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Biorefineries aim to provide sustainable production of food and generation of low carbon energy in the next de-
cades. Current strategies for biorefinery replymostly on the classic terrestrial agriculture for biomass production.
However, land availability, competition with food crops and total energy balance are challenging limiting factors
for terrestrial bioenergy crop production. Off-shoremacroalgae production could provide alternative, sustainable
feedstocks for biorefineries without competition with food crops. Increasing the yields of off-shore macroalgae
cultivation systems could further improve the total energy balance of the marine biorefineries. In this work,
based on the fundamental principle of timing differences between light harvesting and carbon fixation in
algae, we developed a theoretical framework for increasing the yields of off-shore macroalgae biomass using ex-
ternal mechanical mixing. We show that for a given physiological parameter of macroalgae light harvesting and
carbon fixation, mixing could allow for increase of the total energy gain by two orders of magnitude. The overall
biorefinery to biofuel efficiency, however, is constrained by drag and macroalgae thallus size.

© 2015 Published by Elsevier B.V.
1. Introduction

Sustainable production of food and generation energy is the major
challenge of the world for the next decades. The integrated production
of food, fuels and platform chemical from biomass is coined biorefining.
Design of a sustainable biorefinery, which will generate sustainable
food, fuels and chemicals is a complex task and is largely influenced by
local raw material supplies, advances in multiple technologies and
socio-economic conditions. Current strategies for biorefinery replymostly
on the classic terrestrial agriculture for biomass production. However, as
indicated by the European Biorefinery Joint Strategic Research Roadmap
for 2020: A key issue for biomass production in Europe is land availability
[25]. This statement is also true for multiple countries outside the EU. Be-
sides the shortage of land, concerns over net energy balance, potable
water use, environmental hazards, and processing technologies question
the cereal crops and lignocellulose biomass to provide sustainable answer
to the coming food and energy challenges [11]. The on-shore cultivation
of microalgae for energy, though promising, is currently impossible due
to the costs of required land preparation, infrastructure and negative
net energy balance on the entire systems [7]. However, an expanding
body of evidence has demonstrated that marine macroalgae can provide
a sustainable alternative source of biomass for sustainable food, fuel and
chemical generation [1,5,16,30,31]. Macroalgae, which contain very little
lignin and do not compete with food crops for arable land or potable
water, are additional candidates for future sustainable food and transpor-
tation fuel feedstocks. One of the limiting factors in themacroalgae to bio-
fuel value chain is the biomass yields. Increased yields ofmacroalgaewere
achieved in on-shore ponds using intensive cultivation methods which
include extensive mixing [5]. These on-shore systems, however, have
the same limitations previously discussed for the microalgae systems.
The alternative solution for the sustainable biomass to biofuel production
is the off-shore cultivation. The development of the off-shore cultivation
systems is slow and bymost is limited to the near shore systems. The cur-
rent concepts of off-shore marine biomass cultivation include Near Farm
Concepts for kelp growth, Tidal Flat Farms, Floating Seaweed Cultivation
[2], ring cultivation systems [6] and most recently wind-farm integrated
systems [21].

One of the limitations of the biomass yield is the ability of photosyn-
thetic receptors to capture photons and regenerate a process known as
light/dark reactions [15]. Plants have evolved the ability to harvest al-
most 100% of the arriving protons; however, the total photosynthetic
efficiency is only around 8% due to the low utilization of photons. In
the normal illumination, at the out-door environment, the rate of photo-
synthesis is not limited by a number of photons. Multiple studies have
shown that the rate of photosynthesis is limited by multiple physiolog-
ical processes such as diffusion, plant metabolism, carbon fixating reac-
tion metabolism, for example slow rate of catalysis by Rubisco in some
plants and algae, and slowmetabolism of 3-phosphoglycerate in cyano-
bacterium [9,18,22,26,27]. In addition, electron transport through the
cytochrome b6-f complex in the thylakoid membrane also limits the
photosynthesis rate [13]. The reengineering of photosynthesis system
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to improve its efficiency is an extremely complex task [20] and the suit-
ability of the engineered plants and algae in the open field environment
is an open question. Therefore, alternative approaches are needed to in-
crease the biomass yields in the near future. Multiple previous studies
have shown that equal photosynthetic rates can be achieved by contin-
uous and pulsed light (with specific frequencies) [28]. This property has
been widely used in the design of the on-shore photobioreactors, when
mixingwas used to intensify the total microalgae andmacroalgae yields
[5,24]. In this process, however, mixing is usually used to improve the
nutrient diffusion and provide optimum aeration to the plants. In such
mixing regimes, most of the energy is wasted on the friction with walls.

