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SUMMARY & CONCLUSIONS 

The durability challenge of fuel cell technology is one of 

the main obstacles that hinder its wide commercialization. 

This work proposes a post-prognostics decision-making 

strategy to manage the economic lifetime of a two-stack 

PEMFC system. The influence of fuel cell deterioration and 

fuel consumption on fuel cell economic lifetime is studied. 

These two items are combined to construct the mixed decision 

criterion. Both the constant and dynamic type of system load 

demand are tested by the decision-making strategy. In 

simulation work, the hydrogen consumption/system-lifetime 

ratio and system lifetime are proposed as two evaluation 

criteria to assess the efficiency of the proposed decision-

making strategy. Both the constant load and dynamic load 

simulation results show that when more weight is put on 

mitigating fuel cell deterioration, a bigger hydrogen 

consumption/system-lifetime ratio is achieved. For the system 

lifetime, an obvious increasing trend is observed when putting 

more weight on mitigating fuel cell deterioration. The 

proposed strategy can adequately handle the two items in the 

mixed criterion, generating the optimal load repartition for 

two-stack fuel cell systems. Therefore, a better economic 

lifetime can be achieved for the two stacks fuel cell system. 

1 INTRODUCTION 

Proton exchange membrane fuel cell (PEMFC) can 

achieve higher energy conversion efficiency and zero on-

board emission compared to the traditional power unit. 

Therefore, it is well recognized as one of the most promising 

power units in industrial applications [1]. However, despite 

the promising application advantages, the PEMFC technology 

still suffers from limited durability and high application cost 

[2]. Durability is especially challenging. The US Department 

Of Energy (DOE) durability targets for stationary and 

transportation fuel cell applications are 40,000 and 5,000 

hours respectively [3]. This target is hardly achieved in 

present fuel cell technology.  

Several approaches have been proposed to deal with the 

durability challenge of PEMFC. Prognostics and Health 

Management (PHM) [4-6] is one of the most effective 

methods that can help to extend the lifetime of PEMFC. PHM 

approach includes multiple application layers including data 

acquisition, data processing, diagnostic and prognostics. For 

the prognostics layer, model-based, data-driven and hybrid 

approaches are the three major types of developed methods. 

For model-based and hybrid prognostics, Jouin et al. [7] used 

a particle filtering (PF) algorithm based on a polarization 

model, developed for this purpose. The more recently 

developed data-driven approaches do not rely directly on 

analytical deterioration model and they aim at taking benefit 

from the rapid growth in the dataset of fuel cell. For instance, 

Ma et al. [8] applied deep neural networks to form a 

prognostic model. However, the problem of how to use the 

results of the prognostic layer to further improve the fuel cell 

durability is rarely addressed in literature.  

Energy management strategy (EMS) is a recently 

emerged approach for the decision-making process to improve 

fuel cell durability. K. Ettihir et al. [9] proposed an adaptive 

optimal power splitting EMS for PEMFC/battery hybrid 

system to improve its durability. More recently, several 

researchers have dealt with the prognostics related decision-

making for multi-stack fuel cell systems. Yue et al. [10] 

brought forward a health-conscious EMS based on the 

prognostics-enable decision-making in the framework of PHM,  

thus linking management strategy and PHM. Herr et al. [11] 

proposed a decision process to manage the useful life of a 

multi-stacks fuel cell system. When considering the operation 

of fuel cell systems, fuel operation, besides the lifetime, 

should also be taken into consideration. Chen et al. [12] 

proposed the concept of economic lifetime. Fletcher et al. [13] 

put forward an EMS based on dynamic programming to 

minimize the fuel consumption and the system deterioration 

for a hybrid vehicle. From the above research works, two 

aspects need to be further developed: 1) it is necessary to 

integrate PHM into EMS as a crucial post-prognostics 

decision-making action, and 2) the system consumption 

should be considered together with the system durability 

performance.  

