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Towards industrial products from microalgae†
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Microalgae show an enormous potential as sustainable feedstock for numerous bioproducts. The

current work analyzes the feasibility of business cases for different markets of products from microalgae.

We perform a techno-economic evaluation of the whole process chain including cultivation, biorefinery

and market exploitation for a 100 hectares facility in six locations. Our projections show a current cost

per unit of dry biomass of 3.4 h kg�1 for microalgae cultivation in Spain (excluding biorefining products),

with an expected reduction to 0.5 h kg�1 in ten years. A sensitivity analysis reveals the roadmap to

achieve this. Production of high-value products (e.g. pigments) would be currently profitable, with a net

present value of 657 Mh in 15 years. Markets aimed at food and chemical commodities require further

cost reductions for cost competitiveness, reachable in the next decade.

Broader context
Our society needs new sustainable biobased feedstocks to meet population growth and reduce dependence on fossil fuels. Microalgae are considered one of the
most promising feedstocks for sustainable production of food, feed, chemicals, materials and fuels. Our mission is to develop a commercial and sustainable
production chain for commodity products from microalgae. Estimations of biomass production costs for a 100 ha plant facility have been done. Projections of
different scenarios allowed us to compare effect of variables, such as location of the facility, type of cultivation system and operational parameters. As result,
this tool shows the most suitable location and system for algae production, as well as the main cost factors. The biomass produced follows to the biorefinery
process to be fractionated into the main components: proteins, lipids, carbohydrates and pigments. Several chains have been specifically designed for different
market scenarios. The overall turnover coming from the exploitation of the different biomass fractions depends on the end product. A market analysis has been
conducted looking to different scenarios according to the biomass value pyramid: biofuels, chemicals, food, feed, specialties in food, cosmetics and a
combination of these. Projections show that production of high-value products from microalgae could be profitable nowadays and commodities will become
profitable within 10 years.

Introduction

Microalgae are considered a promising sustainable feedstock
for food and feed products, materials, chemicals, fuels and
various high-value products.1,2 Algae do not require arable land
or freshwater supply and can be harvested nearly all-year-round,3

which makes them attractive for commercial exploitation. Thus
microalgae can be an alternative to current unsustainable over-
exploitation of natural resources, with options to become a
solution to the environmental dilemma of food and energy.
However, the reality is not so categorical and in practice there

are some hurdles limiting their expansion and establishment.
Commercialization of different functional components requires
selective biorefining of biomass with a cascade approach that
still remains a challenge.4 Besides, technology readiness on
cultivation and development of commercialization have been
debated recently.5 Currently, microalgae production aims for
niche markets with almost absent competition, which results in
inflated product prices. Once the industry expands, competi-
tion will force prices to adjust to markets (Table S11, ESI†) and
strategies to adapt accordingly.

Limited knowledge about costs on microalgal cultivation
and processing at commercial scale is available, particularly
concerning closed photobioreactors. Model-based simulations,
combined with pilot-plant production data, can fill this gap. This
study revisits economics, and thereby feasibility, by combining
techno-economic models for microalgae production and bio-
refinery with a market analysis; a pioneering approach. The pro-
jections include six locations (The Netherlands, Canary Islands,
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Turkey, Curaçao, Saudi Arabia and south of Spain), but discus-
sion is focused on south of Spain, an attractive location within
Europe (Fig. 1).

Methods

See ESI.†

Current status of autotrophic
microalgae production: culture
systems

Biomass production is the starting point for commercialization
of industrial products from algae; we have estimated costs for
obtaining harvested biomass in an industrial cultivation facility
of 100 hectares for different culture systems. The study includes
four state-of-the-art production systems: horizontal tubular
photobioreactor, vertically stacked tubular photobioreactor,
flat panels photobioreactor and open raceway pond. The cost
projections (Fig. 1) are supported by experimental results obtained
at AlgaePARC pilot facility,6,7 where non-GMO microalgae are used.
AlgaePARC was designed to bridge the gap between funda-
mental research on algae and industrial production facilities,
allowing us to extrapolate the empirical data from its operation
to commercial-scale.

