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Abstract: Nowadays, ever-increasing energy demands and the depletion of fossil fuels require
efficient and environmentally friendly technologies for energy generation. In this context, energy
systems integration makes for a very strong proposition since it results in energy saving, fuel
diversification, and the supply of cleaner energy. To this end, it is of the utmost importance to realize
the current developments in this field and portray the state of the art of renewable generation in
integrated energy systems. This review evaluates the utilization of bioenergy in cogeneration and
trigeneration systems. The statistical reports of bioenergy and combined heat and power deployments
in 28 countries of the European Union are discussed. Then, the most common research objectives
of biomass-fueled combined heat and power systems are classified into three primary performance
analyses, namely, energy and exergy analysis, thermo-economic optimization, and environment
assessment. The influencing parameters of biomass utilization on each type of assessment are
discussed, and the basic principles for carrying out such analyses in energy systems are explained.
It is illustrated that the properties of feedstock, selection of appropriate conversion technology,
associated costs with the biomass-to-bioenergy process, and sustainability of biomass are the primary
influencing factors that could significantly affect the results of each assessment.

Keywords: integrated energy system (IES); combined heat and power (CHP); combined cooling;
heating and power (CCHP); energy and exergy analysis; thermo-economic optimization

1. Introduction

Over time, the climate system experiences unforced and irregular variations (climate
change), which may affect the climate of a certain area or the globe in many forms, such
as wind or sea surface temperature [1]. Climate change often appears as a new weather
pattern that might last for as long as a decade to a million years, and it can be caused by
both natural incidence and human-induced activities. Unfortunately, in today’s world,
human-induced activities are overtaking naturally occurring ones and enforcing the climate
system to observe more energy from the sun, which correspondingly results in increasing
global temperature or, as famously known, “global warming” [2]. The concept of global
warming is an important aspect of climate change for which human activities, including
the excess emission of greenhouse gases (GHG), deforestation, CO2 and aerosols, are the
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primary causes [3]. After the industrial revolution, the discovery of fossil fuels and their
potential in almost every sector resulted in a significant increase in GHG concentration
levels. The emission of carbon dioxide (CO2) alone is responsible for over 66% of this
increase, reaching 407.8 parts per million (ppm) in 2018, 1.5 times that of the concentration
level in 1750 [4]. The primary attributes of this emission are the consumption of fossil fuels
in different sectors (95%), and the production of cement for various applications (4.5%) [5].
In the energy sector, fossil fuels are still considered to be the main source of generation
due to lower price, political relations, and weaker energy efficiency efforts (Figure 1) [6].
Apart from the fact that the majority of countries still promote the use of fossil energy,
over the past 10 years, substantial contributions have been made by developed countries,
particularly the European Union (EU-28), to replace conventional methods of generation
with sustainable systems and promote renewable energy sources (RESs) instead. To this
end, the share of fossil fuels in power production witnessed a 1.7% reduction in value,
while renewable generation was increased by over 4% between 2010 and 2018 [7,8]. Taking
the growing consumption of energy and the depletion of non-renewable energy sources
into account, countries are required to promote and develop sustainable energy systems
that utilize renewable energy sources not just in electricity generation, but also in other
sectors, such as heating and cooling [9].

Processes 2021, 9, x 2 of 30 
 

 

including the excess emission of greenhouse gases (GHG), deforestation, CO2 and aero-
sols, are the primary causes [3]. After the industrial revolution, the discovery of fossil fuels 
and their potential in almost every sector resulted in a significant increase in GHG con-
centration levels. The emission of carbon dioxide (CO2) alone is responsible for over 66% 
of this increase, reaching 407.8 parts per million (ppm) in 2018, 1.5 times that of the con-
centration level in 1750 [4]. The primary attributes of this emission are the consumption 
of fossil fuels in different sectors (95%), and the production of cement for various applica-
tions (4.5%) [5]. In the energy sector, fossil fuels are still considered to be the main source 
of generation due to lower price, political relations, and weaker energy efficiency efforts 
(Figure 1) [6]. Apart from the fact that the majority of countries still promote the use of 
fossil energy, over the past 10 years, substantial contributions have been made by devel-
oped countries, particularly the European Union (EU-28), to replace conventional meth-
ods of generation with sustainable systems and promote renewable energy sources (RESs) 
instead. To this end, the share of fossil fuels in power production witnessed a 1.7% reduc-
tion in value, while renewable generation was increased by over 4% between 2010 and 
2018 [7,8]. Taking the growing consumption of energy and the depletion of non-renewable 
energy sources into account, countries are required to promote and develop sustainable 
energy systems that utilize renewable energy sources not just in electricity generation, but 
also in other sectors, such as heating and cooling [9]. 

(a) (b) 

Figure 1. Classification of final electricity consumption in 2017 (a) by sector and (b) primary energy consumption in 2017 
by fuel type in the case of EU-28. 

Biomass is among the most available, renewable energy sources on the planet. This 
non-fossilized and biologically degradable material is either created from plants, species, 
and micro-organisms, or it can be derived from products, by-products, and wastes [10]. 
There are various types of biomass feedstocks available in Europe, including dedicated 
crops and wastes and residues. Sugar crops, oil crops, starch crops, algae and aquatic bi-
omass and lignocellulosic crops are in the dedicated crops category, while waste gases, 
organic residues, oil-based residues and lignocellulosic residues are in the wastes and res-
idues category. Bioenergy is defined as the energy derived from the conversion of bio-
mass, where biomass can be used directly as fuel or processed into liquid and gaseous 
forms. It is one of the most versatile RES that can be used in different forms (solid, liquid, 
and gaseous) for different applications (power, heat, and transportation). To this end, its 
application has seen a significant increase, particularly in the heating sector. In Europe, 
the installed capacity of bioenergy has expanded by approximately 180% over the past 
decade [11,12]. This source of energy is responsible for 9% and 16% of total electricity and 
heat generation, respectively [13]. Today, biomass remains one of the largest and primary 

28.6%

Commercial and 
public services Transport

Other

Households

Industry

28.6%

12.75%
Solid fossil fuels

Oil and petroleum products

Nuclear

Natural gas

Renewable and biofuels

Figure 1. Classification of final electricity consumption in 2017 (a) by sector and (b) primary energy consumption in 2017 by
fuel type in the case of EU-28.

Biomass is among the most available, renewable energy sources on the planet. This
non-fossilized and biologically degradable material is either created from plants, species,
and micro-organisms, or it can be derived from products, by-products, and wastes [10].
There are various types of biomass feedstocks available in Europe, including dedicated
crops and wastes and residues. Sugar crops, oil crops, starch crops, algae and aquatic
biomass and lignocellulosic crops are in the dedicated crops category, while waste gases,
organic residues, oil-based residues and lignocellulosic residues are in the wastes and
residues category. Bioenergy is defined as the energy derived from the conversion of
biomass, where biomass can be used directly as fuel or processed into liquid and gaseous
forms. It is one of the most versatile RES that can be used in different forms (solid,
liquid, and gaseous) for different applications (power, heat, and transportation). To this
end, its application has seen a significant increase, particularly in the heating sector. In
Europe, the installed capacity of bioenergy has expanded by approximately 180% over
the past decade [11,12]. This source of energy is responsible for 9% and 16% of total
electricity and heat generation, respectively [13]. Today, biomass remains one of the
largest and primary RES around the world, due to its wide-spread use, renewability, and
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versatility [14]. In terms of availability and generation rate, solid biomass, particularly
woody plants, encompass the largest portion, while biogas and biofuel come second and
third, respectively [15]. According to “Bioenergy Europe”, woody biomass takes 70% of
all available feedstock for energy generation in EU-28, whereas this value is only 18% for
agricultural biomass and 12% for bio-waste (Figure 2). Further, this database indicates that
the utilization of biomass takes place mostly in the industrial sector for heating purposes.
Almost three-quarters of the supplied feedstock was exploited for heating supply and the
remaining for electricity generation and transportation fuels [16]. Currently, bioenergy is
the first choice of RES in many countries and remains the core of the future energy mix,
especially in EU-28. Provided that the bioenergy developments in EU-28 are increasing
massively, maintaining economic competitiveness regarding biomass supply and demand
mismatches is the primary challenge in this continent. From environmental damages and
biodiversity destruction to lack of incentives and regulations, bioenergy requires research
attention, financial investments, and firm policies. Over the past 20 years, this source of
energy has been considered the most promising solution to the challenges associated with
the development of clean generation and a profitable “green energy market” [17].
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Figure 2. Biomass consumption categorized by type, use, and source in the case of EU-28 in 2017
(total: 144.088 KTOE (million tonnes of oil equivalent)).

