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ABSTRACT
Hydrogen has the potential to be a clean and sustainable alternative to fossil fuel especially if it is
produced from renewable sources such as biomass. Gasification is the thermochemical conversion of
biomass to a mixture of gases including hydrogen. The percentage yield of each constituent of the
mixture is a function of some factors. This article highlights various parameters such as operating
conditions; gasifier type; biomass type and composition; and gasification agents that influence the
yield of hydrogen in the product gas. Economic evaluation of hydrogen from different sources was
also presented. The hydrogen production from gasification process appears to be the most economic
process amongst other hydrogen production processes considered. The process has the potential to be
developed as an alternative to the conventional hydrogen production process.

1.0 INTRODUCTION
Biomass is the largest renewable energy and it has a
major share of about 90% of the total energy supply in
the remote and rural areas of developing world
(Demirbas, 2001). While burning of fossil fuel converts
carbon that has been confined underground (as crude oil,
coal and gas) to carbon dioxide (CO2) thereby increasing
CO2 in circulation and hence the greenhouse gas (GNG)
effects, the combustion of biomass recycles the CO 2
captured during photosynthesis and thus maintains the
CO2 balance in the atmosphere (Ahmad et al., 2016).
Biomass can therefore be said to possess a zero CO 2 net
emission (Mohammed et al., 2011).
Most often, biomass is from agricultural by products but
sometimes, it could be directly cultivated (McKendry,
2002a). The routes to convert biomass into useful
products will depend on the form of the biomass. For
agricultural residues, forest residues and wood, thermochemical conversion routes are the widely-used methods
to extract energy from biomass. Thermochemical
processes can be categorized into combustion, pyrolysis
and gasification where the syngas and bio-oil produced
as intermediate products can be subsequently converted
to valuable fuels and chemicals. Combustion is the
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direct burning of biomass in air to convert the chemical
energy in biomass to heat, electricity or mechanical
power. The energy efficiency of this process is between
10-30% (Ni et al., 2006). Pyrolysis is the burning of
biomass in the absence of air. Slow pyrolysis gives high
yield of charcoals whereas rapid heating of biomass at
high temperature (fast pyrolysis) gives products in the
liquid, gaseous and solid states (Cao et al., 2020; Yang
et al., 2018). Gasification is the conversion of biomass
into a combustible gas mixture (syngas) by heating in a
gasification medium such as air, oxygen or steam.
Gasification of biomass leads to the production of
syngas of which carbon monoxide, methane, and
hydrogen are some of the constituents (Brachi et al.,
2018; Qiu et al., 2018).
Of all the three thermochemical routes, gasification is
being considered in this research work as a promising
technology to treat biomass. This is because it produces
minimal emissions, can be easily adapted to treat
different materials and the process conditions can be
altered selectively to isolate different gaseous products
(Sikarwar et al., 2017; Molino et al., 2018).
Furthermore, gasification is likely to be commercially
viable based on the consideration of overall conversion
efficiency and proven operational history and
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performance (Barbuzza et al., 2019; Catalan-Martinez et
al., 2018; Qiu et al., 2018).
Hydrogen - one of the constituents of syngas has been
dubbed the energy carrier of the future and has gained
reputation as a potential substitute to fossil fuels. This is
because hydrogen, when combusted or used in a fuel
cell, does not emit greenhouse gas (GHG), it has a high
energy content on a mass basis when compared to
gasoline or natural gas and it can be easily and
efficiently converted to electricity using fuel cells.
Hydrogen, as a high efficiency low polluting fuel, can be
used for transportation, heating and power generation
(Orhan et al., 2011). Hydrogen is also a raw material for
chemical, petroleum and agro-based industries (Lewis et
al., 2009 and Naterer et al., 2010).
Converting biomass to aqueous and gaseous fuel most
especially hydrogen could be a more efficient way of
utilizing biomass. This is good for developed nations
because the problem of GHG emissions will be dealt
with and for developing nations with power generation
problems by providing access to electricity and power
supply from relatively available sources.

This study is focused on highlighting the potential of
hydrogen generated from biomass gasification to be
effective solution to the menace of inadequate power
supply in rural areas. It could also serve as source of
energy generation for both small and medium scale
industries. This is much more apt for a developing
nation like Nigeria which has an agrarian based
economy. The vast amount of biomass as agricultural
byproducts and abundant virgin land that could be put to
use for more cultivation of biomass is a great motivation
for this study.

