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ABSTRACT

With the growing global demand for efficient energy storage solutions, phase change
materials have gained attention due to their high latent heat storage capacity. This study
investigates the potential use of bio-oils derived from spent coffee grounds in thermal
management applications, particularly in lithium-ion batteries. Spent coffee grounds was
subjected to pyrolysis at 550°C and hydrothermal processing at 200°C to obtain bio-oils,
which were then incorporated into paraffin wax to form composite PCMs. The structural
and thermal properties of these materials were analyzed using FT-IR, DSC and t-history.
Results indicate that adding coffee-derived bio-oils to paraffin wax reduces its latent heat
moderately, with hydrothermal and pyrolysis bio-oils causing slight decreases while
improving the PCM’s responsiveness during rapid thermal fluctuations. Results also
indicate that adding coffee-derived bio-oils to paraffin wax reduces its melting point, with
the most significant reduction observed at a 3% bio-oil ratio lowering the melting point
from 62°C to 38°C in hydrothermal bio-oil PCM composites. This temperature reduction
suggests an improvement in the thermal management of Li-ion batteries, helping to
mitigate overheating issues and enhance battery safety and lifespan. The findings
highlight the potential of waste-derived bio-oils as sustainable additives for next-
generation energy storage applications.

Cite this article as: Akgiin H, Essiz M, Ural A, Oztiirk M, Ozkan A, Banar M. Effect of coffee
waste on the development of phase change materials. Environmental Research and

Technology, 2026, 9 (Special Issue), 51-61.

INTRODUCTION

The growing global energy demand and the depletion of fossil
fuel reserves have accelerated the development of renewable
energy technologies, including solar, wind, biomass,
hydroelectric, and geothermal sources. An unstable energy
supply can create major issues, especially during peak hours.
Various sectors, such as healthcare, food, agriculture, and
data centers, require a continuous 24-hour energy supply [1].

In this era of sustainability, researchers are focusing on
energy production, transmission, and storage. However, the
intermittent nature of renewable energy does not always
align with consumption patterns, posing a challenge. In this
context, efficient energy storage solutions play a crucial role
in advancing renewable energy sources. These solutions help
reduce energy fluctuations and improve the overall quality
and reliability of energy usage [2].

Energy storage can be achieved through various technologies

designed for different applications and needs. The choice of
technology depends on project requirements, cost, and

* Corresponding Author: aysunozkan@eskisehir.edu.tr (Aysun Ozkan)

existing infrastructure. Among different storage approaches,
thermal energy storage (TES) stands out due to its cost-
effectiveness, simplicity, and environmentally friendly
operation. Without effective storage solutions, fossil fuel
consumption will increase to ensure a stable energy supply,
leading to further depletion and global warming. Currently,
there are three main TES technologies: sensible heat storage,
thermochemical reaction storage and latent heat storage [3].
Sensible heat storage relies on storing heat as internal energy.
Thermochemical heat storage, on the other hand, is used to
store thermal energy through reversible endothermic
chemical reactions [4]. Latent heat storage occurs through
phase change materials (PCMs). Thermal energy transfer
takes place when a material transitions from solid to liquid or
from liquid to solid, a process known as a "phase change."
Initially, PCMs behave like conventional storage materials,
with their temperature increasing as heat is absorbed.
However, unlike conventional storage materials, PCMs
absorb and release heat at an almost constant temperature.
Per unit volume, PCMs store 5 to 14 times more heat
compared to sensible storage materials such as water, walls,
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or rocks. Additionally, many PCMs are known to melt with a
heat of fusion within a specific temperature range [5]. The
concept behind using a PCM is straightforward: as the
material transitions from solid to liquid, it absorbs heat while
maintaining a nearly constant temperature until the phase
change is complete. Similarly, when shifting from liquid to
solid, it releases stored heat at a steady temperature until
fully solidified. This ability makes PCMs highly suitable for
thermal energy storage and temperature regulation in
various systems. Figure 1 illustrates this cyclic process: the
PCM begins in a solid state and gradually melts under
heating—represented by red symbols—storing energy in the
form of latent heat. Upon cooling—indicated by blue
symbols—the PCM returns to its solid form, releasing the
stored energy. The schematic also depicts the molecular
behavior during transitions, showing how the internal
structure becomes disordered in the liquid phase and
reorders upon solidification [6].

PCM
insolid state A

PCM begins to solidify PCM begins to melt

00 0 Working of PCM 0° 0

Solid PCM

PCM \-Aj
fullymeled

Figure 1. The principle of using PCMs

Liquid PCM

In addition to applications in building insulation and solar
energy systems, PCMs have also gained increasing attention
for thermal management of lithium-ion batteries. For lithium-
ion batteries applications, the required properties of PCMs
include high latent heat storage capacity, good thermal
conductivity, thermal and chemical stability, low
flammability, and resistance to leakage during the solid-
liquid transition. However, conventional PCMs present
several shortcomings. Organic PCMs, while exhibiting low
toxicity and good cycle stability, typically suffer from low
thermal conductivity, leakage risks, and flammability. In
contrast, inorganic PCMs provide higher thermal conductivity
and non-flammability but face issues such as subcooling,
phase separation, and corrosiveness. Although eutectic PCMs
may combine the benefits of different classes, their
application in lithium-ion battery remains limited in the
literature. These limitations emphasize the need for new and
sustainable composite PCMs with improved safety and
thermal performance for next-generation energy storage
systems [7]. To address these challenges, several thermal
enhancement approaches have been developed to improve
heat transfer during the melting and solidification processes
of PCMs.