The discovery of electricity, and later, its method of generation, revolutionized the
world and lives of everyone from different points of view. Starting in the 19th century
with rapid developments and progress in electrical science, after almost 200 years, humans
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are still seeking new ways of generating and improving efficiency. At the beginning
of the 20th century, it was well known that the large-scale generation of power at a
long distance from center of the population is associated with drawbacks and limited
efficiency. To this end, both the industry and research communities were urged to design
and develop new methods of generation in order to increase the overall efficiency and
lower the consumption of primary energy sources. One of the most promising approaches
in which these two objectives could be achieved was producing more than one product
(syngas and pure hydrogen) or energy forms (heating and cooling) in a power plant. These
types of plants were soon recognized as cogeneration, trigeneration, and polygeneration
systems. Cogeneration, or combined heat and power (CHP) systems, have received a great
deal of attention due to their capability for sequential power and heat generation within a
single process [18,19]. In the cogeneration process, waste thermal energy can be recovered
in order to produce another form of energy or product. Considering a situation where an
ignition-based engine drives a generator that produces electricity, with the implementation
of a heat exchanger, the waste heat exiting out of the engine in the form of hot exhaust
can be captured, and the heat can be recovered to produce steam, hot water, or process
heat [20]. This principle of operation differentiates CHP facilities from other centralized
power plants, and it allows more efficient utilization of fuel to a point where the overall
efficiency can reach up to 90% [21]. For many industries, organizations, or even real-estate
developers, CHP systems can offer seminal opportunities to diminish imported electricity
from the grid and decrease fossil fuel consumption. Integrating the power and heating
sectors is a promising approach to achieve energy efficiency, fuel diversification, and fewer
environmental impacts [22]. The estimated growth potential for cogeneration systems is
beyond 120 GWel, which subsequently leads to the reduction of GHG emissions and the
improvement of economic competitiveness. Realizing the true capabilities of this approach
would ensure the accomplishment of energy transition and climate strategies. There is no
doubt that CHPs are associated with higher capital cost and investment; however, these
facilities take advantage of better environmental performance, a reliable energy supply, and
the reduction in electricity price [23]. Despite the operating advantages, the development
of CHP systems offer other financial incentives in most countries; for instance, in the
U.K., if the quality of the implemented CHP unit can pass the “CHP Quality Assurance
Programme” (CHPQA) requirements, one can benefit from several financial incentives,
such as reduction in climate change levy (CCL), enhancement of enhanced capital allowance
(ECA), and business rates exemption [24]. Integrating CHPs with renewable technologies or
utilizing renewable sources as fuel for an operation has attracted researchers and industries
for further developments and investments in this field [25].

Clean energy transition has been the primary goal for the majority of developed coun-
tries. As the global energy sector is responsible for over 90% of CO2 emissions, countries
are adopting new concerted policies toward decarbonization and further investments in the
renewable energy sector. Significant contributions have been made to support low-emission
technologies, such as the development of CHP systems, in order to achieve that goal. In
Europe, CHP systems are one of the most important sources of energy and a key player in
GHG emissions reduction. Although investment in the energy sector has declined over the
past three years, in 2018, over 39% of the total investment was allocated to low-emission
technologies, such as energy integration [26]. Based on the acquired data from EU-28
in 2017, cogeneration was responsible for 11% of total gross electricity generation, with
Denmark having the highest share at 38%. Interestingly, numerous countries have been
operating these systems mainly on natural gas and renewables rather than highly pollutant
solid fossil fuels and oil. The capability of these systems to adopt different fuel types allow
modification of fuel utilization, and consequently, increased the total capacity of these
systems over the past decade. Between 2005 and 2017, the total capacity of cogeneration
facilities experienced an increase of 16%, whereas the share of this technology in total
electricity production remained the same. Moreover, fuel utilization was subjected to a
significant adjustment, favoring cleaner production. This increased the share of renewables
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by 18% and natural gas by 6%, while lessening the fossil fuels contribution by over 20%
(Figure 3) [27,28].
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Understanding the need for this study was first grasped by conducting a systematic
literature search. Evidently, the majority of studies elaborated on the utilization of multiple
RESs or only biomass in cogeneration systems. The summary of preliminary studies in
the following section illustrates that the majority of articles persisted to highlight the
importance of biomass resources in energy systems and re-evaluate the operation of
different configurations.

1.1. Utilizing Biomass in Micro-CHP Systems

Biomass gasification can be utilized in fuel cell (FC) systems instead of natural gas.
Highly efficient micro-CHPs can be developed by coupling biomass gasification and the
hydrogen energy system in order to utilize biomass feedstock in emerging new technologies,
such as fuel cell, for energy generation. In this context, Reference [29] reviewed the progress
of implementing biomass gasification in Solid Oxide Fuel Cell-CHP (SOFC-CHP) systems.
The authors in [29] provided a brief overview of the operation, the current status, and the
future perspective of such integration. They considered the developments of micro-CHPs
in particular and discussed the operation of different anode materials for this type of
configuration. The properties of different biomass resources were pointed out, and the
key findings of the handful of references were presented as well. In contrast, Arsalis took
a wider approach and included all the available FC types in his study [30]. The author
presented a comprehensive review that analyzed the operation of all available FC-CHP
units and provided the key findings elaborating on this topic. He overviewed the utilization
of alternative fuels and discussed the advantages of using biomass resources in FC-CHP
systems. Biomass resources can be used as fuel for any kind of prime mover in CHP units.
To evaluate the performance of this RES with different prime mover technologies, the
available biomass-based micro-CHP systems were reviewed in Reference [31]. Martinez
et al. investigated the employment of RES, particularly biomass and solar, in micro-CHP
systems. The authors divided the structure of the paper into two parts in which the
first part was dedicated to conversion technologies and their associated advantages and
disadvantages, whereas the second part dealt with RES-fueled micro-CHP systems and
their operation. The models were classified based on the prime movers’ technologies
and the implemented RES. A similar approach was taken by Murugan and Horák in
Reference [32] in which the operation of different prime movers and their application
in the residential sector was discussed and reviewed. Various fuel types for each prime
mover were considered, and the potential of biomass resources in micro-CHP units was
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studied. Similar to the previous case, the structure of the paper was divided into two
sections in which the first part explained the operation of prime movers in detail and
the second part analyzed the performance of micro-CHPs in the residential sector. In
Reference [33], apart from the prime mover technologies and their associated characteristics
in micro-CHP systems, the application of such plants and the possibility of biomass
integration were studied and a comparison was drawn to validate the advantages of micro-
CHPs, compared to conventional methods of generation. Considering the application
of biomass gasification in small-scale CHP plants, Reference [34] explained the effects of
biomass composition, particle size, and gasifying agents on the gasification process. The
developments and current status of such integration were summarized, and the challenges
and future perspective of biomass gasification in energy systems were provided. In a
similar scale size, another study overviewed the performance of biomass-fired combined
cooling, heating, and power (CCHP) plants and analyzed the operation of the systems in
terms of the implemented components and key findings [35].

