
 

1. Introduction 

Liquid methanol is considered to be a suitable fuel for fuel cell 

vehicles due to its high energy density, easier storage, and the 

fact that it can continue to be used in conventional fuel tanks 

when applied to vehicles. Methanol is very stable as a fuel, has 

low volatility and remains liquid over a range of temperatures. 

As a result, direct methanol fuel cells (DMFCs) are widely used 

in small portable devices (e.g. laptops and portable power sup-

plies) [1,2] and large installations (e.g. vehicles and stationary 

power generation equipment) [3,4]. 

 

Currently, DMFC research consists mainly of performance 

testing of internal components such as membranes and catalysts. 

Yildirim et al. [5] prepared sulfonated poly(phthalazinone ether 

ketone) impregnated microporous membrane – into a polyeth-

ylene support (SPPEK-PE) and pure SPPEK membrane, set dif-

ferent methanol concentrations and conducted experiments in 

order to analyze the effect of different polymer membrane im-

pregnation on the performance of DMFC fuel cell. The experi-

mental results showed that SPPEK-PE enhanced the perfor-

mance of DMFC. Li et al. [6] synthesized a novel bifunctional 

polyhedral oligomeric silsesquioxane (POSS) with vinyl and su- 
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Nomenclature 

A – effective area of the electrode, m2 

AL – corresponding thermal leakage area,m2 

Cp – constant specific heat of the gas, constant 

Enernst – reversible potential, V 

en
ch – chemical exergetic energy of each component, kJ/kg 

ex – exergy, kJ/kg 

exrw – recoverable residual exergy, kJ/kg 

exuw – non-recoverable residual exergy, kJ/kg 

F – Faraday 

fexd – exergy destruction factor 

Gf,liq – liquid Gibbs function, J 

ΔH – total energy absorbed from methanol and oxygen, J 

Δh – change in standard molar enthalpy, kJ/kg 

KL – thermal leakage coefficient 

k – specific heat rate, J/(kg·K) 

j – current density, A/m2 

j0 – exchange current density, A/m2 

j1 – limiting current density, A/m2 

n – number of electron transfers 

P – power density of DMFC, W/m2 

P̅ – maximum output power density of DMFC, W/m2 

Pmax – maximum output power density of DMFC at operating  

    temperatures, W/m2 

P1,max – maximum power density of DMFC at operating pressure  

     p = 1 atm, W/m2 

p0 – standard pressure, atm 

QH – remaining component of the thermal rate of DMFC, J 

QL – thermal leakage rate from DMFC to the environment, J 

R – equivalent resistance caused by the three overpotentials, Ω 

Rohm – operating temperature of DMFC, K 

rrw – recoverable residual exergy ratio 

ruw – non-recoverable residual exergy ratio 

T – temperature of the DMFC, K 

 

T0 – temperature of the environment, K 

tmem – thickness of the membrane, cm 

V – voltage, V 

xn – molar fraction of the components 

 

Greek symbols 

α – transfer coefficient 

β – magnification constant 

η – output efficiency 

 

Subscripts and Superscripts 

act – activation overpotential 

CO2 – carbon dioxide 

cell – fuel cell 

ch – chemical 

conc – concentration overpotential 

H – hydrogen 

H2O – water 

in – inlet 

meoh – methanol 

n – number 

O2 – oxygen 

ohm – ohmic overpotential 

out – outlet 

ph – physical 

rw – recoverable residual exergy 

uw – non-recoverable residual exergy 

 

Abbreviations and Acronyms 

DMFC – direct methanol fuel cell 

ECOP – ecological coefficient of performance 

EDI – environmental destruction index 

EPC – exergetic performance coefficient  

POSS – polyhedral oligomeric silsesquioxane  

SPPEK – sulfonated poly(phthalazinone ether ketone) 

lfonic groups (Vi-POSS-SO3Na) and crosslinked it by a simple 

in situ heat treatment, which significantly improved the proper-

ties of this proton exchange membrane. Huang et al. [7] used 

sulfonated spunlace carbon as a filler for SPEEK membranes, 

and the synthesized membranes showed improved performance 

as DMFC. The results showed that the MOF-C-SO3H@SPEEK 

membrane has good ionic conductivity compared to Nafion 115, 

and its special structure helps to reduce methanol penetration 

from the anode to the cathode, and promotes the speed of pro-

tons across the membrane. Yogarathinam et al. [8] embedded 

proton membrane (SPEEK) of DMFC with (PANI-A-BN). The 

results showed that the water absorption (58.42 %) and ionic 

conductivity of the PANI-A-BN/SPEEK membrane could be 

significantly enhanced. The methanol permeability of BN and 

functionalized BN embedded in SPEEK nanocomposite mem-

branes was significantly reduced.  

