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Introduction

As the storage of fossil energy is limited and the traditional utilization is harmful to the environment, renewable energy resources including wind energy, solar energy, water energy, hydrogen energy, geothermal energy are getting more and more attention [START_REF] Valente | End of life of fuel cells and hydrogen products: From technologies to strategies[END_REF][START_REF] Gao | Different states of multi-block based forecast engine for price and load prediction[END_REF][START_REF] Bagal | Risk-assessment of photovoltaic-wind-battery-grid based large industrial consumer using information gap decision theory[END_REF][START_REF] Ghadimi | Two stage forecast engine with feature selection technique and improved metaheuristic algorithm for electricity load forecasting[END_REF][START_REF] Abedinia | Optimal offering and bidding strategies of renewable energy based large consumer using a novel hybrid robust-stochastic approach[END_REF][START_REF] Khodaei | Fuzzy-based heat and power hub models for cost-emission operation of an industrial consumer using compromise programming[END_REF][START_REF] Saeedi | Robust optimization based optimal chiller loading under cooling 34 demand uncertainty[END_REF]. Among them hydrogen is one of the most valued for its non-pollution and renewability [START_REF] Duan | Research progress on performance of fuel cell system utilized in vehicle[END_REF][START_REF] Lin | Review on hydrogen fuel cell condition monitoring and prediction methods[END_REF][START_REF] Yousfi-Steiner | A review on polymer electrolyte membrane fuel cell catalyst degradation and starvation issues: Causes, consequences and diagnostic for mitigation[END_REF]. For application of hydrogen, the proton exchange membrane fuel cell (PEMFC) is promising, and it has already been applied to a lot of equipments, including power station, mobile devices and vehicles [START_REF] Mayur | A multi-timescale modeling methodology for pemfc performance and durability in a virtual fuel cell car[END_REF], [START_REF] Sorrentino | Development of flexible procedures for co-optimizing design and control of fuel cell hybrid vehicles[END_REF]. A lot of companies have produced fuel cell or fuel cell/battery hybrid power vehicles [START_REF] Wang | A review of polymer electrolyte membrane fuel cells: Technology, applications, and needs on fundamental research[END_REF], [START_REF] Seyhan | Performance prediction of PEM fuel cell with wavy serpentine flow channel by using artificial neural network[END_REF], such as Toyota, Citroen and Peugeot. However, the high cost and short lifetime of PEMFC power system are still the main challenges, especially under real road condition, when the power output violently fluctuates [START_REF] Sulaiman | A review on energy management system for fuel cell hybrid electric vehicle: Issues and challenges[END_REF], [START_REF] Liu | Data-based short-term prognostics for proton exchange membrane fuel cells[END_REF], [START_REF] Halvorsen | Electrochemical low-frequency impedance spectroscopy algorithm for diagnostics of PEM fuel cell degradation[END_REF].

The degradation of PEMFC includes the decay of membrane [START_REF] Singh | Modeling the effect of chemical membrane degradation on pemfc performance[END_REF], gas diffusion layer, bipolar plate and electro catalyst layer etc [START_REF] Zhang | Load profile based empirical model for the lifetime prediction of an automotive pem fuel cell[END_REF], [START_REF] Pivac | Catalyst degradation diagnostics of proton exchange membrane fuel cells using electrochemical impedance spectroscopy[END_REF], or the interaction between them [START_REF] Wu | A review of pem fuel cell durability: Degradation mechanisms and mitigation strategies[END_REF]. T. Jahnke et al. summarized the models of degradation in different scales and proposed two approaches to connect those models [START_REF] Jahnke | Performance and degradation of proton exchange membrane fuel cells: State of the art in modeling from atomistic to system scale[END_REF]. Among them platinum (Pt) particle transformation on catalyst layer is noticed by many researchers, as it is considered one of the leading factors that affect the performance and lifetime of PEMFC [START_REF] Fowler | Incorporation of voltage degradation into a generalised steady state electrochemical model for a pem fuel cell[END_REF], [START_REF] Hengge | Accelerated fuel cell tests of anodic Pt/Ru catalyst via identical location TEM: New aspects of degradation behavior[END_REF].

Pt degradation will increase the activation loss and concentration loss for PEMFC. The concentration loss related to the increase in oxygen transfer resistance caused by the Pt degradation is twice the activation loss at high current density [START_REF] Jomori | Analysis and modeling of PEMFC degradation: Effect on oxygen transport[END_REF]. Therefore, Pt degradation is selected as the indicator of the state of health for PEMFC in this paper.

