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ABSTRACT

Conventional forklifts face serious issues, with internal combustion engine models causing indoor pollution, and lead-acid 
battery variants having slow charging and reduced power output as the charge diminishes. To address these drawbacks, this 
paper introduces a 2.5-tonne fuel cell forklift designed for Hong Kong's bustling logistics, warehousing, and transportation 
needs. It presents the development of dynamic simulation and cycle condition models, incorporating life cycle cost and 
average efficiency functions. Simulations reveal that selecting a 50-cell stack (rated at 11.8 kW) is the most cost-effective 
option, reducing hydrogen consumption by 2.3% using Technique for Order of Preference by Similarity to Ideal Solution 
(TOPSIS) optimisation. Cycle conditions do not alter the stack's optimal working voltage. However, the stack's voltage is 
influenced by stack and hydrogen prices, requiring an optimal design based on Hong Kong's actual costs. This study provides 
a theoretical foundation for future fuel cell forklift design through techno-economic analysis.
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2021). To address these limitations and deliver an eco-
friendly solution, the introduction of hybrid fuel cell/lithium 
battery forklifts is emerging as an ideal choice for powering 
these vehicles. Such hybrid systems offer sustained high 
working capacity without environmental harm. Forklifts, 
with their distinctive characteristics such as limited 
operating range, lighter weight, and relatively modest 
technical power system requirements, are poised to lead 
the way in fuel cell applications. Typically confined by the 
constraints of storage facilities, these forklifts only require a 
cost-effective, small 35 MPa standard hydrogen refuelling 
station within the base in which they operate. Consequently, 
the promotion of fuel cell-powered forklifts is not tethered 
to the extent of hydrogen refuelling infrastructure coverage. 

As far back as 2007, E Chan et al. (2007) embarked 
on the design of a hybrid forklift power system, integrating 
both fuel cells and batteries within an active hybrid 
configuration. Additionally, Das et al. (Das et al., 2017) 
developed a comprehensive model for a fuel cell hybrid 
forklift drive system utilising Matlab/Simulink. While 
this model primarily focused on a static representation of 
the fuel cell system, it successfully validated the power 
system's capability to meet the performance demands of the 
forklift. Moving forward, E Hosseinzadeh (Hosseinzadeh 
et al., 2013) et al. delved into the comparison of various 
combinations of fuel cells and lead-acid batteries, assessing 
their impact on forklift performance and hydrogen 
consumption. Their work revealed a crucial trade-off: a 
larger battery, while delaying the fuel cell's startup, resulted 
in reduced hydrogen consumption. However, it also added 

1. Introduction

The progressively dire state of global environmental 
pollution and climate change can be attributed to the 
extensive reliance by humanity on fossil fuels (Falcone et 
al., 2021). Hydrogen, functioning as a clean and versatile 
secondary energy source, offers a viable pathway to cost-
effective decarbonisation. Recent years have witnessed 
a rapid and robust growth in the hydrogen economy, 
epitomised by advancements in hydrogen fuel cell 
technology (Chakraborty et al., 2022). This development 
signifies a global shift towards a cleaner and more 
sustainable energy landscape. Fuel cells represent a novel 
power source that enhances energy efficiency while 
concurrently diminishing exhaust emissions. Their inherent 
advantages underscore their crucial role in various modes 
of transportation. Presently, the primary hindrances to 
the widespread commercial adoption of fuel cells in the 
transportation sector are inadequate hydrogen refuelling 
infrastructure, a lack of supporting services, and technical 
challenges within power systems.

Forklifts are indispensable industrial handling 
vehicles extensively employed in warehouses, ports, and 
various operational settings. In a bid to curtail air pollution, 
traditional internal combustion engine forklifts are 
gradually giving way to lead-acid battery-powered forklifts. 
However, these lead-acid battery forklifts suffer from 
several shortcomings, including limited range, protracted 
charging times, and a reduction in operational efficiency 
as the battery’s level of charge diminishes (Radica et al., 
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to the vehicle's weight, necessitating a delicate balance 
between battery capacity and weight considerations. 
Evaluating the economics of fuel cells often hinges on a 
perspective that assumes limited-scale utilisation, resulting 
in differing conclusions when compared to conventional 
energy sources. For instance, N Metzger et al. (Metzger 
and Li, 2022) contended that lithium batteries exhibited 
a lower lifecycle cost for forklifts when compared with 
proton-exchange membrane fuel cells. Conversely, J 
Leaver et al. (Leaver and Gillingham, 2010) argued that, 
accounting for carbon taxes, hydrogen fuel cells prove to 
be more cost-effective than internal combustion engines 
and lithium batteries. It is crucial to note that many of these 
cost assessment factors in additional elements, such as 
infrastructure development and various economic variables, 
have led to the formulation of more intricate models 
(Renquist et al., 2012).

