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Some green microalgae have the ability to harness sunlight to photosynthetically produce

molecular hydrogen fromwater. This renewable, carbon-neutral process has the additional

benefit of sequestering carbon dioxide and accumulating biomass during the algal growth

phase. We document the details of a novel one-litre vertical flat-plate photobioreactor that

has been designed to facilitate green algal hydrogen production at the laboratory scale.

Coherent, non-heating illumination is provided by a panel of cool-white light-emitting

diodes. The reactor body consists of two compartments constructed from transparent

polymethyl methacrylate sheets. The primary compartment holds the algal culture, which

is agitated by means of a recirculating gas-lift. The secondary compartment is used to

control the temperature of the system and the wavelength of radiation. The reactor is fitted

with probe sensors that monitor the pH, dissolved oxygen, temperature and optical

thickness of the algal culture. A membrane-inlet mass spectrometry system has been

developed and incorporated into the reactor for dissolved hydrogen measurement and

collection. The reactor is hydrogen-tight, modular and fully autoclaveable.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction photochemical oxidation of water into protons and molecular
1.1. Green algal hydrogen production

There is urgent global demand for an energy carrier that is

clean, renewable and available. Molecular hydrogen (H2) is

a fuel that has the potential to provide the clean energy

required for transport, heating and electricity. The aim of the

Solar Hydrogen Project at Imperial College London is to

produce H2 by a carbon-neutral, sustainable process that uses

unlimited natural resources e sunlight and water [1]. The

green alga Chlamydomonas reinhardtii (C. reinhardtii) has the

ability to photosynthetically produce H2 under anaerobic

conditions [2]. Initially, photons are absorbed within the

chloroplast of C. reinhardtii. This solar energy facilitates the
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oxygen (O2) by the photosystem II (PSII) photoactive cluster

centre. Electrons generated in this process are transferred to

the iron-hydrogenase enzyme, which catalyses proton-elec-

tron recombination to produce H2. The process may be sum-

marised by the equations below.

2H2O/O2 þ 4Hþ 4e� water oxidation (1)

4Hþ þ 4e�/2H2 proton� electron recombination (2)

Iron-hydrogenase activity is inhibited in the presence of O2,

which implies that this direct biophotolysis process is self-

limiting. In order to maintain continuous H2 production, it is

necessary to remove O2 as it is being produced. Sulphur

deprivation of C. reinhardtii diminishes its ability to repair PSII
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Nomenclature

aq aqueous solution

C. reinhardtii unicellular green alga Chlamydomonas

reinhardtii

DC direct current

H2 molecular hydrogen

LED light-emitting diode

m/e atomic mass-to-charge ratio

MIMS membrane-inlet mass spectrometry

O2 molecular oxygen

OD optical density

PAR photosynthetically active radiation

PBR photobioreactor

Perspex polymethyl methacrylate

PFA perfluoroalkoxy (plastic pipe material)

pO2 dissolved oxygen

PSII photosystem II protein complex

PWM pulse width modulation

TAP tris-acetate-phosphate growth medium
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proteins, thus reducing photosynthetic O2 production below

the level of respiratory O2 consumption so that overall, O2 is

being used up [3]. The algal metabolism is therefore respon-

sible for creating an anaerobic environment that leads to

sustained H2 production. This H2 production can be sustained

over a period of approximately five days because the algal cells

deplete resources under anaerobic conditions.

Biohydrogen production is both renewable and sustain-

able. The microalgal feedstock is inexpensive and readily

available, and the light intensity requirements for algal

growth and H2 production aremodest, typically in the range of

40Wm�2 [4]. There is also the additional benefit of cultivating

algal biomass lipids for subsequent biodiesel production, as

well as the potential for temporary CO2 sequestration within

the algal cells. The main barriers to the commercialisation of

green algal H2 production are the low photochemical conver-

sion efficiencies of the process and the prohibitive photo-

bioreactor (PBR) costs [5].
1.2. Photobioreactors

Commercial growth of algal biomass (e.g. Chlorella and Duna-

liella, grown for the pigmenting agent astaxanthin and b-caro-

tene respectively) is normally restricted to inexpensive open

systems such as natural ponds, circular ponds with a rotating

arm for stirring, or raceway ponds [5,6]. During photobiological

H2 production it is necessary to efficiently harvest a highly

mobile and diffusive gaseous molecule e an enclosed PBR is

required. Enclosed PBRs also provide reproducible cultivation

conditions, good heat transfer control, better biomass yield,

betterproductqualityand theopportunity forflexible technical

design [7,8]. A typical PBR is essentially a four phase system

consistingof thesolidalgal cells, the liquidgrowthmedium, the

gaseous H2 product, and the superimposed light radiation field

[9]. An understanding of the complex interaction between the

biohydrogen production reaction and the associated environ-

mental parameters such as the fluid dynamics and light

transfer within the reactor is therefore required. The produc-

tivity of a closed PBR is limited by various design features, but

most importantly the reactor needs to operate under favour-

able illumination conditions, with an optimised surface-to-

volume ratio and lightedark cycle, and with adequate mass

transfer properties [10]. The light intensity and wavelength

incident on the PBR are both important, as are factors that

determine the light dilution, light attenuation and lightmixing

throughout the system [11]. The PBR geometries regularly

considered in the literature are the stirred-tank reactor [12,13],
the vertical-column reactor [14,15], the horizontal tubular

reactor [16,17] and the flat-plate reactor. A focused comparison

of these PBR geometries is given in Table 1.

