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Abstract 

Ships cruising across the seas have to make sure of ample freshwater supply for the passengers. 

In this paper, a desalination technique using Multi-Stage Air Gap Membrane Distillation 

(AGMD) has been proposed to obtain freshwater with the waste heat recovery from a marine 

engine for on-board ships. The simulation was performed based on the experiments conducted 

on a lab-scale multi-stage AGMD unit. The seawater to cool marine engine is considered to be 

the feed solution while the sea surface water is selected as the coolant. The geographical 

distributions of sea surface salinity and temperature have been considered in the simulation. 

Effect of the process parameters including the temperature of engine cooling water and sea 

surface water, air gap thickness, and seawater salinity has been investigated. A transport model 

has been used to predict the distillate production rate and numbers of MD modules. It is found 

that this process combined with the ship's engine cooling water could provide a Specific Energy 

Consumption (SEC) range between 1.58 to 2.63 kWh/m3 for a freshwater demand between 1 

to 15m3/day, considering the pumping energy only. The optimum feed temperature range is 

found between 65°Cto 70°C for an exit temperature limit of 40°C. 

Keywords: Desalination; Multi-Stage Membrane Distillation; Air Gap Membrane Distillation; 

Specific Energy Consumption (SEC), Waste Heat Recovery. 

1. Introduction 

The availability of potable water has become a major concern worldwide. The sea could be a 

good source of freshwater if energy-efficient desalination processes are employed. While in 

the lands people get different sources of freshwater; ships cruising across seas have to consider 

desalination as a significant process to obtain fresh water from surrounding seawater. 

Desalination methods have been practiced since ancient times to obtain freshwater on-board 

ships.  This process is reported to be in practice since 200 AD when Greek sailors used an 

evaporative method to desalinate seawater[1]. The major desalination processes can be 

classified into two categories: thermal and membrane processes. Heat energy is required in 

thermal processes to evaporate or boil the saline water and the condensate is collected as the 

distillate (as in multi-effect desalination (MED) or multi-stage flashing (MSF) systems). In the 

older times, desalination on board ships was carried out by mainly MSF/MED and it has 

recently made a shift toward the membrane processes like Reverse Osmosis (RO). Whatever 

the process is, it requires substantial usage of energy in the form of thermal for MSF/MED and 

high pressure for RO. Membrane distillation (MD) on the other hand, works on the partial 

pressure difference across a hydrophobic membrane. Therefore the process is less dependent 

on a high amount of heat or pressure, as needed for the MSF/MED/RO processes. A 

hydrophobic membrane maintains the liquid-vapour interface and only the water vapour to 

allowed pass through it. The vapour then condenses to a cooler side to form the distillate. The 
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process is a combined heat and mass transfer process across the membrane and has good 

potential to produce freshwater utilizing low grade waste heat e.g. engine cooling water in a 

marine vessel. As the driving force for the process is partial pressure difference, the process is 

less sensitive to change in concentration [2] . The original process for desalination using MD 

was first patented by [3] in 1963. However, the production was low and hydrophobic 

membrane cost was at a higher-end, as a result, the research on MD remained kind of dormant 

for the next decades. 

In the last few decades, global warming became an alarming issue and utilization of alternative 

energies started to make its way. The advancement in polymer research helped to develop 

cheaper membranes as well. These issues caused the MD process to rekindle in the 1980s and 

different arrangements of the process were designed. For the first time, the MD process was 

used for seawater desalination by [4] with a power consumption of 1.25 kWh/m3.  With 

growing interest in MD, different categories of MD processes have been designed, namely, 

direct contact MD (DCMD), air gap MD (AGMD), vacuum MD (VMD) and sweeping gas MD 

(SGMD). The membrane’s distance from the coolant and the mode of collection of distillate 

have been the major factor for these different orientations. Among these processes, AGMD 

provides a narrow air gap between the membrane and the coolant side to conserve the heat 

energy on the membrane with the help of the air gap providing insulation between the two 

dissimilar temperature sides.  The evaporated mass condenses on a coolant plate. Condensation 

of the vapour on a coolant plate provides freedom in using coolant from different sources, and 

leakage detection is much easier compared to other major MD processes.  

The development of new types hydrophobic membranes[5] ,[6], [7], and increased 

environmental awareness have initiated waste/solar heat utilization from different fossil-fuel 

driven engine for MD processes. Several recent studies shows that MD process has been using 

solar energy along with various improvement techniques [8], [9], [10] or other waste heat 

sources[11], [12] or [13] for desalination. However, there is a big resource of low grade waste 

heat available for desalination. In marine engines, hot sea water is available from the engine’s 

cooling system. But there are only few reports on utilizing the waste heat from engine cooling 

water to produce potable water onboard. The recent trend in OTEC (Ocean Thermal Energy 

Conversion) highlights the usage of warm sea surface water to produce freshwater using 

various methods of open and closed heat exchanger systems. 

Despite all these potentials, the major drawback of MD process remains to be the low 

productivity. The distillate produced is usually reported as water flux in kg/m2hr.  Although 

the performance results found from existing research works are not consistent [14], some 

researchers reported distillate produced from AGMD setup in range of 45 ~65 kg/m2 hr 

[14],[15]. However, recently, significant improvement has been observed in production after 

incorporating multiple stages in AGMD setup, and it was possible to obtain  a distillate flux up 

to 128.46 kg/m2hr as reported by [16] and 166.38 L/m2 h  as reported by [15]. 

In this article, an air gap membrane distillation (AGMD) system with multiple stages has been 

proposed for desalination in ships. The feed for MD is considered to be supplied from the o 

heat exchanger utilizing sea surface water for cooling of the marine engine. For environmental 

purposes, the usual regulation is to cool the seawater before it is diverted back to the sea. The 

idea is to intercept this cooling with a multi-stage MD system, which will add some benefit in 

the production of freshwater. The heat exchanger’s mass flow rate would be controlled and it 

would be diverted to the multistage MD module with a suitable feed temperature. The only 

energy required is to run the pumps for the MD modules. For the simulation, all these factors 

are considered and the heat exchanger data was taken from the Thermex marine heat exchanger 

series. The only available established research [17] reported installing a vacuum MD system 

on board ship to produce potable water. Seawater was heated in the vessel’s engine by its waste 

heat. The reported flux was 5.4 kg/m2h at 55°C and a vacuum pressure of –0.093 MPa with a 
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salt rejection 99.99%. However, the total energy consumption and excess energy required by 

the vacuum system are not reported; and there are no data available for the heat exchanger flow 

rate/capacity. The pilot-scale data and the lab experimental results were compared, without any 

evidence of system simulation.  Besides, the scope for utilizing waste heat from a marine engine 

to produce freshwater onboard ships has not been explored in greater detail yet.  

