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Abstract

Ultrasound-assisted extraction (UAE) processes for the production of standardized
polyphenol-rich powders were evaluated as a valorization route for second- and third-grade
apples, figs, and pomegranates from Central Macedonia, Greece. Based on experimen-
tal results, the scaled-up process was modeled using SuperPro Designer to evaluate a
continuous facility treating 7920 tonnes-yr~! of feedstock. Material and energy balances
revealed high utility demands, which were heavily mitigated through optimized closed-
loop steam and cooling water regeneration systems. The techno-economic analysis showed
that, driven by its high extraction yield (14.63 kg Gallic acid equivalent [GAE]-t!), the
optimized pomegranate extraction was the only profitable scenario, yielding an annual
operating cost of EUR 6.35 M/yr and a Net Present value (NPV) of EUR 11.81 M at a EUR
80/kg selling price; low-yield apple and fig lines remained highly unviable. Capacity
sensitivity analysis showed that high fixed capital costs limit smaller plants, while market
price sweeps identified a break-even point at EUR 66.03/kg. Using 1 kg gallic acid equiva-
lent (GAE) as the functional unit, the life cycle assessment confirmed that pomegranate
processing achieved the best environmental performance, primarily governed by reduced
feedstock and utility requirements per unit of active extract. Toxicity-related categories
constituted the main hotspots across all configurations, with the fig line acting as the worst
absolute environmental performer. However, because the regional residue availability of
8483 tonnes-yr—! is dominated by apples, a standalone pomegranate processing plant is
constrained at this scale, indicating that future work must focus on flexible multi-feedstock
campaign processing or inter-regional feedstock aggregation.

Keywords: second-grade fruits; ultrasound-assisted extraction; polyphenol recovery;
extraction process simulation; techno-economic analysis (TEA); life cycle assessment (LCA);
regional circular bioeconomy

1. Introduction

Global agricultural supply chains generate substantial quantities of second- and third-
grade fruits, which are characterized by reduced market value due to aesthetic imperfec-
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tions such as irregular color, size, or shape [1]. These products are typically diverted to
low-value applications (e.g., jams and compotes) or disposed of in landfills [2]. Under
anaerobic conditions, such organic residues emit methane (CHy), a greenhouse gas with
a global warming potential approximately 28 times that of carbon dioxide (CO,) over a
100-year time horizon [3]. In addition to direct emissions, this practice reflects a major
inefficiency in resource use, as the water, land, and energy invested in producing low-grade
fruits, estimated at approximately 4.4 gigatonnes of CO; equivalent annually worldwide,
are effectively lost [4].

The transition towards a circular bioeconomy requires the efficient valorization of
underutilized agricultural biomass into high-value products. In this context, low-grade
fruits should be regarded as valuable feedstocks rather than waste. A key fundamental sup-
porting this transition is cascading use, which prioritizes biomass utilization hierarchically:
first for food and nutrition, followed by materials and chemicals, and finally for energy
recovery [5,6]. This approach promotes the development of biorefinery systems, where
secondary residues are valorized into high-added-value products, thereby enhancing both
environmental sustainability and economic performance in the agricultural sector [7].

Changing consumer preferences toward healthier lifestyles have increased demand for
functional foods with potential health benefits, including the prevention of chronic diseases.
The growing demand for natural bioactive ingredients has accelerated the replacement of
synthetic additives in the food, pharmaceutical, and nutraceutical industries [8,9]. Conven-
tional synthetic antioxidants and preservatives, although effective in extending shelf life,
have raised concerns regarding their potential adverse health and environmental impacts,
stimulating the search for safer and more sustainable alternatives [10,11]. Consequently,
there is a significant surge of interest in natural, non-toxic alternatives [12]. Phenolic
compounds, a diverse group of plant secondary metabolites widely present in fruits and
vegetables, represent promising natural alternatives. This group includes phenolic acids,
flavonoids, tannins, and lignans, which contribute to food preservation by enhancing oxida-
tive stability and maintaining sensory quality. In addition, they exhibit strong antioxidant,
anti-inflammatory, and antimicrobial properties [13,14].

The recovery of polyphenols from low-grade fruit biomass provides an opportunity to
retain resources within the food value chain while producing high-value ingredients for
functional foods and nutraceuticals. Although the chemical synthesis of specific (poly)-
phenolic compounds is feasible [15], there are concerns over the environmental sustain-
ability, considering their long extraction times and the use of harmful solvents [16-18].
In contrast, green extraction technologies, such as ultrasound-assisted extraction (UAE),
have emerged as more sustainable alternatives [19]. UAE employs acoustic cavitation to
enhance mass transfer, thereby reducing extraction time and solvent consumption, and is
considered an efficient method for recovering bioactive compounds from agro-industrial
residues [20]. Given the industry trend toward sustainable chemical processes, quantifying
the environmental impact and financial feasibility of these techniques through life cycle as-
sessment (LCA) and techno-economic analysis (TEA) is essential to validate their transition
from the laboratory to industrial application.

Despite the growing interest in the valorization of agro-industrial residues for the
recovery of polyphenols, several research gaps remain. Existing studies have primarily
focused on laboratory-scale extraction processes, with limited consideration of uncertainties
associated with scaling-up to industrial applications. Moreover, LCA has been extensively
applied to bioenergy systems, while comparatively fewer studies address the environ-
mental performance of high-value compounds such as phenolic extracts [21]. Although
some research has attempted to integrate environmental and economic assessments, these
approaches are often case-specific and limited to single feedstocks, lacking a broader
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system-level perspective [22]. Recent studies also highlight the scarcity of comparative
analyses across different biomass sources and extraction technologies, as well as the need
for decision support frameworks to guide process optimization [23]. Furthermore, the
economic viability of such valorization pathways remains uncertain, as not all bio-based
processes are simultaneously environmentally and financially sustainable [24].

By leveraging fruit residues as high-potency bioactive compounds, agricultural waste
can be transformed into a circular resource that captures the embedded environmental
footprint of second-grade fruits while mitigating landfill methane emissions. However,
a critical barrier remains to scaling-up, where a lack of integrated techno-economic and
environmental assessments prevents the transition of laboratory-scale green extraction into
viable industrial applications [25-27].

This study aims to evaluate the valorization potential of second- and third-grade
apples, figs, and pomegranates in Central Macedonia through the recovery of phenolic
compounds. The regional availability of lower-grade fruits is quantified using data from
the Hellenic Statistical Authority. Experimental ultrasound-assisted extraction (UAE) data
generated within the Fruit Value project (KMP6-0140563) are used to scale-up the process
in SuperPro Designer v15 (Intelligen, Inc., Scotch Plains, NJ, USA), enabling the design
of an industrial extraction system. The simulation model is then employed to derive key
techno-economic indicators for assessing investment viability, while a life cycle assessment
(LCA) is conducted in SimaPro v10.2 (PRé Sustainability B.V., Amersfoort, the Netherlands),
incorporating assumptions on biomass collection logistics and processing plant location.
By integrating process simulation, techno-economic analysis, and LCA across multiple
fruit feedstocks, this study provides a decision-support framework for evaluating the
environmental and economic performance of industrial-scale polyphenol recovery from
low-grade fruit biomass. To address this gap, this work investigates the valorization of
second- and third-grade apples, figs, and pomegranates through an integrated experimental,
techno-economic, and environmental assessment framework.

2. Background: Experimental Extraction of Polyphenols from
Second-Grade Fruits

2.1. Extraction of Phenolic Compounds—Experimental Data

The experimental extraction of bioactive compounds was carried out at the Laboratory
of Food Chemistry and Biochemistry of the School of Agriculture, Aristotle University of
Thessaloniki (AUTH). Upon arrival at the laboratory, second-grade apples, pomegranates,
and figs were washed with tap and deionized water; they were dried on filter paper
and freeze-dried (HyperCOOL HC8080 freeze-dryer, Gyrozen Co., Ltd., Gimpo, Republic
of Korea) (—80 °C, 0.1 mbar). The dried samples were subsequently milled into fine
homogeneous powders using a Pulverisette 11 Knife Mill (Fritsch GmbH, Idar-Oberstein,
Germany) operating at 6000 rpm for 20 s in order to obtain fine uniform powders, and
stored at —22 °C until further analysis.

The effect of extraction duration (min), extraction temperature (°C), and 3-cyclodextrin
concentration (mg/mL) on the recovery of phenolic compounds from freeze-dried fig, apple,
and pomegranate samples was investigated using a composite central composite design
(CCD), applying response surface methodology (RSM). The independent variables were
defined as extraction time in min (Xj), extraction temperature in °C (X;), and 3-cyclodextrin
concentration in mg/mL (X3). For each variable, five experimental levels were used, coded
as follows: —«, —1, 0, +1, +&. The lowest level was set as —x and the highest as +«. The
actual values of the variables were calculated based on Equation (1):
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Coded Value = (Actual Value — (Highest Value + Lowest Value)/2)/((Highest Value — Lowest Value)/2) (1)

The CCD comprised twenty (20) experimental runs (Table 1), with six replicates in
which the values of the independent variables corresponded to the center level. The
dependent variables were defined as the total phenolic content (TPC) (Y1), expressed in mg
GAE/g dr fruit, and the antioxidant activity (DPPH) (Y3), expressed in umol Trolox/100 g
dry fruit. The experimental data series investigating the effect of extraction time (min)
(X1), extraction temperature (°C) (Xz), and -cyclodextrin concentration (mg) (X3) obtained
through the CCD were analyzed using multiple regression analysis. All statistical analyses
were performed using Minitab 15.1.20.0 software (Minitab, Inc., State College, PA, USA).
The significance level was set at p < 0.05. The model was subsequently evaluated under real
experimental conditions. Model evaluation experiments were carried out at the optimum
predicted combination of the independent variable values, drawing from established
bioprocess model diagnostics [28] achieving uncertainty of ~5%. The experimental values
obtained for the dependent variables were compared with the maximum values predicted
by the mathematical model. In Table 1, X;, X5, and X3 denote the independent extraction
variables, while —a, —1, 0, +1, and +a represent the coded axial, factorial, and center levels
of the experimental design.

