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Abstract: In this paper optimal battery capacity and fuel cell 

stack power were calculated for the specific application of the 

fuel cell powered forklift. Optimal energy strategy has been 

defined for different operation cycles and working conditions. 

Numerical model of the specific fuel cell powered forklift has 

been designed and validated together with available 

experimental results. Simulations results where validated with 

the experimental data. The most important parameters on the 

forklift performance have been defined and evaluated, such as: 

energy lost, battery load cycles etc. The main research outcome 

of the herein presented study is the novel control strategy for 

optimization of the PEM FC-Battery hybrid system in real 

environment/conditions. 

1. Introduction 

Fuel cells power pack has been proven as a better solution 

to industrial lead-acid batteries in electric material 

handling equipment. Fuel cell is safer, cleaner and more 

efficient than battery operated lift truck. The fuel cell 

solution produces no harmful emissions and eliminates 

the costs associated with handling and storing toxic 

materials. Even though fuel cell hybrid energy systems 

have not yet entered the large scale commercialization 

phase, they have a great potential to be the final step in 

the transition of the transportation, earth moving and 

loading sectors to the environmentally friendly machines 

[1,2]. In the power train, the pure fuel cell systems (FCS) 

exhibit slow dynamics and long start-up times, while 

incorporating the electrical storage system (ESS) 

improve the responsiveness of the power source to abrupt 

load changes during acceleration. In the hybrid system, 

the ESS helps meet the peak power demands, so that the 

FCS needs to be sized according to the cruising demand 

only, not to the peak demand as in pure FCS powertrains. 

The novelty in the energy storage technology is using 

metal hydride (MH) H2 storage extension tank in 

commercial fuel cell power module. [4].  The durability 

is still the major challenge to fuel cell commercialization. 

For transportation applications, fuel cell systems are 

required to achieve a minimum lifetime of 5000 h to be 

comparable with the current automotive engines [2]. The 

load dynamics is considered as the main aging-

accelerator [3].  Load changing leads to many 

degradation effects like flooding of the porous media of 

the electrodes, dehydration of the membrane and the loss 

in the catalyst layer due to gas starvation [5]. As a result, 

the load dynamics should be limited in order to increase 

the FCS lifetime.  

Charge-discharge rate and depth-of-discharge have 

major effects on the battery lifetime. The battery aging is 

manifested in a decrease in discharge capacity and an 

increase in the internal resistance [6,7]. The battery cycle 

life depends on the operating conditions with few 

thousand cycles as a typical value. Due to this reduction 

in battery size, the ESS cost analysis has shown that the 

hybrid ESS can be more economical than the battery-only 

ESS [9], and the cost advantage is further increased if the 

battery aging is taken into account [10]. 

The power management strategy defines the contribution 

of the different power sources in fulfilling the power 

demand while considering the system states. In case of a 

single energy storage (e.g., battery), which is the most 

common case in hybrid electric vehicle [11–15], the 

power management deals with one control variable (e.g., 

the FCS power or the battery power in case of a fuel 

cell/battery hybrid) and one controllable state (i.e., the 

battery state-of-charge). In this paper a focus was on the 

use of hybrid power configurations for a lift truck. The 

aim of the paper is to investigate the performance of such 

a hybrid system which associates a FC with a battery for 

the specification of VDI 60 load profile of lift truck. For 

this case study, an efficient optimal energy management 

strategy based on operation states is proposed. This 

energy management strategy determines the operating 

point of each component of the system to maximize the 

system efficiency. The main objective of this paper is to 

determine the optimum energy strategy for different 

operation cycles and working conditions. The main 

research outcome of the herein presented study is a novel 

control strategy to optimize PEM FC-Battery hybrid 

system in real environment/conditions. 
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Symbols 

 

BoP Balance of Plant  RHMF  Reacted Hydrogen Mass Flow  

CCL cathode diffusion layer  TOC Total output charge  

FCP Fuel cell power TOE Total output energy  

GDL gas diffusion layer Tnorm temperature of the fuel cell 

Icell current of the electro-chemical model of the fuel cell  Tout outlet gas temperature 

η norm corresponding efficiency of the fuel cell  Tin inlet gas temperature 

Pcompressor The power consumption of the compressor  Ucell voltage of the electro-chemical model of 

the fuel cell  

Pcell power of the fuel cell UOC ideal open circuit voltage  

Ploss,cell power loss of the fuel cell Ustack voltage of the stack  

 

2. Descriptions of the fuel cell – battery 

powered lift truck 

The system was built around STILL RX60-30L 3-tonne 

electric forklift and then converted to fuel cell-battery 

power pack with metal hydride storage extension tank 

[4]. Fuel cells are superior alternative to industrial lead-

acid batteries in electric material handling equipment as 

they do not need time for the replacement after certain 

time and can always provide 100% power to the truck 

during entire shift, even in freezer environments as low 

as -22°F. Battery degradation and untimely trips to the 

battery room are eliminated. Fuel cells always allow the 

lift truck to operate at peak speeds, independent of how 

much fuel is left in the tank. Battery-powered lift trucks 

lose approximately 14% of their speed over the last half 

of the battery charge. 