2.0 HYDROGEN PRODUCTION
Although abundant on earth as an element, hydrogen is
almost always found as part of another compound, such
as water (H2O) and some other compounds, and must be
separated from the compounds that contain it. Once
separated, hydrogen can be used in diverse ways. In
addition, hydrogen can be produced using diverse
resources. The environmental impact and energy
efficiency of hydrogen depends on how it is produced.
Figure 1 depicts some sources through which hydrogen
can be generated.
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2.1 Production from Natural Gas: Hydrogen can be
produced from natural gas through three different
chemical processes. Steam reforming involves the
endothermic conversion of methane and water vapour
into hydrogen and carbon monoxide as given in equation
1. The product gas CO can be further converted to 𝐶𝑂2
and 𝐻2 through the water-gas shift reaction as given in
equation 2 (Holladay et al., 2009).
𝐶𝐻4 + 𝐻2 𝑂 + ℎ𝑒𝑎𝑡 → 𝐶𝑂 + 3𝐻2

(1)

𝐶𝑂 + 𝐻2 𝑂 → 𝐶𝑂2 + 𝐻2 + ℎ𝑒𝑎𝑡

(2)

Partial oxidation involves the production of hydrogen
through the partial combustion of methane with oxygen
rich gas to yield carbon monoxide and hydrogen
according to equation 3 (Ahmed et al., 2017). The 𝐶𝑂
can be further converted through the water-gas shift
reaction of equation 2 (Cormos et al., 2018).
1

𝐶𝐻4 + 𝑂2 → 𝐶𝑂 + 2𝐻2

(3)

2

Autothermal reforming is a combination of both steam
reforming and partial oxidation. This method of
producing hydrogen has developed technology and has
been commercialized. However, the hydrogen generated
from this source can only be sustainable if it is from
renewable source such as biogas or syngas (Dincer and
Acar, 2015).

2.2 Electrolysis: An electric current splits water into
hydrogen and oxygen. If the electricity is from
renewable sources, such as solar or wind, the resulting
hydrogen will be considered renewable as well, and
have numerous environmental benefits. Electrolysis is
considered as the easiest method of hydrogen production
since it yields high level hydrogen purity and requires
simple equipment (Badwal et al., 2013). It however has
low efficiency (Nikolic et al., 2010) and contributes
only about 4% of overall hydrogen production (Chakik
and Mikou, 2017; Santos et al., 2013).
𝐻2 𝑂 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 → 𝐻2 +

1
2

𝑂2

(4)
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Figure 1: Some hydrogen production processes

2.3 Solar-based Hydrogen Production: Solar energy
is readily available at no cost to produce hydrogen;
therefore, it may lead to a future clean alternative fuel
(hydrogen) for transportation. Direct solar water
decomposition, or photolytic, processes use light
energy to split water into hydrogen and oxygen
(Contreras et al., 1999; Do Sacramento et al., 2008).
These processes are currently in the very early stages
of research but offer long-term potential for
sustainable hydrogen production with low
environmental impact such as the threatening global
warming effects (Liu et al., 2020).
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2.4 Biological Processes: Microbes such as bacteria
and microalgae can produce hydrogen through
biological reactions, using sunlight or organic matter.
These technology pathways are at an early stage of
research, but in the long term have the potential for
sustainable low-carbon hydrogen production.
Biological hydrogen can be produced in an algae
bioreactor (Hemschemier et al., 2009).
2.5 Thermochemical Water Decomposition for
Hydrogen Production: This is an emerging and
promising technology for large-scale production of
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hydrogen and it is commonly called thermochemical
cycles. This is done using intermediate compounds
and sequence of chemical reactions to split water into
hydrogen and oxygen without polluting the
atmosphere (Naterer et al., 2009). Many
thermochemical cycles have been identified but only
a few have been proven to be feasible (McQuillan,
2002).
2.6 Gasification: This conversion route is the focus
of this study. It is discussed extensively in the next
section.
3.0 BIOMASS GASIFICATION
Gasification is the conversion of biomass into a
gaseous product that mainly consist of hydrogen (H 2),
and carbon monoxide (CO) with lower amounts of
methane (CH4), carbon dioxide (CO2), water (H2O),
nitrogen (N2) and higher hydrocarbons (C+) in the
presence of gasifying agents. The gasifying agents
could be air, oxygen or steam or a mixture of these
components. Gasification is carried out at
temperatures between 500 and 1400 oC and at
atmospheric pressure of 101.325 kPa up to an
elevated pressure of 3300 kPa (Ciferno and Marano,
2002). The reactions taking place in the gasifier are
summarized in equations 5-7 (Mckendry, 2002b).
1

