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Abstract

The shrimp aquaculture industry has been rising significantly, not only around the
world but also in Vietnam. The shrimp farming in the Mekong Delta, Vietham, makes a
substantial contribution to the national economy via exporting to foreign countries.
However, the energy consumption for the shrimp farming industry has continued rising
considerably in recent years due to the expansion of shrimp production to meet food
demand. Most of the energy demand at shrimp farms is consumed by the aeration
system, which utilizes electrical motors to drive aerators for maintaining suitable
dissolved oxygen in ponds continuously for improving water quality and promoting
shrimp growth. Moreover, the intensive energy consumption from electric motors for
aeration and pumping systems leads to high operation costs and associated
greenhouse gas emission from using conventional power resources. Although many
improvements have been made for the design and operation of aerators and even
renewable energy resources have been applied, the traditional aeration system
inherently consumes high power with low oxygen transfer from the air. This
dissertation, therefore, proposes an optimal design on a sustainable hybrid energy

system by multiobjective functions for the shrimp aquaculture industry.

The proposed system harnesses renewable energy resources to power the
electrolyzer to produce pure oxygen in situ for oxygenation according to the changes
of species under culture. In addition, the by-product hydrogen from the electrolysis
process could be used for either commercial purposes or backup power. The
mathematical models of the system were developed for simulation and optimization to
assess the performance of the system regarding technical, economic, and
environmental aspects as multiobjective functions in autonomous mode as well as on-
grid mode. Besides, the optimal results and their sensitivity analysis showed that the
sustainable hybrid energy system connecting to the national grid in which the by-
product hydrogen is primarily either sold for commercial purposes or used for backup
power could bring significant benefits for farmers thanks to a notable reduction in the
annualized cost the system as well as CO2 emission in comparison with the

conventional system run by common paddlewheel aerators.
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1. Introduction

1.1 General

Aquaculture around the world has experienced considerable growth during the
last decades. Global aquaculture production has been continuing to rise significantly
to meet the food demand of the world, being estimated to witness an increase of
around 4% in 2019 [1]. In addition, the production of the aquaculture sector is mainly
located in Asia, which accounts for 89% of world aquaculture production [2]. The
aquaculture sector is a vital source of food security, protein, and economic driver for
the world today. Among common seafood products such as salmon, pangasius, tuna,
tilapia, etc., shrimp is considered to be one of the commercial commodities worldwide
[3].

Shrimp farming has begun since the second half of the 20" century, which
currently constitutes about 30% of global shrimp production and 40% of shrimp export
[4]. Furthermore, thanks to the advanced technology, the farmed shrimp production
around the globe reached about four million tons in 2018, which is contributed from
Asia, such as China, India, Vietham, Indonesia, Thailand, Philippines, Bangladesh,

and Malaysia [5].

Vietnam is one of the major shrimp producers in the world, being ranked second
in the global exporters of shrimp in 2017 and 2018, and the production continues to
increase in 2019 [5]. Moreover, shrimp production in the Mekong Delta, Vietnam,
makes up 75%, with the total shrimp farming area about 90% [6]. The shrimp
production systems in Vietham are mainly classified into small-scale producers and
processing companies with the rearing method being quickly shifted from extensive
models having low density to semi-intensive, intensive, and ultra-intensive models with
high density. However, the fast growth of shrimp aquaculture production has been
accomplished in part through high intensity, which acquires dramatically high energy

demand.

Although the shrimp farming industry not only supplies food but also contributes
income to farmers and their country, shrimp aquaculture is associated with
environmental issues and energy security. The main cause of ecological problems is

the salination of local land [7] and the pollution of water resources [8]. Besides, the
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1. Introduction 2

energy demand is one of the major challenges of the shrimp industry because most of
the energy is consumed by water pumps and pond aerators, which run 24h per day
[9]. Electric aerators constitute about 80% of farm energy demand while pumping water
accounts for 10%, leaving other usages at 10% [10]. Furthermore, the energy
efficiency of marine shrimp aquaculture systems, which is the ratio between the food
protein-energy output and industrial energy input, is very low among the significant
aquaculture systems [9]. The cause of inefficient systems is the high electrical

consumption of machines and aerators that have a typical efficiency of about 90% [11].

One of the big problems in shrimp farming is the expense of maintaining the
quality of water. In fact, the concentration of dissolved oxygen (DO) in cultivating ponds
is one of the critical parameters to ensure the health and survivability of species under
culture. Shrimps reared in ponds, which are quite different from species living in rivers
and sea, require a high amount of DO in the pond, especially in the intensive
aquaculture system. The water in ponds with high DO concentration is considered high
quality, which is necessary for the success and development of shrimp farming [12],
[13]. As a result, aeration systems are employed to improve oxygen content [11], [14],
[15], [16].

1.2 Literature Review

Mechanical aerators are the most popular means used not only to supplement
DO to aquaculture ponds but also to circulate oxygen availability in the water over the
bottom of the pond. Aeration systems make it possible for higher stocking and feed
input. Furthermore, dissolved oxygen, which indicates the water quality, plays a vital
role in aquaculture ponds; hence, it is necessary to understand elaborately factors that
might cause a decrease in DO concentration to prevent low concentration in ponds
[17]. In semi-intensive shrimp aquaculture, aeration devices are utilized in
emergencies when the level of DO in ponds drops below the acceptable concentration
of 3 mg/L [18]. In intensive and ultra-intensive aquaculture, aerators are usually
operated at night more frequently than in daytime to avoid low levels of DO, which

might cause shrimp stress or even death.

Aquaculture aerators are modified from those applied in wastewater treatment
systems; therefore, both of them share the same principles and design features [4]. In
general, there are three popular types of aerators, such as splasher, bubbler, and pure
oxygen system [19]. Bubbler and splasher aerators are driven by motors and pumps

Nguyen Nhut Tien



1. Introduction 3

powered by the national network or diesel fuel in remote areas to increase the oxygen
transfer rate between the air and the water in the pond. The pure oxygen contact
system improves DO concentration by releasing oxygen bubbles into the water. The
two common types of aerators utilized for aeration systems are paddlewheel and
propeller-aspirator-pump aerators since their oxygen transfer and water circulation are
efficient [20].

During a 100-day production of marine shrimp farming, aerators are often run
continuously during a day [9] even when the DO level in the pond is saturated, resulting
in off-gassing DO, wasted energy, and high operation costs [11]. Thus, the aeration
system should be designed carefully and operated optimally to improve energy
management [21]. In order to maintain suitable DO and reduce power consumption,
some investigations focusing on controlling aerators have been considered. For
instance, reference [22] shows the benefit of reducing energy consumption when
aerators are controlled in intermittent mode. Furthermore, the automatic control
proposed in [23] and intelligent control described in [24], [25], and [26] also effectively

decrease the energy requirement of aeration technologies.

Besides, the configurations of mechanical aerators have been modified to
improve their aeration efficiency and energy cost [27]. In addition, a study on different
configurations of impeller aerators developed by [28] tried to achieve the highest
aeration efficiency. On the one hand, the optimal rotation speed is taken into account
to evaluate the nexus between energy requirement and oxygen transfer for widely-
used surface aerators such as paddlewheel aerators in [16], [29] and spiral aerators in
[30]. On the other hand, the new generation of aerators, namely impeller in [31],
centrifugal water stirrer in [32], and new tube aeration device in [33], have been applied
in aquaculture and enhanced oxygenation energy-saving technology with high

performance.

Moreover, to achieve energy savings and emission reduction, renewable energy
resources have been being harnessed for the aquaculture industry as these energy
sources are estimated to increase significantly in the future [34]. Photovoltaic energy
is supplied to control the oxygen levels in fish tanks in [35]. Floating and floating-
tracking PV systems are employed for shrimp farms in Thailand, producing energy self-
sufficiency with high reliability and better competitiveness by limiting energy storage

system [36]. Furthermore, the combination between PV and solar-thermal panels is
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1. Introduction 4

utilized to provide not only electric load but also thermal load for the fish farm [37]. A
solar-thermal aeration system in [38] is introduced to circulate oxygen to deeper layers
of the pond for aquaculture in rural areas. Likewise, wind energy is solely employed for
small-scale fish farms in developing countries [39] and for small-scale prawn farm in
[40], or combined with a PV system in [41] to power the farm. Renewable energy is
also employed not only for on-shore but also off-shore aquaculture with promising
results [42], [43]. Besides, hydrogen and fuel cell technology have recently become
popular and a great promising alternative resource [44]. The hydrogen, which can be
stored in large volumes and generated into electricity by fuel cells, has dominated other
storage technologies. Proton-exchange membrane fuel cells produce power from
hydrogen for aeration system in stagnant ponds [45], [46]. Notably, the local biogas
waste at a shrimp farm in the Mekong Delta, Vietnam, is used to generate hydrogen,

which is produced by dry reforming methane for power generation [47].

Despite the improvements for aerators and the employment of green energy for
aquaculture, demerits of conventional aeration systems are low aeration efficiency and
high energy consumption due to atmospheric oxygenation, which accounts for 21%.
Using pure oxygen instead of oxygen in the atmosphere for aeration system might
reduce energy demand and raise yield; nevertheless, the operation cost of such a
system is expensive due to extra transporting costs from suppliers to customers, which
causes associated greenhouse gas emissions. Although pure oxygen has been
broadly applied in such industrial processes as combustion, semiconductor production,
and wastewater treatment because of improving system efficiency [48], there are few
works about utilizing pure oxygen from water electrolysis for aeration system in
aquaculture [49]. Apart from that, there is no study in which an aeration system
energized by renewable energy is proposed to produce onsite oxygen and employs
by-product hydrogen for different applications.

1.3 Dissertation Objectives and Contributions

This dissertation proposes an optimal design on sustainable hybrid energy
systems for the shrimp aquaculture industry, which utilizes renewable energy to
provide pure oxygen onsite from the electrolysis process for oxygenation according to
the DO demand of shrimp. Moreover, the self-product hydrogen through water
electrolysis is sold to local fertilizer plants or stored for backup power. The whole

system is optimized by multiobjective functions, such as the annualized cost of the
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system, loss of power supply percentage, and carbon dioxide emission in different
operation modes corresponding to various system configurations. Consequently, the
sensitivity analysis of optimal solutions from the proposed system is carried out by
Monte Carlo simulation to make comparisons with a conventional aeration system run
by widely-used paddlewheel aerators in terms of the annualized cost of the system and

the emission of COs..
The main contributions of this work include the following:

e A conceptual design on sustainable hybrid energy systems for shrimp
farms is implemented for aeration system in which green technology is
applied to produce pure oxygen onsite according to DO demand of
shrimps, leading to higher yield and energy saving. Besides, the by-

product hydrogen is used for different applications.

e The power load model is developed to calculate the rated capacity of the
electrolyzer according to the change of DO concentration in the pond.

e Mathematical models are developed in the Matlab environment for

optimization simulation according to multiobjective functions.

o Potential carbon tax and sensitivity analysis by Monte Carlo simulation are

carried out to evaluate the optimal outcomes.

e The optimal design of the energy system helps farmers save operation
costs and reduce COz2. Moreover, this work is useful guidelines to instruct

optimum design and operation for aquaculture farms.

1.4 Dissertation Organisation

The structure of the dissertation is organized into six sections in detail below.

Section 2 presents aeration systems for shrimp farms.

Section 3 illustrated the proposed, sustainable hybrid energy system for shrimp
farms.

Section 4 describes the optimal design of hybrid energy systems by multiobjective
functions.

Section 5 discusses the analysis of sustainable hybrid energy systems for shrimp
farms.

