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Abstract: This review examines the use of residual biomass as a renewable resource for energy
generation in the Dominican Republic. The odology includes a thorough examination of scientific
publications in recent years about logistics operations. The use of mathematical models can be
beneficial for the selection of areas with a high number of residual biomass and processing centers; for
the design of feedstock allocation; for the planning and selection of the mode of transport; and for the
optimization of the supply chain, logistics, cost estimation, availability of resources, energy efficiency,
economic performance, and environmental impact assessment. It is also essential to consider the
exhaustive analysis of the most viable technological solutions among the conversion processes, in
order to guarantee the minimum emissions of polluting or greenhouse gases. In addition, this
document provides a critical review of the most relevant challenges that are currently facing logistics
linked to the assessment of biomass in the Dominican Republic, with a straightforward approach to
the complementarity and integration of non-manageable renewable energy sources.
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1. Introduction

Climate change and the increase in world population have increased the global level
of environmental degradation and depletion of natural resources. These challenges prompt
the need for a transition towards efficient production, consumption in the use of resources,
the reduction in and recovery of waste streams, and the transformation required of con-
sumption habits [1]. The most widely used energy sources on the planet are fossil fuels,
particularly oil. At present, these fuels are the most widely used globally and drive the
economies of the wealthiest countries [2].

The combustion of fossil fuels inherently produces and releases harmful chemicals
into the environment, in addition to causing other environmental burdens; therefore,
it is essential to move towards the use of renewable energy resources to minimize the
environmental impacts of fossil fuels [3,4]. Given the magnitude of the problems that
arise with conventional energy sources, agreements have been generated, such as the Paris
Agreement in 2015 [5], aimed at counteracting climate change, making it clear that, it must
contemplate and include the use of renewable energy sources to transition away from fossil
fuels [6].

Among these energy sources stands out biomass, which has forever been used by
humanity for heat and lighting [7,8]. In the total primary energy supply, fossil fuels
represent 81%, nuclear energy represents 5%, and renewable energy sources represent 14%
(of this, biomass contributes around 70%) [9].
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This article aims to systematically compile the most important trends in the use of resid-
ual biomass as a renewable energy resource, focusing on the Dominican Republic. Specifi-
cally, all aspects of the supply chain will be addressed, highlighting logistical aspects [10-16],
optimization models [13-15,17-27], and geographic information systems [18-20], as well as
their significance, to make the decision-making process easier [17,28-30], referring to the
optimization of the use of biomass in terms of availability, cost, and quality; conversion
performance; transportation; and storage costs. Analysis is carried out by grouping the
collected scientific material around environmental impact, supply chain, costs, and biomass
conversion processes.

The main contributions of this work are the following:

A critical review of trends in logistics operations linked to biomass conversion into energy;
Identification of relevant factors and their solutions for optimizing resources to impact
cost reduction;

e A detailed discussion of the factors identified in the literature and their relationship in
the context of the Dominican Republic, to facilitate the integration and reduction in
intermittence generated by non-manageable renewable energy sources.

This document is structured as follows: Section 2 describes the relevance and advan-
tages of using biomass as a source of energy; Section 3 analyzes approaches to technological
solutions for energy generation; Section 4 presents research trends in the energy use of
biomass. Section 5 examines our conclusion and challenges.

2. Energy Use of Biomass

Due to rising oil prices, increased agricultural production, climate change, and new
methods of obtaining energy, biomass has resurged as an energy source [31].

Over time, supply concerns, as well as the gradual concern both about achieving
sustainable development and mitigating climate change, have emerged. These facts have
prompted the international community to advance on global and regional initiatives in
support of the introduction of renewable energy sources [32].

As such, the approaches to eliminating greenhouse gases are considered essential in
several projections to meet the ambitions set out in the Paris Agreement [33]. Additionally,
public acceptance is one of the main factors influencing local utilization of renewable
energy [34].

In a productive oil based economy, as in the case of the Dominican Republic, the
increase in the cost of fossil fuels, in combination with the detrimental environmental
impact, has led authorities to adopt commitments aimed at promoting renewable energies.
In particular, promoting biomass generates advantages, as it is a diverse, manageable
source with broad technological applications with neutral emissions of carbon dioxide
(COy) [35].

In the current environmental context, the Dominican Republic is committed locally and
internationally to providing solutions towards a diversified matrix of renewable sources
and reducing global greenhouse gas emissions. In this regard, reports from the Directorate
of Alternative Sources and Rational Use of Energy of the National Energy Commission
(CNE) refer to the need to take advantage of the existing biomass potential, taking into
account the commitment to reach 300 MW of installed energy capacity by 2030 in the
framework of the Paris Agreement [36].

The Dominican State has made evident its intention to define a diversified and renew-
able energy matrix, after the approval of Law 57-07 on “Incentives for the Development of
Renewable Energy Sources and their Special Regimes” [37], which suggests the granting of
incentives to develop energy generation projects from the use of wind, solar, and biomass.
At present, large scale energy projects based on renewables have been developed at the
national level, taking advantage of the benefits provided by such legislation.

San Pedro Bioenergy stands out among the projects that supply electricity to the
National Interconnected Electric System, which has an installed capacity of 30 MW using
sugarcane bagasse biomass as fuel. Monte Plata Solar is another project with sufficient
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capacity to generate 60 MW [38], and the Los Cocos and Larimar wind farms, owned by
the company EGE Haina, contribute up to 175 MW. Despite the significant progress made,
fundamental challenges still prevail, linked to offering a renewable and sustainable energy
supply and other problems associated with aspects such as access to local financing, and
the improvement of tax incentives that can cover a broader spectrum of the production
chain. Other aspects include the formalization of the market, the contribution of subsidies,
the quality of the energy supply, the protection of the producer, and the generation of
scientific—technological information [38].

The Dominican Republic has exhibited traditional models for the use of biomass, for
example, the generation of steam and electricity in sugar mills and the drying of rice in
factories, which were not necessarily carried out within a framework of ecological sustain-
ability. Environmental imperatives set by the headquarters of two free zone companies
with large operations in the country, and the enactment of Law 57-07, became catalysts for
developing an incipient biomass market [36].

Faced with a growing demand for biomass resulting from the substitution of conven-
tional boilers for biomass boilers for industrial processes, the National Energy Commission
of the Dominican Republic saw an excellent opportunity for growth in the market for this
energy source. The orderly growth of the biomass business within a sustainable devel-
opment strategy would not be possible without a study that establishes a baseline of the
market (current production) and potential production and the characterization of the types
of biomass. This is needed to have the necessary inputs for the quality regulations of this
and a ten-year plan of the projected growth of the market [39]. All these considerations
served as the basis to justify one of the most recent investigations carried out by the Na-
tional Energy Commission [37], whose primary purpose was to analyze the current biomass
production in the Dominican Republic, as well as its potential, in addition to defining a plan
for the use of energy generation, based on obtaining the following products:

1.  Baseline study of the biomass market for generation;

2. Geographical/spatial analysis of the areas with the most significant potential for
biomass production;

3. Plans to promote the use of biomass for thermal and electric energy;

4.  Existing laws, regulations, and regulations on biomass.

The demand estimate for the year 2030 for wind and solar energy is around 63% of
the demand in real time. This would mean a third more of the wind energy and almost
a quarter more of the solar energy used in recent years, thereby reducing natural gas and
petroleum derived fuels by more than 25% [20]. In this projection, the need to install
a battery as a frequency support is evident [40].

It is crucial to bear in mind that the natural variability of demand due to consumers’
unpredictable and instantaneous decisions is opposed by a generation that, while renewable
energy is incorporated into the energy mix, behaves less manageably and dramatically
complicates the operation of the electrical system. For a high contingent of non-manageable
renewable energies to be safely integrated, it will be essential that the operation of the
electrical system be equipped with a variety of tools that guarantee this [41].

The variability of feedstock requires the connection of backup generation with a man-
ageable and sufficiently flexible nature, capable of absorbing the production variations
derived from the intermittence, in terms of its presence, of the primary resource [41]. In the
current scenario of the Dominican Republic, there is a biomass potential that is not suffi-
ciently quantified from the energy point of view, as well as the dispatch and management
conditions of this resource in electricity generation to cover the intermittency caused by the
renewable energies already used, such as solar and wind.