It is a common practice to assess the efficacy 
of a specific technology primarily through economic 
evaluations, often overlooking the optimisation of system 
design from a cost-centric perspective. For instance, Zheng 
et al. (2014) introduced an energy management strategy 
grounded in Pontryagin's minimum principle. Their analysis 
demonstrated its potential to yield cost savings and extend 
the system's service life. Similarly, Kumaraswamy et al. 
(Kumaraswamy and Quaicoe, 2017) explored the impact 
of operating parameters on operational expenses, though 
primarily focusing on maximum power and maximum 
efficiency. In contrast, some research endeavours have 
delved into the influence of system design choices on costs, 
particularly in the realm of solid oxide fuel cell/gas turbine 
hybrid power generation. Cheddie (Cheddie and Murray, 
2010) et al., for instance, investigated the cost implications 
of varying cell voltage. It is worth noting that these thermo-
economic assessments encompassed not only fuel cell 
power generation but also the integration of gas turbines for 
waste heat recovery, providing a more holistic view of the 
cost dynamics.

In the context outlined above, this paper presents 
a comprehensive study of a 2.5-tonne hybrid forklift, 
combining fuel cell and lithium battery technologies, 
situated in Hong Kong. Detailed models for the 
corresponding power system and operational conditions 
were established. Leveraging these dynamic models, 
functions were developed for evaluating the forklift's 
life cycle cost and average efficiency. Subsequently, 
simulations were conducted based on these models to 
determine the optimal power settings and working voltage 
for the forklift's fuel cell stack. To further enhance hydrogen 
utilisation efficiency, the Technique for Order of Preference 
by Similarity to the Ideal Solution (TOPSIS) methodology 
was applied. Finally, a sensitivity analysis was carried 
out, considering variables such as cycle conditions, stack 
performance, stack design life, service time, stack pricing, 
and hydrogen pricing. This analysis provides a solid 
theoretical foundation for informing the future design and 
deployment of fuel cell-powered forklifts.

2. Fuel cell forklift power system modelling

2.1. Fuel cell forklift configuration

Given the bustling logistics and warehousing in Hong 
Kong, this paper introduces a 2.5-tonne counterbalanced 
forklift featuring a hybrid power system consisting of 
a 10 kW proton-exchange membrane fuel cell and an 
80 V/125 Ah lithium-ion battery, as illustrated in Figure 2. 
Table 1 provides a summary of its specific parameters.

Figure 1. Photograph of the forklift.

Figure 2. Forklift power system architecture.

Table 1. Forklift and stack parameters.

Self-weight 
(kg)

Rated load 
capacity (kg)

Maximum 
full load 

driving speed 
(km/h)

Rated full 
load lifting 

speed (mm/s)

Rated full 
load lowering 
speed (mm/s)

4285 2500 13 280 430
Number of 
stack cells 
(pieces)

Active area 
size (cm2)

Rated power 
(kW)

Rated current 
(A)

Rated 
individual 

voltage (V)
52 285 12.27 370.5 0.637

2.2. Forklift and fuel cell system dynamics modelling

In the longitudinal force analysis of the forklift, due 
to the low speed of the forklift and negligible air resistance, 
the forklift moves at a speed of v (Genta, 1997).

t f i bF F F F
v dt

mδ
− − −

= ∫  ,� (1)
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where Ust is the fuel cell stack voltage, and PBOP is the 
power of BOP such as the blower, water pump, etc.

