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Abstract— This paper considers the significant impact of the 
oxygen excess ratio (OER) on the hydrogen consumption of a 
hybrid fuel cell (FC) system. To do so, firstly, a hybrid FC system, 
composed of an FC stack and a battery pack, is developed in a 
simulation environment. Subsequently, sequential quadratic 
programming (SQP), as an optimization-based energy 
management strategy (EMS), is utilized to minimize hydrogen 
consumption while respecting the operating constraints of the 
power sources. Herein, the primary objective is to evaluate the 
contribution of the OER to the improvement of the FC 
performance. In this respect, the EMS is equipped with an optimal 
OER tracker, and its performance is compared with the case 
where the OER is constant. The results of this study indicate that 
following an optimal trajectory of OER reduces the hydrogen 
consumption by nearly 3% under a standard mission profile at sea 
level conditions. 

Keywords—Energy management strategy, SQP, Hydrogen 
consumption, Hybrid fuel cell system, Oxygen excess ratio 

I. INTRODUCTION 
The accumulation of carbon dioxide and other greenhouse 

gases is leading to an increase in the average temperature of the 
climate system, commonly referred to as global warming. The 
transportation sector has a significant contribution to the 
anthropogenic emission of these gases [1]. 

The adoption of fully electric or hybrid electric vehicle 
(HEV) technologies is being explored as a potential solution for 
reducing carbon emissions from traditional vehicles run by 
fossil fuels. However, owing to drawbacks like restricted 
driving range and slow recharging rates associated with fully 
electric vehicles, opting for HEVs emerges as a more viable 
solution [2]. Similarly, dependence on fossil fuels in HEVs has 
given rise to alternative sources, including proton exchange 
membrane (PEM) fuel cells (FCs) in HEVs [3]. These vehicles 
utilize FC stack as the primary power source, and a battery pack 
as a secondary power source. 

The FC stack is equipped with various auxiliary 
components, including a compressor, cooling, and hydrogen 
supply systems, etc. The auxiliary component consuming the 
most energy is the air compressor. Thus, efficiency 
improvement efforts focus on compressor. The power 
consumption of the other auxiliary components is 
comparatively less significant [4]. 

To improve the efficiency of a FC system and consequently 
reduce the operating costs, it is crucial for all components to 

operate close to their optimal conditions. The air supply plays a 
crucial role in enhancing system efficiency. Insufficient air 
supply can result in oxygen starvation, leading to membrane 
drying, overheating, and potentially irreversible damage to the 
PEM. Furthermore, temporary voltage fluctuations caused by 
air starvation, potentially leading to the degradation of cell 
materials [5]. Conversely, excessive air supply can introduce 
unnecessary parasitic losses, diminishing system efficiency. 
The accurate regulation of oxygen excess ratio (OER) can 
increase the system efficiency significantly [6]. 

On the other hand, efficient power distribution for a hybrid 
system is an important issue. An appropriate energy 
management among power sources can enhance fuel economy 
of the system [7].  

The energy management strategies (EMSs) for HEVs can 
be categorized into two main types: rule-based, and 
optimization-based [8]. EMSs based on optimization offer 
solutions that are close to optimal and have the capability to 
generate revised guidelines for updating sets of rules and 
inferential knowledge employed in rule-based approaches [7]. 
The Sequential Quadratic Programming (SQP) algorithm is one 
of the most popular methods for solving convex optimization 
problems and has proven to be efficient for power distribution 
in hybrid FC systems [9]. 

In this paper, the optimum OER at each current level is 
calculated online and the formulation of an EMS with respect 
to hydrogen consumption of the FC is proposed. The EMS runs 
once with a constant OER and another time with the optimal 
value. The results of the two methods are compared under a 
standard driving cycle.  

The remainder of this paper is as follows. Section II 
describes the FC modeling along with the characteristics of the 
employed power sources. In section III, a steady state analysis 
has been done. Section IV deals with the development of the 
EMS. Section V gives an account of the obtained results of the 
work, and finally the main conclusions from the performed 
study are drawn in Section VI. 