Pt particle radius changes mainly by three paths: dissolution, agglomeration and Ostwald ripening [START_REF] Ettingshausen | Dissolution and migration of platinum in pemfcs investigated for start/stop cycling and high potential degradation[END_REF], [START_REF] Vengrenovitch | On the ostwald ripening theory[END_REF], [START_REF] Voorhees | The theory of ostwald ripening[END_REF], [START_REF] Baldan | Review progress in ostwald ripening theories and their applications to the γ -precipitates in nickel-base superalloys part ii nickel-base superalloys[END_REF]. Preethy Paethasarathy et al. [START_REF] Parthasarathy | Electrochemical ostwald ripening of pt and ag catalysts supported on carbon[END_REF] carried out some experiments on electrochemical Ostwald ripening, and found that Pt ions concentration is of great importance for the stability of Pt particles. A lot of experiments have been carried out focusing on the electrochemical or chemical oxidation reaction mechanism under electric potential. The main methods include cyclic voltammetry (CV) which traces surface oxidation [START_REF] Wang | Durability investigation of carbon nanotube as catalyst support for proton exchange membrane fuel cell[END_REF] and transmission electron microscopy (TEM) and Xray diffraction (XRD) which show the images of catalyst surface [START_REF] Shao | Durability study of pt/c and pt/cnts catalaysts under similated pem fuel cell[END_REF]. At the same time, the mechanism was also studied by theoretical analysis. Lei Tang et al. gave the relationship between reaction products and Pt particle size as well as electrode potential, by studying the electrochemical energy of Pt particles theoretically [START_REF] Tang | Electrochemical stability of elemental metal nanoparticles[END_REF]. Nicola Seriani et al. focused on the relationship between stability and atomic arrangement, and the feature of different Pt oxide are analyzed [START_REF] Seriani | Catalytic oxidation activity of pt3o4 surfaces and thin films[END_REF]. Meanwhile, based on density functional theory, first-principles calculations were enforced to obtain the stability of Pt nanoparticles with different atom arrangement [START_REF] Escao | First-principles calculations of the dissolution and coalescence properties of pt nanoparticle orr catalysts: The effect of nanoparticle shape[END_REF], [START_REF] Jinnouchi | First principles calculations on site-dependent dissolution potentials of supported and unsupported pt particles[END_REF].

Research found that Pt electrochemical surface area (ECSA) is one of the main parameters that affect the performance of catalyst [START_REF] Xu | Effect of particle size on the activity and durability of the pt/c electrocatalyst for proton exchange membrane fuel cells[END_REF], and the decrease of ECSA has great dependence with the transformation of particle radius distribution (PRD) [START_REF] Cherevko | Dissolution of platinum in the operational range of fuel cells[END_REF]. It is widely agreed that the ECSA loss is remarkable under electric potential higher than 0.9V [START_REF] Sugawara | Dissolution and surface area loss of platinum nanoparticles under potential cycling[END_REF]. Steven G. Rinaldo et al. found an analytic model to calculate the PRD and ECSA with time by considering only the chemical dissolution [START_REF] Rinaldo | Physical theory of platinum nanoparticle dissolution in polymer electrolyte fuel cells[END_REF]. This method has been applied to lifetime prediction and power management of hybrid vehicles [START_REF] Wang | Power management system for a fuel cell/battery hybrid vehicle incorporating fuel cell and battery degradation[END_REF].

On the other hand, compared to PEMFC power station, driving cycle is a main factor that affects the lifetime of PEMFC vehicles [START_REF] Alegre | Single cell induced starvation in a high temperature proton exchange membrane fuel cell stack[END_REF], [START_REF] Chen | Mechanism analysis of starvation in PEMFC based on external characteristics[END_REF]. Research under real driving cycles was carried out and the degradation rate under different operation condition was provided [START_REF] Gao | Comparative study of two different powertrains for a fuel cell hybrid bus[END_REF], [START_REF] Wu | Proton exchange membrane fuel cell degradation under close to open-circuit conditions: Part i: In situ diagnosis[END_REF]. Some researches also focused on the lifetime prediction and better power management [START_REF] Hu | A reconstructed fuel cell life-prediction model for a fuel cell hybrid city bus[END_REF]. Pucheng Pei et al. [START_REF] Pei | A quick evaluating method for automotive fuel cell lifetime[END_REF] found a method that can evaluate the lifetime of PEMFC quickly. This method divides the power output into four different types, ie., start/stop, idling, load change and high power condition. For each type of condition, the degradation rate was measured by laboratory experiments. Then, by counting the number of each condi-tion, the total degradation was calculated and lifetime was predicted. Huicui Chen et al. [START_REF] Chen | Lifetime prediction and the economic lifetime of proton exchange membrane fuel cells[END_REF] also presented a new method to predict the residual lifetime of PEMFC on-line, and the economic lifetime was studied, too. Some research focused on the operating data, rather than the mechanism of degradation. Models were built to predict the degradation of performance based on the voltage data, by advanced data processing algorithm such as gray neural network and machine learning [START_REF] Chen | Degradation prediction of proton exchange membrane fuel cell based on grey neural network model and particle swarm optimization[END_REF], [START_REF] Chen | Fuel cell health prognosis using unscented kalman filter: Postal fuel cell electric vehicles case study[END_REF].

