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Energy consumption by sector in Malaysia is rising significantly, especially
for residential and commercial sectors, and is expected to continue to
increase in the upcoming years. The existing power generated from a proton-
exchange membrane fuel cell (PEMFC) system may be insufficient to
sustain peak load demands during peak periods in stationary residential
applications. The presence of an ultra-capacitor (UC) bank would be
beneficial as a support as it can supply a large burst of power. The
integration of PEMFC and UC has the potential to provide an effective way
to supply power demands, has better energy efficiency, and is also
economically friendly. In this research, we demonstrate a proposed
combined PEMFC and UC bank that operates in parallel. A novel design
methodology and dynamic model for both PEMFC and UC systems as
energy sources have been developed for stand-alone residential applications.
The simulation results are shown in Matlab Simulink. These results are
based on mathematical and dynamic models of the system being shown.
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1. INTRODUCTION

Energy consumption per capita has been increasing steadily in Malaysia over the past 40 years
(1973-2016), which is from 0.395-1.793 Mtoe/Millions, and it is expected to rise in the upcoming years [1], [2].
The increase in energy consumption is affected by high population growth and is stated based on [3], [4].
Malaysia’s current population is about 32 million. Aside from that, industry uses the most energy in
Malaysia, followed by transportation, residential and commercial buildings, non-energy uses, and agriculture.

As for residential and commercial, the energy consumed by both sectors is rising, from 721 ktoe in
the year 1978 to 8,729 ktoe in the year 2016. Hence, it shows that residential and commercial also consume a
lot of energy as before and it will gradually increase as population growth is getting higher and housing areas
are being developed rapidly in urban and rural areas, yet various solutions have been taken into consideration
to overcome this issue [5], [6]. Due to the rise in demand for electricity, especially in urban areas, it is very
important to have transmission networks that have the capability of delivering large amounts of electricity to
consumers without encountering any problems [7], [8]. According to [9], [10], the estimation of demand
depends on the load consumed by the client, in which case the information for the load profile aspect is
owned by Tenaga Nasional Berhad (TNB) for different classes of consumers. The geographical location of
Malaysia also affects the scope values of the demand profile to vary [11]. Table 1 shows the typical ranges of
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maximum demand, including the residential areas in Malaysia. One of the reasons that has been considered
for using this type of energy source, which is the fuel cell, is the environmental concerns [12]. The current
source that is widely used in generating electricity is fossil fuels. This fossil fuel will have negative impacts
on the environment and the world. Besides that, the future availability of fossil fuels is getting lower, yet
technological developments require a lot of energy demand [13]. Thus, fuel cells become more practical to take
over this source in the way that it is eco-friendly and assuring to be used to generate energy in the future [14].

Table 1. The range of maximum demand (M.D) for domestic consumer sub-classes or premises [6]

No Type of premise Rural (kW) Suburban (kW) Urban (kW)
1  Low-cost flats, single storey terrace, studio apartment (600 sq ft) 15 2 3

2 Double storey terrace or apartment 3 4 5

3 Single storey, semi-detached 3 5 7

4 Double storey, semi-detached 5 7 10

5  Single storey bungalow and three-room condominium 5 7 10

6  Double storey bungalow and luxury condominium 8 12 15

Fuel cells are commonly referred to as electrochemical devices that convert chemical energy into
electrical energy [15], [16]. Proton/polymer exchange membrane fuel cell (PEMFC) is considered to be one
of the most promising fuel cells that can be applied these days because of its ability to deliver high-power,
high-energy densities, and more efficient and clean energy [17]. Years after years, the demand for energy is
getting higher, especially for residential areas. Much research and discovery are being conducted on how to
manage this issue and provide solutions that will have a smaller global impact.

According to previous studies, the power generated by this type of fuel cell may not be sufficient to
meet the load demand requirements, especially during peak demand periods. Thus, it will lead to an increase
in size and also a rising cost of the fuel cell [18], [19]. Besides that, for residential applications, the capacities
of gravimetric and volumetric requirements are rigid [20]. Hence, the ultra-capacitor is used to be integrated
with the fuel cell (FC) in parallel to support the existing stand-alone system. Apart from that, the ultra-capacitor
(UC) bank that consists of several ultra-capacitors plays a role in storing energy while producing outstanding
outputs compared to other typical capacitors [21], [22]. Besides that, the UC bank is economically practical as
the cost of this component is very low matched with its high capabilities compared to other types of cells in the
usage for stand-alone residential applications that might require a high demand for energy in peak periods.