Currently, the methanol single cell is studied in a large num-

ber of theoretical and experimental studies. Yuan et al. [9] 

achieved a reduction in methanol volatility and methanol per-

meation using capillary distillation. Experiments were then de-

signed to demonstrate the reduction of the relative volatility of 

methanol/water by the selected carbon aerogel. The results show 

that by providing a suitable methanol/water ratio in the vapor 

supply to DMFC, methanol permeation and water deficiency 

can be significantly mitigated, resulting in DMFC that exhibits 

excellent performance and stability. Mathew et al. [10] de-

signed, fabricated and tested DMFC stacks with an effective 

area of 16 cm2 and experimentally investigated the effect of var-

ious operating parameters on the performance of DMFC stacks. 

The results show that increasing battery temperature, cathode 

flow rate and methanol concentration can improve the perfor-

mance of DMFC. Li et al. [11] developed an energy analysis 

model for direct methanol fuel cells and derived expressions for 

electrical, thermal and total energy efficiencies. Hotz et al. [12] 

performed a numerical analysis of the energy efficiency of direct 

methanol fuel cells, showing the importance of exergy analysis 

of the fuel cell as part of the overall thermal system for power 

generation. Yang et al. [13] developed a semi-empirical model 

of a direct methanol fuel cell and experimentally investigated 

the performance of four operating parameters, such as tempera-

ture and methanol concentration, under different operating con-

ditions. Liu et al. [14] developed a finite-time thermodynamic 

model of PEMFC, including exergy efficiency and ECOP. The 

findings show that the heat loss of components such as function-

ing fuel cells is the most serious. At low current densities, the 

ecological performance and economy of the fuel cell system is 

https://www.sciencedirect.com/topics/materials-science/polyhedral-oligomeric-silsesquioxane
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better, while at high current densities, the exergy loss and net 

power of the system increases. Li et al. [15] proposed an ecolog-

ical performance factor and an ecological objective function, 

which are defined as the ratio of power to power loss and the 

difference between power and power loss. In the above study, 

the aspect of exergy analysis to get the performance metrics of 

DMFC under various operating conditions and using the perfor-

mance metrics to define the output performance of DMFC is still 

not enough. 

In recent years, finite-time thermodynamics (FTT) has been 

used to criticize various kinds of thermodynamic processes and 

cycles. Chen et al. [16] applied finite-time thermodynamics for 

exergy analysis in a solar thermal power system and found that 

the system had a positive impact on both energy and exergy per-

formance. Qi et al. [17] developed a finite-time thermodynamic 

model of a two-stage multivariable temperature difference gen-

erator, considered losses such as external heat transfer and col-

lector radiation losses, and studied the basic performance of the 

system. The results showed that the system performance is opti-

mal when the external heat transfer form and internal structure 

parameters are optimized. Qi et al. [18] developed a thermo-

Brownian heat engine model based on finite-time thermody-

namics, and numerically investigated the heat transfer process 

and the influence of important parameters on the output perfor-

mance of the system. The results showed that enhanced heat 

transfer can improve the performance of the system.  

The electrochemical model of DMFC can be modeled as fi-

nite-time thermodynamic model through exergy analysis, which 

can be used for thermodynamic performance study [19,20] and 

optimization to get the best performance [21]. Currently, typical 

optimal finite-time thermodynamic objective functions include 

exergy loss, exergy efficiency, ecological coefficient of perfor-

mance [22], ecological function [23], and entropy yield. Akkaya 

et al. [24] defined the coefficient of exergy performance (EPC) 

for analyzing the performance of solid oxide fuel cell. EPC is a 

thermal-ecological indicator that combines energy and hydro-

nium parameter functions. Therefore, EPC  allows for a better 

evaluation of thermodynamic processes and cycles that include 

DMFC than traditional performance metrics such as power and 

efficiency. 

In this paper, finite-time thermodynamics is introduced to 

analyze the irreversibility of DMFC, and a mathematical model 

of DMFC considering irreversible loss is established, which not 

only explored the thermodynamic performance of DMFC under 

different parameters, better defined the source of polarization 

loss of the fuel cell and provided a direction for the improvement 

of the performance of the fuel cell, but the result obtained can 

also provide some kinds of theoretical instructions for the opti-

mized design and practical usage of fuel cell. 

