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a b s t r a c t

In this paper, a hybrid system consisting of PEMFC (proton exchange membrane fuel cell) and DCMD
(direct contact membrane distillation) was proposed to recover the waste heat from PEMFC for brine
water desalination. Parameters determining the performance of this hybrid system were systematically
investigated. Results indicate that there exist optimal PEMFC current density and DCMD fresh water inlet
mass flow rate, respectively, leading to the maximum energy gain from the fuel chemical energy. In order
to analyze the optimal performance of the proposed hybrid system, with the maximum energy gain as
the objective function, genetic algorithm method was employed to obtain the optimal PEMFC current
density and DCMD fresh solution inlet mass flow rate, thereby, the performance specifications of the
hybrid system under different operating temperatures of the PEMFC subsystem. Compared with the
single PEMFC system, as operating temperature varies from 328.15 K to 348.15 K, the energy utilization
degree can be increased by 201%e266%.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Rapid increase of population and fast industrialization call for
dramatically increasing energy supply and water consumption.
Combustion of conventional fossil fuels have caused serious
catastrophe to the environment, such as global warming and
animal annihilation [1]. Hence, optimizing the conventional ther-
modynamic cycles and developing clean and sustainable energy
technologies is becoming more and more urgent [2e5]. Among
them, fuel cells which convert chemical energy into electricity
directly are regarded as a prospective way to solve these severe
problems.

Common fuel cells can be classified into five categories: alkaline
fuel cell (AFC), phosphoric acid fuel cell (PAFC), proton exchange
membrane fuel cell (PEMFC), molten carbonate fuel cell (MCFC) and
solid oxide fuel cell (SOFC) [6]. Compared to other fuel cells, PEMFC
has several predominant features such as clean production (water),
high power density and rapid start up time. These superiorities
made it widely used in automotive and residential applications
_liu@hust.edu.cn (W. Liu).
[6e11]. It is noteworthy that during the reaction of PEMFC, elec-
tricity is obtainedmeanwhile considerable heat is produced [12,13].
To keep stable operation, the heat exhausted by PEMFC needs to be
released into a heat sink. Hence, the energy utilization degree of
PEMFC is generally around 50% conditioned on the companied heat
generation. For further utilizing the heat generated by PEMFC,
various waste heat recovery technologies have been investigated
numerically and experimentally. One of the methods is to improve
the electrical power output by employing low-temperature power
generation technologies [6,8,11,14]. Dai et al. [8] proposed a hybrid
system using ORC (organic Rankine cycle) to harvest waste heat
from PEMFC. The results show that the total electrical efficiency is
increased by around 5%. Chen et al. [11] employed a thermoelectric
generator to convert the waste heat into electricity. Their research
indicates the maximal electrical power output raised around 9%. R.
Long et al. [14] proposed a similar hybrid system which utilizes
TREC (thermally regenerative electrochemical cycle) as the waste
heat harvesting section for PEMFC and made the efficiency
increased by 6.85%e20.59%. In addition to utilizing the waste heat
to generate electricity, the PEMFC-based CHP (combined heat and
power) system is also an effective method to improve energy uti-
lization degree in residential application [7,15,16]. Barelli et al. [7]
made a research on a system which utilizes waste heat recovered
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Fig. 1. Schematic diagram of the hybrid PEMFC-DCMD system.
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from PEMFC for heating water, and this system is able to satisfy the
residential demand of electricity and heat water simultaneously.
The energy utilization degree increases from 34% to 92%. Arsalis
et al. [15] proposed a HT (high temperature)-PEMFC-based micro
CHP system for a Danish single-family household. In their research,
with the load fully applied, electrical efficiency is 38.8% but corre-
sponding total energy utilization degree is promoted to around
95.2%. In terms of energy utilization degree, direct use of waste heat
of PEMFC is more competitive. In recent decades, with rapid
increasing of fresh water consumption, low-temperature driven
water treatment technology has become an effective waste heat
harvesting method as well [17e25]. Thermal type water treatment
methodmainly includes MSF (multi-stage flash), MED (multi-effect
distillation) and DCMD (direct contact membrane distillation)
[21,23,24,26,27]. Considering the advantages of low complexity and
operating temperature [28,29], DCMD is more suitable to ally with
PEMFC, serving as an electricity and fresh water supplier for coastal
residential application. Until now, relevant research has not been
reported yet.