In this work, a mixed criterion for post-prognostics 



decision-making is proposed for a two-stack fuel cell system. 

The objective of this work is to improve the system lifetime by 

considering the fuel cell deterioration as well as the fuel 

consumption. A Gamma process-based load dependent 

stochastic deterioration model is proposed to describe the 

deterioration of fuel cell stack. In the prognostic part, a 

conditional decision probability is calculated to collect the end 

of life (EoL) information of the system based on an analytical 

method. Then a fuel consumption rate function is introduced 

to calculate the system fuel consumption, combing the fuel 

consumption and the deterioration information, forming a 

mixed decision criterion. Finally, the decision-making phase 

outputs the optimal load repartition for the stacks according to 

the defined criterion.  

 

 

 

 

 

 

 

 

 

 

Fig. 1 Schematic of the post-prognostics decision-making 

strategy 

2 PROBLEM STATEMENT 

The objective of the decision-making strategy is to find 

the  

optimal load split for a two-stack fuel cell system during the 

operation period, in order to maximize the system service 

lifetime while taking into account the fuel consumption.  

Presently, as the deterioration mechanism of PEMFC is 

not yet fully known, it is difficult to express the deterioration 

in a single formula. The research work developed by Jouin et 

al. [14].  shows that the deterioration of PEMFC can be 

directly related to the load applied to the system, using an 

empirical polarization equation [15]: 

𝑉 = 𝑛(𝑬𝟎 − 𝑹𝐼 − 𝑨𝑙𝑛(𝐼) −𝒎𝟏exp⁡(𝒎𝟐𝐼))            (1) 

the detailed physical meanings of parameters in equation 

(1) are summarized and listed in Table 1.  

Table 1 Physical meaning of the parameters in equation (1) 

Parameters Physical meaning 

n Number of cells in the stack 

𝐼 Operating current load 

R The overall resistance of PEMFC  

𝑚1 Constant related to the mass 

transport overpotential 𝑚2 

𝐸0 
Voltage term related to the 

reversible potential of PEMFC 

In equation (1), all fitting parameters that may vary with 

aging are written with bold letters. According to the research 

work of Bressel et al. [16], the overall resistance (R) increases 

as the stack ages, which indicates that the overall resistance 

can be used as a PEMFC health indicator. 

The hydrogen consumption rate of one PEMFC stack is 

denoted as 𝑐𝐻2(𝑡) , which is defined as a function of the 

current load 𝐼(𝑡) . The global hydrogen consumption of a 

PEMFC stack during time period 𝑡0 is calculated by: 

𝐶𝐻2 = ⁡∫ 𝑐𝐻2(𝐼)𝑑𝑡
𝑡0
0

                                    (2) 

The proposed post-prognostic decision-making strategy is 

developed to make a trade-off between the PEMFC 

deterioration and the fuel consumption. Therefore, two 

separate but complementary objectives to be minimized are 

defined: 

1. PEMFC deterioration level in order to extend the 

system lifetime as long as possible. 

2. Hydrogen consumption to lower the operation cost 

while satisfying the operation of the system demand. 

These criteria are contradictory. Decreasing the 

deterioration will lead to keep the current in an intermediate, 

whereas minimizing H2 consumption will lead to minimize the 

current. Thus, a suitable current for each fuel cell stack has to 

be defined by the post-prognostic decision. 

The general problem schematic is shown in Fig. 1. Firstly, 

the two-stack fuel cell system is operating for a certain period. 

Then, lifetime and consumed hydrogen fuel are calculated for 

both fuel cells. At last, the decision block is used to integrate 

the input information from previous blocks, and outputs the 

optimal load repartition for the two fuel cell stacks. The 

following assumptions are made on the two- stacks fuel cell 

system: 

1. Two fuel cell stacks are connected in parallel  

2. The two fuel cell stacks in the networking system are 

identical. The output power of each stack ranges from 

the minimal output power 𝑃𝑚𝑖𝑛  to maximum output 

power  𝑃𝑚𝑎𝑥.  

