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Abstract Mass culture of microalgae is a potential alterna-
tive to cultivation of terrestrial crops for bioenergy produc-
tion. However, microalgae require nitrogen fertiliser in
quantities much higher than plants, and this has important
consequences for the energy balance of these systems. The
effect of nitrogen fertiliser supplied to microalgal bubble-
column photobioreactor cultures was investigated using dif-
ferent nitrogen sources (nitrate, urea, ammonium) and culture
conditions (air, 12% CO2). In 20 L cultivations, maximum
biomass productivity for Chlorella vulgaris cultivated using
nitrate and urea was 0.046 and 0.053 g L−1 day−1, respectively.
Maximum biomass productivity for Dunaliella tertiolecta
cultivated using nitrate, urea and ammonium was 0.033,
0.038 and 0.038 g L−1 day−1, respectively. In intensive
bubble-column photobioreactors using 12% CO2, maximum
productivity reached 0.60 and 0.83 g L−1 day−1 for C. vulgaris
and D. tertiolecta, respectively. Recycling of nitrogen within
the photobioreactor system via algal exudation of nitrogenous
compounds and bacterial activity was identified as a poten-
tially important process. The energetic penalty incurred by
supply of artificial nitrogen fertilisers, phosphorus, power and

CO2 to microalgal photobioreactors was investigated, al-
though analysis of all energy burdens from biomass produc-
tion to usable energy carriers was not conducted. After
subtraction of the power, nitrogen and phosphorus ener-
gy burdens, maximum net energy ratios for C. vulgaris
and D. tertiolecta cultivated in bubble columns were
1.82 and 2.10. Assuming CO2 was also required from
a manufactured source, the net energy ratio decreased to
0.09 and 0.11 for C. vulgaris and D. tertiolecta, so that
biomass production in this scenario was unsustainable.
Although supply of nitrogen is unlikely to be the most
energetically costly factor in sparged photobioreactor
designs, it is still a very significant penalty. There is a
need to optimise both cultivation strategies and recy-
cling of nitrogen in order to improve performance. Data
are supported by measurements including biochemical
properties (lipid, protein, heating value) and bacterial
number by epifluorescence microscopy.
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Introduction

In order to reduce the environmental impacts of fossil fuel
usage, to provide energy security and to meet international-
and national-set government targets, there is an urgent need
to develop sustainable energy technologies [3, 21]. Bioen-
ergy derived from crops has the potential to fulfil at least
some of this requirement and already has commercial appli-
cations in the transport fuel and power industries [33, 63].

One potential method of producing biomass for energy
and greenhouse gas mitigation that is not currently in large-
scale commercial production is the cultivation of microalgae
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in place of conventional terrestrial crops [12, 18]. Micro-
algal mass cultures have several process advantages over
their terrestrial counterparts including high areal productiv-
ity and photosynthetic efficiency, high cellular concentra-
tions of lipids that can be converted to bio-oil, and the
potential to offset power plant CO2 emissions [18, 29, 38,
64, 72, 73]. It has been calculated that the requirement for
large areas of land for growing terrestrial energy crops could
make microalgae a more appropriate solution for meeting
biomass production requirements [12].

All commercial and potential biofuel technologies (in-
cluding, for example, corn ethanol and soy biodiesel) face
challenges in terms of their life-cycle ‘net benefits’, when
the energetic and environmental costs incurred during pro-
duction are accounted for [30]. Despite this, fuels such as
corn ethanol and soybean diesel do seem to offer a positive
energy return at present, with net energy balances of 1.25
and 1.93, respectively [30]. The potential use of microalgal
technologies to provide bioenergy is often justified by the
environmental benefits, particularly reduction in greenhouse
gases released to the atmosphere [2, 56]. However, several
life-cycle analyses have shown that, at present, technologies
used to cultivate microalgae are not sustainable [4, 14, 45].
This is particularly the case for closed photobioreactors,
which have much higher cultivation energy inputs than
raceway ponds [39, 69].

In a recent analysis of algal bioenergy production, it was
shown that the energy return on investment was below unity
for each of the modelled scenarios, making current algal
technologies uncompetitive with commercial fuels [4]. The
same authors identified that cultivation accounted for 96.2%
of the total energy investment for algal biocrude production,
with harvesting, cell lysing and lipid separation accounting for
just 0.9%, 0.2% and 2.7% of the total energy investment. As a
result, the most significant improvements in the performance
of algal bioenergy technologies are likely to come from man-
aging and improving the energetic and environmental burdens
associated with biomass production [4, 14, 45].

A fundamental issue that has been largely overlooked in
the most recent drive towards commercial microalgae pro-
duction is the need to supply large amounts of essential
nutrients to grow microalgae in any cost-effective, commer-
cially viable way [12, 69]: If microalgae are to be used for
large-scale transport fuel production, it is vital to consider
the demands on fertiliser supply, especially the nitrogen and
phosphorus sources [56]. In baseline modelling studies, it is
logically assumed that nutrients/fertilisers will be manufac-
tured [12, 14] because this is the mechanism that currently
supports the majority of global agriculture [61]. However,
more recent studies have demonstrated the need to conserve
and recycle essential nutrients and carbon, in order to
improve the energetic efficiency and fulfil sustainability
criteria [4, 16].

Supply of nitrogen to microalgal cultivations is signifi-
cant because the manufacture of nitrogen fertiliser via am-
monia (Haber–Bosch process) is energy-intensive [15].
Further, microalgal biomass typically has a high protein
content (up to 60%) with an optimal molar carbon/nitrogen
ratio of approximately 6.6:1 [24, 48]. This compares to
terrestrial biomass feedstocks which have lower nitrogen
demands, their C/N ratios typically ranging between 20:1
and 120:1 [23]. The fertiliser demands for algae are thus
potentially higher than for other crops. Production of nitro-
gen fertilisers requires more energy per unit mass than
phosphorus fertilisers [4, 15], and microalgae require around
seven times higher mass of nitrogen than phosphorus [24].
However, although nitrogen supply may have the greatest
energy burden, the need to supply large quantities of phos-
phorus from mineral rock is likely to be unsustainable, and
phosphorus may be a more limited resource in this respect
[56]. Life-cycle assessments of microalgal technologies
have invariably identified the importance of minimising
the consumption of manufactured fertilisers: For example,
Clarens et al. [14] identified the need to supply wastewater
to provide nutrients, whilst Stephenson et al. [69] calculated
that recycling the nutrients via anaerobic digestion greatly
improved process efficiency. Similarly, Beal et al. [4] and
Pate et al. [56] each highlight the need to recycle nutrients in
order to improve energetic efficiency and competitiveness
with conventional fuels.