2.1. Identification of Potentialities

Identifying potentials for the production and use of biomass refers to the evaluation
and quantification of biomass potential in a particular locality, according to its different
origins and possibilities for introduction into the energy market, considering the estimated
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costs for its production and market distribution. Resource evaluations are an indispensable
element in the feasibility study for establishing a biomass plant, which requires in depth
knowledge of the potential for biomass generation according to its nature, be it primary
or secondary.

In this sense, biomass resource evaluations should allow estimating the potential,
as well as the amount, of usable biomass in an area, even supplying valid information
according to the desired level of detail; additionally, such evaluations should serve to
determine the size or energy production capacity of a region or to make a decision about
the location of a plant [28].

Therefore, a standard methodology is required to recognize potentially suitable areas
for sustainable bioenergy crops. This methodology would better identify promising crops
and cropping systems, and logistical and economic studies, and better estimate the work
required to meet regulatory criteria [42]. Under the premises above, investigations have
been directed to estimating the biomass potential in the Dominican Republic, which has
made it possible to establish the different biomass resources available and their theoretical
energy availability [41].

However, it is essential to clarify the maximum theoretical potential, including techni-
cal or economic factors. In addition to identifying the primary biomass resources present,
such as sugar cane, coffee, rice, cocoa, and banana, these investigations delve into the
possibility of planting energy crops for electricity generation. However, this alternative
must be oriented appropriately, since, with an increase in energy production, crops would
promote monoculture agricultural practices that could cause a variety of inconveniences
with environmental and local impact [43]. It must also be considered that the main barriers
in the development of biomass and biofuels are the high cost of the raw material, the lack
of reliable supply, and uncertainties [44].

Under the conditions of the Dominican Republic, there is a potential for residual
biomass derived from different agro-industrial processes, which, at the same time, consti-
tute a residue that requires the producer to handle or treat it for its final disposal, which
can be costly; however, its use for energy purposes is still limited. The energy potential of
these wastes for producing electricity or other energy applications must be linked to the
sectors that generate them, which would reduce the electricity demand at a local or country
level. Furthermore, biomass could also serve as a strategic complement to intermittent
renewable energies by supplying electricity during hours of high residual load [45] and thus
achieving better stability during the supply of electrical energy and favoring the possibility
of increasing the level of penetration of intermittent or nondispatchable renewable energy
sources in the Dominican energy mix.

According to the Worldwatch Institute [46], integrating a multiplicity of renewable
energy sources could achieve an even more significant reduction in the problems associated
with the intermittency of renewable sources. Particularly in the case of the Dominican
Republic, the combination of solar and wind generation in the grid could specifically con-
tribute to reducing seasonal variability. In addition, the alternatives for storing electricity,
especially those concerning batteries and hydraulic pumping systems, could be offset by
the capacity of renewable energy for storing energy generated during periods of high
production and low demand, to supply the network at peak hours. Collectively, the use of
biomass power plants, fast on and off, in parallel with solar power plants, can also generate
baseload energy.

2.2. Biomass Selection Criteria

Correctly choosing biomass in specific areas reveals the importance of using pertinent
selection criteria. When choosing the most appropriate energy options, evaluation criteria
should be developed that may be useful for decision-makers seeking the integrated per-
formance of other alternatives [46]. Pohekar and Ramachandran further emphasize the
importance of the selection criteria. Despite the widespread promotion of renewable ener-
gies for different applications, compared to improved technologies for energy production
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and more intense competitiveness with other conventional energies, the contribution of
renewable energies is still considered modest [29].

Consequently, it is preferable to formulate different concepts, primarily associated
with energy planning, so that decision-makers can identify and remove obstacles that
prevent biomass energy from becoming a relevant source in the future.

Cost considerations still dominate discussions about climate protection and energy
sector transition in the Dominican Republic. The expanded use of renewable energies and
the application of energy efficiency restoration measures can positively impact local and
regional added value and employment [47]. It is necessary to delve into the analysis of
the potential, both in this agricultural sector and on an industrial scale, to establish the
most suitable conversion routes by type of biomass, to allow the correct use of these and
estimate their availability in temporary spaces.

The preceding should make it possible to evaluate complementarity with distributed
electricity generation, considering that biomass is a manageable resource that can reduce
the intermittency that occurs during generation in the electricity system, compared to
other renewable sources of electricity. On the other hand, according to Gonzalez and
Mufioz, sustainability problems and technical-economic parameters linked to supply chain
management must be considered [25].

2.3. Numerical Analysis Tools and Geographic Information Systems

Knowing the potential quantity of biomass in a territory is not the only factor con-
sidered in determining the viability of using this resource in energy applications [48,49].
There are factors of a spatial nature with decisive influence on its use, since they determine
the cost of extraction, the distance from the source to the transport network, and other
environmental conditions. The link of a spatial component is, evidently, related to the
resource’s valuation and the optimal locations for its use. Numerical analysis technologies
and geographic information systems (GIS) are tools that make it possible to assess the
complexity of biomass resources and define the most relevant factors from a territorial and
cost-estimation point of view [50,51].

Alluding to this, some studies reflect the usefulness of using statistical data and GIS
methods in estimating biomass resources and their bioenergy potential [52]. For their part,
they reviewed the essential characteristics of biomass logistics operations, discussing how
these were incorporated into mathematical optimization models, also explaining the new
trends in their optimization [14]. One of the most critical aspects of biomass use is its
supply chain and all the elements that are part of it; modeling is a powerful tool to improve
its efficiency [53]. However, biomass models for the energy supply chain must include
analyzing several different variables and highlighting the main disadvantages of their
use [54]. In this regard, models and methods to optimize biomass supply chains have been
analyzed, making a complete overview of research in this field focusing on optimization
modeling problems and solution perspectives. Other tools, such as satellite, aerial, and
terrestrial remote sensing, can be handy to monitor and estimate biomass to increase raw
material production from energy crops and maximize their yield [55].

Due to the low demand for biomass by consumers and investors due to the high costs
in its transformation for energy purposes, tools are required that allow optimal modeling
of the supply chain of this resource. This can be implemented at the national and regional
level, considering the abundance and accessibility of biomass in the Dominican Republic.
These new optimization models motivate the exercise of a notable contribution to the
revitalization of the agro-industrial and rural areas, promoting, in parallel, the achievement
of the proposed goals in energy self-sufficiency and the replacement of fossil fuels by
renewable energy [56].

Evaluating the effective and absolute magnitude of bioenergy resources, together with
the development of geographic information systems that allow estimating their availability,
location, ownership regime, and limitations of use, will promote the sustainable and
efficient use of bioenergy sources in the country.
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The use of biomass under planning and sustainability parameters will collaborate to
maintain the region’s agricultural areas’ essential ecological, economic, and social functions.
Few studies have been carried out on agro-industrial harvesting and logistics systems
linked to biomass resources in the Dominican Republic. In this sense, of particular interest
is the identification of existing residual biomass potentials and especially the valuation of
land use to define areas that can be utilized for the proliferation of forest biomass and for
the systems of geographic information, according to its application in similar studies [57].

On the contrary, the existence of conversion technologies for agricultural biomass,
developed and in use, is notorious; due to this, the establishment of predictive models
of the supply chain of this resource is imperative [58], which define a low cost bioenergy
utilization system for agricultural biomass, in adaptation to the realities of the region. In
general, in bioenergy, the Dominican Republic has an unlimited amount of agricultural
residues and waste, which are residual sources with enormous potential that could meet
the growing energy demand [59] and, in turn, increase the share of renewables.

Concerning the above, the region has set ambitious goals to reduce its per-capita
greenhouse gas (GHG) emissions through residual biomass. However, its lower calorific
value and lower density than mineral coal are disadvantages for the sustainable use of
residual biomass as an energy source [60]. The estimation of the quantities of potential and
existing biomass available represents the first parameter to be considered for determining
the viability and convenience of using biomass in power generation and, in addition, the
support of the support plans. This is vital to achieve an integrated and optimized use of the
resources present in the territory for biomass management. The Dominican Republic lacks
complete and scientifically developed studies on the actual quantification of mobilizable
agricultural biomass resources for bioenergy use, both from a quantitative and qualitative
perspective, with the support of the aforementioned tools.