3. The value of fuel cell overall resistance ( 𝑅 ) is 

considered to be measured in this work. The 

resistance values can be further estimated thanks to 

an observer. 

3 POST-PROGNOSTICS DECISION-MAKING 

This section focuses on the methodology of the proposed 

post-prognostics decision-making strategy. More details on the 

load-dependent deterioration modeling and the associated 

decision probability are presented in [17]. 

3.1 Gamma process deterioration modeling 

From equation (1), the overall resistance of PEMFC stack 

is chosen as the health indicator and is further modeled by a 

Gamma process to study system deterioration [14, 18, 19]. 

The overall resistance is assumed to be measurable in real-

time. A Gamma process is a stochastic process with 

independent, positive increments that obeys a Gamma 

distribution Γ(𝛼, 𝛽) . There are two key parameters in a 

standard Gamma process, the shape parameter 𝛼  and scale 

parameter 𝛽. Thanks to the stochastic characteristics, various 

deterioration behaviors can be simulated by using different 𝛼 



and 𝛽  values. When given the 𝛼  and 𝛽  values, the 

deterioration rate r is calculated by: 

𝑟 = ⁡𝛼 ∙ 𝛽                                       (3) 

In this work, the deterioration level of the indicator 𝑅 is 

modeled by a Gamma process. The scale parameter 𝛽  is 

defined as a constant in this work. The shape parameter 𝛼 is 

further modeled as a function of the demand load 𝐼, i.e. the 

deterioration rate is also a load-dependent function 𝑟(𝐼).  

3.2 PEMFC load-dependent deterioration and fuel 

consumption modeling 

To describe the deterioration rate function 𝑟(𝐼) , the 

parabola function shown in Fig. 2 is used. This is developed 

based on the deterioration characteristics of PEMFC [17]. As 

shown in Fig. 2, from minimal operation load 𝐼𝑚𝑖𝑛 to nominal 

load 𝐼𝑛𝑜𝑚 and maximum load 𝐼𝑚𝑎𝑥, the corresponding average 

deterioration rate follows an order of  𝑟1 >⁡𝑟3 >⁡𝑟2. 

Furthermore, according to Dépature C. et al. [20], the 

hydrogen fuel consumption rate can be described as a linear 

function. However, in practical applications, when considering 

the global stack system, the energy consumption auxiliary 

components including the air compressor, the cooling pump, 

and the electronic control device should also be taken into 

consideration with electrical energy consumption [12]. This 

work introduced a quadratic equation to describe the global 

system fuel consumption considering the characteristics of 

fuel cell auxiliary components, as shown in Fig. 2.  

 
Fig. 2 Deterioration and hydrogen consumption rates  

 

 
Fig. 3 Dynamic system load demand 

3.3 Mixed criterion for a two-stack PEMFC system  

A multi-step decision-making strategy is designed for the 

decision-making phase. The same decision criterion is applied 

to each decision step at each decision time 𝑘 ∗ 𝜏, where 𝑘 is 

the decision step, and 𝜏 is the time length of a single decision 

step. 

At each decision time, the deterioration level (i.e. the 

value of 𝑅) is monitored and based on this measured level 

𝑅𝑜𝑏𝑠 , a conditional probability to reach a deterioration level 

threshold 𝐹𝑇𝑑 at the end of the next period is computed for the 

different possible load repartitions. The calculation approach 

used here is an exhaustive search. The load repartition 

decision is eventually made by considering a criterion 

including the conditional failure probabilities for each stack. 