Some cyanobacteria are capable of fixing their own nitro-
gen from N2, but most commercially valuable microalgae
must be provided with external sources of nitrogen com-
pounds. Typically, nitrogen is supplied in the form of nitrate
(NO3

−) and/or ammonium (NH4
+) [13, 68, 71]. However,

some species are capable of utilising urea [32], which may
be useful for commercial applications due to its lower cost
than nitrate compounds [68]. Assimilation of amino acids is
possible [58], but heterotrophic cultivation strategies rely
upon another source of organic matter to support them and
are not considered in this work. The nitrogen source and
dissolved CO2 concentration can affect the biochemical com-
position, including lipid synthesis, and nitrogen limitation is a
strategy for producing lipid-rich biomass [37, 54, 75].

The fate of nitrogen compounds in microalgal mass cul-
tures has received relatively little consideration. The release
of dissolved substances from microalgal cells, including
nitrogenous compounds, is widely recognised [9]. In partic-
ular, the role of bacteria in intensive algal cultivation sys-
tems is still poorly understood, although recent research has
characterised the bacterial community dynamics associated
with microalgal cultivation [43].

The purpose of the research was to (a) measure the pro-
ductivity of Chlorella vulgaris and Dunaliella tertiolecta cul-
tivated using different nitrogen sources (nitrate, ammonium
and urea), including the effects on calorific value and
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biochemical composition (lipid, protein) content; (b) to mea-
sure the nitrogen dynamics and growth of microalgae in
intensive bubble-column photobioreactors using flue gas con-
centrations of CO2 and (c) to examine the effect of nitrogen
energy inputs on the net energy return of bubble-column
cultivations. Note that the investigation of energy consump-
tion in this work examines only the biomass production com-
ponent; downstream processing of biomass is not considered
here.

Methods

Cultivation Conditions

Two experimental photobioreactor systems were used in this
study: large 20-L polythene bioreactors and smaller-scale
1.4-L bubble-column reactors. It is important to note that in
the descriptions that follow the nutrient, light and growth
conditions were quite different between the two systems. In
both bioreactor systems, water losses by evaporation were
corrected daily by addition of ultra-pure water.

Polythene Photobioreactors (20 L)

Polythene photobioreactors containing 20 L working vol-
ume of microalgal culture, diameter 160 mm, were
sparged with air (0.04% CO2 approximately) at 10 L min−1

[34]. Light was provided at an incident irradiance of
225 μmol photons m−2 s−1 of photosynthetically active

radiation (Li-Cor 190SA sensor) using eight cool white fluo-
rescent tubes using continuous light. C. vulgaris and D. ter-
tiolecta were each batch-cultivated for 14 days using nitrate,
urea and ammonium as the nitrogen sources. Details of each
of the treatments are shown in Table 1. The inoculum con-
sisted of exponentially growing cells supplied with nitrate.
Typically no acclimation period is needed for the nitrogen
species tested [20]. The authors observed that exponential
growth after transfer to different nitrogen sources was compa-
rable. The temperature was 24 ±2°C during cultivation.
Nutrient media for D. tertiolecta were according to 2ASW
(Culture Collection of Algae and Protozoa, Oban, UK) for-
mulation (milligrams per litre): NaNO3 (112.5), Na2HPO4

(4.5), K2HPO4 (3.8), and artificial seawater (Ultramarine
Synthetica, 30 g L−1). Nutrient media for C. vulgaris were
according to M8 formulation (milligrams per litre): KNO3

(134), KH2PO4 (33), Na2HPO4.2H2O (12), CaCl2.2H2O
(0.6), FeSO4.7H2O (5.8), MgSO4.7H2O (18), MnCl2
(0.2), CuSO4 (0.1), and ZnSO4 (0.1). The nitrate in
each of these media was substituted for ammonium
and urea such that a constant 1.33 mmol L−1 nitrogen
was available in each of the treatments. The N/P ratios
for standard D. tertiolecta and C. vulgaris media were used
(Table 1). Media were made up using 0.2-μm filtered water
(Millipore).

Intensive Bubble Columns (1.4 L)

These reactors had an internal diameter of 32 mm and
received light from cool white fluorescent tubes at an

Table 1 Details of experiment treatments and tests conducted

Test Species Nitrogen
Source

N/P ratio
(mol)

CO2 added Analyses Cultivation
parameters

1 Dunaliella tertiolecta Nitrate 24.9 Air DW, lipid, CHN, DOC, NO3
−, NO2

−,
NH4

+, PO4
3−, bacterial count

pH, DO, temperature

2 Dunaliella tertiolecta Urea 24.9 Air DW, lipid, CHN, DOC, NO3
−, NO2

−,
NH4

+, PO4
3−, bacterial count

pH, DO, temperature

3 Dunaliella tertiolecta Ammonium 24.9 Air DW, lipid, CHN, DOC, NO3
−, NO2

−,
NH4

+, PO4
3−, bacterial count

pH, DO, temperature

4 Chlorella vulgaris Nitrate 4.5 Air DW, lipid, CHN, DOC, NO3
−, NO2

−,
NH4

+, PO4
3−, bacterial count

pH, DO, temperature

5 Chlorella vulgaris Urea 4.5 Air DW, lipid, CHN, DOC, NO3
−, NO2

−,
NH4

+, PO4
3−, bacterial count

pH, DO, temperature

6 Chlorella vulgaris Ammonium 4.5 Air DW, lipid, CHN, DOC, NO3
−, NO2

−,
NH4

+, PO4
3−, bacterial count

pH, DO, temperature

7 Dunaliella tertiolecta Nitrate 16 12% (20.7 g day−1) DW, CHN, HHV, DOC, DON, NO3
−,

NO2
−, NH4

+, PO4
3−

pH, DO, temperature

8 Dunaliella tertiolecta Nitrate 16 0.04% (0.07 g day−1) DW, CHN, HHV, DOC, DON, NO3
−,

NO2
−, NH4

+, PO4
3−

pH, DO, temperature

9 Chlorella vulgaris Nitrate 4.5 12% (20.7 g day−1) DW, CHN, HHV, DOC, DON, NO3
−,

NO2
−, NH4

+, PO4
3−

pH, DO, temperature

10 Chlorella vulgaris Nitrate 4.5 0.04% (0.07 g day−1) DW, CHN, HHV, DOC, DON, NO3
−,

NO2
−, NH4

+, PO4
3−

pH, DO, temperature

DW dry weight, CHN elemental composition, DOC dissolved organic carbon
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incident irradiance of 350 μmol photons m−2 s−1 photosyn-
thetically active radiation. The short light path was selected
for high productivity, in order to maximise bioenergy pro-
duction [35]. Four treatments are presented in this work: C.
vulgaris and D. tertiolecta each cultivated using air (0.04%
CO2) and coal-fired plant flue gas concentrations of CO2

(12% CO2, 20% O2, balance N2), each in triplicate. Gas was
sparged at a rate of 0.24 L min−1, supplied pre-mixed from a
cylinder (BOC special products, UK). Real flue gases con-
taining concentrations of CO2 in this range have been used
successfully to cultivate C. vulgaris and D. tertiolecta in
previous studies [19, 72].