The goal of this paper is to introduce a concept of an off-shore
macroalgae cultivation system in which an increase of yields per area
can be achieved by external mixing, adapted to the natural photon
capture:carbon fixing rate ratio. In this new mode, mixing will enable
utilization of the volume of the floating off-shore macroalgae reactor,
by exposing the macroalgae cells to the solar energy for a short time
to capture photons and then to take the algae to the depth for a period
of time required for carbon fixation, when a new layer of algae is ex-
posed to the sun. The ultimate goal of this system is to increase the
total energy efficiency of the biorefinery to capturing increasing the
photon utilization yields per area of installed macroalgae off-shore
farm. To the best of our knowledge, this approach has never been pro-
posed for the off-shore macroalgae cultivation systems. The intensifica-
tion of macroalgae cultivation off-shore is of importance particularly for
the bioenergy sector, as it should decrease the total areas required for
the biomass production, which is a major obstacle in the field due to
the large installation and maintenance efforts required.

2. Energy flows in marine biorefineries

Energy flows and losses in the marine biorefinery, which produce
only biofuel, are shown in Fig. 1. Macroalgae, cultivated on the area nD
Fig. 1. Energy flows in themarine biorefinery producing biofuels.Qsolar is the solar energy flux,W
conversion energy loss,W3 is the fuel distribution energy loss, andWu is the total useable tran
(D is the diameter of the total serviced area and n is the proportion of
sea allocation for macroalgae cultivation) collect solar energy flux Qsolar.
W0 is the photosynthesis solar energy loss. The resulting biomass is har-
vested and transported to the biorefinery by a boat, which consumes a
certain amount of fuel per km of transport (W1). Once delivered to the
biorefinery, the fuel crops are converted to liquid fuels. The conversion
efficiency depends onmultiple factors such as crop type and processing
technology. Previous analyses of biorefinery efficiency suggest that con-
version efficiency increases with biorefinery size [10]. W2 is the energy
lost during the crop to fuel conversion process. Finally, the produced
biofuel is distributed to consumers.W3 is the biofuel distribution energy
loss. In order tomaximize the total useful energy received in the form of
a biofuel (Wu), it is necessary to minimize the energy losses. Previously,
we derived the equations for the optimum size, capacity and efficiency
of a local biorefinery without taking into account possible improve-
ments in the energy losses during photosynthesis [12]. The maximum
efficiency of a local biorefinery is:

ηmax ¼ 1−
Wmin

Qsolar nDopt
� �2 ð1Þ

whereWmin is theminimumwasted energy (W0+W1+W2+W3) and
Dopt is calculated as in [12].

In the previous work we have shown how to reduce the energy
losses associatedwith conversion of themacroalgae biomass into trans-
portation fuels using two-step fermentation process (W2) [12].Wehave
shown that two-step fermentation first by a yeast (Saccharomyces
cerevisiae) and second by a bacterium (Escherichia coli) might be possi-
ble to reduce the energy losses on bioconversion by 34% [12]. Here we
show that optimal mechanical mixing could further reduce the energy
losses during biomass growth (W0) and thus improve the total energy
efficiency of the marine biorefinery.
0 is the photosynthesis energy loss,W1 is the biomass collection energy loss,W2 is the fuel
sportation fuel energy supplied to the population.
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3. Increasing total energy gain frommarine biorefinery withmixing
adapted for macroalgae metabolism