𝐶 + 𝑂2 ⇌ 𝐶𝑂 (partial oxidation)
2

(5)

𝐶 + 𝑂2 ⇌ 𝐶𝑂2 (complete oxidation)
(6)
𝐶 + 𝐻2 𝑂 ⇌ 𝐶𝑂 + 𝐻2 (water gas reaction) (7)
The hydrogen and steam can undergo further reaction
during gasification as given in equations 8 and 9:
𝐶𝑂 + 𝐻2 𝑂 ⇌ 𝐶𝑂2 + 𝐻2 (water gas shift reaction)(8)
𝐶𝑂 + 3𝐻2 ⇌ 𝐶𝐻4 + 𝐻2 𝑂 (methane formation)(9)
The arrows indicate that the reactions are in
equilibrium and can proceed in either direction
depending on the conditions of reaction (temperature,
pressure and concentration)
Main products of gasification are synthesis gas
(syngas), char and tars. The content depends on the
feedstock, oxidizing agent and the conditions of the
process. The gas mainly consists of CO, CO2, H2,
CH4 and other hydrocarbons. The gasification process
can be summarized as given in equation 10:

directly or used as a fuel for gas engines and gas
turbines in generating electricity (Ben-Iwo et al.,
2016).
A few parameters have effects on the quality and
quantity of the syngas production during gasification.
These are discussed as follows.
3.1 Effects of Temperature
Temperature appears to have the greatest influence on
the performance of the gasifiers. The composition of
the volatiles produced from a gasifier depends on the
degree of the equilibrium attained by various
gasification reactions. All the gasification reactions
are normally reversible and the equilibrium point of
any of the reaction can be shifted by changing the
temperature. Hydrogen production reactions (water
gas shift reaction) is endothermic, a higher
gasification temperature will favor the production of
hydrogen (Nanda et al., 2016a).
A study of steam gasification of almond shells in a
continuous fluidized bed reactor reported the yield of
hydrogen as above 50% of the syngas composition
(Rapagna and Latif, 1997). The temperature was
increased from 600 to 800 oC. Similarly, Lv et al.
(2004) reported an increase in hydrogen production
from 21-39 vol.% when the gasification temperature
was varied from 700 to 900 oC. Sawdust and fluidized
bed reactor were the feedstock and type of gasifier,
respectively. For all cases considered, the higher
temperature favoured higher concentrations of syngas
and hydrogen yield but lower concentration of char
and heavy tar. The increase in hydrogen yield at
higher temperature was due to tar thermal cracking
reaction which also decreases the tar concentration
(Skoulou et al., 2009). The gasification temperature
needed to be selected carefully as a tradeoff between
the char conversion and the H2 output. However, other
research shows that high H2 yield can be obtained at
low temperature (600oC) by using 90% steam content
(Gao et al., 2008). Table 1 gives indication of the
influence of temperature on hydrogen yield for
selected biomass.

ℎ𝑒𝑎𝑡

𝛾𝐶𝑎 𝐻𝑏 𝑂𝑐 + 𝜑𝐻2 𝑂 → 𝑑 𝐻2 + 𝑒𝐶𝑂 + 𝑓𝐶𝑂2 +
𝑔𝐶𝐻4 + 𝑡𝑎𝑟
(10)
where 𝛾𝐶𝑎 𝐻𝑏 𝑂𝑐 is the general chemical representation
of the biomass.
The syngas produced consists of a mixture of CO 2 (810%), H2 (18-20%), CO (18-20%), CH4 (2-3%) and
traces of other light hydrocarbon and steam
(Simonyan and Fasina, 2013). This can be burnt
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Table 1: Hydrogen production of biomass at
different gasification temperature (Source: Nanda
et al., 2016a; Safari et al., 2018; Lu et al., 2008;
Nanda et al., 2016b)
Biomass
Temperature
Hydrogen
(oC)
yield (mol/kg)
Orange peel
400
0.08
Orange peel
500
0.58
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Biomass

