the optimum
operating conditions identified in this study, a stable AGMD operation for seawater
desalination could be achieved with specific thermal and electrical energy consumption of 90
and 0.13 KWh/m?, respectively. These values demonstrate the commercial viability of AGMD
for small-scale and off-grid seawater desalination where solar thermal or low-grade heat
sources are readily available.

Keywords: membrane distillation; air gap membrane distillation (AGMD); energy
consumption; seawater desalination; process optimisation.



1. Introduction

Desalination is a practical approach to increase and secure drinking water supply in
coastal areas [1]. Drinking water supply from seawater using large-scale reverse osmosis
(RO) and conventional thermal distillation has been implemented in many parts of the world.
However, the provision of drinking water to small and remote coastal communities remains a
significant challenge. Conventional thermal distillation is less energy efficient and requires a
larger physical footprint compared to RO. On the other hand, RO, as a pressure-driven
membrane separation process, requires intensive pre-treatment, high-pressure pumps, and
duplex stainless steel piping. As a result, RO may not be suitable for small-scale seawater
desalination applications, particularly in areas with unreliable or limited power supply. In this
context, membrane distillation (MD), given its ability to use solar thermal and low-grade heat
directly as the primary source of energy, has been identified as a potential candidate for

small-scale and off-grid seawater desalination applications [2-5].

MD is combination of membrane separation and phase-change thermal distillation [6, 7].
In MD, a hydrophobic, microporous membrane is used as a barrier against the liquid phase,
but allows the vapour phase (i.e., water vapour) to pass through. As a result, MD, like a
conventional thermal distillation process, can offer ultrapure water directly from seawater.
MD can also retain most advantages of a typical membrane process, including modulation,
compactness, and process efficiency [6, 7]. Thus, the physical and energy footprints of MD
can be lower than those of conventional thermal distillation [8, 9]. In addition, given the
absence of a high hydraulic pressure and the discontinuity of the liquid phrase across its
membrane, MD is less susceptible to membrane fouling and does not require intensive feed
water pre-treatment compared to RO [6, 10]. More importantly, MD systems can be
manufactured from non-corrosive and inexpensive plastic materials, leading to significantly
reduced capital and maintenance costs. Finally, the feed operating temperature of MD is often
in the range of 40 to 80 °C, which is also the optimal operating temperature with respect to
thermal efficiency of most thermal solar collectors [11]. Given these attributes, MD is a
promising candidate for small-scale, stand-alone, and solar-driven seawater desalination
applications [3, 11-13].

Despite a range of attributes that are highly suitable for small-scale and off-grid seawater

desalination, there are still several technical challenges to the practical realisation of MD.
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Amongst them, low thermal efficiency is the most considerable. As a thermally driven
separation process, MD requires huge amounts of thermal energy to facilitate the phase
conversion of liquid water into vapour, and vice versa. As a result, the specific energy
consumption of all MD processes reported in the literature to date is several orders of
magnitude higher than that of RO [4, 12, 14].

MD can be operated in four basic configurations, including direct contact membrane
distillation (DCMD), sweeping gas membrane distillation (SGMD), vacuum membrane
distillation (VMD), and air gap membrane distillation (AGMD). DCMD has the lowest
thermal efficiency due to significant heat conduction through the membrane. In SGMD and
VMD, the introduction of sweeping gas and vacuum, respectively, mitigates the heat loss due
to conduction, and hence improves the process thermal efficiency. However, this also
increases the process complexity because an external condenser must be employed to obtain
fresh water, thus limiting the practical applications of SGMD and VMD for seawater
desalination. AGMD has a higher thermal efficiency compared to DCMD but lower process
complexity compared to SGMD and VMD. Therefore, AGMD has been the most widely
studied configuration for seawater MD desalination at pilot-scale level [15-17].