Section 6 gives the summary and scope for the future work of this dissertation.
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2. Aeration Systems for Shrimp Farms

2.1 Shrimp Farm Context in the Mekong Delta

Shrimp aquaculture in Vietnam has begun since the 1990s with cultivating area
and shrimp production growing from 230,000 ha and 56,000 tonnes in 1991 [50] to
706,000 ha and 701,000 tonnes in 2017 [51], respectively. The Mekong Delta has the
largest shrimp farming area, which substitutes about 90% of the total area, contributing
75% to the product of the country [6]. Besides, Vietnam is considered the leading
exporter of valued-added shrimp to the United States of America, Japan, and the
EU28, with an export value of 3.85 billion USD [51]. The systems of shrimp production
in Vietnam include small-scale producers and processing companies. Small-scale
households play a dominant role in total production [50] while the processing
companies, which have their ponds for rearing with the maximum processing capacity
of 20% [52].

2.1.1Levels of Intensification in Shrimp Aquaculture

Shrimp culture systems are broadly categorized based on yield potentials and
operating characteristics. The levels of intensification of shrimp culture are divided into
four main categories, such as extensive, semi-intensive, intensive, and ultra-intensive
[53]. Various characteristics, such as production level, stocking densities, aeration, and
energy consumption, determining different categories of intensity, are illustrated in
Table 2.1 [53],[54].

Table 2.1 Characteristics of shrimp culture systems

Production type

Characteristics
Extensive  Semi-intensive Intensive  Ultra-intensive
Production (MT/halyear) 0.1-0.3 0.5-2.5 5-15 30-150
Stocking rate (#/m?/crop) 0.1-1 3-10 15-40 >100
Aeration natural water exchange  aerators aerators
Potential energy demand (hp/ha) 0-2 2-5 15-20 >25

Among categories of intensity shown in Table 2.1, extensive ponds have the
lowest stocking densities, which constitute less than one juvenile/m?/crop.
Consequently, the extensive systems produce low yields under 50 kg/ha/year from one

or two crops in a year. The extensive culture relies not only on natural nutrients in the
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pond but also on balanced biological and physical processes to ensure sufficient
oxygen levels for shrimp without food supplements and human intervention. Stocking
densities and yields can be increased by implementing different management actions
for higher levels of intensification. As the intensification increases, such systems
require a significant amount of supplemental and formulated feeds, water quality
monitor, and utilization of mechanical aerators, especially for intensive and ultra-
intensive systems. Higher intensity culture systems often coincide with high energy
demand, which is consumed by water pumping and aeration. Energy capacity rises
significantly with intensification ranging from 15 to 20 and more than 25 hp/ha for

intensive and ultra-intensive systems, respectively.

2.1.2Economic and Environmental Essence of Shrimp Aquaculture

The shrimp culture in Vietham is mainly classified into small-scale producers and
processing companies, with the modern culture systems being changed from extensive
systems to intensive and ultra-intensive systems, which require supplementary

technologies such as mechanical aerators.

Mechanical aerators are a powerful device to maintain water quality. Aerators
operate at night more frequently than in the daytime; nonetheless, as shrimp culture
intensifies, it is necessary to supply aeration 24 h/day. In addition, shrimps need more
dissolved oxygen as they grow, resulting in an increase in aeration capacity, which
requires high capital cost.

Although the benefits of mechanical aeration are not deniable, aeration systems
consume a considerable amount of energy. The actual consumption of electrical
energy is 1.26 times higher than the shaft power of aerators [55]. Furthermore, the
electricity price for powering electrical motors, which drive the mechanical aerators, is
high; nevertheless, aerators often run in an ad-hoc operation mode, leading to higher
operational costs than required. The total production cost, however, might be reduced
by restricting aerators’ operation to necessary periods, especially in regions where
electricity price is costly during the day. In other words, the use of aeration for shrimp
culture should be taken into account to save energy costs because excessive aeration
iIs wasteful, increasing additional expenses, such as maintenance costs and
associated infrastructure [19]. Nonetheless, to ensure the safe dissolved oxygen for

shrimp, the oxygenation supply from aeration, in reality, is higher than the oxygen

Nguyen Nhut Tien



2. Aeration Systems for Shrimp Farms 8

demand of cultured ponds [18] since there is no methodology to compute precisely the

amount of required oxygen to maintain stable DO in the ponds [19].

Shrimp culture systems rely heavily on electrical energy, particularly aeration
systems, which make up 80% of the total energy at the farm [10]. Such shrimp farms
usually equip the aeration system with either mobile diesel or a gasoline generator to
cope with temporary blackouts as the failure of electrical supply might cause a
significant drop in dissolved oxygen in shrimp ponds. This situation becomes more
dangerous for high-intensity culture or the growing state of shrimp, which is one of the
main reasons leading to a high mortal rate of shrimp due to the low oxygen level [4].
Most of the power employed to operate aerators is derived from fossil fuel, which
causes substantial financial and environmental impacts. It is well-documented that
producing one tonne of prawn corresponds with about ten tonnes of COz2 released from
the stacks of coal-fired power plants [10]. Besides, the cost of using diesel fuel for
driving electric motors of aeration systems is much higher than the electricity

purchased from the national grid.

A sustainable energy system should be proposed based on these observations
to aerate shrimp ponds, especially in the context of encouraging the development of
high technology with energy-saving and sustainability for the shrimp industry in

Vietnam.

2.2 Importance of Water Quality and Dissolved Oxygen

Water quality, which is determined by complex biological, chemical, and physical
processes, plays a critical role in shrimp aquaculture [56]. Water quality includes many
vital factors, which affect the shrimp culture, such as survival, growth, and yields.
Understanding these factors might help farmers determine the potential of the water
environment to improve water quality, to reduce stress on shrimp, to lower the
susceptivity of shrimp to diseases, to produce high-quality products, to decrease the

impacts of effluents on the environment, and procure higher profits.

The variables of water quality commonly monitored in shrimp ponds are water
pH, temperature, salinity, dissolved oxygen, ammonia, plankton population, nitrite,
hydrogen sulfide, and water clarity [57]. Among the water quality variables, dissolved
oxygen is the most critical since it improves shrimp survival and enhances shrimp
growth. In contrast, the deficiency in dissolved oxygen leads to slow growth and
increases the vulnerability to diseases or even death due to hypoxia [19].
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2.3 Factors Affecting Dissolved Oxygen Concentration

The natural budgets of oxygen are mainly derived from photosynthesis by
phytoplankton and diffusion from the atmosphere. During daylight, a large amount of
oxygen in the pond is produced by photosynthesis, which is higher than the respiration
of the pond. This case leads to dissolved oxygen saturation when the pressure of
oxygen in the water pond is equal to that in air. There are a lot of factors affecting

oxygen saturation, as well as oxygen dynamics in the water pond.

The dissolved oxygen concentrations at saturation change according to
temperature, salinity, and barometer pressure [11]. The solubility of oxygen in the
water pond decreases as the temperature increases [11], which means that water with
higher temperature has a lower level of dissolved oxygen at saturation than colder
water. Moreover, the dissolved oxygen content decreases with the rise of salinity [11].
The cause of low oxygen solubility at saturation is the introduction of ionic salt, whose
ions attract water molecules [58]. The barometric pressure has a small effect on the
oxygen solubility in shrimp ponds [11]. Generally, it is necessary to sustain sufficient
oxygen budgets for shrimp production due to many variables affecting dissolved
oxygen in the water pond. The oxygen supplement for shrimp ponds is attained by

aeration systems.

2.4 Current State of the Art in Aquaculture Aeration

2.4.1History of Aeration

Food plays an important role in shrimp aquaculture; nevertheless, low
concentrations of dissolved oxygen limit the shrimp production as the culture
intensifies. The oxygen contents are improved through the use of mechanical aerators.
Aeration for aquaculture is not new, but this technique has been applied and attracted

lots of interest over the past many years.

The aeration system for shrimp aquaculture is modified from mechanical aeration
of wastewater, which was utilized for research in the 1880s and 1890s, and then for
municipal wastewater treatment systems from 1910 to 1930 [59]. In Asia, the
paddlewheel aerators made in Taiwan were commonly used in pond aquaculture as
early as the 1950s [19]. Electric small aerators with the power ranging from 0.25 to 2
hp are widely applied for smaller cultured ponds, especially Taiwanese aerators due

to their high efficiency as well as affordable costs [16].
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2.4.2Principles of Aeration

The oxygen in the air accounts for 21%. Basically, the pressure in the atmosphere
is greater than that in the water pond; hence, the oxygen in the air is driven into the
water at the surface of the pond. This process ceases as the pressure in the air is
equal to that in the water pond, leading to saturation of dissolved oxygen in the water.
The oxygen content in shrimp ponds varies according to environmental factors in the
pond, such as barometric pressure, temperature, and salinity [11]. Besides, the
respiration rate of organisms and stocking densities in ponds also affect the

concentration of DO [60].

Phytoplankton, which is constituted by ammonia and phosphate, is abundant in
ponds, with photoautotrophs being capable of producing oxygen [4]. The level of DO
in the daytime is higher than the saturated concentration because the amount of
dissolved oxygen production is greater than the respiration rates of organisms in the
cultured pond. On the contrary, the DO concentration decreases considerably at night
or cloudy weather due to high respiration by shrimp crop, plankton, and benthos. Low
levels of DO affect biophysical characteristics of shrimp, such as being gasped or
suffering from stress, which leads to loss of appetite, vulnerability to diseases, low
efficiency in using feeds, high mortal rate, and low yields [4].

The oxygen is produced at the surface layer of the water pond through the
photosynthesis process. The oxygen content, therefore, decreases with the increase
of the water depth and reaches the lowest value at the bottom of the pond [4]. Thus,
shallow ponds are recommended for shrimp aquaculture [17] since shrimps live in the
middle and the bottom layers of the pond [61]. The DO concentrations are maintained
sufficiently for shrimp ponds by mixing high DO levels at the surface water with the
water at deeper layers. Improving oxygen continuously in cultured ponds is critical to
sustaining healthy life for shrimps, helping them grow faster, reducing diseases,
increasing survival rate, and rising yields [4]. Thereby, oxygen-improving systems are

necessary to be constructed for shrimp culture.

Mechanical aerators are employed to supply oxygen supplement for shrimp
ponds, especially during the night or cloud cover, to compensate DO deficit due to
respiration of organisms in the pond. Aerators are used in emergency cases under
semi-intensive culture; nonetheless, they are operated every night or even

continuously in case of intensive or ultra-intensive culture.
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The mechanism of mechanical aerators aims at increasing contact of water with
air and DO into the water. The DO concentration in shrimp ponds is improved as more
oxygen in the atmosphere fills in the body of water. Mechanical aerators utilized in
shrimp aquaculture include three common types, such as splasher, bubbler, and pure

oxygen system [19].

2.4.30xygen Transfer Rate and Efficiency of Mechanical Aerators

The oxygen transfer from the air into water happens at the gas-liquid interface via
a gas film. Then the oxygen is transferred across the gas-liquid interface into the bulk
water through the water film. It depends on the surface area of the interface and the
concentration gradient of oxygen within the water. The relationship describing the rate

of mass oxygen transfer is given by Fick’s first law as:

dmy, b dC,, 2.1)
dt — m Ant dt .

where dm,, /dt is the mass transfer rate of oxygen (g/sec), D, denotes the molecular

diffusion constant of oxygen (cm?/sec), A, refers to the area of the interface where the

transfer occurs (cm?), dC,, /dtis the concentration gradient of oxygen (g/cm?).

Mechanical aerators are employed to create a wider surface area and a high
concentration gradient at the interface between the air and the water pond to increase
oxygen transfer. Besides, the aerator increases the surface area by either breaking the
water pond into small droplets lifted to the atmosphere or injecting air into the bulk

water in the form of air bubbles [62].
The percentage saturation of dissolved oxygen concentration is expressed by:

C
S, =—"-100 2.2
0= (2.2)

where S, represents the percentage saturation, C, refers to the measured
concentration of DO in water pond (mg/L), C, denotes DO concentration at saturation
(mg/L).