3. Biomass as a Source of Energy Generation

Biomass can be used to meet a wide variety of energy needs, including generating
electricity, supplying heat for industrial facilities, heating homes, and fueling vehicles,
among other applications. The conversion of biomass to these valuable forms of energy
can be achieved using various technological solutions that can be separated into two basic
categories: thermochemical processes and biochemical/biological processes [11,61].

The options for biomass conversion processes are classified according to the type
of final energy products, including thermochemical processes and chemical processes.
Focusing on thermochemical processes, the leading technology solutions are as follows [62]:

1. Combustion converts biomass energy into heat, mechanical energy, or electricity.
The net conversion efficiencies range from 20% to 40%, and even higher values are
possible when biomass is burned in coal fired power plants. The most commonly
used combustion chambers for biomass applications are fluid bed and hearth designs;
the latter is rapidly becoming the technology of choice due to low nitrogen oxide
emissions [62].

2. Gasification converts biomass into a fuel gas mixture of carbon monoxide, hydrogen,
and methane, characterized by a low calorific value burned to produce heat and steam
or used in gas turbine cycles to obtain electricity. Conversion efficiencies of up to 50%
can be achieved in gasification using integrated biomass gasification/combined gas—
steam cycles. Although many biomass gasification processes have been developed
commercially, only fluid bed configurations are considered in applications ranging
from 5 to 300 MW [62].

3. Pyrolysis is the conversion of biomass into a liquid fraction (bio-oil), a solid fraction
(charcoal), and a gaseous fraction by heating the biomass in the absence of air [62].

Regarding biochemical processes, the primary conversion options include [62]:

4. Fermentation is when the sugars released during enzymatic hydrolysis are fermented
to carry out ethanol production, also producing carbon dioxide, butanol, organic acids,
xylitol, and furfural [63]. This process uses microorganisms to convert a fermentable
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substrate into recoverable products, such as biomass, alcohols, and organic acids. Hex-
oses, especially glucose, represent the most assimilable substrate by microorganisms,
while pentoses, glycerin, and other compounds need specific or modified organisms
to convert possible [64].

5. Anaerobic digestion converts biomass into biogas, composed mainly of methane
and carbon dioxide, through bacterial action in the absence of oxygen. Anaerobic
digestion is a commercially proven technology widely used to treat high moisture
biomass [12,62].

6.  Another technology is represented by the mechanical extraction processes, capable of
producing energy in biodiesel forms. However, it is only a part of the process that
consists of transesterifying oils and fats with methanol in the presence of a catalyst.
However, currently, the cost of biodiesel compared to fossil fuel makes this conversion
uncompetitive; however, the increasing focus of government policies on achieving
better air quality standards may rapidly change this perspective [12].

The choice of the appropriate conversion process is influenced by many key factors,
such as the type and quantity of biomass resources, energy carriers and end use applications,
environmental standards, and economic conditions. Likewise, it is essential to note that
biomass resources include wood and wood residues, crops (i.e., short rotation woody crops,
woody, herbaceous, sugar, and oilseed crops), byproducts, and solid residues. Municipal
waste comes from agro-industrial and food processes, aquatic plants such as algae and
water weeds, etc. [64].

In addition to the amount of energy potentially available from certain biomass species,
other properties that dictate the most appropriate choice of the energy conversion process
are represented by the moisture content, the cellulose/lignin ratio, and the ash content.

Regarding the cellulose/lignin ratio, this parameter only affects the biochemical
conversion processes; particularly, biomass with a high proportion of cellulose instead
of lignin—such as hardwood, which contains 25-50% cellulose and 20-25% lignin—is
more compatible with fermentation processes. Finally, concerning the ash content, low
percentages are preferred for thermochemical and biochemical processes because, given
the available energy production of the adopted conversion technologies, the resulting
amount of the final product is proportionally reduced [12]. How frequently energy is
required drives the selection of the technological solution, then the type and amount of
biomass available.

Despite the widely accepted potential of the advantageous use of bioenergy, the critical
problems regarding biomass remain the limited availability in terms of time due to its
seasonality and the dispersed geographical distribution in the territory, which makes the
collection, transportation, and storage operations complex and expensive. These critical
logistical aspects strongly affect bioenergy conversion systems’ economic and energy
performance, introducing limitations on their suitability. In addition, the large number of
the possible combinations of various biomass sources, the different conversion approaches
available, and the various end use applications (power generation/heat and transport
fuel), make it challenging to choose the optimal solution from a cost and power generation
perspective [12].

Under these premises, this article presents a documentary review of recent research to
determine the economic viability of the use of biomass for direct energy production through
thermochemical conversion processes, considering the related technical, organizational,
and logistical problems with the bioenergy chain. Thermal utilization processes have
been chosen for analysis because they favor the direct production of electrical energy in
a reasonably wide range of plant sizes, allowing centralized or decentralized applications
that represent the most promising solutions for industrial applications from biomass to
energy [11].
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4. Research Trends in the Energy Use of Biomass
4.1. Environmental Impact

Concerning the evaluation of biomass resources and the generation of bioenergy for
clean and sustainable development, Mboumboue and Njomo [65] developed a study in
Cameroon whose purpose was to quantify and evaluate the energy potential of residual
biomass; examine the corresponding conversion systems; and, finally, analyze the impor-
tance of biomass as a source of energy and its possible contribution to the sustainable
development of the country. The results reveal that biomass sources could contribute
significantly to meeting future energy requirements, depending on the type and quantity
of the biomass source, the desired final energy, the environmental impact, and the eco-
nomic conditions, as well as the energy conversion of the biomass, through biochemical
and biological conversion systems that are in different stages of research, development,
demonstration, and commercialization.

Under the premise that biomass combustion has become one of the essential elements
in the fight against global warming in the last decade, Wielgosinski and Lechtanska [66]
studied the emission of some pollutants in biomass combustion in comparison with the
combustion of mineral coal. The objective of this research was to evaluate seven biomass
samples in comparison with pulverized mineral coal. The analysis consisted of determining
and comparing the pollution emission factors (per unit mass of fuel) of carbon monoxide
(CO), nitrogen oxide (NO), and the sum of hydrocarbons (such as total organic carbon and
TOC) generated in the biomass combustion process.

In addition, the results obtained for coal were compared and the effect of the operating
conditions of the process (temperature, airflow) on the emission factors was identified. The
study results reveal that, in many cases, the emission indicators determined for biomass—
in particular, for total organic compounds—are unexpectedly higher than for mineral
coal. Therefore, it is wrong to consider biomass as a truly green fuel, even though it is
undoubtedly renewable. Its emissions are too high and comparable to coal combustion,
while its hydrocarbon emissions are even higher. Despite these findings, many studies
dispute this claim [67].

The current consumption of European industrial energy, with particular attention
to bioheating, has been reviewed. Specifically, the available solid biomass feedstock and
energy conversion alternatives were examined, along with prospects for increased biomass
consumption in various industrial sectors, considering that defining global strategies for in-
dustrial heat are not accessible due to the diversity of industrial processes [68]. Combustion
certainly dominates industrial heat production from biomass; however, gasification systems
are already commercially available. The results reveal that the production and consumption
of solid biomass in Europe are almost balanced. The pressure on biomass resources is
increasing, and this must be monitored from the point of view of the environmental impact
of bioheating, ensuring that sustainability is taken into account.

The evidence indicates that it is worth supporting biomass as an energy source from an
environmental perspective, suggesting that governments should promote the sustainable
supply of biomass materials and that the renewable energy industry should be developed
under local conditions. In general, bioenergy plays a fundamental role in preserving the
environment by reducing CO, emissions, a product of the substitution of the use of fossil
fuels, and the recovery of specific biomass residues that generate diffuse emissions in
addition to its positive impact on ecosystem management. Some other recent studies
concerning the approach to this issue are summarized in Table 1 [69].

In general terms, the Dominican Republic has set ambitious goals to reduce its GHG
emissions per capita, for which it is proposed to reduce dependence on imports of fossil
fuels and their impacts on the environment, including those associated with climate change.
“The goal is to reduce GHG emissions by 25% by 2030 compared to 2010”; this will require
a change in the country’s energy matrix that includes diversification of supply [37]. In
this scenario, biomass constitutes one of the least used energy resources in the country;
therefore, increasing its use would contribute to the diversification of the Dominican energy
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mix and would be a factor to consider to mitigate intermittency during electricity generation
non-manageable renewable energies.

