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Abstract

Fuel cell systems generate a large amount of heat, so

they are considered as an important candidate for CHP

systems. However, Proton Exchange Membrane Fuel Cells

(PEMFCs) operate in a relatively lower temperature and

less pressure compared to those of other fuel cells, and they

are not usually considered as a choice for CHP plants.

The present research studies the idea of Ocean Thermal

Energy Conversion (OTEC), combining it with PEMFC

and thermodynamically investigates the effect of combin-

ing PEMFC with Thermal Energy Conversion (TEC) sys-

tem. A combination of PEMFC and TEC systems (PTEC)

leads to a remarkable increase in efficiency of PEMFC.

Keywords

Proton Exchange Membrane Fuel Cell, Thermal Energy

Conversion, Cogeneration

Nomenclature

Ae Total heat transfer area of heat exchanger

plates, m2

b Channel gap, m

c Velocity, ms−1

C Cost, $

cp Molar specific heat capacity in constant

pressure, kJkg−1K−1

deff Effective diameter, m

dp Port diameter, m

e Specific exergy, kJkg−1

ech Specific chemical exergy, kJkg−1

eph Specific physical exergy, kJkg−1

ĖD Destruction exergy, kJs−1

F Faraday’s const., Cmol−1

fch Fricton factor

g Gravitational accelaration, ms−2

G Mass flow of air to cooling tower, kgs−1

Gc Channel mass velocity, kgm−2s−1

Gp Inlet mass velocity, kgm−2s−1

h Specific enthalpy, kJkg−1

HHV Higher heating value, kJkg−1

i Annual interest rate

I Electric current, A

K Conductivity, Wm−1K−1

k Specific heat ratio

Lch Effective length, m

Lv Effective plate length, m

Lw Channel width, m

n Years of system operation

ṁ Mass flux, kgs−1

ṅ Molar flux of hydrogen, mols−1

N Total number of cells

Ncp Channel per pass

Np Number of passes

Nt Number of plates

P Pressure, Pa

Pr Prandtl number

Q Heat, kJ

Q̇ Heat transfer rate, kJs−1

Re Reynolds number

Ru Universal gas constant, Jmol−1K−1

s Specific enthropy, kJkg−1K−1

T Temperature, K

Vcell Voltage of the cell, V

Ẇcv Control volume work rate kJs−1

x Molar fraction, molmol−1

z Height, m

Greek Symbols

β Chevron angle

ϵ Exergetic efficiency, %
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ηcell Cell efficiency, %

ηPTEC Overall efficiency of PTEC plant, %

µ Viscosity, Pas

ρ Density, kgm−3

Subscripts

0,1,2,... Locations on the thermodynamic cycle

amb Ambient

ch Channel

evp Evaporator

FC Fuel cell

in Inlet

inv Investment

main Maintenance

mu Makeup water

op Operation

out Outlet

turb Turbine

WF Working Fluid

Introduction

PEMFCs are a type of fuel cells that operate in low tem-

peratures (less than 90◦C) and small pressures. According

to U. S. Department of Energy, PEMFCs are the primary

candidate for vehicles, buildings, and other small applica-

tions. Normally due to their low temperature and pressure,

PEMFCs are not considered for cogeneration systems [1];

however, a combination of PEMFCs and the OTEC con-

cept helps one to utilize the waste heat rejected by fuel

cells and increase their output power as well as their ef-

ficiency. Moreover, from an economical standpoint, this

combination is more affordable than the initial fuel cell.

From the first law of thermodynamics, the OTEC cy-

cle has a low efficiency thus requires higher initial invest-

ment; but there are a number of advantages which make

it a very suitable power generation system. The opera-

tion costs are very low in a rather large scale and span of

time. Besides, since there are no pollutant emitting fossil

fuels involved in the power generation cylce, it is known to

be environment-friendly plant. Also OTEC can generate

power using temperature differences (as low as 20◦C), this

feature makes it probably the best candidate for combina-

tion with PEMFCs that are not capable of generating high

temperature differences, but more than enough to feed an

OTEC system .

Fuel cells are electrochemical engines that produce elec-

tricity from paired oxidation/reduction reactions. One can

think of them as batteries with flows of reactants in and

products out [2]. Conventional combustion-based power

plant typically generates electricity at efficiencies of 33 to

35 percent, while fuel cell systems can generate electric-

ity at efficiencies up to 60 percent (and even higher with

cogeneration) [7]. During early 1960s Thomas Grubb and

Leonard Niedrach of General Electric invented PEM fuel

cells that were used in Gemini space program and this

was followed by Apollo space program [3–6]. Lately, vari-

ous manufacturers including major auto makers have been

striving to develop fuel cell technology for use in power

generation applications such as fuel cell vehicles (FCV).