Furthermore, the deficiency in oxygen is the difference between DO
concentration at 100% saturation and measured DO in water, which is calculated as

follows:
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OD=C,-C, (2.3)
where OD is oxygen deficit (mg/L).

The oxygen-transfer coefficient, which denotes concentrations of DO at 10% and
70% of saturation, is expressed as [62]:

K.a, = InOD,, —InOD,, (2.2)

t70 - t10

where K, a; presents oxygen-transfer coefficient (h), OD,,andOD,,are oxygen deficit

at 10% and 70% saturation (mg/L), respectively, t,andt,, refer to the time when DO

reaches 10% and 70% saturation (min), respectively.
The oxygen-transfer coefficient is adjusted to 20 °C as follows [62]:

K a;

8 = T oaan

(2.5)

where K, a,, denotes the oxygen-transfer coefficient at 20 °C and T, is water

temperature (°C).

The oxygen-transfer coefficient is usually determined for tap water. Thus, for the
water in which the experiment of the aerator is conducted, the correction factor is
introduced. The« value is the ratio between the oxygen-transfer coefficients of the

mechanical aerator in the tested and tap water, which is defined as [62]:

K, a,, test
o = —L720

(2.6)
K ay tap

As the aerator is tested in pond water, the adjusted oxygen-transfer coefficient is

computed as [62]:

k(LaZO
a

KLaéo = (2.7)

The standard oxygen-transfer rate for an aerator is calculated via its oxygen-

transfer coefficient as [62]:

SOTR=K_a,-C*-v . -10° (2.8)

pond :
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where SOTR stands for the standard oxygen-transfer rate (kg/h), CZ refers to the

concentration of DO at saturation and 20 °C, v___is the pond volume (m3), and107is

pond

converting factor from grams to kilograms.

The standard aeration efficiency of aerators is the ratio between the standard

oxygen-transfer rate and the power applied, which is defined as:

SOTR

SAE = (2.9)

MA

where SAE is the standard aeration efficiency (kg/kWwh) and B,,, represents the power

applied to the aerator (kW).

2.4.4Types of Aerators

Mechanical aerators used in aquaculture are modified from wastewater treatment
aerators; hence, they are of the same design features as well as functions. Vertical
pump sprayers and paddlewheel aerators, which belong to splashed aerators, splash
water into the air. Bubble aerators, e.g., diffused-air systems and propeller-aspirator-

pump aerators, release air bubbles into the water.

Figure 2.1 Diffused air aeration system [19].
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Diffused-air aerators, which are illustrated in Fig. 2.1, have air blowers with low
pressure and high volume to blow the air via fine-bubble diffusers positioned at the
pond bottom or suspended in the water. There are many types of diffused-air systems
such as air compressors, blowers, ceramic dome diffusers, and porous ceramic tubing;
their application in shrimp aquaculture, however, is not so popular [63]. Otherwise, they
are utilized in laboratories and hatcheries. The diffused-air systems accomplish high
efficiency in transferring oxygen bubbles from the air to water as the water column in
the pond is deep enough to provide sufficient contact time of air bubbles in water
ponds. As a result, diffused-air aerators function more efficiently with deep ponds than
shallow ponds [11].

Propeller-aspirator-pump aerators are floating-surface devices shown in Fig. 2.2,
including such main components as an electric motor, a hollow, and a rotating shaft
enclosed in a housing. An air diffuser is connected to the end of the housing. An
impeller, which is attached to the end of the rotating shaft, rotates at high velocity to
create a vacuum in the housing by pushing water through the end of the hollow shaft.
As the pressure in air is higher than that in the housing, the air at the gas-liquid interface
is drawn through a hollow shaft, and the air bubbles are injected into the water pond
after released from the diffuser. The propeller-aspirator pump is considered a useful

water-mixing device [63].

A

b A
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=
>
—

- A

Figure 2.2 Propeller-aspirator pump [19].

Nguyen Nhut Tien



2. Aeration Systems for Shrimp Farms 15

Vertical pump sprayers, which are illustrated in Fig. 2.3, comprise of a submerged
electrical motor and a propeller, which are suspended inside the float. The propeller,
which is connected to a shaft beneath the water surface, rotates at 1730 or 3450 rpm
to force water up to the air to make aeration [11]. The vertical pump sprayer could only
enhance the oxygen content in its proximity, while water regions far away from the
aerator are not oxygenated. Furthermore, only the water near the surface is splashed
into the atmosphere. For this reason, this type of aerator is commonly employed in
small and shallow shrimp ponds or combined with other types of aerators [63].

Figure 2.3 Vertical pump sprayer [19].

Among mechanical aerators, paddlewheel aerators shown in Fig. 2.4 are
commonly used in shrimp farming [55], especially Taiwanese style aerators [16]. Their
main components involve an electric motor and paddlewheels attached to a rotating
shaft. The paddlewheels are suspended by floating units. The capacity of electric
motors ranging from 0.8 to 2 kW is preferred for small ponds [63], with revolutions at
1750 rpm [11]. A gearbox, nevertheless, is utilized to decrease the speed of the motor
shaft so that paddlewheels rotate at 70-120 rpm [11]. Rotating paddlewheels splashes
the water into the air to cause aeration. In comparison with other types of aerators,
paddlewheel aerators are of high efficiency in oxygen transfer [64].
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Figure 2.4 Paddlewheel aerators [19].

Pure oxygen contact systems, which are rarely used for shrimp aquaculture,
supply pure oxygen into the water pond. The culture systems aerated by pure oxygen
could increase the carrying capacity and productivity [65]; nevertheless, oxygen
transportation from suppliers to shrimp farms not only raises the extra cost but also
increases the associated greenhouse gas emissions.
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3. Sustainable Hybrid Energy Systems for
Shrimp Farms

3.1 Potential of Renewable Energy Resources in the Mekong Delta

Most shrimp farms are located in the Mekong Delta, especially in coastal
provinces in the western part of the delta. In remote areas in which the national power
system is not present, or electric power supply is seriously insufficient; as a result,
diesel engines have been employed to run mechanical aerators or to serve as backup
power. Nevertheless, gasoline generators are of a levelized cost of 30,560 VND/kWh
(1.3 USD/kWh), which is much more expensive than solar photovoltaic power 14,170
VND/kWh (0.6 USD/kWh) and wind power 10,100 VND/kWh (0.43 USD/kWh),

respectively [66]. In addition, emissions from diel fuel cause environmental pollutions.

The Mekong Delta is of abundant renewable energy resources, particularly solar
and wind energy. The solar energy intensity on average in a day could obtain 5 kwWh/m?
[67]. Besides, the wind intensity is strong thanks to the long coastal line towards both
west and east sea, with the average wind speed fluctuating between 5.6 m/s to 6.0 m/s
[68]. According to the national energy development vision until 2050 approved by the
Vietnamese Prime Minister, the application of green energy resources will be
investigated, and power supply is forecasted to constitute about 43% by renewable
energy resources by 2050 [69]. In other words, hybrid solar and wind power systems
seem beneficial and a promising solution to offer sustainable energy to replace
conventional power resources for the shrimp industry in the Mekong Delta.

3.2 Proposed System Configuration

The sustainable hybrid energy system for aeration at shrimp farms is illustrated
in Fig. 3.1, which depicts the proposed system in the constructional details. The
constituents of the system are divided into power resources, power load, and shrimp
ponds. The power resources consist of photovoltaic arrays and wind turbines, and
national network as backup power in on-grid operation mode. Furthermore, the main
power load of the system is the alkaline electrolyzer whilst the baseload involves
illuminating load, water treatment system, and water pumps. The alkaline electrolyzer

is chosen to produce oxygen onsite for aeration because alkaline electrolyzers have

Nguyen Nhut Tien



3. Sustainable Hybrid Energy Systems for Shrimp Farms 18

been manufactured in the range of megawatts with a suitable price, making them the

most popular application in terms of electrolysis technology at commercial levels [70].

Wind Power Solar Power
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IHluminating Load ~ Water Pump
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Cultured Ponds Microbubble System Oxygen Tank

Figure 3.1 Sustainable hybrid energy system for aquaculture farms.
3.3 System Operation

Aeration for shrimp ponds runs continuously to sustain good water quality and
gain biomass during the day, although it is required more at night than in the daytime.
In the daytime, the primary power extracted from solar panels and wind turbines is
converted to AC and imparted to the aeration system. The baseload is supplied by
stable power since the water treatment system needs smooth power to produce clean
water for electrolysis and cultured ponds. Apart from that, in order to provide clean
water for the system, a low-cost water treatment technology, which is detailed in [71],
is adopted. The remaining power is used to run the alkaline electrolyzer for producing

oxygen in situ. Moreover, the by-product hydrogen through water electrolysis is utilized

Nguyen Nhut Tien



3. Sustainable Hybrid Energy Systems for Shrimp Farms 19

for various applications, such as selling to the fertilizer factories or storing in the tank

for generating backup power.

The pure oxygen from the electrolyzer is compressed via a short-term oxygen
tank by a low-pressure compressor to the microbubble system at the bottom of ponds,
which generates oxygen microbubbles for shrimps. The innovative aeration system,
which is oxygenated by pure oxygen microbubbles with high oxygen absorption
efficiency above 90% [72] instead of oxygen from the air, requires less energy demand
and releases less emission compared to the conventional aeration system since the
stripping of a great volume of nitrogen from the air is eluded, resulting in curtailing the
amount of gas injected to shrimp ponds as well as reducing the energy requirement for

compressors by a factor of five [73].

The fluctuation of DO in cultured ponds is caused by total respiration of sediment,
plankton, and species under culture, photosynthesis production, and exchanges with
the atmosphere. The DO requirement during daytime in shrimp ponds is low due to
oxygen supplement from photosynthesis, corresponding with low power demand from
the electrolyzer. Consequently, the electrolyzer is controlled to change its input power
between 20% and 100% of its capacity according to the amount of DO in culture ponds
[74]. When the sustainable hybrid energy system is well controlled, the energy demand
is reduced, leading to low operation cost; in addition, the surplus electricity is sold to
the national grid via point of common coupling (PCC) based on feed-in-tariffs (FITS)
policy in Vietham [75].

Aeration becomes essential at night since the DO level drops significantly during
the night due to the cease activity of photosynthesis and respiration of organisms in
the pond. The DO variations in shrimp ponds should be kept around 5 mg/L to provide
suitable conditions for healthy growth [17]. For this reason, it is necessary to keep
sufficient DO concentration to protect shrimp from low-oxygen mortality. Doubtlessly,
in such condition only wind turbine system might not produce enough energy for the
power demand of the system, especially the electrolyzer due to the high amount of
oxygen demand or at daylight hours when renewable resources cannot satisfy the
power load demand due to the volatility of these resources, the deficiency in power is
inevitable. In other words, when the imbalance occurs, the energy storage system is

employed to compensate for the mismatch of the system in islanded operation mode.
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The configuration of components in the energy storage system, as well as its operation,

depends on the applications of the by-product hydrogen.

3.3.1Hydrogen Used for Commercial Purposes

When the by-product hydrogen is sold to the local fertilizer factories, which
produce ammonia as fertilizer for agriculture, the energy storage system includes a

battery bank and a diesel generator as a backup power supply.

