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Abstract. This study investigates tuna (Euthynnus affinis) bone by-products as
an alternative collagen source to meet Indonesia’s rising demand. Process
simulations in SuperPro Designer evaluated two extraction routes: (i) Natural
Deep Eutectic Solvents (NaDES) and (ii) bromelain enzyme. Using 337,219 kg
raw material annually, results showed NaDES achieved the highest collagen
recovery (84.75%) with an IRR of 14.62%, NPV of USD 17.8 million, and PBP
of 4.84 years. The bromelain process had lower recovery (54.95%) but better
economics (IRR 30.03%, NPV USD 35.7 million, PBP 2.49 years). Overall,
bromelain extraction offers higher profitability, while NaDES provides superior
recovery and sustainability

Keywords: Sustainable extraction; Fish Bone Collagen; Tuna bone byproduct;
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1 Introduction

Collagen is a key structural protein in connective tissues of both humans and
animals, widely used in biomedical, nutraceutical, cosmetic, and food industries due to
its biocompatibility and functional properties [8]. Traditionally, commercial collagen
is mainly sourced from bovine and porcine by-products; however, concerns regarding
zoonotic disease transmission, cultural and religious restrictions, and sustainability
issues have encouraged exploration of alternative sources. In recent years, marine-
derived collagen, especially from fish by-products such as skin, bones, and scales, has
gained increasing attention for its safety, lower immunogenicity, and eco-friendly
potential compared to mammalian sources [3][9][10].

Indonesia, as one of the world’s largest tuna producers, generates substantial
quantities of processing by-products, including bones that are often underutilized or
discarded. In 2023, the national tuna production reached 761,340 tons. The largest
lation of mackerel in Indonesia is in Maluku, with production reaching 70,134 tons in
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2021. Followed by East Java with 50,448 tons, Aceh with 42,834 tons, West Java with
40,625 tons, and North Sulawesi with 34,466 tons [2] , with by-products estimated to
account for 30-40% of the total biomass included consisting of head parts (12.0%),
bones (11.7%), fins (3.4%), skin (4.0%), spines (2.0%), and stomach contents/internal
organs (4.8%) [15]. Tuna bones, in particular, contain 20-25% collagen on a dry weight
basis, making them a promising raw material for collagen recovery [22]. Despite this
potential, the utilization of tuna bone collagen on an industrial scale in Indonesia is still
limited. Previous research has focused on small-scale extraction using conventional
acidic or enzymatic methods, which although effective, are often time-consuming, ex-
pensive, and less environmentally friendly. Recent advancements highlight eco-
friendly extraction technologies, such as Natural Deep Eutectic Solvents (NaDES), and
the addition of bromelain enzymes as promising alternatives to conventional methods,
which offer better sustainability and raw material efficiency [1]. In this study, a total of
15,620,000 kg/year of tuna bone was considered as the feedstock, corresponding to 5%
of the projected national collagen demand in Indonesia by the year 2030 [4].

Collagen is the main structural protein found in connective tissue in animals and
humans, functioning to provide strength and elasticity to skin, bones, tendons, and var-
ious other organs [11][12]. This protein consists of three polypeptide chains that form
a triple helix structure, with a typical amino acid composition such as glycine, proline,
and hydroxyproline, The structural characteristics and amino acid profile of collagen
not only determine its physical properties, but also contribute to its functionality, mak-
ing it highly valuable in biomedical applications for drug delivery systems, wound heal-
ing, tissue engineering, and regenerative medicine, and in functional foods for skin
health improvement, antioxidant support, blood pressure regulation, glycemic control,
and food preservation, and various industrial processes.[13][14]