A variety of techniques used for energy generation will be discussed with the presence of control
strategies as they will contribute towards energy efficiency and peak power demands satisfactory for
residential applications [23], [24]. For this work, proton exchange membrane fuel cells will be integrated with
ultra-capacitors (UC) or supercapacitors to supply the stand-alone residential applications during non-peak
periods as well as during peak demand periods. The PEMFC system is a type of fuel cell that can generate
electricity by operating reversely with the principle of PEM electrolysis. Fuel cells are energy devices with a
fixed charge that convert chemical energy into electrical energy [25], [26]. The main part of the PEMFC is
the polymer-electrolyte membrane where ions and electron transfers are conducted and inhibited,
respectively, from one electrode or catalyst layer to the other. Fuel oxidation will occur at the anode electrode
layers while the reduction reaction takes place at the cathode. The electrical energy is created by
consolidating oxygen (O2) as well as hydrogen (H2) [27], [28]. In the PEMFC, platinum is known as a metal
with immense catalytic activity for both electrode responses [29]. The platinum catalyst acts to split the
hydrogen molecule, while the splitting of the oxygen molecule is complicated as it will cause significant
electricity losses. Hence, this catalyst (platinum) is considered the best alternative for this process.

An ultra-capacitor (UK) or (UC), also described as a supercapacitor, is an electrochemical device
that is known to have a high value of capacitance compared to other types of capacitors. It tends to be 100
times more efficient than any capacitor in terms of energy per unit volume as well as the ability to store
energy [30]. These fascinating and most commonly used devices usually get the most attention in small
application systems. For satisfying peak power requirements, capacitors with higher power capabilities are
used [31]. Ultra-capacitors have a greater life than the typical capacitor, which usually has only a few
thousand cycles [32].

A parallel combination of polymer electrolyte fuel cells (PEFC) with supercapacitors has been
proposed for the use of fuel cell vehicles (FCV) by [33]. This study aimed to facilitate the system of the fuel
cell to work under peak power and to provide the brake energy system to recover. Supercapacitors are being
used to combine with the PEFC in parallel without power electronic devices. This previous study showed that
a parallel combination of the super capacitor (SC) and PEFC without electronic devices is possible and does
not affect the consumption of fuel. Though it may seem reliable, the consumption will actually increase due
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to the heavy drivetrain. There are some other methods that have been applied in order to provide electrical
power for different stand-alone applications done by previous studies.

2. METHOD

All the techniques that will be used for the integration or combination of the PEMFC system and
UC bank to be applied to stand-alone residential appliances will be described and explained in this section.
This part of the section will concentrate on designing and integrating both energy sources to supply and
satisfy the load demands in a stand-alone residential area inhabited by a family that has 3 adults and 4
children. The PEMFC is maintained to be the main source of the system to satisfy the load demands, yet a
stand-alone source is not enough to supply the power during peak periods. Hence, UC bank is chosen to
assist the PEMFC to satisfy the peak loads during peak periods. Different UC banks would have different
product specifications and also output. Thus, BMODO0165 P048 C01 UC Bank is being selected to supply the
power during the peak demand period. The UC bank also acts as energy storage and can be charged or
discharged by itself or even by the main source, which is the PEMFC.

2.1. Dynamic model of PEMFC

There are three important elements for hydrogen molar flow, which are hydrogen input flow,
hydrogen flow, and hydrogen output flow when the reaction takes place. At the same time, the pressure of the
water partial as well as the oxygen partial can be achieved. The PEMFC system utilizes hydrogen as stated to
power demand, and the reformer generates hydrogen repeatedly during operation as shown in Figure 1.
During operational conditions, proportional integral (P1) control is used to supervise the hydrogen flow rate
depending on the output power of the PEMFC system. To accomplish this feedback, the output of the FC
current is seized to the input, transforming the hydrogen into molar form. Apart from that, by using a PI
controller, the volume of hydrogen available from the reformer can be applied to control the methane flow
rate. Meanwhile, PI controllers also have their own drawbacks, which are PI, sliding mode, and artificial
neural network (ANN) based unified power flow controller (UPFC) control systems. All these controllers
regulate the power perfectly when the power system is operating in a single operating mode. No one has
checked to see if these controllers can handle any change in the way the power system works at different
operating points.
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Figure 1. Model of PEM fuel cell stack