The sustainable hybrid system in this context is depicted in Fig. 3.2. When the
power deficiency occurs, the battery is discharged to satisfy the power shortage of the
system. Nonetheless, if the load demand is beyond the capacity of the battery bank,
the diesel generator is started to compensate for the energy mismatch of the system.
When the system is connected to the national network, the shortage power is

purchased via the power grid regardless of both battery and diesel generator.
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Figure 3.2 Sustainable hybrid energy system for aquaculture farms when hydrogen is
sold to the fertilizer plant.
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3.3.2Hydrogen Used for Backup Power

When the by-product hydrogen from the electrolyzer is used to generate
additional power for the system, the sustainable hybrid energy system having the
proton-exchange membrane fuel cell (PEM-FC) and hydrogen storage tank as an
energy storage system is presented in Fig. 3.3. When the power shortage occurs, the
by-product hydrogen through the electrolysis process, which is compressed and stored
in a hydrogen tank, is fed into PEM-FC to regenerate electric power to supply
electrolyzer and baseload, compensating the energy mismatch of the system in
islanded operation mode. Nevertheless, if the power demand is higher than the
capacity of the fuel cell, the system is connected to the national network to purchase

electricity, ensuring the stable operation of the system.
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Figure 3.3 Sustainable hybrid energy system for aquaculture farms when hydrogen is
used for backup power.
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3.4 Power Management Strategy

The proposed strategy of power management for the system is necessary for
managing the power distribution amongst energy resources, energy storage devices,
and the power load to adapt to volatile behaviors of renewable resources and load
demand. The strategy is designed to meet the power load demand by power produced
from renewable resources as well as energy storage systems whilst the national power
grid is considered as a backup power supply in on-grid mode. The system’s power flow
is strictly controlled by comparing the generated power to the load demand, as shown
in Fig. 3.4 and Fig. 3.5.

The imbalance between power generated from renewable resources P, (W) and

power load demand B, (W) at an instant time is expressed by:

Pn(t)=P, (t)—P"’L(t) (3.1)

" o ninv
where P, is the imbalance power (W) and 7, presents the inverter efficiency.

The working strategy of the hybrid system is determined by the imbalance of

renewable power and its system configurations.

3.4.1Hydrogen Used for Commercial Purposes

The control strategy in this context, which is shown in Fig. 3.4, prioritizes the
energy produced from solar PV panels and wind power system or stored in the battery
bank to satisfy the load demand and consider diesel generator as a backup in
autonomous operation mode whilst the power deficiency is met by the national grid in
grid-connected mode.

If the generated power from renewable energy is adequate and higher than load
demand, the load is served directly by the PV system and wind turbine system,;
moreover, the surplus power is used to charge the battery bank in islanded mode or
sold to the national grid in grid-connected mode. In islanded mode, if there is excessive
power after the battery is fully charged, the remaining power is dumped. The sold and

dump power is calculated as:

(3.2)

P (t) =Rn (t)
{Pd (t)=Pn (t)=Ru (1)
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Figure 3.4 Flowchart of power management strategy when hydrogen is used for commercial purposes.
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where F, is the charging power (W), P and P, are the power sold to the national grid
and dumped (W), respectively.

In islanded mode, if the generated power is not sufficient to cover the power
demand, the battery bank is discharged to supply enough power to the system.
However, if the power load is higher than the maximal capacity of the battery bank after
its full discharge, the power deficiency is presumed to be entirely supplied by a diesel
generator. Besides, in grid-connected mode, the power shortage might be purchased
from the national power system, which is assumed to be of reliability of 100% and can

be expressed as follows:

(3.3)

{PDG (t) =—PRn (t)_ Plis (t)

ng(t):_Pim(t)
where Py is discharging power (W), P, and P, are real output power of diesel

generator (kW) and power purchased from the grid (W), respectively.

3.4.2Hydrogen Used for Backup Power

When the self-product hydrogen is stored in the tank for generating additional

power, the working strategy of the hybrid system is illustrated in Fig. 3.5.

If the generated power by wind turbines and PV arrays is higher than load
demand, the excess of renewable energy is sold to the national network in on-grid
mode or dumped in autonomous mode. The sold power and the dumped power are

computed as follows:

(3.4)

Besides, the fuel cell stops due to the surplus of electricity. The control system
checks the hydrogen level in the tank. If the hydrogen tank level is lower than the

maximum level of hydrogen C* (kg) in the storage tank, the hydrogen flow produced

from electrolyzer is fed directly to the tank until the tank reaches its capacity and the

surplus hydrogen mf'imped (kg) is dumped to the temporary tank, being sold for different

applications. A compressor is widely used to fill hydrogen to the tank; however, the
electrolyzer might be designed to provide high pressure [76]. Notably, the PEM
electrolyzer could operate with the pressure up to 200 bar [77].
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On-Grid

Off-Grid

R, (t):Pim (t) PFc(t):O

N
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mﬁ'imped =0 Pec (t) =—Fn (t)

Figure 3.5 Flowchart of power management strategy when hydrogen is used for backup power.
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When renewable energy might not meet the load demand, the fuel cell is
harnessed. Nevertheless, the amount of unmet power is purchased directly from the
national grid, with reliability being assumed 100% when the fuel cell might not work
due to a lower level of hydrogen compared to the minimum level of hydrogen CL"Z"‘ (kg)
in the storage tank. On the contrary, the fuel cell produces enough power to meet the
demand. Nonetheless, if the power demand is higher than the capacity of the fuel cell

prae! (W), the power shortage is provided by the national network to prevent the loss

of power supply. The purchasing power from the national grid might be obtained by:
ng (t):_Rm (t)_PFC (t) (3.5)

where P, presents the output power of fuel cell (W).
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4. Optimal Design on Sustainable Hybrid
Energy Systems by Multiobjective
Functions

4.1 Power Load Model (PL)

4.1.1Dissolved Oxygen Model (DO)

The changing rate of DO level in a cultured pond affected by photosynthesis
production, total respiration of organisms, and exchange with the atmosphere is
expressed as:

B -, ()R ()65, 1 (4.1)

where dDO/dtis the changing rate of DO level (mgLth?), P, denotes photosynthesis
production (mgLth1), R,, Presents total respiration of organisms (mgLth?), and Eo,
refers to the oxygen exchange rate (mgLth1).

The oxygen exchange rate between the air and the water surface depends on
the wind speed over the pond and the concentration difference from saturation. The

re-aeration rate is defined as [78]:

2

E, :%-KL-(CS—Ct) 4.2)
1

where ¢ is the dimensionless re-aeration adjustment coefficient, z, denotes the control
volume thickness affected by re-aeration (m), C, indicates DO concentration at

saturation, C, refers to the instantaneous DO concentration (mg/L), and K, is the

oxygen transfer coefficient from wind (m/h), which is determined by the following

equation [79]:
K, :0.0036-(8.43-J\7 —3.67-v+o.43-v2) (4.3)

wherev is the wind speed above the water interface of the pond (m/s).

Nevertheless, the re-aeration is disregarded due to the negligible wind speed on

the pond surface.
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The amount of oxygen produced by photosynthesis depends on such ambient
factors as the intensity of photosynthetically active solar radiation (PAR) and water

temperature together with the concentration of chlorophyll-a, which is given as [80]:
P, (t)=96-a,, -Rq (t)-1.036™2) gl ™). chia (4.4)

where ¢, indicates the ratio of PAR to broadband solar radiation of investigated sites

(m?/kW), R refers to the broadband solar radiation (kW/m?), T, denotes water

temperature of the pond (°C), and Chlapresents the concentration of chlorophyll-a in
the pond (mg/L).

The total respiration rate in a pond involving the respiration rate of aquatic species
under culture, namely fish or shrimp, sediment respiration due to decaying organic
matter, and water respiration caused by phytoplankton is provided by the following

equation:
ROZ (t) = Rspecies (t) + Rsediment (t) + Rwater (t) (45)

where R .. is the respiration rate of species under culture (mgLth?), Ry ey iS the

sediment respiration rate (mgL*h), R,.. is the water respiration rate (mgLth?).

water

Under semi-intensive to intensive culture conditions, the average value of water
respiration rate in brackish water ranges between 0.01 and 0.86 (mgLth) while the
sediment respiration rate is of values from 0.3 to 0.56 (mgLth't) [81].

Regarding the cultured species respiration rate, the total respiration rate of shrimp

is expressed as follows:

Raimp (1) = T (T2 S, My S (4.6)

shrimp ? ~ “shrimp )

where the individual shrimp’s oxygen consumption rate, which is tabulated in [82], is a
function of water temperature T, (°C), salinity in the pond S (ppt), and wet body weight
My (9)- The oxygen consumption rate of shrimp per one cubic meter of water is

calculated by multiplying the individual respiration rate and the stocking density of

shrimp in that volume St [60].

shrimp

The total demand of oxygen for a pond is given by:

TOD(t) =(Ro, (t) = Py, (t))-Vyong -10° (4.7)
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where TODis total oxygen demand for the pond (kg/h).

The total oxygen demand in the shrimp pond is used to characterize the power
requirement of the alkaline electrolyzer. The total oxygen respiration, which is assumed
constant during the day, is utilized to determine the power capacity of alkaline
electrolyzer whilst the DO fluctuation in the pond due to the photosynthesis process

affects the operation of the electrolyzer.

4.1.2 Power Capacity of Electrolyzer

The power capacity of electrolyzer is computed according to the total oxygen
demand of the pond, which is converted to the oxygen production flow rate from the

electrolyzer by the following equation [83]:

TOD(t)

Qo (t)=0.6999-
M

(4.8)

where Qo, is the total oxygen flow rate (Nm3h) and n, s the oxygen absorption
efficiency generated by the microbubble system.
The required power to operate the electrolyzer is expressed as follows [84]:

PELz :Uc'Nc'IELz :U‘IELZ (4-9)

where P, , is the power required by electrolyzer (W), U, represents the cell’'s actual
voltage (V), N is the number of cells in an electrolyzer's stack, |, is the operating

current of electrolyzer (A), andU is the supplied voltage (V).
On the one hand, the total hydrogen flow rate produced from electrolyzer is given
by [85], [86]:
N, -1 N.-P
-80.69-7. -—C EZ —8069.7 -—C EZ
QH2 Tle n_-E Ui U E

H, "y,

(4.10)

where Q. is the hydrogen gas flow rate (Nm3/h), . refers to Faradic efficiency, N,
indicates the number of electrons transferred hydrogen molecule (n, =2), and Fis

the Faraday’s number (96485 C/mol).

On the other hand, the oxygen and hydrogen flow rates produced from the

electrolysis process are provided by the following equations [86]:
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J-A
=—— 4.11
QH2 2.F ( )

J-A
=— 4.12
Q, =5 r (4.12

where J is the current density (A/cm?) and Ais the membrane-electrode-assembly area

(cm?).

It can be seen from (4.9) and (4.10) that the hydrogen flow rate from the
electrolysis process is double the oxygen rate. As a result, the power capacity of
electrolyzer can be determined from (4.6), (4.7), (4.8), (4.9), and (4.10) as follows:

o CE.U -
P = e : Q02 (4.13)
80.69- 7.

The DO level in cultured ponds rises during the day because the amount of
oxygen produced from the photosynthesis process is higher than that of the respiration
rate. On the contrary, when the photosynthesis process ceases at night, DO decreases
due to the respiration of organisms in the pond. According to the changes in DO
concentration in the pond, the electric power required to run the electrolyzer to maintain

a stable DO level is also computed by (4.11).

4.1.3Power Capacity of Mechanical Aerator

In order to compare the features of the innovative aeration system with the
conventional aeration system run by mechanical aerators, the electrical power

requirement for mechanical aerators is taken into account.

Under various operation conditions of the pond, the actual aeration efficiency of
aerators might be expressed by following equation [87]:

(Ty—20)
- a-SAE-(f-C,~C,)-1.024

4.14
9.07 ( )

where AAErefers to the actual aeration efficiency of aerator (kg/kwWh), g presents the
ratio of DO saturation concentration of pond water to DO saturation concentration of

tap water, and C is the initial concentration in pond water at temperatureT,, (°C).

