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Abstract

In the present work, a computer model was developed and applied for estimating
the productivity of microalgae cultivated in an industrial-sized outdoor facility of
vertical flat panel photobioreactors.

The productivity calculation is based on the simulation of the cultivation
temperature and light distribution within the reactor. Algae growth is examined at
six locations, each representative for a different climate zone. Weather and solar
irradiation data with high temporal resolution are used for the simulations. In the
course of this study, a wide range of influencing factors, such as panel distance,
thickness and orientation, are examined. Shading and reflections between
opposing panels and between panels and the ground are characteristic for
commercial plants. These effects are dynamically computed based on the reactor
geometry and the position of the sun.

Results of the temperature simulation show that algae cultivated outdoors
are exposed to strong temperature variations with maximum temperatures of
uncooled photobioreactors often exceeding 40 °C. Consequently, very temperature
resistant algae strains are needed for outdoor algae cultivation in closed
photobioreactors. The simulations further indicate that hot and arid climates are
not suited for algae cultivation due to extremely high reactor temperatures.
Maximum annual values for the areal productivity and the productivity per reactor
panell are 122 thalal and 20 kg panel! a1, respectively. However, a trade-off
exists between both performance indicators: While densely packed reactors are
required for high areal productivities, a wide inter-panel spacing results in highest
biomass yields per reactor panel. Panel distances between 0.5 and 1 m appear to
be a reasonable compromise, enabling productivities of about 75thalal and
12 kg panell al for temperate to warm climates. Thin panels between 2.5 and
5 cm proved most favorable for algae concentrations of 2 g I-1. With respect to the
panel orientation, reactor surfaces should face to the north and south.

1 Reactor panel dimensions: height, 1 m; width 2 m; thickness 2.5 - 10 cm






Kurzfassung

In der vorliegenden Arbeit wurde ein Computermodell zur Schatzung der
Produktivitat von Mikroalgen entwickelt und angewandt. Fiir das Modell wird
davon ausgegangen, dass Mikroalgen in einer Aufienlage industrieller Grofe
bestehend aus vertikalen Flachplattenphotobioreaktoren kultiviert werden.

Die Produktivititsberechnung basiert auf der Simulation der
Kultivierungstemperatur und der Lichtverteilung im Reaktor. Das Algenwachstum
wird an sechs Standorten untersucht, welche reprasentativ fiir jeweils eine
Klimazone sind. Fir die Simulationen werden Wetter- und Strahlungsdaten mit
hoher zeitlicher Auflésung verwendet. Im Rahmen dieser Studie wird ein breites
Spektrum von Einflussfaktoren wie der Plattenabstand, die Plattendicke und die
Orientierung der Reaktorplatten untersucht. Abschattung und Reflexionen
zwischen gegeniiberliegenden Platten und zwischen den Platten und dem Boden
sind charakteristisch fiir kommerzielle Anlagen. Diese Effekte werden dynamisch
auf der Grundlage der Reaktorgeometrie und der Position der Sonne berechnet.

Die Ergebnisse der Temperatursimulation zeigen, dass Algen, die im Freien
kultiviert werden, starken Temperaturschwankungen ausgesetzt sind, wobei die
Hochsttemperaturen von ungekiihlten Photobioreaktoren oft iiber 40 °C liegen.
Folglich werden fiir geschlossene Photobioreaktoren sehr temperaturresistente
Algenspezies bendétigt. Die Simulationen zeigen ferner, dass heifde und aride
Klimazonen wegen der extrem hohen Reaktortemperaturen nicht fiir die
Algenkultivierung geeignet sind. Die maximalen Jahreswerte fiir die
Flachenproduktivitit und die Produktivitit pro Reaktorplatte? betragen
122 thalal bzw. 20 kg Panel! a-1. Hierbei muss jedoch beriicksichtigt werden,
dass ein Zielkonflikt zwischen den beiden Leistungsindikatoren existiert: Wahrend
dicht gepackte Reaktoren fiir hohe Flachenproduktivititen benotigt werden,
begiinstigt ein grofer Abstand zwischen den Reaktorplatten hohe
Biomasseausbeuten pro Reaktorplatte. Distanzen zwischen 0,5 und 1 m erscheinen
daher ein angemessener Kompromiss zu sein, was Produktivititen von etwa
75 thalalbzw. 12 kg Panel! a1 fiir gemafiigte bis warme Klimazonen ermaoglicht.
Diinne Platten zwischen 2,5 und 5cm erwiesen sich als am gilinstigsten fir
Zelldichten von 2 gl-l. Eine Orientierung der Reaktoroberflachen in Nord-Siid-
Richtung erwies sich als vorteilhaft.

2 Abmessungen der Reaktorplatten: Hohe, 1 m; Breite, 2 m; Dicke 2,5 - 10 cm
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1 Introduction

1.1 The importance of biomass

Biomass in its various forms has probably been the most important feedstock since
the beginnings of humankind. It has provided us with food, clothes, acted as fuel,
medicine and building material. With the beginning of the industrialization in the
18th century, the energy demand significantly increased to power machines. At this
point, biomass as fuel was mainly replaced by coal [1]. The development continued
and oil and gas complemented coal as a fossil fuel. Furthermore, crude oil provided
liquid fuels that could be burnt much easier in engines than solid materials making
them perfect for vehicles of all kind. The mass production of cars started in the U.S.
in the 1920s and 1930s. Together with the first discoveries of large oil fields this
resulted in a rapid expansion of national oil refinery capacities. At first, refinery
activities concentrated on the production of fuel and side products were mostly
burnt. Soon, however, the excess of side products motivated the development of
chemical processes for their use [2]. The development of these processes marked
the beginning of the rise of one of most important industries today, the
petrochemistry. From the second half of the 20t century onwards the
petrochemical industry provided us with a constantly increasing variety of new
materials and chemicals that can be found nearly everywhere in today’s society
[3]. The widespread consumption of these products, however, also led to growing
concerns about the environmental consequences and limits of a society that is
highly dependent on fossil resources. Famous historical examples documenting
these concerns are the peak oil theory by M. King Hubbert [4] and “The Limits to
Growth”-report published by the Club of Rome in 1972 [5]. While these
publications have not lost their meaning, one of the most pressing concerns today
is climate change and, directly linked to it, greenhouse gas emissions resulting
from the combustion of fossil fuels. Therefore, alternatives to fossil products are
highly searched for.

The ongoing industrialization and in particular the rise of the
petrochemistry has led to the development of new ways of hydrocarbon
processing. Many of these processes are not limited to coal, gas and oil but can also
be applied to various forms of biomass. As a consequence, many synthetic goods
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that were formerly produced exclusively from fossil resources can now be
fabricated from biomass.

With new ways of processing at hand and acknowledging the limits of fossil
resources and the implications of their utilization on our environment, biomass
has moved into focus again and gained attention as a renewable resource that can
at least partly replace coal, crude oil and natural gas.

Biomass cultivation traditionally requires the availability of arable land.
However, areas suitable for agriculture are limited, and the pressure on those
areas will most likely increase. In future, more food will be needed to feed the
growing world population. In addition, the diet of a substantial fraction of the
world population is changing, and developing countries are adopting western
standards. As a result, more meat is consumed. Meat production however requires
the cultivation of forage crops, thus increasing the demand for arable land. In the
past, the rising need for biomass products in general and food in particular could
be partly compensated by higher crop yields. Improvements were realized mostly
by the introduction of synthetic fertilizers, crop protection products and extensive
breeding. However, studies indicate that this development is not expected to
continue, at least not to same extent [6-8]. As a consequence, conventional
agriculture will face significant challenges to provide enough food and at the same
time replace a significant fraction of fossil products with products based on
biomass.

1.2 The potential of microalgae

In the last years, therefore, a new form of biomass production has come into focus.
Microalgae are microscopic and often unicellular organisms belonging to various
taxonomic groups. As a mutual characteristic, all microalgae contain chlorophyll a
and are capable of fixating carbon dioxide (CO;) via photosynthesis [9]. This
definition also comprises cyanobacteria even though they are not plants but
prokaryotic organisms.

One of the most important characteristics of microalgae is their ability of
fast cell replication. As a consequence, areal productivities of microalgae can
surpass those of any known field crop [10, 11]. The high production rates of algae
can also be observed in nature, where suddenly occurring massive algae blooms
may cover huge areas in the open sea (Figure 1.1). Another important aspect of
microalgae is their ability to accumulate large quantities of oil [11-15]. Studies



1.2 The potential of microalgae

Figure 1.1 Large microalgae bloom (coccolithophores) in front of the coast of Brittany, France.
Image taken at June 15, 2004 (source: http://visibleearth.nasa.gov).

show that the oil content of certain species such as Botryococcus braunii can even
reach values of 75 % [12, 13]. The algae oil is a valuable component that is
especially important for the production of biofuels [12, 16]. Next to biofuels, algae
can act as feedstock for a whole range of other high-value products encompassing,
but not limited to, nutrient supplements [16, 17], pharmaceuticals [18], pigments
[19] and fine chemicals [16, 20, 21] making algae biomass one the most versatile
forms of renewable resources currently known.