2. Theory and methodology 

2.1. Working principle of DMFC 

DMFC consists of an electrode plate, catalyst layer, diffusion 

layer, proton exchange membrane, diffusion layer and electro-

lyte, and its working principle is as follow [25,26] (Fig. 1): dur-

ing its operation, CH3OH is continuously transported to the an-

ode chamber, where it reacts with H2O to form CO2, H+ and e− 

with the assistance of the anode catalyst, and the generated CO2 

is discharged from the outlet of the anode chamber. H+ reaches 

the cathode chamber through the proton exchange membrane 

and converges with e and O2 transferred from the external cir-

cuit to produce H2O, which is discharged from the outlet of the 

cathode chamber. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The electrochemical reaction equations of DMFC are: 

 Anode: 

 CH3OH + H2O → CO2 + 6H+ + 6e-, (1) 

 Cathode: 

  
3

2
O2 + 6H+ + 6e- → 3H2O, (2) 

 Over reaction: 

 CH3OH  + 
3

2
 O2 → CO2 + 2H2O. (3) 

The main assumptions cited in the DMFC system model are 

as follows: 

1. DMFC system is working in steady state. 

2. All types of gases in DMFC are ideally compressible, with 

air consisting of 21% oxygen and 79% nitrogen. 

3. Only physical and chemical exergy is considered, no po-

tential exergy and kinetic exergy are considered. 

4. The distribution characteristics of the temperature of the 

electric stack are not considered. 

5. The operating temperature of the stack is uniform. 

For DMFC, the reversible potential can be given by the equa-

tion [27]: 

 𝐸𝑛𝑒𝑟𝑛𝑠𝑡= −
𝐺𝑓,𝑙𝑖𝑞

𝑛𝐹
 +

𝑅𝑇

𝑛𝐹
 + ln [

𝑃𝑚𝑒𝑜ℎ  (𝑃O2

3
2 )

𝑃CO2(𝑃H2O)
2]. (4) 

In Eq. (4), 𝐺𝑓,𝑙𝑖𝑞  is the liquid Gibbs function; n is the number 

of electron transfers; F is the Faraday constant; T is the operat-

ing temperature of DMFC; R is the gas constant. 

2.2. Overpotential of DMFC 

Polarization can have a significant impact on the performance 

of DMFC. The causes of polarization phenomena include polar-

 
Fig. 1. Working principle of direct methanol fuel cell. 
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ization caused by the electrochemical reaction rate of the active 

substances at the positive and negative electrodes being less than 

the rate of electron movement, and polarization caused by the 

depletion of reactants that cannot be replenished in time at the 

electrode surface. This means that some energy will be con-

sumed to overcome this resistance during DMFC operation. In 

general, the polarization phenomenon produces three types of 

overpotentials: activation overpotential, ohmic overpotential, 

and concentration overpotential. 

The electrochemical reaction rate of DMFC affects the acti-

vation overpotential. When the electrochemical reaction rate of 

positive and negative active substances is less than the rate of 

electron movement, the polarization loss is more serious, the 

loss generated by activated polarization increases, and the acti-

vation overpotential increases. In addition, the higher the activ-

ity of the catalyst used for the cathode and anode, the lower the 

activation loss generated, and the activation overpotential will 

be reduced accordingly. The activation overpotential Vact can be 

expressed as follows [27]: 

 𝑉𝑎𝑐𝑡= 
𝑅𝑇

𝛼𝑛𝐹
log

𝑗

𝑗0
, (5) 

where α is the transfer coefficient and j0 is the exchange current 

density. 

Ohmic polarization is polarization due to the contact re-

sistance that exists between the electrolyte, the electrode mate-

rial, the diaphragm resistance and the various component parts. 

For DMFCs, the ohmic resistance consists of two main compo-

nents: the resistance of the ions as they cross the proton ex-

change membrane and the resistance of the electrons as they 

reach the end of the electrode. The ohmic overpotential Vohm can 

be expressed as follows [27]: 

 𝑉𝑜ℎ𝑚= j 𝑅𝑜ℎ𝑚, (6) 

 𝑅𝑜ℎ𝑚= ∫
𝑑tmem

0.04107+0.01878𝑒100𝑡𝑚𝑒𝑚

𝑡𝑚𝑒𝑚

0
, (7) 

where Rohm is the equivalent resistance caused by the three over-

potentials, lmem is the thickness of the membrane. 