Previous works on plants and microalgae have shown that similar
photosynthetic rates can be achieved by continuous and pulsed light
[28,24]. In the off-shore environment, pulsed light effect can be
achieved bymacroalgaemixingwhen the thallus (with the characteris-
tic dimension l) is exposed to the light only for a limited time (tlight) to
capture photons. The rest of the time in the cycle (tdark) the thallus
can be in the shadow to complete the carbon fixing reaction and recov-
ering the photosynthesis center absorbent capacity. The schematic rep-
resentation of the simplestmacroalgaemixing system (in 2-dimension)
in the off-shore condition is shown in Fig. 2. Different from the on-shore
tubular and flat photobioreactors, which can absorb light from different
directions, the photon flux in the off-shore conditions comes only from
the water surface. The length of the path that the single thallus is mak-
ing under the ideal mixing conditions is:

L ¼ v tdark þ tlight
� �

=l ð2Þ

where L is the path length, l is the diameter of a single thallus, v is the
water speed, tdark is the time of light independent reaction (carbon fix-
ation, Photosynthetic System II regeneration) and tlight is the maximum
time required for receptors to capture maximum amount of photons
[8]. The total number of thalli that can be circulated in a path is k,
where k= L / l. If the total available energy embedded in the single thal-
lus of a macroalgae is Es, the total energy embedded in the circulating
algae, if mixed is k · Es.

The total gain of energy in this system, in other words, the total re-
duction of photosynthetic energy losses (W0) is the difference in the en-
ergy acquired through the increase of the number of macroalgae grown
at the same areas with the energy invested in mixing. Eq. (3) is a key
Fig. 2.Macroalgae flow path und
equation for calculation of a total system energy gain in all types of
photobioreactors with mixing (in the two-dimensional problem):

−Δw0 mix ¼ k−1ð ÞEs−Emix ð3Þ

where Δw0mix
is the net energy gain per characteristic dimension l.

The goal of the next section is to show the example of the optimiza-
tion calculation when mixing is done by pushing the macroalgae
through the water bulk. Alternative mixing system, such as airlift,
which pushes the whole volume of water with the macroalgae is possi-
ble and the calculations of Emix for themwill be different, though follow-
ing the same principle.

For the case of mechanical mixing when the macroalgae biomass is
pushed through the bulk of water and assuming that k ≫ 1 and
tdark ≫ tlight the net energy gain with mixing is described by Eq. (4):

−Δw0 mix ¼
vtdark

l
Es−cDρv3tdarkl

2 � vtdark
l

ð4Þ

where ρ is the density of macroalgae, v is the speed of macroalgae
movement in the water, and cD is a drag coefficient of macroalgae
against the water. The drag force on macroalgae is defined through
the drag coefficient, FD = cDρv2, and the required power for mixing is
FDv. Eq. (5) shows the objective function of the energy losses during cul-
tivation which should be minimized:

−Δw0 mix ¼
vtdark

l
Es−cDρv4tdark2l: ð5Þ

The parameter under control in this type of mixing system is a
macroalgae movement velocity. Thus for minimization of the energy
we differentiate the energy losses during cultivation by the macroalgae
er ideal mixing conditions.
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rotation velocity and derive the optimum mixing velocity:

vopt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Es
4cDρtdark l

2
3
q

:

And thus the maximum possible energy gain (in Joules) in this type
of mixing system is:

−Δw0 mix max ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Es

4cDρtdarkl
2

3

s
� tdark � Es

l
−cDρtdark2l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Es

4cDρtdarkl
2

3

s 4

−Δw0 mix max ¼ 0:47
Es

4
3tdark

2
3

cDρð Þ13l53
:

ð6Þ

Therefore, the impact of mixing on the total efficiency of the
biorefinery of a characteristic size D, where the total area for cultivation
allocated by citizens is (nD)2 (this area includes (nD/l)2 units of floating
on the surface macroalgae thalli) is:

ηmax mix ¼ 1−
Wmin−w0 mix max

nDopt
� �2

l2

Qsolar nDopt
� �2

ηmax mix ¼ ηmax þ c5
1

cD1=3l7=3

ð7Þ
Fig. 3. Potential increasing of macroalgal biorefinerywithmixing at optimummixing velocity vo
gain for Ulva thalli with various hydrodynamic properties.
where c5 ¼ 0:47E4=3s t2=3
dark

Qsolarρ1=3 — is a constant which depends on the type and

specific metabolism of chosen macroalgae (Es and tdark are species spe-
cific) and biorefinery system size and location.

4. The impact of macroalgae hydrodynamic properties on the off-
shore marine biorefinery efficiency

Previous studies have shown that macroalgae exhibit a highly
adaptable flow structures to reduce their resistance to flow [3,4,19].
The connection between the algae size and drag coefficient is not
straightforward and depends on the thallus branches, flexibility, com-
pressibility and physiological ability of a specific species to adapt to
flows. These relationships between hydrodynamic and structural prop-
erties depend on velocity of the water [3,4,19]. In Fig. 3 we show sche-
matically the impact of drag and characteristic size of a single thallus on
the total maximum efficiency of the marine biorefinery.

5. Potential increase ofmacroalgae Ulva based biorefinery efficiency
through mixing

To assess the potential effect of mixing on the energy gain from the
marine biorefinery, we estimated the increase on energy gain in the
pt. a. Function of a drag (cD). b. Function of amacroalgae thallus size (l). c. Estimated energy



Table 1
Basic parameters used for calculations of potential energy gain with mixing of marine
macroalgae Ulva based biorefinery.

Model parameter Estimation

Energy embedded in a single
thallus (Es)

19 MJ/kg [17] or 54 kJ per a single thallus
with a dry weight of 3 g.

Thallus size (l) 1–15 cm
Drag coefficient (cD) 0.02–0.28 [14]
Dark reaction time (tdark) 300 ms (no data is available for Ulva and

data in literature on plants and microalgae
is very broad [23,28])

Density (ρ) 1030 kg m−3
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biorefinery based on Ulva species, an interesting feedstock due to its
high growth rates [5,12,29,30]. In Table 1 we combined the parameters
used for the calculation. Importantly, previous studies on macroalgae
hydrodynamic properties did not find direct correlation between thal-
lus weight, size and drag coefficients [3,4,19]. Without mixing, the
area on which single thallus grows can provide the caloric energy em-
bedded only in the single thallus. The estimated maximum energy
gain as a function of thallus size and drag coefficient is shown in
Fig. 3c. For example, a 3 gDW thallus of 10 cm length will provide
about 57 kJ of LHV. Using the larger drag coefficient number for
this size of thallus (0.28), mixing could potentially increase the
net energy gain from the same installed area (100 cm2) by 6.8 MJ LHV
(−Δw0_mix_max=6.8MJ) or by ~120 times. Importantly, this estimation
will require detailed experimental work on elucidating the specific
physiological parameters for Ulva. As the average growing time of Ulva
thallus in the optimal conditions is 3 weeks, Ulva based biorefineries
could produce about 380 W/m2 LHV.

6. Conclusions

Increasing the biomass yields per unit of installed area is one of the
major targets for future biorefineries. Improving photosynthetic rates
by genetic engineering and breeding of plants and algae has sustainabil-
ity limitations, as thefit of these organisms to the environment and their
impact on the environment and eco-systems are not clear and will re-
quire long-term field studies. In this work, we showed that mixing re-
gimes, adapted to the specific physiology parameters of macroalgae,
could increase the macroalgae biomass yields and total energy efficien-
cy of macroalgae biorefineries. In this theoretical work, we introduce
the set of governing equations, which will enable optimization of the
total energy efficiency of marine biorefineries through mixing.
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