The power required by mechanical aerator is computed according to the total

oxygen demand and its aeration efficiency by the following expression [88]:
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_ToD

=—— 4.15
= (4.15)

4.2 Solar Photovoltaic Model (PV)

The output power generated hourly from the PV system is dependent on ambient
factors (solar radiation, air temperature, and wind speed) as well as the module’s
performance. The mathematical presentation employed to compute the output power

of the system is provided by [89]:

Poy (t) = 77§\T/C '[1"' %(Ta (t) —Tsrc )
PV

4.16
9.5 ttpy (Tyoc — 20) : (1_77§\T/C ( :

800775y +(5.7+3.8-v(t))

)'G(t) Aoy 'G(t)

where P, is the output power of PV system (W), 73'¢ presents the module efficiency at
standard test condition (STC) (%), u, indicates the temperature coefficient of the
output power (%/°C), T, refers to the STC temperature (25 °C), T o denotes the
nominal operating cell temperature (°C), A,, denotes the area of the PV module (m?),

and G refers to the global solar radiation on the tilted surface (W/m?), which is computed

with the following equation [90]:
G(t)=G, (t)+G, (t)+G,(t) (4.17)

whereG, ,G,, andG, are the beam, diffuse, and reflected components of the global

solar radiation (W/m?), respectively.

The beam radiation on the tilted surface is calculated by [90]:

Gy ()-Gi(1).

where G} and G} are the global horizontal radiation and the diffuse horizontal radiation
(W/m?), respectively, «.is the solar altitude (°), and @is the angle of incidence (°).

The diffuse radiation on the tilted surface is computed by [90]:

G, (t)-6; () A (4.19)
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where f,is the tilt angle (°).

The reflected radiation on the tilted surface is given by [90]:

1-cosf

G, (t)=p, -G (t) > (4.20)

where p_is the ground reflectance.

4.3 Wind Turbine Model (WT)

The hourly generated power by a wind turbine system is expressed as a function
of available wind velocity at a specific hub height of the wind turbine by the following

equation [91]:

0 (Vv<v,orv>v,)
V(t)-v
Rur (1) =4 7hur - Rir™ % (v<vsv,) (4.21)
Tt - P (v, Sv<y,)

where R, denotes the power produced by WT system (W), R;>* is the rated power of
WT (W), v,,V,, andv,are the rated, cut-in, and cut-out wind speed (m/s), respectively,

N1 1S the efficiency of the WT system, which is presented as [92]:

T =11g "y (4.22)
where 7, is the generator efficiency andr,is the gearbox/bearing efficiency.

The actual wind turbine power output at a specific site directly correlates to the
wind speed at particular hub height and wind characteristics of the turbine. Hence, the
wind speed measured at a reference hub height should be converted to the desired

hub height by using logarithmic law as follows [93]:

_ In(h/z,)

V=V, m (4.23)

wherevis the wind speed at hub height (m/s), v, is the measured wind speed at
reference height (m/s), his the hub height (m), h_, is the reference height (m/s), and z,

stands for the surface roughness length (m).
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4.4 Battery Bank Model (BB)

When the generated power is higher than the load demand, the battery is in the

charging state with the following formulation [94]:
SOC (t) =S0C (t —1) . (1—0BB ) +P., (t) Tss / Egs (4.24)

where SOC (t)and SOC (t—l) are the states of charge of battery bank at the timetand
t—1, respectively, o, is hourly self-discharge rate, Eg;is the battery bank capacity

(Wh), andn,, denotes the efficiency of the battery bank.

In contrast, when the generated power is smaller than the load demand, the

battery is in discharging state with the following formulation [94]:

SOC(t)=SOC(t—1)-(1—0gg )+ Py (t)/(755 - Egs) (4.25)

4.5 Fuel Cell Model (FC)

The amount of hydrogen consumed by a fuel cell depends on its output power,

as shown in the following expression [95]:

Opc - PFrSIEd + e Pec (t)
(PFC < PEW ) Plzrgted )

e

mcozns (t) — i p t max (426)
" Opc - PFCt ‘ + Pec - Pec (t)'{l"' Fe ( F';cr:at(ed) o H

FC

max rated rated
(Pef‘f Pee <Pee <Pec )

where my™is the hourly fuel consumption of FC (kg/h), o and B, are the coefficients
of hydrogen consumption curve (kg/kWh), P2 and P, are the capacity and output
power of FC (W), respectively, Pg™is the power of maximum efficiency, and F, is the

correction factor considering the high consumption above Pg™. The FC efficiency

ranges between 31% and 46% [95].

4.6 Hydrogen Tank Model (HT)

The hydrogen gas flow produced from the electrolyzer might be stored in the
forms of compressed high-pressure gas, liquid, or hydrogen-absorbing materials.

The level of hydrogen in the storage tank is written as follows [96]:

Nguyen Nhut Tien



4. Optimal Design on Sustainable Hybrid Energy Systems by Multiobjective Functions 34

Cy, (1) =Cy,, (t=1)+m5™ (t)—m™ (t) /1 (4.27)
whereC,, (t)andC,, (t—1)refer to the states of the hydrogen mass in the storage tank

(kg/h) at the timetandt —1, respectively, m,ﬁfd is the hydrogen mass flow produced from

electrolyzer hourly (kg/h), andn,, is the storage efficiency.

4.7 Diesel Generator Model (DG)

The diesel generator is required to provide backup power for the autonomous
system in the case of power deficiency. Moreover, the fuel consumption rate of diesel
generator, which directly decides the amount of greenhouse gas emissions and

operation cost, is written as follows [97]:
FCpus (t)=C,-P5a* +c, Py (t) (4.28)

where FC; is the fuel consumption rate of diesel generator (L/h), P}2* and P, are the
rated and real output power of diesel generator (kW), respectively, ¢, and c,denote the

intercept coefficient and slope of fuel consumption curve (L/kWh).

4.8 Objective Functions

4.8.1 Annualized Cost of System (ACS)

The annualized cost of the system, which is composed of the annualized cost of
components in the system, the total cost of purchasing and selling electricity, and the

total cost of selling surplus hydrogen, is computed by the following equation:
ACS =C,. +C; —Cys —Cis (4.29)
where C,.. is the annualized cost of components in the system, C,, andC are the

total cost of purchasing and selling electricity, and C . is the total cost of selling surplus

hydrogen.
The annualized cost of components in the system is calculated as follows:

Cpce =Cupe -CRF (i,N) (4.30)

where C,, is the net present cost or life-cycle cost and CRF (i, N) denotes the capital

recovery factor, used to convert the present value into a series of equal annual cash

flows, having the mathematical formulation expressed as:

Nguyen Nhut Tien



4. Optimal Design on Sustainable Hybrid Energy Systems by Multiobjective Functions 35

CRF(i,N)=— (4.31)

where N is the project lifetime (years) andirefers to the interest rate (%).

The net present cost involving the capital cost, the total maintenance cost, the
total replacement cost, the total depreciation tax benefit, and the total salvage value
incurred over the project lifetime.

CNPC = CCAP + CMAI + CREP _CDTB - Csv (4-32)

where C.,, indicates the capital cost, C,,, presents the total maintenance cost, C is
the total replacement cost, C,,; refers to the total depreciation tax benefit, andC, is

the total salvage value.
The capital cost includes purchasing and installing the component.

The total maintenance cost is expressed as [98]:

N MAI
Com =2, ((1-tr) (4.33)
n=1 1+|

where nis the n-th year of the project, MAI refers to the annual maintenance cost, tr

denotes the tax rate (%).

The total replacement cost is the cost of replacing any components of the system
occurring during the lifetime and is computed as [98]:

Con =Y P (1-1r) (4.34)

where T refers to the r-th replacement with the total number of replacements R during

the project lifetime, REPis the investment cost of the replaced component, and |,
denotes the lifetime of the replaced component (years).
The total depreciation tax benefit is defined as the present value of the

depreciation tax benefit over the financed life of the project asset and is expressed as
follows [98]:

N DTB
C :2 —  tr 4.35
e~ (1+i)" (499
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where DTBIs the annual depreciation tax benefit, which is assumed to be straight-line
based on [99].

The total salvage value, which is the value remaining of a component at the end
of the project, is given by the following equation:

SV
(1+i)N

Cy = (4.36)

where SV is the salvage value, accounting for 10% of the initial cost [99].

The cost of power exchange between the advanced aeration system and the
national network including the cost of purchasing electricity from the grid and the cost
of selling surplus electricity to the grid during a year is defined as follows:

Cer = . P, (t)-Cy, (4.37)

=P, (1), (4.38)

where T denotes the number of hours in a year (8760 hours), ¢, and c, are the
purchasing and selling electricity price ($/kWh), respectively. In stand-alone operation

mode, the cost of power exchange is neglected.

The by-product hydrogen is utilized for power generation; nevertheless, the
surplus hydrogen, which is dumped due to the limited capacity of the hydrogen tank,

is sold to fertilizer factories. The total cost of selling dumped hydrogen is given by:
T
Cs = D My™ (t)-cy (4.39)

where c,is the selling price of hydrogen ($/kg).

The first objective function, which is an economic evaluation, is to minimize the
ACS.

4.8.2Loss of Power Supply Percentage (LPSP)
The second objective function, which is defined as the ratio between the total
unmet load and the total power load demand, is applied to minimize the loss of power

supply percentage according to equation [100]:
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Punmet (t)

Reaa (1)

LPSP (4.40)

M-

I
JiN

t

where LPSP is the loss of power supply percentage used to evaluate the reliability of
the system in islanded operation mode due to the stochastic nature of renewable

energy resources and P, ...is the unmet load at each hour (W), which is given by:

nmet

Py (1) = {0 (Pload (t) < Poa (t)) (4.41)

P ()= Poa (1) (P (1) > P (1))

where B, is the generated power from available resources (W).

4.8.3 Carbon Dioxide Emission (EMI)

The total amount of CO2 emission from the national grid in case of grid-connected
operation mode or diesel generator in the autonomous mode is minimized by the third
objective function and expressed as:

EMI = i[PDG (t)-€pr + Py () €4 | (4.42)

where EMI is the amount of CO2 emission of the system during a year (t-COz), e, and

e, are the grid and diesel fuel emission factors (g-CO2/kWh), respectively.

When the system is connected to the national network, the emission from diesel

generator is zero and vice versa in the islanded grid.

4.9 Multiobjective Optimization for Sustainable Hybrid Energy Systems

4.9.1Constraints
The optimization problem attempts to achieve the optimal values of decision

variable including tilt angle f,(°), azimuth angle y, (°), PV peak capacity P2 (Wp), WT
rated capacity P> (W), battery bank capacity E;; (Wh), FC rated capacity P22* (W),

and the mass of HT m_, (kg). The constraints should be met:
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0< <90

~180 <y, <180

0 < P < P

0< P < P (4.43)
0< Ey <Ep

0< P2 < o

max
0<m,; <mj;

where P, B, EL¥, P, and m{>* denote the maximum values of PV capacity, WT

capacity, BB capacity, FC capacity, and the mass of HT, respectively.

The PV system is of the maximum values of PV capacity according to the capacity
potential, which depends on the packing factor, the available land of the investigated

site, and the power over the module’s unit area and is computed as [101]:

i

Z(Z S; -SE]- PF, - Po"

P — j=1\_i=1
cp 1000

(4.44)

where P, is the capacity potential (kW), m; presents the total number of pixels in the
investigated area, n; refers to the site use suitability category number (n,=7), s,
denotes the area of site use typeiin pixel j (m?), SF indicates the suitable fraction of
site utilization typei, P" is the power per unit area of the PV array, and PF, represents
the packing factor, and expressed as [101]:

PF = 1 (4.45)

sin
cos 3, + b -COS ¥,
tan

S

The packing factor fluctuating between 0 and 1 represents the effective area of

PV panel per square meter of the site area.

Similarly, the maximum WT capacity is set the same as the maximum value of

PV capacity.