Flat-plate reactors are characterised by a high surface-to-

volume ratio, which leads to the best photosynthetic effi-

ciencies observed for any PBR [4]. Artificially illuminated flat-

plate reactors are often vertical, with the light source incident

on the reactor from one side. Outdoor flat-plate reactors are

typically tilted at an angle that allows optimal exposure to

solar irradiation [5]. The region immediately adjacent to the

illuminated reactor surface is a photic zone where light satu-

ration, and consequently the photoinhibition of algal growth

and H2 production processes, repeatedly occurs. In addition,

the light energy available to algal cells decreases exponentially

away from this photic zone e it has been estimated that for

a fully grownculture ofC. reinhardtii, effective light penetration

is limited to a depth of 0.8 mm [15]. It is therefore important to

minimise these light gradients and control the light-dark

cycles of the algal cells by means of an effective agitation

system [18]. Flat-plate reactors are subject to relatively low

mass transfer rates because the space between panels, known

as the light path, is restricted and this reduces the clearance

efficiency of the dissolved O2 produced by photosynthesis [19].

Good O2 diffusion rates through the reactor are required to

achieve optimal algal biomass growth. Flat-plate reactors

provide operational flexibility as theymaybe run in both batch

and continuous modes [6]. The height and width of flat-plate

reactors are the two dimensions available for scale-up, but

only up to a practical limit of 2e3 m [9]. Typical limitations of

flat-plate reactors are the scaling-up requirements (the need

for many compartments and support materials), the difficulty

in controlling culture temperature, the possibility of algal cell

clustering on the reactor wall, and the incompatibility with

certain algal strains [19]. Algal cell clustering is prevalent near

the top of vertical reactors with a fixed liquid level, such as

vertical-column and flat-plate reactors featuring a gas-lift

agitation system. Certain C. reinhardtii strains have a tendency

to pellet to the bottom of the reactor and require energy-

intensive mechanical agitation (such as shaking) to survive.
2. Reactor design

2.1. Design specification

The motivation for designing this PBR was to create a simple

system that would enable quick measurement of the key
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parameters in the biohydrogen production process under

carefully controlled conditions. As part of the design specifi-

cation, the parameters that should be controlled and/or

measuredwere selected. These parameters were used to drive

the reactor design, and the process was completed by devel-

oping the ancillary systems and equipment required to service

the reactor. The critical control parameters are light intensity,

wavelength, temperature, agitation and mixing, and nutrient

delivery and dilution [6]. Continuous, on-line measurement of

H2 production and H2 collection is required. Additionally, it is

necessary to measure the algal growth rate, the dissolved

oxygen concentration (to determine if the culture is anaer-

obic), and the uptake rates of key nutrients such as sulphate

and acetate (which largely governs the pH of the culture) [18].

Since the availability of light is normally the limiting factor

for algal growth and H2 production, we selected the reactor

geometry that offers the highest surface-to-volume ratio e the

vertical flat-plate reactor. Additional benefits of this geometry

include the possibility of modular design, flexible operating

conditions and potential future scale-up to a larger outdoor

system. When selecting reactor materials, it was important to

consider their strength, durability, spectral properties, toxicity

to algal cells, and the permeability to H2 [12]. The reactor was

designed to be fully autoclaveable tominimise thepossibility of

contamination, and completelymodular to alloweasy cleaning

and maintenance between experiments [20]. The choice of

a minimalistic reactor design and the selection of materials

and ancillary systems equipment were made with the inten-

tion of keeping the cost of this flat-plate reactor as low as

possible, competitive with targets laid out in the literature [3].

The reactor ancillary systems were concerned with illu-

mination, agitation, measurement, datalogging and the user

control interface. Illumination was provided by a light-emit-

ting diode (LED) array and themain challengewas to select the

correct geometric configuration for optimal light exposure

[15]. Diaphragm pumps were used to fulfil the agitation

requirements by operating in the turbulent flow regime with

appropriate mixing patterns and low levels of shear stress on

the culture [5]. It was essential to provide instrumentation to

measure the pH, dissolved oxygen (pO2), H2 production and

algal growth rate [20]. In our system, commercial probes are

used for in situ pH and pO2 measurements: H2 is measured by

Membrane Inlet Mass Spectrometry (MIMS) and the algal

growth rate is monitored by regularly measuring the optical

thickness (or density) of the culture using a light meter or

photodiode. Datalogging and user control interfaces are

implemented by means of a National Instruments system.

2.2. Dual-compartment design

The novel dual-compartment flat-plate reactor, which was

designed and constructed, is shown in Fig. 1. The reactor body

was made of Perspex (polymethyl methacrylate), a trans-

parent polymer alternative to glass that is relatively inex-

pensive, autoclaveable and easy to handle and process. The

Perspex body consists of a 5 mm thick separator sheet sand-

wiched between a 25 mm thick front sheet and a 15 mm thick

back sheet (Fig. 1a). Two rectangular compartments (primary

and secondary) were machined into the front and back sheets

respectively. The Solid Works design was programmed into

http://dx.doi.org/10.1016/j.ijhydene.2011.02.091
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Fig. 1 e Novel dual-compartment vertical flat-plate reactor design (left: exploded view; right: assembled view). (a)Assembly

of the primary and secondary reactor compartments from three machined Perspex sheets. (b)Addition of agitation system

features and measuring instruments (c)Construction of the complete structure with reactor, base and LED array.
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the computer-aided machining software Feature Cam, which

was used to run the Hardinge VMC800II computer numerical

control machine. This machine cut the required reactor

features into the Perspex sheets. Perspex polishwas applied to

the machined surfaces to improve their optical transparency.