A further key feature of algae concerns the cultivation of these organisms.
Microalgae can grow in fresh water but are not limited to this water source.
Depending on the species, also brackish, sea or even waste water can be used for
cultivation [11, 22-25]. This represents a significant advantage, as even today
freshwater is a valuable good. Additionally, the location of the cultivation system
holding the growth medium is independent from soil quality. Therefore, even land
not suitable for agriculture can be utilized for algae cultivation [11, 24-26].
Keeping in mind the potentially high areal yields of microalgae, the possibility to
use sustainable water sources as well as the fact that no agricultural land is
required for algae cultivation, microalgae represent one of the most promising
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Figure 1.2 Algae cultivation systems: (A) open raceway pond, (B) closed vertical flat plate
photobioreactors and (C) closed tubular reactors (source: https://www.wikipedia.org [27-29]).

forms of biomass that can help humanity to reduce the need for fossil resources
and further provide us with a large variety of valuable goods.

1.3 Microalgae cultivation

Microalgae are cultivated in artificial containers holding the cultivation medium.
These containers are referred to as photobioreactors. Open reactor systems are
usually simple constructions often consisting of a shallow pond agitated by a
paddlewheel (Figure 1.2A). These systems form a basic cultivation environment;
however, they are sensitive to invading species, and growth parameters are
difficult to control [30-32]. In contrast, a closed cultivation system encases the
algae medium and seals off the algae from the environment (Figure 1.2B, C). To
provide the algae with light, at least part of the walls of closed photobioreactors
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must consist of a transparent material such as plastic or glass. Closed
photobioreactors are often more complex and also more expensive constructions
than open ponds. However, in comparison with open system, they provide a well-
controllable environment and avoid water losses through evaporation [31-33].

1.4 Required knowledge base for commercial outdoor
cultivation

The productivity of an algae cultivation plant is a central performance indicator
necessary for assessing the economic and ecological viability of a plant. An
accurate estimation of the productivity is therefore crucial for commercial algae
cultivation.

When reviewing the current literature, information regarding the
productivity of microalgae usually originates either from laboratory experiments
or from the few large-scale algae plants that have been constructed in the last
decades. In laboratory experiments, often artificial light in the photosynthetically
active spectrum is used. However, this light is not representative for natural
sunlight. Furthermore, temperature in laboratory reactors is mostly kept constant
at a fixed point. For most commercial large-scale applications algae will be
required to be cultivated outdoors and are exposed to daily and seasonal
variations of the temperature and the sunlight. Therefore, values determined in
laboratory experiments are often not suited to evaluate the productivity of
industrial-scaled plants [34].

When instead concentrating on the published productivity values
originating from the few large-scale plants, which have been constructed over
time, it has to be noted that measurements mostly cover relatively short time
frames up to a few months. Seasonal deviations are often not presented; therefore,
the respective values are not representative for a complete year of algae
cultivation. More critical, however, is the fact that the respective data is only valid
for a certain cultivation system at a certain location and using a certain type of
algae. The measured productivities therefore do not represent a generally
applicable value and are not necessarily valid for other plants.

In summary, it can be concluded that there is an evident lack of reliable
productivity values for microalgae outdoor cultivation. The large-scale
commercialization of microalgae products, however, requires a broad knowledge
base regarding algae productivity to evaluate plant operation at different locations
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and for different reactor geometries. For the generation of an adequate knowledge
base, detailed and extensive simulation thus is probably the most viable option.

1.5 Goal, central approach and structure of this work

Goal of the present work

The central goal of this thesis is the development of a computer model that allows
the estimation of algae productivity for industrial-sized plants in outdoor
cultivation conditions. Reactor temperature strongly affects algae growth.
Therefore, the reactor temperature is simulated as an integral part of the
productivity model.

Central approach

Vertical flat panel photobioreactors are a widely popular reactor concept for
academic research [33, 35-38] and commercial activities [39-41] alike. They are
therefore selected as cultivation environment in this work. The general choice for a
closed system is further motivated by the fact that most published productivity
values for large-scale outdoor cultivation plants refer to open ponds, despite the
fact that closed systems also represent a commercially viable option. By preferring
a closed system, the current thesis thus contributes to the knowledge base for the
important case of algae cultivation in closed photobioreactors.

A central task of this work is the simulation of large-scale algae cultivation.
In a facility of an industrially-relevant size, multiple reactors are positioned in
direct proximity. The single reactors thus affect each other by shading and mutual
radiation transfer. To take these interactions into account, the photobioreactors in
the model are not examined as a stand-alone concept but as an integral part of a
larger facility. All first-order reflections between the panels and between the
panels and the ground are thoroughly considered in the model. Reflections and
shading of the panels are dynamically computed as a function of the sun’s position
and the reactor geometry.

The productivity simulation comprises of two steps. First, the cultivation
temperature is simulated, which acts as a central input factor for the productivity
model. Second, the light distribution in the reactors is determined. Based on the
cultivation temperature and local irradiation levels within the reactors, the overall
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Figure 1.3 Central approach of simulating the productivity of industrial-scale outdoor
photobioreactors.

productivity is computed (Figure 1.3). The simulation is performed for every
minute of a complete year of cultivation resulting in a high time resolution of the
presented results. High quality weather and solar irradiation data are used to
simulate algae growth in a total of six climate zones. In the course of this study, a
wide range of influencing factors such as the panel distance and thickness as well
as the reactor orientation are examined. Additionally, the impact of moderate
temperature control on the productivity results is analyzed. The large quantity of
examined parameters, allows the identification of optimum reactor geometries
with respect to a certain geographic location and the calculation of the
corresponding productivities. By dynamically calculating shading effects and by
including the reflections between the panels and between the panels and the
ground, results of high quality and accuracy can be expected. The current work
thus represents a substantial contribution to the scientific research conducted in
this field so far.

Structure of the thesis

The thesis is structured in two parts: The first part refers to the temperature
simulation (Chapter 2). Details regarding the importance of temperature
simulation and related research are discussed at the beginning of the respective
chapter. This is followed by the mathematical description of the temperature
model and the discussion of the generated results. In the last section of the chapter,
the central outcomes and conclusions of the temperature simulation are presented.
The second part of the thesis is related to the productivity simulation (Chapter 3).
A comparison with published literature encompassing a thorough review of
existing mathematical descriptions of algae growth is given at the beginning of the
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chapter. The productivity model and the determination of the light distribution are
described in the following sections. The corresponding results are presented and
discussed. At the end of the chapter, the central results and conclusions of the
productivity simulation are presented. An outlook on future work is given in a
separate chapter, at the end of this thesis (Chapter 4).



2 Development and application of the thermal
reactor model

Results described in this chapter have already been published by the author as part of
his doctoral research. Parts of this chapter have been adopted from that publication.
Reproduced with permission from C. H. Endres, A. Roth, and T. B. Briick, “Thermal
Reactor Model for Large-Scale Algae Cultivation in Vertical Flat Panel
Photobioreactors,” Environ. Sci. Technol, vol 50, no. 7, pp. 3920-3927, 2016
(reference [42]). Copyright 2016 American Chemical Society.

2.1 Background information and prior research

The cultivation temperature is an important growth factor for microalgae. Most
algae strains are productive in the range of 10 to 40 °C [43]. Temperatures below
10 °C usually result in very low growth rates. Subzero temperatures, even though
tolerated by many species, pose an additional problem for industrial cultivation
due to possible ice formation in the reactors and at instrumentations.
Temperatures above the 40 °C-threshold are only tolerated by few thermophilic
algae and may lead to cell death in the case of less adapted species. It is therefore
mandatory to keep algae within a favorable temperature regime, preferably close
to the optimum temperature of the respective strain, to guarantee high biomass
production rates. In a laboratory environment, temperature can easily be
controlled. This cannot be applied to the same extent in an industrial-sized plant,
as temperature regulation would require the installation of heat exchangers,
pumps and pipes thus substantially adding to capital and energy costs. However,
without active temperature control, closed photobioreactor systems may overheat
during hot days with reactor temperatures reaching values up to 55°C [44].
Consequently, it is crucial to evaluate the time-dependent reactor temperature
profile already in the planning phase of a commercial microalgae cultivation plant.
In this respect, an accurate process simulation allows the assessment of the
economic potential with reference to a given geographical location and plant
design.


http://pubsdc3.acs.org/articlesonrequest/AOR-ptXhuSdkj8w7gDrYAJFi

2 Development and application of the thermal reactor model

Table 2.1 Overview of reported studies on temperature simulations for microalgae cultivation.