However, little research describes the direct relationship between ECSA loss rate and vehicle power output cycles. In this paper, the ECSA degradation under given driving cycles is divided into two parts, i.e., steady power degradation when the power output is a steady value and transient power degradation when power output fluctuates.

To apply this method, a steady power ECSA degradation model is firstly given on the base of Steven G. Rinaldo et al. [START_REF] Rinaldo | Physical theory of platinum nanoparticle dissolution in polymer electrolyte fuel cells[END_REF]. It uniformly connects the electrochemical and chemical reactions of Pt particle dissolution. By this model, the ECSA loss rate of PEMFC under steady electric potential can be calculated at any time. At the same time, a transient power ECSA degradation correlation is obtained by fitting experimental data of PEMFC.

It can be used to calculate the ECSA loss rate under different voltage change rate [START_REF] Topalov | Dissolution of platinum: Limits for the deployment of electrochemical energy conversion?[END_REF]. Those two ECSA degradation models are both functions of voltage, but usually we can only get the vehicle power output cycle. Therefore, a method to obtain voltage for a given power output is necessary. It is available by the relationship between power and voltage according to the PEMFC polarization curve.

Finally, a lifetime prediction model of PEMFC is found to continually and directly calculate the ECSA loss under real vehicles driving cycles, by considering both the steady power and transient power degradation. The degradation rate is obtained and lifetime is predicted under given power output cycles. The main contributions of this paper are:

(1) The steady power platinum ECSA degradation model is developed by considering both chemical and electrochemical dissolution of platinum particles in catalyst layer.

(2) The ECSA empirical correlation formula is given by fitting experimental data of PEMFC, which is used to calculate transient power platinum ECSA degradation.

(3) A lifetime prediction approach is proposed to continuously and directly calculate the lifetime of PEMFC under real driving cycles.

(4) The new lifetime prediction method is verified by PEMFC under real driving cycles. It shows that the proposed lifetime prediction method has good robustness, and can be used to lifetime prediction of PEMFC under different driving cycles. This paper is organized as follows: in Section ECSA degradation models and lifetime prediction method, the steady power ECSA degradation model, transient power ECSA degradation model, power voltage relationship and lifetime prediction method are explained in detail. Then in Section Verification and comparison under real driving cycles, the models and method discussed above are applied to three driving cycles and the result is analyzed and verified by experiment. In Section Conclusions, the major conclusions are presented. Finally, the appendix is given in Section Appendix to show the detailed mathematical deduction.

ECSA degradation models and lifetime prediction method

Steady power ECSA model

Although there is a lot of researches about the mechanism of Pt dissolution, the reaction paths and products have not been confirmed [START_REF] Shao-Horn | Instability of supported platinum nanoparticles in low-temperature fuel cells[END_REF]. However, a lot of references showed that the main reaction products are Pt 2+ and PtO [START_REF] Cherevko | Durability of platinum-based fuel cell electrocatalysts: Dissolution of bulk and nanoscale platinum[END_REF], especially when electrode potential is smaller than 1.1V, which is the case of PEMFC. Otherwise, PtO 2 can be the main reaction product, and it is out of consideration here. For the dissolution of Pt in PEMFC, the main reactions are given as following [START_REF] Pourbaix | Atlas of Electrochemical Equilibria in Aqueous Solutions[END_REF]:

P t k 1 P t 2+ + 2e - (1) 
P t + H 2 O k 2 P tO + 2H + + 2e - (2) 
P tO + 2H + k 3 P t 2+ + H 2 O (3) 
Rinaldo et.al have build a model about the velocity of Pt dissolution, but they only consider the chemical dissolution under high electric potential condition [START_REF] Rinaldo | Physical theory of platinum nanoparticle dissolution in polymer electrolyte fuel cells[END_REF].In their model, they assume that only chemical dissolution happens, which is not true when the electric potential is lower, as electrochemical dissolution is obvious under lower electric potential [START_REF] Shao | Understanding and approaches for the durability issues of pt-based catalysts for pem fuel cell[END_REF]. In this paper, we improved their model by combining both electrochemical and chemical dissolution, so that to suit all electric potential in PEMFC. In the reference [START_REF] Wang | Power management system for a fuel cell/battery hybrid vehicle incorporating fuel cell and battery degradation[END_REF],

the model of Rinaldo et.al [START_REF] Rinaldo | Physical theory of platinum nanoparticle dissolution in polymer electrolyte fuel cells[END_REF] is also applied to the low electric potential case, however, they used extrapolation to obtain the parameters, but the model still only considers chemical dissolution. But both electrochemical and chemical paths are considered from the beginning in our model.

According to the model of Rinaldo [START_REF] Rinaldo | Physical theory of platinum nanoparticle dissolution in polymer electrolyte fuel cells[END_REF], when the electric potential is higher than 0.95V, a PRD model can be deduced as equation 4 by ignoring reaction 1, which means only chemical dissolution exists. In this equation, the number of particles at certain radius is given at different operation time.

Details about the model can be found in the reference.

∂f (ξ, τ ) ∂τ + ξ 2 exp(ξ) ∂f (ξ, τ ) ∂ξ = -ξ 2 exp(ξ)f (ξ, τ ) (4) 
Where:

ξ = R 0 r R 0 = 2βγ P t - V P t RT (5) τ = t T 0 T 0 = 2βγ P t RT k ∞ 3 (6)
Where, f is the number of particles of a certain radius; r is the radius of particle; β is a proportional constant between 0 and 1; γ P t is the interfacial surface tension of Pt, and βγ P t is taken as effective surface tension;

-

V P t is
the molar volume of the bulk metal; R stands for the ideal gas constant; T is the reaction temperature; t is the time of the dissolution progress; k ∞ 3 stands for the reaction rate constant of reaction 3 for Pt bulk; R 0 and T 0 are the overall coefficients which can be called characteristic radius and characteristic time, respectively; ξ and τ is dimensionless radius and dimensionless time, respectively. By method of characteristics, equation 4 can be solved as:

f (ξ, τ ) = f 0 (ξ 0 ) exp(-(ξ -ξ 0 )) (7) Ei(1, ξ) - exp(-ξ(τ )) ξ(τ ) = τ + Ei(1, ξ 0 ) - exp(-ξ 0 ) ξ 0 (8) 
Where Ei stands for exponential integral function; ξ 0 is the initial value of ξ. By equation 7 and 8, the transformation of PRD in the whole dissolution progress can be obtained for given initial PRD. The distribution obtained by the model has been compared with experiments and proved effective.

At the same time, according to the definition of ECSA, it is the total surface of all particles. It can be calculated by equation 9 which gives the relationship between PRD and ECSA, and the result is in good accordance with the experimental results [START_REF] Ferreira | Instability of pt/c electrocatalysts in proton exchange membrane fuel cells: A mechanistic investigation[END_REF].

S ECSA (z, t) = 4π ∞ 0 f (z, r, t)r 2 dr (9)
Where the S ECSA is the ECSA at any time. However, there is a limitation for their model. Evidently it is not proper to assume that electrochemical dissolution does not happen under case whose voltage is lower than 0.95V, and the model cannot be applied to a general case under different electric potential [START_REF] Shao | Understanding and approaches for the durability issues of pt-based catalysts for pem fuel cell[END_REF]. To handle those problems, improvements have been made as follows.

As electric potential varies from 0.6V to 1.2V, the surface coverage of PtO on Pt particles θ is proportional to potential and changes from 0 to 1 [START_REF] Darling | Kinetic model of platinum dissolution in pemfcs[END_REF]. When electric potential is lower than 0.6V, by taking θ=0, which means only reaction 1 happens, the same analytical solution can be deduced as equation 4 with different parameters shown in equations 10 and 11. Details of the deduction can be found in appendix.

T 0 = 2βγ P t RT k 1 (10) 
k 1 = k ∞ 1 exp( F (E -E eq 1 ) 2RT ) (11) 
Where, k 1 stands for the reaction rate constant of reaction 1, which has considered the effect of electric potential; k ∞ 1 is the reaction rate constant of reaction 1 for Pt bulk with no electric potential; F stands for Faraday constant; E is the electric potential of the electrode; E eq 1 stands for the equilibrium electric potential of reaction 1. It can be seen that the reaction rate is affected by electrical potential in an exponential method. In this way the velocity of reaction 1 varies under different electric potentials.