Discussion on the best production system is an ongoing
debate, due to the fact that none of the systems seems to com-
pletely surpass others. Raceway ponds are simple and imply
about half of the initial investment than closed systems at the
expense of also lower productivities (27 ton ha�1 year�1 for south
of Spain, Fig. 1), about one order of magnitude more diluted

cultures and consequently greater volumes to process. Besides,
the culture is more prone to contamination and heavy rain can
interfere with proper operation. Although closed systems need
a greater investment, they offer higher productivities (between
34 and 61 ton ha�1 year�1 for current projections in south of
Spain; Fig. 1) and more degrees of freedom in design, construc-
tion and operation (implying also more complexity); definitely
closed systems have more potential for improvement. Our study
shows that the flat panels reactor is the most convenient system
in terms of costs (Fig. 1), as also shown recently.8 It is a finding
regardless of location, with current biomass production costs
that would reach 3.4 h kg�1 in Spain at 100 ha scale.

Large-scale cultivation in closed systems involves some con-
straints to consider. Overheating can be lethal to microalgae9,10

and temperature control in closed reactors is mandatory. This is
solved in different ways; either immersing the systems in a body
of water, spraying water on the surface of reactors or using heat
exchangers. Build-up of oxygen must be controlled, since it could
inhibit growth and cause the collapse of cultures. Oxygen control
is a basic premise in the design of closed systems. This can be
done by limiting the tube length in tubular photobioreactors and
by designing efficient degassers, increasing therefore complexity.
Cleaning is required in both open and closed systems, but closed
photobioreactors require chemicals to remove the biofouling
from the inner surface, since it can restrain growth.11

In open systems, water evaporation restrains excessive tem-
perature raise. Our energy balances show that temperatures in
the open ponds would not exceed 32 1C for any of the studied
locations. Therefore, forced cooling is absent in raceway ponds
in this study. On the contrary, a non-cooled closed system can
imply culture temperatures above 60 1C, making temperature
control indispensable to cultivate microalgae. This work is

Fig. 1 Projected biomass production costs (cultivation and harvesting) in the studied locations for current scenarios and the future projection for south
of Spain. Costs as the sum of CAPEX and OPEX. RW: raceway pond; HT: horizontal tubular photobioreactor; VT: vertically stacked horizontal tubular
photobioreactor; FP: flat panels photobioreactor.
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based on cooling using an external source of water, which implies
a cost of 0.4, 0.5 and 0.8 h kg�1 for flat panels, vertical and
horizontal tubular reactors respectively. Cooling towers could be
used instead as source of cooling water if an external source,
such as the sea, is not available. This option would result more
expensive, increasing cooling cost to 2.0, 2.2 and 3.6 h kg�1 for
the above-mentioned systems. Separation of the biomass from
the culture medium is usually identified as one of the major
bottlenecks in the process.12 This is valid for raceways, where
our projections show that harvesting contributes to about 23%
of cultivation cost (1.2 h kg�1), whereas it is only between 5 and
7% of total costs in closed systems (0.2 to 0.3 h kg�1) due to
higher biomass concentrations.

Fig. 2 shows a detailed breakdown of costs, where major equip-
ment and additional capital cost define capital costs in Fig. 1
(CAPEX), while the rest of contributors account for operational
costs (OPEX). The most influential factors on the cost of micro-
algae production vary with production system, but our estimations
identify different trends in open and closed systems (Fig. 2). Cost
of wastewater treatment plays an important role in the raceway
pond, but has only limited influence in closed systems. It is a
consequence of greater volumes processed in raceways due to a
more diluted culture. On the other hand, costs of raw materials
(17–23%; mainly due to cleaning) and energy consumption
(14–17%) become relevant items in closed systems. A closer look
to these systems would show that energy for mixing represents
more than 80% of total energy consumption. In particular, tubes
in tubular systems are replaceable and therefore considered
OPEX, as described in ESI† accounting for more than 10% of
total biomass production cost (consumables in Fig. 2).

Photosynthetic efficiency (PE; percentage of the solar irradia-
tion converted to biomass) is greater in vertical systems, with
values of 2.7% and 2.4% for flat panels and vertical tubular
photobioreactors respectively (Table S5, ESI†). Due to the principle
of light dilution, placing the reactors vertically increases the
volume per ground area, thereby average light intensity impinging
on reactor surface is decreased, leading to these enhanced
productivities.5 Thus building upright is a convenient strategy
that cost-wise seems to compensate the extra costs involved
in frames, materials and energy, by increased productivity.
Consequently, there is a reduction in the final cost of produced
biomass (Fig. 1).

