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ABSTRACT: This review aims to unlock information on the hydrogen production potential of carbon emission potential palm
biomass and its related challenges. The for conducting this study, 100 journals were studied published between the years 2010
to 2022. for this paper is the literature review. Journal papers studied for this review published on the energy potential of EFB
and technologies used for green hydrogen production from that biomass. The calorific value of EFB varies between 17 to 21
MJ (kg-EFB)™ on a dry basis with 0.24 kgCO,eq emission. Experiments on pyrolysis and gasification demonstrated that at
optimum operating conditions, the H, yield was 127 gH, (kg-EFB)™. The caloric value of hydrogen is about 150MJ (Kg-H,)™.
Information published in this paper on hydrogen production from palm biomass would be a reference for researchers in
preparing a methodology for green hydrogen production. This information would also attract government agencies and
industries to implement a palm biomass-based hydrogen economy. This study concludes that a palm biomass-based hydrogen
economy may empower Southeast Asian countries to achieve economic (SDG 8) and environmental sustainability (SDG 13) for
reducing climate change effects.

Keywords: Green Hydrogen. Palm Biomass, Advanced Technology, Production Performance, Economic Sustainability, Environmental
Sustainability, Climate Change

1.0 BACKGROUND OF THE STUDY

Southeast Asian counties produce more than 90% of global
pump oil. In 2020, the Fresh Fruit Bunches (FFB) production
in this region was about 200 million tons [1, 2]. The average
yield of crude palm oil (CPO) outputs from FEB is 22
percent, and 78 % is waste [3-5]. The waste part of Empty
Fruit Bunch (EFB) is about 160 million tons a year [6]. EFB
is renewable biomass and renewable energy source [7, 8].
Traditionally, EFB dumps into the environment, and a small
part is used for producing steam and energy. When EFB
degrades in the atmosphere, this biomass emits 60
kgCO.eq.(ton)™ carbon. When EFB burns for steam, the
emission rate from this biomass is about 29 CO,eq(kWh)™*
[9-11]. This information indicates that it either dumps into
the environment or burns for steam, in both ways this
biomass emits carbon. The carbon emission from EFB
contains about 64% methane (CH,4) and 34% carbon dioxide
(CO,); and this information demonstrates that EFB is a
potential source of hydrogen [11, 12].

With this background, the current study aims to answer
whether “is palm biomass a green hydrogen source?” This
study aims to review related journals to answer the question.
Answering that question, 100 journals were studied that were
published between the years 2010 to 2022. Additionally, the
goals of this study are to reveal the technology available to
produce hydrogen from this biomass and its related economic
and environmental benefits.

2.0 INTRODUCTION TO PALM BIOMASS-BASED
HYDROGEN ECONOMY

A hydrogen economy is an economy that relies on hydrogen
as the commercial fuel and would deliver a substantial
fraction of the required energy. The hydrogen economy
contributes to reducing fossil fuel consumption for decreasing
carbon emissions [13, 14]. Based on that concept, this review
focuses on identifying the opportunities and challenges
toward developing a palm biomass-based hydrogen economy.
Fuel from hydrogen is today’s global target for achieving
sustainability in the energy and environment for combating

global warming and climate change. Figure 1.0 presents a
general conceptual model of the green hydrogen economy.
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Figure 1.0: General Model of Hydrogen Economy [15].

The required primary resources for producing green hydrogen
are biomass and advanced technology [11, 16]. Pyza et al.
(2022) and Shahidul et al., (2021) stated that the global energy
and emission problems will not solve until a significant
percentage of hydrogen increases in the energy mix. To
achieve this goal, relevant stakeholders need to pay attention
to developing the required infrastructure relating to hydrogen
production [17, 18]. However, hydrogen gas is the lightest of
all gaseous energy, and the ratio of heating value to volume is
also lower. These properties of hydrogen cause higher packing
and transportation costs than that of fossil fuel energy [15, 19].

