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Abstract 

The demand for water and energy increases as the world’s population grows. Unfortunately, 

many people have limited access to these two very necessary resources. In order to solve this dire 

issue, industry leaders, governments, scientists, and researchers have been developing and 

improving various technologies that show promise for being able to sustain the demand for 

energy and water of a growing population. One method that has proven effective in supplying 

water to regions that lack potable water is desalination. However, this process requires a great 

amount of energy to produce enough clean drinking water for a given population. The research 

described in this work focuses on improving the energy efficiency and productivity of 

desalination through cogeneration, e.g. combined heat and power (CHP). The cogeneration 

system consists of a polymer electrolyte membrane (PEM) fuel cell coupled with a direct contact 

membrane distillation (DCMD) desalination system in a bottoming cycle. For this study, the 

cogeneration system was modeled mathematically and computationally using the quasi-2-D PEM 

fuel cell model described in Hotz et al., 2006, Int. J. Heat Mass Transfer [1]. The computational 

model will be used to create a physical prototype for testing. The computational model has shown 

that using a PEM fuel cell is an effective system for cogeneration with a DCMD desalination unit. 

However, the low operating temperatures of the device limit the overall performance and 

efficiency of the cogeneration system. 
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1 Introduction 

Water is the source of life for all on earth. We use water in nearly every aspect of our daily lives: 

food, cleaning, agriculture, industry, etc. Despite the tremendous impact that water has, many 

people still lack access to clean drinking water and sanitation. According to the Progress on 

Drinking Water & Sanitation 2012 Update [2] from the WHO/UNICEF Joint Monitoring 

Programme (JMP) for Water Supply and Sanitation, nearly 750 million people (~11%) around the 

world still depend on unimproved water sources. Unimproved water sources include surface 

water, unprotected dug wells, unprotected springs, and water shipped by cart or tanker. Many of 

the people living in areas with unimproved water sources and insufficient sanitation live in rural 

areas. Limited access to sanitation and clean drinking water is the cause of many preventable 

illnesses suffered by young children in the developing world.  

Since the adoption of the Millennium Development Goals in 1990 by the JMP for Water Supply 

and Sanitation, the World Health Organization and United Nations Children’s Fund have worked 

with communities, governments, and organizations to help improve water supplies and sanitation 

in approximately 90 countries [3]. In arid regions where water is generally scarce (e.g. desert and 

arid regions), desalination provides an option for obtaining potable water. This process is of 

particular interest for the described research project.  

1.1 Desalination 

Water desalination is the removal of salt from water of high salt content (i.e. salinity). Access to 

potable water from sources that are normally unsuitable for consumption due to the high salt 

content—seawater and brackish water—is possible through this process. There are several types 

of desalination processes currently practiced commercially, including reverse osmosis (RO), 

multi-stage flash (MSF), electrodialysis (ED), and solar stills. RO and MSF are the two most 

widely practiced techniques, accounting for 42% and 44%, respectively of worldwide capacity as 
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of the year 2000 [4]. There are other desalination processes which have, through laboratory 

experiments, been validated as future contenders with the majority processes, including 

membrane distillation. This process is the topic upon with this research focuses.  

1.1.1 Multi-stage Flash (MSF) 

Multi-stage flash (MSF) desalination is a thermal process consisting of a set of n stages, each off 

which operates at a lower pressure and temperature than the previous. Through this process, a 

high salinity aqueous solution is fed into the system at stage n through the condensing pipes. 

From stage n to stage 1, the solution simultaneously cools the newly distilled water vapor on the 

outer surface of the cooling pipes as it is heated by the latent heat released from the condensing 

vapor. Once the solution exits stage 1, it enters a brine heater, where its temperature is raised to 

the saturated temperature of water at the maximum operating pressure of the plant. The heated 

solution then re-enters stage 1. Its pressure is immediately reduced, causing a portion of the 

heated solution to flash into vapor. The vapor travels through a wire mesh, which removes any 

remaining salt, and condenses on the set of cooling pipes within that stage. This process is 

repeated until the solution reaches stage n [4]. The number of stages that a plant has depends on 

the minimum performance ratio (PR = units of distillate produced/ 2326 kJ of heat input). Multi-

stage flash has been practiced and developed for over four decades. This process has the largest 

unit capacity of all the desalination processes—a capacity of 6 – 8 MIGD (MIGD: million 

imperial gallons per day, 1 MIGD = 4550 m
3
/day)—, and is predominately used in the Arab Gulf 

area for freshwater production [5]. 

1.1.2 Reverse Osmosis (RO) 

Reverse osmosis (RO) is a pressure-driven process commonly used for water distillation. This 

process has been practiced commercially since 1965. In RO, an aqueous solution is pressurized 
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above the osmotic pressure of the solvent. The pressurized solution is then sent through the center 

of a semi-permeable, spiral-wound membrane, where the solvent passes through the membrane 

pores to the product collection compartment at the center of the membrane module. Membranes 

used for RO are typically made from cellular acetate. It is important that the pores of the 

membrane only be large enough to allow the solvent molecules to pass through. The solution 

must be pretreated before coming into contact with the membrane. Pretreatment is needed to 

prevent membrane fouling—surface build-up and pore clogging—, which can decrease the usable 

life of the membrane. Additionally, the spiral-wound design of the membrane only allows one-

way flow, which makes it impossible to clean the membrane module of unwanted solids and 

residues.  RO operation pressures ranging between 50 – 80 atmospheres are used for desalination. 

