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Abstract
With regard to today’s environmental challenges, there is a need to develop integrated tech-

nologies that provide concrete solutions. High rate algal ponds (HRAPs) are a good example:
these ponds allow wastewater to be treated by cultivating algae or microalgae that can be
harvested at the end and consume nutrients such as nitrogen, phosphorus and CO2 for their
growth.

In HRAPs, the algae consume nutrients contained in the wastewater and the produced
biomass could be used in different sectors such as for biofuels production or in the food in-
dustry. Moreover, large-scale algae cultures require important carbon dioxide supply for the
growth of the biomass so a sustainable use of the CO2 captured in industrial waste gases can
be considered.

Many HRAPs are currently in use, but some operating conditions are not fully optimised.
For instance only a few studies have been carried out on the transfer of CO2 between the water
and the atmosphere in this type of basin. The present work proposes a methodology to quan-
tify this transfer in order to optimise the CO2 injection into the basin. The overall volumetric
transfer coefficients kla of different HRAPs are measured experimentally on small and large
scales in Arlon, Belgium, and the results are compared with those of oxygen transfer in the
same HRAPs to verify a correlation found in the literature.

This master thesis is part of the Renewable project (REmoval of NutriEnts in Wastewater
treatment via microAlgae and BiofueL/Biomass production for Environmental sustainability
in Vietnam). This project is funded by ARES (Académie de Recherche et d’Enseignement
Supérieur) and is a collaboration between the University of Liège (ULiège) and the Industrial
University of Ho Chi Minh (IUH) scheduled between May 2016 and December 2021. The
Renewable project aims to develop a wastewater treatment system that uses microalgae in a
HRAP in the Ninh Thuan province, in Vietnam.

The present work is a continuation of the master thesis of D. Royaux [1] and a scientific
paper describing the methodology and the results of the tests will be submitted for publication.
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Résumé
Au vu des challenges environnementaux rencontrés actuellement, il est nécessaire de dévelop-

per des technologies intégrées qui apportent des solutions concrètes. Les chenaux algaux à haut
rendement (CAHRs) sont un bon exemple: ils permettent de traiter des eaux usées tout en cul-
tivant des algues ou des microalgues qui peuvent ensuite être récupérées et valorisées et qui
consomment des nutriments tels que de l’azote, du phosphore et du CO2 pour leur croissance.

Dans les CAHRs, les algues consomment des nutriments contenus dans les eaux usées et la
biomasse produite peut être utilisée dans différents secteurs tels que la production de biocar-
burants ou l’industrie alimentaire. De plus, la culture d’algues à grande échelle demande un
approvisionnement important en dioxyde de carbone pour la croissance de la biomasse, ce qui of-
fre une possibilité d’utilisation durable du CO2 récupéré dans les gaz de combustion industriels.

Un grand nombre de CAHRs sont déjà utilisés, mais certaines conditions opératoires ne
sont pas entièrement optimisées. Par exemple, seules quelques études ont été menées sur le
transfert de CO2 entre l’eau et l’atmosphère dans ce type de bassin. Ce rapport propose une
méthodologie pour quantifier ce transfert afin d’optimiser l’injection de CO2 dans le bassin. Les
coefficients volumétriques de transfert de masse globaux kla de différents CAHR sont mesurés
expérimentalement à petite et grande échelles à Arlon, en Belgique, et les résultats obtenus sont
comparés à ceux du transfert d’oxygène dans les mêmes CAHRs afin de vérifier une corrélation
provenant de la littérature.

Ce travail de fin d’étude fait partie du projet Renewable (REmoval of NutriEnts in Wastew-
ater treatment via microAlgae and BiofueL/Biomass production for Environmental sustainabil-
ity in Vietnam). Ce projet est financé par l’ARES (Académie de Recherche et d’Enseignement
Supérieur) et résulte d’une collaboration entre l’Université de Liège (ULiège) et l’Université
industrielle d’Ho Chi Minh (IUH) prévue de mai 2016 à décembre 2021. Le projet Renewable
a pour but de développer un système de traitement des eaux usées qui utilise des microalgues
dans un CAHR dans la province de Ninh Thuan, au Vietnam.

Ce travail est une continuation du travail de fin d’étude de D. Royaux [1] et un article
scientifique décrivant la méthodologie et les résultats des tests doit être soumis pour une pub-
lication.
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1 Introduction
The Earth is facing many changes due to anthropogenic actions. Climate change and sea

pollution are two examples of the consequences of human behaviour. Solutions to these issues
must be found to preserve life and ecosystems.

Several technologies are being developed and used to find answers to these challenges, and
this work focuses on an example of integrated technology that addresses different issues simul-
taneously: high rate algal ponds (HRAPs). These ponds are dedicated to wastewater treatment
through the growth of algae or microalgae. The nutrients in the water are consumed by the
algae and the water can be released into the environment with minimum risk of eutrophication
[2, 3].

In addition to the water treatment, HRAPs allow the production of algal biomass. Once
harvested, algae can be sold as a raw material for the production of biofuels, in the food and
pharmaceutical industries, as pigments, as fertiliser, or for many other applications [2, 4, 5].

The use of algae as a biofuel source reduces the greenhouse gas emissions compared to fossil
fuels. Indeed, the biomass production step consumes CO2 through photosynthesis [6]. This
CO2 consumption can be coupled to industrial plants that emit carbon dioxide: once purified,
the waste exhaust gases of the plant can be injected into the algae culture in order to reduce
the plant’s environmental impact [7].

The present work focuses on the transfer of CO2 between the water and the atmosphere
in HRAPs. The carbon is a limiting factor for the growth of algae and the performances of
HRAPs can be improved by injecting CO2 into the pond. However, few studies are devoted to
CO2 transfer and the lack of suitable probes for measuring the concentration of dissolved CO2

in the range corresponding to HRAPs prevents the optimisation of CO2 injection in this type
of pond [8].

This master thesis intends to propose a methodology for the quantification of CO2 transfer
in HRAPs, based on a theoretical background developed by J. Hissel [9] and on an experimental
procedure tested on small and large scales in the course of this work. The main purpose is to
quantify the volumetric transfer coefficient, kla, of CO2 for the studied application.

Three types of tests are conducted: first, tracer tests are used to determine the circulation
time in the HRAP, then an oxygen transfer test is performed to estimate the oxygen transfer
coefficients and to compare them to a previous work conducted in the same basins. The last
type of test is the carbon dioxide transfer test: its experimental procedure is described, as well
as the calculations required to evaluate the CO2 concentration in the pond based on the samples
collected during the test. The calculation of the transfer coefficient of CO2 is also detailed.

This work is a part of the Renewable project (REmoval of NutriEnts in Wastewater treat-
ment via microAlgae and BiofueL/Biomass production for Environmental sustainability in Viet-
nam), in collaboration with the University of Liège (ULiège) and the Industrial University of
Ho Chi Minh (IUH). It is an ARES (Académie de Recherche et d’Enseignement Supérieur)
project coordinated by both Professor Gauthier Eppe (ULiège) and Professor Le Hungh Anh
(IUH) scheduled between May 2016 and December 2021.

The aim of this project is to promote a sustainable development of the aquaculture in
Vietnam. A HRAP prototype has been built in the Ninh Thuan province in Vietnam in order
to remove the nutrients from the wastewater of shrimp aquaculture before its discharge into
the sea and with the objective to convert the algal biomass into valorisation products such as
biofuel or animal feed.

The present work is the continuation of the work of D. Royaux, [1], that focused on the
hydrodynamics and oxygen transfer of the HRAP built in the Ninh Thuan province. However,
due to the international situation in the first half of the year 2020 by the Covid-19 pandemic,
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the large-scale tests that were supposed to take place in the HRAP of the Ninh Thuan province
have been replaced by tests in a basin situated in Arlon, Belgium, which has some similarities
with the pond built in the Ninh Thuan province.

The knowledge of the transfer coefficients of oxygen and carbon dioxide is an important
step in the design of the HRAPs as it allows to calculate the surface area required to treat the
wastewaters in Vietnam. The algae activity can be evaluated too if these coefficients are known
and with further studies on the photosynthetic and respiratory capacities of the algae. This
master thesis intends thus to provide results that will be used in the scope of the Renewable
project while proposing a general methodology for the quantification of the CO2 transfer in
HRAPs.

This report is separated into different sections. First, a literature review describes the
characteristics of algae cultivation and HRAPs, summarises the knowledge about the oxygen
and carbon dioxide transfers in this type of pond, lists the different uses of algae and shows the
advantages of coupling wastewater treatment to CO2 consumption.

The three types of tests conducted in the course of this work are then detailed. The
experimental procedures are explained and the methodologies followed for the calculation of
the CO2 concentration and the transfer coefficients are described.

The small and large-scale tests conducted are then presented and the results of the differ-
ent tests are analysed. Potential analogies with a correlation found in the literature are also
described.

All the calculations and graphs presented in this master thesis were made in Excel.

1.1 Objectives of the master thesis

The main objective of this master thesis is to describe in details a methodology to quantify
the volumetric mass transfer coefficient of CO2 in open ponds such as HRAPs and to show that
this method allows to provide reliable results.

The first purpose is the application of the theoretical works of J. Hissel [9] and J.-L. Vasel [10]
and the definition of clear experimental procedures for the studied application of HRAPs. The
second objective is to describe the tests carried out while following the developed methodology
and to analyse the obtained results in order to verify a correlation found in the literature.

Finally, this master thesis intends to provide results for the quantification of CO2 transfer
in HRAPs that can be used in the design of large-scale basins and to propose a method that
may enable industrial players to optimise their operating conditions, which could play a role,
however modest, in the effort made against sea pollution and greenhouse gas emissions.
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2 State of the art
The present section proposes an overview of the existing technologies for algae production,

focusing on high rate algal ponds (HRAPs) as it is the type of reactor used in the Renewable
project. The current situation regarding the quantification of oxygen and carbon dioxide trans-
fers in HRAPs between the water and the atmosphere is also detailed. Uses of algae are then
presented. The interest of algae cultures for wastewater treatment and in the carbon economy
is eventually studied to understand the benefits they can bring in the current context of climate
change.

2.1 Algae cultivation

Algae are chlorophyll-containing photosynthetic organisms living in aquatic environments.
Their photosynthetic property is due to the presence of cyanobacteria, an oxygenic phototroph
species of bacteria present in plants and algae [2, 11, 12, 13, 14].

Micro and macro algae can be differentiated. Macroalgae are multicellular and plant-like
species with roots while microalgae are unicellular and do not have roots. It was estimated
that there are between 1 to 10 million species of algae on Earth, most of them being microalgae
[11]. In the present work, algae in general are considered, without specifying whether they are
macro or microalgae, even if in HRAPs, microalgae are most commonly used.

Algae live through photosynthesis. When exposed to light, they convert the solar energy
into chemical energy and consume carbon dioxide and water to produce organic matter and
oxygen. The general equation of photosynthesis is

n CO2 + n H2O + light energy → (CH2O)n + n O2 (2.1)

where carbohydrates are produced. Photosynthesis is thus the reduction of carbon dioxide
into carbohydrate and oxygen [15]. This phenomenon occurs during the day, when light is
available. At night, algae live through normal respiration, emitting CO2 while consuming O2.
The respiratory losses can significantly impact the biomass production capacity of algae cultures
[16]. Several studies have shown that more than 30% of the biomass fixed during the day can
be lost at night, depending on the algae species [17, 18]. However, algae production results in
a net positive CO2 uptake [19].

When the concentration in algae has reached a satisfying level, they can be harvested and
used in several ways, such as for biofuel production, as food, as biofertilisers, as pigments or as
protein source.

2.1.1 Principles of algae cultivation

During the process of algae cultivation, the organisms pass through different physiological
states, presented in Figure 1. First a lag phase occurs before the growth of the algae. Then
algae consume nutrients and expand exponentially until the growth phase is replaced by a
stationary phase during which algae still consume nutrients but do not expand, before reaching
the decreasing phase [20, 21].

Algae cultures are started on a laboratory scale. A few algal strains are added to a small
volume of water and the adequate nutrients amounts are supplied. The algae expand in this
volume and this volume of water is then added into a larger water volume where algae will
keep growing. To optimise the process and avoid excessive nutrient consumption, the passage
is made at the end of the growth phase, before entering in the stationary phase during which
algae consume nutrients without expanding [21].
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Figure 1: Logarithmic evolution of the number of algae cells during their cultivation [20].

The volume of water containing algae is increased similarly until it reaches a sufficient scale
to be added into the continuous reactor.

During their growth, algae have to be fed with several nutrients. First, carbon is the source
of energy for different cellular events such as metabolite production and reproduction, and it is
part of the physical structure of the cell. This carbon can either come from organic or inorganic
sources, respectively heterotrophic substrates and CO2 for instance [22].

The two other major nutrients required for algae growth are nitrogen and phosphorus. The
former contributes to the production of protein, chlorophyll and amino acids and the second
takes part in the energy transfer and in the photosynthesis. Other nutrients are required to
obtain an effective cultivation, such as calcium, potassium, magnesium, iron and manganese.
[22, 23].

2.1.2 Types of reactors

Many types of reactors exist to grow algae, each having specific characteristics and draw-
backs. They are divided into two main branches: open and closed systems.

Open systems usually consist in large shallow ponds in which water containing algae cir-
culates, enlightened by solar rays or artificial ones and in contact with the atmosphere. An
example is presented in Figure 2. The present work focuses on this type of reactor and the
following section describes more precisely their characteristics.

The main advantages of open ponds are their small capital and operating costs. Indeed,
the structure can be made of concrete or fiberglass [25] and the operations required for the
cultivation are really simple as they mainly consist in setting the water into motion with an
airlift system or a paddlewheel. Open ponds can operate in a continuous mode and algae can
be harvested at the end of the lap after their growth.

Open ponds are reactors used on a large scale as their production costs are low. However,
this type of reactor has several drawbacks. The poor mixing of the water induces bad light
utilisation as the cells pass through dark zones and might stay at the bottom of the channel
during their circulation. The level of water inside the pond is thus limited, which decreases the
productivity. There is no real control of the operating conditions as temperature and lightning
depend on the weather if the pond is situated outside. Moreover, the evaporation of water
and the transfer of CO2 to the atmosphere are non-negligible. Open ponds are also subjected
to contamination by other organisms and require an important land use compared to closed
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Figure 2: Aerial view of the Qualitas Health algae production facility in New Mexico, US
(Courtesy photo) [24].

reactors [25, 26, 27].

There exist many different closed systems that allow to avoid the drawbacks of open ponds.
For instance, adding a transparent barrier made of plexiglass on the open pond keeps the CO2

trapped in the pond and allows to better control the environment, creating a greenhouse [26].
Other closed systems are used and called photobioreactors. They consist in enclosed and

illuminated vessels of different forms and shapes. Stirred tanks illuminated by fluorescent
lamps and agitated mechanically allow the batch production of specific biological components
in controlled and nearly sterilised conditions. Their productivity is however limited as the tanks
need to be emptied, washed and refilled between each utilisation [21].

The most common closed systems for algae culture are tubular photobioreactors. The
water containing algae flows inside transparent tubes in which nutrients and CO2 are injected
and photosynthesis occurs inside the tubes with the light provided by solar rays. Fluorescent
lamps can also be used if the environment is poor in solar radiations. Different configurations
exist to optimise the illumination: vertical, horizontal, inclined or helical, depending on the
light radiation used to supply the light required for the photosynthesis [26]. An example of a
horizontal tubular photobioreactor is presented in Figure 3.

Tubular photobioreactors are characterised by a large illuminated surface area and allow
to avoid the drawbacks of open ponds, but they have more important costs. Their use and
maintenance is more complex too as the accumulation of oxygen can inhibit the photosynthesis
and solid algae can stick on the walls of the tubes, causing fouling and preventing the light to
enter into the tubes [25, 26, 27].

Other types of closed reactors exist too, such as bubble columns or flat plates. The former
give good mass transfer with low energy consumption but requires sophisticated material and
can not be scaled-up easily while the latter is relatively cheap with good biomass productivity
but needs to be duplicated many times to be scaled-up [26, 27].
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Figure 3: Example of a tubular reactor [28].

2.2 High rate algal ponds

The present work focuses on the transfer of oxygen and carbon dioxide between the water
and the atmosphere in high rate algal ponds. A more detailed presentation of this type of basin
is thus presented below.

As described previously, high rate algal ponds are open shallow raceway ponds in which
water circulates. This type of pond was first developed in the 1950’s in California [29, 30]. The
configuration of the pond can consist in a single loop or several walls can be built alongside to
increase the length crossed by the water and thus the hyrdaulic retention time.

The motion of the water is usually created by a paddlewheel or an airlift, or both. The
picture of a paddlewheel is presented in Figure 4. The rotation of the wheel is induced by
mechanical energy and the water is pushed forward.

Figure 4: Paddlewheels used in a raceway pond in St Helena and Hilmar California, US [31].

In airlifts, no mechanical energy is required. The water is set into motion with the injection
of gas that pushes the water to the outlet of the airlift. The drawing of the airlift system from
Ninh Thuan is presented in Figure 5.

Different parameters can be modified to optimise the algae culture: the depth of water, the
velocity of the water and its retention time, the flow regime, the mixing, the oxygen injection
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Figure 5: Drawing of the airlift system used in the HRAP in the Ninh Thuan province, Vietnam
[1].

in the airlift, the nutrient supply, the potential CO2 injection, the light intensity, etc [1, 32].
Many studies have been conducted to optimise most of those parameters, but the CO2 injection
has not been studied in detail. It is a common knowledge that injecting CO2 inside the pond
improves the performances as algal growth is often carbon limited [31, 33], but only few studies
quantify the CO2 assimilation by algae and its transfer to the atmosphere [10, 34], so the
operating conditions are not optimised in general.

HRAPs are mainly used for wastewater treatment. Compared with conventional wastewater
treatment technologies, HRAPs have smaller capital and operating costs. Indeed, more than
50% of the electrical energy consumption of conventional mechanical wastewater treatment
technologies can be saved by the capture of solar energy through photosynthesis [35]. Moreover,
the wastewater treatment can be coupled with algae harvesting by gravity settling for instance,
producing a valuable product. In 2016, around 98% of the commercial algae biomass production
came from open ponds as it seemed to be the most economical way to cultivate them [2].

However, a major drawback of HRAPs is their land use. Indeed, this type of pond requires
large land plots in order to obtain long retention times and increase the treated volume as the
ponds are usually shallow. Moreover, the pond should be situated in places with great sun
exposure during the year to avoid the use of lamps that would increase the operating costs, so
the choice of the pond’s location can be limited. Contamination by other organisms and bad
weather conditions are risks too for the operation of HRAPs. [25, 36].

Algae are generally harvested before the paddlewheel or airlift, after having crossed one lap
of the pond. The harvesting part of algae culture represents an important cost of the process as
it accounts for 20 to 30% of the total production costs [22, 37]. The most common harvesting
methods are detailed in [1] and in [38].

16



2.3 Quantification of O2 and CO2 transfers in HRAPs

The supply of carbon dioxide to algae is essential in algae culture. A lack of CO2 could
indeed lead to a dramatic decrease in the production of biomass, or even cause the death
of the microorganisms. It has been shown that CO2 addition enhances algal productivity in
wastewater treatment HRAPs [36, 39, 40] and it is standard practice in all commercial algal
production HRAP systems [23].

However, if oxygen accumulates because a too important photosynthetic rate occurs due
to a too high CO2 concentration, it can act as an inhibitor of hydrogenases, the enzymes that
catalyse the transformation of protons into hydrogen, and thus decrease the production of lipids
that are required to produce biofuels from the obtained algae [20].

For these reasons, the operating conditions need to be adapted to reach an optimal situation
for the algae development. The quantification of the transfer phenomena between the water
and the atmosphere plays a part in this process and can be done through the evaluation of the
volumetric transfer coefficients kla.

Several studies have already been conducted on these subjects and the transfer of O2 is rel-
atively easy to evaluate experimentally [8, 41]. However, the transfer of CO2 is more complex
to describe. Indeed, only few models of probes measuring the CO2 concentration in water are
available for the studied range of concentrations [10]. Methodologies to evaluate the transfer
coefficient of CO2 based on the transfer of O2 or on the pH are also developed, but the results
obtained with the different paths are sometimes incoherent [8, 34].

The evaluation of the CO2 transfer is thus less developed. Experiments have been conducted
to study the impact of CO2 injections into specific ponds [8, 42, 43] and numerical modellings
based on CFD can be done to simulate the phenomena occurring [8], but experimentally, the
evaluation of the CO2 transfer is not easily performed. Different techniques have been used but
none has become a reference. Commonly, the value used for the kla of CO2 is based on the
value calculated for the oxygen transfer. Equation (2.2) is used in many cases [8, 34, 44, 45],
where DCO2 and DO2 are the diffusion coefficients in water of CO2 and O2 respectively:

(kla)CO2
= (kla)O2

√
DCO2

DO2

(2.2)

The overall volumetric gas-liquid mass transfer coefficient of CO2 is thus expected to be
smaller than the kla of oxygen as the diffusion coefficient in water is smaller for CO2 than for
O2.

Probes can also be used to perform a direct measurement of the transfer coefficients [8, 34],
but these probes usually operate in concentration ranges too high for the present application.
Indeed, most of these probes measure the concentration in dissolved CO2 based on the variation
of the pH in buffer solutions. For too small concentrations in dissolved CO2, the variation of
the pH is not important enough to give precise results [10].

Following the pH during the experiment combined with alkalinity titrations can also lead
to the evaluation of the kla. This is the method developed in this work. Some studies are
based on the pH evolution too but do not focus on HRAPs. For instance in [43], an empirical
correlation based on the pH is developed but it is specific to well-mixed baffled reactors and
the correlation involves other parameters of the reactor.

However, the results obtained with the different methods can be contradictory [8] and few
studies have been conducted for HRAPs. The method proposed in this work intends thus to
characterise the transfer of CO2 in the specific case of HRAPs in order to optimise the conditions
for the algae culture.
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2.4 Uses of algae

Algae can be used for several applications. Their high lipid content allows to produce
biofuels once harvested, they can be used as food as they are rich in proteins, many vitamins
and minerals, or they can serve as biofertilisers to fix the atmospheric nitrogen [46]. A brief
overview of the main applications of algae is presented below.

2.4.1 Biofuels

To face the current issues due to climate change, alternatives to fossil fuels need to be used
in order to decrease the greenhouse gases emissions. The production of biofuels is a possibility
to replace, at least partially, conventional fuels based on fossil resources.

Using biofuels made of algae allows to decrease drastically the CO2 emissions compared to
fossil fuels. Even if in the end, both biofuels and fossil fuels are consumed and emit similar
amounts of CO2, the difference lies in the fact that the production of algae is CO2-consuming
as algae need carbon dioxide for photosynthesis. This CO2 can come from exhaust gases of
industrial sites for instance and is injected into the basin where algae are grown. As the
production process of algae-based fuels does not require the consumption of fossil fuels, except
for small steps such as potential transportation, the only significant CO2-emitting step is the
combustion of the biofuel itself. It is thus the whole production line that needs to be studied
to see the benefits of algae-based fuels [6].

Several studies have focused on the possibility of using algae for the production of biofuels
[2, 36, 47]. Algae are an interesting raw material for the production of fuels as many species can
accumulate substantial amounts of lipids. The lipid content depends essentially on the algae
used and, in average, can vary between 1 and 70% of the dry weight. However, under certain
conditions, some species can reach 90% of their dry weight [32, 48].

Algae biofuels have many advantages. As other biofuels, their consumption of CO2 during
their growth reduce their impact on climate change. As approximately half of the dry weight
of algal biomass is carbon, around 1.8 g of CO2 is required per gram of microalgae produced
[2, 6, 49].

Compared to other biofuels, algae-based fuels have the huge advantage of not being in
competition with the production of food and feed. Even if algae can be used as food, as
explained afterward, it is not their main application nowadays, while soybeans or rapeseed
represent important feed stocks for agriculture. Moreover, algae cultivation is characterised by
high growth rates and productivity and the yield of biodiesel production from algae is 5 to 20
times higher than that of rapeseed and more than 20 times higher than that of soybean [12, 50].

Algae can also be grown in a wide range of climate conditions and, most importantly, on non-
arable lands. Indeed, algae can be grown in already existing water plants or artificial basins can
be built in places where appropriate conditions for their cultivation are encountered. It stretches
the limits of terrestrial agriculture and nearly infinite possibilities can thus be considered for
their production. Algae also need much less land for their cultivation than terrestrial crops [2].
The fresh water consumption drastically decreases too as algae can be grown in saline water
while terrestrial crops require huge quantities of fresh water [4].

Another interest of biofuels is that if a country manages to produce them on a large scale,
it reduces its dependency on foreign oil imports and can thus modify its geopolitical situation [2].