Temperature
Hydrogen
(oC)
yield (mol/kg)
Orange peel
600
0.91
Pine wood
300
0.22
Pine wood
400
0.69
Pine wood
500
1.14
Almond shell 380
3.95
Almond shell 400
4.55
Almond shell 420
5.43
Almond shell 440
6.45
Almond shell 460
7.85
Corn cob
550
2.55
Corn cob
600
5.31
Corn cob
650
9.08
3.2 Effects of Biomass Feed Stock
Table 2 shows the hydrogen production from
gasification of different biomass subjected to the
same conditions. The type of feed stock can be seen
to affect the yield of hydrogen at the same process
conditions. Sugarcane bagasse from table 2 yielded
1.66 mol/kg hydrogen, while coconut shell yielded
2.17 mol/kg hydrogen at the same process conditions.
The general chemical representation of biomass as
given in equation 10 indicates that the chemical
composition of varying biomass is not the same.
Ultimate analysis is often used for the chemical
analysis of biomass feedstock. The chemical analysis
usually lists the carbon, hydrogen and oxygen of the
dry biomass sample on a weight percentage basis. The
composition of hydrogen in the biomass feedstock
may influence the yield of hydrogen in the gasified
biomass.
Method of gasification also influences the yield of
hydrogen. In the table, hydrogen yield with
supercritical water gasification of biomass is much
lower than steam gasification of the same biomass.
For example, the yield of hydrogen for cotton stalk
was 4.19 mol/kg with supercritical water gasification
while steam gasification of the same biomass yielded
8.26 mol/kg of hydrogen, about 97% increment. The
same goes for corn stalk with about 111% increment
in hydrogen yield for steam gasification process.
Table 2: Hydrogen production from different
biomass subjected to the same conditions. (Source:
Nanda et al., 2016a; Yanik et al., 2007, Wei et al.,
2014; Pala et al., 2017)
Biomass
Hydrogen
Conditions
(mol/kg)
Sugarcane
1.66
400oC
#
bagasse
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Biomass

Hydrogen
(mol/kg)
2.17
4.19
4.15
8.26
9.02
8.79
27.86
34.32

Coconut shell#
Cotton stalk#
Corn stalk#
Cotton stalk*
Sawdust*
Corn stalk *
Wood residue
Coffee
bean
husk
#
supercritical water gasification
*Steam gasification