Typical RO plants output 500 – 1500 L of product/day-m
2 
of membrane; this depends on the 

condition of the membrane and the concentration of contaminants (i.e. salt, minerals, etc.) in the 

solution.   

Despite success in the commercial realm, desalination is an expensive and energy intensive 

process. Kalogirou estimates that the producing 1000 m
3
/day of fresh water would require 10,000 

tons of oil/year [5], which is equivalent to $0.07 USD/gallon-day of fresh water produced [6]. 

The average cost of water in the U.S. as of 2009 is around $2.00 USD/1000 gallon (or 

$0.002/gallon) [7]. This expense presents a drawback for areas in need of accessible potable 

water that do not have the economies to maintain a desalination plant. One way to reduce the 

energy expenses associated with desalination is through the use of cogeneration systems. This 

type of system would combine alternative energy technologies that use low-grade waste heat with 

a desalination system for heat and electrical energy production. However, with some processes, 

like RO, requiring chemical pre-processing of feed streams and a large amount of equipment 

maintenance, the time and money required to maintain a desalination plant, even with the use of 

alternative technologies, makes desalination a non-feasible process for places with small 
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economies.  

1.1.3 Membrane Distillation 

Over the last three decades, researchers have been developing a distillation process that has 

proven, through empirical results and small-scale test plants, to be a future competitor of 

processes like RO. This process, membrane distillation,  has a theoretical rejection of 100% of 

ions, macromolecules and other non-volatile contaminants in the process solution [8]. Membrane 

distillation (MD), compared to the commercially practiced RO and MSF, is a low pressure, low 

temperature process, which operates at temperatures between 30° and 90°C, and at near 

atmospheric pressure [8], [9]. Other benefits of MD include reduced chemical interaction between 

the membrane and process solutions, less stringent mechanical property requirements for the 

membrane, and reduced vapor spaces compared to conventional distillation processes. However, 

because process solutions must be dilute for effective production of distillate, MD is limited to 

applications like desalination, solution concentration, and the removal of trace organic and 

volatile compounds from waste water [8].  

Membrane distillation (MD) is a vapor pressure-driven process in which an aqueous solution is 

heated and placed in direct contact with a microporous (10nm – 1μm), hydrophobic membrane. 

The membranes used for MD are typically made of polypropylene (PP), polyethylene (PE), 

polyvinylidene fluoride (PVDF), and polytetrafluoroethylene (PTFE). The material properties of 

the membrane prevent liquid from entering the membrane pores; this creates a liquid/vapor 

interface at the entrance of the membrane pores. The opposite side of the membrane (permeate 

collection side) is at a lower temperature. The temperature difference between the two surfaces of 

the membrane creates a vapor pressure drop within the membrane pores, which allows volatile 

materials in the feed to diffuse through the pores as the liquid feed comes into contact with the 

solid membrane. The volatile materials are collected on the cooler side of the membrane.  
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 There are four types of MD systems: air gap membrane distillation (AGMD), direct contact 

membrane distillation (DCMD), vacuum membrane distillation (VMD) and sweeping gas 

membrane distillation (SGMD). The figure below shows the general operational layout of these 

configurations.  Of the four, direct contact membrane distillation has been studied most [9], and is 

the configuration analyzed in this research. The feature that differentiates the four from one 

another is the layout of the distillate collection (permeate) side of the membrane module. This 

layout governs the method of distillate collection and the location where vapor condensation 

takes place. 

 

 

 

Figure 1: Membrane Distillation Configurations [9] 

1.1.3.1 Air Gap Membrane Distillation 

The general layout of the air gap membrane distillation (AGMD) configuration is shown in 

diagram (b) of Figure 1. As shown in the figure mentioned, AGMD is characterized by a stagnant 
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air gap and a chilled condensing plate on the permeate side. The distilled vapor travels through 

the membrane pores and the stagnant air gap to the condensing plate, where it condenses. The 

condensate is collected outside of the module.  The air gap in this configuration helps reduce 

conductive heat losses through the membrane. However, as heat and mass transfer tend to be 

coupled phenomena, the air gap also creates a resistance to mass transfer. In fact, AGMD has the 

lowest permeate flux of the four configurations [9] .   

1.1.3.2 Direct Contact Membrane Distillation 

In direct contact membrane distillation (DCMD) [Figure 1, diagram (a)], the distillate is collected 

by a liquid stream of permeate fluid on the opposite side of the membrane. As the name suggests, 

both fluids are in direct contact with the surface of the membrane. For this configuration, the 

vapor condenses within the pores at the liquid-vapor interface of the permeate side of the 

membrane [9]. Condensation and collection within the membrane module allows for a more 

compact design than the other MD configurations [8]. However, the layout of DCMD—liquids at 

different temperatures, flowing in direct contact with a solid surface— results in conductive heat 

loss through the membrane; the heat loss in DCMD is the highest of all the MD  configurations 

[9].  