A broad spectrum of biofuels can be produced from algae and microalgae, including biodiesel,
biomethane, bioethanol or biobutanol, hydrocarbon gases and bio-crude oil. Each type of bio-
fuel can be obtained with a specific method. For instance, biodiesel is produced through the
transesterification of lipid triglycerides extracted from the algae into fatty acid methyl esters
(FAMEs), which are the main component of biodiesel. Bioethanol is produced with yeast fer-
mentation of the carbohydrates followed by a distillation to separate it from the other products.
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Biomethane is obtained through anaerobic digestion, gasification or pyrolysis of the organic
residues of algae after the lipid extraction [4, 12, 47].

An important advantage of biodiesel is its miscibility with petrodiesel at all blend levels.
Its fatty acid profile, which determines many of its fuel properties, is really similar to that of
its parent oil. However, biodiesel is characterised by poor cold flow properties compared to
traditional diesel. The fatty acid profile of the biodiesel is thus studied and the properties of
the obtained fuel can be accurately predicted, allowing to adapt the product to cope with this
limitation [51].

The combustion of the biofuels are also characterised by a reduction of most of the regu-
lated exhaust emissions other than CO2 and NOx as they contain only little or no sulfur and
aromatics for instance [51].

Using algae as a source of biofuels has however several disadvantages. First, their high
production costs and low cost efficiency compared to conventional fossil fuels, due to the cul-
tivation, harvesting, separation and processing of the final product, prevent them from being
widely cultivated for the production of fuels [2].

Another issue related to algae culture is the anthropogenic eutrophication. To improve the
production yields of algae, it is essential to supply them with sufficient nutrient amounts. How-
ever, if a too large excess of nutrient is added into the system, accumulation of the nutrient will
occur and algae risk to reproduce excessively under aerobic metabolism, using large quantities
of the dissolved oxygen contained in the water [52]. If, for instance, too much macroalgae or
plants lay on the surface of the water, less sunbeams will pass through the surface and plants
at the bottom will not be able to partake in photosynthesis. Moreover, once the excess algae
dies, it decomposes at the bottom of the water and this process consumes important amounts of
oxygen that are not available any more for fishes or other aquatic animals which could suffocate
[2, 53].

This issue needs to be considered when algae are cultivated in natural ecosystems whose
balance risks to be disturbed. The complete life cycle of the algae needs thus to be considered
when assessing the benefits for the environment, and native water ecosystems should remain
undisturbed to a maximum extend in order to keep the sustainable characteristic of the biofuel
production [2]. The waste products of the algae growth and biofuel production also need to be
treated.

Algae requiring 50 to 100 times more nitrogen nutrients than rapeseed, the fertilisers quanti-
ties need to be used wisely as they could damage the environment as well as limit the economic
viability of the process [12]. Recycling the nitrogen and phosphorus accumulated in algal wastes
of the biofuel production process is a way to decrease the costs of the fertilisers [54].

The lack of policies over algae cultivation in the world, as well as the absence of clear
sustainable criteria for biofuel production are other drawbacks that restrain the development
of algae-based biofuel production to a larger scale [2, 13].

Currently, the production of algae-based biofuels is technologically feasible but economically
non-viable [4, 11, 47]. Each step of the process needs to be optimised to decrease its costs. The
yields of the large-scale cultivation need to be improved and the harvesting methods used for
the recovery of the algae and the extraction of the valuable components consume too much
energy, inducing high operating costs [11, 50].

A way to produce economically feasible algae-based biofuels could be to couple the process
with the production of high value co-products or the creation of beneficial functions [47]. As
HRAPs are primarily used for wastewater treatment, the most suitable possibility is to produce
biofuels with algae grown in wastewater. Recent studies have shown that HRAPs dedicated
only to the production of algae for biofuel production are not economically viable but that,
coupled with wastewater treatment, algae production in HRAPs could become a profitable
process [29, 36]. Existing HRAPs used for wastewater treatment can serve as "testing ground"
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to develop and optimise this biofuel production process in order to be available when it becomes
competitive due to higher fossil fuel costs [47].

Modifications of the algal biology will also be required to improve the production yields.
Even if these yields are much higher than those of seed crops, they can still be increased through
genetic and metabolic engineering to modify the algae’s composition and properties [2, 11, 50].

Even if algae-based fuels have several major drawbacks, algae are considered as the most
sustainable renewable energy source that has the capacity to meet the global demand for fuels
in the long term [2]. Indeed, the technological feasibility of the large-scale production of algae
and the environmental benefits that it can bring appear to compensate the current limitations
and may lead to the development of the processes to a competitive position on the fuel market.
Studies still need to be conducted to reach maturity and the plausible rise of the fossil fuel
costs would increase the interest in algae-based business [47].

2.4.2 Food and feed

Algae can be used in the food industry too in different forms, as shown in Figure 6. In many
Asian countries, algae are already used as a source of food due to their high nutritional value.
Algae are rich in vitamins, proteins, minerals, carbohydrates, enzymes, polyunsaturated fatty
acids (PUFAs), antioxidants, etc [46, 55]. However, in the food industry, algae are essentially
used as nutritional supplement or health food [5]. They can be added to drinks, pasta or snacks
for instance, to improve their nutritional value. They can also serve as natural colorant.

Several species of algae have high potential as healthy human food and can be sold as nu-
tritional supplements: Chlorella contains more vitamins than many plants [55] and is mostly
sold in "healthy food" stores [56] and Spirulina is an excellent source of PUFAs and vitamins
too and, as Dunaliella salina, it is rich in β-carotene, an orange-dye pigment converted by the
human body into Vitamin A [5]. Those three algae species are major producers of high value
compounds such as proteins and lipids and the two former rule the microalgae market due to
their ease of growing [57].

Figure 6: Examples of forms of algae used in industry [58].

As explained previously, the main advantage of algae over classical food production is the
ability to grow them on non-arable lands. Indeed, provided the supply in nutrients and good
conditions such as good light exposure and appropriate temperature, algae can be cultivated
anywhere while agricultural crops require fertile soil for their production.

Algae can also serve as animal feed. They can be fed to fishes, larvae or shrimps as these
aquatic animals naturally eat them, but they can also be added in the diet of cows, pigs, sheeps
or poultry.
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As for humans, they are not used as a primary source of food most of the time: they are
added as supplement. However, even when present in small amounts, algae can improve the
immune system of animals, increase their weight and fertility and reduce their cholesterol levels.
The production yields of meat and eggs can thus be enhanced by the addition of algae in the
animal feed. The milk produced by milk cattle can also be enriched in iodine by feeding the
animals with algae as they are an important source of iodine [55, 59].

A huge advantage of algae dedicated to animal feed is that the animals can convert the
low-quality proteins contained in algae into proteins of higher quality. The quality of the meat
obtained for human consumption increases thus, without the need of extensive processing of
the algae fed to the cattle [59].

2.4.3 Fertilisers

Another use of algae is as biofertilisers in agriculture. Even if no study has provided a clear
evidence that the use of algae is the only reason why improvements are encountered, many
beneficial effects occur when algae-based biofertilisers are used. These effects can be observed
on vegetables, fruits or flower crops and include higher production yields, improved vigor and
seed germination, increased uptake of soil nutrients and resistance to diseases or enhanced de-
fense against abiotic stresses. Algae biofertilisers are also responsible for the increase of the
chlorophyll content in plants, due to the reduction of its degradation, inducing a higher photo-
synthetic rate [59].

Adding algae into soils improves their fertility. Some characteristics of algae that allow their
use as fertilisers are their high mineral content and their ability to fix the atmospheric nitrogen.
This latter characteristic allows to replace N-rich fertilisers by biological nitrogen fixation: the
nitrogen fixed by the algae is liberated and re-assimilated by the plants [46].

Another benefit of algae as fertilisers is the increased uptake of phosphorus and nitrogen. P
and N are often the primary limiting nutrients, so adding algae in soils allows to increase their
availability for the plants.

Once dead, the decay of the organisms provides organic matter to the soil too. It acts as
binding agent for the soil texture and increases its humus content, creating a more fertile place
for future plants in the following years [60].

Algae can also be used in the form of liquid biofertiliser. In this case, it is not added into
the soil but directly sprayed on the plant instead. The nutrients are then quickly absorbed
through leaf openings, within 10 to 15 minutes [59].

Another advantage of algae biofertilisers is their biodegradability. They are also non-
polluting and non-hazardous to humans, animals and birds, while chemical fertilizers risk to
degrade the fertility of the soil by modifying its pH, resulting in the dissolution of the oil crumbs
that are essential for drainage and air circulation and thus rendering it unsuitable for raising
crops [61, 62]. Moreover, chemical fertilisers don’t bring the decaying matter that will improve
the soil structure and may result in a toxic build-up of chemicals such as arsenic, cadmium and
uranium which can eventually make their way into the fruits and vegetables [63].
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2.4.4 Other uses

There exist several other possibilities to use harvested algae. For instance, the pharmaceu-
tical industry is interested in the exploitation of PUFAs, vitamins and antioxidants contained
in algae. Indeed, the human and animal bodies lack the enzymes necessary to synthesize long
ω-3 PUFAs and need to obtain them from external sources such as pharmaceuticals or food
supplements that can be derived from algae [4, 5, 13].

As mentioned previously, algae can also serve to grow pigments such as carotenoids, which
can be converted by the body into vitamin A and protect the cells and tissues from free radicals
and singlet oxygen, in addition to their colouring role. Pigments and other components found
in algae can also serve in the cosmetic industry as thickening agents, water-binding agents and
antioxidants [2, 4].

Algae can also serve as source of biomass for direct combustion to generate heat or elec-
tricity. However, this application is not efficient as algae have a high moisture content, leading
to a decrease of the calorific value and of the combustion temperature compared to terrestrial
biomass. The combustion efficiency of algae is thus lower [2]. Moreover, their ash chemistry
restricts their use for direct combustion and gasification as algae ashes contain a large percent-
age of potassium, which can lead to problems such as deposition of salts and fouling [64, 65].

Microalgae biotechnology is a promising field too. Microalgae are currently used as an
important source of valuable natural active molecules and, via genetic engineering, new products
such as vaccines, antibodies, enzymes, immunoregulators or hormones can be synthesised [11].

Algae are thus really versatile crops that can be used in many fields, growing appropriate
species for the desired application. Other sectors such as textile production, paper industry or
metallurgy can also consider algae for some applications [2].

2.5 Coupling algae production with wastewater treatment and CO2

consumption

In addition to all the possible applications of algae once harvested, their cultivation offers
two major contributions: wastewater treatment (WWT) and CO2 consumption. These cou-
plings add value to the final product, improving its competitiveness compared to that of other
products, which can be essential to obtain competitive biofuels for instance.

2.5.1 Wastewater treatment

Algae requiring nutrients to grow, using wastewater as their cultivation medium is relevant
as the majority of wastewaters already contain high concentrations in nutrients, especially in
total N and total P [37]. Using HRAPs in the WWT process allows the removal of nitrogen
and phosphorus from the effluents, which would cause eutrophication if the water was released
in the nature without treatment. Their removal efficiency is high due to the long hydraulic
retention time of the wastewater in the pond [3].

As mentioned previously, this is one of the objectives of the Renewable project: the wastew-
ater of shrimp cultivation has a rather high concentration in nutrients and needs to be purified
before being discharged into the sea.

Many thousands of HRAPs of various sizes are dedicated to wastewater treatment around
the world [23], such as those in Waikato, New-Zealand, and in Arizona, US, shown in Figure 7.

In commonWWT processes, the nitrogen removal is performed by nitrification-denitrification,
a costly electromechanical process that requires additional aeration energy [47]. The corre-
sponding energy requirements in biological treatments are lower and biological processes are
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(a) Waikato, New Zealand [31]. (b) Arizona, US [66].

Figure 7: Examples of HRAP wastewater treatment plants.

considered to be the least expensive WWT method [67, 68].
Moreover, algae are also able to uptake heavy metals present in the wastewater. Indeed,

cyanobacteria contained in algae are able to concentrate metal ions present in their environment
[60]. This accumulation of heavy metals can occur by different phenomena, such as physical
adsorption, ion exchange or covalent bonding [69]. As indicated by [69], "algae also enhance the
deactivation of pathogens by raising the pH value, the temperature and the dissolved oxygen
concentration of the treated effluent".

2.5.2 CO2 consumption

Carbon accounts for 40 to 50% of algae dry weight [2, 5]. There are two types of carbon
sources: inorganic, i.e. CO2 and organic, i.e. heterotrophic organisms. In most cases, it is the
gaseous CO2 present in the atmosphere that serves as source of carbon for natural algae plants
and concentrated CO2 can be injected in commercial algal reactors [5, 23, 70].

In the current global warming context, the development of technologies consuming green-
house gases that would be emitted into the atmosphere otherwise should be a priority. Inter-
national policy measures have been taken to limit the rise of temperature, mainly based on the
cut of greenhouse gases emissions, but even if all CO2 emissions were immediately cut to zero,
climate change would still continue in the future due to the long residence time of CO2 in the
atmosphere. It is observed that currently, the atmospheric CO2 concentration is rising of about
2 ppm per year [49].

Algae have a huge potential in the efforts against global warming. Indeed, they need to
consume CO2 to grow. Two possibilities exist: algae can directly draw CO2 from the atmosphere
or gaseous CO2 can be injected in the pond, so algae offer a direct use of fossil CO2 from
industrial plants flue gases. As mentioned previously, it is estimated that 1.8 g of CO2 can be
fixed via the cultivation of 1 g of microalgae [2, 6, 49] and that algae are able to mitigate 10
to 50 times more CO2 than terrestrial plants [71]. The CO2 fixation efficiency also depends on
the algae species used [19].

As explained previously, one of the major advantages of algae is the possibility to reach very
high biomass productivities. They have thus the potential to be grown on a very large scale
and thus play an important role in the CO2 mitigation [23]. Moreover, injecting CO2 in the
cultivation process allows to increase the productivity [36, 39, 40].

To obtain the required amount of CO2 to inject in the ponds, carbon capture and storage
(CCS) processes are required. They include the CO2 capture from the flue gases of the industrial
plant, its purification to remove sulfur dioxide and hydrogen sulfide that are toxic for algae and
can kill the culture in less than two days for instance [72], its compression and its transportation
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to the plant. The resulting production of bioenergy is named BECCS [49].
The possibility of growing algae directly in the industrial CO2-emitting plant can also be

considered. For instance, the Israel Electric Corporation-IEC in Ashkelon or the Niederaussem
power station in Germany have used desulphurised flue gas for algal growth to consume a
part of the emitted CO2 [7]. However, due to climatic, land and water restrictions, it may
be impracticable to grow algae directly on site [19]. The captured CO2 needs thus to be
concentrated and transported to a more convenient place for the culture. In this case, the
greenhouse gases emissions related to the transportation stage need to be considered for the
life cycle assessment of the technology.

As explained in this section, algae can remove CO2 from the atmosphere, so their cultivation
enters in the category of negative emission technologies (NETs). Life cycle analyses of algae-
based products need thus to consider the entire algae growth stage to truly assess the advantages
of algae cultivation [73].
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3 Experimental design and tests presentation
As explained in the introduction, this master thesis has several objectives. This section

focuses on the development of the methodology for the quantification of the CO2 transfer. Its
application to HRAPs and the potential limitations encountered are detailed in Sections 4 and
5 and the analysis of the results and the comparison with information found in the literature
are in Section 6.

Usually, high rate algal ponds are operated continuously. Water enters at the outlet of the
airlift or paddlewheel and a part of it is removed at the entrance of the airlift, after its circulation
inside the pond [12]. In the present work, a batch system is considered: the experiments are
designed for a defined volume of water with total recirculation in the pond. No paddlewheel is
used and the water motion is induced by an airlift.

The tests are conducted in clear water, i.e. without algae, in order to avoid the production
of oxygen and the consumption of carbon dioxide, as well as to characterise the transfer in a
base case without a certain type of algae that could influence the results. Indeed, as mentioned
previously, there is a species dependence of the CO2 fixation efficiency [19].

Different probes are used during each test and are placed at two points of the pond to
measure the temperature, the conductivity, the pH or the oxygen concentration, depending on
the type of test conducted. The most relevant positions of the probes are at the outlet and at
the inlet of the airlift, so at the points A and B in Figure 8 that shows one of the small-scale
ponds used to conduct the tests. The probes allow to divide the pond into two parts: the
channel "A→B" in which the water circulates, guided by the transparent walls, and the airlift
"B→A" at the front of the picture, in which air is injected by diffusers to mix and expel the
water into the channel. The direction of the water flow is also shown in blue in Figure 8.

Figure 8: Small-scale HRAP ("basin 1") used to perform the tests of September 2019, with the
direction of the water flow in blue and the positions of the probes in red.

The different tests are presented in the following sections. Tracer tests are first required to
evaluate the circulation time in the basin, then the tests of oxygen and carbon dioxide transfers
are conducted, following the methodologies detailed below.
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3.1 Tracer test

The first parameter to measure is the circulation time tc. It is the time required by a particle
inside the pond to cross an entire lap of the basin, driven by the flow created by the airlift.
The circulation time is a key parameter for the further experiments because the reactants have
to be injected homogeneously into the pond and because the studied phenomena are evaluated
per lap.

The tracer test consists in injecting a tracer and measuring its concentration in the pond
during a certain lapse of time. The tracer used is a saline solution that is injected at the outlet
of the airlift and the conductivity is measured with two probes situated at both sides of the
airlift. Each passage of the saline solution in front of a probe is characterised by a peak as the
salt increases the conductivity of the water. The saline solution is added at the outlet of the
airlift, just before the probe A.

Theoretically, the salt is supposed to be injected as a Dirac function in order to obtain
one discrete value for the time corresponding to the injection. However, the saline solution
being denser than the water circulating in the pond, it is not optimal to add the solution in
its entirety at once as a part of it would sink to the bottom of the basin without being carried
away by the flow. The salt that would settle at the bottom of pond at the injection point would
detach afterwards and be detected by the probe, leading to undesired peaks in the conductivity
measurements. The saline solution is thus injected as quickly as possible while being careful
to avoid the fall of the dense solution to the bottom of the pond. It has been shown by other
authors that an injection time of less than 1 or 2% of the circulation time is a good compromise
[1, 10, 74].

If no dispersion occurred in the flow, the peaks measured at each lap should be similar to
the peak corresponding to the injection [75]. In that case, no mixing would be encountered
by the saline solution during the test and thus its concentration would be similar at each lap.
In reality, the concentration of the saline solution is diluted along the pond due to dispersion.
The intensity of the peaks of the conductivity curve decreases thus at each lap, until the saline
solution is completely mixed in the pond.

The evolution of the tracer concentration over time can be modelled with Voncken’s equa-
tion. This equation represents the impulse response of a plug flow reactor with dispersion and
recirculation. Two variables have to be adjusted to fit the curve: the Péclet number for the
amplitude of the peaks and the dimensionless time for their spread [1, 76]. This equation can
be used to describe the hydrodynamics of HRAPs, as detailed in [1].

An example of the evolution of the conductivity during a tracer test is presented in Figure
9. The circulation time is measured graphically as it is the average time gap between the top
of two consecutive peaks.
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Figure 9: Evolution of the conductivity at 25°C at the outlet of the airlift during the small-scale
tracer test of January 2020: tc = 393 s.

3.2 O2 transfer test

Once the circulation time is known, the transfer tests can be conducted. Those tests intend
to quantify the transfer of oxygen and carbon dioxide between water and the atmosphere along
the pond by calculating the value of the corresponding volumetric mass transfer coefficients kla
of O2 and CO2.

In order to quantify the mass transfer of O2 and CO2 between the water and the atmosphere,
the concentration of the component of interest dissolved in the water has to be followed during
the test, to be able to see how fast it is transferred to the atmosphere. All the transfer tests are
conducted with clear water, without algae, such that there is no oxygen production and CO2

consumption.

3.2.1 Methodology of the test

The concentration in dissolved oxygen (DO) in the water is assumed to be at its saturation
value, which depends on the temperature. At 25°C for instance, it is equal to 8.3 mg/L [77]. If
algae are present in the basin, the DO concentration can be superior to this saturation value
as oxygen is produced by photosynthesis.

In order to observe a transfer, the concentration in DO is first lowered, then the transfer of
oxygen from the atmosphere to the water occurs and the increase of the DO concentration is
recorded to calculate the transfer coefficients.

The decrease of the DO concentration is obtained with the addition of anhydrous sodium
sulfite in the pond. The sulfite consumes the oxygen present in the water and the concentration
of DO decreases drastically. The reactions that occur are

Na2SO3 → 2 Na+ + SO2−
3 (3.1)

2 SO2−
3 + O2 → 2 SO2−

4 (3.2)

The second reaction is catalysed by cobalt. The catalyst is added in the pond before the
addition of the sulfite and a concentration of around 1 mg/L of cobalt is required to obtain an
effective action.

Once the catalyst is well homogenised in the HRAP, after around five times the circulation
time, the sulfite is added. The amount of sulfite is calculated to reach a concentration of 0
mg/L in oxygen in the basin. Regarding reactions (3.1) and (3.2), it is deduced that around
7.9 g of Na2SO3 are required per gram of O2. The amount of oxygen present in the pond is the
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product of the DO concentration at saturation measured with a probe before the test with the
volume of liquid phase in the reactor.

The addition is performed continuously at one point of the reactor during a time few seconds
shorter than the circulation time. Adding the reactant during this defined lapse of time allows
to inject homogeneously the sulfite in the reactor and to consume the majority of the oxygen
present in the pond as nearly all the water is in contact with the sulfite. It is thus essential to
have conducted a tracer test previously to know precisely the circulation time in the pond and
thus be able to add the sulfite optimally.

During the test, the evolution of the DO concentration is recorded with probes at both sides
of the airlift. An example of the obtained graph is shown in Figure 10. The sulfite solution
is added at time t = 0 at the outlet of the airlift, just before the position of the probe. The
peaks at the beginning of the blue curve are due to the fact that the injection is done manually,
thus not continuously, for practical issues, but the global effect is that the concentration in DO
becomes null. This is indeed the case when the water reaches the inlet of the airlift after having
crossed the channel, as it can be seen on the red curve: the sulfite has consumed all the oxygen
initially present.

The beginning of the oxygen transfer is observed after a second lap and it can be seen that
the oxygen is transferred from the atmosphere to the water step by step. Each peak is due
to the passage of the water through the airlift, where the transfer is higher because of the
important mixing of the water and the direct air injection. The peaks are followed by nearly
horizontal stages corresponding to the flow of the water in the channel, where the transfer with
the atmosphere is less important because of the poorer mixing and the absence of direct air
injection.

An unexpected slight decrease of the DO concentration occurs after the first peak in Figure
10. This is certainly due to residual sulfite still present in the pond that had not reacted during
the first lap as no more oxygen was available at that time. The intensity of the peaks decreases
over time as the DO concentration approaches saturation, until the transfer becomes nearly
monotonic and CS is reached.

Figure 10: Evolution of the DO concentration at the inlet (red) and outlet (blue) of the airlift
during the small-scale oxygen transfer test of January 2020.

The test is conducted until the DO concentration becomes close to its saturation value and
the data recorded by both probes is used to calculate the values of the transfer coefficients of
oxygen, as explained below.
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3.2.2 Calculation of the transfer coefficients

To evaluate the mass transfer coefficient of oxygen between the liquid that flows inside
the pond and the atmosphere, a mass balance on this component is applied. A Lagrangian
description is used here, taking as control volume a fluid packet in the HRAP that is followed
over time. Assuming that no O2 is produced or consumed, the mass balance is

V
dC

dt
= kla V (CS − C (t)) (3.3)

where V is the volume of the water packet, C is the concentration of dissolved O2 in water, t
is the time and CS is the concentration of dissolved O2 at saturation that is measured with a
probe before the beginning of the test. The two terms of the mass balance can be divided by
the volume of the water packet as it is constant by definition.

To simplify the notations, the deficit D is used. It is defined as D (t) = CS − C (t), leading
to

− dD

dt
= kla D (t) (3.4)

This equation can be integrated such that

D (t) = D0 exp (−kla t) (3.5)

where D0 = CS − C0, C0 being the initial concentration in oxygen for the considered lapse of
time. This equation can also be written as

ln
(
D (t)

D0

)
= −kla t (3.6)

The test conducted in the HRAP allows to calculate the values of different kla. Three vol-
umetric transfer coefficients are defined. The transfer along the whole HRAP is described with
(kla)R. The coefficients related to the two parts of the reactor can also be evaluated: (kla)A
for the transfer in the airlift and (kla)channel for the transfer in the channel. Those coefficients
are evaluated in s−1.

Different methods exist to calculate the value of those coefficients. Those methods are
described more precisely in [1], only a brief review is presented here.

whole reactor - (kla)R

To evaluate the volumetric mass transfer coefficient of the entire pond, the assumption that
the basin is a perfectly mixed tank is done. The curve of ln (D (t) /D0) is drawn and, regarding
Equation (3.6), it can be seen that the slope of this curve is supposed to be equal to − (kla)R.

