Electronic Journal of Biotechnology 33 (2018) 52-62

)\ FONTIFICIA UNIVERSIDAD.
) CATOLICA
I ) oF VALPARAISO

Electronic Journal of Biotechnology

Contents lists available at ScienceDirect
Eectronic,
Joumal of o

Review

Evaluation of biogas and syngas as energy vectors for heat and power L))

generation using lignocellulosic biomass as raw material

Check for
updates

Juan Camilo Solarte-Toro, Yessica Chacén-Pérez, Carlos Ariel Cardona-Alzate *

Instituto de Biotecnologia y Agroindustria, Universidad Nacional de Colombia, Manizales Campus, Km 09 via al Magdalena, Colombia

ARTICLE INFO

Article history:

Received 28 September 2017
Accepted 20 March 2018
Available online 03 April 2018

Keywords:

Anaerobic digestion
Biogas power generation
Biomass gasification
Biomethane

Energy sources

Energy vectors

Heat generation
Lignocellulosic energy production
Power generation
Renewable energy

ABSTRACT

The use of nonrenewable energy sources to provide the worldwide energy needs has caused different problems
such as global warming, water pollution, and smog production. In this sense, lignocellulosic biomass has been
postulated as a renewable energy source able to produce energy carriers that can cover this energy demand.
Biogas and syngas are two energy vectors that have been suggested to generate heat and power through their
use in cogeneration systems. Therefore, the aim of this review is to develop a comparison between these
energy vectors considering their main features based on literature reports. In addition, a techno-economic and
energy assessment of the heat and power generation using these vectors as energy sources is performed. If
lignocellulosic biomass is used as raw material, biogas is more commonly used for cogeneration purposes than
syngas. However, syngas from biomass gasification has a great potential to be employed as a chemical
platform in the production of value-added products. Moreover, the investment costs to generate heat and
power from lignocellulosic materials using the anaerobic digestion technology are higher than those using the
gasification technology. As a conclusion, it was evidenced that upgraded biogas has a higher potential to
produce heat and power than syngas. Nevertheless, the implementation of both energy vectors into the
energy market is important to cover the increasing worldwide energy demand.
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1. Introduction

The energy derived from nonrenewable resources such as crude
oil, coal, and natural gas has encouraged technological progress and
supported advances in a wide variety of productive sectors [1]. Fossil
fuel consumption has provided 78.4% of the worldwide energy needs
since 2014. In addition, the demand for crude oil and natural gas
has increased progressively more than 0.5% in the past years [2,3],
which has caused different problems such as global warming, water
pollution, and smog production [4]. Therefore, a high dependency on
fossil fuels is observed. This overview can have risk from an energy
security point of view owing to the constant fluctuation in crude oil
prices [5,6]. In this sense, the research on alternative energy sources
has been considered as a fundamental step in the development of a
sustainable economy in the near future [7].

The research, production, and use of renewable energy have gained
importance in transportation, industrial, and building sectors in
response to reach a sustainable development [1]. According to the
International Energy Agency (IEA), renewable energy is defined as
the energy derived from natural processes that are replenished at
a higher rate than they are consumed [8]. Thus, renewable energy
can be classified according to the source used to produce it [9]. Some
of the renewable energies are solar energy, wind energy, hydropower,
geothermal energy, and bioenergy. In 2015, 8.9% of the worldwide
energy demand was supplied by the use of bioenergy, whereas about
10.35% was supplied by the other forms of renewable energy [3].
The high share of bioenergy in the worldwide supply was achieved
because of the growing interest in the use of biomass as raw material to
produce liquid and gaseous energy vectors with different applications
through chemical, biochemical, thermochemical, and catalytic pathways
[10,11,12].

At industrial level, the most important liquid energy carriers
are bioethanol and biodiesel [10,13]. These liquid carriers have a well-
established market in the transportation sector and their
implementation by blending with gasoline and diesel to reduce the
greenhouse gas (GHG) emission has been successful [14]. Moreover,
gaseous energy vectors such as biogas and syngas can be used for
heating and cooling as well as to produce electricity [15,16]. These
energy requirements are obtained through two competitive processes:
anaerobic digestion (AD) and gasification. Both processes have been
implemented in several European countries, the United States, and
some countries in Latin America [17,18]. Biogas facilities have
developed since 2012. These plants use some lignocellulosic biomass
from energy crops and the organic fraction of municipal solid waste.
However, not all lignocellulosic feedstocks can be upgraded through
this process [19]. On the other hand, few gasification facilities use
lignocellulosic residues as the main raw material to produce syngas.

Cogasification systems are gaining strength with an aim to reduce the
use of coal [20]. Consequently, an in-depth study on the suitable
biomass must be carried out before applying some of the above options
to convert second-generation biomass into gaseous energy vectors.

Biogas and syngas have similar applications from an energy
production point of view. They have different fuel components,
requirements for gas cleaning, and heating values. Additionally, their
applicability and production conditions can vary depending on the
type of biomass [21,22]. Therefore, the aim of this review is to develop
a comparison between these energy vectors considering features
based on literature reports. Moreover, a techno-economic and energy
assessment of the heat and power generation using biogas and syngas
as fuels is performed. Finally, the cogeneration process also considers
the production of these fuels using the oil palm rachis (OPR) as
feedstock, which is a lignocellulosic residue produced in large quantities
in Colombia.

