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Abstract: Microalgae are versatile platforms for producing biofuels and high-value metabolites, such as lipids,
proteins, and carotenoids. Numerous stress strategies have been adopted to improve microalgal cultivation and
biomolecule yield. This review examines how conventional stress factors (light and salinity) and unconventional
treatments (electric field treatment) influence microalgal growth and metabolite accumulation. Light intensity,
spectrum, and photoperiod significantly affect photosynthesis, biomass yield, and carotenoid biosynthesis, with
moderate intensities found to enhance efficiency. However, excessive levels may induce photoinhibition. Salinity
stress induces activation of antioxidant systems and lipid accumulation, optimizes biofuel properties. However,
excessive high salinity can impair the growth of microalgae. In this review, we focused on the electric field
treatment as a potential strategy for enhancing microalgal productivity, representing a major novelty of the study.
Unlike traditional stress factors that primarily induce adaptive metabolic shifts, electric field treatment offers a
unique and an understudied approach for modulating cellular physiology. Electric treatment technology offers an
energy-efficient method for stimulating cell differentiation and enhancing lipid and pigment production while
reducing environmental effects. Integrating these stress factors may be an attractive approach for controlling over
microalgal metabolism, supporting sustainable and scalable biorefinery applications.

Keywords: light modulation; salinity stress; pulsed electric field; sustainable biofuel; stress-induced pathways;
metabolic engineering

1. Introduction

Microalgae are crucial to the Earth’s ecosystem, not only serving as oxygen producers, but also major carbon
cycling regulators, contributing global climate regulation [1]. As primary producers, microalgae form the
foundation of marine and freshwater food chains, providing organic matter essential for other aquatic organisms.
Their ability to fix carbon dioxide makes them a potential tool for mitigating climate change. As the global demand
for carbon reduction and carbon capture technologies grows, the unique characteristics of microalgae are
increasingly studied in environmental science and sustainable development fields.

With the advancement of microalgae biotechnology and the development of large-scale production
techniques, the applications of microalgae in energy, environmental protection, pharmaceuticals, and cosmetics
continue to grow, making significant contributions to the sustainable development of green economy [2,3].
Compared to traditional crops, microalgae do not require large amounts of land and freshwater, and can be
cultivated in closed or non-traditional environments. This makes them ideal sources of sustainable energy.
Microalgae can produce valuable biomass such as lipids, proteins, and carbohydrates, which can be used to produce
biofuels like biodiesel and bioethanol [4,5]. Furthermore, the bio-oil produced by microalgae is a major ingredient
to the future development of renewable energy, capable of meeting energy demands without relying on traditional
agricultural land. This efficient biofuel production method makes microalgae an important alterative approach for
addressing the global energy shortage [6].

Copyright: © 2025 by the authors. This is an open access article under the terms and conditions of the Creative Commons
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However, the growth of microalgae in extreme environments, particularly under conditions of high salinity,
nutrient deficiencies, temperature fluctuations, and pH changes, is limited [7]. These factors can affect their growth
and biomass production. Nevertheless, microalgae possess strong adaptive capabilities, enabling them to survive
and continue growing under adverse conditions. Microalgae accumulate various energy reserves, such as lipids
and starch, which help them maintain their growth under unfavorable environments. In nutrient-deficient or high-
salinity environments, microalgae adapt to changes in external conditions by regulating their internal osmotic
pressure, and they can convert some of their photosynthetic products into higher-energy substances, such as stored
lipids. This is crucial for microalgae growth and biofuel production. Based on these adaptive abilities, microalgae
have broad potential applications in environmental protection.

Although extensive research has been conducted on conventional stress factors such as light intensity and
salinity, the impact of unconventional stressors like electric field treatment on microalgae metabolism has not been
sufficiently investigated. This review provides a comprehensive analysis of conventional and unconventional
stress conditions, emphasizing their influence on microalgae growth, biomass composition, and metabolite
accumulation.

2. Effect of Light Stress on Microalgal Growth and Metabolites Accumulation

Light is a fundamental driver of microalgal growth and metabolism, influencing photosynthesis, pigment
composition, biomass yield, and the accumulation of high-value compounds such as carotenoids and lipids.
Numerous studies have demonstrated the significance of fine-tuning light intensity, quality (spectrum), and
photoperiod in optimizing the growth and biochemical composition in diverse microalgal species, as shown in
Figure 1 [8]. Therefore, understanding how different light regimes affect microalgal physiology is critical for
improving commercial cultivation strategies, such as biofuels, nutraceuticals, cosmetics, or other valuable
bioproducts.
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Figure 1. Light factors affecting microalgal growth and metabolite accumulation.

2.1. Influence of Light Stress on Microalgal Growth and Pigment Composition

Microalgae are phototrophic organisms that depend on photosynthetically active radiation (PAR, 400-700
nm) to drive photosynthesis. PAR can be expressed in terms of photosynthetic photon flux density (PPFD, pmol
m~2 s71), which represents the number of photons available for photosynthesis, or as photosynthetic radiant flux
density (PAR irradiance, W m~2), which can be more useful when considering energy balances [9,10]. The amount
of PAR that reaches the microalgal cells is influenced by multiple factors: the type of light source, the configuration
and material of the cultivation vessel, the position of the cultures relative to the light source, and the optical
properties of both the growth environment and the cells themselves. In dense cultures, mutual shading reduces the
effective amount of light that reaches each cell, influencing pigment accumulation and overall productivity [11].
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In photosynthetic organisms like green algae, light-harvesting complexes (LHCs) contain antenna pigments
including chlorophyll a, chlorophyll b, and carotenoids. These pigments funnel absorbed light energy to the
reaction centers of photosystems | and Il, ensuring efficient utilization of available photons. Carotenoids, such as
lutein and B-carotene, play critical roles in both light capture (particularly absorption in the blue light region) and
photoprotection. They shield the photosynthetic apparatus from oxidative damage induced by high-intensity light,
mitigating the formation of reactive oxygen species (ROS) [12,13].

2.2. Photoprotective Mechanisms against Light Stress in Microalgae

The xanthophyll cycle is a critical photoprotective mechanism that modulates carotenoid composition in
response to changing light conditions. Under high light intensity condition, violaxanthin can be de-epoxidized to
zeaxanthin, which helps dissipate excess energy as heat, reducing photodamage. Enzyme regulation within the
cycle (e.g., violaxanthin de-epoxidase (VDE) and zeaxanthin epoxidase (ZEP)) is tightly controlled by light
conditions [14,15].

In diatoms like Phaeodactylum tricornutum, multiple isoforms of ZEP and VDE are involved. High light
intensity (700 pmol photons m™ s7%) early in the growth phase can upregulate VDE, VDL1, and ZEP3 while
downregulating ZEP1, leading to the activation of both the diadinoxanthin and violaxanthin cycles and reducing
fucoxanthin accumulation—a photoprotective adaptation to intense irradiance [15].

The regulatory effects of light intensity on carotenoid enzymes have been studied extensively in several
model microalgal species. In Haematococcus pluvialis, high light intensity (150 pmol photons m™2 s™1) induces
the expression of ipiHp2, which encodes isopentenyl diphosphate isomerase (IDI)—an enzyme that shifts
metabolism toward enhanced carotenoid accumulation [16]. Similarly, enzymes like phytoene synthase and
phytoene desaturase are upregulated with a maximum increase of 4 to 5 times under high light intensity (200 pmol
photons m~2s1) in Chlamydomonas reinhardtii, leading to increased carotenoid content up to 1.3- to 1.5-fold [17].
In Chromochloris zofingiensis, elevated light intensity (400 pmol photons m™2 s™%) upregulates lycopene beta
cyclase (LCYB) while downregulating lycopene epsilon cyclase (LCYE), shifting carotenoid synthesis toward [3-
carotene at the expense of lutein.

This reprogramming under high light intensity is a photoprotective response aimed at mitigating oxidative
stress. By enhancing carotenoid production, cells protect their photosystems against ROS. However, the trade-off
is that very high light intensities may reduce overall growth [18]. Thus, commercial cultivation strategies must
balance the desire for higher carotenoid yields while maintaining sufficient biomass production. Optimal
conditions often involve moderately high but non-inhibitory light intensities.

In Chromochloris zofingiensis, increased [3-carotene and astaxanthin production under high light intensity
(400 pmol photons m™ s™) is accompanied by alterations in xanthophyll cycle components. [B-carotene
hydroxylase (BCH) and p-carotene ketolase (BKT) enzymes are upregulated, promoting astaxanthin synthesis.
However, the limited zeaxanthin availability caused by increased BKT activity modifies the violaxanthin cycle,
upregulating VDE and downregulating ZEP and violaxanthin de-epoxidase—like (VDL), which promotes
zeaxanthin conversion into astaxanthin and decreasing violaxanthin and neoxanthin levels [19].

Although not the primary focus here, light interacts with other environmental variables, such as nutrient
availability (especially nitrogen), carbon sources, and mixing regimes. Some studies have reported that under
mixotrophic conditions—where microalgae can utilize both inorganic (light-driven) and organic carbon sources—
moderate increases in light intensity can improve CO; fixation. Simultaneously, the TCA cycle might be inhibited
to optimize carbon metabolism, ensuring that photosynthesis and heterotrophy complement each other. Such
synergy results in a high organic carbon utilization capacity and improved pollutant removal in wastewater
treatments. Appropriate light intensities enhance the contribution of photosynthesis to growth and pollutant
removal in these systems, underscoring the need for adoption of tailored lighting regimes in environmental
biotechnology applications.

2.3. Effect of Light Intensity

Light intensity is a central parameter affecting microalgal growth, photosynthetic capacity, and the regulation
of enzymes involved in carotenoid biosynthesis. Moderate increases in light intensity generally enhance
photosynthetic efficiency and promote higher growth rates until a species-specific saturation point is reached [20].
Beyond this saturation point, further increases in light intensity can lead to photoinhibition, reducing
photosynthetic efficiency, and ultimately lowering biomass yields [18]. Tables 1 and 2 displayed the effect of light
quality and photoperiod on lipid and pigment accumulation by microalgae.
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Table 1. Effect of light quality and photoperiod on lipid accumulation in microalgae.

Light

. . Light - Biomass Lipid
Algal Species Light Color . Duration - - References
Intensity (Light:Dark) Concentration (g/L) Production
Amphiprora sp. white 24 umol/m?/s 16:8 0.26 135.60 mg/L [21]
Chlorella pyrenoidosa white 4000 lux 19:5 0.61 170.00 mg/L [22]
Chlorella sorokiniana C16 white 10,000 lux 24:0 5.20 27.0 wt% [23]
Chlorella sorokiniana CY-1  white 8000 lux 24:0 212 11.21 wt% [24]
Chlorella vulgaris red - 12:12 3.53 25.50 wt% [25]
Chlorella vulgaris - - - 3.46 55.2 wt% [26]
Table 2. Effect of light quality and photoperiod on pigment accumulation in microalgae.
Pigment Algal Species  Light Color Inlfei,gr]]rs]itt Light/Dark Biomass Pigment References
9 gal>p g 2y Period  Concentration (g/L) Production
(umol/m?/s)
. Aurantiochytrium sp. . Continuous
Astaxanthin Cl6 White 250 (4 days) 9.01 78.3 pglg [27]
Chromochloris Blue — — 204.5 028g/L  [28]
zofingiensis
Haematococcus White 480 Continuous 0.43 26.77mg/L/d  [29]
pluvialis
Red (5 days)
Haematococcus sp. followed by 40 Continuous 1.33 3.39 mg/L [30]
Blue (5 days)
Oedocladium Red — Continuous 0.29 289mg/id  [31]
carolinianum
Fucoxanthin ~ Cl1aetoceros Blue 110 12:12 - s2mgid  [32]
calcitrans
Isochrysis sp. — 200 12:12 — 6.11 mg/g [33]
Red/blue
Odontella aurita light (8:2 300 Continuous 0.57 9.41 mg/L/d [34]
ratio)
Pavlova sp. White 75 Continuous 11 7.02 mg/L/d [35]
Phqeodactylum White 8.0 Continuous 6.0 26 mg/g [36]
tricornutum
- Chlorella . .
Lutein sorokiniana C16 White 10K lux Continuous 5.2 17.4 mglg [23]
C. sorokiniana F31 — 211 Continuous — 15.55 mg/g [37]
C. sorokiniana . .
FACHB-275 White 2200 Lux  Continuous 1.14 8.45 mglg [38]
6.16 mg/g,
4.10 mg/L/d
C. sorokiniana MB- . . 3.54 (Auto), 2.77  (Auto); 6.48
1-M12 White 150 Continuous (Mixo) mg/g, 4.50 [39]
mg/L/d
(Mixo)
Chlorella sp. HS5 Dark Dark Continuous — 3.7 mg/g [40]
' conditions '
Chloropg)éta MCH- Blue 80 Continuous — 3 mg/g [41]
Coccomyxa . .
subellipsoidea White 240 Continuous 9.40 1.65 mg/g [42]
1st stage—
Scenedesmus sp. . . 6.34 mg/g,
FSP3 White 90, 2nd Continuous 197 2.30 mg/L/d [43]
stage—160

Bialevich et al. showed that microalgae can increase their growth rates with rising light intensity until
saturation. Desmodesmus quadricauda and Parachlorella kessleri reached saturation at around 250 pmol photons
m~2 s, while Chlamydomonas reinhardtii tolerated up to 500 pmol photons m=2 s [44]. Similarly, Difusa et al.
and others found that, although elevated light intensity can enhance lipid content in certain strains (e.g.,
Scenedesmus sp.), it may lower growth rates, suggesting the important of balancing between rapid biomass
accumulation and formation of storage compounds like lipids [45].

Gim et al. explored the effects of light intensity (0—200 pmol photons m=2 s™1) on three microalgae species—
Isochrysis galbana, Nannochloropsis oculata, and Dunaliella salina. At 150 pmol photons m=2 s, they observed
peak fatty acid concentrations [46]. Specifically, Isochrysis galbana produced a biomass of 0.89 g/L with a lipid
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content of 30.1% (dry weight), Nannochloropsis oculata achieved a biomass of 1.69 g/L with a lipid content of
38.5%, and Dunaliella salina reached a biomass of 1.17 g/L with a lipid content of 32.4%. They also found that
excessive light induced oxidative damage, while low light limited photosynthetic efficiency. Moderate light
intensities (80-150 pmol photons m™2s™1) offered the best condition for lipid accumulation, providing a balanced
growth environment.

Cheirsilp & Torpee studied marine Chlorella sp. and Nannochloropsis sp. under mixotrophic conditions and
varying light intensities (ranging from 2000 to 10,000 lux, approximately 30—150 pmol photons m2 s depending
on conversion) [47]. Notably, the biomass production increased as the light intensity was elevated up to a certain
point but diminished lipid accumulation. For Chlorella sp., the maximum biomass was achieved at 8000 lux, with
a dry weight of 3.97 g/L, while its lipid content reached 397.8 mg/L under the same conditions. In contrast,
Nannochloropsis sp. continued to grow until 10,000 lux, reaching a peak biomass of 5.87 g/L and a lipid yield of
481.0 mg/L. However, at higher light intensities, lipid accumulation in both species decreased, suggesting a trade-
off between growth and lipid production.

Under low light, photosynthetic efficiency and growth rates are generally reduced, limiting the large-scale
cultivation. However, phytohormones like melatonin (MT) and indole-3-propionic acid (IPA) can redirect carbon
flux toward carbohydrates and proteins, enhancing yields even under suboptimal light (as described in the CAMC
systems discussion). Although the details are not well understood, this suggests that biochemical interventions or
combined strategies may compensate for low-light conditions [48].

2.4. Effect of Light Quality

Besides intensity, light quality (spectral composition) also significantly affects microalgal photosynthesis and
metabolism. Light-emitting diode (LED) technology has advanced rapidly, offering precise control over the
wavelength distribution. Different spectral regions (e.g., blue: 450-475 nm; red: 630-660 nm) influence
photosynthetic pigments and can shift metabolic pathways [49].

Kim et al. demonstrated that combining blue and red LED lights increased the production rate of Scenedesmus
sp. by ~50% compared to a single-wavelength treatment [20]. The improved photosynthetic efficiency under
mixed blue-red illumination was due to the complementarity of absorption peaks of chlorophylls and carotenoids.
Blue light is absorbed efficiently by carotenoids and can enhance carotenoid synthesis, while red light tends to
stimulate growth and enhance photosynthetic reaction center efficiency.

Similarly, You & Barnett observed that blending blue and red light enhanced the growth rate of Porphyridium
cruentum by enhancing photosynthetic activity and reached its maximum cell density of 4 < 10° cells L™* [50].
Studies on C. vulgaris have also indicated that red light alone or combined with other wavelengths can boost
biomass accumulation with biomass increased from 2.07 to 2.64 g/mL [51].

2.5. Effect of Photoperiod and Temporal Light Modulation

The duration of the light period and the ratio of light-to-dark cycles (photoperiod) influence cellular
metabolism, growth cycles, and resource allocation. Maltsev et al. found that a 16:8 h light/dark cycle efficiently
balanced biomass production, increasing it by 22%, and ellicited a 19% increase in total fatty acid (TFA) content
[8]. Light/dark cycles allow microalgae to repair photosynthetic machinery and balance their energy and carbon
budgets. On the other hand, Véez-Landa et al. demonstrated that a balanced light/dark cycle (12:12) achieved the
highest biomass density of 6.3 %108 cells/mL and lipid content of 50.42% in Verrucodesmus verrucosus [52]. The
study found that continuous light (24:0) led to diminished lipid yields, while shorter dark periods (16:8) resulted
in lower growth and lipid accumulation. Therefore, these indicated that some species grow better under continuous
light. In contrast, others benefit from dark periods that support respiration, intracellular reorganization, and
nighttime metabolic pathways such as carbohydrate catabolism or lipid remodeling.

Flashing light regimes or combined continuous-plus-flashing conditions have proven beneficial in some cases
[51]. These light strategies can improve photon utilization efficiency by providing saturating light pulses
interspersed with “recovery” intervals. The result can be more efficient use of photons and enhanced growth
compared to continuous, non-modulated illumination.

Abu-Ghosh et al. investigated the combination of flashing light with continuous background light in
Dunaliella salina [51]. The combined light regime significantly enhanced photosynthetic efficiency and growth
beyond continuous or flashing light alone. At an intermediate light intensity of 250 pmol photons m2 s2, the
combined regime resulted in an optical density (OD) of 1.4, compared to 0.9 for continuous light and 1.1 for
flashing light. Similarly, the dry biomass reached 2.52 g/L under the combined regime, surpassing the 1.87 g/L
and 2.01 g/L observed under continuous and flashing light, respectively. Photosynthetic activity, measured as
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oxygen production rates, was also significantly higher at 148.9 pmol O, (mmol Chl)™ s, compared to 31.6 and
47.3 under continuous and flashing light alone.

Under optimal conditions, irradiating C. vulgaris with red light and combining this approach with indole-3-
acetic acid (IAA) treatment can further enhance biomass production. Studies showed that red light stimulated
photosynthetic capacity, respiration, and quantum yield, leading to higher biomass levels (3.19 g L™) compared
to white light conditions (2.78 g L ™) [25]. Combining IAA and red light increased biomass production to 3.53 ¢
L™, translating to a 27% increase in productivity.

2.6. Commercial and Biotechnological Implications

Optimizing light conditions, intensity, spectrum, and photoperiod, may improve the large-scale cultivation
of microalgae at industrial scales. Target compounds, such as lipids for biofuels or high-value pigments like
astaxanthin and f3-carotene, reach maximum accumulation under stress conditions associated with altered light
regimes. For instance, high light stress can trigger carotenoid accumulation as a photoprotective mechanism,
providing a valuable product. However, this often comes at the cost of slower growth rates or photoinhibition,
which can reduce total volumetric yields [47].

To overcome the above limitations, dynamic lighting strategies and engineering approaches have been
proposed. Photobioreactors can be designed to distribute light uniformly and minimize self-shading, or they can
use artificial illumination (LEDs) to deliver customized light wavelengths and intensities at different growth stages.
Pulsing or flashing lights and meticulously selected photoperiods can further enhance efficiency [46].

An accurate assessment of the available light for microalgae is often challenging. The quantity of PAR
available to cells depends on the arrangement and properties of the cultivation system, whether it be
photobioreactors, flasks, or open ponds. Mutual shading by cells in dense cultures, light scattering by flask walls,
and reflection from surfaces are major factors limiting the measurement. In practice, PPFD is frequently measured
outside the culture vessel as a proxy, but this can lead to discrepancies between measured and actual photon
availability to the cells [9,10]. Such measurement challenges underscore the need for careful system design and
calibration. In particularly, for large-scale applications, ensuring uniform light distribution and avoiding excessive
shading are paramount for maximizing productivity.

Commercial microalgal production aims to maximize valuable compounds, such as carotenoids, lipids, and
other bioproducts, while maintaining their growth rates. High light intensities and specific spectral qualities can
increase carotenoid accumulation, but might simultaneously lower biomass yield due to photoinhibition.
Achieving an optimal compromise is critical. Conditions that yield the highest pigment concentrations may not
support rapid cell growth, reducing overall productivity on a volumetric basis [18].

One strategy is to modulate light intensities throughout cultivation. Early growth phases might benefit from
moderate light to support robust biomass production, while later stages could involve a shift to higher light
intensities or different wavelengths to boost carotenoid or lipid synthesis. Such dynamic lighting strategies
leverage the physiological plasticity of microalgae [47].

Beyond physical and environmental controls, biochemical strategies can complement light optimization, such
as adding phytohormones or manipulating nutrient levels. When tuned appropriately, red and blue light
combinations can substantially boost biomass and target compound accumulation. Similarly, altering the nitrogen
supply (reducing it at a certain growth phase) while providing optimal light intensities and qualities can force cells
into a desired metabolic state, potentially increasing lipid or carotenoid yield without excessively compromising
growth.

As the microalgae industry continues to develop, optimizing light conditions will enhance the degree of
biomass production and accumulation of high-value compounds. Future research should aim to develop
approaches for enhancing light regulation, adjusting light intensity, spectrum combinations, and photoperiods to
achieve precise control of microalgal metabolic pathways. For example, moderate light intensities can be used in
the early growth phase to promote biomass production, while higher light intensities or spectral shifts in later
stages can induce carotenoid or lipid accumulation. Additionally, advancements in LED technology can generate
new approaches of spectral control. The combination of blue and red light has been proven to enhance
photosynthetic efficiency and product yield, and further refinement of spectral combinations could maximize
productivity and energy efficiency.

Furthermore, the interaction between light and other environmental factors, such as nutrient availability and
mixing conditions, need to be further investigated to optimize cultivation strategies for various applications. In
wastewater treatment, for instance, tailored light conditions can improve microalgal carbon fixation and pollutant
removal efficiency. Moreover, integrating biotechnological approaches, such as exogenous phytohormone
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regulation or genetic modifications, may be effective in enhancing microalgal adaptability to light conditions and
boost the production of target compounds. By combining these strategies, the commercialization of microalgae
industry will be significantly improved and expanded to include diverse fields such as biofuels, nutritional
supplements, and environmental remediation.

3. Effect of Salt Stress on Microalgal Growth and Metabolite Accumulation

3.1. Effect of Salinity on Biomass Production and Protein Accumulation

Literatures showed that moderate NaCl concentrations support photosynthesis, CO; fixation, and osmotic
balance [53]. For examples, NaCl concentrations of 5-25 mM promoted growth of Quadrigula closterioides, with
the highest lipid content of 50.94% dry weight recorded at 5 mM NaCl. However, as salinity exceeds 25 mM,
growth and biomass production are inhibited, accompanied by morphological changes such as a shift from normal
cell shape to spherical and even brown coloration, indicating an adaptive response to salt stress [54]. Similarly,
moderate salinity levels (+100% to +400% NaCl) also enhance microalgal growth and biomass accumulation of
Scenedesmus obliquus, with the highest biomass productivity of 0.206 g/L/d observed at +400% NaCl [55].
However, further increases in salinity to +600% and +800% NaCl resulted in significant biomass reductions of
32.2% and 50.3%, respectively, due to ROS accumulation and photosynthesis inhibition. Figure 2 depicts the effect
of salt stress on microalgal growth and metabolite accumulation.

Figure 2. Effect of salt stress on microalgal growth and metabolite accumulation.

There are limited studies of salinity effect on protein accumulation. The Vischeria punctata strain IPPAS H-
242 exhibited higher protein content of 259 mg/g DW under salt stress of 0.4 mM NaCl, which could be due to
the need for cells to synthesize more proteins to cope with environmental stress [56]. The increased protein content
may help maintain cellular functions and survival, particularly in response to oxidative stress and changes in
osmotic pressure caused by salinity. Despite the overall increase in protein content, the level of D1 protein, which
is associated with photosynthesis, significantly decreased under salt stress, suggesting that salt stress may impact
the effectiveness of photosynthesis. The increase in total protein content under salt stress may be an adaptive
mechanism for cells to withstand environmental pressures, but it also negatively affects certain key photosynthetic
proteins. These changes are significant for understanding the physiological responses of microalgae under stress
and their potential biotechnological applications.

3.2. Effect of Salinity on Lipid Accumulation

NaCl concentrations can significantly influence microalgal lipid content and quality, fatty acid composition,
and eventually the fuel performance of biodiesel. Salinity stress can induce the generation of ROS, activates
antioxidant enzyme systems (e.g., superoxide dismutase (SOD) and catalase (CAT), and upregulates lipid
synthesis-related gene expression, promoting triacylglycerol (TAG) accumulation and redirecting metabolic
carbon flow from starch to lipid synthesis [57]. Additionally, optimal salinity stress was reported to increase the
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production of fatty acid methyl ester (FAME) by up to 1.8 times and optimized its composition by increasing the
proportions of saturated and monounsaturated fatty acids (e.g., C16:0 and C18:1), significantly improving
biodiesel stability and combustion performance. However, excessive salinity can inhibit growth, although it may
still induce lipid synthesis through oxidative stress. Therefore, salt stress serves as an effective induction strategy
with broad applications in the production of microalgal biofuels and high-value products. Table 3 displayed the
effect of salt stress on lipid accumulation by microalgae.

Table 3. Effect of salt stress on lipid accumulation in microalgae.

Algal Species Conditions Lipid Accumulation References
Aurantiochytrium sp. Natural seawater 62.4% [58]
Botryococcus sp. NJD-1 10 g/L NaCl 54.5% [59]
Chlamydomonas sp. 3% & 7% sea salt concentration 31.7-37.2% [56]
Parachlorella kessleri IC-11 30 g/L NaCl 33.3% and 31.0% in Bold’s Basal [60]
Medium and wastewater
Quadrigula closterioides 5 mM NaCl 50.94% [54]
Scenedesmus quadricauda 0.88 & 2.63 g/L salt and xylose
FACH Bq-1297 congentration g 39.33% [57]
Scenedesmus sp. 100 mM NaCl & 10 mM H,0, Increased by 226.4 pg/mg [61]
Thraustochytrium sp. BM2 20 g/L NaCl 79% [62,63]

Studies have shown that microalgae exhibit significant metabolic responses and lipid accumulation
mechanisms under different salinity stress conditions, demonstrating the significance of salinity as a critical factor
influencing lipid production. Most studies agreed that moderate salt concentrations significantly enhance lipid
content, with some microalgae achieving lipid content exceeding 50%, such as Botryococcus sp. NJD-1 (10 g/L
NacCl, lipid content and productivity of 54.5% and 110.5 mg/L/d) [59] and Quadrigula closterioides (5 mM NacCl,
lipid content of 50.94%) [54]. Liu et al. also reported that under moderate salinity levels (0.88-2.63 g/L),
Scenedesmus quadricauda FACHB-1297 effectively adapts to salt stress, achieving high biomass and lipid
accumulation, with the highest lipid content of 39.33% observed at the optimal salinity of 2.63 g/L [57].

Under moderate salinity level, salt stress-induced ROS triggered antioxidant defenses and increased
nicotinamide adenine nucleotide phosphate (NADPH) production through the pentose phosphate pathway and
pyruvate-malate cycle, supporting fatty acid synthesis [59]. The generation of ROS activates antioxidant enzyme
activity and upregulates lipid synthesis-related genes (e.g., glycerol-3-phosphate acyltransferase (GPAT) and
diacylglycerol acyltransferase (DGAT)), promoting neutral lipids accumulation (particularly TAG) and redirecting
metabolic flux from carbohydrates to storage lipids [57]. Neutral lipids are synthesized primarily via the acetyl-
CoA-dependent Kennedy pathway as a byproduct of ROS detoxification [59]. Excessive salinity, however, results
in ROS overaccumulation, inducing cellular damage and inhibiting the growth of microalgae and lipid
accumulation [54].