II. MODELING OF FUEL CELL SYSTEM 
Several auxiliary components must be integrated with a FC 

stack to form a complete FC system. An illustration of a FC 
system is presented in Fig. 1. An air supply system, hydrogen 
supply system, cooling system, and humidification system, 
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alongside the stack are the primary components of a PEMFC 
power generation system.  

 
Fig. 1. Structure of the fuel cell system adopted from [10]. 

The focus of this research paper among the FC system 
components is the air supply system. Multiple components are 
part of the air supply system: air compressor, humidifier, air 
supply manifold, return manifold, and others. The air cooler 
maintains the temperature of the air entering the stack at 80°C. 
This assumption is justified because the stack temperature 
changes relatively slowly. 

Additionally, it is assumed that the temperature and 
humidity of the reactant flows are precisely controlled, which 
could be achieved through the implementation of effective 
humidity and cooling subsystems. Models for the FC stack, 
compressor, and manifolds are presented in the following 
sections.  

A. Stack Voltage Model 
The voltage model contains an equation to calculate stack 

voltage based on FC pressure, temperature, reactant gas partial 
pressures and membrane humidity. The dynamically varying 
pressure and relative humidity of the reactant gas flow inside 
the stack flow channels are calculated in the cathode and the 
anode flow models. 

The output voltage of a PEMFC can be calculated by 
subtracting the overpotential caused by all polarization 
phenomena from the reversible voltage. Hence, the output 
voltage of a FC can be expressed as: 

 𝑣𝑓𝑐 = 𝐸𝑛𝑒𝑟𝑛𝑠𝑡 − 𝑣𝑎𝑐𝑡 − 𝑣𝑜ℎ𝑚𝑖𝑐 − 𝑣𝑐𝑜𝑛𝑐  () 

where 𝐸𝑛𝑒𝑟𝑛𝑠𝑡  is the reversible voltage, 𝑣𝑎𝑐𝑡  is the 
activation overvoltage, 𝑣𝑜ℎ𝑚𝑖𝑐  is the ohmic overvoltage, and 
𝑣𝑐𝑜𝑛𝑐  is the concentration difference over voltage, they are 
calculated as follows: 

 𝐸𝑛𝑒𝑟𝑛𝑠𝑡 = 1.229 − 8.5 × 10
−4(𝑇𝑓𝑐 − 298.15) + 4.308 ×

10−5𝑇𝑓𝑐 [𝑙𝑛
𝑝𝐻2

1.01325
+ 0.5𝑙𝑛

𝑝𝑂2

1.01325
] () 

 𝑣𝑎𝑐𝑡 = 𝑣0 + 𝑣𝑎(1 − 𝑒
−𝑐1𝑖) () 

 𝑣𝑜ℎ𝑚𝑖𝑐 = 𝑖. 𝑅𝑜ℎ𝑚𝑖𝑐  () 

 𝑣𝑐𝑜𝑛𝑐 = 𝑖 (𝑐2
𝑖

𝑖𝑚𝑎𝑥
)
𝑐3

 () 

The stack voltage is calculated as a function of stack 
current, cathode pressure, reactant partial pressures, FC 
temperature and membrane humidity. Detailed explanations for 
the equations can be found in [11]. The stack voltage can be 
determined by multiplying the individual cell voltage, 𝑣𝑓𝑐, by 
the total number of cells, 𝑛, in the stack. 

 𝑣𝑠𝑡 = 𝑛 × 𝑣𝑓𝑐 () 

Hence, the total output power of PEMFC power generation 
system is the product of stack current and voltage: 

 𝑃𝑠𝑡 = 𝑣𝑠𝑡 × 𝐼𝑠𝑡  () 

B. Air Compressor Model 
The system mainly interfaces with the atmospheric 

environment using the air compressor. The model takes in the 
control voltage and altitude as inputs and generates the inlet 
flow of the supply manifold as output. The dynamic behavior 
of the compressor speed can be calculated as follow [11]: 

 𝐽𝑐𝑝
𝑑𝜔𝑐𝑝

𝑑𝑡
= (𝜏𝑐𝑚 − 𝜏𝑐𝑝) () 

where 𝜔𝑐𝑝 is the angular velocity of the air compressor, 𝐽𝑐𝑝 
is the moment of inertia, 𝜏𝑐𝑚 is the compressor motor torque, 
𝜏𝑐𝑝 is the torque required to drive the compressor. 