The forklift is equipped with a 5PZS700 lead acid battery 

(80 VDC), with a capacity of 700 Ah and with a 

GenDrive 1000 160X-80CEA fuel cell power module, 

with built-in CGH2 hydrogen storage (P 350 bar), 

purchased from Plug Power, Inc.  

The module can provide an output voltage of 80 VDC, 

at maximum continuous current of 125 A; and the 

power module was integrated with a metal hydride 

hydrogen storage extension tank to yield a hybrid 

CGH2 MH hydrogen storage system for the forklift 

[4]. 

Figure 1 shows the forklift in the configuration “fuel 

cell MH tank”, including the GenDrive 1000 160X-

80CEA fuel cell power module and the MH extension 

tank. 

Important details regarding FC power module with 

MH extension tank are presented in Table 1 [4] 

Table 1. Power consumption by BoP components of the FC 

power module with MH extension tank 

 

 
 

 
Figure 1. PEM Fuel Cell- Battery Power train for lift truck 

application [16] 

 

3. Fuel cell hybrid power pack model 

A schematic of the fuel cell/battery power pack for lift 

truck is shown in Figure 2. The battery is directly 

connected to the DC bus, whereas the FCS is coupled to 

the bus via a unidirectional DC/DC converter that enables 

the control of the FCS output power. A bidirectional 

DC/DC converter in front of the battery that operates on 

different voltage level and enables the control of the 

power.  

Component                                            Contribution in the  

                                                               power consuption 

[W]. 

 

Power module electronics 143.6 

  

Other BoP components 

of the power module providing 

FC stack operation 1058.8 

 

MH thermal management 

system 313.8 

 

TOTAL 1516.2 
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Its bidirectional operation enables discharging and 

charging of the battery. The topology shown in Figure 2 

is the typical one used for lift truck in literature [4], due 

to its advantages over other possible alternative 

topologies. In this topology, the DC bus voltage is the 

same as the battery voltage, so that no direct bus voltage 

regulation exists. 

The fuel cell model is based on analytical electro-

chemical equations derived from the polarization curve 

of the cathode side of the PEMFC. The approximate 

solution of the equations takes into account the oxygen 

and proton transport losses in the CCL, and the oxygen 

transport losses in the GDL for different temperature, 

relative humidity and gas pressure on the cathode side. 

The model can be utilized to evaluate the electrical 

properties such as voltage, power, power loss and 

efficiency of the fuel cell, as well as the gas properties 

such as total amount of consumed oxygen and hydrogen. 

In the fuel cell component, in addition to the fuel cell, a 

simple compressor model can be activated so that the 

power consumption of the compressor, which 

significantly influences the operating efficiency of the 

fuel cell system, can be taken into consideration. Fuel cell 

properties are shown in Table 2. 

 

Figure 2. PEM Fuel Cell- Battery Power Pack Model 

Table 2. Fuel cell properties 

 

The number of cell in a stack, cell area and maximum 

current are parameterized.  

The power of the fuel cell is defined as: 

 

 
 

𝑃𝑐𝑒𝑙𝑙 = 𝑈𝑐𝑒𝑙𝑙 ∗ 𝐼𝑠𝑡𝑎𝑐𝑘  
(1) 

 

and the power loss of the fuel cell is 

 

 𝑃𝑙𝑜𝑠𝑠,𝑐𝑒𝑙𝑙 =  (𝑈𝑜𝑐 − 𝑈𝑐𝑒𝑙𝑙) ∗  𝐼 (2) 

 

 

The corresponding efficiency of the fuel cell is 

 

 
 

η𝑐𝑒𝑙𝑙 = (
𝑈𝑜𝑐 − 𝑈𝑐𝑒𝑙𝑙

𝑈𝑜𝑐

) 
(3) 

The battery model is based on an equivalent electrical 

circuit, and it is able to predict the voltage response to a 

current at a particular state of charge (SOC) and 

temperature. The basic model consists of a controlled 

voltage source and an Ohmic resistance used to describe 

the instantaneous voltage response to a current input. In 

an advanced model, one or more RC networks could be 
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added to the electrical circuit to predict the transient 

voltage response to a dynamic current load. Battery 

properties are described in Table 3. 

The battery voltage depends on the battery state of 

charge. During the discharge of the battery there is a drop 

of individual cells as well as entire battery. Therefore, it’s 

necessary to determine the limits of the battery, state of 

charge, not only due to the voltage drop but also to extend 

the battery life. The rated battery capacity is 25Ah, while 

the minimal and maximal voltage are 3 and 3.9. 

