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ab s t r ac t
The effectiveness of work of a 2-inch capillary module, with membrane area equal to 0.71 m2, in a pilot 
plant for direct contact membrane distillation was investigated. The module was designed with appli-
cation of polypropylene membranes Accurel PP S6/2 with diameter of 1.8/2.6 mm and effective length 
of 1.05 m. Membranes placed inside the tubular shell were assembled in a form of braids, using three 
capillaries in each braid, obtaining the packing density coefficient of 31%. This configuration ensured 
good conditions of stream mixing on the shell side, and as a result, the effectiveness of module oper-
ation was close to results obtained for smaller capillary modules in the laboratory tests. The permeate 
flux at the used parameters of membrane distillation (TF = 355 K) was above 25 L m–2 h–1, and the energy 
consumption was at a level of 23.4 kW m–2 of membranes (936 kWh m–3 of distillate), while the thermal 
efficiency of process amounted to 70%–80%.
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1. Introduction

In membrane distillation (MD) process, volatile species 
in the hot feed vaporize at a hydrophobic membrane sur-
face and form vapour permeates, which pass through the 
pores filled only by gas phase [1–3]. The vapour condensa-
tion takes place either inside or outside the membrane mod-
ule, depending on the MD variant [4]. In the case of direct 
contact MD (DCMD), the vapour is condensed at the mem-
brane/cold liquid (cooled distillate) interface inside the MD 
module [1–4]. The vapour can be also condensed on a cooled 
plate, which is separated from membrane by air gap (air gap 
MD – AGMD) [4–7]. 

The separation mechanism, occurring in the MD process, 
makes the non-volatile components, such as salts, retained 
nearly in 100%; thus, the MD can be used for production of 
fresh water, even from brines [7–10]. Moreover, the MD pro-
cess was successfully applied for water and wastewater treat-
ment, for food processing and water recovery from different 
industrial effluents [4,5,11].

The driving force for the mass transfer in MD process is 
the vapour pressure difference across the membrane, which 

depends on the temperature and feed composition at the 
membrane walls [6,7,12]. The occurrence of simultaneous 
heat and mass transfer generates the polarization effects in 
boundary layers. The increase of flow velocity reduces the 
thickness of boundary layers formed in the membrane mod-
ule channels, and hence decreases the polarization phenome-
non [13–15]. For this reason, the permeate flux depends, to a 
high extent, on a feed temperature and the streams flow rates 
in the MD module [4,12–18]. 

The creation of appropriate hydrodynamic conditions 
inside the MD module is significantly affected by the mod-
ule design and the MD configuration [4,12,16,17]. There are 
three major MD module configurations, including plate-and-
frame module, spiral wound membrane module and tubular 
or shell-and-tube module. The last type of configuration is 
assembled using the capillary membranes; thus, this design 
is also named the capillary module. In these modules, a bun-
dle of porous capillaries is arranged into a tubular shell, like 
in a tube-and-shell heat exchanger configuration [16–18]. The 
capillary modules are more beneficial than plate-and-frame 
modules, fabricated with flat sheet membranes, because they 
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can be packed at much higher membrane area to a module 
volume ratio.

The availability of commercial MD modules is one of the 
limitations of industrial implementation of the MD process. 
In the recent years, several kinds of MD modules have been 
developed and applied in pilot plants construction [4–7,12,16]. 
The majority of these modules are based on the AGMD design, 
which have the additional channel for cooling water enabling 
the recovery of latent heat. This allows to enhance the effec-
tiveness of energy consumed in MD process several times 
[4,12]. The energy transferred from the feed to distillate can 
be additionally recovered in an external heat exchanger, as in 
the case of plate-and-frame AGMD modules design, manu-
factured by Scarab Development AB and XZero AB (Sweden) 
[16,19]. This solution consists of an AGMD module. In this 
design, the cold saline water flows through a condenser with 
non-permeable walls, what increases its temperature, due 
to the vapour condensation. Subsequently, the saline water 
(feed) passes through an external heat exchanger, where an 
additional heat is added before the feed is returned into the 
module. A similar conception using Memstill technology (cap-
illary membranes) was designed by TNO (The Netherlands 
Organisation for Applied Scientific Research), Keppel Seghers 
(Belgium), and Aquastill (The Netherlands) [4,20,21].