The compressor motor torque is calculated using a static 
motor equation: 

 𝜏𝑐𝑚 = 𝜂𝑐𝑚
𝑘𝑡

𝑅𝑐𝑚
(𝜐𝑐𝑚 − 𝑘𝜈𝜔𝑐𝑝)  () 

where 𝑘𝑡 , 𝑅𝑐𝑚, and 𝑘𝜈  are motor constants and 𝜂𝑐𝑚 is the 
motor mechanical efficiency. The values are given in TABLE I 
[11]. 

TABLE I. COMPRESSOR PARAMETERS 

Parameter Value Unit 

𝑘𝑣 0.0153 𝑉 (𝑟𝑎𝑑 𝑠𝑒𝑐⁄ )⁄  

𝑘𝑡 0.0153 𝑁 −𝑚 𝐴𝑚𝑝⁄  

𝑅𝑐𝑚 0.82 Ω 

𝜂𝑐𝑚 98% - 

The torque required to drive the compressor is calculated 
using the thermodynamic equation: 

 𝜏𝑐𝑝 =
𝐶𝑝

𝜔𝑐𝑝

𝑇𝑎𝑡𝑚

𝜂𝑐𝑝
[(

𝑝𝑠𝑚

𝑝𝑎𝑡𝑚
)

𝛾−1

𝛾
− 1]𝑊𝑐𝑝 () 

Where, 𝐶𝑝 is the air specific heat capacity, 𝑇𝑎𝑡𝑚 is the air 
temperature at the inlet of compressor, 𝛾 is the air specific heat 
ratio, 𝜂𝑐𝑝 is the efficiency of compressor. 



To obtain the air flow rate through the compressor, 𝑊𝑐𝑝, a 
static compressor map is used, and the compressor flow 
characteristic is modeled by the Jensen and Kristensen nonlinear 
curve fitting method [12]. The compressor characteristics are 
given in [11].  

C. Supply Manifold Model 
The cathode supply manifold includes an assembly of pipes 

and manifold volumes connecting the air compressor to the 
stack cathode. The pressure within the supply manifold, 𝑝𝑠𝑚, is 
determined by applying equations based on mass continuity and 
energy conservation [13]. 

 𝑑𝑚𝑠𝑚

𝑑𝑡
= 𝑊𝑐𝑝 −𝑊𝑠𝑚,𝑜𝑢𝑡 () 

 𝑑𝑝𝑠𝑚

𝑑𝑡
=

𝛾𝑅𝑎

𝑉𝑠𝑚
(𝑊𝑐𝑝𝑇𝑐𝑝,𝑜𝑢𝑡 −𝑊𝑠𝑚,𝑜𝑢𝑡𝑇𝑠𝑚) () 

where 𝑅𝑎 is the air gas constant, 𝑉𝑠𝑚 is the supply manifold 
volume, and 𝑇𝑠𝑚  is the temperature of the flow inside the 
manifold calculated from the ideal gas law. The supply 
manifold exit flow, 𝑊𝑠𝑚,𝑜𝑢𝑡 , is calculated as a function of 𝑝𝑠𝑚 
and 𝑝𝑐𝑎  using the linearized nozzle flow equation. In this 
equation 𝑘𝑠𝑚,𝑜𝑢𝑡 is the supply manifold outlet flow constant. 

 𝑊𝑠𝑚,𝑜𝑢𝑡 = 𝑘𝑠𝑚,𝑜𝑢𝑡(𝑝𝑠𝑚 − 𝑝𝑐𝑎) () 

D. Return Manifold Model 
Due to the comparatively low temperature of the air exiting 

the stack, the air temperature within the return manifold, 𝑇𝑟𝑚 ,  
is consequently considered constant and equal to the stack 
temperature. The return manifold pressure, 𝑝𝑟𝑚  , is modeled 
using the mass conservation and the ideal gas law [13]. 