In AGMD, a stagnant air gap is maintained between the membrane and the condenser
channel by using a condenser foil. The stagnant air gap functions as a thermal insulation
layer. As a result, the heat loss due to conduction, which is intrinsic to DCMD, is noticeably
reduced in AGMD. Moreover, because the distillate and coolant are separated by the
condenser foil, in a single-pass AGMD process seawater at ambient temperature can be used
as the coolant prior to being externally heated and fed into the evaporator channel. The latent
heat of condensation can be recovered to pre-heat the feed, thus reducing the thermal energy
consumption of AGMD [10, 18, 19]. It is noteworthy that amongst the aforementioned
configurations, only AGMD permits the latent heat recovery without an external heat
exchanger. In addition, cooling, which must be used in other configurations, can be excluded
in single-pass AGMD, hence further reducing its thermal energy consumption. However, the
stagnant air gap also increases the overall resistance to mass transfer; therefore, AGMD is

usually operated at a lower water flux compared to other configurations [16, 17, 20].

To date, there have been only few studies on process optimisation of AGMD desalination

at pilot-scale with respect to distillate production and thermal and especially electrical energy



consumption. As a notable example, Guillen-Burrieza et al. [15] investigated the performance
of two pilot-scale AGMD systems using synthetic NaCl solutions as the feed. They
elucidated the influences of feed inlet temperature and water circulation rate on water flux,
distillate quality, and thermal energy consumption of the systems. However, they did not
consider membrane fouling propensity and electrical energy consumption [15]. Koschikowski
et al. [10] reported experimental investigations on eight stand-alone, solar-powered pilot
AGMD systems for drinking water production from seawater. The distillate production rate
of the systems for one typical day and for over three years of operation was evaluated.
Nevertheless, Koschikowski et al. [10] did not assess the energy consumption of their

systems.

Given the significant research gap with respect to the optimisation of energy consumption
and water production rate of AGMD for seawater desalination, this study aims at elucidating
the influences of operating conditions on the performance and thermal and electrical energy
consumption of a single-pass, pilot-scale AGMD process. The effects of temperature and
concentration polarisation effects and feed salinity on distillate production rate and energy
consumption of the process were analysed. The feasibility of a single-pass pilot AGMD to

produce fresh water from actual seawater without any pre-treatment was also demonstrated.

2. Materials and methods

2.1. Materials
2.1.1. Pilot AGMD system

A pilot AGMD system (Fig. 1) was used. The system consisted of a spiral-wound AGMD
membrane module (Aquastill, Sittard, The Netherlands), a feed tank, a water-circulating
pump, temperature and pressure sensors, and a magnetic flow meter. The spiral-wound
membrane module had 6 evaporator channels, 6 condenser channels, and 12 distillate
channels. Each evaporator channel was formed with microporous low-density polyethylene
(LDPE) membranes with nominal pore size of 0.3 um, thickness of 76 um, and porosity of
85%. Coated aluminium foils were used to create the condenser channels. Mesh spacers, 1
mm in thickness, were inserted between the evaporator channels and condenser channels to
create the distillate channels. Mesh spacers with thickness of 2 mm were also used in the

evaporator and condenser channels to minimise temperature and concentration polarisation
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effects. Key characteristics of the spiral-wound membrane module are summarised in Table
1.
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Fig. 1. The pilot AGMD system used in the study: (A) a schematic diagram of the system,
(B) a photograph of the pilot system, and (C) a photograph of the spiral-wound AGMD

membrane module.

Table 1. Characteristics of the spiral-wound AGMD membrane module.