Among the various PCMs investigated in the context of these
thermal enhancement strategies, paraffin-based materials
have been the most widely studied owing to their high latent
heat capacity, chemical stability, and favorable phase change
characteristics. Paraffins generally exhibit a high latent heat

capacity. The crystallization of the (CHs) chain releases a
large amount of latent heat. The melting point and
crystallization heat increase with chain length; however, the
latent heat capacity of melting does not follow a specific
order. Paraffin is considered a suitable material for phase
change over a wide temperature range. During melting, it
exhibits low volume changes and has low vapor pressure in
its liquid state. These properties allow paraffin-based
systems to undergo a very high number of freeze-melt cycles
without significant degradation [5]. Their reliability, eco-
friendliness, and non-corrosive nature make them one of the
primary materials in PCM technology [8]. Researchers are
focused on integrating paraffins used as PCMs into TES
applications by forming composites with different additive
materials. Zhao et al. [9] developed a composite PCM (CPCM)
by integrating paraffin (PA), expanded graphite (EG), and a
low-melting-point metal-based alloy (LMA). The LMAs,
exhibiting higher phase transition temperatures than PA,
were incorporated to enhance latent heat storage and
mitigate the risk of thermal runaway during phase change.
Experimental findings revealed that the CPCM-cooled module
achieved a peak temperature of 41.1 °C and a maximum
temperature difference of 1.1 °C. Under 25 °C ambient
conditions and a 2C discharge rate, these values were 17.6 °C
and 4.7 °C lower, respectively, compared to a naturally air-
cooled module. The results highlight the effectiveness of the
newly developed CPCM in improving the thermal distribution
within battery modules [9]. Guo et al. [10] investigated the
behavior of a form-stable composite PCM, where paraffin was
used as a thermal energy storage material, and EG, high-
density polyethylene (HDPE), and wood flour (WF) were used
as a PCM. The physical and morphological properties of the
composite PCM were analyzed, revealing that the particle
distribution was systematic and that no chemical reactions
occurred between the particles. Thermal properties and
thermal stability were also characterized, showing that the
composite containing graphite had good thermal properties
but exhibited lower thermal durability [10]. Tian et al. [11]
developed a form-stable composite material composed of
paraffin, ethylene-vinyl acetate, EG, and carbon fiber. EG and
carbon fiber were used as thermal conductivity enhancers,
while ethylene-vinyl acetate served as a supporting material.
DSC results showed that the melting temperature and latent
heat of the composite were 45°C and 167 ]/g, respectively.
The findings indicated that this type of composite is suitable
for low-temperature applications. Leakage tests of the
produced composite showed that leakage decreased as the
percentage of carbon fiber increased. Thermal conductivity
tests also revealed that the horizontal orientation of fibers
provided higher conductivity compared to longitudinal
orientation [11]. Chen et al. [12] investigated the thermal,
chemical, and mechanical properties of form-stable
paraffin/polyurethane composite PCM in different mass
ratios for solar energy and building energy management
applications. The chemical and crystalline properties were
analyzed using FT-IR, SEM, polarizing optical microscopy
(POM), and XRD, demonstrating good chemical compatibility
and material distribution. The thermal properties of the
composite were examined using DSC and TGA techniques.
DSC and TGA results indicated that the composite exhibited a
dual-phase transition temperature and degraded at high
temperatures [12]. Lu et al.[13] developed a shape-stable
paraffin/EP composite PCM using the direct impregnation
method with various mass ratios (20%, 40%, 60%, and 80%).
Different characterization techniques were employed, and
the results showed that the CPCM containing 60% paraffin
exhibited good thermal stability, thermal storage capability,
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and thermal reliability. FT-IR analyses suggested the
presence of a chemical reaction within the composite, making
it suitable for structural applications [13]. Sun et al. [14]
examined a shape-stable paraffin-based composite PCM in
which diatomite was used as a performance enhancer. DSC
results showed that the phase transition temperature and
latent heat of the composite PCM were 33.04°C and 89.54 ] /g,
respectively. The findings indicated that the composite was
thermally reliable and chemically stable [14]. This study
explores the use of bio-oils obtained from the pyrolysis and
hydrothermal processing of SCG, which were then mixed with
wax to create composite PCMs. These composite PCMs aim to
address the overheating issue of Li-ion batteries, commonly
used in electric vehicles and energy storage systems. During
the charging and discharging processes, electrochemical
reactions can lead to excessive heat generation, which
reduces battery efficiency. If not properly managed,
overheating may result in dangerous situations, such as
thermal runaway, and significantly shorten the lifespan of the
batteries. Furthermore, poor heat management can cause
imbalanced battery cell operation, reduced charge capacity,
and overall performance degradation.