 𝑑𝑝𝑟𝑚

𝑑𝑡
=

𝑅𝑎𝑇𝑟𝑚

𝑉𝑟𝑚
(𝑊𝑐𝑎,𝑜𝑢𝑡 −𝑊𝑟𝑚,𝑜𝑢𝑡) () 

E. Cathode Flow Model 
This model captures the cathode air flow behavior. To 

achieve a dynamic mass balance in the cathode channel, it is 
essential to consider the thermodynamic properties and mass 
conversion law of oxygen, nitrogen, and water vapor. Then, the 
dynamics of the gas in the cathode is given by the following 
formula according to the principle of mass flow continuity: 

 
𝑑𝑚𝑂2,𝑐𝑎

𝑑𝑡
= 𝑊𝑂2,𝑐𝑎,𝑖𝑛 −𝑊𝑂2,𝑐𝑎,𝑜𝑢𝑡 −𝑊𝑂2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑  () 

 
𝑑𝑚𝑁2,𝑐𝑎

𝑑𝑡
= 𝑊𝑁2,𝑐𝑎,𝑖𝑛 −𝑊𝑁2,𝑐𝑎,𝑜𝑢𝑡 () 

 𝑑𝑚𝑤,𝑐𝑎

𝑑𝑡
= 𝑊𝑣,𝑐𝑎,𝑖𝑛 −𝑊𝑣,𝑐𝑎,𝑜𝑢𝑡 +𝑊𝑣,𝑐𝑎,𝑔𝑒𝑛 +𝑊𝑚𝑒𝑚𝑏𝑟 −

𝑊𝑙,𝑐𝑎,𝑜𝑢𝑡 () 

Where, 𝑊𝑂2,𝑐𝑎,𝑖𝑛
 and 𝑊𝑂2,𝑐𝑎,𝑜𝑢𝑡

 are the mass flow of 
oxygen into and out of the cathode; 𝑊𝑁2,𝑐𝑎,𝑖𝑛 and 𝑊𝑁2,𝑐𝑎,𝑜𝑢𝑡 are 
the mass flow of nitrogen into and out of the cathode; 𝑊𝑣,𝑐𝑎,𝑖𝑛 
and 𝑊𝑣,𝑐𝑎,𝑜𝑢𝑡 are the mass flow rates of water vapor entering 
and exiting the cathode; 𝑊𝑂2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑

 and 𝑊𝑣,𝑐𝑎,𝑔𝑒𝑛 are the mass 

flow of oxygen consumed by the reaction and the mass flow of 
water vapor generated; 𝑊𝑣,𝑚𝑒𝑚𝑏𝑟  is the mass flow of water 
conducted from the anode to the cathode; 𝑊𝑙,𝑐𝑎,𝑜𝑢𝑡 is the mass 
flow of water flowing out of the cathode in the form of liquid, 
which is generally taken as 0. 

F. Anode Flow Model 
This model is quite like the cathode flow model. Hydrogen 

partial pressure and anode flow humidity are determined by 
balancing the mass of hydrogen, 𝑚𝐻2,𝑎𝑛

, and water in the 
anode, 𝑚𝑤,𝑎𝑛. 

 
𝑑𝑚𝐻2,𝑎𝑛

𝑑𝑡
= 𝑊𝐻2,𝑎𝑛,𝑖𝑛 −𝑊𝐻2,𝑎𝑛,𝑜𝑢𝑡 −𝑊𝐻2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑  () 

 𝑑𝑚𝑤,𝑎𝑛

𝑑𝑡
= 𝑊𝑣,𝑎𝑛,𝑖𝑛 −𝑊𝑣,𝑎𝑛,𝑜𝑢𝑡 −𝑊𝑣,𝑚𝑒𝑚𝑏𝑟 −𝑊𝑙,𝑎𝑛,𝑜𝑢𝑡 () 

Here, pure hydrogen gas is assumed to be supplied to the 
anode from a hydrogen tank. Also, it is assumed that the 
hydrogen flow rate can be instantly adjusted by a valve while 
maintaining a minimum pressure difference across the 
membrane. 

III. STEADY STATE ANALYSIS 
In this section, the optimal steady-state operating point for 

the air compressor is studied. The net power of the FC system, 
𝑃𝑛𝑒𝑡 , which is the difference between the power produced by 
the stack, 𝑃𝑠𝑡  , and the parasitic power, should be maximized. 