Effective membrane surface area (m?) 7.2
Diameter of the module (m) 0.4
Height of the module (m) 0.5
Length of envelope (m) 15
Width of envelope (m) 0.4
Thickness of the evaporator channels (mm) 2.0
Thickness of the condenser channels (mm) 2.0
Thickness of the distillate channels (mm) 1.0
Number of evaporator channels 6

Number of condenser channels 6

Number of distillate channels 12




The spiral-would AGMD membrane module had been designed specifically to recover
the latent heat of condensation. Briefly, saline solution from the feed tank first entered the
condenser channels of the membrane module to primarily function as the coolant. When the
saline feed solution (coolant) was flowing along the condenser channels, it facilitated the
condensation of water vapour that crossed the membranes from the evaporator channels, and
simultaneously was pre-heated. The pre-heated saline solution leaving the condenser
channels was further heated using an external heat exchanger. The heated saline solution was
then fed into the evaporator channels, where water vapour was formed and diffused across
the membranes to the distillate channels. The warm concentrate (i.e., the brine) leaving the
evaporator channels was returned to the feed tank. To simulate single-pass operation, the
distillate was also returned to the feed tank, and a cooler was employed to maintain the
constant temperature of the saline solution in the feed tank (Fig. 1).

Temperatures of the process stream at the inlet and outlet of the condenser and evaporator
channels were measured using four temperature sensors. The hydraulic pressure drop along
the spiral-wound membrane module was measured using two pressure sensors. A magnetic
flow meter was placed before the inlet of the condensers channels to measure the water
circulation rate. The temperature and pressure sensors and the flow meter were connected to
the supervisory control and data acquisition system of the pilot system for continuous
measurement and data recording. Electrical conductivity of the feed and the distillate was
measured using Orion 4-Star Plus meters (Thermo Scientific, Waltham, Massachusetts,
USA). Distillate production rate of the process was measured using a 500 mL gradual

cylinder and a stopwatch.
2.1.2. Feed solutions

Tap water, synthetic NaCl solution, and seawater were used as feed solutions. Seawater
was collected from Bulli beach (New South Wales, Australia) and was used without any pre-
treatment. The seawater had electrical conductivity, pH, and total dissolved solids of 55.0 =
0.5 mS/cm, 8.35 + 0.05, and 35,000 + 250 mg/L, respectively. The total organic carbon
(TOC) concentration of this seawater was less than 2 mg/L. The synthetic NaCl solution
having a similar salinity to the seawater (i.e., 35,000 mg/L) was prepared from analytical

grade chemical and tap water.



2.2. Experimental protocols
2.2.1. Pilot AGMD of tap water and of synthetic NaCl solution

Pilot AGMD of tap water was conducted to characterise the performance of the pilot
system. To simulate the single-pass AGMD of seawater, the condenser inlet temperature,
Tc.in, Was remained at 25 °C, while the evaporator inlet temperature, Te.in, Was varied from 50
to 70 °C. The water circulation rate (Freed) Was in the range from 150 to 350 L/h, which was
the permissible range of the pilot system. The distillate production rate (Faist), evaporator inlet
and outlet temperatures, condenser inlet and outlet temperatures, and the hydraulic pressures
at the inlet and outlet of the membrane module were measured and recorded when the process

had been at stable conditions for 1 hour.

Pilot AGMD evaluation of the synthetic NaCl solution feed was conducted under the
same operating conditions as described above to elucidate the influence of feed salinity on the
distillate production rate and specific thermal and electrical energy consumption of the
process. In addition to distillate production rate and temperatures and hydraulic pressures of
the process streams, conductivities of the distillate and the NaCl solution in the feed tank

were regularly measured.
2.2.2. Pilot AGMD of seawater

The optimum evaporator inlet temperature and water circulation rate (i.e., with regard to
specific thermal and electrical energy consumption), which were obtained from the
experiment with the NaCl solution feed, were used to evaluate the AGMD operation with
seawater feed. The purpose of this experiment was to demonstrate a stable single-pass
AGMD desalination of seawater with minimal energy consumption. A batch of 500 L of
seawater was used for one pilot operation. The operation was maintained for 9 hours under
stable operating conditions. Distillate production rate, temperatures and hydraulic pressures
of the process streams, and conductivities of the seawater feed and the distillate were

recorded every hour.
2.3. Electrical energy consumption and thermal efficiency calculations

