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Abstract

Anthropogenic activities and advancements in industries boost global energy demand and
increase fossil fuel consumption, causing several global environmental problems, such as
climate change. As a climate change mitigation strategy, the use of renewable energy
technologies has gained unprecedented interest. In particular, the thermochemical processing
of lignocellulosic biomass integrated with other renewable energy technologies has emerged
rapidly. It is critical to select appropriate integrated renewable energy system configurations
for sustainable and feasible power generation towards higher environmental benefits.
Understanding the possible configurations of thermochemical lignocellulosic biomass
processing technologies (gasification, pyrolysis, hydrothermal gasification, or hydrothermal
carbonization) integrated with renewable energy technologies (solar thermal, fuel cell, fusion
power, or energy storage) is crucial for the further development and propagation of the
integrated renewable energy system. Hence, we provide a systematic review of the
thermochemical conversion of lignocellulosic biomass integrated with the other renewable
energy technologies. Finally, the challenges associated with the implementation of these

systems and suggestions for future research on the systems are discussed.
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1. Introduction

The paradigm shift to a low carbon bioeconomy of renewable bioenergy-based power
generation is essential as a long-term strategy for sustainable energy generation to cater to the
high energy demand and reduce the dependence on fossil fuels. Biomass is one of the primary
energy resources globally, and bioenergy is considered to be a more stable form of renewable
energy as compared to, e.g., solar and wind energy which are affected by the intermittent
environmental and meteorological conditions [1]. In addition, the bioenergy system has the
potential to be carbon neutral and has a higher contribution to employment compared to other
renewable energy development [2] and greatly contributes to the mitigation of adverse climate
change [3].

Lignocellulosic biomass normally refers to terrestrial plant biomass that comprises cellulose,
hemicellulose, and lignin. Lignocellulosic biomass has been considered an alternative to fossil-
based products, such as fuels and chemicals, and acknowledged as a valuable renewable energy
resource. Global annual production of lignocellulosic biomass was estimated to be
approximately 181.5 billion tons [4]. Currently, about 0.2 % of the total land of the world (~
25 million ha) is used to grow bioenergy feedstocks [5]. Hence, the availability of
lignocellulosic biomass is not an important issue for producing bio-based fuels and chemicals
that can potentially substitute fossil-based fuels and chemicals, respectively.

Lignocellulosic biomass can be transformed into either gas or liquid fuels through various
technologies that can be categorized into physical, thermal, chemical, and biological
conversion processes [0-13]. Gasification, pyrolysis, and hydrothermal carbonization are
representative of the thermochemical lignocellulosic biomass conversion processes. Their
applications are highly associated with the kind of target product (gas, liquid, or solid), the
extent of oxidation environment (partial or anaerobic), and the type of feedstock (wet or dry)

[14-16]. Thermochemical conversion technologies have also shown great promise for



generating electricity from biomass by co-combustion of the biomass with coal in existing
power plants [17] and decentralized electricity generation in developing countries [18-21]. In
addition, electricity generated from biomass through thermochemical conversion processes
could help fulfill the renewable portfolio standards enacted in many states of the USA [22].

Single resource-based renewable energy systems are commonly employed to generate power
[23, 24]; however, they are often cost-ineffective and unreliable [25]. The intermittent nature
of single-resource renewable energy technologies may interrupt continuous energy supply.
Integrated renewable energy systems can increase the energy storage capacity, save the cost of
power generation, improve the generated-power quality, and enhance the total energy
conversion efficiency of power generation, compared to the single resource based-systems for
energy generation [26, 27]. Furthermore, the integrated renewable energy systems can allow
easy transmission and distribution of clogs, diminish line and transformer accidents, enhance
the standard of control during the power generation, and reduce detrimental impacts of the
power generation on the environment, thereby increasing the overall reliability of the power
generation [28]. The application of variable locally available unutilized resources (e.g.,
lignocellulosic biomass) in an integrated energy system configuration can help to avoid the
intermittence issue of a single-resource renewable energy system (e.g., photovoltaics (PV) and
wind power). Thus, integrated systems can offer a greater degree of flexibility in utilizing local
renewable resources and have higher potential for local employment than single-source
systems [2].

Thermochemical biomass conversion-based integrated renewable energy systems to
generate power have received relatively little attention in comparison with single conversion
processes [29-31]. Hence, this review aims to support wider practical applications of
bioenergy-based renewable energy systems that integrate each of the thermochemical biomass

conversion processes (e.g., gasification, pyrolysis, and hydrothermal process) with any other



renewable energy resource (e.g., solar thermal energy resource and fuel cells). From this
perspective, we provide a systematic overview of the thermochemical conversion process-
based hybrid lignocellulosic biomass-to-power systems. Fig. 1 schematically describes the
hybrid system configurations dealt with in this review. Finally, the challenges faced by these
systems are discussed, and recommendations for future research directions of the systems are

offered.

2. Thermochemical conversion processes
2.1. Gasification

Gasification is a process that transforms lignocellulosic biomass into gaseous products
containing large fractions of hydrogen (Hz), carbon monoxide (CO), and carbon dioxide (CO>).
This transformation can be achieved at high temperatures (typically more than 700 °C) under
precisely controlled air, oxygen, and/or steam environments. The resultant gas mixture
(gaseous products) transformation is named synthesis gas (syngas) or producer gas, and the
syngas itself can be used as a fuel because flammable contents, e.g., H> and CO. Notably, the
gasification of lignocellulosic biomass has a high potential to enhance the exergy efficiency of
a combined heat and power (CHP) system [32]. Furthermore, the lignocellulosic biomass
gasification-based heat and power generation can be eco-friendlier than that based on direct
combustion of the biomass. For example, electricity generation through gasification of timber
leads to a global warming potential of <50 kg CO»-eq t !, acidification potential of 55 kg SO»-
eq t !, and eutrophication potential of 220 kg NOs-eq t ' which are very much less than those
from direct timber combustion (1900 COz-eq t !, 90 SO»-eq t'!, and 305 kg NOs-eq t '),

respectively [33].