3.0 HYDROGEN POTENTIAL IN PALM BIOMASS

The earth receives around 2000W(m) 2 of energy from the Sun
and a fraction of this solar energy converts into biomass
through photosynthesis. Indeed, a part of this energy absorbs
by palm oil trees. Water, solar energy, and CO, transform into
palm biomass. The process of biomass growth in a palm oil
plant is presented by equation 1.0.
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Es +CO, + 6H,0—» C¢H,,0+60, Eq (1)

Here, Es is the solar energy, and CgH;,Og is biomass that
holds solar energy [20, 21].

The source of hydrogen in palm biomass is C¢H1,0s. This
biomass contains Cellulose (58% wt.), Hemicellulose (21.5%
wt.), and lignin (20% wt.) [22, 23]. On a dry weight basis, the
calorific value of palm biomass is between 17 to 21 MJ.(kg-
EFB )* [24, 25]. The low heating value (LHV) of this
biomass is about 15.0 MJ(kg-EFB)™* with 0.24 kgCO,eq
emission [12, 24, 26, 27]. Palm biomass is a highly volatile
feedstock for energy production [28, 29]; and can be
converted into heat, syngas, and hydrogen [30, 31].

4. 0TECHNOLOGICAL ADVANCEMENT IN HYDROGEN
PRODUCTION FROM PALM BIOMASS

Organic Rankine Cycle (ORC) has been used for energy
production from palm biomass [32, 33]. In the first step of
ORC, moisture has been removed from this biomass by heat
treatment. In the second step, pallets are produced as an
energy feedstock. Finally, gasification and pyrolysis with
combined heat and power (CHP) cycle have been used for
hydrogen production [34]. Figure 2.0 is presented a general
conceptual model of the hydrogen production process from
palm biomass.
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Figure 2: Hydrogen Production Model from Palm
Biomass

Figure 2.0 demonstrates that bio-oil and biochar are produced
in the first stage, and hydrogen production in the second
stage.

4.1 Feedstock Preparation from Palm Biomass

Energy production performance from palm biomass by
pyrolysis and gasification depends on the quality of the
feedstock. Three steps are involved in feedstock preparation.
In the first step, alkaline solutions (NaOH) have been used in
cleaning palm biomass for pre-treatment. In the second stage,
the moisture content of palm biomass has been reduced by
heat treatment. In the third stage, the shredding process has
been applied to decrease the size of this biomass (<500 pm )
[34], [35]. Finally, pellets are produced to be used as
feedstock for the pyrolysis and gasification process.

5.0 TECHNOLOGIES FOR HYDROGEN PRODUCTION
FROM PALM BIOMASS

Gasification and pyrolysis have been used in hydrogen
production from palm biomass. The combined heat and
power (CHP) cycle has been adopted with these processes for
increasing thermal efficiency. The membrane separation
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technology also has been installed for separating hydrogen
from the syngas stream [11].

5.1 Palm Biomass Pyrolysis for Hydrogen Production
Pyrolysis is an effective thermal process that is used for
producing energy from biomass. Pyrolysis is an endothermic
process that requires thermal energy from an external heat
source [36-39]. Traditionally, palm biomass pellets have
been fed into a reactor [40, 41]; and hot air (>700°C) and
steams (>900 °C) are also supplied to the reactor for
decomposing biomass. This process occurs at a higher heat
transfer rate and a process temperature of around 300°C to
900 C. Figure 3.0 is presented a schematic diagram of the
palm biomass pyrolysis process.

