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Sustainable biofuel production is the most effective way to mitigate greenhouse gas emissions associated with
fossil fuels while preserving food security and land use. In addition to producing bioenergy, waste biorefineries can
be incorporated into the waste management system to solve the future challenges of waste disposal. Biomass
waste, on the other hand, is regarded as a low-quality biorefinery feedstock with a wide range of compositions and
seasonal variability. In light of these factors, biomass waste presents limitations on the conversion technologies
available for value addition, and therefore more research is needed to enhance the profitability of waste
biorefineries. Perhaps, to keep waste biorefineries economically and environmentally sustainable, bioprocesses
need to be integrated to process a wide range of biomass resources and yield a diverse range of bioenergy

products.

waste-to-energy biorefinery integration industrial symbiosis waste biorefinieries

| 1. Introduction

The IEA (International Energy Agency) predicts that the global energy demand will be approximately 8% smaller
than today in 2050, with 90% of the energy generation emanating from renewable energy sources such as
hydropower, biomass, wind, tide, solar, and geothermal (1. However, to achieve this target, the substitution of all
fossil fuels with low-carbon renewable energy such as bioenergy before 2050 is crucial [&. Biorefineries as
alternatives to petroleum refineries have become increasingly important because of their ability to produce biofuels
with a net-zero balance towards CO, emission and properties similar to fossil fuels [B. Recently, second-generation
biorefineries that use biomass residues and municipal waste have gained increasing attention from researchers in
academia and industry due to their role in adding value to waste material and mitigating the risks associated with
using virgin biomass BIBIE According to the literature, the conversion of numerous types of biomass wastes into
biofuels is widely studied . However, due to the diverse range of biowastes, most research studies have
described waste biorefineries based on the type of feedstock processed; for example, agriculture waste, municipal
solid waste, and organic waste biorefineries BRI Fyrthermore, studies reveal that biorefineries using single
feedstock and conversion technology encounter challenges such as limited feedstock supply and heterogeneity,
both of which have an impact on the biorefinery’s economic recovery 111,

In recent years, several researchers have called for the adoption of integrated biorefinery concepts that integrate
multiple conversion processes to improve efficiency and cost-effectiveness while adding value to multiple
feedstocks (1112 However, despite the technological and economic advantages, integrated biorefineries are not

being developed in a systematic manner due to the broad range of biomass sources, conversion processes,
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platforms, and products involved. As a result, each integrated biorefinery concept tends to have a unique output
efficiency and process arrangement. In order to standardize the creation of integrated biorefineries, the relationship
between the diverse properties of biomass waste and the various conversion technologies needs to be well-
understood. Budzianowski 23! discussed the integration approaches suitable for integrating biorefinery systems in
the total chain by investigating the increase of facility capacity through combining multiple platforms, exchanging
wastes and products with other industries, applying more efficient biomass conversion processes, providing
ecosystem, and optimizing the biomass supply chain on a broader scale. In an effort to systematize the knowledge
in the literature, researchers characterize system boundaries, principles, and integration approaches in total chain
integration. According to Alibardi et al. (14, the full-scale implementation of organic waste biorefineries requires a
careful understanding of waste characteristics, markets for biorefinery products, and means to integrate processes
with other industrial processes. Furthermore, Bisnella et al. [22 performed sensitivity analyses to show how waste
characteristics affect the recovery and environmental performance of waste biorefineries. The researchers carefully
quantify the results of life cycle analyses based on waste characteristics. Lodato et al. 18 have published a
process-oriented modeling framework for environmental evaluation that parametrizes the physiochemical
correlations between biomass feedstock material, conversion processes, and end products. The framework allows
for more flexible modeling and selection of conversion technologies for life cycle assessments. Even though the
impact of waste characteristics on individual conversion technologies has been extensively studied, no review on

the combination of various technologies has been published.

| 2. Waste Biorefineries

Due to the ecological and economic burden of waste treatment, waste biorefineries provide a good alternative use
of waste. The characteristics of feedstock used in waste biorefineries play a significant role in the selection of
conversion technologies and end products 8. As a result, most studies categorize waste biorefineries based on the
sources of biomass waste. Biorefineries from food waste 4, dairy waste 18] forest residue 12 are some of the
examples. Additionally, the term “organic waste” is often used to refer to all wastes and residues from biomass by

some researchers [141120],

2.1. Organic Waste Biorefineries

In organic waste biorefineries, biomass residues with high organic content such as food waste, food processing

waste, organic fraction of municipal solid waste, animal manure, and industrial organic wastes are used.