The nutrient media used for D. tertiolecta were according
to Carballo-Cardenas et al. [8], but with the bicarbonate
removed to prevent a potential confound in inorganic carbon
availability (milligrams per litre): KNO3 (1010), NaH2-

PO4·H2O (138), Na2EDTA·2H2O (14.4), FeCl3·6H2O
(3.95), CuSO4·7H2O (0.04), ZnSO4·7H2O (0.05),
CoCl2·6H2O (0.01), MnCl2·4H2O (0.24) and Na2MoO4

(0.01). Media for D. tertiolecta were adjusted to a salinity
of 30 using artificial seawater formulation (Culture Collec-
tion of Algae and Protozoa, Oban, UK). C. vulgaris was
cultured using M8 formulation according to Mandalam and
Palsson [51] (milligrams per litre): KNO3 (1010), KH2PO4

(249), Na2HPO4·2H2O (88), CaCl2·2H2O (4.4), Fe EDTA
(3 .4 ) , FeSO4 ·7H2O (44) , MgSO4 ·7H2O (135) ,
Al2(SO4)3·18H2O (1.2), MnCl2·4H2O (4.4), CuSO4·5H2O
(0.6) and ZnSO4·7H2O (1.1). For comparability, the nutrient
media were each standardised proportionally to a common
10 mmol L−1 concentration of inorganic nitrogen. Temper-
ature was controlled at 26±0.5°C using air conditioning.

Analytical Methods

Biomass Properties

Microalgal dry weight was analysed by vacuum filtration
using Whatman GF/F filters (0.7 μm nominal pore size) and
drying at 80°C for 24 h. The initial and final filter weights
were measured using a six-point balance and dry mass
calculated as d0(wi−wf)/v, where d is the dry weight (grams
per litre), wi and wf are the dry filter weights before and after
filtration, respectively, and v is the culture volume filtered
(litres). Samples of D. tertiolecta retained on filters were
washed three times using ammonium formate (0.5 M) to
remove extracellular salt. Cell counts were conducted using
a haemocytometer.

The elemental composition (carbon, hydrogen, nitrogen)
of the biomass was measured using an elemental analyser
(Thermo-Electron EA1112). Samples were extracted by
centrifugation (1,000 rcf, 10 min) and dried at the same
temperature as the dry weight measurements (80°C) for
48 h. The protein composition of the algal biomass was

calculated by multiplying the total elemental nitrogen con-
tent by 4.44 (Lopez et al. 2010). The elemental composition
(carbon, hydrogen, nitrogen) was used to calculate the
higher heating value of the biomass by proximate analysis.
This was derived from a multiple linear regression model of
elemental composition vs. higher heating value for the same
species cultivated in the same conditions [35]. The equation
used was: HHV (kJ g−1)0−4.90+0.069 N+0.533 C+
0.226H, where C, H and N are the percentage of carbon,
hydrogen and nitrogen in the biomass.

The total lipid content was measured using modified
Bligh and Dyer [5] solvent method. A biomass pellet for a
single lipid sample was collected by centrifugation of
250 mL of culture (1,000 rcf, 10 min). Cells were disrupted
in pre-weighed glass centrifuge tubes using sonication
(Branson Digital Sonifier) at 13.5 W/10 mL of sample. D.
tertiolecta required 1 min to ensure complete disruption
(checked using microscope), but C. vulgaris required
30 min and cooling with an ice bath to ensure an equivalent
result. Biomass was then dried (80°C, 72 h), weighed at
room temperature and the lipid extracted using chloroform/
methanol/water in the proportion 1:2:0.8. Adjustment of the
ratio to 2:2:1.8 ensured phase separation, before the chloro-
form/lipid fraction was transferred to a micro-centrifuge
tube and centrifuged at 11,000 rcf for 5 min to remove
remaining cell debris. The chloroform was then evaporated
using a heating block. Lipid weight was expressed as a
percentage of the dry weight.

Nitrogen and Phosphorus Measurements

For cultivations using 20-L photobioreactors with alterna-
tive nitrogen sources, dissolved nitrate, ammonium, urea
and nitrite were measured every 48 h. For cultivations using
intensive bubble columns nitrate, ammonium and nitrite
were also measured in these cultivations every 48 h. Dis-
solved nutrients were measured after filtration through
Whatman GF/F filters. Analysis of NO3

−, NO2
− and PO4

3−

was conducted using standard colorimetric methods [27]
using a Lachat Instruments Quick-Chem flow-injection
autoanalyser. Ammonium (NH4

+) was analysed using the
method of Holmes et al. [31] using a Hitachi F2000 fluo-
rescence spectrophotometer. Urea was measured using the
diacetyl monoxime method of Mulvenna and Savidge [52],
adapted for 5 mL sample sizes.

Dissolved Organic Matter

Dissolved organic matter was measured using samples fil-
tered through Whatman GF/F filters (0.7 μm nominal pore
size). In 20-L photobioreactors, dissolved organic carbon
(DOC) was measured using a TOC-5000 Analyzer (Shi-
madzu) according to the Finnish standard SFS-ISO 8245.
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Dissolved organic carbon samples from bubble-column
photobioreactors were measured using a MQ1001 TOC
analyser according to Qian and Mopper [60]. Dissolved
organic nitrogen (DON) was measured in bubble-column
photobioreactors at days 8 and 10 in flue gas treatments
only. Analysis at other times was not possible due to the
presence of high concentrations of nitrate that reduced ana-
lytical accuracy. DON was measured by subtraction of dis-
solved inorganic nitrogen from the total dissolved nitrogen,
the latter measured by peroxodisulphate oxidation and UV
radiation at pH 9 and 100°C [41].

Fv/Fm, Temperature, Dissolved Oxygen, pH and Bacteria

The performance of photosystem II was measured by the
maximum quantum yield (Fv/Fm) with a pulse amplitude
modulation (PAM) fluorometer (Water PAM, Walz, Ger-
many). Temperature, dissolved oxygen and pH were each
measured using a HACH HQ40d portable multimeter, tem-
perature and pH with a HACH PHC101-03 IntelliCAL™
probe and DO with a HACH LDO101-03 IntelliCAL™
probe. Bacterial abundance was determined by staining with
DAPI and examination using epifluorescence microscopy
[34].