Table 1. Environmental impact of the use of biomass according to pollutant emissions.

Reference

Contributions

Type of Biomass

Energy Conversion
Process

Demirbas [70]

Dupuis et al. [71]

Gambarotta y [72]

Mendoza et al. [73]

Mohd and Hashim [74]

Mustafa et al. [75]

Pfau et al. [76]

Rahman et al. [77]

Wielgosinski et al. [66]

Zhuo et al. [78]

Toxic emissions are practically nil or
below detection levels.

Of all the types studied, forest
residues were the most benign raw
material for the environment.

It was possible to propose
an equilibrium model for the
simulation of biomass gasification,
allowing the calculation of
polluting species.
Characterization of the samples
demonstrates that thermochemical
conversion and cation densification
technology is an environmentally
friendly alternative.
Co-combustion of biomass with
coal offers a promising route to
reduce GHG emissions due to
biomass combustion’s net-zero
greenhouse effect.
Presence of very high levels of
20 nm nanoparticles, 1 x 1010/cc,
which is highly toxic.
Composting turf biomass for
growing media achieves the highest
GHG benefits. The use of wood
biomass for heat production also
provides net GHG benefits.
With very few exceptions, all
biomass fuels can reduce emissions
compared to coal.
Emissions from biomass
combustion are higher than those
from hard coal.
The evolution of an air pollution
event caused by the spontaneous
burning of biomass was observed.

Lignite, fir wood, hazelnut shell,
wheat straw, corn, corn stubble,
tobacco stem and leaves,
almond and walnut shells.
Clean taeda pine, hybrid poplar,
rod grass, and forest residues:
crowns, branches, needles, bark,
and wood cannot be traded.

Residual biomass.

Solid residues selected from the
agribusiness of coffee crops:
parchment and coffee tree, that
is, stem, branches, and leaves.

Oil palm biomass.

Pinewood.

Woody, wood, grass, and
turf biomass.

All biomass.
Rapeseed straw, oak bark,
firewood and wood pellets,

willow, and rapeseed cake.

Forest biomass.

Combustion.

Gasification.

Gasification.

Thermochemical and
physical conversion:
combustion, pyrolysis,
and densification.

Co-combustion.

Combustion.

Combustion.

Combustion.

Combustion.

Combustion.

4.2. Biomass Supply Chain

Supply chain systems are made up of means and methods that allow the efficient
implementation and control of materials and products from the point of origin to consump-
tion. Their purpose is the integration of processes to obtain environmental, social, and
economic benefits. As there is a significant source for the use of biomass, the sustainability
of the supply chain involves various decisions and points of analysis with questions such as
the type of biomass to select, how much and where to take it, what production technology
to install, where to locate the centers of use, and with what capacity and which market to
satisfy in order to favor the cost-benefit ratio [79]. In general, a sustainable supply chain
suggests consideration of the economic performance, environmental impact, and social
benefit of supply operations, as argued by Nguyen [80].
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Thus, it must be understood that the optimal design of a biomass supply chain
is a complex problem, which must take into account a variety of interrelated factors
(that is, the spatial distribution of the network nodes, the planning efficiency of logistics
activities, and many others) [81]. Comprehensive reviews of biofuel supply chain design as
an optimization problem classify the scientific literature based on decision levels, objective
functions, model features, sustainability metrics, and solution methodologies [82].

On the other hand, it is also worth noting that the performance of a supply chain
highly depends on the decision made after considering multiple factors that affect the
efficiency of the biomass supply chain, factors that can be contradicting. It is essential to
adopt an optimized biomass supply chain to ensure the sustainable performance of the
operating system [83].

However, the main challenges of the supply chain become evident in the stages of
production, collection, pretreatment (drying), storage, transport, and point of sale, as
a result of the fact that it is common for each process to make independent decisions, and
not according to the global objectives, as well as the complexity of the coordination and
cooperation environments that these environments deserve.

Previous work by Shen et al. [17] designed a transport decision tool for the optimiza-
tion of the integrated biomass flow with vehicle capacity limitations, which consisted of the
development of an improved mathematical model to solve the problem of synthesis of the
multilevel biomass supply chain, including the selection of processing centers, the biomass
allocation design, and the selection of the transport mode, taking into account the vehicle
capacity constraint (weight and volume) and the penalty for carbon emissions [17]. In this
research, a new, easy to use graphical decision-making tool was proposed for transport
design in supply chain management; in addition, the potential of the suggested tools to
provide an optimal rigid solution for the research problem addressed is highlighted. Finally,
several potential future studies are suggested to fill some of the remaining research gaps.

Considering that the transport of biomass raw material to energy conversion facilities
is among the main challenges for the use of biomass as a renewable source of energy,
a framework was developed for optimally locating biomass collection points in order to
improve the procedure for locating biomass based energy facilities, in a case study of
Bolivia [22].

It is taken into account that, as part of the biomass collection procedure, agricultural
waste is compacted into bales and accumulated at the biomass collection points (BCP)
for collection and delivery by trucks to the conversion facilities. This work developed
a framework for localizing BCP, using an iterative process model in a GIS environment.
The developed BCP framework will improve the efficiency of biomass collection and the
accuracy of the location of facilities based on this resource. Decision-makers can use these
results to expand the application of biomass in the energy sector in Bolivia.

In order to help the biomass industry take hold, Cooper et al. [84] developed linear
estimators of biomass yield maps. The proposed model successfully optimized the supply
chain while considering the variability of a spatially distributed resource. It also found that
the use of biomass yield estimates reduced the total land use by up to 17% in some cases
and improved the biomass production by more than 7%. The improvement in biomass
production was evidenced by the increase in the number of bioproducts generated and
the increase in financial performance, thus demonstrating the importance of including
yield variability in optimization. This model could be used for other spatially distributed
resources, such as solar insolation or the availability of wind.

Synchronizing different vehicles performing interrelated operations can better use
vehicle fleets and decrease distances traveled and nonproductive times, leading to re-
duced logistics costs. The proposed approach can improve planning and decision-making
processes by providing valuable information on the impact of crucial biomass logistics
parameters on routing results [13].

Eliasson et al. [85] examined moisture content management during the storage of
logging residues at landings and the effects of hedging strategies. To increase the economic
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value of fuel, supply chain management must ensure that moisture content is minimized.
One method is to cover the waste piles to reduce rewetting during storage. This research
aimed to describe the effects on moisture content in covered and uncovered waste piles
after storage, in cases with and without direct contact with the soil. The results varied
between study sites, but the only method that consistently produced a drier fuel than the
lack of cover was when the biomass cover had been placed below and above the chimneys,
which produced the most reliable economic effect of the proven treatments and a more
homogeneous fuel for the customer. Other related investigations are shown in Table 2,
where their contributions are described based on the proposals for optimization of the
biomass supply chain and the stage in which they are applied.

Table 2. Optimization of the processes linked to the biomass supply chain.

Reference Contributions Optimization Proposal Supply Chain Stage
A comprehensive review of Top down hierarchical planning
Acuna et al. [36] optimization techniques for the approach that includes strategic, The entire supply chain

Akhtari et al. [87]

Buffat and Raubal [18]

Charis et al. [19]

Cintas et al. [88]

Cooper et al. [84]

Eliasson et al. [85]

Freer et al. [89]

Gautam et al. [90]

Gunnarsson et al. [91]

Han et al. [92]

Jeong and Ramirez [93]

efficient management and control of
complex forest biomass supply chains.

Contribution of an optimal solution for
chipping biomass in heating systems.

Identification of the variation in the
biomass potential in space and time.

Identify the gaps and opportunities
that exist according to recent
developments in the area.

The supply of biomass is made to
coincide with its demand for the
production of electricity or bio-oil in
the European Union, examining
mitigation opportunities.
Successful optimization of the supply
chain while considering the variability
of a spatially distributed resource.
Constant improvement in the moisture
content and the biomass’s economic
value through the covers of the piles.
Calculation of carbon yield heatmaps
reveals its optimal position and
generation of classification maps for
any area.

Demonstrate the benefits of
incorporating a terminal in the supply
chain regarding delivery times
and costs.
Development of a decision support
tool for the strategic analysis and
tactical planning of forest fuel supply.
Average reductions in transportation
cost and total travel time.