 

Therefore, our particular interest grew on performance study of a multistage AGMD unit that 

would get the thermal energy from the marine engine’s heat exchanger. The only required 

energy should be the pumping power. The sea surface salinity and temperature across the globe 

have been considered to determine the intake seawater temperature and concentration. Precise 

calculation of energy and product water have been done considering the freshwater requirement 

on-board ships. The simulation targeted the range of usual freshwater demand for small to 

medium-sized ships (from 1 to 15 m3/day). Energy requirement per cubic meter of water or the 

specific energy consumption (SEC) has been calculated for variable control parameters and the 

extent of production has also been determined in the study.  The feed temperature Th  is 

considered to be supplied from the heat exchanger while the coolant temperature Tc is 

considered to be supplied from the sea surface. The necessary input data has been used from a 

lab-scale multi-stage experimental MD unit. 

 

2. Transport Process in the Air Gap Membrane Distillation Process 

Three stages of the transport process are considered in this model. Initial vapour generation at 

the membrane surface, then its travel through the membrane and afterward the movement 

through membrane support plus the air gap has been considered in the model. The condensation 

is considered to be on a channelled coolant plate at the final stage for a higher rate of 

production. A steady-state, one-dimensional diffusion is considered with no presence of 

convection mass transfer due to a very narrow air gap. The heat transfer is linked with the 

generated vapour; and the relevant heat transfer process is also discussed for the three stages. 

2.1. Mass and Heat transfer through membrane 

At the membrane-hot feed interface, the vapour generated and travelled thorough the 

hydrophobic membrane pores by either Molecular or Poiseuille Mechanism.  The determining 

factors of the mechanism are the pore size of membrane, mean free path of vapour molecule, 

and the total pressure difference across the membrane. If the mean free path, λ, is smaller 

compared to pore diameter, the diffusion occurs by either molecular or Poiseuille mechanism 

depending on the presence of total pressure difference across the membrane. If there is no 

pressure difference present across the membrane, molecular diffusion will dominate the 

process while for an existing difference in total pressure across the membrane; there will be a 

direct contribution to the flux from forced laminar flow through the pores making Poiseuille 

mechanism to dominate the diffusion process. If the mean free path is greater compared to pore 

diameter, the diffusion mechanism follows that defined by Knudsen, termed as Knudsen 

diffusion. For this case, Knudsen number Kn is defined as Kn =λ/d, where d=pore diameter. 

The comparison of mean free path and the pore size (diameter) is made using the value of  

membrane pore size of 0.45 x10-06 meters and the calculated mean free path is λ =6.13 x10-06 

cm  and Kn for this case is 0.136.Since, 10> Kn >10-2, the diffusion is a transition type between 

Knudsen and molecular diffusion. 

The mechanism of diffusion is determined based on the membrane properties. The flow 

pressure measured from the experimental setup is atmospheric through the process. Based on 
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these parameters and considering the effect of Knudsen number (Kn), the process is categorized 

as mixed type Knudsen-Molecular diffusion  and the diffusion coefficient [18] is  
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where =1+Na/Nw  (Na= Molar flux of air; Nw= Molar flux of water; Dk=Knudsen Diffusion 

coefficient and DAB=Molecular diffusion coefficient, Yw1= Mole fraction of vapour on hot 

liquid side of membrane;Yw2=Mole fraction of vapour on air gap side of  membrane.) 

According to [19], the porosity and membrane tortuosity is also embedded as the transport is 

through membrane pores. The combined expression for the diffusion coefficient thus becomes:   

 

Dm=Dcombined x (porosity/tortuosity)        (2) 

The tortuosity represents the measure of irregularity in shapes of the pores and the value has 

been obtained from [20] for similar membrane. 

For an evaporation process taking place due to partial pressure difference, the generated vapour 

molar flux can be expressed as  

 membrane)w(after )w(membrane

mavg

m YYP
tRT

D
M 


                      (3) 

Here, P=atmospheric pressure=1 bar, Yw =  Pw/Patm = mole fraction of vapour, where Pw is 

the partial vapour pressure. The subscripts “membrane” and “after membrane” denote the 

location of membrane-feed interface and right after crossing the membrane pores, 

respectively.  

The final expression for mass flux in moles/s can be expressed as:  

 membrane)w(after )w(membrane

mavg

m PP
tRT

D
M 


 moles/sec                                  (4) 

Antoine’s co-relation is used to find the partial vapour pressure for pure water where 

log Pw-pure =B1 – A1/(C1 + T),                   

 

values of B1, A1 and C1 are taken from  the work of [21] as B1=23.834, A1=3841 and C1=45. 

For the saline solution, the value of Pw is re-adjusted using Raoult’s law as 

 waterpureNaClw )PCM(1P                    (5) 

here, CMNaCl=mole solute concentration of saline water. 

According to [22], eq.(5) does not fit for saline solution with high concentration of salt. 

Therefore, according to [23] Pw is expressed as 

water-purew

wwater-pure

w
Pm
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                    (6) 

where kw is a combination of temperature dependent parameters, ionic strength, and molality..  

The energy transport process through membrane can be expressed as 

Q=QSH + QFG 

Where Q=Total heat transferred at the interface 



5 

 

QSH =sensible heat carried by the vapour  

QFG = latent heat of evaporation. 

Therefore, 

  fgmembraneafter membranepg
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eff hmTTcm
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Ak
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      (7) 

Here, keff=thermal conductivity of membrane considering the pores and membrane material 

(W/mK), A= area of membrane in contact with feed solution(m2), tm= membrane 

thickness(m), cpg=specific heat of evaporated water (J/kgK), hfg=latent heat of saline water 

(J/kg) and 


m =evaporated mass from the feed at the membrane interface ( kg/s).  

2.2. Heat and Mass transfer through the membrane’s support and air gap  

In AGMD process, usually a rigid support (in mesh form) is provided to prevent the membrane 

from bulging.  The membrane support can offer significant resistance to the mass transfer if 

the mesh size is not considerably large compared to the membrane pores.  

In the existing setup, the support mesh size is significantly larger compared to the membrane 

pores. Therefore, the Knudsen number (Kn) for the support mesh is considered within the 

molecular transport region. The subsequent travel of vapour continued through the air gap by 

molecular diffusion. Stefan’s law of molecular diffusion  has been used to express the mass 

transfer mechanism [24] through the membrane( eq. 8-a) and air gap(eq. 8-b) 
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Cv=mass fraction of water, 

tgap=thickness of air gap,  

Pw(p) and Pw(as) =Partial pressures on the coolant plate and after the membrane support 

respectively. 
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The standard vapour flux related to membrane area with hourly production is expressed by:  
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The support has a thickness of 0.5 mm only, therefore, the heat transfer mechanism has been 

considered to be like that through the membrane.   
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Here, keffsupport=effective conductivity of the support, considering conductivities of the air and 

stainless steel of the support mesh and ts=thickness of the support. 

 

For the transport through the air gap, the heat transfer is expressed as 

 gapsupportafter pg

gap

a TTcm
t

Ak
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Here, ka=thermal conductivity of air. 

 

2.3. Condensation on the coolant plate 

In this stage, the vapour generated condenses on the coolant plate of the AGMD setup. For this 

case, the condensation overall heat transfer Q is given by 

)TTA(hQ pgc                       (12) 

Where ch =the average heat transfer coefficient gT = the average vapour temperature at the edge 

of the condensate film; and pT =average coolant plate temperature. These values were to be 

measured experimentally from the lab-scale unit. 