OTEC is a system of converting heat energy into elec-

tricityby using the temperature difference between water at

the surface of the ocean and cold water of the depths [10].

In 1881, D’Arsonval proposed to use relatively warm sur-

face water of the oceans (24◦C to 30◦C) to evaporate pres-

sured Ammonia in a heat exchanger and use the vapor to

drive a turbine-generator, since Ammonia circulates in a

closed cycle, this concept has been named closed-loop cy-

cle. Fourty years later, another French inventor named

Georges Claude, proposed to use water as the working

fluid, this cycle can be configured into a closed loop cycle

that produces desalinated water as well as electricity [9].

C. Xie et al. [11] used the idea of OTEC and proposed a

hybrid system consisting of a PEMFC and a TEC subsys-

tem to exploit thermal energy of the PEMFC for electric-

ity generation. This system achieves the combined heat

and power efficiency and utilizes heat to generate more

valuable electricity. In any TEC system, the temperature

difference between heat source and sink is the most deter-

minant factor in performance of the system. Combining

PEMFC with a TEC subsystem leads to increasing in heat

source temperature, while the sink temperature remains

the same. This causes considerable enhancement in effi-

ciency of the TEC subsystem. Analytical results show that

this combination increases the overall efficiency of PEMFC

by 0.4-2.3 %.

Although Xie et al. [11] presented a very interesting, ra-

tional and feasible idea in their respective researches, a

number of questions remain unanswered regarding their

model. Specifically, there is not any indication of cold wa-

ter source and it is evident that providing 5◦C water is

an expensive process. No particular economical analysis is

carried out and the exergetic analysis is somewhat incom-

plete.

In the present research, a number of alterations are made

to the original design in order to make it a practical power

generation plant. This research peruses the PTEC cycle

from several different aspects for the first time. A closed-
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loop cycle is introduced, a thorough thermodynamic anal-

ysis is carried out and properties of all states are obtained.

The exergy analysis is expanded and corrected for each

and every component as well as the overall system. Heat

exchangers, cooling towers and other components are de-

signed. Then an economical analysis is implemented with

respect to the designed components to guarantee that the

proposed model is economical to manufacture and operate.

Proposed Model

The goal of modified PTEC cycle is to design a com-

pletely closed-loop system. Fig. 1 shows the suggested de-

sign for a modified PTEC cogeneration system. A typical

PTEC plant consists of four main following subsystems:

1. Fuel processing subsystem

The fuel processing subsystem reforms natural gas

fuel into a hydrogen rich gas using an auto-thermal

fuel reformer, such that the energy released from the

exothermic partial oxidation of natural gas is equal

to the energy consumed by the endothermic steam

reforming of natural gas [20, 21]. Designing the fuel

process subsystem is not within the goals of this pa-

per, thus it is not investigated in the present research.

The system is assumed to receive pure hydrogen with

the desired pressure as fuel.

2. PEMFC subsystem

PEMFC is a highly efficient electricity generation de-

vice which converts the chemical energy of fuel to elec-

tricity, water and heat through electrochemical reac-

tions [23]. These systems have several advantages such

as low operating temperature, solid electrolyte, reli-

ability, polution-free, high power density [24], two or

three times more efficient than traditional combustion,

quiet operation, having no moving parts [7], no cor-

rosive fluid, high current density, low weight cost and

volume and lower sensitivity to orientation [25]

These cells utilize hydrogen as fuel and oxygen or air

as cathode oxidant [26]. On the anode each hydro-

gen molecule frees two electrons, and on the cathode

each oxygen molecule captures four electrons [2]. The

overall fuel cell reaction is as follows:

2H2 + (O2 + 3 · 76N2) −−→ 2H2O(l) + 3 · 76N2 (1)

3. TEC subsystem

TEC is a power generation system that benefits the

same design as OTEC, but unlike Ocean Thermal

Energy Conversion it may operate elsewhere. Fig. 2

Cooling
Tower

Condenser

Turbine

Evaporator

PEMFC
stack

Fig. 1: Configuration of PTEC cycle

shows T-S diagram of a TEC system. Water flows

to the PEMFC, absorbs the generated heat and

delivers it to the evaporator in order to generate

more valuable electricity from the waste heat, then

returns to it’s initial temperature and is pumped

back to the cell. The heat absorbed by the evapo-

rator is used to evaporate the working fluid in TEC

subsystem in order to drive the turbine, and the

discharged steam is condensed and pumped back to

the evaporator to complete the TEC cycle. The cold

water which is used for cooling the discharged steam

in condenser, is provided by a common cooling tower.