« Food waste biorefineries: Sridhar et al. (21 reviewed the advantages and drawbacks of several thermochemical
and biochemical processes utilized in food waste conversion. A comparison of numerous technologies shows
that anaerobic digestion (AD) is the most promising technology for food waste valorization. AD requires less
space, energy, and has the potential to produce renewable energy products, which are important in reducing
greenhouse gas emissions. A study by Mirabella et al. 22, discussed the importance of waste characterization
and technological maturity of conversion processes in adopting industrial symbiosis in the food industry.

According to the findings, waste characterization is required for determining the type and quantity of waste, as
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well as identifying possible technologies and types of bioproducts to produce. Furthermore, a review by Zhang
et al. [28 discusses the advantages of assessing the characteristics of cassava waste in the production of
biofuels and biochemicals. Using the input-output-suitable technology strategy, Tsegaye et al. 24l emphasize the
importance of aligning the composition of food waste to the desired final products as the first steps in choosing
a more effective biorefinery conversion pathway. According to Caldeira et al. 22!, some efforts are still needed to
improve the efficiency of food waste biorefineries via technology integration. Moreover, the lack of willingness
for food industries to share data on the nature of components in the food waste industries hinders the
development of new food waste valorization routes 28],

 Municipal waste biorefineries: Nizami et al. [ assessed the value of generating bioenergy from MSW during
Muslim pilgrimage in Makkah. According to the study, the large fraction of organic content in MSW—particularly
food waste—offers considerable economic and environmental benefits for developing a waste biorefinery in
Makkah. In addition, Saini et al. 27! discussed the features of municipal solid waste biorefineries by considering

conversion pathways for the lignocellulosic and organic waste fractions.

» Animal waste biorefineries: For a long time, the valorization of animal manure has been primarily centered on
the solid fraction conversion for biogas production; however, new research reveals that interest in using the
liquid fraction for bioenergy production is increasing 28. Moreover, due to the availability of numerous chemical
constituents in animal manure, researchers have recently focused on examining the possibilities of producing
other products such as bioethanol and biodiesel from the substrate 22, According to Jung et al. 22 the co-
production of biogas, bioethanol, and fertilizer presents a cost-effective way to maximize value from livestock
manure. Liu et al. BY investigated an animal waste biorefinery that combines an AD, liquid digestate
electrocoagulation (EC), and solid fiber fungal conversion into methane and fine biochemicals. In their
approach, animal manure was first processed by an AD to produce methane gas, which is used to power the
biorefinery. EC processed the resultant liquid digestate to recover water. The cellulose-rich solid digestate was
then treated with enzyme hydrolysis and fungal fermentation to produce chitin (a polysaccharide containing
nitrogen).

2.2. Lignocellulosic Waste Biorefineries

Agricultural residues, woody waste, and forest residues and by-products are the most prevalent feedstocks for

lignocellulosic waste biorefineries.