2. Biogas production and anaerobic digestion: an overview

Biogas production has emerged in Europe and North America as
an alternative fuel for transport overcoming its delay due to the lack
of policies and regulations. The five largest producers of biogas
worldwide are Germany, Sweden, Switzerland, the United Kingdom,
and the United States [3,23]. Nevertheless, most of the produced
biogas in the United States comes from landfill gas [3]. Meanwhile,
agricultural wastes are used for this purpose in Europe [3,24]. Other
efforts performed by countries such as Colombia, Costa Rica, China,
and India have been focused to establish a natural gas infrastructure
in which biogas could be incorporated [25]. On the other hand, biogas
is also used for industrial and urban applications to generate heat
and power in cogeneration systems [26]. Additionally, biogas is the
cheapest fuel used for cooking, with a per capital cost of 0.17 USD/
person/day. This price is even three times lower than the wood price [3].

Biogas is the main product obtained from the AD of organic matter or
biomass. This process can be defined as a complex sequence of chemical
reactions where organic matter is degraded and stabilized through
different metabolic routes carried out by a microorganism consortium
in an oxygen-free environment [19,27]. Four stages have been
identified in the AD process: hydrolysis, acidification, production
of acetate, and production of methane. These steps are interrelated.
Therefore, any of these stages can be considered as the limiting step in
the AD process [28].

The main product of the digestion process is a gas mixture composed
mainly of methane (CH,4) and carbon dioxide (CO,). Nevertheless,
hydrogen sulfide (H,S), ammonia (NHs), hydrogen (H,), and carbon
monoxide (CO) are other trace gases that are present [29].
Furthermore, the so-called raw biogas is saturated with water, and it
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has other impurities such as dust particles and siloxanes [19]. In
addition, a wet solid or liquid (i.e., digestate) that has the potential to
be used as fertilizer is produced. However, a conditioning process
must be carried out to avoid any risk in its use [26].

The AD process must meet some basic conditions to ensure efficient
substrate degradation. The conditions are related to typical operating
parameters considered in biotechnological processes, such as
temperature, pH, nutrient supply (C/N/P ratio), and redox potential
[19]. Moreover, important features related to the employed substrate
as feedstock also must be known. These features include the content
of total solids (TS) and volatile solids (VS), carbon-to-nitrogen ratio
(C/N), theoretical methane yield, biochemical methane potential
(BMP), and surface area [30,31]. Commonly, this process is carried
out under mesophilic conditions (32°C-42°C), pH values between 5.2.
and 6.3, C/N ratio between 10 and 45, and redox potential between
+400 mV and -300 mV. These variables and values enable to design a
well-supported digestion process without drawbacks in the biogas
production. However, the AD process can be performed at low and
high temperatures, which are called psychrophile and thermophile
digestions, respectively.

This process at the industrial level can be carried out using one-step
or two-step reactors in one phase or two phases as a batch or
continuous mode, with or without liquid phase recirculation [32].
However, during the selection of reactor type and design, the above-
mentioned feedstock characteristics must be considered. Once biogas
has been produced, it can be cleaned or upgraded to increase its
heating value and its application range. Current biogas upgrading
technologies include absorption, adsorption, membrane separation,
and cryogenic separation. Each one has different advantages and
disadvantages related to its energy requirements, solvents, as well as
capital and operational expenditures (CAPEX and OPEX) [23,29]. In
addition, these technologies are considered relatively mature, which is
described in the next sections.

2.1. Lignocellulosic biomass as raw material for biogas production

Lignocellulosic biomass is an abundant renewable resource that can
be used for biogas production, and it is available in the developed and
developing countries [25,33]. This raw material is considered as
a potential source of fermentable sugars such as glucose, xylose,
mannose, and arabinose as well as other organic compounds such
as proteins and lipids that can be anaerobically degraded. The gas
produced by the AD of lignocellulosic materials is rich in CH4 and
has an energy content higher than 22.6 MJ/m> [19]. Nevertheless,
the direct use of lignocellulosic biomass has a drawback of longer
residence time that is needed to complete the AD process because of
the hemicellulose and lignin cross-linked matrix [34,35].

Different lignocellulosic raw materials have been characterized and
tested with the aim to know their technical and economic feasibility
for biogas production through different standard methods at the
laboratory scale (e.g., ASTM E2170-01, VDI 4630) [17,30]. However,
the reported yields for the same substrate vary greatly owing to the
harvest time and storage conditions, which make the objective
analysis difficult [36]. Examples of lignocellulosic feedstocks employed
for biogas production as well as their characterization, biogas yield,
digestion time, and high heating value (HHV) are reported in

As can be seen in Table 1, the AD of lignocellulosic materials
has a long residence time that can affect the productivity of the
entire process and decrease its economic feasibility. Therefore, a
pretreatment stage has been considered as a fundamental step to
reduce the residence time of the substrate inside the bioreactor
and to increase the CH, yields [31,44]. For this reason, many authors
have reviewed the effect of the pretreatment stage in the fermentable
sugar production for biogas production [45,46,47]. However, it is
not possible to ensure that the same pretreatment for different
lignocellulosic materials has the same results owing to the variability

Table 1

Lignocellulosic feedstock utilized for biogas production.
Feedstock TS VS C/N Y. CHy4 Time HHV Ref.