Cultivation Location Simulation  Tmin/Tmax Comment Ref.
system period [°C]1/[°C]
Open pond Various la na./na.  Focus on U.S. algae production [45]
(USA) capacity, temperature implicitly
calculated as part of productivity
simulation, no specific results with
respect to the temp.-simulation
Submerged Various la na./na.  Focus on U.S. algae production [46]
PBRs2 (USA) capacity, temperature implicitly
calculated as part of productivity
simulation, no specific results with
respect to the temp.-simulation
Openpond New la 5/33 Reflection at water surface is [47]
Zealand neglected, 100 % absorption of
incoming light, 2.5 % of light
converted to biomass
Biofilm Tennessee 1weekper 5/35 Spectral properties of algae are [48]
PBR season approximated with pine needles,
10 % of solar radiation is converted
to biomass
Horizontal Southern 1a n.a./>50 100 % of incoming sunlight is [49]
flat panel France absorbed by reactor
Bubble California  Several <5/>45 Single stand-alone reactor, [50]
column days per atmospheric heat radiation is
season approximated as black radiator,
97 % absorption of visible light
Vertical n.ab 1d n.a./>50 Study mostly represents a sensitivity = [51]
flat panel analysis of ref. [50], shading is exa-

mined as a constant factor reducing
the quantity of absorbed light

aPlastic photobioreactor bags are submerged in an open pond. Temperature of the reactors is

assumed identical with pond temperature.

bLocation not directly specified in publication, but as the sensitivity analysis is based on ref. [50],

it can be assumed that the results also apply to a location in California.

Recently, several studies reported on the development of temperature

models and complementary research involving various types of microalgae

cultivation systems. Those studies differ widely in terms of scope (e.g. type of

reactor system) and levels of accuracy. An overview of important studies can be
found in Table 2.1.
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2.1 Background information and prior research

Temperature simulation in open ponds has been thoroughly examined for a
wide range of non-algae-related applications, such as cooling systems [52, 53],
waste water treatment [54-59] and aquaculture [60-64]. For these applications
basically the same equations are required to determine the water temperature as
for microalgae ponds. Temperature simulation specifically for algae ponds is
described in reference [45] and [46]. However, the focus of these studies is the
estimation of national algae production capacities. The temperature simulation is
only treated as an implicit part of the productivity simulation; therefore, no results
specifically related to the temperature are reported. A thorough characterization of
the thermal behavior of algae cultivation ponds is provided by reference [47]. The
simulation covers a complete year of cultivation at an exemplary location in New
Zealand. As a simplification, it is assumed that incoming light is completely
absorbed by the ponds. This may lead to an overestimation of cultivation
temperatures as it is neglected that a substantial fraction of incoming sunlight is
scattered and reflected by the algae cells (see Section2.2.4.1 for more
information). The applied simplification, however, is probably less critical for open
than for closed reactors, as the ground layer of a pond typically adds to the overall
absorptivity of the open system. The thermal characterization of open ponds for
microalgae cultivation described in reference [47] was later supplemented by
research analyzing the water losses due to evaporation in open ponds [65].

Temperature in an open biofilm reactor is simulated for a location in
Tennessee, USA [48]. The simulation period covers one week for each season of the
year. The limitation to short frames represents a drawback as more extreme
temperature events occurring during one year of cultivation might not be covered.
The optical properties of the microalgae biofilm are approximated with values
corresponding to pine needles, representing a more accurate approximation than
assuming 100 % absorptivity.

For closed systems only few temperature simulations exist. One of these
simulations was performed for a single horizontal flat panel photobioreactor
situated in southern France [49]. In the respective study, it was assumed that,
apart from reflections at the reactor casing, algae cells absorb 100 % of incoming
irradiation. In accordance with assuming perfect absorption, the researchers of
this study validated their simulation results with a photobioreactor filled with
black ink. As a consequence, the temperature values generated by the model must
be considered too high for describing realistic outdoor cultivation conditions.

In another publication, the thermal behavior of a vertical bubble column is
simulated [50]. In this study, again, a very high level of light absorption (97 %) by
the algae cells is assumed, leading to an overestimation of the reactor
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2 Development and application of the thermal reactor model

temperatures. Light reaching the reactor surface and corresponding reflections are
dynamically computed in the model for reactors positioned in Singapore and
Merced, California. Simulation periods only covered several days of cultivation but
were extrapolated to estimate the energy demand for cooling the reactors in
different seasons. One current limitation of this important study is that only a
single stand-alone reactor was considered. The reported approach thus neglects
shading effects that naturally occur in larger applications.

Based on reference [50] a sensitivity study was conducted by another group
of researchers, adopting the method initially developed for modeling a bubble
column to simulated algae growth in a vertical flat panel photobioreactor [51].
Unfortunately, the authors of this study do not report about the alterations applied
to the original model described in reference [50]. Again, a single stand-alone
reactor is considered. Shading was examined but only as a static parameter
neglecting the dynamic effects of the sun’s position with respect to the orientation
and geometry of the reactors.

The model introduced in the present thesis goes substantially beyond the
insufficient state of the art. Vertical flat panel photobioreactors were examined as
an integrative part of a cultivation facility and not as single, stand-alone reactor.
Interactions between the panels are thus carefully simulated by the model. Most
notably shading and all first-order reflections at the panels or the ground were
taken into account. In the present study, a total of six different locations
representative for different climate zones are examined. Temperatures are
simulated for a complete year of production and not limited to short phases which
may neglect periods critical for cultivation. A significant advancement with respect
to prior publications is also the introduction of a multilayer ground model allowing
for an accurate calculation of its thermal radiation. Lastly, several details of the
temperature simulation were improved, one of them altering the absorptivity of
algae from a very high to a more moderate and more realistic value. With respect
to the improvements listed above, the temperature model introduced in this work
represents a substantial step forward to the research conducted in this field so far.

In following sections, this model and the findings of the temperature
simulation are described in further detail.
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2.2 Concept and details of the temperature model

2.2 Concept and details of the temperature model

2.2.1 Examined cultivation system

The cultivation system selected for this work is an array of vertical flat plate
photobioreactors (Figure 2.1). The single reactors are arranged in long parallel
lines. Reactors at the borders of the array are neglected as they receive higher
levels of irradiation not being representative for the majority of reactors in the
field. Each single reactor is defined by its dimensions (panel thickness, height and
width) and the distance to the opposing panels. The reactor volume is given by the
respective reactor dimensions. Within this study the width and height of the
reactor are kept constant at 2 m and 1 m, respectively. Even though a fixed panel
height is used throughout the publication, the presented results can be easily
transferred to other reactor heights, provided that the ratio between reactor
height and panel distance is kept constant (Figure A.2). Thus, the thermal behavior
of a reactor that is 1 m high and 0.5 m apart from the next panel is basically
identical to a reactor of 2 m in height with a panel distance of 1 m.

For heat exchange, only the back and front surfaces of the reactor panel are
considered and the small areas at the edges of the reactor are neglected. The
culture medium is continuously homogenized (pneumatic agitation); therefore,

atmospheric radiation

diffuse sunlight 3
direct sunlight g
convection
NSANASD I
reactor and ground reflections at the
heat radiation panels and the
o ground .

3 4 g aeration

Figure 2.1 Schematic illustration of the flat plate photobioreactor plant-setup and the heat fluxes
considered for temperature simulation.
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2 Development and application of the thermal reactor model

temperature is assumed to be constant over the reactor volume at a certain point
in time. As the reactor wall is thin, the temperature of the wall is considered to be
identical to the temperature of the culture medium.

2.2.2 Meteorological data and examined locations

In the course of this work, several locations are examined with respect to their
suitability for algae cultivation. Meteorological and irradiation data are obtained
from the National Solar Radiation Data Base [66]. The provided data sets describe
a typical meteorological year (TMY3) and are specifically intended for computer
simulations of solar energy conversion systems. The dataset is restricted to U.S.
locations but as the country encompasses a large variety of climate zones the
results can easily be transferred to other regions of the world.

The locations examined in this thesis are each representative for a certain
climate zone (Table 2.2). Forks in Washington State is the most northern location
of this study. Though, in close proximity to the Canadian border the climate is still
described as temperate with warm summers. A comparable climate can be found

Table 2.2 Overview of U.S. locations studied within the publication.

Location U.S.- Longitude Latitude Elevation Climate?2 Ground water
state temperatureb
Forks WA 47.933° -124.567° 55m Temperate, 10 °C

without dry season,
warm summer

Boston MA 42.367° -71.017° 6m Cold, without dry 9.5°C
season, warm/hot

summer

Sacramento CA 38.500° -121.500° 5m Temperate, dry and 16.0 °C
hot summer

Phoenix AZ 33.450° -111.983° 337 m Arid, desert, hot 22.0°C

New Orleans LA 30.000° -90.250° 1m Temperate, 21.5°C

without dry season,
hot summer
Hilo HI 19.717° -155.050° 9m Tropical, rainforest 23.5°C

aAccording to Képpen-Geiger climate classification [67].
bGround water temperatures are taken from ref. [68] and [69] for territorial U.S. and Hawaii,
respectively.
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in central Europe. Boston is situated further south and shows a more continental
climate. The respective climate zone is described as cold with warm/hot summers.
Many areas of Eastern Europe are exposed to a similar climate. Sacramento is a
city in northern California, showing a dry climate with hot summers. Basically the
same conditions can be found in Spain and Greece. The climate of Sacramento can
thus be described as Mediterranean. Phoenix in Arizona is located further south in
an arid and hot zone. It is therefore a good representative for the many desert
areas in the world. The climate of New Orleans is more unique to United States of
America, but encompasses large areas in the south-east of the country. The
temperature in New Orleans is general temperate, but summers are hot. A dry
season is missing. The last location examined is Hilo in Hawaii. Hilo lies in a
tropical climate zone. Temperature therefore is warm and does not change much
during the course of the year.

