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This study presents the first mechanistic model describing
broth temperature in column photobioreactors as a function of
static (location, reactor geometry) and dynamic (light
irradiance, air temperature, wind velocity) parameters. Based
on a heat balance on the liquid phase the model predicted
temperature in a pneumatically agitated column photobioreactor
(1 m2 illuminated area, 0.19 m internal diameter, 50 L gas-free
cultivation broth) operated outdoor in Singapore to an accuracy
of 2.4 °C at the 95% confidence interval over the entire data
set used (104 measurements from 7 different batches). Solar
radiation (0 to 200 W) and air convection (-30 to 50 W) were the
main contributors to broth temperature change. The model
predicted broth temperature above 40 °C will be reached during
summer months in the same photobioreactor operated in
California, a value well over the maximum temperature tolerated
by most commercial algae species. Accordingly, 18 000 and
5500 GJ year-1 ha-1 of heat energy must be removed to maintain
broth temperature at or below 25 and 35 °C, respectively,
assuming a reactor density of one reactor per square meter.
Clearly, the significant issue of temperature control must
be addressed when evaluating the technical feasibility, costs,
and sustainability of large-scale algae production.

Introduction

Despite the considerable investment made in algae biofuel
research in recent years (1), the feasibility and sustainability
of full-scale mass algae cultivation remain highly debated
because of significant biological limitations and scaling-up
issues (2–7). Processes for algae cultivation are normally
classified as photobioreactors or open ponds (8–10). Typically,
photobioreactors support higher photosynthetic efficiencies,
and therefore biomass productivities, than ponds whereas

open ponds are more economical to build and operate (3, 8).
Because most of the sunlight reaching the culture is converted
into heat, broth temperature can easily reach 40 °C in
photobioreactors, a value well over the maximum temper-
ature tolerated by most commercial algae species (10). In
addition, each algae species operates at its maximum
photosynthetic efficiency at an optimal temperature (11).
Optimizing algal production would therefore require main-
tenance of broth temperature at its optimum value (12). Thus,
to be able to predict algal productivity and process economics,
we must understand how broth temperature is affected by
environmental and process parameters.

This study presents the first fully mechanistic model
describing broth temperature in column photobioreactor as
a function of static (location, reactor geometry) and dynamic
(light irradiance, air temperature, wind velocity) parameters.
The model was validated against experimental broth tem-
perature data from a pneumatically agitated column algal
photobioreactor operated outdoor in Singapore. Broth tem-
perature changes in a similar photobioreactor located in
California were simulated to estimate the annual heat energy
that must be removed to maintain the broth temperature
below a certain value.

Materials and Methods
Modeling Approach. The photobioreactor broth was as-
sumed completely mixed (all physical properties of the broth
were considered uniform). In addition, as the algae dried
weight (DW) and nutrient concentrations are generally very
low (of the order of 1 g L-1), every solution property (i.e.,
density, heat capacity, emissivity, etc.) was taken equal to
that of water at standard temperature and pressure. For
simplicity, every radiating body was considered as a gray-
diffuse surface (e.g., its radiative properties do not depend
on the wavelength or on the angle of the radiation).

The ground surface and the solution inside the reactor
were considered opaque (absorptivity ) emissivity). Con-
sidering the reactor broth as opaque restricts the model
validity to light-limiting conditions. However, light-limited
conditions would indeed be expected because (1) it is
economically unsound to cultivate algae under nonlight-
limiting conditions in large systems; and (2) light-limiting
conditions occur at low algae densities in full scale photo-
bioreactors (0.05 g DW/L in our system). The fraction of solar
radiation used by algae to carry out photosynthesis (typically
less than 4% of total solar radiation (8)) and microbial heat
release (due to decay) were neglected in the heat balance.
The wall surface was assumed to be a partly transparent
gray-diffuse body and its transmittance τ was therefore
defined as the ratio of the outgoing radiation over the
incoming radiation. The fraction of radiation that does not
penetrate the plastic wall was assumed reflected; there was
therefore no absorption by the wall. Consequently, the
emissivity of the wall was negligible and no radiation from
the wall was considered. The reactor wall temperature was
considered uniform and equal to the solution temperature
because convection from the air to the plastic wall is negligible
in comparison to the convection from the broth to the plastic
wall. Other specific assumptions are described in the
following section.