Table 1. Levels of the independent variables used for the experimental design of the model.

Independent Values Levels
Coded Values
- -1 0 +1 +a
Uncoded Values
X1 Duration of sonication (min) 3 27 63 98 123
X2 Temperature (°C) 23 35 53 70 82
X3 -cyclodextrin concentration (mg/mL) 0 4 9.5 15 18.7

The experimental procedure was as follows: Freeze-dried second-grade fruit pow-
ders were subjected to ultrasonication using an Elmasonic S 30 sonication bath (Elma
Schmidbauer GmbH, Singen, Germany) that had the following characteristics: frequency of
37 kHz and output of 80 W. More specifically, an appropriate amount of freeze-dried fruit
powder (0.5 g) was added into a 50 mL Falcon tube and 10 mL of an aqueous solution of
different concentrations of 3-cyclodextrin was then added and the mixture was subjected
to sonication for various time periods (min) and temperature values (°C). At the end of
each process, the mixture was centrifuged at 6000 g for 10 min. The supernatant was
collected and stored in the freezer (—20 °C) for further studies.

2.2. Determination of the Total Phenol Content (TPC) and In Vitro Antioxidant Activity

Total polar phenol content of the prepared fruits extracts was determined spectropho-
tometrically with the Folin—Ciocalteau assay according to the procedure described by
Kyriakoudi et al. (2023) [28]. Gallic acid was used as a reference standard, and results were
expressed as gallic acid equivalents (mg GAE/100 g dry fruits). In a 10 mL volumetric flask,
5 mL of water, an appropriate amount of each fruit extract, and 0.5 mL of Folin-Ciocalteau
reagent were added. After 3 min, 1.0 mL of saturated sodium carbonate solution (37%,
w/v) was added, and the mixture was agitated. The volume was adjusted with water and
the flask left in the dark for 1 h at room temperature. The absorbance was measured at
750 nm (UV-1800 spectrophotometer, Shimadzu, Kyoto, Japan) against a blank prepared
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similarly using methanol instead of the extract. Measurements were performed at least in
triplicate, and results were expressed as the mean value + s.d.

The DPPHe scavenging activity (ADPPH) was determined according to Kyriakoudi
et al. (2023) [29]. Radical scavenging activity (%RSA) was calculated using the formula
%RSA = [Abs515(t = 0) — Abs515(t)] x 100/ Abs515(t = 0) after blank correction.

2.3. Effect of Extraction Parameters on Total Phenolic Content and Antioxidant Activity of Apple,
Pomegranate, and Fig Extracts

The effects of sonication time, temperature, and 3-CD concentration on TPC and DPPH
radical scavenging activity are summarized in Table A1l. Extraction responses were highly
matrix-dependent. As primary parameters of the cavitation process, sonication time and
temperature initially enhanced cell disruption and mass transfer [19,20]. However, extreme
conditions caused thermal and sonochemical degradation, lowering TPC and antioxidant
activity. Aqueous (3-CD improved recovery by forming stable inclusion complexes with
hydrophobic phenolics [13,29], though its benefit was concentration-de- pendent: low
levels limited complex formation, while excessive concentrations increased viscosity and
impeded mass transfer [14].

For apple extracts, TPC ranged from 680 =+ 71 to 1202 + 60 mg GAE-100 g~! dw, and
DPPH from 4119 =+ 196 to 8245 =+ 533 umol Trolox-100 g ! dw. Both metrics increased with
temperature and -CD concentration, indicating that intensive conditions are required
to liberate partially cell wall-bound phenolic acids and flavan-3-ols [1,29]. Pomegranate
exhibited the highest overall phenolic richness [8,9], dominated by hydrolysable tannins
and anthocyanins [26,29]. TPC ranged from 5980 + 1318 to 7950 4- 643 mg GAE-100 g~!
dw, while DPPH reached up to 88,054 + 10,549 umol Trolox-100 g~! dw. Maximum experi-
mental antioxidant activity occurred rapidly (2.8 min), whereas prolonged sonication and
higher temperatures degraded these labile compounds [4]. Fig extracts were exceptionally
sensitive to sonication time. Peak TPC (457 + 15 mg GAE-100 g~ ! dw) occurred at just
2.8 min, falling sharply thereafter (185-287 mg GAE-100 g~ ! dw at 62.5-122.2 min). This
reflects the rapid ultrasound-induced degradation of key phenolics like rutin, chlorogenic
acid, and caffeic acid [1,29]. Furthermore, maximum DPPH activity did not perfectly align
with peak TPC, suggesting that specific low-molecular-weight phenolics dictate radical
scavenging under certain conditions [19,20].

2.4. Statistical Analysis and Model Validation of the Extraction Optimization

The effects of sonication duration (X;), temperature (X;), and p-cyclodextrin concen-
tration (X3) on TPC and DPPH radical scavenging activity were analyzed by multiple
regression analysis on the CCD data (n = 20 runs per fruit, six center-point replicates), using
Minitab 15.1.20.0 (Minitab Inc., State College, PA, USA). Second-order polynomial models
were fitted to each response, and their adequacy was evaluated by analysis of variance
(ANOVA), considering the F-ratio and p-value of the overall regression, the linear, quadratic,
and interaction terms, and the coefficient of determination (R? and R?adj). Terms with p
> 0.05 were removed from the final reduced equations. A significance level of « = 0.05
was applied throughout. Where a statistically significant model (p < 0.05, non-significant
lack of fit) could be obtained, the optimum extraction conditions were derived by response
surface/desirability optimization in Minitab and subsequently confirmed experimentally,
in triplicate, at the model-predicted optimum. Where the polynomial model did not reach
statistical significance—as was the case for the fig matrix, whose TPC response peaked
sharply at the shortest sonication time tested and could not be adequately described by
a second-order surface—the optimum was instead identified directly from the triplicate-
replicated experimental run showing the maximum response within the CCD, rather than
from a fitted model prediction.
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In case of apple fruits, the second-order model for TPC was statistically significant
overall (regression F = 4.62, p = 0.013), with a significant linear component (F = 8.57,
p = 0.004) and a significant interaction component (F = 5.04, p = 0.022), while the quadratic
component was not significant (F = 0.26, p = 0.854); the lack-of-fit test was likewise
non-significant (F = 4.43, p = 0.064), confirming that the model adequately describes
the data. The model explained 63.2% of the total variance (R?adj). At the level of indi-
vidual terms, temperature (p = 0.002), 3-cyclodextrin concentration (p = 0.024), and the
temperature x (3-CD interaction (p = 0.041) were significant, whereas sonication duration
and all quadratic terms were not. The reduced coded equation was as follows:

TPC =9.438 + 0.890X; + 0.545X3 — 0.632X,X3.

The DPPH model was also significant (regression F = 4.43, p = 0.015; linear F = 12.26,
p =0.001; quadratic and interaction terms non-significant, p > 0.05; lack-of-fit non-
significant, F = 2.68, p = 0.152), explaining 61.9% of the variance (R?adj). Temperature
(p < 0.001) and B-CD concentration (p = 0.040) were the only significant individual terms:

DPPH = 6044.2 + 940.4X, + 399.6X5.

Both models therefore identify extraction temperature as the dominant factor govern-
ing apple phenolic recovery, followed by (-cyclodextrin concentration, with sonication
duration playing a negligible role over the range tested—consistent with the process inter-
pretation given in Section 2.

In the case of pomegranate, the TPC model was also statistically significant (regression
F =3.19, p = 0.042), driven mainly by a significant interaction term (F = 5.47, p = 0.017),
while the linear (F = 0.90, p = 0.473) and quadratic (F = 3.21, p = 0.070) components did not
individually reach significance; the lack-of-fit test was non-significant (F = 4.43, p = 0.662),
and the model explained 51.0% of the variance (R?adj). At the term level, only the quadratic
temperature term (X22, p = 0.012) and the duration x 3-CD interaction (X; X3, p = 0.004)
were significant:

TPC = 75.60 — 2.83X52 + 4.72X1X3.

The DPPH model was significant overall (regression F = 3.21, p = 0.042), with signif-
icant quadratic (F = 3.79, p = 0.047) and interaction (F = 4.20, p = 0.036) components and
a non-significant lack of fit (F = 0.37, p = 0.849), explaining 51.1% of the variance (R%adj).
The significant individual terms were the quadratic duration term (X;2, p = 0.009) and the
duration x temperature interaction (X1 Xy, p = 0.007):

DPPH = 76,077.9 + 3359.5X;2 + 4712.3X; Xs.

