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ABSTRACT

Energy usage and CO, emission between traditional electrodialysis reversal (EDR) and
innovative EDR desalinations were compared. The difference between traditional and inno-
vative EDR desalination depended on which concentrate treatment was employed. Tradi-
tional EDR desalination consists of electrodialysis as concentrate treatment, while
innovative EDR desalination consists of Dunaliella salina production as concentrate treat-
ment. Microalgae species D. salina and Arthrospira (Spirulina) platensis were cultured in used
bottles (3.7L) as reactors and using desalination concentrate and supernatant from anaero-
bic digested sludge (SADS) as growth medium and nutrients. D. salina was grown in reac-
tors Dy, D,, D3, and Dy. Spirulina platensis was in S;, Sy, S3, and S,. SADS was supplied to
reactors Dy, D,, S, and S, as nutrient. Bold’s Basal Medium was supplied to reactors D;
and D, while F2 was supplied to reactors S; and S; as nutrient. Conductivity of desalination
concentrates used in reactors D; and D3 was 31.8 and in D, and D, 25.4mS/cm, respec-
tively. Conductivity of concentrate in reactors S; and S; was 35.9 and in S, and S,
21.5mS/cm, respectively. Dry weight concentrations of D. salina grown in reactors D; and
D, with SADS (1.36-1.49 g/L) were achieved which were more than that with Bold’s Basal
Medium (0.84-1.04g/L) in reactors D3 and D,. Dry weight concentrations of S. platensis
with SADS (1.41-1.98 g/L) in reactors S; and S, were achieved which were more than that
supplied with F2 (0.68-1.20g/L) in reactors Sz and S4. In those cases where SADS was the
nutrient, low conductivity mediums provided the higher microalgae dry weight concentra-
tions. Dry weights of both species achieved by reusing concentrate and SADS in our studies
were 1.49 g/L (D. Salina) and 1.98 g/L (S. platensis) that are comparable to that of literature
data where sea water and pretreated sea water were used. Both species gain a negative net
energy ratio. Energy content of 3.02-4.24 k] /L is required for a positive net energy ratio in
microalgae growth culture. Conductivities of growth mediums from all reactors in which
D. salina were grown are less than the conductivity of drinking water quality required for
sheep. Net energy ratio of D. salina is less than that of S. platensis. For conservative and
reusable drinking water for sheep, D. salina was used as microalgae to treat concentrate in
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our analyses. Energy usage and CO, emission saved from innovative integrated desalination

were 4-14%.

Keywords: CO, emission saving; Desalination concentrate; Dunaliella salina; Energy saving;

Net energy ratio; Spirulina platensis

1. Introduction

1.1. Further treatment required for desalination concentrate

In the past several years, the western USA has suf-
fered and continues to suffer from severe drought.
The water level in rivers has decreased along with the
water level of the reservoirs downstream. These losses
are typically replaced by pumping and desalting
brackish groundwater that carries total dissolved sol-
ids (TDS) > 1,000 mg/L. Desalination technologies such
as reverse osmosis, nanofiltration, and electrodialysis
(reversal) (ED(R)) to desalt brackish groundwater into
drinking water show promise, but these technologies
have a big drawback when applied in large-scale
systems because only dissolved ions are physically
transferred from one stream to another stream. The
transferred ions carried by the stream have very high
conductivity and have not received treatment. The
direct and indirect discharges of the concentrate pose
an environmental risk, both now and, more so, in the
future as such CO,-untreated discharges build up in
the atmosphere little by little which, subsequently,
contributes to climate change. The literature repeat-
edly suggests treating desalination concentrate further.
Additional treatment, however, raises the desalination
cost, energy usage, and carbon dioxide concentration
emission.

1.2. Reuse desalination concentrate in culturing microalgae

Spirulina requires dissolved inorganic carbon as a
nutrient for growth. Spirulina can consume dissolved
carbon dioxide in water medium as a primary sub-
strate for its growth [1]. Spirulina is a photosynthesiz-
ing cyanophyte (blue-green algae) and has the ability to
grow energetically in sturdy sunlight under hot tem-
peratures and highly alkaline conditions [2]. Spirulina
prospers in alkaline lakes where it is difficult or
impossible for other organisms to live [1,3]. Dunaliella
prospers in high-salinity water. In open lakes,
microalgae growth cycles are normally limited by the
availability of nutrients in the water medium. The
growth and carotenogenesis medium cost one-third of
the total cost of thorough production of Dunaliella sal-
ina [4]. If D. salina can be cultured from cost-free
growth medium and nutrient, not only about

one-third of the total cost but also CO, emission from
fossil-based manufacturing growth medium and
nutrients can be avoided.