A crucial element of the reactor design was that it should be

impermeable to H2. This means that special care had to be
taken to ensure a good seal at all joints and points where

devices and features were inserted through the reactor

walls e at any location where the algal culture could poten-

tially be exposed to the surroundings. The Perspex sheets

were sealed with an inlaid grooved system of Viton fluo-

ropolymer elastometer o-rings and compressed using a set

of 12 stainless steel bolts. This layout also satisfied the

http://dx.doi.org/10.1016/j.ijhydene.2011.02.091
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Fig. 1 e (continued).
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requirements of a fully modular reactor design. The purpose

of the primary compartment is to accommodate approxi-

mately one-litre of growing or hydrogen-producing algal

culture. The secondary compartment is filled with water (or

a light absorbing aqueous solution) and provides both the

temperature and wavelength control for the system.

A recirculating gas-lift system provides the agitation to the

C. reinhardtii culture in the primary compartment. The gas

bubbling is introduced by means of a stainless steel sparger

near the bottom of the compartment (Fig. 1b). A bi-directional

flow of gas into the sparger provides an even pressure distri-

bution within it, resulting in a well-balanced gas-lift profile.

The gas leaves the compartment at the top of the reactor and

is re-circulated. There is also liquid circulation in the

secondary compartment; the liquid flows upwards from the

bottom of the reactor. The holes in the reactor body required

for the agitation system were sealed with stainless steel

Swagelok fittings incorporating Viton o-rings. Viton fluo-

ropolymer elastometer o-rings are known to seal very well

against H2 diffusion leaks, with a low deuterium permeability

of 1.25 � 10�7 cm3 s�1 cm�1 of material at standard tempera-

ture and pressure [21]. Swagelok fittings are leak-tight and

made from stainless steel SS316, a material that is relatively

common and non-corrosive. The measuring instruments

(thermocouple, pO2 and pH probes) are inserted via the app-

ropriate slots at the top of the primary compartment. The

MIMS system for H2 measurement slots into the front of the

reactor. These devices are all sealed by custom-made leak-

tight o-ring connections. None of thematerials in contact with

the algal culture are known to be toxic to C. reinhardtii [15].

The entire structure is screw-connected onto a firm, black

(matt, to minimise surface reflection) polyoxymethylene base,

whichalsoholds theLEDarraywith theaid of a support bracket

(Fig. 1c). The LED array selection is flexible e the main

requirement is that itneeds tobeof theappropriatedimensions

and intensity range/distribution (see section 3.1). There is also
a constraint on the LED spread and brightness to ensure

uniformity of illumination across the reactor. The final dual-

compartment reactorbodydimensionswere250�240�65mm

(height � width � thickness), and the entire construction,

including the base and LED array, could fit into a box with

dimensions 270 � 340 � 220 mm.

2.3. Agitation system

A standard liquid diaphragm pump from KNF Neuberger was

used to circulate water, or a coloured aqueous solution,

around the secondary compartment. The liquid diaphragm

pump has a nominal flow rate of 0.3 l min�1, but this rate is

partially controllable by pulse width modulation (PWM) of the

diaphragm frequency. The flow rate and inlet temperature of

the secondary compartment are governed by the heat transfer

properties of the reactor system, as discussed previously. The

secondary compartment agitation system uses semi-trans-

parent, flexible silicone tubing between the pump and the

reactor body. The silicone tubing was slotted onto the reactor/

pump inlet and outlet ports, and secured with zip cable ties to

prevent it from slipping during operation.

Primary compartment agitation is provided by a turbulent

gas-lift system emanating from a dual-entry stainless steel

sparger at the bottom of the compartment (Fig. 2a). The gas

flow system is enclosed in quarter-inch perfluoroalkoxy (PFA)

plastic piping and circulated around the reactor so that no

gaseous hydrogen is lost to the environment. PFA is a flexible

polymer with an excellent seal against H2 diffusion e its

permeability to H2 has been measured to be

(2.3 � 0.6) � 10�6 cm3 s�1 cm�1 [22]. Gas is circulated by means

of a customised gas diaphragm pump from KNF Neuberger.