1.2. Utilizing Biomass in Small- to Large-Scale CHP Plants

The exploitation of biomass resources in energy systems is often considered in larger
scales due to the higher efficiency to investment ratio. Such high-capacity plants are prefer-
able since both industrial and energy sectors deal with high power requirements [36,37].
Although the development of biomass-fueled micro-CHP systems is of interest to many
small businesses and real-estate developers, these systems require financial incentives,
marketing strategies, and commercial availability across the world. There are several
studies that overviewed and discussed the utilization of biomass resources in large-scale
energy systems. In one of these cases, chemical looping combustion (CLC) was assumed
as a promising solution to emission-related issues. These systems can be employed in
multi-generation configurations, such as CHP and CCHP, and can be classified based on
the implemented components and the output products. The application of such struc-
ture in cogeneration and trigeneration systems was elaborated in Reference [38]. Rajabi
et al. [38] explained the operation and discussed the possible inputs and outputs of this
system in integration with CHP and CCHP plants. The authors provided the acquired
results of several references in order to compare and raise awareness for better decision
making and modeling in the future. In a different approach, Malico et al. investigated
the current status of biomass consumption in the European industrial sector [14]. The
authors focused on bioheat and considered all the available biomass resources and energy
conversion methods. The study [14] was concluded by stating the current barriers facing
this sector and the utilization of biomass. Malico et al. reviewed the advantages of biomass
gasification in tri- and polygeneration facilities [39]. The authors [39] conducted their own
case study assessment in which the performance of biomass gasification was evaluated
in an existing, natural gas-based trigeneration plant in Lisbon. They investigated the
benefits and shortcomings of such integration in terms of environmental and energetic
points of view. Further, they suggested opportunities to overcome the barriers in this
sector. Another study in Portugal took a wider approach and overviewed the consumption
of biomass resources for energy production in the country [40]. Various energy systems
were analyzed and the opportunities of biomass integration into cogeneration systems
were reviewed. The study was mainly conducted to outline the projection of biomass
consumption and the importance of its development in different sectors by governmental
and private organizations. The consumption of bioenergy was presented as well, and it
was classified based on types of biomass feedstocks. The integration of bioenergy into
CHP systems is not always beneficial. Different forms of this RES are associated with
several thermodynamic disadvantages and financial drawbacks; for instance, biogas uti-
lization in energy systems is currently not efficient enough to be considered for further
development and investment. In this regard, Hosseini and Wahid evaluated the operation
of several combustion regimes based on the biogas properties [41]. They considered the
implementation of different kinds of energy systems, including cogeneration. The authors
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discussed the flameless combustion of biogas as the best possible option for CHP plants
and analyzed the financial feasibility of this method. In recent times, the development
of hybrid energy plants, due to their improved efficacy and limited-to-no environmental
impacts, has gained considerable attention in developed countries. Configuring different
prime mover technologies along with renewable resources has made this type of system
an interesting approach toward the energy transition goals. One of the most compelling
configurations is the implementation of FC and ignition-based engines in a single structure.
This type of system was overviewed thoroughly by Italian researchers, who investigated
all the possible integrations of SOFC/GT-CHP plants [42]. They evaluated the performance
of such facilities both economically and thermodynamically. Further, the possible fuels
for operating these configurations were presented and the benefits of biomass utilization
were analyzed.

The main intention of this study is to discuss the bioenergy and combined heat and
power deployments in 28 countries of the European Union. This review is structured into
three sections in which the preliminary studies, current research objectives, the biomass
influencing factor, and the future perspective of biomass integration into co- and trigen-
eration systems are covered. In Section 1, the most recent contributions on reviewing
the current status of biomass utilization for CHP and CCHP generation were realized,
and a summary of their key findings was provided. Additionally, the introduction of
the study was discussed in Section 1. In Section 2, the primary research objectives are
investigated, and the objectives are grouped into three main categories, namely, energy and
exergy assessment, thermo-economic assessment, and environmental assessment. All three
evaluations are comprehensively explained and the influencing factors in each assessment
concerning biomass utilization are mentioned. Finally, in Section 3, a conclusion is drawn
and the future perspective of biomass utilization in the energy sector is provided.

2. Performance Analysis

Bioenergy implementation in existing energy systems has been the prime focus over
the past decade. This is due to the fact that, with clean generation strategies adopted by the
vast majority of countries, biomass utilization instead of fossil fuels is the most promising
solution to emission-related issues. The accessibility and versatility of this RES are of
interest to many industries as well as the energy sector all around the globe. A systematic
literature search was carried out to realize the current research trends on CHP and CCHP
development as well as biomass utilization in such systems. The search was conducted
based on the use of primary keywords in titles or abstracts, including “CHP”, “CCHP”,
“Renewable Energy Sources”, “Biomass”, “Biomass Gasification”, “Bioenergy”, “Biogas”,
and “Biofuels”. Between 2010 and 2020, many research papers investigated, designed, and
optimized co- and trigeneration systems in which bioenergy exploitation was discussed
and inspected in over 45% of available publications. In particular, the research studies
on this subject were carried out in order to simulate, optimize, and plan the operation
of biomass-fired CHP or CCHP systems [43]. Research objectives concerning biomass
utilization in energy systems may vary, as they rely heavily on factors such as location,
considered configuration, and required application. Analyzing the employed methods and
materials can only be managed if the research objectives of these studies are distinguished
and classified. In accordance with the systematic literature search, the most common
research objectives were energy and exergy analysis, thermo-economic optimization, and
environmental evaluation. In this section, these three performance analyses are discussed
thoroughly and studied with regard to biomass utilization.

2.1. Energy and Exergy Analysis

‘Energy’ is a term that is not only used in the scientific context, but it can also be heard
in everyday conversation. The definition of this phenomenon may diverge in different
sciences, but its true understanding has always been in representing power and effort.
In engineering, this concept defines the ability or potential to do work. However, there
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is no single method of quantification of work since every process and unit has its own
way and characteristics of performing it [44]. In this regard, one is required to study and
understand the concept of energy utilization, production, and conversion within a system
by performing energy analysis. The primary objectives of conducting such analysis are
to acknowledge the energy production and utilization, determine the effectiveness of the
system, and explore possible future developments [45].

Energy analysis can be defined as a means to assess energy utilization in an operation
engaging in physical and chemical processes. It can be expressed as the quantification
of energy flow into and out of a system [46]. On this account, this analysis cannot be
considered a powerful option to identify and locate energy losses within a system. The
separation of useful work from irreversibility and determining the associated energy-loss
sources is a great approach toward evaluating an energy system from different aspects;
hence, in search of defining the useful work in a process, the ‘exergy’ concept was de-
scribed [47]. This phenomenon is based on the second law of thermodynamics and it
is of the utmost importance in and of itself, which expresses the availability of energy
(Figure 4) [48]. In generation plants, maximizing efficiency and minimizing energy destruc-
tion are the two primary necessities in which exergy evaluation plays a key role. Exergy
analysis is a promising technique for determining exergy efficiency and quantifying energy
dissipation so that possible options for enhancing efficiency can be identified [49]. Over
the past few decades, this method of assessment has been studied comprehensively due to
its numerous advantages over the energy balance approach (energy analysis). Interestingly,
this analysis gained prominence for its performance evaluation, comparison, improvement,
and optimization across different sectors. Some of the most significant benefits of exergy
analysis can be summarized as follows [50]:

• Measuring exergy efficiency and providing information on the performance of the
system concerning losses and imperfections in terms of overall and individual compo-
nents in the system;

• Locating the sources of energy destruction and indicating the need for improvements;
• Ability to consider and link to other assessments, such as economic and environmental;
• It is a key parameter in developing optimization models.