1.1.3.3 Sweeping Gas Membrane Distillation 

Sweeping gas membrane distillation (SGMD) [Figure 1, diagram (c)] is considered a combination 

of DCMD and AGMD. This configuration has the most desirable characteristics, in terms of heat 

and mass transfer, of the two configurations upon which it is based. Similar to DCMD, the fluid 

on the permeate side flows and collects that distilled vapor; and like AGMD, that fluid is air. The 

flowing fluid allows for improved mass flux, while using air as the fluid reduces conductive heat 

losses [9]. However, the distilled vapor is condensed outside of the module, creating a more bulky 

and complex setup.   
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1.1.3.4 Vacuum Membrane Distillation 

The least studied configuration, vacuum membrane distillation (VMD) [Figure 1, diagram (d)], 

consists of a permeate side layout in which a vacuum is applied. The applied vacuum pressure is 

lower than the saturation pressure of the vapor traveling through the membrane pores. The 

distilled vapor is condensed outside of the module.  VMD has been shown to have the highest 

permeate flux and lowest conductive heat loss of all the MD configurations. However, the applied 

vacuum increases the risk of pore wetting—the filling of the membrane pores with liquid--; thus 

the applied vacuum pressure must be lower than the penetration pressure—the pressure at which 

liquid may enter the membrane pores— of the membrane [9].  
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2 Background 

The international population currently stands at 7.068+ billion people [10]. This number is 

expected to reach around nine billion people by 2050. It has been noted in many recent 

publications on energy and water conservation that an increasing population will result in the 

increased consumption of these necessary resources. As of 2010, 89% of the world’s population 

has access to water from improved and shared sources, with rural areas having 15.6% less access 

to these sources than urban areas [2]. The international total primary energy—petroleum-based 

fuels, coal, electricity, and renewable sources— consumption for the same year was 510.551E15 

BTU (5.387E20 J = 5.387E11 GJ = 22.554E12 TOE (metric tons of oil equivalent)) [11]. Of the 

potable water consumed worldwide (~3,800 km
3
), 70% was used for in the agriculture sector, 

mainly for irrigation. Collectively, industrial water usage worldwide also makes up a large part of 

the water consumed, with municipal usage being the smallest of the three  [12]. With water being 

a scarce resource in high demand, it is imperative that we search for and develop methods for 

obtaining water and maintaining the water resources we have. Desalination, as noted earlier, is 

one viable solution to this pressing issue. However, this process consumes a substantial amount of 

energy.  According to [13], an typical RO desalination plant requires 8.7 – 9.7 kilowatt-hours of 

energy per thousand gallons of water processed. This includes water pretreatment and the actual 

seawater reverse osmosis process, which accounts for the largest amount of energy consumed 

during the process. Post-treatment conditioning and pre-treatment make up 1 – 2% of the energy 

consumed in RO. 

 In an effort to improve the energy efficiency of desalination processes, researchers have 

been developing and testing desalination plants that combine water treatment and energy 

production into a single location. The idea behind these combination plants is that the energy 

efficiency of the desalination process can be increased by using the waste heat and electricity 

from a separate energy production process to heat the incoming feed streams and power the 
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pumps and auxiliary equipment of the desalination system. This process is called cogeneration. 

 Cogeneration is the process through which two or more useful energy outputs are 

produced using only one fuel source [14]. Many of the cogeneration systems in operation on the 

commercial scale are topping cycle systems. A topping cycle is one in which the fuel source is 

used to produce useful electrical or mechanical power output, and the waste heat from the power 

production process is used as useful thermal energy [15].   

 For this study, a cogeneration plant consisting of a Nafion ® membrane PEM fuel cell 

and a DCMD desalination system will be modeled mathematically and computationally. The heat 

rejected from the fuel cell will be used as the sole heat source for the process solutions. Unlike 

many of the cogeneration systems that use fuel cells, this system make use of the heat rejected 

from the body of the fuel cell by cooling the fuel cell with the water used to collect the distillate 

in the MD system. The heat captured from the cell will then be used to heat the incoming 

seawater via a heat exchanger.  

The DCMD configuration was chosen for this research because of its simplistic design. 

