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Abstract
Offshore cultivation of marine macroalgae is a potential sustainable resource for fuel, food, and chemicals. Offshore, the high
productivity of macroalgae cultivation depends on external nitrogen supply. The current work examines the idea of supplying
nitrogen forUlva sp. cultivation in the oligotrophic EasternMediterranean Sea (EMS) by artificial upwelling of nutrient-rich deep
seawater (DSW). Growth rates, protein, and starch contents ofUlva sp. were measured for time varying fertilizations with nitrate
concentrations corresponding to nutrient concentrations of DSWat increasing depths of the EMS. Amaximal relative growth rate
of 7.4% was measured for fertilizing ten times per week with 5.8 μM, which corresponds to the artificial upwelling from the
depth of 700 m at EMS. Protein and starch contents ranged between 1–6 and 8–15% of dry weight. Finally, yields and energetic
costs of DSW pumping were modeled for an example case of 10-ha offshore farm. The model predicts a high productivity but
low energetic efficiency, which can be improved by coupling the biomass production with offshore power sources such as ocean
thermal energy conversion.
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Introduction

Offshore cultivation of marine macroalgae, also known as
seaweed, is a potential sustainable resource for fuel, food,
and chemicals [1, 2], which can be co-produced in marine
biorefineries [3, 4]. This renewable resource combines a wide
array of commodity and high value products [3] with the
unique ability to utilize free ocean areas, thus minimizing land
and fresh water requirements [1, 5]. In addition, it can provide
important environmental services such as pollution mitiga-
tion, nutrient recycling, and carbon biosequestration [1, 6, 7].

However, offshore macroalgae production and processing
technologies are not mature yet [1, 3]. Multiple challenges,

starting from species choice and controlled cultivation and
harvesting solutions [8], through efficient biomass disintegra-
tion techniques, to the establishment of cost effective produc-
tion streams suitable to present global market, are yet to be
tackled [3]. Growth rate and chemical composition are key
factors for economic production of commodities and other
products [7, 9]. For example, in a bioenergy oriented
biorefinery, a special emphasis is put on the carbohydrate
fraction of the biomass [1], whereas in food oriented
biorefinery, the emphasis is put on protein or starch [1, 9].
Protein-to-carbohydrate ratio in macroalgae varies with nutri-
ent availability [10] and, together with growth rate, can serve
as useful indicators for nitrogen sufficiency.

Growth rates and chemical composition of macroalgae de-
pend on several main parameters, including light, temperature,
salinity, dissolved carbon, and nutrients [9]. Nutrient require-
ments of macroalgae can be divided into macronutrients, such
as nitrogen (N), phosphorus (P), and carbon (C);
micronutrients, such as ferrous (Fe), zinc (Zn), and copper
(Cu); and vitamins, such as B12 and thiamine [11]. In marine
environments, growth is usually limited by N, P, and Fe [11,
12], and large N supply is a main prerequisite for large scale
offshore macroalgae cultivation [9]. Therefore, in many areas,
supplying N becomes one of the largest challenges regarding
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offshore biomass production [9]. N supply can be based on
synthetic fertilizers, wastewater [4, 13], or N-rich effluents
from industrial and agricultural processes, for example, fish
cage effluents in the integrated multi-trophic aquaculture
(IMTA) [14]. Another fertilization solution, which is less sen-
sitive to the distance from the shore and does not depend on
other aquaculture projects, is an artificial upwelling, or
pumping of nutrient-rich deep seawater (DSW) to the eupho-
tic zone, and using DSWas fertilizers or directly as a cultiva-
tion medium [15, 16].

Artificial upwelling, which is considered a promising
geoengineering tool, has been studied during the last few de-
cades, including some nutrient enrichment successful field
experiments [17–20]. One interesting artificial upwelling ap-
plication is the integration of nutrient enrichment and Ocean
Thermal Energy Conversion (OTEC) and the utilization of
temperature differences between DSW and surface seawater
(SSW) as an energy source, which enables to overcome the
DSW pumping energetic challenges and even generate excess
power [18].

The Eastern Mediterranean Sea (EMS), also known as the
Southern Levantine Basin, is an ultra-oligotrophic sea [21], in
which artificial upwelling may be an advantageous N source.
Ulva sp. is a local green macroalgae species in the EMS,
characterized by high growth rates and suitability to a broad
range of environments [22]. However, previous works have
shown that in ambient EMS SSW nutrient concentrations,
3 km offshore, without N addition, daily growth rate (DGR)
of Ulva is negligible (< 1%) [10].

The goal of this paper is to model potential growth rates of
Ulva sp. for time varying fertilizations with nitrate concentra-
tions found in different depths of DSW in the EMS, focusing
on protein and starch contents. This model, based on results
from laboratory Ulva sp. cultivation experiments, is subse-
quently casted into simple upscaling simulations, projecting
yields and energetic costs and efficiency of 10-ha Ulva sp.
cultivation in the EMS, depending on the depth and quantity
of pumped DSW. Finally, local bathymetry is examined and
presented, casting the evaluated yields into the local geo-
graphic context of the Israeli Exclusive Economic Zone
(EEZ). The significance of this paper is in assessing the via-
bility of N supply for an offshore Ulva sp. cultivation project
in the EMS using nitrate concentrations of DSW.