Statistical Analysis

The dry weight productivity was calculated using the equa-
tion y0(di−df)/t, where y is the growth rate (grams per litre
per day), di and df are the concentrations (grams per litre) at
two time points and t is the time between measurements
(days). Nitrogen uptake rates were calculated from the dis-
solved measurements in the same manner using the dis-
solved inorganic nitrogen concentration (including urea).
Treatments were compared where appropriate with two-
sample and paired t tests using Minitab v.14. An effect
was considered significant at the 5% level. Details of each
of the cultivation tests conducted and respective analyses are
presented in Table 1.

Results and Discussion

Nitrogen Sources

Growth and Nitrogen Uptake of D. tertiolecta

D. tertiolecta cultivations supplied with ammonium, nitrate
and urea reached 0.48 to 0.54 g L−1 dry weight at day 14
(Table 2). These values are comparable with the published
literature considering the light path length, air concentration
of CO2 (0.04%) and irradiance [11]. The productivity and
cell density were comparable to similarly operated photo-
bioreactors [13] and to high-rate algal ponds [65]. Data
presented in Fig. 1a indicate that dry weight at day 14 was
the lowest in the ammonium treatment. Maximum uptake of
nitrogen from the medium ranged from 2.5 (SD ±0.1) to 3.8
(SD ±0.2) mg N L−1 day−1 for D. tertiolecta, shown in
Table 2. Uptake of nitrogen in the urea treatment was
significantly greater than the ammonium treatment (t0
9.36, p00.003), although there was no significant difference
in maximum nitrogen uptake between ammonium and ni-
trate (t02.29, p00.15) or between nitrate and urea (t03.13,
p00.052).

Growth and Nitrogen Uptake of C. vulgaris

Growth of C. vulgaris supplied with ammonium was
healthy for the first 2 days but invariably collapsed between
3 and 4 days from the start of cultivation despite three
repeated attempts (n09 photobioreactors). Their demise
was associated with a drop in pH, likely caused by nitrifi-
cation and/or uptake of NH4

+ (see “C. vulgaris Accessory
Measurements”). The maximum dry weight attained by C.
vulgaris treatments was approximately the same in nitrate
and urea treatments (Table 2; Fig 1b). The mean maximum
growth rate (days 2–6) using nitrate was 12% lower than
when urea was used, although there was no significant
difference between treatments (t00.84, p00.489). Table 2
shows that the maximum uptake of dissolved nitrogen
(days 2–6) in nitrate and urea treatments was comparable,

Table 2 Effect of treatment (species and nitrogen source) on maximum dry weight growth rate, maximum nitrogen uptake rate (each obtained
between days 2 and 6) and maximum dry weight density (at day 14)

Species N Source Max dry weight growth rate
(days 2–6) (g L−1 day−1)

Max dry weight
(day 14) (g L−1)

Max N uptake rate
(days 2–6) (mg L−1 day−1)

Dunaliella tertiolecta Nitrate 0.033 (0.010) 0.52 (0.07) 3.1 (0.4)

Dunaliella tertiolecta Urea 0.038 (0.007) 0.52 (0.06) 3.8 (0.2)

Dunaliella tertiolecta Ammonium 0.038 (0.004) 0.48 (0.02) 2.5 (0.1)

Chlorella vulgaris Nitrate 0.046 (0.003) 0.53 (0.03) 3.2 (0.2)

Chlorella vulgaris Urea 0.052 (0.012) 0.54 (0.06) 3.5 (0.4)

Data are mean (± standard deviation)
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Fig. 1 a Parameters measured
during cultivation of D.
tertiolecta in 20-L photobior-
eactors using either nitrate, urea
or ammonium as the nitrogen
source. For each point, n03,
and error bars are standard
deviations. b Parameters mea-
sured during cultivation of C.
vulgaris in 20-L photobioreac-
tors using either nitrate or urea
as the nitrogen source. For each
point, n03, and error bars are
standard deviations
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and there was no significant difference between treatments
(t00.9, p00.462). When all treatments of both species were
combined, there was positive correlation between maximum
growth rates and maximum uptake of supplied nitrogen
(r200.322).

To summarise, cultivation of either species using urea
offered a small but non-significant advantage over nitrate in
terms of maximum growth rate and/or maximum biomass
attained. In the context of industrial biomass production,
there thus seems little to choose between the use of urea,
nitrate and in the case of D. tertiolecta, ammonium. How-
ever, it should be noted that nitrogen source may impact
biochemical composition, especially the lipid classes pres-
ent [49]. Ammonium is unlikely to be an appropriate nitro-
gen source for C. vulgaris (and likely many other freshwater
species) where high cell densities and un-buffered solutions
are used.

D. tertiolecta Biomass Composition

All treatments for both species remained nitrogen-replete
between days 2 to 6, and this is reflected in the nitrogen
content and C/N ratios presented in Fig. 1a. The nitrogen
content of D. tertiolecta during nutrient-replete growth
(day 4) ranged from 8.35% (SD ±0.72%) to 9.77%
(SD ±2.13%). Sources of nitrogen in the media were
exhausted between days 6 and 8 in all treatments. By the
end of the cultivation period, the nitrogen content of D.
tertiolecta biomass was depleted to approximately half of
the optimal values (Fig. 1a).

Biochemical properties for specific parts of the cultiva-
tions are shown in Table 3. Day 4 corresponds to nutrient-
replete conditions, day 8 corresponds to the point of nitro-
gen exhaustion and day 14 is the nitrogen-deprived stage at
the end of the experiment. The protein content decreased
from 37% to 43% at day 4 to 22—25% by day 14. The
calorific values of D. tertiolecta showed a minimal increase

over the same period, and there was little evidence for any
lipid accumulation toward the end of the experiment (Ta-
ble 3). Thus, by deduction, the primary response to nitrogen
limitation by D. tertiolecta was carbohydrate assimilation.
Chen et al. [11] identified values of 15% to 18% lipid per
unit dry mass for nutrient-replete and deprived D. tertiolecta
biomass, respectively, and comparable values were obtained
in this work (15% to 19%).