4. Cooling water production subsystem

Providing cold water is very important in power gen-

eration. In the present model it is suggested to uti-

lize a cooling tower to provide the required amount of

cold water. The cold water provided by cooling tower

maintains required temperature of the condenser.

Mathematical Modeling

A. PEMFC subsystem

The governing equations for electricity and heat gener-

ation in the PEMFC are as following:

Vcell =
V

N
(2)
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Fig. 2: T-S diagram of a TEC cycle

TABLE I: Typical parameters of the process

Parameter Property Value
P Fuel cell output power 10 kW
V Fuel cell output voltage 48 V
N Total number of Cells 70
Pair Fuel cell inlet air pressure 3 atm
PH2

Fuel cell inlet hydrogen pressure 5 atm

The higher heating value enthalpy can be converted to

an equivalent voltage of 1.481 V [27], so the efficiency of

the cell is:

ηcell =
Vcell

1.481
(3)

where Vcell denotes the voltage of a single cell.

The electric current of fuel cell is:

I =
P

V
(4)

Where P represents power of the fuel cell and V denotes

voltage of the cell stack.

According to Faraday’s law, hydrogen consumed is di-

rectly proportional to current [27], thus the molar flux of

hydrogen may be calculated from:

ṅ =
I

2F
(5)

where I is the electric current and F is Faraday’s constant.

With the efficiency defined as (3), the waste heat gener-

ated is simply:

Q̇FC = N × ṅ×HHV × (1− ηcell) (6)

where N is the total number of cells in a fuel cell stack and

HHV denotes the higher heating value of hydrogen.

TABLE II: Standard molar chemical exergy of various

substances at T0 = 298.15◦C and P0 = 1.0 atm

Substance Chemical Exergy [kJkmol−1]
H2 236,100
O2 3970
N2 720

H2O(l) 900

B. TEC subsystem

Total efficiency of PTEC plant is:

ηPTEC =
(Ẇturb + ẆFC − Ẇpump,WF − Ẇpump,FC)

(70× ṅ×HHV )
(7)

where Wturb is the output turbine power, WFC is the elec-

tricity generated by fuel cell, Wpump,WF and Wpump,FC

are power consumption by working fluid and fuel cell side

pumps.

C. Cooling water production subsystem

The air flow to the cooling tower known as G, may be

calculated from [28]:

hCT,in −hCT,out =
G

mCT
[(hair,out −hair,in)− (Wair,out

−Wair,in)hmu]

(8)

Where hmu shows the specific enthalpy of make-up wa-

ter.

Exergy Analysis

Exergy is the maximal work, attainable in given ref-

erence state without generalized friction. In the closed

system energy is conserved but exergy is destroyed due

to generalized friction [22]. Exergy can be destroyed and

generally is not conserved, a limiting case is when exergy

would be completely destroyed, as would occur if a sys-

tem were to come into equlibrium with the environment

spontaneously with no provision to obtain work [16]. The

following expression is used for the total exergy transfer as-

sociated with a stream of matter [16,17,30], the total value

of exergy can be divided into two different parts, chemical

and physical exergy:

e = eph + ech (9)

The physical exergy associated with a stream of matter

may be calculated using the following expressions:

eph = (h− hamb)− Tamb(s− samb) +
c2

2000
+

gz

1000
(10)
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For an ideal gas stream one can utilize the following ex-

pression:

eph = cpTamb[
T

Tamb
− 1− ln

T

Tamb
+ ln(

P

Pamb
)

k−1
k ] (11)

The chemical exergy of the stream is obtained from:

ech =
n∑

i=1

xie
ch
i + R̄uTamb

n∑
i=1

xie
ch
i (12)

The exergy balance for a control region from which the

irreversibility rate of steady flow process can be calculated,

can be derived by combining the steady flow energy equa-

tion (first law) with the expression for the entropy pro-

duction rate (second law) [15]. The following equation can

be employed to calculate exergy destruction in a control

volume:

ĖD =
∑
j

(1− Tamb

Tj
)Q̇j −Ẇcv+

∑
i

ṁiei−
∑
o

ṁoeo (13)

A. Fuel Cell

The physical exergy values can be computed using equa-

tions (10) to (13) and the chemical exergy values are avail-

able in table II. Also using equations (1) and (5) mass

flows can be determined. Equation (14) shows the total

expression for exergy destruction.