Selective separation of products:
biorefinery

Biorefinery of microalgal biomass is the next step for the com-
mercialization of products from algae. Nowadays the process is
at an early stage, and most commercial facilities focus on one
single product. Commercial products are currently simply based
on harvesting and drying the biomass or on extracting and
purifying special lipids as omega-3 fatty acids or pigments such
as astaxanthin.13 The biorefinery process strategy depends on the
product portfolio, and may result in different market scenarios
for biofuels, chemicals, food/feed, food additives and cosmetics/
healthcare. In addition, a complete biorefinery aiming at the
optimum exploitation of the biomass components allocating
them in different markets may lead to several market combina-
tions (see ESI†). We have designed specific biorefinery processes

Fig. 2 Cost breakdown analysis for projections on current microalgae production (cultivation and harvesting) and biorefinery in south of Spain. RW: raceway
pond; HT: horizontal tubular photobioreactor; VT: vertically stacked horizontal tubular photobioreactor; FP: flat panels photobioreactor; B: biofuels; Ch:
chemical; f: food–feed; F: food additives; Co: cosmetics–health care; C: complete biorefinery (exploitation maximizing revenues in different markets).

Energy & Environmental Science Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
/3

1/
20

26
 5

:0
7:

05
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ee01493c


This journal is©The Royal Society of Chemistry 2016 Energy Environ. Sci., 2016, 9, 3036--3043 | 3039

for the different market scenarios (Fig. S2–S3-E, ESI†) and
identified expected economic bottlenecks and opportunities.

At 100 ha cultivation scale in south of Spain, the production
of bulk commodities as fuels, chemicals or food results in a
biorefinery cost of about 1 h kg�1 (Fig. 3). Two main economic
bottlenecks are identified: energy involved in bead-milling for
cell disruption, which is largely dissipated in the liquid as heat
(B1 kW h kg�1 corresponding to 0.15 h kg�1) as reported also in14

and the use of heat for biomass drying, lipid extraction and solvent
recovery (0.18 h kg�1). Novel controlled cell disruption techniques
as those patented by several companies, involving hydrodynamic
cavitation (SoniqueFlo technology developed by Cellulac Inc.15),
electrical fields (Pulsed Electric Field technology developed by
Diversified Technologies Inc.16), electromagnetic fields (technology
developed by Origin Oil Inc.17) and acoustic cavitation (technology
developed by Los Alamos Laboratories, Solix Biofuels and Cavita-
tion Technologies Inc.18) could offer an alternative. Up to 90% of
reduction of energy involved in cell disruption can be theoretically
achieved with these technologies.19 Another challenge is achieving
a good yield for wet extraction of lipids. This could be achieved
using solvents which require less energy when recovered as super-
critical fluids and switchable solvents.

The purification of high-value products as omega-3 fatty
acids, pigments and water-soluble proteins results in a cost
close to 3 h kg�1 in Spain (Fig. 3). Food additives and cosmetics
markets require complete techno-functionality of soluble proteins
and to achieve this, the biorefinery must follow a cascade
approach. This cascade consists of three sections: first extraction
of hydrophilic components (proteins and carbohydrates), followed
by extraction and fractionation of lipids and final recovery of

insoluble components.4 We propose, after cell disruption, to use
aqueous two phase extraction (ATPE) with polyethylene glycol and
potassium phosphate20 followed by a cascade of ultrafiltration/
diafiltration membrane purification. These two steps are com-
monly used in mild extraction and purification of proteins from
other feedstocks in order to preserve their techno-functionality
and have also recently been proposed for a complete biorefinery of
microalgae.20,21 However, our cost analysis indicates that for
the complete exploitation of the biomass a large part of the
biorefinery cost (70–80%) is due to the first step of the cascade:
the extraction and purification of soluble proteins. Concretely,
consumables (membranes) and chemicals, both involved in
protein biorefinery, represent a large part of the OPEX: 1.14 h kg�1

and 0.44 h kg�1, respectively (Fig. 2).
On the one hand the biorefinery of functional proteins,

requiring a process characterized by more mild conditions, is
in practice still in the R&D stage for microalgae; hence the high
cost projected. However, a biorefinery process addressing bulk
commodities markets (biofuel, chemical and food/feed) does
not require the use of ATPE, dropping the biorefinery cost to
0.9–1.1 h kg�1 (Fig. 3).