Unlike apple, the pomegranate models were found to be governed primarily by
interaction and curvature effects rather than by strong single-factor (linear) effects, reflecting
the narrower, more time- and temperature-sensitive optimum window characteristic of the
labile punicalagin/anthocyanin fraction of this matrix.

In contrast to apple and pomegranate, the second-order model fitted to the figs” TPC
response did not provide an adequate description of the data. The overall regression was
only borderline significant (F = 2.38, p = 0.097) and explained a nominal R? of 68.2%, but
this collapsed to an adjusted R? of just 39.5% once corrected for the number of model terms,
reflecting substantial overfitting. Moreover, the lack-of-fit test was found to be significant
(F =1266, p < 0.0001). This is consistent with recent large-scale benchmarking work, which
cautions that the choice of regression model itself can affect the stability of predicted optima
in extraction process optimization, independent of experimental error [30].
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In order to validate the predicted optima, independent confirmation experiments
(n = 3) were carried out at the proposed optimum conditions for apple and pomegranate.
As shown in Table 2, the experimental values were in agreement with the model predictions
in both cases, supporting the reliability of the fitted RSM models for describing UAE-
-CD extraction of these two matrices. For figs, no statistically significant second-order
model could be fitted to either response, as described above. The reported optimum, i.e.,
2.8 min, 52.5 °C, and 9.5 mg mL~! B-CD, therefore corresponds directly to the triplicate-
measured maximum within the CCD regarding the TPC, i.e., 457 + 14.9 mg GAE/100 g
dry fig, rather than to a model-extrapolated value. In Table 2, t, T, and B-CD denote time
(min), temperature (°C), and B-cyclodextrin concentration (mg/mL), respectively, GAE
represents gallic acid equivalents, dw indicates dry weight, n denotes sample replicates,
and =+ indicates standard deviation.

Table 2. Model predictions compared to experimentally confirmed responses at the optimum extrac-
tion conditions.

Optimum Conditions

Fruit @ T, B-CD) Response Predicted Experimental (n = 3)
Apple 56 min, 64 °C, 18.7 mg/mL TPC (mg GAE/100 g dw) 1.00 123 £0.3
Apple 56 min, 64 °C, 18.7 mg/mL DPPH (umol Trolox/100 g dw) 7600 8671 +73
Pomegranate 12 min, 52 °C, 8.5 mg/mL TPC (mg GAE/100 g dw) 76.00 77.00 £ 2.7
Pomegranate 12 min, 52 °C, 8.5 mg/mL DPPH (umol Trolox/100 g dw) 83,940 83,056 4+ 1039
Fig * 2.8 min, 52.5 °C, 9.5 mg/mL TPC (mg GAE/100 g dw) - (no significant model) 457 £ 14.9

* Fig optimum taken directly from the replicated CCD design point (see text); no statistically significant
second-order model could be fitted for this matrix.

The optimal conditions, regarding time, temperature, 3-CD concentration, and the
defined output will be used in SuperPro designer to simulate a potential scale-up of
the process.

3. Process Scale-Up: Case Study of the Region of Central
Macedonia, Greece

Process scale-up was undertaken to evaluate the feasibility of a regional plant that
recovers polyphenols from second- and third-grade figs, apples, and pomegranates using
ultrasound-assisted extraction (UAE) under the optimized conditions determined experi-
mentally. The approach combines (i) process simulation in SuperPro Designer to model
a continuous industrial extraction system, (ii) estimation of fruit residue availability in
the region of Central Macedonia, and (iii) economic and environmental assessments that
compare performance across the three feedstocks. This integrated framework enables the
identification of promising valorization routes within a circular bioeconomy context.

3.1. SuperPro Designer Modeling

The extraction process was modeled in SuperPro Designer v15.01.2100, as a continuous
system to reflect modern industrial process intensification standards [31]. The plant’s
annual operating time was set at 7920 h, corresponding to a 24 h daily schedule over
330 days, to support favorable economic performance [32,33]. The raw fruit feedstock was
modeled as water, cellulose, and gallic acid to assign baseline physicochemical properties
adjusted to 1000 kg/h. The targeted final output is a concentrated, polyphenol-rich powder,
with gallic acid utilized in the simulation strictly as a representative surrogate component
to define thermodynamic properties and close mass and energy balances based on Folin—
Ciocalteu gallic acid equivalent (GAE) measurements. The hourly amounts of input are
presented in Table 3.
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Table 3. The input components and mixtures of SuperPro Designer modeling for apples, figs, and

pomegranates.
Component Apples Figs Pomegranates

Water 863 811 810

Feedstock, kg/h Cellulose 135.3 188.1 175.4
Gallic acid 1.7 0.9 14.6

. Water 1345.9 1873.32 1885.78

Solvent solution, kg/h B-cyclodextrin 25.47 17.87 16.12
Washing water, kg/h Water 3500 3500 3500

The process flow diagram shown in Figure 1 is based on the lab-scale process, with a
significant modification involving two-stage drying, initially by tray drying, and the mod-
eling of UAE as a continuous reactor. More specifically, the raw feedstock is first subjected
to a washing stage (WSH-101) using 3500 L/h of water to remove surface contaminants,
followed by mechanical comminution in a shredder (SR-101). The shredded fruits are then
fed to a tray dryer (TDR-101), where moisture is reduced by 90%, and subsequently to a
freeze-drying unit (FDR-101) to preserve the thermosensitive bioactive profile and enhance
the effective diffusion coefficient. The freeze-dryer uses a cooling agent to freeze the fruits
at —80 °C and 0.1 mbar, thereby removing more than 99% of the water. The freeze-dried
fruits are then pulverized in a grinder (GR-102) into a fine powder, maximizing the surface
to volume ratio and minimizing internal mass transfer limitations.

Washing water o—
i $-106
=)

P-16 / MX-103 522

Mixing
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DS m ¢ VOSSN L

Water recycle P-14 /BC-102
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Figure 1. Process flow diagram of polyphenol extraction using ultrasound-assisted method.

The extraction of target phenolics, modeled as gallic acid, is performed in a stirred
reactor (R-101) configured as the UAE unit. The ultrasonic reactor is maintained at the
respective matrix-specific extraction temperature (52 °C for pomegranate and fig, 64 °C
for apple) using cooling water for temperature control. The solvent solution, prepared
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according to the laboratory-scale concentration reported in Table 1, is fed together with the
powdered and dehydrated fruit stream.

Solid-liquid separation of the reactor output is achieved using a high-speed bowl
centrifuge (BC-101). The solid fraction, modeled as cellulose, is discharged as a secondary
by-product, while the phenolic-rich supernatant is directed to a nanofiltration unit (NF-101)
to separate 3-cyclodextrin from the mixture. Leaving the filtration, the stream enters a
thin-film evaporator (TFE-101) to remove water under vacuum (0.1 bar, 45.9 °C), yielding
the concentrated polyphenol-rich product stream. This unit operates at 0.1 bar pressure
and 45.9 °C, allowing for the rapid evaporation of water and sustaining the quality of
the product. The final output contains gallic acid as an equivalent, typical anti-oxidant
molecule and water.

To reduce material losses, washing water (S-115) and B-cyclodextrin/pure water
(5-121) are recycled by 80% and 70%, respectively. The 3-cyclodextrin retentate from the
filtration step is mixed with the water recovered from the evaporator in mixer MX-101 after
condensation in HX-101. The mixed stream is then split in FSP-101, and 30% is purged to
prevent the accumulation of impurities, inert materials, or degradation products within the
recycle loop. The recycled stream is then combined with the fresh solvent feed in custom
mixer MX-102, which regulates the flow rate. A detailed description of the equipment is
provided in Table A2. In Figure 1, alphanumeric codes denote unit operations (e.g., WSH-
101 for washing, BC-101 for centrifugation, and NF-101 for nanofiltration) and numbered
labels (S-101 through S-123) indicate material and recycle stream pathways.

3.2. Economic and Environmental Evaluation
3.2.1. Case Study

The region of Central Macedonia (RCM) in northern Greece was selected as the
study area because of its intensive agricultural profile. RCM contributes a significant
share of national agricultural output, including 23% of apple production. This study
examines the valorization of second- and third-grade figs, apples, and pomegranates,
which represent biomass streams currently excluded from the fresh fruit supply chain. In
accordance with the National Waste Management Plan and Regulation (EC) 1580/2007 [34],
a conservative 10% loss rate during harvesting and sorting was applied to 2022 Hellenic
Statistical Authority data, resulting in an estimated annual regional availability of 8483 t
for these crops [35]. The biomass composition is dominated by apples (87.3%), followed by
pomegranates (9.7%) and figs (3.0%). To evaluate system viability, a hypothetical processing
facility was located in the Sindos Industrial Area, Thessaloniki, assuming 30% utilization
of the regional potential.