(%) (%) ratio (mL/gVS) (d) (MJ/kg)

Wheat straw 922 848 92 226 40 17.5 [37,38]
Corn stover 849 769 54 215 28 17.8 [38,39]
SCB* 554 532 116 281 35 17.7 [38,40]
Rice husk 892 778 99 44 36 15.7 [38,41]
Rice straw 878 796 43 436 36 15.1 [38,41]
EFB® 6.7 5.7 17 202 45 18.0 [42,43]

Y. CH4: Methane Yield
2 Sugarcane bagasse.
b Empty Fruit Bunches.

and complexity of biomass internal structure. Parameters such as
accessible surface area, decrystallization of cellulose, as well as lignin
and hemicellulose solubilization have been evaluated to define the
success of the applied pretreatment with regard to the lignocellulose
matrix rupture and production of low-molecular-weight compounds
(e.g., monomeric sugars and low lipid chains) [34]. The most
applied pretreatment technologies to enhance the digestibility of
lignocellulosic biomass are dilute acid hydrolysis, steam explosion,
alkaline hydrolysis, size reduction, and liquid hot water (LHW) due to
their high potential for easy scale-up at the industrial level. Table 2
shows the CH, yields for different lignocellulosic materials and the
residence time after a pretreatment stage:

Finally, an increase in the CH, yield of the raw materials reported
in Table 1 is observed. Therefore, the pretreatment stage must be
considered as a fundamental step in the overall biogas production
process when lignocellulosic biomass is used as substrate. Nevertheless,
the design and implementation of the process require a comprehensive
understanding of economic and environmental aspects to avoid a
negative impact on the sustainability of the entire process.

2.2. Energy content and quality

Methane is a fuel gas that has been identified as the main
component of the raw biogas produced from the anaerobic
degradation of biomass [56]. The CH4 concentration depends on the
amount of fats, proteins, and carbohydrates added in the anaerobic
digester. In general terms, raw biogas has a CH4 concentration
range between 50% and 70%. Additionally, CO, is found in high
concentrations in raw biogas. Its content varies from 30% to 45% [57].
The HHV of CH, as pure gas is 37.78 MJ/m3. Therefore, raw biogas has
an energy content between 19 MJ/m3 and 26 MJ/m3 or 6.0 kWh/m3
and 6.5 kWh/m3, which can replace 0.65 liters of crude oil [19].
These energy contents reported for raw biogas vary significantly based

Table 2
Methane yields from pretreated lignocellulosic raw materials.

Feedstock Pretreatment Pretreatment agent Y. CHy Time Ref.
(mL/gVs)  (d)

Wheat straw  Steam explosion Steam 273.0 40 [37]
Liquid hot water Water 386.0 60 [48]
Ammonia-based Aqueous ammonia 199.7 25 [49]

Corn stover  Alkaline NaOH 3724 40 [50]

SCB* Liquid hot water Water 100.6 23 [51]

Rice husk Ammonia-based Aqueous ammonia 55.7 45 [52]

Rice straw Alkaline Na,CO3 292.0 47 [53]
Oxidation H,0, 3275 30 [54]

EFB® Ionic liquids N-methylmorpholine- 408.0 50 [46]

N-oxide
Acid H3PO4 285.0 30 [55]
Alkaline NaOH 404.0 30 [55]

2 Sugarcane bagasse.
b Empty Fruit Bunches.
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on the type of lignocellulosic material because of the different energy
properties as well as C/H and C/O ratios, which can favor the CH,4 or
CO, production. However, the previously reported HHV for raw biogas
covers a wide variety of feedstocks [58].

Raw biogas has a limited application range because of the presence
of trace compounds that can have a negative effect on equipment
used for biogas utilization. Therefore, compounds such as H,S, NHs,
H,0, N, and siloxanes must be avoided with an aim to guarantee an
appropriate biogas use [29,59]. Effects caused by the above-mentioned
impurities are pipeline corrosion, decrease of biogas heating value,
and formation of undesired products such as NOy and SO, after a
combustion process. A more detailed explanation of each of the above
impurities is given below.

2.2.1. Carbon dioxide (CO,) and water vapor (H,0)

Carbon dioxide is one of the main gases produced in the AD process.
Its production and concentration depend only on the employed
substrate. CO, is produced at different stages during the AD process
(mainly in the hydrolysis step). Substances or molecules with a high
degree of oxidation should be added to decrease its content in raw
biogas. Therefore, long-chain hydrocarbons such as fats and molecules
with a high number of carbon atoms are preferential substrates [19].
Raw biogas rich in CO, has a low heating value (LHV), and its
applicability for energy production in industrial equipment is reduced.
Thus, the heat and power generation in a cogeneration plant requires
a CO,-removing stage.

On the other hand, H,O is an inherent component present in raw
biogas because of the water evaporation process that occurs during
the AD process. Its average concentration at 35°C is around 40 g/m>
[19]. Frequently, raw biogas conditioning involves a compression
stage to improve the separation of impurities, which promotes the
condensation process, thus favoring the production of corrosive
components such as carbonic acid (H,COs3) and sulfuric acid (H,SO4).
To avoid the above-mentioned problem, a reduction in water
concentration in raw biogas is necessary. This process can be performed
through a drying or dehumidification stage before the removal of
impurities in raw biogas [57].

2.2.2. Hydrogen sulfide (H>S) and ammonia (NH3)

Hydrogen sulfide and ammonia are two common impurities
produced during the AD process of lignocellulosic biomass and occur
in raw biogas with a maximum concentration of 0.5% and 0.05% v/v,
respectively [60]. These gases are present in high concentration in
raw biogas that uses substrates such as stillage, microalgae, and
slaughterhouse wastes [19]. The high concentration of these gases can
be related to the high elemental sulfur and nitrogen contents in
the entire process volume (i.e., inoculum and substrate). However,
the H,S content in raw biogas produced from lignocellulosic materials
is low because of the minimum amount of elemental sulfur in second-
generation feedstocks [61]. The impurities can produce SO, and NOy
emissions after burning them in a cogeneration system. Moreover, H,S
and NH;3 can produce problems associated with the equipment
corrosion. Therefore, these gases must be removed from raw biogas by
wet scrubbing or other technologies available for this purpose [21].