A heat balance analysis fo the liquid solution in the reactor
(S1 in Supporting Information) yields

FwVrCpw

dTr

dt
) Qra,r + Qra,d + Qra,D + Qre,s + Qra,a +

Qre,a + Qra,g + Qc + Qev + Qb + Qcond (1)
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where Tr is the reactor broth temperature (K); Fw and Cpw are
the density (kg m-3) and the specific heat capacity (J kg-1

K-1) of water, respectively; Vr is the volume of the broth (m3);
Qra,r is the radiation from the reactor itself (W); Qra,D is the
direct solar radiation (W); Qra,d is the diffuse solar radiation
(W); Qre,s is the solar radiation reflected from the ground
(W); Qra,a is the radiation from the air surrounding the reac-
tor (W); Qre,a is the air radiation reflected from the ground
(W); Qra,g is the radiation from the ground (W); Qc is the
convective flux (W); Qev is the evaporation flux (W); Qb is heat
flux into air bubbles (W); and Qcond is the conductive flux
with the ground surface at the base surface (W). In eq 1, the
heat capacity of the plastic wall (in J K-1) was neglected in
the left-hand term because it is negligible compared with
the heat capacity of the broth.

Radiation from the Reactor. As water radiates heat over
the entire reactor surface, the radiation from the liquid phase
based on the Stefan-Boltzmann’s fourth power radiation
law was expressed as (13)

Qra,r ) -στεr(πRr
2 + 2πRrLr)Tr

4 (2)

where σ is the Stefan-Boltzmann constant (W m-2 K-4); τ is
the reactor wall transmittance (-); εr is the emissivity of the
liquid phase (0.97 is used and is a common value for water);
Rr is the reactor radius (m); Lr is the reactor height (water
level, in m); and Tr is the reactor temperature (K).

Direct Solar Radiation. The heat flux arising from the
direct solar radiation reaching the top of the reactor can be
expressed as

Qra,D,top ) εrτHDπRr
2 (3)

where HD (W m-2) is the intensity of the direct solar radiation
reaching the ground surface in the vertical direction.

The heat flux reaching the lateral surface of the water
column Qra,D,lat is

Qra,D,lat ) εrτHDtan θz2RrLr (4)

where θz (rad) is the angle between a vector normal to the
ground surface and the sun direction (S2 in SI).

The total direct solar flux Qra,D can then be expressed as

Qra,D ) (Qra,D,top + Qra,D,lat)f(t) (5)

where f(t) is a “shading” function set to 0 when the reactor
is not exposed to the Sun and set to 1 otherwise. This function
is used when environmental elements (such as buildings,
vegetation, etc.) hide the reactor from the sun rays during
the day (different shading functions for different surfaces
can be used if needed).

The angle between a vector normal to the ground surface
and the sun direction, θz, is a function of the latitude � (rad),
the solar declination δ (rad) and the solar hour and is
expressed as (14) (S3)

cos(θz) ) sin � sin δ + cos � cos δ cos ω (6)

where ω is the radial position of the reactor in a geocentric
model (rad). ω varies linearly in time from -ωs to ωs (-ωs at
sunrise and ωs at sunset), where

cos ωs ) -tan δ × tan � (7)

The solar declination can be calculated as function of the
day of the year, N, as (14)

δ ) 23.35
2π

360
sin(2π284 + N

365 ) (8)

In most cases, including the present study, total solar
irradiance (diffuse plus direct) Hg (W m-2) reaching the

ground surface in the vertical direction was experimentally
measured. Therefore, the direct and diffuse solar irradiance
at the ground level HD and Hd (W m-2) can be expressed as
a function of Hg as

HD ) (1 - Kd)Hg (9a)

and

Hd ) KdHg (9b)

Here, Kd (-) is the fraction of diffuse radiation reaching the
ground surface. Kd typically ranges from 0.1 to 0.3 (14).