2.3. Cycle condition modelling

The People’s Republic of China Machinery Industry 
Standard (JB/T 3300-2010) for energy consumption testing 
of internal combustion forklifts (Zhang et al., 2021) was 
modified to align with the real working conditions of fuel 
cell forklifts. This ensures that the forklift operates within a 
60 second cycle, equally split between loaded and unloaded 
conditions. By incorporating the forklift model into the 
cycle condition model for dynamic simulation (Figure 4), 
the forklift's average power was determined to be 6,103 
W, with its total hydrogen consumption being 348.6 g/h, 
matching the real test results.

Figure 4. Forklift and fork movement.

3. Life cycle cost function, stack average efficiency 
function and parameter optimisation

Before deriving the relevant function, the following 
reasonable assumptions were made: the sole focus is the 
fuel cell system itself, with consideration of a single forklift 
rather than a fleet, whilst accounting for cash outlay without 
involving borrowing, and excluding policy incentives. A 
residual system value of 0 is assumed, and the stack's power 
varies solely through changes in the number of cells, with 
its current density polarisation curve remaining constant.

3.1. Life cycle cost function

The life cycle cost (LCC) function refers to the costs 
associated with a product that arise during its effective use 
(Wang et al., 2022). For the fuel cell system selected for the 
forklift truck, LCC was established as:

where Ft is the driving force, Ff is the rolling resistance, Fi 
is the gradient resistance, Fj is the acceleration resistance, 
Fb is the braking force, δ is the conversion coefficient of the 
rotating mass, and m is the total mass of the forklift.

The forklift lifting system can be approximately 
calculated based on the principle of conservation of energy. 
The operating voltage of a proton exchange membrane fuel 
cell can be corrected by activation loss, ohmic loss, and 
mass transfer loss based on the Nernst equation, and then 
its single cell voltage is (O'hayre et al., 2016):

2

2 2

2

01
st o st mem2

cell H O 0 cl
st mem0 o

1.195 ln( ) ln
2 2

I c IRT RTU P P
F F AI c

δ

α σ

⎛ ⎞
⎜ ⎟= + − −
⎜ ⎟
⎝ ⎠

 ,� (2)

where R is the ideal gas constant, T is the stack temperature, 
F is the Faraday constant, PH2 is the hydrogen partial 
pressure, PO2 is the oxygen partial pressure, α is the transport 
coefficient, c0

O2 is the reference oxygen concentration, ccl
O2 

is the catalytic layer oxygen concentration, Ist is the stack 
current, I0

0 is the stack current at the reference concentration, 
Ast is the active area size, δmem is the proton exchange 
membrane thickness, and σmem is the proton exchange 
membrane conductivity.

Modelling the anode and cathode flow channels, gas 
diffusion layer, and proton exchange membrane allowed 
us to derive the parameters for calculating the dynamic 
stack voltage. The resulting fuel cell polarisation curves are 
displayed in Figure 3. These curves demonstrate relative 
errors within ±1% when compared to the experimental data 
from the manufacturer's stack test, affirming the accuracy 
of the stack model.

Figure 3. Stack polarisation curve.

Based on the stack model, the entire fuel cell system 
model can be obtained by adding balance of plant (BOP) 
models such as the hydrogen/air supply system and thermal 
management system. For the fuel cell system, the BOP 
efficiency ηBOP is obtained by Equation (3).

st st BOP
BOP

st st

I U P
I U

η
−

=  ,� (3)
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Figure 5. Stack degradation.

Substituting the above Equation (5) - (8) into Equation 
(4) , the LCC function can be obtained as:

( )
( )

( )
( )

cell desg heat cy H2
1 1 1 StDesg 2 2 0

desg work H2 real purge BOP cy

1
, ( )

Tn AV V P t M
LCC C k C P k C dt

f V V LHV V t P
ρ

η η
= + + + ∫ . � (9)

3.2. Stack average efficiency function

The probability density function p(Pcycle) of the 
operating power of the fuel cell system obtained from the 
fuel cell forklift dynamic model and the cycle condition 
model is shown in the following Figure 6.

Figure 6. Working power probability density function.

Substituting this into the system, a probability density 
function p(est) of the stack efficiency can be established, 
and therefore, the stack average efficiency est_avg is:

( )st_avg st st ste e p e de= ∫  ,� (10)

where est is the stack current efficiency.

st BOP op fuel0 0

T T
LCC C C C dt C dt= + + +∫ ∫  ,� (4)

where Cst is the stack cost, CBOP is the BOP cost, Cop is 
the operating cost, Cfuel is the hydrogen cost, and T is the 
runtime.