2.2. Pyrolysis



Pyrolysis, the thermochemical decomposition of carbonaceous substances in the absence of
oxygen (thus avoiding combustion) at a temperature of 300-1200 °C [16], has gained
increasing attention as a sustainable lignocellulosic biomass conversion process. Recently,
pyrolysis has been widely studied to transform lignocellulosic biomass into high-value
products (e.g., H2 [34], commodity chemicals [35], and catalysts [36]). Pyrolysis is an effective
process for treating carbonaceous substances in a heterogeneous and complex material/source,
such as lignocellulosic biomass [37]. The pyrolysis of lignocellulosic biomass typically results
in pyrolytic products in three different phases, namely pyrolytic gas, bio-oil, and char. Pyrolytic
gas is a mixture of permanent gases, such as Hz, CO, and CO3, and light hydrocarbons, such as
methane (CH4), ethane, ethylene, propane, propylene, butane, and butylene [38]. Bio-oil (also
called pyrolytic liquid, tar, or biocrude) is a complex mixture of water, organic components
(composed mainly of organic acids, alcohol, aldehydes, phenols, and furans), and a small
amount of ash [39]. Finally, char is a solid residue remaining after the lignocellulosic biomass
pyrolysis, typically used as a solid fuel (a renewable alternative to coal) [40]. All these pyrolytic
products are considered renewable energy sources because they can be combusted to generate
power. The yield and characteristics of each pyrolytic product are highly associated with the

pyrolytic conditions, such as the temperature, heating rate, and feedstock residence time of the

pyrolysis [41].

2.3. Hydrothermal conversion

While gasification and pyrolysis require dry biomass as the feedstock, hydrothermal
conversion (e.g., hydrothermal gasification and hydrothermal carbonization) is a process of
transforming lignocellulosic biomass with a high moisture content (i.e., wet lignocellulosic
biomass) into bio-oil and char [42]. In particular, the hydrothermal gasification process

processes lignocellulosic biomass in hot compressed water, typically supercritical or subcritical



liquid water, at a temperature of 400—-600 °C, for several minutes [43]. On the other hand, the
hydrothermal carbonization is a process of converting lignocellulosic biomass at a temperature
and pressure of 180-280 °C and 2—6 MPa, respectively, for 5-240 min [44]. Hydrothermal
conversion of lignocellulosic biomass can produce bio-oil and char having high energy density
for efficient energy recovery [45-47]. Recently, a study has shown that the combustion of bio-
oil and char derived from lignocellulosic biomass (e.g., bagasse) using the hydrothermal
conversion process can offer a 170 % higher electricity export benefit than that offered by
conventional direct combustion of the lignocellulosic biomass [48]. Table 1 compares

advantages and disadvantages of the three thermochemical conversion processes.

3. Gasification-based integrated systems

This section introduces and discusses the bioenergy-based renewable energy systems
integrating gasification of lignocellulosic biomass and other renewable energy technologies
(e.g., solar thermal energy, solid oxide fuel cell, anaerobic digestion, and energy storage unit).
Table 2 summarizes recent data on lignocellulosic biomass gasification-based integrated

renewable energy systems.

3.1. Integrated with solar thermal energy

Concentrated solar thermal energy conversion uses mirrors (or lenses) to concentrate
sunlight from a large area onto a receiver (i.e., solar concentrator) [49]. The concentrated
sunlight is then used to generate heat for driving a heat engine (e.g., steam turbine) [50] or
power a thermochemical process [51]. Concentrated solar thermal energy can be used to meet
energy demands (e.g., heat) for lignocellulosic biomass gasification [52-58]. Likewise, a hybrid
power generation system using biomass and solar energies was also suggested [59]. This

system integrated a biomass gasification process and a concentrated solar thermal energy



conversion process through a heat exchanger network (entry 1 in Table 2), as depicted in Fig.
2a. The biomass gasification took place in a bubbling fluidized-bed reactor with the heat
received from the concentrated solar thermal energy to produce syngas that was used as fuel
for a gas turbine. Excess heat from the gasification was used in a Rankine-cycle steam turbine
to generate power. Notably, the temperature and composition of the gasifying agent (e.g., a
mixture of oxygen (O2) and steam) affected the overall efficiency of the integrated system. For
example, an increase in the temperature and O> fraction in the gasifying agent led to an
increased overall efficiency of the integrated system. Furthermore, an increase in the heat input
from the concentrated solar thermal energy increased the overall system efficiency until the
heat input became dominant compared to the heat of the fluid stream in either the gasification
process or gas turbine. However, the biomass gasification/concentrated solar thermal energy
integrated systems often suffer from the instability of system operation and require an
overcomplicated process control for the system because of the intermittent solar radiation
coming on to the system.

The concept of integrating autothermal and solar gasification of lignocellulosic biomass has
been proposed to overcome the above-mentioned issue of intermittent solar radiation and
continuous syngas production with a high biomass conversion efficiency [60-62]. For example,
Li et al. [62] suggested a biomass gasification process under either autothermal or solar modes
(Fig. 2b). Their integrated system was developed to continuously produce syngas from biomass,
such as redwood (entry 2 in Table 2). The produced syngas was then exploited to drive
combined cooling, heat, and power systems. Notably, Li et al. investigated the respective
impacts of solar flux inputs and reactant ratios on the syngas production. The investigation
showed that an operation for 2 days at the optimum production conditions (minimum steam
supply and temperature more than 730 °C) resulted in an increase in the molar flow rates of

CO and H: in the syngas by ~12 % and 39 %, respectively, increasing the lower heating value



(LHV) of the syngas by up to 52 %. In addition, the primary energy ratio of the integrated
system was also increased by ~12 % when the system was operated under simultaneous

autothermal/solar modes.

3.2. Integrated with solid oxide fuel cell

A solid oxide fuel cell has a solid oxide (e.g., non-porous metal oxide) or ceramic electrolyte,
electrochemically generating electricity by oxidizing a fuel. The solid oxide fuel cells provide
high CHP efficiency and have fuel flexibility, high stability, and low emissions as compared to
other types of fuel cells [63]. However, the requirement of a high operating temperature (750—
1000 °C) for a solid oxide fuel cell is a disadvantage of this fuel cell [64].