DCMD [19,26,27] is a separation technic which utilizes the dif-
ference of vapor partial pressure originating from the temperature
difference of hot brine water and cool fresh water as driving force.
During the separation process, hot brine water flows into brine side
channel at first. Then due to the vapor partial pressure difference
and hydrophobic nature of the membrane, hot water gets vapored
and transferred into cool fresh side. Finally, hot vapor gets
condensed at cool fresh side while mixing with fresh water. As
mentioned above, the operating temperature of DCMD is low,
always around 40�C-70 �C. It means DCMD can play an important
role in low temperature waste harvesting area. Duke et al. [30]
conducted a pilot DCMD trial for treatment of power station waste
water driven by the waste heat of 38 �C from power station. Over
three months of the operation, high water recovery (92.8%) and
quality of distillate production (with 99.9% dissolved solids rejec-
ted) were achieved. Vidic et al. [17] employed DCMD to utilize the
waste heat from NG CS (natural gas compressor station) in Penn-
sylvania, United States for concentration. Their research indicates
that, with numerous amount of waste heat from NG CS, the outlet
water flowwith 30% salinity can be sufficiently produced regardless
of the initial salinity. Boubakri et al. [29] designed a pilot DCMD
system driven by solar energy and tested its performance. The
results indicates that powered by solar energy, the inlet tempera-
ture of feed flow could be elevated to around 70 �C. Minimum
specific energy consumption of 1609 kWh/m3 during 12:30e13:00
(under maximal sunlight intensity) was achieved.

In summary, low complexity makes the integration of DCMD
and PEMFC prospective for residential application in coastal region.
Besides, the operating temperature of PEMFC is generally set
between 70�C and 90 �C [8,11,14], which exactly satisfies the inlet
temperature requirement of feed flow in DCMD. Thereby a hybrid
DCMD system coupled with PEMFC is proposed for electricity
supply and fresh water production in this paper. This system out-
puts electricity and fresh water simultaneously at the cost of
consuming hydrogen. Compared with a single PEMFC system, with
the waste heat recovered, the energy utilization degree augments
significantly. In order to investigate the performance of this system,
mathematical models of the hybrid system were set up, and
impacts of PEMFC current density [31,32] and fresh water inlet
mass flow rate of DCMD [29,33] on the performance of the hybrid
system and its subsystems are discussed. The results indicate there
exit optimal current density and inlet mass flow of fresh water for
the maximal energy gain of the hybrid system. Hence, an optimi-
zation based on genetic algorithm is conducted with the maximum
energy gain as the objective function. The optimal performance
specifications of the hybrid system and its subsystems have been
obtained under different operating temperature of the PEMFC and
initial concentration of brine water. Finally, some concluding
remarks are presented.

2. System description and mathematical model

2.1. System description

As shown in Fig. 1, this hybrid system consists of two main
components: PEMFC for electricity generation and DCMD for fresh
water production. In the PEMFC, hydrogen and oxygen are fed into
corresponding channel where the electrochemical reaction hap-
pens. During the reaction, electricity is generated meanwhile heat is
produced. The waste heat is applied to elevate the inlet temperature
of brine water. In DCMD, driven by the partial vapor pressure dif-
ference originating from the temperature difference of brine and
fresh water, a transmembrane vapor flux happens. Hot water
evaporates at brine water side, diffuses into fresh water side, and
gets condensed while mixing with cool fresh water. Then fresh
water flows into a separator for condensed water extraction. Finally,
remaining fresh water is cooled by a heat sink and fed into DCMD as
permeate solution again. Furthermore, to improve the energy effi-
ciency of the DCMD system, a regenerator is utilized to preheat the
brine water before absorbing heat released from PEMFC [34].