The conditional decision probability 𝑃𝑑  at decision step 𝑘 

(𝑃𝑑
(𝑘)

) is calculated using the following equation: 

𝑃𝑑
(𝑘)

= 𝑃 (𝑇
𝐹𝑇𝑑

(𝑘) ≤ 𝑘𝜏) = 𝑃⁡(𝑅(𝑘𝜏) > 𝐹𝑇𝑑
(𝑘)) 

 

    =⁡
𝛤(𝛼𝑡,(𝐹𝑇(𝑘)𝑑−𝑅

(𝑘−1)
𝑜𝑏𝑠)∙𝛽)

𝛤(𝛼𝑡)
  (4)                  

where 𝐹𝑇𝑑
(𝑘)

 is the decision threshold at decision step 𝑘. 

R(𝑘𝜏) is the simulated deterioration level at decision step 𝑘. 

𝑅(𝑘−1)
𝑜𝑏𝑠  represents the measured deterioration level at step 

(𝑘 − 1).  

The consumption of the system under the different 

possible repartition is also evaluated for each of the stacks. 

The mixed criterion is constructed to consider both 

deterioration and fuel consumption, and is formulated as 

follows: 

𝐶𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 = max{𝑤 ∙ 𝑁𝑜𝑟𝑚⁡{(1 −⁡𝑃𝑑1) ∙ (1 −⁡𝑃𝑑2)} +
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(1 − 𝑤) ∙ 𝑁𝑜𝑟𝑚{1 (𝐹𝑢𝑒𝑙1 +⁡𝐹𝑢𝑒𝑙2⁡)⁄ }}       (5) 

where 𝑤  is the weight between fuel cell stack 

deterioration and system fuel consumption. 𝑁𝑜𝑟𝑚 represents 

the normalization calculation to make sure that the two items 

in equation (5) have the same order of magnitude. 𝑃𝑑1 and 𝑃𝑑2 

represent the conditional failure probability of fuel cell stack 1 

and stack 2. 𝐹𝑢𝑒𝑙1  and 𝐹𝑢𝑒𝑙2  represents the total fuel 

consumption of two PEMFC stacks.  



3.4 Decision-making process 

The decision is eventually made based on the joint 

criterion and the load repartition decision is determined as the 

one that maximizes the joint criterion defined in equation (5). 

A trade-off between the fuel cell deterioration and system fuel 

consumption is achieved by assigning different weights, 𝑤.  

At each decision step 𝑘, an exhaustive search approach is 

used in search of the optimal load repartition. Whenever the 

system failure probability and global system hydrogen 

consumption is evaluated based on the Gamma process 

simulation, the maximum value of the mixed criterion defined 

as equation (5) is applied to choose the optimal load 

repartition for each stack. The available control variable is 

decided as follows: for a given system load demand 𝐼𝑙𝑜𝑎𝑑, and 

𝐼1  for FC1(ranges from 𝐼𝑚𝑖𝑛  to 𝐼𝑚𝑎𝑥  with a fixed increment 

step), the operation load for FC2 is decided by the following: 

{
𝐼𝑙𝑜𝑎𝑑 −⁡𝐼1 ≤ 𝐼2⁡
𝐼𝑚𝑖𝑛 ≤ 𝐼2 ⁡≤ ⁡ 𝐼𝑚𝑎𝑥

                               (6) 

Both constant and dynamic system load demands are 

studied. For constant system load demand, 𝐼𝑙𝑜𝑎𝑑 is defined as 

𝐼𝑙𝑜𝑎𝑑2 during the whole operation period as shown in Fig. 3. 

And the dynamic system demand is shown in Fig. 3 and its 

value varies among 𝐼𝑙𝑜𝑎𝑑1, 𝐼𝑙𝑜𝑎𝑑2 and 𝐼𝑙𝑜𝑎𝑑3.  

3.5 Performance evaluation 

To estimate the performance of the proposed decision-

making strategy, a performance estimation index is the system 

lifetime. 

Another performance estimation index is the system level 

hydrogen consumption rate defined by the following equation 

is chosen as the first estimate index: 

       𝐻2⁡𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑆𝑦𝑠𝑡𝑒𝑚 − 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒⁄                (7) 

where the 𝐻2⁡𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 represents the total hydrogen 

consumption during the service period, and system lifetime 

equals to EoL. The calculation method of the system lifetime 

is the same as introduced in [17]. 