The biorefinery of lipids is a well-established technology
adopted at industrial scale for vegetal oil and oilseeds (extraction,
degumming, winterization and bleaching).

To reduce the cost and establish a feasible technology, we
address as key challenges the use of better extractants in ATPE.
The extractants should be characterized by a higher protein
partition coefficient, such as ionic liquids and surfactants.22

However, some issues about the toxicity and food-grade quality
of these solvents still have to be solved.

Fig. 3 Projected biorefining costs in the studied locations as the sum of CAPEX and OPEX for the different markets (excluding biomass production and
harvesting costs). B: biofuels; Ch: chemicals; f: food–feed; F: food additives; Co: cosmetics–healthcare; C: complete biorefinery (exploitation maximizing
revenues in different markets).

Perspective Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
/3

1/
20

26
 5

:0
7:

05
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ee01493c


3040 | Energy Environ. Sci., 2016, 9, 3036--3043 This journal is©The Royal Society of Chemistry 2016

When considering the evolution in membrane technology,
important reductions in membrane costs seem feasible. In the
last 20 years new technologies as low-fouling, reversible spiral
and capillary ultrafiltration have been set up and developed,
achieving an improvement in the life-time of membranes and
cleaning efficiency.23

Valuing the product: market

To investigate potential commercialization of microalgae we
identify two main business cases for the exploitation of the
microalgal biomass: (1) bulk commodities as biofuels, chemicals or
food/feed and (2) special markets for food additives and cosmetics/
health care (high-value products).

The EU is in need of renewable sources for commodities. In
terms of potential market demand in Europe, the food and fuel
demand is mainly covered by foreign import: the EU imports
each year 12 � 106 tons (44% of total supply) of lipids and
37� 106 tons (68% of total supply) of proteins (source FAOSTAT,
2013). The market of bulk chemicals has a substantial demand
in EU (2.4 � 106 tons year�1) including biopolymers, bio-
lubricants, biosolvents and surfactants (source Eurostat, 2010).
Regarding the value of biomass in the different markets, the
message is clear (Fig. 4): the lowest revenue per unit of biomass
comes from biofuel (0.3 h kg�1) and the application of micro-
algae for food is more attractive with a three times higher
potential value. The market scenario aiming to bulk chemicals
is more interesting, with a revenue per unit of biomass greater
than 2 h kg�1.

Whereas there is a vast demand for commodities, markets
selling high-value products are more restrained. In case of natural
pigments, which are sold as strong antioxidants (beta-carotene,
lutein and astaxanthin), the market volume worldwide is estimated
at almost 1 bn $,24 corresponding to some 1000 ton year�1, still far
from the 183 ton year�1 of pigments produced at 100 hectares
scale. It is expected that at larger production facilities, these
pigments should be sold in the synthetic pigment market, which
is 2 orders of magnitude bigger in volume.

Results from Fig. 4 indicate why algae are now exclusively
commercialized in special markets. Actually natural pigments
are the most influential compounds in the overall revenue from
the microalgal biomass (Fig. 4). This is very attractive since
consumers are trending towards natural products. Indeed the
complete scenario, where each product would be allocated in the
market that optimizes its revenue, yields the highest achievable
revenue per unit of biomass (30.4 h kg�1). It is remarkable, that
functional proteins do not play a key role in biomass value
(Fig. 4), while they are the most challenging and costly product to
extract as addressed in the previous section.

Industrial microalgae chains: current
status, future potential and roadmap

The commercial production costs of microalgal products can be
estimated by combining both models: cultivation and biorefinery.
Projected costs vary greatly depending on scale; cost of cultivation,
harvesting and subsequent complete biorefinery would be 6.4 h kg
of biomass�1 for a facility of 100 hectares in south of Spain
(Fig. 1 and 3). Whereas, according to our projections, a facility of
1 hectare would imply costs of 64.2 h kg�1 for the same scenario
(28.4 h kg�1 for cultivation and harvesting and 35.8 h kg�1 for
biorefining). Parameters associated to scale effects such as labor
demand, price and efficiency of equipment are responsible for
this higher cost. Increasing scale even further (4100 hectares)
should not result in a relevant reduction in costs; equipment and
production systems in the cultivation are modular and more
units with identical design would be used, while a facility of
1000 hectares would only reduce biorefinery cost by 14%. Location
is not trivial either, factors as productivity, temperature or cost
of labor and energy makes choosing a suitable location essential
(Fig. 1 and 3).

