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Abstract

The valorization of agricultural wastes such as pumpkin peel generated from the food
processing industry through thermochemical conversion offers sustainable solutions for
both waste management and carbon cycling. This study aims to evaluate the physico-
chemical properties and environmental impacts of charcoals produced from pumpkin peel
waste (PPW), without the use of chemicals or pre-washing. In this context, pumpkin peel
hydrochar (PPH) was produced by hydrothermal carbonization (HTC) and pumpkin peel
biochar (PPB) by pyrolysis. The systems were modeled according to a pilot-scale scenario
based on the processing of 100 kg of PPW, and the functional unit was defined as the
processing of this amount. The properties of the products were determined by various
physicochemical characterization techniques, and environmental impacts were analyzed
using Life Cycle Assessment (LCA). The results showed that PPH has a higher specific
surface area (16.35 m2 g−1) than PPB (9.80 m2 g−1), as well as a higher carbon content
(76.18% for PPH and 66.07% for PPB). Furthermore, the environmental impact of PPH
(16.42 kg CO2-equivalent/FU) is lower than that of PPB (32.33 kg CO2-equivalent/FU).
Based on the obtained physicochemical properties, the potential of both materials as soil
conditioners has been evaluated. The lower environmental impact values suggest that
PPH may be a more advantageous alternative in terms of sustainability. However, this
evaluation is not based on direct soil application experiments, and further applied studies
are needed to confirm this potential.
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1. Introduction
The increasing emphasis on green transformation and circular economy goals in recent

years has significantly increased research interest in chemical additive-free production and
waste management approaches [1,2]. This trend encourages technological approaches to
transforming agricultural and organic waste into valuable products that reduce process
complexity, minimise chemical input requirements, and limit secondary environmental
burdens [3–5].

Organic and agricultural wastes cause significant environmental problems in both
rural and urban areas. These wastes, which can accumulate in heaps, especially in rural
areas, can cause odour formation, pathogen spread, water pollution, and greenhouse gas
emissions due to uncontrolled disposal or incineration [6]. However, these wastes are
important biomass resources due to their high organic matter content and nutrient element
composition. Numerous studies have shown that these types of waste can be used as soil
conditioners or growing media and can serve as alternatives to natural soil and peat [7,8].
Therefore, the controlled conversion of these wastes into value-added products is of strate-
gic importance in terms of both waste management and resource efficiency. Through
thermochemical conversion processes, such as pyrolysis and hydrothermal carbonisation
(HTC), lignocellulosic biomass is converted into carbon-rich materials, including biochar
and hydrochar. These materials are characterised by aromatic structures, improved porosity,
and relative stability, and these properties are associated with long-term carbon sequestra-
tion in soils. Studies in the literature have shown the potential of lignocellulosic carbonised
materials for adsorption, soil improvement, and environmental remediation [9,10].

The structural properties of carbonaceous materials such as pumpkin peel hydrochar
(PPH) and pumpkin peel biochar (PPB) vary significantly depending on both the conver-
sion method employed and the nature of the biomass. Biochars produced via pyrolysis
(including pre-treatments such as chemical impregnation) are generally characterized
by higher aromaticity, higher carbon content, and well-developed porosity, whereas hy-
drochars obtained through hydrothermal carbonization typically exhibit lower surface
area. In contrast, gasification processes, which operate at high temperatures under partial
oxidation conditions and are primarily aimed at syngas production, result in lower biochar
yields and less developed pore structures [11]. In addition, physical or chemical activation
treatments (e.g., CO2, KOH) can significantly enhance specific surface area and micro-
porosity; however, these processes require additional chemical and energy inputs, and
the resulting products are generally referred to as activated carbon [12,13]. Furthermore,
studies on different biomass types (e.g., rice husk, sawdust, and fruit peels) have shown
that, in addition to the conversion pathway, biomass composition (cellulose, hemicellulose,
and lignin content) plays a critical role in determining pore development morphology
and surface chemistry [14]. These findings demonstrate that both the conversion method
and feedstock characteristics are key factors in defining the structural properties of PPH
and PPB. In light of these findings, the literature indicates that pumpkin peel, due to its
similar lignocellulosic content, may also be a suitable raw material for carbonised material
production [15].

Carbonised products derived from agricultural waste contribute to environmen-
tal sustainability by reducing waste volume and providing carbon-sequestration poten-
tial. However, a significant portion of the literature focuses on production scenarios
involving chemical activation, impregnation, or surface modification to improve mate-
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rial performance [16,17]. Such processes require additional energy and chemical inputs
and can increase environmental impacts. In this context, it is necessary to quantitatively
demonstrate the environmental impact performance of processes carried out under lean
manufacturing conditions. In this context, “lean” refers to production without chemical
activation, impregnation, or pre-treatment steps, which are commonly used in the literature
but introduce additional environmental burdens. For this purpose, Life Cycle Assessment
(LCA) is a widely used method that allows for the analysis of the environmental impacts
of production systems within a holistic framework. While LCA studies on biochar and
hydrochar production have increased in recent years, most of the current research focuses
on specific applications, different types of raw materials, or production scenarios involving
chemical additives [18–22].

In contrast, studies that evaluate biochar and hydrochar produced under lean manu-
facturing conditions from the same raw material without chemical additives or pretreat-
ment, and integrate detailed material characterisation with comparative LCA analysis, are
limited [2,23]. Furthermore, many existing LCA studies focus on selected impact categories,
and comprehensive assessments that qualitatively correlate process conditions with prod-
uct textural/physicochemical properties are insufficient. This indicates a research gap in
revealing the relationship between production parameters and environmental performance.

To address this research gap, the present study is designed with a distinct and integra-
tive approach. Unlike most existing studies, this work focuses on the comparative evalua-
tion of biochar and hydrochar produced from the same biomass under chemical-free and
pre-treatment-free conditions. The novelty of this study lies in three main aspects: (i) the
use of a single raw material to enable a direct and consistent comparison between HTC and
pyrolysis, (ii) the integration of detailed physicochemical characterisation with life cycle as-
sessment, and (iii) the modelling of both processes under harmonised pilot-scale conditions.
This integrated approach allows for a more comprehensive understanding of the relation-
ship between process conditions, material properties, and environmental performance.

In addition to environmental impacts related to application areas, the environmental
safety of charcoal products is also an important research topic. Studies show that the
elemental composition and environmental risk profile of biochar depend on raw material
properties and production parameters, and that potential risks from heavy metals may arise
under certain conditions [2]. In the context of the pumpkin peel raw material selected in this
study, the literature data show that heavy metals in pumpkin plants are mainly retained in
root tissues, while accumulation is relatively low in fruit and peel tissues [24]. This suggests
that charcoal obtained from both the lean process and pumpkin peel may potentially carry
a lower heavy metal risk. However, a systematic environmental performance assessment is
still necessary.

