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ABSTRACT

The growing emphasis on sustainable energy technologies worldwide has motivated investigations into bio-derived materials for energy storage and conversion.
This review highlights recent developments in biomass processing methods like pyrolysis and hydrothermal carbonization, which produce high-performance
materials, such as hard carbon anodes and porous carbon electrodes. These materials provide renewable, sustainable alternatives to standard resources and alleviate
environmental and geopolitical concerns associated with fossil fuels and rare metals. However, challenges remain, such as varying feedstock, large-scale production,
and lower performance in acidic conditions. Cost-effectiveness and life-cycle trade-offs cloud the prospects for widespread adoption. The research also demonstrates
the potential of hybrid systems and policy measures in addressing these challenges and highlights the role of biomass as a key sustainable energy technology
compatible with Circular Economy guidelines.
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1. Introduction

The global energy sector is evolving fast with urgent compulsion from imperatives of fossil fuel depletion, climate change, and environmental pollution.
Though contributing over 80 percent of the world’s energy currently, fossil fuels are not only nonrenewable but also responsible for the majority of the
greenhouse gases approximately 89% of global CO: emissions in 2022 [1-4]. The resultant climate crisis with global temperature increases, extreme
weather conditions, and ecosystem degradation has hastened the search for sustainable alternatives. Renewable energy sources such as solar, wind, and
hydropower have gained traction, but their intermittency demands high-level energy storage and conversion technologies for reliability and grid
stability[2,5,6]. However, most conventional energy storage materials, including lithium, cobalt, and rare-earth metals, are faced with critical challenges
such as geopolitical supply risks, high cost, and severe environmental toxicity from source mining and end-of-life disposal [7,8]. For instance, lithium-
ion batteries, despite market leadership, rely on cobalt, a material linked to unethical mining practices and supply chain vulnerability [9][10]. These
limitations underscore the imperative to develop sustainable, eco-friendly materials that can meet the growing demand for energy storage and conversion
without exacerbating environmental or socio-economic burdens[11,12].Within this scheme, biomass-derived materials have established themselves as a
viable alternative based on their renewability, abundant availability, and carbon-neutral lifecycle[13]. As compared to synthetic materials, which normally
require high-energy-consuming material processing, biomass harnesses organic wastes like agricultural residues, forestry residues, and algal biomass to
produce high-value functional materials[14]. For instance, lignocellulosic biomass that accounts for almost 60% of the entire agricultural residue can be
converted to porous carbon electrodes for supercapacitors or hard carbon anodes for sodium-ion batteries with comparable performance to conventional
materials at much less process costs[15,16]. Additionally, biomass-derived materials comply with the philosophies of a circular economy since they add
value to waste, reduce landfill pressures, and allow for carbon sequestration[17,18]. One example is the utilization of chitosan, a biopolymer derived from
the exoskeletons of crustaceans, in proton-exchange membranes for fuel cells, with superior ionic conductivities that are also biodegradable [19]. The
scalability and cost-effectiveness of biomass are clearly superior to those of other sustainable materials, such as metal-organic frameworks (MOFs) or
graphene. Despite MOFs' remarkable porosity and catalytic activity, certain sustainability benefits are negated by the high temperatures and hazardous
solvents used in their synthesis [20].Similarly, graphene, while being highly conductive, encounters scalability issues due to the complexity involved in
its production process [21]. Biomass, on the other hand, is well-compatible with low-energy processes like hydrothermal carbonization or enzymatic
hydrolysis, making it an apt choice for large-scale use.