Identification of optimal sites for the
location of biomass plants.

tactical, and
operational decisions.
Linear programming model to
minimize the cost of delivering
forest biomass to the door of
heating plants.

The framework of models is
based on a geographic
information system (GIS).
GIS application in biomass and
solid waste supply
chain models.

Geospatial modeling of biomass
supply and demand.

Inclusion of performance
variability in supply
chain optimization.
Supply chain management
method to minimize
moisture content.

Modeling of the carbon capture
and storage supply chain in
high spatial resolution.

The multiperiod programming
model of mixed integers.

Mixed-integer linear
programming model.

Optimization model to solve
a truck scheduling problem.
Combined application of
multiple criteria decision
analysis techniques of the
geographic information system
(GIS-MCDA) and fuzzy
decision-making testing and
evaluation laboratory
(FDEMATEL) technique.

Transport and storage

Collection and transport

Collection and transport

Collection and transport

The entire supply chain

The entire supply chain

Collection and storage

The entire supply chain

The entire supply chain

Transport

Collection and transport
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Table 2. Cont.
Reference Contributions Optimization Proposal Supply Chain Stage
Kanzian et al. [94] Proflt'm‘ax1mlz'at{on‘ anc'i CO, Formulation of a multicriteria The entire supply chain
emissions minimization.

Ko et al. [10]

Larson et al. [21]

Malladi and Sowlati [14]

Marufuzzaman and
Duni [95]

Memisoglu and
Uster [96]

Miret et al. [97]

Mojib et al. [98]

Morato et al. [22]

Moretti et al.

Ramirez and
Stoeglehner [99]

Rex and

Maravelias [100]

Roni et al. [101]

Santibafiez et al. [102]

Sakari and
Hietanen [103]

Discovery of existing research gaps
from the transportation mode and
plant capacity perspective, including
a lack of sustainable transportation
cost models.

Raw material inventory management
minimized plant door costs.
Review the essential characteristics of
biomass logistics operations and their
incorporation into mathematical
optimization models, explaining the
new trends in process optimization.
Managing congestion in the supply
chain through dynamic merchandise
routing and multimodal facilities at
different year periods.
Consideration of the planning and
design of an extended supply chain for
bioenergy networks in
an integrated way.

Optimal network design, facility
location, process selection, and
inventory policy.

Each type of transport (truck, train,
and barge) was shown to play a vital
role in designing a network to lower
cost and GHG emissions.

Verification of the improvement of the
efficiency for collection biomass and
the precision of the location
of facilities.

Methodology for minimizing fuel
costs, considering the location and size
of all the processing points involved,
the transportation program, and the
biomass processing.
Provision of sufficient information to
define route maps for the deployment
of facilities.
Optimization of the design of
cellulosic biofuel supply chains with
regional deposits.
Optimization of CO, emissions due to
activities related to transport in the
supply chain and the social impact
of biofuels.

A helpful tool was provided to
determine the optimal supply chain
topology during the decision process.
A decentralized organization was the
adaptively optimized and relevant
way, depending on the availability and
costs of the biomass.

optimization problem (MOP).

A comprehensive review of the
literature on recent studies.

A mixed integer mathematical
programming model.

A comprehensive review of the
literature on recent studies.

The nonlinear programming
model of mixed integers.

Model through an algorithm
based on the
Bender decomposition.

Mixed integer linear program.

Simulation model using
AnyLogic software.

Develop a framework to locate
biomass collection points using
an iterative process model in
a geographic information
systems (GIS) environment.

Mixed integer linear
programming model.

Review of the latest
developments and
spatiotemporal modeling.

The nonlinear programming

model of mixed integers.

Multi-objective, mixed, linear,
and integer
programming model.

GIS based mathematical
programming approach

Management planning method.

Transport and logistics

Storage

Logistics

The entire supply chain

The entire supply chain

The entire supply chain

Transport

Harvest

Harvest point,
intermediate storage,
conversion,
consumption points

The entire supply chain

Storage

Transport

The entire supply chain

The entire supply chain
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Table 2. Cont.
Reference Contributions Optimization Proposal Supply Chain Stage
. A SOh.ltlor.l wasp .rOVIdEd to the Robust optimization model of
Shabani and planning in the biomass supply, . . . .
. . . . . multistage hybrid The entire supply chain
Sowlati [104] including the uncertainty in its quality . -
101 stochastic programming.
and availability.
Contribution of an optimal solution . S
. L Dynamic optimization model
Shabani and that generates more significant . . .
. 2. A based on nonlinear The entire supply chain
Sowlati [105] benefits in maximizing the global roeramming of mixed integers
value of the supply chain. prog & ers-
Programming model to solve
Improvement of planning and the problem of picking up and
Soares et al. [13] decision-making processes in biomass delivering full truck load Transport
logistics related to routing. with multiple
vehicle synchronization.
Id:;téilcfgtrl?;;‘(]):lzuli?bfeg; %%;ap;zlc GIS based model for calculating
Valenti et al. [106] pIng & a spatial index of raw material Harvest
plants, reducing costs and mix availabili
environmental impact. ty.
Identification of the highest value of
straw in a future decarbonized energy =~ Modeling of energy scenarios
Venturini et al. [107] system and the attractiveness of the with carbon and The entire supply chain
gasification route for the production resource limitations.
of biofuels.
Strateg1e§ to make a smau brewery A conceptual model for waste
o value chain more sustainable. It was
Vinicius et al. [108] . management and Harvest
found that most companies use waste .
. biomass assessment.
for animal feed.
Confirmation that resource availability,
land use, and supply chain cost data . o
. . Integration of multicriteria . .
Woo et al. [109] can be integrated and mapped using nalvsis and GIS The entire supply chain
GIS to determine different sustainable yeis ’
criteria weightings.
Hybridization of the physical system Symmetric model of
Ye et al. [110] of food and agricultural biomass with interprovincial multiregional The entire supply chain
the monetary supply chain of China. input-output.
Combination of scenario
Identification of the best daily routing  analysis and heuristics to solve
Zamar etal. [111] program for a fixed number of trucks. a stochastic vehicle Transport
routing problem.
Gue;:;tee Eig;; zeztolrslf;agiszlof:ﬁual An integrated mathematical
Zhang et al. [15] gy nee . y model to determine optimal and ~ The entire supply chain
sustainably with the inteeral decisions
bioethanol produced. & '
Development of a multimodal Inteorated mixed integer
Zhang et al. [112] transport model that provided more & . & Transport
. . programming model.
profitable solutions.
Demonstration that under a well
designed biomass logistics system, Mixed integer linear
Zhu et al. [24] mass production with a constant and & The entire supply chain

sufficient supply of biomass, can
increase the unit benefit of bioenergy.

programming model.

The specific context of the Dominican Republic determines that it is in the biomass
transport stage where there is the greatest need to implement improvements in the value
chain. The use of linear programming mathematical models is required, where special-
ists evaluate the cost and effectiveness variables through the application of simulations.
Currently, models are being implemented that could significantly help to add value to the
supply chain where, through the approach of an objective function, calculations are carried
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out that seek to determine the optimal solutions that will lead the industry to minimize
costs or maximize profits [113]. The spatial and temporal availability of these resources
in the country, together with their energy potential, should be considered a starting point
to decide the degree of using them in the energy mix and their possible contribution to
electricity generation, linking them to other renewable energy sources.

4.3. Biomass Management Cost

Supply chain design has traditionally been linked to meeting customer demands at
minimum cost. However, over time, the concept has been expanded to include other criteria,
among which the minimization of environmental and social impacts stands out [114]. The
complexity of estimating costs to produce energy from biomass depends on regional
variability in production costs and the supply of raw materials, and the wide diversity of
conversion technologies associated with the energy use process. Among the main factors
that directly affect bioenergy production costs, the following can be mentioned [115]:

1.  Those associated with crop production: land and labor costs, crop yields, prices of
various inputs (such as fertilizers), water supply, and the management system linked
to processes such as mechanized and manual harvesting, among others;

In situ biomass milling or densification process;

3. Those related to the transfer of biomass from the source to a conversion plant: the
spatial distribution of biomass resources, the transport distance and the means for it,
and the deployment and timing of pretreatment technologies in the chain;

4. Those generated from the final conversion of biomass to energy carriers, including
the conversion scale, means of financing, plant factors, production and value of co-
products, and final costs of conversion in the production plant. Such significant
players depend on different locations and technologies. The typology corresponding
to the energy carrier used in the conversion process influences the mitigation potential
of climate change.

