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Abstract: China is now accelerating the development of an ecological engineering for carbon
sequestration in coastal mariculture environments to cope with climate change. Artificial upwelling
as the ecological engineering can mix surface water with bottom water and bring rich nutrients to
the euphotic zone, enhance seaweed growth in the oligotrophic sea area, and then increase coastal
carbon sequestration. However, one of the major obstacles of the artificial upwelling is the high
energy consumption. This study focused on the development of energy management technology for
air-lift artificial upwelling by optimizing air injection rate. The fundamental principle underlying
this technology is that the mode and intensity of air injection are adjusted from the feedback of
information on velocity variation in tidal currents, illumination, and temperature of the surface
layer. A series of equations to control air injection was derived based on seaweed growth and solar
power generation. Although this finding was originally developed for the air-lift artificial upwelling,
it also can be used in other areas of engineering, such as water delivery, aeration, and oxygenation.
The simulations show that using a variable air injection rate can lift more nitrogen nutrients of
28.2 mol than using a fixed air injection rate of 26.6 mol, mostly with the same energy cost. Using
this control algorithm, the changed temperature and dissolved oxygen profiles prove the effective
upwelling in the experiments and the average weights of kelp are 33.1 g in the experimental group
and 10.1 g in the control group. The ecological engineering was successfully increasing crop yield for
carbon sequestration in coastal mariculture environments.

Keywords: Ecological engineering; Artificial upwelling; Energy management; Mariculture;
Carbon sequestration

1. Introduction

China is under tremendous stress to cope with climate change, which is one of the most serious
challenges we face for sustainable development of human society [1,2]. The oceans are the largest
carbon pool on earth and have the potential of enhancing marine carbon sequestration. Large-scale
seaweed aquaculture, as an important approach to counteract the current greenhouse effect and global
climate change, has a significant impact on the global carbon cycle [2]. The large-scale seaweed
aquaculture can reduce the partial pressure of CO2 in surface seawater via photosynthesis, which
favors diffusion of atmospheric CO2 into seawater. Later, a portion of the organic carbon would be
removed from the water after its seasonal harvest and another portion would sink out of the surface
layer into the deep ocean via the biological pump [3]. In addition, seaweed has a great economic
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value as food and an energy source [4]. However, large-scale seaweed aquaculture will weaken the
hydrodynamic conditions and hinder nutrients supply from entering the upper layer of the water body,
resulting in a local oligotrophic state during the seaweed growth season especially. In this situation,
nutrient requirements of seaweed growth cannot be met. It is the one of the major factors contributing
to the root rot disease and large-scale seaweed dying, which not only reduces the productivity of
seaweeds, but may also reverse the contribution of seaweed aquaculture from a strong CO2 sink to
source [5].

Artificial upwelling, which has attracted increasing attention, is considered a promising way
to reduce the accumulation of anthropogenic carbon dioxide in the atmosphere and then stimulate
the self-healing capacity of the earth [6]. This practice could transport nutrient-rich bottom water
to the surface water, enhance seaweed growth, and consequently increase the net inorganic carbon
absorption [2,7]. Under the most optimistic assumptions, artificial upwelling is estimated to have the
potential to sequester atmospheric CO2 at rate of approximately 0.9 Pg C/yr [8], which is almost half the
CO2 uptake rate of the global open ocean [9]. Based on related simulations and sea trial experiments,
artificial upwelling is considered to have positive effects on increasing primary productivity and
enhancing the ability of the ocean to absorb atmospheric CO2 [10,11]. In addition, using artificial
upwelling, the carbon source can be transformed into the carbon sink by adjusting engineering
parameters in a specific region and season [12].

According to the differences of drive mode, existing artificial upwelling technology can be divided
into five types. First, by building an artificial submarine ridge, we can create upwelling with the
influence of current, but it is substantial work and costly. Second, we can use a mechanical pump to lift
deep-sea water. The device named “TAKUMI” is an example for artificial upwelling in this manner [13].
It costs a lot of energy and has low efficiency. An artificial upwelling system named Density Current
Generator (DCG), developed by the University of Tokyo, has been successfully deployed and tested in
Gokasyo Bay (a semi-closed bay), Japan, since 1997. Driven by land-based power supply, the device
extracts surface and bottom seawater and mixes them fully before distributing them horizontally into
the intermediate layer [14,15]. Using a power of 12 kW, DCG has the ability of discharging 12,000 m3