This equation is only valid from the moment when O2 is no longer consumed until the DO
saturation is reached. C0 is the concentration in DO at the beginning of this interval.

The data recorded by the probes during the test is used to draw the curve and a linear
regression in the range of validity of Equation (3.6) allows to find the value of (kla)R. The
range of validity of the equation starts when the oxygen consumption ends, so for the curve in
Figure 10 recorded at the inlet of the airlift, it starts at around 1 000 s.

An example of the calculation of (kla)R with this method is presented in Figure 11.
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Figure 11: Curve of ln (D (t) /D0) at the inlet of the airlift and linear regression in the relevant
interval for the small-scale O2 transfer test of January 2020: (kla)R = 1.6×10−3 s−1 (± 1.5×10−5

s−1) / conditions: water temperature = 16.2°C - VR = 408.9 L - water height = 7 cm - tc = 393
s - CS = 9.97 mg/L.

The value obtained for the slope of the linear regression is always accompanied by its
standard deviation, called sm, which is the square root of the variance of the slope s2m. The
standard deviation of the slope is defined as follows, with equations and notations from [78].

For an experimental curve composed of n points yi(xi), the linear regression is of the form
of

ŷ = m̂x+ b̂ (3.7)

The variance of the slope of the linear regression is defined as

s2m =
s2y,x
Sxx

(3.8)

where s2y,x is the variance of y(x) and is equal to

s2y,x =
1

(n− 2)

n∑
i=1

(yi − ŷi)2 (3.9)

and where Sxx is defined as

Sxx =
n∑
i=1

(xi − x̄)2 (3.10)

with the mean x̄ of the xi experimental values, calculated with

x̄ =

∑n
i=1 (xi)

n
(3.11)

All the values of the transfer coefficients calculated with linear regressions are given with
their 95% confidence interval. According to [78], this interval can be approximated by

[m̂− 2sm ; m̂+ 2sm] (3.12)

if n ≥ 6, which is the case for all the linear regressions built in this work. Each transfer
coefficient calculated with this method is given in the form "m̂ (± 2sm)" in this master thesis.
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The linear regression method is applied similarly with the data of several probes measuring
the O2 concentration at different positions in the pond and the value of (kla)R is the mean of
all the obtained coefficients, m̂mean.

In this case, the standard deviation of the mean value of k slopes, smmean , is calculated based
on [79] with the equation

smmean =

√√√√ k∑
i=1

(
s2mi

)
(3.13)

and the 95% confidence interval is

[m̂mean − 2smmean ; m̂mean + 2smmean ] (3.14)

airlift - (kla)A

To evaluate the volumetric transfer coefficient of the airlift, two probes are required, one at
the entrance and the other at the outlet of the airlift. The transfer coefficient of the airlift is
calculated by isolating kla in Equation (3.6):

(kla)A =
−ln

(
D(t+tA)
D0(t)

)
tA

(3.15)

where tA is the time for the water to cross the airlift, between the two probes. The value of
(kla)A is calculated continuously, between the end of the consumption of the oxygen by the
sulfite and the moment when the saturation in DO is reached, and it is the mean of all the
values obtained with (3.15) during this lapse of time that is taken as the actual value of (kla)A.

In (3.15),D0 (t) = CS−C0 (t) andD (t+ tA) = CS−C (t+ tA), where CS is the concentration
of dissolved O2 at saturation.

The studied transfer in the present case is the one occurring inside the airlift. To quantify
it, a Lagrangian description of the water is used and the DO concentrations at the two ends of
the airlift are compared: C0 (t) is the concentration in DO at time t recorded with the probe B
at the entrance of the airlift and C (t+ tA) is the concentration in DO at time (t+ tA) recorded
with the probe A at the exit of the airlift. The transfer of oxygen from the injected air to
the water inside the airlift can thus be quantified as it is the only source of DO concentration
increase in this section of the HRAP.

Another possibility to evaluate the mass transfer coefficient of the airlift is by modelling the
evolution of the deficit at the outlet of the airlift, based on the concentration recorded at its
inlet. Equation (3.16) is used:

D (t+ tA) = D0 exp ((−kla)A tA) (3.16)

where D is the deficit at the outlet of the airlift and D0 is the deficit at the inlet of the airlift.
The deficit at the outlet of the airlift is thus calculated with this equation, where tA is fixed
and (kla)A is adjusted to minimise the sum of the squared residuals.

An example of the use of this model is presented in Figure 12. The model is compared to
the actual deficit calculated with the data recorded by the probe at the outlet of the airlift. As
explained previously, this model is only valid when there is no oxygen consumption, so inside
the green frame, and the value of (kla)A is calculated to fit the curve in this interval only. The
validity interval starts when the O2 consumption ends at the inlet of the airlift as it is the data
with which the deficit at the outlet of the airlift is modelled. The validity interval starts thus
after around 1 000 s.
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Figure 12: Evolution of the deficit at the outlet of the airlift: recorded by a probe (blue) and
modelled on the basis of the data recorded at the inlet of the airlift (green) for the oxygen
transfer test of January 2020; the green frame represents the zone in which the value of (kla)A
is adjusted to model the deficit: (kla)A = 6.6 × 10−3 s−1 / conditions: water temperature =
16.2°C - VA = 70.9 L - water height = 7 cm - tA = 130 s.

Both methods are used to calculate the transfer coefficient. Using Equation (3.15) with the
data corresponding to Figure 12 gives a transfer coefficient of (kla)A = 6.2× 10−3 s−1, which is
close to the value obtained with the model of (kla)A = 6.6× 10−3 s−1.

channel - (kla)channel

The transfer in the channel is calculated considering the fact that the total mass transferred
along the whole reactor is the sum of the transfers in the channel and in the airlift. The value
of (kla)channel is thus calculated as follows:

(kla)R (CS − C0) VR = (kla)A (CS − C0) VA + (kla)channel (CS − C0) Vchannel (3.17)

(kla)channel =
(kla)R VR − (kla)A VA

Vchannel
(3.18)

where VR is the total volume of water in the HRAP, VA is the volume of water in the airlift and
Vchannel is the volume of water in the channel. Vchannel is thus equal to VR − VA.

It should be noted that the two methods detailed above used to calculate (kla)A can be
applied to estimate (kla)channel, and vice versa.
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3.3 CO2 transfer test

The test conducted to calculate the transfer coefficients of CO2 in the HRAP is based on
the same principle as for the oxygen transfer test. An important variation of the concentration
in CO2 dissolved in the pond is generated, then the evolution of the concentration is recorded
until the steady state is reached. The transfer coefficients are then calculated with the obtained
graphs.

Unfortunately, probes measuring the concentration of dissolved CO2 in water are designed
for larger concentration ranges than for that in the water used in HRAPs [10], so the concen-
tration cannot be followed continuously for the CO2. An alternative needs thus to be found to
draw the evolution of the concentration of CO2 in the water over time in order to calculate the
value of the transfer coefficient.

The methodology proposed in this work is to take several samples during the test and
to evaluate their concentration in dissolved CO2, enabling to draw a discrete curve of the
concentration in the HRAP over time, and then to calculate the transfer coefficient similarly
to the O2 transfer test. Only the transfer coefficient of the whole HRAP, (kla)R, is calculated
in the CO2 transfer tests, as explained afterwards.

3.3.1 Different forms of CO3 coordinates in water

A first important remark concerning the quantification of the CO2 transfer is that the CO3

coordinate can be present in different forms in water. The following equations describe the
acid-base pairs that are present:

CO2−
3 + H+ 
 HCO−

3 (3.19)

HCO−
3 + H+ 
 H2CO3 (3.20)

The most present form depends on the pH of the water, as presented in Figure 13.

Figure 13: Fraction of CO3 coordinates in water as a function of the pH at a temperature of
20°C and an electrical conductivity of 250 µs cm−1: dissolved CO2 (referred as H2CO∗

3 in this
work), bicarbonate ion (HCO−

3 ) and carbonate ion (CO2−
3 ) [80].
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In water, the gaseous carbon dioxide is partially hydrated into carbonic acid H2CO3, fol-
lowing the equilibrium

CO2 + H2O 
 H2CO3 (3.21)

The hydration reaction is fast and it is assumed that the equilibrium between the two forms
is reached. The distinction between the gaseous and hydrated forms is often overlooked and
the form H2CO∗

3 is used to describe the sum of the CO2 and the "actual" H2CO3 present in the
water [81]. This form will be used in the developments.

Biologically, algae can easily assimilate CO2 and bicarbonate but can hardly use carbonate
[22].

3.3.2 Methodology of the test

Unlike in the O2 transfer test, the concentration in CO2 dissolved in the water is increased
by the addition of an external product and it is its stripping that is studied during the test,
so the transfer from the water to the atmosphere. However, as the same equations apply to
the absorption and the stripping processes, the principle of the calculation of the CO2 transfer
coefficient is the same for the oxygen transfer test.

As explained in the previous section, the carbon dioxide is in the form of CO3 coordinates
when dissolved in water and it is the pH that defines which form is dominant.

To increase the concentration of CO3 coordinates in the water, sodium bicarbonate is added
into the HRAP to reach a concentration of around 2 g/L in NaHCO3, so a concentration of
around 17 mmol/L in CO3 coordinates. The sodium bicarbonate is first dissolved in water and
then added into the pond to avoid deposits at the bottom of the basin. The solution can be
added simultaneously at different positions of the pond, the purpose being that the bicarbonate
is equally distributed in the HRAP before the beginning of the test.

Once the CO3 concentration is homogeneous in the basin, the test can start. As the objective
is to measure the CO2 transfer to the atmosphere, the CO3 coordinates have to be in the form
of H2CO∗

3. The water being at a high pH, acid is added to decrease the pH and transform
quantitatively all the CO3 coordinates into H2CO∗

3. The acid used in the present work is HCl
and the amount added into the pond is such that all the bicarbonate will react to give carbonic
acid. A little more than the stoichiometric requirement is thus injected to make sure that all
the CO3 coordinates end up as H2CO∗

3. This stoichiometric amount is of around 0.62 g of HCl
per gram of NaHCO3 added into the pond.

The acid injection is similar to the sulfite injection of the oxygen transfer test: the liquid
HCl is added continuously at the outlet of the airlift during a lapse of time few seconds shorter
than the circulation time. Most of the CO3 present in the water is thus in contact with the
acid and passes in the form of H2CO∗

3.

The transfer of the CO2 to the atmosphere occurs then along the channel and in the airlift.
The evolution of the concentration is expected to be comparable to that of the oxygen in the
O2 transfer test, except that here it is stripping that occurs: the concentration in dissolved
CO2 decreases over time as it is removed from the liquid. There are peaks in the curve when
the liquid passes through the airlift and the transfer in the airlift is more important than along
the channel due to higher mixing, so more dissolved CO2 is removed from the water in that
part of the HRAP.

As explained previously, no performing probe is available to record continuously the concen-
tration in dissolved CO2 [10]. To draw the curve and calculate the transfer coefficients, samples
of around 25 mL are collected during the test in order to measure the CO2 concentration at
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different moments and draw a discrete curve. The samples are taken at the outlet of the airlift
at regular times. A sample is first collected before the bicarbonate injection to have a reference
value of the concentration in CO2 at equilibrium. The second sample is taken just before the
acid injection, then a sample is taken at the same position every lap, starting at the moment
of the acid injection. Again, the knowledge of the circulation time is essential to take samples
at relevant times. The samples of water should be such that no air is present in the flask to
avoid CO2 transfer between the liquid and the gas phase inside the flask.

To measure the concentration in CO2 in each sample, manipulations are carried out and
calculations lead to the desired value, as explained in the following sections. Those calculations
require the knowledge of the temperature, the conductivity and the pH of each sample. Probes
measuring those variables are thus placed at the sampling position during the test.

An example of the pH evolution during a test is presented in Figure 14. During this test, the
initial pH was around 8, then the addition of acid lowered it. The evolution recorded before the
first peak of the graph is supposed to be flat but some disturbances occurred due to the manual
acid injection that was not perfectly continuous. After the injection period, peaks occurred at
each lap of the water because the acid had been injected in a time few seconds shorter than
the circulation time, so part of the water had not been in contact with the acid. Those peaks
softened over time due to dispersion and transfer. It can be seen in Figure 14 that most of the
time, the water was at a low pH, meaning that the CO3 coordinates were in the form of H2CO∗

3

and that it was indeed the CO2 transfer between water and atmosphere that was observed.
The periodic sampling moments are also highlighted in Figure 14.

Figure 14: Evolution of the pH at the outlet of the airlift and sampling moments during the
small-scale CO2 transfer test B of January 2020.
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3.3.3 Analysis of the samples

To evaluate the CO2 concentration in the samples, a method developed by Hissel [9] is used.
This method is described in details in [9] and its application on the present case is proposed in
the next section.

Before developing the calculations that will lead to the CO2 concentrations in the samples,
some manipulations have to be carried out on each sample. The theory developed by Hissel [9]
is based on the calculation of the total CO3 coordinates concentration in the water, [CO3tot ]. If
this value is known, the amount of CO2 present in the water can be deduced using a distribution
function depending on the pH, the temperature and the ionic force of the water.

To measure the concentration in CO3tot , titrations are carried out on the samples with a
pH-probe to draw the pH-curve. The pH-curve of carbonates contains two equivalent points
at pH = 4.5 and pH = 8.3. An example of a pH-curve obtained with the titration of a sample
with NaOH is presented in Figure 15.

Figure 15: pH-curve of sample "B6" of 23.44 mL (conductivity of 9 400 µs/cm at 25°C)
collected during the small-scale CO2 transfer test B of January 2020, titrated at 25°C with a
NaOH solution of 11.26 mmol/L.

The titrant used depends on the pH of the sample. If the pH is higher than 8.3, an acid
solution is used as titrant, HCl for instance, and the pH-curve is drawn until around 3. In the
case of a sample with a pH lower than 4.5, it is a basic solution such as NaOH that allows to
draw the curve until a pH above 9, such that both equivalent points are passed through. When
the pH of the sample is between the two equivalent points, the type of titrant is chosen to cover
the largest pH-range possible between these two points.

To minimise the impact of experimental errors on the results, the amount of titrant that
is used in the calculations is the amount required to go from the first equivalent point to the
second one, if the pH curve passes through these two points [9]. In Figure 15 for instance,
the corresponding volume of titrant is equal to 23.9 − 19.8 = 4.1 mL. If the pH of the sample
is between the two equivalent points, i.e. between 4.5 and 8.3, the volume considered is the
volume that allows to reach the appropriate equivalent point starting with the pH of the sample.
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3.3.4 Calculation of the concentration in CO2

The data obtained with the titration serves to the evaluation of the concentration in CO2 in
the sample. The method developed by Hissel [9] is applied for the present case. One must pay
attention to the fact that in this theory, the temperatures are evaluated in °C unless explicitly
stated otherwise.

This method is based on the calculation of the concentration in CO3tot in the sample. Once
this value is known, the amount of CO2 present is deduced, regarding the pH and other variables.

The notations used for the calculations are the same as in [9].

[CO3tot] in the sample

The first step in the estimation of the CO2 concentration in the HRAP is the calculation
of the concentration in CO3tot in each sample. This estimation in based on the data obtained
during the titration, so the temperature at which the different variables are evaluated is the
temperature of the sample during the titration. Some adaptations will thus be required while
using the data, as explained later in the developments.

To calculate the amount of CO3tot present in the sample, the concept of Total Potential
Acidity (TPA) is used. The TPA, also named [H+

tot], is defined as the concentration of all the
coordinates that could release protons in solution, including H2O. In the case of pure water for
instance, the TPA is

[H+
tot] = [H+] + [H2O] (3.22)

as the H+ particles can either be in the form of free H+ particles or be linked to OH− groups
to form H2O.

To evaluate the amount of CO3tot present in the sample, two formulas are used, depending on
the type of titrant added. If the titration is conducted with an acid, the TPA varies because acid
is added into the solution. The added H+ particles are either engaged in the acidic molecules
present in the water, such as H2CO3, HCO−

3 or H2O, or stay as free H+. The amount of H+

added during the titration is equal to the variation of the TPA and this variation takes into
account the contributions of all the coordinates present in the water. The equation developed
in [9] that corresponds to the TPA variation between the initial and final pH of the titration is

[H+
added] = ∆ (1− f11) [OHtot] +∆f12 [CO3tot ] +∆

(
10−pH

γ1

)
(3.23)

If the sample is titrated with a base, the TPA is not impacted as no H+ is added into the
medium. However, the concentration in OH coordinates increases due to the addition of OH−

groups, and expressing the fact that the TPA remains constant while [OHtot] increases leads to
the equation

[OH−
added] =

∆ (f11) [OHtot] +∆f12 [CO3tot ] +∆
(

10−pH

γ1

)
−f11final

(3.24)

The obtainment of those two equations is described in details in [9].

For each sample, one of those two equations is used to evaluate [CO3tot ] after having cal-
culated all the other terms of the formula as explained below. In both equations, the concen-
trations are evaluated in mol/L, γi is the activity coefficient of the CO3 coordinate form i and
the variables f11 and f12 are functions of the pH, the activity coefficients and the equilibrium
constants of the equilibria between the different CO3 coordinate forms.
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It should be noted that the titration induces an increase of the volume of the solution in
the container in which the sample is titrated, so the concentration [CO3tot ] obtained with the
previous equations is the concentration in the total final volume of the titration, i.e. the sum
of the sample and titrant volumes. A correction will thus be required in the end to evaluate the
concentration in CO3tot in the sample itself, assuming that the added titrant does not contain
any CO3 coordinate.

As explained above, [H+
added] and [OH−

added] are respectively the concentrations in added H+

and in added OH−. They are equal to the amount of titrant added between the two equivalent
points of the pH-curve divided by the final total volume in the container in which the titration
is conducted, so the sum of the sample and the added titrant volumes. The titrant solutions
need thus to be calibrated to know exactly the amounts of H+ and OH− added to the sample.

[OHtot] is a rather unusual concept: it represents the concentration of water in water.
Knowing that the density of water is equal to 1 000 g/L at 4°C, [OHtot] equals

[OHtot (4°C)] =
density

molar mass
=

1 000 g/L
18.015 g/mol

= 55.51 mol/L (3.25)

However, the volume of water varies with the temperature. If the temperature is higher
than 4°C, the volume will increase and thus the concentration [OHtot] will decrease. In order
to take that effect into account, the variable g is used.

g is defined as the relative volume of water. A reference volume is chosen, corresponding to a
reference temperature tref, and the ratio between this volume and the volume at the temperature
of interest t is defined as

g (t) =
V (tref)

V (t)
(3.26)

The value of g is thus smaller than 1 if the operating temperature is higher than the reference
temperature.

There exist different relations that give the value of g at a given temperature, depending
on which reference temperature is chosen. A reference temperature close to the operating
temperature should be considered to use the most appropriate correlation of g (t). In the
present case, the reference temperature is chosen at 20°C as the manipulations are conducted
in conditions close to this temperature. The relative volume of water at 20°C compared to that
at 4°C is equal to 1.00177 [9], so

[OHtot (20°C)] =
[OHtot (4°C)]

1.00177
= 55.41 mol/L (3.27)

The correlation that gives g (t) with a reference temperature of 20°C is

g (t) =
1.0021387

0.000003882 t2 + 0.000055796 t+ 0.99947
, t in °C [10] (3.28)

It can be verified that 20°C is the reference temperature in (3.28) as g = 1 if t = 20°C.
The value of [OHtot] at the titration temperature is thus calculated as follows:

[OHtot (ttitration)] = 55.41 g (ttitration) (3.29)
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The next variables to evaluate in Equations (3.23) and (3.24) are the activity coefficients
γi. For the component i, the activity coefficient is found with the equation

log (γi) = −A z2i
√
J , if J ≤ 0.02 (3.30)

or

log (γi) =
−A z2i

√
J

1 +
√

2J
, if J > 0.02 (3.31)

In these equations, A is a function of the temperature t defined as

A =
1.826× 106

(ε (t+ 273.15))1.5
(3.32)

with the dielectric constant ε of the water

ε = 78.54
(
1− 0.0046 (t− 25) + 0.0000088 (t− 25)2

)
(3.33)

zi is the valence of the component i. γ1 corresponds to the ion HCO−
3 so z1 = −1 while γ2

is related to CO2−
3 so z2 = −2.

The last parameter required to calculate the activity coefficients is the ionic force J of the
water. It is defined in [9] as a function of the concentrations mi and valences zi of all the
components present in the water:

J =
1

2

∑
i

mi z
2
i (3.34)

However, it is complicated to use this definition practically, so a satisfactory approximation
based on empirical correlations is used instead to calculate the value of J at the reference
temperature of 20°C:

J (20°C) =
exp (10.243− 1.157 ln (ρ (20°C))) 0.0015 + 16.5

ρ(20°C)

2
[10] (3.35)

where ρ is the resistivity measured in ohm.cm, which is equal to the inverse of the conductivity,
in µs/cm. The conductivity is measured during the test. Depending on the probe, the conduc-
tivity can either be given at the temperature of the test or at a standard temperature. In both
cases, a correction needs to be applied to obtain the value of the resistivity at 20°C and use
Equation (3.35). For a probe giving the conductivity at tprobe, the correction is

ρ (20°C) =
ρ (tprobe)

g (tprobe)
(3.36)

as the reference temperature in the definition of g is 20°C.
The value of the ionic force at the titration temperature is then obtained with

J (ttitration) = J (20°C) g (ttitration) (3.37)

All the required data is now available to calculate the activity coefficients of the different
forms of carbonate in the water at the titration temperature.
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The last variables that are required in Equations (3.23) and (3.24) to evaluate the concen-
tration in CO3tot are f11 and f12. Those coefficients are distribution functions calculated for real
solutions. They depend on several parameters such as the pH of the sample, the conductivity
and the temperature. They are defined as follows:

f11 =
1

1 + K0

γ1 10−pH

(3.38)

f12 =
2 γ2 10−2pH + γ2

γ1
K1 10−pH

γ2 10−2pH + γ2
γ1
K1 10−pH +K1 K2

(3.39)

where K0 is the equilibrium constant of water dissociation and K1 and K2 are the equilibrium
constants of the CO3 coordinates forms:

K0 =
[H+] [OH−]

[H2O]
= 1.825× 10−16 at 25°C [9] (3.40)

K1 =
[H+] [HCO−

3 ]

[H2CO∗
3]

= 4.31× 10−7 at 25°C [9] (3.41)

K2 =
[H+] [CO2−

3 ]

[HCO−
3 ]

= 5.61× 10−11 at 25°C [9] (3.42)

It should be noted that the equilibrium constant of the water dissociation is often defined as
the product of K0 and [H2O] but it is not the case in [9]. The correlations used to calculate this
product need thus to be divided by [H2O], which is in fact the concentration [OHtot] defined
previously and calculated with Equation (3.29).

The values of the three equilibrium constants depend on the temperature T , in K here. They
are calculated with the following equations adjusted from their values at different temperatures:

ln (K0 [OHtot (T − 273.15)]) = 148.9802− 13847.26

T
− 23.6521 ln (T ) [10] (3.43)

ln (K1) = 290.9097− 14554.21

T
− 45, 0575 ln (T ) [10] (3.44)

ln (K2) = 207.6548− 11843.79

T
− 33, 6485 ln (T ) [10] (3.45)

All the terms of Equations (3.23) and (3.24) are now known and the concentration in CO3tot

in the container can be found. In the case of an acid titrant, it is equal to

[CO3tot ]container =
[H+

added]−∆ (1− f11) [OHtot]−∆
(

10−pH

γ1

)
∆f12

(3.46)

and for a titration with a base, it is

[CO3tot ]container =
−f11final [OH−

added]−∆ (f11) [OHtot]−∆
(

10−pH

γ1

)
∆f12

(3.47)

In those equations, the ∆ corresponds to the difference between the initial and final points
of the range of pH of interest and f11final is the value of f11 evaluated at the final pH. If the pH
of the sample, is smaller than 4.5 or greater than 8.3, the range of pH is between 4.5 and 8.3 as
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both equivalent points are passed through during the titration. The initial and final pH values
are thus 4.5 and 8.3 in this case, and vice versa, depending on whether the titration is carried
out with an acid or a base. In the case of a sample with an intermediate pH, the initial pH is the
pH of the sample and the final pH is the pH of the equivalent point reached during the titration.

The concentration in CO3tot in the sample is obtained with Equation (3.48), assuming that
the added titrant does not contain any CO3 coordinate. Vcontainer is the volume of liquid in the
container at the end of the titration and Vsample is the initial volume of water in the sample.