The mass flux getting condensed can be expressed by 

fganeaftermembrmembranepg

aneaftermembrmembrane

m

eff

h)T(Tc

 )T(T
t

k
-Q

m







                  (13) 

In a previous study it has been found that when a finned/channelled plate is used instead of a 

plain plate for the condensing vapour , the distillate production increased significantly[25]. For 

such a case, the heat transfer is expressed as and used in Equation 13 to calculate the mass flux. 

)T(T)hNA(AN.qqQ pgcftotalfinfinned-total                   (14) 

Here, N= number of fins, A=area, with subscripts “total” to be the total area of heat transfer 

and subscript “fin” to be the area with fins, Tg= air gap temperature and Tp= plate temperature. 

For the simulation, the effect of the finned coolant plate has been considered. 

The transport process for the lab scale AGMD setup has been experimentally validated through 

a 1-dimensional model that used the equation discussed above [26]. The experimental data is 

well validated for a hot feed temperature range of 40°C to 60°C, coolant temperature range of 

10°C to 25°C. However, it is observed that for an air gap greater than 7 mm, the match between 

the experiments and the model deviated as convection became predominant for a wider air gap.    

3. Description and performance of the Lab Scale Multi-stage MD unit  

A lab-scale AGMD unit has been built with the mode of operation in dual condition. It can run 

on single stage mode with the help of a by-pass valve, and can operate also in the multiple 

stages mode when the by-pass valve is not in action. 

Figure 1 describes the working principle of the single stage MD Unit. Two chambers made of 

polycarbonate were used to contain the flow of hot saline feed and coolant. The PVDF flat 

sheet membrane with the meshed support and air gap was held between the two chambers. 

Proper insulation and sealing were ensured with insulation layers and rubber sealing. The flow 

path’s cross-sectional area was uniform throughout the process. The flow was maintained 

through two re-circulators for hot feed and cold water as the coolant. In Figure 1(a), is seen 
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that the membrane is attached with air gap and the coolant plate (zone 5). A detailed drawing 

of this zone is shown in Figure 1(b). The membrane and the air gap together with the feed and 

coolant chambers were held through the flanges. The flange that maintained the air gap was 

changed with different thicknesses to study the behaviour of changing air gap.  
  

Figure 1(a). Single stage MD set up[25] 

 

 
Figure 1(b) The Membrane and air gap assembly 

 

The feed and coolant chambers were made from 5 mm thick polycarbonate sections each 

having an outer diameter of 115 mm and a length of 80 mm. The flanges between the two 

chambers held the membrane and its support and also provided the air gap. 
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An initial study on the transport process of the single stage MD setup was conducted and the 

results have been verified in [26] and [25]. It has been found that the experimental results 

agreed well with the model using equation (1) through equation (13).  

After the verification of the results from the single stage set up, a multi stage experimental lab 

scale unit was built. The schematic of the lab-scale multi-stage set up and its different parts are 

shown in Figure 2(a). The fluid flows in both chambers were concurrent for ease of operation 

as the multi-stages were stacked vertically.  The distillate was collected separately to ensure 

the specific product quality from each stage. Flow meters and pressure gauges were installed 

in the setup. A total of 36 thermocouples were inserted in different points of the 3 modules. 

Figure 2(b) shows the placement of the 12 temperature measurement locations inside a single 

module. 

The modules were placed with ample distance in between each other for the ease of access of 

thermocouples. Therefore, the total height of the multistage MD unit was 2 meters. 

 
Figure 2(a). Schematic of Multi-stage MD Experimental unit [Flow rate of feed between 2 L/m to 8 L/m] 

 

 
Figure 2(b). Temperature measurement locations inside the module 
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The membrane used was a PVDF 0.45 micron pore size hydrophobic membrane from 

Millipore. The initial  experimental study on the multi-stage air gap membrane distillation unit 

has been reported in [27] and the outcome of the experiments show that it is more energy-

efficient and less dominated by polarization compared to a single stage AGMD setup. The 

variable operating parameters considered for the lab scale experiment were feed water 

temperature ( 40°C to 60°C), coolant temperature( 10°C to 25°C), air gap and, concentration 

of the feed solution ( 15,000 ppm to 45,000 ppm).  There was about 5.6 times increment in the 

production from this lab scale multistage rig compared to a single stage unit per kWh of energy 

input, as seen in Figure 2(c), for varying the feed temperature from 40oC to 60oC. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2(c). Experimental results from the multi-stage AGMD and single stage AGMD rigs (Coolant temperature 10oC, air 

gap =2.5 mm) [27] 

About 0.37 kg of distillate was obtained per kWh energy input from the multi-stage 

experimental rig for a feed temperature of 60°C, coolant temperature of 10 and an air gap of 

2.5 mm. These experimental findings were the main inspiration to carry out the present work. 

An important finding from the experiments was, vertical stacking of modules may rise the 

pressure on the lowest module, thus exceeding the liquid entry pressure for the hydrophobic 

membrane. 

4. Methodology 

To get an idea about the standard freshwater supply system on-board ships, information from 

the renowned Hatenboer-Water BV [28] has been used. It has been found from the available 

documentation in the company’s website that most of the maritime water requirement is met 

by Reverse Osmosis (RO) method with different capacities.  However, in this study, instead of 

RO, a multi-staged AGMD setup has been considered and its maximum capacity would be 

explored through the simulation.  

The engine’s waste heat has been identified as the energy potential for the AGMD setup. To 

learn more about the waste heat management in marine engines, the authors have used 

information from the reputed manufacturer of marine engine heat exchangers, Thermex Ltd, 

UK.  Their Thermex-2500 series has been selected because of its extensive use in marine heat 

exchange applications. Thermex shell and tube heat exchangers are used for water to water or 
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oil to water heat transfer. Details about the series is available in the company’s website [29]  

and Table 1 is provided to present the information extracted for Thermex 2500 series heat 

exchangers for oil to water heat transfer. It is to note that the specifications provided in Table 

1 are for estimation of the waste heat that can be utilized for the Multistage MD setup. For the 

marine applications, the tube bundles in Thermex heat exchanger series are made of 90/10 

Copper/Nickel, with body made of Aluminium and headers of Gunmetal. The sealing used are 

Nitrile/Vitron. 

Therefore, the hot feed for the AGMD process has been considered to be supplied by the heat 

exchanger. This hot feed would come out of the marine engine cooling system and pass through 

the AGMD multi-stage modules. The coolant flow for the AGMD module has been considered 

to be directly from the sea surface water.  There is a certain limit of the marine engine’s cooling 

water exit temperature (lesser than 40°C) for environmental protection and the coolant 

temperature of AGMD module plays an important role in achieving this exit temperature.  In 

normal marine engine cooling process, the heat exchanger plays this role of lowering the engine 

coolant temperature to 40°C. In this study, the heat exchanging system has been tapped within 

the temperature range of 75°C  to 40°C  and the this hot feed is re-directed to the AGMD setup.  

The required number of MD modules (Nm) included in 1 unit is calculated based on the value 

of Tentry to Tsea_exit. The hot feed directly coming from the heat exchanger (Th) goes into the 

first module with the temperature Tentry and continues to pass through the membrane modules 

or stages until it reaches Tsea_exit. These modules constitute one unit with Nm number of modules 

in a single pass.  

