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Carbon dioxide from geothermal gas converted to biomass by cultivating coccoid
cyanobacteria*
Halldor G. Svavarsson a,b, Johannes E. Valberga, Hronn Arnardottira and Asa Brynjolfsdottira

aBlue Lagoon Ltd., Grindavík, Iceland; bSchool of Science and Engineering, Reykjavík University, Reykjavík, Iceland

ABSTRACT
The Blue Lagoon is a geothermal aquifer with a diverse ecosystem located within the Reykjanes
UNESCO Global Geopark on Iceland’s Reykjanes Peninsula. Blue Lagoon Ltd., which exploits the
aquifer, isolated a strain of coccoid cyanobacteria Cyanobacterium aponinum (C. aponinum) from
the geothermal fluid of the Blue Lagoon more than two decades ago. Since then Blue Lagoon
Ltd. has cultivated it in a photobioreactor, for use as an active ingredient in its skin care products.
Until recently, the cultivation of C. aponinum was achieved by feeding it on 99.99% (4N) bottled
carbon dioxide (CO2). In this investigation, C. aponinum was cultivated using unmodified, non-
condensable geothermal gas (geogas) emitted from a nearby geothermal powerplant as the
feed-gas instead of the 4N-gas. The geogas contains roughly 90% vol CO2 and 2% vol hydrogen
sulfide (H2S). A comparison of both CO2 sources was made. It was observed that the use of
geogas did enhance the conversion efficiency. A 13 weeks’ average CO2 conversion efficiency of
C. aponinum was 43% and 31% when fed on geogas and 4N-gas, respectively. Despite the high
H2S concentration in the geogas, sulfur accumulation in the cultivated biomass was similar for
both gas sources. Our results provide a model of a CO2 sequestration by photosynthetic
conversion of otherwise unused geothermal emission gas into biomass.

ARTICLE HISTORY
Received 7 January 2017
Accepted 27 June 2017

KEYWORDS
Geothermal gas; blue-green
algae; cyanobacteria; CO2

sequestration; biomass

1. Introduction

Carbon dioxide (CO2) is commonly referred to as a green-
house gas since it absorbs and emits radiation within the
thermal infrared range. In addition, it is considered to be
the single largest cause of global warming and climate
change during the last few decades. Its concentration
in the atmosphere is currently around 400 ppm and
has increased annually since 1959 by 0.49 to 2.84 ppm
due to anthropogenic impact, mainly (>90%) owing to
the burning of fossil fuel [1], but also because of defores-
tation and cement production. In 2014, the global CO2

emission was around 3.6 × 1010 tons [2] with roughly
40% (1.4 × 1010 tons) caused by the energy-generation
sector [3]. A reduction of CO2 has been considered
crucial in preventing further catastrophic consequences
of the apparent climate changes. A number of potential
sequestration methods have been introduced, but most
of them suffer from high processing cost and/or low pro-
duction rate [4]. Of these methods, the conversion of CO2

into biomass via photosynthetic processes in plants and
microorganisms appears to be one of the most sustain-
able. Microalgae, a broad category encompassing
eukaryotic microalgae and cyanobacteria (prokaryotic),
are photosynthetic microorganisms that grow by

utilizing solar energy. They can be cultivated to
produce biomass for a wide range of applications such
as energy, animal feed and human nutrition, agriculture
and cosmetics [5]. In particular, microalgae have been
considered a good choice for CO2 sequestration [6] and
production of lipid for biofuel applications [7,8]. Their
sizes can range from a few to hundreds of micrometers
and their chemical composition varies over a wide
range, depending both on species and cultivation con-
ditions. Like other photosynthetic organisms, microalgae
release molecular oxygen (O2) upon their CO2 conversion
and they are accountable for about 70% of the free
oxygen on earth [9]. Unlike terrestrial crops, microalgae
do not have to produce structural compounds such as
cellulose for leaves, stems or roots. Consequently, they
can have higher aerial growth rates and CO2 fixation effi-
ciency, compared with terrestrial plants, can be 10–50
times higher. Additionally, many species can be culti-
vated in brine water and wastewater that is not suitable
for human consumption, or agriculture [10]. Microalgae
have been shown to be effective in nitrogen and phos-
phorus removal, as well as in metal ion depletion – and
the combination of microalgae with wastewater treat-
ment will significantly enhance the environmental
benefit of this strategy. For the preceding reasons, it
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would be highly advantageous if microalgae were able
to fix CO2 directly from flue gases. Furthermore, the tol-
erance of microalgae to relatively high temperatures is
important in reducing the costs of cooling the flue
gases released from industrial facilities at elevated temp-
eratures. For most microalgae species, the optimum
temperature lies in the range of 20–30°C. Only a few ther-
mophilic microalgae species have been observed,
among them several unicellular green algae – identified
as species of Chlorella – which can grow at temperatures
of up to 42°C and on supplied gas with more than 40%
CO2 [11]. However, the value of the CO2 concentration
cannot be taken as the sole measure of the microalgae’s
tolerance for it, the gas feed-rate and other factors also
play a role [12,13]. As long as there is a balance
between the CO2 uptake and its dissolution, the CO2 con-
centration can be kept very high but the optimum level
with respect to growth rate is often said to be 6–10%.