1.3. Reuse anaerobic digested sludge in microalgae culture
for sustainability

Reusing waste materials improves the net energy
gain of the first- and second-generation biofuels and
will improve the third-generation biofuel. The first-
generation biofuels were fed from energy plants
(sugar cane, corn, and soybean), but were accompa-
nied by excessive water and land uses and deforesta-
tion. The second-generation biofuels were generated
from lignocellulose agriculture and forest residues.
However, their conversion rates are slow and they
need large areas of reactor footprint land and are eco-
nomically not feasible. To be environmentally friendly
and cost-effective, the literature recommended that the
whole energy crops traditionally unused and residues
from lignocellulose agriculture and forest be co-fed
with animal waste and/or anaerobic digested sludge
to stoichiometrically balance the carbon, nutrients, and
micro-organisms and accelerate the biochemical con-
version rate in the first- and second-biofuel processes,
respectively. Microalgae were suggested as third-gen-
eration biofuels, thus eliminating the disadvantages of
the first- and second-generation biofuel processes. Oil
from microalgae process was not yet economically via-
ble in 2007 technologies [5] as revealed by both the
key projects funded by the governments of the USA
and Japan. Algae biodiesel production cost is almost
10-fold higher than crude oil [6]. Literature every-
where, therefore, has concentrated on finding cost-free
sources of carbon, nutrients, growth mediums, and
reactor materials as much as possible to further reduce
the production costs of microalgae [2,7-9] and to
increase the sustainability of the environment.

The reuse of desalination concentrate, supernatant
from anaerobic digested sludge (SADS), and used bot-
tles in microalgae production follows the fundamental
eco-environmental and ecologically sound practices.
Conservation environmentalists recommended that the
investigation of the fundamentals of eco-environmental
and ecologically sound environmental practices be
carried out to initialize the regions specific standards or
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best practices for achieving the highest harvests with
least environmental impact. That means that processes
for sustainable energy production must be environmen-
tally benign, reduce greenhouse gas production, and
utilize renewable resources. Desalination concentrate,
SADS, and used bottles are renewable resources.

1.4. Hypothesis

HCOj; acts as a buffer and protects microalgae
growth culture from pH fluctuations that can be harm-
ful to microalgae growths. Additionally, HCO;, as an
inorganic carbon source, improves growth cultures in
carbon storage compared to CO, [10]. Concentrate
from brackish groundwater desalination dissolves
more HCOj than that from sea water desalination.
Spirulina prospers in high CO3~ and HCO; water [11].
CO?—, HCO;-, and alkaline-rich desalination
concentrate with pH (8.5-11.0) is ideally suitable for
Spirulina platensis growth [11. Dunaliella species are
native to salty lake water [12]. Dunaliella also has a
wide range of pH forbearing ability ranging from
pH 1 (D. acidophila [13]) to pH 11 (D. salina). D. salina
is one of the most environmentally forbearing eukary-
otic organisms recognized and can survive from sea
water (=3% NaCl) to NaCl saturation (=31% NaCl),
and temperature ranging from <0°C to >38°C [14,15].
Energy consumed per energy produced for nutrients
in microalgae production is 0.455M]/M] [16]. The
objectives of this article are: (one) to evaluate the net
energy ratio of microalgae (D. salina and Arthrospira
(Spirulina) platensis) production and (two) to analyze
the energy usage and CO, saved in these microalgae
production in used bottles as reactors.

2. Method
2.1. Analytical method and sampling

Microalgae species D. salina were sampled in the
New Mexico State University Lab. Arthrospira (Spiru-
lina) platensis were sampled at the University of Texas
at Austin. These species were grown in used bottles
(3.785L volume) by reusing desalination concentrate
as the growth medium and SADS from wastewater
treatment plant as nutrients (Table 1). To narrow the
gap between lab- and field-scale studies, natural desa-
lination concentrate samples were used in the research
for all the tests [17]. Desalination concentrate samples
were collected from desalination concentrate ponds of
the Brackish Groundwater National Desalination
Research Facility located in Alamogordo, NM, USA.
Anaerobic digested sludge was collected from Las