Conditions
400oC
500oC
500oC
650oC
650oC
650oC
900oC
900oC

3.3 Effects of Equivalence Ratio
The ratio between the theoretical and practical air
demand in steam gasification process utilizing air or
O2 is termed the equivalence ratio (ER). For each kind
of biomass, there is a theoretical O2 demand needed
to achieve the combustion based on its contents of
combustible materials and since in most cases,
gasification is based on realizing relatively partial
combustion, a fraction of this ratio is only used. A
ratio of 0.15-0.35 has been investigated (Mohammed,
2010). The tar and char yields were discovered to
decrease as the ER increased. This is because more
oxygen in the gasifier caused the oxidation of the char
and tar, and invariably led to the production of more
CO and CO2, and less H2. Optimum value of the ER
for a particular gasification process should be noted.
Beyond this optimum, carbon conversion efficiency
and gasification efficiency will start to decrease (Gao
et al., 2012; Zhao et al., 2010; Xiao et al., 2007).
3.4 Effects of Steam/Biomass (S/B) Ratio
The steam biomass ratio could be varied either by
changing the biomass feed rate while keeping the
steam flow constant or vice versa. Result from
previous researches show an increase in hydrogen
production as the ratio increases. However, when S/B
ratio is further increased beyond a certain point,
hydrogen production declined. The critical S/Bs are
generally between 0.70 and 3.41 depending on the
conditions (Zhang et al., 2016b). Previous researches
by Mahishi and Goswami, (2007); Kalinci et al.
(2009); Inayat et al. (2010) and Moneti et al. (2016)
obtained optimum yield of hydrogen at
steam/biomass ratios of 3, 0.6-10, 2, and 2-3,
respectively. Increasing the S/B ratio decreases
slightly the CO and favours the water gas shift
reaction that results in more hydrogen production.
Operating the gasifier at a very high S/B might not be
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energy efficient since the increase in the production
of hydrogen at this state may not justify the cost of
increasing the steam (Pallozzi et al., 2016).
3.5 Effects of Gasifier
Gasifiers are classified mainly on the basis of their
gas solid contacting mode and gasifying medium.
Based on the gas solid contacting mode, gasifiers are
broadly divided into three principal types:
(i)
fixed or moving bed gasifier
(ii)
fluidized bed gasifier
(iii)
entrained-flow bed gasifier
Each type of gasifier has different ranges of
appropriate reaction condition and feedstock. There
is an appropriate range of application for each. The
moving-bed (updraft and downdraft) type often used
for smaller units (10 MW) contains a large amount of
tars in its product gas due to flow of biomass and the
produced gas (Luo et al., 2009; Li et al., 2009). The
fluidized-bed (bubbling and circulating) type is more
appropriate for intermediate units (100 MW). Feed
stock with high ash content can cause stickiness in
the fluidized agent and reduce the fluidity of the inert
bed material (Siedleck, 2011). The entrained-flow
reactors are used for large capacity units (500 MW).
The operating temperatures and pressure of the
entrained flow reactor are higher than that of the
fluidized bed and the fixed bed (Ghassemi et al.,
2016). Several studies have compared the advantages
and various gasifiers applying different criteria such
as use of material, energy efficiency, technology and
environmental impacts. The general consensus is that
there was no significant advantage of one reactor
type over the other. However, for decentralized
power generation and distribution to remote and rural
areas as well as for small scale industries fixed bed
gasifier such as downdraft gasifier which are
typically small scale unit with power generation
capacity of up to 10 MW could be used (Li et al.,
2009).
3.6 Effects of Catalyst and Biomass Composition
Reactions catalysts have positive effects on the yield
of hydrogen. Previous works indicated increase in the
yield of hydrogen when a catalyst was added to the
reaction (Nanda et al., 2016b; Gong et al., 2014). The
catalysts are known for cracking tars to produce
gaseous products.
Biomass are essentially made of three major
polymers; the lignin, cellulose and hemicellulose.
Experiments have shown that compared with lignin,
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cellulose and hemicellulose produced gases more
rapidly with higher CO and CH4 but lower H2 and
CO2 concentrations, and higher temperature is needed
for optimum hydrogen production. Lignin produced
more hydrogen than cellulose and hemicellulose cell
(Tian et al., 2017).
4. 0 IMPLICATIONS OF HYDROGEN FUEL
Hydrogen as an energy carrier can be converted into
useful forms of energy. For combustion in internal
combustion (IC) engines, jet engines and rocket
engines; hydrogen powered combustion engines are
about 20% more efficient than gasoline engines
(Barbir, 2013; Spath and Dayton, 2003). This is
because the thermal efficiency of internal combustion
engine can be improved by either increasing the
compression ratio or the specific ratio both of which
are higher in hydrogen engines (Das, 2016).
Hydrogen combusted with pure oxygen can generate
steam with a temperature in the flame zone of above
3000 oC (Spath and Dayton, 2003). Hydrogen steam
generators can be used for industrial steam power
supply, for electricity generation and in power plants.
Hydrogen steam generator is close to 100% efficient
since there are little or no thermal losses and there is
no emission other than steam. Gao et al. (2007)
estimated that in the near future, there might be entire
cities converting to solely hydrogen for heating and
cooling.
Hydrogen can be combined with oxygen in an
electrochemical reaction in fuel cell to produce
electricity (Maleki et al., 2016). In the typical IC
engine vehicle optimized for a hydrocarbon fuel, only
about 15% of the fuel value ends up as kinetic energy
moving the vehicle down the road. This value
increases to about 25% for an IC engine/electric
hybrid (Barbir, 2013). Fuel cell vehicles operating on
compressed hydrogen have the potential of achieving
over 30% and, unlike the hybrids, would be classed as
zero emission vehicles (Dell et al., 2014).
In conclusion, gasified biomass can be used to power
IC engines, gas turbines and fuel cells, all of which
are able to produce electricity at higher efficiency.
Therefore, coupling biomass gasifiers with these
energy generators has the potential for considerably
lowering capital investment than a similarly sized
boiler/steam turbine system.
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Other energy conversion route of hydrogen includes
catalytic conversion to produce heat and conversions
involving metal hydrides.
Analysis of biomass gasification options has shown
that production of hydrogen is the most economic
route for the conversion of syngas to transportation
fuels (Spath and Dayton, 2003). An economic and
efficiency evaluation of hydrogen from biomass is
therefore important for the implementation of the
technologies of the gasification processes. Table 3
lists the hydrogen production costs from biomass
gasification using different gasifiers from previous
studies. Hydrogen production from other sources
aside from biomass gasification are also listed on the
table. Biomass gasification seems to be the most cost
effective for the production of hydrogen and power
aside from steam methane reforming (SMR). SMR is
a mature technology that uses natural gas which has a
well-defined non varying composition and is
delivered via pipeline. However, SMR uses fossil fuel
which is prone to depletion, environmental pollution
and GHG emission. Biomass gasification on the other
hand uses renewables which are available and
sustainable. In fact, it has been viewed as an
important technology for reducing GHG.
The U.S Department of Energy (U.S. DOE) has set a
cost goal for hydrogen at $2-$3/kg including
production, transportation and delivery for hydrogen
to be cost competitive with fossil fuel. The goal for
production cost only was set at $1.10/kg (NREL,
2011; Nikolaidis and Poullikkas, 2017). In fact the
goal for biofuels production in the US is 36 billion
gallons by 2022 (USA Energy Independence, 2007).
None of the gasification process presented in table 3
met up with this goal. One way to reduce cost of
production is to use renewables from nonfood
biomass such as agricultural residues, energy crops,
woody crops, forestry, mill and wood wastes.
Hydrogen energy technologies are particularly
interesting for the developing countries that do not
have huge energy infrastructures in place. Cost for
distribution such as power transmission lines,
pipelines, transportation infrastructure might work
against centralized production in developing
economy. Hence, hydrogen can be produced from low
cost biomass to supply off grid electricity to homes
using a portable fuel cell power system. Developing
countries may adopt dispersed renewable energy