However, Sorokina and colleagues revealed that high salt concentration (30 g/L) significantly enhanced
neutral lipid accumulation of Parachlorella kessleri 1C-11 cultivated in Bold’s Basal Medium (BBM) and
municipal wastewater (WW), with lipid content reaching 33.3% and 31.0% in BBM and WW, respectively [60].
Salt stress induced a reprogramming of carbon flux and energy storage, reducing adenosine metabolism in BBM
and significantly affecting proline metabolism and the citric acid cycle in WW. It also increased the proportion of
saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA) in lipid composition, improving biodiesel
quality. Nevertheless, high salt levels still causing some negative impact, where the chemical oxygen demand
(COD) removal efficiency in WW was reduced, indicating that decreased biomass under salt stress limited
wastewater treatment efficiency.

The combined application of gamma-aminobutyric acid (GABA) and salinity has been found to enhance lipid
accumulation and biomass productivity in the green microalga Ankistrodesmus sp. EHY [64]. Under 2.5 g/L NaCl
with 50 uM GABA, lipid content reached 59.42%, and lipid productivity increased to 235.13 mg/L-d, representing
1.36-fold and 1.27-fold increases compared to salinity alone and the control, respectively. Transcriptomic and
metabolomic analyses revealed that the combination of GABA and moderate salinity also increased the levels of
intermediates in the tricarboxylic acid (TCA) cycle and the GABA shunt, which served as carbon sources and
energy for lipid accumulation. Furthermore, the combined treatment improved the fatty acid composition of
biodiesel by increasing saturated and monounsaturated fatty acid content, enhancing fuel quality. In 5-L fermenter-
scale experiments, the combined strategy significantly improved lipid content and productivity, demonstrating its
potential for large-scale microalgal biofuel production.
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Under single-stage cultivation conditions, the combined supplementation of glucose and salt significantly
enhanced the biomass and lipid production efficiency of Graesiella emersonii NC-M1 [65]. Incorporation of 1.75
g/L glucose and 0.3 M NaCl, biomass concentration, lipid concentration, and lipid productivity increased by 3.3-
fold, 4.63-fold, and 4.56-fold, respectively, compared to the control. Glucose promoted glycolysis and the pentose
phosphate pathway, supporting rapid microalgal growth, while salt stress redirected carbon flux from starch
synthesis to lipid synthesis, significantly increasing neutral lipid (particularly TAG) accumulation. Transcriptomic
analysis revealed significant upregulation of genes related to cell proliferation, photosynthesis, and NADPH
production, while starch synthesis genes were downregulated. Additionally, salt stress elevated intracellular ROS,
further activating lipid synthesis-related genes and enhancing lipid accumulation. The combined strategy also
optimized FAME profiles, increasing saturated and monounsaturated fatty acid content, while improving biodiesel
properties such as cetane number, oxidative stability, and viscosity.

In a two-stage cultivation system, red light and salt stress significantly enhanced the production of high-value
compounds in Chlorella sorokiniana and improved biodiesel quality [66]. During the second stage, 2-fold salt
concentration (0.05 g/L NaCl) increased lipid content from 30.6% to 37.5%, representing a 22.54% improvement.
Salt stress also induced the synthesis of polyunsaturated fatty acids (PUFAs) and promoted TAG accumulation by
altering cell size and stability, though it caused a reduction in protein content, indicating a metabolic shift towards
lipid synthesis. Furthermore, salt stress improved the FAME profile by increasing the proportion of saturated and
monounsaturated fatty acids while reducing that of polyunsaturated fatty acids, thereby enhancing biodiesel
stability and combustion performance. Integration of salt stress with red light further boosted photosynthetic
pigment and lipid production, with carotenoid content increasing by 62.21% and lipid accumulation efficiency
significantly enhanced.

Anand and colleagues explored the effects of multi-component stress conditions (salt concentration, nitrate,
phosphate, and hydrogen peroxide) on the growth and lipid accumulation of Scenedesmus sp., evaluating their
potential to enhance biodiesel quality [61]. The results showed that under conditions of 100 mM NaCl, 35.29 mM
NaNOs, 5.74 mM K;HPO,, and 10 mM H2O, lipid content significantly increased to 226.4 pg/mg, which is 1.3
times higher than without H20-.

Kato and coworkers demonstrated that salt-resistant Chlamydomonas sp. JSC4 mutant strains, developed
through heavy ion beam mutagenesis and high-salinity adaptation, could grow in 7% seawater, achieving a
biomass concentration of 4.08 g/L, which was higher than that of the parental strain [56]. It was further revealed
that the expression of key genes related to salt-induced starch-to-lipid biosynthesis switching was suppressed in
the salt-resistant strains, which may explain the reduced lipid synthesis. Furthermore, no cellular aggregation or
hypertrophy occurred in the salt-resistant strains under salinity stress, indicating their enhanced salt tolerance.

3.3. Effect of Salinity on Pigment Accumulation

Under moderate salinity, photosynthesis in microalgae may be enhanced, thereby promoting the synthesis of
pigments. Moderate salt level can induce the generation of appropriate levels of ROS, activating antioxidant
enzyme systems such as SOD and CAT, thereby promoting the accumulation of antioxidant pigments like lutein
and carotenoids. Conversely, high salt concentrations may suppress the expression of photosynthetic pigments like
chlorophyll, causing metabolic shifts toward antioxidant pigment production, reflecting a trend of metabolic
redistribution [67].

Patel et al. reported that Chlorella sorokiniana C16 demonstrated significant enhancement in lutein
production under optimized conditions of light intensity, temperature, salinity, and nutrient levels. Under 10 k lux
light intensity, 32 <C temperature, and 25% seawater dilution, lutein content reached a peak of 17.4 mg/g [23].
The two-stage cultivation strategy further increased lutein production to 71.13 mg/L, with the first stage promoting
biomass growth and the second stage inducing lutein and lipid accumulation. Excessive light intensity (>15 k lux),
salinity (100% seawater), or nutrient concentration (4X BS) inhibited lutein accumulation, highlighting the
importance of moderate environmental conditions for optimal production.

Under salt stress conditions, Golenkinia sp. SDEC-16 exhibits enhanced pigment metabolism changes,
particularly the accumulation of carotenoids [67]. As salt concentration increases to 3%, chlorophyll content
decreases about 58.4%, while carotenoid content rises approximately 2.5 times compared to the control group,
scavenging the salt-induced ROS. Under high-salinity conditions (3%), ROS production increases by 6.6 times,
activating antioxidant enzymes such as SOD. Carotenoids, acting as auxiliary antioxidants, play a crucial role in
alleviating oxidative stress. Moreover, salt stress inhibits the activity of Photosystem 11 (PSIl), reducing
photosynthetic efficiency and prompting cells to enhance carotenoid synthesis to protect the photosynthetic
apparatus from damage.
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4. Effect of Electric Field on Microalgal Growth and Metabolite Accumulation

Electric field technology is an innovative tool that relies on electrical energy, and is widely applied in
biotechnology, energy conversion, and environmental protection [68]. By applying static or dynamic electric fields,
this technology can influence cell membrane permeability, cell metabolism, and the release of intracellular
components. In microalgae research, the application of electric fields has garnered significant attention for
effectively optimizing growth conditions, enhancing biomass yield, and promoting the accumulation of high-value
bioproducts. Table 4 and Figure 3 displayed the effect of electric field treatment on biomass production and
metabolite accumulation of microalgae.

Table 4. Effect of electric treatment on biomass production and metabolite accumulation.

Algal Species Electric Treatment Condition Results References
YA ——
Acutodesmus dimorphus 10 kV LE-PEF, 2 s on, 60 s off 28.8% increase In lipid [69]
productivity
Chlorella vulgaris nsPEF, 10-50 kV/cm Significant increase in growth [70]
Chlorella vulgaris nsPEF, 100 nsmpKIsDeCW|dth, 60-100 17.5% increase in growth [71]
Chlorella vulgaris nSPEE Increased cultivation efficiency [72]
and growth
Chlorella vulgaris Medium electgg ]::fllr? (2.7 kvicm), 51% increase in growth [73]
Chlorella vulgaris Post-incubation after PEF Maximized I'P'd bloqcce35|blllty [74]
post-incubation
Haematococcus pluvialis 100 mA DC 20% increase in growth [75]
Pavlova gyrans Electric field treatment Increased lipid production [76]
74.9% chlorophyll
51% growth rate and 66.2%
increase carotenoids rise
Boosted Lipid
Productivity
210% increase in 28.8% increase in
TAG levels g lipid yield
Enhanced
Biomass
10% rise in Yield
astaxanthin ﬁ 12.53% increase in
content biomass

Figure 3. Effect of electric field treatment on microalgal growth and metabolite accumulation.

Periodic electrical treatment (100 mA applied every 4 days) enhanced growth and astaxanthin production of
Haematococcus pluvialis [75]. Compared to the control, treated cultures exhibited a 20% increase in cell density
and a 10% increase in astaxanthin content. This treatment also improved chlorophyll content (24.8 mg/L versus
19.8 mg/L) and accelerated nitrogen uptake, indicating enhanced nutrient utilization. Additionally, treated cells
were smaller in size, suggesting active cell division and proliferation.

Mild electric stimulation at 4 V (31 mA cathodic current) for 4 h in a two-chamber electrochemical reactor
equipped with carbon-cloth electrodes, using 100 mM sodium phosphate buffer (pH 7.0) and aeration at 100
mL/min, significantly enhanced the accumulation of neutral lipids and essential fatty acids in Chlorella sp. KR-1
[77]. Under these conditions, TAG content increased to 2.1 times that of untreated controls, while polyunsaturated
fatty acids such as linoleic acid and linolenic acid increased by 36% and 57%, respectively.

The application of medium electric fields (1 to 10 kV/cm) to Chlorella vulgaris significantly stimulated cell
growth, with a 51% increase in growth rate observed after 50 min of exposure to a moderate static electric field
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(2.7 kV/cm) at a concentration of 0.4 g/L [73]. This growth enhancement was attributed to improved cell
membrane permeability, facilitating nutrient uptake and promoting cell proliferation. However, prolonged
exposure, such as 70 min, led to increased peroxide accumulation, resulting in oxidative stress and a decline in growth
due to excessive ROS production, including hydroxyl radicals. At lower cell concentrations (e.g., 0.25 g/L), shorter
treatment durations (e.g., 10 min) effectively promoted growth. Conversely, at higher concentrations, the optimal
treatment duration increased, with a 70-min exposure found to be most effective for a concentration of 1.0 g/L.

Electric field treatment applied to the single-celled microalga Pavlova gyrans demonstrated a significant
impact on its biochemical composition, despite not markedly promoting cell growth [76]. Under optimized
conditions (0.54 V/cm), applied during the exponential growth phase on day 6 for durations of 6 h and 30 h,
chlorophyll a and carotenoid content increased by 74.9% and 66.2%, respectively. Additionally, lipid,
carbohydrate, and protein content rose by 4.72%, 18.7%, and 5.41%, respectively. These findings indicate that
electric field treatment can effectively modulate the biochemical profile of microalgae, presenting a promising
approach for regulating microalgal metabolism and enhancing biorefinery applications.

4.1. Pulsed Electric Field Treatment

Pulsed electric field (PEF) is a technology that applies high-intensity electric fields (10-50 kV/cm) to treat
microalgae cells. In principal, PEF uses short-duration electrical pulses (ranging from nanoseconds to milliseconds)
to induce electroporation in microalgae cell membranes, offering low energy consumption, lower thermal load,
and efficient release of intracellular components [70].

For Acutodesmus dimorphus, optimized PEF treatment using a 10 kV low-energy pulse field (pulse cycle of
2 s on and 60 s off, lasting for 15 min, with six cycles per day) resulted in a 28.8% increase in lipid productivity
[69]. PEF treatment at an electric field strength of 20 kV/cm, a pulse width of 5 ps, and an energy input of 31.8
kJ/kg, combined with post-PEF incubation at 25 <C or 37 <C for 12 h, or at 4 <C for 48 h, significantly enhanced
lipid bioaccessibility in Chlorella vulgaris, increasing from 4-7.8% to 18.7-20.9% [74]. Microalgal lipid
maintained good oxidative stability after 3 months of storage at 40 <C.

Nanosecond pulsed electric field (nsPEF) treatment significantly enhanced the biomass yield of C. vulgaris,
achieving an increase of up to 17.53 +10.46% [71]. A pulse repetition frequency range of 1 Hz to 3.5 kHz ensured
efficient treatment without excessive heat generation. Key parameters, including electric field strength, pulse
repetition frequency, and pulse width, with the longest pulse width of 100 ns and electric field strength of 2.7
kV/cm is the most optimal for enhancing biomass yield while maintaining cell viability. The treatment primarily
stimulated cell proliferation, suggesting that nsSPEF enhances biomass production through mechanisms related to
cellular and membrane processes. Furthermore, nsPEF treatment significantly reduced microbial contamination,
achieving over a 1 logio reduction in bacterial colony-forming units, while preserving the viability of C. vulgaris
cells compared to untreated controls [72].

The PEF technology is a highly efficient, low-energy method for promoting microalgal growth as well as
enhancing lipid and metabolite production, particularly in species like Chlorella. Optimizing parameters such as
electric field strength, pulse frequency, and treatment duration minimizes energy consumption, reduces costs, and
increases productivity. Based on these attributes, PEF appear to be economically and environmentally
advantageous for sustainable industrial applications. As advancements progress, PEF and similar techniques are
poised to further enhance microalgae biorefinery efficiency, supporting sustainable, cost-effective processes and
contributing to the development of a circular bioeconomy.

5. Future Perspectives

In the field of microalgal cultivation, research has shown that environmental stress influences various aspects
of metabolism, promoting lipid accumulation, protein stability, and pigment synthesis, making it a key strategy
for enhancing the production efficiency of biofuels, nutritional supplements, and biopharmaceuticals. Moderate
stress can alter carbon metabolism, shifting carbon flow from carbohydrate and protein synthesis toward lipid
storage while optimizing fatty acid composition, to improve biodiesel stability and combustion performance
[78,79]. In the future, application of genetic engineering and stress-adapted cultivation techniques are advocated
to establish more resilient microalgal strains to sustain lipid production under high-stressed conditions, reduce
biofuel production costs while integrating seawater cultivation and industrial wastewater utilization to drive
sustainable energy development.

Environmental stress factors influence protein metabolism, and studies have identified stress-tolerant
microalgae that exhibit high protein stability or even increase protein synthesis under high stress conditions.
Therefore, transcriptomic and proteomic approaches should be adopted to analyze stress-induced protein
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expression, to identify new bioactive or specialized microalgal proteins which can be applied to improve food
nutrition, animal feed, and pharmaceuticals. Such genetic modifications can enhance protein synthesis in
microalgae under stress, creating a sustainable protein source.

Given that environmental stress influences pigment metabolism, inhibiting chlorophyll synthesis while
promoting the accumulation of carotenoids, lutein, and astaxanthin, future metabolic engineering and fermentation
technologies aimed at enhancing pigment production efficiency and screening for stress-tolerant, high-yield
microalgal strains, are needed to identify strains that provide sustainable source of natural pigments. Additionally,
researchers should identify strategies that can modify environmental stress to improve microalgal pigment
composition, antioxidant capacity and cellular protection mechanisms, thereby expand the applications of such
microalgae in medicine and functional foods.

In summary, environmental stress not only enhances lipid accumulation but also regulates protein stability
and pigment metabolism, demonstrating its potential contribution to the production of biofuels, nutrition, and high-
value bioproduct development. In future, advancements in genetic modification, metabolic engineering, and
intelligent cultivation technologies are advocated to improve microalgal salt tolerance and metabolic regulation,
thereby drive large-scale their applications in renewable energy, environmental sustainability, and high-value
industries, offering innovative solutions for global sustainable development.

6. Conclusions

Stress factors, both conventional (light and salinity) and unconventional (electric field treatment), are
effective strategies for enhancing microalgal growth and metabolite production. Notably, light intensity, quality,
and photoperiod significantly impact photosynthesis, enzymatic activity, and metabolic pathways, with moderate
light boosting growth and efficiency. LED spectral control enables precise manipulation of pigment and metabolite
synthesis. Salinity stress promotes lipid biosynthesis, antioxidant activity, and valuable metabolites, but it needs
to be optimized to balance growth and productivity. Emerging methods like PEF treatment stimulate intracellular
compound accumulation with low energy input, offering transformative potential for sustainable biomass
processing. Integrating and optimizing these factors in scalable systems is key to producing high-value
biomolecules and biofuels. Such advancements will support circular bioeconomy models, addressing global energy
and resource sustainability challenges.
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Abstract: Energy crisis and carbon emissions are two increasingly prominent issues in our society. As one of the
clean energy sources, thermoelectric power generation is a promising alternative energy technology to convert heat
into electricity. As long as there is a heat source, thermoelectric generators can provide electricity for watches, sensors,
electronics, spacecraft, etc., and can also be used to recover waste heat, such as automobile exhaust heat, industrial
waste heat, ship waste heat, etc. This study proposes a novel classification paradigm based on power output
(microwatt, 1 W-1 kW, >1 kW), systematically revealing the technological characteristics at each power level: the
microwatt level relies on flexible materials and compatibility with human body heat, while the kilowatt level requires
the integration of high-temperature materials and optimized thermal management. The study also demonstrates that
performance can be significantly enhanced through asymmetric geometric designs and non-equilibrium synthesis
processes. This work provides a comprehensive design framework, from material innovation to large-scale
integration, for next-generation thermoelectric systems, addressing the theoretical gap in techno-economic analysis.

Keywords: thermoelectric generators; waste heat recovery; kilowatt; thermal management

1. Introduction

In recent years, fossil fuel consumption and carbon emissions caused by electricity production have been the
focus of the whole society. Many countries have issued policies to reduce the use of primary energy and promote
renewable energy development. The proportion of renewable energy in global electricity production is gradually
increasing, as shown in Figure 1. The development of renewable energy has attracted great interest from
researchers. As one of the renewable energy, thermoelectric power generation has incomparable advantages over
other clean energy, such as, no moving component, no noise, weather independence, simple structure, no maintenance
cost, long life, and so on [1-4], which has the potential to become a promising alternative energy technology.
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Figure 1. Global electricity production with different sources.
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Thermoelectric generators (TEGS) can directly transfer heat into electricity when there is a temperature
difference on both ends of TEGs. Various types of heat energy can be used to generate electricity by different TEG
systems [5]. According to the different heat sources, the power generation level of TEG systems is quite different,
from micro power supply to kilowatt system. Some preliminary TEG applications have been witnessed. The
wearable TEG device can harvest body heat to provide power for watches or other electronics [6]. In space
exploration, the spacecraft driven by the photovoltaic (PV) power supply does not work without light, which
affects the normal progress of the exploration mission; The radiative TEG system can overcome the impact of the
environment and continue to provide power, and NASA has started the relative research plan since 1951 [7]. To
further enhance the efficiency of PV semiconductors, thermoelectric materials can be combined with PV materials
to form a PV-TEG device, which can use both solar and thermal energy [8]. Zhao et al. [9] enhanced the efficiency
of a photovoltaic-thermoelectric generator (PV-TEG) by integrating microchannel heat pipes and phase change
materials; They further applied a hybrid optimization algorithm to perform multi-objective optimization on the
system, achieving a remarkable electrical efficiency of 25.6% for the PV-TEG. Considering that about 1/3 of energy
produced by burning fossil fuels is wasted in the form of exhaust heat, the automobile TEG system can be installed
in the vehicle exhaust system to convert the exhaust heat into electricity and improve fuel efficiency [10-14]. Also,
the thermoelectric power generation technology can be applied to recover other forms of waste heat, such as
industrial waste heat [15], ship waste heat [16], etc. For instance, Zhuang et al. [17] conducted an in-depth
numerical simulation study on industrial thermal environments and heat transfer characteristics of TEGs, thereby
developing a novel industrial waste heat recovery TEG system that combines high power generation efficiency
with operational stability. Innovatively, Li et al. [18] introduced a radiation shielding layer within the thermoelectric
leg gaps, which effectively reduced heat loss and enhanced system conversion efficiency and output power by 15%
and 9.5%, respectively. There is an increasing interest in thermoelectric power generation technology.

However, the TEG has not yet been widely commercialized due to its relatively low conversion efficiency
and high cost of thermoelectric materials. The ability of the TEG to convert heat energy into electricity depends
on the performance of thermoelectric materials, which is estimated by a dimensionless constant of figure-of-merit
ZT = 0a®TA7%, wherein ¢ is the electrical conductivity, « is the Seebeck coefficient, T is the absolute temperature,
and 2 is the thermal conductivity [19,20]. At present, Bi;Tes-based materials are the only commercialized
thermoelectric materials because of the relatively high ZT value near room temperature, about 1. The ideal
conversion efficiency of the TEG can be estimated by the ZT value, that is

T, — T, VI+ 2T — 1
n= 1
Th VI+2T +4¢ @)

h

where Ty and T, are the hot-side and cold-side temperatures, respectively. Figure 2 shows the conversion efficiency
of the TEG with different ZT values as well as the comparison with Carnot efficiency. In numerous application
scenarios, such as automotive waste heat recovery, a temperature difference of 150 K can be easily achieved. When
the ZT value exceeds the threshold value of 2 [20,21], the conversion efficiency can reach more than 10%, and the
application of the TEG will become more competitive compared with other alternative energy conversion
technologies such as the PV energy conversion. Researchers aim to identify thermoelectric materials with a ZT
value of 2.0 using advanced material technologies.

With the progress of thermoelectric materials, an increasing number of thermoelectric power generation systems
have been reported in different industries. TEG systems with different power generation levels feature different
barriers that block their wide applications. For example, the micro power supplies, such as wearable TEG devices
and self-powered sensors, need to satisfy the requirement of flexible structures to adapt to different heat source shapes.
Kilowatt TEG systems require a heat exchanger with good heat transfer performance to improve the hot-side work
temperature and a good electrical connection scheme to reduce the parasitic power losses. In the previous work, we
provided a comprehensive review of thermoelectric technology, from materials to systems [22]. The thermoelectric
applications were also reviewed and summarized [23]. As the development of TEG systems continues to flourish,
new challenges emerge in different scenarios, thus a more recent and classified review is required.

In this review, TEG systems are classified according to different power generation levels. Section 2
introduces the basics of the TEG, including thermoelectric effects, thermoelectric materials, and the TEG design.
Section 3 presents the development of thermoelectric micropower supplies. Section 4 comprehensively reviews
TEG systems from 1 W to 1 kW. Section 5 introduces the application of TEGs in power generation systems that
exceed 1 kKW. The challenges and outlook for TEG systems are also discussed.
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Figure 2. The conversion efficiency of the TEG with different ZT values.

2. Basics of the Thermoelectric Generator

As the basic power source of thermoelectric power generation systems, the TEG is composed of p- and n-
type thermoelectric legs, metal connectors, and insulating plates, and presents a sandwich configuration, as shown
in Figure 3. When the heat source applies a heat flux to one side of the TEG, the high temperature will induce the
movement of the holes on p-type thermoelectric legs and the electrons of n-type thermoelectric legs towards the
side with lower temperature, and the heat will be dissipated by a cooling source attached on the other side of the
TEG. Multiple thermocouple pairs, connected in series, can amplify the voltage, and the current is produced once
an external load is connected. This device has no mechanical moving parts and can generate power from heat
sources such as industrial waste heat, automobile exhaust, or radioisotopes. The p- and n-type thermoelectric legs
are connected electrically in series and thermally in parallel. To reduce parasitic power loss, metal connectors,
usually made of copper, must have high thermal and electrical conductivity. To increase the temperature difference
on both sides of the TEG, insulating plates possess high thermal conductivity [24] and are usually made of ceramics.
The performance of AIN ceramic plate is better than Al,O3 based ceramic plate, but the cost is higher.

|TTTTTTTTTTTTTT

insulating plate

thermal contact electrical contact

\Q:nmector connector

insulating plate

L o O A A

Figure 3. A diagram showing the working principle of the TEG.

2.1. Thermoelectric Effects

Thermoelectric effects include Seebeck, Peltier, and Thomson effects. The Seebeck effect was first
discovered by Thomas Seebeck in 1821. When different conductors (or semiconductors) are connected and
subjected to a temperature gradient, the Seebeck voltage will be generated. The Seebeck voltage is directly
proportional to the Seebeck coefficient and temperature difference, which can be estimated by:
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V = aAT 2

where a is the Seebeck coefficient, and AT is the temperature difference. Therefore, thermoelectric materials must
have a high Seebeck coefficient to produce considerable voltage.

The Peltier effect, a fundamental aspect of the thermoelectric effect, can be considered the reverse of the
Seebeck effect. First discovered by Jean Peltier in 1834, it involves the reversible conversion of electrical and
thermal energy. When an external current I flows through a thermocouple made of two distinct conductor or
semiconductor materials (A and B), Peltier heat is produced at the junction, alongside the Joule heating due to
resistance. Peltier heat is generated at both ends of thermoelectric legs, wherein the end of carrier accumulation will
release heat and the end of carrier dissipation will absorb heat. The amount of Peltier heat can be expressed as:

Qpeitier = Tl = aIT (3)

where 1 is the Peltier coefficient. Peltier coefficient and Seebeck coefficient are closely related through Kelvin
relation, i.e., m = aT. Due to the Peltier effect, thermoelectric materials were also used to fabricate thermoelectric
coolers for cooling electronic devices [25].

The Thomson effect, discovered by William Thomson in 1854, describes a unique thermal phenomenon in a
homogeneous material when both a temperature gradient and an electric current are present. When current flows
through a thermoelectric material with a temperature gradient, the carriers generate additional heat due to changes
in their Kinetic energy (Thomson heat). If the current direction aligns with the temperature gradient, the material
releases heat; otherwise, it absorbs heat. Thomson heat is directly proportional to the current and temperature
gradient, which can be estimated by:

QThomson = 7IAT (4)

where 7 is the Thomson coefficient. The Thomson coefficient z is related to the temperature dependence of the
Seebeck coefficient (t = TZ—:). Although the effect is weak, the directional sensitivity endows it with a unique

value in dynamic temperature control scenarios.

In the global heat transfer process of thermoelectric legs, there are four kinds of heat: heat conduction, Peltier
heat, Joule heat, and Thomson heat. The relationship among them is that the heat conduction is the largest, followed
by Peltier heat, Joule heat, and Thomson heat [26].

2.2. Thermoelectric Materials

With the development of semiconductor physics, more and more ideal thermoelectric materials have been
found, among which thermoelectric materials synthesized by tellurium (Te), bismuth (Bi), antimony (Sbh), or
selenium (Se) are the conventional Bi;Tes-based materials for the preparation of TEGs [27]. Owing to the modern
synthesis and characterization techniques, conventional bulk thermoelectric materials with nanostructures have
thrived, such as nanostructured Bi,Tes [28], PbTe [29], and SiGe [30], and the ZT value has been improved to a
certain extent. In addition to conventional thermoelectric materials, skutterudite, half-Heusler, and organic
thermoelectric materials have also been widely used in different application scenarios. Based on the different
working temperatures, thermoelectric materials are classified into three categories: low- (300-500 K), medium-
(500-900 K), and high-temperature (>900 K) materials. Low-temperature thermoelectric materials mainly include
Bi,Tes and organic materials, medium-temperature thermoelectric materials mainly include PbTe and skutterudite,
and high-temperature thermoelectric materials mainly include SiGe and half-Heusler. In recent years, with the
continuous advancement in thermoelectric materials research, various novel thermoelectric materials have been
developed to significantly enhance thermoelectric performance. This section systematically reviews and discusses
recent research progress in the field of thermoelectric materials.

In the field of low-temperature thermoelectric materials, Kim et al. [31] developed a cost-effective synthesis
strategy for Bi,Tes-based thermoelectric materials, as illustrated in Figure 4a. This technique employs rapid
extrusion of excess liquid during the pressing process, significantly enhancing thermoelectric performance in
bismuth telluride (Bi,Tes) specimens. The proposed methodology effectively circumvents electrical conductivity
degradation through the strategic introduction of grain boundary dislocations, ultimately achieving a peak ZT value
of 1.86 at 320 K. Wang et al. [32] effectively suppressed Te vacancies in n-type nanostructured Bi,Tes through
spark plasma sintering (SPS)-induced non-equilibrium reactions, as demonstrated in Figure 4b. This approach
remarkably reduced thermal conductivity to 0.48 W m™ K while maintaining a ZT value of 1.1 at 420 K in the
thermoelectric leg. Meroz et al. [33] demonstrated an optimized synthesis protocol for n-type Bi>Te24Seos by
integrating the melt spinning technique with hot pressing; This hybrid processing strategy yielded a maximum ZT
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value of 1.07 at 338.15 K, showcasing enhanced thermoelectric performance through combinatorial fabrication
approaches. Zheng et al. [34] proposed a design scheme for a full-scale hierarchical structure (Figure 4d). This
scheme achieved multiple scattering of phonons by introducing a high density of grain boundaries, dislocations,
layer dislocations, twin boundaries and nanoholes, which significantly reduced the lattice thermal conductivity of
the MgAgSbh material over the entire temperature range. The thermoelectric material achieved a ZT value of 1.4.
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Figure 4. (a) Schematic illustration showing the generation of dislocation arrays during the liquid-phase
compaction process. “Reprinted with permission from Ref. [31].2015, Kim, S.I.””; (b) Non equilibrium reaction
induced by spark plasma sintering. “Reprinted with permission from Ref. [32]. 2020, Wang, Y.”; (c) SEM cross-
sectional micrograph of Bi2Tez.4Seo s thin films after melt spinning at 600 and 300 rpm. “Reprinted with permission
from Ref. [33]. 2020, Meroz, O.”; (d) A design scheme of full-scale hierarchical structure. “Reprinted with
permission from Ref. [34]. 2019, Zheng, Y.”.