This study provides a comparative investigation of biochar and hydrochar obtained
from the same waste raw material under lean production conditions using two different
processes, combining physicochemical characterisation and life cycle assessment within
a unified framework. The results reveal the effects of two different thermochemical pro-
duction processes on both the performance of the resulting material and its impact on
environmental effects, showing that hydrochar offers more advantageous properties with
a lower environmental burden compared to biochar. This approach emphasises the im-
portance of considering environmental sustainability as well as technical performance in
product selection and application perspectives. Accordingly, this study contributes to the
literature by providing a harmonised evaluation framework linking process conditions,
material properties, and environmental performance.
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2. Materials and Methods
2.1. Raw Materials and Sample Preparation

Raw materials for producing biochar and hydrochar from pumpkin peel waste (PPW)
were sourced locally from the Tunatan Facilities in Sakarya, Türkiye.

Raw materials for biochar and hydrochar production, namely PPW, were sourced
locally from Tunatan Facilities in Sakarya, Türkiye. No pre-washing step was applied prior
to thermochemical conversion, in accordance with similar char production approaches
reported in the literature [25,26], in order to minimize water consumption and simplify
the process.

The collected peels were first air-dried under ambient conditions for one week. Subse-
quently, the samples were oven-dried (Binder GmbH, Tuttlingen, Germany), at 70 ◦C for
24 h until constant weight was achieved. Biomass drying is commonly performed at 105 ◦C
for 24 h according to standard methods (ASTM D1762-84; 28 ISO 589) [27,28]; however, a
lower temperature was selected in this study to reduce energy consumption while ensuring
sufficient moisture removal. Similar temperature ranges (60–105 ◦C) have been reported in
the literature [29–31]. The samples were weighed before and after drying using a precision
analytical balance.

For hydrochar samples obtained after hydrothermal carbonization, drying was carried
out at 105 ◦C for 6 h to ensure complete removal of residual moisture [27,28,32]. Due to the
smaller sample quantity and finer structure compared to raw biomass, a shorter drying
time was sufficient to reach constant weight, consistent with previous studies [33,34].

The dried biomass was then subjected to a two-stage grinding process. Initially, coarse
grinding was performed to obtain particles of approximately 3 mm using a prototype
grinder. This was followed by fine grinding using a ring mill (Fritsch, Idar-Oberstein,
Germany) for up to 45 s in 200 g batches. The ground material was subsequently homoge-
nized and sieved using a vibrating sieve shaker (Retsch AS-200, Haan, Germany), yielding
particle sizes between 1 mm and 150 µm. The prepared samples were stored in airtight
glass containers prior to thermochemical processing.

The dried biomass (pumpkin peel waste) was then subjected to a two-stage grinding
process. First, the material was coarsely ground to approximately 3 mm using a prototype
coarse grinder. Then, fine grinding was performed using a ring mill (model Fritsch) for up
to 45 s in batches of 200 g. The ground biomass was then homogenized and sieved using
a vibrating sieve shaker (model Retsch AS-200), resulting in particle sizes ranging from
1 mm to 150 µm. The sieved samples were stored in airtight glass jars to preserve their
physicochemical integrity prior to thermochemical processing.

2.2. Description of Pumpkin Peel Wastes Pyrolysis and Htc Process

Biochar production from PPW via pyrolysis was carried out in a high-temperature
horizontal mullite tube furnace (Protherm Furnaces, Ankara, Türkiye) with controlled
heating and cooling rates, as shown in Figure 1a.

The pyrolysis process was carried out at a constant nitrogen (N2) gas flow of 12 L/h,
with a heating rate of 10 ◦C/min until 600 ◦C, where it was maintained for 2 h. This was
followed by increasing the temperature to 800 ◦C and holding for 0.5 h. The resulting
product was cooled to 100 ◦C under continuous N2-flow, then stored in a desiccator in a
moisture-free, airtight environment.
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(a) (b) 

Figure 1. (a) Laboratory-scale high-temperature, atmosphere-controlled horizontal tube furnace used
in the pyrolysis experiment, with a maximum operating temperature of 1300 ◦C. (b) Laboratory-
scale HTC reactor used in the experiment, with a capacity of 250 mL and a maximum operating
temperature of 300 ◦C.

To produce PPH from PPW via HTC, a total of 5 g of dried and prepared pumpkin
peel was mixed with 100 mL of ultrapure water and stirred using a magnetic stirrer for 4 h
to ensure homogeneity. The mixture was then transferred into a high-pressure reactor used
for HTC (TGYF-A, 250 mL, Zhengzhou Keda Machinery and Instrument Equipment Co.,
Ltd., Zhengzhou, China) and heated at 250 ◦C for 4 h. After completion, the reactor was
automatically switched off and allowed to cool to room temperature.

In this study, a two-stage heating strategy was applied within a single continuous
process to balance energy efficiency and structural development, rather than prolonged
exposure to high temperatures [35]. The first stage at 600 ◦C for 2 h ensures substantial
decomposition of cellulose and hemicellulose and the completion of primary carbonization.
This temperature range (550–650 ◦C) is widely reported in the literature as sufficient for
devolatilization and initial char formation [36–38].

Subsequently, a short residence time at 800 ◦C (0.5 h) was applied to enhance aro-
maticity, increase carbon stability, and remove residual volatile compounds while avoiding
excessive energy consumption [39,40]. This staged heating approach is consistent with
recent studies highlighting controlled high-temperature treatment to improve biochar
quality [32,39,41,42].

The resulting HTC product was separated by vacuum filtration using a vacuum
filtration pump (model K48ZZFFD3780, Leuven, Belgium), and the solid fraction was
collected. To eliminate residual impurities, the solid product was thoroughly washed with
distilled water and dried in a vacuum oven (model SH-VDO-70NH, SH Scientific, Sejong,
Republic of Korea) at 105 ◦C for 6 h.

For hydrothermal carbonization, a temperature of 250 ◦C and a residence time of
4 h were selected. This temperature lies within the commonly reported optimal range for
lignocellulosic biomass (180–280 ◦C), while the selected residence time ensures sufficient
carbonization [43–45]. The process was carried out in a sealed reactor under autogenous
pressure conditions, reaching approximately 35–40 bar at the operating temperature [46].
Finally, the obtained PPB and PPH samples were collected and stored under appropriate
conditions for subsequent physicochemical characterization. The flow chart of the whole
process of obtaining biochar and hydrochar from PPW via pyrolysis and HTC, respectively,
is given in Figure 2.
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Figure 2. Flow diagram of the biochar and hydrochar production processes from pumpkin peel
waste, showing input and output streams. “Created in BioRender. Uysal, M.H. (2026) (https:
//BioRender.com/9yfq453, accessed on 8 April 2026) is licensed under CC BY 4.0”.

2.3. Characterization Techniques

The surface morphologies and structures of PPR (pumpkin peel waste-derived pump-
kin peel powder), PPB, and PPH were examined by Field Emission Scanning Electron
Microscope (FESEM) (Quanta FEG 450, Hillsboro, OR, USA) and the Scanning Electron
Microscope (SEM) (JEOL JSM-6060LV, Tokyo, Japan). The elemental distribution on the
surface and pore structure was semi-quantitatively analyzed using EDS coupled with a
SEM (JEOL JSM-6060LV). The elemental composition (C, H, N, and S contents) of the PPR
was quantitatively determined also using an ultimate analyzer (LECO TruSpec Micro, St.
Joseph, MI, USA).

The specific surface area, total pore volume, and pore size distributions of the PPR,
PPB and PPH samples were determined using the Brunauer–Emmett–Teller (BET) method
based on nitrogen adsorption–desorption isotherms, using a surface area analyzer (Gemini
VII 2390t, Norcross, GA, USA).