Diffuse Solar Radiation. Diffuse radiation is emitted
equally in all space directions and is independent of θz. It
can be expressed as

Qra,d ) τεr(πRr
2 + 2πRrLr)Hd (10)

Reflected Solar Radiation. Because the ground surface
is considered diffuse, it reflects direct and diffuse solar
radiation homogeneously in every direction. The reflectivity
of the ground rg (-) can then be defined as the ratio of the
reflected flux over the incoming flux. In addition, as the
ground is considered opaque, radiation theory (13) gives

rg ) 1 - εg (11)

where εg is the ground surface emissivity. Knowing that Hg

is the intensity of the solar flux, the total intensity reflected
by the ground integrated over all directions is

Qre,s,tot ) rgHg (12)

The fraction of this flux reaching the lateral surface of the
reactor can be expressed as

Qre,s ) τrgεrHgSg (13)

where fg,lat (-) is the form factor from this surface to the
ground and Sg is the ground surface reflecting sunlight (m2).
Applying the form-factor theory gives (13)

Sgfg,lat ) Sr,latflat,g (14)

where Sr,lat is the lateral surface of the reactor (m2) and flat,g

the form factor from the lateral surface to the ground (-).
Because the ground surface is assumed to be infinitely large,
one-half of the lateral surface can be exposed and flat,g equals
one-half. This yields

Qre,s ) τ(1 - εg)εrHgπRrLrf(t) (15)

Air Radiation. According to the Stefan-Boltzman’s fourth
power law, the radiative flux (in W m-2) generated by air at
a temperature of Ta (K) is given by

Qa ) εaσTa
4 (16)

Air radiates on the top surface of the reactor (flux Qra,a,top,
in W) and on its lateral surface (flux Qra,a,lat, in W). Using the
form-factor theory, these fluxes can be expressed as (13)

Qra,a,top ) τεrQaSa,topfa,top (17a)

and

Qra,a,lat ) τεrQaSa,latfa,lat (17b)

where Sa,top and Sa,lat are the air surfaces “seen” by the top
surface and the lateral surface (m2) and fa,top and fa,lat the
corresponding form factors equal to one and one-half,
respectively. Using the form factor theory, the final expression
for the flux Qra,a is expressed as:

Qra,a ) τεrεaσTa
4(πRr

2 + πRrLr) (18)
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Reflection of Air Radiation on the Ground Surface.
Because the ground surface is exposed to air radiation and
is assumed to be gray-diffuse with the reflectivity coefficient
rg, a fraction of the heat flux reaching the ground is reflected
on the lateral surface of the reactor. The heat flux Qa-g (W)
radiated from the air reaching the ground surface is

Qa-g ) εaσTa
4Sg (19)

where Sg is the ground surface considered (m2). The fraction
of this flux reflected onto the water column lateral surface
is

Qre,a ) rgQa-gfg,lat (20)

Again, from the form factor theory, this formula can be
simplified as

Qre,a ) τεrrgεaσTa
4πRrLr (21)

Radiation from the Ground. As ground surface is exposed
to the sun and air radiation, its temperature Tg (K) can reach
relatively high values and the ground can radiate back to its
environment. The ground surface was assumed to be thin
and at a uniform temperature Tg (S4). The fraction of ground
radiation reaching the reactor lateral surface can be expressed
as

Qra,g ) τεrεgσTg
4Sg,latfg-lat (22)

Again, the form factor theory yields

Qra,g ) τεrεgσTg
4πLrRr (23)

Convection. Assuming that the temperature of the air in
the bubbles reaching the top surface is at the reactor
temperature Tr, there is no convection at the top surface.
Therefore, the convection flux Qc (W) on the wall lateral
surface is (15)

Qc ) hco,lat(Ta - Tr)2πRrLr (24)

where hco,lat (W ·m-2 ·K-1) is the convection coefficient
between the lateral surface and the air. Natural (no wind)
and forced (wind) convection must be considered. The
coefficient for natural convection can be expressed as (15)

hco,lat )
λa

Lr(0.825 +
0.387RaLr

1/6

(1 + (0.492
Pr )9/16)8/27)2

(25)

where Pr is the Prandtl number for air (0.7 at 25 °C), λa is the
air thermal conductivity (W m-1 K-1), and RaLr is the Rayleigh
number expressed for Lr (-) as:

RaLr )
g|Tr - Ta|Lr

3

aaνaTa
(26)

where g is the gravity constant (m s-2); νa is the air kinematics
viscosity (m2 s-1) and aa is the air diffusivity (m2 s-1).