Methods and Materials

Ulva sp. was cultivated in the closed macroalgae
photobioreactor system (MPBR) for four consecutive periods
of 21 days between January and June 2017, examining the
effects of eleven different fertilization scenarios in different
seasons. Experiment measurements focused on growth rate
and chemical composition, while the environmental

parameters temperature and irradiance were monitored for
control. Finally, results were used to simulate the energetic
cost and efficiency of large-scale cultivation of Ulva sp. in
the EMS, if artificial upwelling of DSW from 250, 350, and
700 m is applied as an N source.

Marine Macroalgae Biomass

Green leafy macroalgae Ulva sp. was collected from Haifa
during spring 2016 and cultivated in a closed MPBR built
for research purposes in the Tel Aviv University (a full de-
scription of this MPBR can be found in [23]) (Fig. 1a, b).
During cultivation, nutrient concentrations in seawater were
maintained at 6.4 mg L−1 of nitrogen and 0.97 mg L−1 of
phosphorus by fertilizing with ammonium nitrate (NH4NO3,
Haifa Chemicals Ltd., IS) and phosphoric acid (H3PO4, Haifa
Chemicals Ltd., IS). CO2 was supplied by bubbling air at rates
that were periodically adjusted, allowing slow mixing in dif-
ferent biomass densities.

Experimental Setup

Eleven closed vertical polyethylene photobioreactors were
used, welded from 200 μm thick polyethylene sleeve
(Polytiv, Israel, length 1 m, width 0.4 m) with embedded
anti-UV protection. Each reactor was filled up with 35 L of
artificial seawater (ASW, 38–40 ppt, 8.2 pH) composed of
distilled water (Zalion Ltd., IS) and 1433.25 g sea salt (Red
Sea Ltd.). Assuming half of the surface area was exposed to
direct sunlight, the illuminated area of each reactor was calcu-
lated as 0.28 m2 (Fig. 1b). Air bubble mixing was provided
from the bottom at a rate of 2 L min−1 (flowmeter, DFG 6T
model, 0.5–8 L min−1, Darhor, China). The mixing worked
continuously during day time (12 h), while photosynthesis
occurs, and for 15 min mixing pulses three times during night
time, thus avoiding anoxic conditions. Fresh weight (FW) was
determined using an analytical scale (Mettler Toledo, PB-S
model, Switzerland, 0.01 g precision) after removing surface
water using an electric centrifuge (Spin Dryer, CE-88,
Beswin). System error was evaluated in the Supplementary
Data.

Four successful runs were performed between January
and June 2017. Each run commenced with an acclimation
period, in which 200 g FWof Ulva sp. from the MPBR was
cultivated for 6 to 8 days under ambient conditions in a
closed photobioreactor filled up with 35 L ASW without
added nutrients. ASWbaseline nutrient concentrations were
1.35, 1.89, 2.35, 0.09, and 0.19 μM for silicate, ammonium,
nitrate, nitrite, and phosphate, respectively (Segmented
Flow Analysis, NIOZ-Yerseke, the Netherlands). We per-
formed the acclimation to minimize effects of environmen-
tal changes and of nutritional history on growth rates and
chemical composition [11].
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Next, ten batches of 10 g FW were weighed and cul-
tivated for 21 days in ten similar reactors, filled up with
new ASW. During the cultivation period, the reactors
were fertilized as described in “Fertilization.” Finally, af-
ter 21 days, biomass samples were harvested; weighed
(FW); dried in 40 °C; grinded using liquid nitrogen,

mortar, and pestle; and then kept at 4 °C until analysis.
In returns 3 and 4, the different reactors were harvested
after 6, 13, and 21 days, thus examining growth rate
changes with time, allowing to differentiate between ef-
fects of the nutritional history and the fertilization applied
during the experiment.

Fig. 1 a Illustration of the 11 reactors’ MPBR system during a cultivation experiment. b A front view sketch of a single MPBR reactor
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Fertilization

Twelve different combinations of three nitrate concentrations
(2, 3.5, and 5.8 μM) and five fertilizing frequencies (1, 2, 3, 5,
and 10 times per week) (N = 27) were examined (Table 1).
Nitrate concentrations were chosen based on winter measured
values in the depths of 250, 350, and 700 m offshore the EMS
(33° 30′ N, 29° 30′ E), as reported by [21]. Each fertilization
event simulated the addition of a nitrate quantity equivalent to
the nitrate in 35 L of DSW from a specific depth. Focusing
solely on N effects, P was added in a molar ratio of 16:1 N:P,
thus preventing P limitation [11].

Fertilization was performed using a stock solution prepared
by dissolving 10 g NaNO3 (Merck, Germany) and 0.882 g
NaH2PO4 (CalBiochem, CA) into 1 L of ultra-pure water.
Stock solution was filtered through 0.22-μm disposable filters
and kept in 4 °C in a glass autoclaved bottle. The control
reactor fertilization concentration was chosen to ensure excess
N and P throughout the whole experiment [24–26], striving to
achieve maximal growth rates for the specific conditions of
each run.

Fertilization efficiency of the different treatments was ex-
amined by calculating how much biomass was produced per
added N.