In the working process of DMFC, concentration polarization 

occurs when the electrode surface is not replenished in time be-

cause the reactants are consumed too quickly, and the electrode 

reaction surface is unable to maintain the concentration of the 

reaction gas as it should be. The expression for the concentration 

overpotential Vconc is as follows [27]: 

 𝑉𝑐𝑜𝑛𝑐= (1 +
1

𝛽
)

𝑅𝑇

𝑛𝐹
ln (1 −

𝑗

𝑗1
), (8) 

where β is the magnification constant and  j
1
 is the limiting cur-

rent density. 

The irreversible output voltage Vcell of the DMFC can be ex-

pressed as: 

𝑉𝑐𝑒𝑙𝑙  = 𝐸𝑛𝑒𝑟𝑛𝑠𝑡  – 𝑉𝑎𝑐𝑡 – 𝑉𝑐𝑜𝑛𝑐  – 𝑉𝑜ℎ𝑚  = –
𝐺𝑓,𝑙𝑖𝑞

𝑛𝐹
 +

𝑅𝑇

𝑛𝐹
+  

+ ln [
𝑃𝑚𝑒𝑜ℎ (𝑃O2

3
2 )

𝑃CO2(𝑃H2O)
2] –

𝑅𝑇

𝛼𝑛𝐹
lg

𝑗

𝑗0
–j 𝑅𝑜ℎ𝑚– (1 +

1

𝛽
)

𝑅𝑇

𝑛𝐹
ln (1–

𝑗

𝑗1
). (9) 

The power density of DMFC can be expressed as: 

 𝑃 = 𝑉𝑐𝑒𝑙𝑙  j A, (10) 

where j is the current density and A is the effective area of the 

electrode. 

As an energy conversion device, the output efficiency of 

DMFC can be shown in Eq. (7) [23]: 

 𝜂 = −
𝑃

Δ𝐻
, (11) 

where ΔH is the total energy absorbed from methanol and oxy-

gen, which can be expressed as [22]: 

 Δ𝐻 = −
jAΔℎ

𝑛𝐹
, (12) 

where Δh is the change in standard molar enthalpy. 

The thermal leakage rate from DMFC to the environment 

can be expressed as [28]: 

 𝑄𝐿= 𝐾𝐿𝐴𝐿(𝑇 − 𝑇0), (13) 

where KL and AL represent the thermal leakage coefficient and 

the corresponding thermal leakage area, respectively. T0 is the 

temperature of the environment. 

Following the first law of thermodynamics, the remaining 

component of the thermal rate of DMFC can be expressed as: 

 𝑄𝐻= –Δ𝐻 – 𝑃 – 𝑄𝐿 =
𝐴

𝑛𝐹
[–(1 – 𝜂)jΔℎ – 𝑏1(𝑇 – 𝑇0)], (14) 

where, 𝑏1= 
𝑛𝐹𝐾𝐿𝐴𝐿

𝐴
 [28]. 

2.3. Exergetic performance analysis of DMFC 

The output performance of DMFC is reduced due to different 

irreversible loss, including heat loss, gas-flow channel friction 

loss, leakage current and polarization loss. Exergy analysis eval-

uates the actual useful fraction of energy and can therefore be 

used as a measure of the quality of the energy released by the 

DMFC. The exergy balance of DMFC is show in Fig. 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Exergy balance of DMFC. 
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In the reaction process of DMFC, only physical and chemi-

cal exergy are considered [29,30]. The expressions of physical 

and chemical exergy are as follows [31,32]: 

 (𝑒𝑥)𝑝ℎ=𝐶𝑝𝑇0 [
𝑇

𝑇0
− 1 − ln (

𝑇

𝑇0
) + ln (

𝑝

𝑝0
)

𝑘−1

𝑘
], (15) 

 (𝑒𝑥)𝑝ℎ= ∑ 𝑥𝑛𝑒𝑛
𝑐ℎ + 𝑅𝑇0 ∑ 𝑥𝑛 ln 𝑥𝑛, (16) 

where Cp is the constant specific heat of the gas, p
0
 is the stand-

ard pressure, K is the specific heat rate, xn is the molar fraction 

of the components and en
ch is the chemical exergetic energy of 

each component. 

In DMFC, the total input exergy and output exergy are 

shown as follows: 

 𝑒𝑥𝑖𝑛 = −
j𝐴

𝑛𝐹
(𝑒𝑥𝑚𝑒𝑜ℎ +

3

2
𝑒𝑥O2

), (17) 

 𝑒𝑥𝑜𝑢𝑡 = −
j𝐴

𝑛𝐹
(2𝑒𝑥H2O + 𝑒𝑥CO2

). (18) 

In practice, the quality of energy decreases during transfer 

processes, including friction, drag, radiation and heat transfer. 