Chen et al. [11] reported that nitrogen limitation resulted
in rapid accumulation of neutral lipids, whereas Lombardi
and Wangersky [47], Gordillo et al. [26] and Sheehan et
al. [65] detected no N limitation induced increase in lipid
content of D. tertiolecta, Dunaliella viridis and Dunaliella
sp. Gordillo et al. [26] showed that proportion of TAGs
increased under N limitation if cultures were bubbled with
air enriched with 1% CO2, but no clear difference was
seen under atmospheric CO2 levels. Chen et al. [11] con-
ducted their cultivations at 4% CO2, whereas Lombardi
and Wangersky [47] and polyethene bioreactor cultivations
of this study were conducted at atmospheric CO2 levels.
Thus, the different CO2 concentrations in the supplied gas
may have been the cause for different responses to nitro-
gen limitation.

C. vulgaris Biomass Composition

The mean nitrogen content of C. vulgaris at day 4 was
8.18% (0.40%) and 7.97% (0.71)% for nitrate and urea
treatments, respectively (Fig. 1b). Protein concentrations
(Table 3) followed a similar dynamic to the D. tertiolecta
cultivations. However, both the calorific value and lipid
content increased in response to nitrogen limitation in the
C. vulgaris treatments (Table 3). Paired t tests between
days 4 and 14 identified a significant increase in lipid
content (t≥2.8, p≤0.047) and heating value (t≥3.7, p≤
0.004). Samples for both species contained less than 40%
lipid, and evidence from Sialve et al. [66] suggests that it

Table 3 Biochemical properties ofDunaliella tertiolecta andChlorella vulgaris (lipid, protein and heating value) at days 4, 8 and 14 of the cultivations

Species N source Day 4 Day 8 Day 14

Protein
(%)

Lipid (%) HHV
(kJ g−1)

Protein
(%)

Lipid (%) HHV
(kJ g−1)

Protein
(%)

Lipid (%) HHV
(kJ g−1)

D. tertiolecta Nitrate 42.5 (3.8) 16.0 (8.7) 22.5 (0.4) 41.2 (4.7) 14.9 (1.8) 21.5 (0.8) 22.4 (2.1) 14.6 (1.2) 23.2 (0.3)

D. tertiolecta Urea 43.1 (1.3) 18.2 (0.8) 22.0 (0.1) 36.5 (6.5) 18.2 (0.8) 21.1 (0.6) 22.1 (2.3) 17.9 (3.4) 22.1 (0.4)

D. tertiolecta Ammonium 37.1 (3.2) 18.6 (8.8) 22.7 (0.9) 30.7 (0.4) 18.6 (8.8) 22.8 (0.3) 25.0 (5.9) 14.7 (0.7) 22.9 (0.5)

C. vulgaris Nitrate 36.3 (1.8) 21.0 (1.6) 23.8 (1.2) 26.7 (1.9) 18.4 (1.6) 23.1 (1.3) 18.1 (1.0) 27.0 (1.5) 26.6 (0.5)

C. vulgaris Urea 35.4 (3.2) 20.9 (2.3) 23.6 (0.3) 27.3 (3.3) 22.3 (5.7) 24.5 (1.2) 18.1 (1.1) 27.9 (3.6) 26.8 (0.9)

Day 4 corresponds to nutrient-replete growth, day 8 the approximate point of nitrogen exhaustion and day 14 the experiment end point. Data are
mean (± standard deviation)
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would be energetically favourable to subject the whole
biomass to anaerobic digestion, rather than to first extract
the lipid for biodiesel production. However, Sialve et al.
[66] only consider lipid extraction using dried biomass,
which requires a considerable energy investment. Alterna-
tive dry and wet extraction methods may prove to be more
efficient, especially if waste heat can be used to improve
process efficiency [76]. Although only total lipids were
measured in this work, it is important to note that the lipid
profile/composition is also important for biodiesel produc-
tion [38].

Apart from species-specific differences, the different
responses of the two species to nitrogen limitation may be
attributable to the nutrient media compositions used. Differ-
ences in nutrient stoichiometry may cause significant phys-
iological effects on cell biochemistry, including lipid,
protein and carbohydrate content, plus the classes of those
compounds [24]. D. tertiolecta utilised all of the available
inorganic phosphorus within 4 days of cultivation, but C.
vulgaris remained phosphorus-replete throughout (Fig. 1).
Part of this discrepancy in phosphate utilisation may be the
accumulation of polyphosphates by D. tertiolecta, so that
phosphate depletion in the media might have a negligible
effect on growth [11, 59].

Dissolved Organic Carbon and Bacterial Cell Number

With the exception of the urea treatments, DOC is the pool
of organic carbon exuded from microalgal cells. It is a loss
of harvestable organic matter and a substrate for bacterial
growth. Production of DOC is also driven by nutrient stress,
especially supply of nitrogen [34]. The concentration of
DOC in 20-L photobioreactors using alternative nitrogen
sources is shown in Fig. 2. These figures are absolute
values, but it should be noted that the urea treatments
contained 0.665 mmol L−1 of added organic carbon at the
start. Taking this into account, the difference in DOC con-
centrations between treatments was minimal, although pro-
duction of DOC in the ammonium treatment between days 2
to 6 was higher than in the corresponding nitrate and urea
treatments. The highest DOC concentration in D. tertiolecta
treatments was attained in the ammonium treatments with
mean 1.69 (SD ±0.47) mmol L−1, which was 9% of the total
organic carbon in the system. For C. vulgaris, the highest
DOC concentrations were observed at the end of cultivation
using urea (Fig. 2). In this case, the mean DOC accounted
for 7.4% of the organic carbon in the photobioreactor.

Cultivations resulted in similar bacterial dynamics in
nitrate and urea treatments for each species, with bacterial
cell number increasing over the duration of the experiment
(Fig. 3). In contrast, bacterial cell numbers in the D. tertio-
lecta ammonium treatment were much higher than the
corresponding nitrate and urea treatments. By the end of

the experiments, bacterial cells numbered 1.1×1011

(SD ±3.2×1010) cells L−1 in the ammonium treatment, com-
pared to 2.4×1010 (SD ±4.0×109) and 2.2×1010 (SD ±7.6×
109) cells L−1 in the urea and nitrate treatments. Bacteria
may only be a small fraction of the total biomass present in
healthy algal cultures but are critically important for recy-
cling organic nitrogen compounds to biologically utilisable
forms, as shown by the nitrite and ammonium dynamics in
the systems used here (Fig. 4).

D. tertiolecta Accessory Measurements

Changes in the maximum quantum yield of photosystem II
(Fv/Fm) during cultivation of D. tertiolecta are shown in
Fig. 1a. Initial values ranged from 0.70 (SD ±0.01) to 0.75
(SD ±0.03) indicating healthy, efficient photosynthetic per-
formance [55]. Fv/Fm values declined with time, reaching
0.44 (0.06) to 0.57 (0.04) by the end of the cultivations. Fv/

Fig. 2 The concentration of DOC (millimoles per litre) in 20-L photo-
bioreactor cultivations of C. vulgaris (nitrate, urea) and D. tertiolecta
(nitrate, urea, ammonium). Data points are mean of three replicates;
error bars are standard deviations
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Fm values for cultivations supplied with ammonium were
lower than the nitrate and urea treatments (Fig 1a).