The coolant flow arrangement is different from the hot feed as it would cause the coolant 

temperature to rise up to the feed temperature toward the exit and therefore would not aid much 

to provide a potential partial pressure difference.  

An initial study was conducted to identify the most suitable method of the feed-coolant flow 

arrangement based on the findings from the experiments conducted and the heat and mass 

transfer study. The target production was set to 0.5 m3/day with the exit temperature limit less 

than 40°C.  Figure 3(a) shows the 3 different design orientations with an average feed 

temperature of 65oC. 
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Figure 3(a): Initial Design orientation options for the feed and coolant arrangement [Hot side temperature=65°C; 

Cold side temperature=20°C; Target production=0.5m3/day; Salinity=35000 ppm] 

It is seen from the figure 3(a) that coolant renewal after certain stages (Design 2 and 3)  helps 

to keep the number of modules to a lower value compared to continuous coolant flow (Design 

1). Design 1 just met the criteria of the exit temperature limit of 40°C with 390 modules while 

using modules in the similar ranges for Design 2 and Design 3, the exit temperature can be 

lowered to a range of 23~ 24°C. However, the vertical stacking as shown in Design 3 was not 

considered due to the increased pressure on the lower stage module, which would cause 

deterioration of the membrane quality. 

The proposed arrangement is seen in Figure 3(b). It shows the feed and coolant supply 

arrangement for the MD modules in one unit in cross section. It is seen in the figure that the 

hot feed line continued in series until reaching a certain Tsea_exit value. Although it has been 

reported by [30] that the performance of parallel flow is better compared to series flow for 

multistage AGMD module, due to the constraints of certain exit temperature and also to keep 

the power consumed by the feed pump in a lower range the flow in the hot side has been 

maintained in series. Although the coolant entry is renewed after each 3 stages to maintain a 

high temperature difference across the membrane. The vertical height of the arrangement is 

calculated based on the size of the membrane.  

Modules required=390 

Coolant outlet temp=38.32
o
C 

Design-1: Continuous flow of hot and cold fluid (L stages for both 
hot and cold side) 

Modules required=360 

Coolant outlet temp=23.63
o
C 

Design-2: Coolant renewal after certain stages (L & N-number of 
stages for hot and cold side flow, respectively) 

Modules required=371 

Coolant outlet temp=24.40
o
C 

Design-3: Coolant renewal and Vertical Staging (L & N-number of stages for hot 
and cold side flow, respectively) 

 



12 

 

 

 

 

 

 

 

 

 

 

 

Figure 3(b). Arrangement of MD modules for one unit (Sectional view) 

4.1. Parameters considered for simulation 

Several parameters are considered prior to the simulation programme including generated mass 

flux of vapour, feed flowrate, and feed temperature.  

Data from Thermex 2500 series heat exchanger is used for simulation. The engine heat 

dissipation would become 

Q
dissipated

=M. C p. ∆T                   (15) 

Here  M= flowrate of coolant water ( sea surface water in this case), Cp= Specific heat of  

seawater, T is the temperature difference of seawater at entry and exit of the marine engine 

cooling system. Table 1 shows the heat dissipation rate and the manipulated flow rate and feed 

temperature for a specific series.  

 

Table 1. Data from Thermex 2500 series and manipulated variables 
THERMEX HEAT 

EXCHANGER SERIES 

Heat 

Dissipation 

Dry 

weight 

Water 

flow  
T 

 

Th(For Tc=20oC) 

  kW kg  lpm oC oC 

2512 17 10 5 48.73 68.73 

2522 25 12 7 51.19 71.19 

2532 32 13 9 50.96 70.96 

2542 42 14 12 50.16 70.16 

2552 51 17 15 48.73 68.73 

2562 68 20 20 48.73 68.73 

2572 85 23 25 48.73 68.73 

2582 110 27 32 49.27 69.27 

2592 135 32 40 48.37 68.37 
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Initial sea surface temperature is considered to be 20oC, whereas the value of Th is taken within 

the range of 68°C to 70oC, as seen in Table1. This value is controlled by two factors; the sea 

surface temperature and the flow rate to the heat exchanger. For a sea surface temperature in 

the warmer zones, the flow rate must be adjusted to have the desired Th at the entrance of the 

MD module. 

The heat loss to the ambient from the heat exchanger to the module entry has been estimated 

based on the experimentally obtained data from the test rig [27]. 

Tactual = 0.96Th + 0.8                    (16) 

For the subsequent stages, the heat loss between each stages is considered to be 
fghm



   (where 



m  is the amount of evaporated mass flux and hfg is the latent heat of evaporation), this amount 

is the major heat lost between the stages. The other heat loss to the environment has been 

neglected as it is considered well insulated environment is provided.  The entry and exit 

temperatures in each stage are found from equating the heat loss from the hot feed with heat 

transfer through the membrane and can be seen as eq. 17 

FCp(Tentry − Texit)HOT=   fgmembraneafter membranepg

m

eff hmTTcm
t

Ak
Q











             (17) 

Here, F=Flow rate of feed (litre/min); the feed from the first stage exits from the module with 

an exit temperature of Texit , and for the subsequent stage, Texit becomes the feed temperature 

considering the compact setting of the stages. The Tmembrane andTaftermembrane values have been 

extracted from the experiment done on the lab scale multistage unit for the Th temperature 

range 

The final exit temperature from the unit is set to certain value Tsea_exit<40oC, to avoid 

environmental impact and hence the feed is not allowed to escape to sea until the hot feed 

reaches Tsea_exit.  

Considering no heat loss between the air gaps, it may be considered that the feed gave away 

the heat through evaporation entirely to the coolant. 

Therefore, the coolant temperature at the entry and exit can be determined as seen in equation 

(18). 

FCp(Texit − Tentry)COLD =   fgmembraneafter membranepg

m

eff
hmTTcm

t

Ak
Q

















  (18) 

 

Based on a set target production and the limit on exit temperature of the feed, the numbers of 

total modules are calculated.  

The calculation started considering the entry temperatures for the hot and cold side in the first 

module, the evaporation is calculated based on the values of air gap and other temperature 

dependent parameters like diffusion co-efficient and partial pressures. Using Eq. 17 and 18, the 

subsequent stage’s temperature is calculated. The simulation is carried out till the hot side’s 

feed temperature reached around 40oC (Tsea_exit). Up to this point, the total distillate flux has 

been summed up and the modules that are needed to reach the exit temperature to be Tsea_exit is 

termed as Nm, which is also the number of modules in one unit.  

Next, the simulation is run again with the set target production and the total required number 

of units have been calculated based on the production from one unit as seen in equation (19) 
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                       (19) 

 

 

Here 


m =distillate flux produced from one module ( kg/m2hr), Am= membrane area(m2) for 

each module. Once the total number of units are found, the total number of modules can be 

found by multiplying with Nm and thus, the total membrane area used in the whole AGMD 

setup is calculated.  

 

The freshwater requirement for the marine application can range between 1 m3/day to as high 

as 600 m3/day, depending on the size and capacity.  AGMD process is not suitable for robust 

production and therefore, the target production has been set for small to medium sized ship, for 

which the freshwater requirement goes maximum up to 15 m3/day.  