of mixed seawater every day. Third, one can use the salinity gradient energy to drive upwelling [16].
Through a long pipe connecting the surface and deep water, the deep water will be lifted continuously
once it is given initial motive force. Fourth, create upwelling by wave energy or current [17–19]. K.E.
Kenyon proposes a method using a rigid open-ended pipe submerged in the ocean [18]. It is below the
surface wave and fixed in the vertical position. Based on Bernoulli’s theorem, if wave exists, there is
an upwelling because of the different pressure at the head and end of pipe. The last type is air-lift
artificial upwelling, which lifts water by the air pump. Zhejiang University and Taiwan University
study the air-lift artificial upwelling technology together, which uses air pump and air pipe to produce
the upwelling [20,21]. McClimans et al. reported a controlled artificial upwelling by using a bubble
curtain in the western Fjord of Norway to stimulate non-toxic algae [22,23]. During the experiment,
a 390 kW air compressor was used to inject air continuously. The results showed that 88 m3 deep
sea water could be lifted from 40 m to 5–15 m with each air injection of 1 Nm3 [10] and growth of
phytoplankton was increased with a relative reduction of toxic algae. For these artificial upwelling
technologies, using a mechanical pump and air pump to produce upwelling is the most stable and
reliable method. However, the major obstacle is the high energy consumption.

The oligotrophic phenomenon in the water body of seaweed aquiculture will be alleviated by
using artificial upwelling [24]. However, for the objective of enhancing the seaweed productivity in
a large offshore aquaculture area, it is necessary to increase the amount of upwelling and achieve
self-supplied energy. Therefore, large-scale artificial upwelling needs to be equipped with a large-scale
offshore energy supply platform [25]. Optimizing the engineering parameters to decrease energy
consumption and improve energy utilization efficiency are also key points to solve the energy problem
of artificial upwelling technology in the future.
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There are many developments in energy-saving technologies in various fields. Many control
strategies are proposed for energy management of a hybrid energy system to achieve reasonable
energy storage and utilization [26–28]. Moreover, in some smart and sustainable buildings [29], there
will be an intelligent energy management system to save energy and control the indoor temperature
and humidity. For the artificial upwelling, a control strategy to achieve energy management is also
necessary. A carbon sequestration efficiency index is proposed by Pan et al., which is to indicate the
effect of artificial upwelling with the power consumption [30]. However, few energy management
strategies of artificial upwelling in engineering were found in literatures.

This paper focused on the development of energy management technology for air-lift artificial
upwelling engineering by optimizing air injection. The engineering is to assist seaweed aquaculture
for carbon sequestration. The mode and intensity of air injection are adjusted from the feedback of
information on velocity variation in tidal currents, illumination, and temperature of the surface layer.
The optimal operational planning is obtained by comparing the simulation results carried out by
MATLAB. The experiments prove that, with the reasonable working time and air injection control,
the nutrients of bottom water are lifted by artificial upwelling and crop yield is successfully increased.

The rest of the paper is organized as follows. Section 2 presents a system architecture of artificial
upwelling platform, which provides the system components, mathematical representation, and the
control strategy with a graphical user interface for the energy management. Section 3 shows the results
obtained by simulation. Section 4 presents the experimental setup and results. Finally, the conclusion
is given in Section 5.

2. System Architecture and Methodology

2.1. System Location and Architecture

The test location of ecological engineering for carbon sequestration is at 36◦22′ north latitude and
120◦50′ east longitude in AoShan Bay, Qingdao, China, as shown in Figure 1. The data of nutrient
concentration around the location in March 2018 show that the surface seawater is nutrient-limited,
the bottom water has more nutrients, and the sediments contain abundant nutrients in Table 1, so this
area is not suitable for seaweed aquaculture. If there are artificial methods to change this situation,
it is very beneficial to the development of the local economy, while air-lift artificial upwelling can lift
bottom water with more nutrients so that it can change the status of lacking in nutrients in the surface
water. This engineering is used to assist seaweed aquaculture and the object of cultivation is kelp, as a
kind of seaweed whose area is about 48,000 m2. The platform as shown in Figure 2 is far away from
the land, so solar energy is used to achieve a self-powered supply. The electric energy is limited, so it is
important to use it effectively, and the surface area of the platform is about 400 m2 and the height is
26 m. There are 4 anchors, each with a mass of 3 tons, so that the platform will not move in the sea.Sustainability 2019, 11, x FOR PEER REVIEW 4 of 22 
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Table 1. The nutrients concentration of surface water, bottom water and sediments around the
test location.