[CO3tot ]sample = [CO3tot ]container
Vcontainer
Vsample

(3.48)

[CO3tot] in the HRAP

The concentration in CO3tot in the samples being known, it is possible to calculate the
concentration in CO3tot in the HRAP with the variable g. Indeed, the temperature of the test
being different from the temperature during the titrations, the volumes of water are not similar
in the two situations.

The formula is obtained as follows:

[CO3tot (ttest)] =
n (CO3tot)

V (ttest)
(3.49)

[CO3tot (ttest)] =
n (CO3tot)

V (ttitration)

V (ttitration)

V (ttest)
(3.50)

[CO3tot (ttest)] =
n (CO3tot)

V (ttitration)

V (ttitration)

V (tref)

V (tref)

V (ttest)
(3.51)

[CO3tot (ttest)] =
n (CO3tot)

V (ttitration)

1

g (ttitration)
g (ttest) (3.52)

[CO3tot (ttest)] = [CO3tot (ttitration)]
g (ttest)

g (ttitration)
(3.53)

[CO2] in the HRAP

The concentration in CO2 in the HRAP can finally be calculated at every sampling moment.
As explained previously and shown in Figure 13, the ratio of H2CO∗

3 compared to the total
amount of carbonate depends on the pH. In [9], this ratio is named d32 and is defined as

[H2CO∗
3] = d32 [CO3tot ] (3.54)

The distribution function defining d32 provided in [9] is

d32 =
γ2 10−2pH

γ2 10−2pH + γ2
γ1
K1 10−pH +K1 K2

(3.55)

where all the variables are evaluated in the conditions of the test. The variables required to
calculate d32 are ε, A, J , γ1, γ2, K1 and K2. The temperature and conductivity recorded by
the probe at the corresponding sampling moment are used.

The pH recorded during the test might be different from the pH of the sample measured
before the titration because some carbon dioxide may leave as gas when the sample is opened
to be titrated or because the buffers used to calibrate the pH probe of the titrations might be
a little different from those used for the probe of the test for instance. The pH recorded by the
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probe is used in Equation (3.55) to consider the conditions of the test and thus decrease the
risk of error.

The equilibrium constant of the reaction (3.21) being of the order of 10−3 [82], it is assumed
that the concentration in dissolved CO2 is equal to the concentration in H2CO∗

3.
The method presented above is used to calculate the concentration in dissolved CO2 in the

HRAP at each sampling moment and the discrete curve of its evolution is drawn.
An example of the curves of [CO3tot ] and [CO2] in the HRAP over time is presented in

Figure 16. This graph can be analysed along with Figure 14 where the sampling moments are
highlighted.

Figure 16: Evolution of [CO3tot ] and [CO2] at the outlet of the airlift during the small-scale
CO2 transfer test B of January 2020 / conditions: water temperature = 16.3°C - VR = 408.9 L
- water height = 7 cm - tc = 393 s.

The first sample in the graph shown in Figure 16 is collected at time t = 0 s just before
the beginning of the acid injection. The concentration in CO3tot is high due to the sodium
bicarbonate added in the basin before the test, while the concentration in CO2 is close to zero
because of the high pH of the water. It can be seen in Figure 14 that the second sample still
has a high pH, close to 7, so the second point of the [CO2] curve is still small compared to the
concentration in CO3tot . Afterwards, the concentration in CO2 and CO3tot are nearly equal as
the pH of the samples is lower than 5 and both concentrations decrease over time due to the
transfer from the water to the atmosphere.

Unlike in the O2 transfer test, no peak is observed at each passage of the water through the
airlift. The actual evolution of the concentration in CO2 is expected to encounter those peaks
but the methodology followed to characterise it does not allow to see them. However, these
peaks could be easily detected by collecting more samples per lap, but more manipulations
would be required as all these samples would have to be titrated.

Another possibility for the quantification of the CO2 transfer in HRAPs would be to measure
the CO2 concentration in the headspace of the airlift, i.e. above the water level at the top of
the airlift. This would allow to use devices measuring the CO2 concentration in gas phase, or
even to work with gas chromatography, which may be an easier method to implement than the
one described in the present work.

A similar method is already followed for the oxygen transfer in gas injection systems: the
"off-gas" method. The difference between the oxygen concentrations in the injected gas and in
the gas leaving the water after having crossed it inside the airlift indicates how much oxygen is
transferred to the liquid phase [83, 84].

Adapting this method to the CO2 transfer would thus be a possibility for its quantification.
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3.3.5 Calculation of the transfer coefficient

The curve of the evolution of the CO2 concentration over time allows to calculate the trans-
fer coefficient of CO2 between the water and the atmosphere, with a method similar to that of
the oxygen transfer. However, only the transfer coefficient along the whole HRAP (kla)R can
be evaluated here as the curve is drawn at one point of the pond only. If the transfers along the
channel and inside the airlift need to be quantified too, samples at the entrance of the airlift
have to be taken too and the same analysis method can be followed to draw a second curve. In
this case, the samples at the outlet of the airlift should be collected at each lap, as described
previously, while those at the entrance of the airlift should be taken at each lap too, but shifted
in time by the time required to cross the channel in order to apply Equation (3.15) as for the
oxygen transfer.

Similarly to the calculation of (kla)R for the oxygen, a mass balance is applied on the
dissolved CO2 in the water of the whole basin. Assuming that no CO2 is produced or consumed,
the relations (3.3) to (3.6) are obtained and the curve ln (D (t) /D0) is drawn.

In this development, D (t) = CS−C (t) and D0 = CS−C0, where C (t) is the concentration
of dissolved CO2 in the water at time t, CS is the concentration of dissolved CO2 at equilib-
rium, so corresponding to the sample collected before the bicarbonate injection, and C0 is the
concentration of the first sample of the interval in which the linear regression is built.

The curve of ln (D (t) /D0) is drawn in the time interval in which the concentration in CO2

decreases and the slope of its linear regression gives the value of − (kla)R. An example of
this graph is presented in Figure 17 and the definition of this time interval is explained more
precisely in Section 4.4.2.

Figure 17: Curve of ln (D (t) /D0) at the outlet of the airlift and linear regression for the small-
scale CO2 transfer test B of January 2020: (kla)R = 1.2 × 10−3 s−1 (± 4.6 × 10−4 s−1) /
conditions: water temperature = 16.3°C - VR = 408.9 L - water height = 7 cm - tc = 393 s -
CS = 0.08 mmol/L.
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The method proposed for the evaluation of the volumetric transfer coefficient of CO2 in the
HRAP is less precise than for the O2 transfer because manipulations are required, leading to
possible errors in the results, and because the curve on which the calculation of kla is based is
discrete as only a finite number of samples are taken. Moreover, the time required to analyse the
samples can be consequent as the pH-curve of the titration needs to be drawn for each sample
collected. This method presents thus some drawbacks, but it allows to quantify the transfer
of CO2 to the atmosphere in a HRAP. The value of the volumetric mass transfer coefficient of
CO2 in this type of basin is not easily obtained due to the lack of appropriate probes [10] and
a method such as the one proposed in this work can help for the optimisation of the operating
conditions in HRAPs.
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4 Tests conducted on a small scale
The tests presented in the previous section were first conducted on a small scale, in order to

have reference values of the mass transfer coefficients and to optimise the manipulations before
carrying them on a large scale. Those tests were performed on two small-scale pilots situated
in the "Ferme du Faascht", Kessler SCRL, in Arlon, Belgium, which is a partner of an Interreg
project called Persephone.

Two batteries of small-scale tests were conducted in the scope of this work. The first session
took place on 4 and 5 September 2019 and the second on 29 and 30 January 2020. During each
session, the volume of water and its flow rate were kept constant for all the tests to compare
the results of the different types of tests.

As mentioned previously, the HRAPs operated with total recirculation and the water did
not contain algae in order to characterise the transfer in a base case and avoid production of
O2 and consumption of CO2.

4.1 HRAP characteristics

The three types of tests were conducted in two small-scale HRAPs. A picture of the smallest
basin, "basin 1", can be seen in Figure 8 and the largest basin, "basin 2", is shown in Figure
18. The first test session, in September 2019, was carried out in the smallest pond, basin 1, and
the second test session, in January 2020, was conducted in basin 2, as were the tests performed
in [1].

It should be noted that in other works conducted in the scope of the Renewable project
that involve these basins, the small basin is called "basin 3" and the large one is called "basin
1". However, in order to simplify the reading of this report, a chronological numbering is used
such that the first test session is performed in "basin 1" and the second in "basin 2".

Figure 18: Small-scale HRAP ("basin 2") used to perform the tests of January 2020.
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The two basins contain several rectangular walls that define the path followed by the water.
The water circulates inside the channel and is set into motion in the airlift, where diffusers add
air and push the water inside the channel.

The dimensions of the two basins are shown in Figures 40 and 41 in Appendix 8.2.1. The
volumes of water in the basins and in their respective channel and airlift are gathered in Table
1.

Table 1: Height and volumes of water in the two small-scale HRAPs used for the test sessions
of September 2019 and January 2020.

Height and volume September 2019 (basin 1) January 2020 (basin 2)
water height (cm) 9.8 7
VR (L) 267.1 408.9
VA (L) 22 70.9
Vchannel (L) 245.1 338

A picture of the airlift system of basin 1 is presented in Figure 19. A similar system is
used in basin 2. The water enters in the airlift, flows to the bottom and is pushed by the air
injected through the diffusers. The water leaves then the airlift and starts to circulate inside
the channel.

Figure 19: Airlift system used in basin 1 and direction of the water flow.

The last characteristic of the small-scale basins is the presence of curved wood sheets at the
edges of the rectangular walls. Those curves are placed to decrease the energy losses of the flow
and to copy more precisely the configuration of the tests conducted in [1] and of large-scale
HRAPs in general.

For the tests conducted in basin 1, cut plastic bottles have also been used to mimic the
shape of large-scale HRAPs. Both wood sheets and plastic bottles can be seen in Figure 20.
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Figure 20: Curved wood sheets and cut plastic bottles used in the small-scale basins to mimic
the shape of large-scale HRAPs [1].

4.2 Tracer tests

For each test session, the first type of test conducted is the tracer test. As explained in
the test presentation, tracer tests are essential for the evaluation of transfer coefficients as they
allow to determine the value of the circulation time tc.

The ideal situation would have been to have water velocities close to those in [1] in order
to compare the results. However, even if the ceramic diffusers available for the tests were those
used in [1], they had got partially clogged during the two years separating the tests. They
have thus been soaked in acid for cleaning and to improve their performances, but they never
reached their initial performances of [1]. The water velocities in the two test sessions conducted
in this work are thus smaller than that in [1].

4.2.1 Test of September 2019

The test session of September 2019 took place nearly two years after the work of [1]. During
the first test session, all the tests were performed in basin 1 with a height of water of 9.8 cm.

At the beginning of the tracer test, 201 g of NaCl were injected. The conductivity curve
obtained is presented in Figure 21. This curve was recorded at the outlet of the airlift. The
circulation time corresponding to the tests of September 2019 is of 227 s.

Figure 21: Evolution of the conductivity at 25°C at the outlet of the airlift during the small-scale
tracer test of September 2019: tc = 227 s.
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4.2.2 Test of January 2020

In January 2020, the largest HRAP was used, basin 2, with a height of water of 7 cm and
348 g of NaCl.

The curve recorded at the outlet of the airlift is presented in Figure 9 and the measured
circulation time is tc = 393 s.

4.3 O2 transfer tests

During each test session, an oxygen transfer test was carried out to compare the oxygen
transfer coefficients with those obtained in [1] and to try to verify Equation (2.2).

4.3.1 Test of September 2019

The oxygen transfer test was conducted during 45 minutes and 65 g of anhydrous sodium
sulfite were injected following the method described in Section 3.2. The curves of the con-
centration in dissolved oxygen recorded by the probes at the inlet and outlet of the airlift are
presented in Figure 22. Comparing these two curves allows to find the times spent by the water
to cross the airlift and the channel. Their values are respectively tA = 24 s and tchannel = 203
s, the circulation time in the whole pond being of 227 s.

Figure 22: Evolution of the DO concentration at the inlet (red) and outlet (blue) of the airlift
during the small-scale oxygen transfer test of September 2019.

First, the addition of sulfite occurs and the DO concentration decreases until it becomes
null.

After the sulfite injection phase, the curves present some unexpected behaviours. First
the oxygen transfer is only observed at the outlet of the airlift after around 1 000 s while the
circulation time is only of 227 s. This time shift is probably due to the fact that the quantity
of sulfite added into the pond exceeded largely the stoichiometric requirement for the total
consumption of the oxygen initially present in the water. Indeed, 65 g of Na2SO3 were added
while less than 20 g were theoretically required. The oxygen kept being consumed rapidly by
the sulfite during a long time and this consumption entirely compensated the transfer from the
atmosphere as the recorded DO concentration stayed null during this rather long time.
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When the oxygen transfer began to prevail over its consumption by sulfites, peaks were ob-
served at each passage through the airlift. The concentration in DO increased when the water
passed through the airlift due to the air injection, then the oxygen was partially consumed in
the channel as the reaction with the sulfite was competing with the transfer from the atmo-
sphere. These decreases indicated the presence of remaining sulfite even after 75% of the test’s
duration, proving that the amount of sulfite added into the pond was too high.

The different transfer coefficients of oxygen are calculated following the methodologies ex-
plained in Section 3.2.2.

First the transfer coefficient of the whole HRAP is calculated. The graph of the linear
regression whose slope is equal to −(kla)R is presented in Figure 23, for the data recorded by
the probe placed at the inlet of the airlift. As the equations used to find the value of (kla)R are
only valid when there is no O2 consumption, the interval in which the linear regression is made
starts at 1 800 s for the probe at the outlet of the airlift and 1 600 s for the probe at its inlet. It
is indeed considered that the oxygen consumption can be neglected after this moment seen the
curves shown in Figure 22: no more DO concentration decrease occurs after these moments,
depending on the position of the probe.

In Figure 23, the slope of the linear regression, equal to − (kla)R, is of −1.9 × 10−3 s−1.
As explained in Section 3.2.2, the slope of the linear regression is always given with its 95%
confidence interval. In this case, this interval is of ± 1.5 × 10−5 s−1 around the value of the
slope. This is referred as "(kla)R = 1.9× 10−3 s−1 (± 1.5× 10−5 s−1)" in the rest of this master
thesis.

Figure 23: Curve of ln (D (t) /D0) at the inlet of the airlift and linear regression in the relevant
interval for the small-scale O2 transfer test of September 2019: (kla)R = 1.9×10−3 s−1 (± 1.5×
10−5 s−1) / conditions: water temperature = 23.8°C - VR = 267.1 L - water height = 9.8 cm -
tc = 227 s - CS = 8.5 mg/L.

The linear regression based on the data recorded at the outlet of the airlift is shown in Figure
43 in Appendix 8.3. The obtained transfer coefficient is (kla)R = 2.3× 10−3 s−1 (± 1.3× 10−5

s−1). The mean of these two values is the oxygen transfer coefficient of the whole HRAP:
(kla)R = 2.1× 10−3 s−1 (± 2× 10−5 s−1).

The model of the deficit at the outlet of the airlift that is fitted to compute the value of
(kla)A is compared to the actual deficit recorded by the probe in Figure 24. Again, the validity
interval starts at the end of the oxygen consumption at the inlet of the airlift, at 1 800 s, and
the value of (kla)A is fitted only in this interval.
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The value of (kla)A is also computed with the first method described in Section 3.2.2 and
a transfer coefficient of (kla)A = 2.65 × 10−2 s−1 is obtained. The mean of the two obtained
values is taken as the actual value: (kla)A = 2.5× 10−2 s−1.

Figure 24: Evolution of the deficit at the outlet of the airlift: recorded by a probe (blue)
and modelled on the basis of the data recorded at the inlet of the airlift (green) for the oxygen
transfer test of September 2019; the green frame represents the zone in which the value of (kla)A
is adjusted to model the deficit: (kla)A = 2.36 × 10−2 s−1 / conditions: water temperature =
23.8°C - VA = 22 L - water height = 9.8 cm - tA = 24 s.

The value of (kla)channel is calculated with Equation (3.18) and the values of the three oxygen
transfer coefficients of the test conducted in September 2019 are gathered in Table 2.

Table 2: Volumetric mass transfer coefficients of oxygen for the small-scale test of September
2019 in basin 1 / conditions: water temperature = 23.8°C - water height = 9.8 cm.

Part of the HRAP Volume (L) Circulation time (s) kla (s−1) Uncertainty (s−1)
whole pond 267.1 227 2.1× 10−3 ± 2× 10−5

airlift 22 24 25× 10−3 /
channel 245.1 203 0.04× 10−3 /

4.3.2 Test of January 2020

During the oxygen transfer test of January 2020, 45 g of sulfite were added into basin 2 and
the test was conducted during 40 minutes. The graphs related to this test are shown in Section
3.2 and in Appendix 8.3. The transfer coefficients are calculated similarly to those of the first
oxygen transfer test.

The different times of this test are tc = 393 s, tA = 130 s and tchannel = 263 s. The values of
the transfer coefficients are presented in Table 3.
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Table 3: Volumetric mass transfer coefficients of oxygen for the small-scale test of January 2020
in basin 2 / conditions: water temperature = 16.2°C - water height = 7 cm.

Part of the HRAP Volume (L) Circulation time (s) kla (s−1) Uncertainty (s−1)
whole pond 408.9 393 1.7× 10−3 ± 1.9× 10−5

airlift 70.9 130 6.4× 10−3 /
channel 338 263 0.8× 10−3 /

The problem of the too high sulfite concentration during the oxygen transfer test of Septem-
ber 2019 was not encountered in the test of January 2020. Moreover, this test was conducted
with the experience of the previous test session. The results of the oxygen transfer test of
January 2020 are thus more reliable.

4.4 CO2 transfer tests

During each test session, two CO2 transfer tests have been conducted in similar conditions.
Each time, around nine samples have been collected per test and titrated to draw the curve of
the evolution of the dissolved CO2 concentration over time.

Among these samples, one was taken before the beginning of the test and is thus not present
in the curves of the concentrations over time. This sample was taken before the sulfite addition,
for two reasons.

First it gives a value of the concentration in dissolved CO2 at saturation, which is required
for the calculation of the transfer coefficient as explained previously.

The second interest of this sample is that it allows to assess the validity of the calculations
leading to the concentration in CO3 coordinates in the basin. Indeed, the difference between the
concentration in CO3 coordinates before and after the bicarbonate injection should correspond
to the amount of sodium bicarbonate added into the pond: the theoretical concentration based
on the amount of NaHCO3 injected should be close to the concentration difference measured
with the methodology. This concentration difference is calculated with the sample collected
before the sodium bicarbonate injection and the sample collected at the beginning of the test,
just before the acid injection.

For each test session, the first test performed is called test A and the second one is test
B. As explained in the test presentation, only the transfer coefficients of the whole HRAP are
evaluated for the CO2 transfer tests.

4.4.1 Tests of September 2019

Similarly to the oxygen transfer tests, the CO2 transfer tests carried out in September 2019
are less reliable than those of January 2020. Indeed, this type of test had never been performed
before so the experimental procedures did not rely on any experience and had to be upgraded.
The results of the CO2 transfer tests of September 2019 are therefore only presented in Ap-
pendix 8.4 and more details are provided for the tests of January 2020.

As for the other tests conducted in September 2019 in basin 1, the height of water was set
at 9.8 cm. For the first test, 502 g of sodium bicarbonate and 700 mL of liquid HCl 23% in
mass were used while the amounts of reactant for the second test were 505 g of sulfite and 1
200 mL of acid. The amount of acid added was adapted from test A to test B seen the results
of the first test and its too high water pH that made the results unusable, as explained below.
A more important amount of acid was used for test B, which gave better results.
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The first test was conducted during 30 minutes and the second one during 45 minutes.

The calculation method for the evaluation of the CO2 concentration in the HRAP was
followed and the values of all the variables for each sample are gathered in Tables 9 for test A
and 10 for test B, in Appendix 8.4.

Some comments can be made concerning these results. First, the data collected during
test A cannot be used to evaluate the transfer coefficient because the amount of acid added
into the pond was not sufficient. The samples had a too high pH so the CO3 coordinates
were not in the form of H2CO∗

3, which prevented the quantification of the CO2 transfer. This
fact can be observed in Figure 46 where it is shown that the pH of the samples is between 6
and 7. The evolution of the CO2 concentration is presented in Figure 47 and it is clear that
the concentration stays nearly null during the whole test, preventing the calculation of the
corresponding kla.

The second test gave better results as a larger amount of acid was added into the pond so
the CO3 coordinates were in the form of H2CO∗

3. However, an increase of the concentration in
dissolved CO2 occurred between 1 125 and 1 350 s after the beginning of the test, so the linear
regression was only evaluated in the time interval before 1 125 s. More details are provided for
the choice of this time interval in the calculation of the coefficient of test B of January 2020 in
the following section. The volumetric mass transfer coefficient of CO2 for test B of September
2019 equals (kla)R = 1.3× 10−3 s−1 (± 2.1× 10−4 s−1).

4.4.2 Tests of January 2020

The two CO2 transfer tests conducted in January 2020 gave more reliable results because
the samples were collected at low pH, so the CO3 coordinates were mostly in the form of H2CO∗

3.
The results and graphs of test A are detailed in this section. The graphs of test B are pre-

sented in Section 3.3 and the calculation table is in Appendix 8.4. In the calculation tables, the
sample called "-1" are the samples taken before the bicarbonate injection. The other samples
are named chronologically, starting with the sample "0" collected at the beginning of the test,
just before the acid injection.

As all the tests conducted in January 2020, the water height in basin 2 was of 7 cm and
the circulation time of 393 s. The amounts of reactants used were 808 g of sodium bicarbonate
and 2 400 ml of HCl 23% in mass for test A and 802 g of sulfite and 1 850 ml of HCl 23% in
mass for test B.

Both tests were conducted during 40 minutes.

The calculation method described in this report was followed for both tests and the values
of all the variables calculated to measure the CO2 concentration in the basin are presented in
Table 4 for test A and in Table 11 in Appendix 8.4 for test B.