Actually, both 3 reactions happen when electric potential is between 0.6V and 1.2V, so the chemical and electrochemical dissolution can be summed up with different weight. As is known to all, the surface coverage of PtO will decide the relative velocity of chemical and electrochemical dissolution, so the PtO coverage θ is used as weight. The same solution as equation 4 can also be obtained with parameters presented as equations 12 and 13. There k all means the reaction constant that includes both reaction 1 and reaction 3. Details of the deduction can also be seen in appendix. This model considers both electrochemical and chemical dissolution, and consists of equation 4, 5, 12 and 13, which is called steady power ECSA model.

T 0 = 2βγ P t RT k all (12) 
k all = (1 -θ)k 1 + θk ∞ 3 ( 13 
)
For the fuel cell in the reference [START_REF] Pei | A quick evaluating method for automotive fuel cell lifetime[END_REF], which is 60 kW and provided by Shanghai Shen-li High Tech Company, the ECSA degradation under electric potential between 0.6V to 1V is calculated as shown in figure 1. Whats more, the degradation rate of ECSA, i.e., the derivative of ECSA relative to time, is shown in figure 2. It is of great use in the diagnosis and lifetime prediction of PEMFC. The scale of ECSA degradation rate is about 10 -4 h -1 , which agrees with the experimental results [START_REF] Pei | A quick evaluating method for automotive fuel cell lifetime[END_REF]. ) t i m e / ( h ) 0 . 6 0 V 0 . 6 5 V 0 . 7 0 V 0 . 7 5 V 0 . 8 0 V 0 . 8 5 V 0 . 9 0 V 0 . 9 5 V 1 . 0 0 V Fig. 2 -ECSA degradation rate with time under different potentials according to steady power ECSA model
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Transient power ECSA model

In addition to the ECSA degradation under steady power, there will be additional ECSA loss when the power output of PEMFC fluctuates [START_REF] Heyd | Platinum oxide growth kinetics for cyclic voltammetry[END_REF].

The degradation mechanism of steady case and transient case are completely different [START_REF] Takei | Load cycle durability of a graphitized carbon black-supported platinum catalyst in polymer electrolyte fuel cell cathodes[END_REF]. Under transient condition, the species of Pt oxide on the surface of particle change quickly according to the electrical potential, thus the degradation is accelerated [START_REF] Takei | Load cycle durability of a graphitized carbon black-supported platinum catalyst in polymer electrolyte fuel cell cathodes[END_REF]. However, the transient degradation mechanism is not clear, thus it is researched by experiments. Research has been carried out, focusing on the dependence between voltage change rate and Pt dissolution [START_REF] Topalov | Dissolution of platinum: Limits for the deployment of electrochemical energy conversion?[END_REF], so in this paper we built the transient power ECSA model on the basis of experimental data.

The ECSA degradation rate is affected by the voltage change rate and operation time, so the idea is to obtain the degradation rate by two steps. 

Power-voltage relationship by polarization curve

As has been discussed above, both the steady and transient ECSA degradation model is function of voltage and voltage change rate. However sometimes only power output data is available, thus it is necessary to get voltage by power output cycles.

Relationship between the output voltage V and output current j is described by polarization curve, and the power output P can also be calculated from them. In reserve, when power output is known, the relative voltage can be obtained. By this relationship, the voltage under given power output cycles can be calculated, and the direct relationship between ECSA degradation and power output can be built.

In this paper, the polarization curve is given as equation 18 according to reference [START_REF] Wang | Power management system for a fuel cell/battery hybrid vehicle incorporating fuel cell and battery degradation[END_REF]. The output voltage equals to open circuit voltage subtracted by activation loss, mass transfer loss and ohmic loss. The deduction of the equation and all of these parameters are explained in detail in the reference.

The power output can also be obtained by polarization curve.

V =E ocv -RT αn e F (ln( j

j ref 0 ) -ln(α P t ))+ β e RT 4F ln(1 -( C 1 α P t A 0 P t + C 2 + R O 2 ,DM C 1 A 0 P t + C 2 + R O 2 ,DM ) j j 0 lim ) -j(R ohm + rt) (18)
Where E ocv is the open circuit voltage of PEMFC; α is the charge transfer coefficient; n e stands for the number of electrons transferred during the reac-tion; j ref 0 is the reference exchange current density per unit catalyst surface area; α P t is the ratio of remaining catalyst surface area and initial catalyst surface area, i.e., normalized ECSA; β e is the empirical coefficient for oxygen transport; A 0 P t is the effective catalyst surface area at initial time; C 1 and C 2 are the transfer resistances of catalyst layer; and R O 2 ,DM is transfer resistance of diffusion media; j 0 lim is the limiting current at initial time; R ohm is the ohmic resistance; r is the degradation rate of ohmic resistance; t is the operation hours. All the parameters are scaled from the fuel cell in reference (FCvelocity-HD6, Ballard).