Additionally, there is a plethora of information and experimental results, which have been 

repeatedly proven, for this process. The PEM fuel cell was chosen because the operating 

temperature (~80 °C) [16] is within the range of those for membrane distillation. The DCMD 

module used in this study consists of a flat sheet polytetrafluoroethylene (PTFE)—Teflon ®—

membrane. This study uses the membrane parameters determined by [17]. Heated feed input 

temperatures range between 45°C and 75°C; the permeate sweep between 20°C and 30°C. The 

PEM fuel cell used is that described in [1].    
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3 Mathematic Model 

The system analyzed in this study consists of a high-temperature polymer electrolyte fuel cell 

(HT-PEMFC) coupled with DCMD system. The goal of this system is to improve the energy 

efficiency of the DCMD desalination process by increasing the relative water production with the 

respect to the relative energy used by the process. It is expected that the heat rejected by the PEM 

fuel cell will be sufficient for the amount of heat required for DCMD, as the temperature range 

for this process (20°C – 80°C) is within the range of operating temperatures for a Nafion ® 

membrane PEM fuel cell. Additionally, we expected that the power produced by a combination of 

the PEM fuel cell and the steam turbine that is part of the steam generation system has the 

capacity to provide all of the electrical power needed for steam generation, pumping, etc.  Figure 

2 shows a flow diagram of the proposed cogeneration system. The arrows represent the flow of 

fluid from one system to the next. The colors (for the water and water vapor) represent the 

general temperature and liquid/dissolved solid concentration of the corresponding fluid. 
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Figure 2: Fluid Flow Diagram of Cogeneration System 

 

 

Figure 3: Mass and Energy Flow Diagram of Cogeneration System 
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3.1 Steam Generation System 

 

Figure 4: Diagram of Water Vapor Flow Through the Steam Generation System 

In a PEM fuel cell, water vapor acts as the carrier of H2
+
 ions traveling between that anode and 

cathode across the polymer membrane. For the PEM fuel cell model used in this study, the water 

vapor is provided via the humidification of the gases flowing into the fuel cell. For this model, a 

boiler (i.e. steam generator) will be the source of that water vapor.  

The energy equation (First Law of Thermodynamics) and the mass conservation equation are 

used to mathematically describe the processes occurring in each subsystem of the steam 

generation system [Fig. 4].  

1. 
     

  
  

   

  
 –
   

  
 

2. 
     

  
  

     

  
   

  

  
  

   

  
 (    

  
 

 
       ) –

   

  
 (    

  
 

 
       ) 

The general assumptions for all calculations done on this system are as follows: (a) kinetic energy 

changes—ΔKE = (V1
2
– V2

2
)/2—and potential energy changes— ΔPE = g (z1– z2) — are zero or 

negligible; (b) all processes occur under steady state conditions—dm/dt = 0, dE/dt= 0—; and (c) 
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water vapor behaves as an ideal gas. Because each subsystem operates at steady state, the mass 

flow rate remains nearly constant throughout the system—only changing when the water vapor is 

split between section 3 and sections 4 and 5. Thus, 
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Using the molar flow rates of the gases entering the fuel cell, the partial pressure and mass flow 

rate of the water vapor in sections 6 and 7 are determined. 
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The water vapor in sections 6 and 7 is assumed to be saturated vapor with a quality x of 1. 

Additionally, these sections are assumed to be at atmospheric conditions (i.e. p6 = p7 = 1 bar). The 

pressure inside sections 4 and 5 is equal to that inside section 3. The temperature in section 3 of 

the steam generation system is the average temperature of the vapor temperatures in sections 4 

and 5. The specific enthalpy of the water vapor in section 3 (h3) can be calculated from steam 

tables using these assumptions. 
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Using the determined parameters for section 3, the turbine work output and boiler heat input can 

be determined as follows. 



14 

 

13.      
   

  
 
  

  
(  –   )  

   

  
 
  

  
(   –   ) 

14.    
        

  
 
  

  
(  –   )  

        

  
  

  

  
 (  –   ) 

15.       (             )       (     ) for saturated vapor 

16.         and        

From these final equations the amount of power needed to produce the steam for PEM fuel cell 

gas humidification is 

17.         
 

  
(       –   ) 

3.2 PEM Fuel Cell 

The PEM fuel cell model used in this study is a modified version of the model described in [1]. 

This model assumes that the H2 fuel used is a pure substance not reformed from another chemical 

compound; thus, with the exception of water vapor, the H2 fuel mixture for the anode side of the 

fuel cell does not contain any contaminants. Like the model used, the cathode gas mixture 

consists of air and water vapor. Any carbon dioxide that may be in the air-water vapor gas 

mixture is negligible and not included in the calculations. This model also does not contain a 

steam reformer, PROX reactor, or post combustor. The tank containing a liquid mixture of water 

and methanol (CH3OH + H2O) is replaced with a hydrogen storage tank. Energy interactions 

between the tank and the rest of the PEMFC system are not considered in this study. Mathematic 

models for these heat exchangers are described below in subsections 3.2.1 and 3.2.2. Please refer 

to Figure 4, above, for a depiction of the heat and mass transfer between the systems.   

Since one of the goals of this cogeneration system is to obtain a maximum production of water 

through the use of waste heat from a PEM fuel cell, it is important that a maximum amount of 

heat and power be produced by the fuel cell. These outputs depend on the amount of fuel and 

oxidant burned by the fuel cell, and the amount of water vapor in the fuel cell—water carries the 
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H2
+
 ions across the polymer membrane.  Using the air/fuel ratio λair/fuel and the relative humidity 

 , and the initial gas input molar flow rates for the fuel cell, the amount of fuel and oxidant 

needed for maximum heat and power output from the fuel cell was determined.  
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20.     (     )             
        

    

                
 
    

21.         ⁄  
    ( )   

        ( )   
 

The initial input molar flow rates of gases into the fuel cell are listed in the table below. 