N

A wide variety of studies have been conducted in these areas. One of them was carried
out by Saygin et al. [116], who evaluated the technical and economic potentials of the use
of biomass for the production of steam, chemical products, and polymers, assuming that
the replacement of fossil fuels by biomass of the restored measure reduces carbon dioxide
(CO,) emissions. In this work, the effect of the cost of raising industrial steam and the
production of materials from biomass is estimated, and their long term global potentials
are quantified, including energy savings, reduction in CO, emissions, cost, and availability
of resources.

The authors further indicated that there are profitable opportunities for the production
of equipment from biomass waste and by substituting high value petrochemicals that,
together, would require more than 20 exajoules (E]) of biomass. Worldwide, in addition
to the base for 2030, potentials could double by 2050 and reach 38-45 EJ (25% of total
industrial energy use), with the highest demand in Asia and other developing and transition
economies. The exploitation of these potentials depends on energy prices and the industry’s
access to biomass supply, which is already attractive due to its high efficiency in reducing
CO;, emissions per unit of biomass.

In this same area, Jackson and Ferreira [117] studied woody biomass processing
and estimated the possible economic impacts in rural regions. This paper identifies the
economic and environmental impacts of introducing woody biomass processing (WBP)
in a rural area in central Appalachia. It was concluded that, because long term economic
development strategies in rural regions are limited and negative impacts do not drastically
alter the regional environmental profile, regional policymakers should include WBP among
their portfolio options.

Cardoso et al. [24] carried out a techno-economic analysis of a biomass gasification
power plant that deals with mixtures of forest residues to produce electricity in Portugal.
As a result of deadly forest fires in central and northern Portugal in 2017, the government
launched a set of forest policies that promote the increase in the currently installed forest
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biomass combustion thermal power plant. Concerning this, the authors above analyzed,
from a techno-economic perspective, an 11 MW gasification power plant as a cleaner
alternative to traditional combustion plants, which deals with forest biomass mixtures in
the central region of Portugal. The results predict the viability of the project: an NPV of
2367 MV, IRR of 8.66%, and PBP of 23.1 years. The sensitivity analysis foresees affordable
risks for investors and that the NPV of the project is highly susceptible to the sale price and
the production of electricity. Despite the viability of the project delivered by the economic
model, it was determined that the economic performance depends mainly on the income
from electricity sales regulated by uncertain rates and reimbursements. Therefore, the
results suggest that special conditions regarding the project’s attractiveness for potential
investors should be considered.

In this same line of research, Wang et al. [118] made a techno-economic analysis of the
biomass to hydrogen process compared to the carbon to hydrogen process. In this work,
the simulation of biomass to hydrogen processes was validated using the experimental data
available from the literature. Based on the simulation results, a techno-economic analysis
was carried out from the points of view of the first and second laws of thermodynamics,
which included the determination of energy efficiency, material consumption, investment
of total capital, production costs, and carbon taxes. The energy analysis results of the
addressed processes showed that the energy efficiency could be improved from a thermo-
dynamic perspective. The combination of thermodynamic analysis and techno-economic
performance evaluation provides information on the improvement and performance of
clean hydrogen production.

Finally, Shen et al. [17] showed the prospects and challenges of marketing the biomass
industry in Malaysia. The study considers that biomass, converted into biobased ecological
products, can achieve a more balanced carbon cycle through circular utilization. There-
fore, the development of the biomass industry seems to be a priority area and is a crucial
step to motivate the global circular economy and sustainability. However, due to trade
barriers, the biomass industry in developing countries, such as Malaysia, is not keeping
pace with the increase in the country’s gross domestic product. This paper summarizes the
development barriers and challenges facing the biomass industry in Malaysia; recommen-
dations have been proposed covering technological innovation, logistics management, the
interaction between academia and industry, policies and application, social impact, and
international benchmarking. These recommendations can be good references for develop-
ing the biomass industry in Malaysia and a reflection for other developing countries with
biomass resources in promoting the sustainability and marketing of products. The role of
five critical stakeholders in the commercialization of biomass technologies is highlighted in
the present review. Some other studies linked to the estimation of biomass costs based on
their proposals to guarantee the profitability of their use are summarized in Table 3.

Table 3. Profitability of the use of biomass as a source of energy.

Reference

Contributions Proposal

Ahmadvand et al. [1]

AlNouss et al. [119]

AlNouss et al. [120]

A set of Pareto optimal solutions were obtained to show trade offs

a sensitivity analysis that shows that the raw material is the most

A biotarget optimization model
for tactical planning of
supply chains.

between cost targets and safety stock deviation, performing

sensitive parameter.

Methanol production using steam as a gasifying agent is optimal for
environmental and economic goals. The profitability of the production =~ Production of methanol using
routes depends on the type of gasifier and the price of the biomass steam as a gasifying agent.

feedstock, the product, and the capital investment.
The lowest annualized economic cost of approximately USD

0.006 per kg of mixed biomass is associated with cases 1, 3, and 4 of Biomass raw material mixture

gasification with only steam with environmental emissions of in gasification models.
approximately 1.05 kg of CO,-e per kg of mixed biomass.
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Table 3. Cont.

Reference

Contributions

Proposal

Battuvshin et al. [121]

Gonzalez et al. [25]

Kalina [122]

Kavitha et al. [123]

Kreutz et al. [124]

Mattok and
Gorzelany [125]

Nicoletti et al. [26]

Patel et al. [126]

Rajesh et al. [127]

Sat et al. [128]

Sandar et al. [129]

Schnorf et al. [130]

Subsidies play an essential role in the profitability of forestry operations
and the supply of wood and forest biomass resources in Japan.

Economic quantification showed the managed scenario as profitable
only considering the contribution of water. However, this efficiency in
monetary terms is still lower than the current situation, where
management costs are not considered. When just the spread of fire is
included, the results are nullified, and forest management becomes
more efficient by avoiding the costs of extinguishing fire and
subsequent restoration.

The proposed small scale cogeneration plant for integrated biomass
gasification can be an attractive technological alternative for reducing
the consumption of fossil fuels and the global emission of CO;, leading
to the net conversion efficiency of biomass energy into electricity at
a power output of less than 1 MW at a level of 37% to 40%.

The results of the methanogenesis test showed that the biological
pretreatment separated into phases achieved a higher production of
methane than the biological pretreatment; the energy analysis also
showed a higher net energy production.

Facilities that consume 100% sustainable biomass have the lowest
carbon footprint. None of the carbon positive or carbon neutral plant
designs are profitable at crude oil prices below approximately USD
120/bbl; only carbon negative plants are economically viable at oil
prices below USD 100/bbl if the price of carbon emissions is more
significant than USD 120/ton CO,eq.

Implementing the developed modification of an apple production
technology will contribute to the rational management of resources by
reducing energy consumption and production costs. The advantages of
its practical application, where the residual biomass generated are used
as fertilizer, have also been confirmed with the economic
feasibility study.

Case I focused on producing biofuels using the entire conversion
network; the result was a process that meets the demand for the three
specified biofuels and had an ROI of 26.1%. Case II focused on
producing bioproducts using waste to energy processing pathways; its
result was a network that met the demands of all bioproducts and had
an ROI of 6.2%.

Bamboo showed the highest economic benefit of USD 4.83 and 55.69 kg
of biomass production for USD 1.00 compared to sorghum (USD 2.24 of
benefit and 43.01 kg of biomass) and millet pearl (USD 0.61 profit and
29.99 kg biomass). Bamboo cultivation also showed the lowest GHG
emissions, of 1.65 KgCO,eq, and the highest net energy balance, of
0.96 GJ, compared to biomass sorghum (2.11 KgCO,eq and 0.75 GJ)
and pearl millet (2.24 KgCO,eq and 0.49 GJ) per US dollar spent.
Higher energy and cost-benefit ratios of 1.25 and 1.4 were obtained for
cost effective surfactant coupled ultrasonic homogenization (SCUH)
than ultrasonic homogenization (UH).