For the stack cost Cst, based on the reference stack 
power PStDesg of the forklift, the amplification factor f 
(Vwork, Vdesign), which is determined by the fuel cell model 
in Equation (2), is used to convert its power for different 
working voltages, so the following is obtained:

( ) ( )
StDesg cell desg

st 1 1
desg work desg work, ,

P n AV
C C C

f V V f V V
ρ

= =  ,� (5)

where C1 is the stack unit price in HK$/kW, ncell is the 
number of fuel cell pieces, A is the single cell active area 
size in cm2, Vdesg is the reference design working voltage in 
V, ρ is the current density in A/cm2, and Vwork is the actual 
working voltage in V.

For the BOP cost CBOP which can be considered 
constant when the working capacity of the system remains 
the same, it can be obtained as:

BOP 1 1 StDesgC k C P=  ,� (6)

where k1 is the BOP cost factor.
For the operating cost Cop, from a long-timescale 

perspective, it can be as time-dependent as the hydrogen 
cost, and therefore can be converted to the hydrogen cost as 
follows:

op 2 fuelC k C=  ,� (7)

where k2 is the operating cost factor.
Taking into account the BOP efficiency calculated by 

the fuel cell model in Equation (3), the hydrogen cost Cfuel 
can be obtained as:

( )
( )

heat cy H2
fuel 2 0

H2 real purge BOP cy( )
T V P t M

C C dt
LHV V t Pη η

= ∫  ,� (8)

where C2 is the hydrogen unit price in HK$/kg, Vheat is the 
reversible voltage in V, Pcy is the cycle condition average 
working power in kW, MH2 is the hydrogen molecular 
weight in kg/mol, LHVH2 is the hydrogen lower heating 
value in kJ/mol, Vreal is the working voltage in V, ηpurge is 
the hydrogen utilisation rate which can be considered as a 
constant value and ηBOP(Pcy) is the BOP efficiency which is 
influenced by the cycle condition.

Vreal(t) is affected by the operating time of the stack, 
and its single-cell voltage decline can be regarded as a 
linear degradation of 10% for the 10,000 hours of the 
design life of the stack in this paper, as shown in Figure 5 
(Chen et al., 2015).
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3.4. TOPSIS optimisation

Given that coal serves as the primary source of 
hydrogen production in Hong Kong, a marginal increase in 
LCC is tolerable in the interest of environmental protection. 
Therefore, the Technique for Order of Preference by 
Similarity to the Ideal Solution (TOPSIS) is employed to 
comprehensively assess LCC and stack average efficiency. 
TOPSIS operates on the principle that the chosen 
alternative should minimise its geometric distance from 
the positive ideal solution while maximising its distance 
from the negative ideal solution, as depicted in Figure 8. 
This approach ensures more comprehensive utilisation of 
original data and minimises information loss (Yoon and 
Kim, 2017). As illustrated in Figure 9, the positive ideal 
solution (A) represents the lowest LCC and stack efficiency, 
though it may not be attainable, whereas the negative ideal 
solution (B) signifies the highest LCC and stack efficiency. 
The optimal solution aims to closely approach point A 
while distancing itself from point B within the rectangular 
region formed by these points. Applying TOPSIS, point P 
is selected with a working voltage of 0.754 V. The lowest 
LCC point (C) involves a total hydrogen consumption 
of 3,539 kg and an LCC of HK$348,115. In contrast, 
optimisation point P achieves a 2.3% reduction in hydrogen 
consumption, totalling 3,623 kg, and a slight 0.45% 
increase in LCC, reaching HK$346,556. This modest cost 
increase results in reduced hydrogen consumption, directly 
leading to a 1,848 kg reduction in CO2 emissions per 
forklift.

Figure 8. TOPSIS optimisation.