There have been efforts to develop systems integrating lignocellulosic biomass gasification
and solid oxide fuel cell [65] to achieve high electrical efficiencies. Theoretical studies have
shown that the electrical efficiencies of lignocellulosic biomass gasification/solid oxide fuel
cell integrated systems could reach 4042 % [66-69]. However, the gasifying agent affects the
performance of the lignocellulosic biomass gasification/solid oxide fuel cell integrated system.
For example, the electrical efficiency of this integrated system using air, oxygen-enriched air,
and steam as the gasification agent was 28 %, 29 %, and 42 %, respectively [68, 69]. In addition,
an electrical efficiency of 4258 % was achieved for this integrated system when the exhaust
from the solid oxide fuel cell was expanded in a gas turbine to generate additional electricity
[70-75]. Further, a CHP system consisting of autothermal gasification of lignocellulosic
biomass, solid oxide fuel cell, and micro gas-turbine was proposed by Borji et al. [75], which
had a maximum electrical efficiency of 42 %. In particular, this efficiency was affected by the
air/steam ratio in the gasification, fuel temperature at the inlet of the solid oxide fuel cell, the
average current density in the fuel cell, and the fuel utilization factor of the fuel cell. Similarly,

Bang-Moller et al. [72] constructed an integrated plant composed of lignocellulosic biomass
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gasification, solid oxide fuel cell, and micro gas-turbine, which had a power of 290 kW and an
electrical efficiency of 58.2 %.

A conceptual integrated system consisting of steam gasification of lignocellulosic biomass,
planar-type solid oxide fuel cell, and planar-type solid oxide electrolyzer cell was introduced
by Abuadala et al. [76] (entry 3 in Table 2). In particular, the lignocellulosic biomass
gasification was performed with a steam/lignocellulosic biomass molar ratio of 0.8 and a
temperature of 750—1150 °C under atmospheric pressure. The integrated system could produce
H: (from the steam decomposed in the solid oxide electrolyzer cell) at a production capacity of
21.8 and 25.2 kg h™!, power, and heat. In addition, the solid oxide fuel and electrolyzer cells
each operated at a temperature and pressure of 727 °C and 1.2 bar, respectively, with an internal
H, consumption by the fuel cell of 8.1-8.6 kg h™!'. Consequently, the efficiency of the solid
oxide fuel cell was 50.3 %. It was also estimated the unit exergy cost of H> ranging from 0.21
to 0.26 USD kWh ™! resulted in an electricity cost of 0.105 USD kWh!.

More recently, an integrated system involving co-gasification of wood and cow manure,
solid oxide fuel cell, and micro gas-turbine was proposed by Jia et al. [77] (entry 4 in Table 2
and Fig. 3). In particular, these authors explored the respective impacts of the mass flow rate
of the gasifying agent (air) supplied to the gasifier, mass fraction of wood in the wood and cow
manure feedstock, and moisture content of the feedstock on the performance of the integrated
system. Notably, a decrease in the mass fraction of cow manure in the feedstock and an increase
in the mass flow rate of air supplied to the gasifier enhanced the feedstock conversion
efficiency of the co-gasification process. In particular, this feedstock conversion and the
electrical efficiencies of the integrated system were estimated to be ~45 % at the mass fraction
of cow manure of <0.4, moisture content of <0.4, mass flow rate of air of >47 kg h™!, and mass
flow rate of the feedstock of 28 kg h™!. Also, as the mass fraction of cow manure in the

feedstock increased, the integrated system became less economically feasible. On the other
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hand, the integrated system became more economically competitive as the initial investment
and operation and maintenance costs of the solid oxide fuel cell decreased. Finally, the payback
time of the integrated system was estimated to be less than 8 years when the initial investment

cost of the solid oxide fuel cell was 7000 € kW',

3.3. Integrated with anaerobic digestion

Anaerobic digestion is a biochemical process in which biomass is biologically broken down
by microorganisms in the absence of oxygen. In particular, naturally occurring microorganisms
digest biomass in anaerobic digestion, resulting in the formation of biogas (a mixture mainly
of CHs and CO;) and a solid/liquid residue. The biogas can be used to power internal
combustion engines to eventually generate electricity. Anaerobic digestion has been used in
different areas/fields for many years, and it is now mature [78].

Wang group [79, 80] developed integrated bioenergy conversion systems involving
anaerobic digestion and gasification of lignocellulosic biomass. First, lignocellulosic biomass
residue was anaerobically digested in each of these integrated systems to produce biogas that
can be used as fuel (entries 5 and 6 in Table 2). The residue from the anaerobic digestion was
then gasified to produce syngas that can also be used as fuel. In effect, the integrated system
had a ~6 % higher energy efficiency than that of a single system (anaerobic digestion only or
gasification only) used for the same biomass conversion [79]. Likewise, an integrated
gasification/anaerobic digestion system (Fig. 4) for yard biomass residue conversion first
performed anaerobic digestion of the yard biomass residue in the presence of anaerobic sludge
[80]. The residue from the anaerobic digestion was then co-gasified with wood chips to produce
syngas. As a result of demonstrating the process by varying the operation parameters of the
system, the optimum energy efficiency of the system was found to be ~71 % for a residue/wood

chips mass ratio of 0.2 and residue moisture content of 30 wt%.
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3.4. Integrated with fusion power

Fusion power refers to as the electricity generated by using the heat generated from nuclear
fusion reactions [81]. In particular, a nuclear fusion combines two lighter atomic nuclei to form
a heavier nucleus, releasing energy. Hence, devices designed to harness this energy are known
as nuclear fusion reactors. An interesting integrated renewable energy system that used a
nuclear fusion reactor to supply heat to a biomass gasifier was developed by Nam et al. [82,
83]. In particular, a prototype of the nuclear fusion/gasification integrated system (entry 7 in
Table 2) had a weight loss of the biomass in the gasification of approximately 73 %, with
average endothermic heating of 530 J ¢! and a gasification temperature of 600 °C [82]. In
addition, the resultant syngas from the integrated system was assumed to be transformed into
hydrocarbons through the Fischer-Tropsch process or H> through the water-gas shift reaction.
Finally, the levelized cost of the hydrocarbon and H; as fuels was estimated to be 9.2 USD GJ !
and 8.7 USD GJ !, respectively. However, an increase in the gasification temperature to
1000 °C was not possible in this integrated system due to technical limitations.