2.2.3. Siloxanes

Siloxanes are a type of volatile organic compounds that have
a silicon atom in their structure. These compounds are produced
when sewage sludge, food leftovers, and some industrial wastes
are used as codigestion substrates. The high content of siloxanes
can produce problems such as corrosion and deposition if raw biogas
is burned without any conditioning stage because of the silicon
dioxide production. Therefore, a concentration of 0.2 mg/m> has been
recommended as the highest limit of these compounds in biogas to
be used for energy applications with the goal to avoid abrasion in
high-pressure equipment [62].

2.3. Purification technologies

Biogas has low energy content in its original state. After the removal
of the above-mentioned impurities, the energy content of the raw
biogas can increase by around 15%. This increase converts the raw
biogas into an alternative energy source with the properties same as
those of the natural gas [63,64]. Therefore, the biogas upgrading
process is necessary to use this renewable fuel in the transportation
and industrial sectors. In this way, various technologies have been
implemented, such as cryogenic separation, physical or chemical
absorption, membrane separation, amine scrubbing, water scrubbing,
and pressure swing adsorption [65]. In each of these technologies, the
physicochemical properties of the impurities are considered as an
advantage. However, most of these technologies are based on physical
phenomena as in the case of the cryogenic separation, which uses the
difference in the condensation temperatures of CH, and CO, to
separate them, thus producing a liquid rich in biomethane.

In other technologies, impurities are removed considering the
equilibrium involved between liquid and gas phases at different
pressures. That is the case for physical absorption and water
scrubbing, where the CO, solubility in organic solvents (e.g., methanol
and dimethyl ethers of polyethylene glycol) or water is used as a
separation mechanism [63]. Nevertheless, Sun et al. [57] showed that
the use of these kinds of solvents in plants with a capacity of 100-
200 m>/h increases the operating and maintenance costs between
1.05 and 1.42 euro cent/kWh. These costs are double of the reported
costs (i.e., 0.47 and 0.45 euro cent/kWh) for water scrubbing and
regeneration technology [57]. The above OPEX difference can affect
the sale price of the biomethane as well as the feasibility and
sustainability of the process. Therefore, water scrubbing is the most
commonly used technology at the industrial level because of the
competitive biomethane prices and high purity reached (i.e., 80-99%).
Nevertheless, the energy consumption of this technology is higher
than those of the above-mentioned technologies [56].

24. Upgraded biogas and natural gas

Biomethane, as a renewable fuel, has more significant environmental
benefits than the natural gas. According to Koornneef et al. [66], the use
of biomethane could avoid around 8 Gt CO,-eq of GHG emissions in
2050. Nevertheless, there is no significant difference in the use of
biomethane and natural gas from the technical point of view because
of the similar properties. In fact, most of the technologies used for heat,
steam, as well as electricity and power production can be used with
both energy sources. Additionally, the current technologies for heating
have high flexibility to the use of biomethane, biogas, and, even,
synthetic natural gas. However, depending on the application of these
gaseous energy vectors, some impurities must be removed to achieve
a gas with acceptable calorific value and combustion properties.
Natural gas has a low content of H,S (i.e.,, 1.1-5.9 ppm) and there is
no presence of water, but it has a high content of heavy carbons
by its nature. Thus, biogas must have a CO, and H,0 content near to
25-30% v/v and 6% v/v, respectively, as well as the H,S content lower
than 10 ppm to be used in kitchen stoves and industrial boilers.
Nevertheless, biogas use into the natural gas grid has more demanding
requirements with regard to the CO,, H,0, and H,S contents, which
do not exceed 3% v/v, 8% v/v, and 15 mg/m?>, respectively [32]. The
above-mentioned requirements for biogas use into the natural gas grid
can vary from one country to another owing to the policies of each
country. For instance, France is more flexible in the CH,4 content but
not with the total sulphur content as Sweden or Austria [23,57].

2.5. Biogas applications

Biomethane has different uses. One of the uses is as fuel in the
residential or industrial sector to obtain heat or/and electricity. The
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most common equipment used to produce these services are boilers,
internal combustion engines, Stirling engines, and gas turbines.
In these systems, biogas is commonly used without any upgrading
process compared to biomethane because some equipment do not
require high-quality gas as in the case of the Stirling engines, which
can use gas with a CH, molar concentration of 35% [57]. On the other
hand, biomethane is employed in fuel cells or it is introduced into the
natural gas grid, preferably. Moreover, biomethane can be transported
easily where needed, and it can be stored avoiding corrosion
problems. In accordance with the above-mentioned uses of biogas and
biomethane, Sweden used 50% of the produced biogas for heating, 8%
for electricity generation, and 18% as vehicle fuel in 2006. In 2011, this
country focused on the biogas upgrading to be used as vehicle fuel
[57]. Nevertheless, it may be more suitable to consider the advantage
of the high calorific value of this upgraded biogas in the industrial
sector to produce heat and power because of the high thermal
efficiencies that its use offers [23].

In addition, biomethane (upgraded biogas) not only is important as
a renewable energy carrier but also can be used as chemical platform
because of the well-defined routes to use CH4 as the raw material.
Therefore, it can be converted into syngas, which is considered as the
basis for obtaining fuels such as methanol, dimethyl ether, and
hydrogen [58]. For this conversion, any available way to reform the
natural gas can be useful, although the most common is the steam
reforming. Afterwards, the syngas can be involved in different
catalytic systems to obtain methanol or hydrocarbon compounds
(i.e., olefins and paraffins) through the Fischer-Tropsch process,
which is considered as a complex process that requires well-defined
operating conditions to synthesize the desired products. In that
way and considering the CH, selectivity, different authors have
focused their works on enhancing catalytic systems, also involving it
in biological systems [67,68]. In the last case, the use of a group
of bacteria known as Methanotrophs has been researched. Thus far,
some success has been reported in the field of lactate, biodiesel, and
biopolymers production [68].