Over the past decade, coffee consumption has steadily
increased. In 2023-2024, coffee consumption was nearly 177
million bags with a weight of 60 kg worldwide [15]. In the
beverage industry, approximately 0.9 kg of waste is
generated for every 1 kg of coffee grounds used.
Consequently, millions of tons of coffee ground waste are
produced yearly [16]. Currently, the disposal of spent coffee
grounds (SCG) poses a problem due to the lack of a significant
market. Considering the high content of organic compounds,
including fatty acids, lignin, cellulose, and hemicellulose, the
disposal of SCG in landfills or through incineration carries the
risk of environmental issues. However, the abundance of
organic compounds in used coffee grounds makes them
highly attractive as biomass to produce biofuels and valuable
products [17]. By utilizing SCG as a natural cooling material,
this approach can help maintain a more stable temperature
within the batteries, ensuring they operate more efficiently,
last longer, and do so more safely [18]. Ktori et al. [8]
investigated the valorization of spent coffee grounds (SCG)
through pyrolysis, aiming to recover useful materials and
energy in the framework of the circular economy. SCG was
pyrolyzed at temperatures between 400 and 700 °C under
atmospheric pressure and an inert atmosphere. The study
found that the maximum bio-oil yield (36 wt%) was achieved
at 540 °C, accompanied by 9 wt% gas and 29 wt% char. At 700
°C, oxidation reactions dominated over cracking, resulting in
higher gas yields (29 wt%) but lower bio-oil (20 wt%) and
char (26 wt%) yields. The authors proposed that the obtained
biochar could be used as a fertilizer in arid fields, thereby
closing agricultural nutrient loops and supporting
sustainable food waste management strategies [8]. Yoo et al.
[19] prepared fully biodegradable bio-composite PCMs by
vacuum impregnating spent coffee grounds into beeswax
(SCBW), paraffin wax (SCPW), gel wax (SCGW), and soy wax
(SCNW). FT-IR confirmed the retention of characteristic
peaks after thermal treatment, while TGA showed stability up
to 200 °C. DSC analysis indicated that SCBW and SCPW had
high latent heat values suitable for heating and cooling
applications, and FE-SEM confirmed full incorporation of SCG
into the wax matrices. Dynamic heat transfer analysis
revealed a notable time lag effect, demonstrating the
composites’ potential for building thermal management [19].
Unlike the above-mentioned literature, the aim of this study
is to recover value-added products from spent coffee grounds
through pyrolysis and hydrothermal processes, and to

investigate the feasibility of incorporating the obtained bio-
oils into paraffin wax for the preparation of composite PCMs
with enhanced thermal management properties, particularly
for lithium-ion battery applications.

MATERIALS AND METHODS

Initially, spent coffee grounds were collected and subjected to
a drying process at 105°C in a drying oven for 24 hours to
remove moisture content. The dried SCG was then ground
using a mechanical grinder and sieved through a 250 pm
mesh to obtain a uniform particle size suitable for subsequent
thermal treatments. Following sample preparation, pyrolysis
and hydrothermal treatment were subsequently carried out
on the pre-processed SCG, whose initial properties had been
characterized. SCG was subjected to pyrolysis at 550 °C with
a heating rate of 20 °C/min, conditions that have been
reported in the literature to yield the highest liquid product
in pyrolysis studies of SCG [20]. Hydrothermal processing
was then carried out at 200 °C for 10 minutes, with the SCG
mixed with water at a 1:20 ratio. Although hydrothermal
treatment is often carried out at 275 °C for 10 minutes in the
literature [21], preliminary trials in this study showed that
200 °C for the same duration provided comparable bio-oil
yields. Therefore, 200 °C with a residence time of 10 minutes
was selected for this work, as it ensures similar efficiency
while requiring lower energy input. The bio-oil obtained from
these processes was incorporated into paraffin wax at
concentrations of 1%, 3%, and 5%. These specific ratios were
selected based on previous studies that explored the effect of
bio-based additives on the thermal performance of PCMs.
Xiong et al. [22] conducted a study in which biochar
microparticles derived from garlic stalks—a common food
waste in Singapore—were added to paraffin wax in the same
proportions (1%, 3%, and 5%) to evaluate their impact on
thermal conductivity and phase change behavior. Inspired by
this approach, similar additive concentrations were adopted
in this work to maintain comparability, ensure sufficient
dispersion, and observe potential improvements without
significantly affecting the latent heat capacity. To ensure
repeatability and minimize experimental errors, all
experiments were conducted in triplicate. In this regard, the
flow diagram of the conducted studies is presented in Figure
2.