Cruces Wastewater Treatment Plant, NM. Desalination
concentrate and anaerobic digested sludge were sepa-
rately centrifuged for 3 min at 10,000 rpm to collect the
supernatants. The supernatants were used in the stud-
ies. Dry weight concentration and optical density of
growth culture were used to identify the microalgae
growth. About 10mL of cell suspension sample was
withdrawn from the reactor, centrifuged for 3min at
10,000 rpm, the supernatant was decanted, and the
remaining microalgae slurries were dried at 103-105°C
in an oven to measure the dry weight concentration of
microalgae, and the dry weights concentrations of the
microalgae were measured according to SM 2540D
[18,19]. The same volume of supernatant of each sam-
ple was also dried in the same oven to obtain the cor-
rect TDS concentration from microalgae slurries to get
TDS-free dry weight concentration of microalgae. The
optical density of growth culture was measured with
the spectrophotometer (Hach DR/2010) at 560 nm
wavelength, the same wavelength 560nm recom-
mended by Concas et al. [20] for the measurement of
optical density. The pH was measured with Cole
Parmer pH meter AB15 accumet basic. The conductiv-
ity was measured with the Hach sension5 conductivity
meter. Dry weight concentrations were measured at 13
and 11 points after 41 and 34 d of treatment for D. salina
and S. platensis, respectively. Optical density of growth
culture was measured at 15 and 12 points after 41 and
34 d of treatment for D. salina and S. platensis, respec-
tively. Conductivity of growth culture was measured
at 18 and 12 points after 41 and 34 d of treatment for
D. salina and S. platensis, respectively. Optical density
of growth culture was measured at 15 and 12 points
after 41 and 34d of treatment for D. salina and
S. platensis, respectively. The pH of growth culture was
measured at 17 and 12 points after 41 and 34 d of treat-
ment for D. salina and S. platensis, respectively.

2.2. Contents in open reactors

All reactors were filled with desalination concen-
trate and seed microalgae as shown in Table 1. Reac-
tors D;, D,, S;, and S, were fed with SADS as
nutrients. Reactors D3 and D, were fed with Bold’s
Basal Medium [21] and S; and S; with F2 [22] as
nutrients. The reactors were bubbled with air from the
environment (which contained CO, at 0.0387% by vol-
ume), 8 hours a day. All reactors were directly
exposed to sunlight from 9:00am to 5:00pm on
non-holidays by taking the reactors outside during
daylight hours and moving them back into the lab
room at night. The experiments D;, D,, D3, and D,
were performed during November-December 2011
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Table 1
Contents in reactors

Desalination concentrate

Seed microalgae

Seed microalgae Nutrient
Reactor Conductivity pS/cm Volume L Weight g/L dry Volume L
D, 31,800 2.00 0.79 0.11 D. salina SADS
D, 25,442 2.00 0.79 0.11 D. salina SADS
D3 31,800 2.00 0.45 0.08 D. salina BBM
Dy 25,442 2.00 0.45 0.08 D. salina BBM
S 35,900 1.97 1.01 0.10 S. platensis SADS
S, 21,500 1.97 1.01 0.10 S. platensis SADS
S3 35,900 1.97 2.68 0.10 S. platensis F2
Sy 21,500 1.97 2.68 0.10 S. platensis F2

Notes: SADS = Supernatant from anaerobic digested sludge after centrifugation at 10,000 rpm for 3 min twice. BBM = Bold’s Basal Med-

ium.

and S;, S S3, and S, were performed during
January-February 2012 in New Mexico State Univer-
sity, Las Cruces, NM. Sunlight radiation data were not
collected since sunlight radiation varies with time
(from 9:00 am to 5:00 pm) during the day and location
of surface in reactors. The reactors were illuminated
with light bulbs on holidays when the reactors were
in the lab. The radiations from light bulbs to reactors
were also not collected since the exposure time of light
bulb is negligible compared to the exposure time of
sunlight. SADS was fed periodically as fed-batch cul-
ture. The seed microalgae concentrations for D. salina
and S. platensis were 0.029 (stdev 0.014) and 0.089
(stdev 0.047) g/L in reactors D and S, respectively.
These different concentrations of seed microalgae
between D. salina and S. platensis affected the growth
of these microalgae, differently.