2.2.3 Temperature modeling approach

The calculation of the reactor temperature is based on a balance of all relevant
heat fluxes, which is expressed by the following equation:

VRorCpr AT = (QDNI + Qo + Quimr + Orir + Q61r + Oreren (2.1)
+ QG-reﬂ + Qconvection + Qaeration)At

Vr is the volume of the reactor; pr (997 kg m-3) [70] and cpr (4181 ] kg1 K1) [70]
are the density and the specific heat capacity of the culture medium. 71 and T> are
the reactor temperatures at the beginning and the end of the considered time
interval, At. On the right hand side of the equation the heat fluxes affecting the
reactor are displayed. Qpni and Qpui are the heat fluxes related to direct and
indirect irradiation of sunlight. Qatm-ir, Qr-ir and Qc.1r is the heat radiation of the
atmosphere, the reactor and the ground, respectively. Qrren is the sum of all
radiative heat fluxes that are reflected by opposing reactor panels and received by
the panel of interest. Analogous, Qc.rer is the sum of all radiative heat fluxes
reflected by the ground’s surface and received by the respective panel. Qconvection
represents the heat exchange of the reactor with the surrounding air via
convection. Heat loss related to the aeration of the photobioreactors is described
by Qaeration-
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2 Development and application of the thermal reactor model

Solving the equation for T, the temperature at the end of each interval can
be calculated from the temperature of the previous time step, provided that all
heat fluxes are known. Using MATLAB® (The MathWorks®, Inc., Natick, MA) as
software environment for the simulation, the reactor temperature and heat fluxes
are updated every minute, resulting in 525 601 data points for a complete year.
The time to generate a single temperature profile amounts to approximately
12 min (Intel® Core™i5 2.53 GHz, 4 GB RAM). The starting temperature for the
culture medium is set to 20 °C. In the following, the calculation of the individual
heat fluxes is further described.

2.2.4 Calculation of heat fluxes

2.2.4.1 Direct sunlight

Visible sunlight that is not scattered on its way to the surface of the earth is
referred to as direct sunlight. The heat flux resulting from this source of irradiation
is defined by the following equation:

QDNI = (1 - aalb,R)Tdir,inAi{IR,DNI - Qbio,DNI (2.2)

Irpni is the intensity of incoming light related to the plane of the reactor panel and
AR’ is the area of the reactor that is exposed to direct sunlight. The transmissivity of
the reactor casing for direct light, T4irin, is calculated from the Fresnel equations
[71], assuming the refractive index of air, the reactor wall (glass, plastic) and the
culture medium (water) being 1.0 [72], 1.5 [73-75] and 1.33 [72], respectively.

Not all sunlight reaching the culture is converted into heat, but part of it is
scattered/reflected back by the algae cells. In comparable studies [50] the
absorptivity is often approximated by Kirchhoff's law of thermal radiation that
states that for a given wavelength, emissivity and absorptivity of a material are
identical. However, the emissivity is often measured for wavelengths in the far
infrared and is therefore not suited to determine the absorptivity in the visible
spectrum of light. This becomes obvious when looking at the emissivity of water,
which has a value of around 0.9 for a temperature of 273 K [76]. Assuming that the
emissivity determined for infrared radiation equals the absorptivity in the visible
spectrum of light, water would absorb 90 % of the incoming light. As most of the
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light is absorbed, a water body would appear very dark to our eyes. In the present
study the emissivity is only used for radiation in the far infrared, while the albedo,
Qabr, is utilized as a measure for the reflectivity of the algae cells in the visible
spectrum of light. For dense algae cultures an albedo of 0.3 is used. This value is in
accordance with typical values for thick plant leaves [77]. As it is assumed that
light is either absorbed or reflected by the opaque algae culture, transmission
through the panels is zero and not considered in the temperature model. The
influence of the albedo on central outcomes of the temperature simulation is
further discussed in the appendix of this work (Section A.3).

Obio,pn1 is the fraction of light that is converted into biomass and thus does
not contribute to reactor heating. In this context, it is important to note that algae
only convert radiation in the visible spectrum of light into chemical energy.
Thermal radiation cannot be used for biomass generation via photosynthesis.

Irpni can be easily calculated from the intensity of the direct light on a plane
normal to the sunbeams, Ippni, and the angle of incidence, 9, by the following
equation:

Irpnt = cos(¥) - Ip.pni (2.3)

To determine the angle of incidence, the solar altitude angle, aar, and the solar
azimuth angle, ¢s, must be known for each considered time step. Methods for
calculating these angles as a function of time with respect to the longitude and
latitude of a specific site are based on published literature [78].

The reactor surface can be divided into two parts: the upper part is exposed
to direct sunlight while the lower part of the reactor is shaded (Figure 2.2). The
irradiated fraction of the panel can be expressed by:

!

AR = ARE (2.4)

Ar is the total reactor surface (one side) and h is the height of the reactor. h’is the
distance between the top of the reactor and the upper edge of the shade. According
to scientific literature [79], h’is defined as
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Figure 2.2 [lluminated and shaded areas of the reactor panels: (A) view from the side, (B) view from
the top.

!
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o lcos(y — o)l (25)

where d is the distance between the panel rows and y is the orientation of the
reactor panels (aperture azimuth angle) [78, 79]. For the solar azimuth angle and
the aperture azimuth angle the north is assumed zero and angles in clockwise
directions are counted positive.

Biomass growth was simulated by a simple approximation, assuming that
1.5 % of incoming sunlight is converted into chemical energy via photosynthesis.
For comparison, rapidly growing trees, such as poplars, only reach values of
around 1 % [80]. Quio,pn1, can thus be expressed as

Qbio,DNl = Tdir,inAi{IR,DNl * Xbio » (2.6)

where Xbvio is the above mentioned biomass fixation rate of 1.5 % (for a sensitivity
analysis of the biomass fixation rate, please refer to Section A.4 in the appendix of
this work).3

3 Please note that the biomass fixation rate is later replaced with the more accurate productivity
model described in Chapter 3. For the temperature model and corresponding results (Chapter 2),
however, the above mentioned simplifications (biomass fixation rate) are applied, representing the
state when the temperature simulation was published (ref. [42]). Concerning the accuracy of the
results presented in Chapter 2, the sensitivity analysis of the biomass fixation rate shows that
reactor temperature is only very mildly affected by the degree of biomass generation.
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2.2.4.2 Diffuse sunlight

In addition to direct irradiation, reactor panels are also exposed to diffuse sunlight.
From the view of the panels, diffuse light is emitted by a rectangular area between
the panel rows (the opening to the sky). The fraction of light emitted by such an
area, reaching the reactor surfaces can be expressed by so-called configuration
factors. The configuration factor used for the just mentioned geometry, Fi, as well
as further configuration factors discussed later in the document are calculated
from references [81] and [82] (see also Figure A.1 in the appendix, for an overview
of all configuration factor used in this work). The heat flux from diffuse light is
described by Equation (2.7). Please note that both the front and the back of the
panel are exposed to diffuse light and therefore a factor of two is required in the
equation.

QDHI = 2(1 - aalb,R)Tdif,inFlldIO,DHI - Qbio,DHl (2-7)

The length of a single panel is described by the variable I and taifin is the
transmittance of the reactor wall for diffuse radiation. As no definite angle can be
attributed to diffuse radiation, an integrative value of the transmittance is
determined for angles ranging from 0° to 90°. The fraction of incoming diffuse
sunlight that is converted into biomass, QbiopHi, can be calculated according to the
following equation:

Qpioprr = 2TditinF11d10,pH1 * Xbio (2.8)

2.2.4.3 Atmospheric long-wave irradiation

The atmosphere emits thermal radiation that contributes to the heat balance of the
reactor. This heat flux can be described by:

Qatm, IR = SRFlzldIsky,IR (2.9)
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For infrared radiation it is assumed that the absorptivity of the reactor equals its
emissivity, er. The albedo is not used for thermal radiation as it is generally defined
for the spectrum of visible light (sunlight) not for the far infrared. Glass has a high
emissivity; therefore, the majority of thermal radiation is absorbed by the reactor
wall rather than by the culture medium. The fraction of light transmitted to the
culture medium and absorbed by the water body is therefore neglected in the
model. Furthermore, the temperature of the reactor wall and the culture medium
are considered equal, as it is assumed that heat exchange between the wall and the
reactor is very efficient due to the high turbulence caused by the aeration of the
reactors.