3. Syngas production and biomass gasification: An overview

The gasification technology has already been studied and
implemented in the past years to produce energy [69]. However, a
renovated interest for this technology has been aroused because of the
use of lignocellulosic biomass (e.g., forestry and wood residues) as
raw material, which combined with pretreatment technologies (e.g.,
densification) can be able to produce energy at a low scale as well
as value-added products [70]. This can be reflected in the statistics
provided by the Gasification and Syngas Technologies Council (GSTC),
who reports that there are more than 250 gasification facilities
operating and more than 680 gasifiers worldwide. From this, 10%
of these plants operate using lignocellulosic biomass as the main
feedstock. Currently, gasification facilities are distributed in North
America, Europe, and Asia. Nevertheless, Asia, specifically China, will
gain a worldwide potency with regard to gasification plants because
of a planned increase of 190,000 MW in its installed capacity from
2013 to 2020, which exceeds the rest of regions in the world [71]. This
behavior is supported by the market growth of chemical, fertilizer,
and coal-to-liquid industries located in Asia [71].

In the gasification process, by-products such as tars and char as
well as ashes are produced. These are produced in low quantities
when the gasification technology is used. However, there are other
thermochemical processes such as pyrolysis and torrefaction that
produce syngas, bio-oil, and char. The differences between these
processes, as thermochemical ways for biomass processing, lie in the
operating conditions and the amounts of syngas, bi-oil, and char that
are obtained. Thus, gasification is employed to produce syngas in large
amounts, whereas the torrefaction process produces low quantities
of gases because this process is mostly used to increase the energy

content of lignocellulosic feedstocks by removing its oxygen content.
Finally, the pyrolysis process is carried out in the absence of any
oxidizing agent at atmospheric pressure and temperatures from 300°C
to 600°C. This process involves high heating rates (1000°C/min) to
produce a mixture of gases that can be condensed. Bio-oil, as the main
product of the pyrolysis process, has a heating value lower than that
of the fossil fuels by approximately 50% [58,72,73].

Syngas is the main product obtained through the gasification
of nonrenewable and renewable energy sources such as coal and
lignocellulosic biomass, respectively. The gasification process is
defined as the thermochemical conversion of carbonaceous materials
in a partially oxidized environment to produce char, tars, and a
mixture of gases composed by H,, CO, CO,, and CH,4 as well as other
low-molecular-weight hydrocarbons [74]. This mixture of gases is
combustible, and it can be used in different applications such as
power generation and chemical production [75]. Syngas production is
possible by using an oxidizing agent provided in substoichiometric
quantities with the goal to avoid a complete combustion of the raw
material [76]. The most common oxidizing agents used in gasification
facilities are steam, oxygen, and air [77,78]. Commonly, the term
“syngas” is used to describe the gaseous product from the gasification
of any raw material without considering the oxidizing agent, and this
term is highly used in the literature [79,80]. However, some authors
make a difference between the terms “syngas” and “producer gas.”
The first one is obtained only when steam or oxygen is used to carry
out the gasification process, and the second one is used when air is
used. The main difference between these terms is the energy content
of the gas obtained in each case [74].

The gasification process involves a series of complex gas-solid
and gas phase reactions carried out in a temperature range between
800°C and 1000°C. These reactions have been studied by different
authors using software tools such as MATLAB, Aspen Plus, and
CFD programs [81,82,83]. However, a complete modeling with kinetics
and reaction mechanisms is still under-researched. On the other
hand, this process has well-established steps in which raw materials
are converted into syngas. The four steps are drying, pyrolysis,
combustion/oxidation, and reduction [74,79]. These steps involve
water removal, devolatilization of raw materials, thermal energy
production, and gaseous species formation, respectively. Finally, this
process can be classified considering different criteria such as heating
method and feedstock disposition into the gasifier [74,84].

3.1. Raw materials used for syngas production

Coal, petcoke, biomass, and waste are feedstocks employed to
produce syngas through the gasification process. Coal is the most
commonly used raw material because its conversion and treatment
are considered as a mature process. In addition, coal is the cheapest
nonrenewable energy source, which makes it an ideal feedstock.
On the other hand, the gasification of biomass and waste has emerged
as a response to the search for new alternatives to dispose them.
However, there are few gasification plants globally that operate with
biomass as their main feedstock. For this reason, the implementation
of biomass gasification into the renewable energy sector has been at a
low scale to provide energy in noninterconnected zones.

Similar to the AD process, the feedstock employed in the gasification
process must meet some requirements related to moisture content
and particle size. These characteristics can affect the performance of
the gasification process with regard to efficiency and gas product
conversion. Moisture content below 30% as well as a particle size
below 38.10 mm and above 2540 mm are common feedstock
characteristics, even if the raw material has been pelletized [85]. On
the other hand, the syngas composition is affected by the elemental
composition of the raw material employed in this process. Therefore,
different analyses such as proximate and ultimate analyses should be
performed [58]. From these analyses, it is possible to calculate the
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HHV of the raw material and to determine whether this is suitable for
syngas production. The HHV of coal is around 32 M]/kg, whereas the
HHYV of lignocellulosic biomass is between 17 and 20 MJ/kg [86,87]. In
addition, an advantage of coal over lignocellulosic biomass is the low
tar production as well as its high content of silicon dioxide in its ash
fraction [88].