Temperature and Irradiance

Data regarding ambient temperature and irradiance during
the experiment period was extracted from the IMS data
base from the Israel Meteorological Services (http://www.
ims.gov.il/IMS/CLIMATE/LongTermRadiation/). Ambient
temperature (°C) data was based on the Tel Aviv coastal
measurement station, which provides information in a 3-h
resolution. Solar irradiance data was based on the Beit
Dagan measurement station, which provides information
about accumulated global irradiance with 1 h resolution.
The irradiance data was multiplied by a factor of 0.1 which
best reflects the shading effect in the MPBR [23]. In the
current work, hourly solar irradiance power per square

meter was summed to produce daily solar irradiance ener-
gy per square meter. In addition, water temperature was
measured during February and May–June 2017 by an
Onset® HOBO® sensor UA-002-08 (Onset Inc. MA).

Growth Rate

Relative growth rate (RGR) was calculated by Eq. (1), as used
previously [27–29].

RGR ¼ 100%
ln FWout=FWin

� �
N days

ð1Þ

where FWin (g) is the initial fresh weight, FWout (g) is the final
fresh weight, andNdays is the number of cultivation days under
specific fertilizing conditions.

Protein Quantification

Protein was extracted using the following protocol: (1) 15 mg
of dry algae powder were weighed into 2-mL capped tubes
(Benchmark Scientific (NJ, USA)), next filled up (to the third)
with beads (zirconia, 2 mm, Sarstedt) and 1.5 mL 2 MNaOH;
(2) three sessions of beating (60 s, 4800 rpm) in a bead beater
(Biospec (Ok, USA)) followed by cooling (a few minutes in
air temperature) were performed; (3) tubes were centrifuged
(Eppendorf microcentrifuge 5424, Sigma-Aldrich, USA) for
20min in 14,680 rpm and supernatant was kept in − 20 °C; (4)
finally, supernatant was defrosted in room temperature, dilut-
ed (1:20), and used for the protein quantification.

Protein content was determined by a modified version of
Lowry method [30] using bovine serum albumin (BSA) as
protein standard, as recommended by a previous study that
evaluated the different extraction and quantification methods
of protein for marine macro- and microalgae [31]. Briefly,
using a 96-well plate, 100 μL of either diluted samples or
diluted standard solutions was added, followed by 200 μL of
biuret reagent (a mixture of 0.5 mL of 1% cupric sulfate with
0.5 mL of 2% sodium potassium tartrate and 50 mL of 2%

Table 1 Fertilizing concentrations and frequencies

Reactor no. 1 2 3 4 5 6 7 8 9 10

Runs
1 and 2
(30/1-20/2, 20/2-13/3)

Simulated depth (m) 250 350 700 Control

NO−
3 (μM) 2 2 2 3.5 3.5 3.5 5.8 5.8 5.8 430

Fertilizing frequency (week−1) 1 2 3 1 2 3 1 2 3 1

Run
3
(22/5-12/6)

Simulated depth (m) 700 700 700 Control

NO−
3 (μM) 5.8 5.8 5.8 430

Fertilizing frequency (week−1) 10 10 10 1

Run
4
(5/6-26/6)

Simulated depth (m) 700 700 Control

NO−
3 (μM) 5.8 5.8 430

Fertilizing frequency (week−1) 5 5 1
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sodium carbonate in 0.1 N NaOH). After extensive mixing by
pipetting, the plate was incubated at room temperature for 10–
15 min. Next, 20 μL of Folin and Ciocalteu’s reagent (Sigma-
Aldrich, USA) diluted twice (final concentration of 1 N) was
added and mixed by pipetting. Finally, the plate was incubated
at room temperature for 30 min before reading the absorbance
at 650 nm using a Tecan spectrophotometer (Infinite 200 Pro,
Tecan, Switzerland).

Starch Quantification

Starch content was determined using an enzymatic based total
starch assay kit (K-TSTA-100A, Megazyme, Ireland), applied
on 10 mg dry algae powder in 1.5-mL tubes. Both protein and
starch analyses were based on triplicate extractions and tripli-
cate colorimetric measurements.

Elemental Analysis

Elemental analysis was performed on representative group of
samples (N = 14) at the Technion, Chemical, and Surface
Analysis Laboratory, using Thermo Scientific CHNS
Analyzer (Flash2000).

Dry Matter and Ash Quantification

Ash content was measured for a representative group of sam-
ples (N = 8). Dry algae powder (0.5 ± 0.1 g) was weighted (m1

= mass of sample + crucible) and then dried at 105 °C using
the conventional oven for 24 h in preweighted clean crucibles
(m2 = crucible mass). The crucibles were cooled down in a
desiccator, weighted (m3), and ignited at 500 °C for 3 h in a
muffle furnace (M.G. Furnaces, India) and then cooled down
to 105 °C. The crucibles were finally removed from the fur-
nace, kept in a desiccator to cool them down at room temper-
ature, and weighted (m4). Dry matter and ash content were
calculated as shown in Eq. (2) and Eq. (3).

Dry matter content %ð Þ ¼ m3−m2

m1−m2
ð2Þ

Ash content %of dry matterð Þ ¼ m4−m2

m3−m2
ð3Þ

Results of chemical composition analyses were adjusted to
percent of DW by dividing the results in the average dry
matter content.