Exergy loss can be used to express the degree of irreversibility 

of the energy transfer process. For DMFC, the lower the exergy 

loss in the thermodynamic process, the higher the effective uti-

lization of energy [32]: 

 𝐸𝑥𝐷 = 𝑒𝑥𝑖𝑛 − 𝑒𝑥𝑜𝑢𝑡 − 𝑃 − 𝑄𝐻 (1 −
𝑇

𝑇0
). (19) 

The recoverable residual exergy ratio can be assumed to be 

the ratio of the recoverable residual exergy of the DMFC to the 

total exergy input. The recoverable residual exergy ratio can be 

expressed as: 

 𝑟𝑟𝑤 =
𝑒𝑥𝑟𝑤

𝑒𝑥𝑖𝑛
. (20) 

The non-recoverable residual exergy ratio includes the phys-

ical consumption of unused methanol and unused oxygen and 

heat, as well as the logistical exergy to generate water. The ratio 

of non-recoverable residual energy can be expressed as: 

 𝑟𝑢𝑤 =
𝑒𝑥𝑢𝑤

𝑒𝑥𝑖𝑛
. (21) 

In the above equation, 𝑒𝑥𝑟𝑤 and 𝑒𝑥𝑢𝑤 can be calculated by 

the following equations, respectively: 

     𝑒𝑥𝑢𝑤 = �̇�𝑀𝑒𝑜ℎ,𝑜𝑢𝑡 × 𝑒𝑥𝑀𝑒𝑜ℎ,𝑜𝑢𝑡
𝑐ℎ + �̇�O2,𝑜𝑢𝑡 × 𝑒𝑥O2,𝑜𝑢𝑡

𝑐ℎ , (22) 

 𝑒𝑥𝑟𝑤 = �̇�𝑀𝑒𝑜ℎ,𝑜𝑢𝑡 × 𝑒𝑥𝑀𝑒𝑜ℎ,𝑜𝑢𝑡
𝑝ℎ

+ �̇�O2,𝑜𝑢𝑡 × 𝑒𝑥O2,𝑜𝑢𝑡
𝑝ℎ

+  

 +�̇�HO2,𝑜𝑢𝑡 × 𝑒𝑥HO2
+ 𝐸𝑥𝑄 . (23) 

The exergy destruction factor is an important parameter of 

DMFC that indicates the impact of DMFC on exergy sustaina-

bility.exergy destruction factor can be expressed as: 

 𝑓𝑒𝑥𝑑 =
𝐸𝑥𝐷

𝑒𝑥𝑖𝑛
. (24) 

The environmental destruction index is used to indicate the 

residual exergy output that cannot be recovered from DMFC op-

eration and the environmental impact caused by exergy destruc-

tion. This coefficient rises with the decrease of exergy effi-

ciency. Therefore, for the practical application of DMFC, EDI 

should be fully considered, and appropriate operating and design 

conditions should be selected. The optimal reference value of 

"1" for EDI  indicates the reversibility of exergy efficiency, 

where the residual exergy that cannot be recycled is close to 

zero. EDI is a function of ExD, the non-recyclable residual ex-

ergy ratio and the environmental damage factor and can be ex-

pressed as: 

 EDI = (𝑟𝑢𝑤 + 𝑓𝑒𝑥𝑑)
𝑒𝑥𝑖𝑛

𝑃
=

𝑒𝑥𝑢𝑤−𝐸𝑥𝐷

𝐸𝑥𝐷
. (25) 

In DMFC systems, energy analysis can analyze and study the 

processes of energy flow, conversion and storage in the system, 

while exergy performance analysis can visually grasp the impact 

of irreversible loss in the system on DMFC. Based on ecological 

and DMFC performance considerations, the performance of 

DMFC is evaluated by combining both energy and energy per-

formance aspects, and the evaluation indicator is defined as an 

alternative criterion, which is more accurate and practical, and 

can be expressed as: 

 EPC =
𝑃

𝐸𝑥𝐷
=

𝐸𝑐𝑒𝑙𝑙 j𝐴

𝑒𝑥𝑖𝑛− 𝑒𝑥𝑜𝑢𝑡 − 𝑃 − 𝑄𝐻(1−
𝑇

𝑇0
)
. (26) 

2.4. Comparison of different objective functions 

There are dimensional and order-of-magnitude differences be-

tween the indicators, therefore, in order to visualize the relation-

ship between EPC, P, η and ExD more conveniently and intui-

tively, this paper uses a dimensionless method for numerical 

study and analysis. The dimensionless functions of EPC, P, η 

and ExD  are expressed as EPC = EPC/EPCmax, P = P/Pmax , 

ExD = ExD/ExDmax, η = η
ex

/η
exmax

, η = η/η
max

. 