2.2. UC system model

The proposed work utilizes the ultra-capacitor or supercapacitor as an alternative energy source to
supply and sustain the extra load required during peak periods. This will guarantee continuous supply to
consumers and help to reduce the cost of electricity during peak hours and maximum demand. Figure 2
shows the model of the supercapacitor that is being designed using Matlab Simulink with all the expected
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parameters. The model is designed based on parameters that are similar to the ultra-capacitor from Maxwell
Technologies, which is BMODO0165 P048 CO1. This supercapacitor has 18 series capacitors, and the rated
capacitance of each capacitor is 165 F. The product specifications details are shown in Table 2.

Discrete h—\ \—\ " num(s) | owar_raguined]
2.50-05 5 denls) C

Power required

=

et ()

powergui

e

PN Generator

PN Generaior

——
Wouts —y L
- L

Boest Cornerber

P command

PN Generaior
(e Y —

P command

Vin+

Woul-

Vin-

ercapacitor Buck/Boost Converter

Figure 2. Model of supercapacitor

Table 2. Product specifications for BMODO0165 P048 C01 UC bank

No Parameter Specification
1  Electrical BMODO0165 P048 C01
2 Rated capacitance 165 F
3 Minimum capacitance/maximum capacitance 165 F/200 F
4 Rated voltage 48V
5  Absolute maximum voltage 51V
6  Absolute maximum current 1,900 A
7  Leakage current at 25 52 mA
8  Capacitance of individual cell 3,000 F
9  Stored energy, individual cell 3Wh
10  Number of cells 18
11 Minimum operating temperature -40
12 Maximum operating temperature 65

To supply effective specific energy for a prescribed load, diversified configurations of UC banks
can be used. In practical applications, the desired amount of terminal voltage, electrical energy, as well as the
capacitance of the UC storage system can be constructed using various numbers of UCs in series and parallel
connections as shown in Figure 3. The number of capacitors can be driven by the terminal voltage that must
be connected in series, which is used to build a bank. Apart from that, the number of capacitors in parallel
connection is influenced by the total capacitance. This figure also illustrates the example of how several UC
units can be combined to form a UC bank that is sufficient for satisfying the peak load demand. In Matlab
Simulink, an example of how the ultra-capacitor or supercapacitor bank model can be set up has been made.

2.3. Combined PEMFC and UC system

In this section, the integration between PEMFC and UC Bank will be presented to prove the
compatibility of both systems to satisfy the stand-alone residential loads. The integration of the UC system
can be achieved either with the presence of a power electronic converter or without it through a parallel
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connection. Also, using both systems together could work with a DC bus with a voltage of less than 50 V for
low voltage applications.

Figure 4 illustrates the direct integration of the PEMFC system with the UC bank by using a power
diode. The reason for using the power diode is to obstruct reverse current flow from getting into the FC
system. The stand-alone residential applications, which are a state when energy demand is low and only a
small amount of energy is needed, and b when energy demand is high and the load needs more energy than
what the PEMFC can provide.

UC bank current

.
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Figure 3. Example UCs in series and parallel connection  Figure 4. Circuit diagram for overall system

The total resistance between PEMFC and the UC bank will determine the power sharing within both
systems. In a nutshell, here is a summary of the main management planning for the integrated system:

—  During non-peak periods (< 8 kW), the PEMFC system supplies its maximum power until it reaches its
limit, and the remaining extra power generated is used to charge the UC bank. The terminal voltage of
overall load demands determines the state of charging or discharging of the ultra-capacitor bank system.

—  During peak periods (> 8 kW), when peak load demands are required, the PEMFC system produces the
rated power again and discharges the UC bank to fulfill the remaining power that the PEMFC system
cannot satisfy.

—  Inthe PEMFC system, UC bank can supply short-term power interruptions.

—  The other benefit of the UC bank is that it keeps the system from charging too much or too little.

3. RESULTS AND DISCUSSION

This section highlights the results that have been obtained from the analysis of data to attain and
accomplish the objectives of this work. The PEMFC and ultra-capacitor models used in this work have been
designed and embedded in Matlab Simulink based on specific parameters. Apart from that, the model of the
fuel cell is completed using the DC-DC boost converter and PI/PID controller as the control strategies
mentioned in the previous sections. In preparation for designing and completing the model of PEMFC as well
as the ultra-capacitor, all the parameters and characteristics of the model itself have been considered to
ensure the ideal version of this research will be done successfully. Some of the research has been reviewed
and discussed in the previous sections. So, the dynamic behavior of each element must be taken into account
and shown to make sure that power flows as efficiently as possible.