Phosphorus (PO−4 ) Nitrogen (NO−3+NO−2 )

Surface water (umol/L) 0.30 8.31
Bottom water (umol/L) 0.20 10.65

Sediments (umol/L) 78.32 193.70
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fixation for pipeline.

The platform consists of four systems: power system, sensor system, control system, and air
injection system. The system architecture is shown in Figure 3. The hardware of the power system
includes solar panels, batteries, and inverters. The total area of solar panels is about 240 m2. The electric
energy generated by solar panels is stored directly in the battery, and alternating current is generated
through the inverter, which is 220 V and 50 Hz. Each battery is 12 V-150 Ah and the capacity is 1.8 kWh.
The system can work for 0.9 h only on the battery when all air pumps are opened. Users can check
the remaining energy and real-time output voltage and current in the inverter. The sensor system
is used to measure ocean environment data, including temperature, illumination, and flow velocity,
and then transmit these data directly to the control system. The control system uses Raspberry Pi as
the central processing unit, which is a microcomputer. It receives and reads the data sent by sensors
and controls the air injection system by a programmable logic controller (PLC). Raspberry Pi can also
communicate with personal computers through a 4G network to achieve remote human intervention.
The air injection system is composed of a number of air pumps, and the air pumps are connected with
the air injection pipelines whose outer diameter is 16 mm and the thickness is 4 mm. The length of the
pipelines is at least 150 m from the platform to the aquiculture area. The concrete block of about 60 kg
is used as a fixation for an air injection nozzle, which is located on the seabed at a depth of 10 m in the
aquiculture area. Nutrients lifted by upwelling will be directly used for kelp growth.
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2.2. Multilevel Control

The multilevel control system is more practical, efficient, and stable. The artificial upwelling
system can also use a multilevel control. The system studied here consists of two layers: the supervisor
controller and the local controller. The supervisor controller monitors and controls the electric energy
output to power consumption centers, including the sensor system and the air injection system.
At the same time, it checks the system for anomalies and errors. The local controller processes ocean
environment parameters to control the air injection system to optimize air injection and improve
efficiency. The local controller is limited to the supervisor controller. The control system aims to fulfill
the following three goals:

1. Use electric energy rationally.
2. Ensure the security of the whole system.
3. Produce efficient upwelling and improve the efficiency of the system.
4. In the following subsections, these two control layers are described in detail.

2.2.1. Supervisor Controller

The supervisor controller is mainly to control electric energy. According to the residual power
of the system and real-time voltage and current, charging of the battery and the energy supply of
the sensor system and air injection system are controlled. If there are abnormalities and errors in
the system, the controller will make an alarm, then cut off the power supply of the corresponding
components. The user can receive the signal and deal with the situation. The control block diagram of
the supervisory control layer is shown in Figure 4.

If the remaining energy is less than 10% of the full capacity, cut off the energy supply of other
systems except the control system; if the remaining energy reaches the full capacity, shut down
the battery charging; if the real-time output power is higher than 80% of the maximum output
power, shut down the air injection system first, if it is still higher, then shut down the other systems.
The management logic is shown below

{
I f (Wr < 0.1W0)

→ Kp = 0, Ks = 0, Kc = 1{
I f (Wr < W0)

→ Kc = 1{
I f (Wr = W0)

→ Kc = 0{
I f (Po > 0.8Pmax)

→ Kp = 0, then→ Ks = 0

(1)
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In the above, Wr and W0 are the remaining energy and full capacity, Po and Pmax are the real-time
output power and maximum output power, where Po = UrtIrt and Urt, Irt are real-time voltage and
current. Wr, Urt and Irt can be obtained by reading the inverters from the CPU and W0, Pmax are fixed
values which depends on the system. Kp and Ks are the operation model (ON/OFF) of energy supply
for the air injecting system and the sensor system, where ON is 1 and OFF is 0. Kc is the operation
model (ON/OFF) of battery charging. When the battery is fully charged, Kc is OFF, which means there
is no more charging for the battery. It is an overcharge protection.
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2.2.2. Local Controller

The local control system controls air injection according to the ocean environment. The parameters
used to reflect the ocean environment include the flow velocity, illumination, and temperature. The flow
velocity influences the height of upwelling plume and illumination and temperature influence the
growth of kelp. The following sections will explain how the control system controls the air injection
system according to the environmental parameters.