At given time and given ECSA, the polarization curve and corresponding power output curve can be calculated for the studied PEMFC in reference [START_REF] Pei | A quick evaluating method for automotive fuel cell lifetime[END_REF], and they are shown in figure 6. As power output varies from 0 to the maximum, the voltage changes from 1 to 0.6 V, which is in the range of the voltage that applied in ECSA model. In return, when a power output is given, the relative voltage can be obtained. 

Lifetime prediction method of PEMFC

To obtain ECSA degradation rate and predict the lifetime of fuel cell, an iterative method is proposed and the diagram is given as figure 7. Following this method, when a power output cycle and an initial ECSA state are given, firstly the relative output voltage can be calculated by the power voltage relationship introduced in Section Power-voltage relationship by polarization curve. In this process, we suppose that the inconsistency between all fuel cells in the stack is neglectable, so that the voltage is averaged. Then the voltage change rate can be obtained by voltage at this time step and last step. After Cycle (NEDC). Among them, the result under TUCC is also compared with the corresponding experiment and proved reliable. The simulations under WLTC and NEDC are also carried out and prove that the proposed model can also be applied to PEMFC under other driving cycles.

Lifetime prediction under Tsinghua University Campus Cycle

As shown in figure 8, Tsinghua University Campus Cycle (TUCC) was collected from a campus PEMFC/battery hybrid bus. This bus runs on a fixed route everyday and the lifetime was recorded, so that the lifetime calculated can be compared with real data [START_REF] Pei | A quick evaluating method for automotive fuel cell lifetime[END_REF]. At the same time, an accelerating experiment was carried out and an evaluating method was proposed in their work [START_REF] Pei | A quick evaluating method for automotive fuel cell lifetime[END_REF]. In addition, the evaluating method is compared with the proposed method in this paper. In this bus, the power of fuel cell is 60 kW, provided by Shanghai Shen-li High Tech Company. Noting that the power output should be processed first to fit the real condition, the power change rate should be less than 10% of the rated power per second [START_REF] Carignano | Energy management strategy for fuel cell-supercapacitor hybrid vehicles based on prediction of energy demand[END_REF]. As the PEMFC/battery hybrid bus works under this cycle over and over again, the ECSA degradation caused by steady power and transient power as well as remaining ECSA after 1300 hours are presented as figure 9. It can be seen that the two kinds of ECSA degradation are of similar scale and the ECSA degradation rate caused by transient power is much quicker than steady power in the preliminary stage. Usually, when the remaining ECSA is smaller than a certain value, the output voltage of PEMFC decreases to a certain percentage, which is considered as the end of life of PEMFC. In this case, according to reference [START_REF] Wang | Power management system for a fuel cell/battery hybrid vehicle incorporating fuel cell and battery degradation[END_REF], we set 10% of voltage decrease at the limited electric current (0.64A/cm 2 ) as the criterion. According to the relationship between voltage decrease and ECSA degradation, the PEMFC lifetime is reached when normalized ECSA=0. [START_REF] Jomori | Analysis and modeling of PEMFC degradation: Effect on oxygen transport[END_REF]. By this standard, the predicted lifetime of PEMFC is 1190 h, which conforms to 1100h of the experiment [START_REF] Pei | A quick evaluating method for automotive fuel cell lifetime[END_REF] and the relative error is 8.18%. Noting that the studied condition is the worst for PEMFC and the power output maximally follows the road condition, the lifetime is greatly shortened. The lifetime of PEMFC can be much longer if peak shaving means such as lithium-ion battery or capacitor are applied. The lifetime of the same PEMFC is also predicted by an evaluating method based on an accelerating experiment [START_REF] Pei | A quick evaluating method for automotive fuel cell lifetime[END_REF]. In this method, the power output is divided into 4 kinds of conditions, ie., load change, start-stop, idling, and high power load condition. The effect of them on the fuel cell durability is separately researched by accelerating experiments. For the experiment, the 4 conditions are repeated over and over again, and the degradation of voltage is recorded, respectively. By counting the time of the condition in a cycle, the total degradation can be calculated. The lifetime of PEMFC can be predicted by equation [START_REF] Zhang | Load profile based empirical model for the lifetime prediction of an automotive pem fuel cell[END_REF].