Spiral-wound AGMD modules with an integrated heat 
recovery for different solar-powered desalination systems 
have been developed since 2003 by Fraunhofer Institute for 
Solar Energy System (ISE) and Solar Spring GmbH (Germany). 
The pilot installations were localized in the Island of Gran 
Canaria in Spain; Jordan, Egypt, Mexico, and Pantelleria in 
Italy; Aqaba in Jordan; and Amarika in Namibia [12,22,23]. 
The internal heat recovery was also introduced by Memsys 
(Germany and Singapore) and Aquaver (The Netherlands): 
The Memsys system is based on vacuum enhanced multief-
fect AGMD variant, incorporating heat recovery and recy-
cling in a plate-and-frame membrane module [4,24].

In the pilot plants with the above-mentioned modules, 
the yield of MD at a level of 2–7 L m–2 h–1 was obtained 
[5,12,22,23]. A larger yield (over 20 L m–2 h–1) can be achieved 
using the capillary modules in DCMD configuration [17,18]. 
However, a significant fraction of energy is lost in this case, 
due to the heat conduction through the membranes [13,15]. 
An enhancement of the effectiveness of energy utilization (up 
to 70%–80%) was obtained at the feed temperature above 353 
K [25], which also enabled the application of the external sys-
tem for heat recovery [18,26,27]. 

A vapour transport resistance is inversely proportional to 
the membrane thickness; thus, the thin membranes (50–80 mm), 
supported by polymeric nets, are used in presented industrial 
MD modules [12,16,28]. During the studies of water desalina-
tion in pilot plants, the intensive scaling of the membranes was 
found [21,23]. As a result, a fraction of membrane pores became 
wetted, what resulted in a leakage of the feed into distillate and 
in deterioration of fresh water produced [5,15,23]. Moreover, 
the removal of deposits, for example, by module rinsing with 
acid solutions, was required [23] what even increased the rate 
of membrane wetting [29]. In such cases, the intensity of mem-
brane wetting can be limited by application of the capillary 
membranes with thicker walls [9].

In capillary DCMD modules, it is necessary to ensure 
good flow conditions also on the shell side. In order to 

increase the flow turbulence between capillaries, mixing ele-
ments are assembled, or membranes are arranged in a proper 
shape (e.g., twisted, braided and wave) causing considerable 
turbulence of liquid flow [16–18,24,30]. These solutions may 
reduce the temperature polarization effect and enhance per-
meate fluxes in MD modules. 

Due to the evaporation, the feed temperature rapidly 
decreases along with the MD module length, what reduces 
the yield of industrial (long) modules. For this reason, the 
dimension of channels between membranes should have the 
hydraulic diameter of at least 2–3 mm (higher heat capacity 
of stream) [17,24,30]. With regard to this, a value of capillary 
packing density in MD modules should amount to 0.3–0.6 
[17,18,31]. However, the presence a free volume between capil-
laries causes their random arrangement in the shell. This leads 
to a range of duct sizes and shapes in the shell, or the module 
shows a certain extent variation of the local packing fraction 
[17,31,32]. In order to limit the capillaries arrangement changes 
inside the shell, such a configuration of capillaries should be 
applied, which prevents their free displacements. Good results 
were obtained by assembling capillaries inside sieve baffles or 
by a tight packing of membranes in a form of braided capillar-
ies [17,18]. The most advantageous operating conditions of MD 
module were obtained with membranes arranged in a form of 
braided capillaries, because the shape of braided membranes 
acted as a static mixer around the fibres, and as a consequence, 
the module yield was over doubly enhanced [16–18,30].

In the presented work, the effectiveness of exploitation 
of 2-inch capillary module, inside of which the membranes 
arranged in the form of braided capillaries were assembled, 
was studied.