While the earth’s atmosphere contains ∼0.04% wt
(400 ppm) of CO2, industrial flue gas typically contains
10–20% CO2 [11]. Industrial flue gas most often is
released from the burning of fuel in the air and thus con-
tains a high volume of unburned nitrogen (N2) and also
smaller volumes of compounds such as O2, H2O, NOx,
SOx, CO and CxHy [12], which determines the upper
limit of the CO2 concentration. In contrast, the CO2 in
geothermal non-condensable gases (NCG) is not
derived from combustion of fuel and therefore its CO2

concentration may be higher and in principle, as high
as 100%. Many authors have reported on the photosyn-
thetic conversion of flue gas from industrial sources,
such as coal-fired power plants [14] and cement plants
[15]. In some cases, a desulfurization step was needed
prior to use of the flue gas and others had a laboratory-
scale volume (≤5 L). In most cases, the CO2 concentration
of the flue gas was relatively low, or 10–20% vol. Few, if
any, authors have reported on the use of geothermal
NCG for biomass production. Even though geothermal
energy is generally considered sustainable and environ-
mentally safe, its exploitation results in a substantial emis-
sion of CO2, although an order of magnitude lower than
that of powerplants burning fossil fuels. HS Orka Svart-
sengi (HS Orka) produces 63 MW of electricity and
150 MW of thermal power (as of 2015) by piping a super-
heated steam from boreholes into turbines and thermal
exchangers were it condensates [16]. Most of the spent
geothermal fluid is reinjected into the geothermal reser-
voir (∼6 × 106m3 annually) but some of it (∼20%) is dis-
charged on the surface where it forms a lagoon – the
Blue Lagoon. Roughly 1–2% vol of the steam from the
boreholes are NCG which is emitted into the atmosphere.
About 97% vol of the NCG is CO2 and 2% vol is hydrogen
sulfide (H2S) [17]. A total of roughly 60 × 103 tons of CO2 is

discharged annually this way by HS Orka – corresponding
to roughly 32 kg CO2/MWh. For comparison, rough esti-
mates of CO2 emission due to electrical power generation
using various fuel sources are 800, 700 and 490 kg CO2/
MWh for coal, oil and gas, respectively [3].

A dominating species of the Blue Lagoon’s microbial
ecosystem [18] is the photosynthetic spherical-shaped
cyanobacteria Cyanobacterium aponinum (commonly
referred to as blue-green algae). Here, we describe the
cultivation of C. aponinum by feeding it on CO2-rich
NCG from a geothermal power plant (geogas). The
study demonstrates that direct use of geothermal NCG
without any purification or pretreatment is easily acces-
sible for photosynthetic biomass production. This
concept – the conversion of otherwise unused geother-
mal NCG gas into biomass – is a novel approach. Further-
more, previous studies on biorefinery have typically been
focused on biofuel applications [19,20], which are nor-
mally considered to be low-value–high-volume products.
In this study, C. aponinum is cultivated with the aim of
being used as an active ingredient in a high-value–low-
volume end product (skin care).

2. Materials and methods

2.1. Biomass cultivation

C. aponinum, isolated from the geothermal fluid of the
Blue Lagoon in Iceland [18], was cultivated in a semi-con-
tinuous mode in 2.8 m3 tubular photobioreactor (Varicon
Aqua, United Kingdom) at 40°C ± 2°C at the Research and
Development Center of Blue Lagoon Ltd. An optical
micrograph of C. aponinum is shown in Figure 1, illustrat-
ing its spherical (coccoid) appearance and microscopic
size.