The dimensionless maximum output power density of 

DMFC can be expressed as follows: 

 �̅� =
𝑃𝑚𝑎𝑥

𝑃1,𝑚𝑎𝑥
, (27) 

where 𝑃𝑚𝑎𝑥 is the maximum output power density of DMFC at 

different operating temperatures, and 𝑃1,𝑚𝑎𝑥  is the maximum 

power density of DMFC at operating pressure p = 1 atm. The 

dimensionless methods of output efficiency, exergy efficiency 

and exergy performance coefficient corresponding to the maxi-

mum power density are similar to the dimensionless maximum 

power density. 

3. Results and discussion 

In existing systems for evaluating DMFC performance, power 

and efficiency are commonly used. However, power and effi-

ciency are only evaluated from the perspective of mechanical, 

friction loss to the performance of DMFC. Heat loss is also 

a very important phenomenon in practical applications. DMFC 

generates a large amount of heat loss during operation, so heat 

dissipation needs to be taken into account when evaluating its 

performance. EPC is defined as the ratio of power to heat dissi- 
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pation, taking into account both mechanical and heat loss. The 

conclusions obtained when evaluating the performance of 

DMFC using EPC will be more realistic and accurate. 

The relevant parameters in the DMFC model are shown in 

Table 1. According to the input parameters, the thermodynamic 

irreversibility and exergy performance coefficients of DMFC 

with different operating parameters were investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 compares the predicted model potential and exper-

imental data of DMFC at 333–353 K (p = 1 atm; lmem  =  

0.02 mm). From the experimental results in Fig. 3, it can be seen 

that the error between the predicted data and the experimental 

data is about 11%. This experimental result shows that the model 

has good accuracy. The relationship between polarization loss 

potential, output voltage and current density is shown in Fig. 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in Fig. 3, all three overpotentials increase with in-

creasing current density, where the concentration overpotential 

increases exponentially, the activation overpotential increases 

logarithmically, and the ohmic overpotential increases by 

a small amount. When in the lower current density region, the 

activation overpotential rises sharply in this region, and activa-

tion loss dominates in this phase. In the medium to high current 

density part, the increase in concentration overpotential is larger, 

and in this stage, the concentration overpotential has a greater 

effect on the voltage variation. 

3.1. Comparsion of relationship between EPC, P, ExD 

and η 

As can be seen in Fig. 4, when the EPC reaches its maximum 

value, the efficiency is 0.41, η
ex

/η
exmax

 is 1, and P/Pmax is 0.55. 

This means that the power density under the EPC is very close 

to the maximum value. When P is at its maximum value, the 

efficiency is 0.24, η
ex

/η
exmax

 is 0.34, and EPC/EPCmax  is 0.57. 

Obviously, compared with Pmax, if EPCmax is used as the stand-

ard, the efficiency of the breakdown is improved by 66%, the 

breakdown loss is reduced by 70%, the efficiency is improved 

by 41%, and the power density is reduced by 45%. Therefore, 

this paper derives EPC , which takes into account not only the 

exergy loss to minimize the loss but also the power density of 

DMFC to maximize the power and improve its output perfor-

mance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It can be seen from Fig. 5 that the working temperature has 

a very obvious effect on the output performance of DMFC, 

which is mainly due to the fact that when the working tempera-

ture increases, the activity of the cathode and anode catalysts is 

enhanced, which improves the electrochemical reaction rate of 

the positive and negative active substances; the diffusion coeffi-

cient of the reacting gases is increased, and the internal mass 

transfer conditions are improved. Both P̅ and EPC̅̅ ̅̅ ̅̅  of DMFC in-

crease with the increase of operating temperature, and in the low 

current density region, the performance improvement brought 

by increasing temperature is much smaller than that in the high 

current density region. This is mainly due to the reason that in 

the low current density region, the electrochemical reaction has 

just started, the electrochemical reaction rate is low, and the op-

Table 1. Relevant data of DMFC. 