Table 1: Initial Molar Flow Rates of PEM Fuel Cell 

Molar Flux [mol/s] dnH2O/dt dnH2/dt dnO2/dt dnN2/dt 

Anode 0.05E-5 0.75E-5 0.00E0 0.00E0 

Cathode 0.00E0 0.00E0 0.60E-5 2.40E-5 

 

Table 1 shows that the O2/N2 ratio is equal to 1:4; this ratio matches closely with the actual ratio 

of O2/N2 in air, which is 21:79 ≅ .27. For a 0.6 V PEM fuel cell that is 0.01 m long and 1 m wide 

(nominal width), operating at a pressure and temperature of 0.1 MPa and 353 K, the maximum 

heat and power output were determined to be approximately 34.74 W and 32.5 W, respectively 

with fuel inputs (mol/s) as follows: dnH2O (a) /dt = 1.0531, dnH2 (a) /dt = 15.7959, dnO2 (a)/dt = 0, 

dnN2 (a)/dt = 0, dnH2O (a)/dt = 0, dnH2 (a)/dt = 0, dnO2 (c) )/dt = 12.6367,  dnN2 (c)/dt = 50.5469.  
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3.2.1 PEM Fuel Cell Cooling (Heat Exchanger 1) 

 

Figure 5: Control Volume Layout of PEM Fuel Cell Coolant Channel 

This part of the system is modeled using the energy and mass conservation equations at steady 

state—dmcw, i/dt = dm cw, o/dt, dEcv/dt=0. The flow is assumed to be incompressible. Changes in 

kinetic and potential energy are negligible, pressure drops throughout the channel are ignored,  

pressure within the channel is assumed uniform and equal to the operating pressure of the fuel 

cell (0.1 MPa ≈1.0 bar), and the work input required for pumping the water through the channels 

is not considered. The inlet temperature of the coolant fluid is always 25 °C = 298.15 K, and the 

outlet temperature ranges from 35 °C – 80 °C (308.15 K - 353.15 K). The specific heat capacity 

of the fluid       , is considered constant and calculated at the average temperature of the coolant 

fluid.  Based on the assumptions noted, the mass flow rate and the temperature profile of the 

water traveling through the fluid channel can be determined using the following relations.   

22. 
  

  
 
    

  
(     )            (     ) 

23. 
  

  
 
    

  
      (     ) 

The heat output, inlet and outlet temperatures, and the isobaric specific heat of the flow are 

known; using these parameters, the mass flow rate of the flow is determined as: 
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24. 
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In order to determine the temperature profile of the coolant stream as a function of the heat 

rejected from the PEM fuel cell, equation 19.1 is divided by dx on both sides. This enables the 

use of the d/dx (dQ/dt) term described in equation 18 of [1]. 
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The changes in temperature and heat output along the x-direction of the PEM fuel cell coolant 

channel are further manipulated in equations 22 and 23 to obtain the end result, equation 24.1. 

27. 
  ̇

  
≅
  ̇

  
 
  ̇    

  
 

28. 
    

  
 
     

   
  

    

  
 

29. 
    

  
 
 (    )    ( )

  
 

30.   ̇      ̇              

31.  (    )  
  ̇    

 ̇        
  ( ) 

The details of how to calculate the power output, specific molar enthalpy, and heat output of the 

PEM fuel cell are given in [1]. 

3.2.2 Pure Water/Seawater Heat Exchange (Heat Exchanger 2) 

The seawater that enters the system will be heated using the pure water that cools the PEM fuel 

cell. The heat exchange will be modeled as a simple parallel plate counter-flow heat exchanger. A 

counter-flow configuration is chosen because it allows for greater control of the fluid 

temperatures. Reference [18] notes that the log-mean temperature difference for the counter-flow 

configuration—with the same inlet and outlet temperatures, and assuming equivalent overall heat 

transfer coefficient— is larger than that of the parallel flow.  Moreover, unlike in the parallel flow 
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configuration, the exit temperature of the cold fluid can exceed the outlet temperature of the hot 

fluid. The latter characteristic is well suited for this system, as the cold fluid in this heat 

exchanger–seawater—must be at a higher temperature than the hot fluid—pure water.  The figure 

below shows a plot of the fluid temperature with respect to the location within the exchanger for 

the parallel flow and counter-flow configurations. 

 

Figure 6: Temperature Profiles for Parallel-Flow and Counter-Flow Heat Exchangers [19] 

 Assuming steady state operation, negligible changes in the potential and kinetic energies, 

and no net-work input into the control volume, the heat transfer between the two process fluids is 

described as 
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The mass flow rate of the pure water solution dmp/dt is equal to the mass flow rate of the PEM 
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fuel cell coolant stream. Other knowns include the inlet and exit temperatures of the pure water 

and seawater solutions, and the isobaric specific heat capacities of the fluids. The latter 

parameters are determined using the average temperatures of the process solutions. Additionally, 

flow through the heat exchanger is assumed to be laminar and hydrodynamically and thermally 

fully developed. These relations are used to determine the mass flow rate of the seawater stream.   
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3.3 DCMD Operation 

 

Figure 7: DCMD Parallel Flow Configuration [20] 

Figure 7 shows the flow configuration for the DCMD model used in this study; this diagram is 

similar to Figure 1 of [20].  