Changes in the pH of D. tertiolecta treatments were
minimal due to the relatively high buffering capacity of
the saline media. Cultivation using ammonium leads to a
slight acidification (mean ΔpH −0.27), whilst cultivation
using urea and nitrate leads to an increase in mean pH of
0.68 and 0.73, respectively (Fig.1a).

Dissolved oxygen concentrations in 20-L photobior-
eactors containing either species remained <20% above
air saturation throughout cultivation (Fig. 1a), indicating
little impact on cultivation performance. These values
are a result of efficient removal due to the high sparg-
ing rate employed.

C. vulgaris Accessory Measurements

The Fv/Fm dynamics in cultivations of C. vulgaris followed
a similar trend to those of D. tertiolecta (Fig. 1b). Fv/Fm

declined whilst growth in biomass remained relatively con-
stant, and it should be noted that the maximum quantum
yield of charge separation in photosystem II and CO2 fixa-
tion/growth are not necessarily tightly coupled. However,
Fv/Fm provides a useful measure of physiological stress
during batch cultivation [55]. Changes in the cultivation
pH are shown in Fig.1b, including the C. vulgaris ammoni-
um treatment. Cultivation of C. vulgaris using urea caused
an increase in mean pH of 0.65, whilst cultivation using
nitrate led to an increase of 3.05. The pH of microalgal
cultivations is modified (a) by uptake of inorganic carbon
from the medium (increases pH), (b) nitrification in ammo-
nium treatments and (c) by microalgal uptake of nitrogen
compounds. Uptake of nitrogen compounds follows charge
balance: Ammonium uptake leads to H+ production
(decreases pH), whilst uptake of NO3

− produces OH−

(increases pH). Since urea uptake should not affect the pH
significantly [25], the increase in pH in urea treatments can
be attributed to the depletion of dissolved inorganic carbon.
The pH increase in nitrate treatments was higher than the
equivalent urea treatments and could be attributed to the
additive effect of nitrate uptake plus inorganic carbon
depletion.

The rapid acidification observed in the C. vulgaris am-
monium treatment was attributed to NH4

+ uptake by micro-
algae, bacterial nitrification and the low buffering capacity
of the freshwater media. Bacterial nitrification may be an
important process when using ammonium as a nitrogen
source [42] and is concordant with the strong bacterial
growth observed (Fig. 2). Buffering solutions or acid/base
addition may be used to stabilise the pH of microalgal
cultures [71]. However, this is unlikely to be practical for
large-scale algal production involving considerable volumes
of liquid medium, together with additional cost, and was not
considered an appropriate avenue for further investigation.
Cultivating freshwater species to high cell density using
ammonium as the sole nitrogen source may thus be imprac-
tical for commercial production.

Bubble Columns

Growth and Nitrogen Uptake in Bubble Columns

Growth in dry weight of C. vulgaris and D. tertiolecta
cultivated in bubble columns using nitrate as the nitrogen
source is shown in Fig. 4. Treatments using simulated flue
gas (12% CO2) grew rapidly, at maximum rates of 0.60 (SD
±0.11) and 0.83 (SD±0.13)g L−1 day−1 for C. vulgaris
(days 4 to 6) and D. tertiolecta (days 2 to 4), respectively

Fig. 3 Bacterial cell number (cells per litre) in cultivations of C.
vulgaris and D. tertiolecta supplied with alternative nitrogen sources.
Data points are mean of three replicates; error bars are standard
deviations
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(Fig. 4a). Treatments cultivated in 0.04% CO2 were carbon-
limited and never reached the carrying capacity of the avail-
able nitrogen and phosphorus (Fig. 4b). Growth rates in air
were 0.10 (SD±0.04) and 0.07 (SD±0.02) g L−1 day−1 for
C. vulgaris and D. tertiolecta, respectively.

D. tertiolecta and C. vulgaris cultivated in 12% CO2 had
mean nitrogen uptake rates of 44.0 (SD ±11.1) and 17.6

(SD ±12.3) mg N L−1 day−1 during the period of maximum
growth, and >99.9% of the available nitrogen was removed
between days 4 and 6 (Fig. 4a). Cultivations of D. tertiolecta
and C. vulgaris using 0.04% CO2 assimilated inorganic
nitrogen from the medium at a rate of 2.9 (SD ±2.4) and
2.0 (SD ±2.2) mg N L−1 day−1. The higher heating value of
C. vulgaris cultivated using 12% CO2 increased in response

Fig. 4 a Growth performance of cultivations of D. tertiolecta and C.
vulgaris in bubble-column experiments using simulated flue gas
(12%). Data points are mean (n03); error bars are standard
deviations. b Growth performance of cultivations of D. tertiolecta

and C. vulgaris in bubble-column experiments using air CO2

concentrations (0.04%). Data points are mean (n03); error bars
are standard deviations
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to nitrogen limitation, but as in the 20-L photobioreactor
experiments, the effect on D. tertiolecta was negligible
(Fig. 4a).

Dissolved Organic Carbon and Dissolved Organic Nitrogen

The concentration of DOC increased over the batch cycle,
reaching 17.19 (SD±4.37) and 6.03 (SD±2.49) mmol L−1 at
the end of D. tertiolecta and C. vulgaris cultivations, re-
spectively. At day 10, the concentration of DON reached
0.25 (SD±0.04) and 0.33 (SD±0.08) mmol L−1 for the same
species, corresponding to mean C/N ratios of 69:1 and 18:1.
The DOC/DON ratio of dissolved organic matter in 12%
CO2 cultivations of C. vulgaris at day 10 was approximately
the same as the corresponding cellular C/N ratio at the same
point. In contrast, the dissolved substances exuded by D.
tertiolecta at the same point had a DOC/DON almost 5-fold
higher than the cellular C/N ratio (14:1). An important differ-
ence between species is that C. vulgaris possesses a cell wall
structure, whilst D. tertiolecta does not [53]. This physical
difference may be the cause of higher concentrations of
DOC released by D. tertiolecta and may explain the differ-
ences in C/N ratio of dissolved substances exuded by either
species. The difference in C/N ratio of DOM may also be
due to differences in the relative utilisation of DOC and
DON by the bacteria in saline and freshwater media.