2.2. Mathematical model

2.2.1. PEMFC
In the PEMFC, hydrogen and oxygen are fed into their corre-

sponding channel and react as follows:

Anode : H2/2Hþ þ 2e�

Cathode:O2 þ 4Hþ þ 4e�/2H2O

According to Nernst equation [35], the voltage can be expressed
as

VNernst ¼ 1:229� 0:85� 10�3ðT � 298:15Þ þ 4:3085

� 10�5T
�
ln
�
PH2

�þ 0:5 ln
�
PO2

��
(1)

where T is the operating temperature of PEMFC. pH2
and pO2

is the
partial pressure of hydrogen and oxygen respectively which can be
derived from the following equations [36] in sequence:

log10
�
psatH2O

�
¼� 2:1794þ 0:02953ðT � 273:15Þ � 9:1837

� 10�5ðT � 273:15Þ2

þ 1:4454� 10�7ðT � 273:15Þ3
(2)



X. Lai et al. / Energy 147 (2018) 578e586580
xsatH2O ¼ psatH2O

p
(3)

pH2
¼ 0:5psatH2O

1

e
4:192j
T1:334xsatH2O

� 1 (4)

pO2
¼ psatH2O

1

e
4:192j
T1:334xsatH2O

� 1 (5)

where psatH2O
is the saturation pressure of water, p is the operating

pressure of PEMFC. But in reality, when PEMFC operates, there are
three kinds of voltage losses existing. The ohmic loss Voh, activation
loss Vact and concentration loss Vcon can be derived by following
equations [8,13],:

Voh ¼
181:6j

h
1þ 0:03jþ 0:62

�
T

303

�2
j2:5L1

i

ð14� 0:634� 3jÞe4:18ð1�303
T Þ (6)

Vact ¼ 0:9514� 0:00312T � 0:000074T ln
�
1:97� 10�7pO2

e
489
T

�

þ 0:000187T lnðjAÞ
(7)

Vcon ¼ 4:3085� 10�5Tln
�

jl
jl � j

	
(8)

where L1 represents the thickness of membrane, jl is limiting cur-
rent density. The real total voltage Vtotal is:

Vtotal ¼ VNernst � Voh � Vact � Vcon: (9)

Then the electricity output of PEMFC PPEMFC is given by

PPEMFC ¼ NfcVtotaljA (10)

Here, we express the total energy input _Qtotal as:

_Qtotal ¼ Nfc
jA
2F

HHV (11)

where Nfc is the number of fuel cells, j is current density, A is the
effective area of PEMFC, F is Faraday constant, and HHV is the high
heating value of hydrogen. Therefore, the electrical efficiency of the
PEMFC is

hPEMFC ¼ PPEMFC
_Qtotal

: (12)

Meanwhile heat released by the PEMFC _Qre can be calculated by:

_Qre ¼ NfcjAðVoh þ Vact þ VconÞ þ Nfc
jA
2F

ðHHV � 2FVNernstÞ: (13)
2.2.2. DCMD
In the DCMD, mass transfer and heat transfer occur simulta-

neously. Though real heat transfer consists of convective heat
transfer originating from mass transfer of vapor and conductive
heat transfer originating from the conductivity of membrane, for
simplicity, conductive transfer is neglected. Hence, mass and heat
transfer processes can be expressed as:
d _mBðxÞ
dx

¼ wDCMDKm;DCMDðTBðxÞ � TFðxÞ � DTthðxÞÞ (14)

d _mFðxÞ
dx

¼ wDCMDKm;DCMDðTBðxÞ � TFðxÞ � DTthðxÞÞ (15)

d
h
_mBðxÞhliqðCðxÞ; TBðxÞÞ

i
dx

¼ d _mBðxÞ
dx

h
hvapðCðxÞ; TBðxÞÞ

þ hliqð0; TBðxÞÞ
i

(16)

d
h
_mFðxÞhliqð0; TFðxÞÞ

i
dx

¼ d _mFðxÞ
dx

h
hvapð0; TFðxÞÞ þ hliqð0; TFðxÞÞ

þ cp;vapðTBðxÞ � TFðxÞÞ
i

(17)

where _mBðxÞ, _mFðxÞ, TBðxÞ, TFðxÞ represent mass flow rate, tem-
perature of brine water and fresh water at any point along the
length of DCMD. DTthðxÞ is threshold temperature difference that
means only when temperature difference between two sides is
greater than it, vapor transfer occurs. hliqðCðxÞ; TBðxÞÞ and
hvapðCðxÞ; TBðxÞÞ represent the enthalpy of brine water (C(x)¼ 0
means fresh water) and evaporation process under any concen-
tration and temperature. cp;vap is the specific heat of vapor. wDCMD

and Km;DCMD are width and mass transfer coefficient of DCMD. The
temperature and mass flow rate distributions can be calculated
based on Eqs. (14)e(17) with the boundary conditions listed below:

TBðLÞ ¼ T3 (18)