Palm Biomass Pyrolysis

Palm Biomass

Syngas and Hydrogen

1 Heat for drying
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"
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“Hot Air
me‘mnggx_
Figure 3.0: Typical diagram of Palm Biomass Pyrolysis [11]
This process is performed in the absence of oxygen. Through
the degrading process, palm biomass is converted into vapor.
A rapid cooling system has been used for condensing the
biomass vapor into bio-oil [40, 42]. The energy products of
pyrolysis are bio-oil, biogas, biochar, and hydrogen, [43-45].
The pyrolysis with catalysis offers a higher hydrogen yield at
a lower process time and energy [46, 47]. In the final stage,
hydrogen has been pushed through the scrubber and
membrane to remove impurities from the gas stream [48].
The energy products of palm biomass pyrolysis are listed in
Table 1.0.

Table 1.0: Yields of EFB’s Pyrolysis

Pyrolysis Energy Product of Palm Biomass Pyrolysis (wt
Temperature | %) [5, 49 34, 50]
() Bio-oil Syngas | Biochar | Hydrogen
300-400 48.5 15.2 36.5 -
500 56.2[34], 185 25.3 <5%

[50]
600 40.[51] 29.5 20.10 5%-10%
600-950 <40 [52] >30 <20 >10%

Table 1.0 demonstrates that at pyrolysis temperatures from
300°C to 500°C, the dominant energy products are bio-oil
(=48.5% wt.) and bio-char (=36.5.5% wt.) [5, 49, 53]. Dolah
et al. (2017) and Yahaya et al., (2016) disclosed that the bio-
oil has started to convert into syngas at 500°C process
temperature, and at the same time volume of biochar is
beginning to reduce. Dolah et al.(2016) reviled that the yield
of syngas attain the highest level (>30% wt.) at the
temperature of 900°C [54].
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5.1.1 Hydrogen Production Performance from Palm
Biomass by Pyrolysis

Hornung (2014) found that the syngas and hydrogen
production performance appeared to be optimum at the
temperature of 950°C. The author also stated that at optimum
operating conditions, the carbon emission rate per unit of
energy is also lower [(kgCO,eq(kW)™)] [40]. When hydrogen
produces from palm biomass without CHP, the emission rate
is found to be 0.15 kg CO.eq (kWh)™ at a thermal efficiency
of 40%. Emission is found to be 0.06 kg CO.eq (kWh)*
when the plant operates with CHP at a thermal efficiency of
90% [40, 55, 56].

Rocchetti at el.(2013) and Mohammad et al.(2012)
demonstrated that at optimum operating conditions, the H,
yield was 127 gH, (kg- EFB)* [21, 57, 58]. It was also
reported that the LHV of hydrogen-produced palm biomass
was about 150 MJ(Kg-H,)™* [51, 56, 59]. Ekman Nilsson et
al.(2017) conclude that pyrolysis with CHP is an effective
thermal process technology for producing hydrogen from
palm biomass [60].

5.2 Palm Biomass Gasification for Hydrogen Production
Palm biomass gasification is an endothermic process and an
effective means of hydrogen production. In this process, heat
energy requires to supply from external sources [61, 62].
Thermal energy has been used in the gasifier to decompose
biomass for producing hydrogen [57, 58, 63]. Additionally,
CHP has been also installed with the gasifier for increasing
thermal efficiency [64, 65].

The first step of the gasification process is to feed pellets into
the gasification reactor [66]. The updraft and downdraft
reactors with CHP have been used for the palm biomass
gasification process [61, 67, 68]. Vineet Sing (2017) stated
that with a feedstock of high moisture (=50%), the upwards
draft reactor has appeared to be efficient. It was reported that
the fixed bed (FXB) upward draft gasifier is efficient for
dried palm biomass [69]. Higher hydrogen yield can achieve
from a catalytic steam gasifier than from a traditional gasifier
[61, 70]. Heryadi et al.(2019) and Salomon et al.(2013)
reported that hot air (>700°C) and steam (>950°C) have been
supplied into the reactor as the means of thermal energy [71
72]. The waste heat of the gasifier has been recycled by CHP
equipment, which contributes to increasing thermal efficiency
by up to 95%. Additionally, CHP has also been used to
decrease the carbon emission rate [CO,eq (kW)™*[65, 73]-
[75].