In contrast to a glass plane, thin films made of polyethylene (PE) only
absorb a small fraction of incoming infrared irradiation. However, as the culture
medium itself has a very high absorptivity for infrared radiation the results of the
model can to some degree be transferred to flat bag reactors made of PE.

The air layers above the cultivation plant function as a thermal radiator.
Therefore, the intensity of radiation emitted by the atmosphere, Isyr, can be
expressed by the Stefan-Boltzmann law:

Isky,lR = gatmo-Ta?r (210)

The gray-body emissivity of the atmosphere, &m, can be calculated from
meteorological parameter-based methods. For the temperature model presented
in this work, the widely accepted Brutsaert equation [83] is used in combination
with the cloud cover model of Crawford and Duchon [84]. As demonstrated in the
literature [85], this combination works well for a large variety of climatic
conditions and is therefore applied to the different locations examined in this
work.

N -
el

[ e,
£ = C+(1—c)|1.24 1 mbar (2.11)
T — i7K3.15 K
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c is fraction of the sky covered by clouds and ey is the water vapor pressure of the
surrounding air. The water vapor pressure is calculated with the Arden-Buck
equation [86] (not shown).

2.2.4.4 Heat radiation from the reactor panels

The reactor loses thermal energy by emitting infrared radiation (Equation (2.12),
negative term on the right). At the same time a certain amount of that energy is
taken up again from opposing reactor panels as they are also emitting light that
reaches the original reactor (Equation (2.12), positive term on the right). The total
heat flux for reactor radiation is therefore defined as

Qr.r = —2exhloTg + 2exF,TegohiTy, (2.12)

where F is the configuration factor for opposing reactor panels and Tr is the
temperature of the photobioreactor.

2.2.4.5 Heat radiation from the ground

In the same way as the reactor and the atmosphere also the ground emits thermal
radiation. The infrared radiation of the ground can thus be described by the Stefan-
Boltzmann law as well:

Qc.r = 26xTF eGoldTE (2.13)

The emissivity of the ground, ¢g, is assumed with a value of 0.95, which is in good
accordance with many soil types without vegetation [87]. The configuration factor
between the ground and the reactor panels, Fi, is identical to the configuration
factor between the opening to the sky and the panels (see Section 2.2.4.2). As the
temperature of the top layer of the ground, Tg, is not part of the TMY3-dataset [66]
a multilayer ground model is used for the calculation of Tg. This model is further
described in the following.
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Table 2.3 Composition of the multilayer ground model.

Node nr.  Distance to Depth at node  Starting temperatur
next node, Ax

0 0.002 m Om To=Tc= Tuir

1 0.004 m 0.002 m lin. interpolation
2 0.008 m 0.006 m lin. interpolation
3 0.016 m 0.014 m lin. interpolation
4 0.032 m 0.030 m lin. interpolation
5 0.064 m 0.062 m lin. interpolation
6 0.128 m 0.126 m lin. interpolation
7 0.256 m 0.254 m lin. interpolation
8 0.512m 0.510 m lin. interpolation
9 1.024 m 1.022 m lin. interpolation
10 2.048 m 2.046 m lin. interpolation
11 4.096 m 4.094 m lin. interpolation
12 8.192 m 8.190 m lin. interpolation
13 0 16.382 m T3 = Tground water

The top layer of the ground is exposed to the atmosphere and exchanges
heat with the surrounding environment. In addition, all ground layers exchange
heat with neighboring ground layers via heat conduction. Daily and seasonal
temperature fluctuations are most pronounced in the first centimeters of the soil.
With increasing depth these fluctuation become less distinct and from a depth of
around 16 m onwards ground temperature is considered constant during the
whole year [88, 89]. For the model, the ground is discretized in 13 layers of varying
thicknesses. The first layer is 2 mm thick and thickness doubles with every further
layer (Table 2.3). This exponential growth is chosen in order to adequately display
temperature fluctuations near the top, while at the same time saving computation
time at greater soil depths, where temperature gradients are less distinct.

A total of five iterations is performed to allow the ground layers to adjust to
the correct temperature according to the heat balance. As starting condition for the
first iteration the top layer temperature, To, is chosen identical to the air
temperature while the temperature of the deepest layer, T13, is assumed to equal to
the temperature of shallow ground water. Values for ground water temperatures
are taken from reference [68] and [69] for territorial U.S. and Hawaii, respectively.
An overview of the considered ground water temperatures at the locations
examined in the publication can be found in Section 2.2.2, Table 2.2. Starting
temperatures of intermediate layers are determined by linear interpolation.
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Figure 2.3 Graphical illustration of the ground model; red line indicates a typical ground
temperature profile during a warm day.

For every further iteration, the temperature profile (To to Tiz) of the
previous iteration of the last time step in December is used as new stating
condition. The temperature of the deepest layer is determined as yearly average of
To of the previous year. It was observed that after five iterations deviation in
temperature from one iteration to the next is less than 1 %.

The temperature profile of the ground is determined by applying numerical
methods for heat conduction [90]. The temperature T¢ (To in Figure 2.3), at the
very top is therefore defined by:

. keld Ax ,
Z Qi, external + A—xo (T 1= TG) =ld TOCP,V(TG - TG) (214)
i

N Ql external 1S the sum of external heat fluxes affecting the top ground layer. The
calculation of these heat fluxes is not shown here; however, it follows the same
principles as the calculation of the heat fluxes affecting the reactor panels. First-
order reflections from the panels to the ground are considered for the ground
model as well. The heat conductivity of the soil, ks, and the volumetric heat
capacity, cpy, is assumed with 0.5 W m'1 K1 and 1.5-106] m3K-1, respectively.
Both values correspond to slightly humid loamy sandy soils without any vegetation
[87]. T1 is the temperature at the interface between the top surface layer and the
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Figure 2.4 Temporal ground temperature profiles at various depths simulated with the multilayer
ground temperature model (location, Sacramento, CA; panel distance, 0.5 m; panel thickness,
0.05 m; orientation, north-south).

proceeding layer. The apostrophes at the temperature variables indicate that the
values of the previous time step are used. The thickness of the top ground layer is
characterized by Axo (Figure 2.3).

Intermediate layers are not exposed to the atmosphere. Therefore, heat
transfer occurs only via heat conduction. The temperature, T, at the interface
between layer n and layer n - 1 is calculated according to the following equation:

kegld | , kgld , 2.15
e (s = T') + e (T = T') (215)
Ax,_ + Ax
= dMCP,V(Tn =T

2

By using the equations above, the yearly temperatures profiles for various depths
are calculated for the exemplary site of Sacramento (Figure 2.4). The reactor panel
distance and panel thickness is set to 0.5 m and 0.05 m, respectively. The panels
face in north-south direction. As displayed in the figure, the temperature near the
surface area shows strong daily fluctuations with maximum temperatures reaching
60 °C. With increasing depth daily fluctuations diminish and only seasonal
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temperature variations remain visible. Maximum temperatures for the top soil
layers are typically reached during summer, while in lower layers the peak shifts
towards the end of the year. This effect is a result of the soil’s capability to store
thermal energy. The described behavior of the ground temperature is in good
accordance with soil temperature measurements described in the literature [88,
89]. The soil temperature model is therefore considered a valuable tool to
accurately estimate heat radiation from the ground.

2.2.4.6 Reflection of direct, diffuse and thermal radiation at the reactor
panels

In this section radiation reflected by the reactor panels and received by a
neighboring panel is described (Qr-ren).

Qroren = Q DNIR-refl T Q DHI,R-refl T Q atm-IR R-refl (2.16)

+ Q R-r Rerefil T Q G-IR R-refll

The single heat fluxes contributing to Qr.ren are explained in the following:

Direct sunlight reflected by a panel and received by the opposing panel

Direct sunlight is reflected by the reactor wall, Qonir-ren_1, and the culture medium
behind that wall, Qpnir-ren2. The total heat flux for direct sunlight reflected at a
panel and received by an opposing panel, Qpnir-ren, is defined as the sum of these
two heat fluxes. For reflections at the surface of the reactor wall, Qpnir-re 1, three
cases can be distinguished (Figure 2.5).

In case A, light is reflected to the ground due to a large solar altitude angle.
This case occurs when the projected height, h’, is larger than the actual height of
the panel. In contrary, in case B, the solar altitude angle is small and thus all
reflected light is received by the opposing panel. The premise for this case is that h’
is smaller than half of the panel height. The last case represents an intermediate
state between the cases A and B: One fraction of the reflected light hits the panel,
while the rest is received by the ground. In this case h’ has to be larger than half of
the panel height but smaller than the complete panel height.
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Figure 2.5 Reflections of direct sunlight at the reactor wall: (A) h’ = h: all light is reflected to the
ground; (B) h’ < h/2: all light is reflected to the opposing panel; (C) h/2 < h’ < h: light is partially
reflected to the ground and the opposing panel.