Research on medium- and high-temperature thermoelectric materials have achieved significant breakthroughs.
Wu et al. [35] proposed an innovative strategy involving alternating regulation of interatomic interactions through
lattice strain modulation while maintaining the original material composition. This methodology achieved a
remarkable 58% reduction in lattice thermal conductivity without sacrificing carrier mobility, ultimately realizing an
exceptional ZT value of 2.6 at 850 K in the engineered material system. Rogl et al. [36] successfully synthesized (Ro)
with a nominal composition of (Ro.33Bao.33Ybo.33)0.35C04Sb123 (R = Sr, La, DD, MM, SRMM, SRDD) massive n-
type three filled and multi filled skutterudite materials. The experimental results show that the series of
thermoelectric materials achieve the highest ZT value of 1.8 at 835 K. Tsai et al. [37] significantly reduced the
thermal conductivity of the material by introducing Sb,Tes alloying into GeTe-based thermoelectric materials,
while maintaining a suitable carrier concentration over a wide compositional range. Owing to this optimization
strategy, the material can achieve a ZT value > 2.6 at 720 K. Saiga et al. [38] systematically investigated the effect
of Cu doping on BagGaisSnsp crystal growth and its thermoelectric properties. The results show that the ZT values
of p-type and n-type single crystals reach 0.88 and 1.45 at 520 K, respectively, with the n-type single crystals
having the highest ZT values among all the substitution systems of BagGaisSnzo. Shi et al. [39] successfully
optimized the synergistic optimization of high carrier concentration and mobility in n-type MgsSh, alloys by
introducing Y doping at the cationic position. It was found that the material’s thermoelectric properties were
significantly better than those of the previously reported n-type MgsSh, system, achieving a ZT value as high as
1.8 at 700 K.

In different application scenarios, variations in operating temperature range cause significant differences in
the thermoelectric material systems used. For example, micropower supplies typically operate in the low-
temperature range, TEG systems in the 1 W to 1 kW order of magnitude are mostly deployed in the low or medium-
temperature range, and TEG systems with power levels greater than 1 kW need to be matched to medium- or high-
temperature operating environments. Table 1 systematically summarizes the peak ZT values of thermoelectric
materials and their corresponding temperature regions in the above studies. Therefore, temperature matching and
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material selection based on actual working conditions are of great significance for optimizing system performance,
and key factors such as thermal stability of materials, temperature dependence of thermoelectric parameters, and
interfacial compatibility need to be considered comprehensively.

Table 1. Optimum ZT values and operating temperatures of various thermoelectric materials.

Materials Type ZT Value Temperature Ref.
BiosSb1sTes p-type 1.86 320K [31]
BizTezgs n-type 11 420K [32]
Bi2Te2.4Seos n-type 1.07 338K [33]
Mgo.97ZN0.03AJ0.9Sho .95 p-type 14 423 K [34]
Nao.03EU0.03SN0.02Pbo.o2Te p-type 2.6 850 K [35]
(Ro.33Ba0.33Yb0.33)0.35C04Sh12 3 n-type 1.8 835K [36]
(GeTe)o.os(ShaTes)oos p-type 2.7 720 K [37]
BagGaisSnao n-type 1.45 520 K [38]
Mg3.05-x Y xSbBi n-type 1.8 700 K [39]

2.3. Design of the Thermoelectric Generator

Conventional TEGs typically employ symmetric cubic configurations for their thermoelectric semiconductors,
as depicted in Figure 5a, where p-type and n-type thermoelectric legs maintain identical geometric dimensions.
However, research has shown that geometric optimization of thermoelectric components, including asymmetric
architectures and gradient cross-sections, can enhance performance. This structural optimization enables precise
regulation of heat flux distribution, enhanced phonon scattering mechanisms, and minimized interfacial thermal
losses, thereby establishing novel design paradigms for high-efficiency TEG systems. Luo et al. [40] proposed an L-
shaped TEG configuration (Figure 5b) accounting for inherent material parameter disparities between p-type and n-
type thermoelectric materials. This innovative configuration engineer’s distinct height dimensions for p-type and n-
type semiconductor legs. Experimental results demonstrate that under a temperature difference of 400 K, the L-shaped
TEG yielded a maximum output power of 1.96 W with a conversion efficiency of 7.8%, representing 2.39% and 1.44%
enhancements, respectively, compared to conventional n-type TEG counterparts. Wang et al. [41] proposed an X-
type TEG configuration (Figure 5¢) and systematically analyzed its thermoelectric and mechanical properties
under steady-state conditions. The results show that under the temperature difference of 200 K, the maximum
output power of the X-type thermoelectric module reaches 0.0847 W, and the conversion efficiency is 5.2%, which
is about 4.57% higher than the traditional configuration. Luo et al. [42] proposed a ring-shaped TEG configuration
with variable cross-sectional area (Figure 5d), in which the cross-sectional area of thermoelectric legs increases
along the gradient of heat flow direction to alleviate the performance degradation caused by the decline of
temperature gradient. The results show that the output power of the annular TEG is 76.66 W, and the conversion
efficiency is 1.45%, which is 8.97% and 8.93% higher than the traditional configuration, respectively.

In addition, the two-stage TEG further improves the comprehensive performance of TEG by stacking two
thermoelectric modules up and down. Enciso-Montes et al. [43] proposed a two-stage TEG configuration (Figure 5e)
and systematically studied the influence of different thermoelectric leg shapes on TEG performance. The results
show that although the efficiency of two-stage TEG and single-stage TEG is 3.9%, the peak voltage of two-stage
TEG is 97.6 mV, which is significantly higher than that of single-stage TEG of 49.7 mV. Bian et al. [44] developed
a two-stage TEG configuration (Figure 5f), in which different thermoelectric materials are used at the hot end and
cold end to adapt to the corresponding temperature range. In this study, the non-dominated sorting genetic
algorithm Il (NSGA-I1) was introduced for the first time to optimize TEG’s electrical output performance and
mechanical stability.

Considering the different optimal working temperatures of different thermoelectric materials and the
temperature gradient of thermoelectric legs from the hot side to the cold side, the segmented design can effectively
overcome the negative impact of the temperature drop, in which the high-temperature area adopts high- or medium-
thermoelectric materials and the low-temperature area adopts medium- or low-temperature thermoelectric
materials. Zhang et al. [45] prepared a Bi,Tes/Skutterudite segmented thermoelectric module (Figure 5g), and
achieved a conversion efficiency of up to 12% at a temperature difference of 541 K, setting a record in the field, with
an output power of 5.6 W. He et al. [46] developed a double-cone segmented thermoelectric generator (Figure 5h).
The results show that, compared with the traditional segmented ring thermoelectric generator, the output power of
the double cone segmented ring thermoelectric generator is increased by 20.23%, the energy efficiency is increased
by 8.55%, and the economic cost is reduced by 21.36%. Sun et al. [47] combined the multi-objective genetic
algorithm with the finite element method to optimize the multi-parameter and multi-objective of the segmented
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annular TEG. The results show that the optimized segmented TEG has an output power of 0.04326 W and an
efficiency of 9.63% at a temperature difference of 300 K, which is 32.839% and 61.915% higher than that before
optimization, respectively.
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Figure 5. (a) Traditional n-type TEG; (b) L-type TEG. “Reprinted with permission from Ref. [40]. 2024, Luo, D.”;
(c) X-type TEG. “Reprinted with permission from Ref. [41]. 2020, Wang, R.”; (d) Variable cross-sectional area
annular TEG. “Reprinted with permission from Ref. [42]. 2024, Luo, D.”; (e) Two-stage TEG. “Reprinted with
permission from Ref. [43]. 2024, de Oca, O.Y.E.-M.”; (f) Two-stage TEG with different thermoelectric materials
between the upper and lower stages. “Reprinted with permission from Ref. [44]. 2025, Bian, M.”; (9)
BizTes/Skutterudite segmented TEG. “Reprinted with permission from Ref. [45]. 2017, Zhang, Q.”; (h) Biconical
segmented annular TEG. “Reprinted with permission from Ref. [46]. 2024, He, H”.

Table 2 summarizes the above studies. Based on the review and analysis of the TEG design strategy, it can
be seen that the thermoelectric performance of TEG can be significantly improved through effective structural
design (such as asymmetric configuration, segmented integration, multi-objective optimization, etc.). These design
strategies provide important theoretical guidance and technical path for realizing high-performance TEG by
optimizing heat flow distribution, interface contact resistance and electrical transport characteristics.

Table 2. Output performance and conversion efficiency of different types of TEGs.

Temperature Output Power Conversion
Difference or Voltage Efficiency

400 K 1.96 W 7.8% [40]

Type of TEG Improvement Measures Ref.

P-type and n-type thermal legs are designed with
different heights
The cross-sectional area of the thermal leg
X-Type gradually decreases from the upper and lower 200K 0.0847 W 5.2% [41]
ends to the center

L-Type
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Table 2. Cont.
Temperature Output Power Conversion
Type of TEG Improvement Measures Difference or Voltage Efficiency Ref.
. The cross-sectional area of the thermoelectric leg
Asymmetric . - N
. - increases gradiently along the direction of heat - 76.66 W 1.45% [42]
configuration flow
Two-stage TEG Stack two layers of TEG - 97.6 mV 3.9% [43]
Two layers of TEG are stacked, and different
Two-stage TEG  thermoelectric materials are used for hot end and 300K - 6.89% [44]
cold-end TEG
Segmented TEG B1zTe3/Skutterud1ter?]eo%rﬂleented thermoelectric 541 K ) 12% [45]
Segmented TEG Segmented annular TEG Wltr_l double cone-shaped ) ) ) [46]
thermoelectric leg
Segmented TEG Combining multiobjective genetic algorithm with 300 K 0.04326 W 963% [47]

finite element method

3. Micropower Supply

Due to the low power demand of microelectronic devices, thermoelectric power generation technology has
broad application prospects in the field of micropower electronics. Thermoelectric micropower supplies include
wearable thermoelectric devices that convert body heat into electricity, self-powered sensors, and microelectronics
in the specific application environment.

3.1. Wearable Thermoelectric Devices

In recent years, with the rapid development of micro-nano processing technology and flexible electronic
devices. The TEG can be integrated into wearable electronic devices owing to its miniaturization and flexible
design, achieving self-powered energy collection of temperature differences between the human body and the
environment. The current performance evaluation system for wearable TEG mainly focuses on two core indicators:
output power density and wearing comfort. According to the differences in material systems and structural
characteristics, wearable TEGs can be divided into two categories: traditional rigid TEGs represented by Bi,Tes,
and flexible TEGs made of organic materials.

For the traditional rigid TEG, Nozariasbmarz et al. [48] studied the joint effect of material and device
parameters on the efficiency of wearable TEG and developed a nanocomposite thermoelectric material based on
Bi,Tes (Figure 6a). The experimental results show that the power density of the nanocomposite TEG is 44 pw-cm™
without airflow and can be increased to 156.5 uw-cm™ under airflow, which is 4-7 times higher than that of similar
commercial wearable TEG. Hyland et al. [49] proposed an efficient TEG design scheme for wearable applications
and developed a functional T-shirt integrated with TEG (Figure 6b). By systematically measuring the power
generation performance of TEG in different parts of the human body (such as the upper arm, forearm, chest, etc.), it is
found that when TEG is installed in the upper arm, its output power reaches the maximum. Van et al. [50] realized TEG
with high integration density through advanced assembly technology. The output power of the TEG reaches 91 uW at a
5 K temperature difference. Based on this technology, the research team successfully developed a wearable TEG
prototype and verified the feasibility of its continuous power supply for electronic watches (Figure 6c¢). Van et al. [51]
proposed a brain-computer system powered by wearable TEG (Figure 6d), with the output power of wearable TEG
maintained at 2-2.5 mW (30 %2 pw/cm?). However, due to the fixed geometry of the TEG based on Bi,Tes, they
are difficult to fit the skin surface, resulting in low heat recovery efficiency. Organic thermoelectric materials have
the advantage of flexible structure and can adapt to different shapes and sizes. Lv et al. [52] proposed a three-
dimensional spring thermoelectric device with a basic double elastomer layer and air gap (Figure 6e). The device
has excellent flexibility and compressibility, generating a power density of 416.22 nw/cm?. Kim et al. [53]
developed a self-powered wearable ECG system based on flexible PCB (Figure 6f). The system optimizes the
performance of wearable TEG through a flexible radiator based on polymer so that its output power density reaches
38 pw/cm? in the initial 10 min and remains at 13 pw/cm? after 22 h of continuous operation so that it can
continuously supply energy for ECG sensor and power management circuit. The aforemenioned research indicates
that the flexible TEG of organic-inorganic composites enhances its bending (radius of curvature <5 mm) and
endows it with low thermal conductivity (<0.5 w m™ K™2), but its power density is usually lower than that of rigid
wearable teg1-2 orders of magnitude.
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Figure 6. (i) Nanocomposite thermoelectric materials based on BizTes. “Reprinted with permission from Ref. [48].
2020, Nozariasbmarz, A.”; (i) A T-shirt integrated with wearable TEG. “Reprinted with permission from Ref. [49].
2016, Hyland, M.”; (iii) Wearable TEG supplies power for electronic watches. “Reprinted with permission from
Ref. [50]. 2021, Van Toan, N.”; (iv) A brain-computer system powered by wearable TEG. “Reprinted with
permission from Ref. [51]. 2008, Van Bavel, M.”; (v) A three-dimensional spring thermoelectric device with basic
double elastomer layer and air gap. “Reprinted with permission from Ref. [52]. 2021, Lv, H.”; (vi) A self powered
wearable ECG system based on flexible PCB. “Reprinted with permission from Ref. [53]. 2018, Kim, C.S.”

3.2. Self-Powered Sensors

Automation and intelligence have become the development trend of modern industry. Thanks to this,
intelligent sensors and microelectronics have made great development. More and more manufacturers incorporated
sensors into products to improve their competitiveness. Current intelligent sensors and microelectronics require a
few hundred microwatts or a few milliwatts of power to operate. Powering these devices typically requires
extensive cabling from the battery, which often fails to satisfy the sensor’s long-life demands. In some specific
applications, sensors are required to work in extreme environments such as high temperature and vacuum. Wireless,
long-life power supply, and extreme working environments are the main challenges that come to sensors. TEGs
are an ideal candidate for these challenges. Beltrén et al. [54] proposed a TEG-powered vacuum pressure sensor
and reported that the random error of the pressure signal was less than 10%. Kim et al. [55] designed a high-
performance self-powered wireless sensor node powered by the flexible TEG, which can be used to remotely
monitor the heat pipe temperature, ambient temperature, humidity, etc. Self-powered sensors and microelectronics
are promising applications of TEGs. Guan et al. [56] developed a self-starting two-stage boost thermoelectric
energy harvesting system, incorporating open-circuit voltage MPPT and low-power design; The system can self-
start and efficiently supply power at an extremely low input of 20 mV/84 uW, driving microcontrollers and
wireless sensors, with performance surpassing that of commercial solutions.
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4. Thermoelectric Generator Systems from 1 W to 1 kW

At present, the output power of most TEG systems with preliminary application ranges from 1 W to 1 kW,
including radiative TEG systems, solar thermoelectric generators, and automobile TEG systems. The recent
developments, challenges, and prospects of these three TEG applications are discussed below.

4.1. Radiative Thermoelectric Generator System

In space exploration, satellites, and spacecraft require a long-term power supply to meet the needs of exploration
missions. Current satellites and spacecraft are mainly powered by PV devices. However, due to the rotation of the
planet, PV devices can receive sunlight for only half of the time at most, resulting in the deterioration of the lifespan
of spacecraft. Radiative TEG systems utilize heat from natural radioactive decay as a power source. The exceptionally
long half-lives of radioisotopes enable these systems to provide continuous electrical power for spacecraft over multi-
decade timescales. In 1961, the PbTe-based radiative TEG system was first applied to the US Navy’s Transit
navigation satellite. The output power was about 2.7 W, but it operated for over fifteen years. Sponsored by NASA,
radiative TEG systems with better performance have been developed continuously. In 1997, the Voyager | and Il
used 3 SiGe-based radiative TEG systems to provide 423 W of power for onboard electronics. This power is gradually
reduced by about 7 W per year due to the decay of plutonium, and they are still in operation [57]. The success of
radiative TEG systems developed by NASA has accelerated the application of thermoelectric power generation
technology in space exploration, and an increasing number of countries have issued corresponding research plans.

4.2. Solar Application

Thermoelectric technology can also directly convert solar radiation into electricity based on the Seebeck
effect. Unlike photovoltaic (PV) devices that directly convert light energy into electric energy, solar TEGs collect
solar heat through a solar heat absorber and then transfer the heat to thermoelectric legs for power generation.
Shittu et al. [58] analyzed the output performance of a segmented solar TEG through a numerical model and
obtained that the output power was about 3 W under the radiation value of 11,000 W/m2. Kraemer et al. [8]
manufactured a skutterudite/Bi.Tes segmented solar TEG and experimentally demonstrated its conversion
efficiency under the direct normal irradiance of 211 kW/m?. The experimental results showed that a peak efficiency
of 7.4% was achieved. Cotfas et al. [59] prepared a metal oxide/additive composite absorption layer on the hot
side of a solar TEG using spray deposition technology. The power generation increased by 25% under standard
solar irradiance and by 82% under concentrated irradiance conditions. Cao et al. [60] proposed a solar TEG
integrated with phase change materials and forced water cooling, achieving a power output of 6.42 mW and an
output voltage of 307.3 mV at a solar irradiance of 1 kW/m=approximately 9 times higher than that of the
traditional thermoelectric module (35.5 mV). Although the conversion efficiency of the solar TEG is still lower than
that of PV devices, it is likely to become a promising alternative solar energy technology. However, the solar radiation
in practical application is far lower than that in the laboratory. To be more competitive, the figure of merit of
thermoelectric materials must be further improved. The high-performance heat absorber on the hot side of the solar
TEG and the high-performance heat sink on the cold side of the solar TEG also help to improve its performance.

4.3. Automobile Thermoelectric Generator System

For automobile engines, about 1/3 of the thermal energy produced by burning fossil fuels is wasted in the form
of waste heat with exhaust gas, resulting in serious energy waste and environmentally harmful emissions. The
automobile thermoelectric generator (ATEG) system is considered a promising technology that can improve the fuel
economy and reduce the use of fossil fuels. Automobile manufacturers and research institutes are trying to develop
high-performance ATEG systems and integrate them into the vehicle exhaust system. However, the conversion
efficiency of currently reported ATEG systems is about 2%, which seriously limits its wide commercial applications.
Structure-based optimization is one of the most effective methods for improving the performance of ATEGs.

ATEGs primarily consist of heat exchangers (used to absorb heat from exhaust gases), thermoelectric
modules (used to convert thermal energy into electrical energy), and radiators (used to maintain the cold-side
temperature of the thermoelectric modules). The structural optimization of thermoelectric modules has been
discussed in detail in Section 2.3. The optimization of the heat exchanger structure focuses primarily on enhancing
its heat absorption efficiency. Luo et al. [61] proposed a convergent TEG (Figure 7a), which significantly enhanced
the heat absorption efficiency of the heat exchanger, resulting in a 5.96% increase in the net output power of the
TEG. To accommodate the circular exhaust pipe, Yang et al. [62] proposed a circular TEG with pin-fin type fins
(Figure 7b) and determined the optimal structure of the TEG using Taguchi optimization; The net power reached
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34.11 W, representing an 18.7% increase compared to the original design. Studies have shown that the installation
of fins inside the heat exchanger can significantly enhance its heat absorption efficiency. Consequently, researchers
aim to optimize the fin structure. Luo et al. [63] proposed a fin with dimples based on plate fins (Figure 7¢) and
determined the optimal design of the dimples through numerical simulations. The net output power increased by
10.09%. Ge et al. [64] introduced twisted-strip fins into the heat exchanger and optimized their pitch ratio, twist
ratio, and tilt angle (Figure 7d), resulting in a 30% increase in the output power of the TEG.

Additionally, heat pipes exhibit exceptional heat transfer performance, fully meeting the high thermal
conductivity requirements of ATEGs. Luo et al. [65] proposed a novel ATEG integrated with heat pipes,
introducing the heat pipes into the heat exchanger (Figure 7e). The incorporation of heat pipes expanded the
thermal side area of the heat exchanger, resulting in an output power of 213.19 W, representing a 42.95% increase.
Pacheco et al. [66] longitudinally installed heat pipes inside the heat exchanger, significantly enhancing the
temperature uniformity of the exchanger due to the high thermal conductivity of the heat pipes. Despite the
promising results of the aforementioned studies, the generated electrical power remains insufficient to fully meet
the power supply requirements of the vehicle. To achieve higher output power, a larger ATEG is necessary. To
address this, Liu et al. [67] integrated four identical ATEGs in parallel into a vehicle (Figure 7f), achieving a
maximum output power of 944 W in the tests. Zhang et al. [68] stacked multiple small heat exchangers together
(Figure 7g), resulting in a maximum output power of 1002.6 W for the TEG, although this also resulted in a high-
pressure drop. Although these large ATEGs generate exceptionally high output power, they occupy a significant
portion of the vehicle’s space. Therefore, maximizing the output power of ATEGs within limited space is an
important research endeavor for future development.
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Figure 7. (a) Convergent TEG. “Reprinted with permission from Ref. [61]. 2019, Luo, D.”; (b) Pin-fin type circular
TEG. “Reprinted with permission from Ref. [62]. 2024, Yang, W.”; (c) Fins with dimples. “Reprinted with permission
from Ref. [63]. 2024, Luo, D.”; (d) TEG with twisted band fins. “Reprinted with permission from Ref. [64]. 2025, Ge,
M.”; (e) Expand the hot side area of the heat exchanger using heat pipes. “Reprinted with permission from Ref. [65].
2024, Luo, D.”; (f) Using heat pipes to improve the temperature uniformity of heat exchangers. “Reprinted with
permission from Ref. [66]. 2020, Pacheco, N.”; (g) Four-TEG system. “Reprinted with permission from Ref. [67].
2015, Liu, X.”; (h) Compact TEG. “Reprinted with permission from Ref. [68]. 2015, Zhang, Y.”.

11 of 16



Green Energy Fuel Res. 2025, 2(2), 93-108. https://doi.org/10.53941/gefr.2025.100008

5. Thermoelectric Generator Systems Exceed 1 kW

In addition to recycling the waste heat in automobile exhaust, TEG can also be applied to the recovery of
waste heat from ships and industrial waste gases. The exhaust gas temperature in these fields is usually high and
the waste heat is huge. Therefore, the power generation capacity of TEG system in these application scenarios
often exceeds 1 KW and even can achieve higher power output.

In ship application, TEG can recover heat energy from high-temperature exhaust gas emitted by the engine
and further improve energy recovery efficiency by using other waste heat sources generated during ship operation,
such as boiler exhaust gas and engine room waste heat. This waste heat recovery system can provide clean power
for ships, reduce dependence on traditional generators, and effectively reduce fuel consumption and improve the
overall energy efficiency of ships. Compared with TEGs applied to vehicles, the TEG system applied to ships can
ignore the negative impact of increased weight. However, few studies have been perfomed to develop whole TEG
system prototypes for ship waste heat recovery because it requires a large number of TEG modules and costs.
Georgopoulou et al. [69] studied the waste heat recovery potential of TEGs for marine applications, and results
showed that the installation of TEGs could generate about 26 kW of extra power, corresponding to 0.2% of the
main engine power. Eddine et al. [16] analyzed and optimized the performance of a simplified ship TEG system
through a theoretical model. Results showed that the Bi,Tes-based TEG module was more suitable for ship waste
heat recovery, and its output power was 70% higher than that of the SiGe-based TEG. With the increasing demand
for fuel economy, ship manufacturers are opting to utilize TEGs to optimize ship waste heat recovery, because it
has a weight advantage, offers a free cooling source, and does not require maintenance.

In the industrial field, especially in high-temperature industrial processes (such as metallurgy, chemical
industry, glass production, etc.), the TEG system can effectively extract heat energy generated from the high-
temperature exhaust gases. TEG can achieve high power output by optimizing the heat exchange system and
thermoelectric materials. In industrial waste heat recovery, technologies, such as the organic Rankine cycle, steam
turbines, and Stirling engines, are increasingly being optimized. As a promising energy technology, various waste
heat projects using TEGs have been studied. Luo et al. [15] proposed a novel TEG system to harvest waste heat
from cement rotary Kilns, in which 3480 Bi,Tes—PbTe TEG modules were applied on the walls of the kiln. The
system performance was estimated using a mathematical model. Results showed that the system can produce about
211 kW of electrical power and recover more than 32.85% of the heat that used to be lost as waste heat through
the kiln surface. Kuroki et al. [70] described a TEG system used for waste heat recovery in the steelmaking industry,
which contains 896 Bi,Tes-based TEG modules. Experimental results showed that the system could generate 9
kW electricity when the slab temperature was about 1188 K and the slab width was 1.7 m. Although the conversion
efficiency of the TEG system is low (~2%), it still enables considerable application prospects in the field of
industrial waste heat recovery. The cost of installing TEG systems will be recovered within a few years because
the furnace works 24 h a day.

Looking forward to the future, the application potential of TEG technology in the field of industrial waste
heat recovery is still huge. With the continuous progress of thermoelectric materials, heat exchange technology,
and system optimization design, the efficiency and output power of the TEG system need to be further optimized.
In addition, with the increasing demand for energy conservation and environmental protection in the market, TEG,
as a green and low-carbon energy recovery technology, is expected to be increasingly applied in industrial waste
heat recovery, ship energy recovery, and other high-temperature waste gas utilization.

6. Conclusions

In this review, basic principles, recent advances, current challenges, and prospects of thermoelectric power
generation from micropower supplies to kilowatt systems are discussed. As a basic power unit of the TEG system,
the performance of the TEG module can be improved by applying high-performance thermoelectric materials and
advanced structural design. For micropower supplies, the wearable TEG system should not only pay attention to
performance improvement but also comfort, while the self-powered sensors and microelectronics mainly focus on
the performance and application environment. For TEG systems from 1 W to 1 kW, preliminary applications have
been achieved, such as radiative, stove, and automobile TEG systems, among which the automobile TEG system
has the potential to generate over 1 kW of electricity. When TEGs are applied to waste heat recovery from the ship
and industrial exhaust gas, the TEG system can easily generate an output power of more than 1 kW, and there is
an increasing interest in using TEGs to reduce energy use. Ongoing developments in thermoelectric materials and
devices will soon facilitate broader adoption of thermoelectric power generation technologies.

Despite these advancements, critical challenges persist in TEG applications, including inherent limitations in
thermoelectric material efficiency (e.g., low ZT values at mid-to-low temperature ranges), interfacial thermal
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resistance in system integration, and long-term stability under cyclic thermal stresses. Future studies should
investigate nanostructured composites and topology-optimized modules to decouple electronic and thermal
transport properties, as well as Al-driven design frameworks for hybrid energy systems. Emerging applications in
10T power supply and aerospace waste heat recovery, coupled with scalable manufacturing techniques like inkjet
printing of thermoelectric films, are expected to accelerate the transition of TEGs from niche applications to
industrial ubiquity.
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Abstract: The increasing global concern about global warming has spurred researchers and industries to actively
explore low-carbon energy alternatives to reduce carbon emissions and lessen dependence on traditional energy
sources. Waste-to-energy (WTE) conversion has emerged as a promising solution in this pursuit. However, the
prevalence of flame retardants (FRs) in various household materials poses a challenge to WTE processes. FRs,
commonly added to prevent fire hazards, include chlorine-, phosphorus-, and nitrogen-based variants, each with
specific applications and fire suppression mechanisms. Thermal treatment technologies, such as incineration,
pyrolysis, gasification, and hydrothermal treatment, are currently employed for energy conversion. While effective
in reducing waste volume and degrading most FRs, these processes can generate secondary pollutants, including
polychlorinated dioxins, with complex reaction pathways that are difficult to control. This necessitates stringent
management measures to mitigate the associated environmental risks. In contrast, non-thermal degradation
techniques, such as chemical degradation, photocatalysis, biodegradation, and electrochemical methods, offer more
environmentally friendly alternatives. However, current technological limitations constrain their application scope
and efficiency. This review aims to comprehensively examine the pollutant emission behaviors of FRs during thermal
treatment processes for energy conversion, highlight the associated environmental risks, and assess the potential of
non-thermal degradation techniques. By analyzing these aspects, the review seeks to provide scientific insights and
technological support for achieving waste valorization and low-carbon sustainability.