Initial Analysis of SCG

Before processing, dried samples were prepared and initial
analyses such as moisture, ash, and volatile matter content, as
well as elemental analysis, were carried out to determine
their characteristics. Moisture, ash, and volatile matter
analyses were carried out according to ASTM D-3173, ASTM
D-3174, and ASTM D-3175 standards, respectively. Using a
LECO elemental analyzer, the percentages of carbon (C),
hydrogen (H), and nitrogen (N) were determined through
elemental analysis. All proximate and ultimate analyses were
performed on a dry ash-free basis.

Pyrolysis of SCG

As a result of initial analyses and literature studies, the
selection of 550 °C as the pyrolysis temperature was based on
literature findings indicating that the maximum bio-oil yield
(36 wt%) can be achieved at around 540°C under
atmospheric pressure and inert conditions [20]. It was
determined that the highest yield of oil product from the
pyrolysis of SCG were obtained at a heating rate of 20°C/min
and a temperature of 550°C. In the pyrolysis experiments, a
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240 cm?® fixed bed Heinze type reactor made of 380 S stainless
steel (Figure 3), cleaned with nitrogen gas, was used under
atmospheric pressure. Throughout the pyrolysis process,
nitrogen gas was continuously supplied to maintain an inert
atmosphere. The nitrogen flow rate was set to 0.150 SLPM
(standard liters per minute). A homogeneously prepared 20 g
analytical sample was placed in the reactor, and connections
to cold traps were made. The liquid collection cold traps were
placed in an ice bath using ice obtained from a HOSHIZAKI
brand ice maker. After the pyrolysis process was completed,

Initial Analysis of SCG Pyrolysis

Preperation of SCG

30 minutes waiting period was observed to ensure the
cessation of gas output. Subsequently, the connections were
removed, and the product accumulated in the cold traps was
collected with DCM (dichloromethane) solvent. The solvent
was then removed, and the amount of oil product was
determined gravimetrically. The solid product remaining in
the reactor was weighed to determine its quantity. The gas
product yield was calculated by subtracting the solid and oil
products from the initial waste amount.

Composite PCM Production
(Prepared from both pyrolysis- and
hydrothermal-derived bio-oils)

Hydrothermal
Process

Moisture, Ash, Volatile i e
Matter Analysis Bio-Char [ Bio-0il ]

Elemental Analysis

Figure 2. Experimental workflow diagram

B

T THERMOCOUPLE

x COLLECTORS

NITROGEN INPUT

COLD BATH

Figure 3. Pyrolysis reactor

Hydrothermal Processing of SCG

The hydrothermal treatment of SCG was carried out in a 50
cm?® hydrothermal reactor (Figure 4). The hydrothermal
process was performed by mixing water and SCG at an
optimal ratio (20:1) determined by literature research and
processing at 200°C for a duration of 10 minutes [21]. After
the hydrothermal reaction was completed, the reactor was
cooled to room temperature. The solid and aqueous phase
mixture was washed with 30 cm?® of distilled water and
separated using vacuum filtration through filter paper. The
filtrate, containing dissolved organic compounds, was
identified as the water-soluble product (WSP). The reactor

[E!i oaChar] [ . J [Cha:achenzanonof] [Cha:aclenzaucnof]

Obtained Products Produced CPCMs
] (o
| |
XRD psc
| |
GC-MS m:;’::;
|
T-History

and the filter paper containing the solids were rinsed with
acetone to fully recover the oil phase. The resulting
suspensions were filtered through the filter paper. The filter
paper and the remaining solids were dried overnight at 105°C
in an oven and then weighed. The acetone in the filtrate was
removed using an IKA rotary evaporator at 57°C and 40 rpm,
yielding a liquid product referred to as "crude bio-oil." The
yields of crude bio-oil and solid residue were expressed as
percentages by mass, calculated by the ratio of the mass of
each product to the mass of the SCG loaded into the reactor
(on a dry basis).

Figure 4. Hydrothermal reactor
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Composite PCM (CPCM) Production

The flow diagram of the process is shown in Figure 5. CPCMs
were produced by mixing biooils obtained from pyrolysis and
hydrothermal processes separately with paraffin wax at the
rates of 1%, 3%, and 5%, and these were mixed for 10 min at
60 °C using an ultrasonic processor (Figure 6).

Melting of paraffin wax (PW)

~65:£:21°C

A\ £
\

v N

Preparation of ultrasonic bath
Maintained at 60 °C

N\
\

; 7
Formulation
Bio-oil (1, 3, 5 wt%) weighed separately
o J
(; v N
Premixing

Bio-oil added into molten PW, kept at 60 °C

~Y

v ~N

Ultrasonication
10 minutes, at 60 °C

- _J

Figure 5. Flow chart of PW-Bio-oil composite preparation
process

Figure 6. Mixing of products with paraffin wax

Characterization of products obtained from pyrolysis
and hydrothermal processes

The characterization of biochar after pyrolysis and
hydrothermal processing was conducted using X-ray
diffraction (XRD) and elemental analysis and the chemical
composition of the bio-oil obtained from spent coffee grounds
was analyzed using gas chromatography-mass spectrometry
(GC-MS).