For this model, the flow is considered to be fully developed duct flow; thus, there is no distinction 

between properties in the boundary layer and bulk solutions, as the boundary layers within the 

duct have merged and are indistinguishable. The heat and mass transfer of the DCMD system was 

based on the model done by [20]. This system was also modeled using scaled versions of the 

Navier-Stokes x-momentum equation and the two-dimensional energy equation.   The system 

design is based upon the following assumptions: (a) fully-developed laminar flow; (b) steady-

state operation; (c) constant physical properties; (d) no internal energy generation; (e) flow 
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velocity only a function of y; and (f) symmetric flow and temperature distribution along the flow 

channels. Chapter 3 of [21] gives a detailed description of the scaling laws and assumptions used 

to arrive at the equations used in this model. 

3.3.1 Mass Transfer 
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The authors of [20] note that the Knudsen diffusion and Poiseuille flow model coefficients α(T) 

and β(T), respectively, are equal to 1, as the experimental results accurately match those predicted 

by the mathematic model used. The dynamic viscosity of the air-water mixture μair-water in the 

membrane pore was determined using the relation described in [22]. 
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The temperature at the surface of the membrane can be determined by approximating the 

convective heat transfer dQconv/dt of the desalination unit. Using the effectiveness-NTU (ϵ-NTU) 

method, the amount of heat transferred via convection can be determined. 
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Once the convective heat transfer through the membrane is determined, the heat flux, qm [W/m
2
], 

through the membrane can be calculated. Using this value and the local convective heat transfer 

coefficient hT the temperature at the surface of the membrane can be determined. For fully 

developed flow, the temperature difference between the membrane surface and the bulk flow is 

assumed constant, thus the surface temperature profile of the membrane may also be found 

through this method. 
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3.3.2 Heat Transfer 

The heat transfer equation used in this model is from [17]. This equation shows that the amount 

of heat transferred during the desalination process is a combination of convective and conductive 

heat transfer. Conductive heat transfer is considered energy loss in the MD processes, as it causes 

temperature polarization, which reduces mass transfer within the system. According to [23], 

temperature polarization is “the loss of driving force brought about by thermal gradients in the 

fluids bounding (in contact with) the membrane”.  Thus, in this model, we seek to decrease 

conductive heat loss through the membrane.  
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For fully developed flow, the temperature difference between the membrane surfaces is the same 

as the temperature difference between the bulk solutions—i.e. ΔTm = ΔT. The convective heat 

transfer coefficients hT, f and hT, p are calculated using the Nusselt number, where  

58.    (  )  
     

  
 

The Nusselt number is based on the hydraulic diameter Dh and friction factor f (see Eq. 41.1) for 

various shaped ducts, including infinite plate, round, and square ducts. These values  are listed in 

Tables 3.1 and 3.2 of [21].  
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4 Computational Model 

The computational model used for this study is a combination of the PEM fuel cell computational 

model described in [1] and a finite difference approximation of the heat and mass transfer that 

occurs in the DCMD process.  Other computational function codes used for this study include the 

Matlab formatted IAPWS-IF97 Steam Tables developed by Magnus Holmgren of www.x-

eng.com by J. H. Lienhard [24] and the Seawater Thermophysical Properties Library developed 

for Matlab by M. H. Sharqawy of the Massachusetts Institute of Technology [25]. The goal of 

this computational model is to determine theoretical pure water-energy production ratio of the 

cogeneration system. This will allow for the prediction of whether a PEM fuel cell is best suited 

for use in a cogeneration system for low-temperature desalination.  The outputs that will aid in 

determining this include the pure water mass flux N of the desalination unit and the amount of 

thermal and electrical energy produced by the PEM fuel cell with respect to the amount of fuel 

and oxidant input. The geometry of the system is also a factor considered in the analysis of the 

data from the computations. Note: heat loss between systems is considered negligible. 

4.1 Steam Generation System 

Computations for the steam generation system were performed using the mathematic equations 

described in Section 3.1.  The function written for this system output the heat input required for 

the desired amount of steam, which depends on the molar flow rate of water vapor entering the 

gas channels of the fuel cell, and the electrical power needed to provide heat to the boiler. The 

latter parameter is equal to the difference between the amount of heat required by the boiler and 

the amount of electrical power produced by the steam turbine. 

4.2 PEM Fuel Cell 

As noted in the previous paragraph, the computational model for the PEM fuel cell used in this 
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study is a modified version of the model used in [1]. This model uses the fourth-order Runge 

Kutta function ode45 to predict: power output [W]; fuel utilization factor; change in power output 

[W] and temperature profile [K] along the length of the fuel cell; temperature [K] within the gas 

diffusion layers, catalyst layers, and membrane; the molar flow rates [mol/s] of fuel and oxidant 

along the anode and cathode gas channels, respectively; and the heat rejected from the fuel cell. 