ISSN: 0794-6759

sources using both traditional and advanced
technologies for their utilization.
Technology improvements of gasification process
may reduce the cost of producing hydrogen from
biomass. Advances in biotechnology that will produce
high yield, low-cost energy crops are one of such
ways. Improvement actions leading to an increase in
process efficiency that would significantly enhance
the system's performance is another way. This is
because increase in hydrogen production from
gasification of biomass has been linked to improved
exergy efficiency of the gasification process (Zhang
et al; 2019a).
Table 3: Hydrogen production cost
Process
H2
References
production
cost
Air gasification in a 2.11USD/kg Mohamed
fluidized bed
al., 2011
Steam gasification 1.91
Inayat et
in fluidized bed USD/kg
2011
with in-situ CO2
capture
Oxygen
1.69
Lv
et
gasification in a USD/kg
(2008)
fixed bed and COshift at atmospheric
pressure
Large
scale 1.38
Spath et
gasification
USD/kg
2005
Fuel cell Hydrogen
Electrolysed
hydrogen
Biomass pyrolysis
with high pressure
Steam
methane
reforming

et
al.,

al.,

al.,

2.76
USD/kg
10 USD/kg

Ogden, 1999

4.28
USD/kg
1.25
USD/kg

Iwasaki, 2003

Iwasaki, 2003

NREL, 2011

5.0 CONCLUSION
Hydrogen energy system from biomass gasification is
a coherent, comprehensive and permanent solution to
global energy-economic-environmental problems, and
as such deserves support from individual
governments, industrial organizations and research
institutes. The Hydrogen yield in the syngas
composition is influenced by some operating
conditions such as steam flow rate and temperature.
The choice of materials also has critical influence on
the efficiency of the gasification process. Biomass
gasification is a renewable and clean energy source
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with great potentials to replace fossil fuels for
hydrogen
production.
Adopting
gasification
technology for the main purpose of producing
hydrogen may seem expensive but in the long run its
benefit might be unquantifiable. Further research
efforts to improve the reaction rates and efficiency,
reduce the production cost and fast track the large
scale production should be encouraged.
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