A more recent study conducted by the Nam group [83] further integrated the nuclear
fusion/biomass gasification system with a solid oxide fuel cell and gas turbine to enhance the
electricity generation. Fig. 5 shows a schematic diagram of this integrated system (entry 8 in
Table 2). In particular, at a gasification temperature of 900 °C, the integrated system could
produce electricity of 454 MW with a 80 % capacity factor and ~7,000 h time-on-stream in one
year. In this, the solid oxide fuel cell produced net electricity of 289 MW, and the overall
integrated system efficiency was 30 %. This low efficiency was attributed to the high self-
consumption of the nuclear fusion reactor. In effect, the levelized cost of electricity generated
by the integrated system was estimated to be 208 USD MWh™!, with an energy return on

investment of 3.9.
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3.5. Integrated with energy storage systems

Energy storage in a useful form is a major component of our energy use and is often
necessary because it is sometimes inconvenient or impossible to convert energy for use when
or where it is needed [84]. Few recent studies have integrated the gasification of biomass with
energy storage systems. For example, Diyoke and Wu [85] conducted a thermodynamic
analysis of a power system composed of biomass gasification and adiabatic compressed-air
energy storage to simultaneously produce warm water and generate electricity for domestic use
(entry 9 in Table 2). The power system achieved a 1.3-MW peak load power demand through
a 1-MW adiabatic compressed-air energy storage system and a 0.3-MW engine fueled with
diesel and the syngas produced by the gasification process. In particular, this syngas was
produced through the gasification of wood. In effect, the energy, exergy, electrical, and
effective electrical efficiencies of the power system were assessed to be about 38 %, 29 %,
30 %, and 34 %, respectively. Although the system could be attractive, particularly for rural
areas in developing countries, it could not satisfy the EU criteria for high-efficient co-
generation systems because its primary energy saving ratio was not more than 10.

Lin et al. [86] designed a co-generation plant for simultaneous generation of electricity and
liquid Hz involving a lignocellulosic biomass gasification-integrated gas turbine (Rankine
cycle) and H; liquefaction cycle with an electrolyzer process (entry 10 in Table 2). The liquid
H> was then stored in a tank for later use. It was found that the mass flow rate of biomass was
the most critical parameter for the integrated system of the plant. In effect, the maximum power
and H; yield that could be achieved with the integrated system were approximately 3400 kW
and 14.8 kg h™!, respectively, at a mass flow rate of biomass of 1.9 kg s !. Also, the minimum
total cost rate of the integrated system was estimated to be about 86.6 USD h™! with a

greenhouse gas emission of 1.1 kg CO kWh™!.
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4. Pyrolysis-based integrated systems

This section introduces and discusses bioenergy-based renewable energy systems that
integrate lignocellulosic biomass pyrolysis and other renewable energy technologies (e.g., solar
thermal energy and anaerobic digestion). Table 3 summarizes recent representative studies on

lignocellulosic biomass pyrolysis-based integrated renewable energy systems.

4.1. Integrated with solar thermal energy

There are few studies in the literature on systems integrating pyrolysis of lignocellulosic
biomass with solar thermal energy. For instance, Cheng et al. [87] proposed an integrated
renewable energy system of lignocellulosic biomass pyrolysis and solar thermal energy (entry
1 in Table 3). In particular, Cheng et al. performed an energy analysis to evaluate the integrated
system, quantitatively expressing the value of the products of the system in terms of equivalent
solar thermal energy. So, the total annual energy input of the integrated system was 6,900
trillion solar equivalent Joules (seJ). In addition, the unit energy value, energy yield ratio,
environmental load rate, and energy sustainability index of the integrated system were
estimated to be approximately 75,000 seJ J'!, 1, 0.6, and 1.7, respectively. Finally, the annual
pollutant degradation energy of the integrated system was calculated to be 280 trillion sel.
Hence, it was concluded that the integrated system was not preferable for use with the local
renewable resources despite its low environmental impact. Fig. 6 shows this integrated system.

Relatedly, Perkins [88] compared two integrated renewable energy systems, namely solar
PV/bio-oil combustion and solar PV/battery storage. The bio-oil used in the combustion was
produced from lignocellulosic biomass through pyrolysis. With comparable assumptions on the
two integrated systems, the levelized cost of electricity for the solar PV/bio-oil combustion and

solar PV/battery storage systems was estimated to be 116 AUD MWh ! and 170 AUD MWh'!,
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respectively, for a scale of daily electricity production of 240 MWh. These costs indicated that
the lignocellulosic biomass pyrolysis-based integrated system could be more competitive than

other renewable energy technologies.

4.2. Integrated with anaerobic digestion

Like the lignocellulosic biomass gasification-based integrated renewable energy systems
discussed in Sec. 2.3, pyrolysis of the biomass can be integrated with anaerobic digestion of
the biomass to achieve high energy recovery from the biomass [89, 90]. In particular,
lignocellulosic biomass is first anaerobically digested (often with organic waste) in these
systems. The biogas produced from the digestion can then be used as fuel to generate heat or
electricity, and the biomass-derived digestate is further pyrolyzed to produce pyrolytic gas, bio-
oil, and char. This procedure is schematically described in Fig. 7. The pyrolysis integrated with
anaerobic digestion of lignocellulosic biomass can greatly contribute to reducing greenhouse
gas emissions and impacts eutrophication and soil acidification more than non-renewable
source-based processes do [91].