TFð0Þ ¼ T5 (19)

_mBðLÞ ¼ _m1 (20)

_mFð0Þ ¼ _m5: (21)

To improve the energy efficiency of the DCMD system, a
regenerator is applied to preheat the brine water before absorbing
heat released from the PEMFC. The differential equations below can
be established [37].

dTReg BðxÞ
dx

¼ wRegKReg
�
TReg FðxÞ � TReg BðxÞ

�
_m1cp

�
TReg BðxÞ;CðxÞ

� (22)

dTReg FðxÞ
dx

¼ wRegKReg
�
TReg FðxÞ � TReg BðxÞ

�
_m6cp

�
TReg FðxÞ;0

� (23)

where KReg is the heat transfer coefficient of regenerator,wReg is the
width of heat transfer surface. TReg BðxÞ, TReg FðxÞ, cpðx;CðxÞÞ,
cpðx;0Þ are temperature, specific heat of brine water and fresh
water at any point x along the length of heat transfer surface
respectively. C(x) is the concentration of brine water at any point x
along the length of heat transfer surface. _m1, _m6 are mass flow rate
of brine water and fresh water respectively. The temperature dis-
tribution can be calculated based on Eqs. (22) and (23) with the
boundary conditions given by:

TReg Bð0Þ ¼ T1 (24)

TReg Fð0Þ ¼ T7: (25)



Table 1
Parameters setting for calculation.

Parameter Abbreviation Unit Value

Number of fuel cells Nfc 300
Effective area of PEMFC A cm2 300
Current density of PEMFC j A/cm2 1.2
Limiting current density of PEMFC jl A/cm2 1.5
Thickness of PEM L1 cm 0.00254
Faraday constant F C/mole 96485
Temperature of PEMFC TPEMFC K 333.15
Pinch point of brine water heater DT K 4
Inlet temperature of fresh water T5 K 293.15
Inlet mass flow rate of fresh water _m5 kg/s 0.9
Width of DCMD wDCMD m 8
Length of DCMD LDCMD m 2
Inlet concentration of brine water C(L) mole/kg 3
Mass transfer coefficient of DCMD Km;DCMD kg/(m2 s C) 0.0005
Thickness of hydrophobic membrane L2 m 0.0001
Heat transfer coefficient of regenerator KReg w=ðm2$KÞ 1000
Width of regenerator wReg m 6
Length of regenerator LReg m 4

Fig. 2. Energy gain of the hybrid system and subsystems as a function with current
density.
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For brine water heater, the heat absorbed from the PEMFC can
be expressed as:

_QDCMD ¼ _m1
�
T3cpðT3;C1Þ � T2cpðT2;C1Þ

�
(26)

where T2, T3, cpðT2;C1Þ, cpðT3;C1Þ are temperature, specific heat at
inlet and outlet of brine water heater separately.

According to aforementioned equations, the performance eval-
uation parameters ε (fresh water production rate) and the GOR
(gain output ratio) of DCMD can be derived by:

ε ¼ Dmw
_m3

(27)

GOR ¼ DmwDHv

_QDCMD
(28)

where _m3 is the inlet mass flow rate of brinewater, Dmw is themass
flow rate of transmembrane water in the DCMD device, DHv is the
evaporation enthalpy. As the Eqs. (27) and (28) expressed, ε

represents the relative ability of fresh water producing and GOR
represents the ratio of benefit and consumption in the DCMD
process.

2.3. Overall energy utilization degree of the hybrid PEMFC-DCMD
system

The proposed PEMFC-DCMD system consumes the chemical
energy of the hydrogen in the PEMFC and generates electricity as
well as fresh water. The overall energy utilization degree, z, can be
defined as:

z ¼ Pele þ DmwDHv

_Qtotal
¼ Ehybrid

_Qtotal
(29)

In order to evaluate the performance of the hybrid system with
the same dimension, Ehybrid ¼ Pele þ DmwDHv is defined as the
energy gain of the hybrid system.

3. Results and analysis

3.1. Sensitivity analysis of the hybrid PEMFC-DCMD system

Based on the mathematical model set above, we investigated
the influence of operating parameters on the performance in this
part of work. The past researches indicate the current density
influences the power generation and heat release of PEMFC
significantly [31,32]. Thereby, the change of heat supply from the
upstream (PEMFC) will affect the performance of DCMD naturally.
In the downstream (DCMD), the fresh water production relies on
the inlet mass flow rate of brine and fresh solution strongly [29,33].
Therefore, a sensitivity analysis should be carried to investigate the
impacts of these parameters on the overall performance of the
proposed hybrid system. The prescribed variables for the mathe-
matical model of the hybrid system are shown in Table 1.