The MD modules are designed to provide a portion of the freshwater in addition to the existing 

RO system. Table 2 gives a summary of freshwater requirement for marine vessels. 

Table 2. Freshwater requirement for different marine vessels (Information collected from Hatenboer-Water b.v. 

website[31]) 

Marine vessel Freshwater requirement (m3/day) 

Small patrol vessel 3 

Offshore derrick barge and Offshore drilling rig 60 

Offshore support vessel 20 

Offshore jack-up rig 35 

Navy vessel 35 

3 mast top sail schooner, super yacht, small passenger 

ships 

1-10 

When an MD module runs using waste heat, the only power requirement is due to the pumping 

operation of feed and coolant. During the lab scale experiment, a multi-stage compared to a 

single-stage setup did not show any significant increase in power consumption. However, this 

behaviour should change as the module numbers would increase significantly. In the proposed 

setup the pump’s total head is dependent on the module size and the total number of modules. 

In addition to this, the coolant pump supply is renewed after 3 stages. 

 Hph denotes the power consumed by the hot feed circulation pump and expressed as 

HPh =  
Number of units .(γqℎ.Hh)

Pump Efficiency
                            (20) 

 

Where ɣ=fluid specific weight (N/m3) and qh=volumetric flow rate of feed water (m3/s) 

The total head Hh included the pressure head and head losses caused by minor and major 

friction losses on the hot feed side for a single unit. The membrane size has been varied in the 

simulation and the pressure head for each unit has been estimated based on the module size 

that accommodates the membrane. (That is, when the membrane size is getting bigger, a bigger 

size module will be needed). The calculation of the pressure head has been mimicked from the 

lab scale setup to accommodate at least 3 modules to contribute to the pressure head in a 3 by 

3 arrangement of sections. [Please refer to Figure 3(b)]. The modules in each unit are known 

and therefore the total pressure head can be estimated from the arrangement. Considering a 5% 

extra length to accommodate the flanges and tubing, the pressure head  hstatic becomes  

hstatic=3 [D+(0.05D)]                               (21) 

required units ofnumber  Total

)24(m

)/(productionTarget 

1






mm

Nm

NA

daykg
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where D=membrane diameter. 

For example, for a membrane with an area of 0.25 m2, the diameter would be approximately 

0.56 m. If 3 modules are placed vertically, the total pressure head for these 3 modules should 

become 3 × (0.56 m + 0.05x0.56 m) = 1.76 m. If there are Nm modules in a single unit, then 

the total pressure head in one unit becomes 

 hunit= hstatic . (
Nm

3 x 3
)                    (22) 

The friction loss for the lab scale setup with the number of entry to the chamber and exit from 

the chamber has been calculated using formula from [32] per 100 meter of the setup. Later 

during the simulation, the respective membrane diameter is used to approximate the total length 

of the flow by multiplying with number of modules in a unit. Based on the calculation of the 

friction and minor losses, the value is added with the pressure head to calculate the total power 

consumed by the pump. Considering the friction losses and minor losses, the total pump head 

for one unit becomes 

 Hh=hunit+hloss                     (23) 

An efficiency of 60%  for the pumps has been considered. It is to note that the overall setup is 

a proposed one and the power calculations may not be accurate but can provide a guideline for 

practical implementation.  

The hstatic value for the coolant side remains same as the hot side, but coolant supply is renewed 

after each 3 stages. Considering the friction and minor losses, the power consumed by the 

coolant side becomes  

 HPc = (
Total Number of module

3
)  x 

γqc Hc

Pump Efficiency
                                (24) 

Where Hc = hstatic + hloss, qc=volumetric flow rate of coolant (m3/s). 

Table 3 gives a summary of the parameters considered for simulation with the range 

Table 3 Input parameters for simulation 

Parameter Range 

Feed temperature 50~75oC 

Coolant temperature 10~30oC 

Target production 1-15 m3/day 

Membrane area(in each stage) 0.1-0.4m2 

Feed salinity 15000-45000 ppm 

Air gap 1-5 mm 

4.2. Simulation procedure 

The vapour transport through the air gap is considered for the simulation and Figure 4 shows 

the simulation flow chart. The simulation starts with the fixed feed temperature and flow rate 

with a target production. Equation (13) is utilized to calculate the evaporation rate from each 

module while equation (17) and (18) are used to calculate the temperature drop in the feed 

chamber and temperature rise in the coolant chamber, respectively. The calculation continues 

until Texit from the feed chamber reaches a value near Tsea_exit. The number of stages in each 

pass, Nm is determined and the total product is calculated for Nm stages. Equation (19) 

calculated the total number of modules and the pump power required by the feed and coolant 

side is found from equation (20) and (24).  
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. 

start

Input: target production, feed temperature and flow rate, air gap 

and feed exit temperature to the sea and ship location ( to 

determine coolant temperature and salinity) and fluid properties

Use available heat dissipation rates for specific series and based 

on desired feed flow rate and feed temperature, select suitable 

HE series

Use equation (13) to find the evaporation rate from each module 

based on flow /module orientation 

Start calculating the number of modules, Nm, required until 

the temperature drops to Texit_sea  and set Tc  entrance after 

certain intervals

Calculate total number of units and modules required for 

target production using eq. (19) and power consumed by two 

pumps by eq.(20) and eq.(24)

end

Select heat exchanger (HE) from Thermex series 

 

Figure 4. Flowchart for calculation of number of MD modules for application in marine desalination 

 

5. Results 

This section will present the findings of the simulation and effect of changing different 

parameters including target production, seawater salinity, feed supply temperature, coolant 

temperature and air gap on the performance of the proposed multistage AGMD system. 

5.1. Performance of the proposed multi-stage MD unit –Number of stages and 

temperature limitations 

The system has been designed in such a way that the hot feed continues to evaporate from the 

heat exchanger exit till the point where feed is thrown back to the sea at certain exit temperature 

of 40°C or less. However, the coolant supply has been renewed after certain number of stages 

or modules, to ensure the temperature difference and hence the partial pressure difference 

remains within productive range. The temperature and the production variations are seen in 

Figure 5(a) and 5(b) respectively for coolant renewal after 3 stages and coolant renewal after 6 

stages. The membrane considered here is bigger than the actual size, this initial study is 

conducted to investigate the effect of overall production and drop/raise in temperature of the 

hot feed and the coolant. The membrane area is considered to be 0.25m2, for a target production 

of 0.5 m3/day with feed flow rate of 4 litres per minute; the simulation is run to test the 

feasibility of the coolant entry design. 
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It is seen from the figures 5(a) and 5(b) that allowing coolant to be renewed after 3 stages is 

advantageous over renewal after 6 stages. For same coolant entry temperature of 20°C, it is 

seen that ΔT which is denoted as the temperature difference between the feed and coolant’s 

highest temperature; reduces for renewal after 6 stages, compared to that of renewal after 3 

stages ( as seen in both pictures with purple dotted lines). The average temperature difference 

between the hot feed and the coolant for figure 5(a) is 21.4°C and for figure 5(b) the average 

temperature difference is 19.6°C. The renewal of coolant supply after 6 stages would need 

more stages/modules to achieve the target production because of the overall drop in the 

temperature difference and hence the partial pressure potential between the hot side and the 

coolant side. About 21 modules in stages are needed for the Th to reach the exit temperature 

when coolant flow is renewed after 6 stages, while 17 modules are needed in total to meet the 

target when coolant flow is renewed after 3 stages.  

