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Abstract: Marine pollution has increased in recent decades, largely due to the proliferation of
seafood processing plants and the improper disposal of their associated waste streams. The waste
streams consist mainly of shells that are composed of chitin, which is the most abundant
aminopolysaccharide biopolymer in nature. Recognizing the value of chitin, the potential for the
valorization of crustacean waste for chitin production was explored. In this regard, biogenic crab
waste was subjected to chemical-only, enzymatic-chemical, and microbial treatments for chitin
production. The results were employed as inputs for process simulation as a precursor to
undertaking performance assessments. This study subsequently showed that the net present values
(NPVs) of the chemical-only, enzyme-chemical, and microbial chitin production pathways were
GBP 118.63 million, GBP 115.67 million, and GBP 132.34 million, respectively, indicating that the
microbial chitin production pathway constituted the most appropriate technology for future
investment. Employing a cost-benefit (CB) analysis, the CB ratios for the chemical-only, enzymatic—
chemical, and microbial approaches were determined to be 7.31, 0.45, and 0.23, respectively. These
results reinforced the dominant status of the microbial approach for chitin production from crab
waste as the preferred valorization strategy. This study was able to provide information regarding

the implications of executing alternative scenarios for crustacean waste.

Keywords: chitin; technoeconomic assessment; United Kingdom seafood industry; circular
economy

1. Introduction

The shells of crustaceans, insect exoskeletons, and the cell walls of several fungi,
plants, and bacteria are reported to contain the biopolymer chitin [1,2]. Chitin is
recognized as the second most abundant polysaccharide in nature, after cellulose [1,2]. It
is composed of repeating p-(1—4) linked 2-acetamido-2-deoxy-D-glucopyranose
monomers, making it structurally similar to cellulose [3]. This similarity is a result of the
hydroxyl groups in cellulose being replaced by acetamide groups in chitin, with each
chitin molecule characterized by varying chain lengths which are stabilized via hydrogen
bonds [3]. The presence of these hydrogen bonds promotes the formation of an ordered
crystalline structure with molecular weights ranging from 53 kDa to 1300 kDa [4,5] and
with the molecules of chitin arranged to form microfibrils that are associated with
cuticular proteins to form chitin—protein bundles (Figure 1) [6].
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Figure 1. Pictorial illustration of the structure and spatial arrangement of chitin in marine species.
(Copyright © 2023 WILEY-VCH Verlag GmbH & Co. KGaA) [7].

The ordered chitin crystalline structure exists in three polymorphic forms, namely a-
chitin, -chitin, and y-chitin, which describe antiparallel, parallel, and a mixture of
parallel and anti-parallel microfibril orientations, respectively (Figure 2) [8].
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Figure 2. (a) Highlights the similarities of cellulose, chitin, and chitosan structures with Ri and R
representing -NHCOCH: and -NH», respectively; (b) highlights the arrangements of chitin
molecules in a-chitin, B-chitin, and y-chitin (Copyright © 2023 John Wiley & Sons) [9].

The properties of chitin, such as its solubility, flexibility, viscosity, and polymer
conformation, are dependent on the degree of N-acetylation, which describes the molar
fraction of deacetylated units present in its biopolymer chain [10], such that chitin is
characterized by a >50% degree of N acetylation and is referred to as chitosan when the
degree of N acetylation is <50% [11]. Chitin is characterized by favorable antibacterial,
biocompatibility, and biodegradability properties that promote its applicability in diverse
fields such as food, agriculture, biomedicine, and water detoxification [5,12]. The diverse
applications of chitin arise due to the capacity of chitin to be converted to various
derivatives. For instance, chitosan, a chitin major derivative, is generally obtained via
deacetylation of chitin using deacetylase enzymes or mineral alkali NaOH ([13,14]) to
enable the hydrolysis of acetamide groups and the trans-arrangement of the C-2/C-3
substituents in the rings [11] (Figure 2). Other chitin derivatives also include fluorinated
chitin [15], (diethylamino) ethylchitin [16], phosphoryl chitin [17], mercaptochitin [18],
and chitin carbamates [19]. Although chitin may be recovered from multiple sources,
chitin sourced from marine sources (i.e., crustaceans) have been reported to be superior
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to chitin sourced from land sources (i.e., insects) [1]. This is because marine-sourced
chitins are characterized by minor quality control issues and low concentrations of
contaminants/toxins, with leads to negligible inflammatory responses and high metabolic
compatibility [1]. Crustacean waste also contains valuable fractions such as salts of mainly
calcium carbonate, astaxanthin, proteins, and lipid residues [10]. In the UK, it was
reported that crustacean waste production is substantial, with up to ~63 ktons generated
annually, leading to an associated disposal cost of GBP 3,500,000 (at GBP 0.86 = USD 1)
per year [20]. This waste constitutes a significant environmental management challenge
since the current strategies of disposal to landfills and by incineration are not recognized
as sustainable approaches. This is because of the uncontrolled release of greenhouse gases
(GHGs) to the atmosphere. Other waste management approaches, such as ocean dumping
and composting, may lead, respectively, to a depletion in the oxygen levels in the ocean,
thus inducing the death of oceanic living organisms, and the release of toxic gases such as
H>S into the atmosphere [21]. Recognizing the potential benefits of marine-sourced chitin
and the abundance of marine waste, the current project seeks to assess the potential of
sustainable chitin production from marine waste [5]. The viability of this research is
further supported by its promotion of the circular economy paradigm via the utilization
of marine waste as a renewable resource. The application of this circular economy
paradigm circumvents the serious pollution issues and high waste management costs
associated with the seafood industry while simultaneously extracting value from waste
[22]. Such chitin extractions from marine waste can be generally achieved using chemical,
biological, or biological-chemical approaches. In the chemical approach, chitin extraction
is achieved via the integration of protein removal (i.e., deproteinization) and inorganic
salt removal (i.e., demineralization of Cas(POs)2) steps, using an alkaline (i.e., NaOH) and
an acidic medium (i.e.,, HCl), respectively [11]. This approach is characterized by short
processing times and the efficient removal of the organic salts, although challenges
associated with secondary pollution due to the mineral waste stream generated have been
reported [23]. The biological approach, on the other hand, achieves deproteinization and
demineralization of the marine waste via the use of digestive proteolytic enzymes (i.e.,
pepsin, trypsin, etc.) or the utilization of probiotic bacteria [11]. Such biological processes
are recognized as presenting reduced environmental impacts [23], although these
processes incorporate less efficient protein and salt removal steps, leading to lower quality
chitin products characterized by high residual mineral and protein contents. Notably,
deproteinization via the biological pathway enables the production of protein-dense
streams that may be employed as a by-product and sold as animal feed to enhance
economic viability in scaled-up systems. It is acknowledged that the litertaure reports that
the use of deep eutetic solvents (DESs) for chitin recovery could constitute a potentially
viable alternative [24,25]. These DESs are generally represented as Cat*X-zY in which the
Cat, X, Y, and z denote the cation (e.g.,, ammonium), anion (e.g., a Lewis base halide),
acid (i.e., Lewis or Brensted acid), and number of acid molecules required to produce a
complex with the anionic species [24]. The use of DESs, however, constitutes a less mature
technology relative to the use of mineral acids and bases, with their associated cost
varying widely depending omn their composition, making it difficult to undertake a
comprehensive costing analysis. The use of DESs for chitin extraction was therefore not
considered in the present study.

This work will focus on the integration experimental and simulation studies to com-
paratively assess the feasibility of chitin production from crab waste. Crab waste was used
as the representative crustacean waste in the present study because crab constitutes a
dominant waste stream and is estimated to account for 15.4 kton (>20%) of the total crus-
tacean waste generated each year in the UK [20][26]. The present study will employ sim-
ulation studies to aid in the assessment of the energetic, technical, and economic feasibility
of alternative chitin production strategies.
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2. Materials and Methods
2.1. Characterization of Crab Shell Waste

The crab waste samples were provided by Recycling Ocean Resources, which is a
seafood processing company in Belgium, and initially stored in a freezer until its use. To
conduct the characterization experiments, the samples were initially retrieved from the
freezer and allowed to thaw at room temperature. The waste was subsequently
characterized via undertaking proximate and ultimate analyses. The proximate analysis
analytically determined the moisture, volatile, and ash content using standard ASTM
methods as reported in earlier works [27-29]. Elemental analysis was undertaken using
an elemental analyzer (LECO TruSpec CHN, Saint Joseph, Michigan, USA) to determine
the carbon (C), hydrogen (H), nitrogen (N), and sulphur (S) contents, and the oxygen (O)
was calculated by subtracting the sum of the fractions of C, H, N, and S from the unity
[30]. The crude lipid fraction was determined using Soxhlet extraction, the protein content
was calculated using the Kjeldahl method, and the carbohydrate fraction was determined
by subtracting the sum of the protein, ash, and lipid fractions from the unity [31-33].

2.2. Chemical Method for Chitin Production

The crab shells were carefully recovered from the waste mixture and washed to
remove dirt particles. The waste was then dried to a constant mass at 60 °C, pulverized to
fine particles, and sieved using a 0.25 mm Endecott mesh. Demineralization was initially
undertaken by introducing 1 g of sample into 30 mL of 1 M HCl for 75 min at room
temperature (22 °C). The demineralized sample was then recovered and washed [34]. The
washed sample was then dried to a constant mass at 60 °C and the degree of
demineralization (DD %) was measured as follows:

DD% =%x100% 1)

[

where A, and Ar represent the ash content before and after (i.e. fractional concentration of
ash x the mass of original sample (0) or mass of demineralised sample (7))
demineralization process, respectively.

The dried demineralized sample was then subjected to the deproteinization process
by treatment using 3 M of NaOH while maintaining a solid—solvent ratio of 1 g/30 mL
with the degree of deproteinization (DP%) determined as follows:

DP% = L= x100% )
PO
where P, and Prrepresent the protein content before and after (i.e. fractional concentration
of protein x the mass of original sample (0) or mass of deproteinised sample (T)) the
deproteinization process, respectively.
After the deproteinization reaction, the product stream was washed and dried, and
the yield of the crude chitin was calculated as follows:

Y% = 1 %100% 3)
m

0

2.3. Enzymatic—Chemical Approach for Chitin Production

In this approach, deproteinization was initially undertaken using commercial
proteases. The finely ground crab shell waste (1 g) was introduced to 10 mL of water
containing trypsin (1000 U) and incubated for 6 h with constant stirring at 200 rpm. The
pH and temperature were maintained at 7 and 37 °C, respectively. At the conclusion of
the process, the mixture was separated using centrifugation at 12,000x g for 2 min, and the
solid residue was recovered and dried to a constant mass [35,36]. The DP% of the dried
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sample was then calculated. The dried sample was then demineralized using the methods
described earlier and the DD% was calculated. Finally, the yield of the solid residue was
calculated.

2.4. Microbial Approach for Chitin Production

The freeze-dried L. paracasei was activated using a commercial de Man, Rogosa, and
Sharpe agar medium and incubated for 24 h at 32 °C. Culturing was achieved using the
agar under the same conditions while imposing two successive transfers. The inoculum
containing 108 CFU mL" (at 540 nm) was then introduced to the fermentation vessel, 5%
w/w sucrose was introduced, and the pH was adjusted to 6.4 [37]. In the study, 10 w/w %
of inoculum was used. The finely ground waste was then introduced to the mixture
together with distilled water with a solid-liquid ratio in g/mL of 1:15. After 60 h of
fermentation, the solid residue from the vessel was recovered and washed using distilled
water. The solid residue was then dried and the yield was calculated. All experiments
were undertaken in duplicate with mean values reported.

2.5. Process Design, Modelling, and Simulation

The assessment of the energetic, technical, and economic feasibilities of the
alternative chitin extraction strategies were achieved via technoeconomic analysis (TEA).
TEA facilitates the cost-profit assessments of different engineering alternatives and
provides important material and energy balance data, process specifications, and
investment and production cost data. This research will employ computer-aided process
engineering to simulate scaled-up chitin extraction processes for the determination of
energy balances and mass balances, processes, sizing, costing, etc. [38]. Process design,
modelling, and simulation was achieved using Aspen Plus®v.11 software. The
composition of the crab waste samples was modelled in accordance with the
characterization results presented, with the carbohydrates, protein, lipid, ash, and chitin
contents modelled as glucose, D-alanyl-D-alanine (a dipeptide), CaCOs, MgCOs,
Ca3(POs)2, and Na2COs salts, triolein, and D-N-acetylglucosamine, respectively. In the
present investigation, the Non-Random Two Liquid (NRTL) was specified as the
preferred thermodynamic property model for phase equilibria calculations due to its
established sufficiency in simulating complex multi-component systems of varying
polarities and thermodynamic behaviors [39,40]. The models simulating the competing
chitin production pathways from crab waste were modelled in accordance with the
experimental conditions highlighted in Sections 2.2-2.4 above. Figure 3 shows the
competing scenarios investigated in the present study. Scenario (a) highlights chitin
production using chemical-only treatments. Figure 3a shows that the crab shell was
initially washed and then air dried to a constant mass. The dried waste was then finely
ground using an industrial grade grinder to obtain fine particles at 1 atm and 25 °C. An
electricity input of 95 kWh per ton for the grinding process was specified, as in the
literature [41], and applied in the simulation using FORTRAN commands. In modelling
the demineralisation and deproteinisation reactions, several reaction equations were
employed[42]. Figures 3a, 3b and 3c show the pathways for chitin production from
crustacean waste via chemical, enzymatic-chemical, and microbial treatments,
respectively. Figure 3a shows that the finely ground waste was transferred to the
demineralization reactor such that demineralization was achieved using 1 M HCI at the
solid solvent ratio of 1 g: 30 mL at temperature and pressure conditions of 22 °C and 1
atm, respectively. The demineralization reactions were modelled to occur as follows;

CaCO,+2HCl — CO, +H,0+CaCl, @)
MgCO,+2HCl — CO, +H,0+MgCl, ®)
Na,CO, +2HCl —> CO, + H,0+2NaCl ©)
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The fractional conversions of the salts were assumed to be similar and based on the
experimentally determined degree of demineralization. At the conclusion of the
demineralization reactions, the solution was filtered with the demineralized solids
recovered, washed, and then air dried, as shown in Figure 3a. The ‘mineral solution’
contributed to the mass of wastewater generated from the process. The dried solid residue
was then transferred to the deproteinization reactor for protein removal using 3 M NaOH
while maintaining the solid solvent ratio of 1 g: 30 mL at temperature and pressure
conditions of 22 °C and 1 atm, respectively. The deproteinization reaction was modelled
as follows:

C,H,,N,O,+2NaOH —» 2C,H,NNaO, + H,0 )

The fractional conversion of the protein was based on the experimentally determined
degree of deproteinization. At the conclusion of the deproteinization reaction, the solids
were recovered, washed, and dried to produce the chitin product, with the protein
solution contributing to the wastewater generated during the process. Figure 3b shows
that the crab shells were initially prepared to produce finely ground particles using the
abovementioned methods. The finely ground particles were transferred to the
deproteinization process under the action of typsin proteases at a pressure of 1 atm and a
temperature of 37 °C, and they were modelled to behave according to the following
equation:

C,H,,N,O, +H,0—2C,H,NO, )

H.0 —
Chitin

HCI Chitin crude

H.0 +
impurities

Deproteinisation
reactor

Demineralization
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Figure 3. Simplified process diagrams for chitin production from crustacean waste via (a) chemical,
(b) enzymatic-chemical, and (c) microbial treatments.

At the end of the enzyme-enabled deproteination process, the solids were recovered,
washed, and dried to a constant mass, as described above, prior to being transferred to
the demineralization reactor. Demineralization was achieved using HCl according to the
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conditions described in Section 2.3 and modelled in accordance with the earlier described
demineralization reactions. Additionally, the fractional conversions imposed in modeling
the deproteinization and demineralization reactions were based on the data obtained from
the experimental study. The solids were then recovered, washed, and dried to a constant
mass as described above. Figure 3c also shows that the crab shells were initially prepared
to produce finely ground particles. The finely ground particles were transferred to a
fermentation reactor where the demineralization and deproteinization processes occurred
under the action of the L. paracasei microbe. Fermentation was achieved at a mesophilic
temperature of 32 °C and a pressure of 1 am, with sucrose introduced to the mixture as a
carbon source for the microbe. Lactic acid was produced from the carbon source via
catabolic conversion by the microbe and modelled as follows:

CH,O, »2CHO, (10)

The lactic acid was then employed in the demineralization of the sample and
modelled as follows:

CaCO, +2C,H,0, —C,H,,CaO,+ H,0 + CO, (1)
Na,CO,+2C,H,O, —»2C,H.NaO,+H,0 + CO, (12)
MgCO,+2C,H,0, —C,H, MgO,+ H,0 +CO, (13)
Ca,(PO,),+6C,H,0, —3C,H, CaO,+2H,PO, (14)

For simplicity, the microbes present have been assumed to facilitate protein
conversion in accordance with Equation (9).

Recognizing the wastewater generation potential of all chitin production processes,
the potential for the recovery of valuable macromolecules (i.e., protein, lipid, etc.) and the
need to regenerate water for re-use, a water treatment plant was integrated in all the chitin
production processes. For simplicity, the water treatment plant was modelled as a cascade
of vaporizers, coolers, and condensers.

2.6. Economic Performance Assessment

A comparative assessment of the different chitin production pathways was
undertaken using the net present value (NPV) metric, according to which a profitable
process is established when NPV is >0. The NPV (GBP) for each chitin production process
was therefore calculated as follows [39]:

NPV =) DFxA-TCI (15)
1

where the net cash flow arising from the sale of useful products (i.e., chitin) is denoted by
A in GBP, TCI in GBP denotes the total capital investment, and n denotes the life span of
the project in years. In the equation, i denotes the discount rate specified as 10%. The TCI
was calculated using the classic plant design correlations summarized in Table S1.

For simplicity, the purchase cost of common equipment (i.e., filtration units, pumps,
flash tanks, etc.) were obtained using the ASPEN economic analyzer V11 and adjusted
using the Chemical Engineering Plant Cost Index (CEPCI) [43]. The quoted price of the
reactors employed in the processes was employed and specified as GBP 272, 800 per 30.4
tons/h processing capacity [44]. Due to differences in processing capacity, the purchase
cost of the scaled-up reactor was adjusted as follows:

P. =P 1 (16)

ci,] c:i,]mf ]
ref
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where Pcij and Peijr denote the reactor purchase costs in GBP at the desired capacity and
the reference capacity, and J, ], and s represent the reference capacity, desired capacity,
and the scaling factor of 0.65, respectively [45,46]. The NPV calculation was achieved by
imposing several economic assumptions. These assumptions are as follows: a plant
availability of 7200 h per y, a project lifespan of 30 y, and a salvage value of 0. Equipment
depreciation was calculated using the straight-line method. Furthermore, the study also
assumed a project financing of 100% equity and an income (corporate) tax for the project
in the UK of 19% [47]. The total operating cost (TOC) was determined based on the total
variable costs and total fixed costs [48]. The TOC was estimated using the costing
correlations and input purchase costs summarized in Table S2.

2.7. Cost—Benefit Analysis of the Alternative Chitin Production Pathways

In the present study, the costs associated with each project were specified as
composed of economic and environmental components. The present study has quantified
the economic costs of the alternative chitin production pathways as the summation of the
total operating cost and the annualized capital cost. The annualized capital cost, Cac
(GBP), was calculated as follows [49]:

(1+6)" xi

C,.=TCIx
A (1+i)" —1

17)

where 1 and i denote the lifespan and discount rate of the project, assumed to be 30 years
and 10%, respectively, as stated above.

Since landfills constitute the most common solid waste management strategy in the
UK, with 24% of total waste generated typically disposed of in landfills [50], the
environmental costs associated with the disposal of solid wastes from the alternative
chitin production pathways were assessed. The environmental costs of the alternative
processes were estimated by specifying the GHG emission costs associated with the
disposal of the solid polluting residues in landfills. The CO:z equivalent per kg of CW
residue was therefore assumed to be 12 COze/kg CW [51] after chitin recovery and the
associated cost was subsequently quantified as GBP 43.86 [52] per ton of CO:. For
simplicity, the benefit associated with each chitin production pathway was quantified in
terms of the revenue generated from the sale of the chitin product. Notably, it was
expected that the different production pathways would generate chitins characterized by
varying levels of impurities due to incomplete demineralization and deproteinization
reactions, thus highlighting the need to adjust the selling prices of the different chitins
accordingly. The selling price of each chitin product was therefore adjusted by
multiplying the mass fraction of the actual chitin and the selling price of pure chitin
specified as GBP 14.62 per kg (Alibaba commercial website). The cost-benefit ratio of each
chitin production pathway was subsequently calculated.

3. Results
3.1. Sample Characterization and Chitin Extraction

The proximate, ultimate, and macromolecular analyses results are presented in Table 1.

Table 1. Characterization of the crab waste (CW) samples.

Characterization Value
Moisture content (% w/w, wet CW basis) 70.92
Lipid content (% w/w, dry CW basis) 3.00
Carbohydrate content (% w/w, dry CW basis) 34.00
Protein content (% w/w, dry CW basis) 31.55
Ash content (% w/w, dry CW basis) 31.45

Volatiles (% w/w, dry CW basis) 66.65
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Fixed carbon (% w/w, dry CW basis) 1.90
Carbon content (% w/w, dry CW basis) 44.53
Hydrogen content (% w/w, dry CW basis) 5.75
Nitrogen content (% w/w, dry CW basis) 5.53
Oxygen content (% w/w, dry CW basis) 42.02
Sulphur content (% w/w, dry CW basis) 2.19

Having characterized the samples, chitin extractions via chemical-only, enzymatic—
chemical, and biological methods were undertaken. The determined mean degrees of
demineralization and mean degrees of deproteinization for the different chitin extraction
methods are presented in Table 2.

Table 2. Mean yield of crude chitin produced from the different processing methods.

Approach DD (wt.%)  DP (wt.%) Yield of Crude Chitin (wt.%)
Chemical-only 87.75 95.80 22.70
Enzymatic—chemical 79.50 50.23 40.20
Microbial 61.84 56.41 71.36

3.2. Scaled-Up Chitin Production from Crab Shells: Comparative Technical and Economic
Assessments

This project has investigated chitin production scenarios based on a CW processing
capacity of 1000 kg/h (dry basis). Figure 4 shows the strategies for the production of chitin
from crab shells via chemical, enzymatic—chemical, and microbial approaches, which are
designated as scenarios (a), (b), and (c), respectively.

Handling/pretreatment Demineralisation Deproteasation Wastewater treatment

aaaaa BL200 BL300 BLa00

@ N o o —&@—— waste solids
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Product = clean water
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Figure 4. ASPEN plus simulation output for the alternative chitin production pathways. Scenario
(a): chemical-only chitin production method; scenario (b): enzymatic—chemical chitin production
method; scenario (c): microbial chitin production method.
The major simulation results presented in Table 3.
Table 3. Simulation results for the major product and inlet streams for the scenarios considered.
Stream Name Scenario (a) Scenario (b) Scenario (c)
Experimental crude chitin yield (kg/kg dry CW) 0.227 0.402 0.714
Simulated crude chitin yield (kg/kg dry CW) 0.215 0.441 0.750
Solid waste for treatment (kg/kg dry CW) 36.72 0.643 0
External cooling utility (MW) 4.043 0.044 0.240
External heating requirement (MW) 3.123 0.057 2.730

Scenario (a): chemical-only chitin production method; scenario (b): enzymatic—chemical chitin
production method; scenario (c): microbial chitin production method.

The requirement for higher cooling and heating utilities in scenario (a) relative to
scenarios (b) and (c) is due to the energetic penalty incurred in the treatment of large
masses of these waste streams for water recovery. Employing the costing approaches
described in Section 2.6 above, the costing results were determined and are summarized
in Table 4. The associated TCI (i.e., total capital cost), TOC (i.e., total operating cost), and
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NPV (i.e., net present value) values for the different chitin extraction techniques are
presented in Figures 5 and 6.

Table 4. The major cost components for the different chitin production methods considered.

Cost Components Chemical-Only Enzymatic-Chemical Microbial

Total equipment purchase cost (GBP)  882,725.71 544,137.25 441,247.61
Total equipment installation cost g7 9 9g 1,062,009.77  998,935.49
(GBP)
Warehouse cost (GBP) 79,158.80 42,480.39 39,957.42
Home office and construction fee 165,057.95 249,572.30 23474984
(GBP)
Project contingency (GBP) 232,528.97 124,786.15 117,374.92
Other costs (start-up, permits) (GBP)  232,528.97 124,786.15 117,374.92
Fixed capital investment (GBP) 3,720,463.59 1,996,578.36 1,877,998.73
Working capital cost (GBP) 186,023.18 99,828.92 93,899.94
Total capital investment (GBP) 3,906,486.77 2,096,407.28 1,971,898.66
Labor cost (GBP) 913,196.16 913,196.16 913,196.16
Labor burden cost (GBP) 821,876.54 821,876.54 821,876.54
Maintenance cost (GBP) 26,481.77 16,324.12 13,237.43
Property insurance (GBP) 26,043.25 13,976.05 13,145.99
Total variable cost (GBP) 2,032,663.29 5,506,565.00 3,160,360.71
Fixed operating cost (GBP) 1,787,597.72 1,765,372.87 1,761,456.12
Total operating cost (GBP) 3,820,261.01 7,271,937.87 4,921,816.83
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Figure 5. The total capital costs and total operating costs of the chemical-only (scenario (a)), enzy-
matic-chemical (scenario (b)), and microbial (scenario (c)) chitin extraction processes.
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Figure 6. The net present values of the chemical-only (scenario (a)), enzymatic—chemical (scenario
(b)), and microbial (scenario (c)) chitin extraction processes.

Employing the methods described in Section 2.7 above, the cost-benefit (CB) ratios

for the alternative chitin production pathways were determined and are presented in
Figure 7.
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Cost-benefit ratio
S = N W kA N 0

0.45 0 .23
| ——
Chemical-only Enzymatic-chemical Microbial

Chitin production process

Figure 7. Cost-benefit ratios of the chemical-only (scenario (a)), enzymatic—chemical (scenario (b)),
and microbial (scenario (c)) chitin extraction processes.

Based on the results obtained thus far, the major strengths, weakness, opportunities,
and threats of the alternative chitin extraction processes are summarized in Table 5.

Table 5. Strengths, weakness, opportunities, and threats (SWOT) of the alternative chitin extraction

processes.
Process Strengths Weaknesses Opportunities Threats
Chemical-only The chitin produced is This approach has a Not applicable Countries with
characterized by a high level substantial weaker environmental
of purity. Additionally, this is environmental regulations than the
a mature technology implying footprint. There may UK may ignore the
that significant information also be health and need for waste water
regarding its applicationis  safety concerns due to treatment. This would
available in the literature.  the use of mineral acids lead to lower costs
for demineralization and thus a more
operations. competitive chitin
product overall.
Enzymatic- The chitin produced is Moderate Further work could Countries with
chemical characterized by a moderate environmental explore the use of weaker environmental
level of purity. footprint. There may organic acids for regulations than the
also be health and demineralization UK may ignore the
safety concerns due to processes. need for waste water
the use of mineral acids treatment. This would
for demineralization lead to lower costs
operations. and thus a more
competitive chitin
product overall.
Microbial Minimal environmental =~ The chitin produced is Further work could The complexity of the
footprint. This process is also characterized by a low explore approaches to process and the need
the most economically viable level of purity. further improve the  for specialist skills
overall, thus making it =~ Additionally, microbial  chitin purity. The could limit acceptance
sustainable. systems are time opportunity for of this process.

consuming and difficult microbe re-use could
to control. also be investigated.
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4. Discussion
4.1. Characterization of Sample

Table 1 shows that the moisture content, protein content, and ash content of the crab
shells are comparable to those reported in the literature (72 wt.%, 34.2 wt.%, and 28.5
wt.%, respectively) [53]. Similarly, the carbon, hydrogen, nitrogen, oxygen, and sulphur
contents of the locally sourced crab samples are also comparable to those reported in the
literature [54,55]. Unlike the study in which the lipid content was reported to be ~17 wt.%
[53], the lipid content of the crab shells in the present study was determined to be 3 wt.%.
The measured lipid content of the shells in the present study was, however, consistent
with the 3.17 wt.% lipid content reported in another study [56], suggesting that significant
variations in the composition of shells may occur depending on several factors, such as
crab species, presence of residual crab meat on the shell, crab source, etc.

4.2. Chitin Yields via Alternative Pathways

Table 2 shows that the DD and DP are highest when the chemical-only method is
employed, with values of 87.75 wt.% and 95.80 wt.%, respectively, while for the microbial
and the enzymatic—chemical methods, respective values of 61.84 wt.% and 56.41 wt.% and
79.50 wt.% and 50.23 wt.% were determined. The chemical-only approach, therefore,
constitutes the most efficient chitin extraction process, and based on its DD and DP results,
the chitin content of the CW can be calculated to be 17.1 wt.%. These results are consistent
with the literature, in which biological methods have been reported to lead to incomplete
chitin extraction due to poorer DD and DP values compared with the more effective
chemical-only approach. Notably, the DD and DP values for the microbial approach were
determined to be lower than the respective values of 64.07-90.76 wt.% and 61.61-87.97
wt.% reported in the literature when Lactobacilus strains were employed in facilitating
demineralization and deproteinization [57,58]. The low DD and DP values in the
microbial chitin recovery translate to a mean crude (impure) chitin yield of 71.36 wt%.
These differences may be due to structural and compositional differences in the crustacean
wastes utilized since the studies highlighted herein employed shrimps as the chitin
source. The poor DD and DP values of the microbial-enabled chitin production process
may also indicate the sub-optimal experimental conditions imposed.

4.3. Simulation-Based Analysis of Alternative Chitin Production Pathways

Figure 4 shows that for scenarios (a) and (b), masses of waste solids containing
mineral salts and toxic unreacted chemicals are produced and must be treated. On the
other hand, scenario (c) generates a waste stream that does not contain such toxic mineral
acids or salts since all the reacting components involved in scenario (c) are naturally
sourced.

Table 3 shows that the experimental and simulated crude chitin yields are
comparable, thus highlighting the sufficiency of the modelling approach. It is observed
that the solid waste fraction is substantial in scenario (b), with a waste-generation
potential of 36.72 kg/kg dry CW after waste recovery. This observation was expected and
is due to the generation of wanted mineral salts as by-products of the chitin extraction
process using HCI and NaOH.

Table 4 and Figure 5 show that the chemical-only, enzymatic-chemical, and microbial
chitin extraction methods have TCIs of GBP 3.91 million, GBP 2.1 million, and GBP 1.97
million, respectively. The high TCI of the chemical-only method is a direct consequence
of the high equipment purchase cost of GBP 0.88 million, compared with the GBP 0.544
million and GBP 0.441 million calculated for the enzymatic—chemical and microbial chitin
extraction processes, respectively. This is due to the high capital cost required to treat
highly polluting wastewater. Indeed, a positive correlation between the increasing use of
toxic compounds (i.e., mineral acids) and the increasing masses of mineral acid and/or
bases was observed. Figure 5 also shows that the TOC of the enzymatic—chemical process
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(GBP 7.27 million) is higher than the TOCs of the chemical (GBP 3.82 million) and
microbial processes (GBP 4.92 million). This is due to the high cost of the enzyme
employed in the process. Indeed, the calculations determined that the enzyme cost
accounts for 67% of the total OPEX incurred, with further escalations in the enzyme cost
having the potential to lead to process infeasibility (i.e., NPV <0). Figure 5 also shows that
while the TCI of the enzymatic—chemical and microbial chitin extraction processes are
comparable, the TOC of the microbial process is lower, with the microbe contributing to
~10% of the TOC. Thus, unlike the enzymatic—chemical approach, in the microbial process,
the carbon source (i.e., sucrose) constitutes the most impactful costing component since it
accounts for ~41% of the TOC. Crucially, since the installation cost constitutes the major
contributor to the TCI (i.e., 51%), the method employed in this study is considered a class
4 estimation approach [59], which is sufficient for this preliminary investigation.
Employing the TCI and TOC costs, the NPVs (Figure 6) for the alternative chitin processes
were calculated and determined to be GBP 118.63 million, GBP 115.67 million, and GBP
132.34 million for the chemical-only, enzymatic—chemical, and microbial chitin extraction
processes, respectively. This indicates that the microbial chitin extraction process is the
most economically viable approach, and thus is worthy of future scaling-up
investigations.

Figure 7 shows that the chemical-only pathway is the most unfavorable approach
when economic cost and environmental cost are considered, with the costs exceeding the
potential benefits (i.e., a CB ratio of 7.31). One the other hand, the microbial pathway is
the most beneficial chitin production pathway, with the benefits exceeding the costs (i.e.,
a CB ratio of 0.23). These outcomes were expected since the economic performance
calculations previously determined that the chemical-only chitin production process was
the least economically favorable process while the microbial process was the most
economically favorable pathway for chitin production. Furthermore, since the pollution
potentials of the alternative processes were estimated by specifying the GHG emission
costs associated with the disposal of the solid polluting residues (i.e., residues containing
NaOH, HC], etc.) in landfills, significant environmental costs of the chemical-only and
enzymatic—chemical pathways were expected. On the other hand, since the solid residue
generated from the microbial pathway does not contain toxic mineral acids, bases, or salts,
the need for the disposal of residual solids in landfills was considered redundant.