Estimation of Offshore Production Potential
at the EMS

Biomass yields, production of protein, and production of
starch for each scenario were extrapolated to an area of
10 ha using Eq. (4) and Eq. (5). Constant amounts of N and

irradiance per initial biomass weight were kept by changing
the dimensions of the base, reactor size, and cultivation unit.
Therefore, the reactor shading factor of 0.1 was simulated by
decreasing the equivalent offshore illuminated area to
0.028 m2, while keeping the 35 L volume by increasing the
depth to 1.25 m. Light extinction in the water was neglected.
An alternative extrapolation assumed a lower, 5-fold, irradi-
ance difference between offshore and the MPBR. Thus, an
offshore illuminated area of 0.056 m2 was used, followed by
a cultivation depth of 0.625 m. We called the first extrapola-
tion high irradiance extrapolation (HIE) and the second low
irradiance extrapolation (LIE). The illuminated area is a suit-
able conversion factor as it reflects both the global irradiance,
which is useful for energy balance studies [32], and the pho-
tosynthetic available radiation (PAR), which can be used to
calculate photosynthesis efficiency [33, 34].

Y 10 hectare;FW ¼ YR;FW

aR*
105 m2

10 hectare

ton FW

106 g FW
ð4Þ

where Y10 hectare, FW (ton FW 10 ha−1 21 days−1) and YR, FW
(g FW m−2 21 days−1) are the expected biomass yields in an
area of 10 ha and the measured yield in the reactor, both
during 21 days of cultivation; aR

∗ is the equivalent offshore

illuminated area, 0.028 m2 or 0.056 m2; and 105 m2

10 hectare

� �
and

ton FW
106 g FW

� �
are constants used for unit conversion.

Y 10 hectare; protein=starch ¼ Y 10 hectare;FW DW

: FW pr=st cont 0:001
kg DW

ton DW
ð5Þ

where Y10 hectare, protein/starch (kg protein/starch 10 ha−1

21 days−1) is the expected production of protein or starch in
an area of 10 ha during 21 days of cultivation; Y10 hectare, FW

(ton FW 10 ha −1 21 days−1) is the expected biomass yield;
DW: FWis the dry to fresh weight ratio, which was defined as
0.15 based on previous works [32]; and pr/st cont is the pro-
tein or starch content (kg protein/starch ton DW−1), which
were measured as described in “Protein quantification” and
“Starch quantification.”

Energetic Requirements of Artificial Upwelling

First, DSW flow was calculated by extrapolating the simulat-
ed water exchange from the laboratory experiment to an area
of 10 ha, using Eq. (6).

Q10 hectare;scenario 1 ¼
QR:scenario 1

aR*
week

604; 800 s

105 m2

10 hectare
ð6Þ

where Q10 hectare, scenario 1 (m
3 s−1) is the DSW flow in an area

of 10 ha; QR, scenario 1 (m
3 week−1) is equal to 0.035 m3, the

volume of the reactor which is simulated to be replaced once a
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week; aR
∗ is the equivalent offshore illuminated area,

0.028 m2 or 0.056 m2; and 105 m2

10 hectare

� �
and week

604;800 sÞ
�

are

constants used for unit conversion. For simplicity, increased
fertilization frequencies were expressed by additional pumps
and pipes, thus performing all calculations on one effective
flow.

Next, pumping power and energy requirements were cal-
culated using the Darcy-Weisbach Eq. (7) to calculate head
losses and Eq. (8) to calculate the hydraulic power.

HL ¼ f
L
D

� �
v2

2 g

� �
ð7Þ

where HL is the total head loss (m), f is the friction factor, L is
the length of the pipe,D is the diameter of the pipe, and v is the
average liquid velocity in the pipe. L was determined accord-
ing to the depth of the source water (250, 350 or 700 m). D
was chosen to be 0.5 m based on a comparison of energy
requirements and losses at different diameters (see “Specific
Energetic Requirements”; Table 2). v was calculated to be 0.5
or 1.1 m s−1 for the smallest flow (depending on the extrapo-
lation method) and was kept constant by adding pipes, as done
for the flow. f was determined to be 0.014 or 0.016 according
to the moody diagram (assuming a PVC pipe and roughness
of 3.334 μm [35]).

Ph ¼ ρgQH ð8Þ
where Ph is the hydraulic power of the pump (W), ρ is a
representative DSW density (1027 kg m−3), g is the universal
gravitation constant (9.81 m s−2), Q is the volumetric flow of
DSW through the pump (m3 s−1) calculated by Eq. (4), and H
is the head difference across the pump (m) and was deter-
mined as the sum of the hydrostatic component, equivalent
to the pumping depth and the head losses calculated above.

Based on the chosen pipe dimensions, energy consumption
per 21 days per 10 ha was calculated for the different fertili-
zation scenarios by Eq. (9).

Enutrients ¼ Ph

η
Ndays N pumps 24

hours

days
Þ 0:001 MWh

kWh

� ��
ð9Þ

where Enutrients is the energy consumption (MWh); Ph the
hydraulic power of the pump (kW); η is the pumping efficien-
cy, assumed to be 0.85; Ndays is the number of cultivation
days; Npumps is the number of pipes or pumps, which is equiv-

alent to the fertilizing frequency; and 24 hours
days Þ

�
and 0.001

MWh
kWh

� �
are constants used for unit conversion.