(1) Air injection rate calculation by flow velocity
The height of the upwelling plume is directly determined by the air injection rate and flow velocity.

If the plume height cannot reach the kelp culture area, the upwelling is invalid. There has been
some research on the behavior of plume in air-injection artificial upwelling [21,31,32]. Of the three
variables, target height of plume, flow velocity, and air injection rate, any two variables are known and
another variable can be obtained. In this controller, flow velocity, air injection rate and target height of
upwelling are input, controlled quantity and output, respectively. However, the air injection rate is
limited by the maximum output power, so it has a maximum value. In practice, to ensure that the
upwelling reaches the target height, the air injection rate can be variational by flow velocity or a fixed
value but cannot be higher than the maximum.

(2) Growth rate calculation by temperature and illumination
Temperature and illumination directly affect the photosynthesis and respiration of kelp,

thus influencing the growth rate and nutrient uptake. When the growth rate is small and less nutrients
are required, the lifted nutrients cannot be completely absorbed and will be waste. Temperature and
illumination will be used to calculate the growth rate of kelp.

The net growth rate of kelp is determined by the difference between its total growth rate and
respiration as [33]

Ngrowth = Ggrowth × (1− resp) (2)
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where Ngrowth is net growth rate, Ggrowth is total growth rate and resp is respiratory rate of kelp, which
is influenced by temperature and can be determined by [34]

resp =
0.3197× T2

− 6.5728× T + 52.851
100

(3)

where T is measured temperature whose unit is ◦C. The total growth rate is influenced by temperature,
illumination, and nutrient as [35]

Ggrowth = f (I) × f (T) × f (NP) (4)

where Ggrowth is dimensionless. f (I) is calculated by photoinhibition mode as [36]

f (I) =
I
Is
× exp(1−

I
Is
) (5)

where I is surface illumination, the unit is umol ·m−2
· s−1 and Is is the optimum illumination for kelp

and Is= 180 umol ·m−2
· s−1. Compared with measured illumination, the underwater illumination has

a certain attenuation. The optical attenuation coefficient of water can be expressed as [37]

Kd = 0.8813 + 0.0931Css (6)

where Css is suspended matter concentration and measured in local water, and the underwater
illumination can be calculated by [38]

I(z) = I0e−Kdz (7)

where z is the depth from surface whose unit is m; I(z) is the illumination at depth of z; I0 is
the illumination at surface, which is measured by sensor, whose unit is Lux. And 1000Lux =

18umol ·m−2
· s−1. f (T) is calculated as [36]

f (T) = exp

−2.3×
(

T − Topt

Tx − Topt

)2 (8)

in which Topt is the optimum temperature for kelp growth, Topt= 10 ◦C and Tx is temperature ecological
amplitude. If T ≤ Topt, Tx = Tmin, or else Tx = Tmax. Tmin and Tmax are lower limit and upper limit of
temperature ecological amplitude and Tmin = 0. 5 ◦C, Tmax= 20 ◦C. The temperature, illumination,
and flow velocity are obtained by corresponding sensors. f (NP) is affected by ratio of nitrogen
to phosphorus in kelp and its value is in (0,1]. When N:P of seawater is in [12,16], f (NP)= 1.
When nitrogen or phosphorus is limited, f (NP) can be obtained by a complex calculation which can
refer to the research done by Wu [33].

(3) Air injection control with kelp growth model
The larger the growth rate of kelp, the larger the nutrient demand. The growth of kelp Z can be

expressed as follows:

Z =

∫ t2

t1

Ngrowthdt (9)

During this period, from t1 to t2, the energy consumption of the air injection system W can be
expressed as:

W =

∫ t2

t1

P(t)dt (10)

where P(t) is consumption power of electric energy whose unit is watt and is determined by air
injection rate as follows:

P(t) = (Q0(t) + 58.691)/0.1045 (11)
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in which Q0(t) is air injection rate whose unit is L/min.
The solar system produces a certain amount of electrical energy every day. Most of the electrical

energy will be used in the air injection system on that day, and the rest will be used to ensure the
normal operation of other systems. Therefore, when kelp growth rate is large, using up the energy
generated each day to produce upwelling is effective. Under this condition, making Z max with
fixed W, the working time of the air injection system can be calculated, which is t1, t2 in formula
(9) (10). This calculation is carried by MATLAB and only considers the continuous working once a day
of the air injection system.