Depending on the case, Qpnirren1 can be calculated with the following

equations:
CaseA:h’ = h

Qpnirerent = 0 (2.17a)
CaseB: h' < %

Qonireren1 = (1 = awr)T(L = T) - B Ug pni — QbiopNIR-refl_t (2.17Db)

CaseC:%<h’<h

Qonirren1 = (1 — apr)t(1 — 1) - (h — KU pni — QviopNirrens  (2:17€)

Obio,pNLR-refl 1 1S the fraction of Qpnirren 1 that is converted by the algae into algae
biomass. The calculation of QuiopNir-refi 1 is analogous to the calculation of Qbio,pni,
which is described in Section 2.2.4.1. Apart from reflections at the reactor wall,
light can also be reflected from within the culture medium. The outgoing light is
emitted in all directions of space. Thus, Qpnir-ren 2 can be expressed as

: — LR 2.1
Qonirerefz = (1 — awr ) F3Taitout@alor Tdirin * B Ur pNr (2.18a)

for i’ < hand as
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Qonirerefiz = (1 — @apr)FaTaitout@aib, Tairin - MR pNi (2.18b)

for h' > h.

Tdiffout iS the transmittance of the reactor wall for diffuse radiation from within the
reactor. Similar to taifrin, no definite angle can be attributed to the diffuse radiation
and therefore an integrative value of the transmittance is determined for angles
ranging from 0° to 90°. F3 is the configuration factor for parallel planes, where the
light emitting area is smaller than the light receiving area. As can be seen from
Equations (2.18a) and (2.19b), a term considering the accumulation of biomass is
not included. The reason for this assumption is that algae are very sensitive to light
in the photosynthetically active spectrum and will most likely absorb light of the
corresponding wavelengths. It is therefore expected that the light that is scattered
back by the algae medium will lack of these wavelengths and algae within the
receiving reactor will therefore not be able to generate biomass from it.

Diffuse sunlight reflected by a panel and received by the opposing panel

Similar to direct light, diffuse sunlight is reflected both at the panel surface,
ObHirre 1, and from within the medium, Qpuirren 2. The total heat flux of diffuse
sunlight reflected at panels, Qpuir-ren, is the sum of Qpuir-ren 1 and Qpuir-ren 2. The
reflections at the panel wall are calculated according to:

Qphirrer1 = 2(1 — @ap.r)Taitin (1 — Taitin) Fa - dUo,phr (2.19)

- Qbio,DHI,R-reﬂ_l

F4 is the configuration factor for diffuse light emitted from the sky being reflected
at a panel and received by an opposing panel and QbiopHir-ref 1 is the fraction of
radiative energy that is converted into algae biomass (calculation not shown;
please refer to Section 2.2.4.1 for the calculation principle).

In case of reflections in the culture medium, light does not keep its direction
as in case of the reactor wall but is reflected in all directions of space. Therefore,
two configuration factors are needed to describe the radiative heat transfer. The
first configuration factor, Fi, represents light being emitted from the sky hitting the
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first panel, while the second configuration factor, F2, describes radiative heat
transfer between the two panels.

QpHIR-refl 2 = 2(1 - aalb,R)Tdif,ian * TdifoutXalb R TdifinF1 * d”o,DHI (2.20)

Analogous to direct sunlight, diffuse sunlight is assumed to lack of wavelengths in
the photosynthetically active spectrum, when reflected by the culture medium.
Therefore, the corresponding term for biomass generation is missing in
Equation (2.20).

Longwave downwelling IR-radiation reflected by a panel and received by the

opposing panel

The atmospheric thermal radiation reflected by a panel and received by the
opposing panel can be expressed by:

Qatm-IR,R-reﬂ = ZER(l - ER)FS ' ldIsky,IR (221)

In contrast to radiation in the visible spectrum, for infrared radiation the
emissivity rather than the albedo is used as a measure to describe reflection and
absorption at the panels. As infrared radiation cannot be utilized by the algae for
biomass accumulation, the respective term is not included in the equation above.

Reactor heat radiaton reflected by an opposing panel and received by the original
reactor

Heat radiation reflected by an opposing panel and sent back to the original reactor
is calculated according to Equation (2.22).

Qr-rrren = 26r(1 — p)Fs - eghlo Ty (2.22)

The configuration factor Fs describes the reflection of light at parallel plates.
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2.2 Concept and details of the temperature model

Ground heat radiation reflected by a panel and received by the opposing panel

Thermal radiation originating from the ground is reflected by the reactor panels to
the opposing panel wall. The corresponding heat flux is determined with the
following equation:

Qc-iRrrenl = 26r(1 — &p)Fs - egaldT¢ (2.23)

2.2.4.7 Reflection of direct, diffuse and thermal radiation at the ground

Incoming irradiation is reflected by the ground to the neighboring panels. The
following heat fluxes are considered in the temperature model and summarized to

QG-reﬂ-

QGorefl = QDNI, Grefl + Q DHI, G-refl T Qatm-IR, G-refl T QR-IR, G-refl (2.24)

A detailed description of the single heat fluxes contributing to Qc-ren is given in the
next sections.

Direct sunlight reflected by the ground and received by a reactor panel

Direct sunlight falls on the ground when the projected panel height, h’, is larger
than the actual panel height, h. Equations for the calculation of h’ can be found in
Section 2.2.4.1. In contrast to the reactor surface, the ground is not a smooth plane;
therefore, light is scattered and reflected in all directions of space. Figure 2.6
displays the geometry of the incoming direct sunlight and the subsequent
reflection. As can be seen from the figure, the distance to the irradiated ground
area differs with respect to the considered panel side. As both the back and the
front of the reactor receive reflected sunlight, two different configuration factors Fs
and F7 are used for calculating the respective heat flux Qpnig-ren (Equation (2.25)).

Qonicretl = (1 — @apr)T(Fo + Fy) At sin(aa) I par (2.25)

- Qbio,DNI,G-reﬂ
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2 Development and application of the thermal reactor model

Figure 2.6 Reflections of direct sunlight from the ground to the front and the back of the reactor
panels.

As sunlight is partly converted into biomass, the respective biomass fixation,
Obio,DNLGrefl, 1S substracted from Qpnig-ren. Calculation details for Qbio,pniG-rei are not
shown here; however, the basic principle for the calculation of the biomass fixation
is described in Section 2.2.4.1. The section of the ground that is illuminated by
direct sunlight, A¢’, is defined as

Ar=d -1, (2.26)

where d’ is the width of the illuminated ground area. Using the theorem of
intercepting lines (Figure 2.7.), A¢’ can also be expressed as:

h—h
A = ——adl (2.27)

Diffuse sunlight reflected by the ground and received by the reactor panels

Two configuration factors are required to describe sunlight reflected by the
ground and received by the reactor panels. The first configuration factor, Fs,
represents the ratio of light received by the ground to diffuse sunlight entering the
algae plant from the opening between the panel rows. The second configuration
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2.2 Concept and details of the temperature model

Theoreme of intercepting lines: Yl = —

Figure 2.7 Illustration of shaded and irradiated ground areas between two panels for direct solar
irradiation: (A) view from the side, (B) view from the top.

factor, F1, describes the radiative heat transfer between the panel and the ground.
Both configuration factors are included in the calculation of Qpui-ren:

QDHI,G-reﬂ = 2(1 - aalb,R)TDiff,inFl ’ aalb,GFS ) ldIO,DHI - Qbio,DHI,G-reﬂ (2-28)

The fraction of reflected sunlight, which is converted into algae biomass is
Obio,pHIG refl. FOor more information about how biomass fixation is calculated within
the model please refer to Section 2.2.4.1.

Longwave downwelling IR-radiation reflected by the ground and received by the
reactor panels

Similar to diffuse atmospheric radiation, IR-radiation enters the algae plant
through the opening between the panel rows. The thermal radiation is received by
the ground and partly scattered back in all directions of space. A fraction of the
reflected light is absorbed by the reactor panels. This fraction, Qatm IR G-refl, 1S
calculated according to the following equation:
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2 Development and application of the thermal reactor model

Qatm-IR,G-reﬂ = 2egF; - (1 — &p)Fg ldlsky,lR (2.29)

Again, the configuration factor Fg and Fi are used to calculate the two step
radiative heat transfer.

Reactor heat radiation reflected by the ground and received by the panels

Photobioreactors emit thermal radiation that is received by the ground. The
fraction of light that is reflected back from the ground to panels is described by:

Qatm, RGrefl = 4ErF7 (1 —ep)Fy - thlUTf{L (2.30)

F9 and F; is the configuration factor describing radiative heat transfer from a panel
to the ground and from the ground back to the panel, respectively. The factor four
at the beginning of the term results from the fact that two reactor surfaces emit
thermal radiation to the ground between them and further that two ground
surfaces reflect and scatter the light to the front and back of the considered panel.