Processes 2021, 9, x 9 of 30 
 

 

 
Figure 4. Classification exergy based on its source of generation [51]. 

In several studies, various configurations of bioenergy-integrated systems were mod-
eled in accordance with the energy demands. Many researchers elaborated on the exergy 
analysis so as to evaluate the operation with respect to energy quality and outputs of their 
proposed systems [52–55]. Caliano et al. [52] conducted a research on a case study in Italy. 
They found that combination of thermal energy storage and cold thermal energy storage 
during the hot season is an economically valuable solution. Based on their findings in 
Reference [52], the optimal size of a biomass-fired CCHP system, including a CHP unit, a 
thermal energy storage, and an absorption chiller, was influenced by the value of feed-in 
premiums while the feed-in tariff variations had no effect on the optimal size of the sys-
tem. The thermodynamic models of bioenergy-integrated plants are mainly based on 
mass, energy, and exergy balances. In several cases, the objective was clearly stated to 
meet the energy demands of a certain location or analyze the output capacity in the forms 
of electricity, heating, and cooling. In this context, there are multiple factors that can affect 
the performance of a system from different perspectives. Performing exergy analysis re-
quires an understanding of the input and output units of the process for the reason that 
exergy calculations are actually based on these units with other influencing parameters, 
such as the temperature, pressure, and mass flow rate. With this regard, the mass balance 
for a steady-state system can be expressed as follows [30]: 

Input + Generation = Output + Consumption (1) 

𝑚 = 𝑚  (2) 

where Generation and Consumption terms can be obtained from chemical stoichiometry 
and 𝑚  represents the mass flow rate of input and output streams. Further, the energy 
balance can be expressed on a rate basis as follows: 

Input energy = Output energy + Accumulation of energy in system (3) 

𝑚 𝑈 + 𝑢2 + 𝑔𝑧 + 𝑄 = 𝑚 𝑈 + 𝑢2 + 𝑔𝑧 + 𝑊 + 𝐴 (4) 

Figure 4. Classification exergy based on its source of generation [51].



Processes 2021, 9, 1002 9 of 29

In several studies, various configurations of bioenergy-integrated systems were mod-
eled in accordance with the energy demands. Many researchers elaborated on the exergy
analysis so as to evaluate the operation with respect to energy quality and outputs of their
proposed systems [52–55]. Caliano et al. [52] conducted a research on a case study in Italy.
They found that combination of thermal energy storage and cold thermal energy storage
during the hot season is an economically valuable solution. Based on their findings in
Reference [52], the optimal size of a biomass-fired CCHP system, including a CHP unit,
a thermal energy storage, and an absorption chiller, was influenced by the value of feed-in
premiums while the feed-in tariff variations had no effect on the optimal size of the system.
The thermodynamic models of bioenergy-integrated plants are mainly based on mass,
energy, and exergy balances. In several cases, the objective was clearly stated to meet
the energy demands of a certain location or analyze the output capacity in the forms of
electricity, heating, and cooling. In this context, there are multiple factors that can affect the
performance of a system from different perspectives. Performing exergy analysis requires
an understanding of the input and output units of the process for the reason that exergy
calculations are actually based on these units with other influencing parameters, such as
the temperature, pressure, and mass flow rate. With this regard, the mass balance for a
steady-state system can be expressed as follows [30]:

Input + Generation = Output + Consumption (1)

∑
i

.
mj = ∑

o

.
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.
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where Ûj,
u2

j
2 , and gzj represent the specific values of internal energy, kinetic energy, and

potential energy, respectively. The value of transferred heat into the system and the output
work are indicated as

.
Q and

.
W, respectively. An exergy analysis requires stating the exergy

balance within a system. The balance requires detailed information regarding the structure.
However, the exergy balance for the non-steady process in a system can be expressed
as follows:

ExQr = Qr

(
1− To

Tr

)
(5)

ExW = W (6)

The equation presents the net input rate of exergy (associated with the input fuel) in
the first two terms. The following net input rate of thermal exergy and output work are
calculated as follows:

Energy accumulation = Exergy input − Exergy output − Exergy consumption (7)

∑
i

miexi −∑
o

moexo + ∑
r

ExQr − ExW − I = 0 (8)
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Equation (7) is associated with the Qr, which is the amount of input heat into the
system across r region on the system boundary. From Equations (8) and (9), the efficiency
of the second law of thermodynamic can be expressed as follows:

ηex =
∑ Exo

∑ Exi
=

.
Wnet

.
m f uel∆G0

T
(9)

where it is the ratio of total output exergy to total input exergy. ∆G0
T represents Gibbs

energy of reaction, while
.

Wnet and
.

m f uel show the net output work and mass flow rate of
the fuel, respectively. In order to calculate the irreversibility based on the second law of
thermodynamic, it requires determining the total entropy change of the system.

dSTotal =
dQactual

T
+

dWlost
T

(10)

I = T0

[
1
.

m
dSnet/real

dt

]
= T0SGen (11)

where dQactual is the actual heat received by the system. However, since the process is
associated with irreversibility, the actual output work is always less than the one in the
reversible process; therefore, the system produces additional entropy, which is expressed
as SGen. This generation of entropy, which indicates energy destruction in a system, is
considered at reference environment properties T0.

The exergy analyses in biomass-fueled energy systems are based on the aforemen-
tioned concept, and the chemical exergy is of utmost importance in these systems. Chemical
exergy is defined as the amount of work that can be obtained from the systems if the fuel is
brought to an absolute equilibrium state with the environment [56]. In such configurations,
the available exergy heavily relies on the physical and chemical components; therefore,
properties such as the molar flow rate, specific chemical exergy, and enthalpy and entropy
flow rates of the matter are the most significant parameters in the exergy assessment of
the system. Equation (12) clearly presents the physical exergy, while Equations (13) and
(14) provide the molar chemical exergy of component i in the presence of a dry and humid
reference environment, respectively [51].

Exph = H − H0 − T0(S− S0) (12)

Exch
i = RT0 ln

(
p0

p00

)
(13)

Exch
i = RT0 ln

[
xdry

i

(
1− ϕ

psat
T0

p0

)]
(14)

where R is the universal gas constant (8.3145 kJ/kmol K), ϕ is the relative humidity, E is
the molar exergy (kJ/kmol) and p is the pressure (bar). Similar to chemical exergy, there
exist multiple approaches for formulating and calculating exergy efficiency in different
configurations [57,58]. Within a certain process, the chemical exergy can be calculated
with a single method but one can consider different techniques for exergy efficiency. It
relies on the definition of exergy efficiency, which means that there exist different efficiency
equations for various processes [59]. In this context, the exergy efficiencies are classified
into two groups, including the following:

• Relative efficiency (overall exergy efficiency): The ratio of the total output exergy to
the total input exergy;

• Consumed–produced efficiency (utilitarian exergy efficiency): The ratio of the exergy
of the produced output to the exergy of the consumed input.

In relative efficiency, the total exergies of the input and output streams are of im-
portance in order to determine the overall efficiency of the system or process. Since in
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many configurations a major part of the output is of use, authors tend to not consider
differentiating exergy effectively. However, the exergy of input and output streams is not
always equal to that of consumed and produced exergies. To this end, consumed–produced
efficiency is expressed in five different definitions so as to calculate the efficiency from
various perspectives. In several studies, both efficiencies were considered for better anal-
ysis and comparison of results [59,60]. For a better and precise understanding of exergy
efficiency, Reference [51] investigated the available methods and drew a comparison with
a focus on low-temperature processes.