52



Table 4: Values of the different variables used for the determination of the CO2 concentration
in the HRAP for the small-scale test A of January 2020.

sample A-1 A0 A1 A2 A3
sampling time (s) / 0 390 780 1 170
ttest (°C) 17.1 17.1 17.3 17.3 17.3
ttitration (°C) 25 25 25 25 25
Vsample (mL) 24 23.35 23.28 23.72 23.46
titrant used HCl HCl NaOH NaOH NaOH
nH+/nOH− added (mmol) 0.17 0.66 0.17 0.11 0.08
Vcontainer (mL) 25.78 88.48 53.01 32.02 48.09
[H+

added]/[OH−
added] (mmol/L) 6.55 7.47 3.25 3.45 1.75

conductivity (25°C) (µs/cm) 3 000 4 290 8 360 8 250 8 740
pH (before the titration) 8.26 7.98 2.08 2.13 2.08
Titration conditions
g(ttitration) 0.9989 0.9989 0.9989 0.9989 0.9989
[OHtot(ttitration)] (mol/L) 55.35 55.35 55.35 55.35 55.35
ε(ttitration) 78.54 78.54 78.54 78.54 78.54
A(ttitration) 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 333.7 233.4 119.8 121.4 114.5
J(20°C) (mmol/L) 50.07 73.7 151.87 149.7 159.38
J(ttitration) (mmol/L) 50.01 73.61 151.69 149.53 159.19
γ1(ttitration) 0.819 0.794 0.745 0.746 0.741
γ2(ttitration) 0.45 0.398 0.308 0.309 0.302
K0(ttitration) (× 1016) 1.829 1.829 1.829 1.829 1.829
K1(ttitration) (× 107) 4.452 4.452 4.452 4.452 4.452
K2(ttitration) (× 1011) 4.68 4.68 4.68 4.68 4.68
pH initial 8.3 8.1 4.5 4.5 4.5
f11 initial 1 1 1 1 1
f12 initial 0.992 1.002 1.981 1.981 1.981
pH final 4.5 4.5 8.3 8.3 8.3
f11 final 1 1 1 1 1
f12 final 1.983 1.983 0.986 0.986 0.986
[CO3tot ]container (mmol/L) 6.57 7.58 3.22 3.42 1.71
[CO3tot ]sample (mmol/L) 7.06 28.74 7.33 4.62 3.51
Test conditions
g(ttest) 1.0006 1.0006 1.0005 1.0005 1.0005
[CO3tot(ttest)] (mmol/L) 7.07 28.79 7.34 4.63 3.52
ε(ttest) 81.44 81.44 81.36 81.36 81.36
A(ttest) 0.5 0.5 0.5 0.5 0.5
J(ttest) (mmol/L) 50.1 73.74 151.95 149.78 159.46
γ1(ttest) 0.821 0.797 0.748 0.749 0.744
γ2(ttest) 0.455 0.403 0.312 0.314 0.307
K1(ttest) (× 107) 3.954 3.954 3.967 3.967 3.967
K2(ttest) (× 1011) 3.919 3.919 3.938 3.938 3.938
pH (during the test) 8.26 8.64 1.87 1.97 1.9
d32 0.01115 0.00446 0.99996 0.99995 0.99996
[CO2(ttest)] (mmol/L) 0.08 0.13 7.34 4.63 3.52
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sample A4 A5 A6
sampling time (s) 1 560 1 950 2 340
ttest (°C) 17.4 17.4 17.5
ttitration (°C) 25 25 25
Vsample (mL) 23.77 24.03 24.2
titrant used NaOH NaOH NaOH
nH+/nOH− added (mmol) 0.05 0.05 0.03
Vcontainer (mL) 32.07 48.95 32.5
[H+

added]/[OH−
added] (mmol/L) 1.64 0.95 0.81

conductivity (25°C) (µs/cm) 9 590 9 480 9 140
pH (before the titration) 2.05 2.08 2.1
Titration conditions
g(ttitration) 0.9989 0.9989 0.9989
[OHtot(ttitration)] (mol/L) 55.35 55.35 55.35
ε(ttitration) 78.54 78.54 78.54
A(ttitration) 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 104.4 105.6 109.5
J(20°C) (mmol/L) 176.28 174.09 167.32
J(ttitration) (mmol/L) 176.08 173.89 167.12
γ1(ttitration) 0.734 0.735 0.738
γ2(ttitration) 0.291 0.292 0.296
K0(ttitration) (× 1016) 1.829 1.829 1.829
K1(ttitration) (× 107) 4.452 4.452 4.452
K2(ttitration) (× 1011) 4.68 4.68 4.68
pH initial 4.5 4.5 4.5
f11 initial 1 1 1
f12 initial 1.981 1.981 1.981
pH final 8.3 8.3 8.3
f11 final 1 1 1
f12 final 0.985 0.985 0.986
[CO3tot ]container (mmol/L) 1.61 0.91 0.77
[CO3tot ]sample (mmol/L) 2.17 1.85 1.03
Test conditions
g(ttest) 1.0005 1.0005 1.0005
[CO3tot(ttest)] (mmol/L) 2.17 1.85 1.03
ε(ttest) 81.33 81.33 81.29
A(ttest) 0.5 0.5 0.5
J(ttest) (mmol/L) 176.38 174.18 167.4
γ1(ttest) 0.737 0.738 0.741
γ2(ttest) 0.295 0.297 0.301
K1(ttest) (× 107) 3.974 3.974 3.981
K2(ttest) (× 1011) 3.948 3.948 3.957
pH (during the test) 1.79 1.82 1.82
d32 0.99997 0.99996 0.99996
[CO2(ttest)] (mmol/L) 2.17 1.85 1.03

cheat
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The evolution of the pH of the water during test A is shown in Figure 25. The acid injection
was a bit too long and nearly covered a whole loop. There was thus no pH peak and all the
samples collected after the acid injection were at low pH and titrated with a base.

Figure 25: Evolution of the pH at the outlet of the airlift and sampling moments during the
small-scale CO2 transfer test A of January 2020.

The graph of the concentrations in CO3tot and in CO2 in the basin over time is presented
in Figure 26. It can be seen in this graph that the concentration in CO2 is very close to that
in CO3tot for all the samples after the acid injection. This is due to the fact that the pH of the
water at the sampling moments was low, as shown in Figure 25, so the distribution function of
H2CO∗

3 was close to 1 for every sample.

Figure 26: Evolution of [CO3tot ] and [CO2] at the outlet of the airlift during the small-scale
CO2 transfer test A of January 2020 / conditions: water temperature = 17.1°C - VR = 408.9 L
- water height = 7 cm - tc = 393 s.

Between the beginning of the test and the first sampling moment, an important decrease of
the concentration in CO3tot is observed. This drop is not observed on the CO2 curve because
of the time lapse between the first and second sampling moment. The fact that this important
drop of concentration is not observed on the CO2 curve will skew the value of the transfer
coefficient because the most important part of the transfer will not be taken into account
in its calculation. It is therefore expected that the coefficient obtained for this test may be
underestimated: the time interval in which the calculations are performed, starting at the
beginning of the decrease of the CO2 concentration so after 390 s, only considers the smooth
decrease of the CO2 concentration.
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The volumetric mass transfer coefficient of CO2 corresponding to basin 2 is calculated as
explained previously. The graph of ln(D (t) /D0) is drawn and the slope of its linear regression
gives −(kla)R. The corresponding graph is presented in Figure 27 and the value of the transfer
coefficient is (kla)R = 1× 10−3 s−1 (± 1.2× 10−4 s−1).

Figure 27: Curve of ln (D (t) /D0) at the outlet of the airlift and linear regression for the small-
scale CO2 transfer testA of January 2020: (kla)R = 1×10−3 s−1 (± 1.2×10−4 s−1) / conditions:
water temperature = 17.1°C - VR = 408.9 L - water height = 7 cm - tc = 393 s - CS = 0.8
mmol/L.

The results of test B are analysed in Section 3.3 and the obtained value of (kla)R is 1.2×10−3

s−1 (± 4.6× 10−4 s−1).
A comment can be made about the curve ln(D (t) /D0) used for the calculation of (kla)R

of test B and shown in Figure 17. The linear regression is only evaluated starting from 780 s,
which corresponds to the second sample taken after the acid injection. This was not the case
for test A for which the linear regression started after 390 s.

To understand why the linear regression is only defined from 780 s onwards in test B, the
graph in Figure 16 in Section 3.3 needs to be regarded. It can be seen in this graph that between
the beginning of the test and the second sample, the CO2 concentration increased. This is due
to the fact that the pH of the sample collected at 390 s was higher than that at 780 s, such
that the concentration in CO2 was smaller at 390 s even if the concentration in CO3tot was
higher. The increase of the CO2 concentration prevents the use of the mass balance Equation
(3.3) from which Equation (3.6) is derived. Indeed, in regard to CO2, this increase appears as
a production of CO2 and thus the mass balance written in Equation (3.3) cannot be used.

4.5 Summary of the small-scale tests

The results of all the tests are gathered in Table 5 and compared to those given in [1].
Several comments can be done concerning these results. First it can be seen that the con-

ditions in which the test sessions have been conducted are not quite the same. Indeed, the
height of the water, the fluid velocities and the proportionality between the airlift and channel
volumes are different between the tests conducted in basin 1 and basin 2.

A second comment is that the same trend is observed in all the oxygen transfer tests: the
transfer in the airlift is more important than that in the channel, while the transfer of the
whole reactor is obviously in between. However, the difference between the transfer coefficients
of the airlift and the channel was much more pronounced in the tests of [1] than in those of
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Table 5: Summary of the conditions and results of the small-scale tests.

September 2019 (basin 1) January 2020 (basin 2) Results in [1] (basin 2)
Conditions
temperature (°C) 23.6 - 23.8 16.2 - 17.1 22
water height (cm) 9.8 7 7
VR (L) 267.1 408.9 417
VA (L) 22 70.9 no data in [1]
Vchannel (L) 245.1 338 no data in [1]
Tracer test
tc (s) 227 393 273
O2 transfer
tA (s) 24 130 no data in [1]
tchannel (s) 203 263 no data in [1]
(kla)R (s−1) 2.1× 10−3 1.7× 10−3 3.2× 10−3

± 2× 10−5 ± 1.9× 10−5

(kla)A (s−1) 25× 10−3 6.4× 10−3 175.5× 10−3

(kla)channel (s−1) 0.04× 10−3 0.8× 10−3 0.5× 10−3

CO2 transfer
(kla)R (s−1) test A / 1× 10−3 /

± 1.2× 10−4

(kla)R (s−1) test B 1.3× 10−3 1.2× 10−3 /
± 2.1× 10−4 ± 4.6× 10−4

this work. This is certainly due to the reduction in the performance of the diffusers caused by
their ageing, as explained previously.

The oxygen transfer tests conducted in basin 2, so the test of January 2020 and those
presented in [1], give transfer coefficients of the same order of magnitude for the whole pond.
The transfer coefficient was higher in [1], but again, this is surely due to the diffusers ageing
between the two test sessions.

More oxygen transfer tests are performed in [1], with varying operating parameters such as
the water height or the air injection flow rate. The results obtained could serve as a basis for
further studies and for up-scaling calculations, as explained in Section 7.

The last observation about Table 5, concerning the CO2 transfer coefficients of the whole
reactor, is that the three tests give rather similar results and that the transfer coefficients
are close to those of the oxygen transfer. The method developed in this work seems thus to
be coherent, knowing that the transfer coefficients of oxygen and carbon dioxide in water are
supposed to be close to each other. A more detailed analysis of the relation between the transfer
coefficients of O2 and CO2 is presented in Section 6.
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5 Tests conducted on a large scale
The large-scale test session took place between 15 and 22 June 2020. The large-scale tests

were supposed to be conducted in a HRAP in the Ninh Thuan province in Vietnam, as in [1].
This pond was built in the scope of the Renewable project and serves as a pilot for the design
of HRAPs dedicated to the wastewater treatment of shrimp culture in Vietnam.

However, due to the international situation in the first half of the year 2020 by the Covid-
19 pandemic, the test session planned in Vietnam could not take place and the tests were
conducted in a basin located in Arlon, Belgium. The conditions in which the tests have been
conducted were thus not optimal as the basin used was not supposed to be a HRAP and was
rather different from the models in which the small-scale tests had been carried out.

The large-scale test session conducted in Arlon needs thus to be seen as a replacement
option that allows to see if it is feasible to use the developed method on a large scale and to
have results that can be compared to those obtained on a small scale to see if the trends are
similar.

5.1 Airlift with external circulation reactor characteristics

The basin used will be defined as a "HRAP" in this master thesis as it contains an airlift
and a channel, but it is important to bear in mind that it was not built for this application.
This basin was built in the 1990’s and has been used to develop a pattern on the airlift system
for oxygenation in water systems.

There are thus several differences between this basin and the HRAP built in Vietnam: the
channel length is very smaller in Arlon, the airlift size is higher in Arlon and, more importantly,
the depth of the water in the channel is of around 1.5 m in Arlon, versus 30 cm in Vietnam. The
depth is higher in Arlon because the basin was not dedicated to algae culture but to aerated
lagoon, so there was no constraints due to the light intensity as there are in HRAPs. It is thus
expected that the transfer between the atmosphere and the water in the channel will be less
important as the surface of contact is proportionally smaller compared to the volume.

The conditions of the large-scale tests are thus very different from usual HRAPs. These
differences are therefore also present between the basins used to perform the small-scale and
large-scale test sessions as the former are models of the HRAP situated in Vietnam. The
comparison of the results of the small and large-scale test sessions needs thus to be done while
remembering these differences.

Moreover, the airlift system creates recirculation zones at both its inlet and outlet and the
probes only measure local variables. There might thus be differences between the data recorded
by the probe and the global concentration of a section of the basin as the concentration gradi-
ents are unknown along the water depth.

Pictures of the basin used for the large scale tests are presented in Figure 28.
The dimensions of the basin are presented in Figure 42 in Appendix 8.2.2. The depth of

water was of around 1.5 m and was kept constant for all the tests. The volumes of the different
parts of the basin are gathered in Table 6.
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(a) Outlet of the airlift and beginning of the chan-
nel. (b) Inlet of the airlift and end of the channel.

Figure 28: Large-scale pond used to perform the tests of June 2020.

Table 6: Height and volumes of water in the large-scale basin used for the test session of June
2020.

Height and volume June 2020
water height (cm) 150
VR (L) 78 400
VA (L) 24 400
Vchannel (L) 54 000

5.2 Tracer test

As in every test session, the first test conducted is a tracer test. This test took place on 15
June 2020.

Around 25 kg of salt were dissolved in water and added at the outlet of the airlift as
quickly as possible. However, the tracer injection was not ideal as the saline solution had been
distributed in about twenty buckets that were poured in the basin five by five during around
ten seconds.

A probe was placed at the inlet of the airlift and another at its outlet, just after the injection
point. Both probes were immersed approximately 10 cm below the water surface. The graphs
obtained are presented in Figures 29 and 30. It should be noted that the beginning of the
time axes does not represent the actual start of the test, but this fact does not disturb the
interpretation as it is the time lapses between two consecutive peaks that is measured to find
the circulation time.

The evolution of the conductivity recorded on these two graphs is different from those of
the small-scale tests. The peaks are steeper and closer to each other. Moreover, as explained
previously, the probes measure local properties so it is difficult to describe the global motion
of the saline solution. Potential recirculation zones cannot be seen while looking at these two
curves for instance. The interpretation of these graphs is thus complex and a precise value of
the circulation time cannot be deduced.

However, the tracer test gives an idea of the circulation time as the mean time gap between
the peaks of both Figures 29 and 30 is of around 20 s.

This value seems to be small regarding the geometry of the basin, is based on data recorded
close to the surface of the water only and is not very precise. However, as explained previously,
this test session had not for objective to provide perfectly accurate results and was mainly
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Figure 29: Evolution of the conductivity at 25°C at the outlet of the airlift during the large-scale
tracer test of June 2020: tc ' 20 s.

Figure 30: Evolution of the conductivity at 25°C at the inlet of the airlift during the large-scale
tracer test of June 2020: tc ' 20 s.

conducted to see if the method developed in this work is feasible on a large scale. The results of
the tracer test were thus sufficient for this application as they gave an idea of the time required
for one lap. The injections and sampling moments of the transfer tests were therefore based on
a circulation time of 20 s.
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5.3 O2 transfer test

The oxygen transfer test took place on 19 June 2020. 12.5 kg of solid sodium sulfite in
powder form were added at the outlet of the airlift in 20 s. The temperature of the water was
of 15.4°C and the evolution of the concentration in dissolved oxygen was recorded with two
probes immersed around 50 cm below the surface at each side of the airlift.

Unlike in the small-scale tests, only the volumetric mass transfer coefficient along the whole
pond was measured in this test. Indeed, the curves recorded during the tracer test showed
that it was difficult to measure precisely the circulation time, so the time lapses required to
cross the channel and the airlift could not be precisely known, preventing the calculation of
the corresponding transfer coefficients. Moreover, the potential concentration gradient along
on the depth and the recirculation zones present in the pond increase the difference between
the local measurements of the probes and the global phenomena occurring in the whole basin.

The evolution of the DO concentration over time recorded with the two probes is presented
in Figure 31.

Figure 31: Evolution of the DO concentration at the inlet (red) and outlet (blue) of the airlift
during the large-scale oxygen transfer test of June 2020.

This graph shows that the evolution of the DO concentration was smooth and that no peak
was observed. The plug-flow with recirculation aspect of the basin is strongly attenuated and
the basin can be seen as a globally perfectly mixed tank.

It may be mentioned that the small lack of continuity at around 4 000 s in the curve recorded
at the inlet of the airlift is due to the fact that the test lasted longer than expected so the probe
had to be reset.

The transfer coefficient of the whole pond is calculated with the method detailed in Sec-
tion 3.2.2, based on the data recorded with the two probes used during the test. The linear
regressions of the curves of ln (D (t) /D0) that give the transfer coefficient are given in Figure
32 for the data recorded at the inlet of the airlift and in Figure 45 in Appendix 8.3 for the data
recorded at the outlet of the airlift.

The time intervals in which the regressions are built start when the DO concentration begins
to increase, depending on the probe. It is assumed that no more oxygen consumption occurred
after these moments, even if it is possible that some remaining sulfite consumed dissolved
oxygen afterwards but that the curves kept increasing due to the transfer from the atmosphere.
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However, the shapes of the curves are those of perfectly mixed tanks and cobalt catalyst was
present in the pond, so this assumption does not seem unrealistic.

Figure 32: Curve of ln (D (t) /D0) at the inlet of the airlift and linear regression in the relevant
interval for the large-scale O2 transfer test of June 2020: (kla)R = 4.2× 10−4 s−1 (± 2.8× 10−6

s−1) / conditions: 15.4°C - VR = 78 400 L - water height = 150 cm - CS = 10.2 mg/L.

The values obtained with the two probes are close to each other and their mean gives
the actual value of the volumetric mass transfer coefficient of oxygen for this test: (kla)R =
4.3× 10−4 s−1 (± 3× 10−6 s−1).

This value is very close to that measured during other tests conducted in this basin in
similar conditions: 3.4 × 10−4 s−1 [10]. It proves that the results of the oxygen transfer test
carried out in June 2020 seem reliable.

5.4 CO2 transfer tests

Two CO2 transfer tests were conducted, both on 22 June 2020. The methodology followed
for these two tests was slightly different from the one presented before and used on a small
scale. Indeed, seen the large amounts of acid required for the tests, the order of the components
injections was reversed. On a small scale, the sodium bicarbonate was added into the pond,
then the acid was injected during a time nearly equal to the circulation time. This order choice
was based on previous experiments conducted in the small-scale basins [10] during which the
fast acid injection was possible seen the small volumes handled.

Such an injection was unfeasible in the conditions of the large-scale tests. Indeed around
250 L of liquid HCl 30% in mass should have been added in less than 20 seconds. For obvious
safety reasons, it has been decided that the acid would first be carefully and slowly added into
the pond and that, once it is well homogenised, the sodium bicarbonate would be added in a
short amount of time.

It should be mentioned that the change of the order of injection induces that the sample
collected at t = 0 gives the value of CS in the calculation of the curve ln (D (t) /D0). This sample
being collected before the bicarbonate injection, it represents the concentration in dissolved
CO2 at equilibrium. It is for this reason that there is no sample "B-1" in Tables 12 and 13 in
Appendix 8.5.
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5.4.1 Large-scale CO2 transfer test A

The first CO2 transfer test was conducted with water at 16.1°C. The first step of this test
consisted in the acid injection. 220 L of liquid HCl 30% in mass were added into the pond and
a pH of less than 1.5 was reached.

Once the acid was well homogenised in the water, a solution of dissolved sodium bicarbonate
was injected in 20 s, i.e. the circulation time measured with the tracer test. 125 kg of solid
sodium bicarbonate were supposed to be injected in the basin to reach a concentration close to
13 mmol/L. The powder was first dissolved in a tank with water but an important part of it
remained solid. The saturated water was thus split into several buckets and acid was added into
the tank in order to dissolve a maximum of the residual solid. The tap of the tank was opened
during the injection period while the buckets were poured into the water, but unfortunately,
an important part of the sodium bicarbonate remained in the tank at the end of the injection
period. Only a part of the initial 125 kg of sodium bicarbonate was thus actually added into
the pond and the concentrations in CO3 coordinates were smaller than planned.

The pH was recorded during the whole test and its evolution is presented in Figure 51
in Appendix 8.5. It can be seen in this graph that, except at the injection moment, the pH
remained nearly constant at around 2.1 during the whole test due to an excess of acid as the
expected amount of bicarbonate had not been added into the pond.

Samples were collected every 20 s after the beginning of the injection, which corresponds to
t = 0, during 5 minutes, then one sample was taken every 5 minutes for one hour. Most of these
samples were titrated and the methodology developed in this work was applied to calculate the
corresponding CO2 concentrations in order to compute the CO2 transfer coefficient of the pond.
The calculation of these concentrations is presented in Table 12 in Appendix 8.5. Some of the
samples collected during the first CO2 transfer test were not titrated due to a lack of time and
in order to focus on those taken during the second test that seemed to be more promising, as
explained afterwards.

The curves of the evolution of the concentrations in CO3 coordinates and in CO2 during
this test are presented in Figure 33.

Figure 33: Evolution of [CO3tot ] and [CO2] at the outlet of the airlift during the large-scale
CO2 transfer test A of June 2020 / conditions: water temperature = 16.1°C - VR = 78 400 L -
water height = 150 cm - tc ' 20 s.

Some comments can be done about these curves. First, as expected, the concentrations in
CO3 coordinates and in CO2 were equal during the whole test due to the very low pH. Then it
can be seen that these concentrations were only of around 2.5 mmol/L, which shows that the
amount of sodium bicarbonate non-injected was indeed important as concentrations of more
than 10 mmol/L were expected.
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These curves show that the test did not give conclusive results. Indeed, the concentration
in CO2 increased over time, which prevents the calculation of the transfer coefficient from the
water to the atmosphere. This CO2 transfer test is thus considered as unsuccessful and its
results will not be used in the further analysis.

5.4.2 Large-scale CO2 transfer test B

The main difference between the first and the second CO2 transfer tests conducted on a
large scale was the sodium bicarbonate injection method. Due to the complications encountered
during the injection of the first test, it had been decided that the bicarbonate would be added
directly in its powder form in order to make sure that the whole amount was injected. A liquid
injection is usually preferred because it is essential that all the sodium bicarbonate dissolves
instantaneously in the basin. Otherwise, the remaining solid would dissolve later and transform
into CO2, so the curve of the evolution of the CO2 concentration would reflect both its transfer
to the atmosphere and its production due to the dissolution of bicarbonate. The interpretation
of the curve would thus be impossible as the two phenomena could not be differentiated.

The water temperature during the test was of 16.5°C. 200 L of acid were first poured into the
pond to make sure that the stoichiometric amount was present to obtain only CO3 coordinates
in the form of H2CO∗

3. The pH of the water dropped to around 1.8 and remained nearly constant
during the whole test, as shown in Figure 52 in Appendix 8.5.

Once the acid was homogenised, the sodium bicarbonate was added. Five bags of 25 kg
were added simultaneously at the outlet of the airlift during 40 s. The injection time was higher
than in test A to enhance the dissolution of the powder in the water and avoid the presence of
residual solid bicarbonate.

While no visual phenomenon had occurred during the first CO2 transfer test, the prop-
agation of the sodium bicarbonate along the channel was observed during its injection. An
effervescent white streak spread along the basin while the sodium bicarbonate dissolved in the
water. The water then regained its initial clear appearance rather quickly, which seemed to
indicate that the bicarbonate had dissolved quantitatively.

As in test A, samples were collected since the beginning, every 20 s during 5 minutes, then
every 5 minutes until one hour. All the samples were titrated and Table 13 in Appendix 8.5
describes the calculation of the concentrations in CO3tot and in CO2 for each of them. The
evolution over time of these concentrations is presented in Figure 34.

Figure 34: Evolution of [CO3tot ] and [CO2] at the outlet of the airlift during the large-scale
CO2 transfer test B of June 2020 / conditions: water temperature = 16.5°C - VR = 78 400 L -
water height = 150 cm - tc ' 20 s.
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As during test A, the low pH induced that the concentration in CO2 was equal to that in
CO3tot . The concentrations measured during test B were larger than in test A and closer to
the expected amounts. Moreover, after the first five minutes during which the concentration in
CO2 mostly increased, probably due to the dissolution of residual solid bicarbonate, the CO2

concentration globally decreased during the rest of the test. The results seem thus to be usable
as this decrease allows to calculate a transfer coefficient for the transfer from the water to the
atmosphere.

This transfer coefficient is calculated with the method described previously. However, look-
ing at the curve of the concentration in CO2, various possibilities exist for the definition of the
time interval in which the linear regression is built.

Indeed, the regression is supposed to be in the time interval where CO2 is transferred from
water to atmosphere, so when the concentration in dissolved CO2 decreases. Figure 34 shows
that the concentration in CO2 still rises twice after the first five minutes. These peaks in the
curve might be due to local phenomena in the basin such as recirculation or dead zones, or some
sodium bicarbonate might have stayed in a solid form and dissolved afterward, which would
prevent the interpretation of the test, as explained previously. This possibility needs to be
considered, but the clear appearance that the water resumed a few minutes after the injection
seems to indicate otherwise.

Be that as it may, the method to measure the transfer coefficient can be applied: the graph
of ln (D (t) /D0) is drawn and its slope gives the value of − (kla)R. However, the increases in
concentration, although relatively small, will impact the calculation of (kla)R. The difference
compared to the small-scale tests is that three time intervals can be defined here, leading to
three values for the transfer coefficient. Considering the whole interval between 300 and 3 600
s is the first option, reducing this interval to 1 200 to 3 600 s is the second one and considering
only the decrease between 1 200 and 2 700 s is the third.

For each time interval considered, the curve of ln (D (t) /D0) is drawn and the linear regres-
sion is built. These curves are presented in Figure 35.

The obtained values are gathered in Table 7.

Table 7: Values of the CO2 transfer coefficient of the large-scale test B of June 2020 for the
different time intervals used for its calculation / conditions: water temperature = 16.5°C -
VR = 78 400 L - water height = 150 cm - tc ' 20 s.

Time interval (s) (kla)R (s−1) Uncertainty (s−1)
1: 300 - 3 600 1.8× 10−4 ± 1× 10−4

2: 1 200 - 3 600 2× 10−4 ± 1.4× 10−4

3: 1 200 - 2 700 4.7× 10−4 ± 8.8× 10−5

It can be seen in Table 7 that the two first time intervals give values rather close to each
other but that the third time interval gives a value more than twice as high as the other two.
This is logical as the third time interval only considers the decrease of the CO2 concentration
while the others contain the concentration rises such that the transfer is globally smaller.