Furthermore, FTIR spectra of PPR, PPB, and PPH were recorded using a Shimadzu
IRPrestige-21 FTIR spectrophotometer (IRPrestige-21, Kyoto, Japan) equipped with an ATR
accessory in the range of 4000–400 cm−1 to evaluate functional groups.

2.4. Life Cycle Assessment Methodology

The environmental impacts of pumpkin disposal using HTC and pyrolysis methods
were analysed using LCA methodology. LCA studies were conducted in accordance with
ISO 14040 and 14044 standards [47,48]. The environmental impacts of pumpkin peel
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waste management via HTC and pyrolysis were analysed using LCA. The assessment was
conducted in accordance with ISO 14040 and ISO 14044 standards.

In this study, pumpkin peels were selected as the raw material, and two thermo-
chemical conversion processes (pyrolysis and hydrothermal carbonisation) were applied
under lean production conditions. The resulting PPB and PPH were comparatively evalu-
ated through physicochemical characterisation (SEM, FESEM, SEM-EDS, FTIR, BET, and
elemental analysis) and life cycle environmental impact assessment.

In waste management-focused LCA studies, the use of mass-based functional units
(e.g., processing 100 kg of organic/food waste) is widely adopted to ensure comparability
between systems [49,50]. Accordingly, in this study, the functional unit was defined as the
management of 100 kg of pumpkin peel waste.

Although char products are obtained as a result of waste treatment processes, there are
significant uncertainties regarding their subsequent use. In particular, additional activation
processes (e.g., steam or chemical activation, washing, and drying) require extra energy
and chemical inputs. Due to the lack of reliable life cycle inventory data for these processes,
it was assumed in the baseline scenario that the produced char is applied to soil, providing
long-term carbon sequestration, consistent with previous studies [17].

Accordingly, the system boundary was defined as gate-to-grave, assuming carbon
sequestration benefits from char application. Sensitivity analysis was conducted based
on the BET-specific surface area results. Environmental impacts were assessed using life
cycle impact assessment indicators, with particular emphasis on global warming potential
(GWP). A visual representation of the laboratory-scale system boundaries is presented in
Figure 2.

2.4.1. Goal and Scope

In this LCA study, a laboratory-scale comparison was not performed. Instead, a
hypothetical pilot-scale scenario was developed based on the management and processing
of 100 kg of pumpkin peel waste, and the life cycle inventory was constructed accordingly.

The functional unit of the study is defined as the treatment of 100 kg of pumpkin peel
waste. All material and energy flows, as well as the associated environmental impacts,
were calculated based on this reference in order to ensure a consistent and comparable
evaluation of the biochar and hydrochar production systems.

The main objective of the study is to compare the environmental impacts of biochar
and hydrochar production processes applied to the same biomass input, which yield
products with very similar physical and chemical properties, and to identify the production
route associated with the lower environmental burden for the management of pumpkin
peel waste.

This study aimed to obtain a usable product at the end of the disposal processes.
However, there are significant uncertainties regarding the further use of the resulting char.
For example, the activation processes (steam/chemical activation, washing, drying, etc.)
required to convert char into activated carbon require additional energy and chemical
inputs. Due to uncertainties encountered in the development of the life cycle inventory for
these processes, the base scenario assumes that the produced char is land-applied for soil
amendment and carbon storage, similar to the study in the literature [17].

Thus, the gate-to-grave system boundary is adopted, and the char is assumed to
provide carbon storage. A visual representation of the system boundaries is provided in
Figure 2. Transport data is not included in the system boundaries. The activated carbon
substitution potential of the char is presented in the sensitivity analysis based on the
BET analysis.
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Two different impact assessment methods were used for life cycle impact assessment.
IPCC 2021 GTP100 (including CO2 uptake, total) was specifically chosen to assess the
carbon sequestration benefit of char because it accounts for biogenic CO2 emissions and
carbon storage effects. Global Temperature Potential (GTP) impacts are calculated in this
impact category. Conceptually, GTP differs from GWP (Global Warming Potential) in
that it is based on the impact of greenhouse gases on global temperature increase over a
specific time horizon. However, both metrics are widely used in LCA studies to assess
climate change impact, and the results mostly show similar trends. Another impact method
used, the ReCiPe 2016 Midpoint (H) method, was chosen because it offers broader impact
categories. Since the ReCiPe method has a characterisation factor of zero for biogenic CO2,
carbon sequestration effects cannot be observed in this method. Thus, the impacts of GTP
were comprehensively assessed using the IPCC 2021 method, while other environmental
categories were comprehensively assessed using the ReCiPe 2016 method. Life cycle
assessment was performed using SimaPro 9.5.0.0 PhD software.

2.4.2. Life Cycle Inventory (LCI)

The HTC and pyrolysis processes employed in the study are laboratory-scale processes.
However, to represent potential impacts in a pilot-scale application, the disposal processes
were modelled for the pilot-scale disposal of 100 kg of pumpkin peel waste. For modelling
purposes, the scale-up procedures reported in the literature were applied [51]. The formulas
used for energy calculations are given below. The dominant contributors to energy demand
differ between the two processes. In the HTC system, energy consumption is mainly
associated with heating the high-moisture reaction mixture to the target temperature and
maintaining reaction conditions. In contrast, in the pyrolysis process, the primary energy
demand arises from high-temperature thermal treatment, including multi-stage heating up
to 800 ◦C. For this purpose, a pilot-scale scenario corresponding to an initial input of 100 kg
of pumpkin peel waste was defined for each of the HTC and pyrolysis processes. The
scale-up procedures suggested by Piccinno et al. were applied, and the life cycle inventory
estimating the energy requirements for both waste processing routes based on engineering
calculations and literature data was reported in the same study [51]. It should be noted
that the modeled system represents a hypothetical pilot-scale scenario rather than a real
industrial operation. The selected functional unit of 100 kg of pumpkin peel waste was
chosen as an intermediate scale to allow consistent comparison between processes while
avoiding assumptions related to full industrial implementation. Laboratory-scale methods
were modelled using industrially equivalent process steps, allowing laboratory data to be
consistently transferred to a pilot-scale representation in the life cycle assessment.

In the scale-up of pyrolysis and HTC processes, drying, grinding, mixing, heated
reaction, and solid–liquid separation are the key unit operations. The drying step, which is
carried out at laboratory scale by vacuum drying or rotary evaporation, becomes critical at
the industrial scale due to the need for energy recovery and control of volatile compounds.
The required energy for this step can be calculated considering the specific heat and
vaporisation enthalpy of the liquid as [51].

Qdry =
Cp,liq ∗ mliq ∗ (Tboil − T0) + ∆Hvap ∗ mvap

ηheat
(1)

Qdry: Total heat energy required for the drying process (J/kJ/MJ)
Cp,liq: Specific heat capacity of the liquid (kJ/kg·K)
mliq: Mass of te liquid being heated (kg)
Tboil: Boiling temperature of the liquid (K or ◦C)
T0: Initial temperature of the liquid (K or ◦C)
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∆Hvap: Latent heat of vaporization (kJ/kg)
mvap: Mass of the evaporated liquid (kg)
ηheat: Heating system efficiency (dimensionless, typically between 0 and 1)
Particle size reduction is essential for both technologies, with typical energy con-

sumption in the range of 8–16 kWh/ton [49]. In HTC, total energy demand is calculated
as [51].