The photobioreactor consists of horizontal transpar-
ent glass tubes, each with an inside diameter of 28 mm
and 6 m long, and two 300 L reservoir tanks. The glass
tubes are joined together by vertical manifolds on each
end, forming 10 separate walls connected to either one
of the reservoir. A constant circulation of the culture
between the reservoirs and the glass tubes is accom-
plished by five centrifugal pumps, each of 0–3 kW
power. The reservoirs are kept partially open at the top
allowing for degassing. A schematic of the photobioreac-
tor is shown in Figure 2.

Geothermal fluid (approximately 2/3 seawater and 1/3
fresh water) with 0.3% mass/vol Cell Hi-WP nutrient
(Varicon Aqua, United Kingdom) was used as the cultiva-
tion medium. Illumination was provided by high-
pressure sodium lamps from Philips (160 µE/m2/s).
Optimum growth parameters for this particular strain
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were previously determined in laboratory-scale volumes
(2 L bottles) by Suryata et al. [21].

2.2. CO2 supply and pH level monitoring

CO2 dissolved in water may exist as the base carbonic ion
(CO2−

3 ), the amphoteric bicarbonate ion (HCO−
3 ) or the

weak carbonic acid (H2CO3) as shown by Equation (1)
but the relative concentration of each component

depends on the pH level

CO2 + H2O ↔ 2H++CO2−
3 ↔ H+ + HCO−

3

↔ H2CO3. (1)

The pH of the geothermal fluid is on average 7.9, but is
lowered by the injection of CO2 and to some extent by
the other weak acid, H2S, present in the gas. A constant
pH value of 7.5 ± 0.05 was maintained during cultivation
by automatic control of the CO2-flow into the photo bio-
reactor. At this pH level, the dominating form of CO2 is
the bicarbonate ion which is the preferred form for
assimilation of inorganic carbon [22]. Even though the
dissolution of CO2 in water results in lowered pH due
to the formation of H+ and HCO−

3 , the photosynthetic
CO2 fixation results in the formation of hydroxide ion
which increases the pH [5]. A constant injection of CO2

is thus needed to maintain the desired pH of 7.5. The
volume of the injected CO2 was recorded by a Bron-
khorst Mass-View gas flow meter (volume normalized
to a pressure of 1 atm). Two different gas sources were
compared: (a) slightly diluted (∼8%) NCG from a geother-
mal power plant (geogas) and (b) bottled CO2 of 4N
purity (referred to as 4N-gas). The 4N-gas was obtained
in pressurized 50 L steel bottles and was connected to
the photo bioreactor with a flexible rubber gas tube.
The geogas was led roughly 300 m from an exhaust
port of the HS Orka power plant in polyethylene (PE
100) piping with an inside diameter of 50 mm. The
exhaust pressure was sufficiently high to carry the gas
along the pipe and into the photobioreactor without
the need of a compressor. A static overpressure of

Figure 1. Optical microscope image of C. aponinum cultivated in
this study.

Figure 2. Schematic presentation of the tubular photobioreactor used in this study.
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∼10–20 mbar was obtained where the geogas entered
the bioreactor.

2.3. Culture harvest

Roughly 1000 L of the bioreactor’s volume was harvested
every week (in 2–3 batches) with sedimentation and cen-
trifuged using Sorvall Lynx 6000 (Thermo Scientific, MA,
USA) upon which the algae dry content increased from
∼0.2% wt. to ∼20% wt. After centrifugation, the algae-
mass was collected, lyophilized and analyzed.

2.4. Analytic methods

For the analysis of CO2 and H2S, a sample of geogas was
collected in a bottle containing NaOH(aq) solution. The
NaOH solution binds the CO2 and H2S whose concen-
trations were subsequently obtained by titrating the
NaOH solution. For analysis of other gas-species, a gas-
sample was collected in a separate bottle and measured
with gas chromatography. All gas analyses were done on
the same day as the samples were taken in order to mini-
mize the effect of decomposition and get as reliable
results as possible. The sulfur concentrations of lyophi-
lized algae-mass and the cultivation medium were deter-
mined with inductively coupled plasma analyzer (ICP-
AES); the carbon and nitrogen concentrations of the
algae were determined by applying the Dumas
method. Statistical analysis was performed with R (v.
3.2.2).