The integration of cultivation and biorefinery costs with market
analysis allows pinpointing industrially profitable scenarios, those
showing a positive net present value (NPV) in 15 years lifetime.
Scenarios are built on cultivation performed in south of Spain

Fig. 4 Market value of the microalgal components and total selling price of the biomass for different market scenarios. Complete market scenario aims
to the exploitation maximizing revenues in different markets.

Energy & Environmental Science Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
/3

1/
20

26
 5

:0
7:

05
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ee01493c


This journal is©The Royal Society of Chemistry 2016 Energy Environ. Sci., 2016, 9, 3036--3043 | 3041

using flat panels. Our projections confirm that business cases
aimed at high-value products would currently be a profitable
activity. Examples are food additives, cosmetics or the complete
biorefinery (strategy that maximizes revenues allocating the
products in different markets). Estimated total investment, NPV,
payback period and internal rate of return are 113 Mh, 631 Mh,
2 years, 61% for food additives, 113 Mh, 633 Mh, 2 years, 61% for
cosmetics and 115 Mh, 657 Mh, 2 years, 62% for complete
biorefinery. The complete biorefinery case results in the most
promising strategy, with a net profit of 7.6 h kg�1. In addition,
the production system can be placed in land unsuitable for
agriculture, being otherwise unproductive, making investments
even more appealing.

In these cases, pigments are the main source of revenues
(Fig. 4), but as noted earlier, the market volume for natural
pigments is limited. In case of market saturation the surplus of
pigments could be sold as synthetic instead of as natural
pigments at the expense of a lower market price. These scenarios
would maintain economic feasibility as long as at least 21% of
pigments were sold as natural pigments.

On the other hand, our projections show that commerciali-
zation of bulk commodities from microalgae is not profitable
yet. Market price of commodities is low (Fig. 4) and revenues do
not counterweight current production costs (Fig. 1 and 3).
However, during the next decade, R&D will bring improvements
in the process that could change this trend. Future projections,
where the expected improvements in cultivation are implemented
(see ESI†), show that cultivation costs could drop to 0.5 h kg�1

(Fig. 1). This achievement would make the production of bulk
chemicals feasible, even at current biorefinery costs. A break-even
analysis (point at which revenues equal the costs) shows that
production of commodities for the food and feed sector requires
a combined cultivation and biorefinery cost below 0.6 h kg�1.
This could be reached by major advances like better process
strategies, improved versions of the studied production systems
or even completely new reactor concepts combined with bio-
refinery chains that are still under development in several EU
projects (FP7-EU-MIRACLES, FP7-EU-D-Factory, FP7-EU-PUFA-
Chain, FP7-EU-SPLASH).

Lately, biofuels have probably been the most discussed topic
on algae; algae based fuels could overcome some of the negative
impacts of the oil palm industry like competition with food
production, removing at the same time pollutants from waste-
water. However, at current fuel prices, our projections of micro-
algae production for energetic purposes show economic losses.
A trend that, according to our models, would not change in the
short term. On top of that, the energetic analysis shows that
operational energy (direct energy) in the process exceeds energy
yielded as biofuels (ratio energy produced as biofuels/electricity
needed is 0.8 for our best future projection), despite excluding
the energy embedded in the process. It results in an energy pro-
duction cost of 541 h GJ�1 as biofuels, in contrast to 11–18 h GJ�1

of typical biofuels and 4–11 h GJ�1 of fossil fuels.25 Nevertheless,
reduced biomass production cost from a different approach like
wastewater treatment combined with environmental pressure and
an increasing trend of fossil oil prices26 could make it possible.
Also, combination with other commodities could be an alternative,
using for instance the lipids for biofuels and the remaining com-
ponents for chemicals; this would increase the biomass market
price to 1.85 h kg�1 (Table S11, ESI†).