Keywords: waste-to-energy; persistent organic pollutants; flame retardant; thermal treatment; non-thermal
degradation

1. Introduction

In recent years, global warming has become an increasingly critical issue. To minimize carbon emissions and
decrease reliance on traditional energy sources, efforts are being made worldwide to explore low-carbon energy
alternatives. Renewable energy, which refers to naturally occurring energy sources that can be directly utilized or
processed for reuse, is key in reducing carbon emissions while mitigating air and water pollution. This category
encompasses various technologies, including solar energy, bioenergy, geothermal energy, wind energy, and ocean
energy. Among these, waste-to-energy (WTE) conversion has gained significant attention as a viable form of
renewable energy. On the other hand, to enhance fire resistance and prevent flame propagation, thereby ensuring
safety and protecting lives and property, FRs are now widely incorporated into everyday products. These include
textiles, electronic devices, building materials, automotive components, and plastics [1]. With the widespread use
of these products, the demand for FRs has also increased.

With the widespread use of various products, the consumption of FRs has increased significantly. Due to
their high stability and persistence in the environment, FRs have gradually become a serious environmental
concern. Numerous studies have indicated that these compounds are present in the air, water, soil, and even living
organisms, posing potential risks to biological systems. Exposure to FRs has been linked to disruptions in the
endocrine, nervous, reproductive, immune, and cardiovascular systems [2-4]. Moreover, when flame-retardant-
containing waste undergoes thermal treatment for energy conversion, the process inevitably generates by-products,
many of which also exhibit high stability. Organic chemicals that exhibit stability, toxicity, bioaccumulation, and
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long-range environmental transport are classified as persistent organic pollutants (POPS). In the past, POPs did not
receive sufficient attention; however, their widespread use has increased, their environmental hazards have become
more apparent. In 1995, the United Nations Environment Programme (UNEP) called for global action to address
POPs and compiled a list of the 12 most environmentally hazardous chemicals. In 2001, countries signed the
Stockholm Convention, initially regulating only 12 chemicals. As research advanced and awareness of hazardous
chemicals grew, the convention has been progressively updated, with 39 chemicals currently under regulation.
Among the regulated substances are several brominated FRs, such as polybrominated biphenyls (PBBS),
polybrominated diphenyl ethers (PBDES), tetrabromobisphenol A (TBBPA), and hexabromocyclododecane
(HBCD), as well as chlorinated FRs like short- and medium-chain chlorinated paraffins. The convention classifies
chemicals into three categories based on their properties: Annex A (Elimination), Annex B (Restriction), and
Annex C (Unintentional Production). All regulated FRs are listed under Annex A, requiring signatory countries to
take measures to eliminate their production and use.

FRs can be classified into two categories based on their application: reactive and additive types. Reactive
FRs form stable bonds by chemically reacting with the polymer matrix to create covalent links (e.g., TBBPA). In
contrast, additive FRs are physically blended into the polymer without chemical bonding, making them more prone
to leaching (e.g., PBDE and HBCDD) [5]. FRs can be categorized by composition into inorganic and organic types,
with organic FRs generally exhibiting higher persistence and toxicity than inorganic ones. Organic FRs are further
divided into three main types based on their chemical makeup: halogenated FRs (containing bromine or chlorine),
phosphorus-based FRs (PFRs), and nitrogen-based FRs (NFRs). Initially, halogenated FRs, especially brominated
FRs (BFRs), were the most popular due to their thermal stability, minimal impact on polymers, and lower cost
compared to other FRs, leading to their widespread use. Studies show that most halogenated chemicals persist,
bioaccumulate, and are toxic to the environment, animals, and humans. As a result, specific flame retardant
components have since been regulated [6].

Although some BFRs have been banned or voluntarily phased out, specific emerging and existing BFRs
continue to be used in industrialized countries. With increasing concerns over the hazards posed by halogenated FRs,
interest in halogen-free alternatives has grown. PFRs have become widely adopted as substitutes for BFRs [7,8]. A
Stapleton et al. [9] study illustrates this trend of PFRs replacing BFRs. They collected and analyzed 102 polyurethane
foam samples from residential sofas purchased in the U.S. between 1985 and 2010. In samples purchased before
2005 (n = 41), polybrominated diphenyl ethers (PBDES) related to the penta-bromodiphenyl ether mixture were
the most common FRs, followed by tris(1,3-dichloro-2-propyl) phosphate (TDCPP; 24%). In samples purchased
after 2005 (n = 61), TDCPP was the most frequently detected flame retardant, and mixtures of non-halogenated
organic phosphate FRs, such as triphenyl phosphate (TPhP) and tris(4-butylphenyl) phosphate (TBPP), were also
found. In 2017, the global consumption of organic phosphate esters (OPES) was approximately 2.5 million tons [9].

PFRs are more biodegradable than BFRs and cause less environmental harm, making them a comparatively
more eco-friendly option [10]. Subsequent research has found that some PFRs and their transformation products
exhibit moderate to high persistence [11]. Increasing evidence suggests that these compounds pose health risks
and can also induce biological effects, potentially causing significant environmental harm over time [7,12].

FRs enter the environment primarily through three pathways: (i) Emissions during the manufacturing process.
Some products are heated during production, releasing trace amounts of FRs. (ii) Release from flame retardant-
containing products during use. Products containing FRs can emit small amounts over time. In a study by Kajiwara,
Desborough, Harrad, Takigami [13], it was found that decabromodiphenyl ether (DecaBDE) in flame-retardant
textiles undergoes photodegradation when exposed to natural sunlight, indicating that these textiles may be a
potential source of BFRs in dust. (iii) Waste disposal. This is the primary source of FRs in the environment. Both
municipal and electronic waste contain FRs, and improper disposal poses a significant environmental risk [14].
FRs are commonly found in municipal waste, and improper disposal of these materials poses an essential
environmental risk. Thermal treatment is one of the most widely used waste management techniques. However,
this approach conflicts with the properties of FRs, raising concerns about its suitability. Although several existing
reviews have examined the environmental risks or degradation pathways of specific FRs, most have been limited
to a single type of FR or a specific treatment technology. Moreover, the behavior of FRs during high-temperature
conversion processes remains insufficiently explored. In particular, the formation of toxic by-products and the
variability in thermal decomposition mechanisms among different types of FRs have yet to be comprehensively
investigated. In contrast, this review adopts an integrative perspective from a WTE standpoint, offering a
comparative analysis of various types of FRs and major thermal treatment technologies. In addition, it explores
the potential applications of non-thermal treatment methods to address current gaps in the literature. The novelty
of this review lies in three key contributions: (i) It presents the first systematic comparison of the decomposition
pathways and by-product formation mechanisms of different FR types, including halogenated, phosphorus-based,
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and nitrogen-based compounds, under thermal treatment conditions, a topic often overlooked in energy conversion
research. (ii) Beyond focusing on halogenated FRs, it also highlights the environmental risks and potential toxic
by-products associated with phosphorus- and nitrogen-based FRs, areas that have received comparatively limited
attention. (iii) While discussing thermal treatment strategies, the review further examines the complementary role
and advantages of non-thermal degradation techniques in pollution control. It proposes the feasibility of integrated
treatment approaches tailored to the characteristics of different waste streams.

2. Organic Flame Retardants

From past to present, commonly used organic FRs include BFRs, CFRs, PFRs, and NFR [15]. Table 1
summarizes the most representative compounds among various classes of organic flame retardants, along with a
brief overview of their typical applications and current usage status. Figure 1 further illustrates the molecular
structures of these compounds and their corresponding application areas. The development trends and practical
applications of each type of flame retardant will be discussed in greater detail in the following sections.

Table 1. Different Types of Organic FRs.

Category Examples Remarks
BFRs TBBPA, HBCD, PBDE, PBB Formerly widespread in plastics and electronics, its
use has significantly declined due to persistence

Dechlorane Plus (DP) and chlorinated paraffins

CFRs (CPs) and bioaccumulation concerns, though it’s not
entirely banned.
TDCPP, TPhP, tert-Butylated Triarylphosphate Widely adopted halogen-free alternatives in foams,
PFRs (TBPP), 9,10-dihydro-9-oxa-10- coatings, and electronics face some toxicity
phosphaphenanthrene-10-oxide (DOPO) concerns.
Typically combined with PFRs, they work through
NFRs Pure melamine, melamine derivatives endothermic decomposition and inert gas release.

Effectiveness varies by formulation.

BFRs and CFRs are often collectively referred to as halogenated FRs due to their similar flame-retardant
mechanisms and structures. Among these, bromine dominates in application because of its higher efficiency.
Efficiency and stability are the two main factors determining which halogenated compounds can be used as FRs.
Fluorinated compounds are too stable (C—F bond: 467 kJ/mol), while iodinated compounds are insufficiently stable
to withstand processing temperatures (C—I bond: 228 kJ/mol). Therefore, only chlorine (C—CI bond: 346 kJ/mol)
and bromine (C-Br bond: 290 kJ/mol) are suitable for use as FRs [16]. Structurally, halogenated FRs can be
divided into three major categories: aliphatic, aromatic, and alicyclic compounds. Due to their superior thermal
stability, aromatic compounds are more commonly used.

Halogenated FRs (HFRs) are highly effective in flame retardation, do not significantly alter the properties of
polymers when added, and are more cost-effective compared to other types of FRs. These advantages have made
HFRs highly favored in industries such as electronics, plastics, and rubber. In the past, the most widely used BFRs
included tetrabromobisphenol A (TBBPA), hexabromocyclododecane (HBCD), and polybrominated diphenyl
ethers (PBDESs). However, the environmental and health concerns associated with traditional BFRs have drawn
increasing attention in recent years, leading to the implementation of restrictions and bans on some BFRs.

Abbasi et al. [17] highlighted that although PBDEs have been gradually phased out, their emissions are
expected to persist until 2050 due to the temporal and spatial lag in chemical management practices. The
restrictions on traditional BFRs have, in turn, driven the development and adoption of next-generation BFRs [6],
including novel brominated FRs (NBFRs). Among these, decabromodiphenyl ethane (DBDPE) is the most widely
used, directly replacing commercial decabromodiphenyl ether mixtures. DBDPE is marketed for use in various
applications such as plastics, resins, rubbers, adhesives, and textiles [18]. Studies indicate that NBFRs share similar
physicochemical properties and hazard characteristics with traditional BFRs [19]. However, no comprehensive
regulations currently govern the use of NBFRs.

For CFRs, Dechlorane Plus (DP) and chlorinated paraffins (CPs) are the most widely used. In January 2018, DP
was listed as the 18th “Substance of Very High Concern (SVHC)” by the European Chemicals Agency (ECHA) [20].
CPs are categorized based on carbon chain length into short-chain (C10-13, SCCPs), medium-chain (C14-17,
MCCPs), and long-chain (C > 17, LCCPs) chlorinated paraffins. SCCPs exhibit the highest potential toxicity,
particularly to aquatic organisms [21]. In 2017, SCCPs were included in Annex A of the Stockholm Convention
and are now regulated globally. While halogenated FRs have been widely used in the past, concerns over their
environmental impact have led to a gradual shift towards halogen-free FRs in recent years.
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Figure 1. Flame retardant classification. (Dibromoneopentyl Glycol(DBNPG); Polychlorinated biphenyls(PCB);
Triphenyl Phosphate (TPP); Dimethyl methyl phosphonate (DMMP)).

Halogen-free organic FRs can be broadly classified into PFRs and NFRs. These two types are often used
synergistically to enhance the flame retardancy of materials. Based on the structure of phosphorus, PFRs can be
categorized into three subgroups: organophosphate esters (OPES), phosphonates, and phosphinates [8], with OPEs
being the most commonly applied. In addition to structural classification, many studies prefer to categorize PFRs
based on the presence or absence of halogens, dividing them into halogenated or non-halogenated PFRs. Generally,
halogenated PFRs pose greater hazards, driving a trend toward replacing them with non-halogenated PFRs. PFRs
are widely used in materials such as epoxy resins, unsaturated polyesters, polyurethane (PU) foams, and textiles.

The classification of NFRs is less defined and is rarely discussed in the literature. This review categorizes
NFRs into three groups based on their structure: nitrogen heterocycles, amides, and dicyandiamides. Among these,
melamine-based compounds are the most established NFRs and are commonly combined with PFRs. NFRs are
characterized by their low toxicity, corrosiveness, and low smoke production, making them suitable for circuit
breakers, public transportation applications, polyurethane flexible foams, nylon, and textiles [22—24]. While NFRs
are generally safer than halogenated FRs, their applications are limited. They demonstrate excellent flame-
retardant performance in certain materials, particularly nylon-based plastics, which are well-suited to the action
mechanism of NFRs. However, in other materials, the flame-retardant efficacy of NFRs may be significantly
reduced, failing to achieve comparable performance levels [25].

2.1. Flame Retardant Mechanisms

The flame-retardant mechanisms of organic FRs can be divided into two primary approaches: gas-phase
action and condensed-phase action. Gas-phase active FRs decompose at high temperatures to release free radicals,
inhibiting the free-radical chain reactions in the flame reaction zone. In contrast, condensed-phase active FRs
suppress pyrolysis by promoting charring, intumescence, and the formation of protective barriers[26]. Figure 2
illustrates the flame-retardant mechanisms of different FRs. For BFRs, when exposed to heat or fire, the material
releases gaseous bromine (Br2, HBr, and Br), which reacts with free radicals such as OH -and H - This reaction
interrupts the combustion chain reaction, effectively suppressing the flame propagation[27,28]. CFRs like BFRs
belong to the category of halogenated FRs. Their flame-retardant mechanism is similar, relying on gas-phase action
to inhibit the combustion reaction.
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Figure 2. Flame Retardant Mechanisms of Different FRs.

The flame-retardant mechanisms of PFRs operate through two primary modes: (i) gas-phase action and (ii)
condensed-phase action. In the condensed phase, phosphates promote dehydration reactions in polymers, leading
to char formation. The resulting char acts as a physical barrier to heat and mass transfer, significantly impeding
the flow of heat and combustible fragments between the underlying polymer and the combustion zone [29-31]. In
most cases, the flame-retardant mechanisms of PFRs involve gas-phase and condensed-phase actions
simultaneously. This dual mechanism enhances flame retardancy and reduces toxic gas emissions. The volume of
harmful gases released by PFRs is significantly lower than that of BFRs, leading to advocacy for PFRs as safer
alternatives to BFRs.

NFRs can function in both the gas phase and the condensed phase. At high temperatures, NFRs release non-
flammable gases, such as nitrogen and ammonia, which dilute combustible gases and inhibit the chain reactions of
combustion [32,33]. In the condensed phase, two main mechanisms are observed: (i) Formation of a char layer. This
typically occurs in phosphorus/nitrogen synergistic FRs. Phosphates create a dehydrating environment, while the
presence of nitrogen enhances the charring reaction [34]. (ii) Formation of high-stability products. When melamine
decomposes above 350 <C, it releases non-flammable ammonia gas and generates thermally stable compounds such
as melamine and dicyandiamide, which improve the thermal stability of polymers [35].

2.2. Release of FRs during Normal Use

FRs are widely used in various consumer products and are released in trace amounts during use. Generally,
the concentration of FRs indoors is higher than outdoors, and the types of FRs detected indoors are often associated
with the products present. For example, in a study by Vojta, Melymuk, Klanova[36], significant increases in the
concentrations of hexabromobenzene (HBB) and tris(2-chloropropyl) phosphate (TCIPP) were observed during
computer installation and operation. Similarly, the addition of certain furniture and carpets significantly affected
the levels of tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) and tris(methylphenyl) phosphate (TMTP). However,
this correlation is not absolute. The types of FRs used in similar products may vary, and a single product can often
contain multiple FRs [37,38]. Furthermore, the formulation details of FRs in consumer products are typically not
disclosed. As a result, pinpointing the exact sources of FRs in indoor environments is often challenging.
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Regarding the mechanism of flame retardant migration from products to dust, Rauert, Lazarov, Harrad,
Covaci, Stranger [39] proposed three hypotheses: (i) FRs volatilize from the product and settle into dust, (ii) wear
and tear during product use cause the physical transfer of FRs, and (iii) FRs are removed from products through
direct contact with dust on the product surface. Depending on the physicochemical properties of the FRs, these
mechanisms apply to varying degrees for all FRs.

There are many factors that influence the extent of flame retardant release, and these may vary depending on
usage methods, environmental conditions, and product age. Generally, additive FRs are more likely to be released
into the environment because their bond with the polymer is less stable than reactive FRs. Additionally, the working
temperature of the product has a significant impact. Higher emission rates are often observed in high-temperature
indoor environments or when electronic products operate [40]. Kemmlein et al. [41] pointed out that an increase in
temperature (to 60 <C) can lead to a 500-fold increase in the emission of various FRs. In a study by Carlsson et al. [42],
a relationship between flame retardant emissions, operating temperature, and product age was also observed. After
operating a video display unit at a normal temperature (50 <C) for one day, the concentration of triphenyl phosphate
in the air rose to nearly 100 ng/m®. However, after 183 days, it decreased to approximately 10 ng/m?. Although the
concentration decreased significantly, it was still ten times higher than the background value.

In indoor environments with high flame-retardant materials, such as public facilities, emissions may be even
greater than in typical households. Takigami et al. [43] conducted a study in a hotel, collecting eight dust samples
from different floors and analyzing substances such as BFRs and PFRs. The results showed that PBDEs and HBCD
dominated the BFRs, with concentrations ranging from 9.8 to 1700 ng/g (median: 1200 ng/g) and 72 to 1300 ng/g
(median: 740 ng/g). Additionally, the study highlighted that the concentration of flame retardant compounds varied
across different areas, suggesting a link between the location of the source products and the concentration of FRs
in the dust. Similarly, substantial differences in flame retardant concentrations and indoor environmental
conditions were observed across different countries.

Among the four types of FRs discussed in this review, NFRs are less frequently mentioned in the literature
regarding their emissions in indoor environments. Specifically, most studies focus on the food sector, melamine,
and its derivatives. This is due to incidents in 2007—2008 when multiple countries experienced outbreaks of kidney
stones and acute kidney injuries in pets and humans as a result of melamine ingestion [44]. Although there is
relatively less research on environmental emissions of NFRs, it is not absent. Zhu and Kannan [45] investigated
melamine and its derivatives in indoor dust across 12 countries, finding detectable levels in all dust samples.
Among these, melamine was the dominant substance, followed by cyanuric acid. The global median concentrations
were as follows: melamine 1800 ng/g, cyanuric acid 1100 ng/g, ammeline 48 ng/g, and ammelide 45 ng/g.

In conclusion, many factors influence the concentration of FRs in indoor environments, making it difficult to
define the exact emission levels of various FRs. However, we can confirm that even under normal indoor
temperature and usage conditions, FRs are released in trace amounts.

2.3. Reaction Temperature and Products

Different types of FRs have varied applications, which may be related to their properties and the temperatures
at which they are used. Generally, BFRs are suitable for temperatures ranging from 105 <C to 300 <C [46,47]; CFRs
are effective at temperatures below 285 <C [48], PFRs are appropriate for temperatures between 275 <C and
450 <C [49,50], and NFRs are used within a range of 250 <C to 450 <C, with the majority concentrated around
300 <€ [23,51,52].

When FRs are heated, other by-products are formed in addition to the target products of the flame-retardant
mechanism. Some of these byproducts can be particularly undesirable. Balabanovich et al. [53] mentioned that
before HBr is released from BFRs, aliphatic compounds and ketones are first formed, followed by the release of
phenols and bromophenols, and eventually, HBr is emitted. Furthermore, heating BFRs does not completely
convert them into HBr; in addition to the possible conversion of highly BFRs into lower-brominated ones,
brominated phenols, benzene compounds, and by-products such as PBDD/F can also be generated [54,55]. Some
studies suggest that BFRs can act as precursors for PBDD/F. Due to their structural characteristics, certain BFRs
(such as PBDEsS) can directly convert into PBDD/F through simple condensation or other elimination steps. In
contrast, most BFRs require more complex mechanisms to form these compounds [27]. The by-products generated
during thermal degradation are equally toxic to living organisms, which is one of the reasons why some researchers
have proposed replacing BFRs with PFRs. Different types of BFRs can result in varying proportions of by-products.
Liang et al. [56] pointed out that highly brominated PBDES favor the cleavage of ether bonds to form polybrominated
benzenes, whereas less brominated PBDEs are more likely to transform into PBDD/Fs. Wang et al. [57] studied the
formation mechanisms of PBDD/Fs across 65 PBDE congeners. The authors noted that the presence of polymers
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lowers the optimal formation temperature of PBDFs from 600 <C to 350-400 <C. This phenomenon may be
attributed to: (i) the decomposition of polymers providing unsaturated brominated hydrocarbons, eliminating the
need for de novo synthesis of PBDD/Fs; and (ii) the free radicals generated during polymer chain scission, which
facilitate the initial degradation of PBDEs. Both CFRs and BFRs belong to the halogenated FRs, sharing similar
characteristics. The combustion of CFRs produces small toxic gas molecules (e.g., HCI and phosgene), chlorinated
aromatic compounds (e.g., trichlorobenzene and chlorobenzene), and highly toxic substances such as PCDD/Fs [58].

The combustion of the other two types of FRs poses significantly less harm. PFRs generate phosphoric acid
derivatives that may cause respiratory irritation but are generally not highly toxic upon heating. Purser [59] review
mentioned that any phosphorus source combined with trimethylol-based polyols can produce bicyclic phosphates
with strong neurotoxic effects in combustion by-products. However, the associated risks are relatively low since
trimethylol-based polyols are not widely used. Among PFRs, halogen-containing variants are more hazardous, as
they can generate chlorine-containing by-products like those derived from CFRs.

Upon heating, NFRs primarily produce nitrogen gas, ammonia, and certain stable condensed-phase products
during combustion. However, they may also generate NOx and HCN, which are rarely discussed in the literature.
HCN is highly toxic, inhibiting the cellular respiratory chain, ultimately leading to organismal death. That said,
the amount of HCN produced can be significantly reduced. In their review, Singh and Jain [60] highlighted that
adding ammonium polyphosphate (APP) to polyurethane foams can significantly reduce HCN emissions.

3. Thermal Treatment Technology

Under high-temperature conditions, the thermal degradation of BFRs generally progresses through several
stages. Initially, the molecular structure of BFRSs begins to break down, forming small molecules and free radicals.
As degradation continues, a debromination reaction occurs, where bromine atoms are removed from the structure,
resulting in debrominated intermediates such as aromatic hydrocarbons or other organic compounds. During this
process, highly toxic dioxin-like compounds may form, and a small amount of partially degraded residues may
remain. Figure 3 illustrates the thermal degradation pathways of pure TBBPA [60]. Seven primary dissociation
pathways are identified: (1) cleavage of the C-CH3 bond, (2) monomolecular transfer of the phenolic hydrogen
leading to bromine (Br) removal, (3) direct cleavage of the C-Br bond, (4) rupture of isopropylidene linkages
accompanied by hydrogen migration, (5) cleavage of phenolic O-H bonds, (6) breaking of aromatic ring bonds,
and (7) loss of hydrogen atoms from methyl groups. Among these, the cleavage of the C-CH3 bond requires the
least energy and is thus the predominant pathway.

CFRs and BFRs belong to the halogenated flame retardant category, and their decomposition processes are
broadly similar. During the thermal degradation of highly chlorinated paraffins (CP70) (Figure 4), a variety of
substances are generated under different thermal conditions, including significant amounts of SCCPs, MCCPs,
unsaturated analogs, and toxic chlorinated aromatic compounds [61]. SCCPs readily undergo further breakdown
through dehydrochlorination, followed by cyclization or aromatization. Between 200 <C and 400 <C, this process
predominantly breaks down PCBs. At higher temperatures (above 500 <C), asymmetric chain cleavage becomes
the dominant reaction, generating more small molecules or free radicals, accelerating the addition reactions, and
forming larger chlorinated aromatic compounds.

Currently, there is limited research summarizing the thermal degradation pathways of PFR and NFR, likely
because their associated hazards are less significant compared to halogenated FRs. Nevertheless, at high
temperatures, PFR and NFR undergo several critical thermal degradation steps. Initially, chemical bonds break,
leading to the formation of small molecules and free radicals. Phosphorus compounds like phosphates may
decompose into phosphoric acid, nitrogen oxides, and other organic by-products. During dephosphorylation or
denitrogenation, phosphorus or nitrogen atoms may be removed from the molecular structure, producing
degradation products that are more susceptible to further breakdown.

Thermal treatment technology is currently the most common method for waste disposal, offering a direct, rapid,
and practical approach to significantly reduce the mass (by approximately 70-80%) and volume (by about 80-90%)
of solid waste [62]. General thermal treatment processes include incineration, pyrolysis, gasification, and
hydrothermal processes. However, a significant drawback of these thermal treatment techniques is that FRs may not
be destroyed after heating. Some FRs can persist in the gas phase, particulate phase, or liquid phase, and under high-
temperature conditions, they may transform into other harmful by-products, particularly derivatives of PCDD/F.

Table 2 provides a comparative overview of four major thermal treatment technologies, focusing on key
parameters such as operational conditions, expected products, and post-treatment requirements. These factors are
critical for evaluating flame retardants’ behavior and ultimate fate under various waste-to-energy scenarios.

7 of 18



Green Energy Fuel Res. 2025, 2(2), 109-126 https://doi.org/10.53941/gefr.2025.100009

HyC_o_CHy
Br OH 190.2 P Be
O B Br OH HyC CH, QOH
294.7 &i Be
s Br 2 HiC_CH,
e 371.2 "

oH CHy
Br Br Br br
OH
O 76.2 TBBA Br Br
HaC—1—H O
O HyC CHy
Br Bt 414.1 363.4 O
&

C,~C,

CBz

Figure 4. Thermal degradation of highly chlorinated paraffin (CP70).
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Table 2. Heat treatment technology.

Post-Treatment

Treatments Operating Conditions Feed Conditions Products Requi
equirements

T 2=800-1200

Solid particles . Flue gas control
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Incineration P2=0.1 MPa . Calorific value abovee Ashes g;zhg;z?lllzatlon and
*  RTP=seconds 8-10 MJ/kg P

. T2=300-900 T . High-carbon . Flue gas
Pvrolvsis . Nearly no O2 feedstock . Biochar . Oil purification
yroly . P2=0.1-5 MPa . Solid particles . Bio-oil* . Biochar utilization
. RT = seconds . Moisture < 20% wt Ashes
. T 2=700-1400 T . High-carbon
° - 101 1 1 *
Oz-deficient (limited Oz, feedstock Syngas Product purification
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Solid particles Tar recycling
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_ . Solid particles Biochar/bio-oil
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Note: 2 T: operation temperature; ® P: operation pressure; ¢ RT: resident time; * Major product.

3.1. Incineration

Incineration is the most common thermal treatment method and a well-established commercial process,
making it one of the primary waste management techniques today. It operates at high temperatures of
approximately 800 to 1200 <T to ensure the complete combustion and decomposition of the most harmful
substances. However, the inevitable generation of substances such as polycyclic aromatic hydrocarbons (PAHS),
polychlorinated biphenyls (PCBs), and polychlorinated dioxins (PCDDs) presents significant challenges,
particularly in the control of pollutant gas emissions and the management of ash residues. Many studies indicate
that the destruction rate of FRs during incineration can typically exceed 99%. Any undestroyed FRs are usually
detected in the residual ash after combustion, while their presence in the flue gas is relatively minimal.

For instance, Sakai, Watanabe, Honda, Takatsuki, Aoki, Futamatsu, Shiozaki [63] conducted a study on the
combustion of BFRs, using actual waste materials (such as the casings of discarded televisions and waste printed
circuit boards) and custom samples (polyethylene resin containing PBDEs and ABS resin containing TBBP-A).
After processing, they analyzed the concentration of PBDEs, finding residual concentrations in the ash ranging
from 2.9 to 180 pg/g, which is 1 to 3 orders of magnitude lower than the concentrations in the original samples.
PBDEs were detected in the flue gas only in one instance, with other measurements falling below detection limits.
While PBDEs were almost nonexistent in the flue gas, by-products such as PBDD/DF, PCDD/DF, and PXDD/DF
were detected.