The battery state of charge indicates the remaining 

battery capacity relative to the rated capacity. State of 

charge is an important parameter in battery management. 

It precision adjustment is demanding and necessary to 

maintain an acceptable life span and safe use of the 

battery. Load profile is according to the VDI 60 for 

material handling application; Figure 3. Heavy-duty test 

of the forklift was carried out according to the VDI 

60/VDI 2198 standard protocol. The duration of 

driving/lifting/dropping cycle was ~1 min (60 cycles per 

1 h) and the distance, L, between lifting/dropping points 

was of 30 m.  

 

Figure 3. VDI 60 Load profile 

 

Table 3. Battery properties 

 

 

 

 

 

 

 

 

 

 

 

 

4. Results and discussion 

In order to successfully implement hybrid functionalities 

of the forklift, the AVL – Cruise M program was used. 

Before starting the simulation, it is necessary to 

determine the driving conditions under which the vehicle 

will be exposed, and according to that conditions, choose 

the appropriate driving cycle. Driving cycles describe the 

actual loads that might occur during driving. Figure 4 

shows most important characteristics for default values. 

 

 
Figure 4. Simulation 1 - Battery capacity 25Ah, fuel cell 

power 11kW FC:75cells_370mm; Bat.:75V; 

Current 125A 

 

Number of fuel cell's in a stack is 75, cell area 370𝑚𝑚2, 
battery voltage 75V, rated battery capacity is 25Ah, and 

the default current 125A, with this current value fuel cell 

power is maintained on 11kW. We can see that SOC of 

battery is remaining at a reasonable level. When the state 

of charge is 50% the fuel cell start powering the battery 

and when the state of charge is 82% the fuel cell stops. 

During the entire operation, the output current of the fuel 

cell is stable, and the output power of the fuel cell 

gradually follows the load power request, preventing the 

impact of load abrupt changes on the fuel cell. The 

battery is charged and discharged according to the power 

of the load. Reacted hydrogen mass flow is between 

0.13g/s and 0.15g/s. Calculating it back to “normal” 

conditions the amount would be between 10Nl/min and 

15Nl/min per 1kW as it is shown in figure 5. The reacted 

hydrogen mass is 0.45kg. 

For next simulation same data are used, except battery 

capacity.  Smaller battery (10Ah) is used as it is shown 

in figure 6. It can be seen that the output power of the fuel 

cell remains unchanged (11kW), but the SOC of the 

battery changes as well. When the state of charge is on 

20% the battery changes from the discharging state to the 

charging state until it is fully charged. According to that 

reacted hydrogen mass increased, and the value is 

0.51kg. Reacted hydrogen mass flow is between 0.135g/s 

and 0.155g/s During research several simulations with 

different current, power and load are used to demonstrate 

the behavior difference. 

The most important results of simulations are shown in 

table 4. The red colored data in the table are most 

appropriate for observed model. 
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Figure 5. Reacted Hydrogen Mass Flow (kg/s) 

 

 

Figure 6. Simulation 2 - Battery capacity 10Ah, fuel cell 

power 11kW, FC_75cells_370mm2; Bat:75V; 

Current - 125A 

Table 4. The most important results of research 

 FC75_370 mm2-

Bat75V 25Ah-Target 

Current  125A Power 

modul-v.9-r1 

25Ah-Target Current 

115A Power modul-v.9-

r2 

50Ah-Target Current  

115A Power modul-v.9-

r3 

FC75_370mm2-Bat75V 

10Ah-Target Current  

125A Power moful-v.9-

r6 

FCP (kW) 11 (10,-12,) 10 (9.5-10.5) 10 11 

BPe (kW) -22,-12 -25,-13 -25,-13, -25,-13 

SOC 52-82 22-48 45-58 25-100 

TOC (Ah) 40 (1500s) 40 (1450s) 80 (3600s) 72 (3600) 

RHM (kg) 0.45 0.41 0.52 0.52 

RHMF (g/s) 0.13-0.15 0.124-0.136 0.12-0.136 0.132-0.15 

TOE (MJ) 20.5 22 22 22 

 

5. Conclusions 

The performance of fuel cell – battery power pack for the 

forklift hybrid system was investigated. Model is 

designed in AVL Cruise M software package where 

VDI60 load profile was implemented. For this case study, 

an efficient optimal energy management strategy is 

proposed and elaborated. The optimum size of battery 

and fuel cell stack were determined for the specific 

application. This energy management strategy 

determines the operating point of each component of the 

system in order to maximize the system efficiency for 

different operation cycles and working conditions. 

Proposed novel control strategy will be used to optimize 

PEM FC-Battery hybrid system in real 

environment/conditions.  
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