(4) Lifted nutrients calculation
The amount of lifted nutrients is an important measure to the efficiency of upwelling. In order to

calculate the amount of lifted nutrients, the volume flux of upwelling needs to be known. This volume
flux is also determined by air injection rate [31]. The expression is:

Qw(zh)

Q0
= 0.06Q0

−2/3

tanh

 3
√

gQ0

H0 × 0.25

3/8

(∆z + zh)
5/3 (12)

where zh is the height from the bottom; Q0 is the air injection rate determined by the opening of air
pumps and its unit is m3/s; Qw(zh) is the initial volume flux at zh; H0 is head of the atmospheric pressure
and is approximately equal to 10.4 m; ∆z is offset of the nozzle origin, which can be determined as [31]

∆z =
2b0

2.4× α
(13)

in which b0 is nominal half-width of the plume near the nozzle; α is entrainment coefficient and α = 0. 2
here. The total amount of nutrients ϕ to be lifted can be expressed as

ϕ =

∫ ∫
Qw(z) ·Cn(z)dzdt (14)

where Cn(z) is the concentration of nutrients at depth of z.
(5) Solar power generation calculation
According to design specifications of photovoltaic power station, a formula for calculating

generating capacity can be expressed as [39]

Ep =
HA× PAZ×K

1000W/m2 (15)

where Ep is the electric energy generation of a system whose unit is kW·h, HA is the daily total
horizontal solar radiation and the unit is kW·h/m2, PAZ is the system-installed capacity and the unit
is kW, K is the correction factor, which depends on line loss, surface pollution, and angle of solar
panels. K is determined by the theoretical and actual energy generation.

HA = GH × 24 (16)

where GH is averaged solar radiation, which can be obtained by the website of the local weather
bureau and the unit is kW/m2.

2.3. Graphical User Interface

For the artificial upwelling platform, a GUI is designed using MATLAB GUIDE to monitor energy
consumption and system operation. Figure 5 shows an example of GUI. The GUI-based simulation
platform allows users to set the parameters of the system and observe system performance.
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In the GUI, users can define several basic parameters, including “Density of surface water,”
“Density of bottom water,” “Concentration of N, P element,” “Target plume height,” “Maximum air
injection rate,” and “Daily electric energy.” Except “Maximum air injection rate,” other parameters are
changed, which should be measured regularly. “Target plume height” is the distance from kelp to
seabed. After all user-defined parameters have been configured, users can press the “Run” button
to start simulation. In the panel named “Environment Parameters,” Flow velocity, temperature,
and illumination are shown obtained by corresponding sensors. In the panel named “Results,” users
can observe the kelp growth rate and consumed power in work time, which can produce valid
upwelling, and the results in text are one-day total including “Lifted N, P” and “Work time.”

3. Simulation Setup and Results

3.1. Simulation Setup

The experimental environment of platform in AoShan Bay is considered in this section and its
parameter values are shown in Table 2. The maximum output power of the energy system is 36
kW. For safety and consumption of other components, the power consumption for the air injection
system should not exceed 30 kW and the total air injection rate Qtmax should not exceed 3000 L/min.
In order to expand the impact area and think about the actual aquaculture condition, the system
has set up six groups of upwelling subsystems, each of which is the same. Therefore, the maximum
air injection rate Q0max of each group is 500 L/min. In the kelp aquaculture area, the water depth
is 10 m and the target height of the upwelling plume H0 is 8 m. The air injection pipelines are laid
on the seabed with many small nozzles for air outlet. The total area of nozzles is equivalent to
the circle whose diameter d0 is about 80 cm. The density of the water around the air pipeline ρd
is 1025.23 kg/m3, and the concentrations of N (CN) and P (CP) nutrients here are 10.65 umol/L and
0.2 umol/L, respectively. The nutrient concentration is of the bottom water, while upwelling will
disturb sediments and promote nutrients in sediments at the same time. Therefore, the actual lifted
nutrients are much larger than the calculated value. The calculation of nutrients here only provides a
reference for comparison. The density of surface water ρu is 1025.16 kg/m3. The flow velocity shown
in Figure 6 is simulated for the semi-diurnal tide. The flow velocity at 6 o’clock and 18 o’clock reaches
the maximum. The temperature and illumination measured by sensors are also shown in Figure 6.
The sampling interval is 10 min.
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Table 2. Experimental environment parameter values in AoShan Bay.