ĖD,FC = ṁH2
eH2

+ ṁaireair − ṁH2O
eH2O

+ ṁFC(eFC,in − eFC,out)− ẆFC

(14)

B. Condenser and Cooling Tower

Exergy destruction in cooling tower can be calculated as

follows:

ĖD,CT =G(eair,in − eair,out)+mmu(emu − eair,out)

+mCT(ecnd,in − ecnd,out)
(15)

C. Turbine

Exergy destruction in turbine can be calculated as fol-

lows:

ĖD,turb = ṁWF(e1 − e2)− Ẇturb (16)

D. Pump

Exergy destruction in pump can be calculated as follows:

ĖD,pump = ṁWF(e3 − e4) + Ẇpump (17)

Heat Exchanger

Gasketed plate heat exchangers find wide industrial ap-

plication today, but their largest single application has

been that of central cooling in a petrochemical, metallur-

gical and power plants [13].

The equations are stated in two parts: first, for pressure

loss and second, for heat transfer coefficient [12,13].

A. Pressure loss equations

The channel equivalent diameter can be calculated from:

deff =
2b

µ
(18)

Where b is the channel gap and µ denotes the enlargement

factor which varies from 1.1 to 1.25.

Ncp or the number of channels per each pass is:

Ncp =
Nt −Np

2
(19)

Where Nt is the total number of plates and Np represents

the number of passes

The channel mass velocity is as follows:

Gc =
ṁ

NcpbLw
(20)

Where Lw is the channel width.

∆Pch is the total channel pressure loss:

∆Pch = 4fch
LchNp

deff

G2
c

2ρ
(
µb

µw
)−0.17 (21)

Where fch is the friction factor which relates to single-

phase frictional loss inside tubes:

fch =
kp
Rez

(22)

values of kp and z versus Reynolds for various chevron

angles are given in tables in references [12,13].

Lch = number of passes× flow length in one pass

and (
µb

µw
)0.17 is the viscosity correction factor.

The total port loss can be calculated by:

∆Pp = 1.4Np

G2
p

2ρ
(23)

Where Gp is the total flow in port opening and is computed

from:

Gp =
ṁ

πD2
p

4

(24)

B. Heat transer coefficient

The Nusselt number can be calculated from:

Nu = ChReyPr0.33(
µb

µw
)0.17 (25)

Values of Ch and y versus Re for various chevron angles

are given in tables from references [12,13].

The overall heat transfer coefficient have been deter-

mined from:
1

Uc
=

1

hh
+

1

hc
+

t

kw
(26)
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Where film heat transfer coefficients (hh and hc) are gained

from the Nusselt number, and t and kw are thickness and

conductivity of plates.

Q̇c is the total heat transfer in heat exchanger and can

be calculated from:

Q̇c = UcAe∆Tlm (27)

Where Ae is the effective heat transfer area and:

∆Tlm =
∆T1 −∆T2

ln
∆T1

∆T2

(28)

Thermoeconomic Analysis

Thermoeconomics deal with the value of the energy

within a plant, where heat and work conversion finds

place [31]. Raising the efficiency cost-effectively (Thermoe-

conomics) is a multi-disciplinary problem in which thermo-

dynamics interfaces other disciplines of knowledge which

in this particular case are design, manufacture and eco-

nomics [32].

Total Annual Cost (TAC) of a system consists of two

main terms, investment and operation costs.

TAC = Cinv + Cop (29)

Cost of investment is the total purchase cost of main

system components multiplied by Capital Recovery Factor

(CRF).

Cinv = CRF × (Ccnd + Cevp + Cturb + CFC + CCT) (30)

Where CRF is computed from the following equation:

CRF =
i

1− (i+ 1)−n
(31)

i denotes the annual interest rate and n is the years of

system operation.

The cost of operation is a combination of fuel and and

maintenance costs.

Cop = Cfuel + Cmain (32)

Results

A. Proposed Model

In this paper, a 10 kW PEMFC with a temperature of

55◦C was used as a basis for PTEC cogeneration system.

The presented PTEC cycle is a closed cycle as opposed to

that of Xie et. al. [11], there are a number of advantages

to a closed-loop cycle which were mentioned before.