In the MD process, electrical energy and thermal energy are required for water circulation

and phase conversion, respectively. The electrical energy consumption of the pilot system



was evaluated using specific electrical energy consumption (SEEC), which is the electrical
energy consumed per volume unit of distillate produced (kWh/m®). The SEEC of the pilot
AGMD system was calculated using Eq. 1 [21]:

Ffeed x AR,

drop
1
36 xnxF, @)

SEEC =
ist

where Fred and Fgist are the water circulation rate and distillate production rate (L/h),
respectively, APdrop is the hydraulic pressure drop over the AGMD module (bar), and 7 is the

efficiency of the water-circulating pump.

In this study, the warm brine stream leaving the evaporator channels was returned to the
feed tank, thus cooling was required to maintain the constant condenser inlet temperature.
However, in practice, seawater can be used as the coolant and the warm brine stream can be
discharged from the single-pass AGMD process. Thermal energy is only required to further
heat the feed stream prior to the evaporator inlet to generate the process driving force. As a
result, the specific thermal energy consumption (STEC) of the pilot system, which is the
amount of thermal energy required per volume unit of distillate produced (kWh/m3), was

calculated as:

Ffeed x pfeed x Cp x ATtop

STEC = s
3.6x10” x Fyq,

)

where preed and Cp are the density (kg/m?) and specific heat capacity (J/kg.K) of the feed
stream, respectively, and AT is the temperature difference between the evaporator inlet and

the condenser outlet.

In addition to STEC, gained output ratio (GOR), which is a ratio between the useful heat
(i.e., the heat associated with water vapour transfer) and the total heat input of the system,
was used to evaluate the thermal efficiency of the pilot process. GOR indicates how efficient

the MD system is in terms of heat recovery, and can be calculated as:

10° x Faist X Paise X AH
Ffeed x pfeed X Cp X AT

top

GOR =

©)



where pyist is the density of the distillate (kg/m®) and 4H is the latent heat of evaporation of
water (kJ/kg).

3. Results and discussions

3.1. Characterisation of the pilot AGMD system with tap water
3.1.1. Influence of evaporator inlet temperature on the performance of the system

In this study, the temperature difference between the evaporator inlet and the condenser
outlet (ATwp) was up to 0.8 °C higher than that between the evaporator outlet and the
condenser inlet (ATbottom). However, for simplicity, the average value of ATiwp and ATwottom,

denoted as AT, is presented when considering the driving force of the process.

When operating at an increased feed (evaporator inlet) temperature, the AGMD system
could achieve a higher distillate production rate. Indeed, the distillate production rate
increased from 4.5 to 9.5 L/h when the evaporator inlet temperature increased from 50 to 70
°C (Fig. 2). This observed increase in the distillate production rate can be attributed to the
larger water vapour pressure difference across the membrane at an elevated temperature, as
predicted by the Antoine equation [22]. In addition, the increase in the evaporator inlet
temperature also led to an increase in the driving force of the process (i.e., AT increased from
2.0t0 3.0 °C).

Operating the system at a high feed temperature also increased the thermal efficiency of
the AGMD process. The system specific thermal energy consumption (STEC) decreased from
82 to 67 kWh/m?® when the evaporator inlet temperature increased from 50 to 70 °C (Fig. 2).
Similarly, the system gained output ratio (GOR) increased from 7.5 to 9.5 with the increase in
the evaporator inlet temperature. The observed improvement in thermal efficiency at high
feed temperature can also be explained by the relationship between water vapour pressure
and temperature according to the Antoine equation as noted above. The benefit of operating
the process at a high feed temperature with regard to thermal efficiency has been reported for
other MD configurations [23, 24].