Fig. 2 shows the relation of energy output of the hybrid system
and subsystems with current density of the PEMFC subsystem.
Power generated by the PEMFC increases with increasing current
density first, reaches its maximumvalue, then decreases. As current
density changes from 0.6 A/cm2 to 1.38 A/cm2, electrical power
increases from 43 kW to 75 kW. It can be seen that as the current
density is larger than 1.38 A/cm2, the increase of the current density
cannot atone for the decrease of the voltage, which leads a decrease
of electrical power. As depicted in Fig. 2, heat recovered from
PEMFC, which equals to the heat absorbed by the DCMD device,
_QDCMD, increases with increasing PEMFC current density. When
current density increases from 0.6 A/cm2 to 1.48 A/cm2, _QDCMD
increases from 77 kW to 88 kW. The increment of current density
leads to the increment of voltage losses, and more heat supplies for
DCMD. The energy gain (EHybrid) of the hybrid system is the sum of
recovered heat carried by the transmembrane water and electricity
output, which presents a similar trend with electrical power. EHybrid
increases with increasing current density first, reaches its
maximum value, then decreases.

Fig. 3 illustrates the relationship between efficiency and energy
utilization degree with current density, respectively. It can be seen
that as current density increases from 0.6 A/cm2 to 1.48 A/cm2,
electrical efficiency decreases from 54% to 37% due to the increment
of voltage loss. Meanwhile, GOR decreases from 2.09 to 0.71.
Although the heat supplying for DCMD increases with the incre-
ment of current density, heat recovery ability is limited because the
inlet mass flow rate of cool fresh water is kept constant here, which
leads to the decrement of GOR. Energy utilization degree of the
hybrid system z decreases from 1.50 to 0.82 as current density
changes from 0.6 A/cm2 to 1.48 A/cm2.

Fig. 4 shows that as current density increases from 0.6 A/cm2 to
1.48 A/cm2, inlet and outlet mass flow rate of brine water increases



Fig. 3. Efficiency and energy utilization degree of hybrid system and subsystems as a
function with current density.

Fig. 4. Mass flow rate of brine water and fresh water production rate as a function with
current density.

Fig. 5. Energy gain of hybrid system and subsystems as a function with inlet mass flow
rate of fresh water.

Fig. 6. Distributions for temperature and transfer driving force along the length of
DCMD.
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from 1.04 kg/s to 1.93 kg/s, 1.01 kg/s to 1.89 kg/s respectively. The
increment of heat released from PEMFC needs to be taken away by
more brine water to keep the temperature of PEMFC constant.
However, the fresh water production rate decreases with the
increment of current density conditioned on the limitedmembrane
area of the DCMD device. From Fig. 4, it can be seen that the curves
of inlet mass flow rate and outlet mass flow rate are nearly parallel.
That is to say the mass flow rate of vapor nearly stays constant with
the increment of current density which leads the decrease of fresh
water production rate.

As depicted in Fig. 5, the fresh watermass flow rate in the DCMD
only influences the performance of the downstream DCMD and has
no effects on the energy output of the upstream PEMFC. Electrical
power generated in PEMFC keeps constant as the mass flow rate
increases from 0.8 kg/s to 2.8 kg/s. Meanwhile, the mass flow rate
increases from 0.8 kg/s to 1.6 kg/s, and the heat recovered increases
from 77 kW to 125 kW. As the mass flow rate is larger than 1.6 kg/s,
the heat recovered begins to decrease. Fig. 6 illustrates the tem-
perature and transfer driving force along the length of DCMDwhich
can explain the phenomenon above. It can be seen that when the
mass flow rate reaches 1.6 kg/s which leads to the maximum of
recovered heat, the transfer driving force along the length of DCMD
only changes slightly and keeps a relatively high average value.
However, as the mass flow rate deviates from 1.6 kg/s, transfer
driving force changes significantly along the length of DCMD and
has lower average value, which leads to the decrease of heat
recovered. The energy gain of hybrid system shows the same trend
with the heat recovered. Whenmass flow rate changes from 0.8 kg/
s to 1.6 kg/s, energy gain of the hybrid system increases from
149 kW to the maximum value which is 197 kW, and then
decreases.