Parameter Value 

Current Density, I (Am-2) 0-20000 

Faraday Constant, F (Cmol-1) 96485 

Gas Constant, R (Jmol-1K-1) 8.314 

Number of electrons, n 6 

Ambient Temperature, T (K) 298.15 

Anode Pressure (atm) 1 [33] 

Cathode Pressure (atm) 1 [33] 

Anode Gas Compositions 100 % MEOH [33] 

Cathode Gas Compositions 21 % O2; 79 % N2 [33] 

Transfer coefficient, α 0.3 [33] 

Active area, A (cm-2) 25 [33] 

 

 

 

Fig. 3. Comparison of predicted model voltage and power density 

with experimental data[30]. 

 

Fig. 4. The relationship between η and dimensionless EPC, P, η
ex

. 
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erating temperature has little effect on the electron and proton 

activity, so increasing the operating temperature has little effect 

on the electrochemical reaction rate, and only increasing the cur-

rent density can accelerate the electrochemical reaction rate. 

Then, the irreversible loss of DMFC is dominated by activation 

loss in the low current density region, while the increase of ac-

tivation loss in the high current density region gradually tends 

to smooth out.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It can also be seen from Fig. 5 that increasing the inlet pres-

sure can improve P̅ and EPC̅̅ ̅̅ ̅̅  of DMFC, but the improvement 

from the inlet pressure is not obvious. Increasing the inlet pres-

sure can increase the supply rate of reactants, and the concentra-

tion gradient of the reactants involved in the reaction and supply 

is reduced, so that the concentration loss is reduced, and the 

power dissipation becomes smaller and P̅ increases. Increasing 

the inlet pressure also improves the mass transfer of the reactants 

at both poles, expelling the water vapor generated at the cathode 

more easily, taking away more heat, reducing irreversible ex-

ergy loss, and improving the EPC̅̅ ̅̅ ̅̅ . 

Figure 6 reflects the power density of DMFC and the varia-

tion of EPC with the inlet pressure at different operating tem-

peratures. It is obvious that the maximum power density of 

DMFC constantly increases with the increase of inlet gas. Since 

the exchange current density increases with the increase of op-

erating pressure, the activation polarization loss will decrease 

and the reversible potential will increase. Therefore, as the op-

erating pressure increases, the irreversible loss of DMFC de-

creases and the maximum power density of DMFC increases ac-

cordingly. Numerically, when the operating temperature is  

453 K and the operating temperature of DMFC increases from  

1 atm to 3 atm, the maximum power density of DMFC increases 

from 1563 W/m2 to 1689 W/m2, an improvement of only 8%, 

and EPC increases from 0.3344 to 0.3528, an improvement of 

5.5%. Numerical analysis shows that the increase in operating 

pressure does not improve the DMFC performance as signifi-

cantly as the increase in operating temperature. In addition, in-

creasing the operating pressure requires additional power con-

sumption to compress the inlet reactants. 

Figure 7 reflects the power density of DMFC and the varia-

tion of EPC with operating temperature at different inlet air. It 

can be seen from the figure that the maximum power density of 

DMFC becomes larger as the operating temperature increases. 

This is due to the fact that the increase in the operating temper-

ature leads to an increase in the exchange current density and 

hence the activation overpotential decreases with the increase in 

the exchange current density. At the same time, the increase in 

the operating temperature increases the proton conductivity and 

thus decreases the ohmic overpotential of DMFC. As a result, 

the power loss from ohmic overpotential and activation overpo-

tential will be reduced. When the inlet pressure is 1 atm and the 

operating temperature is 413 K, the corresponding maximum 

power density is 371 W/m2, and when the operating temperature 

increases to 473 K, the corresponding maximum power density 

reaches 1833 W/m2, which indicates that when the operating 

temperature of DMFC increases from 413 K to 473 K, the max-

imum power density of the DMFC increases by 4.94 times. The 

results show that DMFC can significantly increase its maximum 

power density by choosing the right operating temperature 

range. 

The DMFC operating parameter variation range is show in 

Table 2. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. The relationship between η and dimensionless EPC, P, η
ex

. 
Table 2. DMFC operating parameter variation range. 

Parameter Value 

Operating temperature, T𝟎 (K) 413-473 

Electrolyte thickness, lmem (cm) 0.0005-0.0015 

Intake pressure PO2
, Pmeoh (atm) 1-5 
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Another factor that affects the performance of DMFC is the 

inlet pressure. On the one hand, increasing the inlet pressure ac-

celerates the diffusion of reactant gases and improves the condi-

tions for the mass transfer process between methanol and oxy-

gen. In addition, it increases the concentration of reactants and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

reduces the effect of concentration polarization on the reversible 

potential. Figures 8 and 9 represent the effect of oxygen and 

methanol inlet pressures on DMFC performance, respectively. 