Finally, new alternatives have been developed to increase the energy
density of lignocellulosic biomass to be used in thermochemical
processes, and not only in gasification. For example, torrefaction is a
pretreatment that is carried out in a temperature range between
200°C and 300°C in the absence of oxygen to remove the most volatile
fraction of the raw material (i.e., hemicellulose), which increases the
energy content between 20% and 60% [89].

3.2. Quality and energy content

The syngas composition obtained from coal, petcoke, lignocellulosic
biomass, and municipal solid waste gasification, as well as its quality
and energy content, is a function of a wide variety of variables such
as the gasifier design, gasifying medium employed, raw material
elemental composition, and operating pressure. These variables have
been studied by different authors with an aim to find better operation
conditions to carry out an optimal gasification process [90,91,92,93].
However, different experiences on gasification have demonstrated
that the heating value of the syngas can vary between 3 MJ/m3 and
15 MJ/m3 [80,94,97]. The compositional range of the syngas obtained
from coal, petcoke, lignocellulosic biomass, and municipal solid waste
as well as their heating value is reported in the literature, and the
details are shown in Table 3.

As can be seen in Table 3, the syngas obtained from coal and petcoke
has a higher HHV than the HHV from lignocellulosic biomass and
municipal solid waste gasification. For this reason, the use of these
raw materials, at the industrial level, has been preferred. However, the
compositions shown in the previous table can vary significantly if the
operating conditions are optimized. Therefore, lignocellulosic biomass
has a great potential to be used as the main raw material for the
gasification process to decrease the coal exploitation in different
regions across the world. On the other hand, it was mentioned that
air, oxygen, and steam are the main gasifying media employed to
perform the gasification process. The use of each of these media
provides heating values different from those of the syngas due to the
variation in the H, and CO concentration. A brief description of the
syngas properties obtained with these agents is as follows.

Air is one of the most employed gasifying media because this does
not have costs associated with its acquisition and use. However,
syngas produced by air-blown gasification has the lowest heating
value that can be obtained through this technology. This is because of
the presence of N, and other impurities in the syngas composition.
Thus, the syngas obtained using these oxidizing agents and
lignocellulosic biomass as raw material has an HHV between
4 MJ/mn> and 7 MJ/mn? with an H, content between 12 and 16%, CO
content of 18-24%, and CH,4 content of 1-6% [92,98]. However, some
benefits with the use of air are the low tar formation and high syngas
yield [80]. On the other hand, the amount of air needed to perform the
gasification process is evaluated using the equivalence ratio (ER)
concept. This concept is defined as the ratio between the air-fuel ratio

Table 3

Syngas composition obtained by the gasification of different raw materials.
Feedstock H, co CH4 CO, HHV Ref.

(% mol) (% mol) (% mol) (% mol) (MJ/m3)

Coal 25-30 30-60 0-5 5-15 7-15 [94]
Petcoke 22-30 39-48 0-1 18-34 8-11 [95,96]
Biomass 5-16 10-22 1-6 8-20 4-7 [80]
MSW 8-23 22-24 0-3 6-15 3-7 [97]

of the gasification process and the air-fuel ratio for complete
combustion. A higher ER means that the amount of O, in the gasifier
increases, thus reducing the calorific value of the syngas. Moreover,
a lower ER results in higher calorific syngas [99]. In the case of
biomass, the ER employed to carry out the gasification process is
approximately 0.25 [100,101].

Oxygen and steam are the preferred oxidizing agents to perform the
gasification of different raw materials because the energy content of the
syngas is increased [58]. However, there are some economic issues
related to their production that have restricted their use. When
biomass is used as raw material to be gasified, the heating value of the
syngas produced is 10-18 MJ/m2 and 12-28 MJ/m3 for steam and
oxygen, respectively [58]. The HHV of the syngas is due to the absence
of inert gases such as N; and the high content of H, and CO in the
mixture.

3.3. Syngas applications

Syngas can be used for heat and power generation as well as
to obtain value-added products such as biofuels (i.e., methanol and
ethanol), ammonia, hydrogen, synthetic natural gas, and dimethyl ether
[11]. However, the production of the above-mentioned compounds is
related to the syngas composition. Some applications are mentioned
below:

3.3.1. Heat and power generation

The generation of heat and power from syngas in combined heat
and power systems commonly known as cogeneration systems is
not considered as a transformation technology. By contrast, this
is considered as a process that enables to obtain useful energy from
the syngas through thermodynamic cycles. These cogeneration
processes normally employ equipment such as turbines, compressors,
generators, boilers, and heat exchangers, which are strategically
arranged to obtain high energy efficiencies [33,34].

3.3.2. Fischer-Tropsch process

This process involves the chemical transformation of syngas to
produce hydrocarbons in the liquid phase through highly exothermic
reactions. The Fischer-Tropsch process can be described as the
catalytic conversion of H, and CO to hydrocarbon compounds such as
diesel. This process has been implemented in different plants at the
industrial level for the production of different types of olefins and
paraffins [26,35].

3.3.3. Syngas fermentation

Syngas fermentation involves the employment of CO and CO-, present
in the syngas to produce ethanol using the following microorganisms:
Clostridium ljungdahlii and Clostridium autoethanogenum [36,37].
An advantage of this process is its low energy requirements to carry
out the fermentation and the application of the well-established
techniques of ethanol separation and dehydration [38]. However,
major challenges from an engineering point of view have been
required to improve production yields and to improve aspects related
to the mass and energy transfer.

4. Case of study
4.1. Lignocellulosic feedstock

Biogas and syngas production was simulated using a lignocellulosic
residue susceptible to be used in both the AD and gasification
processes. Afterwards, these gases were used to produce heat and
power in a cogeneration system with the goal to analyze from a
techno-economic point of view their potential to be used for this
application. The lignocellulosic material employed to perform the
simulations was the OPR, which is obtained from the Colombian oil
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Table 4
Chemical characterization and proximate analysis of the oil palm rachis.