Monlau et al. [89] investigated the feasibility of an anaerobic digestion/pyrolysis integrated
system for lignocellulosic biomass conversion (entry 3 in Table 3). Notably, the solid anaerobic
digestate of the integrated system derived from lignocellulosic biomass and animal manure was
pyrolyzed at a temperature of 500 °C, producing pyrolytic gas, bio-oil, and char of 8.8, 58.4,
and 32.8 wt%, respectively. The LHV of the pyrolytic gas was 15.7 MJ Nm >, and the higher
heating value (HHV) of the bio-oil was 23.5 MJ kg ! after water removal. In addition, the daily
electricity generation through the integrated system was approximately 14,100 kWh, 42 %
higher than that through the anaerobic digestion (without pyrolysis) of the biomass. Likewise,
co-digestion of lignocellulosic biomass (e.g., quinoa residue) and sewage sludge integrated

with the pyrolysis of the digestate had a global warming potential of —604 kg CO»-eq tsubstrate '
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contributed to an ozone depletion of —2.11 mg CFC-11 equivalent tebstrate ', and required the
use of fossil resources of =6900 MJ tsubstrate ' [92].

It has been proved that the use of lignocellulosic biomass-derived char enhances the
performance of the anaerobic digestion process [93, 94]. In the most recent study, conducted
by Deng et al. [90], a bioenergy system with the pyrolysis of lignocellulosic biomass primarily
producing wood-derived char that was used to enhance the production of CH4 during anaerobic
digestion of algal biomass, such as seaweed, was proposed as an integrated system (entry 4 in
Table 3). This study also demonstrated that the use of the char in the anaerobic digestion of
seaweed enhanced the CH4 yield and the peak CH4 production rate by 16—17 % and 29-30 %,
compared to those of the anaerobic digestion without char, respectively. Further, the integrated
system could self-sustain by combusting the pyrolytic gas and surplus char (in excess of the

char used in the anaerobic digestion).

4.3. Integrated with a few other renewable energy technologies

A thermochemical biomass conversion-based integrated renewable energy system that
involves electricity generation and biochar production from lignocellulosic biomass using
different thermochemical processes and renewable energy technologies was proposed by Li et
al. [95] as a strategy for achieving negative greenhouse gas emissions. The proposed layout of
the integrated system for simultaneous electricity generation/biochar production is given in Fig.
8 (entry 5 in Table 3). Notably, the pyrolysis and gasification of lignocellulosic biomass in the
integrated system largely contributed to reducing greenhouse gas emissions by converting the
biomass into biochar that was potentially subjected to sol amendment and carbon sequestration.
In addition, biomass combustion, photovoltaics, and wind energy were used to generate
electricity in the integrated system. Likewise, the syngas and pyrolytic gas of the integrated

system were expanded in a gas turbine for electricity generation. Additionally, energy storage
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was used to control and regulate the electricity generated from different resources according to
a varying energy demand. Finally, Li et al. implemented the proposed integrated system on
Carabao Island in San Jose, Philippines. This island had an area of 22.1 km? and a population
of 10,900 people, and the implemented integrated system had a carbon sequestration potential

of about 2800 kg CO»-eq and achieved an estimated daily profit of ~460 USD.

5. Hydrothermal conversion-based integrated systems

This section introduces and discusses bioenergy systems that integrate hydrothermal
conversion of lignocellulosic biomass and other renewable energy technologies (e.g., solid
oxide fuel cell and anaerobic digestion). Table 4 summarizes recent representative studies on

hydrothermal lignocellulosic biomass conversion-based integrated renewable energy systems.

5.1. Integrated with solid oxide fuel cell

Hydrothermal lignocellulosic biomass gasification integrated with solid oxide fuel cell has
been designed, modeled, and analyzed by several researchers [96-99]. For example, Toonssen
et al. [96] analyzed the thermodynamic performance of three different hydrothermal
lignocellulosic biomass gasification, including non-catalytic and catalytic hydrothermal
gasification of lignocellulosic biomass, and the one such gasification integrated with a solid
oxide fuel cell-gas turbine cycle forming an integrated system. In particular, exergy efficiency
of approximately 52 % was achieved for the integrated system with a biomass feedstock
containing 80 wt% moisture. Likewise, Facchinetti et al. [99] performed a systematic process
integration and optimization of a solid oxide fuel cell-gas turbine cycle fueled with
hydrothermally gasified lignocellulosic biomass. This integrated system showed potential for
generating electricity from wet biomass with a First Law efficiency of up to 63 %. In addition,

biogenic CO, generated by the integrated system could be separated simultaneously, which
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might lead to a negative net CO> emission when the biogenic CO> was properly treated, used,

or sequestrated.

5.2. Integrated with anaerobic digestion

Digestate from anaerobic digestion of lignocellulosic biomass (e.g., wheat straw) conducted
at a temperature of 50-60 °C was used as feedstock for hydrothermal carbonization by Reza et
al. [100]. The energy recovery efficiency of this integrated system was 60 % and 20 % higher
than those of anaerobic digestion and hydrothermal carbonization of the biomass, respectively.

Codignole Luz et al. [101] demonstrated an integrated system using spent coffee ground-
derived char produced through hydrothermal carbonization of the spent coffee ground as a
substrate in anaerobic digestion of cattle manure (Fig. 9a). In particular, co-anaerobic digestion
of cattle manure and the spent coffee ground char at a temperature of 180 °C led to a short lag
phase of 11 d, a high CH4 production rate of 46 mL gyolatile solid ' d ', and a high CH4 potential
of 491.4 mL gyolaile solid . Furthermore, this integrated system also had a CHs conversion
efficiency of up to 32 %. In addition, the temperature at which the char was produced affected
the anaerobic digestion performance. Notably, the char produced at a temperature of 180 °C
resulted in better CH4 production performance of the integrated system than the performance
resulting from using the char produced at a temperature of 200 °C and 250 °C, respectively, in
the system.

More recently, Heidari et al. [102] reported their design of a power generation system
integrating hydrothermal carbonization and anaerobic digestion of biomass. In particular,
lignocellulosic biomass (e.g., sawdust) was first hydrothermally carbonized in the integrated
system to produce char and residual liquid. The char was then used as solid fuel to generate
power through the Rankine cycle, and the residual liquid was anaerobically digested to biogas

that was used as gaseous fuel to generate power through the Brayton cycle. This system is
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schematically depicted in Fig. 9b. Heidari et al. also compared the integrated system with direct
biomass combustion. The comparison showed that at a lignocellulosic biomass (10 wt%

moisture content) feeding rate of 16 g s

, the integrated system and direct combustion
generated power of 95.8 kW and 101 kW, respectively. In addition, given the complexity and
high potential capital cost of the integrated system, the direct combustion seemed to be better
and simpler than the integrated system for bioenergy conversion from sawdust. Nevertheless,

as the moisture content of the biomass increased, the integrated system could be more feasible

than the direct combustion.