The logistics model incorporates the spatial distribution of biomass across the seven
regional units (RUs) of the RCM, as presented in Table A4. Transportation requirements
were estimated using weighted average distances from each RU to the Sindos facility,
ranging from 67.1 km for figs to 93.4 km for pomegranates, reflecting different degrees
of geographic dispersion. This circular bioeconomy approach also addresses regional
socioeconomic challenges, including a 14% GDP decrease and a circular material use
rate of 3.1%, which remains well below the EU average of 11.5% [36-38]. By converting
underutilized agricultural residues into high-value polyphenols and syrup, the proposed
system aims to support regional income and employment while aligning with OECD
benchmarks for greenhouse gas reduction and resource efficiency [39,40].

Consequently, the modeled system represents an upstream polyphenol extraction
cascade which can be integrated ahead of a fruit syrup production line. The primary
co-product of the extraction process is the isolated solid cellulose residue discharged from
the decanter centrifuge, with annual outputs quantified at 1,071,734 kg-yr—! for apples,
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1,489,752 kg-yr~! for figs, and 1,388,930 kg-yr~! for pomegranates (Table 5). Because this
solid stream is directly routed as the primary feedstock for downstream syrup processing,
the incoming fruit residues enter the extraction stage without an initial raw material
purchase cost burden (Table 2), while the subsequent economic conversion of the syrup
remains outside the immediate scope of the present study which focuses on the polyphenols’
extraction stage.

3.2.2. Techno-Economic Analysis

The techno-economic evaluation of the extraction process was carried out using a
systematic approach based on process simulation in SuperPro Designer, complemented
by literature data within a unified assessment framework. The analysis relied on detailed
mass and energy balances generated by the simulation to quantify raw material and utility
requirements, as well as the production of phenolic compounds and by-products.

The simulation outputs were then used to estimate capital and operating costs. Capital
expenditures (CAPEX) were calculated using the direct fixed capital (DFC) approach,
while operating expenditures (OPEX) included energy consumption, labor, and waste
management costs.

Overall economic performance was assessed through a discounted cash flow (DCEF)
analysis, allowing evaluation of profitability and economic robustness. A sensitivity analy-
sis was also conducted to examine the influence of key parameters on project viability.

The economic feasibility of the process is quantified using the following indicators:

1. Direct Fixed Capital (DFC)

The capital investment is estimated as follows:

DFC =) (DC+IC+OC)

where DC represents direct costs (equipment purchase, installation, and piping), IC indirect
costs (engineering and construction), and OC other costs (contractor fees and contingency).
2. Net Present Value (NPV)

NCE,

NPV =T Lt

where NCFy is the net cash flow in year k, i is the discount rate, and N is the project lifetime.
3. Return on Investment (ROI)
Net Profit

ROT = Total Investment x 100

4. Internal Rate of Return (IRR)

Zkl

NCF;
(1+IRR)*

The operating costs and economic evaluation parameters inputs are presented in
Tables 4 and 5.

The economic parameters used in the techno-economic analysis were based on lit-
erature data and complemented by operational benchmarks from the Greek agro-food
industry. The baseline selling price of EUR 80/kg reflects a high-potency, standardized
polyphenol powder obtained downstream of centrifugation and nanofiltration stages. In
techno-economic literature, prices for semi-purified botanical polyphenols targeting nu-
traceutical and cosmeceutical sectors span from EUR 25 to 210€/kg depending on active
compound concentration [43], distinguishing them from low-value unrefined extracts
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(EUR 2-10/kg) and expensive analytical standards (EUR >500/kg). Market risk was ad-
dressed through sensitivity analysis, defining EUR 66.03/kg as the break-even floor for full
capital amortization.

Table 4. Operating costs of the main input of the process and the selling price of the product.

Cost/Benefit Components Unit Purchase Price
Feedstock EUR/kg 0 (bought for subsequent syrup production)
B-cyclodextrin EUR/kg 1
Water EUR/kg 0.0007
Steam (low P) EUR/MT 24.8277
Cooling water EUR/MT 0.0828
Natural gas EUR/MWh 21.87
Operator, labor EUR/h 11.42 [41]
Electricity, std power EUR/kWh 0.0828
Selling Price
Polyphenols EUR/kg 80 [42-45]

Table 5. Economic evaluation parameters for techno-economic analysis.

Component Unit Value
Construction period Months 18
Startup period Months 4
Project lifetime Years 20
Inflation Y% 4
NPV interest % 7
Income taxes % 22

3.2.3. Life Cycle Analysis (LCA)

The goal of the LCA was to assess the cradle-to-gate environmental footprint of re-
covering 1 kg of GAE polyphenol-rich powder through the valorization of secondary and
low-grade fruit biomass. Following LCA frameworks for agro-industrial residue valoriza-
tion and cascading bioeconomy systems [21,24], system boundaries were defined from
cradle to gate, encompassing primary agricultural fruit production, regional transportation
logistics to Sindos, Thessaloniki, and industrial extraction processing. Upstream fruit
cultivation was incorporated to account for the embedded agricultural burdens of the
primary crops, allowing for a comprehensive comparison across distinct fruit feedstocks.
The functional unit (1 kg of GAE polyphenol-rich powder) was selected to provide direct
consistency with the process simulation mass balances and bioactive yield metrics. The
environmental assessment followed ISO 14044 [46] and was performed in SimaPro v10.2 us-
ing the ReCiPe Midpoint (H) method, together with the ecoinvent v3.11 and Agri-footprint
v6.3 databases. The key inventory for the extraction of 1 kg of GAE polyphenol-rich powder
is presented in Table 6.

Table 6. Life cycle inventory of extracting 1 kg of GAE polyphenol-rich powder from apples, figs,
and pomegranates.

Apples Figs Pomegranates
Feedstock, kg 553 1104 68
Transportation (tkm) 37.1 82.9 6.4

Inventory values for energy use, washing water, distilled water, 3-cyclodextrin, and
other consumables were derived from the SuperPro mass and energy balances and used as
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input data in SimaPro. In the process model, fruit biomass is represented as water, cellulose,
and gallic acid, with a nominal feed rate of 1000 kg-h~! and 7920 operating hours per
year (330 days). The UAE unit was simulated as a continuous stirred tank reactor, and
its energy demand was calculated using the software’s heating requirements to reach an
outlet temperature of 50 °C. Transportation impacts for apples, figs, and pomegranates
were calculated using their regional availability and the distances between collection areas
and the Sindos facility. For figs, the nominal design capacity should be interpreted as a
process benchmark, reflecting a potential deployment scenario rather than a fully supply-
constrained regional case.

3.2.4. Key Assumptions

In the SuperPro model, the fruit biomass was represented by three components:
water, cellulose, and gallic acid, with the latter serving as a stoichiometric surrogate for
the recovered polyphenol-rich powder. It is acknowledged that modeling the recovered
extract as pure gallic acid is a simplification required to close the process mass and energy
balances; in practice, the polyphenol-rich powder is a compositionally complex mixture
whose molecular weight, particle size, and structure vary with extraction method [28].
Because extraction methods have been shown to materially affect the yield, structure, and
antioxidant performance of comparable plant-derived bioactive extracts, this simplification
introduces uncertainty into the downstream mass balance and utility duty calculations
that are not captured by a deterministic surrogate. This uncertainty is partially addressed
through the propagation of experimental yield variability (~5%) into the techno-economic
results (Table 9) and through validation of the major unit operations against manufacturer-
rated equipment performance and published pilot-scale UAE process data.

A nominal feed rate of 1000 kg/h and an annual operating time of 7920 h/year were
assumed, corresponding to 330 operating days per year and allowing for scheduled main-
tenance downtime. The UAE equipment was modeled as a continuous stirred tank reactor,
and its energy demand was estimated using the software’s built-in cooling calculations
to achieve an outlet temperature of 52 °C for figs and pomegranates and 64 °C for apples.
The reactor’s power density was assumed to be 2 kW-m~3 to represent sonication energy
requirements. The solvent to freeze-dried fruit powder ratio was set at 10:1.

The economic parameters used in the techno-economic analysis were based on litera-
ture data and complemented by information from the Greek industry. The baseline selling
price was set at EUR 80/kg, representing a standardized, polyphenol-rich powder for B2B
functional ingredient markets. In the life cycle assessment, transportation for apples, figs,
and pomegranates was calculated from their regional availability and the distance between
the collection areas and the processing facility in Sindos. For pomegranates and figs, the
1000 kg-h~! design capacity serves as an unconstrained industrial process benchmark to
evaluate scale economies, whereas regional supply constraints are explicitly addressed via
capacity sensitivity modeling.

The system was tested against the most important key assumptions. Accordingly, TEA
was conducted for polyphenol prices in the range of EUR 40 to 80/kg, feedstock capacities
from 100 to 1000 kg/h, and reactor power densities from 2 to 30 kW / mS.

4. Results and Discussion
4.1. Material and Energy Balance

Steady-state process simulations were performed to evaluate the annual material
and energy balances for the ultrasound-assisted extraction (UAE) of apples, figs, and
pomegranates. To ensure comparability, all models were normalized to a standardized
processing capacity of 7,920,000 kg-yr~!, corresponding to 1000 kg-h~! of feedstock pro-
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cessed over 7920 operating hours (24 h-day ! x 330 days). Pomegranate extraction process
demonstrated the highest extraction yield, producing 115,870 kg-yr~! of polyphenols ex-
pressed as gallic acid equivalents (GAE), which corresponds to 14.63 kg GAE per ton of
feedstock. Apples and figs yielded 13,306 kg-yr—! (1.68 kg GAE-t~!) and 7128 kg-yr~!
(0.90 kg GAE-t™ 1), respectively. The material and energy balances are presented in Table 7.