This model only accounts for a single fuel cell; for a fuel cell stack of n cells, the amount heat 

rejected is an n-averaged value and the power output is an n-summed value (similar to a series 

connected circuit of resistors).  The fuel cell is discretized into 500 spatial increments along the 

length of the fuel cell (x-direction). According to [1], the relative error of this computation is less 

than 0.1%. 

4.3    Heat Exchangers 1 & 2 

As with the steam generation system, the computations for heat exchangers 1 and 2 were 

performed using the mathematic equations shown in sections 3.2.1 and 3.2.2.  

Heat exchanger 1 is modeled as a parallel plate duct with one side insulated and uniform heat 

flux. The channel width is .015 m and the flow is fully developed. Additionally, the pressure 

within the channel is equal to the operating pressure of the PEM fuel cell. Using the energy and 

mass transfer equations at steady state, the optimal mass flow rate is determined for the 

corresponding amount of heat rejected from the fuel cell.   

Like heat exchanger 1, heat exchanger 2 is also modeled as a parallel plate heat exchanger with 

one side insulated.  The channel width, mass flow rate of the pure water solution, and operating 

pressure remain the same. Heat exchanger 2 is a counter flow heat exchanger. The inlet and exit 

temperature of both the pure water and seawater solutions are known. Thus, the mass flow rate of 

the seawater solution is determined to achieve optimal performance. 
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4.4 DCMD Operation 

For the DCMD desalination system, the parameters of interest were the pure water mass flux 

through the microporous membrane N and the temperature polarization factor for each run Θ. The 

temperature polarization factor Θ is equal to the ratio of the bulk temperature difference ΔT = Tf – 

Tp, and the temperature difference across the membrane ΔTm = Tf, m – Tp, m.  Since each of the 

named parameters is temperature dependent, the temperature profiles of the bulk solutions and 

along the surfaces of the microporous membrane in contact with the bulk solutions were 

determined. Modeling the desalination system as a parallel-flow heat exchanger, the temperatures 

along the longitudinal direction (x-direction) of each flow channel—within the bulk— were 

determined using the effectiveness-NTU method and the ode45 function in Matlab. The equations 

used in this calculation are described in section 3.3.1. Manipulating the equation describing the 

heat transfer determined using the ϵ-NTU method, the temperature profile along the membrane 

surface was calculated. The results from equations 50 – 52 were then used in the ode45 function 

to determine the temperature profiles along the membrane surfaces.  Another important parameter 

of this system is the mass flow rate of the process solutions. As described in the mathematic 

model, the mass flow rate of the process solutions within each system were optimized to allow 

the greatest amount of heat transfer between process fluids and the corresponding heat source. 

However, the mass flow rates of the process solutions must be of the same order of magnitude 

within the desalination unit for the most efficient and productive operation. Therefore, if the mass 

flow rate of either solution was greater than the other by two or more orders of magnitude, the 

flow rate of that solution is reduce to the lower mass flow rate. This is equivalent to physically 

splitting the flow into several streams.  
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5 Results 

Table 2: Operational Parameters for Cogeneration System 

Salt Solution Permeate Solution 

Salinity [wt%] 3.5 Coolant channel inlet temp, Tcw, in [K] 298 

HX2 inlet Temp., Tf, in (HX2) [K] 293 
HX2 inlet/Coolant channel outlet 

temp, Tcw, out = Tp, out (HX2) [K] 
315 - 353 

HX2 outlet temp, Tf, out (HX2) [K] 308 - 348 HX2 outlet temp., Tp, in (HX2) [K] 294 

PEM Fuel Cell 

Inlet Temperature, TPEFC, in [K] 353 

Output Voltage, E [V] 0.6 

Flow Channel Length, LPEFC [m] 0.01 

Power Output, dWPEFC/dt [W] 32.52 

Anode Side Cathode Side 

Water molar flow rate  

dnH2O (a)/dt [mol/s] 
1.0531

 Water molar flow rate  

dnH2O (c)/dt [mol/s] 
0 

Hydrogen molar flow rate  

dnH2 (a)/dt [mol/s] 
15.7959

 Hydrogen molar flow rate  

dnH2 (c)/dt  [mol/s] 
0 

Oxygen molar flow rate  

dnO2 (a)/dt [mol/s] 
0 

Oxygen molar flow rate  

dnO2 (c)/dt [mol/s] 
12.6367 

Nitrogen molar flow rate  

dnN2 (a)/dt [mol/s] 
0 

Nitrogen molar flow rate  

dnN2 (c)/dt [mol/s] 
50.5469 

Steam Generator 

Boiler inlet temperature, T1 [K] 308 

Boiler inlet pressure, p1 [bar] 5.0 

Boiler outlet pressure, p2 [bar] 30.0 

Turbine outlet pressure, p3 [bar] 10.0 

Power consumed by system, Wboiler [W] 98.6573 

DCMD Desalination Unit 

Membrane material Laminated hydrophobic PTFE (Fluoropore) 