3. Results and discussion

Dry weight concentrations of D. salina, and
S. platensis, optical density, conductivities of growth
media, nutrient added as fed-batch, pH, temperature
of cultures when the reactors were in lab, and air flow
rate vs. culturing time are plotted in Figs. 1 and 2. The
temperature of the cultures was 32.8-47.2°C when the
reactors were outside the lab directly under the sun.
The volume of the nutrient added to reactors increases
with the time of experimentation as shown in
Figs. 1(d) and 2(d) because the microalgae’s dry
weight concentrations and optical density of growth
medium increase with time as shown in Figs. 1(a) and
(b), and 2(a) and (b). The comparison of dry weight
concentrations and specific growth rates of D. salina
and S. platensis between our studies and literature data
is presented in Tables 3 and 4.

3.1. Comparison of biomass microalgae between SADS and
BBM or F2

Dry weight concentrations of D. salina supplied
with SADS (1.36-1.49 g/L) were higher than that sup-
plied with BBM (0.84-1.04 g/L) as shown in Fig. 1(a).
Dry weight concentrations of S. platensis supplied with
SADS (1.41-1.98g/L) were higher than that supplied
with F2 (0.68-1.20 g/L) as shown in Fig. 2(a). The rea-
son for this may be that the micro-organism grew in
SADS [23] along with microalgae, and the micro-
organism promoted microalgae growth. This finding
agrees with the finding of Wang et al. [24]. Wang
et al. [24] stated that the specific growth rate of micro-
algae from concentrate (wastewater from sludge cen-
trifuge) is higher than that from wastewater before
and after primary settling and aeration tank. Wastewa-
ter from sludge centrifuge has more micro-organisms
than the wastewater before and after primary settling
and aeration tank. In cases of SADS as nutrients, low
conductivity mediums provide higher microalgae dry
weight concentrations. In cases of Bold’s Basal
Medium and F2 as nutrients, higher conductivity
mediums provided higher microalgae dry weight
concentrations.

3.2. Comparison of biomass microalgae between our study
and literature

Dry weight concentrations of both species by reus-
ing concentrate and SADS achieved from our studies
are 149g/L (D. Salina: Fig. 1(a)) and 1.98g/L
(S. Platensis: Fig. 2(a)). These results are comparable to
that of literature data (D. salina 1.06 g/L and S. platen-
sis 0.8-2.99g/L in Tables 3 and 4), where sea water
and pretreated sea water were used. Dry weight
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rate.

concentration 2.587 g/L of S. platensis was observed in
the work of Volkmann et al. [25] in desalinated waste-
water. Dry weight concentration of 2.37g/L of dry
biomass was observed by Pandey et al. [26] at pH
8.25, temperature at 30°C, and light intensity of 3 Klux
[27]. Dry weight concentration of S. platensis 2.34g/L
was found on the 27th day of culturing in 30% petha
waste medium supplemented with standard medium
(for example, CFTRI medium) in triplicate at 3 Klux
light intensity, pH 9.5+0.1, and 30°C +2 temperature
under 12/12h light/dark cycles [27]. Dry weight con-
centration 2.91g/L of S. platensis was observed at
input CO, concentration of 10% on the 25th day of

culturing by Ramanan et al. [28]. Longer culturing
time 37-39d for D. salina was required to reach maxi-
mal growth due to higher conductivities in concen-
trate (Table 2) and color from SADS. The color of
SADS decreases the transparency of the used plastic
bottles as reactors. The growth rate of microalgae also
depends on the amount of seed microalgae in the
growth media [29,30].

The growth of D. salina may be inhibited in desali-
nation concentrate by brackish groundwater since this
concentrate contains high concentration of SO3~ and
high concentration of HCO;. D. salina prefers high pH
of 11 while the pH of the growth culture was between
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6.8 and 8.8 in Fig. 1(e). Therefore, longer culturing
time is required for D. salina to reach the maximum
dry weight concentration compared to S. platensis,
since Spirulina prospers in high CO?” and HCOj;
water [11] in the pH range of 8.5-11.0 [1].

3.3. Specific growth rate
p={Ln(Wy/Wx)}/{ty — tx} M

where Wy and Wx are the microalgae dry weight (W)
at the start (tx) and the end (ty) of the logarithmic
growth phase [31,32].