The results show that the monthly electrical energy generated by
a biomass system with a net power of ~13.8 MW is higher than the
maximum power of 50 MW of the photovoltaic solar plant
every month.

The most profitable process was bioethanol production from biomass at
the bottom of eutrophic lakes in eastern Finland, through
saccharification and fermentation, compared to mesotrophic lakes.
It was found that the use of agricultural raw materials makes it
possible to offset up to three times the emissions from their
transportation, showing that cost is the only barrier to the
transportation of biomass used as an energy resource, highlighting its
role in confronting the current environmental challenges.

Estimation of costs in harvesting
systems according to
the topography.

TETIS-VEG distributed model.

Use of solid oxide fuel cell
technology in gasification
cogeneration plants.

Biological pretreatment strategy
separated into phases.

Techno-economic valuation of
plants through simulations of
Aspen processes.

Modification of apple tree
production technology.

Two stage ARO model (25ARO).
Nonlinear fractional program of
mixed integers.

Collecting data on economics,
energy, and GHG emissions for
agricultural inputs and products
compared to the biomass yield

of each crop.

Liquefaction.

Noncombustion heat carrier oxy
fuel combined combustion
biomass gasifier and a solar
power plant system.
Physico-chemical study of the
theoretical potential for
biofuel production.

Interview methodology of
mental models to investigate the
critical transport chains and
their characteristics.
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Table 3. Cont.

Reference

Contributions Proposal

Steinbriick et al. [131]

Sui et al. [132]

BSP obtained a total commercial energy yield of more than 90 GJ per
year per hectare from five-year jatropha plantations compared to a total

It was determined that artificial light is not economically viable due to
its high cost. TEA analyses indicate that the harvest time on day 16 of
the light/dark regime is optimal. In addition, this novel product can
bring economic profitability to the project, thus presenting great

BSP is a steam assisted
yield of 30 GJ when the oil is marketed alone. carbonization process.
Techno-economic analysis (TEA)
of the harvest time and the
composition of the

AR . microalgae biomass.
commercialization potential.

Another challenge decision-makers face is considering the transportation network as
the central management component in the biomass supply chain. It must be understood
that the transport of biomass is focused on how and when to obtain intermediate products
and finished products from their respective origins to their final destinations. In this sense,
each supplier will be able to implement strategic and tactical decisions to reduce costs
and improve service levels for local customers and export in a receptive, economic, and
sustainable transport network. Biomass transportation represents a significant part of its
final price, in addition to the fact that this itself requires fuel, the combustion of which
adds to GHG emissions [130]. Hence, in quantifying the economic and environmental
sustainability of the use of biomass as an energy source, it is necessary and essential to take
into account such emissions and the resulting cost of transportation [98].

In the Dominican Republic, the National Energy Commission determined that one
of the current difficulties expressed by the biomass market players is the deficient access
to forest farms and the little government support in the logistics and access roads aspect,
which causes transportation costs to be higher. In addition, “the tax incentives for renewable
energies at 40% are insufficient and should reach 75%”. On the other hand, the distance
between the processed biomass collection centers and the consumers should not exceed
150 km for the operation to be profitable. In general, “the cost of transportation is a limiting
factor in the feasibility of the biomass market, and the proximity between biomass sources
and the final consumer is key for the long-term sustainability of the market” [39].

There is still a need in the Dominican energy scenario to define elements related to the
cost of biomass energy use, a resource available and not yet sufficiently exploited, mainly
due to the low level of knowledge of the existing biomass potentials as well as their spatial
location and temporal availability. These elements will allow the evaluation of this energy
resource with electricity generation with intermittent renewables and considering biomass
as a complementary energy resource to achieve stability in a generation without the need
to incur fossil fuel generation or cause interruptions in electricity service.

4.4. Conversion Processes

Mohd and Hashim [74] provided an overview of coal-biomass co-combustion regard-
ing the methods used to convert biomass into energy. It was started from the fact that the
energy sector on the global stage faces the great challenge of providing energy at an af-
fordable cost, while taking into account the protection of the environment. Co-combustion
of coal with biomass for electricity generation has gradually gained ground, even though
its combustion occurs differently due to significant variations in its physical and chemical
properties. The research reported in this work reflects the potential of biomass fuel and the
scope of maximizing its proportion in the mix in coal fired power generation plants and
its benefits.

Heidenreich and Ugo [133] introduced new concepts in biomass gasification, which is
considered a key technology for its use; to promote this technology in the future, advanced,
cost effective, and highly efficient gasification processes and systems are required. Such
research provides a detailed review of new concepts in biomass gasification. Likewise, it
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is suggested that polygeneration strategies for producing multiple energy products from
biomass syngas offer high efficiency and flexibility.

For their part, Ronia et al. [134] made a global review of biomass co-generation
technology with policies, challenges, and opportunities, taking into account that the urgency
to reduce GHG emissions is increasing and that all countries around the world have begun
to invest a substantial amount of resources in renewable energy sources. The work reviewed
the central policies that have promoted the co-combustion of biomass at the international
level. Furthermore, existing co-combustion plants with technologies and the availability of
biomass resources in different countries were examined. Finally, the main global biomass
co-combustion initiatives and their perspectives were summarized to ensure the renewable
energy objectives.

Additionally referring to biomass conversion processes, Sharifzadeh et al. [135] re-
viewed the state of the art and future research directions regarding the multiscale chal-
lenges of rapid biomass pyrolysis and bio-oil enhancement, under the knowledge that
rapid biomass pyrolysis is potentially one of the cheapest routes to renewable liquid fuels.
However, their commercialization poses a challenge on multiple scales, starting with the
characterization of raw materials, products, and intermediates at molecular scales, and
continuing with the understanding of the complex reaction network that takes place in
different reactor configurations and the case of catalytic pyrolysis and improvement in
different catalysts. This study provides a comprehensive multiscale review that discusses
the innovation of these aspects and their multiscale interactions. The research is focused on
fast pyrolysis, although reference is made to other types of pyrolysis technologies for the
sake of comparison and knowledge transfer. In terms of proposals to increase efficiency,
other investigations related to biomass conversion processes are summarized in Table 4.

Table 4. The efficiency of the biomass conversion process.

Reference

Conclusions

Efficiency Proposal

Conversion Process

Butera et al. [136]

Feng et al. [137]

Goffé and
Ferrase [138]

Guo et al. [136]

Guo et al. [139]

Ha et al. [140]

Thermodynamic analysis in Aspen Plus showed
that solutions with the two stage electrogasifier
and entrained flow gassing with integrated
pyrolysis as fuel pretreatment offered the
highest efficiencies.

The absolute content of extracted levulinates was
87.5% by weight, and the properties meet the
requirements of fuel additives.

In terms of biomass conversion results, microalgae
provide better conversion efficiency than
lignocellulosic biomass.

A sufficient supply of HCO3; promoted the
quantum ratio used for electron transfer and
maximum photochemical efficiency, increasing the
growth rate of biomass.

The R17L mutant had an approximately twofold
higher conversion efficiency of microcrystalline
cellulose and plant biomass materials than the
wild type.

An integrated approach involving energy efficient
microwave pretreatment and serial fermentation
improved the generation of biofuels with low
specific energy consumption and minimal
waste production.

Different gasification
technologies to
produce methanol.

Two phase system for the

production of levulinates

and DL from straw under
suitable conditions.

Modeling based on
stoichiometry.

CO, absorbent
photobioreactor system
filled with porous
nickel foam.

HotSpot Wizard 3.0 and
dezyme web servers

Low consumption
microwave pretreatment,
successive fermentation
of carbohydrates.

Thermochemical
conversion

Integrated conversion
and stepwise extraction
of whole components
into biomass
Identification of the
theoretical upper limits
of thermochemical
conversion

Thermochemical
conversion

Biomass conversion by
rational point mutation

Chemical conversion
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Table 4. Cont.

Reference Conclusions Efficiency Proposal Conversion Process
Specific synthetic biogas can be catalytically
converted into mixed bio-alcohols with better end =~ Water digestion gasification
He [141] user compatibility by mixing it directly with process integrated Catalytic conversion
petroleum derived fuels in various contents, with membranes.
providing cost effective technology.
Biomass from agricultural residues was valorized S
Kumar to produce stretchable thermoplastics, showin trategy for the manufacture
P . . P - & of flexible and Fusion processing
et al. [142] that larger side chains and a higher arabinose to

Lietal. [27]

Lietal. [143]

Paul et al. [144]

Puthiyamadam
et al. [145]

xylan ratio increase elongation.