The convection coefficient for forced convection can be
calculated as (15)

hco,lat )
λa

2Rr(0.3 +
0.62Re2Rr

0.5 Pr1/3

(1 + (0.4
Pr )2/3)1/4)(1 + ( Re2Rr

282, 000)5/8)4/5

(27)

where Re2Rr is the Reynolds number (-) expressed for the
diameter of the reactor as

Re2Rr )
Fa2Rrvw

µa
(28)

where Fa is the air density, vw is the wind velocity, and µa is
the air viscosity.

Evaporation. In this model, we assume the air leaving
the reactor is saturated in water and at the reactor temper-
ature. There is therefore no evaporation at the top surface
of the liquid and the evaporative flux Qev can be expressed
as

Qev ) -(1 - RH)XaFbLw (29)

where RH is the incoming (i.e., ambient) air relative humidity
(unitless) Xa is the concentration of water in saturated air (kg
water m-3 air), Fb is the bubble flow rate (m3 · s-1), and Lw is
the water latent heat content (J kg-1).

Cooling by Air Bubbling. As previously mentioned, air
bubbles were assumed to reach thermal equilibrium with
water before they reach the reactor top surface. The heat flux
induced by bubbles can then be expressed as

Qb ) -Cpa(Tr - Ta)FaFb (30)

where Cpa is the air specific capacity (J kg-1 K-1) and Fa is the
air density (kg m-3).

Conduction. Using Fourier’s law, the conductive flux
between the liquid phase and the ground can be expressed
as

Qcond ) -kwall

Tr - Tg

lwall
πRr

2 (31)

where kwall is the wall conductivity (W m-1 K-1) and lwall is
the wall thickness (m).

Validation. Experimental broth temperature data for
validation of the model were obtained from a parallel study
on Chlorella sorokiniana productivity in a column photo-
bioreactor conducted in Singapore. A transparent acrylic
cylindrical tank (2 m height × 0.19 m diameter) containing
50 L of gas-free cultivation broth was used as the pilot column
photobioreactor. CO2-enriched air (2-3%) was continuously
bubbled at a rate of approximately 1.2 L min-1; the corre-
sponding working (gas bubbles+ liquid) and overall volumes
(gas bubbles + liquid + headspace) being 51.0 and 56.7 L,
respectively. A multiprobe sensor (CyberScan PD650, Eutech,
Thermo Fischer) was used for monitoring broth temperature.
A complete description of reactor operation and monitoring
is provided in S5. Meteorological data (air temperature, solar
irradiance in W m-2, wind speed, and air moisture) were
obtained from a Vantage Pro II weather station (Davis
Instrument, Hayward, CA) located on a building roof 200 m
away from the photobioreactor. Data were recorded at 5 min
intervals and are publicly available (16). In total, 7 batch
experiments were conducted between August 20 and Sep-
tember 17, 2008 and 104 broth temperature measurements
were made. Daily volumetric and algae areal productivities
averaged 0.20 ( 0.04 g DW/L-d and 10 ( 2 g DW/m2-d,
respectively; algae concentration averaged 0.38 ( 0.05 g/L.

Computations. The equations described above were
computationally integrated in time using the software
MATLAB (The MathWorks, Natick, MA). A first-order forward
Euler algorithm was chosen for its simplicity and the time
step size was set to 100 s. Assuming the broth was at thermal
equilibrium on the first morning of a batch study at 7 a.m.,
the initial temperature was taken equal to the air temperature
at this time. Meteorological data (solar irradiance, air
temperature, and wind velocity) collected every 5 min (16)
were linearly extrapolated over the entire time interval and
used for model validation. The meteorological data of 5
consecutive days during each climatic season (January 25-29,
2009; April 25-29, 2009; July 23-27, 2009; and October
25-29, 2008) at Merced, CA, were obtained from ref 17 and
used for simulations. Selected values of physical parameters
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are shown in S6. Acuracy was defined as the maximum error
between experimental and predicted data at the 95%
confidence interval (n ) 104, no experimental data were
excluded).