Energetic Efficiency of Artificial Upwelling

Energetic efficiency of the artificial upwelling was examined
by the Exergy Return On Investment (ExROI) indicator, as
suggested by [32]. This indicator relates only to fossil fuel
derived exergy streams. In its most simplified form, ignoring
exergy streams related to labor, capital, waste, and ecosystem
services, and assuming no mixing will be needed in offshore
cultivation, it can be calculated using Eq. (10).

ExROI ¼ Eproduced biomass

Enutrients
ð10Þ

where ExROI is the dimensionless energetic performance ef-
ficiency indicator, Eproduced biomass is the energetic value of the
produced biomass (MWh), calculated as described in [32],
and Enutrients is the pumping energetic cost (MWh), both for
21 days cultivation in 10 ha.

Ocean Thermal Energy Conversion

OTEC can be integrated with the DSW pumping and serve as
a power source for the fertilization task [18]. The maximum
theoretical efficiency for full utilization of this resource is
calculated by Eq. (11), and its maximum available energy is
calculated by Eq. (12).

ηmax ¼
1

2

Th

Tc
−1

� �
ð11Þ

Wmax=m3 ¼ k Th−Tcð Þ ηmax ð12Þ
where ηmax is the maximal theoretical efficiency of a heat
engine, Th and Tc are the temperatures of SSW and DSW in
°K units, Wmax is the maximum available energy in units of
J m−3, and k is the specific heat of water, 4.187 ×
106 J °K−1 m−3.

Data Analysis

HSD Tukey mean comparisons were used to compare the
effect of the different fertilization treatments on growth rates.
Spearman’s test was used to compare the results of runs 1 and
2, in which the same fertilization treatments were applied.
Statistical analysis was performed using JMP pro 14 (SAS
Institute.inc, NC, USA) and Microsoft Excel (2016).

Table 2 Energy requirements and losses (in brackets) [MJ] for pumping
1 m3 of DSW from different depths in a flow rate of 1 m3 s−1, using
different diameters

Depth (m) 250 350 700

D (m)

0.4 3.23 (0.26) 4.52 (0.37) 9.03 (0.74)

0.5 3.05 (0.09) 4.27 (0.12) 8.54 (0.24)

0.6 3.00 (0.03) 4.20 (0.05) 8.39 (0.10)

1 2.97 (0.01) 4.15 (0.01) 8.31 (0.03)
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Results and Discussion

Growth Rates

RGR was measured for different combinations of fertilizing
concentrations (2, 3.5, and 5.8 μM NO−

3 ) and frequencies (1,
2, 3, 5, and 10 pulses per week) (Fig. 2a). RGR values of the
control reactors, representing Ulva sp. cultivated year-round
in excess nutrients in an MPBR located in Tel Aviv, Israel,
ranged between 7 and 10.5% day−1, with an average RGR of
9.1% day−1 along 21 days. In comparison, RGR of Ulva sp.,
fertilized to EMS DSW nitrate concentrations, varied between
negligible growth (< 1% day−1) for the lowest nutrient addi-
tions and a maximum of 6.3–7.4% day−1 for the highest nu-
trient addition (5.8 μM, 10 week−1). When examining sepa-
rately only the fertilization frequencies of 1, 2, and 3 week−1

by HSD Tukey mean comparisons, no difference in RGR was
found between any combination of frequency and fertilization
concentration (P value > 0.05). Although the differences be-
tween those treatments were insignificant, they did follow a
similar trend (Spearman’s r = 0.88). However, the combina-
tion of 5.8μMwith 10week−1 and the control achieved higher
RGRs (P value < 0.03 and P value < 0.0001). The control
RGR was higher also than that of the combination of
5.8 μM with 5 week−1 (P value < 0.01).

For the sake of comparing different nutrient enrichment
treatments (i.e., different combinations of fertilization concen-
trations and frequencies), we defined the term normalized N

supply (NNS), which is the total N that was added to the
system, normalized per fresh weight of initial biomass per
day. This term relates not only to the concentration but also
to the biomass density, volume of water, fertilization frequen-
cy, and cultivation duration and, therefore, can better describe
the effective amount of N added to the system.

Another useful term we used is normalized growth, which
is the RGR of a reactor normalized to the RGR of its control
reactor. By normalizing to the control, time related external
effects, such as the effect of light and temperature, are elimi-
nated, and fertilization effect is more noticeable. When exam-
ining the effect of NNS on normalized growth, a direct loga-
rithmic correlation (R2 = 0.92) is evident (Fig. 2b). The max-
imal normalized growth rates, 61–71.5%, were achieved for
the combination of 5.8 μM nitrate and 10 week−1 frequency.
These values were achieved with an NNS 7.5 times lower than
the NNS of the control, suggesting 2.5–3.5 times higher fer-
tilizing efficiency, in terms of gram produced biomass per
gram of added N. In similar experiments (N = 6), performed
between July and October 2017, growth rates were measured
for the same NNS, applied this time by adding 58 μM once a
week. The results of these experiments, RGR of 3–6% day−1

(compared to 5–8.5% day−1 of the control), normalized
growth rates of 36–83%, and fertilization efficiencies 1.4–
5.6 higher than the control, are slightly lower, which may be
explained by different temporal distributions and by seasonal
effects.