Table 7. Material and energy balances for one year’s operation of an extraction plant with apples,
figs, and pomegranates as feedstock.

Process Parameter Unit Apples Figs Pomegranates
Annual Material Inputs

Feedstock kg/yr 7,920,000 7,920,000 7,920,000

Solvent solution kg/yr 3,259,204 4,494,625 4,520,088

- B-cyclodextrin kg/yr 60,609 42,530 38,333

- Distilled water kg/yr 3,198,695 4,452,095 4,481,755

Washing water kg/yr 5,544,000 5,544,000 5,544,000
Annual Material Outputs and Streams

Cellulose residue kg/yr 1,071,734 1,489,752 1,388,930

Product stream kg/yr 15,602 10,296 119,038

- Gallic acid kg/yr 13,306 7128 115,870

- Moisture kg/yr 2296 3168 3168

Recycled solvent kg/yr 7,602,091 10,483,625 10,542,946

Annual Process Utility Consumption

Electricity duty kWh/yr 963,108.37 1,061,377.25 1,095,898.65

Steam kg/yr 2616.36 3125.82 3137.47

Natural gas (steam regeneration) kg/yr 15,780.62 18,853.43 18,923.7

Cooling water kg/yr 156,782.09 227,279.32. 228,982.28

Electricity for cooling water regeneration kWh/yr 2,003,649.93 2,904,593.21 2,926,356.77

The solvent solution supply is regulated at a 10:1 ratio. Apple feedstock’s higher
moisture content resulted in lower solvent solution consumption. However, double the
amount of 3-cyclodextrin is required for apple extraction compared to that for figs and
pomegranates, which is reflected in the almost 1.5 times higher consumed amount com-
pared to that for fig and pomegranate extraction. The apple extraction process required
approx. 100,000 kwhyr~! less electricity than fig and pomegranate extraction. After the
tray-drying process the apple feedstock streams became lighter, due to the higher initial
moisture content; as such, the overall handling required less energy.

Steam consumption is related to tray-drying and evaporation. While tray-drying han-
dled more moisture in the apple line, the evaporator had to remove less water downstream
compared to the fig and pomegranate feedstocks. As such, the hourly steam demand for
apples (2616.36 kg-h~!) was more than 15% lower compared to that for fig (3125.82 kg-h~1)
and pomegranate (3137.47 kg-h~!) extraction. Cooling water is consumed in the reactor
and the condenser. Apple extraction presented more than 30% reduced hourly demand
compared to fig and pomegranate extraction, due to a lower mass flow.

From a regional resource perspective, the assumption of 30% absorption for second-
and third-grade apples, figs, and pomegranates limits the 7920 tonnes-yr~! feedstock
processing capacity. Apple extraction can be served considering their regional availability
of 7407 t-yr—1. However, fig and pomegranate availability, at 254 t-yr~! and 823 t-yr—!,
respectively, are orders of magnitude lower than the simulated feedstock requirement.
Consequently, the 1000 kg-h~! configuration serves as an industrial scale-up benchmark,
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while the actual supply-constrained regional reality is evaluated through the downscaled
capacity sensitivity analysis.

Before evaluating the economic and environmental performance of the scaled-up sce-
narios, several simplified modeling approaches used in the process design must be contextu-
alized. From an operational standpoint, pre-treating the fresh fruit biomass via consecutive
tray- and freeze-drying stages models the transformation of seasonal agricultural residues
into a stable, dehydrated powder, enabling year-round storage and continuous biorefinery
operation (330 days/year). Downstream, solid-liquid separation via centrifugation (BC-
101) completely isolates structural cellulose as a separate by-product stream. Following
nanofiltration and thin-film evaporation, a concentrated, polyphenol-rich powder stream
is obtained. Additionally, recovering the B-cyclodextrin extraction additive is simplified
in concept, but practically requires membrane separation in the nanofiltration (NF) range
(~1.1 kDa) alongside thermal or solvent-induced dissociation of the phenolic-f-cyclodextrin
inclusion complexes to prevent co-retention of the active compounds.

4.2. Technoeconomic Assessment

The economic viability of scaling-up UAE polyphenol extraction varies significantly de-
pending on the processed feedstock. Table 8 summarizes the primary fixed capital metrics,
annual operating costs, and profitability indicators for the three processing configurations
at a uniform capacity of 7,920,000 kg /yr and EUR 80/kg polyphenol selling price.

Table 8. Baseline scenario economic performance indicators (2026 prices) for apples, figs,
and pomegranates.

Parameter Unit Apples Figs Pomegranates
Direct fixed capital (DFC) EUR 16,918 x 10° 18,818 x 10° 28,830 x 10°
Total capital investment EUR 18,030 x 10° 20,021 x 103 30,441 x 103
Annual operating cost (AOC) EUR/yr 5,709,575 5,952,189 6,349,283
Total annual revenues EUR/yr 1,245,789 822,647 9,523,651
Gross margin % —358.31 —623.54 33.33
Return on investment (ROI) Y% —18.77 —19.67 15.42
Internal rate of return (IRR) Y% - - 13.84
Net present value (NPV at 7.0%) EUR —42,398 x 10° —52,795 x 10% 11,814 x 103
Payback time Years - - 6.48

Techno-economic analysis demonstrated that the pomegranate baseline scenario is the
sole economically robust scenario investigated. This process achieved a positive net present
value (NPV) of EUR 11.81 M at a 7.0% discount rate paired with an internal rate of return
(IRR) of 13.84% and a return on investment (ROI) of 15.42% yielding a project payback
period of 6.48 years. This financial viability is sustained by annual market revenues of
EUR 9.52 M. These revenues offset an annual operating cost (AOC) of EUR 6.35 M and
a direct fixed capital (DFC) investment of EUR 28.83 M. Propagating experimental yield
uncertainty (£5%) within the pomegranate model shifts annual revenues between EUR 9.05
and 10.00 M-yr~! while maintaining strong investment feasibility (NPV: EUR 9.8-13.8 M),
confirming that experimental variance does not alter project viability.

Although apple and fig extraction required lower capital and operating costs, the total
annual revenues could not overcome the cost barrier. The low polyphenol yields of figs
and apples were reflected in the negative NPV and ROI. Overall, the extraction process
benefited from solvent solution and washing water recycling and saved EUR 1.5 M for
apple extraction and almost EUR 1 M for figs and pomegranates.

To evaluate system feasibility against the supply-constrained reality of Central Mace-
donia, the biorefinery was evaluated across downscaled capacities ranging from 100 to
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1000 kg/h (Table 9). At the 100 kg/h regional baseline capacity—which matches the physi-
cal availability of off-grade pomegranates in Central Macedonia—the facility is severely
unviable, yielding an NPV of EUR —26.17 M. While 1000 kg /h serves as an unconstrained
industrial engineering benchmark, the capacity sweep identifies 750 kg/h as the structural
break-even processing threshold (NPV = EUR 2.74 M). The variations of feedstock capacity,
NPV, CAPEX, and OPEX across these throughputs are exhibited in Table 9.

Table 9. Techno-economic sensitivity and scale-up indicators for the green polyphenol extraction
process from pomegranate across discrete feedstock capacities.

Throughput (kg/h) NPV (EUR M) CAPEX (EUR M) OPEX (EUR M)

100 —26.173 16.121 2913
300 —18.257 19.515 3.745
600 —-3.518 24.542 4.729
750 2.736 27.289 5.540
1000 11.814 30.441 6.349

At the 100 kg /h regional baseline capacity, the biorefinery exhibits severe inefficiencies,
yielding an unviable net present value (NPV) of EUR —26.173 M driven by a dispropor-
tionate capital investment (CAPEX) of EUR 16.121 M and an operating cost (OPEX) of
EUR 2.913 M/yr. Evaluating the scale-up continuum highlights a clear economy of scale
benefit across the throughput spectrum. Expanding feedstock capacity tenfold to 1000 kg/h
requires a comparatively modest ~90% increase in CAPEX (to EUR 30.441 M) and a ~110%
increase in OPEX (to EUR 6.349 M/yr). Driven by the linear scaling of annual revenues
against these sub-linearly increasing capital and operational expenditures, the NPV moves
upward from EUR —18.257 M at 300 kg/h to EUR —3.518 M at 600 kg/h, crossing the
structural break-even line to reach EUR 2.736 M at 750 kg/h.