3. Results and discussion

3.1. Chemical analyses

Table 1 shows the chemical composition of geogas. A
comparison to geothermal NCG, directly after flashing
of geothermal steam in HS Orka (pristine NCG), is
given. Due to slight dilution (∼8%) with atmospheric
air, the composition of geogas is altered with respect
to a pristine geothermal NCG. The reason for this dilution
is unclear, but apparently it takes place within the power-
plant itself after flashing the geothermal steam and

before it enters the pipeline between the powerplant
and the photobioreactor. Due to this, the concentration
of CO2 in the geogas measures as 90% vol, compared
to 97% vol in the pristine geothermal NCG. This dilution
does however not affect the fundamental aspect of the
study – a direct use of unmodified geothermal NCG to
produce photosynthetic biomass.

High levels of CO2 (10–15%) in feed-gas have been
reported to inhibit algal growth in open cultivation
systems. For instance, in a simulated flue gas consisting
of 200 ppm SO2, 15% CO2, 3% O2 and balance N2, the
growth of C. vulearis was completely inhibited [23]. In
our study, feed-gas containing CO2 in excess of 90% is
being used. The basic difference is the pH regulation –
our cultivation system (the photobioreactor) is closed
and the amount of CO2 injected to the culture is
limited by adjusting the acidity of the culture to 7.5.

Results from the chemical analysis of lyophilized algae
biomass are shown as columns in Figure 3. The average
weight percentage of carbon was 37.07 ± 1.44 and 39.03
± 0.34 for 4N-gas and geogas respectively, 5.48 ± 0.18
and 5.61 ± 0.11 for nitrogen and 0.64 ± 0.05 and 0.67 ±
0.04 for sulfur.

Statistical significance was determined using a Stu-
dent’s t-test at 95% confidence level (α = 0.05). No signifi-
cant difference was detected between algae cultivated
on 4N-gas and geogas in terms of weight percent of

Table 1. Chemical composition of geogas and pristine
geothermal NCG.
Compound Geogas (vol %) Geothermal NCG (vol %)

CO2 89.61 96.56
H2S 2.01 2.17
Ar 0.08 0.01
N2 5.94 0.54
CH4 0.02 0.02
O2 1.62 <0.01
H2 0.71 0.70

Figure 3. Weight percent of carbon, nitrogen and sulfur in
C. aponinum fed on geogas (right column) and 4N-gas (left
column) at pH 7.5.
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carbon (t(4) =−1.33, p = .26), nitrogen (t(4) =−0.63, p
= .57) and sulfur (t(4) =−0.51, p = .64).

The observed carbon content in the algae-mass of 37–
39% wt is considerably lower than the 51% given by the
biomass formula CO0.48H1.83N0.11P0.01, which is some-
times taken as representative of typical microalgae com-
position [24]. However, earlier analyses on cyanobacteria
[25] have revealed a large variation in the concentration
of C and N, or 37–72% and 1.9–11.8% wt, respectively.
Our values of 37–39% wt C and 5–6% wt N fall within
these ranges. A chemical composition of the geothermal
fluid, used in the cultivation medium, is shown in Table 2.
Only species present in over 1 ppm concentration are
listed.

The accumulative mass of salts in Table 2 is roughly
29 × 103 ppm (2.9% wt) which is little less than the
average salinity of seawater, often said to be 3.5% wt.

3.2. Conversion efficiency and productivity

Conversion efficiency is a measure of the fraction of the
supplied gas that is converted into biomass. It is calcu-
lated as the ratio between the total mass of carbon in
the biomass harvested over a given period of time and
the total mass of carbon in the CO2 injected into the bio-
reactor over the same period. From the ideal gas law, we
get that the mass of C in a given volume V of the gas
source is equal to:

V MWC PCO2

RT
, (I)

where MWC, PCO2 , R and T denote the molar mass of
carbon, the partial pressure of CO2, the gas constant
and the gas temperature (300 K), respectively. The con-
centration of CO2 in the geogas was measured as 90%
vol, which equals to PCO2 = 0.90 atm but PCO2 in the
4N-gas was taken as 1 atm. Data were collected for 13
weeks for each gas source. The algae were harvested
2–3 times a week, making a total harvested volume of
roughly 1000 L per week. The accumulative weight of
algae in the harvested volume and the gas volume

consumed in each week was used to calculate each
data point. Figure 4 shows the mass of algae harvested
(a) and conversion efficiency (b) for each week over a
time span of 13 weeks. Due to bimonthly routine main-
tenance (mainly removal of biofilm inside the bio-
reactor’s walls) of the cultivation system, the 13 weeks’
growth period was not continuous. After each break-
up, the bioreactor system was given one week to stabil-
ize before collecting data. As seen in Figure 4, large fluc-
tuations in both the weekly growth rate and the weekly
efficiency are observed. This may partly be attributed to a
built-up of biofilm inside the glass tubes of the photo-
bioreactor blocking the light access of the culture. A
summary of the growth characteristics is given in Table
3. In spite of the fluctuations of the growth curves,
fairly high average conversion efficiencies are observed.
Weighted average efficiency over 13 weeks is 43% and
31% for algae fed on geogas and 4N-gas, respectively.
Statistical significance was determined using a Welch
two sample t-test at 95% confidence level (α = 0.05). Sig-
nificant difference was detected between algae culti-
vated on 4N-gas and geogas (t(19) = 2.53, p = .02).

CO2 fixation efficiency of up to 38% has been reported
for the cyanobacteria Spirulina platensis in a small (1 L)
open volume exposed to CO2-enriched gas [22]. In a
recent study [26] where the microalgal strain Haemato-
coccus pluvialis was fed on CO2-enriched gas in a
tubular photobioreactor, a conversion efficiency of 49%
was reached. This was achieved by connecting in serial
four small-volume (5 L) photobioreactors in such a way

Table 2. Chemical composition of the geothermal fluid.
Element/Compounda Concentration (ppm)

SiO2 185
Na 8630
K 1500
Ca 1430
Li 3.55
SO4 35.5
Cl 17500
B 9.25
Ba 2.55
Br 59.9
Sr 9.48
aOnly elements/compounds present in concentration above 1 ppm.

Figure 4. Growth rate (mass per day per volume) (a) and conver-
sion efficiency (b) versus time for two different gas sources;
geogas (line with open circles) and 4N-gas (line with open
triangles).
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that the gas vented out from the preceding photobior-
eactor was reused as injection gas for the next photo-
bioreactor. Taken into account the much larger volume
in our case (2800 L vs 4 × 5 L) and no recycling of the
vented gas, a conversion efficiency of 43% must be con-
sidered a very promising result. The efficiency could be
even further improved by better optimized growth con-
ditions aiming for less variation in the algae’s growth
rate. It is noticeable that we observe significantly
higher efficiency when using geogas instead of 4N-gas
(43% vs 31%). Despite the large fluctuation in efficiency
for both gas sources (Figure 4), it is still apparent that
the use of geogas does in fact lead to higher efficiency.
The reason for this is not clear but it may be pH
related – in the case of geogas we have 2% vol of H2S
which increases the acidity of the growth solution and
thereby less injection of CO2 to maintain the pH value
of 7.5. We speculate that the lower CO2 injection rate
may result in a lower stress of the algae. It should also
be taken into account that certain amount of sulfur is
essential for the algae’s metabolism (see discussion in
Section 3.3).

The average productivity over 13 weeks was 80 and
65 mg d−1 L−1 for C. aponinum fed on geogas and 4N-
gas, respectively (see Table 3). These are considerable
lower values than have been published for other cyano-
bacteria cultivated under similar conditions. As an
example, Spirulina sp. fed on CO2-enriched (6%) gas in
tubular photobioreactors has been reported to have a
productivity of roughly 200 mg d−1 L−1 [27]. The differ-
ence in the productivity is, however, less when taken
into account the growth’s fluctuation in our system.
Figure 4(a) shows the weekly averages of the pro-
ductivity. It is seen that a peak productivity of 116 and
97 mg d−1 L−1 is observed for geogas and 4N-gas,
respectively (for week nos. 12 and 10, respectively).

3.3. Effect of H2S

Sulfur is an essential component of proteins in marine
species such as algae and is mainly assimilated as
sulfate (SO2−

4 ) [28] in which the sulfur is fully oxidized.