The main scope of this review is to provide a systematic evaluation of the progress that has been made in biomass-derived materials for energy storage
and conversion, highlighting their structural properties, performance metrics, and feasibility for practical applications. Over the past decade, remarkable
progress has been made in the tailoring of biomass-derived carbon materials for specific applications, the best example of which is nitrogen-doped porous
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carbon for oxygen reduction reactions (ORR) in fuel cells, whose efficiency is now comparable to that of platinum catalysts [16,22]. Similarly, lignin-
based binders have shown promise as alternatives to polyvinylidene fluoride (PVDF) in lithium-ion batteries, with the added benefit of avoiding toxic
solvents [23,24]. Yet, the quest for consistency in material quality, as opposed to the inherent variability of biomass feedstocks continues, as does the
challenge of scaling production to mass quantities without compromising cost competitiveness against the functional value provided by conventional
materials [25]. Moreover, while promising results are generally achieved at the laboratory scale, industrial implementation requires overcoming
limitations in terms of long-term stability, lifecycle analysis, and compatibility with current energy supply infrastructure [26]. Biomass-derived
supercapacitor electrodes show high capacitance under controlled experimental conditions but are subject to premature degradation under more realistic
operational conditions [27]. This review discusses emerging trends, which include the deployment of machine learning algorithms for the optimization
of processing parameters for biomass, along with the development of hybrid systems combining biomass with innovative nanomaterials like MXenes to
enhance both the conductivity and the lifespan [28]. Synthesizing these observations, this paper attempts to lay down a strategic framework for future
research activities, highlighting the scope for interdisciplinarity in overcoming technical, as well as economic, hurdles. Finally, the transition to biomass-
derived energy materials is more than just a scientific endeavor; it is a holistic program that has to align with policy frameworks, industry norms, and
sustainability missions to achieve a secure future supply of energy.

2.Biomass Processing and Material Synthesis

The transformation of biomass into sophisticated functional materials for energy applications represents a critical nexus of sustainability and technological
advancement. Unlike conventional synthetic materials, which often rely on energy-intensive processes and non-renewable feedstocks, biomass offers a
carbon-neutral solution that leverages the natural structural complexity of nature to create high-performance materials [29]. However, the process of
translating raw biomass into functional energy materials is replete with scientific and engineering hurdles, requiring careful optimization of feedstock
choice, conversion methods, and downstream treatment modifications to achieve the desired electrochemical properties. [30,31]. The diversity of biomass
sources ranging from plant residues rice husks and stalks of the maize plant to biowaste of municipalities illustrates both challenge and opportunity.
Lignocellulosic biomass, the majority of this material being residues from residues of agriculture or forestry-sourced residues, is most prized for the high
level of carbon content and rigidity both of which are of utility for pyrolysis to conductive carbon matrix materials [32-34]. But the inherent heterogeneity
with respect to the ratio of the cellulose, hemicellulose, and lignin components may give rise to material property variation impossible to remove short
of the implementation of strict control procedures [35]. Controversies have been generated about the scale-up of material from biomass, some holding
the position that the standardization of preprocessing procedures may remove these inconsistencies [36][37], but others holding the opinion that the
inherent unreliability of natural feedstocks places limitations on their suitability to industry scale-up[38]. The process of conversion is the core to
determining the function of the resultant material, and within this the scientific community is also split about the most productive and sustainable
approaches. Thermochemical pyrolysis processes of hydrothermal carbonization are most widely utilized for their potential in converting biomass to
porosity-controllable carbon-rich material with tunable surface chemistry. Mid-temperatures of pyrolysis, for example, at 500—700°C give rise to biochar
of highly graphitic structure for battery anode material, while 800-1000°C produces disordered carbons as the supercapacitor electrode material of
preference[3940].However, opponents of pyrolysis advance that the input of energy offsets the environmental gains, specially where the process is done
using fossil fuels [41]. Hydrothermal carbonization, based on the usage of high-temperature and high-pressure water as the solvent, is less energetically
intensive but has the drawback of preserving the functional groups like the hydroxyl and the carboxyl group for electrochemical activity [42-44]. There
is equipment for reaction under high pressure that is an issue of costs, besides the issue of affecting the aspect of safety for industries at a large scale[45,46].
Chemical activation with KOH or ZnCl. is also an issue. KOH activation makes the ultra-high surface area (>2000 m2/g) of the carbon structures a feature
of much value in supercapacitors but at the price of toxic wastes that are tiresome to wash thus making disposal of wastes cumbersome [47,48].