2. Experimental setup

2.1. DCMD module design

The capillary modules made of Accurel PP S6/2 
(Membrana GmbH, Germany) polypropylene membranes 
were used in the studies. The capillary diameters were 
1.8/2.6 mm; nominal and maximum diameters of pores were 
0.2 and 0.6 µm, respectively; and the open porosity was 
73% (manufacturer’s data). Membranes were assembled in 
modules arranged in the form of braided capillaries, three 
capillaries in each braid. Parameters of particular modules 
are presented in Table 1, and their construction is schemat-
ically shown in Fig. 1. The membrane area was calculated 
based on the inner diameter of used membranes. The MK1 
module was made from PVC tube with the internal diame-
ter of 2 inches. Diameters of side connectors (4) amounted to 
¾ inch, whereas diameters of connectors fixed to the mod-
ule head (5) were equal to 1 inch. Membranes were attached 
from both sides in 6 cm thicker resin pots (2). An effective 
membrane length in the MK1 module was equal to 1.05 m. 

Yields of MD process obtained for small laboratory mod-
ules are usually significantly higher than those obtained 
for larger units in the pilot plant studies [12,15]. In order to 
demonstrate the reason of this decrease in the yield, addi-
tional studies were carried out with modules having smaller 
diameters (MK2–MK4).

By increasing the shell diameter, an increase of 
non-uniform distribution of the flow rates of liquid between 
the capillary membranes should be expected, what can result 
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in the module efficiency reduction. In order to investigate a 
significance of this phenomenon for the MK1 module, addi-
tional studies were carried out with a module having a small 
diameter (MK2), in which only one braid was assembled. The 
studies of hydrodynamic conditions on the shell side were also 
performed using a coloured impulse method (module MK4).

A variation of a stream temperature along a module 
decreases the driving force; thus, larger permeate fluxes are 
achieved for shorter modules in the MD process. For this rea-
son, the results obtained for the MK1 module were compared 
with those obtained for two times shorter module (MK3).

2.2. DCMD pilot plant

The design of MD pilot plant is schematically presented 
in Fig. 2. 

Principal elements of the pilot plant were: feed tank (12 m3), 
distillate tank (2 m3), impeller pumps with elevation head of 
35 m H2O, stainless steel heat exchangers, 100 mm screen filters, 
and orifice for the measurement of liquid flow rates. Tanks, 
valves and a part of pipes were made of steel coated with a layer 
of rubber. The majority of pipelines were made of polyethyl-
ene. The pilot installation was constructed based on the existing 
factory’s infrastructure; thus, its capacity was overestimated in 

comparison with one MK1 module; therefore, bypasses were 
used (valves V1–V4). On the other hand, the possibility of con-
nection of several additional MD modules was created.

The MK1 module was assembled in a vertical position. 
The feed and distillate streams flowed concurrently from the 
bottom to the upper part of the module. The feed circulated 
inside the capillary membranes. The distillate temperature at 
the entrance of the module was kept at a constant level of 
293 ± 5 K, whereas the feed temperature was in the range 
of 333–363 K. Flow rates within the range 0.2–1.4 m s–1 were 
used during measurements. The tap water with HCl addition 
(pH = 4.5) was used as a feed. 

2.3. MD laboratory studies

MD studies in the laboratory scale were performed using the 
experimental setup shown in Fig. 3. The installation consisted of 
two thermostatic cycles (feed and distillate). The inlet tempera-
ture of distillate (293 K) was constant during all experiments, 
while feed temperatures were varied in the range of 333–358 K. 
Stream temperatures were measured using thermometers with 
0.2 K accuracy. During experiments, the feed was supplied into 
capillaries (0.0075–0.014 L s–1), whereas the distillate flowed on 
the shell side of the MD module (0.008–0.014 L s–1). Similarly as 
in the pilot plant, the tap water was used as a feed.