From the figures, it can be seen that the power density and 

efficiency of DMFC increases with the increase of methanol and 

oxygen inlet pressures. The increase in power density and effi-

 

 

Fig. 6. EPC̅̅ ̅̅ ̅̅  and P̅ variation with the operating pressure. 

 

 

Fig. 7. EPC̅̅ ̅̅ ̅̅  and P̅ variation with the operating pressure. 

 

 

Fig. 8. The effect of inlet pressure PO2
on the performance of DMFC. 

 

 

Fig. 9. The effect of inlet pressure Pmeoh on the performance of DMFC. 
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ciency in numerical value is not significant when the oxygen in-

let pressure increases from 1 atm to 5 atm, but the value of power 

density increases significantly when the methanol inlet pressure 

increases from 1 atm to 5 atm, and the efficiency also increases 

at the same time. The power density and efficiency curves grad-

ually decrease with the increase of methanol pressure because 

when the methanol concentration is too high, the rate of increase 

of reversible potential loss due to the concentration polarization 

is higher than the rate of decrease of reversible potential loss due 

to the increase of methanol pressure, so the power density and 

efficiency performance curves gradually smooth out. 

Figure 10 reflects the effect of membrane thickness on 

DMFC power density, efficiency, exergy efficiency and EPC. It 

can be seen from the figure that the power density, efficiency 

and exergy efficiency and EPC  all increase with decreasing 

membrane thickness, which is mainly due to the fact that de-

creasing proton membrane thickness will make the path length 

between the ions crossing from the anode to the cathode shorter, 

resulting in a lower ohmic potential of DMFC. However, if the 

proton membrane is too thin, it will lead to the penetration of 

methanol fuel from the anode to the cathode through the con-

centration difference, and cause problems such as short circuit 

and proton membrane rupture. Therefore, choosing the right 

proton membrane is crucial to enhance the performance of 

DMFC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 shows the relationship between EPC and effi-

ciency before and after optimization of DMFC parameters. It 

can be seen that the EPC increases with increasing inlet pressure 

when the set membrane thickness lmem and efficiency η are the 

same, increasing the inlet pressure can significantly improve the 

EPC of DMFC, indicating that the operating pressure has an ef-

fect on the power density and exergy destruction rate. When the 

operating pressure is the same, the efficiency of DMFC can be 

improved by improving the membrane thickness. By increasing 

the operating pressure and reducing the membrane thickness, the 

efficiency and EPC of DMFC will be significantly improved, 

which not only reduces the fuel consumption but also the heat 

loss in energy. However, if the thickness of the membrane is too 

low, methanol will come to the cathode side through the proton 

membrane more easily, which aggravates the methanol crosso-

ver phenomenon, thus accelerating the corrosion of DMFC and 

reducing the service life of DMFC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition, when higher pressure is provided to the inlet, ex-

tra power is consumed to compress the inlet reactant. In practice, 

when DMFC is applied to vehicles, the EPC and efficiency of 

DMFC can be improved by increasing the inlet pressure and re-

ducing the membrane thickness. 

4. Conclusions 

In order to evaluate the thermodynamic performance of DMFC, 

the finite-time thermodynamic method is used to model DMFC 

considering three overpotentials and a new criterion, and exergy 

performance factor, the ratio of power to exergy loss rate are 

proposed to analyze the performance of DMFC. Relationships 

between EPC, power density, exergy efficiency and energy ef-

ficiency are obtained, and the results show that EPC can replace 

power density as a new performance metric. In the analysis of 

DMFC model, the effect of different parameters on power den-

sity, efficiency, exergy efficiency and EPC is analyzed. Analy-

sis of the data reveals that EPC has the same trend as energy ef-

ficiency but represents different specific meanings. 

EPCmax stands for the fact that DMFC has the highest external 

output while minimizing the dissipation in the environment. 

Therefore, the higher the EPCmax of DMFC, the better the per-

formance in terms of energy and ecology. In addition, increasing 

the inlet pressure and decreasing the film thickness can signifi-

cantly improve the energy efficiency. This new criterion can be 

used in the future engineering field to analyze fuel cell vehicles. 
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Fig. 10. Effect of membrane thickness on DMFC performance. 

 

Fig. 11. Exergetic performance coefficient versus energy efficiency. 
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