Biological conversion pathways, i.e., enzymatic hydrolysis or fermentation, are greener but with respective limitations. Enzymatic hydrolysis can
selectively depolymerize biomass to release residues or sugars for downstream processing but is ruled out for large-scale processing due to costs associated
with the enzyme along with sensitivity to operation conditions [49,50]. Fermentation, on the other hand, has the potential to convert biomass to biofuels
or platform chemicals but is restricted in applicability to material for energy due to low yield and long processing time [51,52]. To overcome these
limitations, the research is now shifting towards hybrid approaches that exploit a synergy of the thermochemical and the biological steps. For example,
the hydrolysis of lignocellulosic biomass prior to enzymatic treatment with dilute acid can promote ensuing fermentation to carbon precursors [53].
Functionality strategies expand the possibilities of biomass-derived materials even more. Heteroatom doping, i.e., incorporation of nitrogen or sulfur,
may radically alter electronic properties, transforming inert carbon to an active catalyst for oxygen reduction reactions (ORR) in fuel cells [54,55]. The
origin of the dopant, however, whether the synthetic reagents or the biomass itself, is a sustainability issue. Assuredly, some research leans towards self-
doping from nitrogen-rich biomass like chitin or algae that eliminates the use of chemicals from the exterior [56], other authors are convinced that
controlled doping with purified reagents ensures reproducibility, high performance [57,58].

Characterization of biomass-derived materials is also critical and divisive, in that the choice of analysis techniques may influence performance
interpretations. Morphological features like pore structure and graphitic domains are found through structural characterization using SEM and TEM, but
these techniques persistently provide restricted statistical sampling, with the possibility of overgeneralization [59]; [60]. While crystallinity analysis is
extremely useful using XRD, this does not identify the presence of the amorphous phases that are characteristic in carbons derived from biomass material
[61]. Surface area and porosity, also most commonly measured through BET analysis, are widely provided as defining parameters for materials intended
for energy storage, but the procedure assumes geometry of idealized pore shapes that can misrepresent behaviour[62,63]. Electrochemical methods such
as cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) are essential for the assessment of performance but are prone to
experimental conditions like electrolyte composition and scan rates, which can result in variations between studies [64]. A given biomass-derived carbon,
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for example, can exhibit excellent capacitance in a controlled lab test using a three-electrode setup but not perform in an actual device because of binder
resistance or electrode thickness [65]. These methodological discrepancies highlight the need for standard test protocols to allow comparisons between
biomass-derived and conventional materials to be made fairly. The technical challenge of developing biomass-derived material is also a philosophic
challenge in that it requires the confrontation of sustainability vs. high-performance achievement trade-offs. Success stories are claimed for lignin-derived
hard carbons for sodium-ion batteries with capacities comparable to graphite in lithium systems (300-350 mAh/g, [66,67]. Other critics mention the poor
cycling stability and rate capability of most biomass-derived electrodes compared to synthetic analogs [68,69]. The introduction of metal nanoparticles,
for instance, iron or cobalt, to biomass carbons may enhance catalysis but raises the issues of resource scarcity and toxicity [70,71].New processes such
as microwave-assisted pyrolysis and plasma functionalization have the potential to minimize some of these challenges through minimized inputs of
energy and precise control over material properties [56], but to date, their scalability has not been determined. Ultimately, long-term sustainability of
biomass-derived energetic materials will depend on a strategy that balances both ecological and technological metrics of performance. Lifecycle analyses
(LCAs) will be the tools for doing so because they translate the overall environmental benefit of biomass processing pathwaysfrom feedstock cultivation
to end-of-life disposal. Only insofar as these complexities are engaged head-on can biomass realize the potential that is present for it to become a
foundation for sustainable energy storage and transformation.