By conducting research to develop collagen extraction methods from these wastes,
we can reduce the negative impact on the environment while creating value-added prod-
ucts that can be utilized in the food, cosmetics and healthcare industries. In addition,
the issue of halalness is becoming increasingly relevant in Indonesia's predominantly
Muslim society [16][17]. The development of collagen products from tuna waste must
consider the halal aspect in order to be accepted by consumers, fish-based collagen is
considered halal in Islamic dietary law because fish are inherently halal animals, re-
quiring no ritual slaughter, and the extraction process can be verified to be free from
impure or prohibited substances. This makes fish collagen a promising halal alternative
to mammalian-derived collagens, particularly in Muslim-majority markets. Through in-
depth research, we can ensure that the collagen extraction process meets the set halal
standards, starting from the selection of raw materials to the extraction method used.
Thus, this research not only contributes to waste reduction and increased economic
value but also addresses the market need for halal and high-quality products. This is in
line with efforts to create a sustainable and responsible maritime industry in Indonesia.
Despite the potential of fish-based collagen, until now, fish-based collagen manufac-
turers are not available yet in Indonesia. Thus, there is a need to simulate the production
process of this fish-based collagen.

According to Grand View Research 2024, the collagen market value in Indonesia is
estimated to reach USD 159.8 million by 2024, with a projected steady increase to USD
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312.4 million by 2030. This market is primarily driven by the growing demand in the
nutraceuticals and cosmetic and personal care industries, particularly for hydrolyzed
collagen products that are increasingly used in dietary supplements, functional foods,
and anti-aging skincare formulations. Based on the local market demand projection of
5% of the total Indonesian collagen market and obtained USD 15,620,000/year assum-
ing an average price of US 46.32/kg, and for the required collagen mass capacity of
337,219/kg per year [4].

This study aims to evaluate the feasibility of utilizing tuna bone by-products as an
alternative collagen source through industrial process simulation. Using SuperPro De-
signer, two extraction methods Natural Deep Eutectic Solvents (NaDES) and bromelain
enzymatic extraction were compared in terms of collagen recovery, processing time,
and economic feasibility. The novelty of this research lies in its first techno-economic
comparison of NaDES and enzymatic extraction for collagen at an industrial scale in
Indonesia. By linking technical yield with financial indicators, this study provides prac-
tical insights for developing a sustainable fish-based collagen industry that aligns with
both economic and environmental goals.

2 Materials and Methods

2.1 Materials

The main raw materials utilized in this study included tuna bone (Thunnus sp.) as
the primary collagen source, bromelain enzyme as a biocatalyst, and Natural Deep Eu-
tectic Solvents (NaDES) consisting of oxalic acid, choline chloride, and water. All re-
agents used were of analytical grade

Tuna Bone. Skipjack tuna bones (Thunnus sp.) were obtained as by-products from lo-
cal fish processing industries in Bitung, Indonesia. Annual tuna production in Indonesia
reached approximately 761,000 tons in 2023, generating a significant amount of un-
tapped bone waste. Collected bones were immediately cleaned, washed under chilled
water (4 £ 2 °C), and stored at —20 °C until further processing. Prior to extraction, bones
were size-reduced to <1 cm fragments to increase surface area [29].

Enzyme Bromelain solvent. Enzyme Bromelain derived from pineapple peel (Ananas
comosus), was utilized as a natural proteolytic agent to enhance collagen extraction.
Unlike conventional chemical hydrolysis, bromelain enables extraction under milder
conditions while minimizing structural damage to the collagen triple helix. In this study,
bromelain was extracted using distilled water with a 1:1 (w/v) solid-to-liquid ratio. The
enzymatic extraction process was conducted at 39.32°C for 18 hours, following a pre-
treatment step using 0.5 M NaOH to remove non-collagenous proteins. After enzymatic
hydrolysis, collagen was precipitated with 5% (w/v) NaCl. This process yielded [28]
[34].
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NaDes solvent. A Natural Deep Eutectic Solvent (NaDES) composed of oxalic acid
(0.1 M), choline chloride, and water in a 1:1:10 molar ratio was used for collagen ex-
traction The mixture was heated at 60 °C until a clear solution was obtained. NaDES
was used as a green solvent due to its capacity to disrupt hydrogen bonding in colla-
genous tissues under mild conditions [20,21].