6. Challenges and future recommendation
Bioenergy conversion from lignocellulosic biomass through a thermochemical process
integrated with other renewable energy technologies forming an integrated system has been
investigated by different research groups. According to the literature survey, solar thermal
energy, solid oxide fuel cells, and anaerobic digestion are renewable energy technologies most
commonly integrated with thermochemical conversion processes. Table 5 summarizes
advantages and disadvantages of the three renewable energy technologies. Power generation
using the integrated systems have been identified as a cost-effective, sustainable, and feasible
solution contributing to climate change mitigation. However, further development of the
integrated system requires the devising of various strategies to overcome the challenges that
remain and achieve the associated research objectives, as follows:
® Although various designs have been proposed for the integrated system, they are mostly
conceptual (i.e., model- and simulation-based), and only very few studies on the system
are experimental. In other words, experimental validation of the proposed
model/simulated configurations of the system by the studies under real outdoor

conditions is required. In essence, more experiment-based designs of the integrated
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system need to be developed to increase the feasibility of the system.

The overall biomass conversion efficiency of the integrated system is greatly affected by
the characteristics of the lignocellulosic biomass feedstock (e.g., moisture content and
composition of the biomass) of the system. However, the feedstock characteristics are
highly associated with the origin, storage conditions (e.g., humidity and temperature),
period of storage, etc., of the biomass [103]. Therefore, the integrated system can hardly
give instant responses to a varying energy demanded from the system. Relatedly, the
collection and transportation of lignocellulosic biomass are also a concern under the
integrated system. In this regard, devising an effective dispatch strategy for the biomass
and addressing the power fluctuation problems in the grid-connected integrated system
are essential parts of future research on the system.

Lignocellulosic biomass with a high content of moisture and ash (higher than 10 wt%
each) can cause tar formation and slugging inside the thermochemical process reactor,
such as a gasifier [104]. Even though this issue of tar formation and slugging are critically
associated with continuous feeding, studies into pre-treatment of lignocellulosic biomass
to remove the biomass moisture and ash contents have rarely been carried out. Hence, the
research focus is required to overcome the issue and gain more attention for installing the
integrated system.

A continuous and steady supply of lignocellulosic biomass to the integrated system is
important. Therefore, as stated before, the strategy for the collection and transportation
of lignocellulosic biomass must be well established and adopted depending on the local
environments and situations of the integrated system to make the system more viable.
Further, a complete technoeconomic analysis of the integrated system considering the
supply of lignocellulosic biomass needs to be conducted to estimate the potential costs

for the scale-up of the system.
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® More research is also required in the form of a comparative analysis of various
thermochemical process/renewable energy resources of the integrated system considering
the specific location of the system and energy demanded from the system.

® The feasibility of the integrated system is highly dependent on the location of the system
because the types of renewable resources and associated conditions largely depend on
this location. Thus, the location of interest for the integrated system must be carefully
considered to optimize various configurations of the integrated system based on the cost
of power generation per system unit.

® Although lignocellulosic biomass-based power generation is beneficial compared to
fossil fuel-based power generation in terms of renewability and sustainability, a lack of
social awareness hinders the development of the integrated system. Hence, governments
need to persuade people to install plants based on the integrated system for power
generation. Meanwhile, the encouragement by non-governmental and social
organizations to use bioenergy technologies has been playing an important role in
promoting the use of the integrated system [105]. Also, societal and industrial needs and
government legislation can further enhance the viability of the integrated system.

® Despite the abundance of lignocellulosic biomass worldwide [106], the biomass may still
not be enough to meet the energy demand in certain regions. Notably, the global
generation of municipal solid waste has been increasing massively, approaching 3.4
billion metric tons of municipal solid waste by 2050 [107]. Municipal solid waste is a
conceivable feedstock that can be converted using thermochemical processes to generate
power and/or heat [ 108, 109]. In addition, the use of lignocellulosic biomass blended with
municipal solid waste as feedstock for the conversion of the feedstock using a
thermochemical process, when integrated with other renewable energy technologies (e.g.,

co-gasification and co-pyrolysis) with flexible blending ratios of the feedstock, can be an
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effective strategy to satisfy a varying local (even central) energy demand [110, 111].

7. Conclusions

This study performed an extensive review of thermochemical lignocellulosic biomass
processing (e.g., gasification, pyrolysis, and hydrothermal processing of the biomass)
integrated with other renewable energy technologies (such as solar thermal energy, solid oxide
fuel cell, anaerobic digestion, fusion power, and energy storage system). In particular, current
technical achievements in thermochemical conversion of lignocellulosic biomass-based
integrated renewable energy systems for the generation of biopower were summarized and
discussed with the respective economic and environmental aspects of the systems in this review.
Even though the integrated systems have shown promise for biopower generation, some
research questions could be raised by critical analysis of the existing literature. Hence,
recommendations for future research and development of the integrated system were also
provided, which might help answer the questions. Hence, continuous efforts should be

dedicated to improving the viability and effectiveness of the integrated system in the future.

Appendix

Emergy: A way to count sunlight energy required to make a higher- quality energy and
transformation ratios [112]

Exergy: the amount of work (i.e., entropy-free energy) a system can perform when it is
brought into thermodynamic equilibrium with its environment [113]
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Tables

Table 1. Advantages and disadvantages of thermochemical conversion processes dealt with in

this review.