3.3. Simulation results

The fuel cell system parameters are aligned with 
current technology and guided by cycle conditions. Given 
that the hydrogen economy in Hong Kong is still in its 
infancy and lacks essential infrastructure like hydrogen 
refuelling stations, benchmark prices are provided in Table 
2, with simulation results depicted in Figure 7. Notably, 
lower fuel cell efficiency leads to increased hydrogen 
consumption throughout the lifecycle, resulting in a higher 
LCC. To enhance fuel cell efficiency, opting for a larger 
fuel cell system is necessary, albeit at a higher LCC. Thus, 
considering current stack and hydrogen prices in Hong 
Kong, selecting a 50-cell stack (rated power of 11.8 kW) 
for the 2.5-tonne forklift is the most suitable choice. This 
configuration maintains an average working voltage of 
0.737 V, an average stack efficiency of 59.88%, and a 
notably low LCC of HK$346,556.

Table 2. Benchmark price.

k1 k2 C1 C2

0.4 0.005 3500 80

Figure 7. Baseline simulation results.

In terms of the lifecycle perspective, only 16% of 
the total cost is attributed to the fuel cell system, with 
the majority linked to hydrogen consumption. Thus, the 
accuracy of the LCC assessment relies on the dynamic 
forklift model established earlier. The current forklift 
incorporates a 52-cell stack, resulting in an LCC of 
HK$346,634, aligning closely with the simulation 
optimisation outcomes, making it suitable for the current 
Hong Kong region. However, this forklift was originally 
designed with a focus on a 20 kW peak power and 6 kW 
average power. To fulfil this power demand, a 10 kW fuel 
cell system was adopted for average power, complemented 
by a 10 kWh (1C) lithium-ion battery to address peak 
power needs. This study thus lays a theoretical foundation 
for forklift design, emphasising lifecycle techno-economics.
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Figure 10. Effect of cycle condition on the system.

4.2. Stack performance

Improvements in proton exchange membranes, highly 
active catalysts, and flow channel designs significantly 
enhance stack performance. Europe anticipates stack power 
density to reach 1.2 W/cm2 @0.675V by 2030 (Urban 
Europe, 2019), up from 1 W/cm2 @0.650V in 2020. 
Assuming a boost in stack power density from 0.8 W/cm2 
to 1.2 W/cm2, albeit with no change in unit price due to 
increased manufacturing costs, the sensitivity analysis in 
Figure 11 indicates that LCC can be reduced by 3.1% and 
5.5% as fuel cell performance climbs from 0.8 W/cm2 to 
1.0 W/cm2 and 1.2 W/cm2, respectively. Improved stack 
performance allows operation at higher efficiency voltages, 
selecting stacks with ratings of 11.8 kW, 12.2 kW, and 
13.1 kW, respectively. Stacks with different power densities 
but the same rated power exhibit higher single voltages 
when operating at the same power, thereby enhancing 
efficiency, reducing hydrogen consumption, and lowering 
LCC. A slight increase in stack power particularly benefits 
efficiency, motivating the use of higher-voltage operation.

Figure 11. Effect of stack performance on the system.

Figure 9. TOPSIS analysis.

4. Sensitivity analysis

Using the aforementioned results as a baseline, 
sensitivity analyses were conducted in relation to factors 
including cycle conditions, stack performance, stack design 
life and service time, stack price, and hydrogen price. This 
enabled the anticipation of the influence of the hydrogen 
economy's evolution on the future design and LCC of the 
forklift.

4.1. Cycle condition

The forklift's average power varies across different 
scenarios, and corrections were made to the cycle conditions 
described in Section 2.4 to align with real-world work 
patterns. For the heavy load cycle, the unloaded condition 
was removed, while the light load cycle now includes a 30 
second idle period in each cycle. The results, as shown in 
Figure 10, demonstrate that operating at different intensities 
does not impact the design's optimal operating voltage for 
the stack, which remains at 0.737 V. Consequently, for the 
light load cycle, an 8.0 kW rated power stack is chosen, 
with an 11.8 kW stack for the standard cycle and a 16.0 kW 
fuel cell for the heavy load cycle. The ratio between system 
cost and hydrogen cost in Equation (9) remains constant 
as the cycle conditions change; thus, the operating voltage 
remains unaffected. However, different cycle conditions 
significantly influence hydrogen consumption, thereby 
significantly affecting LCC.
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4.4. Stack price