During MD experiments, the excess volume of distillate 
was continuously measured. The obtained permeate flux was 
calculated on the basis of the distillate volume changes over 
studied period of time (Eq. (1)):

J V A t= ∆ ∆⁄ 	 (1)

where ΔV is an excess of distillate volume during the 
Δt period, and A is module area.

Table 1
Capillary module parameters

Module Diameter (m) Length (m) Area (m2) Capillaries (no.) Packing density (%) Shell

MK1 0.051 1.05 0.710 120 31 PVC
MK2 0.007 1.0 0.017 3 41 PVC
MK3 0.018 0.58 0.059 18 38 PVC
MK4 0.021 0.95 0.113 21 32 Glass
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Fig. 1. DCMD capillary module. 
Note: 1 – shell, 2 – resin pots, 3 – braided capillary membranes, and 
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Fig. 2. DCMD pilot plant. 
Note: 1 – MD module, 2 – feed tank, 3 – distillate tank, 4 – distillate 
flow meter, 5 – pump, 6 and 7 – heat exchanger, 8 – orifice, 9 – filter, 
T – temperature, P – pressure, and k – conductivity.
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The heat used effectively in DCMD is the energy con-
sumed as the latent heat (QV) for water vapour production, 
whilst the heat transferred by conduction across the mem-
brane is considered as a heat loss. The heat efficiency (hT) was 
calculated using Eq. (2):
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where QV is the latent heat; QT is the total heat consumed in 
MD process, TF

in and TF
out are feed temperatures at MD mod-

ule inlet and outlet; HV is latent heat of evaporation; cP is the 
specific heat; and mF is the feed mass flow.

2.4. Hydrodynamic studies

The installation used for studies of residence time distri-
bution (RTD) inside the shell side of capillary module is pre-
sented in Fig. 4. Thermostatic tap water (298 K) was supplied to 
a vertically arranged module MK4 by peristaltic pump. For a 
given flow rate, the water flow through a module lasted at least 
5 min; subsequently, a dye was introduced into a water stream 
by a syringe, obtaining a coloured impulse. Measurement lines 
A (initial) and B (final) were located 5 cm from shell inlets, and 
a distance between the A and B lines amounted to 80 cm. A 
time of coloured water flow from A to B line (tINITIAL) and the 
time of coloured water outflow from B line (tFINISH) were meas-
ured. The measurement time was started when the A line was 
crossed by the coloured water. The maximal length to which 
the water layer was coloured during the flow through the 
module (coloured axial length) was also measured.

3. Results

3.1. Flow conditions on the shell side

The analysis of RTD is a good indicator of the hydrody-
namic conditions in a module. In an ideal hollow fibre mod-
ule (plug flow), the value of liquid flowing time through the 
module should be close to the calculated RTD value [33]. The 
results of studies (two series) of RTD for a coloured impulse 
in the MK4 module are shown in Fig. 5. The RTD value was 

calculated for assumed plug flow, taking into account a value 
of membrane packing density equal to 32% (MK4). 

The obtained results confirmed that in an actual shell-
side flow the distribution of fluid across the capillary bundle 
tended to broaden the measured RTD. For all studied flow 
rates, the residence time of dye in the module was longer 
than the calculated values of RDT. Particularly, large differ-
ence occurred for flow rates smaller than 0.2 m s–. In this case, 
it was also observed that a part of coloured water was out-
flowing from the module significantly faster than the calcu-
lated RTD value. Such results may indicate the possibility of 
non-uniform distribution of capillaries inside the shell, which 
caused the formation of channels with different dimensions 
[17,31,32]. The water flows faster in wider channels (between 
capillaries) than it is indicated by the calculated average 
velocity. During the coloured water flow along the module, 
due to a radial dispersion and diffusion, a dye flowing along 
the wall of capillaries also penetrated faster flowing streams 
(channels between the capillaries), and as a result, the water 
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Fig. 3. DCMD experimental setup. 
Note: 1 – MD module, 2 – distillate tank, 3 – feed tank, 4 – pump,  
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Note: 1 – MD module, 2 – dye dosing, 3 – thermostat, and 4 – 
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was uniformly coloured throughout the entire cross section 
of the module, after it flowed the axial distance of 15–20 cm. 