Changes of RGR with cultivation duration in the 5.8 μM,
10 week−1, and 5 week−1 nutrient treatments are presented in
Fig. 3. Although NNS in the 10 week−1 was double than in the
5 week−1, a clear difference in RGR (P value < 0.05) was
observed only after 3 weeks. Our proposed explanation is that
in the first period of cultivation, growth is primarily affected
by the state of the internal nutrients, which result from the
nutritional history. Furthermore, these results show that
21 days were a long enough cultivation period to examine
fertilization effects, regardless of the varying initial tissue N
conditions. In addition, the analysis presented in the

R² = 0.92
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Supplementary Data confirms that all results and identified
trends presented above (i.e., RGR differences) are not affected
by the system setup. Therefore, RGR differences within each
run, or alternatively, normalized growth rate differences in all
runs, are due to fertilization treatment alone. However, the
effect of “date” related factors, such as temperature and irra-
diance, is significant and therefore is further analyzed and
discussed (see “Temperature and Irradiance Effects”).

Chemical Composition

Protein and starch were used to evaluate the changes in the
chemical composition of the produced biomass. As expected
from previous works [10, 36, 37], protein was high (14–21%
of DW) and starch was low (2–3% of DW) in all control
reactors, besides one control reactor with an unexplained
starch result (8% of DW). When focusing on the reactors
fertilized to DSW nitrate concentrations (Fig. 4a), no change
in protein with NNS was identified (P value > 0.05), and most
measurements were in the range of 4–6% of DW. This con-
stancy can be explained by the term critical tissue N content,
which was introduced by [38] and further discussed by [11].
This term means that when the macroalgae’s tissue N level
drops below a certain level, its growth slows down.
Consequently, the decrease in tissue N slows down too until
tissue N (and protein) stabilizes. These results indicate that in
all treatments, except the control, growth was limited by N
availability. Nevertheless, changes of growth rate with NNS
can be explained by different equilibriums that were achieved

between N consumption via growth and N uptake. N to pro-
tein conversion factor was calculated to be 5.64 (Fig. 4b),
compared to a green macroalgae average of 5.13 ratio [39].

Starch, on the contrary, was not constant and increased in
the lowest NNS from about 9% up to 15% of DW. Starch
serves as the main reserve carbohydrate in Ulva sp. and is
accumulated in nutrient stress conditions, when N limitations
decrease the production of new biomass [37]. Furthermore,
previous works have found an inverse correlation between
starch and growth rate and between starch and tissue N [37].
A linear inverse correlation between starch and tissue N was
found also here (Fig. 4b; R2 = 0.77). Considering the signifi-
cant increase in starch content under severe nutrient stress, a
previous work suggested applying a two-step cultivation: first,
a nutrient-rich step for high biomass production, and second, a
nutrient-limited phase for the carbohydrate/starch accumula-
tion phase [10].

Temperature and Irradiance Effects

Variation of ambient temperature and daily irradiance at the
MPBR surface along the cultivation periods is presented in
Fig. 5a. Water temperature, when measured, followed the
same trend and same range as air temperature. Effects of tem-
perature and irradiance were analyzed by plotting growth rates
and protein and starch content of the control reactors vs aver-
age temperature and daily irradiance (N = 4), thus eliminating
the effect of the nutrients (Fig. 5b, c). Control RGR has in-
creased linearly with ambient temperature (R2 = 0.70) and

Fig. 4 Protein and starch content
(% of DW) vs a NNS (mg added
N per g of initial fresh weight per
21 days) and b N content (% of
DW)
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irradiance (R2 = 0.81). However, this trend may apply only for
a specific temperature range. For example, a previous work
found that at average, temperatures higher than 27 °C and
productivity of this Ulva sp. may decrease [32]. Inversely to
the RGR, protein content decreased linearly as irradiance in-
creased (R2 = 0.80), a phenomenon identified previously as
light limited growth [37]. Low levels of starch also reflected
a light-limited growth, as starch tends to accumulate under N
limitation rather than under light limitation [37].

Offshore Cultivation Simulation

The cultivation experiments presented in previous sections
were designed to examine growth rates and chemical compo-
sitions of Ulva sp. cultivated under N supply that simulate
different artificial upwelling scenarios in the EMS. In this
section, we project the production of dry biomass, protein
and starch, and the energetic cost and efficiency to a large-

scale cultivation of Ulva sp. in the EMS, pumping DSW from
250, 350, and 700 m as a N source. This projection is based on
a preliminary calculation of specific energetic cost of DSW
pumping and on extrapolating both yields and energetic costs
to an area of 10 ha and the respective DSW flows. The impli-
cations of this projection are later discussed, emphasizing the
importance of the power source to the energetic viability of
this project.