The corresponding results of these two indexes are 

summarized and discussed in the following. 

4 RESULTS AND DISCUSSION 

4.1 Basic value settings 

The initial resistance value R0 is set as 0.1798 Ω⁡𝑐𝑚2. The 

values of 𝐼𝑚𝑖𝑛, 𝐼𝑛𝑜𝑚 and  𝐼𝑚𝑎𝑥 are set as 2, 8, and 10  𝐴⁡𝑐𝑚−2 

for each fuel cell stack. The deterioration rate values in Fig. 3 

are calculated using the same method introduced in [17]. A 

failure threshold (𝐹𝑇) is defined for PEMFC stack to calculate 

the EoL value and the 𝐹𝑇 is chosen as 3. Three key values of 

the dynamic load demand shown in Fig. 3 are set as 12.4, 13, 

and 15 𝐴⁡𝑐𝑚−2, for 𝐼𝑙𝑜𝑎𝑑1 , 𝐼𝑙𝑜𝑎𝑑2  and 𝐼𝑙𝑜𝑎𝑑3  respectively. The 

constant load demand in this work is set as 13 𝐴⁡𝑐𝑚−2. The 

scale parameter of Gamma process 𝛽 equals to 0.36. For the 

Gamma process simulation, the total simulation length is 2700 

hours. The single decision step time length 𝜏 is 150 hours.  

4.2 Post-prognostics decision-making results 

To study the influence of different weights of the criteria 

as introduced in equation (5), 100 simulations runs were 

performed, and four different 𝑤  values were used. Each 

simulation is compared with the results developed under 

constant load (𝐼1 = 𝐼2 = ⁡ 𝐼𝑙𝑜𝑎𝑑 2⁄ ). For constant system load 

demand simulations, the results on the overall system level 

hydrogen consumption rate/System-lifetime ratio are shown in 

Fig. 4. Globally, the hydrogen consumption rate/system-

lifetime ratio decreases with 𝑤 value. By contrast, the results 

without decision show rough variations between the different 

simulation times. This phenomenon shows that the proposed 

decision-making strategy can decrease the failure risk of the 

system, achieving a steadier operation.  

Table 2 further summarizes the hydrogen consumption 

rate results. The results of the comparison experiment have the 

lowest rate value, 40.88 𝑔⁡𝑠−1 . And the hydrogen 

consumptions rate results for 𝑤 = 0.3, 𝑤 = 0.5, 𝑤 = 0.7, and 

𝑤 = 0.9 are 41.04, 41.5, 47.67, and 58.16 𝑔⁡𝑠−1 respectively. 

This result is logical. The higher value of 𝑤 means that, based 

on equation (6), the trade-off rules tend to make a decision 

that consumes more fuel to mitigate the deterioration. 

Otherwise, decreasing the weights 𝑤  means that less fuel 

consumption is appreciated. During the operation, the decision 

strategy tends to increase the fuel consumption but the lifetime 

can be considerably improved.  

For the system lifetime distribution histograms are plotted 

in Fig. 5 and Fig. 6. Fig. 5 a) shows the system lifetime results 

developed without a decision-making strategy. 68% of the 

system lifetime in Fig. 5 are distributed between 1200 and 

1800 hours. Whereas, when applying the proposed decision-

making strategy, the system lifetime is shifting to a bigger 

distribution interval. 65% percent of the system lifetime is 

distributed between 1400 and 2800 hours for 𝑤 = 0.3. For  

𝑤 = 0.7 and 0.9, the system lifetime distributed between 1400 

and 2800 hours is 86% and 97% respectively. The median and 

mean system lifetime statistic values shown in Table 2 also 

prove that the system can achieve a longer lifetime by using 

bigger 𝑤. Therefore, in order to achieve a maximum economic 

lifetime for fuel cell systems, the practitioners can choose a 

proper 𝑤  for the mixed criterion, then apply the decision-

making strategy to deal with the trade-off between the fuel cell 

stack deterioration and system fuel consumption, achieving 

the desired economic lifetime.  