The high destruction rates of FRs during incineration are also evident in the research conducted by
Matsukami et al. [64]. They tested refuse-derived fuel (RDF) containing four different PFRs in a pilot-scale
incinerator. They found detectable PFRs in the flue gas and ash, with overall destruction efficiencies exceeding
99.999%. The authors noted that PFRs were primarily destroyed during the initial combustion stage, indicating
that the conditions in the primary combustion chamber are critical for the degradation and emission control of
PFRs. Kwon et al. [65] conducted incineration of waste containing CFRs and found that CFRs were not detected in
the flue gas at both 1100 <C and 850 <C. They also investigated dioxin formation under these two conditions, revealing
that at a reaction temperature of 1100 <C, emissions were generally below the current limit value (5 ng I-TEQ/Sm?®).
Consequently, the authors recommended adoption of strategies that minimize the risk of unintentionally generating
dioxins and other persistent organic pollutants, operating temperatures should be maintained above 1100 <.
Research on the incineration of NFRs remains relatively limited, likely due to their lower environmental risk and
certain application constraints. Current studies focus on developing novel NFRs to enhance their flame-retardant
efficiency, applicability, and thermal stability, enabling broader use.

An essential aspect of thermal treatment technology is controlling by-product formation. Various methods
are available to manage concentration, such as adding specific substances during the thermal process. For instance,
adding chlorine, nitrogen, CaO, or coal can influence the formation of polychlorinated dibenzodioxins/furans
(PCDD/Fs) [66]. However, the potential for these additives to trigger other adverse effects and their applicability
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in practical operations requires further investigation. Additionally, research by Sakai et al. [63] has shown that
mixtures of metals and higher cooling temperatures (300 <C) may promote the formation of PBDD/DF.

Waste composition is highly complex, and completely removing metal compounds necessitates screening
and pretreatment, often posing practical challenges and significantly increasing treatment costs. Therefore, control
measures must be implemented from other perspectives. For example, Yang et al. [67] successfully reduced the
emissions of brominated persistent organic pollutants by over 97%, including PBDD/F and PBB emissions, and
achieved a 61% reduction in PBDE emissions through controlling the startup of waste-to-energy incinerators.

While incineration technology can effectively destroy most FRs, some residues may still pose environmental
threats due to the characteristics of the FRs. Additionally, the by-products generated during incineration require
careful attention to prevent further environmental contamination. Kwon et al. [65] incinerated waste containing
CFRs and did not detect CFRs in the exhaust gases at 1100 <C and 850 <C. They also investigated dioxin formation
under these two conditions, and the results showed that at a reaction temperature of 1100 <C, the dioxin levels
were generally below the current emission limit (5 ng I-TEQ/Sm?). Therefore, the authors recommended that to
reduce the potential for unintentional formation of persistent organic pollutants such as dioxins, the operating
temperature should be above 1100 <C.

3.2. Pyrolysis

Unlike incineration, pyrolysis is conducted under anaerobic conditions, typically at 200 to 700 <C. It requires
lower energy and converts biomass/biosolids into valuable products during heating. Compared to incineration, it
does not emit large amounts of greenhouse gases, reducing gas generation by approximately 5% to 10% [68]. The
generation of PCDD/F can also be reduced through pyrolysis. A study by Chen, Sun, Li, Lin, Xiang, Yan [69]
indicated that the PCDD/F yield from the pyrolysis of waste tires was significantly lower than that in combustion
flue gas, nearly reducing it by 100%. Due to these characteristics, pyrolysis has attracted considerable attention in
recent years.

The products of pyrolysis can be categorized into three types: flue gas, biochar, and bio-oil. Among these
products, oil constitutes the majority (50 wt%-70 wt%), followed by biochar (13 wt%-25 wt%), while gas
production is the least (12 wt%-15 wt%) [69]. Therefore, pyrolysis easily leads to the accumulation of pollutants
in the oil phase [70,71]. Ye et al. [72] pyrolyzed waste-printed circuit boards (WPCBSs) containing BFRs at 500 <C
and measured the organic bromine content in the oil phase at 151.13 mg/g. However, by adding certain substances
to reduce the bromine content, varying proportions of composite additives (FesO4 and Si-Al zeolite) effectively
lowered the bromine levels in the pyrolysis oil (10.45 to 20.24 mg/g). However, by adding different proportions
of composite additives (FesO4 and Si-Al zeolite), the bromine content in pyrolysis oil was effectively reduced to
between 10.45 and 20.24 mg/g [73]. Conducted pyrolysis studies on cotton fibers with and without phosphorus-
nitrogen FRs. The results showed that at a pyrolysis temperature of 600 <C, the pyrolysis rate of cotton fibers
without FRs reached 97.23%, while that of fibers containing FRs was only 76.53%. This indicates that the presence
of FRs inhibited the pyrolysis reaction. Additionally, it was found that the yields of compounds such as ketones,
aldehydes, esters, and ethers in the pyrolysis products significantly decreased, with mainly cyclic compounds like
furan and glucan being produced. In a study on the pyrolysis of polyurethane (PU), Eschenbacher et al. [74]
investigated the effects of TCPP (tris(1-chloro-2-propyl) phosphate) on the pyrolysis process. The results showed
that when the pyrolysis temperature exceeded 700 <C, TCPP was no longer present in the products, indicating that
it completely decomposed at high temperatures. Additionally, the study found that the formation of chlorine-
containing products peaked at around 600 <C. Chen et al. [75] examined the distribution of nitrogen-containing
products during PU pyrolysis and discovered that hydrogen cyanide (HCN) and ammonia (NH3) were predominant
in the gas phase, while the liquid phase contained amines, nitrogen heterocycles, and nitriles. Nitrogen oxides were
nearly undetectable in the solid phase. Adding metal oxides or catalysts like CaO during pyrolysis promoted the
formation of nitrogen gas (N2) while suppressing the generation of NH3 and HCN, contributing to a more
environmentally friendly pyrolysis process. Recent advancements in flame retardant treatment through pyrolysis
have also emerged. Cho et al. [76] demonstrated a method to increase the value of melamine using pyrolysis.
Under CO; and Ni-catalysis conditions, melamine was completely converted into gaseous pyrolysis products, with
an increased concentration of carbon monoxide (CO). This experiment provides an efficient approach to
transforming melamine waste into valuable energy resources, such as syngas. Kumagai et al. [77] investigated the
effects of calcium hydroxide (Ca(OH)2) on the thermal decomposition of both phenol and epoxy resin paper-
laminated printed circuit boards (PCBs) containing TBBPA. Their pyrolysis experiments revealed a maximum
removal of 94% HBr, 98% brominated phenols, and 98% phosphorus from the gaseous and liquid products.
Additionally, the inhibition of Br-induced metal volatilization improved the recovery rate in the solid fraction.
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Charitopoulou et al. [78] evaluated the pyrolysis performance of waste electrical and electronic equipment
containing TBBPA using five different catalysts: Al.Os, Fe/Al,O3, MgO, Fe/MgO, and zeolite. The study found
that all the catalysts promoted the formation of phenolic compounds, valuable products for the chemical industry.
Among the catalysts, Fe/Al,O3; was identified as the most effective, achieving a bromine reduction rate of over
75%. However, using catalysts introduces additional costs and poses the risk of secondary pollution, making
catalytic methods less optimal for practical applications. Chen et al. [79] explored the co-pyrolysis of two types of
waste, red mud and waste printed circuit boards, successfully fixing 89.55 wt% of the bromine in the solid residue
and increasing the yield of light tar by 44.29%. Beyond the use of co-pyrolysis and catalysts, adjusting pyrolysis
conditions may further enhance pollutant degradation, such as employing staged pyrolysis. Staged pyrolysis shows
significant potential in regulating the formation of nitrogen-containing gaseous pollutants from agricultural
biomass waste. Zhan et al. [80] demonstrated that, compared to single-stage pyrolysis at the appropriate
temperature, two-stage pyrolysis reduced total nitrogen-containing pollutant yields by 57% to 60% for three
different samples. Currently, research on the effects of staged pyrolysis on flame-retardant materials is still limited,
but this approach may facilitate more efficient degradation of FRs, improving environmental performance.

3.3. Gasification

Gasification is similar to pyrolysis. It occurs at high temperatures (700-1000 <C) in a partial oxygen
environment, converting materials into various gaseous components such as Hp, CO, CO,, CH4, and C2He, which
can be used as fuel. In addition, by-products like biochar and tar are also produced [81].

Research on the gasification of flame-retardant-containing materials is noticeably less prevalent compared to
studies on pyrolysis and incineration. Sodium phytate, a potential material for PFRs, was investigated by Lidman
Olsson et al. [82]. Their study examined the release behavior of sodium phytate during thermal treatment. It was
found that at 1000 <C under an inert atmosphere, approximately 30% of phosphorus was released in the gaseous
phase. This finding provides valuable insights into the characteristics of phosphorus release during the gasification
process. In 2003, Yamawaki et al. [83] employed high-temperature (over 1200 <C) treatment combined with rapid
cooling to suppress PBDDs/PBDFs emissions to very low levels. Although the authors did not explore the
degradation of FRs, studies on incineration and pyrolysis indicate that thermal treatment technologies generally
achieve high removal rates for FRs, though the generation of by-products is often unavoidable. Yamawaki et al.’s
methodology significantly reduced the formation of PBDDs/PBDFs potentially generated by FRs, highlighting the
potential of gasification in minimizing harmful by-products. In 2024, Lo et al. [84] suppressed hydrochloric acid
and dioxin emissions through the co-gasification of calcium-containing waste and automobile shredder residue.
Most studies on gasification focus on gas yield, tar formation [85-87], and the emission of certain pollutants, such
as HCI and polychlorinated dibenzodioxins/furans (PCDD/F) [88]. Few investigations have delved deeply into the
relationship between FRs and gasification. One reason for this gap may be that gasification requires higher
temperatures than pyrolysis, which results in a lower risk of pollutant release and by-product formation from FRs.
Additionally, gasification technology is considered an effective method for reducing pollutants, as it primarily
aims to convert waste into syngas. This focus on waste-to-energy conversion has contributed to the relative scarcity
of research on FRs in gasification processes.

3.4. Hydrothermal Treatment

Hydrothermal technology operates at medium to low temperatures (180-375 <C) and under high-pressure
conditions, converting biomass into valuable products. The primary products can be solid fuels or bio-oil,
depending on the operating conditions. Compared to traditional thermal treatment methods, Hydrothermal
carbonization technology has the significant advantage of processing high-moisture feedstocks without requiring
dewatering, which substantially reduces pretreatment costs [89].

Uddin et al. [90] used hydrothermal treatment to remove decabromodiphenyl ether (DBDE) from plastics.
Their study found that at 280 <C, the process achieved high plastic recovery rates and optimal debromination, with
most bromine extracted into the water phase as HBr.

Although PBDD/DFs formation can occur during hydrothermal treatment, the associated risks are relatively
low. The process can be improved by adding certain catalysts, alkaline agents, or extending the treatment time [91].
Previous studies have shown that an alkaline environment facilitates debromination reactions, a phenomenon also
observed by Yin et al. [92]. At temperatures above 300 <C, with a residence time over 30 min and the presence of
alkaline additives, more than 80% of brominated epoxy resin can be broken, primarily into phenol. Zhan et al. [93]
further enhanced hydrothermal debromination by introducing an alkaline sulfide system, achieving extraction
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efficiencies of 85.60% for Sb and 90.13% for Br from flame-retardant plastics. Moreover, the plastic structure
remained largely intact under optimal hydrothermal conditions, allowing for potential reuse.

However, the transformation of ClI during the hydrothermal process remains less understood. While co-
hydrothermal technology has successfully removed CI from the solid-phase products, challenges persist in managing
Clin the liquid phase to advance the practical application of this technique [94]. Xiu et al. [95] proposed an efficient
dechlorination method for short-chain chlorinated paraffins using subcritical water with NaOH. This method achieved
100% dechlorination at low temperatures within a short reaction time (250 <C, 5 min), producing high-value
hydrocarbons. However, the study did not use plastic waste as feedstock, indicating potential challenges in real-world
applications. Thus, further exploration is required to optimize dechlorination processes for waste materials.

Currently, research on the hydrothermal treatment of PFR and NFR remains limited, likely because the
degradation products of these substances pose lower environmental risks and are relatively easier to manage.
Although studies specifically on PFR and NFR are scarce, considerable research has examined the transformation
of phosphorus and nitrogen in waste materials. Phosphorus typically first converts to water-soluble phosphate ions
(e.g., orthophosphate), which then precipitate by reacting with metal ions present in sludge or waste under high-
temperature, high-pressure hydrothermal conditions [96-98]. Nitrogen compounds convert into inorganic nitrogen
ions (e.g., NHs*, CN~, NO2~ and NOs), with some nitrogen retained in the solid phase [99,100].

4. Non-thermal Treatment Technologies

Aside from thermal treatment, flame retardant degradation can also be achieved through chemical methods,
photodegradation, microbial degradation, and electrochemical methods, each with its own advantages and
drawbacks.

(1) Chemical Degradation

This method efficiently breaks down FRs and allows for some flexibility in controlling the by-products. Common
approaches include Fenton reactions, persulfate oxidation, hydrogen peroxide, and ferrate treatments [101-104]. The
effectiveness of these chemical agents can vary depending on the specific FRs being treated. For example,
Ma et al. [105] tested six organic solvents to degrade phosphonate-based epoxy resins and found that methanol in
an alkaline environment provided the best results. However, challenges such as high reagent costs, risks of
secondary pollution, and limited selectivity hinder large-scale application.

(2) Photocatalysis

This promising technique uses visible or ultraviolet light to activate catalysts, generating free radicals that
decompose pollutants. Despite its potential, photocatalysis faces challenges, such as high material costs and
complex modification methods. Additionally, if photocatalysts are not promptly recovered, there may be issues
with leaching new contaminants [106]. While this technique is commonly applied for pollutant removal in aqueous
and gaseous phases, advancements in nanotechnology have enabled applications in soil, sediments, and waste
treatment [107]. Preliminary photocatalytic studies on NBFRs and phosphorus FRs have laid a foundation [108-110].
However, factors such as identifying degradation by-products and changes in solution toxicity remain unresolved.

(3) Biodegradation

This method uses microorganisms or enzymes to break down organic FRs, making it particularly suitable for
phosphorus- and nitrogen-based retardants. Hou et al. [111] reported aerobic biodegradation of three halogen-free
phosphorus FRs, achieving removal rates between 29.3% and 89.9% after 25 days, with Klebsiella identified as a
key degrader. Although environmentally friendly and effective, biodegradation is time-consuming, sensitive to
environmental conditions, and may produce more toxic intermediates [112], complicating large-scale
implementation. Understanding the biochemical pathways, involved microorganisms, and potential by-products is
crucial [113].

(4) Electrochemical Methods

These can be divided into electrochemical reduction and oxidation pathways [114]. Due to the high
electronegativity of halogenated compounds, reduction processes are generally more suitable [115]. Electrochemical
techniques demonstrate high efficiency in removing organic pollutants Oturan et al. [116] and have also been applied
to phosphorus FRs. For instance, Tang et al. [117] used electrochemical oxidation to degrade TDCPP, achieving
effective degradation with low-toxicity intermediates. Despite their potential, electrochemical methods require further
improvements, especially in electrode materials and efficiency, and they still face challenges related to high
application costs and energy consumption.

Dong et al. [118] reviewed emerging catalytic methods for degrading BFRs, noting that most studies are
conducted under controlled laboratory conditions with the addition of co-solvents such as methanol, acetone, or
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acetonitrile, leading to high degradation efficiencies. Compared to traditional thermal treatment, non-thermal
methods are often more environmentally friendly and energy efficient. However, limitations include narrow
applicability, slow reaction rates, stringent conditions, and incomplete degradation. Further optimization and
validation are needed for the practical implementation of non-thermal techniques.

5. Comprehensive Discussion

In practice, thermal treatment techniques are indeed effective for rapidly degrading FRs. Although the
purpose of adding FRs seems at odds with thermal degradation, in reality, FRs have minimal impact on the
decomposition temperature and mainly influence the composition of gases and the quality of residues during
decomposition [119]. Boro and Tiwari [120] suggest that FRs could be removed before thermal degradation.
However, given the wide variety of FRs and the complex composition of waste materials, removing them before
thermal treatment is challenging.

Thermal treatment effectively reduces waste volume and many pollutants but can also result in pollutants
redistributing into other media. Therefore, combining multiple techniques is recommended to minimize the
drawbacks of single methods. Among several thermal treatment methods, incineration is generally not the most
valuable approach [121]. In contrast, pyrolysis, gasification, and hydrothermal processes are more feasible
alternatives, producing fewer pollutants and valuable by-products. Under specific conditions, hydrothermal processing
can even desorb pollutants without compromising material properties, providing an additional recovery pathway.

For more complex waste compositions, several treatment approaches are recommended: (i) performing initial
thermal degradation, followed by non-thermal techniques for pollutant removal, or concentrating pollutants for
further treatment through adsorption; (ii) reducing pollutant emissions by reintroducing waste ash or sludge into
the combustion system [122]; (iii) conducting hydrothermal pre-treatment to remove pollutants, then using other
thermal processes to generate energy [123].

6. Conclusions

This review provides a comprehensive comparison of thermal and non-thermal technologies for the treatment
of flame retardants (FRs), focusing on incineration, pyrolysis, gasification, and hydrothermal treatment. While
thermal methods are effective in degrading FRs, they may produce toxic by-products. Non-thermal approaches
such as photocatalysis, biodegradation, and electrochemical treatment offer environmentally friendly alternatives
but face limitations in efficiency and scalability. This review identifies several key findings:

(i) Flame retardants exhibit markedly different thermal decomposition behaviors under various treatment
conditions, with diverse by-product profiles;

(i) Thermal technologies are generally effective in reducing FR residues but may result in incomplete
mineralization and secondary pollution.

(iii) Non-thermal approaches offer lower environmental burdens and serve as valuable supplements to thermal
methods, though their practical implementation remains limited by technological constraints.

Based on these insights, this review offers three main contributions:

(i) It presents the first integrative analysis comparing the behavior of multiple FR types—including both
halogenated and non-halogenated compounds—across thermal and non-thermal treatment routes;

(ii) Itevaluates the applicability and limitations of each method from a waste-to-energy perspective, and proposes
the feasibility of multi-technology integration based on waste characteristics;

(iii) 1t emphasizes the importance of understanding by-product toxicity and transformation mechanisms as key
factors in selecting and optimizing treatment strategies.

Future research should focus on bridging the gap between laboratory-scale studies and full-scale applications,
optimizing pollution control systems for emerging flame retardants, and evaluating the long-term environmental
impacts of transformation products to support safer and more sustainable waste management practices.
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Abstract: With global water scarcity worsening, improving water treatment efficiency and sustainability has become
a priority for governments worldwide. lon exchange membranes (IEMs) in capacitive deionization (CDI) are regarded
as a promising water treatment technology, capable of meeting the urgent demand for sustainable water resource
utilization. In this mini-review, we have provided an overview of the research progress made in [EM-assisted CDI
(MCDI), focusing on membrane materials, system configurations, patent analysis, and commercialization.
Bibliometric and citation analyses reveal a surge in research and patent activity related to MCDI over the past five
years, highlighting their growing global interest. The commercialization of MCDI is accelerating, driven by
government funding in Europe, the U.S., Japan, and South Korea, alongside industry innovations improving
efficiency and scalability. Patent analysis identifies dominant technical topics, patent strength, and the evolving patent
numbers and expiration patterns of MCDI. Although challenges remain regarding cost, membrane durability, and
scalability, MCDI is set to be a transformative technology in next-generation water purification and electrochemical
separation systems. This review examines the current state of MCDI across various countries, offering insights into
its role in advancing sustainable water resource management and enhancing water treatment technologies.

Keywords: ion exchange membranes; capacitive deionization; water treatment; commercialization; patent analysis

1. Ion Exchange Membranes

1.1. Overview and Bibliometric Analysis of [EMs

To comprehensively examine the research landscape of ion exchange membranes (IEMs), a bibliometric
analysis is conducted using VOSviewer. This tool facilitates the construction and visualization of bibliometric
networks, enabling researchers to systematically examine relationships among publication information and
keywords in a structured graphical format [1-3]. Figure la illustrates a keyword co-occurrence network, where
distinct research domains are represented as color-coded clusters. The red cluster primarily pertains to studies on
anion exchange membranes, particularly in the context of alkaline environments and fuel cell applications. The
green cluster focuses on ion transport mechanisms and membrane performance optimization. The blue cluster
highlights topics such as proton conductivity, polymer chemistry, and nanocomposite development. Meanwhile,
the yellow cluster encompasses research on electrodialysis, adsorption processes, and membrane-based water
purification technologies. These thematic clusters underscore the interdisciplinary nature of IEM research,
bridging fields such as energy storage, fuel conversion, water treatment, and environmental remediation. The dense
interconnections within and between clusters reflect the growing complexity and integration of IEMs-related
studies. Figure 1b illustrates the citation network analyzed using Litmaps, showcasing the interconnected
relationships within academic literature. Litmaps is a platform that simplifies literature management and
visualization, enabling researchers to track advancements in their fields while constructing citation networks that
illuminate the relationships among scholarly works. In 2021, Jiang et al. [4] published an article titled “A
comprehensive review on the synthesis and applications of ion exchange membranes,” which provides a
comprehensive overview of the synthesis of IEMs, their structural characteristics, and their diverse applications,
with a particular focus on advancing the adaptability of membrane materials. In this study, conventional methods
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such as solution casting and phase inversion, achieved membranes with high permselectivity, low electrical
resistance, and improved ion exchange capacity, indicating the effectiveness of structural tuning and functional
group modification in enhancing membrane performance, emphasized the importance of green synthesis
approaches to address environmental concerns, and echoed the growing demand for next-generation IEMs in
applications such as fuel cells, and redox flow batteries. This study serves as a pivotal reference point for research
on IEMs. The interconnected citation pathways extending outward from the network reveal derivative studies that
expand upon the original classifications, offering fresh insights into sustainable polymer development, hybrid
membrane structures, ion-specific separations, as well as emerging applications such as redox-coupled
electrodialysis and electrochemical energy recovery. Figure 1c¢ presents the research conducted by Alkhadra et al.
[5] in 2022 on the topic of Electrochemical methods for water purification, ion separations, and energy conversion,
which has emerged as one of the most highly cited papers in recent years. This comprehensive review summarizes
electrochemical strategies for water purification, ion separation, and energy conversion, emphasizing the primary
advantages of electrochemical systems, including compact device design, high chemical selectivity, and minimal
generation of secondary waste. Notably, this study advocates for the direct removal of contaminants from water
rather than extracting water from contaminants. Additionally, it highlights advanced techniques such as shock
electrodialysis and Faradaic deionization, establishing electrochemical membrane systems as essential tools for
sustainable water and energy technologies in the future. The node located in the bottom-right corner of Figure 1c
represents the latest research on IEMs published by Zhang et al. [6] in 2025. This study developed porous ion-
exchange membranes by optimizing the ratio of sulfonated polyethersulfone, membrane porosity, and the density
of active sites, thereby enhancing the selective transport of dye molecules. The results demonstrated outstanding
water-dye separation performance, achieving a removal efficiency of up to 97.1%. Figure 1d depicts a time-
resolved citation network, with the central green node representing a pivotal review [4]. The outward-extending
green links indicate direct citation relationships with several influential works published between 2017 and 2021,
focusing on topics such as enhancing membrane selectivity, diversifying applications, and integrating
electrochemical processes. The dense clustering of blue nodes illustrates the concentrated activity in derivative
studies, while the vertical arrangement of nodes reflects the chronological progression of scholarly contributions.
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Figure 1. A bibliometric and citation-based analysis of research on ion-exchange membranes (IEMs). (a) A
keyword co-occurrence map highlighting the primary thematic clusters. (b,¢) Citation networks outlining the

trajectory of core concepts related to IEMs. (d) Time-resolved citation clusters arranged chronologically.
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1.2. IEMs Materials and Fabrication

As the research focus and interdisciplinary applications of IEMs expand, the materials have undergone
significant evolution in chemistry and fabrication processes. Early-generation membranes are largely based on
perfluorosulfonic acid (PFSA) structures, such as Nafion, valued for their high proton conductivity and
electrochemical stability [7]. However, these materials are limited by their high cost and limited performance
under elevated temperatures or alkaline environments. Consequently, the development of alternative materials to
overcome these limitations has emerged as a critical challenge in advancing IEM technology. Recently, materials
such as sulfonated polyetheretherketone (SPEEK), sulfonated aromatic polymers, sulfonated polyphenylene oxide
biphenyl (sPPB), and proton-conductive multi-block copolymers have attracted significant attention due to their
outstanding mechanical properties, chemical resistance, and tunable ion transport characteristics [8—10]. Notably,
SPEEK membranes demonstrate remarkable proton conductivity and dimensional stability in PEMFCs,
particularly under high-temperature and low-humidity conditions [11]. By fine-tuning their degree of sulfonation
(DS), SPEEK serves as an effective, cost-efficient replacement for traditional, expensive PFSA membranes, while
retaining sufficient electrochemical performance and chemical stability [12]. According to comparative membrane
performance data (Table 1), PFSA membranes such as Nafion offer high proton conductivity (0.1-0.2 S/cm) and
excellent chemical stability in both acidic and alkaline media, but suffer from moderate mechanical strength and
thermal limits (<363 K), with extremely high production costs [4,11]. In contrast, SPEEK provides adjustable
conductivity (0.01-0.1 S/cm) and high thermal tolerance (up to 393 K), supported by a rigid backbone that
enhances mechanical strength [10]. Other sulfonated polymers can be tailored for specific ion selectivity (e.g.,
Li*/Mg*"), and exhibit high thermal stability (up to 423 K), although their long-term stability remains environment-
dependent [8,13].

In addition, recent advances in bioinspired membrane design have demonstrated how mimicking biological
ion channels, such as those found in cell membranes, can significantly enhance ion selectivity, water permeability,
and energy efficiency [14]. These membranes are typically engineered with nanopores or nanochannels that
replicate the structural and electrostatic characteristics of natural transport proteins, enabling precise control over
ion transport at the molecular level. For instance, a recent study developed a nanofluidic membrane that emulates
charge-selective transport, achieving both high monovalent/divalent ion separation performance and reduced
energy consumption [15]. This approach not only overcomes key limitations of conventional polymer membranes
but also aligns with the broader movement toward sustainable and high-efficiency separation technologies.
Bioinspired design thus offers a promising pathway for the development of next-generation IEMs that are more
selective, durable, and compatible with low-energy desalination and resource recovery systems [15].

Table 1. Comparison of properties for ion exchange applications [4,8,10,11,13].

Property Nafion (PFSA) SPEEK Other Sulfonated Polymers
Proton High (0.1-0.2 S/cm, high ~ Moderate (0.01-0.1 S/cm, = Moderate-high (0.05-0.15 S/cm,
Conductivity humidity) tunable by DS) structure-dependent)
. .. Low-moderate (monovalent Moderate-high (adjustable via High (tailorable for specific ions,
Ion Selectivity . .
ions) DS) e.g., Li"/Mg?")
Chemical Excellent (stable in strong Good (acid-stable, degrades in =~ Moderate-good (depends on
Stability acid/alkali) alkali) chemistry)
Mechanical Moderate (often requires . . High (aromatic backbone
Strength reinforcement) High (rigid backbone) enhances strength)
Thermal Moderate . High (up to 423 K, crosslinking-
Stability (< 363 K) High (up to 393 K) dependent)
Very high (perfluorinated Low-moderate (non- Moderate (scalable but process-
Cost . . o
synthesis) fluorinated) sensitive)
Lifetime Long (5-10 years, fuel cell-  Moderate (35 years, DS Moderate (37 years,
validated) optimization needed) environment-dependent)
Primary MCDI, electrodialysis, high-T Ion separation, Li recovery,
Applications PEM fuel cells, electrolyzes PEMEFCs acid/alkali treatment

1.3. lon Transport Mechanisms and Developing Strategies for IEMs

IEMs have been widely and maturely employed in seawater desalination, wastewater treatment, and food-
grade separations. However, limited research outcomes are available in lithium recovery, acid-base separation,
and selective electrodialysis. The primary challenge lies in the need to further enhance the ion selectivity,
mechanical stability, and chemical compatibility of IEMs in these applications [16—20]. Recent research findings
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indicate that the integration of nanoscale architectures, topological layer-by-layer assembly, and surface
functionalization plays a crucial role in enhancing IEMs’ selectivity and fouling resistance [21-23]. Multi-
topological and hierarchical membrane structures enhance the interface interactions between membranes and the
electrolyte environment by precisely regulating ion-specific transport pathways [24,25]. Moreover, as
manufacturing complexity and cost remain critical barriers to the commercial application of IEMs, achieving a
balance between functionality and economic feasibility continues to be a significant challenge for materials
scientists and engineers [26]. In addition to structural improvements, understanding the fundamental mechanisms
of ion transport is crucial for rational membrane design. lon movement within IEMs is primarily governed by the
Donnan exclusion principle, where fixed charged groups embedded in the polymer matrix repel co-ions and
facilitate counter-ion conduction [27]. The efficiency of this process is influenced by charge density, hydration
enthalpy, and polymer segment mobility. Interestingly, optimizing the spatial distribution and chemical nature of
fixed charge groups can significantly enhance counter-ion selectivity while suppressing undesired co-ion leakage
[28]. In addition, polymer microstructure such as free volume, crosslinking density, and backbone rigidity plays a
critical role in determining ion diffusion behavior and electrostatic interactions within the membrane phase [29].