2.1.1. Biomass Influencing Factors in Energy and Exergy Analysis

Biomass utilization in energy systems heavily relies on financial capability and im-
plemented components. Since this type of RES is the most versatile of all, its conversion
to useful energy can be considered in many ways. The combustion of biomass to pro-
duce flue gas (directly or indirectly) is one of the most common techniques. In exergy
analysis, the combustion of solid biomass in gasifiers requires mass and energy balances,
which are conducted throughout the whole gasification procedure across different interre-
lated processes, including drying (Equation (15)), pyrolysis, reduction, and combustion
(Figure 5) [60]. Owing to the fact that flue gases are comprised of various properties,
chemical reaction modeling is of importance as well. This allows performing the chemical
equilibrium and further atomic balance of each species based on the obtained actual mass
and gaseous volumetric fractions. Additionally, to quantify the input heat or transferred
heat to the working fluid, the gasifier or boiler thermal efficiency is taken into account as
well (Equation (16)). Besides the fuel mass flow rate and thermal efficiency of boiler, other
factors, such as higher heating value HHVbio, the mass flow rate of working fluid in the
boiler (water in this case), its heat capacity Cpwater, and its temperature difference in the
boiler ∆Twater, are also significant parameters that can impact the amount of provided heat
by the biomass feedstock [61,62].

.
mH2O removed =

(
ψH2O input −

1− ψH2O input

1− ψH2O output
× ψH2O output

)
× .

minput wet bio (15)

Qbio = ηbioler ×
.

mbio × HHVbio =
.

mwater × Cpwater × ∆Twater (16)

In exergy analysis, quantifying the input heat, efficiency of components, and exergy
of the system can vary from one configuration to another due to the fact that biomass
utilization can take various forms. For example, the combustion parameters of deployed
engines in solid biomass-fueled plants can be assumed as one of the primary influences
affecting energy outputs of a system [63,64]. Apart from the efficiencies of components,
these parameters can be discussed in terms of the mass flow rate, the steam-to-biomass ratio
(STBR), and heating values of different types of biomass resources [65,66]. In other cases,
the exhaust temperature of the flue gas exiting out of the biomass boiler is of importance
since it can affect the outputs of a system such as ORC (Figure 6) [67,68]. Obtaining this
temperature requires an understanding of the chemical exergy of biomass resources and
fuel composition. This factor may vary from one biomass type to another; therefore, it
demands chemical reaction modeling [69,70]. Simulating the combustion of biomass in a
gasifier reactor should be contemplated as realistically as possible. The input parameters
of gasifiers can impact the operation and, consequently, the outputs significantly. There
exist suggested models that consider different approaches for better simulation of the
gasification process and energy balance in a gasifier. One of the methods is deploying a
combustor along with the gasifier in order to achieve a more realistic energy balance and
the production of alkali compounds [71,72].
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The biomass conversion process can be designed and implemented with respect to
the required output of the system. In several previous cases, such as those mentioned
earlier, mostly power and heat were the needed outputs; as a result, the exergy assessment
was modeled and formulated based on power and heat production. However, this is
not the case for all available configurations. Certain systems demand other forms of
products, such as syngas, hydrogen, or even biofuels, for various applications [73–75]. To
this end, implementing and analyzing these systems in the same way as previous cases
does not guarantee feasible exergy evaluation and maximum production of other products.
Understanding the gasification reactions, dividing the processes, implementing exergy
balance, and formulating a process performance index (PI) in accordance with the required
demand can be a promising approach for obtaining maximum production and efficiency in
a system. Regardless of the biomass properties or combustion parameters, there are other
disturbances within a system that can affect the operation and outputs. These disturbances
should be taken into account when designing and simulating the model in order to guarantee
the accuracy of the results and performance. Such disorders can take place due to component
malfunctions or variations of parameters. For example, changes in the boiler load can impact
district heating (DH) generation and the supply temperature [76,77]. In exergy analysis, the
constraints and disturbances should be accounted for so as to implement a realistic system
with promising results.

2.2. Thermo-Economic Optimization

The operation of every energy system is associated with losses and imperfections. To
achieve optimum performance, considering the objective functions, energy dissipation
should be taken into account, and optimization of the operation should be conducted in
terms of economic, thermodynamic, and/or environmental aspects. Following Balaji’s
work [78], mathematical optimization techniques can be classified into two primary groups,
namely, the calculus method and the search method (Figure 7) [78–80]. The calculus
method, or famously known as the gradient method, utilizes first- and/or second-order
derivatives to determine the extremum, whereas the search method does not require a
gradient and progressively follows a random or systematic pattern (sequence) in order
to improve the objective function [81,82]. Owing to the availability of the derivative in-
formation, the calculus method benefits from faster convergence compared to the search
method [83]; however, it can only be employed when the constraints are differentiable
and equalities, as well [80]. Over the past decades, designing and implementing complex
energy systems created complex engineering problems, which forced engineers to develop
new optimization techniques so as to encounter multiple issues with a single optimization
model. Although the classic methods are efficient at solving a particular problem at the
local level, their performance can suffer when subjected to a multi-objective system or
considered at the global level. These methods tend to converge to an optimal solution
based on the initial point, and their implementation on parallel machines is not feasible [84].
To this end, several other new approaches were proposed and conducted for different
applications, the majority of which were mainly based on the search method and evolution-
ary principles. Optimizing a system requires analysis of the operation in order to realize
the associated drawbacks and the need for optimization. In the previous section, it was
presented that exergy analysis is a promising approach for evaluating the operation of an
energy conversion system, which correspondingly indicates the necessity for optimization.
Figure 8 shows the required steps for exergy analysis and realizing the need for optimiza-
tion, while Figure 9 depicts the optimization flow chart.
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2.2.1. Biomass Influencing Factors in Thermo-Economic Analysis

In bioenergy-integrated systems, optimization can be performed concerning energy
conversion, biomass consumption, environmental impacts, and financial benefits. There
exist various influencing factors that can affect these aspects from different perspectives;
therefore, their variations should be accounted for. In the vast majority of CHP or CCHP
systems, thermodynamic and economic analyses are the most common approaches to-
ward evaluating the operation and eventually optimizing it. Thermodynamic evaluation
combines the first and second laws of thermodynamics in order to provide a better under-
standing of the system’s overall performance and allows to determine the sources of energy
dissipation due to the irreversibility involving each process [85]. However, this assessment
does not necessarily guarantee the financial feasibility of a system and it cannot provide
any means on how to allocate costs between the components and their products. To this
end, the thermodynamic analysis was extended to include several other assessments, such
as thermo-economic, exergo-economic, pinch analysis, and exergy analysis [86]. Numerous
studies conducted thermo-economic assessments so as to tie the thermodynamic analysis
to economic aspects of a system, aiming at the detailed evaluation of the cost of exergy [87].
In several cases, these assessments were carried out for developed models of CHP and
CCHP configurations [88–90], while in other studies, they were employed in high-energy
consumption processes, such as in wastewater treatment plants (WWTP) [91]. The analyses
may vary from one study to another. For instance, in a WWTP anaerobic digestion and
gasification process, evaluation is of importance (Figure 10) [91,92], whereas boiler opera-
tion is more critical in biomass-integrated ORC systems (Figure 11) [61,93]. In this regard,
there exist a number of technologies and measures that can be implemented in accordance
with the requirements [94]. Commonly, researchers tend to develop a thermochemical
equilibrium model when the output product is in a gaseous or liquid form in order to
determine the property of the product(s), particularly the energy content [95,96]. On the
other hand, mass and energy balances are mostly employed for the boiler’s operation in
biomass combustion systems when the output thermal energy is only of importance. In the
vast majority of biomass-fueled systems, at first, the exergy analysis is conducted in order
to evaluate the technical operation and determine the thermodynamic objective functions
for optimization purposes. Then, the economic analysis is formulated and the economic
objective functions are realized. Biomass influencing factors in terms of thermodynamic
performance were discussed in Section 2.1.1. In this regard, this section investigates the
economic analysis, its relation to exergy assessment and indicates the basis of economic
evaluation in energy systems, such as biomass-fueled IESs.
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The development of any energy-conversion system is associated with boundary con-
ditions due to the availability of resources, financial capability, governmental regulations,
and environmental protection. For implementing an optimization model, these boundaries
should be taken into consideration so as to integrate an efficient system with minimum
cost [97]. As mentioned before, thermo-economic optimization not only addresses thermo-
dynamic performance, but also includes the economic aspects of a system in order to tie
both cost and exergy concepts with the intention of developing an efficient system that is
financially viable as well. In such assessment, the energy system can be inspected based on
its financial profitability and efficiency, with respect to fuel consumption. Considering the
economic point of view, the financial factors of an energy system can fall into three main
categories, including fuel cost (resources, part-load operation), operation and maintenance
(labor, equipment maintenance, start-up/shut-down period), and capital cost (total invest-
ment, unit cost). The costs associated with producing a good in an energy system are of
two kinds, namely the following [98]:

• Average cost: Per unit cost of production (not predictive).
• Marginal cost: Changes in the total production cost by producing an additional

unit (predictive).

In biomass-integrated systems, the generation of power and any other forms of energy
rely heavily on the required demand. Therefore, the rate of generation might vary over
time, which results in variable fuel consumption and operating hours. With this regard,
the cost formulation should have the capability to account for the variations and predict
the overall and specific costs in the case of any modification. This can be taken into
consideration by conducting thermo-economic optimization, which is mainly based on the
marginal cost concept [99]. In energy generation plants, the exergy of fuel should be greater
than or equal to that of output products overall and any unit of the system [100]. This
concept allows the determination of the unit cost of a single product; additional criteria
are required for linking the unit cost of different products in multi-energy systems [101].
A thermo-economic analysis is mainly conducted to determine the cost of each produced
good, such as power, heat, cooling, etc., understand the cost flow within the system,
express the price of components as a function of the thermodynamic decision variable, and
improve the efficiency of generation in accordance with the financial and environmental
benefits [102]. Yasar Demirel, in his review article [86], classified the available thermo-
economic optimization methods (based on their objectives) into two groups including
the following:

• Cost accounting and optimization method (such as considering the total specific cost
of AD-CHP plant in Reference [103]).

• Overall cost minimization method (such as minimizing ethanol production cost in the
CCHP plant in Reference [104]).

Commonly, the revenue in energy systems is calculated by subtracting expenses from
the sales of goods and services. The cost-minimization approach involves only the marginal
cost in order to concentrate its resources, where the excess of the marginal revenue over
marginal cost is maximal. On the other hand, the cost accounting method is based on the
cost allocation concept, and it provides detailed cost information comprising resources,
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operation, maintenance, and capital accumulation. In order to link the overall efficiency
and the cost of output products of a structure with the efficiency and irreversibility of
each individual unit within the structure, general formulas are required to identify the
process of cost formation. This approach provides management with critical planning
and controlling data concerning energy consumption, generation efficiency, energy losses,
and costs (overall and each unit of the system) for decision-making purposes. In the same
way as exergy and energy balances, the thermo-economic cost performance of each unit
‘n’ within a system should be balanced in terms of the cost rate of output work

.
Cw,n and

input heat
.
CQ,n. The thermo-economic cost balance and exergy costing equations can be

expressed as follows:
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In any IES, discussion of its economics, including the relative price of electricity and
fuel, is of utmost importance. This quantity is expressed via a metric known as spark
spread, which is defined as the net profit from selling one unit of electricity and heat
after purchasing the required fuel [105]. Equation (17) presents the spark spread of a
CHP system in which EP and GP are the electricity and gas price, respectively. The price
of heat is defined as the cost of heat produced in a boiler, where ηe, ηo, and ηb are the
CHP’s electrical efficiency, overall efficiency, and boiler’s efficiency, in that respective
order. Equation (18) presents the general form of the thermo-economic cost balance. The
variable A′ is the cost matrix of a system, Π is the thermo-economic cost vector, and Z is
the vector containing the levelized cost of maintenance, operation, and investment. Further,
Equation (20) indicates the thermo-economic cost balance for a nth component, receiving
heat as input and generating work or power as the output. Equation (21) depicts the cost
rate of Z, which is based on capital investment (CI), the capital recovery factor (CRF),
operating hours (OPH), and the maintenance cost rate (ξ). The CRF can be calculated based
on the interest rate (i) and service life (p) of a system (Equation (22)).

In generation systems, it is of utmost importance to determine a criterion (objective
function) for optimization purposes. There exist several objective functions depending on
the requirements and boundary conditions, such as efficiency enhancement, power output
maximization, minimization of biomass consumption, maximization of net present value
(NPV), and minimization of the levelized cost of any form of required energy (usually
electricity (LCOE)) [106]. Commonly, these objective functions require a reference criterion
for comparing the effectiveness of the suggested model with conventional methods. This
comparison can be in terms of satisfying energy demands of a certain location [61], or it
can be based on output generation capacities [107]. However, it should be noticed that
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not all objective functions result in thermo-economic optimization. This is due to the fact
that the thermodynamic objective function, such as improved thermal exergy efficiency
or maximum power output, does not guarantee financial feasibility and might increase
the overall cost of the system [108]. It is worth mentioning that the selection of objective
function relies heavily on the overall objectives and design requirements. In this context,
exergy and economic analyses are required to be performed so as to determine the objective
functions appropriately. Similar to the exergy analysis, there are also financial factors and
indices that can affect the economic evaluation of a system, including but not limited to the
operating cost, fuel cost, unit cost of energy, construction time, commission time, etc. With
this regard, the economic assessment should be performed as discussed so as to tie both
the thermodynamic and economic principles together.

2.3. Environment Assessment

Environmental concerns and issues have been continuously growing across local,
regional, and global sectors. Such problems are either derived from chronic effects, which
can impact human health, or result from the accidental discharge of hazardous substances.
The vast majority of environmental concerns in the energy sector are raised as a direct con-
sequence of energy conversion, generation, and transportation. The impacts can appear in
many forms, such as solid waste disposal, air pollutants, and water pollution [109]. The low
cost of fossil fuels has transformed this harmful enemy of the environment into the primary
and most significant source of energy in various sectors [110]. The catastrophic effects of
fossil fuels on climate change have reached a point where societies’ transitions to a net-zero
carbon state is no longer effective, and active CO2 removal should be implemented in
order to limit atmospheric warming. To replace fossil energy with sustainable sources and
contribute to the carbon sequestration concept, biomass utilization is quickly expanding
and gaining prominence. Mainly, biomass can be harvested from various planet materials,
such as forests, wastes, and landfills. Although these resources are considered sustainable,
their excessive consumption can lead to ecological imbalance, which results in serious
environmental impacts. The scale at which this RES is being used is of importance in every
sector due to the fact that it can be as harmful as fossil fuels if the environmental reliability
conditions are not met [111]. Concerning carbon sequestration, several approaches have
been suggested over the past years to incorporate biomass resources for the active removal,
capturing, and sequestrating of CO2 from the atmosphere. Apart from well-established
techniques, such as carbon farming, afforestation, and reforestation, the practical via-
bility of bioenergy carbon capture systems and biochar has been investigated in recent
years [112]. However, developments in the carbon capture field have faced controversial
views in terms of economic viability and biodiversity conservation. While many experts
believe that bio-sequestration is relatively cheaper and more effective than other carbon
mitigation alternatives, others question the practical viability of these techniques due to
their major impacts on water and land resources. In addition, mechanical sequestration,
such as direct air capture, is still not practically feasible since such techniques are very
energy intensive. Utilizing biomass feedstock to simply replace centralized carbon re-
sources is more cost-effective than utilizing it for direct carbon capture [113]. In this context,
biomass reliability in terms of environmental aspects is a critical subject that should be
taken into consideration.