To evaluate the financial resilience and market feasibility of the proposed biorefinery
process, a comprehensive sensitivity analysis was performed on the selling price of the
recovered polyphenols. High-value bio-based compounds frequently exhibit significant
market price volatility, driven by variations in final product purity, functional performance,
and fluctuating industrial demand across the pharmaceutical, cosmetic, and nutraceutical
sectors. Grounded in current industry insights, a realistic pricing spectrum ranging from
EUR 40/kg to EUR 80/kg was established to model the system’s economic performance
under diverse market conditions. This analysis systematically quantifies the direct impact
of product revenue variations on the project’s overarching financial indicators, specifically
the net present value (NPV), gross margin, and net profit. By mapping the NPV across
this price distribution, this evaluation explicitly defines the margin of safety relative to the
operating break-even threshold of EUR 66.03/kg, identifying the precise economic tipping
point required for full capital recovery under a fixed 7.0% discount rate and 1000 kg/h
design capacity. Ultimately, this sensitivity assessment provides critical risk-mitigation
insights, ensuring the decision-support framework accounts for commercial uncertainties
in the transition toward a circular bioeconomy. Table 10 presents annual revenue, gross
profit, and NPV in a range of polyphenol selling prices between EUR 40 and 80 per kg.

A price range of EUR 40 to 80 per kg of polyphenol-rich powder was indicated
by industry insights. The break-even point, EUR 66.03/kg, is above the average of the
examined range of prices. The sensitivity analysis also highlighted that a 50% drop in
selling price from the baseline scenario caused a 314% decrease in the NPV. The selling
price to NPV rate of change exhibited a steep slope. A 21.6% increase above the economic
break-even floor yields a EUR 11.81 M NPV and a gross margin increase of 55.63%. Below
the critical economic break-even price, the process remains unsustainable due to fixed
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operating costs of EUR 6.35 M per year. The sensitivity analysis demonstrated a high
volatility to the bioactive compound price trends.

Table 10. Sensitivity analysis of polyphenol selling price and its impact on the net present value
(NPV) of the pomegranate biorefinery process at a feedstock throughput of 1000 kg /h.

Selling Price Annual Revenue Gross Profit Net Present Value
(EUR/kg) (EUR M/yr) (EUR M/yr) (NPV) (EUR M)
40 4.77 —1.59 —252
50 5.96 —0.4 —14.35
60 7.14 0.794 —4.68
66.03 (break-even) 7.86 1.51 0
80 9.53 2.35 11.81

The reactor’s power density assumption, 2 kW/m3, was examined in a sensitivity
analysis in relation to OPEX and NPV and is presented in Table 11. Specifically, the reactor’s
power densities of 10 and 30 kW /m?> were examined against OPEX and NPV. Specifically, a
15-fold increase in the power density of the reactor increases the annual operating costs by
0.19% and decreases the net present value (NPV) by 0.87%.

Table 11. Techno-economic sensitivity analysis of reactor power density (2 to 30 kW/m?) against
annual operating cost (OPEX) and project net present value (NPV).

Power Density Annual Operating Cost Net Present Value (NPV)

(OPEX) (EUR M/yr) (EUR M/yr)
2 kW/m3 6.349 11.814
10 kW/m® 6.353 11.784
30 kW/m? 6.361 11.711

This sensitivity analysis demonstrated that while the economic viability of the
pomegranate extraction process is heavily constrained by initial capital requirements,
maintaining a B2B commercial pricing strategy above the break-even point ensures robust
capital recovery and financial resilience against market volatility.

4.3. Life Cycle Assessment

A life cycle assessment (LCA) was conducted in accordance with ISO 14044 to quantify
the environmental impacts associated with the production of 1 kg of GAE, from low-grade
apples, figs, and pomegranates in the region of Central Macedonia. The industrial scale-
up configurations were modeled using SimaPro v10.2, with datasets sourced from the
ecoinvent v3.11 and Agri-footprint v6.3 databases. Environmental impact categories were
evaluated using the ReCiPe Midpoint (H) methodology for 18 environmental indicators
within the areas of ecosystems, resource depletion, and human health. The life cycle
inventory (LCI) for the extraction facility included direct material inputs, 3-cyclodextrin,
process and washing water, waste management, and energy utilities, and is presented in
Table 10. The inputs were derived by the mass and energy balances from the SuperPro
Designer simulations and adjusted to the functional unit of 1 kg of GAE extraction.

Table 12 indicates that the production of 1 kg of GAE from apples and figs entails
substantially higher inputs of feedstock, B-cyclodextrin, solvent water, washing water, grid
electricity, steam, and cooling water compared with pomegranates, reflecting the markedly
lower extraction yields of apples and figs. In particular, the specific requirements for
thermal utilities, cooling water, and electricity are more than an order of magnitude higher
for the apple and fig lines than for the pomegranate line. This implies that thermal utilities
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and water consumption are expected to dominate the environmental impact categories
in the life cycle assessments for the apple- and fig-based systems, whereas the optimized
pomegranate-based configuration is significantly less intensive in energy and water per
unit of active product.

Table 12. Life cycle inventory of producing 1 kg of GAE polyphenol-rich powder from second- and
third-grade apples, figs, and pomegranates.

Flow Element Unit Apple Fig Pomegranate
Technosphere Inputs
Feedstock kg 595.22 1111.11 68.35
[3-cyclodextrin kg 4.55 597 0.33
Solvent water kg 240.39 624.6 38.68
Washing water kg 416.65 777.78 47.88
Grid electricity kWh 72.38 148.9 9.46
Industrial process steam kg 0.2 0.44 0.03
Natural gas (steam regeneration) kg 1.19 2.64 0.16
Cooling water kg 11.78 31.89 1.98
Electricity for cooling water regeneration kWh 150.58 407.49 25.26
Technosphere Outputs

Cellulose (by-product) kg 80.55 208.99 11.99
Solvent purge management m?3 0.245 0.631 0.004
Washing water purge management m?3 0.417 0.778 0.048

The midpoint characterization results are demonstrated in Figure 2 and Table A5. Over-
all, fig extraction exhibited the highest environmental impact, dominating all 18 ReCiPe
Midpoint (H) categories at the maximum reference level of 100%. Apple extraction pre-
sented the second-highest environmental footprint across the board, showing mid-range
contributions such as 23.29% in global warming and 48.28% in water consumption. On
average, the optimized pomegranate configuration displayed the best environmental per-
formance, remaining below 6% in nearly all indicators, with exceptional spikes observed
only in water consumption (30.31%) and human non-carcinogenic toxicity (96.48%). Indica-
tors related to the atmosphere and aquatic ecosystems were heavily dominated by the fig
and apple lines rather than pomegranates. Ultimately, the massive feedstock demands of
the fig line caused its land-use requirements to be over 169 times higher than pomegranates,
while its high water volume drove a total consumption rate over 3 times higher than the
pomegranate line.

The normalized midpoint results are demonstrated in Figure 3 and Table A6. The
results indicate that toxicity-related categories constitute the main environmental hotspots
for all three configurations, with fig extraction clearly dominating the absolute scores. Fig
extraction exhibited the highest overall normalized footprint, driven predominantly by hu-
man carcinogenic toxicity (12.95), with substantial secondary contributions from freshwater
ecotoxicity (2.49), freshwater eutrophication (1.87), and marine ecotoxicity (1.72). Apple
extraction demonstrated noticeably lower impact levels compared to the fig line, yielding
normalized values of 2.62 for human carcinogenic toxicity, 0.73 for freshwater ecotoxic-
ity, and 0.49 for marine ecotoxicity, alongside a minor peak in freshwater eutrophication
(0.31). In comparison, the optimized pomegranate extraction displayed consistently lower
normalized scores across the board, with its highest contribution being 0.47 for human
carcinogenic toxicity and all other categories remaining under 0.15.
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The process contribution analysis for the pomegranate extraction line is demonstrated
in Figure 4 and Table A7. Cultivation of the pomegranate feedstock emerges as a primary en-
vironmental hotspot, accounting for the largest shares in several critical midpoint categories,
such as human non-carcinogenic toxicity (98.45%), water consumption (98.88%), land use
(97.66%), marine eutrophication (93.42%), and stratospheric ozone depletion (78.34%). The
electricity required for cooling water regeneration represents the secondary critical hotspot,
contributing major shares to global warming (45.02%), fossil resource scarcity (46.99%),
fine particulate matter formation (41.55%), and marine ecotoxicity (42.54%). Furthermore,
process electricity contributed noticeably to freshwater eutrophication (21.08%). In con-
trast, transport, B-cyclodextrin inputs, fresh water and steam makeups, natural gas for
steam regeneration, and wastewater management remained minor contributors across
all analyzed categories. To improve the environmental performance of the optimized
pomegranate extraction process, focus should be drawn to lowering the heavy refrigeration
electrical loads. Pomegranate crop production also remains a major target area, highlighting
the need for more sustainable agricultural management practices to mitigate upstream
cultivation impacts.
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Figure 4. Normalized life cycle impact calculations analyzing the production of 1 kg of GAE
polyphenol-rich powder from second-grade pomegranates.

5. Conclusions

The present work assessed the valorization of low-grade fruit streams from Central
Macedonia through the ultrasound-assisted extraction of standardized polyphenol-rich
powders, integrating experimental data, process simulation, techno-economic analysis,
and life cycle assessment. The results demonstrated a pronounced feedstock effect, with
pomegranate consistently outperforming apples and figs in terms of polyphenol recovery
and industrial production potential.

The modeled process varied from the laboratory framework, incorporating a tray-
drying step prior to final freeze-drying to strip the stream of excess water. Because the high-
moisture feed required considerable thermal duty, the tray-drying equipment drove the
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total capital investment (CAPEX) to EUR 30.44 M. Downstream of the extraction vessel, the
stream was centrifuged to isolate the cellulose-rich solid residue, followed by nanofiltration
to separate and recover the 3-cyclodextrin macrocycles. Advanced utility configurations—
specifically closed-loop steam regeneration and cooling water recirculation—were imple-
mented to reduce net raw material and energy inputs.