As shown in Fig. 7, when the inlet mass flow rate of fresh water
increases from 0.8 to 2.8 kg/s, mass transfer flow rate of vapor
increases to the maximum value that is around 0.052 kg/s then
decreases gradually. The fresh water production rate increases with
increment of the inlet mass flow rate of fresh water nearly linearly
at low values of the inlet mass flow rate. When themass flow rate is
larger than 2.1 kg/s, the fresh water production rate increases much



Fig. 7. Transmembrane vapor flux and fresh water production rate as a function with
the inlet mass flow rate of fresh water.
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more slowly. As the energy gain carried by the water vapor in the
DCMD relies on the transmembrane vapor flux, the GOR present
the same trend with the transmembrane vapor flux as shown in
Fig. 8. Energy utilization degree and GOR increase as inlet mass flow
rate of fresh water increases at first, reach their maximum value at
1.6 kg/s, then decrease. Furthermore, it can be seen that the
increment of inlet mass flow rate of fresh water has no effect on
electrical efficiency.

3.2. Maximum energy gain of the hybrid PEMFC-DCMD system

According to the results in sensitivity analysis, there exist
optimal current density of PEMFC and fresh water mass flow rate of
DCMD leading to the maximum energy gain of hybrid system
respectively. For achieving the maximal energy gain of the hybrid
system, GA (genetic algorithm) is employed to obtain the optimal
parameters with themaximal energy gain as the objective function.
GAs are a series of methods which are based on the process of
natural selection. Due to the advantage of being able to solve
complex optimization problems such as multi-parameter and
multi-objective optimization problems, GAs have beenwidely used
Fig. 8. Efficiency and energy utilization degree of hybrid system and subsystems as a
function with the inlet mass flow rate of fresh water.
in many optimization areas [14,38e42]. R. Long et al. [14] used GAs
to find the optimal current densities of two subsystems for
achieving the maximum power of a PEMFC-TREC hybrid system.
Zhi-Jun Mo et al. [39] used a method called niche genetic algorithm
for parameter determination and optimization of PEMFC. Based on
GA, with the maximum energy gain as the objective function, the
corresponding energy gain and energy utilization degree of the
hybrid system and its subsystems under different operating tem-
peratures and different concentrations (1mol/kg, 3mol/kg) were
obtained.

As illustrated in Fig. 9 (a), optimal power generated in PEMFC
increases with increasing PEMFC operating temperature. When
temperature is 328.15 K, electrical power is around 71 kW, which
increases to around 74 kWat 348.15 K. The concentration of brine
water has nearly no influence on the electrical power. The varia-
tion of PEMFC operating temperature and concentration of brine
water are both able to influence the energy gain of DCMD. The heat
recovered of DCMD under optimal condition increases with
increasing PEMFC operating temperature. When temperature is
328.15 K and concentration is 3mol/kg, transmembrane vapor flux
is 209 kg/h and the energy gain of DCMD is 141 kW. As tempera-
ture gets to 348.15 K and concentration decreases to 1mol/kg,
transmembrane vapor flux is 298 kg/h and heat recovered by
DCMD can be increased to 198 kW, as shown in Fig. 9 (b) and (d). In
Fig. 9 (c), when temperature is 328.15 K and concentration is
3mol/kg, energy gain of the hybrid system is 211 kW. As the
PEMFC temperature increases to 348.15 K and concentration
decreases to 1mol/kg, energy gain of the hybrid system is 272 kW.
Higher operating temperature of PEMFC and lower concentration
of brinewater contribute to lager optimal energy gain of the hybrid
system.

Fig. 10 indicates the energy utilization degree under the optimal
conditions at different PEMFC operating temperatures and con-
centrations of brine water. Energy utilization degree of the hybrid
system and its subsystems with temperature and concentration
exhibits the same behavior with the energy gain. As depicted in
Fig. 10 (a) when temperature is 328.15 K, electrical efficiency of the
PEMFC is 35%. As temperature is increased to 348.15 K, electrical
efficiency is 37.6%. In Fig. 10 (b), when temperature is 328.15 K and
concentration is 3mol/kg, GOR of DCMD is 1.10. As temperature
increases to 348.15 K and concentration reaches 1mol/kg, GOR of
DCMD reaches 1.60. For the hybrid system, when temperature is
328.15 K and concentration is 3mol/kg, energy utilization degree is
1.06. As temperature increases to 348.15 K and concentration
decreases to 1mol/kg, energy utilization degree of the hybrid
system achieves 1.37, as shown in Fig. 10 (c). Compared to the
efficiency of a single PEMFC system, energy utilization degree of the
hybrid system is improved by 266% at 348.15 K.