Parameter Q0max
(L/min)

H0
(m)

Css
(mg/L)

ρu
(kg/m3)

ρd
(kg/m3)

CN
(umol/L)

CP
(umol/L)

d0
(m)

Value 500 8 15 1025.16 1025.23 10.65 0.2 0.8
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between temperature and time.
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3.2. Energy Generation

The total solar energy generation is determined by installed capacity and average radiation.
The installed capacity is determined by the system itself. The system-installed capacity PAZ is
38.88 kW. The monthly average radiation and the daily average electric energy production per month
calculated by the formula (15) are shown in Figure 7, and the correction factor K is 0.3. From April to
August, the system generates more electric energy, about 48 kWh, while from December to January,
it generates less, about 20 kWh due to the different solar radiation.
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3.3. The Relationship between Air Injection Rate and Flow Velocity

When the target height is 8 m, the relationship between air injection rate and flow velocity is
shown in Figure 8. When the flow velocity is greater than 0.28 m/s, it takes more than 500 L/min air
injection rate to raise the upwelling to the target height while the power required for air injection has
exceeded the maximum power of the subsystem.
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3.4. The Effect of Different Air Injection Modes

The subsection is divided into two parts for different air injection modes. In the first part, the air
injection rate is fixed. In the second part, the air injection rate is variational and determined by flow
velocity. The energy consumption and amount of lifted nutrients are compared.

3.4.1. Fixed Air Injection Rate

In this mode, the air injection rate is a fixed value, so the power consumption is also fixed. When
the flow velocity is too large, the fixed air injection rate cannot lift the upwelling to the target height.
In that time, the upwelling is invalid. When the flow velocity is very small, the upwelling height at
fixed air injection rate can be larger than the target height and the upwelling is effective. The growth
rate of kelp in a day is calculated according to the temperature and illumination conditions, as shown
in Figure 9. According to Figure 6, the system can generate 46 kW·h electric energy a day. In order to
ensure that other devices can work adequately, set up the air injection system to consume 42 kW·h
a day, so there are 7 kW·h each day for subsystem. When the air injection rate is set to 160 L/min,
the consumption power of the system is a fixed value, which is 2.093 kW. Therefore, the maximum
opening time is 2.67 h. Affected by the flow velocity, when it is too big, the upwelling cannot be lifted
to the specified height, then the air pumps will be closed. When the upwelling can be lifted to a target
height, the pump is opened with 160 L/min air injection rate. The consumed power in a day is shown
in Figure 10.
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Considering the nutrient utilization rate of kelp, when the growth rate of kelp is small, the rate
of nutrient consumption is small. If there is upwelling, most nutrients will be wasted, so the air
injection system will not work during this period. Therefore, when the air injection rate is 160 L/min,
the optimum opening time of the air injection system is 10:45~13:25. The consumed energy is about
5.6 kW·h and the lifted N and P nutrients were 22.7 mol and 0.4 mol, respectively.

With different air injection rate and making sure that the upwelling can be lifted to target height,
the working time of the air pump is different. The larger the air injection rate, the longer the working
time. Because the consumed energy is limited and growth rate of kelp is variational, the optimum
working time should be part of the working time. Using up the energy and lifting more nutrients will
be best. By changing the fixed air injection rate, the optimal scheme and lifted nutrients of different
air injection rates are shown in Table 3. The optimal scheme includes the choice of air injection rate
and its optimum work time. The consumed energy and amount of lifted nutrients are indexes for
evaluating upwelling.

Table 3. The optimal scheme and effect in different air injection rates.

Air Injection Rate
(L/min)

Optimum Work
Time Work Duration (h) Consumed energy

(kW·h) Lifted N/P (mol)

160 10:45–13.25 2.67 5.6 22.7/0.43
200 10:40–13:30 2.83 7 26.6/0.50
250 10:35–12:57 2.37 7 24.7/0.46
300 10:25–12:28 2.04 7 23.1/0.43
350 10:15–12:02 1.79 7 21.7/0.41
400 9:55–11:30 1.59 7 20.6/0.39
500 9:05–10:23 1.30 7 18.7/0.35

When the air injection rate is about 200 L/min, electric energy can be just used up, and the lifted
nutrients are the largest.