2.2.4.8 Heat transfer through natural air convection

Convection is a non-radiative heat transfer that affects reactor temperature. Two
forms of convection must be distinguished. Forced convection occurs when an
external current, such as wind, is responsible for the motion of the fluid (here air).
In contrast, natural convection occurs even without the presence of an external
current. For example, when air is heating up at a warm plate, it starts to move
upwards. Natural convection therefore generates its own motion resulting from
gradients in specific weight, which originate from temperature differences
between the bulk medium and the fluid in the boundary layer.

For the proposed model only natural convection is considered.
Measurements of the wind velocity are typically performed 10 m above ground.
Thus, the wind speed in the TMY3-dataset can only poorly be translated to air
movement at plant level. Another crucial point is that the panel lines act as a
windbreakers therefore reducing the wind speed for the panel line behind it but on
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2.2 Concept and details of the temperature model

the other hand creating turbulences. In summary, the determination of the air
velocity and its direction with respect to the panel surfaces is a rather complex
problem, requiring detailed computational fluid dynamic studies. As this is out of
the scope of the present study, only natural convection is considered.

Convection has a moderating effect on the reactor temperature. As forced
convection typically intensifies the heat exchange, the assumed natural convection
can also be seen as a conservative approximation. The general equation for
calculating the heat exchange between a two-sided vertical plate and the
surrounding air is defined as:

Qconvection = 2hl- aheat(Tair - TR) (231)

The heat transfer coefficient, anear, can be calculated from the dimensionless
Nusselt number, Nu, the thermal conductivity of air, A.ir, and the characteristic
length, L (in case of vertical flat plate photobioreactors L = h).

Nu - Aair

Oheat = 7 (2.32)

According to reference [91], the Nusselt number for natural convection at a
vertical flat plate is given by

Nu = [0.825 +0.387(Ra - f(Pr))1/6]2, (2.33)

where Ra is the Rayleigh number and f{Pr) is a function describing the influence of
the Prandtl number, Pr, on the Nusselt number:

-16

9/ 9
f(Pr) =1+ (%) 16] (2.34)
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2 Development and application of the thermal reactor model

2.2.4.9 Heat transfer related to the aeration of the reactor panels

In vertical flat plate photobioreactors aeration is required to provide agitation of
the culture medium. The air is typically added at the bottom of the reactor and the
rising gas bubbles generate the desired level of turbulence. Carbon dioxide needed
for algae biomass build-up can either be premixed with the instreaming air or
enters the reactor through a separate gas line. The amount of instreaming air can
be expressed by the aeration rate (v’), the volume of air per culture volume and
time [36]. Typical aeration rates mentioned in the literature for outdoor algae
cultivation lie between 0.05 and 0.3 min-! [36, 37]. In the model an intermediate
value of 0.1 min-! is chosen.

The heat flux related to the aeration of the photobioreactors, Qaeration, as
considered in the model, is caused by three major effects. First, gas bubbles rising
through the water column are getting saturated with water from the reactor. The
evaporation of water results in a cooling of the medium. Second, due to
temperature differences heat is directly exchanged between the instreaming gas
and the surrounding water. Third, the air has to be compressed in order overcome
the hydrostatic pressure of the water column. The mechanical work that is applied
for the compression is released in the culture medium as the gas bubbles expand
during their way up to the water surface.

The total heat flux related to the aeration of the reactors can be calculated
from the enthalpy difference between the ingoing and outgoing gas stream, Hingas
and Houtgas, the enthalpy of the make-up water replacing the evaporation losses,
Hmake-up water, and the power for gas compression, Pmech,aeration-

Qaeration = Hin,gas - Hout,gas + Hmake-up water + Pmech,aeration (235)

The following assumptions are made for the calculation of Qaeration:

- the thermal properties of the instreaming gas are the properties of air

- the mass flow of instreaming and outgoing gas stays constant

- the relative humidity and the temperature of instreaming gas equals the
humidity and temperature of the surrounding air

- the relative humidity of outgoing air is one (completely saturated) and the
gas temperature at the outlet equals the reactor temperature

- the temperature of the make-up water equals the reactor temperature

- the reference point for the enthalpy is 0 °C.
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2.2 Concept and details of the temperature model

With these assumptions the enthalpies Hingas, Houtgas and Hmake-upwater Can be

written as
Hin,gas = mair [CP,airTin + x(""o + CP,vaporTair)]l (236)
Hout,gas = mair [CP,airTR + Xs (rO + CP,VaporTR)]' (237)
Hmake-up water = Mair(XH20 — xs)CP,WTR' (2.38)

where m.ir is the mass flow of the gas used for aeration, cpirand cpyapor are the heat
capacities of air and water vapor and ro is the evaporation enthalpy of water at
0 °C. xu20 is the water content of the air, and x;s is the water content of the air at the
point of saturation.

The mechanical power required for aeration is calculated according to
reference [92]. The respective equation for the energy input is derived from the
energy related to the expansion of gas bubbles rising through the reactor column.
The terms used calculate this energy input are independent on the shape of the
cross-sectional area and can therefore be applied to flat plate photobioreactors:

PrY hL)

Pmech,aeration = QmRTairln <1 + X

(2.39)

Om is the molar gas flow rate, R the gas constant, g the gravity on earth, P, the
pressure in the head zone and hy, the height of the liquid column above the point of
gas injection. For the model it is assumed that gas injection occurs at the bottom of
the reactor and further that the reactors are completely filled with algae medium.
Therefore, the height of the liquid column hy, is identical with the reactor height h.

Apart from the compression energy that is released by the expansion of the
gas bubbles, kinetic energy has to be applied at the sparger of the reactor.
However, the fraction of energy related to the sparger is generally small compared
to the overall mechanical energy required for aeration [92]. Therefore, kinetic
energy input is neglected in the temperature simulation.
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2 Development and application of the thermal reactor model

2.3 Results and discussion

2.3.1 Temperature profiles as a function of the geographic location

In a primary step, the general temperature profiles are analyzed and characterized
(Figure 2.8). For this purpose, three U.S. locations within three different climate
zones were selected. Of the chosen locations, Boston in Massachusetts corresponds
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Figure 2.8 Temporal temperature profile for photobioreactors located in (A) Boston, MA, (B)
Sacromento, CA and (C) Hilo, HI. Black and gray lines correspond to the reactor and air
temperature, respectively (panel distance, 0.5 m; panel thickness, 0.05 m; orientation, north-
south).
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to a cold climate according to the Koppen-Geiger climate classification [67]. By
contrast, Sacramento in California and Hilo in Hawaii are situated more south and
therefore have a temperate climate, with dry summers (Mediterranean) and a
tropical climate, respectively. Temperature profiles of additional locations, varying
panel distances and east-west panel orientation are described in the appendix
(Figure A.3 - Figure A.5). For the interpretation of the presented temperature
profiles, it is important to keep in mind that the selected panel distance of 0.5 m
already results in significant shading of the panels.

In all instances, the reactor temperature (black line) follows the daily and
diurnal fluctuations of the air temperature (gray line). However, the average
temperature of the reactors is slightly warmer and day-night-cycles are more
pronounced. In summer, the reactor temperature may exceed 40 °C even for cold
climates such as Boston, posing a potential threat for cell cultures [43, 93].
Additionally, reactor and air temperature in Boston drops to 0 °C and below for
nearly one quarter of the year. Under these circumstances the cultivation time is
rather limited. Both Sacramento and Hilo show less extreme reactor temperature
profiles. In Sacramento, the reactor temperature drops below 0 °C only on few
days of the year while it occasionally exceeds 40 °C. In Hilo on Hawaii, the reactor
and air temperature stays constantly at an elevated level, which is typical for a
tropical climate. However, the reactor temperature also exceeds 40 °C at some
days for the chosen reactor geometry.

As demonstrated above, Sacramento with its Mediterranean climate is well
suited for cultivating algae. Moreover, the profile shows a seasonal temperature
cycle, typical for all non-tropical regions. Thus, Sacramento is selected as
exemplary site for further parameter studies (Figure 2.9 - Figure 2.11).

2.3.2 Analysis of affecting heat fluxes

To optimize thermal management, it is essential to understand the impact of the
various heat fluxes on the total heat balance of the reactor. Therefore, the time-
related profiles of the most important heat fluxes were analyzed for three
exemplary days in late spring (Figure 2.9A).