Developing strategies to streamline synthesis processes, enhance reproducibility, and integrate membrane
technologies into broader energy-water frameworks may provide effective solutions. Notably, integrating IEMs
into CDI systems offers promising opportunities to improve ion removal efficiency, reduce energy consumption,
and expand the functional versatility of membrane-based water treatment systems [27]. Furthermore, the
application of artificial intelligence (Al) in membrane material discovery and structural optimization is emerging
as a transformative approach to accelerate the development of high-performance IEMs. Al-driven strategies
leverage machine learning algorithms to predict material properties, identify optimal polymer compositions, and
simulate membrane behaviors under various operating conditions. These tools enable researchers to drastically
reduce experimental workload by narrowing down candidate materials through data-informed models and high-
throughput screening techniques. The use of Al frameworks in membrane design workflows has enabled the
integration of molecular descriptors, physicochemical databases, and performance benchmarks to identify
promising membrane formulations with enhanced ion conductivity and mechanical stability [28]. The
incorporation of Al not only expedites the material discovery process but also facilitates the development of tailor-
made membranes for specific applications such as lithium recovery, nutrient separation, and electrochemical
desalination. As such, Al serves as a critical enabler for next-generation IEM design, supporting the convergence
of data science and materials engineering to meet emerging water treatment demands [28].

2. Membrane Capacitive Deionization

Capacitive deionization (CDI) is a technology that applies a low voltage of less than 1.2 V across porous
electrodes [29]. Owing to its low energy consumption, minimal chemical usage, and strong regeneration
capabilities, it has emerged as a promising electrochemical method for water treatment [30]. Co-ion repulsion,
limited ion selectivity, and low charge efficiency are notable drawbacks of conventional CDI systems. Particularly
in high-salinity or complex water matrices, these issues become more pronounced [31]. To address the limitations
of conventional CDI systems, the integration of IEMs has emerged as a promising strategy [32]. The membrane
capacitive deionization (MCDI) is a system in which cation exchange membranes (CEMs) and anion exchange
membranes (AEMs) are strategically placed near the electrodes. This configuration allows counter-ions to pass
through while effectively blocking co-ions [31,33]. This configuration significantly enhances charge efficiency,
reduces ion back-diffusion, and improves ion selectivity [34]. Recent research has focused on tailoring the
microstructure and surface properties of IEMs, including porosity, functional group density, and hydrophilicity, to
enhance ion transport kinetics and overall electrochemical performance [35]. This advancement has enabled MCDI
to more efficiently treat high-salinity water, recover lithium, and selectively remove contaminants [36—39].

Figure 2 provides an overview of research advancements in MCDI over the past decade. Notably, since 2017,
the number of published articles has increased substantially and has remained stable at approximately 50 to 55
publications per year. These records were retrieved from the Web of Science Core Collection using the keywords
“capacitive deionization” and “ion exchange membrane,” covering the period from 2010 to 2024. This growth is
largely attributed to the substantial potential for ion-selective transport in MCDI systems. By positioning CEM
and AEM layers between the feed solution and electrodes, MCDI achieves ion-selective mobility. This structural
arrangement facilitates the formation of a more stable electric double layer while minimizing parasitic energy
losses, thereby enhancing overall system performance. The lower section of Figure 2 illustrates the evolution of
the MCDI module architecture. Early designs were based on a traditional layered configuration, consisting of
current collectors, porous carbon electrodes, IEMs, and spacers, forming a foundational platform for ion removal
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through electrosorption. This architecture established a solid basis for subsequent technological advancements and
broader applications.

Recent advances in materials engineering have led to more sophisticated configurations that incorporate
quaternized polymer-blend AEMs and high-surface-area activated carbon electrodes, contributing to enhanced ion
selectivity, mechanical durability, and operational efficiency [40,41]. Concurrently, increasing attention has been
given to the optimization of I[EM microstructural properties such as porosity, water uptake, ion exchange capacity,
and surface charge density, which govern deionization kinetics and system capacitance [27,31]. Building on these
material and structural innovations, recent studies have further explored hybrid ion storage mechanisms, such as
ion capacitive potential and pseudocapacitive behavior, to improve ion-specific removal rates and reduce energy
consumption [30]. Novel membrane materials, including nanoporous ceramics, ionomer-based composites, and
surface-functionalized polymers, have demonstrated promising results in improving electrosorption performance
and operational stability [42,43]. Beyond technical improvements, the integration of IEMs has broadened the
application scope of CDI systems. MCDI has proven effective not only for brackish water and ultrapure water
production but also for lithium recovery, nutrient removal, and selective contaminant separation [31,38,39]. Its
modular architecture, low energy requirements, and compatibility with renewable energy sources make MCDI a
viable technology for decentralized and sustainable water treatment applications. In addition to material and
structural innovations, recent research has increasingly focused on the integration of Al to further optimize the
performance of MCDI systems. By leveraging machine learning algorithms, such as random forest and artificial
neural networks, researchers have developed predictive models capable of estimating effluent ion concentrations
with high accuracy [44]. These models enable real-time system adjustments, improving process control and overall
operational stability. Through these applications, Al enhances not only ion selectivity and energy efficiency but
also system adaptability in treating complex and dynamic water matrices. This data-driven approach represents a
promising direction for the intelligent design and automation of next-generation MCDI technologies.
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Figure 2. Research trends and system configurations of MCDI over the past decade.

3. Commercialization

Wastewater treatment methods include physical adsorption [45], electrochemistry [46] advanced oxidation
[47,48], and biological treatment [49]. The intensifying global demand for clean and reliable water resources has
driven growing attention toward MCDI as a next-generation desalination technology. According to the United
Nations, nearly half of the world’s population faces severe water scarcity during at least part of the year,
highlighting the urgency for scalable, energy-efficient water treatment solutions [50]. In response, national
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governments and international organizations have increased their support for advanced desalination research and
infrastructure, with MCDI emerging as a promising candidate. The convergence of public-sector funding,
regulatory initiatives, and private-sector innovation is accelerating the advancement and commercialization of
MCDI systems [51]. As a result, MCDI is increasingly viewed as a critical enabler in the global effort to secure
water sustainability, particularly in regions burdened by resource limitations and environmental stressors.

3.1. Europe

Europe has spearheaded approximately 60% of global MCDI pilot projects. Notably, the Netherlands-based
Wettsus research center and Voltea collaboratively developed a flow-electrode CDI (FCDI) system, achieving a
water recovery rate of up to 80%, which has been successfully applied in purifying agricultural irrigation water
[52]. Additionally, Germany’s Fraunhofer Institute, in partnership with FuMA-Tech (Bietigheim-Bissingen,
Germany), utilized polyelectrolyte multilayer membranes (PEMs) to modify IEMs, significantly enhancing the
selectivity of MCDI systems for monovalent and divalent ions, such as Na* and Ca?" [52,53]. This technology has
been employed in industrial cooling water recycling, effectively reducing chemical reagent usage by up to 80%
[54].

3.2. United States

Since 2010, the U.S. Department of Energy (DOE) and the National Science Foundation (NSF) have been
major supporters of research on CDI, with a particular focus on advancing low-cost carbon-based electrodes and
functionalized IEMs [13,52]. These efforts aim to improve the system performance, energy efficiency, and cost-
effectiveness of CDI in practical desalination applications. Evoqua Water Technologies has reportedly developed
an MCDI system successfully applied to groundwater desalination in California. This achieves a salt adsorption
capacity of approximately 18.5 mg/g, significantly higher than the typical value of 12 mg/g for conventional CDI
systems [52]. Meanwhile, U.S.-based research teams are investigating SPEEK membranes, which exhibit a high
ion exchange capacity (approximately 3.5 meq/g) and superior antifouling properties. These materials are being
evaluated for their potential applications in greenhouse irrigation [13]. Furthermore, SPEEK’s hydrophilicity and
structural stability make it a promising candidate for prolonged electrochemical cycling, especially when combined
with advanced porous electrodes [13]. MCDI has garnered significant attention in the United States for its high
energy efficiency and modular design, making it a viable option for low-salinity water treatment [13,55]. However,
the technology still faces several critical challenges, particularly in enhancing membrane durability and reducing
system integration costs. However, the technology still faces several critical challenges, particularly in enhancing
membrane durability and reducing system integration costs. In 2022, the Office of Naval Research and the U.S.
Marine Corps highlighted that MCDI systems exhibit significant performance decline when applied to high-
salinity waters. Such conditions are common in real-world applications and are not easily addressed through pilot-
scale optimization. This situation raises practical concerns regarding energy efficiency and system scalability [56].

3.3. Japan

Japan has maintained a leading position in the production of IEMs, with companies such as Asahi Glass and
ASTOM renowned for their Neosepta IEMs, celebrated for their exceptional chemical stability. These membranes
are widely used in MCDI systems due to their superior durability and performance [13,57]. Furthermore, the
Japanese government has set ambitious goals to integrate MCDI technology into 60% of industrial wastewater
recovery projects by 2030 and reduce IEM production costs by 40% from current levels. Despite Japan’s
excellence in membrane manufacturing technologies, challenges persist in scaling up electrode production to meet
industrial demands [55].

3.4. South Korea

In 2016, South Korea incorporated MCDI into its water technology innovation program, initially focusing on
wastewater treatment in the electronics industry. Researchers have explored the potential of graphene oxide (GO)-
based IEMs for MCDI applications. These membranes exhibit high water absorption capacity and ion exchange
properties, significantly enhancing desalination performance. However, challenges remain in optimizing
membrane thickness to balance mechanical stability and ion transport efficiency [58]. Leading South Korean
companies, including Samsung (Suwon-si, Republic of Korea) and LG Chem (Seoul, Republic of Korea), are
actively driving the commercialization of MCDI technology, aiming to process up to 8 million cubic meters of
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water annually by 2030 [59]. Despite these efforts, South Korea faces challenges in scaling up practical
applications and strengthening its competitiveness in international markets [60].

Driven by global policy support, industrial investment, and successful pilot-scale implementations, MCDI
technology is steadily transitioning from laboratory research to commercial applications. As illustrated in Figure
3, the evolution of MCDI has followed a multi-phase trajectory, beginning with advancements in ion exchange
membrane manufacturing and electrode material development. Subsequent efforts have focused on integrating
hybrid ion storage mechanisms, optimizing system performance, and reducing energy consumption. These
technological milestones have significantly improved system stability and efficiency, paving the way for
commercial deployment. However, to fully realize MCDI’s market potential, further research must address
challenges such as membrane fouling, ion selectivity, cost reduction, and system scalability. Recent techno-
economic analyses estimate that the levelized cost of water for full-scale MCDI systems ranges from 0.6 to 1.2
USD/m’, depending on feedwater salinity and energy input. Which consisted of 10 pairs of activated carbon
electrodes with a total effective surface area of 8000 cm?. This remains significantly higher than the 0.3-0.6
USD/m? typically reported for mature reverse osmosis systems operating under similar conditions. Additionally,
limited membrane lifetimes and modular integration constraints further elevate capital and maintenance costs,
highlighting scalability as a persistent barrier to commercial competitiveness [26]. With the intensifying global
water crisis, MCDI is increasingly recognized as a viable and sustainable solution for low-salinity desalination,
resource recovery, and decentralized water treatment applications.
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Figure 3. Technological evolution and commercialization pathway of MCDI.

4. Patent Analysis

This study primarily analyzes patents on the application of ion exchange membranes in capacitive
deionization systems. The patent analysis was conducted using Innography, a patent analytics tool provided by
Clarivate. Using the keywords ‘Ton Exchange Membranes’ and ‘Capacitive Deionization,” approximately 500
active patents under protection have been identified, covering the period from 2002 to 2024. Notably, 78% of these
patents were filed between 2015 and 2024, reflecting a significant increase in interest in applying ion exchange
MCDI. Figure 4b,c present the distribution of these patents among various countries and institutions. The United
States holds the largest share, comprising 32.70% of the total patents, followed by China (29.83%), South Korea
(26.49%), EPO (5.97%), and India (5.01%). In terms of institutional distributions, the top five institutions ranked
by the number of patents are Kraton Corporation (Houston, TX, USA) and Xylem Inc. (Washington, DC, USA)
in the United States, Fujifilm Holding Corp. (Tokyo, Japan), Clariant AG (Muttenz, Switzerland), and Korea
Institute of Energy Research (Daejeon, Republic of Korea). The number of patents held by these top five
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institutions accounts for about 43% of the total patents. This study conducted a detailed analysis of its active
patents utilizing patent hotspots. The results reveal that these patents can be categorized into five primary technical
areas including deionization, desalination, exchange membrane, ion exchange, and water treatment. These five
topics are deemed critical technological factors for the potential commercialization of MCDI systems in the future.

The United States utility patent US11261109B2, owned by Deutsches Wollforschungsinstitut (Aachen,
Germany), was filed on 15 January 2016, granted on 1 March 2022, and is set to expire on 10 January 2037. This
patent addresses critical limitations of conventional CDI, including low electrode regeneration efficiency and
challenges in achieving continuous operation. It introduces a groundbreaking flow electrode capacitive
deionization (FCDI) technique with a single-module continuous desalination system, thereby revolutionizing the
fields of seawater desalination and ion separation. The FCDI system employs flow electrodes composed of
activated carbon, graphene, and carbon nanotubes (CNTs), enabling dynamic ion adsorption and desorption. The
ion-exchange membranes (IEMs) utilized in this technology range from 0.01 to 1 mm in thickness, with options
for both anion-exchange membranes (AEMs) and cation-exchange membranes (CEMs). These components work
in concert to optimize ion transport and separation efficiency. Notably, the patent demonstrates remarkable
performance metrics: when treating a 1 g/L sodium chloride (NaCl) solution, the system achieves a desalination
rate of 70% and a maximum water recovery rate of 80%. These results underscore the FCDI system’s superior
efficiency compared to traditional CDI methods. US11261109B2 facilitates applications in multiple sectors,
including seawater desalination, industrial wastewater treatment for ion separation, recovery of valuable ions from
process streams, and removal of contaminants such as nitrate and ammonium from potable water sources. By
overcoming the limitations of conventional CDI, this patent paves the way for more sustainable and efficient water
treatment solutions.
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Figure 4. (a) Annual patent count from 2002 to 2024, (b) Global patent distribution and proportion, (¢) Institutional

distribution of patent ownership, (d) Distribution of patent topics.

Figure 5a presents the patent statistics in the United States, China, South Korea, and India from 2021 to 2024.
Statistical results indicate that before 2023, the number of patents in various countries showed steady growth.
Notably, in 2024, patent numbers across all countries experienced a significant decline, averaging a drop of more
than 70%. This sharp decrease in patent filings may be related to the global focus on carbon reduction. Figure 5b
presents the distribution of patent strength for MCDI between 2020 and 2024. Patent strength serves as a key
metric for assessing the value and influence of patents, offering a thorough evaluation of their role in technological
advancement, legal coverage, and market positioning. The assessment of patent strength typically incorporates
factors like citation frequency, the breadth of the patent family, the number of claims, remaining patent lifespan,
and the competitiveness of the relevant technical domain. Except for exchange membranes and water treatment,
the patent strength of other topics has declined since 2023, likely due to the increasing focus on water resource
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issues. Around 2022, desalination-related patents demonstrated particularly strong patent strength. Meanwhile, the
patent strength of ion exchange technologies has remained below 5 since 2021, possibly due to the maturation of
CDI technology.
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Figure 5. (a) Patent Statistics in the United States, China, South Korea, and India from 2021 to 2024, (b) Patent
strength distribution of patent topics in the past five years.

Figure 6 illustrates the distribution of patents published, prioritized, and expired from 2001 to 2044. Statistical
analysis indicates that the publication and priority year distributions of MCDI are quite similar. With respect to
patent expiration, statistical data reveals that expired patents begin to emerge starting in 2025. Furthermore,
projections indicate that approximately 51% of currently valid patents are expected to reach the end of their legal
protection period between 2036 and 2042. The expiration of a patent marks the conclusion of its legally sanctioned
exclusivity, whereby the patent holder’s rights to restrict usage and commercialization cease to be enforceable.
Typically, invention patents are granted a protection period of 20 years from the date of issuance, during which
the patent holder retains the sole authority to regulate access, licensing, and implementation of the patented
technology. Throughout this duration, third parties must obtain formal authorization to employ the innovation in
any capacity. Upon expiration, the patented technology transitions into the public domain, permitting unrestricted
utilization, modification, and further development by any entity, thereby fostering open innovation and
technological dissemination. In order to conduct a more comprehensive analysis of the distribution of expired
patents across various countries over the next four years, Figure 6b illustrates the distribution of expired patents
in the United States, China, South Korea, and India from 2025 to 2029. Given the substantial patent holdings of
the United States, it is expected that expiration will exhibit the highest volume of expired patents. In contrast, the
number of expiration-related patents in China and South Korea is projected to peak around 2028, reflecting trends
in technological development and intellectual property cycles within these jurisdictions.
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Figure 6. (a) Distribution of Patents Published, Prioritized, and Expired from 2001 to 2044, (b) Distribution of
Expired Patents in the United States, China, South Korea, and India from 2025 to 2029.
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5. Conclusions

The integration of IEMs has significantly improved the performance of CDI systems, particularly in
applications such as brackish water treatment, ultrapure water production, and resource recovery. By advancing
membrane materials, system architectures, and functional mechanisms, MCDI has emerged as a scalable and
energy-efficient water treatment technology. Bibliometric and patent analyses over the past five years demonstrate
a substantial global increase in research and patent activity related to MCDI. Notably, governmental funding from
regions such as Europe, the United States, Japan, and South Korea, alongside industry-driven innovations, has
accelerated the commercialization of this technology. Although challenges remain, including membrane fouling,
limited-service life, and high production costs, recent advances in polymer chemistry, nanostructured membrane
design, and hybrid charge storage have shown strong potential to address these issues. To further bridge the gap
between laboratory advances and practical deployment, future research should prioritize integrative strategies. The
application of Al can improve real-time system optimization, predictive maintenance, and adaptive control. At the
same time, incorporating circular economy principles such as component reuse, energy recovery, and life-cycle-
based system design can enhance both environmental and economic sustainability. Building upon these integrative
strategies, continued collaboration between public institutions and private industry will be essential to drive real-
world adoption of MCDI technologies. By fostering interdisciplinary research and strengthening international
partnerships, the development and deployment of MCDI can be accelerated, enabling its broader application in
decentralized water treatment and its long-term contribution to global water sustainability and environmental
innovation.
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Abstract: Modern downdraft gasifiers used commercially are predominantly tailored for efficiently converting
woody biomass, such as wood chips. However, substantial value also lies in the utilization of wood residues and
Municipal Solid Waste (MSW), which are often underexploited. For gasifiers to serve a wider range of applications
effectively, they must be capable of handling diverse waste inputs and adjusting their operation in real-time to suit
varying material characteristics. This study centers on the advancement of a tar-free gasification system capable of
processing MSW with high flexibility. The investigation outlines the systematic approach taken in designing,
developing, and assessing the performance of this innovative gasifier. The core focus of the technology is to convert
MSW into usable thermal energy through gasification. The prototype developed in this work features a square-shaped
stratified fixed-bed downdraft gasifier, engineered to process up to 10 kg of feedstock per hour. It accommodates
both pelletized and non-pelletized forms of MSW, offering versatility in input types. During experimental trials,

the highest volume of producer gas 38 m>/h. was recorded in the third trial phase, which utilized a balanced

mixture of wood and MSW in equal proportions. This setup also yielded the highest calorific value of gas,

calculated at 1250 kcal/Nm?. By integrating advanced thermal flare systems that efficiently combust the produced
gas, the developed gasifier significantly reduces thermal energy production costs. Furthermore, analyses of the mass
and energy distribution confirmed an efficient and consistent relationship between the fuel input and the energy output,
validating the system’s operational effectiveness.

Keywords: municipal solid waste; woody biomass; down draft gasification

1. Introduction

The rapid growth in the consumption of goods and materials has led to a significant rise in municipal solid waste
(MSW), posing a serious challenge to environmental protection and quality of life. MSW consists of a wide variety
of discarded items, including metals, paper products, textiles, plastics, wood, and organic kitchen waste [1,2].
Municipal solid waste (MSW) management in India focuses not only on minimizing waste generation but also on
ensuring effective treatment and maximizing recycling efforts. Oversight and regulation of waste management are
primarily handled by various government bodies, including the Ministry of Environment, Forest and Climate
Change (MoEFCC), the Ministry of Housing and Urban Affairs (formerly MoUD), the Central Pollution Control
Board (CPCB), the National Environmental Engineering Research Institute (NEERI), and the respective State
Pollution Control Boards (SPCBs). At the local level, the responsibility for on-ground implementation lies with
Urban Local Bodies (ULBs). However, numerous studies have highlighted that ULBs often struggle to effectively
enforce and manage MSW policies. Creating a robust and efficient MSW management framework requires
aligning objectives with stakeholders’ needs and expectations. The Government of India continues to support and
encourage ULBs in enforcing regulations and applying relevant policies at the grassroots level. As of now, the
revised Municipal Solid Waste (Management and Handling) Rules, 2015, are in the process of being finalized by
the MoEFCC. According to the 2014 report by the Planning Commission of India, urban areas are home to
approximately 377 million people, collectively generating around 62 million tonnes of MSW annually [3,4]. Urban
centers are expected to produce about 165 million tonnes (MT) of municipal solid waste (MSW) yearly by 2031,
rising by another 436 MT by 2050. By 2031 alone, this increasing garbage will need almost 23.5 x 107 m? of
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landfill space, equivalent to 1175 hectares of land every year. Assuming a landfill height of 20 m, the total land
required for disposal between 2031 and 2050 is projected to be 43,000 hectares if this trend continues. These
estimates are predicted on a 0.45 kg/day per capita garbage production. Gasification technology stands out among
the most effective and clean ways to solve the growing waste problem in an environmentally responsible way. A
thermochemical process called gasification turns solid waste into syngas at high temperatures, usually about 600 °C,
producing up to 1000 kWh of power from one tonne of MSW. The precise choice of operating temperature in a
thermochemical conversion process depends on several critical factors, including the type of reactor used, the
characteristics of the waste material, and the thermal behavior of the resulting ash. Different reactor configurations
such as fixed-bed, fluidized-bed, and entrained-flow systems have distinct heat transfer patterns, residence time
profiles, and flow dynamics, all of which affect the required temperature for efficient operation [5]. The nature of
the waste, including moisture content, ash content, and proportions of cellulose, hemicellulose, and lignin,
influences how the material responds to heat and the extent of volatile release during decomposition [6].
Feedstocks with high moisture require more energy input, which may reduce effective reaction temperatures, while
high lignin or ash content may alter decomposition behavior [7]. The ash softening and melting points hold
particular importance, as operation above these temperatures can cause slag formation, bed agglomeration, or
equipment fouling [8]. Maintaining the operating temperature below the ash deformation point remains essential
to ensure process stability and equipment longevity [9]. These factors together define a safe and optimal
temperature range that balances reaction efficiency, syngas quality, and operational reliability. Solid waste
gasification comprises several sequential phases combining endothermic and exothermic reactions [10,11].

Beginning at temperatures up to 160 °C, heating and drying combine physical and chemical processes. Drying
is a complex process characterized by moisture evaporation. Releasing a major amount of volatile chemicals from
carbonaceous fuel, pyrolysis is a vital and limiting stage. As schematically illustrated in Figure 1, the volatile
compounds released during pyrolysis significantly contribute to the composition of the product gas in the
subsequent gasification process. These volatiles create an environment rich in fuel gases that are readily ignitable
around solid waste. The chemical makeup and structural properties of the waste primarily influence the nature,
quantity, and characteristics of the chemical species generated during pyrolysis [12]. Additionally, factors such as
temperature, pressure, the surrounding atmosphere, the composition of the waste, and the heating rate imposed by
the specific reactor design play crucial roles in determining the outcomes of the pyrolysis process [13]. Because
devolatilization releases a large variety of chemical components, it is essential to keep in mind that many of these
components require hydrogen to form molecular bonds. Consequently, the process of devolatilization results in
the depletion of hydrogen from the carbonaceous matrix that was present in the waste in the initial stages.
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Figure 1. Schematic representation of Municipal Solid Waste to pyrolysis and gasification stages.

Numerous studies and performance evaluations have demonstrated that thermochemical conversion
technologies play a vital role in integrated municipal solid waste (MSW) management systems [14—17]. These
technologies form the backbone of many successful waste management operations implemented globally. Waste-
to-energy (WtE) systems based on gasification can function as standalone solutions or be incorporated into
integrated or modular frameworks that combine pyrolysis, gasification, and combustion processes [18]. These
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systems are often categorized into three principal components: producer gas generation, producer gas usage, and
gas purification. The producer gas generation section ascertains the kind and composition of syngas produced,
contingent upon the properties of the solid waste and the gasification process employed. The producer gas usage
section examines the appropriateness of syngas for various energy conversion devices—such as steam turbines,
gas engines, or gas turbines—affected by characteristics including syngas temperature, heating value, and purity.
This transitions to the third section, gas cleaning, which guarantees the elimination of contaminants such tar, dust,
alkali metals, and other inorganic impurities to satisfy the operating standards of energy conversion apparatus.
Over the past two decades, a wide range of gasification technologies have been developed [19-21]. Operating at
lower equivalence ratios often results in incomplete char conversion and higher tar formation.

Although higher equivalence ratio (ER) values promote the oxidation of a portion of the syngas, which
reduces its calorific value, they may also result in partial combustion within the downstream combustion
chamber [22-25]. The most important differences among gasification technologies are determined by several
fundamental factors, including the method of heat supply, whether it is direct or indirect; the operating pressure,
where above-atmospheric pressure allows for increased throughput, higher hydrogen production, and smaller gas
clean-up systems; and the operating temperature range, which influences the characteristics of bottom ash, often
producing molten or vitreous slag that is easier to handle and dispose of. Even though high-pressure systems have
performance advantages, they need much greater investment and operational expenses, which can make them
unfeasible for waste-to-energy (WtE) applications. The feed mechanism, which is normally positioned at the top
and moved by gravity, air flow, or mechanical methods, and the selection of the oxidant (air, oxygen, or oxygen-
enriched air) are two more distinctions. Steam is primarily utilized for the gasification of coal or biomass. Through
the utilization of the thermal gasifier designs, most of the technologies that are currently available for commercial
use are designed to generate both heat and electricity from syngas. A small number of them, mainly in Japan, are
equipped with a ‘power gasifier’ configuration or are specifically designed for the manufacturing of chemicals,
most notably ammonia [26,27]. This study evaluates the feasibility of gasification as an environmentally
sustainable method for managing municipal solid waste (MSW) by co-gasifying MSW with woody biomass in
varying proportions, with a fixed air flow rate used as the primary performance measure. The energy efficiency of
gasification shows clear differences between municipal solid waste (MSW) and woody biomass due to the
composition and properties of the feedstocks. MSW contains a mixture of organic and inorganic materials, which
causes variability in gas composition, higher moisture levels, and contaminants that reduce gasification efficiency.
In contrast, woody biomass offers more uniform composition, with consistent cellulose, hemicellulose, and lignin
content, resulting in cleaner syngas with higher hydrogen and carbon monoxide levels and energy efficiencies
between 65 and 75%. MSW gasifiers, although effective at reducing waste volume and managing environmental
concerns, often provide lower energy efficiencies, around 50 to 65%, due to feedstock variability and issues such
as increased tar formation. Co-gasification of MSW with woody biomass provides a promising method to improve
gas quality and energy recovery by balancing the feedstock properties. The biomass component stabilizes
gasification reactions, reduces tar content, and increases the calorific value of syngas. This study uniquely
evaluates co-gasification performance with varying proportions of MSW and woody biomass under a fixed air
flow rate, focusing on how different ratios affect tar reduction, hydrogen and carbon monoxide yields, and thermal
stability in a single reactor design. The co-gasification process achieves an energy efficiency near 85%, which
surpasses that of individual feedstock gasification and demonstrates enhanced conversion performance.

The novelty of this work lies in the systematic analysis of co-gasification under controlled operational
parameters that balance feedstock heterogeneity, revealing optimal conditions for maximum energy recovery and
gas quality. By addressing parameters such as temperature control and ash behavior, this study provides essential
insights to optimize gasification for heterogeneous feedstocks. The results show that co-gasification improves
energy efficiency and syngas quality, offering a sustainable and scalable solution for urban waste management.
This research significantly contributes to the advancement of integrated waste-to-energy technologies, supporting
environmental protection and circular economic goals.