The specific growth rate was found from the Eq.
(1). The available specific growth rates of D. salina
from literature, culturing with NaCl as growth med-
ium [33], and manufactured chemical nutrient [34]
were used to compare with that from our studies.
The natural desalination concentrate and SADS were
used in our studies (Tables 3 and 4), and the specific
growth rates from our studies (0.095-0.114 for
D. salina in Table 3 and 0.019-0.034 for S. platensis in
Table 4) were lower than those reported in literature
(0.12-0.47 for D. salina [34] in Table 3 and 0.255 for
S. platensis from [51] in Table 4), where sea water and
pretreated sea water were used as water medium in



W. Hussein et al. | Desalination and Water Treatment 54 (2015) 69-83 75

Table 2
Maximal dry weight concentrations in reactors

At which the highest dry weight occurs

Seed microalgae Nutrient
Reactor Weight g/L dry Optical density pH Temp C d
D, D. salina SADS 1.36 2.002 8.5 24-24 37
D, D. salina SADS 1.49 2.259 8.2 24-24 37
Ds D. salina BBM 1.04 1.355 8.4 24-25 37
D, D. salina BBM 0.84 1.369 8.2 23-24 39
S1 S. platensis SADS 1.41 0.125 8.6 23-24 14
S, S. platensis SADS 1.98 1.625 8.9 23-26 24
S3 S. platensis F2 1.24 0.434 8.5 23-24 20
S4 S. platensis F2 0.68 0.236 8.4 23-25 20

Note: SADS = Supernatant from anaerobic digested sludge after centrifugation at 10,000 rpm for 3 min twice.

closed reactor. Misleading conclusions can be made
in comparison in the microalgae growth rate in
between different water mediums, different nutrient
supplied, and different types and characteristics of
reactors used [30]. Pittman et al. [30] states that
nutrient removal rates are comparable. However,
microalgae growth rates are higher in artificial waste-
water than that in natural wastewater [29,35]. This
may be due to the increased toxicity of natural
wastewaters, or the competitive effects of indigenous
bacteria and protozoa, or by the diverse chemical
composition of the natural wastewaters [30]. Natural
concentrate from desalination of the evaporation
pond has to be used for simulating real-world condi-
tions [17] and to reduce the disconnection gap
between lab and field. Sheehan et al. [36] stated that
there is disengagement between the lab and the field.
The lab condition requires simulating the field
situation as such using natural concentrate in the
experiments.

The lower specific growth rates of microalgae
may also be due to the temperature fluctuation
between daytime (open outdoor 32.8-47.2°C in our
study) and nighttime (in lab 17-30°C in our study),
or the illumination problems from the color of SADS
(optical density 0.58 at 560nm wavelength). The
higher concentrations of TDS, N, Mg2+, and
Ca™ can be toxic to the microalgae growth [37].
Tredici and Zittelli [38] found that the outdoor
cultures of S. platensis (1.09 and 1.26g/L/d) were
lower than that of indoor (1.64-1.93g/L/d).
However, the enthalpies are similar (20.9-21.6k]/g).
Torzillo et al. [39] concluded that temperature and
light irradiance influence the biomass composition
and found that dry weight concentrations of
biomass were reduced during the night due to the
decrease of these two factors.

3.4. Waste materials improve the net energy gain in
microalgae production

The energy produced per energy consumed in mic-
roalgae processes is in the range of 0.2-2M]J/M]
[16,40] without reusing waste materials. The analyses
of net energy ratio are shown in Table 5. The maximal
dry weights of D. salina and S. platensis grown in desa-
lination concentrate and supplied with SADS are 1.36—
1.49 and 1.41-1.98 g/L, respectively, in our study. The
lipid contents of D. salina and S. platensis are in the
ranges of 3.29-4.03 and 6.2-10.6% [41-43]. Analyses
show that both species gain negative net energy ratio
reusing of waste materials (reactor, growth medium,
and nutrients) were reused. Energy consumed per
energy produced for nutrients in microalgae produc-
tion is 0.455 MJ/M] [16], and energy saved from nutri-
ents is about 45.5% of the energy produced.

3.5. Net energy ratio

Net energy ratio was reported in Table 5. Net energy
ratio was calculated as energy produced divided
by energy wused in microalgae process. Energy
produced and energy used were calculated by Egs. (2)
and (3) as:

Energy produced = (DWicroatgae)  (Lipid, ene)

(Energy ouen) (1) (2)

where energy produced = energy production from micro-
algae (dry) grown in 1L culture, kJ/Leuwres DWicroalgae
=microalgae (dry) concentration grown in 1L growth
culture, g/Lcuitures Lipidcontent = lipid content in respective
microalgae (dry), %; Energy.ontent=energy content in
lipid, kJ/g ; and n=efficiency of microalgal oil to
biodiesel, %.
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Table 5
Net energy analysis of microalgae production