Crystallinity, atomic arrangement, and crystal sizes were
examined using the XRD method. The XRD analyses of
biochars obtained from pyrolysis and hydrothermal
processes were carried out using a Rigaku Miniflex 600
device. The analysis was performed in the 26 scanning range
of 5°-80°. For elemental analysis, 1-2 mg samples from the oil
products obtained from the pyrolysis and hydrothermal
processing of SCG were taken, and the percentages of C, H, and
N were determined using a LECO brand elemental analyzer.
Prior to GC-MS injection, the samples were diluted at a ratio
of 1:200 (v/v) using dichloromethane (DCM) as the solvent
and filtered through a 0.22 um PTFE syringe filter to remove

particulates. Analyses were performed on a Shimadzu GCMS-
QP2010 Plus (Kyoto, Japan) equipped with a TRB 5-MS
capillary column (30 m x 0.25 mm, 0.25 um film thickness).
Helium was used as the carrier gas at a constant flow rate of
1.2 mL/min. Calibration was carried out using a certified
alkane standard.

Characterization of Produced CPCMs

FT-IR analysis was performed to determine the functional
groups of composite PCMs prepared by mixing bio-oils
obtained from pyrolysis and hydrothermal processes with
wax at ratios of 1%, 3%, and 5%, and DSC analysis was
conducted to determine their thermal behaviors such as
melting point and phase change temperature. DSC analyses
were complemented with thermal imaging of the prepared
composites to examine the effects of the incorporated bio-oils
on their melting behavior. Thermal measurements were
carried out using a KEYSIGHT U5856A thermal measurement
device. The FT-IR spectra were recorded in the spectral range
0f 4000-650 cm-! with a resolution of 4 cm-1 using a Shimadzu
IR Tracer 100 device.

The thermal properties of the produced composite PCMs
were evaluated using the T-History method, which is a
practical and cost-effective technique widely applied in phase
change material studies. This method provides valuable
information such as the phase change temperature, latent
heat, specific heat capacity, and thermal conductivity.
Compared to other thermal analysis techniques, it requires
simpler equipment, less maintenance, and enables the
simultaneous testing of multiple samples [23]. In the
experimental setup, the PCM samples and the reference
material (water) were placed in identical glass tubes and
heated in a thermostatic bath to a temperature above their
melting points. After thermal equilibrium was reached, the
tubes were removed and allowed to cool under ambient
conditions. Thermocouples inserted into the center of each
tube continuously recorded the temperature variations. The
collected temperature-time data were then used to
determine the melting and solidification profiles as well as
the thermal conductivity values of the samples.

Figure 7. The T-History setup in this study
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RESULTS AND DISCUSSION

The results of the initial analysis conducted to determine the
moisture, ash, volatile matter, and elemental content of SCG
are presented in Table 1. The moisture content of SCG was
initially 57.80%, but after drying, it decreased significantly to
0.70%. The low ash content and high volatile matter indicate
that SCG is a highly combustible material. Additionally, the
elemental analysis revealed that SCG contains high amounts
of carbon and hydrogen, making it a potential candidate for
energy applications.

Table 1. Initial characteristics of SCG

Parameter (%) Result
Moisture (after drying) 0.7
Ash 0.83
Volatile Matter 93.00
Fixed Carbon 5.47
Elemental Analysis
C 49.90
H 3.50
N 7.41
S 0.42
O (by difference) 37.24

The pyrolysis process achieved the highest liquid product
yield at 550°C with a heating rate of 20°C/min, while the
hydrothermal process achieved the highest liquid product
yield by mixing water and SCG at a 20:1 ratio and holding at
200°C for 10 minutes. As a result of these processes, the
pyrolysis process yielded 32.30% liquid product, whereas the
hydrothermal process yielded 27.01% liquid product.

As shown in Table 2, the liquid product yield obtained from
pyrolysis was 32.30%, while that from hydrothermal
treatment was 27.01%.

Table 2. Product yields obtained from pyrolysis and
hydrothermal treatment of SCG

Solid Liquid Gas
product, product, product,
% % %
Pyrolysis 20,89 32,30 46,81
Hydrothermal 72,99 27,01 _
process

The elemental analysis results of biochars obtained after
pyrolysis and hydrothermal processing are given in Table 3.
The results indicate that the biochar produced via pyrolysis
has a significantly higher carbon content than that obtained
from the hydrothermal process. This difference arises from
the distinct thermal degradation mechanisms of the two
processes. Pyrolysis occurs in an oxygen-limited
environment at a high temperature of 550°C. At this high
temperature, most of the volatile components containing
hydrogen (H), oxygen (0), and nitrogen (N) transition into the
gas or liquid phase, leaving behind a carbon-rich solid residue
(biochar). Conversely, the hydrothermal process, which
occurs at a lower temperature and in the presence of water,
retains more heteroatoms in the final structure.