From an economic perspective, pomegranate extraction demonstrated superior vi-
ability at the baseline industrial capacity primarily due to its high polyphenol yield
(14.63 kg GAE-t 1), yielding an NPV of EUR 11.81 M and an annual operating cost of
EUR 6.35 M/yr at a baseline selling price of EUR 80.00/kg. However, this commercial
feasibility reflects process-scale performance; deplorability in Central Macedonia requires
multi-feedstock campaign operations or inter-regional feedstock aggregation to overcome
localized biomass deficits. By contrast, due to their markedly low extraction yields, the
apple and fig lines remained highly unattractive, generating severe financial deficits. The
financial sensitivity analysis revealed that the process is highly vulnerable to market
price fluctuations, remaining viable only above the exact break-even selling price of EUR
66.03/kg. Conversely, sensitivity sweeps regarding the reactor agitation loops proved that
the process is highly robust against ultrasound production energy; ramping the reactor
power density fifteenfold (from 2 to 30 kW/m?) increased the annual OPEX by merely EUR
11,681 /yr and decreased the lifetime project NPV by less than 0.9%.

The environmental life cycle assessment demonstrated significantly superior environ-
mental performance for the pomegranate extraction line compared to the fig and apple
alternatives per unit of active product. Based on the normalized ReCiPe Midpoint scores,
toxicity-related indicators constituted the primary environmental hotspots across all three
configurations, with the fig line exhibiting the worst absolute footprint (dominating all
18 indicators at 100%) due to its massive biomass and water throughput demands. On
average, the apple and fig configurations generated environmental impacts that were
more than an order of magnitude higher than the pomegranate line. Within the isolated
pomegranate system, process contribution analysis revealed that upstream pomegranate
cultivation was the dominant contributor to agricultural indicators, accounting for 98.88%
of water consumption, 97.66% of land use, and 98.45% of human non-carcinogenic toxicity.
Downstream, the heavy electrical duty required for cooling water regeneration emerged as
the secondary operational hotspot, driving 45.02% of global warming and 46.99% of fossil
resource scarcity impacts.

When put in a regional development perspective, the findings indicate that lower-
grade pomegranate is the most promising feedstock among those investigated; however, re-
gional biomass availability of 823 t-yr~! remains a limiting factor for the implementation of
a standalone industrial plant at the modeled scale. Future research should therefore address
two main gaps. First, rather than direct stream blending, experimental and process opti-
mization should focus on flexible, multi-feedstock campaign processing. Controlled studies
are needed to evaluate how alternating seasonal feedstocks (apple, fig, and pomegranate)
or integrating secondary co-products within the same biorefinery infrastructure impacts
overall annual equipment utilization, solvent recovery efficiency, and operational costs.
Second, a spatially explicit logistical optimization study should refine collection and con-
solidation strategies (hub locations, routing, time windows, and campaign scheduling) to
minimize transport distances and on-site storage requirements. Moreover, a scale-up from
laboratory to pilot experimentation can solidify power densities and feedstock to solvent
ratio assumptions.

Author Contributions: Conceptualization, L.D.M., SI.P, LM., and G.EB.; methodology, L.D.M.,
S.IP, and G.EB,; software, L.D.M.; validation, L.D.M., LM., and S.LP; formal analysis, L.D.M., M.B.,
S.S., and S.I.P; investigation, L.D.M., M.B., and S.S.; resources, L.D.M. and G.EB.; data curation,

https://doi.org/10.3390/pr14182975


https://doi.org/10.3390/pr14182975

Processes 2026, 14, 2975

21 of 27

L.D.M.,, M.B,, S.S., and I.M,; writing—original draft preparation, L.D.M.; writing—review and editing,
LD.M,, SIP,S.S.,, M.B,, M., and G.EB.; visualization, L.D.M.; supervision, G.FE.B. and S.I.P.; project
administration, G.EB., L.D.M., and M.B.; funding acquisition, G.F.B. and LM. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was co-funded by the European Regional Development Fund and Greece,
Project code: KMP6-0140563.

Data Availability Statement: The data presented in this study are available within the article.

Acknowledgments: During the preparation of this manuscript, the authors used Gemini 1.5 Pro
for the purposes of text editing. The authors have reviewed and edited the output and take full
responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

UAE Ultrasound-assisted extraction
TPC Total phenolic content

GAE Gallic acid equivalents

TEA Techno-economic analysis
LCA Life cycle assessment

DEC Direct fixed capital
CAPEX Capital expenditures
OPEX Operating expenditures
DCF Discounted cash flow
NPV Net present value

ROI Return on investment

IRR Internal rate of return

RCM Region of Central Macedonia
RU Regional unit

GDP Gross domestic product

CH, Methane

CO, Carbon dioxide

OECD  Organisation for Economic Co-operation and Development

EU European Union
DW Dry weight
Appendix A

Experimental Results

Table A1l. Effect of sonication time (min), extraction temperature (°C), and 3-cyclodextrin concen-
tration (mg/mL) on total phenolic content (mg GAE/g dry weight) and DPPH radical scavenging
activity (umol Trolox/100 g dry fruit) of lyophilized apple, pomegranate, and fig fruits.

Duration of

Concentration of

Sonication Tempoerature B-Cyclodextrin Total Phenol Content‘ DPPH Radical Scavenging Act.ivity
(min) (@) (mg/mL) (mg GAE/g 100 g Dry Weight) (umol Trolox/100 g Dry Fruit)
Apple Pomegranate Fig Apple Pomegranate Fig
122.20 52.50 9.50 9.414+0.33 7421 £262  287+1.34 6400750 84,108 + 82,264 341 £59
62.50 52.50 9.50 8.77 +1.08 7891 £4.19 256 £2.7 5923 £850 79,354 4 2339 332+£35
62.50 23.07 9.50 7.62 £ 0.60 65.30 & 8.35 208 £2.6 4119 £190 76,200 & 1712 574 £4.7
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Table Al. Cont.

Duration of Concentration of

Sonication Temperature B-Cyclodextrin Total Phenol Content DPPH Radical Scavenging Activity
(min) Q) (mg/mL) (mg GAE/g 100 g Dry Weight) (umol Trolox/100 g Dry Fruit)
Apple Pomegranate Fig Apple Pomegranate Fig
62.50 52.50 9.50 9.33 £ 0.65 7220 £ 0.21 254 +3.1 5481 +267 72,905 £ 10,388 330 £33
98.00 70.00 15.00 8.67 £ 1.78 76.70 & 6.29 248 +£3.9 7918 £ 539 87,933 & 7381 432 £5.1
98.00 35.00 15.00 9.69 +0.43 75.80 +9.79 209 £5.9 6114 + 803 74815 £ 4154 208.6 £ 5.6
62.50 52.50 9.50 9.45 +0.17 73.00 £ 10.23 255 £ 3.1 5718 £ 382 73,123 £+ 5216 329 £ 2.1
62.50 52.50 9.50 9.44 + 0.39 78.81 445  256.0 £2.7 6264 £+ 306 73,034 &+ 6914 331 £25
62.50 52.50 0.25 7.21 £0.30 71.76 £ 1.45 230 £4.5 5102 + 434 78,943 £ 4225 344+ 19
62.50 52.50 9.50 10.20+ 0.26 71.16 £ 6.31 252 +£43 6289 £ 264 73,470 & 4496 330 £1.5
2.80 52.50 9.50 8.54 +0.01 7411 £ 1.85 457 =149 6045+ 149 88,054 £ 10,549 516 =49
27.00 70.00 4.00 10.65 & 0.55 73.31 +£3.37 219 £5.7 7069 + 613 73,766 £+ 948 552 £5.1
98.00 35.00 4.00 8.16 = 0.43 59.80 + 13.18 185+ 7.1 5332 £ 525 71,378 + 588 366 + 3.7
62.50 81.93 9.50 9.88 +1.34 70.00 £ 2.33 227 £55 6899 + 967 79,309 £+ 431 475+ 55
27.00 35.00 15.00 9.36 + 0.69 65.86 + 3.11 277 £7.1 6178 £ 354 82,470 + 438 591 £5.7
62.50 52.50 18.75 9.78 £0.78 7491 £ 1.59 319 £2.9 6589 + 498 82,183 £ 4680 211+£29
62.50 52.50 9.50 9.61 £+ 0.36 79.50 & 6.43 255 £ 3.7 6765 =419 84,406 £ 1685 328 £3.3
98.00 70.00 4.00 11.02 £0.72 71.52 £3.29 210+ 19 7831 & 417 86,156 & 363 209 £ 3.0
27.00 70.00 15.00 12.02 £ 0.6 69.50 + 0.85 241 £ 6.1 8245 £ 533 84,818 + 367 500 £5.3
27.00 35.00 4.00 6.80 £0.71 78.66 + 2.87 194 £3.5 5264 + 229 85,916 + 479 543 +4.7
Appendix B
Appendix B.1. Equipment List
Table A2. Principal process equipment in the ultrasound-assisted polyphenol extraction plant,
including identification codes, equipment types, and main functions within the continuous fruit
residue valorization pathway.
Equipment ID Equipment Type Main Function
WSH-101 Washer Removes surfa.ce dirt and contaminants from incoming second-/third-grade fruits
before processing
FSP-102 Splitter Splits washing water recycling (80%) and a purge stream (20%)
MX-103 Mixer Mixes fresh washing water and recycled washing water
SR-101 Shredder Reduces fruit size to facilitate freeze-drying and subsequent grinding
TR-101 Tray-dryer Initial dehydration using steam
FDR-101 Freeze-dryer [).ehy?lrates sl.'1redded fr}nts to preserve thermosensitive phenolics and improve
diffusion during extraction
GR-102 Grinder Produces. f11.1e fFUIt powders to maximize surface area and minimize internal mass
transfer limitations
. Performs ultrasound-assisted extraction of phenolics, modeled as stoichiometric
R-101 Stirred reactor . . . .
reaction, using aqueous B-cyclodextrin solution
BC-101 Bowl centrifuge Separates solid residue (cellulose) from phenolic-rich liquid phase
NEF-101 Nanofiltration Separates 3-cyclodextrin (retentate) from phenolic solution (permeate)
Thin-fil . . . .
TFE-101 i Concentrates phenolic solution and removes water under mild thermal conditions
evaporator
HX-101 Condenser Condenses vapor stream from TFE-101 and cools recycled solvent before mixing
MX-101 Mixer Mixes recovered [3-cyclodextrin with condensed water to form recycled solvent stream
FSP-101 Flow Splitter Splits mixed solvent stream into purge and recycle fractions
MX-102 Mixer Combines recycled solvent with fresh water and 3-CD to achieve target solvent