T f = ∆P k p (p 1 n 1 + p 2 n 2 + p 3 t 1 + p 4 t 2 ) ( 19 
)
Where T f is the predicted lifetime; ∆P is the limited power degradation, only gives the speed curve, the corresponding predicted power output cycle is given in reference [START_REF] Mayur | Lifetime prediction of a polymer electrolyte membrane fuel cell under automotive load cycling using a physically-based catalyst degradation model[END_REF]. The power output is shown as figure 10. The parameters of the fuel cell stack can be found in reference [START_REF] Mayur | Lifetime prediction of a polymer electrolyte membrane fuel cell under automotive load cycling using a physically-based catalyst degradation model[END_REF]. Compared to WLTC, the degradation of PEMFC under NEDC is slower, which is reasonable because the fluctuation of NEDC is less than that of WLTC. The ECSA degradation of PEMFC is fast at the beginning and gradually slows down, which is close to the actual situation [START_REF] Wang | Durability investigation of carbon nanotube as catalyst support for proton exchange membrane fuel cell[END_REF][START_REF] Shao | Durability study of pt/c and pt/cnts catalaysts under similated pem fuel cell[END_REF]. This phenomenon may be due to the quick reaction of small Pt particles, as they have higher activity. The voltage degradation is slow at the beginning and accelerates as time goes on [START_REF] Wu | Proton exchange membrane fuel cell degradation under close to open-circuit conditions: Part i: In situ diagnosis[END_REF][START_REF] Yu | In Situ Analysis of Performance Degradation of a PEMFC under Nonsaturated Humidification[END_REF][START_REF] Bressel | Extended Kalman Filter for prognostic of Proton Exchange Membrane Fuel Cell[END_REF][START_REF] Bae | Degradation pattern prediction of a polymer electrolyte membrane fuel cell stack with series reliability structure via durability data of single cells[END_REF][START_REF] Pei | Nonlinear methods for evaluating and online predicting the lifetime of fuel cells[END_REF], which is not the same tendency as ECSA degradation. The relationship between ECSA degradation and PEMFC voltage degradation is nonlinear. The voltage degradation is initially linear and then accelerates after the ECSA drops to a certain lower value [START_REF] Wang | Power management system for a fuel cell/battery hybrid vehicle incorporating fuel cell and battery degradation[END_REF].

it
In addition, at the end of PEMFC lifespan (before membrane failure), the PEMFC membrane will become thinner (some hotspots and pinholes may be formed), and the hydrogen crossover current will suddenly increase [START_REF] Wu | Proton exchange membrane fuel cell degradation under close to open-circuit conditions: Part i: In situ diagnosis[END_REF][START_REF] Bae | Degradation pattern prediction of a polymer electrolyte membrane fuel cell stack with series reliability structure via durability data of single cells[END_REF][START_REF] Pei | Nonlinear methods for evaluating and online predicting the lifetime of fuel cells[END_REF]. The low ECSA and high hydrogen crossover current may cause the acceleration of the PEMFC voltage degradation [START_REF] Wu | Proton exchange membrane fuel cell degradation under close to open-circuit conditions: Part i: In situ diagnosis[END_REF]. Those two simulations prove that the proposed model can be applied to PEMFC under different driving cycles.

Conclusions

In this paper, the direct relationship between lifetime and real power output cycles is built based on a novel lifetime prediction method of PEMFC.

This proposed method is composed of two ECSA degradation models, ie., steady power ECSA degradation model and transient power ECSA degradation model. The conclusions are summarized as follows.

(1) The steady power ECSA degradation model is yielded by considering both the chemical and electrochemical dissolution reactions of Pt particles in the catalyst layer of PEMFC. By this model, the ECSA loss rate under any given potential at any time can be calculated. The order of magnitudes of the degradation rate is about 10 -4 h -1 .

(2) An approach to get ECSA loss rate for transient power condition is found by fitting experimental data of PEMFC. The ECSA degradation caused by transient power is very quick in the initial stage and slows down as time goes by.

(3) A novel method based on two ECSA degradation models is presented to predict the lifetime of PEMFC vehicle under real driving cycle. By this method, the lifetime of PEMFC is completely and continuously decided by ∆G(r) = ∆G(∞) -

2βγ P t - V r (21) 
the velocity of reaction 1 and reaction 3 are: 

v 1 (z,
Take θ=0, get v 3 =0, then take v 1 into equation 25 and then equation 25 into equation 24, by deductions, equation 10 and equation 11 can be obtained.