Visual observations of coloured streams performed for a 
very low flow velocity (0.1–0.2 m s–1) revealed reasons of flow 
rates distribution. The results of these observations are sche-
matically presented in Fig. 6. In a laminar flow, the coloured 
water stream was flowing into the module and flowed 
around the membranes in a swirling motion, what addition-
ally decreased the axial velocity in this zone. Flow resistances 
in void spaces among capillaries were smaller, what enabled 
to achieve larger flow rates in comparison with the average 
value. Similar results were obtained during studies of flow 
and axial dispersion in a sinusoidal-walled tube [34], the 
shape of which resembled in a certain extent the channel cre-
ated by braided capillaries.

The occurrence of different values of flow velocity in the 
module cross-section caused that an axial thickness of layer 
of coloured water increased to almost 50 cm for the smallest 
calculated average flow velocity. The thickness of this layer 
was reduced to 17 cm, while the flow velocity was increased 
to 0.6 m s–1 (Fig. 5). At flow rates higher than 0.3 m s–1, the 
stream coloured by dye, after flowing into the module, 
coloured uniformly the water through the entire cross-
section of the module, after flowing an axial distance equal 
to 4–6 cm. This result confirmed a good action of braided 
capillaries as the static mixer [16,17,30]. Due to an increase 
in the flow rate, the increase in the turbulence of water flow 
in the module caused the faster dye washing out also from 
narrow channels. Therefore, the residence time of liquid in 
the module for larger velocities (v > 0.4 m s–1) was closer to 
the average value (RDT) – Fig. 5.

Moreover, an elongation of the residence time of the dye in 
the module was observed at flow rates higher than 0.5 m s–1. 
This was associated with growing intensity of liquid mix-
ing in their interior. It was observed that the flow turbulence 
increased along with the increase of flow rates. As a result, 
a part of coloured water was transferred backwards, what 
caused the colouration of new portion of water, for example, 
for vF = 0.6 m s–1 the axial length of coloured water was equal 

to 17 cm (Fig. 5). Due to growing volume of coloured water, 
an apparent longer residence time in the module was noticed. 

3.2. The influence of flow velocity on the module yield

The module efficiency mainly depends on the flow con-
ditions of feed and distillate for applied temperatures of 
streams [35,36]. Energy necessary for the evaporation is col-
lected from the feed stream; thus, flow rates of the feed have 
a larger influence on the magnitude of the permeate flux as 
it was confirmed by the results presented in Fig. 7. As a con-
sequence of heat and mass transfer in the MD process, solu-
tions temperatures vary alongside the module, what results 
in a decline of the module efficiency [12–14,26,28]. For tested 
MK2 module, the temperature of the feed after flowing a dis-
tance of 1.0 m was decreased by 10–20 K. A temperature at the 
module outlet became closer to the inlet temperature along 
with the increase of the flow rate, what limited a decline of 
the driving force along the module length [15,28]. 

In the studied case (MK2), an enhancement of the dis-
tillate flow rates from 0.25 to 0.75 m s– caused that the per-
meate flux was increased only by 5%–10%. With regard to 
an exponential character of vapour pressure dependence on 
the permeate flux, the temperature changes on the distillate 
side have a smaller influence on the value of the permeate 
flux [5,14]. However, in the case of non-uniform radial dis-
turbance of the flow rate, the distillate temperature may be 
locally high, for example, 333 K, what causes even twofold to 
threefold decrease of the module yield [16,17].