The increase in feed temperature also led to a small, but noticeable reduction in the

specific electrical energy consumption (SEEC). This is mostly driven by the increase in the



distillate production rate while the electrical energy demand for water circulation remained

constant at the unchanged water circulation rate (Fig. 2).
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Fig. 2. Distillate production rate, STEC, and SEEC as functions of evaporator inlet
temperature in pilot AGMD of tap water. Other operating conditions: Tcin = 25 °C, Ffeed =

150 L/h. Error bars represent the standard deviation of triplicate experiments.
3.1.2. Influence of water circulation rate on the performance of the system

The distillate production rate could also be increased by increasing water circulation rate
within the membrane module (Fig. 3). Increasing the water circulation rate from 150 to 350
L/h resulted in an increase in AT from 3.0 to 4.5 °C; thus, the distillate production rate
increased from 9.5 to 19 L/h. The positive influence of water circulation rate on permeate
flux, and thus distillate production rate in MD, has been widely reported [23, 25-27].
However, it is important to note that these previous studies used lab-scale DCMD systems
with a high permeate flux induced by a large driving force (AT > 25 °C). Thus, the effects of
temperature and concentration polarisation were significant [18, 23]. Increasing water
circulation rate helped reduce the temperature and concentration polarisation effects, and

hence improved permeate flux. In this pilot AGMD study, the driving force was small (AT <
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5 °C) and thus the polarisation effects were rather small. As a result, the observed increase in

distillate production rate can be mostly attributed to the increased AT (Fig. 3).
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Fig. 3. Distillate production rate, STEC, and SEEC as functions of water circulation rate in
the pilot AGMD of tap water feed. Other operating conditions: Tcin = 25 °C, Tein = 70 °C.
Error bars represent the standard deviation of triplicate experiments.

The role of temperature polarisation effect in the pilot AGMD process at different
operating conditions can be clarified by examining the distillate production rate as a function
of AT (Fig. 4). Elevating the feed temperature or the water circulation rate both led to an
increase in AT, and thus increased permeate flux. Increasing permeate flux magnifies the
temperature polarisation effect [26, 28]. However, unlike feed temperature, increasing the
water circulation rate also helped mitigate the negative effect of temperature polarisation [28,
29]. As a result, the slope of distillate production rate against AT for the set of water
circulation rate experiments was slightly higher compared to the feed temperature
experiments (Fig. 4). It is noteworthy that operating temperature might also affect the slope.
Thus, further studies on the influence of operating conditions on polarisation effects during

pilot AGMD are recommended.
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evaporator inlet temperature or water circulation rate increased in the pilot AGMD of tap

water. Error bars represent the standard deviation of triplicate experiments.

Operating the pilot process at a high water circulation rate resulted in a low thermal
efficiency. Increasing the water circulation rate reduced the residence time of the coolant and
the hot feed inside the membrane module, thus, reducing the heat recovery efficacy. In other
words, the recovery of latent heat from the water vapour to the coolant decreased, leading to
an increase in ATwp. Elevated water circulation rate and the associated increase in ATiop
resulted in an increase in the total heat input into the system (Eq. 2). The total heat input
increased at a higher rate compared to the distillate production rate when the water circulation
rate increased. As a result, the STEC of the system increased from 65 to 105 kWh/m?® when
the water circulation rate was elevated from 150 to 350 L/h (Fig. 3). Correspondingly, the
GOR of the system decreased from 9.5 to 6.0. A similar influence of water circulation rate on
thermal efficiency was also reported for DCMD with brine recycling [24] and when

employing an external heat-exchanger [30, 31].

The water circulation rate also exerted a strong influence on the SEEC of the system. The
SEEC of the system is proportional to the water circulation rate (Fred) and the hydraulic

pressure drop over the membrane module (APdrop) according to Eq. 1. Increasing the water
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circulation rate from 150 to 350 L/h resulted in an increase in APgrop from 0.14 to 0.45 bar.

As a result, the SEEC of the system significantly increased (i.e., from 0.1 to 0.4 kWh/m®)
despite the increase in distillate production rate (Fig. 3).