Estir=
Np ∗ ρmix ∗ 1

d ∗
(

N ∗ d2)3 ∗ t
ηstir

(2)

Estir: Energy consumption for stirring (kJ or MJ)
Np: Power number (dimensionless, impeller-dependent)
ρmix: Density of the mixture (kg/m3)
d: Impeller diameter (m)
N: Rotational speed of the impeller (s−1)
T: Mixing time (s)
ηstir: Stirring efficiency (dimensionless, typically between 0 and 1)
During the heated batch reaction step, both the heating of the mixture to the target

temperature and the heat losses must be taken into account, which can be expressed as [51].

Qreact =
Cp ∗ mmix ∗ (Tr − T0) + A ∗ ka

s (Tr − Tout) ∗ t
ηheat

(3)

Qdry: total heat energy required for the reaction process (kJ or MJ)
Cp: Specific heat capacity of the reaction mixture (kJ/kh.K)
mmix: Mass of the reaction mixture (g)
Tr: Reaction temperature (K or ◦C)
T0: Initial temperature of the mixture (K or ◦C)
A: Heat transfer area (m2)
ka: Overall heat transfer coefficient (W/m2·K)
s: Thickness of the reactor wall or heat transfer medium (m)
Tout: External or ambient temperature (K or ◦C)
t: Reaction time (s)
ηheat: Heating system efficiency (dimensionless, typically between 0 and 1)
Finally, solid–liquid separation is particularly critical for HTC, where filtration and

centrifugation are the most common methods, with typical energy requirements ranging
from 1 to 10 kWh/ton of dry material [51]. Therefore, when moving from laboratory to
industrial scale, the energy demand, equipment selection, and process efficiency of each
unit operation should be considered in conjunction.

Emissions related to pumpkin production were calculated based on literature data.
It is assumed that in the HTC process, approximately 8% of 1 kg of pumpkin peel is
converted into CO2 and 0.6% into CO [52,53]. For pyrolysis, the bio-oil yield was assumed
to be 28%, which is consistent with reported values for lignocellulosic biomass under
high-temperature or non-optimized pyrolysis conditions. Literature indicates that bio-oil
yields can reach 60–70 wt% under fast pyrolysis conditions, while significantly lower yields
(typically 20–40 wt%) are observed at higher temperatures and longer residence times due
to enhanced secondary cracking reactions [54,55]. The gas phase composition was estimated
based on experimental data reported in the literature [54,56–59]. Considering the two-stage
pyrolysis (600 ◦C/2 h and 800 ◦C/0.5 h), the gas composition was calculated as CO (25.05%),
CO2 (38.56%), CH4 (11.90%), H2 (23.35%) and CnHm (0.73%). These values were included
in the model as direct emissions within the LCI. While CO and CO2, which constitute 90%
of the total gas mass, dominate the climate change impact, the contribution of gases such as
CH4 and H2 to other environmental categories was also taken into account. Furthermore,
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increased H2 formation at higher temperatures [59] demonstrates the potential advantage
of pyrolysis in terms of energy recovery and greenhouse gas reduction.

The LCI results summarising the inputs and outputs of the HTC and pyrolysis pro-
cesses per functional unit (100 kg pumpkin peel waste) are listed in Tables 1 and 2.

Table 1. Life cycle inventory of the HTC process for 100 kg of PPW.

Inventory Amount Unit Description

Inputs

Materials
100 kg Pumpkin peel waste

576 kg Water

Energy 49.67 kWh Electricity

Outputs

Product 10.8 kg Hydrochar

Wastes
574.15 kg Water

7 kg Pumpkin powder

Emissions to air

58.44 kg Water vapor

8 kg CO

0.6 kg CO2

Table 2. Life cycle inventory of the pyrolysis process for 100 kg of PPW.

Inventory Amount Unit Description

Inputs

Materials
100 kg Pumpkin peel waste

0.69 kg Nitrogen

Energy 80.79 kWh Electricity

Outputs

Product
9 kg Biochar

10.08 kg Bio-oil

Wastes 7 kg Pumpkin powder

Emissions to air

57 kg Water vapor

4.49 kg CO

10.84 kg CO2

1.22 kg CH4

0.07 kg CnHm

0.30 kg H2

The results of this study are subject to uncertainties related to the scale-up approach
and process assumptions. Energy consumption values were estimated based on literature-
derived engineering calculations, and actual values may vary depending on equipment
design, insulation efficiency, heat losses, mixing performance, and separation efficiency.

In industrial-scale systems, energy demand may be reduced through process opti-
mization, heat recovery, and improved reactor design. Conversely, additional energy
requirements such as pumping, process control, and emissions treatment may increase
total energy consumption. Therefore, the presented results should be interpreted as com-
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parative estimates under harmonized pilot-scale conditions rather than exact predictions
for industrial applications.

To improve clarity, the overall mass and energy flows of both processes were evaluated
based on the functional unit of 100 kg of pumpkin peel waste.

For the HTC process, the total electricity demand was calculated as 49.67 kWh, re-
sulting in 10.8 kg hydrochar, along with wastewater, water vapor, and minor gaseous
emissions. In contrast, the pyrolysis process required 80.79 kWh of electricity and produced
9 kg biochar and 10.08 kg bio-oil, in addition to gaseous emissions and water vapor.

This comparison indicates that pyrolysis is more energy-intensive than HTC under
the selected conditions. However, pyrolysis provides additional energy recovery potential
through bio-oil and combustible gases, which partially compensates for its higher energy
demand. In contrast, HTC shows lower direct energy consumption but does not offer
comparable energy recovery pathways.

These findings are further supported by the life cycle inventory (LCI) results, which
summarise the inputs and outputs of the HTC and pyrolysis processes per functional unit
(100 kg pumpkin peel waste), as presented in Tables 1 and 2.

Bio-oil obtained during the pyrolysis process was accepted as a process product due to
its energy potential. The lower calorific value of bio-oil was accepted as 17 MJ/kg, which is
consistent with reported heating values of biomass-derived pyrolysis oils, typically ranging
between 16 and 19 MJ/kg due to their high oxygen content [60,61]. The “light fuel oil”
unit process was selected as the representative product in the life cycle model. The lower
heating value of light fuel oil was assumed to be 42 MJ/kg. Based on this assumption,
conversion was performed using energy equivalence. Assuming that the 10.08 kg of bio-oil
obtained from the pyrolysis of 100 kg of pumpkin is equivalent to 4.08 kg of light fuel oil,
the environmental benefits of bio-oil to the system were reflected in the model. Additionally,
heat generation from pyrolysis gases is a well-known practice. The environmental benefit
provided by heat generation from pyrolysis gases was calculated using lower calorific
values reported in the literature. The lower calorific values were accepted as 10.1 MJ/kg,
50 MJ/kg, 120 MJ/kg, and 45 MJ/kg for CO, CH4, H2, and CnHm, respectively [62]. Taking
into account the emission amounts listed in Table 2, the total energy content was calculated
as 145.50 MJ. To reflect real operating conditions, an efficiency of 85% was assumed, and a
net heat output of 123.67 MJ was included in the model. This energy is included in the life
cycle inventory as heat generated.