This pump features a stainless steel pumping head with

Swagelok inlet/outlet connections to minimise H2 diffusion

leaks in this critical region, as well as full PWM control of the

pumping speed. The single gas diaphragm pump feeds both

http://dx.doi.org/10.1016/j.ijhydene.2011.02.091
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Fig. 2 e Agitation system in the flat-plate photobioreactor. (a) Gas-lift agitation in the primary compartment by means of

a gas diaphragm pump, and incorporation of the Perspex water displacement and pressure release system. (b) Assembly of

the main reactor body together with LED array and the ancillary agitation system components.
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sparger inlets via a T-connector e in order to maintain

a balanced flow distribution in the primary compartment, the

two PFA pipes between the T-connector and each sparger inlet

are of identical length. The sparger itself is constructed from

a 240 mm long pipe of quarter-inch stainless steel, and it is

perforated by 20 evenly-spaced circular holes, each with

a diameter of 1 mm. Due to the physics of this layout, bubbles

are more likely to emerge from the holes near the sides of the

reactor. This produces a circular flow pattern towards the

centre of the reactor, which provides good mixing to the algal

culture. During the algal growth phase, the primary

compartment may be agitated with a mixture of carbon

dioxide and air, thus providing an additional carbon source for

photomixotrophic algal growth. An inert gas such as argon

may be used during the anaerobic H2 production phase.

While being re-circulated between thegasdiaphragmpump

and the flat-plate PBR primary compartment, the agitation gas

passes through a Perspex water displacement and pressure

release system (Fig. 2a). This system consists of an inverted,
graduated Perspex cylinder suspended over a glass beaker and

partially filled with water. When the algae generate gas-phase

products, either O2 during photosynthetic growth or H2 under

anaerobic conditions, this additional volume is detectable as

a downward displacement of water in the inverted cylinder.

This arrangement also prevents the build-up of pressure in the

PBR. Dissolved H2 is also collected and analysed by a specially

designedMIMS system,which is located on the front end of the

primary compartment. The water displacement system, the

liquid diaphragm pump and the gas diaphragm pump were

mounted on their ownpolyoxymethylene base, behind the LED

array (Fig. 2b). Stick-on rubber feet were applied to the base of

the diaphragm pumps to act as vibration dampers.

2.4. Membrane-inlet mass spectrometry

Various methods have been used to monitor the gaseous

species (O2, CO2 and H2) involved during photobiological H2

production. The conventional method has been to use in situ

http://dx.doi.org/10.1016/j.ijhydene.2011.02.091
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Clark-type electrode measurements and/or analysis of gas

samples by gas chromatography. MIMS is another analytical

technique used to measure in situ concentrations of dissolved

gases or volatile organic compounds in aqueous solutions [23].

The membrane system is the only interface between a liquid

sample at atmospheric pressure and the vacuum chamber of

a mass spectrometer. The membrane is made from different

polymericmaterials that allow gases to diffuse simultaneously

or selectively depending on the investigation [24]. For selective

H2 diffusion, a semi-permeable polymer electrolytemembrane

material such as Nafion is required. The technique allows

direct comparison of the evolved gases and provides contin-

uous monitoring of process conditions, i.e. light intensity,

temperature, pH and system disturbances. Changes in these

variables would be reflected in the MIMS gas concentration

measurements. A MIMS systemhas been used in the literature

to analyse relevant gases and determine the electron source

during H2 production by C. reinhardtii [25]. In that experiment,

MIMS was used to accurately measure the concentration of H2

produced by C. reinhardtii under standard anaerobic conditions

as well as in the presence of the PSII inhibitor DCMU. Conse-

quently, the authors were able to conclude that themajority of

electrons required for H2 production originate from the

photosynthetic mechanism of C. reinhardtii.

Our flat-plate reactor utilises the Aston Analytical Ultra-

Trace MIMS System. The mass spectrometer is a compact

quadrupole Pfeiffer Vacuum Prisma, running Windows

Quadstar 422 software. Gases dissolved in the liquid phase

within the primary compartment of the flat-plate PBR diffuse

through a thin polydimethylsiloxane membrane (permeable

to all the gases involved) affixed on a disc holder inscribed

with a perforated mesh (Fig. 3). The disk holder is sealed onto

the stainless steel MIMS body by means of a Viton fluoropol-

ymer elastometer o-ring. Inert gas (argon) introduced to the

disc holder cavity directly carries diffused gaseous products,

via a heatable capillary, into the mass spectrometer. To avoid
Fig. 3 e Design of the Membrane Inlet Mass Spectrometry (MIM

the front of the flat-plate PBR primary compartment, extracts d

analysis. (b) MIMS exploded view e the membrane sits on a per

by means of an o-ring seal.
any damage to the vacuum system, a moisture trap is fitted

before the inlet to the mass spectrometer. Apart from the

direct measurement of gaseous products kinetics, the MIMS

system offers the additional benefits of potential H2 separa-

tion and collection, as well as the reduction of possible H2

induced inhibition of the biophotolytic H2 production process

[25].

MIMS extracts H2 from the algal culture by a three-stage

process called pervaporation. In the first step, H2 molecules

produced in the reactor are absorbed onto the membrane

surface; this is followed by the permeation of these H2 mole-

cules through the membrane material, and finally by their

desorption into the argon carrier gas stream on the other side

[26]. A modified form of Fick’s First Law [27] (Eq. (3)) has been

used to calculate the H2 pervaporation rate through the

membrane. This H2 pervaporation rate of 9.3 ml h�1 is

significantly higher than the 2.0 ml h�1 (per litre of culture)

wild-type C. reinhardtii H2 production rate typically quoted in

the literature [3,4,18]. Consequently, any H2 produced by the

algae is rapidly stripped out of the system by MIMS e the rate

of H2 extraction through themembrane is equivalent to the H2

production rate inside the reactor. MIMS has therefore been

calibrated entirely in the gas-phase by substituting the H2

pervaporating through the membrane/reactor interface with

a known flow rate of hydrogen gas from a cylinder. A Porter

VCD 1000mass flowmeter was used to control the flow rate of

hydrogen gas, and a linear correlation between this flow rate

and themass spectrometer signal was determined. Calibrated

MIMS H2 production results are shown in Section 3.4.