Chemical Composition [% w/w]* Proximate analysis [% w/w]*

Moisture 9.68 + 0.39 Moisture 11.71 £ 0.52
Extractives* 14.08 4- 0.91 Fixed Carbon* 14.72 4+ 091
Cellulose* 37.92 £ 4.39 Volatile Matter* 80.45 + 0.21
Hemicellulose* 20.88 4 3.37 Ash* 481 +1.12
Lignin* 15.64 + 0.67 HHV (M]/kg) 18.56

Ash* 1.80 + 0.11

* Values given in dry basis.
2 The chemical composition and proximate analysis were determined in triplicate.

palm crop. It was characterized in terms of its chemical composition
(i.e., cellulose, hemicellulose, and lignin) as well as its volatile matter,
fixed carbon, and ash content by following the procedures described
by Moncada et al. [102] and Daza et al. [103] as well as the ASTM
standard D1173-01. The characterization of this raw material is
shown in Table 4.

4.2. Simulation procedure and processes description

The simulation of the biogas and syngas production, as well as the
heat and power generation from these energy vectors, was performed
using an OPR mass flow rate of 20 ton/h (dry basis) as feedstock. The
simulation was accomplished using Aspen Plus software v8.6 (Aspen
Technology Inc. USA) [104]. The nonrandom two-liquid (NRTL)
activity model and Peng-Robinson equation of state were used to
describe the behavior of the liquid and vapor phases [105,106]. In
addition, the thermodynamic properties reported by the National
Research Energy Laboratory (NREL) were used to introduce components
such as cellulose, hemicellulose, and lignin which are not available
in the software database [107]. A brief description of the gasification,
AD, and cogeneration processes is given below.

4.2.1. Gasification process

The OPR gasification was simulated using two stages. The first one is
the particle size reduction from 150 mm to 20 mm using the crusher
model available in the solids section of the software. The second one is
the OPR gasification using an air-blown downdraft gasifier operating
at an ER of 0.25. Nevertheless, the software does not have a gasifier
model. For this reason, its simulation was divided into three steps:
pyrolysis, combustion, and reduction.

The pyrolysis step involves raw material devolatilization under
anoxic conditions. This was simulated using the stoichiometric
approach reported by Sharma [108] applied to the lignocellulosic
components (i.e., cellulose, hemicellulose, and lignin). Moreover, it
was considered that this process occurs at 600°C. The main products
obtained were char (C), CO, CO,, H2, H,0, light hydrocarbons modeled
as CHy, and heavy hydrocarbons (i.e., tar) modeled with the empirical
formula (CgHgOg2) [108,109]. The combustion was modeled using the
kinetic expressions reported by Tinaut et al. [110] using the RYIELD
block. The char gasification to produce CO,, CO, H,, and CH4 was
simulated using a RGIBBS reactor [100]. Finally, the remaining char
and ashes from the gasification process were separated from the
syngas using a cyclone. The overall syngas production process
described above is presented in Fig. 1.

4.2.2. Anaerobic digestion process

The biogas production was simulated considering the LHW
pretreatment of the lignocellulosic raw material and the water
scrubbing cleaning method. The LHW pretreatment was simulated
according to the conditions reported by Goh et al. [111] (i.e., 175°C,
10 bar, and a liquid-to-solid ratio of 8.0). The AD process was
simulated considering the yields and conditions reported by Kaparaju
et al. [48] (i.e.,, 50°C and the VS of substrate-to-inoculum ratio of
46.92%w). The above stages were simulated using the RSTOIC blocks

O
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Fig. 1. Process flow diagram of OPR gasification using a downdraft gasifier.

available in the software. Finally, biogas upgrading was performed
using the water scrubbing technology [29]. The equipment involved in
the biogas purification stage were specified according to Cozma et al.
[59]. The process flow diagram of the biogas production is presented
in Fig. 2.

4.2.3. Cogeneration system

The simulated cogeneration plant is composed of a gas turbine, a
heat recovery steam generator (HRSG), and a steam turbine. The flow
diagram of the system is shown in Fig. 3, and each of these elements
is described as follows. The gas turbine uses the fuel gases generated
by the gasification and AD processes to produce power and fuel. It is
composed of a series of two compressors, one burner, and two
turbines in an intercooling, reheating, and regenerative cycle (ICRHR).
This type of turbine was selected to be used in the simulation because
of the high thermal efficiencies compared with those of the simple
cycle gas turbines. The ICRHR gas turbine uses atmospheric air (288 K,
1 bar) in excess to ensure complete combustion of syngas or upgraded
biogas. The compressors used in the cycle, as well as the turbines,
have the same pressure ratio with the goal to improve the power
requirements [112]. The combustor was simulated using an RSTOIC
block. The main characteristics of the simulated gas turbine are
presented in Table 5.

The outlet gases from the gas turbine were mixed and combusted
with more fuel (i.e., syngas or upgraded biogas), thus resulting in
the increase in its temperature. This secondary combustion was
performed in a firing system that was modeled as an RSTOIC block.
The hot gases from this system were carried out to the HRSG system
and used to produce steam at different pressures. The HRSG system
was simulated according to Zheng et al. [113]. From this process, HP-
Steam at 60 bar, IP-Steam at 30 bar, and LP-Steam at 3 bar were
obtained.