The carbon sequestration potential of biochar and hydrochar when buried was calcu-
lated based on their measured elemental carbon content. Biochar contains 66.07% carbon,
while hydrochar contains 76.18%. This carbon was converted to CO2-equivalent using a
44/12 conversion factor. Therefore, the CO2-equivalent of 1 kg of biochar is calculated
as 2.42 kg CO2-eq, while the CO2-equivalent of 1 kg of hydrochar is calculated as 2.79 kg
CO2-eq. In the literature, long-term soil stability is reported as an average of 80% for
biochar [63] and 60% for hydrochar [64]. Carbon degradation was modeled using a first-
order decay kinetic model over a 100- year time horizon [63,64]. According to the literature,
the half-life of biochar ranges from several hundred to over a thousand years [63], whereas
the half-life of hydrochar ranges from a few years to several decades [64]. According
to these assumptions, the net carbon sequestration amounts of biochar and hydrochar
produced as a result of the processes initiated with 100 kg of pumpkin were calculated to
be 17.44 kg CO2-eq and 18.10 kg CO2-eq, respectively. These were included in the life cycle
model by giving a negative value.

The Ecoinvent 3.9.1 database, within the SimaPro 9.5.0.0 PhD software was used for
the unit processes required for the life cycle inventory. Medium voltage and TR grid mix
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were used to provide the electrical energy required for the processes, in accordance with
the pilot-scale production profile.

2.4.3. Sensitivity Analysis

As an alternative to applying coal to the soil, the environmental impacts of increased
use of biochar and hydrochar instead of activated carbon (AC) were assessed through
sensitivity analysis. The potential for biochar and hydrochar to replace activated carbon
was estimated based on specific surface areas obtained from BET analyses. The BET surface
area of hydrochar was measured as 16.35 m2/g, while the surface area of biochar was
determined to be 9.80 m2/g. For comparison, the BET surface area of commercial activated
carbon was assumed to be 1000 m2/g, as reported in the literature [65,66]. Based on
surface area equivalence, the substitution potentials for activated carbon were calculated
as 0.045 kg AC per kilogram of biochar and 0.065 kg AC per kilogram of hydrochar. This
scenario represents an optimistic substitution assumption, as the environmental burdens
associated with the activation process required to achieve activated carbon-like properties
have not been considered. However, this assumption has been deliberately adopted within
the sensitivity analysis to investigate the upper limit of environmental benefits achievable
through material substitution. In addition, it should be noted that the substitution potential
based solely on surface area equivalence represents a simplified approach. In practical
applications, the adsorption performance of biochar and hydrochar depends not only on
surface area but also on pore size distribution, surface chemistry, and activation conditions.
Therefore, the direct substitution of activated carbon may not always be feasible without
additional processing.

3. Results and Discussion
3.1. SEM-FESEM Analysis

The surface morphologies of the PPW and PPH were evaluated using FESEM, and
the PPB were evaluated using SEM images. Significant structural changes were observed
compared to the waste raw material (Figure 3). Raw pumpkin peel powder (Figure 3a,b)
exhibits an irregular and flaky morphology, with no obvious porosity observed on the
surface. This morphological structure reflects the natural structural characteristics of
lignocellulosic biomass, indicating a limited surface area. According to the literature,
pumpkin peel consists of approximately 27.4% cellulose, 34.1% hemicellulose, 4.0% lignin,
and 6.4% ash [65–67]. The predominance of cellulose and hemicellulose, together with the
relatively low lignin content, explains the observed structural features [67–69].

FESEM images of PPH obtained via hydrothermal carbonization (Figure 3c,d) exhibit
a more compact, partially porous, and regular morphology compared to raw biomass.
This morphological transformation indicates that the HTC process reorganises the biomass
structure, increases carbon content, and reduces oxygen-containing functional groups,
as reported in previous studies [70–73]. However, porosity remains limited, which is
attributed to the incomplete removal of volatile components due to the relatively low
temperatures employed in the HTC process [71–74]. The resulting hydrochar can be used
as a coal-like fuel with high energy density and can also be considered for environmental
applications, such as soil amendment or adsorption, as reported in previous studies [75–77].
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Figure 3. FESEM images of (a,b) pumpkin peel powder and (c,d) hydrochar produced via hydrother-
mal carbonisation, and SEM images of (e,f) biochar obtained via pyrolysis, at magnifications of ×1000
and ×10,000. Scale bars: FESEM—100 µm (×1000) and 10 µm (×10,000); SEM—10 µm (×1000) and
1 µm (×10,000).

The partial porosity observed in the SEM images of PPB produced by pyrolysis can
be attributed to the volatilization of organic components and the collapse of cell walls, as
reported in previous studies [78–81]. Similar porous structures have also been reported in
char and activated carbon products obtained from pumpkin peel and similar feedstocks
rich in cellulose and hemicellulose [82–85]. However, these pores are limited and sparsely
distributed, indicating that pore development remains restricted under the applied process
conditions for both materials. This observation is consistent with the BET results, which
show relatively low specific surface areas of 9.8 m2/g for PPB and 16.35 m2/g for PPH,
confirming the limited development of porosity.

Based on the literature on biochar production from pumpkin peel biomass, in this
study, unlike previous works, the production was carried out without the use of any
chemicals and through a simple process that does not require pre-washing [82]. As a result,
the surface area (<20 m2/g) and porosity were found to be limited and similar for both
materials [82]. This has been reported in the literature to be related to process type and
carbonization/activation conditions [86]. However, coals with surface areas in this range
(<20 m2/g) can be obtained using simplified methods such as low-temperature pyrolysis,
short-term heat treatment and/or pre-activation; this can be considered consistent with the
PPB obtained in this study, as reported in the literature [87,88].

The macrostructure images in Figure 3 are also supported by the BET analysis results
of PPB, PPH and PPR and the potential application areas of coal products similar to
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PPB and PPH found in the literature are shown in Table 3. Considering that surface
morphologies, together with SEM, FESEM, SEM-EDS, elemental (ultimate) analysis, and
BET results, play a decisive role in determining functional properties, these characteristics
are presented along with their application areas in Table 3. In this context, carbon products
with characteristics similar to the materials synthesized in this study can be effectively
utilized in the applications presented in Table 3. In addition, as the potential application
areas of char products [46,89,90] are an important criterion in defining the scope of LCA [23],
these applications are briefly summarized here in relation to the present study.

Table 3. Comparison of BET surface area and characterization data of PPW, PPH, and PPB with
literature values for biowaste-derived chars produced via HTC and Pyrolysis.

Sample/
Biowaste

Temperature
(◦C)

BET
(m2/g)

Total Pore
Volume
(cm3/g)

Average
Pore

Size (nm)

Production
Method

Process
Yield (%) Application Ref.