o Agricultural waste biorefineries: Batidas-Oyanedel et al. Bl examined the use of dates and palm residues as
feedstocks for waste biorefineries in the Middle East and North Africa (MENA). Researchers propose biorefining
as a way to add value to date palm residue instead of burning it or using it to build conventional homes. Ginni et
al. 32 presented a comprehensive review of the numerous biorefinery routes for the valorization of agricultural
residues through the separation and conversion of cellulose, hemicellulose, and lignin fractions into biofuels and

other useful products.
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o Forest residue biorefineries: In order to assess the opportunities of forestry biorefineries, Stafford et al. 19
identified a total of 129 chemical, thermochemical, biological, and mechanical processing pathways that can
lead to the production of 78 distinct bioproducts. The study also includes an assessment of the technology
readiness and market potential of biorefinery products. Finally, the researchers suggest that bioproduct
feasibility assessments need to consider environmental and social sustainability in addition to economics.
Additionally, through an example of the pulp and paper industry, a study by Gottumukkala et al. 33! reveals that
introducing bioprocess integration results in more appealing carbon conversion yields in the forest waste

biorefineries.

| 3. Integration of Biorefinery Systems

According to Takkellapati et.al. 12, integrated biorefineries are designated as Phase IlI biorefineries, that generate
a wide range of products from a multitude of feedstocks and conversion technologies. Meanwhile, the integration
focuses on the maximization of the economic and environmental benefits of the biorefinery systems, it also plays a
crucial role in overcoming the limitations associated with the wide variation in the physicochemical properties of
biowaste [&. The integration of bioprocesses provides biorefineries with the chance to upgrade multiple biomass

waste streams, while maximizing resource efficiency.

In order to design a sustainable biorefinery, understanding the interactions between subsystems is essential for
achieving economic, environmental, and social benefits. Stuart et al. 24 described the importance of process,
infrastructure, feedstock and product integration, supply chain integration, and environmental integration in the
development of integrated biorefineries. Feedstock and product integration takes advantage of the multifunctional
gualities of biomass feedstocks and products, process integration concentrates on material and energy, and
infrastructure integration connects processes to other sectors. Budzianowski et al. 13 studied the total chain

integration of sustainable biorefineries by defining system limits, concepts, and integration approaches.

As Total Chain Integration focuses on a holistic approach 223I33 it is essential to understand the way biorefineries
integrate at the process level in order to eliminate redundant processing steps and maximize resource efficiency.
For example, Gopinath et.al. 28 studied the symbiotic framework in the sugar industry using primary and
secondary by-products as source materials for energy production. Through the analysis of waste utilization options,
researchers identified several symbiotic material and energy recovery pathways that maximize waste usage
between sugar, energy, and construction industries. According to Yazan et al. B4, the volume of by-products and
wastes is directly dependent on the efficiency of the primary processes and the quantity of the final product
produced. As a result, the symbiosis between the primary and secondary processes is crucial to maximizing the
overall economic benefits of the biorefinery 8],

Although the benefits from the interdependencies between processes are well known, there is still a need to
develop systematic methods in selecting and integrating conversion options that complement the available
biomass feedstock, wastes, and byproducts 281, Furthermore, as symbiosis characterizes the causality between

subsystems, material and energy integration methods can be employed to optimize the subsystem integrations in
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the biorefinery 2. In order to conceptualize the process, a detailed understanding of how biomass and
intermediate product characteristics influence the integration of bioprocesses is required to conceive the feedstock-
product pathways. The following sections discuss how the integration of biorefinery systems can be attained based
on the feedstock properties, Waste to Energy (WtE) conversion processes, multiple platforms, and products, as

well as its integration with other industrial sectors.

3.1. Integration by Feedstock

Due to the heterogeneity of waste biomass, pretreatment is required to improve the quality and yield of the WtE
conversion processes. To improve the moisture content, particle size, and cellulose-hemicellulose-lignin
concentration, among other characteristics, preprocessing steps involving mechanical, chemical, biological, or
thermal techniques can be applied B[4l Furthermore, diverse biomass feedstocks necessitate different
preprocessing procedures in order to achieve the necessary biomass grade. As a result, biorefineries processing
different feedstocks will require a combination of several pretreatment and conversion processes, increasing the

biorefinery’s complexity.