Notably, this study proposes a technically and economically feasible MSW gasifier model optimized for
urban implementation, particularly suited for large metropolitan areas such as Delhi and Chennai, each spanning
over 750 km?. These cities generate substantial MSW volumes, and deploying gasification units could significantly
improve waste management and generate clean energy on a large scale. The design leverages the co-gasification
of MSW with readily available woody biomass, such as construction timber and horticultural debris, which are
abundant in regions of Tamil Nadu, especially in the northern and southern districts. These materials are collected
through local waste collection networks serving construction and landscaping activities.

In industrial zones such as the northern and western districts of Hyderabad, factories and institutional kitchens
generate substantial quantities of food waste, which can serve as an additional feedstock for localized gasification
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plants. The produced syngas can be utilized for thermal or electrical energy generation to power on-site operations,
while the char/ash residue can be repurposed in nearby cement plants, thereby closing the loop in a circular
economy model. This integrated approach demonstrates the viability of gasification as a practical, scalable, and
environmentally sustainable solution for urban MSW management in India.

2. Materials and Methods

2.1. Pre-Treatment and Sorting Processes for Municipal Solid Waste (MSW)

The collection of municipal solid waste (MSW) took place across several districts in the Indian state of Tamil
Nadu. A variety of inorganic materials, including paper, cardboard, plastics, textiles, rubber, leather, and wood,
are commonly found in landfill waste. To determine the typical composition of the initial waste samples, these
materials were sorted into four distinct categories. Type A includes paper and cardboard, which are often
recyclable. Type B consists of plastics, a challenging material to manage due to its variety and resistance to
biodegradation. Type C is made up of textile and rubber waste, both of which require specialized recycling
processes. Finally, Type D contains wood waste and other inorganic elements, such as metals, which can be
recycled or repurposed for different uses. This classification helps provide a clearer understanding of the waste
composition and informs better waste management strategies. Since plastics typically surpassed the maximum
permissible size of 4 cm for gasification and frequently created clogs in both the feeding system and the gasifier,
they were completely removed from the feedstock. The remaining categories were each sampled at a weight of
75-80 kg and then sun-dried for a period of twenty-four hours before being gasified. The moisture level and dry
mass of the material were determined by calculating the weight difference between the initial and final weights
resulting from a fourteen-day drying interval.

2.2. Proximate and Ultimate Analysis

The feedstock used in this study was a combination of tamarind wood chips and municipal solid waste
(MSW), both sourced and processed to meet the requirements for gasification experiments. The tamarind wood
chips were specifically obtained from Tamil Nadu, India, a region known for its diverse agricultural practices, and
they were selected for their suitability as a biomass source. The chips were measured to have an average size of
approximately 10 cm in length and 6 cm in diameter, indicating a typical woody biomass structure that would be
compatible with the gasification process. In addition to the wood chips, the feedstock included MSW, which was
characterized by a more variable composition and particle size. The MSW was pre-processed to achieve a particle
size range between 0.6 cm and 4 cm, ensuring that the material would be appropriately sized for the gasifier’s
operation. The particle size of MSW is important because it affects the material’s residence time in the reactor, its
exposure to heat and air, and consequently its overall conversion efficiency during the thermochemical processes
of drying, pyrolysis, and gasification. By using both tamarind wood chips and MSW, the study aimed to explore
the potential for co-gasification, where biomass and waste materials are converted into valuable energy products
such as syngas. The combination of wood and MSW in different proportions offers a unique opportunity to
evaluate the effects of different feedstock compositions on the performance of the gasification process, particularly
in terms of gas composition, tar production, and overall system efficiency. Given the high initial moisture content
of the MSW, which ranged from 60% to 70%, the material underwent pre-drying to reduce its moisture content to
the maximum allowable limit of 35%. This moisture reduction was necessary to ensure stable operation in the
transient-state gasifier, as described in Section 2.3. To determine the proximate composition of the feedstock,
including moisture, volatile matter, fixed carbon, and ash content, a thermogravimetric analysis (TGA) was
conducted using a thermal analyzer. The results of the proximate and ultimate analysis for the MSW feedstock are
provided in Table 1.

Table 1. Proximate and ultimate analysis of MSW.

Proximate Analysis Ultimate Analysis
Moisture 5.33% Moisture 5.33%
Volatile Matter 86.75% Carbon 57.45%
Ash 3.10% Hydrogen 7.70%
Fixed Carbon 4.82% Oxygen 24.96%
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2.3. Downdraft Gasifier Design

The downdraft gasifier used in this study has a rectangular configuration and operates with a mixture of
municipal solid waste (MSW) and woody biomass. This arrangement is recognized for generating less tar while
effectively enabling ash removal. As the feedstock moves downward through the gasifier, moisture is eliminated
in the drying zone prior to entering the pyrolysis zone, where it undergoes thermochemical decomposition into
char, tars, and gases. Certain unconverted substances experience combustion. In the next oxidation zone, tars
undergo thermal cracking at high temperatures and oxidation, yielding comparatively clean product gas. This
gasifier necessitates feedstock preconditioning to lower moisture content to acceptable levels. The system is
designed to handle materials with high bulk density, meaning it can efficiently process dense, compact materials.
It operates in a stratified downdraft mode, where the materials are subjected to a downward flow of gases. This
mode allows heavier particles to settle at the bottom, while lighter particles are carried upwards, facilitating more
efficient processing. Operating just above atmospheric pressure improves the system’s efficiency by enhancing
the conversion process. This configuration makes it particularly suitable for applications like thermal flare burners,
which are used to burn off excess gases in various industrial operations. The system’s design ensures stable and
effective operation, even with materials that have a high density. Figure 2 depicts the design and operation of the
system. The gasification zone is sustained at temperatures of 1200 °C or above to guarantee effective tar reduction.
This gasifier design is appropriate for fuels with elevated bulk densities, such as wood and municipal solid waste
(MSW), which in this investigation exhibited bulk densities of around 1000 kg/m?3 and 800 kg/m?, respectively.
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Figure 2. Schematic diagram of MSW stratified down draft gasifier.

The gasifier runs at sub-atmospheric pressure, specifically below 30 cm of the water column. The spinning
grate mechanism and the centrally located air nozzle duct are two key design elements that help it run efficiently.
The strategic design of these components maximizes the efficiency of the gasification process. The rotary grate is
designed to reduce char ash formation, thus immediately enhancing overall gasification efficiency. The entire
system is also well insulated, minimizing heat loss and enhancing performance, thus maximizing thermal
efficiency. Particularly for the purpose of converting solid waste, the architecture is tuned to be able to tolerate
reactions that take place within the gasification zone at extremely high temperatures. A comprehensive set of
technical calculations serves as the foundation for this design technique. Figure 3 depicts a pilot-scale model of
Yes the gasifier, which demonstrates the features of the producer gas flame at two different periods of operation:
the first hour of operation and the eighth hour of operation.
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Preliminary phase at the first hour Final phase at the eighth hour

Figure 3. Producer gas flame from MSW gasification utilized at various operational stages.

2.4. Synergistic Gasification of Woody Biomass and Municipal Solid Waste

The feedstock was categorized into five distinct groups based on the weight proportions of wood waste and
municipal solid waste (MSW) to examine their impact on the gasification process. These categories included 100%
wood waste, a 75% wood waste and 25% MSW mixture, a 50:50 mix of wood waste and MSW, a 25% wood
waste and 75% MSW mixture, and 100% MSW. The feedstock for each group was introduced into the gasifier at
a consistent input rate of 9 kg/h, ensuring uniformity across all experimental runs. This method allowed for the
systematic evaluation of how different ratios of wood waste and MSW affected key parameters such as gas quality,
tar formation, and gas flow rate, providing insights into the potential for optimizing feedstock composition in the
gasification process. To initiate the process, the reactor initially operated in suction mode to preheat the charcoal
bed, facilitating ignition. Once stable combustion was achieved, the system switched to pressure mode for
sustained operation. Within the reactor, the feedstock underwent sequential thermochemical transformations,
drying, pyrolysis, gasification, and reduction each occurring in dedicated zones. The average residence time for
each type of feedstock in the reactor was approximately one hour. Eight Type K thermocouples spread around the
reactor bed captured temperature data. An orifice meter combined with a differential manometer was used to track
air and gas flow rates. Averaged over five experimental runs, the data were shown in Table 2. This operational
approach is especially appropriate for poorer nations, where labor costs are low and batch processes are financially
feasible. Trial 3 demonstrated superior performance among the examined combinations, exhibiting elevated
internal gasifier temperatures relative to the other trials, as elaborated in the subsequent sections.

Table 2. Operation parameters of the MSW down draft gasifier system.

Total Average Values

SI. No. Particulars Total Gasifier Zone Temperature °C Air Flow Gas Flow
Operating  Combustion Reduction Pyrolysis  Drying Rate Rate
Hours T4 T3 T2 T1 m*/h m*/h
1 Run 1
100% Wood 8:18 871.95 744.53 641.8 514.26 15 35
2 Run 2
75% Wood + 25% MSW 8:32 847.05 723.64 563.4 463.28 15 33
3 Run 3
50% Wood + 50%MSW 8:16 883.57 757.1 659.14 558.88 15 38
4 Run 4
25% Wood + 75%MSW 8:29 724.79 657.10 486.26 439.28 15 30
5 Run5
100% MSW 8:19 717.11 601.79 397.6 331.94 15 25

3. Mass and Energy Balance of MSW and Wood Waste

The mass balance of the entire system was determined by utilizing a constant air flow rate of 15 cubic meters
per hour throughout the evaluation process. During the course of the experiment that lasted for 8.16 h, a total of
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30 kg of municipal solid trash and wood waste were processed. Taking into consideration the amount of ash that
is present in the municipal solid trash, this is equivalent to an average conversion rate of around 3.5 kg per hour.
The flow rate of producer gas was measured to be 38 kg per hour on average. Several different causes are
responsible for the disparity that exists between the anticipated and measured flow rates of producer gas. When it
comes to the precision of the measurements made by the gas flow devices, there is a possibility of variations. Table
3 provides the input characterization of Municipal Solid Waste (MSW) and the corresponding producer gas
composition.

Table 3. Input Characterization of Municipal Solid Waste (MSW) and Output Composition of Producer Gas.

Input Output
MSW Analysis % Wet Basis Producer Gas Analysis in %
C=38.65 CO=14
H=624 H,=15
0 =40.53 CHs=2.5
N=1.25 H,0=17.5
S=0.23 CO=12
Cl1=0.60 N,=48.7
Ash =12.50 0,=03
H,O =24091
Feed input:
mc, Sfuel = m fuel “We (1)
. . 2
mllydrogen = m.fue/ ’ (WH + ﬁ ’ Wmoisturej (2)
mOxyge’n = m fuel ’ (WO + E ' Wmoisturej (3)
; 18
Input air:
I"l — 2)’112 : Qair (4)
H ,air 224
};[ _ 2yNZ -Qair (5)
Near 224
. (2)’02 ""yHZ ).Qair (6)
n, =—=—————
Oar 22.4
Output producer gas:
. _(yc0+ycoz +J’CH4)'ans 7
o = 224 @
; 3 (zsz + 2szo "'4)’0114 )'ans
e 224 ®)
. (y co+2Y co, T V0 ) ’ ans
nO,ga: = 224 (9)
o 2yN, . Qvas
nN,gax = 2-2—42’ (1 O)
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Pin = mﬁte/ : HHVﬁAel (MJ hril ) (1 1)

4. Results and Discussion

4.1. Gasifier Performance

The instantaneous performance data, which includes the gas yield and heating value, are presented in Table
4 for each of the respective runs of the gasifier while it is in operation. The highest gas production was observed
during Trial 3, which utilized a feedstock blend of 50 percent wood and 50 percent municipal solid waste. This
trial achieved a peak gas flow rate of 38 m>/h, with the corresponding maximum energy content of the producer
gas reaching 1250 kcal/Nm?. Throughout all five trials, the air flow rate was consistently maintained at 15 m*/h.
However, in Trials 1 and 3, the process moves toward flame pyrolysis and peak gasification as more charcoal is
gasified. This indicates that the process is progressing. Because higher pyrolysis temperatures result in larger
pyrolysis reaction rates, they make it possible to increase the consumption of both wood and municipal solid waste.
The capacity of this gasifier design to produce less tar is one of its most notable characteristics. This is
accomplished by delivering a more consistent mixture of fuel and air through three rows of nozzles that are
arranged in contrast to one another. It has been found that to achieve optimal performance, it is necessary to
distribute wood, municipal solid waste, and air in a manner that is uniform both spatially and temporally.

Table 4. Performance results of the downdraft gasifier under various feedstock blends.

Key Values MSW Downdraft Gasifier
Run 1 Run 2 Run 3 Run 4 Run §
. 75% Wood + 50% Wood + 25% Wood +
Composition of MSW  100% Wood 25% MSW 50% MSW 75% MSW 100% MSW
Moisture content of (%) 5.33 20 5.33 25 25
Flow rate of air (m3/h) 15 15 15 15 15
Equivalence ratio 0.3 0.5 0.4 0.3 0.35
Flow rate of gas (m%/h) 35 33 38 30 25
Particulate (g) 0.5 0.3 0.2 0.5 0.4
Tar (%) 0.3 1.2 1.3 1 2
CO (%) 12 14 15 14 11
H: (%) 14 11 16 14.8 12
CH4 (%) 3.5 3.2 3 3.4 6
CO; (%) 12 15 11.2 11.5 13
H,O 9.5 7.4 6.1 6.8 7
N2 (%) 48.8 49 48.5 48.7 50
) 0.2 0.4 0.2 0.8 1

4.2. Tar Concentration

Figure 4 shows the variation in tar concentrations and bed temperatures during different runs in the gasifier.
Tar concentrations ranged from 0.3% to 2%, indicating fluctuations in the efficiency of the gasification process.
Lower tar concentrations suggest more complete gasification, while higher concentrations indicate incomplete
breakdown of volatile compounds. The temperature in the combustion zone reached 883 °C, which is ideal for the
partial combustion of feedstock and providing heat for gasification, while the drying zone had a lower temperature
of 331 °C, necessary for removing moisture from the feedstock before it enters the higher-temperature zones.
These temperature variations are critical for optimizing the drying, pyrolysis, and gasification processes,
influencing both tar formation and overall system efficiency. Temperature oscillations were noted in all areas of
the bed during the studies, apart from the reactor’s bottom. The principal factor contributing to this fluctuation is
the intermittent activation of the feeding system. As the gasification process progressed and the municipal solid
waste (MSW) level in the gasifier decreased, the addition of wood debris and MSW at the upper part of the bed
led to a downward displacement of the bed. This displacement caused a significant shift throughout the bed,
altering the temperature distribution. Figure 4 demonstrates that during Run 3, which involved 30 kg of wood
waste combined with 30 kg of MSW, the system maintained optimal tar levels throughout the eight-hour
continuous operation of a single fixed-bed batch. This performance in Run 3 was more favorable compared to the
other experimental runs, highlighting the efficient balance between wood and MSW that contributed to better tar
reduction and overall gasification efficiency.
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—

Tar Concentration (%)

o
o
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Different runs of the gasifier
Figure 4. Tar yield profile under different operational runs.

4.3. Mass and Energy Balance

The energy input for the gasification process is calculated by multiplying the fuel consumption rate by the
heat of combustion on an as-received basis. Given that the heat of combustion on a dry basis is 14.8 MJ/kg, and
considering the moisture content of 24.91%, the heat of combustion on an as-received basis is 14.25 MJ/kg. With

a fuel consumption rate of 30 kg/h, the energy input is calculated as 30 kg/h x 14.25 MJ/kg, resulting in an energy
input of 427.5 MJ/h.

P, =30-14.5=435 MJ hr”' (12)

The chemical energy in the producer gas is calculated by considering the molar flow rates of the combustible
components in the gas and multiplying them by their respective higher heating values (HHV, in MJ/Nm?). HHV
represents the energy content of a unit volume of gas, and by determining the flow rates of key combustibles such
as hydrogen, carbon monoxide, methane, and other volatile compounds, the total chemical energy can be derived.
This calculation helps in evaluating the energy output of the producer gas and assessing the efficiency of the
gasification process.

out ,chemical = an : HHV: = ZQZgu;‘. : Zyl . HHVI (MJ hr_l) (1 3)
Py st = % -(0.14-283.0+0.15-285.8+0.025-890.4) = 350 MJ hr”" (14)

Then the equation for the sensible heat becomes:
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vgas

f;u.y.sen.\'ihle = p Tga.mut
224

T, ) (MT ™) (15)

Additionally, it is necessary to consider the heat that is lost to the environment in addition to the sensible heat
that is transported by the producing gas. However, the exterior surface of the gasifier is not insulated, which results
in an estimated loss of heat of roughly 10 MJ/h due to convection and radiation. The gasifier is coated with high-
alumina refractory cement on the inside. With the information that has been provided, it is now possible to compute
the total amount of energy that is being expelled from the system.

Pout = Pous, chem + Pous, s + Pr =350+ 77 + 10 = 435 MJ hr ™! (16)
Comparing Equations (12) and (16)
Piy = 437MJ hr™! Pow =435 MJ hr!

The validity of the energy input-output assessment for the gasifier system is confirmed by the observed results,
which show a significant agreement between the projected and actual heat and mass balance. This assessment
indicated that the amount of fuel input closely aligned with the amount of oil produced, demonstrating that the
system operates efficiently in terms of both energy and mass conversion. The examination of the mass and energy
balance highlighted this close match, validating the accuracy of the energy input calculations and the system’s
overall performance in converting feedstock into useful products.

It is important to consider that gas samples were collected several hours into the run, which means that the
composition of the residual fuel in the reactor may have changed over time. As the gasification process progresses,
the fuel undergoes thermochemical transformations, and the distribution of volatile compounds, char, and gas may
shift. This change in fuel composition could influence the gas composition and the overall performance of the
system, potentially affecting the accuracy of the gas samples taken later in the process. Therefore, the timing of
sample collection is crucial in ensuring the reliability of the data and the interpretation of the system’s behavior.
Although it is anticipated that drying took place at an early stage, it is also possible that the composition of the dry
feedstock was altered because of extended heating. The mass and energy balance were carried out at a rate of 45
cubic meters per hour, which was optimal for air movement. It is noteworthy that the gasification process was able
to attain an estimated efficiency of 98% under these conditions, which demonstrates the efficacy of the system in
turning municipal solid waste into syngas.

4.4. Comparison with Experimental Results

The performance outcomes of the fabricated gasifier were compared with empirical data from prior
investigations concerning woody biomass and municipal solid waste [28,29]. The findings predominantly align
with the existing literature, as illustrated in Table 5. This unequivocally illustrates that the downdraft MSW gasifier
created in this study is both technically robust and appropriate for practical use.

Table 5. Experimental data compared with other results.

Experimental Data
Saravanakumar et al. [29] Shweta T and Somnath N [28] Present Work

Operating Parameters

Feedstock Wood MSW MSW + Wood
Running hours 5 4 8
Feed rate kg h™! 10 6 9.38
Air flow rate m*h! 29 35 15
Gas flow rate m*h™! 25 12.45 38
Total fuel consumed kg 65 24 90.50

4.5. Technology Implementation

The proposed MSW gasifier model could be well-suited for implementation in metropolitan areas such as
Delhi and Chennai, which cover large urban regions of approximately 750 km? each. These cities, with their
significant population and substantial amounts of municipal solid waste (MSW), could greatly benefit from the
efficient waste-to-energy solutions offered by the gasifier model. By converting MSW into energy, the system
could help address waste management challenges while simultaneously generating clean energy, making it a viable
option for large-scale urban waste management and energy production in these densely populated cities.
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Construction timber and horticultural debris are readily accessible via wood waste collectors, especially prevalent
in the northern and southern districts of Tamil Nadu. These collectors generally provide garbage disposal services
for building and landscaping sites. The industrial areas in the northern and western regions of Hyderabad contain
numerous factories and canteens, generating a steady supply of food waste. Establishing gasification facilities in
these places would enhance localized waste management and energy recovery. The produced gas can function as
a thermal or electrical energy source for the facility, while the char ash byproduct may be employed in adjacent
cement facilities, so supporting a circular economy model.

5. Conclusions

This study examines the co-gasification of municipal solid waste (MSW) and woody biomass in varying
ratios to evaluate tar content, syngas composition, and the volumetric flow rate of the generated gas. Because of
the lightweight and heterogeneous character of the waste, the fixed-bed stratified downdraft gasifier was able to
work effectively up to a maximum of forty percent municipal solid waste content. After that point, bridging in the
hopper occurred. An increase in the proportion of municipal solid waste (MSW) in the feedstock improved the
quality of the producer gas, particularly by raising the concentrations of CO and H,O. The highest gas flow rate
of 38 Nm?/h. was achieved with a 50:50 (w/w) mixture of wood waste and municipal solid waste, indicating
optimal performance under these conditions. These results suggest that gasification serves as a promising,
environmentally friendly technology for the value of municipal solid waste, offering a sustainable approach to
energy recovery through the production of cleaner producer gas. This study presented a modified stratified
downdraft gasifier design as a means of overcoming the various problems that are typically connected with
traditional downdraft fixed-bed gasifiers, particularly those that involve high tar content. The unique configuration,
which consisted of three rows of air nozzles that were opposite one another, made it possible to mix the feedstock
and air in a regular manner, which led to a significant reduction in the development of tar. A demonstration of the
reactor’s thermal stability and operational reliability was carried out over the course of eight hours of continuous
operation. The usefulness of this design for decentralized waste-to-energy applications is highlighted by the
enhanced gas quality as well as the overall efficiency. As an additional point of interest, the mass and energy
balance calculations demonstrated a high gasification efficiency when municipal solid waste was utilized, hence
verifying the system’s potential for practical implementation in urban and industrial settings.
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Nomenclatures

P, Power intake (MJ/h)

O gas Gas throughput rate (m?/h)

m_fuel Rate of fuel consumption (kg/h)

HHV Heat content of fuel (MJ/kg)

Poutchem Energy output from chemical reactions (MJ/h)
n; Molar transfer rate i (kmol/h)

Vi Relative amount of component i (m> m™)

Cp,i Specific heat of the substance i (kJ/kmol-K)

c Stefan Boltzmann constant (W/m?-K*)

€ Radiative heat emission factor

A External surface area of the gasifier (m?)

T, gas out Temperature of the gas leaving the system (K)
T nbient Temperature of the surroundings (K)

B sensivie Sensible thermal energy (MJ h™")
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K Reaction equilibrium factor

Teq Thermal balance temperature (K)

Ai ... Ei Heat capacity function coefficients for the species i

Pcoz CO2 component pressure (Pa)

Pu> H> component pressure Hz (Pa)

Pco CO component pressure CO (Pa)
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Abstract: Torrefaction-pyrolysis is the thermal treatment of biomass in an inert atmosphere between 105 °C and
800 °C to break carbon bonds and produce biofuels. The purpose of this study is to examine how woody biomass
with different particle sizes (250 pm and 500 pm), wood types (Poplar and Fir), and catalyst types (K, Na, and Mg)
responds to catalytic thermochemical conversion in a CO, environment. Torrefaction-pyrolysis of woody biomass
shows the Boudouard equilibrium responds after 780 °C for K and Na-catalysts, except in samples impregnated with
Mg-catalyst. When K-catalyst material is present, the C-O-C signal regarding the glycosidic linkages from cellulose
and hemicelluloses in Fir is observed to decrease the most. This is related to the fact that Fir (22.43 wt.%) has nearly
twice as many hemicelluloses as Poplar (12.18 wt.%), making it less thermally stable and more vulnerable to the
prolonged drying required following catalyst impregnation.

Keywords: torrefaction; pyrolysis; catalytic reaction; CO, carrier gas; Boudouard equilibrium

1. Introduction

Carbon dioxide emissions reached 149% of pre-industrial levels while methane and nitrous oxide emissions
reached 262% and 124%, respectively, in 2021 [1]. Thus, distinctive solutions are necessary to reduce GHG
excessive production by changing the focus away from reliance on non-renewable fossil fuels and toward
renewable, clean, and sustainable energy. Converting biomass to biofuel is a low-cost, competitive alternative to
fossil fuels due to its carbon neutrality and availability [2—4]. Biomass, such as wood waste from the timber
industry, is a prospective candidate for biomass-based renewable energy, with 95.1 million tons of dead biomass
generated in the state of California alone between the years 2012 to 2017 [5]. Currently, the primary means of
disposal is through mass burning, releasing carbon dioxide, particulate matter, and other pollutants into the
atmosphere [6,7]. Utilizing woody biomass as a sustainable fuel source provides a practical way to get rid of these
dead standing trees and use them as feedstock for making biofuel [8,9] in addition to woody furniture, building
structures, and bio-composite [10—12].

Biomass is also a carbon-neutral fuel source since the amount of carbon emitted is equivalent to the amount
captured during growth [13,14]. The energy from the conversion of sunlight and carbon dioxide during
photosynthesis is stored in the carbon-carbon bonds found within the three main biopolymers of biomass [15].
Figure 1 is the illustration of the chemical structure of three biopolymers in wood. Cellulose is composed of a linear
polymer chain of glucose monomers held tightly together by hydrogen bonding [9]. Lignin is composed of three main
phenolic units organized randomly, resulting in variable structures serving to hold the material together [13].
Hemicelluloses are composed of short polysaccharide chains. Xylan is an example of a hemicellulose [16,17]. A
thorough understanding of the chemical processes involved in breaking these bonds can lead to the efficient
extraction of the energy in biomass. However, woody biomasses have high moisture content and heterogeneity in
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addition to low bulk energy density, and low uniformity across different species, limiting their efficiency of
conversion to biofuels when undergoing torrefaction-pyrolysis [17,18].

HO
HO
OH
o OH MN\O 0 OH
—0 /
— 0]
OH ho 0 OH 0 HO
OH
HO
(@] O—
HO 0

Figure 1. Three main biopolymers of woody biomass: cellulose, an example of hemicelluloses, and an example
of lignin.

Torrefaction heats biomass between 200 °C and 350 °C, improving its energy potential and reducing
greenhouse gases by 85% compared to coal [2,19,20]. Pyrolysis, above 350 °C, produces liquid and gas products
through extensive degradation [13,14,21]. Catalysts like potassium (K), sodium (Na), and magnesium (Mg)
enhance both processes [22,23]. Potassium carbonate, for example, reduces torrefaction time by 67%, increases
heating value, and improves gas yields [24,25]. NaCl boosts pyrolysis yield and heating value [26], while MgCl,
lowers pyrolysis temperature and increases yield in cabbage-based biochar [27]. MgO, however, shows low
activity for sugar cane pyrolysis [28]. Additionally, the inert carrier gas in torrefaction-pyrolysis, such as CO»
atmosphere, differs from N2 due to CO,’s vibrational modes and electrophilic structure, allowing it to absorb more
radiation and be more reactive [29]. This reactivity supports the Boudouard equilibrium, where solid carbon reacts
with CO, to form CO above 700 °C. Studies have shown increased CO, H,, and CH4 production at these
temperatures, influenced by heating rate [30—-32]. Guizani et al. [33] found that adding 20—40% CO, to N during
pyrolysis of hardwood beech species increased mass loss by 10—13%, enhanced gas yields, and produced more
carbon-rich char by altering hydrogen and oxygen interactions.

Limited studies have explored torrefaction-pyrolysis in pure CO,, especially with woody biomass. Most
research on catalysis in CO; has focused on expensive heavy metals (Pd, Pt, Ni), leaving earth metal catalysis in
CO; of interest. To address the challenge, thus, this study aims to examine the effects of CO» on the torrefaction-
pyrolysis of hard (Poplar) and soft (Fir) woods with different particle sizes (250 pm and 500 um) and three
catalysts (KCl, NaCl, MgCl,) using various analytical methods. The novel approach combines torrefaction and
pyrolysis in one protocol to provide a comprehensive understanding of how CO- influences both processes.

2. Materials and Methods

2.1. Materials

The wood samples were obtained from a local timber in the Grand Est area (France). The selected wood
species for this study were Fir wood (A4bies pectinata), and Poplar wood (Populus nigra) as they are all common
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waste woods in the Vosges region in France. The woods were ground using a knife-mill SM 100 (Retsch, Germany)
equipped with trapezoidal meshes of 0.5 mm. The wood powder was sieved using meshes to obtain particle sizes
0f 250 pm and 500 pm. All wood samples were dried at 103 °C overnight prior to catalyst impregnation. Potassium
chloride (KC1—99.5%) and sodium Chloride (NaCl—99.9%) were delivered by VWR. Meanwhile, crystalline
anhydrous magnesium chloride (MgCl,—99.0%) was obtained from Alfa Aesar.