Results and Discussion
Accuracy of Temperature Prediction. The model predicted
the temperature of the culture broth of a photobioreactor
operated in Singapore with an accuracy of 2.4 °C (Figure 1).
The homogeneous distribution of error suggests the model
does not systematically overestimate or underestimate
temperatures over the range measured (23-41 °C). The
accuracy of the temperature model is further illustrated by
the 12-h (Figure 2) and 5-d (S7) predicted versus recorded
temperature profiles during typical operation. In conse-
quence, the assumptions made to simplify modeling can be

considered as acceptable (a detailed discussion on these
assumptions can be found in S8).

Uncertainty was introduced when fixing certain model
parameters listed in S6 and when assuming other parameters
were constant during operation (for example, wall transmit-
tance can decrease due to dust and algae attachment). A
sensitivity analysis was therefore conducted to quantify how
varying these parameters would impact the model accuracy.
For each parameter, the range of values acceptable to
maintain the validation accuracy at 3 °C is shown in Table
1. For instance, it was demonstrated that wind velocity can
be measured with an accuracy of 0.2 m s-1 against 1 °C for
the air temperature and 8% for solar irradiance. By com-
parison, accuracies of weather station sensors were 0.1 m s-1

for the wind velocity, 5% for the solar irradiance, and 0.5 °C
for the air temperature.

The sensitivity of time steps was evaluated to determine
the frequency of climatic data collection required. It was
found that in order to maintain accuracy within 3 °C, light
irradiance data must be provided every hour whereas wind
velocity and air temperature need to be supplied only every
4 and 8 h, respectively. When all three parameters were
monitored every hour, the error was still lower than 3 °C
(2.5 °C). This is significant for the use of the model as climatic
data is often available on an hourly basis. By comparison,
the model was able to predict temperature with an accuracy
of 4.2 °C when 12 h-averaged climatic data were used (S9).

Five fluxes typically dominate the heat balance (Figure
3): radiation from the air, radiation from the ground, radiation
from the reactor, solar radiation (including direct, diffuse,
and reflected radiations), and convection. Evaporation from
the top surface, cooling by bubbling, and conduction to the
soil were not significant (<10 W). The positive heat fluxes
from ground radiation (180-220 W) and air radiation
(180-220 W) are within the same range as radiation losses
from the reactor (-360 to -440 W). These ground, air, and
reactor radiations fluxes are relatively constant ((10%) with
respect to time because their proportionality to temperature
is to the fourth power (the ground surface, the air, and the
reactor temperatures fluctuated within less than 10% when
expressed in K). Thus, changes in the reactor broth tem-

FIGURE 1. Comparison of experimental and predicted tem-
peratures inside a column photobioreactor during outdoor
cultivation in Singapore.

FIGURE 2. Change in experimental (crosses) and predicted (plain line) temperature inside a column photobioreactor on August 22,
2008 during outdoor operation in Singapore. Meteorological data are shown on the right.
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perature were mainly due to significant fluctuations in solar
radiation (0-200 W) and convective flux (-30 to 50 W), the
latter being correlated to the difference between the air and
the reactor temperatures. Losses from convection could not
compensate the solar heat flux during daytime, which caused
temperature to increase. However, convection was the main
flux contributing to temperature decrease at night.

On the basis of these observations, a simplified model
was constructed using only solar radiation and convection
in the heat balance (eq 1) and the model was fitted over the
entire set of experimental data. The simplified model was
able to predict temperature with an accuracy of 4.7 °C (S10).
This approach underestimated cooling at night and the
predicted temperature at sunrise of the following day was
overestimated by 2 °C. This can be explained by the fact that
the difference between the radiation from the surroundings
(air and ground) and from the reactor is, although small, not
negligible compared to convection at night.