W. Hussein et al. | Desalination and Water Treatment 54 (2015) 69-83

D. salina S. platensis
Description/reactors Dy D> S S, Unit Ref.
Energy produced from microalgae production
Dry weight of microalgae from our study 1.36 1.49 141 1.98 &/ Leulture
Lipid content in respective dry microalgae 3.29 3.29 10.6 10.6 % [41,42]
Lipid content in respective dry microalgae 4.03 4.03 6.2 6.2 % [41,43]
Energy content in lipid 38.3 38.3 38.3 38.3 K//g [57]
Energy conversable from microalgae 1.91 2.09 454 6.37 KJ/Leutture
Efficiency, algal oil to biodiesel 63.9 63.9 63.9 63.9 % [55]
Energy produced 1.22 1.33 2.90 4.07 KJ/Lcuteure
Energy used in microalgae production
Energy used in supplying CO, from air 0.35 0.35 0.35 0.35 kWh/Kgpiomass
Energy used in pumping for harvesting 0.10 0.10 0.10 0.10 kWh/Kgpiomass [56]
Energy for centrifugation for harvesting 0.10 0.10 0.10 0.10 kWh/kgpiomass [56]
Energy for oil extraction and conversion to biodiesel 0.05 0.05 0.05 0.05 kWh/Kgpiomass [56]
Total energy used 0.60 0.60 0.60 0.60 kWh/Kgpiomass [56]
Total energy used 0.60 0.60 0.60 0.60 Wh/ ghiomass
Total energy used 0.82 0.89 0.85 1.19 Wh/Lcuture
Total energy used 291 3.19 3.02 4.24 KJ/Leutture
Net energy ratio
Energy produced/energy used 0.42 0.42 0.96 0.96 Unit less
Energy loss in microalgae production -1.70 -1.86 -0.12 -0.17 KJ/Leutture

Eused = EC02 + Epumping + Ecemrifuging + Eextraction (3)
Eused = energy used in microalgae production, Eco,=
energy used in supplying CO, from air, kJ/Lcuures
Epumping = energy used in pumping in microalgae har-
vesting process, kJ/Lcuttures Ecentrifuging = €nergy used
for centrifugation in microalgae harvesting process,
KJ/Leutture; Eextraction = €nergy used for oil extraction,
and conversion to biodiesel, kJ /L uiture-

The net energy ratios calculated from D. salina and
S. platnesis were 0.42 and 0.96, respectively, as shown
in Table 5, and these values are less than neutral. The
net energy ratios of D. salina are less than those of
S. platnesis because D. salina had both less dry weight
concentration and less lipid content compared to the
S. platnesis. Net energy ratio from S. platnesis (0.96) is
close to neutral. From Table 4, 3.02-4.24kJ/L of the
energy content in microalgae growth culture is
required for a positive net energy ratio.

3.6. Using waste concentrate in microalgae (D. salina)
production for desalination energy reduction

Conductivities of growth mediums at the end of
test from all reactors in which D. salina were grown

are less than 20,000 uS/cm, which is the maximal
allowable conductivity of drinking water quality
required for sheep as shown in Fig. 1(c). Net energy
ratio of D. salina is less than that of S. platensis. For
conservative and reusable drinking water for sheep,
D. salina was used as microalgae to treat concentrate
in our analyses.

Tables 6 and 7 compare energy consumption in
desalinations between traditional EDR desalination
with ED as concentrate treatment and innovative
integrated desalination with microalgae production
as concentrate treatment. Traditional EDR desalina-
tion contains two processes as shown in Fig. 3(a).
The first process is the EDR desalination, and the
data from [45,46] were used in the analyses as
shown in Tables 6 and 7. The second process is con-
centrate treatment, in which the concentrate (TDS
0.2-2%) from the first stage was concentrated to
TDS 12-20% using ED with energy consumption of
1-7 kWh/m? [47-49]. The innovative integrated desa-
lination also contains two processes as shown in
Fig. 3(b). The first process is the same as that of the
traditional EDR desalination. However, concentrate
from the first process was used in microalgae pro-
duction as concentrate treatment in innovative desa-
lination.
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B Lpm
product

D Lpm
product

C Lpm
Concentrate

[—]
Electrodialysis v
E Lpm
Concentrate

Brackish groundwater

First stage Second stage

Fig. 3(a). Traditional ED desalination and concentrate man-
agement, first stage: traditional ED desalination; second
stage: concentrate management in which concentrate from
the first stage was fed in the microalgae production; Lpm
=litre per minute.