3. Applications in Energy Storage

The addition of biomass-derived materials to the energy storage systems has been a revolutionary step to bypass the sustainability limitations of
conventional technology. However, this is also a sphere that is plagued with inconsistencies where inducing breakthroughs at the level of the laboratory
have been at loggerheads with the reality of practical deployment. Biomass-derived hard carbon material has been at the center of research in the
technology of batteries as an anode for the lithium-ion (Li-ion) and sodium-ion (Na-ion) batteries, with a strong case for sustainability without the sacrifice
of quality. Hard carbon from lignocellulosic biomass feedstocks, for example, wood or plant residues, has a disordered but stable structure that facilitates
efficient intercalation of Na+ or Li+ to achieve capacities that are comparable to that of graphite (300-350 mAh/g for Li-ion, 250-300 mAh/g for Na-
ion) [72]. These are said to bypass the geopolitical and ethical issues of the mining of graphite, most specifically Na-ion batteries, being touted to drive
the low-cost aspect of the storage in the grid [70]. Use of biomass-derived materials for energy storage Though skeptics outline varying performance of
biomass-derived carbons due to feedstock diversity Rice husk-derived hard carbon, for instance, may surpass that derived from coconut shells in cycling
stability but is restricted due to sacrificed initial coulombic efficiency [73,74]. These inconsistencies have had calls for preprocessing and standardization
improvement, but critics are convinced that these would undermine the cost advantage of biomass[75,37].Apart from anodes, lignin, a paper industry
waste, has been employed as a conductive binder to replace polyvinylidene fluoride (PVDF) in battery electrodes, addressing the toxicity concerns as
well as valorization of the wastes [76,77]. The inherent polyphenolic character of lignin leads to some amount of adhesion along with slight conductibility
to enable electrode integrity without employing harmful chemicals like N-methyl-2-pyrrolidone (NMP) [78,79]. Studies have established that the lignin-
based binders can provide the same level of mechanical stability like P\VDF at decreased electrode fabrication costs.[80,81]. However, hydrophilicity of
lignin is said to compromise long-term performance in humid conditions, necessitating hydrophobic modification that jeopardizes the "green" credentials
[82-84]. Similarly, biomass-derived electrolytes in the form of ionic liquid doped cellulose membranes offer biodegradable substitutes for synthetic
polymers in solid-state batteries. Such a membrane has comparable ionic conductivity (>1 mS/cm) and thermal stability but suffers from a narrow
electrochemical stability window that restrains high-voltage operation [85]. The question is whether the environmental benefit is compensated for at the
cost of compromised performance, in this case for electric vehicles where energy density is paramount[86,87].

Another area where biomass-derived materials are gaining ground is that of supercapacitors, and more narrowly the form of porous carbon electrodes.
The high surface area (>2000 m2/g) and hierarchical porosity of biomass-derived activated carbons produced from peanut shells or bamboo, for example,
allow for rapid charge/discharge rates and high capacity (200-300 F/g in aqueous electrolytes [88,89]. Supporters mention that the materials are
functionally equal to synthetic carbons but produced at a fraction of the cost, some of which maintain 90% capacity retention at 10,000 cycles [90].
However, the use of chemical activators like KOH that result in toxic waste undermines the sustainability argument, with efforts to seek out self-activating
feedstocks like seaweed that require little post-processing [91]. The quest for graphene analogs derived from biomass proves this paradox. While thermally
exfoliating lignin or chitosan has been shown to yield highly conducting graphene-like sheets, the former do not possess the perfect crystallinity typical
of CVD-synthesized graphene and thus have been restricted to comparatively low-power devices [92]. Chitosan gel supercapacitors, for example,
highlight the unique advantages of biomass in new fields. Chitosan, a polysaccharide derived from the exoskeletons of crustaceans, produces strong
hydrogels that may act as both electrolyte and separator, enabling ultrathin, wearable devices [93]. These systems achieve areal capacitances between
50-100 mF/cm? with being fully biodegradable a stark contrast to polymers that come from petroleum. Nonetheless, there are nevertheless obstacles to
cross in terms of achieving competitive energy densities and scalability, with a few scientists arguing that hybrid structures with synthetic additives are
perhaps inevitable for commercial reasonableness [27,94].1n thermal energy storage, phase-change materials (PCMs) from biomass like plant oil fatty
acids or composite paraffins of lignin are the renewable possibilities for building temperature management [95,96]. These PCMSs possess latent heats of
150-200 J/g, comparable to petroleum-based analogs, and are carbon-neutral and non-toxic [22,97].Critics point to their flammability and low thermal
conductivity that necessitate additives that reduce their environmental appeal [98-100]. Hydrogen storage is another important niche that exploits the
microporosity of activated carbons from coconut shells or walnut hulls to physisorb Hz at modest pressures. While these materials achieve decent storage
capacities (2—-3 wt% at 77 K), their room-temperature performance remains not good enough for realistic applications, and controversies about their role
in a hydrogen economy have ensued [101].
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3.1 Applications in Energy Conversion

The quest for green energy conversion processes has brought materials derived from biomass into the focus, offering an alluring union of environmental
benefits and electrochemistry. But here is a space where new-age concepts battle out with stubborn technological limitations. In fuel cell technology, the
development of carbon catalysts from biomass for oxygen reduction (ORR) and oxygen evolution reactions (OER) has shattered the traditional monopoly
of platinum-based catalysts [102,103]. Nitrogen-doped plant-derived biomass or porous carbons made from chitosan exhibited exceptional alkaline
medium ORR performance, onset potentials within a window of 50 mV from that of Pt/C, and exceptional methanol tolerance, an extremely desirable
aspect in the event of direct methanol fuel cells [104]. Proponents envision these materials could reduce the cost of fuel cells by as much as 40% while
preventing platinum sensitivity to poisoning [105]. However, critics cite the performance gap in acidic environments where biomass-based catalysts
typically possess 100-150 mV higher overpotentials than Pt, limiting their application in proton-exchange membrane fuel cells [103,106]. This has
sparked intense debates on whether further heteroatom doping (e.g., with sulfur or phosphorus) can bridge this gap, or if inherent material limitations will
always limit biomass catalysts to niche applications[107,108].