Nitrite and Ammonium Dynamics

The presence of bacteria (“Dissolved Organic Carbon and
Bacterial Cell Number”) and release of DON from cells
suggest that a fraction of the nitrogen supplied is cycled within
the cultivation system. Both nitrite and ammonium are prod-
ucts of bacterial metabolism of organic nitrogenous substrates,
and Fig. 4 shows the concentration of each of these com-
pounds during cultivation in bubble columns. Bacteria may
compete with microalgae for nitrogen, assimilating a fraction
whilst recycling algal-derived organic nitrogen to forms that
can be easily utilised by photoautotrophs [57]. However, the
implications of bacterial activity for applied microalgal culti-
vations has received little research to date and clearly is an
area for further experimentation.

Industrial-Scale Nitrogen Consumption and Energy
Demands

How Important Is the Nitrogen Energy Burden?

One of the main questions arising from life-cycle assess-
ments concerns identifying the dominant energy burdens
involved in microalgal cultivation, thereby identifying
which components should be targeted for improvement.
The relationship between different aspects of microalgal

cultivation is complex and case-specific [2, 4, 14, 35, 36,
39, 45, 56, 69]. The energy embedded in the supply of
nitrogen has been suggested as the major variable determin-
ing the sustainability of microalgal technologies [14, 45].
However, others have suggested it is the supply of power for
cultivation mixing that is the dominant burden [39, 69].
However, the most recent assessments identify significant
issues with supply of nutrients and CO2 to algal cultivation
systems. Beal et al. [4] showed that without discounted
energy inputs (e.g. recycling nutrients, carbon), the energy
return on the energy invested was below unity. Similarly,
Pate et al. [56] identify that provision of nutrients, CO2 and
also water are the greatest constraints on the ability to
sustainably produce microalgal biomass on a large scale.
The following section examines the relative importance of
power input, fertiliser requirement and CO2 on the energy
efficiency of the intensive bubble-column reactors operated
using 12% CO2.

Energetic Performance of Bubble-Column Photobioreactors
Using 12% CO2

The gross energy production (kilojoules per litre) during
batch cultivation of C. vulgaris and D. tertiolecta was
calculated as the product of the microalgal dry weight and
HHV at each point during growth (Eq. 1).

eB ¼ b" h ð1Þ

where eB is the energy contained in biomass of 1 L of biore-
actor fluid (kilojoules per litre), b is the biomass dry weight
(grams per litre), h is the higher heating value (kilojoules per
gram). The power input/energy demand for pumping gas
through the photobioreactor was calculated according to Sier-
ra et al. [67] (Eqs. 2 and 3). Note that two scenarios for power
supply are shown. The 50-W m−3 scenario (corresponds to a
daily energy input of 4.2 and 4.3 kJ L−1 day−1 for fresh and
salinemedia, respectively) is that actually used in the research,
presented and typical for such photobioreactor systems [62].
The second (theoretic) scenario corresponds to an alternative
where the power supply was minimised to a daily average of
15 W m−3 (corresponds to a daily energy input of 1.2 to
1.3 kJ L−1 day−1 for fresh and saline media, respectively),
with the assumption of no significant impact on productivity.

PG=VL ¼ ρL " g " Usg ð2Þ

Usg ¼ VG=A ð3Þ

where PG/VL is the power supplied per unit volume (Watts
per cubic metre), ρL is the liquid density (kilograms per
cubic metre), g is the rate of gravitational acceleration
(9.8 m2 s−1), Usg is the superficial gas velocity (0.005 m s−1),
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VG is the gas flow rate (cubic metres per second) and A is the
cross-sectional area of the bubble column (square metres). The
energy embedded in supply of nitrogen fertiliser was derived
from the product of the mass of fertiliser nitrogen removed
from the culture fluid and the energy demand for production of
nitrogen fertiliser (50 kJ g−1, Table 3) (Eq. 4).

eTN ¼ mN " eN ð4Þ

where eTN is the total energy embedded in supply of nitrogen at
each point during growth (kilojoules per litre), mN is the mass
of nitrogen removed from the fluid at each point of the growth
cycle (grams per litre), eN is the energy embedded in each unit
mass of nitrogen (50 kJ g−1; Table 4). The mass of phosphorus
fertiliser consumed was calculated using the mass of
fertiliser nitrogen removed from the culture fluid and
the Redfield stoichiometry (N/P, 16:1 mol, 7.23:1 mass),
by dividing the mass of elemental nitrogen consumed
by 7.23. The mass of phosphorus consumed was then
multiplied by 44 kJ g−1 [4] to derive the energy embedded in
supply of phosphorus.

eTP ¼ mN=7:23ð Þ " eP ð5Þ

where eTP is the energy embedded in supply of phosphorus at
each point of the growth curve (kilojoules per litre), mN is the
mass of nitrogen consumed at each point during growth (grams
per litre), 7.23 is the Redfield mass ratio (N/P) and eP is the
energy embedded in a unit mass of phosphorus fertiliser
(44 kJ g−1 P). The amount of energy embedded in supply of
CO2 (assuming flue gas was not available and stored CO2 was

supplied) was calculated by multiplying the amount of CO2

supplied daily (20.7 g day−1, Table 1) by 7.33 kJ g−1 [4].

eTCO2 ¼ mCO2 " eCO2 ð6Þ

where eTCO2 is the energy embedded in supply of CO2 to
cultivations at each point of the growth cycle (kilojoules per
litre), mCO2 is the mass of CO2 supplied at each point (grams
CO2 per day, Table 1 × days) and eCO2 is the energy embedded
in supply CO2 from manufactured sources (non-flue gas,
7.33 kJ g−1). The effect of cumulative subtraction of each of
these energy burdens on the net bioenergy production during
growth in bubble-column photobioreactors is shown in Fig. 5.
Both the actual (kilojoules per litre) and net energy ratios [39]
are shown. Inset figures include the CO2 burden due to extreme
negative net energy balance.

At day 10, the supply of nitrogen to C. vulgaris and D.
tertiolecta reduced the gross energy production by 7% and
10%. However, in this reactor configuration, the supply of
power far outweighed the impact of nutrient energy consump-
tion. At day 4 of D. tertiolecta cultivation, consumption of
fertiliser nitrogen accounted for a peak of 27% of both energy
burdens combined. When nitrogen was exhausted from the
media (after 4–6 days), power became even more dominant
and accounted for 86% of the energy consumed in production
in both species cultivations at day 10. It is possible to operate
gas-sparged reactors using power inputs lower than 50 W m−3

[35, 62, 77]. As an example, a power input of 15 W m−3 (as
opposed to the 50 W m−3) would cause the fertiliser energy
demand to equal the power demand during nutrient-replete
growth (days 2–6) but drop to 50% of the power demand by
day 10 (Table 4). This calculation assumes the same gross
energy production is possible at low power input, although in
practice it may be lower [35]. Accounting for the nitrogen-
embedded energy and power (50 W m−3) burdens only, NER
>1 was achieved in cultivation of both species. ForC. vulgaris,
a peak NER of 1.85 was achieved at day 10, whilst for D.
tertiolecta a peak NER of 2.16 was achieved at day 4 (Fig. 5).