Dilute product

| —
Electrodialysis

Concentrate Agriculture
A Lpm Microalgae  Aquaculture
Brackish groundwater production  Farm and
Innovative groundwater desalination ranch

First stage Second stage

Fig. 3(b). Innovative ED desalination and concentrate man-
agement, first stage: traditional ED desalination; second
stage: concentrate management in which concentrate from
the first stage was fed in the microalgae production; Lpm
=litre per minute.

Energy consumption of EDR desalination is
0.528-3.23kWh/m>® (1901-11,628]/L as shown in
Tables 6 and 7) of desalted product water, depend-
ing on water recovery rate and chemical characteris-
tics of feed water [45,46]. The pumping energy was
assumed as 20% of energy consumption of EDR
desalination as shown in our analysis in Tables 6
and 7.

Data in columns 1, 2, and 3 of Tables 6 and 7
were for first-stage EDR desalination which desalted
brackish groundwater into drinking water. Data in
columns 1 and 2 of Table 6 were referred from [46].
Data in columns 1 and 2 of Table 7 were referred
from [45]. Data in column 3 of Tables 6 and 7 were
calculated from 20% of column 2. Data in columns
4, 5, and 6 of Tables 6 and 7 were for second-stage
traditional EDR desalination which desalted concen-
trate from the first stage into drinking water and
highly concentrated concentrate. Data in column 4
of Tables 6 and 7 were referred, interpolated, and
extrapolated from literature data that stated that

TDS 0.2-2% from the first stage was concentrated to
TDS 12-20% by using ED with the energy consump-
tion of 1-7kWh/m® [47-49]. Data in column 5 of
Tables 6 and 7 were converted to kWh per m® of
product from kWh per m® of concentrate. Data from
column 6 of Tables 6 and 7 were summed from
data from columns 2, 3, and 5. Data in columns 7,
8, and 9 of Tables 6 and 7 were for second-stage
concentrate management using concentrate from first
stage in microalgae production. Data in column 7 of
Tables 6 and 7 were calculated from the difference
in the energy content of D. salina and the energy
used as shown in Table 5. Data in column 8 were
kWh per m® of concentrate as shown in column 7
of Tables 6 and 7 into kWh per m® of product. Data
in column 9 of Tables 6 and 7 were the sum of
Data columns 2, 3, and 8. Data in column 10 of
Tables 6 and 7 were calculated by employing data
from columns 6 and 9. CO, emissions in column 11
of Tables 6 and 7 were calculated from life cycle
CO, emission rate 1.001 kg/KW-hr.

Our calculations show that minimal energy usage
and CO, emission reduction employing innovative
integrated EDR desalination are 4-14% as shown in
Tables 6 and 7.

The desirable TDS and maximum TDS for drink-
ing water quality guidelines for sheep are 5,000-
10,000 mg/L TDS or 10,000-20,000 uS/cm. The range
for beef cattle is 4,000-5,000mg/L TDS or 8,000-
10,000 uS/cm according to NSW Public Works [44].
The conductivities from reactors D,, D,, D3, and D,
after 39, 27, 39, and 23d of D. salina treatment were
lower than the conductivity requirement in the
drinking water quality guidelines for sheep, respec-
tively, as shown in Fig. 1(c). The conductivities
from reactors S, after 34d of S. platensis treatment
were lower than the conductivity requirement in the
drinking water quality guidelines for sheep as
shown in Fig. 2(c). The treated desalination
concentrate contains green food, protein, nutrients,
minerals, and desalted water; the treated
desalination concentrate from reactors D; to D, and
S, can be given to sheep in semi-arid regions where
green food and water resources are gradually
diminishing.

4. Conclusion

The maximal dry weights of D. salina and S. platen-
sis grown in desalination concentrate and supplied
with SADS (1.36-1.49 g/L) were more than that sup-
plied with BBM and F2 due to micro-organism growth
along with microalgae. Micro-organism promotes
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microalgae growth. The maximal dry weight concen-
trations of D. salina and S. platensis grown in desalina-
tion concentrate and supplied with SADS were
comparable to that in the literature. Energy usage and
CO, emission reduction employing innovative inte-
grated EDR desalination with microalgae production
as concentrate treatment are 4-14% lower than
concentrate treatment using ED.
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