Furthermore, in order to protect the battery bank from damage due to
overcharging and discharging, the charging control limit and control strategy should be
considered elaborately due to the high replacement cost of batteries [102], [103].

Hence, the physical constraints should follow the lower as well as the upper limit as:
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SOC,;, <SOC(t)<SOC,,,
P, (t) < Py™ (4.46)

Pyis (t) < Pdri:ax

where SOC,_,, and SOC_ denote the lower and upper limit of the battery bank,
respectively, P/ and Pj™indicate the maximum charging and discharging power of

the battery (W), respectively.

Besides, the hydrogen storage is constrained based on its minimum and

maximum capacity given by:
C"<C, (t)<C™ (4.47)

where C,TZ‘" and Cy, are the minimum and maximum levels of hydrogen in the storage

tank, respectively.

4.9.2Implementation of Non-dominated Sorted Genetic Algorithm (NSGA-II)

The optimization simulations are developed in the Matlab environment. NSGA-II,
which is a powerful multiobjective evolutionary algorithm based on Pareto-optimal
solutions, is utilized to find the optimal system configuration [104]. A fast non-
dominated sorting technique is employed in NSGA-II to sort the population into various
non-dominated levels, with each solution being assigned fitness, which is equal to its
non-dominated level [105]. This technique, together with elitist strategy, could provide
a better spread of solutions, fast convergence towards the Pareto-optimal front, and
preserve the solution diversity [106]. The obtained Pareto-optimal solutions in this

algorithm comprise a set of optimal solutions called the Pareto front.

The basic steps illustrated in Fig. 4.1 for solving nonlinear optimal configuration

of the system are presented as follows:

Step 1: Input the primary data, such as annual meteorological data of the
investigated location (hourly solar radiation, ambient temperature, and wind speed),
technical as well as economic data for components in the system, emission
parameters, biophysical parameters of the cultured pond, and parameters of NSGA-II

algorithm.
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Figure 4.1 Flowchart of NSGA-II for optimization under multiobjective functions.
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Step 2: Produce the initial population based on decision variables (azimuth angle,
tilt angle, the capacity of PV, wind turbine, battery, fuel cell, and hydrogen tank), which

are gene codes of each individual in the population with size N . Then apply genetic

manipulation, such as crossover and mutation mechanisms, to produce the offspring

population.

Step 3: Compute the energy output for a one-year operation through the
combination between the input data and such system models as PV, wind turbine,

battery, diesel generator, fuel cell, hydrogen tank, and power load.

Step 4: Select the operation modes and calculate the objective functions
according to the various system configurations in which the by-product hydrogen is

used for commercial purposes or stored for backup power.

Step 5: Implement NSGA-II to assess objectives according to objective functions

and constraints.

Step 6: Update the initial population and repeat step 2 if the maximum number of

iterations is not satisfied.

Step 7: Sort obtained solutions and generate Pareto set for sorted non-dominated

solutions when the termination criteria are met.

The population size and the number of generations of the algorithm are set as
200. Furthermore, the crossover and mutation rates of decision variables are set as

0.9 and 0.1, respectively.

4.10 Sensitivity Analysis for Sustainable Hybrid Energy Systems

4.10.1 The External Uncertainty Models

The meteorological factors, such as solar irradiance, ambient temperature, and
wind speed, are sensitive to a particular topography due to their intermittent nature. As
a result, the generated power from such renewable energy resources as solar and
wind power is variable and uncertain; however, these power resources have stochastic
behavior, which could be characterized by a probabilistic distribution function (PDF).
Furthermore, to evaluate the influence degree of the interannual variations of
meteorological variables on optimization outcomes, the sensitivity analysis is

conducted by Monte Carlo simulation based on scenarios including the uncertainties.
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The stochastic uncertainty model representing the deviations from the original
series follows the PDFs. The interannual variations of average daily irradiation,
average temperature, and average wind speed of a whole year are described by a
Gaussian PDF with mean value and standard deviation [107].

The uncertain scenarios having hourly series of meteorological variables in a year
are generated according to random samples following the Gaussian distribution, the
hourly values of each original series, and the annual mean values of the uncertain

variables in several years, as shown in the following equation [107]:

'/l/k(lujvo-jz)
Hi

0; (t):¢j (t)

(1<k<Ngp) (4.48)

where 6, (t) is the uncertain parameters, ?, (t) denotes such time-dependent

phenomena as solar irradiance ( j=G), air temperature ( j=T,), and wind speed (

J=V), and N___is the number of discrete samples followed by a Gaussian PDF

samp

/l/(,u, GZ)With annual mean and standard deviation.

4.10.2 Sensitivity Analysis by Monte Carlo Simulation

It is necessary to carry out sensitivity analysis for optimization outcomes due to
uncertainties in input variables. Nonetheless, the Monte Carlo analysis method, which
often applies to assumptions for system cost, is useful when the input values are
exposed to uncertainties [108]. Hence, Monte Carlo simulation is conducted since it is
the most suitable method for complicated systems having a lot of uncertainties [109].

To evaluate the effect of uncertain parameters on the fitness of the system, the
procedures of sensitivity analysis by Monte Carlo simulation after performing

deterministic optimization in Fig. 4.2 are shown below:
Step 1: Collect data of the system for Monte Carlo simulation.

Step 2: Perform statistical analysis from historical and given data to obtain mean

values, standard deviations for several years.
Step 3: Generate uncertainty scenarios with a total of N, random samples from
Gaussian PDFs.

Step 4: Calculate the output power for a one-year operation by combining the

generated scenarios and optimized decision variables through system models.
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Figure 4.2 Framework of scenario development by Monte Carlo simulation for sensitivity

analysis.
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Step 5: Select the operation modes and compute the fithess corresponding to

each mode.

Step 6: Keep recording results and repeat step 3 if the maximal number of
iterations is not reached.

Step 7: Extract results for sensitivity analysis when the stopping criteria are met.
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5. Analysis of Sustainable Hybrid Energy
Systems for Shrimp Farms

5.1 Case Study

5.1.1Case Data Introduction

The proposed energy system and its optimal design are applied to a shrimp farm
located at Vinh Chau, Soc Trang province, which is situated 9.42° north latitude, 106.7°
east longitude, GMT+7 time zone, and -8 m elevation. This province is one of the large

shrimp producers in the Mekong Delta, Vietnam.

The investigated shrimp farm illustrated in Fig. 5.1 consists of three grow-out
ponds, one pond for storing water, and another pond for water treatment. Each grow-

out pond is of a depth of 1.2 m and a surface area of 1400 m?2. The PV panels are

mounted above these ponds, with the appropriate spacing between each panel.

Figure 5.1 Ponds at the investigated shrimp farm.
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The location of the shrimp farm has, in general, a tropical climate divided into dry
and rainy seasons with the former starting from November to April and the latter lasting
from May to October. The meteorological data, which includes solar irradiance, air
temperature, and wind velocity captured by a sample per hour precision in a typical
year, is shown in Fig. 5.2. The solar irradiance is somewhat constant during the year
with a daily mean value of 4.8 kwWh/m? [110]. The average value of the air temperature
is about 27 °C. Moreover, the wind speed in this region is abundant at 80 m height,

with its value averaging at 7 m/s [111].
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Figure 5.2 Annual solar irradiance (a), air temperature (b), and wind speed at 10 m
height (c).
The rearing period of shrimp at the implemented farm lasts about three months.
The primary power at the farm during the cultivating period is consumed by the
electrolyzer, which is employed to produce pure oxygen for aerating cultured ponds, at
80%, leaving the baseload at 20%.
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Table 5.1 Biophysical characteristics of grow-out ponds

Quantity Value Refs
Number of ponds 3
Surface area of grow-out pond (m?) 1400
Depth of water (m) 1.2
Salinity (ppt) 1
Average water temperature (°C) 30
Air pressure (atm) 1
Average shrimp weight (g) 30
Stocking density (shrimp/m?) 200
Average water respiration rate (mgLth™) 0.4 [81]
Average sediment respiration rate (mgLtht) 0.43 [81]
Oxygen absorption efficiency of bubble system (%) 95 [72]
Ratio of PAR to broadband solar radiation (m?2/W) 0.02 [80]
Average chlorophyll-a concentration (mg/L) 0.1 [112]

The total oxygen requirement in grow-out ponds, which have biophysical
characteristics presented in Table 5.1, determines operation modes of the electrolyzer.
The power consumption of electrolyzer changes during the day according to losses of
oxygen due to the respiration of organisms in ponds and oxygen production by
photosynthesis, shown in Fig. 5.3. The electrolyzer consumes the highest amount of
energy at night due to the decline in photosynthetic oxygen generation by

phytoplankton.

W
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Figure 5.3 Hourly oxygen rate by photosynthesis process and respiration demand.
It can be seen from Fig. 5.4 that the overall system requires more power at night.

In addition, the load profile of the system is constituted by a significantly high amount
of energy from the electrolyzer. At the same time, the baseload requires a small
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amount of power from the system. Thus, the load profile of the system, followed by the

pattern of the electrolyzer, demands more electricity at night.
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Figure 5.4 Hourly oxygen requirement and power demand at the shrimp farm.

5.1.2 Parameter Settings

The specifications of components in the system at the shrimp farm for techno-
economic optimization are described in Table 5.2. The project lifetime of the system is

assumed to be 20 years based on the longest lifespan of the component in the system.
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Table 5.2 Parameter settings for simulation optimization

Quantity Value Refs
Initial cost of PV ($/kW) 1000 [113]
Initial cost of wind turbine ($/kW) 1980 [113]
Initial cost of electrolyzer ($/kW) 1200 [114]
Initial cost of fuel cell ($/kW) 3000 [115]
Initial cost of hydrogen tank ($/kg) 1000 [116]
Initial cost of battery ($/kWh) 400 [117]
Initial cost of inverter ($/kW) 90 [118]
Initial cost of diesel generator ($/kW) 336 [119]
Initial cost of mechanical aerator ($/kW) 440 [88]
Cost of diesel fuel ($/L) 0.9
Purchase price of electricity from grid ($/kWh) 0.0804
Sale price of electricity to grid ($/kWh) 0.0935 [120]
Sale price of hydrogen ($/kg) 2 [121]
Project lifetime (years) 20
PV system lifetime (years) 20 [122]
Wind turbine system lifetime (years) 20 [123]
Electrolyzer lifetime (years) 10 [114]
Fuel cell lifetime (years) 5 [115]
Hydrogen tank lifetime (years) 20 [116]
Battery lifetime (years) 12 [117]
Inverter lifetime (years) 15 [119]
Diesel generator lifetime (years) 7 [119]
Mechanical aerator lifetime (years) 4 [88]
Tax rate (%) 10 [124]
Interest rate (%) 6 [124]
Maintenance rate of PV (%) 15 [113]
Maintenance rate of wind turbine (%) 1.8 [113]
Maintenance rate of electrolyzer (%) 2.5 [114]
Maintenance rate of fuel cell (%) 5.8 [115]
Maintenance rate of hydrogen tank (%) 1 [116]
Maintenance rate of battery (%) 4 [117]
Maintenance rate of diesel generator (%) 2 [125]
Maintenance rate of mechanical aerators (%) 10 [88]

5.2 Hydrogen Used for Commercial Purposes

5.2.1Scenarios for Simulation Optimization

Three scenarios are conducted in the islanded operation mode for simulation
optimization, as illustrated in Table 5.3. Scenario S1, which is the combination of PV
and battery with a diesel generator as backup power, is analyzed at the shrimp farm.
Scenario S2 considers the integration of wind turbines, battery bank, and a diesel
generator. The hybrid energy system in scenario S3 comprises of PV, wind turbines,
and battery with the support of backup power from a diesel generator in which the
capacity of each component is optimized to satisfy the power demand at the farm. The

best configuration of components in the system in one of the concerned scenarios is
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implemented in the grid-connected mode in which the backup power is replaced by the
national grid instead of the battery as well as the diesel generator. Furthermore, the

surplus power in the on-grid operation mode is sold to the national network according
to the FIT policy.