composition for extraction
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Appendix B.2. Lower-Grade Apple, Fig, and Pomegranate Availability in RCM

Table A3. Available quantities of second- and third-grade apples, figs, and pomegranates in the
regional units (RUs) of RCM for 2022.

Second- and Third- Grade Fruit Quantities (t/yr)

Apples Figs Pomegranates
RU Thessaloniki 163.9 40.1 56.8
RU Imathia 3121.2 66.9 43.4
RU Kilkis 13.6 76.3 179.2
RU Pella 3601.7 28.1 147.6
RU Pieria 261.6 8.5 74.5
RU Serres 219.7 l6.4 206.4
RU Chalkidiki 25.2 17.5 114.6
RCM 7406.9 253.8 822.6

Table A4. Total distances to be covered by apples, figs, and pomegranates to reach the extraction
plant placed in Sindos based on the percentage availability in each RU and the distance of each RU

from the plant.
Apples Figs Pomegranates Distance from Plant (km)
RU Thessaloniki 2.2% 15.8% 6.9% 20
RU Imathia 42.1% 26.4% 5.3% 75.1
RU Kilkis 0.2% 30.0% 21.8% 44.8
RU Pella 48.6% 11.1% 17.9% 73.1
RU Pieria 3.5% 3.3% 9.1% 64.8
RU Serres 3.0% 6.5% 25.1% 151
RU Chalkidiki 0.4% 6.9% 13.9% 154
Total distance (km) 75.1 67.1 93.4
Appendix C
Appendix C.1

Table A5. LCIA characterization results of apple, fig, and pomegranate baseline scenario extraction
using ReCiPe Midpoint (H).

Label Apple Polyphenol Fig Polyphenol Pomegranate
Compound Compound Polyphenol Compound

Global warming 23.2905 100 3.9709
Stratospheric ozone depletion 5.4219 100 1.0036
Ionizing radiation 19.8663 100 4.2615

Ozone formation, human health 13.3737 100 2.3504
Fine particulate matter formation 14.1186 100 2.5535
Ozone formation, terrestrial ecosystems 13.6476 100 2.3872
Terrestrial acidification 7.1259 100 1.3839
Freshwater eutrophication 16.4986 100 2.3406
Marine eutrophication 1.3245 100 1.7888
Terrestrial ecotoxicity 24.5555 100 8.662
Freshwater ecotoxicity 29.2508 100 5.829
Marine ecotoxicity 28.7988 100 5.7823
Human carcinogenic toxicity 20.2404 100 3.6612

Human non-carcinogenic toxicity 9.0782 100 96.4768
Land use 7.0219 100 0.5906

Mineral resource scarcity 15.5747 100 3.1399
Fossil resource scarcity 27.7674 100 4.5754

Water consumption 48.2772 100 30.3135
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Appendix C.2

Table A6. LCIA normalization results of apple, fig, and pomegranate baseline scenario extraction using ReCiPe Midpoint (H).

Label Apple Polyphenol Compound Fig Polyphenol Compound Pomegranate Polyphenol Compound
Global warming 0.0228 0.098 0.0039
Stratospheric ozone depletion 0.0059 0.1084 0.001
Ionizing radiation 0.0087 0.0436 0.0019
Ozone formation, human health 0.0164 0.1228 0.0029
Fine particulate matter formation 0.0121 0.086 0.0022
Ozone formation, terrestrial ecosystems 0.0201 0.1473 0.0035
Terrestrial acidification 0.0182 0.256 0.0035
Freshwater eutrophication 0.3077 1.8651 0.0437
Marine eutrophication 0.004 0.3045 0.0054
Terrestrial ecotoxicity 0.0386 0.157 0.0136
Freshwater ecotoxicity 0.7278 2.4882 0.145
Marine ecotoxicity 0.4947 1.7179 0.0993
Human carcinogenic toxicity 2.6202 12.9456 0.474
Human non-carcinogenic toxicity 0.0073 0.0809 0.078
Land use 0.022 0.3127 0.0018
Mineral resource scarcity 49 x 107° 3.14 x 1075 9.87 x 1077
Fossil resource scarcity 0.0602 0.2167 0.0099
Water consumption 0.1023 0.212 0.0643
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Appendix C.3
Table A7. LCIA characterization results analysis of pomegranate extraction baseline scenario using ReCiPe Midpoint (H).
. . Electricity, Natural Gas,
Label Pomegranate Transport B- ) Electricity, Water for Washing Water for Cooling Water  Cooling Water Steam Wastewater
Feedstock Cyclodextrin Process Solvent Water Steam . . Management
Regeneration Regeneration
Global warming 28.2261 41782 3.7716 16.8618 0.0345 0.0491 592 x 1075 0.002 45.0243 1.784 0.0681
Stratospheric 78.3413 0.8958 6.8747 3.7418 0.0129 0.0096 1.68 x 1075 0.0004 9.9914 0.0022 0.1297
ozone depletion
Tonizing radiation 48.562 1.3755 0.2312 13.2849 0.134 0.5582 0.0001 0.023 35.4733 0 0.3577
Ozone formation, 50.14 3,529 4.0459 11.2717 0.0344 0.057 8.01 x 1075 0.0024 30.0975 0.739 0.083
Human health
Fine particulate 36.319 1.7673 2.3969 15.5615 0.0508 0.0409 6.83 x 105 0.0017 415521 22663 0.0434
matter formation
Ozone formation,
Terrestrial 49.3659 3.7393 43567 11.3508 0.034 0.0559 7.74 x 1075 0.0023 30.3088 0.7047 0.0816
ecosystems
Terrestrial 472887 135 1.8364 12.6355 0.0553 0.0358 444 x 1075 0.0015 33.7392 3.0147 0.0428
acidification
Freshwater 20.4275 0.7203 0.9887 21.0784 0.0197 0.0371 3.87 x 1075 0.0015 56.2833 0.0054 0438
eutrophication
Marine 93.4177 0.0543 0.1988 1.4585 0.002 0.0045 2.27 x 1076 0.0002 3.8946 0.0092 0.9601
eutrophication
Terrestrial 63.3456 9.1645 1.0142 7.1907 0.022 0.0197 1.2 %1075 0.0008 19.2006 0.0025 0.0393
ecotoxicity
Freshwater 441612 1.044 0.721 14.6843 0.029 0.0406 2.04 x 1075 0.0017 39.21 0.0416 0.0664
ecotoxicity
Marine ecotoxicity 39.0979 1.4134 0.8164 15.9314 0.0321 0.0475 229 x 1079 0.002 42,5398 0.0444 0.0751
Human
carcinogenic 40.774 5.2663 1.0742 14.049 0.083 0.9672 823 x 1075 0.04 37,5137 0.0019 0.2305
toxicity
Human
non-carcinogenic 98.4512 0.0513 0.0335 0.3955 0.001 0.001 1.01 x 106 416 x 1075 1.056 0.0025 0.0079
toxicity
Land use 97.66 0.4949 0.2768 0.4237 0.0029 0.0046 3.48 x 1076 0.0002 1.1314 0 0.0056
Mmir;jrﬁf;“rce 53.033 291 1.449 11.5093 0.0708 0.1546 3.66 x 105 0.0064 30.732 0 0.1347
F OSzlclarrisifyurce 23.2034 4113 5.8917 17.5962 0.0275 0.0375 479 x 1075 0.0015 46.9852 21032 0.0407
Water 47.266 0.0073 0.0279 0.0766 0.0784 0.1335 0.6606 45.8778 5.8718 —0.1272
consumption
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