Microbial fuel cells (MFCs) are another horizon where biomass technology meets with pragmatic realities. Bioelectrode utilization based on algae takes
advantage of the conductivity of algal carbon scaffolds as well as the regenerating capability of catalytic sites within living microorganisms. Recent
systems based on Spirulina-derived porous carbon anodes have achieved power densities 0f2.1 W/m?2 comparable to synthetic carbon felt systems while
simultaneously treating wastewater [109,110]. Advocates point to the clean circularity of such systems, where waste biomass enables both energy
generation and environmental remediation. However, the Achilles' heel of MFCs is that they have extremely low energy conversion efficiencies (typically
<5%) and scalability challenges [111]. The same algae electrodes that work fine in pilot-scale reactors typically fail under actual circumstances that
fluctuate, including organic load or pH variations that destabilize microbial populations [112,113]. This has escalated the heat for debate regarding
whether MFCs should be responding to energy recovery or focus exclusively on their well-established wastewater treatment application, with certain
researchers pushing for hybrid approaches encompassing integration of MFCs with traditional technology[16].Technologies for hydrogen production
have also been transformed by biomass advances, though controversially. Photocatalytic biomass reforming with photoenergy being used to decompose
lignocellulosic waste to produce H- is a potentially transformative alternative to water splitting. 10.29-12.77 mmol/g/h H: evolution rates from lignin or
glucose are achieved by TiO»-based systems modified with biomass-derived carbon dots with the additional advantage of waste valorization [114,115].
These "waste-to-hydrogen™ processes are lauded for their double environmental benefits, but critics allude to their employment of sacrificial reagents and
the unresolved problem of scaling photoreactor designs up from bench-top demonstrations[116,117]. More contentious is the use of biochar-supported
catalysts for conventional water splitting. Although the high surface area of biochar and its metal-chelating properties make it an ideal support for Ni or
Co electrocatalysts reducing overpotentials to 280-320 mV at 10 mA/cm? [118,119], long-term stability is called into question. The same defects that
enhance the catalytic performance of biochar (e.g., oxygen vacancies) can also favor metal nanoparticle agglomeration during long-term operation [120].
This has split the research community between those advocating for defect engineering for performance optimization, and those in favor of protective
coatings that may cancel out biochar's cost advantages [121].

In solar energy conversion, biomass-derived carbon quantum dots (CQDs) have generated excitement and skepticism. Synthesized from food waste or
agricultural waste through hydrothermal synthesis, these CQDs exhibit tunable photoluminescence and excellent photon conversion efficiencies (>15%
in some DSSC designs) [122,123]. Their ability to upconvert low-energy photons could potentially increase photovoltaic efficiencies beyond the
Shockley-Queiser limit, but practical devices still experience stability issues under UV exposure. More fundamentally, the quantum yield of biomass
CQDs (typically 20-30%) lags behind synthetic counterparts (40-60%), raising questions about whether the sustainability trade-off is acceptable for
high-performance uses [124]. Similarly polarized is the use of biotemplates such as cellulose nanocrystals or butterfly wing scales to pattern light-
harvesting materials. These approaches take advantage of nature's evolved photonic structures to design photoelectrodes with record light-trapping
properties, including 30% broader absorption bandwidths than planar architectures [125]. But the weakness of these organic templates to high-temperature
processing is a severe hindrance, and some workers consider that biomimetic synthetic replication will ultimately prove more practical than direct
utilization of biomass [126,124]. Behind these technical arguments lies a deeper philosophical split regarding the place of biomass in energy conversion
systems. Optimists see a future where cascading biorefineries combine fuel cells, hydrogen production, and photovoltaics in a closed-loop systemfor
example, utilizing lignin waste from biofuel manufacture to produce ORR catalysts, which in turn facilitate clean hydrogen production ([127,128].
Pessimists counter that such visions ignore the ruthless thermodynamics of converting energy; biomass processes will consume more energy in than they
output, especially when lifecycle effects are completely accounted for [129]. Perhaps the truth lies somewhere in the middle. The recent innovation of
hybrid systems like biochar-graphene composite catalysts that marry biomass' sustainability with synthetic materials' performance suggests compromise
is the path ahead[130].