Table 5.3 Summary of simulated scenarios
Description Scenario S1  Scenario S2  Scenario S3
PV X - X
Wind turbine - X
Battery

X
X X X
5.2.2Optimization Results in Stand-Alone Mode for Scenario S1

The Pareto front, which is shown in Figure. 5.5, indicates the relationship between
ACS and EMI for the system involving PV arrays, the battery bank, and a diesel
generator.

It can be seen from Fig. 5.5 that the amount of CO2 emission is significantly high,
with the level being more than 30 tCO2 when the ACS of the system is lower than

360,000 USD. The value of EMI decreases considerably with the increase of ACS from
340,000 USD to 360,000 USD. Afterward, the amount of CO2 emission declines

fractionally with the increment of the ACS, reaching 14.05 tCO:2 with the maximal value
of ACS at 581,000 USD.
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Figure 5.5 Pareto front for scenario S1.

Moreover, the process of the simulation optimization for scenario S1 is clarified

specifically by dissecting the relationship between the capacity of PV and battery with
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CO2 emission, presented in Fig. 5.6. The capacity of the battery is affected by the
capacity of the PV system. The low capacity of the PV system often coincides with the
small capacity of the battery. In combination, negative impacts on the environment are
inevitable due to the high amount of CO2 emission released from the operation of the
diesel generator to meet the power shortage. The amount of CO2 emission of the
system, nonetheless, declines with the increase in capacity of PV and the battery bank,
which results in a decrease in the backup power from the diesel generator.
Furthermore, the battery capacity cannot rise beyond 6 MWh because the PV peak

capacity reaches the maximum available values (1,000 kWp).
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Figure 5.6 The relationship between PV and battery capacity with emission.

5.2.3Optimization Results in Stand-Alone Mode for Scenario S2

It can be seen from the Pareto front of scenario S2 depicted in Fig 5.7 that the
increase in the system cost leads to a dramatic decline in CO2 emission, reaching the
minimum value at 72.67 tCO2 with the system cost at 1,032,000 USD.

As shown in Fig. 5.8, the values of CO2 emission of the system initially decrease
due to the increase in capacity of the WT systems until 120 tCO.. Afterward, the CO:2
emission declines further by increasing the capacity of the battery, which closes to the
upper boundary of 10 MWh as the wind turbines reach the maximal capacity. Although
the WT system capacity closes to the upper limit of 1,000 kW, the amount of CO2
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remains substantially high, which is caused by diesel generator to satisfy the power

deficit of the system.
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Figure 5.7 Pareto front for scenario S2.
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Figure 5.8 The relationship between wind turbine and battery capacity with emission.
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The system in scenario 2 has significantly high ACS as well as EMI due to the
high capital cost of wind turbines and moderate wind speed at the investigated shrimp
farm in which wind turbines could not produce efficient power for the system. As a

result, the system requires more capacity of the battery for storage and fulfills power
shortage from the diesel generator.

5.2.4Optimization Results in Stand-Alone Mode for Scenario S3

Scenario 3 combining power resources between PV and wind power with the

support of battery storage and a diesel generator is of a similar trend to scenario S1
and S2.

As can be seen in Fig. 5.9, the increase in the system cost results in decline in

greenhouse gas emissions. The system stops releasing CO2 when its cost reaches the
maximum value of 794,000 USD.
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Figure 5.9 Pareto front for scenario S3.

In comparison with scenarios S1 and S2, the values of minimal ACS and EMI in

scenario S3 are the lowest, as illustrated in Table 5.4 since the combination between

PV and wind power could not only satisfy the power load but also lead to a decrease

in battery capacity and power requirement from the diesel generator, resulting in the

decline in the overall capital cost of the system and CO:2 emission. In autonomous
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operation modes, the minimum value of ACS of S3 is the lowest, at about 291,444
USD. On the contrary, the ACS of S1 is the highest, which is higher than that of S2 at
15,940 USD. Regarding the emission of the system corresponding to ACSmin, SCenario
S1 releases the highest amount COz2, at about 211.34 tCOz2, which is much higher than
S2 (181.67 tCO2). Scenario S3 has the lowest level of emissions at 149.14 tCOx.

Table 5.4 Optimization results corresponding with the minimum annualized cost of
system for each scenario.

Description Scenario S1 ~ Scenario S2  Scenario S3
PV capacity (kWp) 439.76 - 255.09
Wind turbine capacity (kW) - 406.39 260.6
Battery capacity (kWh) 511.66 13.19 274.74
ACSnmin (USD) 340,364 324,424 291,444
EMI (tCO2) 211.34 181.67 149.14

Among three scenarios implemented for simulation optimization in the off-grid
operation mode of the system, scenario S3 is considered the best configuration for the
investigated shrimp farm, integrated by between PV panels and wind turbines with the
support of battery and diesel generator. The integration of components in scenarios
S3 could power the system satisfactorily with the lowest CO2 emission and the most
competitive annualized cost of the system. Hence, the configuration of PV arrays and

wind turbines is chosen for simulation optimization in grid-connected operation mode.

5.2.50ptimization Results in Grid-Connected Mode
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Figure 5.10 Pareto front for on-grid mode.
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The Pareto front in a grid-connected operation mode in which the backup power
is totally supplied by the national grid instead of battery storage and a diesel generator
is presented in Fig. 5.10. It can be seen that the ACS has negative values, which
means that the system could produce revenues by selling not only by-product

hydrogen but also the surplus electricity to the national network.

Table 5.5 provides a comparison among islanded mode, grid-connected mode,
and conventional aeration system (CAS) powered by the national network. As shown
in Table 5.5, when the project lifetime is over, the grid-connected system could realize
the minimum cost at about -7,694 USD from selling the surplus electricity together with
hydrogen. The ACS of scenario S3 is about eight times higher than that of the CAS
(291,444 USD and 35,090 USD, respectively). In addition, the islanded system could
only produce profits from selling hydrogen while the excess energy is stored in the
battery to supply power for the system anytime when renewable power is not available.
Besides, the initial capital cost of the battery is not only high, but it has to be replaced
one time over the lifetime period, according to Table 5.2, resulting in additional cost in

the overall expense of the system.

When the CO2 emission is considered, the off-grid system S3 releases the lowest
amount of gas emissions, at 149.14 tCO2, which is dramatically lower than grid-
connected mode and the CAS, with the former having a slightly lower level than the
latter (231.14 tCO2 and 261.96 tCO2, respectively) as the advanced aeration system

consumes considerably high power at night.

Table 5.5 Comparison between scenario S3, on-grid mode and conventional aeration

system.
Description Scenario S3  On-grid mode CAS
PV capacity (kWp) 255.09 992.59
Wind turbine capacity (kW) 260.6 998.10
Battery capacity (kWh) 274.74 - -
ACS (USD) 291,444 -7,694 35,090
EMI (tCO) 149.14 231.14 261.96

5.3 Hydrogen Used for Backup Power

5.3.1Optimization Results in Stand-Alone Mode
The relationship between LPSP and ACS in stand-alone operation mode, which
is powered by PV arrays and WT with and without energy storage, is depicted in Fig.

5.11. This figure presents the annualized cost of the system at various reliability levels.
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The LPSP value decreases with the rise of ACS. The lowest value of LPSP is 0
indicating the highest reliability whilst the value of 1 shows that the load demand is

never satisfied.
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Figure 5.11 Pareto fronts in stand-alone mode.

As shown in Fig. 5.11, the system without energy storage has the minimum value
of LPSP at about 28%, while this value of the system supported by energy storage is
at about 20%. On the one hand, the reliability of the system supported by energy
storage, i.e., fuel cell and hydrogen storage, is improved slightly, at about 8% due to
the low efficiency of the fuel cell. The reason for this is that the hydrogen fuel, which is
directly converted into electricity by fuel cell for backup power, is the by-product
through water electrolysis. Apart from that, the production flow rate of hydrogen
depends on the operation of the electrolyzer, which is used to produce the main-
product oxygen according to DO changes in cultured ponds to provide aeration for
cultivated species. On the other hand, the system cost corresponding to LPSPmin (20
%) is about 416,620 USD, which is considerably higher than the system without energy
storage (273,933 USD) due to the additional expense of the energy storage system.

Moreover, the process of simulation optimization is explained specifically by
analyzing the relationship between the available capacity of power resources and
LPSP, as shown in Fig. 5.12. The rise in the capacity of PV and WT systems

Nguyen Nhut Tien



5. Analysis of Sustainable Hybrid Energy Systems for Shrimp Farms 57

significantly improves the reliability of the system. However, when the value of LPSP
is lower than 30%, LPSP decreases fractionally since the capacity of PV and WT
systems approach their limit. The maximum available value of WT is higher than that
of PV (1,000 kW and 704 kW, respectively) because the system load demands more
power at night than the daytime. In addition, the moderate wind velocity at the farm
might not produce sufficient energy for the system at night; hence, the reliability of the
system could not be improved dramatically even the wind turbine system reaches the

maximal rated capacity.
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Figure 5.12 The relationship between the capacity of PV and WT with LPSP.

Similarly, the influence of FC capacity on values of LPSP and ACS is illustrated
in Figure. 5.13. The utilization of FC to provide backup power generated from by-
product hydrogen could improve the reliability of the hybrid system. It can be seen in
Fig. 5.13 that the LPSP initially decreases dramatically, although the capacity of FC is
still very small. The cause of this decline is the increase in the capacity of renewable
energy resources. Nevertheless, when the renewable resources are close to their
upper boundary, the value of LPSP continues to decline gradually with the sharp rise
of FC capacity, reaching 20% with the maximal values of ACS and FC capacity at
about 416,620 USD and 67 kW, respectively. The system cost witnesses a dramatic

increase due to the high capital cost of FC and associated HT.
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Figure 5.13 The relationship between FC capacity and LPSP with ACS.

Undoubtedly, the power system having the minimum value of LPSP at 20% could
not meet the security of the aeration system. The aeration system for aquaculture
industry necessitates stable, sufficient, and secure power resources, which could
supply power continuously without lengthy blackout; therefore, the proposed aeration
system energized by renewable resources and supported by FC as primary backup
must be connected to the national power system to satisfy the power shortage.

5.3.20ptimization Results in Grid-Connected Mode

When the proposed system operates in connection with the national power
network, the carbon dioxide emission from the national grid is considered as the
objective function EMI besides ACS. The Pareto front optimized in on-grid mode with
the total support from the national grid as the secondary backup power system is
presented in Fig. 5.14. The increase in the ACS leads to a significant decrease in COz2
emission, reaching the minimal value at 124.32 tCO2 with the ASC at 152,386 USD.
Nevertheless, the ACS has negative values indicating that the proposed system is able
to obtain revenues from selling surplus electric power to the national grid and dumped
hydrogen to local fertilizer factories.

The optimal solutions from the Pareto front are divided into two groups. The group

with orange solutions in Fig. 5.14 has ACS values lower than ACS of the conventional
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aeration system (CAS) run by paddlewheel aerators.

59

On the contrary, the ACS values

of the group with purple solutions are higher than that of the CAS.
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Figure 5.14 Pareto front for on-grid operation mode.