4.3. Economic assessment

The economic assessment was performed using the commercial
software Aspen Process Economic Analyzer (Aspen Technology Inc.,
USA) to calculate the capital expenditures (CAPEX) (i.e., equipment
costs) and operational expenditures (OPEX) (i.e., utilities, maintenance,
and operating labor cost) for both simulations [75,103]. As input data,
the results of the material and energy balances were supplied. In
addition, the following data were considered to complete the analysis
in the Colombian context. The water market price was 0.74 USD/m?,
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Fig. 2. Process flow diagram of biomethane production with liquid hot water pretreatment [59].
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Fig. 3. Process flow diagram of the cogeneration system plant.

HP-steam market price was 9.86 USD/ton, IP-steam market price was
8.18 USD/ton, LP-steam market price was 1.57 USD/ton, electricity
value market price was 0.1 USD/kWh [114,115], and the price of the
raw material considered was 19.40 USD/ton. The labor wages for
operators and supervisors were 2.56 USD/h and 5.12 USD/h,
respectively [115]. In addition, this analysis was performed considering
the straight-line method for the capital depreciation calculation

Table 5

Main characteristics of the simulated gas turbine [112].
Item Value Item Value
Compressors pressure ratio 10.0 Turbine pressure ratio 5.0
Compressor isentropic efficiency (%) 85.0 Turbines isentropic efficiency (%) 90
Intercooler pressure drop (%) 1.0  Reheater pressure drop (%) 2.0
Boiler pressure drop (%) 5.0  Turbine entrance temperature (K) 1600
Air-to-fuel ratio 6.4  Equivalence ratio 4.0

involving an annual interest rate of 17.0% and a 25.0% of tax rate in a
10-year period. The environmental assessment was achieved through
the calculation of the global warming potential of all scenarios defined
as the mass ratio between the CO, emissions and raw material [111].

44. Results and discussion

4.4.1. Process simulation

The syngas composition obtained from the simulation was 13.5%,
15.5%, 9.0%, and 60.0% of CO, CO,, H,, and N,, respectively. These
results are in agreement with the syngas composition from oil
palm fronds reported by Atnaw et al. [91]. Additionally, the syngas
production exhibited the highest mass yield with regard to fuel and
steam production. However, this situation is given by the high air flow
that was needed to carry out a complete combustion of the syngas in
the combustion chamber inside of the gas turbine to maintain an ER of
4.0. On the other hand, the upgraded biogas composition was 94.4%.
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Table 6
Mass yields of the simulated processes.

Scenario Fuel yield Total steam yield
[kg fuel/kg OPR] [kg steam/kg OPR]

Syngas 3.6 35

Upgraded Biogas 0.3 24

These results are similar to the syngas composition reported by Cozma
et al. [59]. The mass yields of the simulated processes are given in
Table 6.

The above results do not imply that the syngas production
process is the best option to produce heat and power in the
proposed cogeneration plant. The above is performed to provide a
series of characteristics from different points of view to identify the
advantages and disadvantages that each technology can offer. In
this sense, the energy analysis can provide more information related
to the considered scenarios. The energy analysis was carried out
calculating the LHV of the syngas and biomethane generated as well
as the thermal efficiency (n¢,) of the gas turbine, the net energy value,
and the global efficiency of the process. These results are shown in
Table 7.

The above results show that the upgraded biogas has a higher LHV
than that of the raw syngas. For this reason, the generated electrical
power is higher when the cogeneration system is complemented with
the AD technology. However, the net energy value of the gasification
process is higher than that of the AD process. The above can be
attributed to the low energy demand of the thermochemical process
compared with the high energy demand of the biotechnological route.
Finally, according to the simulation results, it is possible to observe
that the syngas can be used to produce steam, whereas the upgraded
biogas can be used to produce electricity. Therefore, both technologies
have the potential to be used as energy carriers to produce heat and
power. However, their use will depend on the final purpose of these
utilities (e.g., industrial services or urban development).

4.4.2. Economic assessment

The CAPEX and OPEX obtained from the economic evaluation
indicate that the syngas production and its subsequent use for steam
and electricity generation have a lower CAPEX an OPEX. On the other
hand, the simulation that considers the upgraded biogas to produce
steam and electricity has the highest CAPEX and OPEX. Moreover,
it is possible to note that the gasification technology requires less
equipment than the AD process. However, the upgraded biogas
heating value is higher than that of the produced syngas. This fact can
be observed in total investment costs associated with each project.
The overall process that involves the syngas production and its
utilization for energy purposes has a total capital investment cost of
USD 32 million, whereas the overall upgraded biogas production and
its use has a total capital investment cost of USD 85 million. Finally,
according to the generated power, it was possible to propose the use
of the SGT-400 gas turbine to reach the generated power in the syngas
simulation and the use of a SGT A-45 TR gas turbine to cover the
power generated by the upgraded biogas simulation.

Table 7
Energy indicators calculated for each simulation.
Scenario LHV Nih Generated Power NEV
[k]/kg] [%] [MWe?] [k]/kg OPR]
Syngas 7.0 41.8 23.7 28574
Upgraded Biogas 474 522 43.5 23432

2 MWe: Electrical megawatt.

5. Conclusions

Biogas and syngas are two energy carries that can be used to produce
heat and power to supply different energy needs. However, the use
of biogas obtained from lignocellulosic biomass has received more
attention than the syngas production using these types of raw
materials. This can be explained because syngas has been traditionally
used to produce value-added products in the chemical industry using
coal as the main raw material. In addition, differences related to their
heating values suggest that biogas is better to achieve a high energy
production. Nevertheless, the total investment costs and the total
operating costs are higher to produce biogas than syngas. Therefore,
a careful selection of these energy vectors must be performed
considering energy needs and economic issues. Finally, it is possible to
mention that both, syngas and biogas, will be a fundamental part of
the energy market in the near future.
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