Table 3. Elemental analysis results of solid products

Element Pyrolysissolid % Hydrothermal solid %
C 89.1 57.5
H 7.4 7.6
N 1.5 6.6

The XRD pattern of biochar obtained from the pyrolysis
process shows characteristic broad peaks at 22.88° and
43.38° (Figure 8a). These values indicate the presence of
amorphous carbon materials. In the biochar obtained from
the hydrothermal process, a peakis observed at 20.92°, which
indicates the presence of crystalline sucrose (Figure 8b).

22.88 43.38
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Figure 8. XRD spectra of coffee solid product a) Pyrolysis
solid product b) Hydrothermal solid product

Biochar derived from coffee waste can be utilized in various
fields. Owing to its high calorific value and fixed carbon
content, it can serve as an alternative fuel to coal; while its
high pH, nutrient content (N, P, K), and porous structure
enable its use as a soil amendment and fertilizer supplement.
Moreover, due to its heavy metal and pollutant adsorption
capacity, it is applicable in environmental remediation. In
addition, when used as a filler in epoxy resin composites,
coffee biochar enhances electrical conductivity and
mechanical strength, making it a sustainable additive for
conductive polymer composites, coatings, and automotive
materials [24, 25]
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GC-MS analysis of the bio-oil obtained from hydrothermal
treatment of spent coffee grounds revealed that the product
mainly consists of a series of n-alkanes ranging from C;, to
C3s. The identified compounds and their relative percentages
are summarized in Table 4. The GC-MS results of the bio-oil
obtained from pyrolysis of spent coffee grounds are
presented in Table 5. As seen, no detectable n-alkanes were
observed below C;4, while higher-chain hydrocarbons
became dominant starting from n-tetradecane (Cj,Hs3,
2.54%). The distribution progressively shifted toward long-
chain n-alkanes (C,, - C3), with increasing abundance for
heavier fractions. The hydrocarbon compounds in the bio-oils
obtained from both processes are heavy hydrocarbons and
their derivatives. Since the commercial paraffin wax used also
largely consists of heavy hydrocarbons, mixing the obtained
bio-oils with the PCM ensures chemical compatibility [26].

Table 4. Major n-alkanes identified in the bio-oil obtained
from hydrothermal liquefaction of spent coffee grounds

Alkane Chemical Base
Name Formula PCM
n-Decane Ci0Hz, 0.76
n-Undecane Ci1Hyy 0.75
n-Dodecane Ci,Hyg 0.71
n-Tridecane Ci3H,g 0.69
n-Tetradecane Ci4H3o 0.70
n-Pentadecane CisHs, 0.75
n-Hexadecane Ci6H3q 0.75
n-Heptadecane C17Hzg 0.74
n-Octadecane CigH3g 0.76
n-Nonadecane Ci9H4o 0.76
n-Eicosane CyoHyy 0.92
n-Heneicosane Cy1Hyy 1.29
n-Docosane CyoHyg 2.69
n-Tricosane Cy3H,g 5.86
n-Tetracosane Cy4Hsg 10.02
n-Pentacosane CysHsy 11.36
n-Hexacosane CyrHsy 11.46
n-Heptacosane Cy7Hs6 10.24
n-Octacosane CygHsg 8.61
n-Nonacosane Cy9Hgg 7.13
n-Triacontane C30Hgo 6.06
n-Hentriacontane C31Hgy 523
n-Dotriacontane C3,Hge 4.14
n-Tritriacontane C33Hgg 3.55
n-Tetratriacontane C34H7g 2.42
n-Pentatriacontane C35Hyy 1.64

FT-IR (Figure 9) analyses confirmed the presence of alkanes
in the liquid products and paraffin waxes. Peaks at
wavelengths 719, 1462, and 2914 cm'! represent the
chemical functional groups of C=C bending, C-H bending and
C-H stretching vibration, respectively. The presence of these
peaks confirms the presence of alkanes in liquid products and
paraffin waxes. The presence of C-H corresponding to the
peak at 2846 cm'! wavelength indicates the presence of
alkanes in liquid products. The presence of peaks between
770 and 968 cm! also reveals the presence of C-H. Peaks
between 1650 and 2000 cm-! wavelengths indicate the
presence of weak aromatic compounds and peaks between
2190-2260 cm-! indicate the presence of weak alkyne bonds.