Moreover, the membrane surface temperature declines 
significantly on the feed side, due to the water vaporization, 
and increases on the distillate side, due to the vapour conden-
sation during the MD process [15,23,36]. This phenomenon is 
known as a temperature polarization and may be reduced 
by increasing the convective heat transfer coefficients, which 
are strongly affected by a flow turbulence, characterized 
by Reynolds number (Re). The value close to Re = 3,000 
(vF = 0.6 m s–1) allowed to eliminate significantly the effect of 
polarization and the permeate flux was stabilized (Fig. 7). For 
this reason, a further increase of the flow rate is not advis-
able (for used Accurel PP S6/2 membranes). Moreover, in the 
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case the lower feed temperatures (below 333 K), an excessive 
increase of the flow rate mainly improves the conditions of 
heat transfer through the membrane, thereby increasing the 
energy losses in the MD process [15]. 

Along with the increase of the flow rate, the hydraulic 
pressure also increases and may accelerate the membrane wet-
ting. Due to a risk of membrane wettability, the pressure dif-
ference on both sides of the used Accurel PP S6/2 membranes 
should not exceed 2 × 105 N m–2 [18,37]. The value of pressure 
amounted to 1.8 × 105 N m–2 in the pilot MD installation was 
obtained for the feed flow rate inside the module MK1 equal to 
1.4 m s–1. The hydraulic pressure on the feed side and the distil-
late side was adjusted in such a way, so it would have a similar 
value during the operation of the MD installation. However, 
risk of membrane wettability appears, when the flow in one of 
the cycles will be stopped due to various reasons.

The results obtained for the MK1 module in the pilot 
plant and for smaller modules tested under the laboratory 
conditions are presented in Fig. 8. In each case, the largest 
changes in the yield occurred for the flow rate below 1 m s–1. 
The highest values of the permeate flux were achieved for the 
shortest module MK3 (L = 0.53 m), what confirmed that mod-
ule length shortening allowed to obtain a larger permeate 
flux [34]. However, the temperature difference between the 
inlet and the outlet of the module decreased along with the 
increase of the flow rate. Therefore, for higher flow velocity 
(vF > 1.2 m s–1), the permeate flux obtained for the twofold lon-
ger MK2 module was close to that obtained for MK3 module. 

The permeate flux obtained for MK1 module, tested in the 
pilot plant installation, was smaller than the one obtained for 
MK2 and MK3 modules (Fig. 8). For the flow rate of 1.2 m s–1, 
and inlet temperature of the feed equal to 353 K, the yield of 
the MK1 module amounted to 24.6 L m–2 h–1; thus, it was 13% 
lower in comparison with one obtained for modules tested 
in laboratory conditions. Moreover, a relative stabilization of 
yield growth (similarly as for the MK2 and MK3 modules) 
was obtained for flow rates larger than 1 m s–, but only for a 
lower feed temperature (Fig. 8 – 338 K). Flow turbulence on 
the feed side in each module was similar; thus, the obtained 

results indicated a slight unevenness of the flow on the distil-
late side [24]. This problem grows together with the increase 
of diameter of capillary module. For this reason, the axially 
assembled perforated tube was used for liquid distribution in 
the capillary MD modules with larger diameters [18].

3.3. The influence of the feed temperature on the permeate flux

Variations of the efficiency of MD modules as a function 
of feed temperature presented in Fig. 9 indicate that the curve 
N=f(T) exhibits an exponential character, which results of the 
dependence of water vapour partial pressure on the tempera-
ture [12,14,36]. In some cases (in modules with poor mixing), 
a linear dependence of yield on the temperature is observed, 
due to a negative interaction of the temperature polarization. 
The MK1 module, similarly as the MK2 module tested in lab-
oratory conditions, demonstrated an exponential growth of 
yield, particularly for the feed temperature above 348 K. The 
obtained results confirmed that a tested design with braided 
capillaries ensured good hydrodynamic conditions in 2-inch 
module, which was also demonstrated in other works con-
cerning the module with smaller dimensions [4,17,18]. 