In 2011, the costs of algal cultivation and harvesting in flat
panels were estimated on 5.96 h kg�1.27 There has been an
important improvement in biomass production costs (Fig. 1),
due to better insight in the process and operation strategies.
Nevertheless, we are still facing immature technologies for
production and technologies not specifically designed for algae
biorefinery.28 Accordingly, this field is continuously evolving and
further reductions in costs can be expected in the coming years.
The progress in cultivation is particularly important since
improvements in productivity, quality and composition of the
biomass are not only relevant to the upstream processing, but
have pronounced effects on the downstream and market price
as well. A sensitivity analysis (Fig. 5) aids us to draw an inter-
disciplinary roadmap for long-term research on microalgae
production, pinpointing the major obstacles towards market
penetration. Establishing flat panels systems in south of Spain as
base case (3.4 h kg�1 as aforementioned), individual parameters are
changed to the value expected for the future, which in combination

Fig. 5 Sensitivity analysis on biomass production (cultivation and harvesting) using as base case flat panels in south of Spain. Effect of individual
parameters on cost is shown in horizontal axis. Parameters are changed to the value used for the future projection.

Perspective Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
/3

1/
20

26
 5

:0
7:

05
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ee01493c


3042 | Energy Environ. Sci., 2016, 9, 3036--3043 This journal is©The Royal Society of Chemistry 2016

lead to the mentioned 0.5 h kg�1. It pinpoints PE as the most
influential parameter on production cost, with a potential
reduction of 1.6 h kg�1 (47% reduction in cost from base case)
(Fig. 5). Greater industrial PE in outdoors conditions than our
future projection have been achieved using engineered cyano-
bacteria and improved systems.29 Both cases are still below the
theoretical maximum PE of 8 to 10%.30 It leads us to think that
projected enhancements in PE are foreseeable. In this regard,
strain improvement on performance (robustness, increased
tolerance to photoinhibition, photosaturation, oxygen saturation
and capture and conversion of CO2) is essential for the achieve-
ment of higher year-round PE.

The base for design of current available commercial photo-
bioreactors is primarily empirical; nonetheless recent engineering
tools, arisen from a deeper knowledge on microalgal bio-
technology, enable step-change designs that will foster more
effective technologies.31 Efforts should not be spared on
improvements in reactors; in fact there is an array of new patents,
reactor designs and materials on photobioreactors.31–33 Efficient
thinner systems that could be operated at higher biomass
concentration, less prone to fouling (cleaning) and more auto-
mated (labor) could drop costs by 1.3 h kg�1 (Fig. 5). In general,
high purity CO2 gas is not essential; microalgae have demon-
strated the ability to directly use flue gas to grow, using some
combustion gasses as source of nutrients such as NOx.34 Use of
flue gas should not be an issue even in those specific cultures
requiring a purified gas, since the capture of CO2 from these
currents is a mature technology commercially available.35 There-
fore, a strategy directed to combining microalgae growth and
carbon fixation from flue gas can be realistic. Nutrient recycling
from the downstream is required for standalone operation of
algae biorefineries and is likely a key factor in sustainability.36

However, it still remains a relatively unknown topic, as a con-
sequence of the limited experience on downstream processes
and a wide range of options. Feasibility of nutrient recycling
largely depends on the selected catalysts and operating condi-
tions, being the accumulation of growth inhibitors the main
barrier.37,38 Nevertheless, reuse of nutrient shows high potential.36–38

The use of carbon dioxide from flue gas and recycling part of
the nutrients from the downstream would make a hefty contri-
bution, saving 0.4 h kg�1. There is not a consensus regarding
standard operating procedures in microalgae production. On
the contrary, process operation shows considerable divergences
among authors and sources. Relevant parameters in operation
are numerous; aeration is one of them and can illustrate the
diversity in practices. The range of aeration per unit of volume
in flat panels is very wide, being the difference as large as
1 order of magnitude for outdoors systems.39,40 Therefore, a
‘‘best practice’’ to operate microalgal facilities, used as a bench-
mark, could be a valuable tool to increase productivity, drop
costs and energy consumption. Proper operation strategies are
essential; reduced aeration and night ‘‘cutbacks’’ result in savings
of 0.4 h kg�1 and up to 51% reduction of energy use. Wastewater
treatment is a burden, particularly in raceway ponds (Fig. 2); this
could be reduced or avoided with a complete recycling of the spent
culture medium or keeping pollutants below discharge limits.