For equation 12 and equation 13, take θ as a parameter between 0 and 1, take c P t 2+ as 0, take v 1 and v 3 into equation 25 and then equation 25 into equation 24, by deductions, equation 12 and equation 13 can be obtained.
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  the relationship between ECSA degradation and operation time is build under a certain voltage change rate. Then the ratio of ECSA degradation rate is given for different voltage change rate. By this way, the degradation rate with time under different voltage change rate can be obtained.Firstly the experiment under a certain voltage change rate was carried out in the reference[START_REF] Ferreira | Instability of pt/c electrocatalysts in proton exchange membrane fuel cells: A mechanistic investigation[END_REF]. The platinum surface area was measured in the cathode when the potential cycled between 0.6 and 1.0 V at change rate of 20mV/s, and it was performed at 350 K and 100 % relative humidity (RH).The normalized ECSA was measured at different time and shown in figure3.In the figure, the curve function of ECSA with time is obtained by nonlinear least-squares fitting method, and it is shown as equations 14. And relative ECSA degradation rate is obtained by taking derivatives of ECSA with time, as shown in equation 15.
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 34415 Fig. 3 -Fitting of normalized ECSA with time when voltage change rate is 20mV/s
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 6 Fig. 6 -Polarization curve and relative power curve under given time and ECSA
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 7 Fig. 7 -Diagram of the method to continuously calculate ECSA and predict fuel cell lifetime under power output cycles
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 8 Fig. 8 -Power output of TUCC
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 9 Fig. 9 -ECSA degradation caused by transient and steady power and remaining ECSA under TUCC
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 10111213 Fig. 10 -Power output of WLTC

  is set 10% in their work; k p is the accelerating coefficient, which shows the difference between experiment and real condition; p 1 , p 2 , p 3 and p 4 are performance deteriorate rates caused by load change, start-stop, idling and high power load condition separately, measured in laboratory; n 1 , n 2 , t 1 and t 2 are load changing cycle times, start-stop cycle times, idle time and high power load time per hour, counted from vehicular driving cycle.

	Lifetime prediction under Worldwide Harmonized Light Vehicles Test Cycle
	Worldwide Harmonized Light Vehicles Test Cycle (WLTC) is a new stan-
	dard cycle to test the parameters of light vehicles. As the WLTC standard
	According to the experiment and TUCC cycle, k p =1.72; p 1 =0.0000593%
	per cycle; p 2 =0.00196% per cycle; p 3 =0.00126% per hour; and p 4 =0.00147%
	per hour; n 1 =56 cycles per hour; n 2 =0.99 cycles per hour; t 1 =13 minute per
	hour; and t 2 =14 minute per hour. Taking them into equation 19, the pre-
	dicted lifetime of PEMFC is 1000 h. Compared to 1100 h of experiment, the
	relative error is 9.1%, which is bigger than 8.18% of the proposed method in
	this paper. Therefore, the proposed lifetime prediction method of PEMFC
	in this paper is more accurate. The most important feature of the proposed
	method in this paper, is that it is continuous and a lot of details of power out-
	put are considered. Therefore, it is more accurate than the discrete method
	which ignores the small difference within the same condition.

  r, t) =(1 -θ P tO (z, r, t))k 1 (r)[exp( (z, r, t) = k 3 (r)θ P tO (z, r, t)( c H + (z, t)And the Pt PRD f has the relationship as function 24 and function 25.The source term J is 0 here.
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	dr dt	= -				
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power output cycles.

(4) The proposed method is applied to a real PEMFC vehicle to predict its lifetime under three different cycles, ie., TUCC, WLTC, and NEDC. Compared with the traditional method based on the accelerating experiment, the proposed method is more accurate and closer to actuals.

All in all, it is necessary and beneficial to study the relationship between Pt degradation and power output cycles. By the method of this study, the lifetime of PEMFC can be predicted, and a better power management strategy is also available to reduce degradation, as well as cut down costs. What is more, the proposed lifetime prediction method of PEMFC that considers the ECSA degradation caused by steady power and transient power can also be applied to other kinds of fuel cells.

The inconsistencies between each fuel cell in a stack that have an impact on the performance and lifetime of the fuel cell stack will be considered for future research work.

Appendix

According to reference [START_REF] Rinaldo | Physical theory of platinum nanoparticle dissolution in polymer electrolyte fuel cells[END_REF] and Gibbs Thomson equation [START_REF] Tang | Electrochemical stability of elemental metal nanoparticles[END_REF], the equilibrium potential and Gibbs free energy for the Pt particles are: