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Abstract: The high freshwater consumption requirements in shrimp biorefinery approaches represents
one of the major drawbacks of implementing these technologies within the shrimp processing industry.
This also affects the costs associated with the plant operation, and consequently, the overall economic
performance of the project. The application of mass integration tools such as water pinch analysis can
reduce frewshwater consumption by up to 80%, contributing to shrimp biorefinery sustainability.
In this work, the economic evaluation and the techno-economic sensitivity analysis for a mass
integrated approach for shrimp biorefinery were performed to determine the economic feasibility of
the project when located in the North-Colombia region and to identify the critical techno-economic
variables affecting the profitability of the process. The integrated approach designed to process
4113.09 tons of fresh shrimp in Colombia reaches a return on investment (%ROI) at 65.88% and a net
present value (NPV) at 10.40 MM USD. The process supports decreases of up to 28% in capacity of
production and increases of 12% and 11% in the cost of raw materials and variable operating costs
without incurring losses, respectively. These findings suggest that the proposed design of the water
recycling network coupled to a shrimp biorefinery approach is attractive from an economic point
of view.

Keywords: economicevaluation; techno-economicsensitivity; biorefinery; shrimp; chitin; chitosan;astaxanthin

1. Introduction

Shrimp represents approximately 45% of the total seafood consumed worldwide owing to
its nutritional value and taste [1]. The current production of shrimp is estimated at 5.03 million tons
per year with a growing market size [2]. The processing of shrimp, driven by its increasing demand,
generates a large amount of waste such as shrimp heads and shells; the latter is composed of chitin,
protein, minerals, and carotenoids [3]. Chitin is the second most available biopolymer in nature [4], which
is considered an important material due to its properties such as biodegradability, non-toxicity, thermal
stability, immunogenicity, and biocompatibility [5]. This biopolymer is widely used in papermaking [6],
pharmaceutical [7] and cosmetics [8] industries, wastewater treatment, and agriculture [9]; however, it
receives special interest as a precursor of chitosan [10].

Chitosan is the N-acetyl derivative of chitin, a natural polymer obtained after the alkaline
deacetylation of chitin [11]. This biopolymer is characterized by its soluble, biodegradable, biocompatible,
bioadhesive, antibacterial, hydrating, renewable, non-toxic, anti-allergic, and absorption properties [12].
The physicochemical characteristics of chitosan depend on the deacetylation degree, the solution
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viscosity, the drying temperature, and the percentage of acid solution [13]. Also, a large variety
of chitosan derivatives exist; oligochitosan and N-carboxymethyl chitosan are useful water-soluble
derivatives of chitosan which are produced by acid hydrolysis, enzymatic hydrolysis, or oxidative
degradation of chitosan [14].

The shrimp exoskeleton is also an important natural source of carotenoids, especially astaxanthin,
which is a type of xanthophyll responsible for the orange-red color of crustaceans [15]. Astaxanthin is an
antioxidant ten times more effective than several other carotenoids, and consequently, it is considered the
most valuable for food and pharmaceutical applications [16]. This carotenoid has been used mainly for
tumor treatment [17], nutritional supplements [18], and as a food additive for the fishing industry [19].

The production of these added-value products from shrimp wastes along with the conventional
processing of shrimp represents an attractive alternative towards a more responsible consumption
of resources. To this end, a biorefinery approach can be applied to reduce the environmental impacts
of shrimp production while increasing project profitability. The design of a shrimp-based biorefinery
incorporating optimization techniques can also reduce the consumption of fresh material and decrease
the waste generation rate [20], leading to a more sustainable process. Recent work reported better
performance indicators for algae-based biorefineries when recovering wastewater. For the mass
integrated approach, the authors found that the minimum selling price of the fuel can be reduced up
to 150% compared to the non-integrated case without generating losses [21]. For an optimized process
for the production of the biojet-fuel intermediate from biomass, reductions in total annual costs up to
89.76% were shown [22].

Several biorefinery configurations have been evaluated from an economic point of view, including
an African palm biorefinery [23] and a lignocellulosic multi feedstock biorefinery [24]. These works
considered economic indicators such as net present value, return on investment, and payback period,
showing that both approaches were profitable with high sensitivity to variations in techno-economic
parameters. For a mass integrated biorefinery approach to produce chitin, chitosan, astaxanthin,
and shrimp meat, no information is available regarding its economic feasibility. Based on the current body
of knowledge, it is necessary to perform an economic evaluation of the proposed approach to estimate
project viability when design improvements are addressed using mass and heat integration tools.

This work aims to assess the economic performance of an integrated approach for a shrimp
biorefinery to determine the profitability of the project when applying mass integration techniques
(water pinch analysis). An economic sensitivity analysis is also performed to evaluate the effect of changes
in production capacity, raw material costs, variable operating costs, and selling price of the products.

2. Materials and Methods

2.1. Process Description

As shown in Figure 1, the proposed shrimp biorefinery approach coupled with a direct water
recycling network includes four main steps: meat production from conventional processing of fresh
shrimp, chitin recovery, chitosan production, and astaxanthin recovery. The network was designed
using pinch analysis to reduce the consumption of water up to 80% while recycling a fraction of sodium
hydroxide and hydrochloric acid solutions. Fresh shrimps feed into the meat production unit composed
of pretreatment stages, classification, and head and shell removal. The shrimps are initially washed
at low temperatures with sodium metabisulfite to remove impurities and prevent shrimp melanosis [25].
The stained and damaged material is separated from the mainstream using a sorting stage. The heads
and shells are also removed to obtain the shrimp meat under market specifications.
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Figure 1. Process diagram of a mass integrated biorefinery based on shrimp.

Following the experimental methodology proposed by Bonfante et al. [26], shrimp shells were
cleaned up with water for organic impurities removal. The resulting stream enters into a drying
stage, and a further crushing stage for particle size reduction to 0.5 mm. The carotenoid content is
separated from the chitin-rich stream via the solvent extraction technique. To this end, a depigmentation
stage is incorporated within the shrimp biorefinery approach to remove astaxanthin using 85% vol.
ethanol [26]. The residual pigment stream undergoes two main stages in the astaxanthin recovery unit:
solvent removal and evaporation. The former encompasses the separation of astaxanthin from ethanol
using 10% vol. acetone that serves as a dragging agent [27], followed by centrifugation. The latter is
performed at temperatures below 45 ◦C to remove the remaining solvent content.

The depigmented material is sent for demineralization, where minerals such as carbonates are
removed using 1.5 M hydrochloric acid solution. This stage is required to avoid the hydrolysis of
chitin in further processing [28]. The main stream feeds into an interstage neutralization process
using 1 M sodium hydroxide solution and further washing [29]. The resulting wastewater containing
NaOH is mixed with the freshwater stream and sent back for neutralization and washing according to
the proposed water recycling network. Afterward, deproteination reactions take place when amino
acids in shells contact with the sodium hydroxide solution at 1 M [30]. A nitrogenous extract results
from this stage as a by-product with potential applications as fertilizer. The chitin-rich stream leaving
the deproteination stage is neutralized using HCl solution at 1.5 M and washed thoroughly [29].
The wastewater from the chitin washing stage is also recycled to the previous interstage neutralization
and washing (water recycling network) process. The chitin stream is split into two equal parts:
one is sent to the chitosan production unit, while the remaining is dried above 60 ◦C and stored as
a final by-product.
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Chitin is transformed into chitosan through the removal of acetyl groups during the deacetylation
reaction at 100 ◦C given as follows [31]:

D−N−Acetylglucosamine + NaOH→ Chitosan + C2H3NaO2 (Reaction 1)

In this stage, sodium hydroxide solution at 50% w/v is employed with ratio chitin to solution of
1:10 % w/v. The resulting chitosan is sent to neutralization with HCl solution at 1.5 M and washing;
the wastewater rich in hydrochloric acid from this washing unit is recycled to the process following
the proposed water network. This by-product is finally dried in an oven at 100 ◦C and stored for
further selling [32]. The quality of chitosan is measured by the deacetylation degree (DA) at the
laboratory scale, which represents the proportion of acetylglucosamine units in the polymer [33].
Figure 2 depicts the Fourier-transform infrared (FTIR) spectrum of chitosan, whose characteristic
peaks are required to quantify the DA. The presence of absorbance peak around 1470–1620 cm−1

corresponded to amide bands I to III, and its relationship with a reference band at 1420 cm−1 was used
during DA measurement [26]. A middle deacetylation degree around 81.81 was obtained for chitosan
from shrimp shells similar to those reported for commercial chitosan.
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Table 1 lists mass flowrates and operational conditions for the main process streams. For a processing
capacity of 4113.09 t/y based on the shrimp production rate in North Colombia by 2018 [34], the proposed
approach reached a production rate of 2417.66 t/y shrimp meat, 35.13 t/y chitin, 29.21 t/y chitosan,
99.55 t/y nitrogenous extract, and 1 t/y astaxanthin. The shrimp meat represents 93.62% of the products
obtained; while chitin is 1.36%, chitosan 1.13%, astaxanthin 0.04%, and nitrogenous extract 3.85%.
Besides, the recycling of wastewater within the water network minimized the overall consumption
of freshwater, NaOH, and HCl.
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Table 1. Main process streams for mass-integrated biorefinery based on shrimp.

Streams Fresh Shrimp Shells Meat Astaxanthin Nitrogenous Extract Chitin Chitosan

Temperature (K) 286.38 282.15 298.15 363.15 373.15 298.16
Pressure (kPa) 101.32 101.32 101.32 101.32 101.32 101.32 101.32

Components mass flow (kg/h)
L-Alanine 16.64 1.76 9.75 0.00 1.76 0.00 0.00

L-Glutamic-acid 28.68 3.04 16.81 0.00 3.04 0.00 0.00
L-phenylalanine 10.80 1.15 6.33 0.00 1.15 0.00 0.00

Methionine 9.70 1.03 5.68 0.00 1.03 0.00 0.00
Lysine 31.35 3.32 18.37 0.00 3.32 0.00 0.00

Calcium Carbonate 8.31 1.40 2.83 0.00 0.00 0.00 0.00
Calcium phosphate 20.86 3.52 7.11 0.00 0.00 0.00 0.00
Sodium carbonate 4.24 0.72 1.44 0.00 0.00 0.00 0.00

Magnesium carbonate 2.45 0.41 0.83 0.00 0.00 0.00 0.00
D-N-acetylglucosamine 32.00 8.20 0.00 0.00 0.00 4.01 0.00

Methyl-palmitate 57.73 14.36 1.67 0.00 0.00 0.00 0.00
Astaxanthin 0.44 0.11 0.00 0.11 0.00 0.00 0.00

Water 246.01 9.91 204.97 0.00 443.27 0.00 0.09
Carbon dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Magnesium chloride 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Calcium chloride 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Hydrogen chloride 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Orthophosphoric- acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ethanol 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sodium hydroxide 0.00 0.00 0.00 0.00 6.88 0.00 0.00
Sodium chloride 0.00 0.00 0.00 0.00 0.00 0.00 0.00

hydroxypropylammoniun 0.00 0.00 0.00 0.00 0.00 0.00 3.25
Sodium acetate 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sodium metabisulfite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sodium hypochlorite 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Acetone 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 469.21 48.93 275.80 0.11 460.44 4.01 3.33
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2.2. Economic Evaluation

The economic analysis was used to evaluate the profitability of an integrated approach for shrimp
biorefinery under key performance indicators [35]. Primary costs encompass Total Capital Investment
(TCI) and Operating Costs (OC). The TCI is given by Equation (1) as a sum of three terms: Fixed Capital
Investment (FCI) refers to the money needed to pay for equipment, piping, electrical installations,
land, civil structures, legal costs, and control systems; Working Capital Investment (WCI) is the money
necessary to pay for operating costs before the sale of products begins; Start-Up Costs (SUC) considers
legal, publicity and employee training costs. The operating costs include Direct Production Costs (DPC),
Fixed Charges (FCH), Plant Overhead (POH), and General Expenses (GE) [36], as shown in Equation (2).

TCI = FCI + WCI + SUC (1)

OC = DPC + FCH + POH + GE (2)

According to Equation (3), on-stream efficiency was calculated as the ratio between production
capacity on break-even point BEP (mBEP) and the maximum production capacity (mmax). Economic
indicators such as gross profit (depreciation not included) (GP), gross profit (depreciation included)
(DGP), profit after taxes (PAT), normalized variable operating costs (NVOC), economic potentials
(EP1, EP2, EP3), cumulative cash flow (CCF), payback period (PBP), the return on investment (ROI%)
and net present value (NPV) were calculated by Equations (4)–(13) [36].

ηBEP
On−stream =

mBEP

mmax
(3)

DGP =
∑

i

miCv
i − TAC (4)

PAT = DGP(1− itr) (5)

NVOC =
AOC− FCH

mRM
(6)

EP1 =
∑

i

miCi
v
−

∑
i

m jC j
RM (7)

EP2 =
∑

i

miCi
v
−

∑
i

m jC j
RM
−U (8)

EP3 =
∑

i

miCi
v
− AOC (9)

CCF =

∑
i miCv

i −AOC

TCI
(10)

PBP =
FCI
PAT

(11)

%ROI =
PAT
TCI

x100 (12)

NPV =
∑

n
ACFn(1 + i)−n (13)

where mi and Cv
i are the flowrate and selling price of product i, respectively, TAC is the total annualized

cost, itr is the income tax rate, mRM is the raw material flowrate, CRM
j is the cost of raw material j, U are

the utilities, ACFn is the net income for the nth year, and i the interest [37].
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3. Results and Discussion

3.1. Economic Evaluation

The economic assessment for the mass integrated approach for a shrimp biorefinery was performed
considering the assumptions shown in Table 2. The cost of raw materials and the selling price of products
were estimated by vendor quotes from the Alibaba website [38]. Table 3 lists the selling price of the main
product (shrimp meat) and the by-products (astaxanthin, chitosan, chitin, and nitrogenous extract).

Table 2. Economic assumptions for the integrated approach of shrimp biorefinery.

Assumptions Value

Processing capacity (t/y) 4113.09
Main product flowrate (t/y) 2417.66
Raw material cost (USD/t) 6724.27

Plant life (y) 15
Salvage value 10% of depreciable FCI

Construction time of the plant (y) 3
Location Colombia
Tax rate 39%

Discount rate 8%
Subsidies (USD/y) 0

Type of process New and unproven
Process control Digital

Project type Plant on non-built land
Percentage of contingency 20%

Salary per operator (USD/h) 30
Utilities Electricity, steam, water

Process fluids Solid-liquid-gas

Table 3. The selling price of products.

Product Selling Price (USD/t)

Shrimp meat 16,500
Chitin 17,000

Chitosan 35,000
Nitrogenous extract 1000

Astaxanthin 40,000

The total capital investments for the mass integrated biorefinery based on shrimp were calculated
by Equation (1), and the results for each term are shown in Table 4. The Fixed Capital Investment (FCI)
was calculated considering the costs associated with the following factors: purchase and installation of
equipment, instrumentation, piping, electrical installations, buildings, services facilities, land, yard
improvements, engineering and supervision, construction expenses, legal expenses, contractors’ fees,
and contingency. The costs associated with the purchase of the equipment were determined using the
Process Economics Analyzer tool from the Aspen Plus® software. The Working Capital Investment
(WCI) and Start-up Costs (SUC) are calculated as 50% and 10% of the FCI, respectively, according
to Peter et.al. [39].

Table 4. Total capital investment for the mass integrated approach for shrimp biorefinery.

Cost of Capital Investment Total (USD)

Fixed Capital investment (FCI) 2,718,282.60
Working Capital (WCI) 1,359,141.30

Start-up Costs (SUC) 271,828.26
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The results for annualized operating costs (OC) are summarized in Table 5. The direct production
cost included the cost for raw materials, utilities, maintenance and repairs, operating supplies,
operating labor, direct supervision and clerical labor, laboratory charges, and patents. The fixed charges
involved the depreciation, local taxes, insurance, and interest. Plant overhead included expenses
associated with hospital and medical services, general engineering, security services, recreation,
cleaning, communications, transportation, and delivery. Overheads were calculated considering
the money to cover administrative expenses, distribution costs, marketing, and research. All costs
were estimated according to the actual value in Colombia. Table 6 summarizes the primary costs and
annualized revenues for the mass integrated biorefinery based on shrimp.

Table 5. The annual operating cost for the mass integrated approach for shrimp biorefinery.

Operating Costs Total (USD/y)

Direct Production Cost (DPC) 28,762,035.14
Fixed Charge (FCH) 330,588.83

Plant Overhead (POH) 336,960.00
General Expenses (GE) 7,357,395.99

Table 6. The primary costs for the mass integrated approach for a shrimp biorefinery.

Primary Costs Total Unit

Total Capital Investment (TCI) 4.35 MM USD
Operating Cost (OC) 36.79 MM USD/y

Revenues 41.65 MM USD/y

3.2. Economic Indicators

Table 7 summarizes the economic indicators for the proposed approach. The return on investment
(%ROI) calculated at 65.88% reveals the economic feasibility of the project, considering that projects
with %ROI above 10–15% are feasible from the economic viewpoint [40]. However, the result of
cumulative cash flow indicated that the initial investment is significantly higher compared to the
annual revenues, and according to the payback period after depreciation, 6 years are required to
recover the whole investment. These results are acceptable considering that the plant life is 15 years;
at the end of the project, a net profit of 10.40 MMUSD is reached as indicated by the net present value.

Table 7. Economic indicators for the mass integrated approach for shrimp biorefinery.

Economic Indicator Value Units

Gross Profit (depreciation not included) (GP) 4.88 MM USD
Gross Profit (depreciation included) (DGP) 4.70 MM USD

Profit After taxes (PAT) 2.87 MM USD
Economic Potential 1 ($/y) 13.99 MM USD/y
Economic Potential 2 ($/y) 13.77 MM USD/y
Economic Potential 3 ($/y) 4.86 MM USD/y

Cumulative Cash Flow 1.12 (1/y)
Payback Period (depreciation included) (DPBP) 6.00 y

ROI 65.88 %
Net present value (NPV) 10.40 MM USD

Annual Cost/Revenue 1.22

Comparing with the economic results for other biorefineries it was found that the return
on investment for a lignocellulosic multi feedstock biorefinery was 32% [24], and for a combined palm
and jatropha biomass biorefinery for biodiesel and hydrogen production was 33.18% [41], which shows
that the mass integrated approach for shrimp biorefinery is more economically attractive. The net
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profits for the biorefinery were estimated to be up to 95% higher than the net profit obtained in the
chitosan production process from shrimp exoskeleton [42]. These findings revealed the attractiveness
of incorporating by-products extraction units along with the chitosan synthesis from chitin under the
biorefinery concept, in agreement of similar approaches [43] on agro-industrial residues [44]. Moreover,
same savings could come from a better optimization of the process, either in terms of design [45],
either in modelization [46] or extraction [47].