 𝑃𝑛𝑒𝑡(𝐼𝑠𝑡 , 𝜐𝑐𝑚) = 𝑃𝑠𝑡(𝐼𝑠𝑡) − 𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟  () 

 𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 =
𝐶𝑝 𝑇𝑎𝑡𝑚

𝜂𝑐
 [(

𝑝𝑎𝑡𝑚

𝑝𝑠𝑚
)

1−𝛾

𝛾
− 1]𝑊𝑐𝑝 () 

Most of the parasitic power for a FC system is spent on the 
air compressor; thus, it is important to determine the proper air 
flow [14]. The air flow excess is reflected by the term OER, 
𝜆𝑂2 , defined as the ratio of oxygen supplied to oxygen used in 
the cathode, that is, 

 𝜆𝑂2 =
𝑊𝑜2,𝑐𝑎,𝑖𝑛

𝑊𝑜2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑
 () 

Increasing the OER initially results in higher oxygen partial 
pressure, leading to improvements in 𝑃𝑠𝑡  and 𝑃𝑛𝑒𝑡 . However, 
once the optimal value is reached, further increases in OER 
would result in only marginal increases in 𝑃𝑠𝑡 , and an increase 
in compressor power consumption, causing a decrease in 𝑃𝑛𝑒𝑡. 

To identify the optimal value for OER, the model  is 
executed repeatedly, and steady-state values of OER and 𝑃𝑛𝑒𝑡  
at different stack current, is plotted (Fig. 2). The optimal OER 
varies between 2.0 and 2.4 and decreases slowly when the stack 
current increases. It should be noted that to enhance the 
readability, the graph displays results for currents ranging from 
100 to 280 amps, with 20-amp intervals, whereas the 
calculations cover a range from 1 to 280 amps at 1-amp 
intervals. 



 
Fig. 2. System net power at different stack current and oxygen excess ratios 

IV. ENERGY MANAGEMENT STRATEGY 
The performance of a hybrid FC system is investigated with 

a variable OER. The energy management strategy is 
optimization-based. More specifically, sequential quadratic 
programming (SQP) is an online strategy that does not require 
a priori knowledge of the driving cycle. This strategy illustrates 
the influence of the optimal OER tracking over the hydrogen 
consumption of the hybrid FC system. 

The power demand (𝑃𝑟𝑒𝑞) from the electric motor side is 
supplied by both of PEMFC and battery pack. Therefore, the 
fuel economy of a hybrid FC system relies on how the requested 
power is distributed between these two sources. 

 𝑃𝑟𝑒𝑞 = 𝜂𝐷𝐶−𝐷𝐶𝑃𝑛𝑒𝑡 + 𝑃𝐵𝑎𝑡 () 

In this study, the goal of the EMS is to determine an online 
power split trajectory that minimizes hydrogen consumption in 
the PEMFC while adhering to the system's constraints. The 
hydrogen consumption of the system is expressed as follows: 

 𝐻2(𝑃𝐹𝐶,𝑡) = 𝑎1𝑃𝑠𝑡,𝑡
2 + 𝑎2𝑃𝑠𝑡,𝑡 + 𝑎3 () 

To ensure that the power sources operate within acceptable 
limits, the EMS incorporates the following constraints. 

{
 
 
 
 

 
 
 
 
𝑃𝑠𝑡,𝑚𝑖𝑛 ≤ 𝑃𝑠𝑡,𝑡 ≤ 𝑃𝑠𝑡,𝑚𝑎𝑥  

(𝑃𝑠𝑡,𝑚𝑖𝑛 = 0𝑘𝑊, 𝑃𝑠𝑡,𝑚𝑎𝑥 = 75𝑘𝑊)

Δ𝑃𝑠𝑡,𝑚𝑖𝑛 ≤ 𝑃𝑠𝑡(𝑡) − 𝑃𝑠𝑡(𝑡 − 1) ≤ 𝛥𝑃𝑠𝑡,𝑚𝑎𝑥

(𝛥𝑃𝑠𝑡,𝑚𝑖𝑛 = −7.5 𝑘𝑊 𝑠⁄ , 𝛥𝑃𝑠𝑡,𝑚𝑎𝑥 = 7.5 
𝑘𝑊

𝑠⁄ )