Table 5. Major compounds identified in the bio-oil obtained
from pyrolysis of spent coffee grounds

Alkane Chemical Base
Name Formula PCM
n-Decane CioH5> 0.00
n-Undecane Ci1Hyy 0.00
n-Dodecane Ci2Hyg 0.00
n-Tridecane Ci3H,g 0.00
n-Tetradecane Ci4H3g 2.54
n-Pentadecane CisHs, 7.07
n-Hexadecane CigH3s 3.02
n-Heptadecane Ci7Hz¢ 4.23
n-Octadecane CigH3g 2.77
n-Nonadecane CioHy4o 4.01
n-Eicosane CyoHyp 2.74
n-Heneicosane Cy1Hyy 325
n-Docosane CyHyg 2.91
n-Tricosane Cy3H,g 3.02
n-Tetracosane Cy4Hsg 3.05
n-Pentacosane CysHsy 321
n-Hexacosane CyreHsy 3.21
n-Heptacosane Cy7Hsg 3.22
n-Octacosane CygHsg 3.30
n-Nonacosane Cy9Hgg 3.52
n-Triacontane C30Hgo 24.10
n-Hentriacontane C31Hgy 3.59
n-Dotriacontane C3,Hge 4.34
n-Tritriacontane C33Hgg 4.98
n-Tetratriacontane C34H7g 4.63
n-Pentatriacontane C35Hy 3.30
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Figure 9. FT-IR spectra of paraffin waxes blended with bio-
oils obtained from SCG a) hydrothermal bio-oil, b) pyrolysis
bio-oil

DSC analysis showed that the melting temperature of
commercial paraffin wax was 62.4°C and latent heat was
178.5 J/g in Figure 10. In the DSC analysis, a decrease in
latent heat capacities was observed in composite PCMs
because only paraffin absorbs and releases thermal energy
during the melting and solidification process. The latent heat
of paraffin wax modified with the hydrothermal oil product of
coffee was determined as 144.8 ]J/g, while the latent heat of
paraffin wax modified with the pyrolysis oil product of coffee
was found to be 141.4 J/g. Similar results were obtained for
hydrothermal, and pyrolysis doped paraffin waxes. The DSC
heating curves demonstrate that the incorporation of bio-oils
(both hydrothermally and pyrolytically derived) significantly
alters the melting behavior of paraffin wax. Pure commercial
paraffin wax exhibited a sharp melting peak at 62.4 °C with a
narrow melting range, without a clearly distinguishable onset
point. In contrast, all bio-oil-containing composites displayed
an early melting initiation in the ~38-40 °C range, while their
main melting peaks remained around 62-65 °C. For instance,

the hydrothermal 1% composite showed an initial melting
temperature of 40.0 °C with a peak at 61.9 °C, the 3%
composite recorded 38.0 °C and 65.0 °C, and the 5%
composite exhibited 39.0 °C and 63.5 °C, respectively.
Similarly, in pyrolysis-derived composites, the 1% sample
exhibited an initial melting temperature of 39.0 °C with a peak
at 63.3 °C, the 3% sample showed 39.5 °C and 63.8 °C, and the
5% sample displayed 39.2 °C and 63.5 °C. These results reveal
that the melting range of the composites broadens due to the
heterogeneity introduced by bio-oils: low-melting
microdomains or plasticizing effects from the bio-oil promote
the initiation of melting at lower temperatures, while
paraffin-rich crystalline regions continue to melt at higher
temperatures (main peak). Notably, the hydrothermal 3%
sample exhibited the highest peak temperature (65.0 °C).
Overall, this broadened melting range enables the composites
to begin storing heat at approximately 40 °C and to sustain it
until the completion of the main paraffin melting, highlighting
their potential for thermal buffering applications where early
heat absorption is advantageous.

The suitability of the CPCM with a melting onset temperature
of ~38 °C for Li-ion battery thermal management can be
justified by the typical operating temperature range of Li-ion
batteries, which is generally 15-40 °C. Maintaining the cell
temperature within this range is critical to ensure
performance, cycle life, and safety. Wazeer et al. [27]
emphasized that PCMs with melting points below 40 °C are
particularly effective in BTMS applications, since they begin
absorbing excess heat before the battery temperature rises
above the safe limit. In our study, the bio-oil modified paraffin
composites exhibited an early melting onset at ~38 °C, which
aligns well with this requirement. This ensures that the PCM
starts to buffer heat at the early stages of temperature
increase, thereby preventing the battery from exceeding its
optimal range. While the focus here is on Li-ion battery
applications, the same temperature window is also relevant
for other electronic cooling applications that demand stability
below 40 °C [27].
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Figure 10. DSC graph of commercial paraffin wax
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In addition to the melting temperature results, the latent heat
values of the composite PCMs were evaluated to assess their
heat storage performance. In the present study, hydrothermal
bio-oil-based PCMs exhibited latent heat values of 144.8 ] /g,
143.1 J/g, and 131.4 ]/g at 1%, 3%, and 5% mixing ratios,
respectively, indicating that higher additive loading reduced
the energy storage capacity. Pyrolysis bio-oil-based
composites, on the other hand, showed 141.4 J/g and 127.0
]/g at 1% and 3% ratios, followed by an increase to 145.8 ]/g
at 5%, suggesting that pyrolysis-derived additives interact
more effectively with the paraffin matrix at higher loadings.