3.3. Sensitivity Analysis

The break-even analysis is illustrated in Figure 3. The process proved to be feasible from a techno-
economic point of view by operating at 100% of the installed capacity since the annual sales are higher
than the annual operating costs (AOC). The break-even point is achieved by processing 1150 tons
of raw material per year, approximately 28% of the installed capacity. Therefore, the process can
tolerate changes in the capacity of production, being beneficial given that the availability of fresh
shrimp may depend on external factors such as climate and market conditions. According to these
results, the production capacity can be reduced to less than half, and the process remains in the
feasibility region.
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The on-stream efficiency sensitivity analysis for the mass integrated biorefinery approach is shown
in Figure 4. It can be shown that the on-stream efficiency is highly sensitive to changes in the selling
price of shrimp meat, while the selling price of chitin, chitosan, nitrogenous extract, and astaxanthin
has no substantial effects on the on-stream efficiency. Three regions can be identified in the figure:
the first region where the on-stream efficiency presents a high sensitivity to the selling price; the second
region, named the transition period, in which changes in on-stream efficiency are gradual, allowing for
greater operability when varying market trends; and the third region, where the on-stream efficiency
remains constant, disregarding the selling price of products. According to Table 3, the process is
located in the second region; however, the current selling price of shrimp meat is near its critical value
(16,000 USD/t) of moving towards unprofitability. It was also found that the selling price of the meat
does not support decreases higher than 500 USD/t.
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Figure 4. The effect of the selling price on on-stream efficiency.

The effect of raw material costs on the process profitability was also evaluated and the results
are shown in Figure 5. The biorefinery describes a high sensitivity to changes in raw material costs
with a critical point around 7600 USD/t; above this value, the process generates economic losses.
According to Table 5, the current cost of raw materials is 6724.17 USD/t, which is an acceptable value
because it can increase up to 12% without affecting the profitability of the project.
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Figure 5. The effect of raw material costs on profitability.

Figures 6 and 7 show the effect of variable operating costs on the return on investment and
payback period, respectively. These findings showed that the NVOC reaches a critical value around
10,000 USD/t where the %ROI is null and the PBP tends to infinity. The variable operating costs for the
biorefinery are approximately 11% below this value, indicating that the process can support slight
increases. These results are favorable considering several common problems that can affect the NVOC,
such as employee strikes, increased labor costs, and fuel supply. When variable operating costs are
negligible, the process reaches ROI greater than 500% and a PBP less than a year. Similar projects
such as a chitosan production process from shrimp exoskeletons and a plant to obtain agar from red
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algae showed a maximum return on investment of 34% [48] and 276% [35], respectively, when the
NVOC = 0, indicating that mass integrated biorefinery based on shrimp presents a better performance
in terms of the return on investment.
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The trends of the net present value during the 15 years of plant life are depicted in Figure 8.
The techno-economic sensitivity analysis for the integrated approach showed a positive NPV after
seven years. This project reaches NPV = 10.40 MM USD by the end of the project, yielding around
three times greater than for the non-integrated biorefinery. Since a higher NPV should be selected,
the incorporation of a water recycling network to reduce freshwater savings by up to 80% makes the
implementation of a shrimp biorefinery more attractive for investors.
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4. Conclusions

The economic evaluation and techno-economic sensitivity analysis for a mass integrated approach
for the production of shrimp meat, chitin, chitosan, nitrogenous extract, and astaxanthin under
a biorefinery concept were carried out to determine its feasibility and to identify the critical
techno-economic variables that affect the profitability of the process. For a processing capacity of 4113.09
t/year of fresh shrimp, the process is economically attractive, reaching %ROI at 65.88%, and 6 years
are required to recover the whole investment. The proposed approach supports decreases by 28% in
production capacity and increases up to 12% and 11% in the cost of raw materials and variable operating
costs, respectively, without significant losses. The development of a mass integrated biorefinery was
found to be attractive for coupling a water network within the design of a shrimp-based approach
aiming to reduce freshwater and neutralization agent consumption.
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