2.3.1. Biomass Influencing Factors in Environmental Analysis

The statement that indicates “Anything that reduces the consumption of fossil fuels
will therefore benefit the environment” is far from the reality. In fact, every new technology
introduces both benefits and costs for which it is society that decides the true value [114].
As much as biomass utilization can be beneficial, its consumption is associated with
environmental impacts. To understand the reliability of this resource, it is wise to evaluate
its influence on the surrounding environment. Evidently, the environmental impacts of
biomass rely heavily on the production to demand ratio [115]. The level at which biomass
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consumption can affect the environment is classified into two groups, including land and
other resources, and the surrounding environment. Since solid biomass is mostly derived
from agricultural and forest lands, its utilization can impact these resources significantly.
In order to realize its level of influence on lands and other resources, it is of utmost
importance to answer questions concerning the demand for biomass, the efficiency of land
use and the type of land to be utilized [116]. Biomass crops grown on degraded lands
are important sources of bioenergy production due to the fact that this type of land is
of no use to agriculture or forestry, and they do not result in deforestation and negative
impacts [117]. However, such lands are not always cost-effective and suitable options for
bioenergy development since they may require fertilization and irrigation processes [111].
The increasing demand for solid biomass has less influence on agricultural lands, except in
the case of energy crop development in European countries. The vast majority of the supply
is satisfied by extracting biomass resources from the forest and degraded lands; therefore,
the increasing demand is causing excessive extraction from existing forest resources, which
may result in serious consequences [116]. With this regard, the impact of solid biomass on
lands and other resources should be taken into account and government mandates must be
imposed to improve the reliability and sustainability of this source of energy.

The influence of biomass consumption on the surrounding environment is another
important factor that should be investigated precisely. The impacts are mainly derived
from the generation of energy, in any form, and they are capable of affecting the climate,
water resources, soil resources, and biodiversity. The quantitative analysis of biomass
impacts on the environment is a complicated approach. Biomass consumption is associated
with characteristics such as emissions, waste disposal, and ecological damage that must be
quantified. To this end, environmental analyses that determine the reliability of biomass
utilization in an energy system and provide helpful information concerning possible
improvements within a structure are performed so as to develop environmentally friendly
biomass-fueled energy systems [118]. In terms of climate impacts, biomass combustion is
mainly accompanied by CO2 emissions, such as the case with fossil fuels. There is no doubt
that the level of concentration of harmful gases, such as NOx, is lower than fossil fuels;
however, solid biomass emits more carbon dioxide per unit of energy produced. This can
be due to the fact that no emission standards or precise monitoring of biomass utilization
are available at this moment. While environmental agencies mandate fossil fuel-based
generation plants to implement emission-reduction technologies, biomass-fueled facilities
are not required to do so, which can give rise to serious climate impacts at local and global
geographical scales in the near future [119]. Biomass impacts on water resources originated
from high-demand water use for growing energy crops. This impact is largely depended on
climate conditions and the availability of water resources in a country. Expectedly, biomass
crops that are planted on degraded lands for energy production require higher water
demands compared to agricultural ones. In some countries, such an approach can have
positive impacts on both land and water resources; however, if the country is struggling
with water shortages, this can be reversed [120]. Additional effects of biomass on soil
resources and biodiversity rely heavily on the utilized crops, their level of production, and
the method of harvest. There is no doubt that biomass can have significant benefits on
all mentioned resources and aspects. This type of energy source can lower emissions by
50–60% on average, save water, improve soil conditions on degraded lands, and increase
the level of biodiversity. However, the sustainability level should be maintained and
environmental analyses should be performed in order to avoid any ecological imbalance
and further damages [121].

Over the past few decades, an environmental analysis has been developed and con-
ducted to identify, analyze, and evaluate the effects of energy production on the environ-
ment. This type of assessment can be undertaken for biomass-integrated energy systems so
as to detect the potential risk to human health and the surrounding environment. One of
the most common, well-studied, and internationally recognized techniques is life-cycle
assessment (LCA). This method determines the environmental impacts of an energy sys-
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tem throughout the entire life cycle of its products. Such analysis is implemented for
product-oriented systems in order to evaluate the environmental effects and emission
indicators that a single product or process can cause (Figure 12) [122]. In recent times, this
analysis has gained prominence for its capability for quantifying emissions and wastes
over the complete supply chain of products. LCA model development should follow the
principles and requirements within ISO 14040 and ISO 14044 [123,124], and it also depends
considerably on the life cycle inventory (LCI) and impact categories being investigated.
There exist various impact categories and their associated impact indicators, which are
capable of grouping different forms of emissions into one environmental effect at local,
regional, and global levels [125]. Precise and detailed categories and their associated im-
pact indicators can be found in Reference [126]. In the LCA model, it requires quantifying
the inputs and outputs for a product throughout its life cycle [127]. This can be done by
creating a life cycle impact (LCI) parameter in which the flows into and out of a process
are quantified and compiled. Frequently, LCI is considered for each process from the first
steps of biomass production to the last steps of energy generation and use [128]. Despite
the thoroughness of the LCA technique, this approach has been criticized due to its com-
plexity and availability of data [129]. To this end, several other methods, such as direct
emissions, were developed to analyze energy systems in terms of environmental aspects
(Figure 13) [130]. Most of these techniques only consider the emissions of the plant itself as
the responsible factor for environmental impacts. Any ecological damages involving the
prerequisite processes are not taken into account [131]. In this context, there is no doubt
that these methods are associated with marginal errors and lack of precision; however,
implementing these assessments is still considered as viable and important as the LCA
method. Most of these analyses are employed to draw comparisons between multiple
renewable-based energy systems, such as the biogas-fueled CHP and CCHP systems in
Reference [132], the biomass-based trigeneration mode and stand-alone electricity mode
in Reference [133], or simply the biomass-based ORC and fossil-fueled energy systems
in Reference [131]. In these evaluations, it is the comparison’s results that indicate the
effectiveness and feasibility of the proposed structure.
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Environmental analyses for biomass-integrated configurations can be considered
based on various influencing factors, such as emissions, waste disposal, and sustainability.
The level of CO2 emissions is the only figure that the majority of studies are interested in.
This emission level can be expressed in terms of emissions rate Equation (27) [132,134,135],
reduction ratio Equation (28) [131,133,136], or avoidance ratio Equation (29) [137].
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Equations (27) and (28) are expressed for a CCHP system. Equation (27) defines the
amount of emitted CO2, for which

.
mCO2 is the mass flow rate of the CO2 content of input

biomass, and
.

Wnet,
.

Qheating, and
.
Rcooling present the output work, heat, and cooling of a

CCHP plant, respectively. In Equation (28), the emission reduction (ER) ratio is presented
as the relative change ratio of CO2 emissions of separate production (SP) and CCHP. The
mass of emitted CO2 after input biomass combustion is given as mCO2 for both SP and
CCHP configurations. The extended version of this equation defines µW

CO2
, µQ

CO2
, and µR

CO2
as “the energy-output related emission factors” for the separate production of electricity,
heating, and cooling, respectively, while µF

CO2
is indicated as “the specific input fuel to the

trigeneration system” [136]. Equation (29), on the other hand, is based on the assumption
that biomass is considered neutral in CO2 emissions. In this equation, fE and fNG are
the average emission factors for electricity and natural gas, ηre f Hng is the efficiency for
natural gas heating, and CSPFre f Com is the performance factor for a conventional cooling
compressor. Since there is no specific formula on how and in what capacity biomass can
avoid CO2 emissions [137], such self-defined equations can be formulated to indicate how
much biomass combustion can save emissions compared to conventional systems.