ktrans ¼ ðP$A$DpÞ=l (3)

where, P (H2 permeability) ¼ 6 � 10�15 m2 s�1 Pa�1

A (membrane surface area) ¼ 1.36 � 10�3 m2

l (membrane thickness) ¼ 3.20 � 10�4 m

Dp (partial pressure of H2) ¼ 1 atm

ktrans (H2 pervaporation rate) ¼ 9.3 ml h�1
S) system. (a) The complete MIMS system, which slots into

issolved gases and sends them to a mass spectrometer for

forated disc mesh, which is fixed to the stainless steel body
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2.5. Datalogging and control

The key parameters that affect the H2 production by C. rein-

hardtii include the pH, pO2, temperature and OD of the culture.

pH and pO2 are measured using commercial probes from

Consort e the SZ10T galvanic pO2 electrode and the SP10T pH

electrode. The temperature in the algal compartment is

measured with a K-type thermocouple from Omega. The

optical thickness is monitored using a photodiode with an

absorption bandwidth of 650e700 nm. The photodiode detects

the LED light-scattering by the algae in the photosynthetically

active region of the light spectrum. All of these measurement

devices can be recorded using the National Instruments

datalogging system; this system has also been set up to

control the ancillary PBR equipment such as the LED array, the

liquid diaphragm pump and the gas diaphragm pump (Fig. 4).

The datalogging and control system is centred on the National

Instruments Compact RIO. This device contains a real-time

controller unit as well as its own independent hard drive,

which may be programmed via an Ethernet connection to

a computer running Lab View software. The Compact RIO

controller is powered by a 24 V direct current (DC) power

supply, and it is connected to an eight-slot chassis, which

carries various system-specific input/output modules.

The pH and pO2 electrodes, as well as the photodiode

signal, are datalogged with the NI-9205 analogue input

module. It is necessary to use the PHTX pre-amplifier from

Omega to increase the impedance of the electrode signals to

20 kU and make them compatible with the analogue input

module specifications. All three of these raw voltage signals

required calibration. The pH signal was measured in two

buffer solutions of known pH values (pH 4.01 and pH 9.12) and

assigned those values e the remainder of the pH scale was

then interpolated linearly. The pO2 signal was set to 0% in

nitrogen-saturated water and 100% in oxygen-saturated

water e the pO2 consequently takes a percentage value based
Fig. 4 e Datalogging and control system architecture using the

controller and modular chassis.
on the oxygen saturation of the liquid. The photodiode signal

was calibrated against the output of a light meter placed at

the same location. The thermocouple is datalogged with the

NI-9211 thermocouple analogue module. In this case, the

module intrinsically carries out the calibration according to

NIST-certified standards and a temperature output is obt-

ained. The PBR system uses a 24 V DC Brightest Day Light

White LED array from LED Wholesalers and a 12 V DC NF30

KPDC liquid diaphragm pump from KNF Neuberger. Both of

these devices may be controlled by PWM at a frequency of

1 kHz using an NI-9474 high-speed sourcing digital output

module. However, due to themismatch in input voltages, two

separate NI-9474 modules are required. The PM24766 e

NMP830 gas diaphragm pump from KNF Neuberger has been

specifically designed for PWM control with a 0.9e5.0 V signal,

which is provided by the NI-9401 TTL digital input/output

module. In summary, the National Instruments Compact RIO

runs the datalogging and control system in real-timewith the

aid of five input/output modules: NI-9205, NI-9211, NI-9474

(24 V), NI-9474 (12 V) and NI-9401 (Fig. 4).
3. Results and discussion

3.1. Light intensity distribution

Overall, C. reinhardtii cells have modest light intensity require-

ments e the growth, sulphur deprivation and H2 production

processes need no more than 200 mE s�1 m�2 of photosynthet-

icallyactive radiation (PAR)eabout40Wm�2 [2].Algal cells that

remain in the dark for extended periods (dark zone) or that

becomeoverexposedto illumination (photic zone)will not grow

or produce H2 efficiently. The photic zone corresponds to an

illumination exceeding 100 Wm�2, although this value is algal

strain dependent [3]. The objective is therefore to supply all

C. reinhardtii cells with uniform illumination of the appropriate
National Instruments Compact RIO real-time embedded

http://dx.doi.org/10.1016/j.ijhydene.2011.02.091
http://dx.doi.org/10.1016/j.ijhydene.2011.02.091