For the simulation results derived from dynamic system 

load demand simulation, the general conclusion is similar to 

the constant load demand. From Table 2, the hydrogen 

consumption value is slightly larger than with constant load 

demand. The value for  𝑤 = 0.7 and 𝑤 = 0.9 are 52.38 and 

58.62 𝑔⁡𝑠−1  
respectively, much greater than the value for  

𝑤 = 0.3 and 0.5. The system lifetime distribution is exhibited 

in Fig. 7. Compared with the results in Fig. 5 b), 81% of the 

system lifetime is distributed between 1400 and 2800 hours 

for 𝑤 = 0.3 . And for 𝑤 = 0.5 , 𝑤 = 0.7 , and 𝑤 = 0.9 , the 

lifetime distributed between 1400 and 2800 hours is 89%, 

93%, and  

98% respectively. Therefore, for the dynamic load demand, 

the proposed decision-making strategy still works well. The 

median and mean system lifetime statistic results in Table 2 



give the same conclusions.  

 
Fig. 4 Hydrogen consumption/System-lifetime ratio 

(constant load demand). 

 
Fig. 5 System lifetime distribution histogram - without 

decision-making strategy. a) constant load demand, b) 

dynamic load demand.  

 
Fig. 6 System lifetime distribution histogram – Constant 

load demand. a) w = 0.3, b) w = 0.5, c) w = 0.7, d) w = 0.9. 

 

 
Fig. 7 System lifetime distribution histogram – Dynamic 

load demand. a) w = 0.3, b) w = 0.5, c) w = 0.7, d) w = 0.9. 

5 CONCLUSIONS 

A load-dependent deterioration model is developed to 

model the deterioration of a multi-stack fuel cell system. To 

manage its economic system life, a joint decision-making 

criterion which includes both fuel cell deterioration and fuel 

cell consumption is proposed to formulate the post-prognostics 

decision-making strategy. For the constant type system load 

demand, a larger hydrogen consumption / system-lifetime 

ratio (𝑤) is achieved when applies more weights on mitigating 

fuel cell deterioration. 68% of the system life developed 

without decision-making strategy is distributed between 1200 

and 1800 hours. When applying the decision-making strategy, 

the system's life is improved. For 𝑤 = 0.7 and 0.9, the percent 

of system life distributed between 1400 and 2800 hours reach 

to 86% and 97%. The dynamic system load demand 

simulation results prove the same trend. The percent of system 

life distributed between 1400 and 2800 hours for 𝑤 = 0.3, 0.5, 

0.7, and 0.9 are 81%, 89%, 93, and 98% respectively. The 

proposed decision-making strategy can help to make a 

compromise between the fuel cell system deterioration and 

system fuel consumption, and thus greatly improve the system 

life.  

Table 2 System hydrogen consumption and system life results 

 

Mean 

hydrogen 

consumption 

rate (g s
-1

) 

Median 

system life 

(h) 

Mean 

system life 

(h) 

Without 

decision-

making 

40.88 1411.5 1387.9 

W = 0.3 

Constant 

load 

41.04 1540.5 1524.2 



W = 0.5 

Constant 

load 

41.5 1525.5 1502.5 

W = 0.7 

Constant 

load 

47.67 1760 1750.4 

W = 0.9 

Constant 

load 

58.16 2201 2115.8 

W = 0.3 

Dynamic 

load 

47.55 1763.5 1726.3 

W = 0.5 

Dynamic 

load 

47.78 1776 1748.5 

W = 0.7 

Dynamic 

load 

52.38 1870.5 1867.6 

W = 0.9 

Dynamic 

load 

58.62 2247 2159.4 
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