As the hot feed approached the set exit temperature, the production in the subsequent stages 

also decreased, but there is a slight boost by providing renewed coolant water supply as seen 

in the figures for the distillate line.    

 
Figure 5(a). Temperature and product variation with the number of modules in stages (For coolant renewal after 

3 stages) 

 
Figure 5(b). Temperature and product variation with the number of modules in stages (For coolant renewal after 

6 stages) 
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Initially, a test simulation run has been conducted to observe the pattern of production from 

each stage. It is seen in Figure 6 that for a feed temperature of 65°C and coolant temperature 

of 20°C with an air gap of 2 mm, a total 31 stages are required to bring down the feed 

temperature from 65°C to the standard exit temperature of 40°C, for a target requirement of 

1m3 of freshwater per day. The first stage produces the highest of about 7 kg/m2hr of distillate 

where the temperature difference is highest. With the drop in feed temperature along the stages, 

the production gradually decreases in the subsequent stages and it produces only 1.58 kg/m2hr 

of distillate flux in the 31st stage. The cumulative distillate flux in total is about 98 kg/m2hr, 

which shows a good match with the results from similar experiments conducted by Pangarkar 

et al. [15] for a multi-stage AGMD module. A total of 4 units are needed to accommodate 31 

stages in each unit. A total of 124 modules are required and membrane area in each module is 

considered to be 0.1 m2. 

  
Figure 6. Distillate flux production from each stage in a unit (Feed temperature=65°C, Coolant 

temperature=20°C, air gap = 2 mm) 

 

5.2. Performance of the proposed multi-stage MD unit -with increased water demand 

Different values of target productions are tested for small to medium sized ships. Increased 

target production also increased the modules and pumping power. An initial simulation is 

performed to determine the existing lab scale unit’s feasibility with increased water demand of 

1m3/day to 15m3/day. Figure 7 shows the specific energy consumption (SEC) in kWh/m3 

variation with the target production for two different membrane sizes of 0.015 m2 (the lab scale 

unit with membrane diameter of 0.142 m) and 0.25 m2.  The purpose is to get clear about the 

number of modules needed for the target production range and also the SEC variation with the 

size of the membrane. It is seen from Figure 7, that if the existing setup is used with the current 

membrane size of 0.142 mm diameter, the number of modules required will be about 486 for a 

1 m3/day capacity production. The number of modules will reach to a value beyond 7000 for a 

target freshwater production of 15 m3/day with an SEC value of 5.42 kWh/m3. This value of 

SEC considering only pumping power actually brings this AGMD setup to the level of other 

seawater desalination processes, like sea water Reverse Osmosis (SWRO) that has been able 
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to reach an SEC of less than 3 kWh/m3 in the recent years[33]. Furthermore, accommodating 

over 7000 modules in the marine ship will not be feasible. Therefore, a membrane with an area 

of 0.25 m2 is considered to compare the performance with the exiting lab scale setup. It is seen 

that with a membrane area of 0.25 m2, the SEC reduced to an average value of 1.11 kWh/m3, 

in the same figure and about 848 modules are needed for a water demand of 15 m3/day. 

 
Figure 7. Predicted water production, number of modules and power consumption for application of AGMD in a 

ship ( Th=70oC, Tc=20oC, air gap=2mm) 

5.3. Performance of the proposed multi-stage MD unit -Increased membrane area and its 

effect  

It is seen from the previous discussion that the SEC is directly linked with the membrane area 

as bigger membrane area would contribute in fewer number of modules and hence, lesser 

pumping power. In conclusion, it may be decided that membrane area plays a vital role in 

reducing the SEC. Therefore, a simulation is conducted to observe the effect of membrane area 

on the SEC and Figure 8 shows the overall performance for increased membrane area. The area 

of the membrane used in each module is varied between 0.1 m2 to 0.4 m2. The target production 

has been set to 1 m3/day with keeping all other parameters the same as that of Figure 7. As seen 

in Figure 8, the simulation results suggested the best value of SEC would be obtained with the 

least number of modules (total modules required 33) for a membrane area of 0.4 m2. However, 

this result does not count in the polarization that occurs due to increased membrane area. In 

practical application, providing a bigger membrane may actually decreases the production 

unless some flow modification devices are associated. Therefore, although the increased 

membrane area would decrease the SEC according to simulation, the polarization factor must 

be taken into account before implementation. Furthermore, the available membrane size from 

the reliable manufacturer of flat sheet hydrophobic membranes are mostly reported to be within 
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a diameter range of 0.1 to 0.3 m. Therefore, using a membrane with area of 0.25 m2 may not 

be feasible, 

 
Figure 8. Specific Energy consumption (SEC) and number of modules for increasing membrane area in each 

module (Target production 1 m3/day, Th=70oC, Tc=20oC, air gap=2 mm) 

 

5.4. Performance of the proposed multi-stage MD unit -Production with changing 

seawater salinity and surface temperature 

The Multistage Air Gap MD system is proposed to supply freshwater on-board ships, therefore, 

the effect of salinity should also be considered as the ship would roam around different places 

with variable salinity. The distribution of ocean surface salinity has been taken from the work 

of [34] and it indicates that the salinity range varies between 26000 ppm to 40000 ppm for the 

oceans across the world.  Although MD processes are claimed to be the least sensitive to 

salinity, in the previous study [26], [14] it has been observed that the seawater salinity ranges 

actually affects the production, although not significantly like other desalination processes. 

Based on the authors’ previous work [27]the effect of salinity for a multistage AGMD’s 

distillate production has been taken into consideration and an overall percentage drop in 

production for particular salinity has been considered for the simulation.  Figure 9 shows the 

effect of salinity on production, the range of salinity considered is between 15,000 ppm to 

45,000 ppm and a gradual drop in total production is seen with a 9% drop. 
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Figure 9. Production rate with increased salinity ( For a target production of 1m3/day, 2 mm air gap, Th=65oC, 

Tc=20 oC ) 

The sea surface temperature (which is the coolant temperature) across the seas varies and 

therefore, the coolant temperature would also be different based on the location of the marine 

vessel. The data for sea surface temperature across the globe has been taken from the work of 

[35] and it is seen that the lowest range of sea surface temperature is -2°C in the polar regions 

while the maximum sea surface temperature value reaches up to 32°C across the tropical belt. 

Figure 10 shows the influence of different sea surface temperature (used as coolant temperature 

Tc) on the SEC ratio. It is seen that, like any regular MD setup, lowering the value of Tc, aids 

for a better SEC. Also the size of the setup is reduced as coolant temperature influences the 

production in two ways: by enhancing the production and by assisting hot feed to reach Texit 

value with a lesser number of stages. 