The uncertainties on the slopes are also higher for the two first time intervals as the curves
in Figures 35 do not really evolve linearly. The values of the corresponding transfer coefficients
need thus to be regarded along with their uncertainties. The third time interval gives a value
that seems more reliable than the other two but its uncertainty remains high.

The impact of the choice of the time interval is studied in the following section, along with
the results of the tests conducted on a small-scale.
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(a) First time interval: 300 s - 3 600 s

(b) First time interval: 1 200 s - 3 600 s

(c) First time interval: 1 200 s - 2 700 s

Figure 35: Curves of ln (D (t) /D0) at the outlet of the airlift and linear regressions for the large-
scale CO2 transfer testB of June 2020 for the three time intervals considered / conditions: water
temperature = 16.5°C - VR = 78 400 L - water height = 150 cm - tc ' 20 s - CS = 1.16 mmol/L.

As explained before, several challenges due to practical considerations have been met while
conducting the large-scale tests. The conditions were less ideal than for the tests performed
on a small scale and the proposed methodology has sometimes had to be adapted to make the
manipulations feasible and safe. If more means were available and if more precise results were
required, these challenges could be overcome and the methodology could be followed accurately.

However, as mentioned earlier, the purpose of the large-scale tests session conducted in June
2020 was mainly to see if the methodology was feasible on a large scale and if the obtained
results were coherent, bearing in mind the less than ideal conditions under which the tests have
been carried out. The former objective was reached and the required adjustments are detailed
above; the later is discussed in Section 6.
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5.4.3 Comment about the titrations

Before analysing the results of all the tests conducted during this master thesis, a comment
should be made concerning the pH-curves obtained with the samples of the large-scale CO2

transfer tests. Indeed, these curves were different from those obtained for the small-scale tests
as the second equivalent point was not at 8.3 but around 7.

All the samples were titrated with NaOH solutions seen the low pH recorded during the
tests. A typical example of the pH-curves obtained during the titrations is presented in Figure
36.

Figure 36: pH-curve of sample "B24" of 24.46 mL (conductivity of 14 850 µs/cm at 25°C)
collected during the large-scale CO2 transfer test B of June 2020, titrated at 25°C with a
NaOH solution of 28.29 mmol/L.

In Figure 36, it can be seen that the first equivalent point of the carbonate pH-curve is
reached at around 4.5, which proves the presence of CO3 coordinates in the samples, but the
second equivalent point is around 7. This second equivalent point is certainly the equivalent
point of the titration of HCl with NaOH.

The replacement of the second equivalent point of the carbonate pH-curve by this equivalent
point at pH = 7 comes from the large excess of acid in the water during the test compared to
the amount of CO3 coordinates. Indeed, as detailed in the test description, the amount of acid
added into the basin was largely superior to the amount of bicarbonate injected during test A.

The acid excess might have been smaller during test B as all the sodium bicarbonate was
injected, but the amount of acid added before this second test has been calculated as if no
acid was in the water in the first place, while the remaining acid from test A was in fact still
present in the pond after the end of this test. This excessive acid injection was however made
on purpose to make sure that all the solid sodium bicarbonate would dissolve quickly in order
to have analysable results, as explained previously.

This excess of acid resulted in the presence of a higher HCl concentration, which prevailed
in the titration curve over the other acid-base couples whose equivalent points are close to
7. For this reason, the second equivalent point of the carbonate pH-curve was not detected in
Figure 36, as well as in the pH-curves of all the samples collected during the two large-scale tests.

In the calculation of the concentrations in CO3 coordinates and in CO2, the initial pH is
taken close to the first equivalent point, so at a pH of around 4.5, and the final point is taken
at around 8.3, as for the small-scale tests.

In Figure 36, the volume of the titrant added between these two points is equal to 25.5 −
20.4 = 5.1 mL.
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6 Results analysis
To compare the results of the different tests, the method used to compute the CO2 transfer

coefficients based on the evolution of the concentration is applied in reverse. The fitted values
of the transfer coefficients are used to determine the CO2 concentration over time: Equation
(3.6) becomes

D(t) = D0 exp (− (kla)R t) (6.1)

so the concentration at time t is given by

C(t) = CS −D0 exp (− (kla)R t) (6.2)

The theoretical curve of the evolution of the concentration for the given transfer coefficient
can thus be drawn and compared to the actual evolution measured during the test.

Before comparing all the CO2 transfer tests conducted in this master thesis, this method
is applied to the three values of (kla)R obtained for the large-scale test B of June 2020. Each
coefficient from Table 7 gives a curve and the three curves are compared with the actual
concentration in Figure 37.

The time interval in which the curves are drawn starts at 300 s as the evolution of the
concentration before this moment is too irregular to be used for the calculation of the transfer
coefficient.

In Equation (6.2), CS is the CO2 concentration measured before the bicarbonate injection
and D0 = CS − C0, where C0 is the concentration measured at 300 s. In the conditions of test
B of June 2020, CS = 1.16 mmol/L and C0 = 10.3 mmol/L.

Figure 37: Actual and theoretical curves of the CO2 concentration for test B of June 2020, for
the three CO2 transfer coefficients obtained with the different time intervals.

The first observation is that the actual evolution of the concentration is globally between
the "theoretical" curves. Indeed, logically, considering the whole interval underestimates the
transfer coefficient while focusing only on the interval in which the concentration decreases
overestimates it. This graph shows thus what has already been stated: the CO2 transfer
coefficients obtained with the large-scale test B of June 2020 are not extremely reliable.

Regarding the uncertainties on the slopes corresponding to these coefficients, it can be seen
that the values of the transfer coefficients might be rather different from those used to draw
the curves of Figure 37. A value between 1.8× 10−4 s−1 and 4.7× 10−4 s−1 could be considered
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to better model the evolution of the concentration over time. The sum of the square of the
differences between the actual and theoretical curves is minimised to this end, varying the value
of the transfer coefficient.

The obtained value of (kla)R is 2.6× 10−4 s−1. The method used to obtain this value being
different from the linear regression method, the confidence interval cannot be calculated with
the same equations as before. The purpose here being to obtain a single value for the transfer
coefficient, the assessment of its 95% confidence interval is not of the highest importance. This
confidence interval is thus arbitrarily set at ± 1.4 × 10−4 s−1, which is the largest confidence
interval of Table 7, in order to consider the worst-case scenario. The main point here is that
this value is not very reliable, seen the conditions of the test and the calculations made to
obtain it, but that it will be used in the further analysis to only have one value to refer to.

The corresponding curve is compared to the others in Figure 38 and it can be seen that the
theoretical evolution is closer to the actual evolution with this coefficient.

Figure 38: Actual and theoretical curves of the CO2 concentration for test B of June 2020,
for the three CO2 transfer coefficients obtained with the different time intervals and for the
optimum of these coefficients.

In the following, this value will be taken as the transfer coefficient of the large-scale CO2

transfer test B in order to have a unique value for the comparisons. Nevertheless, it must be
kept in mind that this value is not very reliable, taking into account the initial rises in the
curve of the CO2 concentration and the conditions in which the test has been conducted.

The results of all the tests can then be compared with each other. However, comparing
directly volumetric mass transfer coefficients from tests conducted in different basins with dif-
ferent water volumes and at different temperatures is not appropriate. Indeed, mass transfer is
characterised by the product of the transfer coefficient with the water volume and the concen-
tration gradient between the two phases. Seen the differences between the conditions of each
test, another way is used to compare the results, as explained below.

One of the objectives of this master thesis is to see if a relationship between the volumetric
mass transfer coefficients of oxygen and carbon dioxide exists, based on the results of the
tests, and if this potential relation verifies Equation (2.2) found in several scientific papers
[8, 34, 44, 45]. Verifying such a relation would allow future studies to perform only oxygen
transfer tests, which are easier and faster to conduct, and to deduce the value of the CO2

transfer coefficients from the results of these tests. The CO2 transfer coefficients are already
often calculated based on the oxygen transfer coefficients with Equation (2.2), but very few
studies have verified it in the case of HRAPs [8, 10].
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Equation (2.2) can be written as

(kla)CO2

(kla)O2

=

√
DCO2

DO2

(6.3)

It is thus the ratio of the CO2 and O2 transfer coefficients that is regarded, along with the
diffusion coefficients at the temperature of the tests. Only the oxygen transfer coefficients of
the whole HRAP are used here as they are compared to the transfer coefficients of CO2 that
have only been calculated for the whole basin. A similar approach could be followed in future
studies for the transfer coefficients of both airlift and channel if these were measured during
the CO2 transfer tests.

The diffusion coefficients used in the present work come from [85]. Linear interpolations
between the two nearest values are used to calculate the coefficients at the desired temperature.

The results of the different tests and the corresponding ratios of volumetric mass transfer
and diffusion coefficients are gathered in Table 8. As explained in the description of the tests
conducted in Arlon, two CO2 transfer tests did not give conclusive results: test A of the small-
scale test session of September 2019 and test A of the large-scale test session of June 2020.
They are thus not included in Table 8.

Table 8: Summary of the O2 and CO2 transfer coefficients of the whole HRAP for all the
transfer tests conducted and ratios of the transfer and diffusion coefficients.

September 2019 B January 2020 A January 2020 B June 2020 B
Conditions of the tests
mean temperature (°C) 23.7 16.6 16.3 16
water height (cm) 9.8 7 7 150
water volume (L) 267.1 408.9 408.9 78 400
tc (s) 227 393 393 ∼ 20
Transfer coefficients
(kla)O2

(s−1) 2.1× 10−3 1.7× 10−3 1.7× 10−3 4.3× 10−4

± 2× 10−5 ± 1.9× 10−5 ± 1.9× 10−5 ± 3× 10−6

(kla)CO2
(s−1) 1.3× 10−3 1× 10−3 1.2× 10−3 2.6× 10−4

± 2.1× 10−4 ± 1.2× 10−4 ± 4.6× 10−4 ± 1.4× 10−4

Diffusion coefficients
DO2 (m2/s) 2.3 ×10−9 1.9 ×10−9 1.9 ×10−9 1.9 ×10−9

DCO2 (m2/s) 1.9 ×10−9 1.6 ×10−9 1.6 ×10−9 1.5 ×10−9

Terms of Equation (6.3)
(kla)CO2

/ (kla)O2
0.64 0.58 0.7 0.6
± 0.11 ± 0.08 ± 0.28 ± 0.33√

DCO2/DO2 0.89 0.89 0.89 0.89

The results gathered in Table 8 show that a trend seems to emerge.
First, it can be noted that the square root of the ratio of diffusion coefficients in water

remains nearly constant in the range of temperature of the tests. According to Equation (6.3),
this means that the ratio of mass transfer coefficients should remain constant too.

This trend is indeed observed: the ratios of mass transfer coefficients of all the tests are
between 0.58 and 0.7. This range may even be reduced as the value of the CO2 mass transfer
coefficient of test A of January 2020 may have been underestimated, as explained in Section
4.4.2. The CO2 transfer coefficient of this test will thus not be taken into account in further
analysis.
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The ratios of transfer coefficients obtained for the three test sessions are thus close to each
other, even on different scales. This seems to indicate that there is a relationship between the
transfer coefficients of oxygen and carbon dioxide and that this relationship is verified on both
small and large scales.

However, seen the conditions in which the large-scale tests have been conducted, the value of
the ratio of transfer coefficients corresponding to the large-scale tests might not reflect perfectly
the behaviour of large-scale HRAPs and it must be kept in mind that many approximations
were necessary to obtain it.

The values of the transfer coefficients ratios are nevertheless smaller than what Equation
(6.3) suggests. Indeed, to verify this equation, the exponent applied on the ratio of the diffusion
coefficients should be of around 3/2 instead of 1/2.

The impact of this difference can be visualised by drawing the theoretical curves of the
concentration in CO2 over time, similarly to those in Figures 37 and 38. The large-scale test
B is taken as a basis to draw the curves such that D0 and CS are the same as above.

Four curves are drawn in addition to that of the actual evolution of the concentration
measured during the test. These curves are presented in Figure 39 and represent the theoretical
evolution of the concentration for different CO2 transfer coefficients.

The first three CO2 transfer coefficients are calculated with the ratios (kla)CO2
/ (kla)O2

obtained for the tests B of the different test sessions. Each ratio is multiplied by the O2

transfer coefficient of June 2020 as it is this test session that serves as a basis for the comparison.
The obtained CO2 transfer coefficients are then used to build the curve of the concentrations
similarly to Figure 37 and 38.

The fourth curve presented in Figure 39 corresponds to the CO2 transfer coefficient expected
by Equation (6.3). The ratio of the diffusion coefficients in the conditions of the test session of
June 2020 is multiplied by the O2 transfer coefficient of June 2020.

Figure 39: Actual and theoretical curves of the CO2 concentration for test B of June 2020, for
four CO2 transfer coefficients obtained with different ratios (kla)CO2

/ (kla)O2
and with the O2

transfer coefficient of June 2020.

Several comments can be done regarding Figure 39. First it can be seen that, logically, the
best ratio for the modelling of the actual evolution of the CO2 concentration of June 2020 is the
ratio corresponding to the test of June 2020. Indeed, this ratio has been determined to fit as
much as possible this particular curve. The ratios based on the other tests slightly overestimate
the transfer because they are based on curves where no concentration increase occurred, which
was not the case in June 2020. These curves are yet really close to that based on the ratio of
June 2020.
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The fact that the three curves obtained with the different test sessions are close to each other
is encouraging as this ratio is supposed to remain constant seen Equation (6.3). The results
show thus that the ratio of mass transfer coefficients is almost constant for tests conducted in
different conditions, with different hydrodynamics and on different scales.

The final comment concerning Figure 39 is that Equation (6.3) seems to overestimate the
CO2 transfer coefficient. Even if the difference between the ratio suggested in the literature
and the ratios obtained for the different test sessions is relatively small, Equation (6.3) is not
verified by the data obtained with the tests conducted in the course of this work. As mentioned
previously, the ratio of the diffusion coefficient should be raised to a power of around 3/2 in-
stead of 1/2 to verify the equation.

The results of the tests indicate thus that Equation (6.3) does not seem to be suitable for the
case of HRAPs. However, this conclusion is only drawn based on the results of two small-scale
tests that seemed successful and one large-scale test for which many complications have been
encountered and that gave less trustworthy results.

Moreover, the uncertainty on the actual values of the ratios of mass transfer coefficients is
rather important. Stating that Equation (6.3) is wrong for HRAPs seems thus a bit irrelevant
seen the small amount of reliable results available.

However, if the absolute numbers are regarded, it can be seen that the values obtained
with the relation provided in the literature stay close to those calculated with the presented
method. Indeed, for test B of January 2020, Equation (6.3) gives a CO2 transfer coefficient of
1.5 × 10−3 s−1 while the value obtained with the methodology is of 1.2 × 10−3 s−1. The two
transfer coefficients are thus really close to each other. This is also the case for the tests B of
September 2019 and June 2020: the orders of magnitude are similar.

The results of the tests seem thus to indicate that, if the precision required for the value
of the CO2 volumetric mass transfer coefficient is not too high, Equation (6.3) can be used to
calculate it.

More tests should be conducted to decrease the uncertainty of the results and be able to
draw a conclusion about the reliability of Equation (6.3) for HRAPs. These tests should be
conducted on both small and large scales and in conditions closer to those of functionning
HRAPs for the large-scale tests. More samples should also be collected to decrease the stan-
dard deviations of the slopes of the linear regressions.

Seen the data available from the different tests conducted in the course of this master thesis,
no more relevant conclusion can be drawn without making too much assumptions. The results
of the tests have been compared to the correlation found in the literature, which was one of the
objectives of this work.

As already mentioned several times, it must be kept in mind while reading the analyses
that the CO2 transfer tests had never been conducted before in this types of reactor, so that
they relied on very few experience. The method seems to give reliable results on a small scale,
but the results of the large-scale CO2 transfer tests are less trustworthy due to the difficult
conditions in which the test session has been conducted and the different geometry of the pond
compared to common HRAPs.

However, the main objective of this master thesis was to develop a methodology for the
evaluation of the CO2 volumetric mass transfer coefficient in HRAPs and to see if this method
was feasible on both small and large scales, with some modifications that have been detailed
when necessary. These purposes have been fulfilled and the proposed methodology seems to
offer an interesting possibility for the quantification of the CO2 transfer in HRAPs.
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7 Conclusion and perspectives
Some general statements can be drawn about the methodology developed in this master

thesis.
First it has been shown that the method is feasible for small-scale tests. The experiments

are quite easy to carry out and the results seem reliable. For large-scale tests, the method had
to be slightly modified for safety reasons as the acid injection could not be performed in such
a short time. However, if more resources were available, the methodology followed on a small
scale could be strictly followed on a large scale too: a pump could be used to make the acid
injection safer for instance, or larger containers could serve for the dissolution of the sodium
bicarbonate before it is added to the pond.

The other important comment concerning the methodology is that it is applied to the
specific case of clear tap water. These conditions were chosen to perform the tests, but some
modifications would be necessary in other cases. For instance, if salt water was used, which
would be the case for the wastewater treatment of shrimp cultures in the HRAP built for the
Renewable project, the amounts of salt added during the tracer tests would have to be increased
to make sure that peaks are detected on the conductivity curve.

Another modification would be related to the presence of other acid-base couples. If phos-
phorus or silica were present in the water for instance, the corresponding acid-base couples
would have to be considered in the equation defining the total potential acidity. The amounts
of phosphorus and silica would also have to be titrated in this case, and equations giving their
concentration would be required, similarly to those used for the quantification of the CO2

concentration. Such equations already exist and many are presented in [9].
It is thus essential to know the elemental composition of the water before performing the

tests.
The methodology as it is presented in this master thesis is therefore limited to certain con-

ditions, but it can serve as a useful basis for further developments in other specific situations.
Based on our knowledge, it is the first time that such a method is used for the quantification of
CO2 transfer between water and atmosphere, so the method can surely be refined in the future.

As the Renewable project comes to an end next year, it is interesting to summarise the
contributions of the master thesis of D. Royaux, [1], and the work presented here. In [1], the
hydrodynamics of the HRAP built in the Ninh Thuan province has been studied and the pilot
has been successfully launched to perform oxygen transfer tests. Two years later, a methodology
for the quantification of the CO2 transfer in HRAPs has been developed and would have been
tested on the same pilot in the absence of the Covid-19 pandemic of 2020.

The results presented in this master thesis show that the CO2 transfer coefficient of the
HRAP pilot built in the Ninh Thuan province may be calculated based on the oxygen transfer
coefficients measured in [1]. Equation (2.2) can be used to obtain a good estimation of the
coefficient, or the methodology detailed in this master thesis may be followed to obtain a more
accurate value.

By combining the work of D. Royaux, [1], with the current master thesis results, a basis for
scaling-up the quantification of O2 and CO2 mass transfer coefficients in HRAPs is provided.

On the one hand, the results presented in [1] allow the oxygen mass transfer coefficient to be
estimated as a function of operating conditions such as the water level and the injected air flow
rate. With the description of the pond used for the tests in [1], it is thus possible to develop
equations to calculate the O2 transfer coefficient in the up-scaling process of the HRAP.

On the other hand, the current work has shown that there seems to be a relationship
between the O2 and CO2 mass transfer coefficients in HRAPs. Even if Equation (2.2) from the
literature could not be validated seen the small number of tests conducted during this master
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thesis, the nearly constant ratios (kla)CO2
/ (kla)O2

obtained for the two small-scale tests, and
the relatively close ratio obtained on a large scale as well, suggest that the transfer coefficients
of oxygen and carbon dioxide are indeed linked to each other.

If equations for the up-scaling of the quantification of the O2 mass transfer coefficient are
developed and if an accurate relationship between the O2 and CO2 transfer coefficients is found,
this could lead to the calculation of both oxygen and carbon dioxide mass transfer coefficients
as a function of the operating conditions. Further work would obviously be necessary to obtain
these equations and experimental sessions based on the methodology detailed in this master
thesis would certainly be required to achieve this objective, but the results might be worthwhile
for future studies.

To help in this process, Table 14 is presented in Appendix 8.6. This table contains the
conditions of all the tests and the value of each mass transfer coefficient obtained in the scope
of this master thesis.

Moreover, the knowledge of the O2 and CO2 transfer coefficients is an important step in the
Renewable project as they play a part in the calculation of the HRAP surface necessary for the
treatment of the wastewater from the shrimp cultures in Vietnam.

Indeed, these coefficients appear in the balance equations of oxygen and carbon dioxide in
the water. These mass balances have the form of Equation (7.1):

V
dC

dt
= Qinlet Cinlet −Qoutlet Coutlet + kla V (CS − C (t)) + P +R (7.1)

where Qinlet and Qoutlet are respectively the water flow rates entering and leaving the HRAP
and the terms P and R represent the photosynthesis and respiration terms.

The knowledge of the mass transfer coefficients allows to study the algae activity since all
the terms of Equation (7.1) are known except P and R. The respiration can be measured
by night and, assuming that it stays constant over 24 h, the photosynthetic performances of
the algae can be deduced during the day. A more complicated calculation would obviously be
required, but following this principle would allow to quantify the algae activity.

The surface of HRAPs necessary for the wastewater treatment could then be calculated,
as well as the optimal conditions for the oxygen and carbon dioxide gas injections, to end the
design phase of the project. The high rate algal ponds could eventually be built and treat the
wastewater before its discharge to the sea, which would help protecting the environment and
ecosystems there.

The injection of carbon dioxide from industrial waste gases would also be another benefit of
the system and the harvesting of the produced algae would allow to obtain a valuable product
that could be sold and increase the plant’s profitability.

The work conducted in the course of this master thesis thus intends to play a role, how-
ever modest, in the global efforts against water pollution and climate change. The developed
methodology is designed for HRAPs, but it could be adapted to other water systems. As it
represents a possibility to quantify the CO2 transfer between water and atmosphere in this type
of pond, which is currently a scarcely studied field, this method may lead some industrialists
to consider HRAPs as a sustainable solution for their wastewater treatment, or help others in
the optimisation of their already functional plants.
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8 Appendices

8.1 Glossary

• A: function of the water temperature

• C: concentration (mol/L)

• CS: concentration at saturation (mol/L)

• CO3tot : total amount of CO3 coordinates in the water (mol)

• CCS: carbon capture and storage

• CFD: computational fluid dynamics

• γi: activity coefficient of the CO3 coordinate form i

• D: deficit (mol/L)

• Di: diffusion coefficient of component i (m2/s)

• d32: distribution function of the H2CO∗
3 form among the CO3 coordinates

• DO: dissolved oxygen (mol)

• ∆: difference between the initial and final points of the range of pH of interest

• ε: dielectric constant of water

• f11 and f12: distribution functions of real solutions

• FAME: fatty acid methyl ester

• g: relative volume of water

• HRAP: high rate algal pond

• J : ionic force of water (mol/L)

• K0: equilibrium constant of water dissociation

• Ki: equilibrium constant of the CO3 coordinate form i

• kla: volumetric mass transfer coefficient (s−1)

• (kla)A: volumetric mass transfer coefficient in the airlift (s−1)

• (kla)channel: volumetric mass transfer coefficient along the channel (s−1)

• (kla)R: volumetric mass transfer coefficient along the whole reactor (s−1)

• m̂: mean of a slope

• mi: concentration of component i (mol/L)

• n(i): amount of component i (mol)

• nH+ : amount of H+ ions (mol)
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• nOH− : amount of OH− ions (mol)

• NET: negative emission technology

• [OHtot]: concentration of water in water

• P : photosynthesis term in the mass balance (7.1)

• PUFA: polyunsaturated fatty acid

• ρ: resistivity of water (ohm.cm)

• Q: water flow rate (m3/s)

• R: respiration term in the mass balance (7.1)

• sm: standard deviation of a slope

• t: time (s) or temperature (°C)

• T : temperature (K)

• tA: time required by the water to cross the airlift (s)

• tc: circulation time (s)

• tchannel: time required by the water to cross the channel (s)

• tprobe: temperature at which a probe records the measured variable (°C)

• ttest: water temperature during the test (°C)

• ttitration: water temperature during the titration (°C)

• TPA, or [H+
tot]: total potential acidity (mol/L)

• V : volume of a water packet of interest (L)

• VA: volume of water in the airlift (L)

• Vchannel: volume of water in the channel (L)

• Vcontainer: volume of liquid in the container at the end of the titration (L)

• VR: volume of water in the whole reactor (L)

• Vsample: initial volume of water in the sample before the titration (L)

• WWT: wastewater treatment

• zi: valence of component i
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8.2 Dimensions of the HRAPs

8.2.1 Small-scale ponds

Figure 40: Dimensions of the small-scale basin 1 used for the test session of September 2019.
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Figure 41: Dimensions of the small-scale basin 2 used for the test session of January 2020.
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8.2.2 Large-scale pond

Figure 42: Dimensions of the large-scale basin used for the test session of June 2020.
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8.3 Oxygen transfer tests

8.3.1 September 2019

Figure 43: Curve of ln (D (t) /D0) at the outlet of the airlift and linear regression in the relevant
interval for the small-scale O2 transfer test of September 2019: (kla)R = 2.3×10−3 s−1 (± 1.3×
10−5 s−1) / conditions: water temperature = 23.8°C - VR = 267.1 L - water height = 9.8 cm -
tc = 227 s - CS = 8.5 mg/L.