As the fuel cell market expands, stack prices are 
expected to decrease. The US DOE estimates that current 
fuel cell system prices range from US$180-230/kW, 
with mass production costs of around US$50/kW, and 
an ultimate target of US$30-45/kW (Miller et al., 2020). 
European institutions predict stack prices to be less than 50 
€/kW by 2030 (Urban Europe, 2019). In China, fuel cell 
system prices are projected to drop to ¥3500, ¥1000, and 
¥500/kW by 2025, 2035, and 2050, respectively (Zhang, 
2021). Conducting sensitivity analysis on fuel cell prices 
with other parameters held constant, the results in Figure 13 
show that as system prices decrease to 2500, 1500, and 350 
HK$/kW, the corresponding stack rated powers are 13.7 
kW, 17.9 kW, and 41.1 kW, respectively. Consequently, 
LCC decreases significantly by 3.65%, 8.21%, and 16.93%. 
When system prices drop to 1/10 of the current price, 
power increases by approximately 3.5 times. A larger stack 
allows for operation at a higher-efficiency voltage, saving 
hydrogen without additional cost if system prices decrease.

Figure 13. Impact of stack price on the system.

4.5. Hydrogen price

Regarding hydrogen prices, the US DOE estimates 
that current consumer prices are in the range of $13-
16/gge but could decrease to $5-10/gge for large-scale 
applications, with an ultimate target of less than $4/gge  
(Miller et al., 2020). China aims to achieve prices of  

4.3. Stack design life and service time

European institutions estimate that stack design life 
will be prolonged from 15,000 hours in 2020 to 30,000 
hours in 2030 (Urban Europe, 2019). When considering 
the lifetime of the stack, levellised life cycle cost (LLCC) 
is introduced to assess the average cost per hour of the 
forklift:

LCCLLCC
t

=  .� (11)

Using the benchmark as an example, Figure 12 
illustrates how LLCC changes with increasing stack service 
time. As service time grows, the stack's LLCC decreases 
rapidly, while operating and hydrogen LLCC gradually 
rise due to stack and system degradation. Consequently, 
total LLCC initially decreases and then increases with 
service time. In this benchmark, the optimal service time is 
17,800 hours, resulting in the lowest LLCC of HK$34.66 
per hour, though the difference diminishes later. Table 
3 below presents the simulation results, revealing that a 
longer stack design life favours selecting a larger stack for 
higher efficiency and reduced hydrogen LLCC, resulting in 
declining total LLCC. Extending the system service time 
also reduces LLCC unless it leads to increased operating 
costs. It is worth noting that a longer stack design life 
affects BOP cost factors and shortens the optimal service 
time.

Figure 12. Variation of LLCC with service time.

Table 3. Effect of stack design life and service time on the system.

Design life (h)
Minimum 

LLLC 
(HK$/h)

Number of 
stack cells 
(pieces)

Working 
voltage (V)

Stack 
efficiency (%)

Optimal 
service time 

(h)

LLLC under 
optimal service 
time (HK$/h)

10000 34.66 50 0.737 59.88 17800 33.55
20000 31.55 72 0.770 62.57 30000 31.11
25000 30.79 80 0.778 63.22 35000 30.49
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Using these models, techno-economic analysis was 
conducted, offering a theoretical foundation for future fuel 
cell forklift designs. The key conclusions are as follows:
(1)	� It is recommended to use a 50-cell stack (11.8 kW) 

under current conditions, yielding an average working 
voltage of 0.737 V, an average stack efficiency of 
59.88%, and an LCC of HK$346,556.

(2)	� Optimising the working voltage to 0.754 V through 
TOPSIS increases LCC by 0.45%, but reduces 
hydrogen consumption by 2.3% and CO2 emissions 
by 1,848 kg per forklift.

(3)	� Cycle conditions affect LCC but have limited impact 
on the optimal design voltage.

(4)	� Improved stack performance allows for fewer cells 
but increased power. Higher stack power density with 
a higher working voltage reduces LCC.

(5)	� A longer stack design life supports the use of a larger 
stack for efficiency gains and reduces the levellised 
life cycle cost (LLCC). Extending the system service 
time also lowers LLCC.

(6)	� A 10-fold reduction in stack price allows for a roughly 
3.5 fold increase in stack power.

(7)	� Decreasing hydrogen prices significantly reduces 
LCC, with the sensitivity to hydrogen price increasing 
as stack prices decrease. The optimal design should 
consider the actual system and hydrogen costs in 
Hong Kong.
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