Thermochemical

conversion Advantage Disadvantage
process
® Wide applications of the product (e.g., ®  Needs for_ product pretreatment
e L and washing
Gasification syngas) . .
- ® Requirement of high
® Low pollutant emissions
temperature
®  Feedstock flexibility
® Product flexibility (producing a
combination of solid, liquid and gaseous ® Complex product composition
Pyrolvsis products) ® Low gas productivity
yroly ® Relatively easily controllable product ® Corrosion of downstream
distribution (by simply changing operating equipment caused by tar
parameters such as temperature and heating
rate)
Hydrothermal ® High conversion efficiency ® Relatively Ionge( _reactlon_tlme
. . . ® Complex proposition of oil
conversion ® Relatively easy operation

product
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Table 2. Recent representative bioenergy systems integrating gasification of lignocellulosic biomass with other renewable energy technologies.

Biomass

Entry feedstock System configuration Application System performance Economic assessment Ref.
Lignocellulosic Gasification - Marginal electricity generation of 5 MW
1 gne concentrated solar Electricity generation arg ety g o Not performed [59]
biomass thermal power Highest marginal efficiency of 21 %
Hybrid autothermal and Driving combined Heating, cooling, and power enhanced by 24 %,
2 Redwood solar thermal cooling, heating, and 1.3 %, and 27.3 %, respectively, under Not performed [62]
gasifications power systems autothermal/solar thermal hybrid mode
Unit exergy cost of H
Gasification — solid . 4 . ranging from 0.06 USD MJ !
3 Sawdust oxide fuel cell — solid H, production I(:Irftt}?e}ldz(;?g?azilgidt;il z-rzzulr6e-6 kg™, depending to 0.07 USD MWh™! [76]
oxide electrolyzer cell & P Electricity cost of 0.03 USD
MJ!
Net present value of 112,260
Wood and cow Co-sasification — solid Combined heat and power efficiency of 69 % €
4 manure go vide fuel cell Electricity generation Heat generation of ~0.02 MW at a wood/cow Internal rate of return of [77]
manure ratio of 9 18.5 % at a 6-year payback
period
Lignocellulosic S . . 0
5 horticultural Anaerob.lc dlgestlon - Gaseous .fuel nghgst over.all system efficiency of 75.2 % at an Not performed [79]
biomass gasification production organic loading rate of 11.3 gL' d™! —
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10

Yard residue and
wood chips

Lignocellulosic
biomass

Lignocellulosic
biomass residue

Lignocellulosic
biomass

Lignocellulosic
biomass

Anaerobic digestion —
co-gasification

Fusion power —
gasification

Fusion power —
gasification — solid oxide
fuel cell

Adiabatic compressed air
energy storage —
gasification

Gasification — hydrogen
liquefaction —
electrolyzer

Gaseous fuel
production

Hydrocarbon fuel or
H, production

Electricity generation

Electricity generation
and energy storage

Electricity
generation, energy
storage, and H»
production and
storage

Highest energy efficiency of 70.7 % at a
residue/wood mass ratio of 0.2 and residue
moisture content of 30 wt%

Average biomass conversion during gasification of
73 %

Average endothermic heat of 0.53 MJ kg ' ata
temperature of 600 °C

Electricity generated from the system was 454
MW with a capacity factor of 80 %, time-on-
stream of ~7,000 h in one year, and gasification
temperature of 900 °C

Overall system efficiency of 30 %

Overall energy efficiency of ~ 38 %
Overall exergy efficiency of ~29 %
Electrical efficiency of 30 %
Effective electrical efficiency of 34 %

Maximum electricity generation of ~3.4 MW
Maximum hydrogen production rate of 14.8 kg h™!
at a biomass mass flow rate of 1.94 kg s™'

Not performed

Levelized cost of liquid
hydrocarbon fuel of 0.46
USD L™

Levelized cost of gaseous H»
of 1.05 USD kg !

Levelized cost of electricity
0f 0.058 USD MJ!

Energy return on investment
of 3.9

Not performed

Minimum total cost rate of
86.61 USD h'!

[82]

[83]

[85]

[86]
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Table 3. Recent representative bioenergy systems integrating pyrolysis of lignocellulosic biomass with other renewable energy technologies.

Biomass Environmental

Entry feedstock System configuration Application System performance Economic assessment impact Ref.
® Total emergy input of 6.9 x 103
solar equivalent Joules (seJ) y!
®  Unit emergy value of 7.45 x ®  Pollutant
Heat generation and 10% seJ J™! degradation
1 Apple wood Pyrolysis — solar thermal energy pyrolytic product ® Renewability of 63.51 % Not performed emergy of [87]
production ® Emergy yield ratio of 1 2.77 x 10
® Environmental load rate of 0.57 sely!
® Emergy sustainability index of
1.74
® Cost 0of 0.032 AUD
Lignocellulosic L . . . . . Mrl fora gcgle of
2 biomass Bio-oil combustion — photovoltaics  Electricity generation Not specified daily electricity Not assessed [88]
generation of
864,000 MJ
® 8.8 wt. % pyrolytic gas (LHV
Li lulosi Electricity generation gf 15'.? héil{lj/m?%ésssgf/[}vﬁ%l
3 lgr];(i)grenalisosw Anaerobic digestion — pyrolysis and pg;(())(lj}l/lt;:igrrloduct arl1(:i-(_’)>l2.§§ W% (;har ’ g, Not performed Not assessed [89]

® Daily electricity generation of
~50,000 MJ
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4 Seaweed/wood
Lignocellulosic
5 .
biomass

Pyrolysis — anaerobic digestion

Biochar production:
gasification — pyrolysis
Electricity generation: biomass
combustion — biomass
gasification — biomass
pyrolysis — photovoltaics —
wind power — vanadium redox
battery-based energy storage
system

CHj4 production

Biochar production
and electricity
generation

CH, yield of up to 325 mL
Evolatile solid71

CHj4 production rate of up to 35
mL Evolatile solid71 d71
Self-sustained all the heat
demand

Not performed

Solar power of 0.162 MW

(1038 PV panels)

Wind power of 0.184 MW (47

wind turbines)

Biomass combustion of 0.257

MW ® Daily net cash flow
Biomass gasification of 0.049 of 455 USD d!
MW

Biomass pyrolysis of 0.004

MW

Energy storage of 0.077 MW

(vanadium redox battery)

Not assessed

Greenhouse
gas emissions
of —2795 kg
COz-eqd™

[90]

[95]
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Table 4. Recent representative bioenergy systems integrating hydrothermal conversion of lignocellulosic biomass with other renewable energy technologies.