The hydrogen production is started in the reactor at the
temperature of 700°C, and the highest yield was recorded at
950°C [16], [76]. Equation (2) and Equation (3) present
exothermic reactions of palm biomass gasification [77, 78].

C + H,0 — CO + H,, AH =—1, 21, 400 J/mol Eq. (2).
C+CO, —» 2CO, AH=-1, 72, 600 J/mol Eq. (3).

The energy products of the gasification process are syngas,
hydrogen, and biochar [77, 79]. It was disclosed that
hydrogen mole fraction yield depends on the temperature of
the palm biomass gasification process, and typically
hydrogen yield increases with the reactor’s temperature [16,
70, 80].
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Figure 4.0: Gasification Process for Palm Biomass

5.2.1 Hydrogen Production Performance in Palm Biomass
Gasification

The highest hydrogen production performance from a gasifier
can be obtained by optimizing the hot air and steam supply to
the reactor. At 700°C temperature, the volumetric gas output
from palm biomass gasifier is CO(39.71%), CO»(16.48 %),
H, (36.26%), and CH, (7.55 %) [77, 81]. Mohmmad et
al.(2012) disclosed that at optimum operating conditions, the
H, yield appeared to be 127 gH,kg-EFB)™ [57, 58].

The gaseous energy outputs from the palm biomass gasifier
are higher than that of palm biomass pyrolysis. The ratio of
carbon emission to energy outputs in the gasifier process is
also less than pyrolysis. In that aspect, the gasifier process is
a better choice for producing hydrogen from palm biomass
[82, 83].

Various case studies have reported that hydrogen production
from palm biomass by pyrolysis and gasification with CHP
provides a few benefits. For example, these technologies have
been used to enhance thermal efficiency from 60 to 95 % by
capturing and recycling waste heat [73-75]; and also used to
decrease the carbon emission rate per unit of hydrogen
[CO.eq(kWh)™ [65, 84-86].

6.0TECHNOLOGY FOR HYDROGEN PURIFICATION
Syngas and hydrogen are the gaseous energy products of
palm biomass pyrolysis and gasification. The gas stream
produced from the gasifier contains some impurities, and a
series of cleaning processes have been used to remove those
impurities. Typically, the syngas cools down to remove
condensable hydrocarbons. In the final stage, a membrane is
used to separate hydrogen from the syngas stream [87].
Figure 5.0 is presented the hydrogen purification steps.

The water gas shift (WGS) method has appeared to be an
effective process in hydrogen purification. The WGS
reaction is shown by equation 4.1 [87, 88]:
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Hydrogen Production Process from Palm Biomass
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Figure 5: Hydrogen Cleaning with Scrubber and Membrane

6.1 Liquid Scrubber for Removing Hydrocarbon from
Gas Stream

CO +H,0 —H,+CO,, AH= -41.2 kJ. mol™* Eq (4.1)

In this process, CO, emits from the gas stream, and
hydrogen density increases. The impurity removal
efficiency of this scrubber is to be over 50%.

6.2 Pressure Swing Absorption for Increasing Hydrogen
Density

The pressure swing absorption (PSA) is a scrubber,. has
been used for removing impurities from the gas stream [88,
[89]. In Increasing hydrogen purification performance,
activated carbon has been used as an adsorbent in the PSA
system.

6.3 Membrane in
Performance

The proton exchange membrane system with Pt-Co/C anode
electrocatalyst is a proven hydrogen purification process.
Vermaak et al. (2021) reported that high-purity hydrogen
(>99.9%) can be obtained from a low purity feed (20% H,).
The proton membrane is simple, modular type, easy to install,
and does not require chemicals in the operating process [87].
7.0 HYDROGEN USE IN ECONOMIC

Hydrogen is an energy carrier, and its performance in
economic activities depends on physical and chemical
properties. The atom of hydrogen gas is the smallest of all
gaseous atoms and has a lower atomic weight among all
gases. The weight of this gas is about 8.0 times lighter than
methane gas. The LHV of hydrogen gas is about 150 MJ
(kg)™, which is about 3.0 times higher than methane gas
[LHV-for methane is 50 MJ (kg']. At standard temperate
and pressure, the density of hydrogen is 0.09 kg (m®)*. At
200 bar, the energy density is about 2.5 GJ(m®)™ and at 800
bar, 10 GJ(m*)™ [90, 91].