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 6 5 7 8e6 5 9 16586
intensity [28]. An LED array provides illumination that is

uniform, coherent, efficient and non-heating, all desirable

properties for the flat-plate PBR. An LED array panel, approxi-

mately 200 � 200 mm in size, was purchased from LED

Wholesalers. Its light intensity is varied using the National

Instruments datalogging and control system. A light meter,

operating on integrating sphere principles, was used to

measure the spatial light intensity distribution of the LED array

(operating at maximum power) (Fig. 5). The spatial light inten-

sity distribution, measured across a plane parallel to e and

located at a distance of 30 cm directly away from e the cool-

white LED array, appeared relatively constant across the

surface area of measurement, with a light intensity of

58 � 3 W m�2 (Fig. 5, top surface). When the Perspex flat-plate

PBR was placed between the LED array and the light meter, the

light intensity fell to 43� 8Wm�2 (Fig. 5, bottom surface). This

result is primarily due to limitations in the transparency of

machined Perspex, but there is also evidence of additional

shading effects radially away from the reactor centre. It is

therefore important to provide sufficient agitation to cycle the

algal culture through all parts of the reactor in order to prevent

the build-up of localised light gradients, and to ensure that the

majority of algal cells receive the illumination they require. It is

also possible to use a light meter or photodiode in a similar

setup as described above tomeasure the optical density (OD) of

the culture, which is directly proportional to the algal growth

rate [28]. The optical density, or absorbance, of a liquid is

a quantity used to describe the transmission of light through

that liquid. The BeereLambert lawdescribes theoptical density

as a logarithmic ratio between the light intensity incident on

the liquid (Iin) and the light intensity transmitted through the

liquid (Iout):

OD ¼ �log10ðIout=IinÞ Beer� Lambert Law (4)

3.2. Wavelength modulation

A spectrophotometer was used to analyse C. reinhardtii

absorption inthevisible regionof theelectromagneticspectrum

and a lightmeter was used tomeasure the corresponding cool-

white LED emission spectrum. The spectralmatch between the
Fig. 5 e Variations in the spatial light intensity distribution

across a plane parallel to e and located at a distance of

30 cm away from e the cool-white LED array.

� Directly from the LED array (top surface)

� Through the Perspex flat-plate photobioreactor (bottom

surface).
C. reinhardtii absorption and LED emission is shown in Fig. 6a;

the absorption and emission spectra have been normalised by

setting the area under both curves equal to unity. There are two

major light absorption mechanisms in C. reinhardtii e the car-

otenoid absorption in the 400e500 nm spectral range and the

PSII absorption in the red region of the spectrumcentred on the

663 nmpeak; the algae also reflect green light. PSII absorption is

a threshold mechanism, that is to say the algae could use

photons of any wavelength �680 nm for photosynthesis, but

preferentially use 663 nm, as evidenced by the strong absorp-

tion peak at this wavelength [4]. The cool-white LED array

provides powerful, well-balanced illumination over the entire

visible spectrum, but a closer look at the normalised LED

emissionspectrumrevealsasignificantspectralmismatchwith

C. reinhardtii absorption in the green and red regions of the

spectrum. This could potentially cause unnecessary over-

saturation at non-PAR wavelengths, resulting in photo-

inhibition of the algal growth and H2 production processes [15].

It is therefore important to incorporate the capacity to

modulate wavelength into green algal PBR design. This could

be accomplished by changing the LED array itself, but a more

practical solution is to apply a light filter between the cool-

white LED array and the main reactor body. The dual-

compartment flat-plate reactor design offers the possibility to

modulate wavelength without any external filters, while at

the same time providing temperature control for the reactor

system. Aqueous solutions (aq) of various coloured ions may
Fig. 6 e Use of the secondary compartment for LED

wavelength modulation. (a) Spectral match between the

(normalised) LED emission and C. reinhardtii absorption.

(b) Absorption spectra of some common coloured aqueous

solutions that can be used to modulate LED wavelength.
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be circulated around the secondary compartment tomodulate

the wavelength of LED illumination incident on the algal

culture in the primary compartment (Fig. 6b). For example, the

purple potassium permanganate (aq) may be used to reduce

any photoinhibition of PSII by filtering out the suboptimal

green light. Orange potassium chromate (aq) could be used to

switch-off parts of the carotenoid absorption spectrum in

order to investigate the involvement of carotenoids in the

growth of C. reinhardtii and the ability of xanthophylls cycle

pigments to protect C. reinhardtii cells [29]. Concentrated red

cobalt chloride (aq) could be used to combine the above

effects.
Water Perspex

Density, r 1000 kg m�3 1190 kg m�3

Viscosity, h 8.9 10�4 Pa s e

Conductivity, k 0.58 W m�1 K�1 0.2 W m�1 K�1

Heat capacity, Cp 2108 J kg�1 K�1 1450 J kg�1 k�1
3.3. Heat transfer

The secondary compartment of the flat-plate PBRmay be used

to control the temperature of the algal culture. A simplemodel

was developed in Comsol multiphysics modelling and simu-

lation software to examine the heat transfer properties of the

PBR, focussing on estimating the Perspex wall thickness, inlet

temperature and flow rate that could be used to maintain the

appropriate primary compartment temperature for C. rein-

hardtii cultivation (Fig. 7). This model features a number of

simplifications e it is based on a two-dimensional vertical

cross-section through the reactor body, and agitation is

assumed to take place in the secondary compartment only,

with the inlet and outlet located in this same two-dimensional

plane. Within this model, the secondary compartment is

represented by the rectangular cavity on the left of Fig. 7 and

the primary compartment by the larger rectangular cavity on

the right; they are separated and insulated by a layer of

Perspex. Mass transfer in the secondary compartment follows

the incompressible NaviereStokes equation, with no pressure

and no viscous stress present at any point in the
Fig. 7 e Two-dimensional (vertical cross-section) model of the h