Agricultural
residues 250 - - - HTC - Soil

conditioning [17]

Spent coffee
grounds 550 1.10 - - Pyrolysis - Thermal

energy storage [90]

Switch grass 425 4.20 - - Pyrolysis -
Aqueous

contaminant
removal

[89]

Pomegranate
peel 250 19.97 - - HTC -

Supplementary
material in

cement
composites

[46]

PPW - 0.79 0.007 33.60 - - – This study

PPH 250 16.35 0.017 22 HTC 36 Soil
amendment This study

PPB 600–800 9.80 0.012 16 Pyrolysis 30 Soil
amendment This study

3.2. Elemental Transformation/Analysis of Biochar and Hydrochar Obtained from Pumpkin Peel

The elemental chemical composition values of the raw material are presented in Table 4.
According to the EDS and ultimate analysis results, a significant elemental transformation
was observed in the carbonisation products of pumpkin peel. While the carbon content in
the raw peel was 49.50%, this ratio increased to 76.18% in hydrochar and 66.07% in biochar.
This increase indicates that more dense carbon structures were formed by eliminating
volatile components. Likewise, the oxygen content decreased to 20.90% in hydrochar and
30.08% in biochar compared to the raw material, revealing the effect of carbonisation in
removing oxygenated functional groups. The higher carbon content and relatively lower
oxygen content in hydrochar indicate a more advanced degree of carbonisation [66,67].
Consequently, biomass sources such as pumpkin peels with a carbon content greater
than 40%, as reported in the literature, offer a high-quality biochar product for various
applications, including its use as an adsorbent for pollutants [82,91–93].

All the values are reported as measured weight percent (% w/w) and do not include
hydrogen, which cannot be detected by EDS.

https://doi.org/10.3390/pr14081297

https://doi.org/10.3390/pr14081297


Processes 2026, 14, 1297 15 of 28

Table 4. Comparison of Ultimate Analysis of biochars obtained from pumpkin peel wastes in the
literature and PPR and Energy Dispersive Spectroscopy (EDS) Elemental Composition of PPR, PPB,
and PPH.

Element PPR
(Ultimate) 1

PPR
(EDS) 1

PPH
(EDS) 1

PPB
(EDS) 1

Biochar
(Ultimate) [94]

Biochar
(Ultimate) [82]

C 44.15 49.50 76.18 66.07 60.10 63.50

O 46.77 20.30 22.90 14.16 35.50 30.30

N 2.46 n.a. n.a. n.a. 1.60 1.70

H 6.56 n.a. n.a. n.a. 2.80 4.50

Others n.a. 30.20 0.92 19.77 n.a. n.a.

Total ≈100 ≈100 ≈100 ≈100 ≈100 ≈100
1: Current study. [94]: Biochar ultimate data adapted from the literature. [82]: Biochar ultimate data adapted from
Bal et al. (2021). Notes: “n.a.” indicates not applicable or not detectable by that method. Others: K, Si, P, Mg, S,
Ca, Na, Cl for EDS (not applicable in ultimate analysis). All the ultimate analysis data are given on a dry and
ash-free basis and include calculated oxygen values: O (%) = 100 − (C + H + N + S).

When EDS analyses are examined, it is seen that pumpkin peel and its products
contain mainly C and O. It is thought that trace amounts of substances such as K, Ca,
and Mg originate from the natural structure of the pumpkin peel. The findings obtained
in this study (Table 4) are also supported by the results of the final EDS analysis in the
studies reported in the literature, which are based on semi-quantitative analyses similar
to those in this study [95,96]. Furthermore, they are also consistent with the results of the
ultimate analysis in the studies reported in the literature [82,94], which are also mentioned
in Table 4 and based on more quantitative analyses [82,86]. This supports the structural
transformation of the obtained products.

3.3. Bet Analysis of Raw Materials and Final Products

The BET analysis results reported in Table 4 within the scope of this study show that
the hydrochar and biochar samples produced by HTC and pyrolysis processes exhibit
similar properties in terms of surface textural properties (specific surface area, total pore
volume, and mean pore diameter). Compared to PPH, PPB exhibits a relatively lower
BET surface area, which can be explained by the absence of chemical activation and pre-
treatment steps. In contrast, in the HTC process, water acts as both a reactant and a solvent,
promoting the hydrolysis of biomass components (hemicellulose and cellulose) followed by
repolymerization reactions [25,97]. As a result of these reactions, the formation of carbon
microspheres and a developed pore structure contributes to an increase in the specific
surface area of the material even without external chemical activation [98,99]. Accordingly,
the relatively higher surface area and carbon content of PPH can be associated with these
hydrothermal transformation mechanisms.

The low surface area and pore volume of the PPB and PPH obtained in this study are
related to the fact that they were produced without any pretreatment or chemical activa-
tion in both processes. While the surface area in unactivated biochars is generally below
20 m2/g, as in this study, these values can increase to 1000 m2/g and above with chemical
activation [100,101]. For example, the surface area of biochar produced from tangerine
peel was 8.5 m2/g without chemical activation, while it was reported to reach 1085 m2/g
after activation with ZnCl2 [102]. The obtained surface area values (<20 m2/g) are signifi-
cantly lower than those of typical activated carbons (generally >500–1000 m2/g), indicating
limited adsorption capacity but consistent with non-activated biochars reported in the
literature [103,104]. This suggests that these materials are less suitable for high-performance
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adsorption applications, but may still be applicable in low-cost or less demanding environ-
mental applications, as summarized in Table 3.

In this context, the results were compared with the literature, and the potential ap-
plication areas of these materials have been evaluated according to the literature. In this
study, the surface area of hydrocarbon and biochar was higher than that of biochar samples
obtained from PPW in the literature, which have a lower surface area (3.9 m2/g) and
are used for methylene blue removal [82] and heavy metal removal [105]. Products were
also produced using sustainable approaches that require lower costs and include more
environmentally friendly processes. Both methods used in this study were carried out
without the use of chemicals or pre-washing. In a previous study, hydrochar was produced
using pomegranate peel as the raw material, exhibiting a surface area of 19.97 m2/g [46],
differing only in the source of the raw material from the hydrochar used in this study.
They reported that they successfully applied this material as an additive in cement-based
composites. When studies with similar textural properties were examined, the BET sur-
face area of hydrochars produced from corn stalks was reported as 5–12 m2/g in the
literature ([106] Liu et al., 2020), as 3–10 m2/g for hydrochars derived from watermelon
peel, banana peel and bay leaf [107], as 1–8 m2/g for iron-supported hydrochars [108], as
0.93–2.91 m2/g for biochar produced from sunflower seed shells [109] and as 5–12 m2/g
for biochar obtained from corn cob and stalk [110]. These materials can be effectively used
in various environmental applications, including solid acid catalysis, removal of DDT from
Malachite Green, heavy metal adsorption or the removal of organic pollutants. In this
context, a comparative evaluation with the literature was conducted, and the potential
application areas of these materials were assessed accordingly. These findings indicate that
even hydrochars/biochars with low or medium surface area have significant potential in
applications such as environmental pollutant removal and water treatment.

From an LCA perspective, the material’s limited functionality, characterised by its low
surface area, may result in lower benefits per unit impact during the use phase, thereby
leading to a higher environmental impact per unit product. However, PPB and PPH,
which have not undergone any additional processing such as chemical activation, have
limited application potential due to their low surface area; nevertheless, they can be used
in certain niche areas because they are obtained with environmentally friendly, sustainable
and economical production methods, making these products valuable.