Simulations. Because Singapore may not a particularly
suitable location for large-scale algae cultivation due to space
requirements, the model was also used to predict temperature

changes in a hypothetical column photobioreactor located
in Merced, California. Hourly solar irradiance and wind
velocity as well as 5-min interval air temperature data were
used to feed the model (other parameters are shown in S6).
Temperature was simulated over a 1-year period of continu-
ous operation and heat losses caused by periodical intro-
duction of fresh water (to compensate for water evaporation
and biomass harvesting) were accounted by introducing the
following flux in the heat balance (eq 1):

Qi/o ) -((1 - RH)XaFb + FhFw)Cpw(Tr - Tg,ref) (32)

where Fh is the harvesting rate (10 L day-1 reactor-1) and
with the assumption that freshwater introduced was ground-
water at temperature Tg,ref (K).

The model predicted temperatures above 35 °C will be
achieved during most of the year with peak daily temperatures
above 40 °C during the warmest month (Figure 4), a value
above the maximum temperature tolerated by most com-
mercial microalgae species.

Modifications to the reactor design were tested and found
to have limited impact on temperature changes although
both increasing and reducing the reactor radius around 0.1 m
were found to slightly reduce the maximum temperatures
achieved in the photobioreactor (Figure 5). As the solar flux
(in W) is roughly proportional to the reactor lateral surface
and the thermal capacity (in J K-1) to the broth volume, a
higher reactor radius can indeed result in lower broth
temperature. The decrease in peak temperature predicted
when reducing the radius to 0.05 m from 0.1 m was therefore
surprising but it is explained by to the fact forced convection
increases when the radius decreases (eq 27). The reactor
radius cannot practically be increased above 0.20 m to avoid
the formation of a dark area in the center of the reactor
because of intense mutual shading (18). An additional
simulation showed the use of high-reflectivity ground ma-
terial (such as concrete of sand) increases the maximum
temperatures reached during daytime (S11).

Consequences for Photobioreactor Operation. It is clear
from the modeling that broth temperature must be actively
controlled in photobioreactors to avoid a significant pro-
ductivity drop. In the case of a column reactor located in

TABLE 1. Sensitivity of Key Parameters

parameter
variation permitted

to maintain
accuracy of 3 °C

common range (13, 14)

fixed
τ 0.69-0.99 0.7-1.0
rg 0.02-0.28 0-0.4
Kd 0-0.34 0.1-0.3
FgCpglg >2 × 103 J m-2 K-1 2 × 105 to 1 × 106 J m-2 K-1

Tg,ref 11-27 °C 10-25 °C (generally average
air temperature of the year)

lcond,g <0.4 m 0.2-0.5 m
f(t) (60 min -

variable
Hg (8% -
vw (0.2 m s-1 -
Ta (0.9 °C -

FIGURE 3. Daily changes in heat fluxes reaching a column photobioreactor liquid broth on August 22, 2008, Singapore. The bold
plain line represents the total heat flux.
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Merced, CA, 18 000 and 5500 GJ year-1 ha-1 of heat energy
must be removed to keep broth temperature at or below 25
and 35 °C, respectively, assuming a density of one reactor
per square meter (19). This was determined by calculating
the energy (J) reaching the reactor during a time step of 1 s
and resetting the temperature back to 25 or 35 °C at the end
of each time step. The total energy computed over the 5-days
data period was then considered representative of each
season as shown in Table 2. Temperature control strategies
such as water evaporation at the reactor surface or the use
of heat exchangers circulating cool water (i.e., deep seawater)
have been proposed (2). Not even considering cooling
efficiency, evaporative cooling would require the distribution
and consumption of 2400-8000 m3 year-1 h-1 of high-quality
groundwater or purified surface water over large arrays of
individual photobioreactors (100 000 units for a 10 h
production facility delivering, in our example, 365 tonnes of

dried algae biomass per year). The use of heat exchangers
is no less challenging as it would require significant capital
and operation expenditures to supply and distribute cool
water. Clearly, temperature control is a major issue that must
be addressed when evaluating the technical feasibility, costs,
and sustainability of mass algae production in photobiore-
actors.
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