flow driven convection and conduction in the secondary compa

(c) Convection and conduction in the primary (algal) compartme
compartment, and gravity acting downwards on the water jet

rising from the inlet at the bottom. Themodel predicts laminar

flow throughout the secondary compartment, and the water

jet slows down and spreads out on the way up. The physics of

mass transfer was coupled to convective and conductive heat

transfer in the secondary compartment by means of the inlet

velocity, so that the water jet transfers heat upwards through

the compartment. The heat transfer properties are strongly

influenced by the physical properties of water and Perspex

listed below.
The conductive heat transfer coefficient of Perspex, h, is also

of primary importance and it varies linearly with Perspex

thickness e it takes a value of 5.8 W m�2 K�1 in the case of

a 3 mm thick sheet and a value of 3.4 W m�2 K�1 for a 10 mm

thick sheet [30]. Theheat transfer is principally governed by the

heat flux boundary condition between surfaces at different

temperatures. For example, in the Perspex boundary layer

between the secondary compartment and the surroundings,

heat flows into the Perspex layer based on the temperature of

thewater in the secondary compartment and it flows out of the

layer based on the temperature of the surroundings, thus

determining the temperature distribution within the Perspex

layer itself. This information may be summarised by the heat

flux (Eqns. 5e7).
eat transfer through the flat-plate photobioreactor. (a) Mass

rtment. (b) Conduction through the Perspex layers.

nt.
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Table 2 e A comparison between the primary
compartment temperature as predicted by the Comsol
model, and measured experimentally for different pump
flow rates and secondary compartment temperatures.

Pump flow
rate
(l min�1)
controlled

Tsecondary

(�C)
controlled

Tprimary

(�C)
predicted
by model

Tprimary

(�C)
measured

DTprimary

(�C)
calculated

0.30 10 15.6 15.4 - 0.2

0.30 20 21.2 20.9 - 0.3

0.30 30 27.3 27.9 þ 0.6

0.30 40 33.4 34.7 þ 1.3

0.15 10 15.3 15.0 - 0.3

0.15 20 21.1 20.4 - 0.7

0.15 30 27.5 28.7 þ 0.8

0.15 40 33.8 35.0 þ 1.2
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Heat flux; q ¼ h$DT (5)

q ¼ h$
�
Twater � Tperspex

�
inner boundary of Perspex layer (6)

q¼h$
�
Tsurroundings�Tperspex

�
outerboundaryof Perspex layer (7)

Fig. 4 shows the results of this Comsol heat transfer

model for a specific set of input parameters. With a vertical

inflow velocity of 0.155 m s�1 (calculated from the nominal

pump flow rate of 0.3 l min�1) and an inlet temperature of

303 K (30 �C), the secondary compartment appears well-

insulated, cooling only by a fraction close to the Perspex

boundaries and creating a temperature differential of

approximately 0.2 K in the compartment (Fig. 7a). Conduc-

tive heat transfer takes place in the Perspex layer between

the two compartments and the surroundings. Assuming an

ambient temperature of 293 K (20 �C), good heat transfer

within the 5 mm Perspex separator between the two

compartments was observed. The temperature differential

in the Perspex layer was approximately 6 K, and the greatest

heat loss to the surroundings occurred through the back of

the reactor, i.e. away from the primary compartment

(Fig. 7b). Assuming conductive and convective heat transfer,

as well as ideal mixing in the primary compartment, the

mean temperature of the algae may be calculated to be

297.6 K (24.6 �C) (Fig. 7c). The model allows variables such as

inflow velocity, inlet temperature and Perspex layer thick-

ness to be modified and computes the corresponding

change in the temperature of the algal culture. An experi-

ment was conducted to provide a comparison between the

primary compartment temperature predicted by the model

and the corresponding temperature measured experimen-

tally (Table 2). The ambient temperature during this

experiment was 23 �C. The pump flow rate was controlled

by the NI system and the secondary compartment temper-

ature was controlled and measured using a Grant LTC1

heating/cooling water bath unit. The temperature in the

water bath therefore takes a constant pre-set value and all

heat transfer takes place subsequently as the water is

pumped around via the secondary compartment. The

primary compartment temperature was measured using

a K-type thermocouple.
The results show that primary compartment temperatures

of 15e35 �C are easily attained and controlled e this is the

accepted temperature range for C. reinhardtii growth [4]. The

model is correct to�1.3 �C in all instances, usually significantly

better. The experimental data also reveals that a longer resi-

dence time distribution in the secondary compartment

(resulting from a lower flow rate) gives slightly better temper-

ature control, an effect that is also seen by the model. The

model is thereforeuseful in providingaholistic overviewof the

heat transfer properties in the flat-plate reactor. In reality, the

reactor is actually better at controlling primary compartment

temperature than themodelpredicts.Themodelwouldneedto

be extended to a more complex three-dimensional geometry

with gas-lift agitation introduced in the primary compartment

before the numerical values resulting from the model may be

considered completely reliable.

3.4. Hydrogen production

An illustrative result obtained with this reactor system is

shown in Fig. 8. It demonstrates that the novel flat-plate

reactor is suitable for C. reinhardtii hydrogen production, and

that it is capable of monitoring the key parameters of this

process. The wild-type laboratory strain CC-124 C. reinhardtii

was used in the illustrative experiment. Sulphur deprivation

was achieved by centrifugation. In this process, algal cells

were pelleted at the bottom of the centrifugation vessel by

centrifugation at 3000 rotations per minute for 20 min [31].