2.2 Methods

Sample preparation. Tuna bones (Thunnus sp.) were washed with chilled water
(~25 °C) using a washing unit (P-1/WSH-101) to remove blood, tissues and microor-
ganism (Pseudomonas spp. and Shewanella putrefaciens), which can degrade collagen
during storage. After washing, bones were then shredded (R-8/SR-101) into <1 cm
fragments and finely ground (P-3/GR-101) to 0.5-2 mm particle size. Samples were
stored at —20 °C until further use [24].

Tuang ikan &
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Fig. 1: sample preparation for collagen extraction from tuna.
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Fig. 2: Operation Procedure. (a) washing (bulk flow) and (b) shredding (c) Grinding and (d)
storage.
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Pre-treatment. Pre-treatment of tuna bones was carried out by immersing the material
in a 0.5 M sodium hydroxide (NaOH) solution at a solid-to-liquid ratio of 1:10 (w/v).
The treatment was conducted at room temperature (28 + 2 °C) under continuous agita-
tion at 150 rpm for 24 hours. To ensure effective removal of non-collagenous proteins
and residual minerals, the NaOH solution was replaced with fresh solution every 8
hours. After completion, the treated bone samples were rinsed thoroughly with distilled
water at a volume ratio of 1:5 (solid:liquid), repeated 3 - 4 times, until the wash effluent
reached a neutral pH (6.8-7.2) as confirmed by a calibrated pH meter. The pre-treated
bones were then drained and stored at 4 °C for subsequent extraction processes.

In the SuperPro Designer simulation, this pre-treatment stage was modeled using a
sequence of unit operations. The process began with a ‘Transfer In’ operation, which
transported the fish bone particles into the pre-treatment vessel. A ‘Charge’ operation
was then used to introduce 0.5 M NaOH solution into a standard stirred-tank bioreactor
(STR). The STR was configured with agitation at 150 rpm to ensure uniform mixing
and contact between the solid and liquid phases. The treatment time was set to 24 hours,
with a periodic solution replacement every 8 hours to reflect batch replenishment. After
treatment, a ‘Transfer Out’ operation routed the contents to the subsequent washing and
neutralization stage. This configuration ensured accurate representation of flow rates,
residence times, and mass transfer during alkaline pre-treatment in the simulation.

NaOH

P-7/R-102

Pretreatment

(a) (b)
Fig. 3: :(a) Pretreatment equipment and (b)operation procedure in pretreatment process.

Extraction. The first extraction system employed Natural Deep Eutectic Solvents
(NaDES) composed of oxalic acid, water, and choline chloride in a 1:1:10 molar ratio.
Pretreated fish bone material was mixed with the NaDES solvent at a solid-to-liquid
ratio of 1:20 (w/v). The extraction was carried out at a controlled temperature of 50 °C,
under continuous agitation at 100 rpm for 4 hours. The pH of the solvent system was
monitored and maintained at 5.0 £ 0.2 to optimize collagen solubilization. Upon com-
pletion, the mixture was subjected to a 30-minute holding step to ensure complete mass
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transfer and stabilization of the phases. The contents were then transferred to a separa-
tion step, where the solid residue was removed by filtration. The filtrate containing
solubilized collagen was subsequently routed via a ‘Transfer Out’ operation in Su-
perPro Designer to the downstream concentration and purification stage.

The second system employed bromelain enzyme for enzymatic-assisted collagen ex-
traction. Bromelain was added at a concentration of 1.5% (w/w) based on the total mass
of the extraction mixture [7]. Crude bromelain extract was prepared by homogenizing
pineapple peel waste with cold distilled water at a ratio of 1:1 (w/v) for 15 minutes at
4 °C, followed by filtration to recover the crude enzyme solution. The pretreated bone
samples were then mixed with the enzyme solution at a solid-to-liquid ratio of 1:15
(w/v), and the reaction was carried out in a water bath shaker at 37 °C with agitation at
120 rpm for 24 hours. The pH of the mixture was adjusted to pH 7.5 using 0.1 M phos-
phate buffer to provide optimal activity for bromelain. After completion of the incuba-
tion, the enzyme was inactivated by heating the mixture to 80 °C for 10 minutes, fol-
lowed by cooling on ice. The liquid phase containing solubilized collagen was sepa-
rated by centrifugation at 10,000 % g for 15 minutes at 4 °C, and the supernatant was
collected for downstream purification. In SuperPro Designer, this enzymatic process
was simulated using a combination of Enzymatic Reaction and Solid -Liquid Separa-
tion units, with defined residence time and yield parameters.

P-5/R-103
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Fig. 4: (a) extraction equipment for NaDes solvent (b) operation procedure of mat.balance
for extraction NaDes © extraction equipment for enzyme bromelain solvent (d) operation pro-
cedure of mat.balance for extraction enzyme bromelain.
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Precipitation. After the extraction process, the collagen-rich solution was subjected to
salting-out precipitation by gradually adding saturated sodium chloride (NaCl) under
agitation. The NaCl concentration was adjusted to 2.5 M, a level reported to effectively
promote collagen fibril aggregation while minimizing denaturation [25]. The process
was carried out at 4 °C with gentle stirring (100 rpm), followed by centrifugation at
15,000 x g for 15 minutes to separate collagen precipitates from the supernatant. In
SuperPro Designer, this step was modeled as a sequence of Charge and Mix operations
to introduce and homogenize NaCl.

NaCl

P-6/R-101
Precipitation

(a) (b)

Fig. 5: (a) Precipitation equipment and (b) operation procedure of charge process precipita-
tion.

Centrifuge (P/-2/DC-102). The precipitated mixture was centrifuged at 10.000 rpm for
30 minutes using a high-speed centrifuge to separate the collagen precipitate from the
supernatant, ensuring rapid and efficient solid—liquid separation compared to conven-
tional filtration methods [26]. In the SuperPro Designer simulation, this centrifugation
step was modeled using unit P-2/DC-102 with a volumetric throughput of 2108.59 L/h.
The centrifugation time was set to 4 hours to represent the industrial-scale operation
required to process the batch volume, while still reflecting the equivalent separation
principle observed in laboratory conditions.

P-2/DC-102

Centrifugation

(a) (b)

Fig.6: (a) extraction equipment for NaDes solvent (b) operation procedure of mat.balance for
extraction NaDes © extraction equipment for enzyme bromelain solvent (d) operation proce-
dure of mat.balance for extraction enzyme bromelain.
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Diafiltration (P-4/DF-101). The collagen precipitate was further purified via diafiltra-
tion using a membrane system (P-4/DF-101). At the laboratory scale, purification was
carried out with 0.1 M oxalic acid buffer for 36 hours, followed by multiple washes
with deionized water (20% volume exchange) to eliminate salts and low-molecular-
weight impurities, thereby improving collagen purity. In the SuperPro Designer simu-
lation, this operation was modeled with a filtration time of 4 hours and 3% volume ex-
change, while setting collagen as a fully retained component (RC = 1.0) and low-mo-
lecular-weight solutes as permeable (RC = 0.0). Additionally, a 5% denaturation factor
was included to account for potential protein loss, ensuring that the large-scale process
remained efficient while still capturing the essential purification principles.
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Fig.7: (a) Diafiltration equipment and (b) operation procedure of processed diafiltration.

Freeze Dryer (P-11/FDR-101). The purified collagen was subjected to freeze-drying
using a freeze dryer (P-11/FDR-101), operated under vacuum conditions to facilitate
sublimation of ice at low temperatures. This method was selected due to its mild pro-
cessing environment, which avoids the use of harsh solvents or elevated temperatures,
thereby preserving the native triple-helix structure and bioactivity of the collagen [27].
The final product was obtained in a high-purity, stable collagen powder form suitable
for further analysis or application.
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Fig. 8: (a) Freeze drying equipment and (b) operation procedure of charge process Freeze
drying.

3 Results

3.1 Block Flow Diagram

Sample Preparation Pre-Treatment Extraction Precipitation

Centrifugation Diafiltration Freeze Drying

Fig. 9: The block flow diagram of Extraction.

3.2 Process Flow Diagram

Main Process

Pre-Treatment

Purification/Downstream

Fig. 10: The simulation process of Extraction NaDes Solvent for Superpro Designer v12.0.
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Main Process

Pre-Treatment

Purification/Downstream

Fig. 11: The simulation process of Extraction Enzyme Bromelain Solvent for using Superpro
Designer v12.0.

3.3 Main Process

Extraction Process of Natural deep eutectic solvents. The extraction of collagen
from 15.735 kg/batch of tuna bone was simulated using a Natural Deep Eutectic Solvent
(NaDES) composed of chloride, oxalic acid, and water. This process was implemented
as a single-solvent system in SuperPro Designer, with NaDES treated as the primary
extraction solvent. The selection of NaDES was based on previously reported studies
demonstrating its efficiency in dissolving collagen and other proteins in mineralized
tissues [36]. From simulation results, the NaDES-based process achieved a collagen
recovery yield of 84.75%. Although the yield is relatively high, the absence of enzy-
matic hydrolysis limits complete collagen solubilization, as some collagen remains
trapped within the dense bone matrix. This result is consistent with literature reporting
diffusivity limitations of DES in biological tissues. Despite these constraints, the
NaDES system demonstrates environmental advantages due to its non-volatile and re-
cyclable solvent properties, positioning it as a promising green alternative for collagen
recovery.

Extraction Process of Enzyme Bromelain. The second scenario modeled the enzy-
matic extraction of collagen using 1.5% w/w bromelain enzyme, with a feed mass of
15.557 kg/batch of tuna bone. In the simulation, collagen was set to partition into the
aqueous phase, reflecting its hydrophilic nature after enzymatic cleavage. The brome-
lain-assisted process achieved a collagen recovery yield of 54.95%. Compared to
NaDES extraction, the enzyme process yielded less collagen but produced fractions
with higher solubility and bioavailability. This outcome is supported by previous stud-
ies showing that bromelain effectively hydrolyzes collagen, generating soluble peptide
fragments [35]. Bromelain extraction also demonstrated better reproducibility in indus-
trial-scale processes, as enzyme-mediated hydrolysis follows well-defined biochemical
mechanisms. Previous reports confirm that bromelain exhibits good stability under con-
trolled process conditions and is scalable for biotechnological applications [35]

Comparative Analysis. NaDES extraction process resulted in a higher collagen yield
(84.75%), whereas bromelain extraction produced a lower yield (54.95%) but offered
higher solubility and better process consistency. The tradeoff between the two methods
suggest:
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1. NaDES, Suitable for maximizing yield, environmentally friendly, but diffu-
sion limited.
2. Bromelain, consistent and produces soluble collagen fractions, but with lower
overall yield.
A potential hybrid approach (NaDES + bromelain) could combine these advantages
by improving both yield and solubility, providing a more balanced and sustainable col-
lagen recovery method.

3.4  Scheduling (Gantt chart)

The extraction process using NaDES-only takes 233.91 hours per batch, with a cycle
time of 87.39 hours, resulting in 88 batches/year and a total production of 337,219
kg/year. Meanwhile, the extraction process with NaDES + bromelain enzyme has a time
of 207.30 hours per batch and a cycle time of 87.15 hours, allowing 89 batches/year
with the same annual output (337,219 kg).

Recipe Scheduling Summary B recipe Scheduling Summary B

Ekstiaksi NaDes#2 Ekstraksi Bromelaintt2

Batch Time [23381 1 [3] BachTme [207.30  [h (3]
Min Cycle Time [8733  [h [ #] Min Cycle Time [8715 [h_[¥]
Cycle Tme [67.33 [ [¥] Cycle Tme [3715  Th[¥]
Cycle Time Slack [G00  [h (%] Cycle Time Slack [500  h 3]
Number of Campaigns /¥ [T Number of Campaigns /Yt [T
ADT Avaiable [79200  [h 3] AOT Available [73200  h 3]
ADT Utiized [78365 Th 3] ADT Utiized [78763 R (3]
Max # Batches /Y1 [88 Max # Batches /Y1 [83
Actual # Batches /i [88 Actual # Batches /Y1 [89
Amount of MP /1[337219.0 kg MP/yr Amount of MP /i[337213.0  ka MP/yr
Longest Unit Procedure Longest Unit Procedure
[F7mR102 [F7wRoa
Scheduiing Bottleneck Equipment Scheduiing Botleneck Equipment
[RAz [R102
(a) (b)

Fig. 12: Scheduling Summary for (a)Extraction of NaDes(b)Extraction of Enzyme Brome-
lain.

3.5 Economic Analysis

To examine the feasibility of production, investment costs and process economics
were estimated for two scenarios of collagen extraction from tuna bones, using NaDES
solvent and bromelain enzyme solvent, respectively. Both scenarios were designed to
process 337,219 kg of fish bones per year. Each scenario does not use the same inputs.
Indonesia, as a maritime nation, reports abundant tuna catches; however, consistent
with previous findings in tuna-based collagen extraction, only a fraction of the national
fish catch is processed domestically. Based on historical data, approximately 10,000
metric tons (MT) of tuna is caught annually, with an estimated 20-30% processed lo-
cally, resulting in 2,000-3,000 MT of bone by-product available for collagen extraction
per year. This corresponds to the feedstock input required for the proposed batch pro-
duction scheme [31][32]. In the NaDES scenario alone, a recovery yield of 84.75% was
achieved. This implies a relatively high conversion efficiency of collagen from raw
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bone. In contrast, bromelain enzyme solvent showed a lower recovery yield of 54.95%.

The techno-economic analysis presented below provides a comprehensive assess-
ment of Fish Bone Collagen production via Extraction of Natural Deep eutectic solvent
and Enzyme Bromelain, highlighting the feasibility and profitability of this bioprocess.

Table 1. The constituents of CNG.

Component NaDes Enzyme Bro-
melain

Total Invest-

ment $ 35.474.000 $ 19.063.000
Collagen Yield 84.75% 54.95
Annual Reve-

nue $ 15.620.000 $ 15.620.000
NPV $ 17.860.000 $ 35.737.000
IRR 14.62 % 30.03 %
ROI 20.68 % 40.14 %
Payback Period 4.84 years 2.49 years
Gross Margin 35.45% 50.87 %

3.6  Sensitivity Analysis

To assess feasibility, a techno-economic analysis was performed for both extraction
scenarios, assuming a fixed annual production target of 337,219 kg collagen/year.
NaDES process achieved a higher recovery yield (84.75% + 2.31) but required a larger
capital investment (USD 35.474 million). Economic indicators included NPV: USD
17.86 million, IRR: 14.62%, ROI: 20.68%, Payback Period: 4.84 years, and a gross
margin of 35.45%. Bromelain process showed a lower recovery yield (54.95% + 1.87)
but required significantly lower investment (USD 19.063 million). The economic eval-
uation resulted in NPV: USD 35.737 million, IRR: 30.03%, ROI: 40.14%, Payback
Period: 2.49 years, and a gross margin of 50.87%. Statistical sensitivity analysis was
conducted by varying collagen selling price £20%. Results indicated that: For NaDES,
IRR fluctuated between 11.26 -17.10%, while NPV ranged from USD 9.5 to 26.2 mil-
lion. For Bromelain, IRR varied within 25.51 - 34.24%, and NPV from USD 17.3 to 44
million. Comparative statistical analysis (paired t-test, a = 0.05) confirmed that the eco-
nomic performance of bromelain extraction was significantly more favorable (p <
0.01), despite its lower recovery yield. This advantage stems from its lower capital ex-
penditure, shorter payback period, and higher gross margin. Overall, collagen selling
price is the most critical factor in determining the profitability of both systems, and
sensitivity analysis can be seen in Supplementary table 9 - table 12.

4 Discussion.

The simulation showed that NaDES extraction achieved a collagen recovery of
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84.75% (3817.23 kg/batch), while bromelain-assisted extraction reached 54.95%
(3774.34 kg/batch). These yields are substantially higher than laboratory-scale NaDES
extractions, which typically report only 15-20% recovery [36]. The improvement is
attributed to optimized solvent-to-feed ratios and partition coefficients embedded in the
SuperPro Designer model [6]. While NaDES maximize recovery, bromelain improves
solubility through proteolytic cleavage, generating peptides with higher bioavailability
[35].