According to the International Renewable Energy Agency
(IRENA), the wave of hydrogen would replace fossil fuel
for producing electricity [92]. The liquid hydrogen produced
from palm biomass can be used through Fuel Cells for
transportation systems and the manufacturing industry [93].
8.0 CHALLENGES IN HYDROGEN PRODUCTION
FROM PALM BIOMASS

Palm biomass is a potential source of green hydrogen
production despite a few challenges. The challenges from a
technological perspective are converting gaseous hydrogen
into liquid form and packing it for transportation. In the

increasing Hydrogen Production
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aspect of the economy, the challenges are costs involved in
production and transportation and mode of use in economic
activities.

8.1 Challenges in Gaseous Hydrogen Converting to
Liquid for Packing and Transportation

Hydrogen liquefaction for packing is a challenging issue
due to the requirement of higher energy consumption in this
process. The USA department of energy disclosed that
liquefaction is an energy-intensive process as its boiling
temperature is low (=253 °C at 1 atm) and even cannot be
cooled down by the throttling processes. It also requires pre-
cooling during the liquefaction process, which increases the
energy consumption [94]. Theoretically, the required energy
for hydrogen liquefaction is 2.7 kWh(kg-H,)* at a feed
pressure of 2.5 MPa [95]. The hydrogen liquefaction
process demonstrates that the specific energy requirement
for this work is about 10kWh(kg-H,)™ [96]. Estimates also
show that for hydrogen liquefaction process requires about
13% of the total energy content in a hydrogen carrier vessel
[90, 91, 97, 98].

8.2 Challenges in Hydrogen Packing and Transportation
Hydrogen gas atoms are the smallest of all gaseous atoms
and the ratio of volume to weight is also higher. Due to
these reasons, hydrogen requires a large vessel for
transportation. An insulated double wall tank is also needed
for hydrogen transportation. These factors cause extra
investment and operating costs [99-102].

8.3 Challenges in Safety Measure for Hydrogen Handling
Safety issue in hydrogen production and handling is a
challenging issues for stakeholders. Hydrogen safety is
defined as the mitigation of danger when used as energy and
fuel. The challenges of hydrogen safety are vulnerability to
leakage and a wide range of fuel-to-oxygen ratios for
combustion [103, 104]. Liquid hydrogen requires careful
attention and treatment due to its extremely low boiling
temperature and high hydrogen density [103, 105]. Direct
contact with liquid hydrogen and cold oil-off gas from liquid
hydrogen lead to severe burning, similar to a thermal burn
[106].

A few standards for safety measures have been established to
adopt liquid and gaseous hydrogen in the economy. The
available safety standards are International Standardization
Organization (ISO), European Industrial Gases Association
(EIGA), in the United Kingdom, National Renewable Energy
Laboratory (NREL) in the USA, National Fire Protection
Association (NFPA) in the USA, and the People’s Republic
of China [107-111].