The simulation result obtained in Figure 5 shows the total amount of power that can be delivered to
supply the stand-alone residential applications during the non-peak period. When non-peak demands occur,
the power required is only 7 kW, and this can be satisfied by using the stand-alone PEMFC itself as the main
source. This is because the PEMFC can generate power that varies from 7.008 kW and can reach up to a
maximum value of power, which is 8.325 kW. Hence, the simulation successfully shows the PEMFC can
withstand the load during non-peak periods. The remaining extra power generated can be stored in a UC bank
if it is not required by the load.

This section proves that PEMFC, which is the main source, can satisfy the baseload during non-peak
periods (7 kW). Despite this successful event, the power that has been generated by the PEMFC does not
satisfy the peak load demands during peak periods. This is because, during peak periods, the power demand is
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high as it can reach up to 9.5 kW and is expected to increase to 10 kW. Since this is the case, ultra-capacitors or
supercapacitors can be used as a backup power source to provide the extra power needed during peak times.

As illustrated in Figure 6, the supercapacitor is capable of generating additional power of about 2 kW.
This power is used to support and also to provide additional energy towards the main source (PEMFC) to
satisfy the peak load demands of the stand-alone residential applications during the peak period. Since the
PEMFC can’t get that energy, the supercapacitor will store the rest of the energy that isn’t being used to meet
the demand.
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Figure 6. Supercapacitor power (kW)

This section explains the load profile of the electrical system for a stand-alone residential load that
has been collected throughout a 24-hour period as shown in Figure 7. This section also introduces a software
or application which has been used to gather all information and data about energy consumption before
implementing the design of a combined PEMFC with UC bank to satisfy the load demands, especially during
the peak periods, which are in need of extra power to be sustained. Most single-family homes have a standard
smart meter reader installed, which is used to track how much energy is used.
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Figure 7. Load profile of stand-alone residential applications

Figure 8 proves that the power generated by the combined PEMFC and UC bank is higher than the
power required by the load during the 24-hour period. Each time the load demands a specific amount of
power, the system will generate slightly more power to satisfy the load. When the load demand reaches peak
periods, for example, during peak hours, the demand for energy will increase more than the limit of the
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PEMFC would generate. This is where the UC bank will function to supply the remaining power required by
the load. During this situation, the discharge current of the UC bank is at its peak and the terminal voltage of
the system drops extremely. Thus, this system will switch to the UC bank beside the PEMFC when there is a
shortage of power. Hence, it is a proof of success that the total power generated by the combined system
satisfies the load of stand-alone residential applications even during peak load demands. In addition, for
improvement, distribution generation (DG) could be used as well in enhancing power transmission for this
type of load, but it may not be necessary as DG systems are used for larger applications. DG is not only
capable of solving most of the network’s expansion problems but also able to reduce power loss, enhance the
reliability of the system, and improve the voltage level. DG also plays a big role in modern power systems
since it is capable of reducing the line losses and improving the voltage level, which will significantly
improve the power quality and efficiency of power transmitting and distributing from one point to another
point. This system can also be implemented for larger stand-alone residential areas for future
recommendations.
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Figure 8. Load profile real power and generated power from integrated PEMFC and UC bank

4. CONCLUSION

A combined PEMFC and ultra-capacitor UC or supercapacitor bank was designed and modeled to
meet the load demands of stand-alone residential applications measured in kilowatts (kW) during non-peak
and peak times. The PEMFC and ultracapacitor were combined into parallel connections to ensure that
electricity could be successfully delivered to residential load applications while also exhibiting good load
performance. Without the availability of a UC bank, the PEMFC system must supply the additional power
necessary during peak periods, which causes various issues such as an increase in the size and expense of the
PEMFC system itself, as well as a reduction in system efficiency. The benefits of merging both PEMFC and
UC bank sources can lengthen the lifespan of a PEMFC system rather than employing a stand-alone FC
system and lower maintenance costs. However, the proposed model can be applied for a variety of load
profiles that include various transients and short-term interruptions. It can also be employed in a variety of
applications, including portable devices, heavy vehicles, and aerospace.
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