Economic assessment highlighted contrasting outcomes. Although NaDES achieved
higher yield, it required USD 35.47 million in capital investment, compared to USD
19.06 million for bromelain extraction [6]. The enzyme route showed superior financial
performance, with shorter batch times (207.30 h vs. 233.91 h), higher NPV (USD 35.74
vs. 17.86 million), and shorter payback period (2.49 vs. 4.84 years)[6]. This suggests
that time efficiency and lower equipment costs outweigh yield advantages in determin-
ing profitability at scale.

From a process design perspective, both systems shared identical upstream and
downstream operations, with divergence only in the extraction stage. NaDES required
larger reactors and higher thermal energy input due to slower solvent diffusion[36].
while bromelain hydrolysis allowed smaller reactors and faster cycle times [35]. This
difference explains the capital intensity gap and highlights how reactor design strongly
influences techno-economic outcomes [37]

Several limitations must be acknowledged. The simulation was deterministic, lack-
ing experimental variability and enzyme reuse dynamics. Solvent recovery and enzyme
waste impacts were excluded, limiting environmental assessment [38]. Despite these
constraints, the findings provide critical insight for valorizing tuna bone by-products in
Indonesia, where fishery residues are abundant [6]. Future work should validate these
results at pilot scale and assess hybrid NaDES bromelain systems, which may balance
yield, solubility, and cost-effectiveness [35].

The bromelain-assisted process demonstrated stronger economic performance com-
pared to the NaDES-only system, despite slightly lower recovery yield (52.23% vs.
84.75%). Its higher IRR (30.03%), NPV (USD 35.74 million), and ROI (40.14%) re-
flect faster capital turnover and greater profitability, driven by shorter cycle times,
higher batch frequency, and lower equipment investment. Meanwhile, the NaDES pro-
cess, although technically more efficient in collagen recovery, showed lower IRR
(14.62%), NPV (USD 17.86 million), and ROI (20.68%), mainly due to longer pro-
cessing duration, higher energy consumption, and greater capital requirements. The
payback period (PBP) was also significantly shorter in the enzymatic process (2.49
years vs. 4.84 years), indicating quicker return on investment.

5 Conclusion

Based on the simulation results of the collagen extraction process from fish bones
using NaDES solvent and bromelain enzyme, it can be concluded that the process with
bromelain enzyme is economically superior, although it has a lower recovery yield.
This study compared two alternative extraction methods for fish bone collagen, namely
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the use of Natural Deep Eutectic Solvents (NaDES) and bromelain enzyme, through
simulation in SuperPro Designer. The comparison was performed to address the limited
studies that directly evaluate solvent-based and enzyme-assisted extractions under the
same process framework, thereby providing insight into both technical efficiency and
economic feasibility. From a technical perspective, the NaDES process achieved the
highest collagen recovery (84.75%, equivalent to 3,817 kg/batch), demonstrating the
strong capacity of eutectic solvents to disrupt hydrogen bonding within collagen matri-
ces. However, the process required a significantly larger capital investment (USD 35.47
million) and higher energy input due to prolonged residence time and elevated thermal
demand. In contrast, the bromelain-assisted process yielded a lower collagen recovery
(54.95%, or 3,774 kg/batch), but showed superior economic performance, with an IRR
0f 30.03%, ROI of 40.14%, NPV of USD 35.74 million, and a shorter payback period
of only 2.49 years compared to 4.84 years for NaDES. This advantage was attributed
to shorter extraction cycles, higher batch frequency, and reduced equipment scale, high-
lighting the efficiency of enzymatic proteolysis in accelerating collagen release.

The findings indicate that while NaDES provides higher technical extraction efficiency,
the enzyme-assisted route offers a more balanced and economically viable solution for
industrial-scale collagen production. Importantly, the techno-economic comparison
presented here emphasizes the need to integrate both recovery yield and process eco-
nomics when selecting extraction strategies. This work contributes novel insight by di-
rectly contrasting NaDES and bromelain routes under identical simulated conditions,
offering valuable guidance for scaling up collagen production to meet projected na-
tional demand by 2030.
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