8.4 Challenges in Hydrogen Production at Affordable
Cost

The current challenge in the hydrogen economy is to offer an
affordable cost for the end users. The hydrogen production
costs depend on a few dynamic factors. The cost of
technology required to produce hydrogen from biomass is
higher than that used for fossil fuel energy. Capital expenses
per unit of energy (KW) in infrastructure development are
also higher than required for fossil fuels. Operating expenses
for handling hydrogen per unit (kW) are higher compared to
the other gaseous energy [112, 113]. For example, as of 2021
the production cost for green hydrogen range from
US$2.7(kg)™ to 8.8(kg)™. A significant price would decrease

July-August



Sci.Int.(Lahore),34(4),371-380,2022

in 2030 between US$2.0 to US$ 6.0(kg)™ due to reducing the
cost of hydrogen technologies and shifting production from
pilot to commercial scale. By 2050, the estimated price of
green hydrogen is between 1.5 to US$5.0 (kg)™. Predicted the
green hydrogen cost would be about US$1.0(kg)™ or less in
the countries where cheaper renewable biomass is available
[112-114].

9.0 BENEFITS OF HYDROGEN PRODUCTION FROM
PALM BIOMASS

A significant percentage of emissions can reduce by
producing hydrogen from carbon emission potential palm
biomass [115, 116]. It is reported that the hydrogen
production yield from palm biomass at higher thermal
efficiency (CHPp>95%) is 127gH,(kg-EFB)™* [21, 57, 58].
These findings demonstrate that hydrogen production from
palm biomass would bring economic and environmental
sustainability [117, 118].

Groethe et al. (2010); and Mazloomi and Gomes (2012)
disclosed that the emission balance between hydrogen
production from palm biomass and electricity production
from coal is about -13689CO,eq(kWh)™ [108, 109]. Yang et
al. (2017) revealed that when hydrogen production from palm
biomass without CHP, the emission rate is 0.15 kg
CO,eq.(kwWh)™! at a thermal efficiency of 40% [119]. Loh
(2017); Abdullah and Sulaim (2013) and Shahidul et al.
(2018) found that emission is 0.06 kg CO,eq (kWh)™* when
the plant operates with CHP at a thermal efficiency of 90%.
When hydrogen produces from palm biomass with CHP, the
emission reduction rate appears to be 60 kgCO,eq(t-EFB)™
[120-122]. These findings demonstrate that hydrogen
production from palm biomass in Southeast Asian countries
would be a sustainable way to replace hydrocarbon fuel and
would contribute to achieving economic and environmental
sustainability.

10.0 CONCLUSION AND RECOMMENDATION

A key measure to combat climate change is renewable energy
production and use for economic activities. If renewable
energy produces from a carbon emission potential biomass, it
could bring a synergic effect on the environment. Palm
biomass is a renewable potential source of hydrogen.
Hydrogen production from palm biomass liquefaction, and
packing for use in economic activities would contribute to
achieving economic and environmental sustainability in
Southeast Asia countries. Optimizing the production process
at higher thermal efficiency would also contribute to reducing
the carbon emission rate per unit of energy. Indeed, safety
issues must get priority during production and use.

The palm biomass is a potential source of green hydrogen
production despite a few challenges. Information published in
journals demonstrates that the technology required to produce
hydrogen is not in the mature stage. Even the required
infrastructure is not ready for hydrogen production,
liquefaction, packing, transportation, and machinery for using
hydrogen. Utilizing palm biomass potentials in hydrogen
production for achieving economic and environmental
sustainability requires a comprehensive plan. The plan shall
address the palm biomass supply chain, R&D for technology
development, and safety issues. Additionally, attention
requires to develop human resources for handling hydrogen
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technology efficiently. In the first phase, small-scale projects
would undertake to produce liquid hydrogen. At the initial
stage of hydrogen production and use, the targeted end users
would be micro industries involved in agriculture activities of
water treatment plants and farm machinery.

In the end, this review concludes that the hydrogen
production from palm biomass would contribute to mitigating
carbon emissions and climate change effect. Indeed, the palm
biomass economy may empower Southeast Asian countries to
achieve economic (SDG 8) and environmental sustainability
(SDG 13).

10.1 Implication of Findings

The information listed in this paper on hydrogen production
from palm biomass would be a reference for researchers in
developing research methodology for producing green
hydrogen. This information would also attract government
agencies and industries to implement a palm biomass-based
hydrogen economy.
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