8.3.2 January 2020

Figure 44: Curve of ln (D (t) /D0) at the outlet of the airlift and linear regression in the relevant
interval for the small-scale O2 transfer test of January 2020: (kla)R = 1.8×10−3 s−1 (± 1.2×10−5

s−1) / conditions: water temperature = 16.2°C - VR = 408.9 L - water height = 7 cm - tc = 393
s - CS = 9.97 mg/L.
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8.3.3 June 2020

Figure 45: Curve of ln (D (t) /D0) at the outlet of the airlift and linear regression in the relevant
interval for the large-scale O2 transfer test of June 2020: (kla)R = 4.4× 10−4 s−1 (± 1× 10−6

s−1) / conditions: water temperature = 15.4°C - VR = 78 400 L - water height = 150 cm -
tc ' 20 s - CS = 10.2 mg/L.
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8.4 Small-scale CO2 transfer tests

8.4.1 September 2019 - test A

Figure 46: Evolution of the pH at the outlet of the airlift and sampling moments during the
small-scale CO2 transfer test A of September 2019.

Figure 47: Evolution of [CO3tot ] and [CO2] at the outlet of the airlift during the small-scale
CO2 transfer test A of September 2019 / conditions: water temperature = 23.6°C - VR = 267.1
L - water height = 9.8 cm - tc = 227 s.
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Table 9: Values of the different variables used for the determination of the CO2 concentration
in the HRAP for the small-scale test A of September 2019.

sample A-1 A0 A1 A2 A3
sampling time (s) / 0 225 450 675
ttest (°C) 23.6 23.6 23.6 23.6 23.6
ttitration (°C) 22.5 22.5 22.5 20.8 21.5
Vsample (mL) 23.42 22.94 23.33 22.96 23.46
titrant used HCl HCl HCl HCl HCl
nH+/nOH− added (mmol) 0.08 0.53 0.54 0.22 0.19
Vcontainer (mL) 24.22 28.34 28.83 44.96 41.96
[H+

added]/[OH−
added] (mmol/L) 3.27 18.85 18.88 4.91 4.43

conductivity (25°C) (µs/cm) 7 600 7 600 7 680 7 900 8 290
pH (before the titration) 7.58 8.16 7.6 6.37 6.32
Titration conditions
g(ttitration) 0.9994 0.9994 0.9994 0.9998 0.9997
[OHtot(ttitration)] (mol/L) 55.38 55.38 55.38 55.4 55.39
ε(ttitration) 79.45 79.45 79.45 80.07 79.81
A(ttitration) 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 131.7 131.7 130.4 126.7 120.8
J(20°C) (mmol/L) 136.94 136.94 138.51 142.82 150.49
J(ttitration) (mmol/L) 136.87 136.87 138.43 142.79 150.44
γ1(ttitration) 0.753 0.753 0.752 0.751 0.747
γ2(ttitration) 0.322 0.322 0.32 0.318 0.311
K0(ttitration) (×1016) 1.506 1.506 1.506 1.316 1.392
K1(ttitration) (×107) 4.306 4.306 4.306 4.2 4.244
K2(ttitration) (×1011) 4.441 4.441 4.441 4.277 4.344
pH initial 7.58 8.16 7.6 6.37 6.32
f11 initial 1 1 1 1 1
f12 initial 1.04 0.997 1.038 1.432 1.457
pH final 4.85 4.73 4.48 4.51 4.66
f11 final 1 1 1 1 1
f12 final 1.961 1.97 1.983 1.982 1.975
[CO3tot ]container (mmol/L) 3.53 19.35 19.93 8.86 8.5
[CO3tot ]sample (mmol/L) 3.65 23.91 24.63 17.35 15.19
Test conditions
g(ttest) 0.9992 0.9992 0.9992 0.9992 0.9992
[CO3tot(ttest)] (mmol/L) 3.65 23.9 24.62 17.34 15.19
ε(ttest) 79.05 79.05 79.05 79.05 79.05
A(ttest) 0.51 0.51 0.51 0.51 0.51
J(ttest) (mmol/L) 136.83 136.83 138.39 142.7 150.37
γ1(ttest) 0.753 0.753 0.752 0.75 0.746
γ2(ttest) 0.321 0.321 0.319 0.316 0.31
K1(ttest) (×107) 4.371 4.371 4.371 4.371 4.371
K2(ttest) (×1011) 4.546 4.546 4.546 4.546 4.546
pH (during the test) 7.58 10.98 10.87 8.6 8.52
d32 0.04316 0 0 0.00411 0.00495
[CO2(ttest)] (mmol/L) 0.16 0 0 0.07 0.08
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sample A4 A5 A6 A7 A8
sampling time (s) 900 1 125 1 350 1 575 1 800
ttest (°C) 23.6 23.7 23.7 23.7 23.7
ttitration (°C) 21.3 21.2 20 21 22
Vsample (mL) 22.94 22.77 23.6 22.79 24.06
titrant used HCl HCl HCl HCl HCl
nH+/nOH− added (mmol) 0.2 0.21 0.09 0.14 0.21
Vcontainer (mL) 42.44 43.77 32.6 36.79 45.06
[H+

added]/[OH−
added] (mmol/L) 4.61 4.82 2.77 3.82 4.68

conductivity (25°C) (µs/cm) 8 730 8 690 3 060 3 600 3 510
pH (before the titration) 6.42 6.66 6.11 6.43 6.7
Titration conditions
g(ttitration) 0.9997 0.9997 1 0.9998 0.9996
[OHtot(ttitration)] (mol/L) 55.4 55.4 55.41 55.4 55.39
ε(ttitration) 79.89 79.92 80.36 80 79.63
A(ttitration) 0.51 0.51 0.5 0.51 0.51
ρ(20°C) (ohm.cm) 114.7 115.2 327.2 278.1 285.2
J(20°C) (mmol/L) 159.18 158.39 51.15 60.97 59.32
J(ttitration) (mmol/L) 159.14 158.35 51.15 60.96 59.3
γ1(ttitration) 0.743 0.743 0.819 0.808 0.809
γ2(ttitration) 0.305 0.305 0.451 0.426 0.429
K0(ttitration) (×1016) 1.37 1.359 1.234 1.338 1.448
K1(ttitration) (×107) 4.231 4.225 4.148 4.212 4.275
K2(ttitration) (×1011) 4.325 4.315 4.199 4.296 4.393
pH initial 6.42 6.66 6.11 6.43 6.7
f11 initial 1 1 1 1 1
f12 initial 1.4 1.277 1.605 1.416 1.274
pH final 4.47 4.36 4.71 4.34 4.64
f11 final 1 1 1 1 1
f12 final 1.983 1.987 1.975 1.989 1.977
[CO3tot ]container (mmol/L) 7.83 6.7 7.44 6.57 6.61
[CO3tot ]sample (mmol/L) 14.49 12.89 10.27 10.61 12.38
Test conditions
g(ttest) 0.9992 0.9992 0.9992 0.9992 0.9992
[CO3tot(ttest)] (mmol/L) 14.48 12.88 10.27 10.6 12.37
ε(ttest) 79.05 79.01 79.01 79.01 79.01
A(ttest) 0.51 0.51 0.51 0.51 0.51
J(ttest) (mmol/L) 159.05 158.26 51.11 60.92 59.28
γ1(ttest) 0.742 0.742 0.818 0.807 0.809
γ2(ttest) 0.303 0.304 0.448 0.425 0.428
K1(ttest) (×107) 4.371 4.377 4.377 4.377 4.377
K2(ttest) (×1011) 4.546 4.556 4.556 4.556 4.556
pH (during the test) 8.25 8.2 8.3 8.36 8.43
d32 0.00927 0.01041 0.00913 0.00783 0.00667
[CO2(ttest)] (mmol/L) 0.13 0.13 0.09 0.08 0.08
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8.4.2 September 2019 - test B

Figure 48: Evolution of the pH at the outlet of the airlift and sampling moments during the
small-scale CO2 transfer test B of September 2019.
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Table 10: Values of the different variables used for the determination of the CO2 concentration
in the HRAP for the small-scale test B of September 2019.

sample B-1 B0 B1 B2 B3
sampling time (s) / 0 225 450 675
ttest (°C) 23.6 23.6 23.6 23.6 23.6
ttitration (°C) 21 22.5 21 22.5 22.5
Vsample (mL) 22.66 24.61 23.7 23.56 23.24
titrant used HCl HCl HCl NaOH NaOH
nH+/nOH− added (mmol) 0.7 0.64 0.27 0.16 0.12
Vcontainer (mL) 29.41 31.21 50.8 54.56 41.74
[H+

added]/[OH−
added] (mmol/L) 2.3 20.61 5.36 2.99 2.8

conductivity (25°C) (µs/cm) 5 370 5 370 5 940 7 780 6 790
pH (before the titration) 6.32 8.22 6.11 2.1 2.4
Titration conditions
g(ttitration) 0.9998 0.9994 0.9998 0.9994 0.9994
[OHtot (ttitration)] (mol/L) 55.4 55.38 55.4 55.38 55.38
ε(ttitration) 80 79.45 80 79.45 79.45
A(ttitration) 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 186.4 186.4 168.5 128.7 147.4
J(20°C) (mmol/L) 93.97 93.97 104.83 140.46 121.18
J(ttitration) (mmol/L) 93.95 93.92 104.8 140.39 121.11
γ1(ttitration) 0.78 0.779 0.772 0.751 0.762
γ2(ttitration) 0.369 0.368 0.355 0.318 0.336
K0(ttitration) (×1016) 1.338 1.506 1.338 1.506 1.506
K1(ttitration) (×107) 4.212 4.306 4.212 4.306 4.306
K2(ttitration) (×1011) 4.296 4.441 4.296 4.441 4.441
pH initial 6.51 8.1 6.32 4.45 4.46
f11 initial 1 1 1 1 1
f12 initial 1.364 1.002 1.467 1.984 1.984
pH final 4.51 4.61 4.58 8.25 8.29
f11 final 1 1 1 1 1
f12 final 1.983 1.978 1.98 0.991 0.99
[CO3tot ]container (mmol/L) 3.66 21.1 10.38 2.96 2.77
[CO3tot ]sample (mmol/L) 4.75 26.76 22.26 6.85 4.97
Test conditions
g(ttest) 0.9992 0.9992 0.9992 0.9992 0.9992
[CO3tot(ttest)] (mmol/L) 4.74 26.75 22.24 6.85 4.97
ε(ttest) 79.05 79.05 79.05 79.05 79.05
A(ttest) 0.51 0.51 0.51 0.51 0.51
J(ttest) (mmol/L) 93.9 93.9 104.74 140.35 121.08
γ1(ttest) 0.779 0.779 0.771 0.751 0.761
γ2(ttest) 0.368 0.368 0.354 0.318 0.336
K1(ttest) (×107) 4.371 4.371 4.371 4.371 4.371
K2(ttest) (×1011) 4.546 4.546 4.546 4.546 4.546
pH (during the test) 6.32 7.92 6.47 2.35 2.75
d32 0.46016 0.02076 0.37191 0.99987 0.99968
[CO2(ttest)] (mmol/L) 2.18 0.56 8.27 6.85 4.96
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sample B4 B5 B6 B7 B8
sampling time (s) 900 1 125 1 350 1 575 1 800
ttest (°C) 23.6 23.6 23.6 23.6 23.7
ttitration (°C) 22.5 22.5 21 21 21
Vsample (mL) 23.36 23.61 23.47 23.6 22.96
titrant used NaOH NaOH HCl HCl HCl
nH+/nOH− added (mmol) 0.08 0.07 0.01 0.02 0.03
Vcontainer (mL) 33.46 31.01 24.37 25.35 25.76
[H+

added]/[OH−
added] (mmol/L) 2.34 2.16 0.37 0.69 1.09

conductivity (25°C) (µs/cm) 6 500 6 350 6 310 6 290 6 260
pH (before the titration) 2.84 3.56 4.8 5.33 5.63
Titration conditions
g(ttitration) 0.9994 0.9994 0.9998 0.9998 0.9998
[OHtot (ttitration)] (mol/L) 55.38 55.38 55.4 55.4 55.4
ε(ttitration) 79.45 79.45 80 80 80
A(ttitration) 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 154 157.7 158.7 159.2 159.9
J(20°C) (mmol/L) 115.58 112.69 111.92 111.54 110.96
J(ttitration) (mmol/L) 115.52 112.63 111.9 111.51 110.94
γ1(ttitration) 0.765 0.767 0.768 0.768 0.768
γ2(ttitration) 0.342 0.345 0.347 0.348 0.348
K0(ttitration) (×1016) 1.506 1.506 1.338 1.338 1.338
K1(ttitration) (×107) 4.306 4.306 4.212 4.212 4.212
K2(ttitration) (×1011) 4.441 4.441 4.296 4.296 4.296
pH initial 4.42 4.4 5.09 5.54 5.82
f11 initial 1 1 1 1 1
f12 initial 1.985 1.986 1.937 1.84 1.734
pH final 8.3 8.15 4.38 4.67 4.54
f11 final 1 1 1 1 1
f12 final 0.989 0.999 1.987 1.975 1.981
[CO3tot ]container (mmol/L) 2.29 2.13 6.51 4.96 4.27
[CO3tot ]sample (mmol/L) 3.28 2.8 6.76 5.33 4.79
Test conditions
g(ttest) 0.9992 0.9992 0.9992 0.9992 0.9992
[CO3tot(ttest)] (mmol/L) 3.28 2.8 6.75 5.33 4.79
ε(ttest) 79.05 79.05 79.05 79.05 79.01
A(ttest) 0.51 0.51 0.51 0.51 0.51
J(ttest) (mmol/L) 115.49 112.6 111.83 111.45 110.87
γ1(ttest) 0.764 0.766 0.767 0.767 0.767
γ2(ttest) 0.341 0.345 0.345 0.346 0.346
K1(ttest) (×107) 4.371 4.371 4.371 4.371 4.377
K2(ttest) (×1011) 4.546 4.546 4.546 4.546 4.556
pH (during the test) 3.13 4.04 5.18 5.6 6.36
d32 0.99923 0.99384 0.91988 0.81539 0.43398
[CO2(ttest)] (mmol/L) 3.28 2.78 6.21 4.34 2.08
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Figure 49: Evolution of [CO3tot ] and [CO2] at the outlet of the airlift during the small-scale
CO2 transfer test B of September 2019 / conditions: water temperature = 23.6°C - VR = 267.1
L - water height = 9.8 cm - tc = 227 s.

Figure 50: Curve of ln (D (t) /D0) at the outlet of the airlift and linear regression for the small-
scale CO2 transfer test B of September 2019: (kla)R = 1.3 × 10−3 s−1 (± 2.1 × 10−4 s−1) /
conditions: water temperature = 23.6°C - VR = 267.1 L - water height = 9.8 cm - tc = 227 s -
CS = 0.16 mmol/L.

94



8.4.3 January 2020 - test B

Table 11: Values of the different variables used for the determination of the CO2 concentration
in the HRAP for the small-scale test B of January 2020.

sample B-1 B0 B1 B2 B3
sampling time (s) / 0 390 780 1 170
ttest (°C) 16.2 16.3 16.4 16.4 16.4
ttitration (°C) 25 25 25 25 25
Vsample (mL) 24.63 23.9 23.85 23.47 23.24
titrant used HCl HCl HCl HCl NaOH
nH+/nOH− added (mmol) 0.04 0.64 0.55 0.12 0.12
Vcontainer (mL) 28.37 30.53 80.67 35.28 43.16
[H+

added]/[OH−
added] (mmol/L) 1.28 21.07 6.86 3.26 2.8

conductivity (25°C) (µs/cm) 3 000 4 300 4 620 7 500 9 880
pH (before the titration) 6.38 7.9 7.07 5.68 2.29
Titration conditions
g(ttitration) 0.9989 0.9989 0.9989 0.9989 0.9989
[OHtot (ttitration)] (mol/L) 55.35 55.35 55.35 55.35 55.35
ε(ttitration) 78.54 78.54 78.54 78.54 78.54
A(ttitration) 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 333.7 232.8 216.7 133.5 101.3
J(20°C) (mmol/L) 50.07 73.88 79.85 134.99 182.09
J(ttitration) (mmol/L) 50.01 73.8 79.76 134.83 181.88
γ1(ttitration) 0.819 0.794 0.789 0.753 0.732
γ2(ttitration) 0.45 0.398 0.388 0.322 0.287
K0(ttitration) (×1016) 1.829 1.829 1.829 1.829 1.829
K1(ttitration) (×107) 4.452 4.452 4.452 4.452 4.452
K2(ttitration) (×1011) 4.68 4.68 4.68 4.68 4.68
pH initial 6.42 8.02 7.28 6 4.5
f11 initial 1 1 1 1 1
f12 initial 1.411 1.007 1.083 1.628 1.981
pH final 4.5 4.5 4.5 4.5 8.3
f11 final 1 1 1 1 1
f12 final 1.983 1.983 1.982 1.982 0.985
[CO3tot ]container (mmol/L) 2.18 21.56 7.58 9.12 2.76
[CO3tot ]sample (mmol/L) 2.51 27.55 25.65 13.7 5.13
Test conditions
g(ttest) 1.0007 1.0007 1.0007 1.0007 1.0007
[CO3tot(ttest)] (mmol/L) 2.52 27.6 25.7 13.73 5.14
ε(ttest) 81.77 81.74 81.7 81.7 81.7
A(ttest) 0.5 0.5 0.5 0.5 0.5
J(ttest) (mmol/L) 50.11 73.94 79.91 135.08 182.21
γ1(ttest) 0.822 0.797 0.792 0.756 0.735
γ2(ttest) 0.456 0.403 0.393 0.327 0.292
K1(ttest) (×107) 3.891 3.898 3.905 3.905 3.905
K2(ttest) (×1011) 3.832 3.842 3.851 3.851 3.851
pH (during the test) 6.38 8.07 7.09 5.07 1.95
d32 0.46816 0.01692 0.14252 0.94268 0.99995
[CO2(ttest)] (mmol/L) 1.18 0.47 3.66 12.94 5.14
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sample B4 B5 B6 B7
sampling time (s) 1 560 1 950 2 340 2 400
ttest (°C) 16.4 16.4 16.4 16.4
ttitration (°C) 25 25 25 25
Vsample (mL) 23.79 22.72 23.44 23.23
titrant used NaOH NaOH NaOH NaOH
nH+/nOH− added (mmol) 0.06 0.05 0.05 0.04
Vcontainer (mL) 46.07 47.26 47.32 43.96
[H+

added]/[OH−
added] (mmol/L) 1.23 1.05 0.97 0.88

conductivity (25°C) (µs/cm) 11 530 10 290 9 400 8 920
pH (before the titration) 2.17 2.12 2.11 2.18
Titration conditions
g(ttitration) 0.9989 0.9989 0.9989 0.9989
[OHtot (ttitration)] (mol/L) 55.35 55.35 55.35 55.35
ε(ttitration) 78.54 78.54 78.54 78.54
A(ttitration) 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 86.8 97.3 106.5 112.2
J(20°C) (mmol/L) 215.38 190.31 172.49 162.95
J(ttitration) (mmol/L) 215.13 190.09 172.3 162.76
γ1(ttitration) 0.72 0.729 0.736 0.74
γ2(ttitration) 0.269 0.282 0.293 0.3
K0(ttitration) (×1016) 1.829 1.829 1.829 1.829
K1(ttitration) (×107) 4.452 4.452 4.452 4.452
K2(ttitration) (×1011) 4.68 4.68 4.68 4.68
pH initial 4.5 4.5 4.5 4.5
f11 initial 1 1 1 1
f12 initial 1.981 1.981 1.981 1.981
pH final 8.3 8.3 8.3 8.3
f11 final 1 1 1 1
f12 final 0.984 0.985 0.985 0.986
[CO3tot ]container (mmol/L) 1.19 1.01 0.93 0.84
[CO3tot ]sample (mmol/L) 2.3 2.1 1.88 1.59
Test conditions
g(ttest) 1.0007 1.0007 1.0007 1.0007
[CO3tot(ttest)] (mmol/L) 2.3 2.1 1.88 1.59
ε(ttest) 81.7 81.7 81.7 81.7
A(ttest) 0.5 0.5 0.5 0.5
J(ttest) (mmol/L) 215.53 190.45 172.62 163.06
γ1(ttest) 0.723 0.732 0.739 0.743
γ2(ttest) 0.274 0.287 0.298 0.305
K1(ttest) (×107) 3.905 3.905 3.905 3.905
K2(ttest) (×1011) 3.851 3.851 3.851 3.851
pH (during the test) 1.77 1.73 1.77 1.81
d32 0.99997 0.99997 0.99997 0.99997
[CO2(ttest)] (mmol/L) 2.3 2.1 1.88 1.59
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8.5 Large-scale CO2 transfer tests

8.5.1 June 2020 - test A

Figure 51: Evolution of the pH at the outlet of the airlift during the large-scale CO2 transfer
test A of June 2020.
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Table 12: Values of the different variables used for the determination of the CO2 concentration
in the HRAP for the large-scale test A of June 2020.