3. Conclusions and Future Perspective

Over the past decades, the development of IES configurations has seen a considerable
increase, and the economic and environmental benefits of them have been realized. The
minimization of PEC, improvement of generation efficiency, reduction in environmental
consequences, and provision of operational flexibility for greater penetration of renewable
energy sources are the primary advantages of CHP and CCHP systems. Undoubtedly,
the integration of renewables into such systems adds additional benefits and contributes
significantly to the energy transition goal. The possibility of biomass integration into
cogeneration and trigeneration systems was precisely discussed in this study. In general,
biomass resources are utilized in IES via combustion, gasification, and ignition. There
exist various conversion technologies as well as the possibility of their integration that can
provide certain advantages for specific types of feedstocks. The modeling and operation
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of each type differ from one another, and consequently, the analysis and evaluations of
the systems. In this context, three primary system analyses, including energy and exergy
analysis, thermo-economic optimization, and environmental assessment for biofuel energy
systems were realized and investigated thoroughly. The principles of each evaluation
were completely discussed, and the influencing factors of biomass utilization were pointed
out. Seminal contributions elaborated on each performance analysis; it was found that
the molar structure of feedstock, associated costs with the biomass-to-bioenergy process,
and sustainability of biomass were the primary influencing factors that could significantly
affect the results of each assessment. The low energy density of such fuel poses financial
disadvantages, which can result in lack of development. The cost of transportation in
bioenergy systems is often a primary concern since the supply is usually far from the
generation system, and due to the low energy density of such fuel, transportation costs
can affect the feasibility of the entire system. Moreover, the cost competitiveness between
the fossil fuels and the bio-based fuels still remains a primary concern for the investors
since there are projects similar to GoBiGas Göteborg that are failing due to the lower
cost of natural gas. Thermo-economic analysis is required to conduct a comparative
analysis between different bioenergy systems to present the financial feasibility of each
method of utilization. For instance, gasification systems are more advantageous over
direct combustion for CHP generation. This is due to the fact that gasification systems can
take advantage of a higher power conversion efficiency, while on the other hand, direct
combustion can be utilized for locations with high thermal energy demand.

Predicting the future might not be wise, but with a clear understanding of the negative
impacts of conventional energy generation on the planet and all living species on it,
there is no doubt that CHP will be featured in all future energy scenarios. The depletion
of fossil fuels and growing concerns over primary energy consumption would ensure
the long-run existence of this type of energy generation, where heat, as well as power, is
demanded. The possible integration of hybrid systems is also important to energy transition
goals. In future scenarios, it will be likely to see the large integration of CHP units for
satisfying the thermal demand. In such scenarios, the interconnection of multiple CHP
units allows satisfaction of thermal energy, while the excess electricity is either utilized
in further processes or exported to the grid, providing higher revenue for the system.
Similarly, utilization of renewable energy sources (RES) such as biomass in CHP systems
or developing hybrid-CHP configurations will be the mainstream topic that provides the
largest future opportunities. Looking into the future, the international strategies imposing
low-carbon emission may force the attention toward technologies cooperating with this
condition; bioenergy resources are undoubtedly the first option to investigate. To this
day, traditional combustion of biomass for heat generation still holds over 80% of the
utilization share. However, the current trends illustrate the fact that the increasing need
for other forms of energy, such as power, biomethane, biodiesel, and ethanol, is shifting
the share toward other utilization methods. Amongst these techniques, gasification is a
promising approach that is gaining interest in power and biogas generation. In the near
future, it is expected to witness the highest contribution in the bioenergy industry related
to gasification systems. The vast majority of current deployments present higher financial
gains in comparison to conventional combustion systems. Additionally, transition in the
transportation sector is demanding fossil fuel replacement with electricity and green fuels.
Given the current trend for electric vehicle production and replacement, the set goals for
2030 and 2050 cannot be met; hence, there is a need to search for other replacements, such
as biodiesel and synthetic fuels. Biomass resources can be utilized for the production of
such fuels; in fact, biomass is the only cost-effective source in the production of synthetic
fuels in comparison to carbon-capture systems. In this regard, pyrolysis systems, anaerobic
digestion, and gasification systems could be developed for this application. However,
each may illustrate certain advantages over the other in terms of technical and financial
performance, which requires further research.
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The lack of government incentives and regulations, flexibility in power systems, and
economic attractiveness are the primary challenges that must be addressed in the near
future. The influencing factors for facing these challenges should be investigated in different
sectors to solve the associated problems with the market mechanism. Cost competitiveness
and regulatory frameworks are the potential topics that should be discussed and evaluated
at the regional level. Further, flexibility improvement is one of the most important subjects
that should be emphasized in developed countries. The lack of transmission structures to
accommodate higher variable renewable generation results in significant curtailment and
hesitation for further development. The establishment of feed-in tariffs and the possible
connection of distributed generations to the main grid introduce a considerable growth in
decentralized generation. However, this should be taken further for biomass utilization, as
economic feasibility is an important uncertainty in such generation. The need to go beyond
woody biomass resources is a necessity for bioenergy development. Biowastes are great
sources of energy that require both research and financial attentions to be implemented in
future energy systems, as conventional woody biomass feedstocks are facing supply and
demand mismatches, particularly in the European Union.

Author Contributions: All authors have contributed to writing and editing this article. Writing
original draft preparation, M.A.B. and K.M.; funding acquisition, Z.A.-M. and S.R.; supervision, K.M.;
writing—review and editing, S.R., Z.A.-M., A.B.P. and S.M.A. All authors have read and agreed to
the published version of the manuscript.

Funding: The financial support is obtained from Universiti Teknologi Malaysia (grant numbers
4B482, 05G88, and 02M18).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge the financial support from Universiti
Teknologi Malaysia (grant numbers 4B482, 05G88 and 02M18). Authors also wish to thank the
University of Nottingham Malaysia.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

RES Renewable Energy Source
GHG Greenhouse Gases
CHP Combined Heat and Power
CCL Climate Change Levy
CCHP Combined Cooling Heat and Power
ppm Parts Per Million
CLC Chemical Looping Cycle
LCOE Levelized Cost of Electricity
ORC Organic Rankine Cycle
SOFC Solid Oxide Fuel Cell
ECA Enhanced Capital Allowance
Mtoe Million Tonnes of Oil Equivalent
ToSIA Tool for Sustainability Impact Assessment
SSCHP CHP spark spread ($)
Variables

.
W Rate of p, CHP power output (W)
.

Q Rate of input heat (kJ/s)
.
A Rate of accumulation of energy
.
C Cost flow



Processes 2021, 9, 1002 24 of 29

U Internal energy (kJ)
I Irreversibility
S Entropy (kJ/K)
T Temperature (K)
p Pressure (bar)
ex Specific exergy (kJ/kg)
Ex Exergy (kJ)
H Enthalpy (kJ)
x Molar fraction
c specific cost
ηe Electrical efficiency (%)
ηb Boiler efficiency (%)
A′ Cost matrix
Π Thermo-economic cost vector
ξ Maintenance cost rate
f Fuel
εem Emission rate (lb/h)
ηex Exergy efficiency (%)
ψ Initial bagasse moisture (%)
ϕ Relative humidity
R Universal gas constant (8.3145 kJ/kmol K)
Cp Specific heat capacity (kJ/kg K)
∆G0

T Standard-state Gibbs free energy of reaction (kJ/mol)
V Volume (m3)
Subscripts
0 Ambient conditions
i Input stream
ch Chemical
r Heat source
Q Heat
00 Standard partial pressure of component in the environment
o Output stream
bio Biomass
W Electrical energy
Gen Entropy generated by system processes
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