3.4. Ftir Analysis of Raw Materials and Char Products

FTIR spectra reveal differences in the surface functional groups of pumpkin peel waste-
derived pumpkin peel powder (PPR), PPB and PPH samples obtained from pumpkin peel
waste (Figure 4). In the PPR sample, broad O–H stretching bands (~3200–3600 cm−1),
C–H bonds (~2850–2950 cm−1) and C–O vibrations (~1000–1200 cm−1) were clearly ob-
served. After carbonisation, a marked decrease in the intensity of these hydroxyl and
aliphatic groups occurred in both PPB and PPH samples. In contrast, the relative intensity
of bands associated with aromatic C=C bonds (~1500–1600 cm−1) and carbonyl (C=O)
groups (~1650–1750 cm−1) increased. Consistent with the literature, it was observed that
the intensity of the O–H, aliphatic C–H, carboxyl C=O, and C–O bands decreased, while
the aromatic C=C and aromatic C–H bands strengthened, which is related to the increased
aromaticity and degree of carbonisation resulting from pyrolysis and hydrothermal carbon-
isation processes [111–113]. Therefore, this situation indicates that the functional groups
have been partially removed, aromatisation has increased, and the surface chemistry has
transformed into a more stable carbon structure, which is consistent with previous similar
studies [37,79,114]. Furthermore, more intense aromatic carbon (decrease in H/C and O/C
molar ratios) is commonly used as an indicator of high carbon stability; the aromatic regions
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in FTIR spectra are closely related to these ratios [115–117]. Furthermore, the literature
reports that the density of the aromatic structure and the number of aromatic peaks show
a positive correlation with the half-life, oxidation resistance, and carbon sequestration
potential of biochar carbon [100,118].
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Figure 4. FTIR spectra of PPR, PPB and PPH derived from PPW.

In the case of PPH, the observation of relatively more pronounced O–H and C–O
bands compared to PPB indicates that the HTC process preserves oxygen-containing
functional groups on the surface to a greater extent. This situation is associated with HTC-
derived carbon materials containing more oxygen-rich functional groups (such as hydroxyl,
carboxyl, and carbonyl groups), as reported in the literature [119–121]. This situation can
also be explained by the higher weight percentage of oxygen content in hydrochar (22.90%)
compared to biochar (14.16%), as reported in the elemental analysis results in Table 4. In
conclusion, it has been relatively assessed that the more dominant aromatic C=C bonds
and stable carbon structure, along with the reduced polar group structure observed in the
FTIR spectrum of biochar and hydrochar compared to the raw material, may enable it to
remain stable in the soil for a long time.

3.5. Life Cycle Impact Assessment (Lcia) Results

Life cycle impact assessment (LCIA) results were obtained using the IPCC 2021 GTP100
(incl. CO2 uptake, total) and ReCiPe 2016 Midpoint (H) methods. Comparative GTP results
obtained according to the IPCC 2021 GTP100 method are given for HTC and pyrolysis in
Figure 5.

The GTP impact of the HTC process was found to be 16.41 kg CO2-eq/FU in total,
while this value was analysed as 32.33 kg CO2-eq/FU for the pyrolysis process. The high
electricity consumption in the pyrolysis process was the main source of this impact. This
result is strongly influenced by the Turkish electricity mix, which includes a significant
share of fossil-based energy sources such as lignite, thereby increasing the associated envi-
ronmental burdens. Furthermore, the higher char production, higher carbon sequestration
capacity (CSC), and lower electricity consumption in the HTC process resulted in lower
HTC-related impacts.
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Figure 5. GTP results in the HTC and Pyrolysis process per functional unit (100 kg PPW). (IPCC 2021
GTP100 method).

Potential impacts in key impact categories such as Global Warming Potential (GWP),
Terrestrial Acidification Potential (TAP), Freshwater Eutrophication Potential (FWEP),
Freshwater Ecotoxicity Potential (FWETP), Human Carcinogenic Toxicity Potential (HT-
Pcancer), Mineral Resource Scarcity (MRS), Fossil Resource Scarcity (FRS), and Water
Consumption (WC) were assessed using the ReCiPe 2016 Midpoint (H) method. The results
obtained for the HTC and Pyrolysis processes are presented comparatively in Table 5.

Table 5. Comparative Recipe 2016 Midpoint (H) impact assessment results for the HTC and pyrolysis
processes per functional unit (100 kg of PPW).

Impact Category Unit HTC Pyrolysis

GWP kg CO2-eq 31.547 35.106
TAP kg SO2 eq 0.149 0.217
FWEP kg P eq 0.062 0.054
FWETP kg 1.4-DCB 1.267 1.793
HTPcancer kg 1.4-DCB 2.500 3.134
MRS kg Cu eq 0.028 0.017
FRS kg oil eq 7.562 3.547
WC m3 0.260 0.495

The differences between the GWP results obtained with the ReCiPe method and the
GTP results from the IPCC method arise from the different ways these indicators account
for greenhouse gas emissions. While GWP reflects the cumulative warming effect over time,
GTP focuses on the temperature change at a specific time horizon. In addition, the treatment
of biogenic CO2 differs between the methods; for example, it is often considered neutral in
the ReCiPe method, contributing to the observed variations. An examination of Table 5
reveals that pyrolysis has a higher impact than HTC in the GWP, TAP, FWETP, HTPcancer,
and WC impact categories, while pyrolysis has an advantage over HTC in the FWEP, MRS,
and FRS impact categories. This can be attributed to the Turkish electricity mix, where
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lignite-based electricity generation plays a significant role in increasing environmental
burdens, particularly in acidification and toxicity-related categories.

The high impact of HTC on the depletion of fossil and mineral resources, as well
as eutrophication, also stems from electricity generation processes. Although pyrolysis
consumes more electrical energy, the use of products such as bio-oil and syngas as substi-
tutes for heat generation from light fuel oil and natural gas, as explained in the inventory
analysis section, has reduced the impacts in these areas. In particular, the mining required
for electricity infrastructure is reduced in this way. This leads to differences between
the two methods in the impact categories. A more detailed examination of the impact
categories reveals that LHV and heat substitution provide reductions of 10.8% and 27.2%,
respectively, in the GWP impact category. In the MRS impact category, these reductions
are analysed as 41.1% and 56.1% for LHV and heat substitution, respectively. This makes
pyrolysis more advantageous in the FWEP, MRS, FRS, and WC impact categories, while
HTC appears to be more advantageous in the other impact categories mentioned. These
results highlight a clear trade-off between impact categories: while HTC performs better
in terms of global warming, acidification, and toxicity-related impacts, pyrolysis shows
advantages in resource-related categories due to energy recovery and substitution effects.

The observed trends are consistent with numerous previous LCA studies on ther-
mochemical conversion processes. Similar to the findings of this study, hydrothermal
carbonisation has been reported to exhibit lower global warming impacts compared to
pyrolysis due to its lower energy requirements and more efficient carbon retention [122].
Conversely, when energy recovery from by-products such as bio-oil and syngas is con-
sidered, pyrolysis-based systems have been shown to perform better in resource-related
impact categories and techno-economic indicators [123,124].