When compared with the results of Yoo et al. [19], who
prepared bio-composite PCMs using spent coffee grounds
impregnated into natural waxes, it can be observed that the
latent heat values of the present bio-oil-based composites are
within a similar range. Specifically, Yoo et al. reported latent
heat values of 50.77 J/g for SCBW (spent coffee + beeswax),
76.39 ] /g for SCPW (spent coffee + palm wax), 21.05 J/g for
SCGW (spent coffee + golden soy wax), and 19.43 J/g for
SCNW (spent coffee + nature soy wax). These findings
confirm that coffee waste-derived materials, whether
incorporated as bio-oils or as solid supporting matrices, can
achieve sufficient energy storage performance for practical
thermal management applications. Overall, while Yoo et al.
emphasized the role of coffee grounds as supporting
structures in natural waxes, the present study highlights the
additional advantage of bio-oil incorporation, which not only
maintains latent heat performance but also reduces the
melting temperature, making the composites particularly
promising for lithium-ion battery cooling applications.

Figure 12 shows the thermal image of a commercial PCM.
Figure 13 presents the images of PCMs blended with the oil
obtained from hydrothermal processing, where CPCMs with
3% and 5% additive content exhibited an earlier initial
melting. Similarly, Figure 14 shows the images of PCMs

blended with the oil derived from pyrolysis, which also
revealed an earlier initial melting in the CPCMs.

2=0.95 RT=34.0¢

Figure 12. Thermal image of commercial paraffin wax PCM

Itis important to note that the main objective of this work was
not to enhance the thermal conductivity of paraffin, but to
evaluate the feasibility of using SCG-derived bio-oils to tune
its phase change properties for Li-ion battery cooling. The
thermal behavior of the prepared composite PCMs was
characterized using the T-History method, a widely used,
economical, and practical approach in phase change material
research. This technique allows the determination of key
parameters such as phase change temperature, latent heat,
specific heat capacity, and thermal conductivity. Compared to
other thermal analysis methods, it offers advantages
including simpler instrumentation, lower maintenance
requirements, and the ability to test multiple samples
simultaneously. Additionally, instead of using a small sample
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mass as in DSC, a larger amount of sample is used, which
increases the representativeness of the measurement. The T-
history results showed that the thermal conductivity of the
composites (~1 W/m-'K) remained nearly unchanged
compared to pure paraffin. This stability indicates that the
incorporation of bio-oils does not hinder heat transfer, while
the significant reduction in melting temperature enhances
the compatibility of the PCMs with the operating range of
lithium-ion batteries.
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Figure 13. On the left: paraffin wax mixed with 1% bio-oil
obtained from hydrothermal processing; on the right:
paraffin wax mixed with 3% bio-oil obtained from
hydrothermal processing; at the bottom left: paraffin wax
mixed with 5% bio-oil obtained from hydrothermal
processing

Figure 14. On the left: paraffin wax mixed with 1% bio-oil
obtained from pyrolysis; on the right: paraffin wax mixed
with 3% bio-oil obtained from pyrolysis; at the bottom left:
paraffin wax mixed with 5% bio-oil obtained from pyrolysis

Table 6. Thermal conductivity values of C/PCMs

A‘PCM,S
C/PCM-0,3 (Pyrolysis Bio-oil) 0,99
C/PCM-0,3 (Hydrothermal Bio-oil) 1,00
Paraffin vaks 1,01

CONCLUSIONS

In this study, bio-oils produced from spent coffee grounds
(SCG) via pyrolysis and hydrothermal treatment were
incorporated into paraffin wax to prepare composite PCMs
for lithium-ion battery thermal management. The results
showed that even small additions of bio-oils (1-5 wt.%)
significantly reduced the melting point of paraffin wax. In
particular, the hydrothermal bio-oil lowered the melting
point by more than one-third, while the pyrolysis-derived oil
also produced a marked decrease. This reduction in melting
temperature is a key finding for mitigating overheating and
improving the safety and lifespan of Li-ion batteries.
Additionally, literature reports indicate that solid by-
products (biochar) obtained from such processes can be
utilized in various applications, including as adsorbents,
sensing materials for moisture detection, or soil amendments,
owing to their porous structure, nutrient content, and high
adsorption capacity [24, 25].

In the present study, the incorporation of SCG-derived bio-oil
into paraffin wax resulted in a moderate reduction of latent
heat compared to pure paraffin. Although a lower latent heat
capacity reduces the total amount of heat that can be stored,
it can improve the responsiveness of the PCM during rapid
thermal fluctuations, which is beneficial for Li-ion battery
cooling. A similar observation was reported by Xiong et al.
[22] who demonstrated that the addition of garlic stem
biochar microparticles enhanced the thermal conductivity
and accelerated the melting/solidification processes of
paraffin, while the latent heat was only slightly reduced by
6.1%. These findings indicate that a small decrease in latent
heat does not necessarily compromise PCM performance;
instead, it can improve short-term heat absorption efficiency
and suppress thermal spikes under dynamic battery
operating conditions.

These findings highlight the potential of SCG-derived bio-oils
as sustainable and effective additives for next-generation
thermal energy storage applications. Future studies may
focus on optimizing the composition and stability of these
materials to further enhance their efficiency and scalability in
real-world applications.
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