3.2 Challenges and Limitations of Biomass-Derived Energy Materials

The transition to biomass-derived materials for energy application is a compelling picture of sustainable development, yet the transition is faced with
intricate challenges that need paramount examination. At the technical level, the inherent composition variability of biomass is a fundamental obstacle to
standardization and reliability. Unlike synthetic precursors with well-controlled chemical structure, biomass feedstocks possess radical differences in
their structural components depending on species, growth environment, and harvesting period [131,132]. For instance, the content of lignin in crop
residues varies from 15% to 30% among different crops and even among crops of the same kind [133], leading to discrepancies in the performance of
derived carbon materials. This variability is passed on to the entire value chain, creating uncertain outcomes in critical parameters such as pore structure
distribution in activated carbons or crystallinity in hard carbon anodes [134]. While some scientists advocate for the use of advanced machine learning
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algorithms to predict and compensate for such variabilities [135], others argue that such technological solutions only mask the inherent limitations of
biomass as a precision engineering material [136]

The performance gap between biomass-derived and conventional materials is another long-standing controversy of ongoing debate in the research
community. In energy storage applications, biomass-derived carbons tend to exhibit much lower conductivity values (10-50 S/cm) compared to synthetic
graphitic materials (100-200 S/cm), at the expense of undesirable trade-offs between sustainability and performance [137]. Similarly, biomass-based
battery electrode cycle stability lags behind due to residual heteroatoms and structure defects that induce electrolyte decomposition - a problem particularly
serious in sodium-ion battery anodes where biomass-based hard carbons suffer 10-15% greater capacity fade after 100 cycles ([138-140]. Proponents
contend that creative material designs, such as hierarchically porous structures combining micro- and mesopores [141], can compensate for such intrinsic
limitations, whereas critics point out that these engineering solutions are often at the expense of exactly those sustainability benefits that make biomass
attractive in the first place [136].Economic viability is perhaps the most direct stumbling block to large-scale adoption of biomass-derived energy
materials. The utopian premise of "waste-to-wealth" more often than not runs afoul of the stark reality of biomass supply chains, in which expenses
related to collection, transportation, and preprocessing can consume more than 45% of the whole production budget [142,143]. A techno-economic study
of rice husk-derived silicon for battery anodes found that despite the zero-cost feedstock assumption, overall production cost was greater than that of
conventional silicon due to energy-intensive purification steps [144,145]. Scalability of the processing methods raises the same concerns; however
promising laboratory-scale pyrolysis or hydrothermal carbonization may be, large-scale processes are beset by heat transfer problems and byproduct
management that greatly affect both output quality and process economics[146,147]. These economic realities have provoked opposing opinions, with
some authors advocating distributed small-scale biorefineries in order to save on transport costs [148,149], while others have argued for intense process
intensification to achieve the economies of scale that would make substantial market penetration possible[150,151]. The cost-effectiveness of biomass-
derived materials becomes all the more uncertain when considering perpetually declining fossil-based equivalent prices. Petroleum coke, the peerless raw
material for graphitic synthetic materials, has had level prices for many years due to established extraction and processing facilities [152,153]. By
comparison, even optimistic predictions place the cost of production for biomass-derived carbons at 2—5/kg, representing a significant market barrier
despite environmental benefits [154,155]. This economic fact has led some analysts to question whether biomass materials are competitive in the absence
of large policy interventions such as carbon pricing or renewable material requirements [156,157],while others think that continuous process innovation
will bridge the gap sooner or later as technologies mature [158]. Environmental trade-offs are probably the most subtle and contentious limits in the
biomass energy materials realm. The alluring tale of carbon neutrality has a tendency to disregard the substantial water, land, and nutrient requirements
of intensive biomass cultivation. Microalgae, which are usually promoted as a viable feedstock for bioelectrodes, require approximately 3,000-5,000 liters
of water per kilogram of biomass produced and high fertilizer inputs that cause eutrophication [159,160]. Life-cycle analyses (LCAs) have equally
complex images; whereas activated carbons derived from wheat straw have 40-50% lower global warming potential than coal-derived options, they carry
20-30% higher impacts in other categories like freshwater ecotoxicity and arable land occupation [161,162]. Such incongruous results have been
associated with vehement methodological debate around the manner of appropriately quantifying carbon sequestration with regard to biomass production,
appropriate accounting of effects when applying it in multi-product scenarios, and selection of correct systemic boundaries on which to calculate
[163,164].The carbon neutrality hypothesis itself comes under increasing questioning as more thorough investigations become available. A number of
recent studies show that based on energy sources used in processing and including indirect land-use changes, certain biomass pathways may end up
producing more CO:-equivalent emissions than their fossil fuel-based counterparts especially where forest-derived feedstocks are concerned [165,166].
Even ostensibly green processing methods like hydrothermal carbonization have unseen environmental costs if the high-pressure vessels used to make
them are produced with energy-intensive processes and have short lifetimes [167]. These findings have stimulated calls for sophisticated, spatially explicit
LCA techniques capable of capturing the full richness of biomass systems [168,169], though these approaches necessarily increase the expense and
volume of data to analyze, and thus impose new barriers to comprehensive sustainability analysis.