These findings support the trade-offs identified in this study between climate-
related (emissions) and resource-related (raw material and energy consumption) impact
categories [125]. As also emphasised in the literature, such trade-offs necessitate a multi-
criteria decision analysis that considers the full range of environmental impacts rather
than isolated indicators [126,127]. This approach enables the management of complex and
sometimes conflicting outcomes that arise throughout the life cycle of thermochemical
processes, rather than focusing on a single metric [122,124]. In this context, the results
obtained in this study are consistent with the literature and highlight the critical importance
of evaluating the balance between different impact categories.

3.6. Sensitivity Analysis Results

The sensitivity analysis GTP results for using the produced char for AC substitution
instead of burying it in the soil were calculated according to the IPCC 2021 method. Figure 6
compares the GTP results for the burial and AC substitution scenarios for HTC and the
pyrolysis process.

Accordingly, AC substitution exhibits a higher GTP effect for both the HTC and the
pyrolysis processes. The GTP effect for the pyrolysis process is 35% higher than that for the
burial option. In the HTC process, the GTP effect is 36% higher with AC substitution than
for burial.

The substitution scenario is based on theoretical assumptions and represents an upper-
bound estimate. In real-world applications, additional activation or modification processes
may be required to achieve comparable performance to commercial activated carbon, which
could significantly influence the overall environmental impacts. These results indicate
that, under the current assumptions, carbon sequestration through burial remains more
advantageous than the substitution scenario.
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Figure 6. Comparison of the Global Temperature Potential (GTP) results for the HTC and pyrolysis
processes per functional unit (100 kg of pumpkin peel waste), showing the contributions of carbon
sequestration credit (CSC) and activated carbon (AC) substitution scenarios.

As shown in Figure 7, the yields of the HTC and pyrolysis processes were determined
based on mass balance calculations. Under the applied process conditions, the PPH yield
was calculated as 10.8 wt%, while the PPB yield was found to be 9 wt% (on a wet matter
basis). When evaluated on a dry matter basis, the yields of PPH and PPB were 36% and
30%, respectively. Within the LCA framework, all flows were re-evaluated within the
defined system boundaries, and only the fraction considered as the functional product was
included, taking into account the feedstock moisture content and process-related losses.

 

Figure 7. Comparison of Pyrolysis and HTC systems in terms of total energy consumption, char
yields (dry and wet basis), and GTP and GWP (kg CO2-eq).

The obtained results are consistent with findings reported in the literature, where
HTC generally yields higher solid products compared to pyrolysis under similar process
conditions [128]. This indicates that the HTC process retains a greater fraction of the
feedstock carbon in the solid phase, whereas pyrolysis promotes the formation of gaseous
and liquid products due to more extensive thermal degradation at elevated temperatures.

This trend is also consistent with the LCA results, where the HTC process demon-
strated a more favorable environmental performance. The higher solid yield obtained
in HTC enhances resource efficiency, whereas the lower yield in pyrolysis indicates in-
creased volatilization and gas formation. These differences are further highlighted in
Figure 7, which presents a comprehensive visual comparison of the pyrolysis and HTC
systems across key performance indicators, including char yield, total energy demand, GTP,
and GWP.
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3.7. Comparison with Literature

In the literature, a study on pumpkin peel processing by microwave pyrolysis reported
greenhouse gas emissions related to electricity generation as 0.14 kg CO2-eq/1000 kg, a
biochar efficiency of 11%, and an energy consumption of 0.9 kWh/kg [94]. In another
study on HTC of date waste, an emission value of 0.08 kg CO2-eq/100 kg was calculated.
It was determined that HTC and drying processes, in particular, contributed the most
to the environmental impact, with fossil fuel consumption being the dominant effect. It
was also reported that a 94% reduction in fossil fuel consumption could be achieved with
optimisation [90].

In a laboratory-scale study where bone meal and rice hulls were processed using HTC,
greenhouse gas emissions of 9.85 and 9.93 kg CO2-eq/100 g were calculated, respectively.
Energy consumption in these processes was 9.7 kWh/kg, and hydrochar efficiencies were
reported as 74% (for bone meal) and 68% (for rice hull) [129]. Significantly lower emis-
sions were observed in the pyrolysis processing of the same raw materials, with values
of 0.68 kg CO2-eq/100 g for bone meal and 0.70 kg CO2-eq/100 g for rice hulls. Under
these conditions, energy consumption was 0.83 and 0.75 kWh/kg, respectively, and the
biochar efficiencies were reported as 64% and 49%, respectively [129]. In the co-pyrolysis
of a mixture of food waste and low-density polyethene (LDPE) using a microwave, green-
house gas emissions of 38.92 kg CO2-eq were calculated for 100 kg of mixed waste, energy
consumption was 0.54 kWh/kg, and biochar efficiency was found to be 42% [130]. Simi-
larly, microwave catalytic pyrolysis of switchgrass raw material yielded greenhouse gas
emissions in the range of 159–223 kg CO2-eq for 1000 kg of dry biomass, with biochar yields
ranging from 28.59% to 44.23% [131]. It should be noted that the literature studies employ
different functional units and system boundaries; therefore, the comparison is intended to
highlight general trends and order-of-magnitude differences rather than provide a direct
quantitative comparison. Comparing these literature findings with the results obtained
in our study reveals striking differences. According to the IPCC 2021 GTP100 method,
the total impact for the HTC process was calculated as 16.41 kg CO2-eq/FU, while for the
pyrolysis process, this value was found to be 32.33 kg CO2-eq/FU. While higher electricity
consumption during the pyrolysis process is the primary source of the increase in emis-
sions, the HTC process exhibited lower impacts due to its higher char yield (30% on a dry
basis, 10.8% on a wet basis), stronger carbon sequestration capacity, and lower electricity
consumption. These results are also consistent with the reporting of low GWP values in
some HTC studies reported in the literature [90,131].

4. Conclusions
In this study, the physicochemical properties and environmental impacts of PPB and

PPH samples via pyrolysis and hydrothermal carbonisation methods were compared
without the use of chemicals or catalysts and without pre-washing with water. The find-
ings showed that PPH exhibited superior properties compared to PPB. With a 36% yield,
16.35 m2/g BET surface area, and 76% elemental carbon content, PPH offered higher pro-
cess yield, higher carbonisation degree, and more advanced surface properties compared
to PPB, which had a 30% yield, 9.80 m2/g surface area, and 66% carbon content. LCA
results also supported these findings; under the basic assumptions used in this study, the
environmental impact potential of PPH production was determined to be lower at 16.41 kg
CO2-eq./FU than PPB’s at 32.33 kg CO2-eq./FU. Furthermore, it was found that the energy
requirement of the HTC process is approximately four times lower than that of the pyrolysis
process and, consistent with the literature, lower energy requirements are associated with
lower environmental impacts. Accordingly, it was assessed that the lower environmental
burden of the HTC process is primarily related to its lower energy requirement.
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This study contributes to the literature by providing a systematic comparison of
biochar and hydrochar produced from the same biomass under chemical-free conditions,
combining material characterisation with life cycle assessment at a pilot-scale modelling
level. This approach enables a direct evaluation of how process selection influences both
environmental performance and material properties.

The resulting products exhibit properties comparable to those reported in the literature
for soil-related applications, indicating their potential applicability in environmental systems.

It should be noted that these results are based on pilot-scale modeling assumptions
and should be validated in future studies under real industrial conditions.
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