3.2. Influence of feed salinity on the performance of the pilot system

The presence of NaCl (35,000 mg/L) in the feed solution significantly reduced the
distillate production rate of the pilot AGMD compared to the reference experiments using tap
water feed (Fig. 5). Dissolved NaCl in the feed solution decreases water activity, and thus
reduces the transmembrane partial water vapour pressure, which is the actual driving force of
the MD process [22]. Indeed, using the Antoine equation [22], the actual driving force of the
pilot AGMD with the NaCl solution feed (i.e., with evaporator inlet temperature and water
circulation rate of 50 °C and 150 L/h, respectively, and an assumed temperature polarisation
coefficient of 0.7) decreased by 20% compared to the pilot process with tap water feed under
the same conditions.
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Fig. 5. Influence of feed salinity on distillate production rate of the pilot AGMD system at
various operating conditions: (A) distillate production rate as a function of evaporator inlet
temperature; other operating conditions: Tcin = 25 °C, Fgea = 150 L/h, and (B) distillate
production rate as a function of water circulation rate; other operating conditions: Tcin = 25

°C, Te.in = 70 °C. Error bars represent the standard deviation of triplicate experiments.
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In addition to decreased water activity, concentration polarisation effect might also cause
a reduction in the distillate production rate when using a saline feed. Elevating the feed
temperature with a constant water circulation rate increased the concentration polarisation
effect [29]. Thus, the decline in the distillate production rate in the process of saline solution
feed, compared to that of tap water feed, was more significant at a higher feed temperature
(Fig. 5A). On the contrary, the effect of concentration polarisation in the process of saline
solution feed was indiscernible when the water circulation rate changed (Fig. 5B). Increasing
the water circulation rate mitigated the effect of concentration polarisation because of
increased flow turbulence; however, it also exaggerated the concentration polarisation effect

due to the associated increase in permeate flux.

The influences of operating conditions on the specific energy consumption of the pilot
AGMD process with the NaCl solution feed were similar to those observed in the experiment
with tap water feed (Fig. 6). Elevating the evaporator inlet temperature and decreasing the
water circulation rate also reduced the STEC and SEEC of the pilot process when operating
with the NaCl feed solution. However, the presence of salts in the feed solution increased
both STEC and SEEC because of the decreased distillate production rate compared to the

reference results using tap water (Figs. 5 and 6).
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Fig. 6. Influence of feed salinity on the specific thermal and electrical energy consumption of
the pilot AGMD system at various operating conditions: (A) STEC and SEEC as a function of
evaporator inlet temperature, other operating conditions: Tcin = 25 °C, Freeds = 150 L/h, and
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(B) STEC and SEEC as a function of water circulation rate; other operating conditions: Tc.n =

25 °C, Tein = 70 °C. Error bars represent the standard deviation of triplicate experiments.
3.3. Pilot AGMD process of seawater

The evaporator inlet temperature of 70 °C and the water circulation rate of 150 L/h were
the optimal operating conditions (i.e., with respect to specific energy consumption) in the
pilot process with tap water and the saline solution feed. Thus, these conditions were selected

for further experiment with seawater.

A stable pilot AGMD operation with seawater feed and without any pre-treatment was
obtained. Throughout 9 hours of operation, the distillate production rate of the system
remained steady at 7.3 L/h (Fig. 7), and the distillate conductivity was always below 100
uS/cm (i.e., equivalent to the salinity of 50 mg/L). The stable distillate production rate and
distillate conductivity confirm the absence of membrane scaling and fouling during the
operation. It is noteworthy that in the single-pass operation, the water recovery rate of the
pilot AGMD system was noticeably low (i.e., 5%). Low water recovery rate together with a
small concentration polarisation ensured that concentrations of potential scalants, such as
CaCOz and CaS0Og4 [24, 32, 33], at the membrane surface were well below their solubility
limits. The stable distillate production rate (which indicates the absence of any membrane
fouling) observed in this experiment can be also attributed to the low total organic carbon
concentration of the seawater feed (i.e., <2 mg/L) and low operating permeate flux (i.e., 1.0
L/m?-h). The results reported here are consistent with previous studies, in which MD was
reported to be able to desalt seawater without any intensive chemical pre-treatment for

months of operation [34, 35].
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Fig. 7. Distillate production rate, STEC, SEEC, and GOR as functions of operating time in the

pilot AGMD treatment of seawater. Operating conditions: Tcin = 25 °C, Te.in = 70 °C, Ffeed =
150 L/h.