Biomass

Entry feedstock System configuration Application System performance Economic assessment  Environmental impact  Ref.
Lignocellulosic Hydrothermal
1 gne gasification — solid Power generation First Law efficiency of up to 63 % Not performed Not assessed [99]
biomass .
oxide fuel cell
Anaerobic digestion — Energy content of char of 29.6 MJ
2 Wheat straw hydrothermal Energy recovery kg Not performed Not assessed [100]
carbonization Energy recovery of 13.2 MJ kg
Lag phase of 11 d
Soent coffo Hydrothermal CHflp(irPlductlon rate of 46 mL gyolatile
3 p carbonization — CHy4 production solid . ,1 Not performed Not assessed [101]
ground T CH, potential of 491.4 mL gyolatile solid
anaerobic digestion . .
CH4 conversion efficiency of up to
32%
Hydrothermal Power generation of 0.096 MW at a
4 Sawdust carbonization — Power generation biomass (10 wt% moisture content) Not performed Not assessed [102]

anaerobic digestion

-1

feeding rate of 16 g s
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Table 5. Advantages and disadvantages of renewable energy technologies commonly

integrated thermochemical conversion processes.

Thermochemical
conversion process
integrated with:

Advantage

Disadvantage

Solar thermal energy

Solid oxide fuel cell

Anaerobic digestion

No pollutant emission

High space efficiency compared to
photovoltaics

Strong industrial-base capability

Fuel flexibility

Better ability to tolerate impurities
High efficiency for electricity
generation

Low pollutant emissions

Abundant available feedstocks
Operative from small onsite scales
to large waste disposal facilities

Potential intermittent nature
Dependency on weather

Need for long start-up time
Thermal stability required for
component materials

Highly sensitive to operating
parameters
Byproduct production
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Fig. 1. Configurations of various hybrid renewable energy systems based on thermochemical

conversion processes.

39



(a) Biomass*gj -

v/ < Cylcone Filter \ Gas
/ 5, conditioning
E BFB <t
Gasifier
/ N
s H)
Air bled o
—Aii
N2 2ie —> g——
A y
_A., ( gissta
ASU |
b
Oz_(Qx

Abbreviations A H:'i:?;t;'s
ASU Air Separation Unit Receiver
BFB Bubbling Fluidized Bed Sower
CON condenser
HRSG Heat Recovery Steam Generator & D
SPH Solar Pre-Heater @
SRH Solar Re-Heater (—
SSG Solar Steam Generator Make-up
SSH Solar Super-Heater Exhaust water
Line/fill colors D
Blue (Steam/water)
Green (thermal energy storage molten-salt)
16 Electricity A
L t
Solar Generator !
concentrator 4 . ----- 3 :
HE-1 : ! i Jacket water
817 o [T
CPC — 3 18 8
’ *a%% 4 ICE @
Feedstock Cyclone Filter 150 ' HE3
1 ol Syngas
————— 5 -i s 14@ .
I Air/Steam | HE-2 toovvececee 7® @16 HEA
e i Water 9
Residle 8 Exhaust gas Hot water
Solar/autothermal L 2 =
hybrid gasifier Pressure hot water DEAC <——+—I_
10
12 + 13
Chilled water 11 Cooling tower
—————— R '
s » Syngas ——> Pk water_’ Chilled water Exhaustgas |
" |
| = Airand/or Steam  ---------- > Electricity » Hot water Feedstock:
: —— Cooling water Jacket water * Jacket water :
{ BS

Fig. 2. (a) Schematic diagram of a gasification/concentrated solar thermal energy integrated
system (entry 1 in Table 2). Reprinted from Tanaka et al. [59], Copyright (2015), with
permission from Elsevier; and (b) Schematic autothermal/solar thermal gasification system
(entry 2 in Table 2). Abbreviations: CPC — compound parabolic collector; HE — heat exchanger;
ICE — internal combustion engine; DEAC — direct evaporative air cooler. Reprinted from Li et

al. [62], Copyright (2017), with permission from Elsevier.
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Fig. 3. Schematic diagram of a co-gasification/solid oxide fuel cell integrated system (entry 4
in Table 2). Reprinted from Jia et al. [77], Copyright (2018), with permission from Elsevier.
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Fig. 4. Schematic diagram of an anaerobic digestion/co-gasification integrated system (entry 6

in Table 2). Reprinted from Yao et al. [80], Copyright (2017), with permission from Elsevier.
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Fig. 5. Schematic diagram of a fusion/gasification/solid oxide fuel cell integrated system (entry

8 in Table 2). Abbreviations: He — helium; ASU — air separation unit. Reprinted from Nam et

al. [83], Copyright (2020), with permission from Elsevier.
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Fig. 6. Schematic diagram of a pyrolysis/solar energy integrated system (entry 1 in Table 3).
Reprinted from Cheng et al. [87], Copyright (2019), with permission from John Wiley & Sons.
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Fig. 7. Schematic diagram of an integrated system consisting of anaerobic digestion of
lignocellulosic biomass/animal manure and pyrolysis of solid digestate resulting from the

anaerobic digestion. Reprinted from Monlau et al. [89], Copyright (2015), with permission

from Elsevier.
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Fig. 8. Schematic diagram of an electricity generation/biochar production integrated system
(entry 5 in Table 3). Reprinted from Li et al. [95], Copyright (2019), with permission from

Elsevier.
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Fig. 9. (a) Schematic diagram of an integrated system consisting of hydrothermal carbonization
of spent coffee ground and anaerobic digestion of the resultant char with cow manure for the
production of CHy (entry 3 in Table 4). Reprinted from Codignole Luz et al. [101], Copyright
(2018), with permission from Elsevier; and (b) Schematic diagram of a hydrothermal
carbonization/anaerobic digestion integrated system for power generation (entry 4 in Table 4).

Reprinted from Heidari et al. [102] and licensed under CC BY 4.0.
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