A biorefinery can eliminate the need for biomass pretreatment by selecting an alternative process that does not
require or requires limited pretreatment to create a similar product. For example; to avoid the extra costs of
pretreatment, gasification can be used instead of anaerobic digestion to produce hydrogen from lignocellulosic
waste 8149 During integration, the economics of adding a biomass pretreatment step needs to be evaluated and
compared with other WLE technologies. Alternatives to consider are integration of conversion processes, i.e., each
type of feedstock is processed separately for a similar or distinct product; and integration of pretreatment steps: a

single WtE process with several pretreatment processes.

3.2. Integration by Products, Byproducts, and Waste

The concepts of industrial symbiosis are used to integrate biorefineries by exchanging wastes, byproducts, and
products B8 The synergy between cascading processes maximizes the use of biomass resources while reducing
waste output in biorefineries 22, Furthermore, the growing notion of zero-waste biorefineries emphasizes value
creation from all biorefinery waste streams 2. This concept can lead to increasingly complex biorefinery
superstructures which necessitate sophisticated process integration methods and tools. To illustrate the
sequencing of WtE processes in the integrated system, classifications; process (i), sub-process (i,j), and sub-sub-
process (i,j,k) are adopted to describe the primary, secondary and tertiary utilization of wastes or byproducts

respectively.

3.3. Integration by Platform

According to IEA Bioenergy Task 42 43l platforms are intermediates that connect feedstocks and final products.
However, various researchers may as well interchangeably use the terms “platform” and “product”. The integration
of thermochemical and biochemical platforms allows for more effective use of biomass resources as well as greater

flexibility in producing the required energy products (2414511461 The inherent variability of biomass necessitates the
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integration of many conversion processes to transform a diverse set of feedstocks that result in multiple platforms
for distinct bioproducts and better economics of the biorefinery 44, Nevertheless, the need to produce a single
platform can also lead to the integration of multiple pretreatment methods to upgrade multiple feedstocks for the

desired conversion process.

3.4. Integration by Processes

The diversity of biomass waste has prompted researchers to investigate hybrid conversion systems that can
process a variety of feedstocks (1349 The use of integrated bioprocesses is essential for overcoming the
shortcomings and inefficiencies of individual conversion processes that are only suitable for specific types of
biomasses 28, As a result, combining different bioprocesses enables for the processing of a diverse range of

feedstocks and production of a diverse range of bioproducts.

In contrast to the parallel arrangement of conversion processes, other researchers have studied the sequential
combination of bioprocesses to improve biomass conversion efficiency. For example, the sequential configuration
of a microbial electrolysis cell (MEC) and an AD reactor has been found to increase biomethane yield in food waste
biorefineries ¥, When products from the successive conversion processes are different, the integration can also
be described as one that exchanges wastes or byproducts. For the integration to be under the sequential category,

product (n,1) and product (n,2).

3.5. Integration with Industrial Infrastructure

The integration of biorefineries with other downstream processes helps address the environmental and economic
challenges originating the use of crude or raw biofuels as the source of bioenergy. Jungmeier and Buchsbaum 29
studied how biorefineries could be integrated with a range of industrial infrastructures, including power and CHP
plants, biofuel facilities, oil refineries, pulp and paper plants, the wood industry, and waste treatment facilities,
among others. Furthermore, among the four elements of integration (feedstock, platforms, products, and
processes), the study showed that feedstock and products offer better integration prospects than platforms and

processes.

In addition, the performance of an integrated solid oxide fuel cell (SOFC) and biomass gasification system
employing various gasification agents was investigated by Coplan et al. 1. Hameed et al. 52 presented a review
of the technical and economic benefits and challenges of combining energy recovery technologies like anaerobic
digestion, fuel cells, nuclear, and solar with a gasification process that uses a mix of municipal solid waste and
biomass as feedstocks. Nevertheless, the ability to generate carbon-negative bioenergy using bioenergy with
carbon capture and storage (BECCS) has recently attracted the attention of researchers B3, According to the
energy reports 24l combining biorefineries with carbon capture and storage presents an opportunity to generate

bioenergy while creating a net carbon dioxide removal from the atmosphere.
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