The sulphur-rich tris-acetate-phosphate (TAP) algal growth

medium was drained off and the algal cells were re-sus-

pended in the sulphur-free TAP-S medium. Constant cool-

white LED irradiation of 8.6 W m�2 (20% of the maximum

irradiation available, see Fig. 5) was applied during the course

of this experiment. Additionally, the temperature of the

primary compartment was controlled at 20.0 �C. The dissolved

oxygen concentration was measured using a calibrated

galvanic pO2 electrode. MIMS was used to measure the partial

pressures of a number of dissolved gasses in the culture. This

was achieved by using the mass spectrometer to observe the

ion current generated at specific atomic masses correspond-

ing to the gaseous compounds of interest, which include

argon, water vapour, nitrogen, oxygen, carbon dioxide and

hydrogen. The anaerobic H2 production rate was observed by

measuring the ion current at an atomic mass-to-charge ratio

(m/z) of 2 units and calibrating the system as described in

Section 2.4.

In the first 22 h of C. reinhardtii sulphur deprivation, the

dissolved oxygen in the system was used up (Fig. 8b). The

reason for this was that the rate of O2 consumption by respi-

ration had exceeded the rate of O2 production by photosyn-

thesis, so that overall, O2 was being used up. As expected,

hydrogen production began only once anaerobic conditions

were established in the reactor. The sigmoid (logistic) shape of

the hydrogen accumulation curve was similar to that

described by Melis et al. [3]. The final volume of H2 produced,

measured to be 105 ml per litre of culture, is consistent with

other wild-type C. reinhardtii H2 production yields recorded in

the literature [31,32]. The H2 production rate, which is

proportional to the MIMS ion current signal, was also

measured continuously and in situ (Fig. 8a). The maximum H2
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Fig. 8 e Results of an illustrative experiment carried out in the flat-plate photobioreactor: (a) CC-124 C. reinhardtii H2

production rate measured by Membrane Inlet Mass Spectrometry (MIMS). (b) Cumulative H2 production by CC-124

C. reinhardtii under anaerobic conditions.
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production rate of 1.1 ml/l/h was observed approximately 60 h

into the experiment. Since wild-type C. reinhardtii rates of up

to 2.0ml/l/h have beenmeasured [3], there is space to improve

the H2 production rate in this reactor by optimising process

conditions such as initial algal cell density, light intensity,

wavelength, temperature and pH.

Photochemical conversionefficiency

¼
�
H2 productionrate

h
l$s�1

i
�H2 energycontent

h
J$l�1

i

�
�.

Absorbedenergy
�
J$s�1

�
(8)

It is also possible to use these experimental results together

with the reactor irradiation data to calculate the photochem-

ical conversion efficiency of the algae (Eq. (8)) [33]. Photo-

chemical conversion efficiency determines the percentage of

the energy carried by PAR incident on the algal culture that is

converted into chemical energy stored in the released

hydrogen molecules [4]. Given that the active reactor surface

area is 0.048 m2, and using the maximum H2 production rate

of 1.1 ml/l/h, together with the higher heating value for H2

(141.86 J l�1), a photochemical conversion efficiency of 0.24%

has been calculated. This value is better than the 0.13%

photochemical conversion efficiency obtained by Fouchard

et al. [34], but it falls short of the 1.08% efficiency achieved by

Giannelli et al. [33]. The latter obtained a similar H2 yield at

a lower light intensity by growing the algal culture to a higher

cell density. Optimising these and other parameters will be

the focus of future work with the flat-plate photobioreactor.
4. Conclusion

A flat-plate vertical one-litre photobioreactor that facili-

tates the biophotolytic H2 production process has been
designed and constructed. A comprehensive literature

review has identified the advantages and limitations of

various reactor geometries. The flat-plate reactor geometry

was subsequently chosen due to its superior surface-to-

volume ratio, which results in the highest observed

photochemical efficiencies for H2 production. The reactor

enables rapid and accurate measurements of the key

parameters in the biohydrogen production process, such as

cell density, pO2 and pH, under carefully controlled condi-

tions. A novel dual-compartment flat-plate reactor was

constructed from Perspex, using hydrogen-impermeable o-

rings and stainless steel fittings. The primary compartment

holds the algal culture and contains the key measuring

instruments, including the MIMS system developed for in

situ H2 detection and extraction. The secondary compart-

ment is used to control the system temperature and

wavelength. Turbulent culture mixing is achieved by

a circulating gas-lift system that is operated with a cus-

tomised liquid diaphragm pump, while a cool-white LED

array provides uniform, coherent, non-heating illumination

to the system. A comprehensive real-time datalogging and

control system has been developed. An illustrative H2

production experiment achieved a H2 yield of 105 ml/l at

a maximum H2 production rate of 1.1 ml/l/h and a photo-

chemical conversion efficiency of 0.24%. From July to

November 2010, the reactor was operated and demon-

strated in the Antenna Exhibition of contemporary science

at the London Science Museum.
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Appendix

Fig. 9 e Photographs of the complete and operational dual-compartment flat-plate photobioreactor.
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