3.4.2. Variational Air Injection Rate

Under this mode, the air injection rate can be changed, depending on the flow velocity, but not
exceeding the maximum air injection rate of 500 L/min. The simulation is carried out under the same
conditions as 3.4.1. When the upwelling can be lifted to a target height, the pump is opened with
variational air injection rate. The consumed power in a day is shown in Figure 11.
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According to the calculation method mentioned in formulas (9), (10), the optimum opening time
is 10:15~13:25, and the energy consumption is about 7 kWh. The lifted N and P nutrients are 28.2 mol
and 0.53 mol, respectively.

Comparing two air injection modes, the variable air injection rate is better. When the electric
energy is used up, the amount of lifted nutrients can be the most. So, the energy efficiency is improved.
Therefore, under the environmental conditions shown in Figure 6, the optimal scheme is to use variable
air injection rate and the work time is 10:15~13:25.

4. Experiment Setup and Results

4.1. Experimental Setup

During the experiment in January 2019, data were measured around the air injection sea area
when the system was working. The measured data included temperature, density, and dissolved
oxygen, which were obtained by high-precision CTD (the conductivity-temperature-depth instrument,
SBE 19plus V2). The nutrients are measured by sampling the seawater through a 5 L sampler.
The background data is obtained in a nearby area without upwelling. The effect of upwelling was
observed by comparing the data during the experiment with the background data.

The measurement stations for the experiment are shown in Figure 12. The coordinates of stations
1–10 are shown in Table 4. The point-solid line is the rope of kelp culture, the length of the rope is
120 m, and the interval between each rope is about 6 m. The position of the hollow circle in the figure
is the upwelling area where the bubbles are produced and the solid circle is around at the location of
air injection area. The direction of flow is almost parallel with the rope.
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Table 4. The coordinates of stations.

Stations 1 2 3 4 5 6 7 8 9 10

Coordinates (m) (21,150) (21,120) (21,90) (21,60) (21,30) (33,90) (33,60) (33,30) (9,40) (9,80)

In order to check the effect of the engineering, kelp sampling needs to be carried out.
The experimental group of kelp is around the upwelling area and the control group growth in
the nature environment without upwelling. At the time of sampling, the kelp had been growing for
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three months. During this time, variable air injection was used to produce upwelling every day, which
brings nutrients for the kelp in the experimental group. The measurement removes water from the
surface of the kelp. There are 6 zones and 3 zones selected in the experimental group and control
group, respectively. Ten kelp samples are obtained by random sampling in each zone.

4.2. The Validation of Upwelling

In this subsection, the performance of upwelling is presented. The bubbles of upwelling can be
observed in the experiment as shown in Figure 13. The experimental data were processed and plotted
as a curve of variable and depth. The results showed that the curve trend of stations 1, 6, 7, 8, 9, and 10
was not significantly different from the background value. The temperature of station 6 from 0 to 0.3 m
underwater fluctuated slightly. The fitting results of temperature curves of stations 2, 3, 4, and 5 were
shown in Figure 14. The temperature change reflects the location of the upwelling. Station 5 indicates
that the upwelling is 2–4 m underwater and has not reached the surface of the water. Stations 3, 4
indicate that the upwelling has reached the surface of the water. Station 2 indicates that the bottom
water brought by the upwelling has been fully mixed with the surface water, resulting in a declining
temperature. The dissolved oxygen also increased in the surface, as shown in Figure 15. The measuring
instrument CTD is of high precision, so the temperature and dissolved oxygen difference is not caused
by system error. The results show that the artificial upwelling caused by the air injection does bring
the bottom water to the surface and it is effective.
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The data of concentration of nutrients (NO−3 + NO−2 ) in the samples are shown in Table 5.
The samples of surface water were obtained when the system was working. The background value
and experiment value are from the sample without and with upwelling, respectively. Comparing the
background value, the concentration of experiment value increased. It proves that the upwelling has
lifted the bottom water with more nutrients to the surface and improved the concentration, which is
good for the growth of kelp.

Table 5. The concentration of nutrients (NO−3 + NO−2 ) in the surface water.

Station NO−3+NO−2 (umol/L)

1 4.768
2 4.67
3 4.944
4 4.806

Background value 4.23
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4.3. The Effect of Engineering

The wet weight of kelp is shown in Table 6. The result is that the growth of kelp in the experimental
group is better than that in the control group. The growing environments are the same, except that
there is upwelling in the experimental group. With upwelling, there are more N, P nutrients for the
growth of kelp. The result proves the effect of upwelling and the engineering of artificial upwelling
increases the production of kelp for carbon sequestration.