4.4. Benefits of Exploring Technological Improvements to the Microbial Pathway

Although Table 5 shows that the future application of the economically favorable and
less polluting microbial chitin production process could be limited by its complexity, the
benefits of developing a commercial microbe—chitin production plant are not trivial. This
is because, in addition to the environmental benefits, significant economic benefits from
the production of chitin are anticipated when the global market is considered. For
instance, while the chitin market size was valued at GBP 36.37 billion in 2020 [60], it is
anticipated that the global market demand for chitin will reach GBP 45.58 million in 2024
and increase at a compound annual growth rate of 15.4% in market size from 2024
onwards [61,62]. Another study predicts that the chitin market will reach GBP 59.60 billion
in 2028 [60].

A literature review shows that the major companies, such as Jiangsu Shuanglin
Marine Biological, AOXIN, Jining Taihao, Golden-Shell Pharmaceutical, Fengrun
Biochemical, Chinova Bioworks, Golden-Shell Biochemical, and G.T.C. Bio-corporation,
are involved in chitin marketing [63,64]. The literature also shows that the Asian Pacific
constitutes the largest market, with a share of ~58% [64]. This market share is followed by
the European and North American markets, with the European market having a demand
of >7.8 ktons [65]. The existing and predicted markets are due to the growing demand for
chitin and its derivatives as an environmentally friendly alternative to petroleum-based
polymers [66]. For instance, chitin has widespread applications in water treatment and
agriculture [60], with its anti-inflammatory characteristics promoting its application in the
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biomedical industry [67]. Indeed, it was reported that chitin and its derivatives could be
conjugated with anticancer agents for enhanced anticancer effects [68]. These observations
further justify the need to explore more efficient and sustainable approaches to chitin
recovery from the waste stream and proposals for enhanced microbial chitin production
processes.

5. Conclusions and Future Research

The present study has established that the microbial-enabled chitin production
process presents the highest potential to be scaled-up for commercial applications based
on the benefits and costs highlighted in earlier sections. To translate the microbial-enabled
chitin production pathway into a viable business model, further work must be undertaken
to improve the chitin purity and yield simultaneously. It is therefore proposed that our
future research in the area must:

o Explore the use of a combination of microbial strains characterized by multi-
functionalities: For instance, microbes capable of producing high concentrations of
organic acids, such as P. acidilactici [69], and microbes equipped with excellent
protein valorization properties, such as L. helveticus [70], may be combined. When
such microbes are combined, their synergizing effects are optimized to facilitate
enhanced demineralization and deproteinization.

o  Explore options for enhancing both the yield and purity of the chitin product: This
will be achieved via an experimental design incorporating the controlled variation of
the process variables governing the microbe-based extraction process. Thus, process
variables such as pH, the nitrogen source (i.e., ammonium sulfate), the
carbon/carbohydrate source (i.e., sucrose), the solid-solvent ratio, etc., will be
considered. In this scenario, the responses of the “yield” and ‘purity” of the chitin will
be employed as sufficient objective functions that must be optimized. Having
optimized the chitin yield and purity, we will seek to model and investigate the
kinetics and multiphase fluid mechanics as a precursor to developing a chitin
production kinetic model as a crucial input for future scale-up executions.

o Explore the use of non-conventional carbon sources: According to the circularity
paradigm, alternative sugars or carbohydrate-dense waste streams (e.g., apple
pomace) must be explored as renewable and cheap carbon sources. This is because
the carbon source was determined to constitute the most impactful cost component
in the microbial chitin production process since it accounts for ~41% of the total
operating cost. It must be emphasized that the exploration of alternative carbon
sources in the proposed project is of timely importance to the UK due to the persistent
concerns previously raised regarding the inadequacies of current efforts towards
achieving the zero-emission target. Indeed, using such waste streams may also
promote synergies between different sectors of the food industry.

o  Explore the potential of recycling the microbe-containing exit stream: The potential
of recycling the microbes for use in the fermentation broth will further reduce the
cost of inputs required in a scaled-up system, thus improving the overall economic
viability.

o  Explore the potential of producing valuable by-products: Notably, future studies
should explore the viability of employing the protein-containing residual stream
from microbial—chitin production as a cheap and sustainable animal feed.

Microbial chitin production from CW has the potential to constitute an important
method for chitin recovery in the future, provided that the knowledge gaps highlighted
in this study are resolved. The efficiency of the microbial-enabled chitin recovery process
must be optimized without compromising the need for enhanced chitin purity.
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