Indeed researchers are studying the subject in considerable depth.
While further studies are still essential to elucidate the challenges
of water recycling on large scale, several authors point to its
benefits, even enhancing the growth in some cases.41–43

Temperature control deserves a special focus, since it has a
substantial effect on cost, adds complexity to the process and
needs a source of cooling water. Reactor design, floating culti-
vation systems, and strain improvement are the main approaches
to reduce the costs involved with temperature control. Regarding
reactor design, materials reflecting near-infrared light, known as
‘‘heat radiation’’, will avoid part of the heat inflow to the culture
without effects on productivity.5 Offshore cultivation, like the
OMEGA system from NASA,44 where surrounding water acts as
temperature buffer, controlling reactor temperature could be a
future alternative. From a biological perspective, temperature
acclimation by a microalgal strain is complex and specific
strategies are involved.45 The biotechnology of microalgae has
entered into a rapid developing phase,46 and although genetic
engineering remains a challenge, an increase of optimal tem-
perature has already been proved with long term adaptation
strategies.45 Culture of strains adapted to temperatures of 45 1C
could reduce costs by 0.3 h kg�1 (8%) (Fig. 5).

Regarding specific biorefinery processes, the existing tech-
nology for lipids is well-established and robust. On the other
hand, efficient, mild extraction and separation of proteins and
carbohydrates from lipids requires a breakthrough. Research must
pursue two major points: to increase the efficiency of aqueous
extraction using novel solvents as ionic liquids or surfactants; and
to develop novel technologies or cheaper filtration systems (mem-
branes) for proteins-carbohydrates fractionation. This last issue
should result from increasing lifetimes of membranes with low-
fouling systems, decreasing the transmembrane pressure and
improving the selectivity of permeation. Last but not least, there
is need for more sustainable and easy-to-be recovered solvents
for protein and lipid extraction. Indeed some companies as
Algatechnologies Ltd and Cyanotech Corporation are developing
the use of supercritical CO2 as solvent for extracting pigments from
algae. In that respect, the use of ionic liquid and surfactants has to
be validated checking their toxicity and food-grade quality.

In sum, we face a process that despite the long road ahead to
reach maturity appears already to be lucrative. We know the
existing shortcomings and how to approach them, let’s keep on
the right path; the benefits will justify the effort.

References

1 R. H. Wijffels, O. Kruse and K. J. Hellingwerf, Curr. Opin.
Biotechnol., 2013, 24, 405–413.

2 L. Zhu, Renewable Sustainable Energy Rev., 2015, 41, 1376–1384.
3 P. M. Schenk, S. R. Thomas-Hall, E. Stephens, U. C. Marx,

J. H. Mussgnug, C. Posten, O. Kruse and B. Hankamer,
BioEnergy Res., 2008, 1, 20–43.

4 M. Vanthoor-Koopmans, R. H. Wijffels, M. J. Barbosa and
M. H. M. Eppink, Bioresour. Technol., 2013, 135, 142–149.

5 R. H. Wijffels and M. J. Barbosa, Science, 2010, 329, 796–799.

Energy & Environmental Science Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
/3

1/
20

26
 5

:0
7:

05
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ee01493c


This journal is©The Royal Society of Chemistry 2016 Energy Environ. Sci., 2016, 9, 3036--3043 | 3043

6 R. Bosma, J. H. de Vree, P. M. Slegers, M. Janssen, R. H.
Wijffels and M. J. Barbosa, Algal Res., 2014, 6, 160–169.

7 J. H. de Vree, R. Bosma, M. Janssen, M. J. Barbosa and
R. H. Wijffels, Biotechnol. Biofuels, 2015, 8, 215.

8 M. S. Chauton, K. I. Reitan, N. H. Norsker, R. Tveterås and
H. T. Kleivdal, Aquaculture, 2014, 436, 95–103.

9 A. Richmond and Q. Hu, Handbook of Microalgal Culture:
Applied Phycology and Biotechnology, Wiley, Oxford, UK, 2013.

10 Y. C. Sharma, B. Singh and J. Korstad, Green Chem., 2011,
13, 2993.
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