Table 6. The wet weight of kelp with and without upwelling.

Experimental Group Control Group

The wet weight of single kelp (g)

44 27.8 11.3 28.7 10.3 8.6
37.6 66.3 15.8 12.6 12.5 8
62.1 40.9 13.4 23.1 11 6.2
44.1 46.8 13.1 22.4 8.2 6.1
62.9 40.5 18.8 10.8 9.9 5.2

63.2 71.7 16.9 56.8 17.7 12
32 53.1 24.8 28.7 15.1 6.
72 87.5 29.5 23 10 9

79.8 36.8 19.5 14.8 13.8 7.4
44.9 50.7 25 78.8 14.8 4.7

34.6 32.3 25.6 14.6 7.7 6
38.4 36.9 15.9 18.1 12.2 11
19.1 42.9 8 10.3 14.3 10.2
37.6 23.7 9.1 13.8 13.2 10
24 32.5 21 11.1 12.6 9

Average (g) 33.1 10.1

5. Conclusions

Reducing CO2 emissions and increasing carbon storage is one of the greatest challenges in China
for sustainable development of human society. The ecological engineering for carbon sequestration
in coastal mariculture environments by using artificial upwelling has received increasing attention
worldwide due to its potential positive environmental effects. However, the high energy consumption
of the artificial upwelling is a barrier to implementation of the ecological engineering.

In the present work, the energy management strategy and operational planning of the ecological
engineering were proposed to improve energy efficiency by optimizing the air injection mode.
Its performance has been confirmed by the findings from the numerical simulations and field studies.
Two modes of the new strategy (variable air injection rate) and the conventional one (fixed air
injection rate) are compared in numerical simulations. Using variable air injection rate can lift more
nitrogen nutrients of 28.2 mol than using fixed air injection rate of 26.6 mol, mostly with same
energy cost. The field studies also validate the artificial upwelling by the profile of temperature and
dissolved oxygen and the beneficial effect of engineering for the kelp growth. The results show that
the new management strategy is feasible and effective in improving energy utilization efficiency of
the ecological engineering. Sure, as a new and primitive management strategy, it still needs further
improvement and perfection. The efficiency of the ecological engineering will increase in the future as
the development of energy management technology for artificial upwelling. Wind power or wave
power can be used in this engineering for more energy in the future. The presented new management
strategy can also be easily adapted to other areas with similar characteristics and conditions, such as
water delivery, aeration, and oxygenation.
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Nomenclature

α entrainment coefficient α = 0. 2
b0 nominal half-width of plume near the nozzle (m)
Cn(zh) concentration of nutrients at zh
Css suspended matter concentration Css = 15mg/L
g gravitational acceleration g = 9.8m/s2

Ggrowth total growth rate of kelp
H0 head of the atmospheric pressure H0 = 10.4m
I measured illumination (Lux)
I(z) illumination at the depth of z (Lux)
I0 illumination at surface (Lux)
Is optimum illumination for kelp Is= 180 umol ·m−2

· s−1

Irt real-time current (A)
Kp operation model (ON/OFF) of energy supply for air injection system
Ks operation model (ON/OFF) of energy supply for sensor system
Kc operation model (ON/OFF) of battery charging
Kd optical attenuation coefficient of water (m−1)
Ngrowth net growth rate of kelp
P(t) power consumption at t
Po real-time output power
Pmax maximum output power
Qw(zh) volume flux at zh
Q0 air injection rate (m3/s)
Q0(t) air injection rate (L/min)
resp respiration rate of kelp
t1, t2 work time of air injection system
T measured temperature (◦C)
Tx temperature ecological amplitude (◦C)
Topt optimum temperature for kelp Topt= 10 ◦C
Tmin lower limit of temperature ecological amplitude Tmin = 0.5 ◦C
Tmax upper limit of temperature ecological amplitude Tmax= 20 ◦C
Urt real-time voltage (V)
W energy consumption (kWh)
Wr remaining energy (kWh)
W0 full charge capacity (kWh)
z depth (m)
zh distance from the bottom (m)
∆z offset of the nozzle (m)
Z growth amount of kelp
ϕ total amount of nutrients (mol)
Ep electric power generation of system (kWh)
HA daily total horizontal solar radiation (kWh/m2)
PAZ installed capacity PAZ = 38.88kW
K correction factor K = 0.3
GH averaged solar radiation (kW/m2)
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