4. Conclusion

In order to harvest the waste heat from PEMFC and improve
energy utilization degree, a PEMFC coupled with DCMD hybrid
system which outputs electricity and fresh water was proposed in
this paper. Noticing the low complexity of construction and good
linkage of operating temperature, we find there probably exists
some value to integrate these two systems for residential applica-
tion in the coastal region. To evaluate the performance of this
hybrid system in depth, the impacts of PEMFC current density and
fresh water mass flow rate on system energy gain, energy utiliza-
tion degree and fresh water production rate were investigated
numerically. The results revealed that the current density and fresh
water mass flow rate can lead to the maximal energy gain,
respectively. Thereby, the following optimization work was con-
ducted with GA method. We find under the optimal condition, high



Fig. 9. Energy gain and transmembrane vapor flux under the optimal conditions at different temperature and concentration.

Fig. 10. Energy utilization degree under the optimal conditions at different temperature and concentration.
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operating temperature of PEMFC and low initial concentration of
brine water were beneficial to achieve better energy gain and en-
ergy utilization degree of this hybrid system. In summary,
compared with a single PEMFC system, the energy utilization de-
gree was increased by 201%e266% under maximal energy gain
condition.
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Nomenclature

_Qtotal Total energy input kW
Nfc Number of fuel cells
j Current density A/cm2

A Effective area of PEMFC cm2

VNernst Voltage according to Nernst equation V
T Operating temperature of PEMFC K
pH2

Partial pressure of hydrogen Pa
pO2

Partial pressure of oxygen Pa
psatH2O

Saturation pressure of water Pa
p Operating pressure of PEMFC Pa
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Voh Ohmic voltage loss V
Vact Activation voltage loss V
Vcon Concentration voltage loss V
Vtotal Real total voltage V
PPEMFC Electricity output of PEMFC kW
hPEMFC Electrical efficiency %
_Qre Heat released by the PEMFC kW
KReg Heat transfer coefficient of regenerator w=ðm2$KÞ
wReg Width of heat transfer surface in regenerator m
TReg B Temperature of brine water in regenerator K
TReg F Temperature of fresh water in regenerator K
cpðx;CðxÞÞ Specific heat of brine water kJ=ðkg$KÞ
cpðx;0Þ Specific heat of fresh water kJ=ðkg$KÞ
C(x) Concentration of brine water mole/kg
_mB Mass flow rate of brine water kg/s
_mF Mass flow rate of fresh water kg/s
TB Temperature of brine water in DCMD K
TF Temperature of fresh water in DCMD K
DTth Threshold temperature difference K
hliq Enthalpy of brine water kJ/kg
hvap Enthalpy of vapor kJ/kg
cp;vap Specific heat of vapor kJ=ðkg$KÞ
wDCMD Width of DCMD m
Km;DCMD Mass transfer coefficient of DCMD kg=ðm2$s$KÞ
_QDCMD Heat recovered by DCMD kW
EHybrid Output of the hybrid system kW
z Energy utilization degree of the hybrid system
Dmw Transmembrane water in the DCMD device kg/s

Greek Symbols
z Energy utilization degree
h Energy efficiency %
ε Fresh water production rate %

Subscripts
Reg Heat regenerator
B Brine water
F Fresh water
1e7 States in the system

Abbreviations
PEMFC Proton exchange membrane fuel cell
DCMD Direct contact membrane distillation
AFC Alkaline fuel cell
PAFC Phosphoric acid fuel cell
MCFC Molten carbonate fuel cell
SOFC Solid oxide fuel cell
NS CS Natural gas compressor station
CHP Combined heat and power
ORC Organic Rankine cycle
TREC Thermally regenerative electrochemical cycle
RO Reverse osmosis
MSF Multi-stage flash
MED Multi-effect distillation
GOR Gain output ratio
HHV High heating value
GAs Genetic algorithms
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