Specific Energetic Requirements

Energy is a main operation input in any artificial upwelling
project and has a crucial effect on its feasibility. A previous
work, which focused specifically on airlift artificial upwelling
[19], pointed the diameter as the most significant geometric
parameter of the upwelling pipe efficiency. After examining
diameters of 0.4, 1, and 2 m and discussing how increasing
diameters are an energetic advantage but a construction and
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maintenance disadvantage, the conclusion of [19] was that a
mid-range diameter would best fit. Here, we started with cal-
culating energy requirements and losses for pumping 1 m3 in
four different diameters (0.4, 0.5, 0.6, and 1 m) and the three
examined depths (Table 2) in a flow rate of 1 m3 s−1. A com-
parison between energy requirements (and losses) shows a
sharp decrease when enlarging the diameter from 0.4 to
0.5 m, followed by milder decreases when further enlarging
the diameter. Based on these results, and after ensuring DSW
velocity is reasonable, we chose the diameter of 0.5 m, in
which we further conducted the full energetic analysis.

Offshore Ulva sp. Production—Energy and Productivity

Offshore biomass production can be utilized to produce a wide
variety of products, for example, via the co-production or
biorefinery concept [3, 4]. Here, we focused on dry biomass,
protein, and starch, attempting to evaluate the energetic cost of
performing artificial upwelling for their production in the
EMS. The projection of the results to 21 cultivation days in
an area of 10 ha offered the production of 0.4–17.1 ton of dry
biomass, including 21–751 kg protein and 59–1484 kg starch,
in an energetic cost of 309–8656 MWh (HIE), or 0.2–8.6 ton
of dry biomass, including 11–375 kg protein and 30–742 kg
starch, in an energetic cost of 154–4323 MWh (LIE), depend-
ing on the fertilization scheme. Figure 6a presents the
projected production potentials, following the HIE, as a func-
tion of invested energy. A linear correlation was found be-
tween increased energy input, equivalent to increased fertili-
zation, and the increase in dry biomass (R2 = 0.98), protein
(R2 = 0.96), and starch (R2 = 0.96). Figure 6b relates to the
energy input as singular fertilization scenarios, combining
pumping depth and number of pumps per 10 ha, and presents
the productivity and energetic cost of protein and starch pro-
duction in each scenario. These energetic costs are equivalent
to 0.35–0.74 MWh per kg of dry biomass or, when focusing
on specific products, 6.5–14.5 MWh per kg of protein and
3.1–6.1 per kg of starch. The energetic cost of specific prod-
ucts can be reduced by applying co-production, thus allowing
better utilization of the produced biomass.

A comparison of Ulva sp. protein yields and ExROI to
those of terrestrial and marine crops is presented in Table 3.
The marine crop comparison relates to results from diatoms
artificial upwelling-based cultivation experiments, conducted
in the 1970s in the St. Croix (U.S. Virgin Islands). In these
experiments, three 7.5-cm-diameter polyethylene pipelines
pumped DSW from a depth of 870 m into two pools, in which
Diatoms were cultivated, serving later as shellfish feed. The
combined nitrate and nitrite concentration of these DSW was
2.4 μM [18]. This comparison suggests that in a year-round
cultivation, applying the scenario 11 fertilization treatment,
Ulva sp. farming can yield 0.6–1.2 ton protein per hectare,
more than any terrestrial crop [40], but less than the diatoms

artificial upwelling-based cultivation experiments [18]. Ulva
sp. protein yield inferiority compared to diatoms may be ex-
plained primarily by large differences in biomass protein con-
tent (4.4% vs 58%). However, this comparison is limited due
to different experimental setups, relating, for example, to the
cultivation system dimensions, cultivated species, and envi-
ronmental conditions. In addition, it should be noted that ex-
trapolating to a yearly yield ignores seasonal changes in envi-
ronmental conditions such as irradiance and temperature.

Starch, when co-produced with protein, is projected to
yield 1.2–2.3 ton per hectare annually. In comparison, corn,
which is farmed in North America as a starch source too, can
yield annually up to 7.2 ton of dry corn [41] and 4.3–4.7 ton
starch [42] per hectare, 1.9–3.9 times more than the Ulva sp.
projected yield.

ExROI of artificial upwelling-based Ulva sp. cultivation in
the EMS is projected to be in the range of 0.0037–0.0078.
This indicates a very low energetic efficiency in comparison
to other crops (Table 3). However, as the Ulva sp. protein and
starch productivity may be competitive, means of improving
the energetic performance should be further discussed (see
“Offshore Power Supply”).

Offshore Power Supply

DSW pumping requires high-energy inputs and a suitable
power supply. In case of a fossil fuel-based power supply,
the energetic efficiency of the examined EMS project is ex-
pected to be very low (see “Offshore Ulva sp. Production—
Energy and Productivity”). Using a threshold of positive
ExROI, maximal allowed pumping power for the different
fertilization scenarios following the HIE was calculated
(Table 4). These values may be relevant only in cases of high
nitrate concentrations and shallow depths, as found, for exam-
ple, in the Norwegian fjords [43].

Alternatively, self-powered artificial upwelling systems
such as wave pumps can help overcome this energetic inferi-
ority [16, 17]. A theoretical work on this topic estimated that
in the condition of 1.90 m wave height and 12 s wave periods,
a wave pump can produce a flow rate in the range 0.45 to
0.95 m3 s−1 [44]. However, in a field experiment, which suf-
fered from a complete material failure after a few hours, the
measured flows were an order of a magnitude lower [45]. A
more advanced solution, which is progressing these days to-
wards the construction of field demonstration plants, is the
distributed generation (DG) method, combining units of wind
turbines, wave energy converters, photovoltaic arrays, and a
diesel generator, powering together an air compressor for air-
lift pumping [17]. Airlift pumps, which were recently pro-
posed as candidates for upwelling applications due to their
simplicity and lack of moving mechanical parts, are still in
developmental stages. The development of self-sufficient
power supply techniques, such as the DG, may be an
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important progress towards the implementation of airlift
pumps [19].