Throughout the experiment, the STEC and GOR of the system slightly varied from 90 to
95 kWh/m® and 6.5 to 7, respectively, while the SEEC of the system remained stable at 0.13
kwh/m? (Fig. 7). The variations in STEC and GOR were attributed to the fluctuation in the
value of ATp, Which was inevitable for the pilot system. Differently, the factors determining
the SEEC of the system remained stable; thus, a constant SEEC was obtained. It is also
noteworthy that the distillate production rate obtained from seawater is similar to that from a
35,000 mg/L NaCl solution reported in section 3.2.

Compared to a state-of-the-art seawater RO process, the pilot AGMD process had a
significantly lower SEEC (i.e., 0.13 compared to approximately 4 kwWh/m®) [14]. This
comparison roughly demonstrates the advantage of MD over RO for seawater desalination
when integrating with solar energy. PV panels used to supply electrical energy to solar-driven
desalination systems contribute a significant portion to the capital costs of the systems [10,
14]. The operational costs of MD can also be reduced when using low-grade waste heat
available on site. Indeed, water production cost as low as 0.26 $/m? has been reported for a

seawater MD desalination unit using waste heat [36].
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Comparisons between the pilot AGMD system used in the present study and other pilot
AGMD systems reported in the literature are provided in Table 2. Under the optimal
operating conditions (i.e., the evaporator inlet temperature and water circulation rate), our
system achieved the lowest STEC and the highest GOR. However, the permeate flux of the
present system was also the lowest. It is noteworthy that while the evaporator inlet
temperature used in the present study was in the range investigated in previous studies, the
water circulation rate was much lower in the present experiments. This again confirms the
strong influence of water circulation rate on permeate flux and energy consumption of
AGMD systems.

Table 2. Comparisons between the thermal and electrical energy consumption of the pilot

AGMD system in this study and values previously reported in the literature.

Literature

Present study [10] [34] [12] [11]
Water circulation flow rate (L/h) 150 280-415 400 500 200-400
Feed temperature at evaporator 70 60-85 - 85 60-85
inlet (°C)
Permeate flux (L/m2-h) 1.0 2.1 25 3.4 1.88
STEC (kWh/m?®) 90-95 100-200  200-300  250-600 140-200
SEEC (kWh/m?) 0.13 - - - -
GOR 6-7 3-6 0.3-0.9 - 4-6

4. Conclusions

We investigated the optimisation of a single-pass pilot AGMD process of seawater with
respect to distillate production rate and energy consumption. The evaporator inlet temperature
and the water circulation rate strongly influenced the process performance. The process
delivered a better performance (i.e., higher distillate production rate and lower specific
thermal and electrical energy consumption) when operating at elevated evaporator inlet
temperature. In contrast, a trade-off between the distillate production rate and energy
efficiency of the process was observed as the water circulation rate increased. Furthermore,
given the small driving force (AT < 5 °C) used in this study, both temperature and
concentration polarisation effects of the AGMD process were rather small. On the other hand,
the effects of feed salinity (which resulted in a decrease in water activity and an increase in
concentration polarisation) on distillate production rate and thermal efficiency were clearly
discernible. Finally, a stable single-pass pilot AGMD operation of seawater with a specific

thermal and electrical energy consumption of 90 and 0.13 kWh/m?®, respectively, was
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demonstrated. The specific thermal energy consumption obtained here is lower than all other

values from previous pilot AGMD evaluations in the literature.
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