2.2. Methods

2.2.1. Catalyst Impregnation

According to a procedure commonly adopted in the literature, earth metals were inserted into the biomass
through chemical impregnation using KCl, NaCl, and MgCl, [34]. The catalytic impregnation solutions were
prepared by dissolving KCI, MgCl,, and NaCl with deionized water in three different concentrations 0.025 + 0.005,
0.05+0.004, and 0.1 M. Research has indicated that 0.025 M of catalyst could efficiently catalyze the transformation
of furfurals produced from biomass into useful compounds such as cyclopentanone [35,36], 0.05 M improved
accessibility to the acid site and mass diffusion [37], meanwhile, the concentration higher than 0.1 M might revealed
negative consequences caused by char pore clogging [38]. Dry Fir and Poplar samples of 250 um and 500 um were
impregnated with three types of catalyst. The samples were impregnated by mixing 3.0 g of oven-dried wood samples
with 250 mL of salt solution. The mixture was stirred for 1 h at ambient conditions before undergoing vacuum
filtration. Each sample was then placed in an oven at 103 °C until the weight was stable.

2.2.2. TGA Experiments

The behavior of impregnated and raw wood during torrefaction-pyrolysis was analyzed by thermogravimetric
analysis using a simultaneous thermal analyzer (TGA/DSC-STA 449 F3 Jupiter, Netzsch, Selb, Germany) with a
CO; flow of 50 mL/min. Oven-dried powder samples of approximately 10.0 mg were loaded in a ceramic crucible
and heated from room temperature to 105 °C under a CO; atmosphere. That temperature was maintained for 10 min
to remove residual moisture. Each sample was then heated to 350 °C at a heating rate of 20 °C-min!. The
temperature was maintained at 350 °C for 30 min to observe torrefaction conditions. After that, the temperature
was increased to 800 °C at a heating rate of 20 °C-min ! and maintained at 800 °C for 30 min in a pyrolysis step.
Finally, the atmosphere was switched to air, and the sample was kept at 800 °C for an additional 30 min for a
complete combustion of all organic residue. The curve of solid weight percentage as a function of temperature was
obtained (TG), and the derivative of the TG (DTG) as a function of time was considered. The TGA experiments
were duplicated, and the average curves are presented herein. All the results of TGA experiments were controlled
with the a < 0.1 (maximum 10% error).

2.2.3. SEM and FTIR Tests

Each wood type was characterized by its fiber composition, surface morphology/topography, and chemical
functional group by fiber analysis, SEM, and FTIR spectroscopy, respectively. Fiber analysis was used to
determine the composition of hemicelluloses, cellulose, and lignin in lignocellulosic biomass materials [8,39]. A
Whatman 41, circular, ashless filter paper with a 42.5 mm diameter was used. For SEM, approximately 2.0 mg of
samples were placed on copper tape and mounted onto a JEOL Aluminum Specimen Mount (9.5 mm x 9.5 mm)
from TED PELLA, INC. The mounted sample was coated in platinum using a Denton Vacuum Desk V Sputter and
dried in a vacuum desiccator for 4 days before being imaged with a JEOL JSM-7600F Scanning Electron Microscope
equipped with an Energy Dispersive X-ray (EDX) detector. EDX spectroscopy was used to determine the elemental
composition of each sample. Furthermore, approximately 0.05 g of each sample was used for FTIR spectroscopy
using a Thermo Scientific Nicolet iS10 FTIR spectrometer (Madison, WI, USA) equipped with an attenuated total
reflectance (ATR) accessory. All spectra were normalized based on the H-C (sp®) signal at ~2900 cm™! in each
spectrum. All the results of EDX experiments were controlled with the o < 0.1 (maximum 10% error).

3. Results and Discussion

3.1. Characterization of Woody Sample

Fir (softwood) and Poplar (hardwood) are the two most common wood species in France’s forests. In order
to analyze the chemical composition within the raw sample of Fir and Poplar woods, some tests were performed,
including fiber analysis and higher heating value (HHV) (Table 1). The Fir sample has a deep brownish color
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compared to the Poplar sample, which shows more light brownish. The fiber analysis shows Fir contains cellulose
at 45.24 wt.%, lignin at 32.33 wt.%, and hemicelluloses at 22.43 wt.%, meanwhile, Poplar contains cellulose at
63.93 wt.%, lignin at 23.89 wt.%, and hemicelluloses at 12.18 wt.%. Hardwood (Poplar) typically has a higher
cellulose content compared to softwood (Fir). Cellulose is a polymer that works to increase the strength, hardness,
and durability of wood [5,16]. This is why hardwoods are naturally more durable and stronger than softwoods. In
terms of energy content, the calorific value test of HHV indicates that Fir has approximately 9.65% more energy
(19.88 MJ/kg) than Poplar (18.13 MJ/kg).

Table 1. Wood characterization of Fir and Poplar.

Procedure ? Fir

Sample image

Fiber Analysis (wt.%)
Cellulose 45.24 63.93
Hemicelluloses 22.43 12.18
Lignin 32.33 23.89
HHV (MJ/kg) 19.88 18.13

a: The experiment was performed duplicate with an error margin a < 10%.

In order to provide an overview of catalytic species retained after impregnation, selected samples with the
same particle size (500 um) were analyzed by SEM and EDX, as shown in Figure 2. A consistent magnification
of 400x was adopted for imaging. The most notable information gained from SEM and EDX data includes the
verification that impregnation was successful, as seen by the relative concentrations of K, Mg, Na, and Cl atoms
in each of the impregnated samples analyzed. It can also be noted that in the areas examined, impregnation appears
uniform based on the elemental mappings obtained. It is worth mentioning that the concentration of CI retention
in Poplar after impregnation with 0.1 M KCI is approximately twice as high as that of Fir impregnated with 0.05 M
KCl, Poplar impregnated with 0.05 M NaCl, Poplar impregnated with 0.05 M MgCl,, and approximately three
times higher than raw Poplar. This indicates that the retention of Cl atoms from KCl and NaCl is directly dependent
on the concentration of the impregnation solution, regardless of the wood. It is somewhat surprising that MgCl,
didn’t result in more retention of Cl atoms, as expected from its original composition.

It is important to highlight the significantly high concentration of K and ClI in raw Poplar and the complete
absence of Mg and Na (Table 2). In fact, the lower K concentration in Poplar impregnated with 0.05 M NaCl and
0.05 M MgCl, with respect to the raw wood (Table 2) suggests that most of the Potassium naturally present in the
wood leaches out during the impregnation process. The same effect is not observed with Cl.

FTIR was used to analyze samples before and after impregnation to determine if the impregnation process
and the subsequent drying of impregnated samples at 103 °C for an extended time affected the composition of the
woody biomass before torrefaction-pyrolysis. In Table 2, the ratios of C-O-C signals (~1100 cm™), pertaining to
glycosidic bonds from cellulose and hemicelluloses, and OH signals (~3500 cm ") present in impregnated samples
can be seen. It can be noted that while the changes in Poplar-impregnated samples are negligible, Fir seems more
susceptible to the effect of drying in the presence of impregnated atoms. Indeed, there is a slight decrease in C-O-C
relative to OH for all Fir-impregnated samples in comparison to the raw wood. It is possible that during drying,
the extended exposure of the sample to an elevated temperature (103 °C) triggered the cleavage of some glycosidic
bonds in the most thermally susceptible components, such as hemicelluloses.

The C-O-C bond vibration is only present in glycosidic bonds, which is the fundamental connection between
sugar units to form polysaccharides, such as cellulose and hemicelluloses [40]. When a relative decrease in that
signal is detected, it implies the rupture of the C-O-C connection. The decrease in C-O-C in Fir is largest in the
presence of K (Table 2). The higher susceptibility of Fir to cleavage of glycosidic bonds can be correlated to its
hemicellulose content. Fir has almost twice as many hemicelluloses (22.43 wt.%) as Poplar (12.18 wt.%), therefore,
they are less thermally stable and more sensitive to the extended drying imposed after impregnation. The
considerable difference in hemicellulose content can also be seen by the initial (C-O-C):(OH) ratios of Fir and
Poplar (Table 2).
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Figure 2. SEM and EDX results of selected samples.

Table 2. FTIR peak area results of Poplar and Fir impregnated samples.

Normalized O-H Normalized C-O-C

Biomass Peak Area (a.u.) Peak Area (a.u.) (C-0-C):(0O-H) Peak Area Ratio
Fir (0.05 M)
Fir Raw 7.54 16.92 2.24
Fir NaCl 9.78 20.17 2.06
Fir KCI1 10.58 19.24 1.82
Fir MgCl, 10.16 19.66 1.94
Poplar (0.05 M)

Popar Raw 7.14 13.05 1.83
Poplar NaCl 8.63 15.16 1.76
Poplar KCI 10.08 19.65 1.95
Poplar MgCl, 9.84 16.98 1.73

3.2. Thermogravimetric Analysis

TGA and DTG of Poplar and Fir raw samples were performed for two particle sizes (250 pm and 500 um)
in a CO, atmosphere. The results are presented in Figure 3. The thermodegradation of wood samples can be divided
into two steps: torrefaction and pyrolysis. Torrefaction results in partial degradation of the wood polymers from
105 °C to 350 °C. Pyrolysis results in the extensive degradation of carbon-carbon bonds at temperatures between
350 °C and 800 °C.
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Figure 3. Raw sample of TGA (a) DTG, (b) curves of Poplar and TGA, (¢) DTG, (d) curves of Fir.

One of the most notable results obtained from the raw data includes the similarity of the curves for different
wood types, regardless of their classification as hard or soft woods. The most noticeable difference between the wood
samples is the longer pyrolysis degradation for the Fir samples. In a CO atmosphere, the torrefaction curve of these
biomasses (105-350 °C, Figure 3) looks similar to those reported in the literature in an N, atmosphere [24,39]. This
similarity agrees with what has been found during the torrefaction of other biomasses in a CO atmosphere. In fact,
it has been reported that CO; plays little role in physical properties during the torrefaction step [30,41]. However,
during pyrolysis, the degradation of the remaining materials begins at approximately 450 °C, as expected, and
continues until near completion at approximately 750 °C, unlike results reported under a nitrogen (N2) atmosphere.

This continuing degradation can be attributed to the theoretical Boudouard equilibrium, which states that
gaseous carbon dioxide (CO;) will react with solid carbon to form carbon monoxide at temperatures greater than
700 °C, as seen in Equation (1) [42,43].

C(s) + CO,(g) = 2C0(g) (1

Multiple studies have explored the feasibility of the Boudouard reaction and have concluded that heating rate
and biomass source influence the temperature that marks the onset of the Boudouard equilibrium [44,45]. Cho et
al. exposed spent coffee grounds to both nitrogen and carbon dioxide atmospheres with a heating rate of 10 °C/min
from ambient temperature to 900 °C [31,46]. The study determined that the TGA curves between the two gases
were similar until around 350 °C and that under carbon dioxide, the Boudouard equilibrium shifted right at
approximately 850 °C, causing total degradation and a higher concentration of carbon monoxide gas produced
under these conditions. Kim et al. observed oak tree sugars in both nitrogen and carbon dioxide atmospheres from
ambient temperature to 900 °C with a heating rate of 35 °C/min [32]. The study found that mass decay from the
Boudouard reaction begins at a temperature greater than 720 °C and reaches a maximum at 830 °C.

The aforementioned phenomena allowed all those studies to conclude that the Boudouard reaction has very
slow reaction kinetics. Similar conclusions were reached by Cho et al. [31,46], who compared TGA curves of red
seaweed in both nitrogen and carbon dioxide atmospheres. The study found heating rate to be a contributing factor
in the onset of the Boudouard reaction with the right being favored at approximately 850 °C using a heating rate
of 100 °C/min while a heating rate of 5 °C/min allowed for the onset to begin at 740 °C with complete degradation
to carbon monoxide taking a total of 16 min, therefore validating the Boudouard reaction to have very slow reaction
kinetics. These studies confirm the feasibility of the Boudouard equilibrium to favor carbon monoxide formation
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at approximately 750 °C and complete degradation in approximately 16 min after reaching 800 °C, as seen in the
current study (Figure 3).

Compared to large-scale industrial processes, the environmental impact of experimental CO, utilization is
probably going to be minimal. Even so, it’s crucial to think about the possible effects and take precautions against
them. The environmental impact of utilizing CO; for testing can be lessened, for instance, by using smaller
volumes of CO,, making sure that it is properly contained and disposed of, and using renewable energy for any
related activities. Several concepts related to carbon capture, use, and storage (CCUS) have been put forth in earlier
studies on the management of CO». The plan is to use pyrolyzed biochar to capture CO; directly from the air [47],
use the catalytic chemical looping reaction to reduce industrial CO, emissions [48], and even use the CO; for the
COs-expanded fluid extraction method in microalgae oil [49].

3.3. Catalytic Activity

From the three possible alkali earth metal and alkali metal catalysts, the presence of potassium had the
greatest literature precedent in woody biomass torrefaction-pyrolysis. No known studies have explored how KCl
affects the torrefaction-pyrolysis of woody biomass in a complete carbon dioxide atmosphere. Figure 4 shows the
TGA/DTG curves of Poplar and Fir of different particle sizes impregnated with 0.05 M of KCI. It can be seen that
the TGA degradation profile of these wood types is very similar, regardless of the particle size. There are three
main degradation peaks on the DTG. There is a maximum of only 3% difference in weight loss between samples
impregnated with KCl and raw wood. The presence of KCI causes less mass loss during torrefaction and more
rapid degradation during pyrolysis for Poplar. During torrefaction, the weight loss of the sample impregnated with
KCl was approximately 63.10% vs. 68.13% for the raw sample. The predicted error of the instrument is
approximately 3%, therefore, the observed difference was deemed negligible. Upon increasing the concentration
of KClI by two-fold to 0.1 M, the TGA and DTG curves (Figure 5) reveal a decrease of nearly 6.5% in mass loss
during torrefaction with respect to the raw sample. This indicates that the presence of potassium in woody biomass
causes a decrease in weight loss during torrefaction and an increase in the rate of degradation during pyrolysis.

In Figure 6, TGA and DTG curves of Poplar impregnated with different concentrations of NaCl are overlayed
with the raw wood sample. The sample impregnated with 0.054 M of NaCl showed almost the same mass loss
(69.47 wt.%) as the control (68.13 wt.%). When the concentration used was increased to 0.1 M, no difference was
observed between the impregnated sample and the raw wood. In conclusion, NaCl did not have an observable
impact on the thermal degradation of the woody biomass. Using the same procedures as the impregnations of NaCl
and KCI, Poplar samples with a particle size of 500 um were impregnated with a 0.054 M solution of MgCl,. The
DTG and TGA curves of these samples are presented in Figure 7. There was a very distinct difference between the
raw wood and samples impregnated with MgCl, during both torrefaction and pyrolysis. Foremost, the presence of
MgCl; increases weight loss during torrefaction by nearly 4.5%, from 68.13 wt.% for the raw wood to 72.60 wt.%
for the impregnated sample. During pyrolysis, the initial degradation is similar between the raw wood and the
impregnated sample. This degradation is presumed to be associated with the remaining crystalline cellulose regions
in the biomass material. It is interesting to note that the complete degradation attributed to the Boudouard
equilibrium is not present for samples impregnated with MgCl,. Instead, the impregnated sample only attains
complete degradation during combustion, as expected under a nitrogen atmosphere. The test was repeated with
samples impregnated with 0.025 M and 0.012 M of MgCl,, resulting in identical curves to those of the sample
impregnated with 0.054 M of MgCl.. This indicates that there is a saturation point for the effect of MgCl, in woody
biomass. In order to determine the saturation point, Poplar samples were impregnated with 0.006 M and 0.003 M
solutions. The sample impregnated with 0.003 M of MgCl, displays slightly more degradation before combustion.
These concentrations were repeated with Fir with similar results in further discussion.

The lack of the Boudouard reaction for samples impregnated with MgCl, has not been extensively reported
in the literature but was also observed by Aho et al. in the gasification of acid-washed pine doped with magnesium,
potassium, and sodium [50]. The gasification was performed at 805 °C in an atmosphere containing 50% of N,
and 50% of CO,, in a TGA, with a heating rate of 50 °C/min. The rate of gasification of magnesium-doped samples
lasted nearly five times longer than the rate of control, resulting in the need for further studies. However, some
factors that could be contributing to the inhibition of the Boudouard equilibrium in the presence of MgCl, are the
slow reaction kinetics of the Boudouard equilibrium in combination with the faster reaction kinetics of the
magnesium ion in the presence of carbon dioxide in the redox reaction shown in Equation (2).

2Mg?* + C0O, » 2Mg0 +C )

This reaction is very thermodynamically favorable and commonly reported in the literature, as magnesium is
an element capable of oxidation in the presence of CO,. Frost et al. determined that the combustion of magnesium
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in the air would begin to form magnesium oxide at 500 °C, and the reaction rate would increase at 560 °C. Under
carbon dioxide, however, the enthalpy of the reaction is —810.1 kJ [51]. Barabulica et al. reported the reaction of
magnesium in various mixtures of nitrogen and carbon dioxide and determined that no reaction occurred in
atmospheres containing less than 10% carbon dioxide. As the carbon dioxide concentration increased, the reaction
rate increased [52]. However, this is not the only reaction possible for an explanation of this phenomenon. While
it is likely to be occurring, the low concentration of magnesium present in the sample should not be enough to
outcompete all signs of the Boudouard reaction, and therefore, it is thought that the (2+) charge of the magnesium
could play a role in this effect. Moreover, magnesium’s affinity to bind to oxygen could cause the formation of a
more oxygen rich material at the end of torrefaction, leaving less carbon to react in the Boudouard reaction and
delay its occurrence to a time and temperature outside of the range of this study. In order to confirm any of these
hypotheses, future studies need to be conducted to analyze the composition of materials after torrefaction using
FTIR and py-GCMS during gasification.

The main novelty of the work presented herein lies in the lack of the Boudouard reaction for samples
impregnated with MgCl,. The evidence in the experiments performed points to an inhibition of the Boudouard
reaction in the presence of Mg?", which was not observed with any of the other salts investigated. As discussed
earlier, this finding is in line with reports on the inhibition of the Boudouard reaction during the gasification of
pine in the presence of magnesium [50]. It has also been shown that the presence of Mg?* during the pyrolysis of
sawdust favored crosslinking and repolymerization reactions of pyrolysis intermediates, resulting in an increased
biochar yield and the formation of the stable metal oxide MgO [53]. One possible mechanistic explanation for
these observations is that the crosslinking, condensation, and repolymerization reactions catalyzed by magnesium
happen at a faster rate than the Boudouard reaction, offsetting its effect and resulting, globally, in a higher rate of
biochar/solid carbon formation than the rate of solid carbon conversion to CO through the Boudoard reaction.
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Figure 4. KCl10.05 M impregnated of TGA (a) DTG, (b) curves of Poplar and TGA, (¢) DTG, (d) curves of Fir.
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Figure 7. TGA and DTG curves of Poplar impregnated with different concentrations of MgCl..

3.4. Interaction Effect

The interaction effect from the catalysts can be defined as either synergistic or antagonistic. Synergistic
effects are defined as a greater and/or faster degradation of the material treated with external material, in this study,
such as the catalyst, than the untreated sample (raw) in a certain range, while, antagonistic effects are defined as
less and/or slower degradation of the material treated with the catalyst than that of the untreated sample [54,55].
If degradation is the same for both treated and untreated samples, it can be said that there is no interaction effect
between the catalyst and the sample [54]. Aniza et al. [54] analyzed the interaction effect of three extracted
components from microalgae (lipid, protein, and carbohydrate) during thermochemical conversion using TGA.
According to the study, the synergistic impact happens when glucose signals as a dominant molecule in the
carbohydrate model, accounting for roughly 50% of the total mass loss. These findings motivate the current study’s
use of catalyst impregnation to examine the interaction effect within woody biomass. Figure 8 A shows the TGA
and DTG curves of Poplar at a particle size of 500 um after impregnation with different concentrations of KCI. It
can be noted that the curve for the sample impregnated with 0.1 M KCl is the most different from the control, with
the curve for the sample impregnated with 0.025M KCI being the most similar.

To determine how impregnation with 0.1 M KCl affects both torrefaction and pyrolysis separately, the graph
can be analyzed in two parts, with enlarged graphs of torrefaction (Figure 8B) and pyrolysis (Figure 8C). In Figure
8B, the DTG curve for the sample impregnated with 0.1 M of KCl is shifted left of the control, with a sharper peak.
This shift indicates degradation is happening more rapidly and at a lower temperature, leading to the conclusion
that KCI has a synergistic catalytic effect on Poplar for samples impregnated with 0.1 M and 0.05 M of KCI. The
effect increases with increasing concentrations of KCI. It can be noted, however, that there appears to be less mass

loss in samples containing KCI than in the control during torrefaction. This was similarly reported by a multitude
of sources in both complete nitrogen and oxidative atmospheres and confirms that the impregnation of potassium
contributes to weakening linkages and hydrogen bonding between cellulose and hemicellulose components [22,24].
In a purely speculative way, it can be proposed that the chemical pathway for K* to disrupt hydrogen bonds in
cellulose and hemicelluloses occurs by replacing H”, therefore opening the microfibril structure and making it
more susceptible to thermal degradation.

The pyrolysis step can be observed in Figure 8C, where KCI appears to have a synergistic effect on the
degradation of Poplar at approximately 800 °C. While this temperature is attributed to gasification in a carbon dioxide
atmosphere, the implications of potassium at this temperature in lignocellulosic biomass are not commonly reported.
However, Menendez et al. observed the microwave-assisted pyrolysis of coffee hulls with carbon dioxide and
determined that potassium-rich samples catalyze self-gasification reactions like the Boudouard equilibrium [56]. It
could be hypothesized that the degradation of potassium-rich samples during torrefaction leads to a more carbon-rich

char participating in Boudouard gasification a enhancing the rate of degradation.
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Figure 8. (A) TGA and DTG curves of Poplar impregnated with 0.1 M, 0.05 M, and 0.025 M solutions of KCI, (B)
Enlarged section (torrefaction) Poplar, and (C) Enlarged section (pyrolysis) Poplar.

These results can be contrasted with Figure 9A, which shows the TGA and DTG curves of Fir samples
impregnated with KCI at different concentrations. While Figure 9B shows a clear synergistic effect during
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torrefaction similar to the one observed with Poplar, in Figure 9A, an antagonistic effect can be seen during the
pyrolysis (~800 °C) of Fir samples impregnated with KCI. This indicates a fundamental difference between Fir
and Poplar. Dupont et al. studied the gasification kinetics of different hard and soft woods. It was found that higher
concentrations of silica had an inhibitory effect on gasification reactions despite the catalytic presence of potassium
because of the formation of potassium silicates. The concentration of inorganic salts in both Poplar and generalized
“soft woods” were measured and it was found that soft woods have approximately 3619 mg Si/kg of dry biomass
while Poplar has 763 mg Si/kg of dry biomass (nearly a 5-fold difference in silica content) [57]. It could be
hypothesized that the silica content in Fir could have an inhibitory effect on the gasification reactions during

pyrolysis.
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Figure 9. (A) TGA and DTG curves of Fir impregnated with 0.1 M, 0.05 M of KCl, and (B) Enlarged section

(torrefaction) Fir.

In Figure 10A, the torrefaction-pyrolysis curve of NaCl impregnated Poplar samples is shown. It was stated
that the difference in results is negligible, indicating that NaCl does not have strong effects on the torrefaction-
pyrolysis of Poplar in a carbon dioxide environment. When looking at only the torrefaction curve of NaCl
impregnated samples vs the control in Figure 10B, it can be seen that there are very slight synergistic effects in the
DTG curve but that these are negligible. The same can be noticed in the Figure 10C with the pyrolysis of these
samples—there is a slight synergistic effect around 800 °C, but by a negligible amount. The TGA-DTG curve of
NaCl impregnated Fir samples can be seen in Figure 11A. In Figure 11B, the torrefaction step presents a slight
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synergistic effect, while there is a slight antagonistic effect from the NaCl during the Pyrolysis step in Figure 11A.
This indicates the effects of NaCl in the pyrolysis of impregnated Fir to be the opposite of impregnated Poplar,
although both are so slight that they are negligible.
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Figure 10. (A) Torrefaction-Pyrolysis TGA and DTG curves of Poplar impregnated NaCl with 0.1 M and 0.05 M,
(B) Enlarged section (torrefaction) Poplar, and (C) Enlarged section (pyrolysis) Poplar.
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Figure 11. (A) Torrefaction-pyrolysis curve of Fir treated with NaCl and (B) Torrefaction curve of Fir treated
with NaCl.

Figure 12 shows the torrefaction curve of MgCl,-impregnated Poplar samples as an expanded graph of the
entire torrefaction-pyrolysis seen in Figure 7. While MgCl, increases weight loss during the torrefaction step, there
is a slight antagonistic effect of MgCl, on the rate of torrefaction see in Figure 12 with the DTG curve of the
impregnated samples showing a cellulose peak shift right (indicating higher temperatures for degradation) and the
appearance of a hemicellulose shoulder in the impregnated samples that is not shown in the impregnated samples.
This indicates that MgCl, affects the degradation of hemicelluloses—similar to those results by Kawamoto et al. [58].
These results can be contrasted with those with Fir in Figure 13. Figure 13A shows the entirety of the MgClo-
impregnated Fir torrefaction-pyrolysis graph which appears similar to that of MgCl,-impregnated Poplar. However,
in Figure 13B, the enlarged torrefaction TGA and DTG curves show MgCl, to have a synergistic effect with the

lack of a hemicellulose shoulder.
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torrefaction of Fir treated with MgCla.
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A comparison of all catalytic impregnations of Poplar wood can be found in Figure 14. During torrrefaction,
a synergistic effect is observed from impregnation with KCl with an antagonistic effect from impregnation with
MgCl,—where the hemicellulose shoulder is much more prominent than in the control sample seen in Figure 15A.
This appearance of a broad shoulder could indicate the prolonged degradation of hemicellulose with a delayed
degradation of cellulose when magnesium is present. During the pyrolysis segment, all impregnations displayed
similar degradation rates as the control, but gasification was accelerated when exposed to KCl and inhibited when
exposed to MgCls as seen in Figure 15B. Catalytic activity when impregnated in Fir was drastically different from
that of Poplar as seen in Figure 16. During the torrefaction step shown in Figure 17A, KCl has a greater synergistic
effect than MgCl,—while MgCl, results in greater mass loss. During the pyrolysis step in Figure 17B, the rate of
degradation is similar for all samples. Upon gasification, MgCl, samples show an absence of gasification, while

KCl shows an antagonistic effect in comparison to NaCl and the raw samples.
In terms of ionic reaction, when comparing the effects of KCI, NaCl, and MgCl, during the torrefaction of

wood, the different behavior observed can be attributed primarily to the cations K*, CI*, and Mg?" since the anion
CI is the same in all cases. For the Boudouard reaction inhibition, as discussed previously, it is believed that the
charge (+2) of magnesium is critical in catalyzing condensation, crosslinking, and repolymerization reactions.
Likewise, K* is believed to disrupt H-bonding while Na* doesn’t have that effect, which could be related to specific
cation properties such as radius. In order to fully elucidate these factors, a comprehensive screening of a series of

compounds would be necessary.
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Figure 14. Torrefaction-pyrolysis TGA and DTG curves of Poplar treated with MgClz, NaCl, KCI.
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curve of Poplar treated with MgClz, NaCl, KCI.
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4. Conclusions

Poplar and Fir wood species have different chemical compositions, which cause a difference in catalytic
efficiency when exposed to different alkali and alkaline earth metals—namely, K, Na, and Mg. Both Poplar and
Fir species show self-gasification in a carbon dioxide environment at temperatures greater than 700 °C. When
employing catalytic thermal conversion to produce biofuel, the aK-catalyst outperforms the other catalyst materials
(K, Na, and Mg) in a CO, atmosphere. When the K-catalyst is impregnated in Fir, the C-O-C compound decreases.
This is in line with the fact that Fir’s hemicellulose content (22.43 wt.%) is double that of Poplar (12.18 wt.%),
which results in a less thermally stable molecule. This suggests that K may be able to have less interaction with CO,
and better thermal resistance. K-impregnated Poplar samples showed faster self-gasification, possibly indicating a
more carbon-rich state of biochar after torrefaction. Na-impregnated Poplar and Fir samples exhibited no self-
gasification at magnesium loadings as little as 0.003 M impregnations. An explanation for this is currently unclear,
and the observation is limited. The Boudouard equilibrium was detected in the thermal conversion at 780 °C.
Furthermore, during torrefaction and pyrolysis, the synergistic impact is more noticeable when the K-catalyst is
employed than when Na and Mg are used. This suggests that the K-catalyst’s performance in this study is thermally
stable. Further studies are suggested to be conducted at higher concentrations and using py-GCMS for an
understanding of the underlying mechanisms in CO».
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