Furthermore, some designs propose to utilize salt and tem-
perature gradients (perpetual salt fountain) and even produce
power (OTEC) while pumping DSW [16, 17]. However, both
technologies are limited to specific geographical zones. The
perpetual salt fountain cannot work where the salinity of the
SSW is higher than that of the DSW [17]. Similarly, the OTEC
requires a minimum temperature difference of 10 °C (and
preferably more than 20 °C) between SSW and DSW.

Applying OTEC in the EMS may be relevant only in summer
conditions (26 °C in the surface and 13.5 °C in the depth [21]).
In these conditions, the maximal power generation efficiency
is 2.2% and the maximal available energy is 1.14 MJ m−3. In
comparison, in the conditions of the U.S. Virgin Islands
(27 °C in the surface and 7 °C in the depth), the maximal
power generation efficiency is 3.6% and the maximal avail-
able energy is 2.91 MJ m−3 [18]. Therefore, the pumping cost
in a 0.5-diameter and 700-m-depth scenario, which relates
only to the friction losses in the pipes, 0.24 MJ m−3, is

Fig. 6 a Production of dry
biomass, protein, and starch as a
function of energy invested in
pumping of DSW for fertilization,
according to the HIE (b).
Production of protein and starch
and energy consumption of the
different artificial upwelling
fertilization schemes in both LIE
and HIE: 1 250 m, 1 pump; 2
250 m, 2 pumps; 3 250 m, 3
pumps; 4 350 m, 1 pump; 5
350 m, 2 pumps; 6 350 m, 3
pumps; 7 700 m, 1 pump; 8
700 m, 2 pumps; 9 700 m, 3
pumps; 10 700 m, 5 pumps; 11
700 m, 10 pumps; both during
21 days of cultivation in an area of
10 ha

Table 3 Primary production per hectare per year for chosen terrestrial and marine crops grown in deep sea water (for “artificial upwelling” 1 year =
330-day production)

Type of crop Crop yield in protein (kg) Crop yield (kg DW) ExROI Reference

Alfalfa (highest protein production) 710 6451 0.24 [40]

Corn silage (highest crop yield) 393 30,200a 0.23 [40]

Cassava (lowest fossil energy input) 58 5824 0.0008 [40]

Artificial upwelling cultivated phytoplankton (optimum)b 23,063 39,764 0.31 [18]

Artificial upwelling cultivated Ulva sp. (scenario 11)c 590–1179 13,434–26,880 0.0054 Current study

a Fresh weight
b Optimum was decided upon according to cost/productivity considerations and relates to pool depth of 4.88 m
cBased on lab results projected to 0.625 or 1.25 m cultivation depth in the sea
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equivalent to 21% of the maximum generated power in the
EMS summer. Previous works have calculated a pumping cost
of 6.5% of the power generation, suggesting results would be
better in larger systems [18]. In general, larger-scale applica-
tion may be of benefit, as the OTEC technology is expected to
prove economic viability only in very large scales, applying
larger diameters with lower losses [46].

Local Israeli Geography

Productivity and energetic efficiency are highly dependent on
the local geography of the upwelling site. By examining the
local bathymetry, depths, yields, and energetic performances
can be casted into the geographic context of the Israeli EEZ,
thus enabling to designate specific locations as potential up-
welling sites. The Israeli EEZ bathymetry is characterized by a
continental shelf which measures a 2° slope in the south and
about 8.5° slope in the north [47]. The steeper sea floor slopes
in the North (Table 5) may be advantageous as it enables to
locate the artificial upwelling sites closer to the shore, thus
decreasing energetic requirements of transportation [9].

Future Perspectives and Limitations

Finally, we believe that this work offers a path in which the
vision of harnessing DSW nutrients for offshore macroalgae
cultivation can advance from theory to real-world implemen-
tation. Our work emphasizes the importance of developing
self-sufficient offshore power supply technologies as a prelim-
inary step for artificial upwelling-based cultivation projects.
Notwithstanding, the presented analysis is limited in its ability
to represent exact DSW properties and real offshore condi-
tions, including water exchange, flow, and dilution [20], as
well as dynamic changes in nutrient concentrations [48].

Another limitation is the lack of data regarding the initial

biomass composition. Ideally, this analysis should serve as a
first step before following field experiments.

Conclusions

We present an assessment of N supply for an offshoreUlva sp.
cultivation project in the EMS, using DSW pumping. Based
on laboratory cultivation experiments and upscaling simula-
tions, measured RGRs of 6.3–7.4% were projected to the po-
tential production of 8.5–17.1 ton dry Ulva sp. biomass, in-
cluding 373–751 kg of protein and 742–1484 kg of starch
within 21 cultivation days in an area of 10 ha, in the energetic
cost of 4323–8656 MWh. These values offer high productiv-
ity but low energetic efficiency, compared to terrestrial crops.
At last, we conclude that the energetic performance and the
overall viability of this project will significantly increase once
offshore self-sufficient power sources will be developed.
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