A comparison amongst two solutions of interest from orange solutions and the
CAS powered by the national grid is illustrated in Table 5.6. Solution 1 (Sol 1)

corresponds to the lowest value of ACS and the highest amount of CO2 emission, while

Sol 2 is the intermediate solution among orange solutions in Fig. 5.14. However, in a

real application, designers could choose one of the

preferences.

orange solutions based on their

Table 5.6 Characteristics of two solutions of interest and conventional aeration

system
Description Soll Sol 2 CAS
PV capacity (kW) 998.65 998.62 -
Wind turbine capacity (kW) 999.09 998.96 -
Fuel cell capacity (kW) 0.06 12.30 -
Hydrogen tank capacity (kg) 0.51 12.25 -
ACS (USD) -9,112 7,160 35,090
EMI (tCO2) 231.35 208.01 261.96

The capacity of PV and WT of Sol 1 reaches the

maximum available values whilst

the FC is not employed for backup power, which is totally purchased from the national

network. Thus, besides selling surplus electric power to the national grid, all of the
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dumped hydrogen from the electrolysis process is collected and sold to local fertilizer
plants, producing revenues for farmers about 9,112 USD in a year. By contrast, the
amount of emission released from the grid is high (231.35 tCO2) compared to Sol 2
(208.01 tCO:y).

With the utilization of FC as backup power in Sol 2, the amount of CO2 emission
declines considerably in comparison with Sol 1 and the CAS (23.34 tCO2 and 53.95
tCOz2, respectively). The utilization of FC often coincides with HT. In combination, the
extra cost associated with such configuration is inevitable. Although the cost of the
system of Sol 2 is considerably higher than Sol 1, it is still significantly lower than the
CAS (7,160 USD and 35,090 USD, respectively); hence, farmers could save about
27,930 USD per year.

5.4 Potential Carbon Tax and Sensitivity Analysis

5.4.1 Potential Carbon Tax Analysis

The potential carbon tax in case of hydrogen used for commercial purposes
(scenario S3 and on-grid mode) and backup power (Sol 2) compared to the CAS is
given in Table 5.7. Among scenarios, the on-grid mode is of the lowest potential carbon
tax, at -1,388 USD/tCO.. In contrast, the potential carbon tax of scenario S3 is the
highest, at 2,272 USD/tCO:. In other words, the most expensive technology to reduce
CO2z emission relative to the CAS is scenario S3, including the integration of renewable
energy resources with the support of battery and diesel generator. The on-grid
operation mode and Sol 2, whose backup power generated from by-product hydrogen
and supported by the national grid, respectively, are cheap ways to reduce CO:2
emissions (-1,388 USD/tCOz and -518 USD/tCOz2, respectively).

Table 5.7 Potential carbon tax of scenarios compared to the CAS

Description Scenario S3  On-grid mode Sol 2 CAS
ACS (USD) 291,444 -7,694 7,160 35,090
EMI (tCOz2) 149.14 231.14 208.01 261.96
Potential carbon tax (USD/tCOx) 2,272 -1,388 -518 Reference

In general, the on-grid mode and Sol 2 are economical solutions for shrimp

production contexts in Vietham.
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5.4.2 Sensitivity of Deterministic Solutions

The simulation optimization showed that the proposed hybrid sustainable energy
system, which could produce onsite pure oxygen for aerating shrimp ponds and use
by-product hydrogen mainly either for commercial purposes or backup power, is a
promising solution for shrimp aquaculture. Nonetheless, it is necessary to conduct

sensitivity for these solutions due to uncertainties in the input variables.

The influence of uncertainties of the meteorological variables on optimal solutions
is assessed by Monte Carlo simulation based on uncertain scenarios. A humber of
1000 random samples are generated according to Gaussian PDFs for iteratively
simulating the prosed system.
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Figure 5.15 PDFs of the results of ACS (a) and EMI (b) for on-grid operation mode.
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Figure 5.16 PDFs of the results of ACS (a) and EMI (b) for Sol 2.

The probabilistic simulation is performed over the on-grid operation mode and the
intermediate Sol 2. The PDFs illustrated in Fig. 5.15 and 5.16 present the variability of
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on-grid operation mode and Sol 2 with respect to the ACS and the EMI. The normal
curves shown in Fig. 5.15 and 5.16 best fit the PDFs.

The average values, standard deviations, minimum, and maximum values of the
ACS and the EMI are given in Table 5.8. The values of ACS of on-grid mode range
between -26,859 USD and 13,571 USD, which means that farmers could get high
revenues or pay less annual cost according to the uncertainties of meteorology. Sol 2
has values of ACS between -12,273 USD and 28,677 USD, which mean that farmers
could get revenues or pay high annual cost according to the uncertainties of
meteorology. Nonetheless, the maximum values of ACS with substantially low
probability are lower than ACS of the CAS. Furthermore, the amount of CO2 emissions
of Sol 2 and on-grid mode fluctuates between 193.87 tCO2 and 222.84 tCO2, and from
215.87 tCO2 to 246.99 tCO2, respectively, which are significantly lower than EMI of the
CAS.

Table 5.8 Results of sensitivity analysis for on-grid mode and Sol 2

On-grid mode Sol 2
Characteristics
ACS (USD) EMI(tCO2) ACS(USD) EMI (tCO2)
Mean -7,531 231.29 7,457 208.26
Standard deviation 6,610 4.97 6,712 4.60
Min -26,859 215.87 -12,273 193.87
Max 13,571 246.99 28,677 222.84
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6. Conclusion and Future Works

6.1 Conclusion

Prioritizing the development of high technology with low carbon emissions,
energy-saving, and sustainability is being encouraged in aquaculture in Vietnam,
especially the shrimp industry. Therefore, an optimal design on a sustainable hybrid
energy system for shrimp aquaculture is proposed in this dissertation. The designed
system is quite different from current aeration systems for shrimp aquaculture in the

configuration as well as operation.

In order to assess performance and validate the results of the proposed system,
the simulation and optimization models were developed in the Matlab environment.
Besides, the optimal results of the system were compared with the CAS run by
paddlewheel aerators regarding technical, economic, and environmental aspects. An
excellent avouchment found in optimal outcomes and sensitivity analysis shows that
the proposed system connecting to the national grid in which the by-product hydrogen
is primarily either sold for commercial purposes or used for backup power is the best
solution instead of operating in islanded mode due to strictly-needed reliability.
Moreover, when properly designed and operated, the system Sol 2 using electrolyzer
energized by green energy resources to produce oxygen in situ for oxygenation based
on the DO demand of shrimp and the by-product hydrogen through electrolysis process
to generate backup power is the potential configuration in which the investigated
shrimp farm could save a lot of energy and reduce environmental impacts. Likewise,
the on-grid system in which the by-product hydrogen is sold for local fertilizer plants

not only produces revenues but also is of low CO2 emissions when the project is over.

In comparison with the CAS, the proposed system operating in such modes as
on-grid and Sol 2 could achieve sustainable, economic, and environmental targets in
which the Vietnamese government has declared its intension to encourage green
energy development. In other words, farmers could save operation costs or even get
revenues from reducing energy demand and contribute to environmental protection by
limiting the release of CO2 emissions for their aeration system in the shrimp

aquaculture industry.
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Last but not least, the breakthrough of the system is that new technologies have
been applied, such as water electrolysis and hydrogen fuel cell in which both oxygen
and hydrogen are utilized for the aquaculture sector. In the context of global
development, the utilization of such technology might be suitable for intensive
aquaculture, resulting in higher productivity as well as yields in a sustainable way.
Although water electrolysis and hydrogen fuel cell technology are very expensive due
to high investment costs, the technology is not mature and expected to progress. In
the long run, the sustainable hybrid energy system, which is proposed in this
dissertation, will be a breakthrough having a significant influence on the financial
feasibility and environmental sustainability for the shrimp aquaculture industry.
Moreover, the outcomes of this work can be guidelines to instruct optimal design and
operation for aquaculture farms not only in Vietnam but also in countries around the

world.

6.2 Future works

The simulation and optimization models were developed and implemented for a
real shrimp farm context. The optimal results and their sensitivity analysis show that
the proposed system satisfied the intended goal of showing the benefits and concepts,
which are dominant in the conventional aeration system in terms of technical,
economic, and environmental aspects. Nevertheless, there are many perspectives that

should be improved.

The DO model implemented in this work is simplified due to its complexity. The
respiration rates of shrimp, sediment, and water were assumed constant during the
rearing period. However, the DO respiration rates of the pond vary continuously and
depend on diurnal and nocturnal activities of organisms in the pond and many ambient
factors. Therefore, it is necessary to modify and improve the current DO model into the
dynamic model, which is capable of monitoring temporal and spatial changes of DO.
In addition, the dynamic model of DO makes it possible for further studies on optimizing
the size of components in the system, especially the capacity of the electrolyzer, and
controlling operation of the system.

Besides the DO model, the other models should be validated by real-time
simulation. Furthermore, the sizing method by stochastic simulation-based
multiobjective optimization approach under real operating conditions would be applied
to fulfill both optimality and robustness.
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Further validation and experiment will make it possible for an accurate
assessment of the proposed system regarding technical, economic, and sustainable
points of view. The costs of components in the system were based on past research.
The local costs of components, however, may be different. Thus, the survey on
implemented sites should be conducted for future work. Moreover, stakeholders should
work together to perform a long-term study on sustainable management for shrimp
farms to save energy costs and reduce environmental impacts. The devices for doing
experiments in the future to capture vital parameters in the pond are very expensive,
such as the DO sensor, NHs sensor, NO2 sensor, and NOs sensor. Therefore,
designing such devices with lower costs, equivalent accuracy, and reliable operation

would be focused on future work.

In general, these plans will be beneficial and shorten the distance of applying high
technology for aquaculture, particularly in developing countries with the ultimate goal

of being sustainable cultivation, increasing the productivity and profits for farmers.
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Appendices

Table A. 1 Specifications for selected PV module (ND-AH330H)

Parameter Value
Standard test condition efficiency (%) 17
Temperature coefficient of open circuit (%/°C) 0.32
Voltage at point of maximum power (V) 37.8
Standard test condition temperature (°C) 25
Nominal operation cell temperature (°C) 45
Area of module (m?) 1.94
Maximum power (W) 330

Table A. 2 Specifications for selected wind turbine system (DW61-500)

Parameter Value Refs
Cut-in speed (m/s) 25
Rated speed (m/s) 10
Cut-out speed (m/s) 25
Mechanical efficiency (%) 100
Electrical efficiency (%) 90 [126]
Power coefficient 0.4
Air density (kg/m?3) 1.225
Rated power (kW) 500

Surface roughness length (m) 0.15 [127]

Table A. 3 Specifications for selected alkaline electrolyzer

Parameter Value  Refs
The number of hydrogen molecules 2
Average cell voltage (V) 1.9 [128]
Faraday number (C/mol) 96485
Faradic efficiency (%) 95 [128]

Table A. 4 Specifications for selected fuel cell (PEM)

Parameter Value Refs

Coefficient of consumption curve (kg/Wh) 4x10°¢  [95]
Coefficient of consumption curve (kg/Wh) 5x10°  [95]
Output power at maximum efficiency (%) 20 [95]
Factor to consider the high consumption 1 [95]
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Table A. 5 Specifications for selected hydrogen tank (compressed high-pressure)

Parameter Value Refs
Storage efficiency (%) 95 [116]

Table A. 6 Specifications for selected battery (NaS)

Parameter Value Refs
Charge control limit (%) 10 [129]
Battery efficiency (%) 90 [117]
Hourly self-discharge rate (%) 0 [117]

Table A. 7 Specifications for selected inverter (PVH-L2550)

Parameter Value
Efficiency (%) 98

Table A. 8 Specifications for selected diesel generator

Parameter Value Refs

Intercept coefficient of fuel consumption curve (L/kWh) 0.08145 [97]
Slope of fuel consumption curve (L/kWh) 0.2461 [97]

Table A. 9 CO2 emission factors

Parameter Value Refs

Emission factor from grid (g/kwh) 636 [130]
Emission factor from diesel fuel (g/kwh) 267 [131]

Table A. 10 Specifications for paddlewheel aerator

Parameter Value
Aeration efficiency (kg/kwh) 1.68
Efficiency of electrical motor (%) 90
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