The overlap of these technological, economic, and environmental limitations creates a web of issues that are not easy to resolve. The efforts to improve
the performance of materials through more advanced functionalization, for example, by heteroatom doping or metal nanoparticle addition, tend to
introduce new economic and environmental costs [170]. Similarly. Attempts to normalize biomass feedstocks through intensive preprocessing reduce
technical heterogeneity at the cost of inflating cost and energy inputs, potentially offsetting the very sustainability gains that motivate biomass in the first
place [171,37].This hydra-headed landscape has led some authors to question whether biomass is being pushed into applications where it's effectively
just misplaced, potentially rather than steered into niches where its advantages can be recognized to greatest effect [172-174], while others suggest that
with sufficient innovation and systems redesign, biomass can overcome current limitations to play a significant role in transitioning to a sustainable
energy economy [175].

4. Conclusion and Recommendations

The creation of biomass-derived materials for energy conversion and storage is indicative of both the promise and challenge in the transition to renewable
energy systems. Throughout this review, it has been demonstrated that biomass offers a renewable, carbon-neutral, and abundant raw material for
application in anything from battery anodes and supercapacitor electrodes to catalytic systems for fuel cells and hydrogen generation. They have shown
functional equivalence in many lab environments with value addition of waste valorization, low energy process, and synergies with circular economy
concepts. However, challenges in scaling up these successes to industrial scales still continue to exist. Inherent feedstock variability, poor reproducibility,
and inconsistency in electrochemical performance under real-world conditions still hinder large-scale implementation. The economic costs of
preprocessing, collection logistics, and scalability also threaten to undermine biomass's touted cost-effectiveness. Moreover, performance trade-offs such
as reduced conductivity, instability in acidic conditions, and compromised energy densities still exist compared to synthetic or fossil-based alternatives.
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These are augmented by the insidious results of life-cycle assessments, which sometimes reveal greater ecological costs than anticipated when biomass
systems are viewed in their entirety at each stage. Despite these trade-offs, the path forward need not be a binary choice between technical performance
and ecological integrity. Rather, the future of biomass energy materials may lie in hybrid solutions combining biomass with high-performance additives,
machine learning-optimized feedstocks, and the combination of multiple conversion pathways in cascade systems. Emerging innovations such as self-
doped carbon materials, enzymatic preprocessing combined with hydrothermal treatment, and multifunctional composite electrodes are already bridging
the gap between utility and sustainability. Yet, these advances will only reach full maturity with policy support and standardization in testing and lifecycle
accounting. Therefore, it is recommended that future efforts be concentrated in three strategic areas: first, the development of standardized protocols for
biomass material characterization and electrochemical testing; secondly, the development of modular, small-scale biorefineries that reduce transportation
and preprocessing costs; and finally, the implementation of policy instruments that internalize environmental and societal costs of synthetic materials,
thus leveling the playing field. A biomass-based materials future is sustainable but achievable only through concerted interdisciplinary effort,
technological innovation, and regulatory foresight.
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