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶(𝑡) ≤ 𝑆𝑂𝐶𝑚𝑎𝑥                                                      
(𝑆𝑂𝐶𝑚𝑖𝑛 = 50%, 𝑆𝑂𝐶𝑚𝑎𝑥 = 90%)

𝑃𝑏𝑎𝑡,𝑚𝑖𝑛 ≤ 𝑃𝑏𝑎𝑡,𝑡 ≤ 𝑃𝑏𝑎𝑡,𝑚𝑎𝑥  

(𝑃𝑏𝑎𝑡,𝑚𝑖𝑛 = −30𝑘𝑊, 𝑃𝑏𝑎𝑡,𝑚𝑎𝑥 = 40𝑘𝑊)

 () 

 

Where 𝑃𝑠𝑡,𝑚𝑖𝑛 , 𝑃𝑠𝑡,𝑚𝑎𝑥 , Δ𝑃𝑠𝑡,𝑚𝑖𝑛 , 𝛥𝑃𝑠𝑡,𝑚𝑎𝑥 , 𝑆𝑂𝐶𝑚𝑖𝑛 , 
𝑆𝑂𝐶𝑚𝑎𝑥 , 𝑃𝑏𝑎𝑡,𝑚𝑖𝑛 , and 𝑃𝑏𝑎𝑡,𝑚𝑎𝑥  are minimum and maximum 
values of FC stack power, FC stack power variation, battery 
SOC, and battery power. 

V. RESULTS AND DISCUSSION 
The results obtained in this work are provided in this 

section. The performance of the formulated EMS is explored 
under the presented mission profile in Fig. 3. 

 
Fig. 3. WLTC Class 3 driving cycle 

The EMS is examined by considering two cases. First, 
constant OER: the required power from the PEMFC is 
determined by EMS while the OER is assumed to be constant 
and equal to 2. Second, EMS using optimum OER: this scenario 
investigates the performance of the strategy while utilizing 
optimal OER.  

Fig. 4 shows the performance of the EMS. Fig. 4a shows the 
share of net power that the FC should supply, while Fig. 4b 
presents the power provided by the battery. It is evident that the 
battery absorbs sudden peaks to prevent any starvations in the 
FC system. Fig. 4c indicates the variation of the battery SOC, 
starting with an initial value of 70% and ending at almost 68%. 

Fig. 5 compares the gross stack power required by the FC 
to meet the net power demand in each case study of constant 
and optimal OER. This figure reveals that with a constant OER, 
the gross stack power is higher compared to when the optimal 
OER is used. This difference becomes more pronounced in the 
mid-operating range of the FC system, specifically from 1200 s 
to approximately 1350 s. In this interval, the disparity between 
the optimal OER and the tested constant OER is significantly 
larger. The difference becomes less significant from 1550 to 
nearly 1750 seconds, as shown in Fig. 5, due to the minimal 
variance between the optimal and constant OER values in this 
interval. It is important to highlight that both methods attained 
the same FC net power. 

To quantify the extent of this difference between the two 
case studies, the total hydrogen consumption, a direct result of 
the gross stack power, is reported in Fig. 6. According to this 
figure, the use of optimal OER led to a consumption of 
approximately 350 g of hydrogen, while the constant OER 
resulted in more than 360 g. This indicates that the use of 
optimal OER has led to an almost 3% reduction in hydrogen 
consumption in the conducted study. 



 
Fig. 4. The obtained FC net power (a), battery power (b) and battery SOC (c) 
using the designed EMS. 

 

Fig. 5. Gross fuel cell stack power for the two case studies. 

 
Fig. 6. Hydrogen consumption of each performed case study. 

VI. CONCLUSION 
This paper investigates the influence of optimal OER 

tracking over the hydrogen consumption of a hybrid FC system. 
In this respect, an optimization-based EMS is formulated for 
hydrogen consumption minimization of a PEMFC stack. 
Similar to the existing EMSs in the literature, the EMS 

determines the required net power from the PEMFC stack, 
while respecting the limitation of the power sources, and the 
remainder is supplied by the battery pack. Results show that 
following the optimal trajectory of OER would decrease the 
hydrogen consumption around 3% for a standard mission 
profile at sea level conditions.  
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