The efficiency of the initial PEMFC with the given pa-

rameters is known to be 46% before addition of the TEC

TABLE III: Typical parameters of the process

Efficiency

Subsystem
Xie Modified

et. al. PTEC
PEMFC 40% 46%
TEC 4.4 % 9%

Overall (PTEC) 45.3% 51.5%

TABLE IV: Temperature of various system states

Value
Parameter Property [◦C]
Tamb Ambient temp. 25
TFC Fuel cell operating temp. 55
Tevp,i Evaporator inlet temp. 55
Tevp,o Evaporator outlet temp. 24
T1 Turbine inlet temp. 52
T2 Turbine outlet temp. 17
T3 Working fluid pump inlet temp. 17
T4 Working fluid Pump outlet temp. 17
Tcnd,i condenser inlet temp. 15
Tcnd,o Condenser outlet temp. 25

subsystem. Outcome of the thermodynamic analysis indi-

cates that a combination of PEMFC and TEC increases

efficiency of the overall plant to 51.5%. Results mentioned

in Table III indicate that the presented closed-cycle PTEC

acquires the same increase in efficiency as that of the model

proposed by Xie et. al., taking into account that the cold

water issue is solved and a relatively higher temperature

water is utilized compared to that of the original model.

Table IV lists the temperature of each state within the

closed loop PTEC cycle.

Condenser and cooling tower2.1438
Fuel cell 95.9086
Evaporator 0.3517
Turbine 1.5901
Pump 5.80E-03

100

Maintenance cost 5.1683
Fuel cost 20.9992
Turbine cost 34.8589

4.6314
Fuel cell cost 27.7526
Evaporator cost 3.2797
Condenser cost 3.31

100.0001

Colling tower cost

5%

21%

35%

5%

28%

3%3%

Maintenance cost
Fuel cost
Turbine cost
Colling tower cost
Fuel cell cost
Evaporator cost
Condenser cost

2%

96%

0%2%0%

Condenser and cooling tower
Fuel cell
Evaporator
Turbine
Pump

Fig. 3: Exergy destruction percentage within individual

components of the system
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Condenser and cooling tower2.1438
Fuel cell 95.9086
Evaporator 0.3517
Turbine 1.5901
Pump 5.80E-03

100

Maintenance cost 5.1683
Fuel cost 20.9992
Turbine cost 34.8589

4.6314
Fuel cell cost 27.7526
Evaporator cost 3.2797
Condenser cost 3.31

100.0001

Colling tower cost

5%

21%

35%

5%

28%

3%3%

Maintenance cost
Fuel cost
Turbine cost
Colling tower cost
Fuel cell cost
Evaporator cost
Condenser cost

Fig. 4: Total annual cost of individual system components and

consumables

B. Exergy Analysis

Figure 3 illustrares exergy destruction within each com-

ponent of the plant. The PEMFC is the main source of ex-

ergy destrucion and irreversibility and is held accountable

for 96% of exergy destruction as it is the only component

of the system that receives fuel directly from an outside

source and is responsible for converting chemical exergy

of fuel to useful work. Although exergy loss takes place

within different components of this system, their value is

negligible compared to those of exergy destruction term

as the working temperature of system components are not

much deviated from ambient temperature.

C. Thermoeconomic Analysis

The system may be analyzed from an economical stand-

point using the equations expressed within the Thermoe-

conomic Analysis section. Using the diagrams from Ref-

erence [33], the cost of each component or consumable is

estiamted. Figure 4 shows the TAC percentage of different

segments. As illustrated, Turbine, PEM fuel cell and fuel

are of the most economic significance respectively.

After a significantly low time span of six and a half

months this plant is able to cover TAC expenditures by

selling the generated electricity and within three and a

half years, it is able to return the total costs of investment

and operation.

Conclusion

In the present work, a closed loop PTEC cogeneration

plant is proposed which consists of three subsystems. The

system is analyzed form themodynamical, exergical and

economical points of view. The results show that the pro-

posed model is able to increase the efficiency of the whole

system about 5%. The increase in efficiency requires extra

initial and operational cost. The calculation shows that

this extra cost can be covered in a significantly low time

span of six and a half months. Moreover, after three and a

half years, the proposed model is able to return the total

costs of investment and operation.

The exergical calculations show that the PEMFC is the

main source of exergy destruction in the system. About

96% of exergy destruction happens in the PEMFC due

to the electrochemical processes. This fact reveals that

optimization of this system is very crucial.

Economical analysis shows that turbine (35%),

PEMFC (28%) and fuel (21%) are the most cost deter-

mining parts of the system in TAC. These results show

that this model has a very good potential for further

optimisation.
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