A shortage of accessible sulfur impedes protein biosyn-
thesis [29]. However, many microalgae species are
reported to be intolerant to sulfur at lower oxidation
states, such as in H2S and SO2. An upper tolerable SO2

level of 50–60 ppm has been reported [27] and above
100 ppm it is considered practically impossible to grow
most algae [30]. H2S is oxidized to SO2 in air, but in
water it undergoes partial dissociation to form H+, HS−

and S2−, and then slowly oxidizes to SO2−
4 . However,

the contribution of H2S to the sulfate concentration in
the cultivation media is assumed to be small compared
to the amount of SO2−

4 already present (36 ppm, Table
2). Marine microalgae species have been reported to
contain 0.4–1% wt of sulfur [31], which is in line with
our results of 0.64–0.66% wt (Figure 3). As seen from
Table 2, the average daily injection of feed-gas was 509
and 492 L of geogas and 4N-gas, respectively. The
geogas contains roughly 2 × 104 ppm H2S (∼2% vol). In
spite of its high sulfide level, both the CO2 conversion
efficiency and the productivity are higher when using
geogas as compared to 4N-gas (43% and
85 mg L−1 D−1 vs 31% and 65 mg L−1 D−1, respectively).
A positive effect of high sulfide content on the growth
of sulfide-adapted cyanobacteria (Spirulina), isolated
from geothermal area, has also been reported [32].
There the effect was attributed to a function of the
sulfide as a reducing agent in the photosynthesis
process. Sulfur accumulation in our cyanobacteria is
similar for both CO2 sources or 0.64% and 0.66% for
geogas and 4N-gas, respectively. This is to be expected
since the accumulation is governed by the concentration
of SO2−

4 , the preferred form for sulfur assimilation. Since
the same cultivation medium (geothermal fluid plus
nutrient) is used for both CO2 sources, the SO2−

4 levels
should be similar irrespective of the CO2 sources. The
slightly higher sulfur level of cyanobacteria fed on
geogas falls within the experimental error.

As mentioned earlier (Section 2.2), no compressor was
needed to pump the geogas into the photobioreactor.
Preliminary studies had revealed a short lifespan (a
matter of weeks or months) and time-consuming main-
tenance of such compressor. From a practical standpoint,
the elimination of the need for a mechanical compressor
was very important because of the corrosive nature of
H2S present in the gas. It should further be noted that
during the running of this experiment no detrimental
effects caused by H2S were observed on the photobior-
eactor installation.

4. Conclusions

This study dealt with the possibility of cultivating the cya-
nobacteria C. aponinum by feeding it on CO2-rich, non-

Table 3. Processing characteristics.
CO2 source

Parameter Geogasa 4N-gasa

Total gas volume (m3) 46.3 44.8
Av. gas flow vol. (L d−1) 509 ± 21 492 ± 18
Total mass of algae (kg) 20.5 16.6
Av. algae prod. rate (g d−1) 225 ± 19 182 ± 16
Av. algae prod. rate per vol. (g d−1 L−1)s 0.080 0.065
Av. CO2 fixation rate (g d−1 L−1) 0.13 0.10
Weighted CO2 conv. eff. (%) 43 ± 4 31 ± 2
aError ranges displayed are the Standard error of the mean.
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condensable gas from a geothermal power plant
(geogas). The geogas contained roughly 90% vol CO2

and 2% vol H2S. The microorganism had been isolated
from a geothermal environment and exhibited good tol-
erance to the high H2S content. A comparison with
C. aponinum fed on pure (4N) CO2 revealed distinctly
higher conversion efficiency for the geogas (43% vs
31%) as well as higher average productivity (80 vs
65 mg d−1 L−1).

Our results provide a model for a simple photosyn-
thetic conversion of otherwise unused geothermal gas
into biomass. We note that the gas was used without
any pretreatment. Based on the model, Blue Lagoon
Ltd. is now using geogas solely instead of 4N-gas to cul-
tivate C. aponinum for use in its skin care products.

Disclosure statement

C. aponinum fed on non-condensable geothermal gas are now
being used as an active ingredient in many Blue Lagoon skin
care products. However, the cost of CO2 supply has a negligible
impact on the price of the final products but has more of an
academic and environmental value.
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