The energy embedded in the supply of phosphorus was
an order of magnitude lower than supply of nitrogen in these
calculations. However, of particular importance is the sup-
ply of CO2 (Fig. 5). It should be noted that the photobior-
eactor configuration tested here was not optimised to
minimise CO2 inputs; however, the scale of the CO2 energy
debt is such that even if 1% CO2 (as opposed to 12% used
here) were supplied at a flow rate equivalent to 15 W m−3,
with no loss of productivity and very efficient CO2 mass
transfer, the net energy return (kilojoules per litre) would
barely rise above zero even at the optimal part of the growth
curve. It is thus essential to utilise concentrated waste CO2

(e.g. from power plant) in order to avoid the significant
energy burden that would otherwise be incurred by supply
from purified, compressed sources to gas-sparged photo-
bioreactor systems.

Table 4 Fossil energy required to produce 1 kg of fertiliser nitrogen
(as elemental nitrogen, megajoules per kilogram of N) as reported for
various fertiliser types found in the literature

Reference MJ kg−1 nitrogen End product

[1] 35 Ammonium nitratea

[1] 2.3–3.7 Ammonium nitrateb

[61] Approximately
40–50

Ammonia, urea, ammonium nitrate,
calcium ammonium nitratec

[16] 43–78 (norm 50) Nitrogend

[46] 50 Nitrogene

[74] 41 Ammonium nitratef

[74] 49 Ureaf

[74] 43 Ammonium sulphatef

[4] 59 Urea

a Natural gas plant, modelled for fossil energy
b Biogas plant, modelled for fossil energy
c Based on most recent data (2000–on)
d Not including diesel contribution to application, all references
pre-1991
e Cumulative primary energy consumption
f Includes burdens of producing packing and delivering
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Optimal Harvest Point

The optimal harvest point needs to be established, in order to
minimise the requirement for fertiliser inputs and energy into
microalgal production systems. Clearly the nitrogen utilisation

efficiency is important, but so too is its impact on growth rate,
photosynthetic efficiency (PE), lipid content and calorific
value. The relative impacts of each of the parameters are
presented in Table 5. The impacts of nitrogen limitation on
photosynthetic efficiency are not well described within the
context of microalgal biomass production. This is important
because proponents of microalgal technologies often cite high
PE as the key reason for development. However, any com-
promises on PE, such as nitrogen fertiliser deprivation [45],
immediately reduce the competitiveness of microalgal mass
culture with terrestrial crops.

Industrial CO2 Mitigation Perspectives on Nitrogen
Fertiliser Demands

In order to convert 1 tonne of CO2 to organic matter, it is
necessary to produce approximately 0.55 tonnes of micro-
algal biomass (microalgal biomass contains approximately
50% carbon). For nutrient-replete microalgal biomass, the
Redfield C/N ratio of 5.7:1 (mass) indicates that 0.10 tonnes
of nitrogen (elemental nitrogen) is required per tonne of

Fig. 5 Energetic performance of C. vulgaris and D. tertiolecta culti-
vated in bubble-column photobioreactors supplied with 12% CO2 over
the batch production cycle showing both net energy (kilojoules per

litre) and net energy ratio. Calculation of respective energy burdens is
as described in “Energetic Performance of Bubble-Column Photobior-
eactors Using 12% CO2”

Table 5 Relative advantages (+) and disadvantages (−) of batch and
continuous production processes on performance of microalgal
cultivations

Continuous
production

Batch
Production

Nitrogen utilisation
efficiency

− +

Heating value − +

Lipid content − +

Productivity + −

Photosynthetic efficiency + −

Power input per unit
biomass

+ −

The term ‘batch’ refers to a nitrogen-limited end phase, whilst ‘con-
tinuous’ describes nutrient-replete growth
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CO2 mitigated [24, 40]. In 2000, global CO2 emissions from
coal-fired power plant alone measured 8 Gt year−1 [22].
Thus, uptake of 10% of this CO2 would require supply of
80 Mt of nitrogen fertiliser annually, equivalent to current
global production [61]. However, the benefit of using algae
to remove CO2 and produce a fuel is actually derived from
using the biomass energy to displace fossil fuels that would
otherwise be combusted [7]. As a result, the environmental
benefits of CO2 mitigation and bioenergy production using
microalgae are only equivalent to the net life-cycle calorific
value and CO2 fossil-equivalent emissions savings. This
means that to mitigate 10% of the global CO2 emissions,
on a net life-cycle basis, would actually require production
of significantly more algal biomass and use more nitrogen
fertilisers than predicted above. Unfortunately, many life-
cycle assessments have shown that the life-cycle energy
return for many potential microalgal projects using current
technology would be <1 [2, 4, 14, 39, 45, 56, 69], so that the
energetic costs involved in production of microalgal bio-
fuels would lead to emission of considerably more CO2 than
would be saved by displacing some fossil fuels. In this
work, we only considered the major energy burdens associ-
ated with biomass production. The maximum net energy
return was 1.82 and 2.10 for C. vulgaris and D. tertiolecta
considering power, nitrogen and phosphorus energy inputs.
If concentrated CO2 could not be sourced locally (e.g. flue
gas from power plant), the NER of biomass production
including provision of manufactured CO2 would decrease
to 0.09 and 0.11 for C. vulgaris and D. tertiolecta. In this
situation, microalgal biomass production using this type of
photobioreactor configuration would be unsustainable. Fur-
ther, there are other impacts not considered in this work
which may also reduce the energetic efficiency of these
systems. These include supply of suitable water, trace
nutrients, photobioreactor materials and additional efficien-
cy losses associated with supply of power [4, 35, 45].

However, there are a number of technologies avail-
able that may improve process efficiency. Nutrients and
energy may be re-cycled by anaerobic bioprocesses [10,
17, 44, 66], via residues from thermochemical conver-
sion processes such as pyrolysis and gasification [6,
28]. Nutrients may also be supplied via wastewater
streams [14, 50, 70]. However, use of wastewater
streams may present problems with security of supply.
Additional technologies may include optimisation of
power input [35].
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