 
Figure 10. Influence of Tc on performance of multi-stage MD (Th=65oC, Air gap=2 mm, target production 

0.5m3/day) 

It may be concluded that usually the coolant temperature is a “third best” manipulator for a 

single-stage MD compared to the feed temperature and air gap; but when it comes to the issue 

of controlling the exit temperature of the feed chamber to certain limit, the value of Tc plays a 

vital role on the overall performance of the multi-stage MD unit. The setup works best within 

5 to 15°C of coolant temperature, and raising the temperature beyond 15°C gives a sharp rise 

in number of modules and the SEC as well. For a coolant temperature of 5~15°C, it is possible 

to achieve an SEC value of as low as 1.5 kWh/m3. Therefore, the ships cruising across the 

cooler part of the seas may expect to have a better performance when running this multi-stage 

AGMD setup. 

5.5. Performance of the proposed multi-stage MD unit- Feed temperature range and its 

effect on Specific Energy Consumption (SEC) 

The feed temperature Th has been varied between the values of 50oC to 75oC to observe its 

effect on the number of stages and SEC.  It is an interesting finding that although increased 

feed temperature is a positive factor for higher production for all multi-stage AGMD 

processes[30],[36]; with a limit of certain exit temperature, increasing the feed temperature 

beyond 65oC actually would cause an adverse effect on the overall SEC. There is an increasing 

trend observed in the SEC when the feedwater temperature reached beyond 65°C.For any 
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typical MD process, as long as the feed water temperature increases, the production tends to 

increase. The same pattern is observed in the proposed rig, the total product is increasing with 

increase in feed water temperature and lesser modules are required till the feed temperature 

reached 65oC. 

However, after 65°C, although there is more evaporated mass due to increased temperature, 

more modules are also required to cool the feed to the standard exit temperature of 40°C. The 

number of modules needed with increased feed temperature is seen from Figure 11. It is 

observed that initially at Th=50°C, the highest number of modules (117 modules) are needed 

to fulfil the requirement of 1m3/day production. Per m3 of distillate production, about 2.4 kWh 

energy is needed, because the energy is consumed by the feed water and coolant pumps to 

pump through 117 modules.  

With increment of feed temperature, the number of module decreased as the proposed rig is 

capable to producing more distillate because of increased feed temperature, and the power 

consumption by both pumps are still able to maintain a lower ratio of energy consumption per 

cubic meter of distillate production as the required module reduced to 60 modules at Th=65°C. 

This proposed setup is constrained by the environmental regulation of feed exit temperature 

back to the sea. The marine ship must release the engine cooling water after lowering its 

temperature to 40o or less. Therefore, with increased feed temperature, there is a requirement 

to let the feed to pass through more modules to reach a temperature of around 40°C in the last 

exit module and only after that the water can be thrown back to the sea. It is seen that at 

temperature higher than 65°C, there is an increase in the number of modules, for example at a 

feed supply temperature of 70°C, a total of 70 modules are required to cool off  the feed water 

from 70°C at entry to 40°C at the exit. The power consumption behaviour of the pumps are 

seen in figure 12. It is seen that the coolant pump required more power than that of the hot side 

pump because the coolant entry is renewed after 3 modules to provide a better temperature 

potential across the membrane.  It is also seen that the total pump power consumption is 

following the trend of the total number of modules in Figure 12. After the Th value started to 

raise beyond 65°C+, the number of modules increased and the total power consumed by the 

pumps increased as well. This data is extracted for a particular membrane area of 0.25 

m2/module. 

.  
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Figure11. Performance of the system with increased Th (Tc=20oC, target production 1m3/day, membrane area in 

each module 0.25 m2) 

 
Figure 12. Power consumption pattern with increased, Th (Tc=20oC, target production 1m3/day, membrane area 

in each module 0.25 m2) 

 

For further investigation, the simulation is run considering changed membrane areas, as 

according to equation 21, the increased membrane area also contributes to the pressure head 

thus influencing the total power consumed by the pumps, along with the number of modules. 

Figure 13 shows the power consumption behaviour with increased membrane area. It is also 

seen that the optimum feed temperature (Th) falls within the range between 65oC to 70oC for 

changing the membrane area, which indicates that the overall power consumption caused by 

increase in modules remains as the dominant factor.  To confirm the optimum value of feed 
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temperature, the simulation is conducted for a range of changing coolant temperature as well. 

It is seen in Figure 14 that the optimum feed temperature for variable coolant temperature also 

falls within the temperature range between 65°C to 70°C, with the lowest values of SEC 

obtained within that range. It is found from existing research that a higher feed temperature 

would provide better SEC as long as the membrane material can withstand the feed 

temperature(~90°C) and this trend is similar for both single stage and multi stage AGMD 

process [30]. But this simulation study provides an important insight about the optimum feed 

temperature based on the optimum value of SEC. The available studies on multistage AGMD 

did not explore such possibility of a set feed exit temperature, which may be a major constraint 

in implementing such AGMD processes on-board marine vessels. 

 

Figure 13. The SEC with different membrane area for variable feed temperature [Target production 2m3/day, air 

gap 2 mm, coolant temperature 20°C) 

 

Figure 14. The SEC with different coolant temperature for variable feed temperature [Target production 

2m3/day, air gap 2 mm, membrane area 0.1 m2] 
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5.6. Performance of the proposed multi-stage MD unit -Effect of air gap width  

Air gap is the second dominant factor after feed temperature in MD process and its effect is 

investigated for the proposed multistage MD unit.  As seen in Figure 15, as expected, 

decreasing the air gap improved the performance of the rig and the power consumption is 

related with the change in air gap, only through the number of modules. The relationship 

between air gap and performance is straightforward, the lower the air gap, the better is the 

performance. It has been reported from recent experimental studies that  the air gap can be 

within a range of 0.7 mm[37] to 7 mm [14], 8 mm [38] or 8.5 mm[27], with the obvious 

outcome of air gap thickness’ adverse effect on the production. However, there must be a 

minimum air gap maintained to differentiate the AGMD process from the DCMD process and 

also to provide necessary heat transfer insulation across the air gap. If the air gap is too thin 

without the aid of prompt collection of the condensate, the condensate film may fill up the gap 

and the purpose of maintaining the air gap may become unworkable.  Therefore, for 

commercialization purposes, the lowest possible air gap considered is 2 mm. For further 

analysis, the minimum air gap considered will be 2 mm.  

 
Figure 15. Performance of the multi-stage unit with increased air gap ( Th=65oC, Tc=20oC,target 

production=1m3/day, Salinity 25,000 ppm) 

Providing a smaller air gap is therefore preferable to get a lower SEC as it does not add any 

additional cost or energy consumption but promotes a significant improvement in performance. 

For a feed temperature of 65oC, Tc=20oC,target production=1 m3/day, the lowest SEC obtained 

is 1.6 kWh/m3 with a 2 mm air gap and 124 modules are needed to produce the target 

production. The SEC value and required number of modules increased linearly with increased 

air gap.  
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5.7. Overall Performance of the proposed multi-stage MD unit for the range of 

freshwater production.  

An overall investigation has been carried out, to observe the suitability of the multi-stage MD 

unit for different ranges of production as per the freshwater demand in marine ships. From the 

above discussion, it is now clear that the major affecting parameters for MD like feed water 

temperature (or the hot feed temperature) does not influence the production as per its regular 

pattern, because of the limitation of exit feed temperature to 40oC or below. Besides, some 

parameters like membrane area cannot be considered up to a very high value as commercially 

available flat sheet membranes and their placement inside the MD module may face difficulty. 

In addition, the polarization would become dominant if bigger size membranes are used 

without any flow modification devices. From the simulation, the optimum values already found 

(like Feed water temperature and air gap) have been kept fixed and other variable parameters 

(like coolant temperature and target production) have been varied.  For the membrane area, the 

commercial hydrophobic membranes are available in different sizes ( considering hollow fibre 

orientation), but for flat sheet membrane type, the reliable manufacturers like Millipore offers 

hydrophobic membranes up to a size of 0.293 m diameter. Therefore, for the overall 

performance evaluation, the membrane area has been fixed to 0.1 m2 to have a scenario of the 

setup which is more practical and conceivable for commercialization. Furthermore, although 

the seawater salinity varies across the globe, the average salinity of 3.5% or 35,000 ppm has 

been considered for the simulation to produce simulation results that depicts a true 

representation of real life applications. Figure 16 shows the SEC trends for variable coolant 

temperature with different target production. It is seen that the SEC value does not vary 

significantly for an increased water demand from 1 m3/day to 15 m3/day.  However, the value 

of coolant temperature Tc affects the SEC considerably. The SEC values have been averaged 

for each coolant temperature and shown beside the trend line for each Tc. It is seen that the 

highest average SEC has a value of 2.63 kWh/m3 for a coolant temperature of 30°C and the 

lowest average SEC becomes as low as 1.58 kWh/m3 for Tc=10°C. The individual value of 

SEC is the lowest (=1.44 kWh/m3) for a production demand of 1m3/day with Tc=10°C. 
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Figure 16 Specific Energy Consumption trends for variable coolant temperature with different target production. 

( Th=65oC, Salinity 25,000 ppm, Air gap =2 mm) 

The minimum average value of SEC from the simulation is 1.58 kWh/m3, for a production 

capacity of 1m3/day. This value is much lower than that of any commercially available thermal 

desalination processes. (MSF=5~6kWh/m3, MED =3~4 kWh/m3   and RO =2~7.45 

kWh/m3)[39].  The highest average SEC value is 2.62 kWh/m3 with a coolant temperature of 

30oC. The SEC value has been compared with the SEC for multistage AGMD as reported in 

the recent research works. It is reported by Khalifa et al.[30] that the SEC for a multistage 

AGMD module ( considering all energies including the heating, cooling and pumping) is within 

a range of  6 to 9.5 kWh/m3. For a feed temperature of 65°C, coolant temperature of 20°C and 

an air gap of 2 mm, their lab scale multi-stage AGMD setup’s SEC was found to be 

approximately 8 kWh/m3. For similar operating conditions, the proposed multi stage AGMD 

unit showed an average SEC value of 1.74kWh/m3, for a target production range between 1 

m3/day to 15 m3/day (considering the pumping power only).Therefore, implementing the 

proposed method can be a promising energy efficient technology for producing freshwater 

onboard marine ships.  

The overall SEC corresponding to the coolant temperature range falls well below the 

commercially available desalination methods. Although the SEC does not reflect the size of 

the setup, the capacity of the multistage AGMD module would be the determining factor for 

the setup size. To get an idea on the capacity and sizing, the number of modules have been 

calculated using the simulation programme for variable demand and coolant temperature. 

Figure 17 shows that for increased demand, the total modules required are increasing in a linear 

pattern for each coolant temperature, with lowest number of modules required corresponding 

to Tc=10°C. For producing 15m3/day of freshwater, 1848 total modules for Tc=10°C are 

required, which is impractical to be applied in a marine vessel.  So far, no research work has 

been found on the limit of number of modules for multistage AGMD process in this scale. It 

may be decided depending on the marine vessels size limit; however, installing more than 500 

modules may not be feasible considering the contributed size. Therefore, the proposed 

multistage AGMD setup should be applicable for a target production of up to 2m3/day. 
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Figure 17. Total number of modules for variable coolant temperature and target production ( Th=65oC, Salinity 

25,000 ppm, Air gap =2 mm) 

6. Conclusion 

The proposed implementation of a Multi-Stage Air Gap Membrane Distillation rig for 

desalination on-board marine ship has been discussed and its performance analysis is carried 

out considering influential factors like feed water temperature, coolant temperature supplied 

from the sea surface, supply water demand, membrane area, seawater salinity and  air gap 

width.  

The feed water actually worked as the engine cooling water and as it received heat energy from 

the marine engine, the extracted heat energy is proposed to be utilized for Multi-stage Air Gap 

MD process. The proposed coolant is seawater which is directly drawn from the sea surface.  

Necessary information have been extracted from initial experimental investigation on a lab 

scale multistage MD unit. The seawater should be thrown back to the sea at a certain 

temperature Tsea_exit (which is limited to less than 40oC for environmental purpose).The findings 

can be summarized as: 

 The setup is capable to meet water demand for small ships. The pumps are considered 

the main energy consuming component in the overall setup, with the coolant pump 

consuming more power because of renewed entries after 3 stages. The process would 

not be feasible for a water demand higher than 2m3/day; not because of the power 

consumption behaviour, but because of the high number of modules. However, the 

setup is designed based on a lab scale multi-stage AGMD unit. If developed 

commercially, there are much room for improvement in terms of compact design, and 

in that case the number of modules and hence the production capacity can be increased. 

This study serves as an initial guideline for setting multi-stage AGMD system for on-

board ships. 

 One major findings from the study highlights the optimum feed temperature. It is a 

common trend in MD research that the higher the feed temperature, the higher is the 

performance. However, it has been shown in this study, with a limit on the exit 

temperature value, looking into the optimum Specific Energy Consumption (SEC) 
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rather than the total production, would be the best approach. Because with increased 

feed temperature, more subsequent modules are required to cool off the feed to the 

desired exit temperature and the SEC is affected by the increase in the pumping power 

for these modules. This study reveals that for a marine vessel, with the environmental 

restriction of releasing the engine cooling water at 40°C to the environment, the hot 

feed temperature should be between 65oC to 70oC for achieving the optimum Specific 

Energy Consumption (SEC), increasing beyond this value would cause an increase in 

the number of staging (to maintain Tsea_exit) and hence pumping power.  

 The effects of variation in seawater salinity and surface temperature across the world 

have also been investigated. It is found that for multi-staging, the coolant temperature 

plays an important role with renewed supply after every 3 stages and the contribution 

is significant to increase the production. Seawater salinity would impose a negative 

effect as expected.  

 It is found from the simulation that the system is able to produce freshwater using 

waste heat from the engine at an SEC range between 1.58 to 2.63 kWh/m3 for a 

freshwater demand between 1m3 to 15m3/day, considering the pumping energy only. 

This range is considerably low compared to the existing thermal desalination 

processes. If properly implemented, this method can compete with the available 

desalination processes due to its low energy requirement. 
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