Membrane thickness, δm [μm] 150 

Membrane porosity, ϵ .85 

Membrane pore diameter, dm [μm] .22, .45 

Channel length Ldesal [m] .3048 

Channel Width, hdesal [m] .015 

 

Table 2 lists the input parameters used in the simulations. The goal of this research was to 

determine whether a cogeneration system consisting of a low-temperature PEM fuel cell with a 

DCMD desalination unit would provide the necessary amount of electrical and thermal energy 

required for the production of water fluxes greater than 1.5 mol/m
2
·s, which is the maximum flux 
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listed for reverse osmosis in [17]. For a single PEM fuel cell operating at maximum performance 

with a power output of dWPEFC/dt =  32.52 W and a heat output of dQPEFC/dt =34.7 W, the pure 

water mass flux of the desalination system ranged between .09 kg/m
2
·s and .9 kg/m

2
·s [Figures 8 

and 9]. 

 

Figure 8: Pure Water Flux in DCMD System (Tf = 308 K, Tp = 293 K) 

 

Figure 9: Pure Water Flux in DCMD System (Tf = 348 K, Tp = 293 K) 
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These figures show that the flux of water vapor through the porous membrane is highly 

dependent upon the temperature difference between the permeate and heated feed solutions. As 

the temperature difference between the two fluids decreases along the channel, the pure water 

flux increases as well. At a temperature difference of 15 K, the mass flux is a maximum of .13 

kg/m
2
·s; at a difference of 55 K, the maximum mass flux is 0.9 kg/m

2
·s. In both Figures 8 and 9, 

the mass flux for a DCMD desalination unit using membranes with .22 μm and .45 μm pore 

diameters is shown. From these figures, we observed that the pore diameter has no significant 

effect on the process water production rates. Despite the accurate depiction of the mass flux as a 

function of both space and temperature, the values obtained for the mass flux are several orders of 

magnitude off. This observation is based on a comparison between the values shown in this paper 

and those reported in [17] and [20]. Table 3, below, shows that the mass flow rates for the pure 

water and heated feed solutions is O (10
-7

), which is much less than the flux O (10
-1

).  
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Table 3: Feed Temperature, Mass Flow Rate, and Entry Length of DCMD Process 

Tsw (in) [K] 35 40 45 50 55 60 65 70 75 

m dot,  

(*10
 -7

)[kg/s] 
7.320 5.199 4.019 3.272 2.756 2.380 2.094 1.868 1.684 

Xentry 

 (*10
-5

)[m] 
0.168 0.119 9.225 7.502 6.316 5.449 4.790 4.271 3.845 

 

Based on data from Figures 8 and 9, and Table 3, the mass flow rate may also have an effect on 

the mass flux pure water in the desalination system; both parameters simultaneously increase. 

Table 4: Temperature Polarization Factor and Power Consumption of DCMD System 

ΔT [K] 15 20 25 30 35 40 45 50 55 

dWdesal/dt  

(*10
-9

)[W] 
0.113 7.707 5.735 4.506 3.676 3.080 2.635 2.291 2.015 

Θ 0.7362 0.7362 0.7363 0.7363 0.8456 0.7364 0.7365 0.7365 0.7365 

 

Table 4 shows the power consumption and temperature polarization factor of the desalination 

unit. As the bulk temperature difference increases, the power consumed by the desalination unit 

increases. This fits well with what is inferred from the mass flow rate data shown in Table 3. As 

the temperature difference increases, the mass flux, mass flow rate, and thus, the pumping power 

required increase.  The equation used to determine the power consumed by the desalination 

process can be found in [20]. 

A good DCMD module design has a temperature polarization factor that is close to 1. Based on 

the data shown in the table above, the DCMD module for this system is well designed. The 

module has an average temperature polarization factor of .7485, with a high of .8456 at a bulk 

temperature difference of 35 K. 
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6 Conclusion 

The results show that a cogeneration system consisting of a Nafion ® membrane PEM fuel cell 

coupled with a DCMD desalination system shows promise as an effective way to improve the 

energy efficiency and productivity of DCMD desalination. Additionally, the results show that a 

PEM fuel cell operating at maximum conditions can provide the electrical and thermal energy 

necessary to operate a DCMD desalination system. However, due to calculation errors within the 

computational model, data obtained for this system is inaccurate. 

On the other hand, one may argue that if the operating temperatures of the fuel cell were 

increased, the PEM fuel cell would prove more effective in providing sufficient heat to the 

desalination unit.  One alternative that may be a solution to this issue is a high-temperature PEM 

fuel cell. A high-temperature PEM fuel cell is not actually a high temperature fuel cell, as the 

highest operating temperature of the cell is 200°C. This fuel cell uses an acid-doped 

polybenzimidazole (PBI) membrane; this material requires less water than the Nafion ® 

membrane PEM fuel cell, which allows for higher operating temperatures. Other characteristics 

of this fuel cell and the PBI membrane can be found in [26]. 
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