3.4. Studies of the thermal efficiency

In classical heat exchangers, a counter-current flow 
allows to exchange a larger amount of energy. However, 
in the case of MD module, the heat conducted by the mem-
brane is considered as an energy loss. However, in several 
works, there have been demonstrated that such a direction of 
streams flows allows to enhance the MD module yield [13]. 
The results presented in Fig. 10 (MK4 module, L = 0.95 cm) 
indicated that in the case of longer MD module, the applica-
tion of counter-current flow resulted in a small increase in 
the permeate flux, due to the significant changes of the bulk 
temperature. However, this allowed to enhance the thermal 
efficiency of module, which was increased from 75% to 80% 
for temperature of 363 K. 
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Moreover, the thermal efficiency significantly increased 
along with the feed temperature. This resulted of a fact that 
the permeate flux increased exponentially along with increase 
of temperature (Fig. 9) and due to an intensive mass transfer 
(evaporation), which also caused an increase of the temperature 
polarization [15,24]. The later phenomenon reduced a value of 
ΔT across the membrane [24], and as a result, the amount of 
conducted heat (heat losses) was reduced (Fig. 11). It is worthy 
to notice that a greater efficiency of MD was achieved, due to 
an exponential dependence of vapour pressure on tempera-
ture, for smaller temperature differences across the membrane, 
but for high temperatures of streams. For example, the higher 
permeate flux would be obtained for TF = 353 K and TD = 333 K 
(ΔT = 20 K) than in the case with larger temperature differences 
(e.g., TF = 333 K, TD = 293 K, thus ΔT = 40 K).

The studies performed in the pilot plant confirmed that 
advantageous hydrodynamic conditions, existing in the stud-
ied capillary modules, permitted to achieve both a higher 

efficiency of the MK1 module and a beneficial ratio of energy 
consumed for the mass transport in relation to the total energy 
consumed in the process. The determined thermal efficiency 
of MK1 module was in the range from 60% to 70% (Fig. 12). 

In the MD process, significant amounts of energy with 
regard to water evaporation are consumed. In the studied 
case, the feeding of MK1 module required supply of almost 
15.3 kW of energy that was about 23.4 kW m–2 of membranes 
(TF = 355 K). The permeate flux amounted to about 25 L m–2 h–1, 
under this conditions; thus, 936 kWh was consumed to pro-
duce 1 m3 of distillate. This result indicated that a tested design 
of capillary module exhibited a high efficiency, because in 
other works, almost 1,300 kWh m–3 was consumed [4]. In the 
case of MK4 module, tested at laboratory conditions (Fig. 9), 
the electrical power requirement at a level of 835 kWh m–3 was 
obtained. A similar energy consumption (810 kWh m–3) was 
reported using the AGMD module of Scarab Development 
AB (Sweden) [5]. However, even in the case of recovery 
of condensation heat, the energy consumption is still high 
(55–130 kWh m–3) [11,12], what gives the cost above 5 $ m–3 of 
fresh water. This cost is significantly higher than that incurred 
during the water desalination by reverse osmosis (RO) [4,20]. 
Therefore, one should not expect that in the coming years, the 
MD process would replace RO. However, in some regions 
(arid zone), the application of RO is practically impossible 
(e.g., brine as a water source), and in such cases, the utilization 
of MD process can be taken into consideration [8–10].

4. Conclusions

The examined 2-inch capillary module demonstrated 
the usefulness for exploitation at the industrial conditions. 
The achieved efficiency of module studied in DCMD pilot 
plant installation was close to values obtained in laboratory 
modules.

The feed temperature has a significant influence on 
the MD process efficiency, and its value was improved by 
using a higher feed temperature. The permeate flux equal to 
25 L h–1 recalculated to 1 m2 of the membrane, and the ther-
mal efficiency over 70% were achieved for the feed tempera-
ture equal to 355 K.
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Fig. 10. The effect of concurrent and counter-current flow for dif-
ferent feed temperatures. MK4 module. Flow velocity vF = 0.31 m 
s–1, vD = 0.25 m s–1. TDin = 293 K.
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Fig. 12. The effect of feed temperature on heat consumption and 
thermal efficiency of MK1 module studied in the pilot plant.
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The MD process requires a supply of a large amount of 
energy, which causes high operational costs. For this reason, 
the use of MD process for water desalination can find the 
application in particular cases, such as fresh water produc-
tion from brines.
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