sample A0 A1 A2 A3 A4 A5
sampling time (s) 0 20 40 60 80 100
ttest (°C) 16 16 16 16 16 16
ttitration (°C) 20.8 24 25 25 25 25
Vsample (mL) 23.02 22.09 23.39 22.87 23.42 22.8
titrant used NaOH NaOH NaOH NaOH NaOH NaOH
nH+/nOH− added (mmol) 37.76 23.68 27.88 36.88 54.02 35.51
Vcontainer (mL) 41.67 75.79 42.89 43.17 44.32 45.8
[H+

added]/[OH−
added] (mmol/L) 0.91 0.31 0.65 0.85 1.22 0.78

conductivity (25°C) (µs/cm) 11 930 10 090 11 570 11 380 11 310 11 570
pH (before the titration) 1.87 1.88 1.88 1.96 1.92 1.97
Titration conditions
g(ttitration) 0.9998 0.9991 0.9989 0.9989 0.9989 0.9989
[OHtot (ttitration)] (mol/L) 55.4 55.36 55.35 55.35 55.35 55.35
ε(ttitration) 80.07 78.9 78.54 78.54 78.54 78.54
A(ttitration) 0.51 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 83.9 99.2 86.5 88 88.5 86.5
J(20°C) (mmol/L) 223.52 186.3 216.19 212.33 210.91 216.19
J(ttitration) (mmol/L) 223.48 186.13 215.94 212.09 210.67 215.94
γ1(ttitration) 0.719 0.731 0.72 0.721 0.721 0.72
γ2(ttitration) 0.267 0.285 0.268 0.27 0.271 0.268
K0(ttitration) (×1016) 1.316 1.693 1.829 1.829 1.829 1.829
K1(ttitration) (×107) 4.2 4.395 4.452 4.452 4.452 4.452
K2(ttitration) (×1011) 4.277 4.585 4.68 4.68 4.68 4.68
pH initial 4.5 4.5 4.5 4.45 4.5 4.42
f11 initial 1 1 1 1 1 1
f12 initial 1.982 1.981 1.981 1.983 1.981 1.984
pH final 8.3 8.29 8.29 8.25 8.31 8.33
f11 final 1 1 1 1 1 1
f12 final 0.986 0.986 0.984 0.987 0.983 0.981
[CO3tot ]container (mmol/L) 0.86 0.27 0.61 0.81 1.17 0.72
[CO3tot ]sample (mmol/L) 1.56 0.92 1.11 1.52 2.22 1.44
Test conditions
g(ttest) 1.0008 1.0008 1.0008 1.0008 1.0008 1.0008
[CO3tot(ttest)] (mmol/L) 1.57 0.92 1.11 1.52 2.23 1.44
ε(ttest) 81.85 81.85 81.85 81.85 81.85 81.85
A(ttest) 0.5 0.5 0.5 0.5 0.5 0.5
J(ttest) (mmol/L) 223.69 186.44 216.36 212.5 211.08 216.36
γ1(ttest) 0.721 0.734 0.723 0.725 0.725 0.723
γ2(ttest) 0.27 0.29 0.274 0.276 0.276 0.274
K1(ttest) (×107) 3.876 3.876 3.876 3.876 3.876 3.876
K2(ttest) (×1011) 3.813 3.813 3.813 3.813 3.813 3.813
pH (during the test) 2.05 2.05 2.11 2.09 2.08 2.07
d32 0.99994 0.99994 0.99993 0.99993 0.99994 0.99994
[CO2(ttest)] (mmol/L) 1.57 0.92 1.11 1.52 2.23 1.44
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sample A6 A7 A8 A9 A10 A11
sampling time (s) 120 140 160 200 240 260
ttest (°C) 16 16 16 16 16.1 16.1
ttitration (°C) 25 25 25 25 25 25
Vsample (mL) 23.58 23 22.57 22.67 24.08 24.36
titrant used NaOH NaOH NaOH NaOH NaOH NaOH
nH+/nOH− added (mmol) 26.41 35.94 54.65 61.01 65.54 64.66
Vcontainer (mL) 47.88 43.52 39.62 43.17 40.83 48.66
[H+

added]/[OH−
added] (mmol/L) 0.55 0.83 1.38 1.41 1.61 1.33

conductivity (25°C) (µs/cm) 11 690 11 650 11 360 10 580 10 820 10 820
pH (before the titration) 1.97 1.96 1.97 1.96 2 1.99
Titration conditions
g(ttitration) 0.9989 0.9989 0.9989 0.9989 0.9989 0.9989
[OHtot (ttitration)] (mol/L) 55.35 55.35 55.35 55.35 55.35 55.35
ε(ttitration) 78.54 78.54 78.54 78.54 78.54 78.54
A(ttitration) 0.51 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 85.6 85.9 88.1 94.6 92.5 92.5
J(20°C) (mmol/L) 218.63 217.82 211.93 196.15 200.99 200.99
J(ttitration) (mmol/L) 218.38 217.57 211.68 195.93 200.76 200.76
γ1(ttitration) 0.719 0.719 0.721 0.727 0.725 0.725
γ2(ttitration) 0.267 0.267 0.27 0.279 0.276 0.276
K0(ttitration) (×1016) 1.829 1.829 1.829 1.829 1.829 1.829
K1(ttitration) (×107) 4.452 4.452 4.452 4.452 4.452 4.452
K2(ttitration) (×1011) 4.68 4.68 4.68 4.68 4.68 4.68
pH initial 4.51 4.5 4.5 4.53 4.5 4.42
f11 initial 1 1 1 1 1 1
f12 initial 1.98 1.981 1.981 1.98 1.981 1.984
pH final 8.29 8.3 8.22 8.33 8.3 8.27
f11 final 1 1 1 1 1 1
f12 final 0.984 0.984 0.989 0.982 0.984 0.986
[CO3tot ]container (mmol/L) 0.51 0.78 1.34 1.37 1.56 1.28
[CO3tot ]sample (mmol/L) 1.03 1.48 2.36 2.61 2.65 2.55
Test conditions
g(ttest) 1.0008 1.0008 1.0008 1.0008 1.0008 1.0008
[CO3tot(ttest)] (mmol/L) 1.03 1.48 2.37 2.62 2.66 2.56
ε(ttest) 81.85 81.85 81.85 81.85 81.81 81.81
A(ttest) 0.5 0.5 0.5 0.5 0.5 0.5
J(ttest) (mmol/L) 218.8 217.99 212.09 196.3 201.15 201.15
γ1(ttest) 0.722 0.723 0.725 0.73 0.728 0.728
γ2(ttest) 0.272 0.273 0.276 0.284 0.281 0.281
K1(ttest) (×107) 3.876 3.876 3.876 3.876 3.884 3.884
K2(ttest) (×1011) 3.813 3.813 3.813 3.813 3.822 3.822
pH (during the test) 2.07 2.06 2.07 2.11 2.12 2.12
d32 0.99994 0.99994 0.99994 0.99993 0.99993 0.99993
[CO2(ttest)] (mmol/L) 1.03 1.48 2.36 2.62 2.66 2.55
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sample A12 A13 A14 A15 A16
sampling time (s) 280 600 1 200 1 800 3 300
ttest (°C) 16.1 16.1 16.1 16.1 16.2
ttitration (°C) 25 25 25 25 26
Vsample (mL) 24.12 24.09 24.36 24.94 23.36
titrant used NaOH NaOH NaOH NaOH NaOH
nH+/nOH− added (mmol) 66.6 39.16 54.81 60.81 60.84
Vcontainer (mL) 40.99 46.89 43.44 43.99 41.36
[H+

added]/[OH−
added] (mmol/L) 1.62 0.84 1.26 1.38 1.47

conductivity (25°C) (µs/cm) 10 860 10 850 10 270 10 920 10 710
pH (before the titration) 2 1.96 1.99 2.06 1.99
Titration conditions
g(ttitration) 0.9989 0.9989 0.9989 0.9989 0.9986
[OHtot (ttitration)] (mol/L) 55.35 55.35 55.35 55.35 55.33
ε(ttitration) 78.54 78.54 78.54 78.54 78.18
A(ttitration) 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 92.2 92.3 97.5 91.7 93.5
J(20°C) (mmol/L) 201.8 201.6 189.91 203.01 198.77
J(ttitration) (mmol/L) 201.57 201.37 189.69 202.78 198.49
γ1(ttitration) 0.725 0.725 0.729 0.724 0.725
γ2(ttitration) 0.276 0.276 0.282 0.275 0.277
K0(ttitration) (×1016) 1.829 1.829 1.829 1.829 1.974
K1(ttitration) (×107) 4.452 4.452 4.452 4.452 4.507
K2(ttitration) (×1011) 4.68 4.68 4.68 4.68 4.776
pH initial 4.38 4.41 4.5 4.5 4.5
f11 initial 1 1 1 1 1
f12 initial 1.985 1.984 1.981 1.981 1.981
pH final 8.3 8.34 8.3 8.37 8.4
f11 final 1 1 1 1 1
f12 final 0.984 0.981 0.985 0.979 0.976
[CO3tot ]container (mmol/L) 1.56 0.78 1.22 1.33 1.42
[CO3tot ]sample (mmol/L) 2.65 1.51 2.17 2.35 2.51
Test conditions
g(ttest) 1.0008 1.0008 1.0008 1.0008 1.0007
[CO3tot(ttest)] (mmol/L) 2.66 1.51 2.18 2.36 2.51
ε(ttest) 81.81 81.81 81.81 81.81 81.77
A(ttest) 0.5 0.5 0.5 0.5 0.5
J(ttest) (mmol/L) 201.96 201.75 190.06 203.17 198.92
γ1(ttest) 0.728 0.728 0.732 0.728 0.729
γ2(ttest) 0.281 0.281 0.288 0.28 0.283
K1(ttest) (×107) 3.884 3.884 3.884 3.884 3.891
K2(ttest) (×1011) 3.822 3.822 3.822 3.822 3.832
pH (during the test) 2.11 2.11 2.1 2.1 2.08
d32 0.99993 0.99993 0.99993 0.99993 0.99994
[CO2(ttest)] (mmol/L) 2.66 1.51 2.18 2.36 2.51
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8.5.2 June 2020 - test B

Figure 52: Evolution of the pH at the outlet of the airlift during the large-scale CO2 transfer
test B of June 2020.
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Table 13: Values of the different variables used for the determination of the CO2 concentration
in the HRAP for the large-scale test B of June 2020.

sample B0 B1 B2 B3 B4
sampling time (s) 0 60 80 100 120
ttest (°C) 16.5 16.4 16.4 16.5 16.5
ttitration (°C) 24.6 24.2 24.5 25.8 25
Vsample (mL) 23.99 23.02 23.31 23.27 24.11
titrant used NaOH NaOH NaOH NaOH NaOH
nH+/nOH− added (mmol) 30.96 115.55 66.94 88.33 172.12
Vcontainer (mL) 63.29 50.45 54.51 67.27 53.71
[H+

added]/[OH−
added] (mmol/L) 0.49 2.29 1.23 1.31 3.2

conductivity (25°C) (µs/cm) 21 700 17 420 19 410 18 750 17 160
pH (before the titration) 1.62 1.77 1.69 1.78 1.82
Titration conditions
g(ttitration) 0.999 0.999 0.999 0.9986 0.9989
[OHtot (ttitration)] (mol/L) 55.35 55.36 55.35 55.34 55.35
ε(ttitration) 78.68 78.83 78.72 78.25 78.54
A(ttitration) 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 46.1 57.5 51.6 53.4 58.3
J(20°C) (mmol/L) 429 337.57 379.84 365.77 332.08
J(ttitration) (mmol/L) 428.55 337.25 379.45 265.28 331.7
γ1(ttitration) 0.671 0.688 0.68 0.682 0.689
γ2(ttitration) 0.203 0.224 0.214 0.216 0.225
K0(ttitration) (×1016) 1.774 1.72 1.76 1.944 1.829
K1(ttitration) (×107) 4.429 4.406 4.423 4.496 4.452
K2(ttitration) (×1011) 4.642 4.604 4.633 4.757 4.68
pH initial 4.5 4.5 4.37 4.44 4.45
f11 initial 1 1 1 1 1
f12 initial 1.98 1.98 1.985 1.982 1.982
pH final 8.29 8.3 8.32 8.38 8.2
f11 final 1 1 1 1 1
f12 final 0.979 0.98 0.977 0.972 0.987
[CO3tot ]container (mmol/L) 0.44 2.24 1.15 1.24 3.17
[CO3tot ]sample (mmol/L) 1.16 4.91 2.7 3.59 7.06
Test conditions
g(ttest) 1.0007 1.0007 1.0007 1.0007 1.0007
[CO3tot(ttest)] (mmol/L) 1.16 4.92 2.7 3.6 7.07
ε(ttest) 81.66 81.7 81.7 81.66 81.66
A(ttest) 0.5 0.5 0.5 0.5 0.5
J(ttest) (mmol/L) 429.29 337.81 380.11 366.03 332.31
γ1(ttest) 0.675 0.692 0.683 0.686 0.693
γ2(ttest) 0.208 0.229 0.218 0.221 0.23
K1(ttest) (×107) 3.912 3.905 3.905 3.912 3.912
K2(ttest) (×1011) 3.861 3.851 3.851 3.861 3.861
pH (during the test) 1.66 1.92 1.8 1.77 1.8
d32 0.99997 0.99995 0.99996 0.99997 0.99996
[CO2(ttest)] (mmol/L) 1.16 4.92 2.7 3.6 7.07
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sample B5 B6 B7 B8 B9
sampling time (s) 140 160 180 200 220
ttest (°C) 16.5 16.5 16.5 16.5 16.5
ttitration (°C) 25 25 25 25 25
Vsample (mL) 22.94 23.34 23.74 24.05 24.13
titrant used NaOH NaOH NaOH NaOH NaOH
nH+/nOH− added (mmol) 178.27 175.2 211.61 194 230.52
Vcontainer (mL) 48.84 46.44 48.99 47.16 49.93
[H+

added]/[OH−
added] (mmol/L) 3.65 3.77 4.32 4.11 4.62

conductivity (25°C) (µs/cm) 14 940 14 680 14 070 14 420 14 820
pH (before the titration) 1.86 1.92 1.95 1.91 1.9
Titration conditions
g(ttitration) 0.9989 0.9989 0.9989 0.9989 0.9989
[OHtot (ttitration)] (mol/L) 55.35 55.35 55.35 55.35 55.35
ε(ttitration) 78.54 78.54 78.54 78.54 78.54
A(ttitration) 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 67 68.2 71.2 69.4 67.6
J(20°C) (mmol/L) 285.55 280.14 267.49 274.74 283.05
J(ttitration) (mmol/L) 285.22 279.82 267.18 274.43 282.73
γ1(ttitration) 0.7 0.701 0.704 0.703 0.7
γ2(ttitration) 0.24 0.242 0.246 0.244 0.241
K0(ttitration) (×1016) 1.829 1.829 1.829 1.829 1.829
K1(ttitration) (×107) 4.452 4.452 4.452 4.452 4.452
K2(ttitration) (×1011) 4.68 4.68 4.68 4.68 4.68
pH initial 4.4 4.49 4.5 4.5 4.42
f11 initial 1 1 1 1 1
f12 initial 1.984 1.981 1.98 1.98 1.984
pH final 8.32 8.39 8.3 8.3 8.28
f11 final 1 1 1 1 1
f12 final 0.98 0.974 0.982 0.982 0.983
[CO3tot ]container (mmol/L) 3.57 3.7 4.28 4.07 4.56
[CO3tot ]sample (mmol/L) 7.61 7.36 8.83 7.98 9.43
Test conditions
g(ttest) 1.0007 1.0007 1.0007 1.0007 1.0007
[CO3tot(ttest)] (mmol/L) 7.62 7.37 8.85 8 9.45
ε(ttest) 81.66 81.66 81.66 81.66 81.66
A(ttest) 0.5 0.5 0.5 0.5 0.5
J(ttest) (mmol/L) 285.75 280.34 267.67 274.93 283.25
γ1(ttest) 0.703 0.705 0.708 0.706 0.704
γ2(ttest) 0.245 0.247 0.251 0.249 0.246
K1(ttest) (×107) 3.912 3.912 3.912 3.912 3.912
K2(ttest) (×1011) 3.861 3.861 3.861 3.861 3.861
pH (during the test) 1.83 1.89 1.92 1.92 1.91
d32 0.99996 0.99996 0.99995 0.99995 0.99996
[CO2(ttest)] (mmol/L) 7.62 7.37 8.84 8 9.45
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sample B10 B11 B12 B13 B14
sampling time (s) 240 260 280 300 600
ttest (°C) 16.5 16.5 16.5 16.5 16.5
ttitration (°C) 25 25 25 25 25
Vsample (mL) 24.07 24.42 24.03 23.95 24.84
titrant used NaOH NaOH NaOH NaOH NaOH
nH+/nOH− added (mmol) 164.06 162.09 181.34 249.15 159.28
Vcontainer (mL) 51.47 48.14 50.83 52.45 44.64
[H+

added]/[OH−
added] (mmol/L) 3.19 3.37 3.57 4.75 3.57

conductivity (25°C) (µs/cm) 15 450 15 280 15 670 15 620 15 430
pH (before the titration) 1.87 1.9 1.87 1.89 1.9
Titration conditions
g(ttitration) 0.9989 0.9989 0.9989 0.9989 0.9989
[OHtot (ttitration)] (mol/L) 55.35 55.35 55.35 55.35 55.35
ε(ttitration) 78.54 78.54 78.54 78.54 78.54
A(ttitration) 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 64.8 65.5 63.9 64.1 64.9
J(20°C) (mmol/L) 296.19 292.64 300.78 299.74 295.77
J(ttitration) (mmol/L) 295.85 292.3 300.44 299.39 295.43
γ1(ttitration) 0.697 0.698 0.696 0.696 0.697
γ2(ttitration) 0.236 0.237 0.235 0.235 0.236
K0(ttitration) (×1016) 1.829 1.829 1.829 1.829 1.829
K1(ttitration) (×107) 4.452 4.452 4.452 4.452 4.452
K2(ttitration) (×1011) 4.68 4.68 4.68 4.68 4.68
pH initial 4.51 4.5 4.28 4.5 4.5
f11 initial 1 1 1 1 1
f12 initial 1.98 1.98 1.988 1.98 1.98
pH final 8.24 8.3 8.32 8.33 8.25
f11 final 1 1 1 1 1
f12 final 0.985 0.981 0.979 0.978 0.985
[CO3tot ]container (mmol/L) 3.16 3.32 3.46 4.69 3.54
[CO3tot ]sample (mmol/L) 6.76 6.55 7.32 10.28 6.36
Test conditions
g(ttest) 1.0007 1.0007 1.0007 1.0007 1.0007
[CO3tot(ttest)] (mmol/L) 6.77 6.56 7.33 10.3 6.37
ε(ttest) 81.66 81.66 81.66 81.66 81.66
A(ttest) 0.5 0.5 0.5 0.5 0.5
J(ttest) (mmol/L) 296.39 292.84 300.99 299.95 295.97
γ1(ttest) 0.701 0.702 0.7 0.7 0.701
γ2(ttest) 0.241 0.242 0.24 0.24 0.241
K1(ttest) (×107) 3.912 3.912 3.912 3.912 3.912
K2(ttest) (×1011) 3.861 3.861 3.861 3.861 3.861
pH (during the test) 1.88 1.87 1.86 1.86 1.86
d32 0.99996 0.99996 0.99996 0.99996 0.99996
[CO2(ttest)] (mmol/L) 6.77 6.56 7.33 10.3 6.37
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sample B15 B16 B17 B18 B19
sampling time (s) 900 1 200 1 500 1 800 2 100
ttest (°C) 16.5 16.5 16.6 16.5 16.6
ttitration (°C) 25 25 26.6 25.4 25
Vsample (mL) 24.64 24.19 24.05 24.37 24.29
titrant used NaOH NaOH NaOH NaOH NaOH
nH+/nOH− added (mmol) 179.69 221.3 181.03 172.54 139.87
Vcontainer (mL) 50.79 51.09 51.75 51.97 50.19
[H+

added]/[OH−
added] (mmol/L) 3.54 4.33 3.5 3.32 2.79

conductivity (25°C) (µs/cm) 15 350 15 300 15 200 15 200 15 060
pH (before the titration) 1.85 1.87 1.86 1.9 1.96
Titration conditions
g(ttitration) 0.9989 0.9989 0.9984 0.9988 0.9989
[OHtot (ttitration)] (mol/L) 55.35 55.35 55.32 55.34 55.35
ε(ttitration) 78.54 78.54 77.96 78.4 78.54
A(ttitration) 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 65.2 65.4 65.9 65.9 66.5
J(20°C) (mmol/L) 294.1 293.05 290.97 290.97 288.05
J(ttitration) (mmol/L) 293.76 292.72 290.52 290.61 287.72
γ1(ttitration) 0.698 0.698 0.698 0.698 0.699
γ2(ttitration) 0.237 0.237 0.237 0.238 0.239
K0(ttitration) (×1016) 1.829 1.829 2.066 1.886 1.829
K1(ttitration) (×107) 4.452 4.452 4.539 4.474 4.452
K2(ttitration) (×1011) 4.68 4.68 4.832 4.719 4.68
pH initial 4.46 4.49 4.51 4.55 4.5
f11 initial 1 1 1 1 1
f12 initial 1.982 1.981 1.979 1.978 1.98
pH final 8.3 8.36 8.28 8.41 8.23
f11 final 1 1 1 1 1
f12 final 0.981 0.976 0.982 0.972 0.986
[CO3tot ]container (mmol/L) 3.48 4.26 3.46 3.26 2.76
[CO3tot ]sample (mmol/L) 7.18 9 7.44 6.94 5.7
Test conditions
g(ttest) 1.0007 1.0007 1.0007 1.0007 1.0007
[CO3tot(ttest)] (mmol/L) 7.19 9.02 7.46 6.96 5.71
ε(ttest) 81.66 81.66 81.62 81.66 81.62
A(ttest) 0.5 0.5 0.5 0.5 0.5
J(ttest) (mmol/L) 294.3 293.26 291.16 291.17 288.24
γ1(ttest) 0.701 0.702 0.702 0.702 0.703
γ2(ttest) 0.242 0.242 0.243 0.243 0.244
K1(ttest) (×107) 3.912 3.912 3.919 3.912 3.919
K2(ttest) (×1011) 3.861 3.861 3.87 3.861 3.87
pH (during the test) 1.86 1.86 1.86 1.88 1.89
d32 0.99996 0.99996 0.99996 0.99996 0.99996
[CO2(ttest)] (mmol/L) 7.19 9.02 7.46 6.96 5.71
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sample B20 B21 B22 B23 B24
sampling time (s) 2 400 2 700 3 000 3 300 3 600
ttest (°C) 16.6 16.6 16.5 16.6 16.6
ttitration (°C) 23.9 25 25.7 25 25
Vsample (mL) 24.33 23.66 23.89 22.52 24.46
titrant used NaOH NaOH NaOH NaOH NaOH
nH+/nOH− added (mmol) 138.6 120.22 137.19 139.5 144.26
Vcontainer (mL) 50.23 47.66 48.84 46.16 49.96
[H+

added]/[OH−
added] (mmol/L) 2.76 2.52 2.81 3.02 2.89

conductivity (25°C) (µs/cm) 15 090 14 980 14 900 14 870 14 850
pH (before the titration) 1.95 1.92 1.91 1.92 1.99
Titration conditions
g(ttitration) 0.9991 0.9989 0.9987 0.9989 0.9989
[OHtot (ttitration)] (mol/L) 55.36 55.35 55.34 55.35 55.35
ε(ttitration) 78.94 78.54 78.29 78.54 78.54
A(ttitration) 0.51 0.51 0.51 0.51 0.51
ρ(20°C) (ohm.cm) 66.3 66.8 67.2 67.3 67.4
J(20°C) (mmol/L) 288.68 286.38 284.72 284.09 283.68
J(ttitration) (mmol/L) 288.42 286.05 284.34 283.77 283.35
γ1(ttitration) 0.699 0.7 0.7 0.7 0.7
γ2(ttitration) 0.239 0.239 0.24 0.24 0.24
K0(ttitration) (×1016) 1.68 1.829 1.93 1.829 1.829
K1(ttitration) (×107) 4.389 4.452 4.49 4.452 4.452
K2(ttitration) (×1011) 4.575 4.68 4.747 4.68 4.68
pH initial 4.5 4.31 4.42 4.43 4.45
f11 initial 1 1 1 1 1
f12 initial 1.981 1.987 1.983 1.983 1.982
pH final 8.26 8.31 8.22 8.3 8.33
f11 final 1 1 1 1 1
f12 final 0.985 0.98 0.987 0.981 0.979
[CO3tot ]container (mmol/L) 2.72 2.43 2.76 2.96 2.82
[CO3tot ]sample (mmol/L) 5.62 4.9 5.65 6.07 5.77
Test conditions
g(ttest) 1.0007 1.0007 1.0007 1.0007 1.0007
[CO3tot(ttest)] (mmol/L) 5.63 4.91 5.66 6.08 5.78
ε(ttest) 81.62 81.62 81.66 81.62 81.62
A(ttest) 0.5 0.5 0.5 0.5 0.5
J(ttest) (mmol/L) 288.87 286.58 284.91 284.28 283.87
γ1(ttest) 0.703 0.703 0.704 0.704 0.704
γ2(ttest) 0.244 0.244 0.245 0.245 0.245
K1(ttest) (×107) 3.919 3.919 3.912 3.919 3.919
K2(ttest) (×1011) 3.87 3.87 3.861 3.87 3.87
pH (during the test) 1.89 1.89 1.89 1.89 1.9
d32 0.99996 0.99996 0.99996 0.99996 0.99996
[CO2(ttest)] (mmol/L) 5.63 4.91 5.66 6.08 5.78
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8.6 Summary of test conditions and results

Table 14: Summary of the conditions and results of all the tests.

September 2019 January 2020 June 2020
small scale small scale large scale

Conditions of the tests
temperature tracer test (°C) 20.8 14.6 15.1
temperature O2 test (°C) 23.8 16.2 15.4
temperature CO2 test A (°C) 23.6 17.1 16.1
temperature CO2 test B (°C) 23.6 16.3 16.5
water height (cm) 9.8 7 150
VR (L) 267.1 408.9 78 400
VA (L) 22 70.9 24 400
Vchannel (L) 245.1 338 54 000
Tracer tests
tc (s) 227 393 ∼ 20
tA (s) 24 130 /
tchannel (s) 203 263 /
O2 transfer tests
(kla)R outlet of the airlift (s−1) 2.3× 10−3 1.8× 10−3 4.4× 10−4

± 1.3× 10−5 ± 1.2× 10−5 ± 1× 10−6

(kla)R inlet of the airlift (s−1) 1.9× 10−3 1.6× 10−3 4.2× 10−4

± 1.5× 10−5 ± 1.5× 10−5 ± 2.8× 10−6

(kla)R mean (s−1) 2.1× 10−3 1.7× 10−3 4.3× 10−4

± 2× 10−5 ± 1.9× 10−5 ± 3× 10−6

(kla)A model (s−1) 2.36× 10−2 6.6× 10−3 /
(kla)A Equation (3.15) (s−1) 2.65× 10−2 6.2× 10−3 /
(kla)A mean (s−1) 2.5× 10−2 6.4× 10−3 /
(kla)channel (s

−1) 4.1× 10−5 8.4× 10−4 /
CO2 transfer tests
(kla)R test A (s−1) / 1× 10−3 /

± 1.2× 10−4

(kla)R test B (s−1) 1.3× 10−3 1.2× 10−3 2.6× 10−4

± 2.1× 10−4 ± 4.6× 10−4 ± 1.4× 10−4

Ratios (kla)CO2
/ (kla)O2

test A / 0.58 /
± 0.08

test B 0.64 0.7 0.6
± 0.11 ± 0.28 ± 0.33
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