The findings suggested that a resolution of 20 cells
per particle in a time interval of 1 x 1073 s is
sufficient for a reliable prediction of biomass

conversion. The running time of the model was

only one tenth of the physical conversion time.
The hydrogen concentration in the produced gas
could reach 28.2% by volume, and it was shown
that, with the successful integration of the thermal,
catalysis, and microwave effects, the toluene was
removed entirely and converted into high-quality

syngas. The energy efficiency was calculated at

98.97 g/kWh, which showed potential for
the application.

This study demonstrated the efficient use of
wastewater from the refinery to produce lipid rich
biomass, showing a sustainable zero waste
strategy for its treatment.

Modifying the zirconia support of the nickel
catalyst by rare earth metals increases the
efficiency of hydrogen-rich gas production in the
high temperature conversion of
lignocellulosic feedstock.

stretchable thermoplastics.

Mesh based particle model.

Ex situ hot gas microwave
reforming experiments
in toluene.

Use of wastewater
in refineries.

Modification of the zirconia
support of the nickel

catalyst by rare earth metals

Thermochemical
combustion

Biomass tar
model compound

Hydrothermal
liquefaction conversion

Thermocatalytic
conversion

The substitution of traditional bioenergy uses for modern forms of energy in the
Dominican Republic shows an evident need for advances in the efficiency of conversion
technologies and the devices currently used, as well as the production of charcoal for

stoves [39].

Using the existing biomass potential in the Dominican Republic for energy purposes
is conditioned to studies of potentials both in the case of residual and woody biomass
and its characterization, and the correct selection of the most suitable route for its use.
The excellent link of these previously exposed factors will bring with it the feasibility of
using biomass in the Dominican energy mix, an element that, as already explained, directly
influences the improvement of the stability of electricity generation with renewable energy
sources to be considered a manageable energy resource.

5. Conclusions and Recommendations

The most significant conclusions of this study are summarized based on the research
trends exposed from the different perspectives addressed:

5.1. Environmental Impact

1.  The dependence of today’s society on fossil fuel resources and their consequent nega-
tive influence on climate change has led to the rethinking of how energy is produced
and consumed. The studies reiterate the emergence of serious environmental prob-
lems due to fossil fuels; thus, biomass has sparked growing interest as a promising

renewable energy.
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Despite the belief that wood and biomass combustion is entirely safe and does not
have adverse effects on a social and environmental level, some research disputes
this claim, arguing that biomass cannot be considered ecological even though it is
arenewable fuel. Its emissions are too high and comparable to coal combustion, which
is scientifically debatable. Hence, it is suggested to deepen the review of other studies
to issue solid conclusions in this regard.

Solid biomass is the only source of renewable energy with practical use in the in-
dustrial field, so it is essential to identify its current employment in the sector to
analytically project its future use and define global strategies for heat production. The
pressure on the use of ecological energy resources in the industrial sector is increasing,
so it is essential to consider their control and sustainability.

5.2. Supply Chain

1.

The aforementioned mathematical models provide solutions to some problems related
to the biomass supply chain, including selecting processing centers, the design of
biomass allocation, the selection of the mode of transport, and the evaluation of the
environmental impact in order to facilitate decision making.

Other models use geographic information systems and the spatial distribution of
biomass and road maps to select areas with high availability located close to the
conversion centers. These simulations improve the efficiency of biomass collection
and precision in the location of the facilities, allowing decision makers to use the
results for the expansion of the application of biomass in the energy sector.

Supply chain optimization is a tool that has been used to help the biomass industry
gain a foothold; for this, models are also used to generate yield maps based on
reference data on the quality of the available land, which more accurately suggest
decision-making on the quantity and location of biomass growth operations.
Additionally, simulations that address the collection and delivery of full truckloads can
provide helpful information on the impact of critical parameters of biomass logistics
on routing results, increasing the efficiency of transportation planning processes.
Regarding biomass storage, it is necessary to consider that, to maximize the economic
value of the fuel, supply chains must be managed so that moisture content is re-
duced to a minimum, for which various treatments are being tested to obtain more
homogeneous fuels that generate reliable economic effects.

5.3. Costs

1.

In addition to the environmental impact, it is pertinent to evaluate the technical and
economic potentials of using biomass for energy purposes, among which energy
saving, reduction in CO, emissions, cost, and availability of resources stand out.
Woody biomass processing is one of the most viable alternatives for generating energy
and reducing dependence on imports, offering opportunities to stimulate regional
economies, especially in rural regions where development options in this sector are
often limited.

Techno-economic analyses of biomass conversion plants can include measuring the
economic performance, estimating the investment risk, and evaluating the environ-
mental impact under special conditions concerning the project’s attractiveness.
Other analyses are oriented to the simulation of biomass processes that include the
determination of energy efficiency, material consumption, total capital investment,
production costs, and carbon taxes, and providing information on the improvement
and operation of biofuel production.

The development of the biomass industry is suggested to be a motivating factor for the
global circular economy and sustainability in developing countries; however, it faces
a series of commercialization barriers and challenges, the analysis of which allows
the generation of recommendations that cover the areas of technological innovation,
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51% of the studies reviewed
contemplate the entire supply
chain for the optimization of
its component processes.

logistics management, the interaction between academia and industry, policies and
application, social impact, and international benchmarking.

5.4. Conversion Processes

1.

Using coal with biomass as a complementary fuel in combustion or gasification
processes is a viable technological option to reduce fossil fuel emissions. Some research
shows the potential of biomass fuel and the scope of maximizing its proportion in the
mix in coal based power generation plants and the benefits derived from it.

In biomass, gasification is considered a key technology, the promotion of which
requires advanced, profitable, and highly efficient processes and systems. Hence,
there is a need to investigate the concepts for the integration and combination of
processes that aim to allow greater efficiency, better quality and purity of gas, and
lower investment costs.

The joint combustion of biomass can have a very influential role in reducing green-
house gas emissions, since it can reduce the possible environmental impacts associated
with the combustion of fossil fuels; for this, it is necessary to study the main global
biomass co-combustion initiatives and their perspectives to ensure the goal of renew-
able energy.

According to its potential as one of the cheapest routes to renewable liquid fuels, it is
pertinent to analyze the challenges in using rapid pyrolysis of biomass.

Figure 1 shows that about 51% of the studies reviewed contemplate the entire supply

chain for the optimization of its component processes, 57% of the biomass analyzed from
the perspective of polluting emissions are linked to combustion and 55% of the biomass
analyzed from the perspective of management cost is linked to agriculture and forestry.
This information makes it possible to understand the trends linked to biomass studies.

57% of the biomass
analyzed from the
perspective of polluting
emissions are linked to

combustion.
N
: A
Biomass supply chain M
.
.
.
.
2
Biomass Conversion L
. > Harvest > <» | pistribution
production processes
Transport
.
.
.
.
v
55% of the biomass
analyzed from the
perspective of
management cost s
linked to agriculture and
forestry.

Figure 1. Trend of studies linked to the biomass supply chain.

This research provides a simplified compilation of an invaluable body of knowledge

that is particularly useful for evaluating the integration of renewable energy technologies
in any economic sector based on the optimal use of residual biomass, for which it is used
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as a general procedure in the analysis and modeling of the logistics system due to its
significant influence on the decision-making process.

It is necessary to develop methodologies that allow the identification of the natural
stocks of bioenergy resources and their production potential at the country scale. In addition
to carrying out studies aimed at optimizing the supply of biomass—in order to improve the
management practices of its production, collection, and distribution systems, as well as the
technologies for converting this resource into energy—the development of multipurpose
management systems (mainly agricultural and forestry), the search for promising forest
species, the development of efficient conversion technologies, and their profitability should
be considered.
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GHG  greenhouse gas

IRR internal rate of return
PBP payback period

NPV net present value

CO;-e  carbon dioxide equivalent
Bbl barrel

ROI return on investment
usbD United States dollar

MW megawatt

GJ gigajoules
TEA techno-economic analysis
BSP biomass steam processing
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