As expected, most heat fluxes follow the typical day-night-cycle.
Additionally, heat fluxes such as direct (“DNI”) and diffuse irradiation (“DHI”)
strongly depend on daily weather conditions. For days with essentially no clouds,
heat resulting from direct sunlight is very high (day 114). In contrast, for a 100 %-
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Figure 2.9 (A) Temporal course of the most important heat fluxes affecting the reactor
temperature. (B) Yearly average of the positive value of the heat fluxes (for both subfigures:
location, Sacramento, CA; panel distance, 0.5 m; panel thickness, 0.05 m; orientation: north-south).

cloud coverage (day 116), direct sunlight is significantly reduced, while at the same
time diffuse radiation increases, as more light is scattered by the water molecules
in the atmosphere. Diffuse light is partially compensating for the losses of direct
irradiation, but the overall heat flux still decreases with increasing cloud coverage.
When clouds occasionally pass the sun (day 115), the temporal profiles of direct
radiation displays several peaks in contrast to the smooth profile of day 114. The
individual peaks represent phases of partially blue sky, when direct light is
momentarily not blocked by clouds.
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To quantify the total impact of the heat fluxes, the annual average of the
positive value is calculated and compared (Figure 2.9B). On a annual basis, the
reactor heat radiation (“Reac. IR”) is the most important of all heat fluxes, followed
by the ground heat radiation (“Ground IR”) and the atmospheric heat radiation
(“Atmos. IR"). Heat from the visible spectrum of light, DNI and DHI, contributes
only to around 6 % to the total heat flux. However, they represent the only light
fraction that can be converted via photosynthesis into biomass. All further heat
fluxes, mostly reflections of the ground and the reactor panels, contribute around
5 % to the total heat flux and are not displayed separately but treated as combined
heat flux in the figure (“Other”). In this context, it is important to note, that even
though individual reflection-related heat fluxes only have minor impact on the heat
balance, the sum of all these heat fluxes is comparable to the irradiation of
sunlight. Thus, reflections have to be taken into account for simulations of the
temperature in closed photobioreactors.

2.3.3 Captured sunlight as function of reactor geometry

A photobioreactor is a biomass production system. Consequently, it is important to
evaluate its ability to produce biomass in the context of temperature management.
As biomass production is driven by radiation in the visible spectrum of light, the
energy of sunlight captured by the reactor panels is used as a figure of merit to
analyze the performance of photobioreactor systems (Figure 2.10).

Two performance indicators are examined. First, captured sunlight is
related to the ground area occupied by the reactor panels, being a measure for the
areal productivity of a given panel array (black lines with empty markers, left y-
axis). Second, captured sunlight is related to the reactor volume (green lines with
filled markers, right y-axis). Within certain limits, more light per volume translates
into higher biomass productivity and therefore into lower operational and capital
costs. Captured sunlight with respect to the reactor volume thus can be described
as a measure for the efficiency of a photobioreactor system. According to Figure
2.10, the captured sunlight per ground area increases with decreasing panel
distance until it peaks at a distance between of 0.2 and 0.4 m. This peak is a result
of a simplification made for the calculation in the model. Typically, the top surface
can be considered small in comparison to the sides of the reactor. Additionally, the
top may be covered by a frame holding the panel or instrumentations preventing
the light from entering the reactor. Therefore, the top area is neglected in the
current model for heat exchange including irradiation. However, for the case of a

39



2 Development and application of the thermal reactor model

x105__
25

1
]
al
o
o
o

4000 r
3000 HJf
2000 f

1000

Captured sunlight to ground area [MJ mZa
Captured sunlight to reactor volume [MJ m= a™?

Panel distance [m]

Figure 2.10 Quantity of captured sunlight with respect to the ground area and the reactor volume
displayed as a function of the panel distance and panel thickness. Black lines with empty markers
and green lines with filled markers correspond to the left and right y-axis, respectively. Square,
circle, diamond and triangle markers indicate panel thicknesses of 0.025, 0.05, 0.1 and 0.15 m
(location, Sacramento, CA; orientation, north-south).

transparent top surface, i.e., light can enter the reactor through the top, captured
sunlight related to the ground area would constantly increase even for small panel
distances and be basically independent of the panel thickness (not shown here).

The theoretical maximum value for the areal light capture is represented by
the global horizontal irradiation (GHI). For the given location, Sacramento, the
average GHI is 6491 M] m2 a-1. Though, even for small panel distances this value
cannot be reached, as a fraction of the incident light always is reflected back to the
atmosphere. For the given configurations, around two thirds of the GHI can be
captured by the reactor panels.

When captured sunlight is not related to the ground area but to the reactor
volume, small panel distances are not very favorable, as only little light is captured
by the individual panel. By increasing the panel distance, more and more light is
captured per culture volume up to a distance of around 2 m. From this point
onward, the captured sunlight per reactor volume stays essentially less constant.

As small panel distances lead to good areal productivities and large panel
distances result in high photobioreactor efficiencies, trade-offs are necessary to
optimize the overall performance of an algae cultivation plant. As already
mentioned, panel distances above 2 m are no reasonable option as the light
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captured by the reactor increases only very moderately while the areal
productivity decreases at the same time. Conversely, very small panel distances
below 0.3 m would require a great number of reactors to capture the sunlight
resulting in high investment costs. Thus, panel distances between 0.3 m and 2 m
appear the most interesting range in terms of biomass productivity. Most notably,
small panel thicknesses exert a positive effect on captured sunlight related to the
reactor volume, while having neutral to positive effect (depending whether the top
surface area is neglected or not) when related to the ground area. Thus, from a
performance point of view, thin panels should be preferred in production plant
design.

2.3.4 Limitations in cultivation time as result of extreme reactor
temperatures

The thermal behavior of the reactor as a function of the panel thickness and panel
distance is examined in Figure 2.11. For this purpose, the temperature range for
technically and economically reasonable algae cultivation is set to 0 - 40 °C. The
temperature model is applied to compute the number of days in a year when
reactor temperature exceeds (Figure 2.11A) or drops below (Figure 2.11B) those
limits. The remaining days correspond to the total cultivation time.

According to the results, both, panel distance and thickness, strongly
influence the thermal behavior of the reactor. For small distances and large
thicknesses, the number of extreme temperature events in both directions of the
temperature scale is very small. Thus, nearly year-round cultivation is possible at
the exemplary site of Sacramento. However, with increasing panel distances and
decreasing panel thicknesses the number of days with temperatures outside the
tolerable range significantly increases. Interestingly, this not only true for hot
periods, as during cold phases tighter packed panels “loose” less heat to the
atmosphere than further distanced panels.

Very thin panels are especially prone to extreme reactor temperatures.
Therefore, cultivation time may be reduced to less than half of the year under
certain conditions. In order to still make use of thin panels in outdoor cultivation, it
is therefore advisable to choose a small panel distance in order to reduce the
number of days with extreme temperatures. Thicker panels are less sensitive to
extreme temperature events as they contain a larger liquid volume and react
slower on the influence of the various heat fluxes. Hence, from an exclusive

41



2 Development and application of the thermal reactor model

N
[
o

N
o
o

150

100

al
o

Number of days exceeding 40 °C [-]

o
o
=
N
w
5
(&)

Panel distance [m]

o8]
o
o

N w B a
o o o o
T T T T

Number of days below 0 °C [-]
[
(=)

——— :
2 3 4 5

o
o
=

Panel distance [m]

Figure 2.11 (A) Number of days too hot (Treactor > 40 °C) and (B) days too cold (Treactor < 0 °C) for
algae cultivation displayed as function of the panel distance and panel thickness. Square, circle,
diamond and triangle markers correspond to panel thicknesses of 0.025m, 0.05m, 0.1 m and
0.15 m, respectively (location, Sacramento, CA; orientation, north-south).

temperature management point of view, thick reactor panels should be preferred
to thin panels.

However, the reactor performance, expressed by the amount of captured
sunlight, improves with decreasing panel thickness (Figure 2.10). Considering
both, temperature management and reactor performance, it is thus advisable to
choose a medium panel thickness of 0.05 to 0.1 m. In order to optimize areal
productivity and reduce extreme temperature events, a panel distance of 0.5 to
1 m appears reasonable.
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2.3.5 Suitability of various geographic locations for algae cultivation

Among other criteria, the suitability of a location for algae cultivation depends on
the quantity of sunlight provided at the respective site. Moreover, reactor
temperatures determine the total cultivation time. Taking both aspects into
account, the quantity of captured sunlight at days of tolerable reactor
temperatures (0 - 40 °C) was calculated for various U.S.-locations (Figure 2.12A,
light gray bars). The considered spots, from north to south, are Forks, Boston,
Sacramento, Phoenix, New Orleans and Hilo. Further, for comparison, the GHI
(black bars) and the captured sunlight without temperature-related limitation in
cultivation time (medium gray bars) are determined. Based on the previous
results, a panel distance of 0.5 m and a panel thickness of 0.05 m are chosen for the
analysis.

As expected, GHI increases from the most northern location Forks over
Boston and Sacramento to Phoenix. As a consequence of typically high cloud
coverage in subtropical and tropical regions, the GHIs in New Orleans and Hilo
(vearly average around 6000 MJm=2al) do not reach the value of Phoenix
(7500 M] m2a'1).

According to the GHI, Phoenix in Arizona has the highest potential for algae
production. However, the “true” production potential is much lower (light gray
bars). As the temperature of the culture medium in Phoenix often exceeds 40 °C,
the cultivation period is limited to a relatively small fraction of the year. This
indicates that deserts are not a favorable site for algae production in closed
photobioreactors. According to the analysis, the best places for algae cultivation
can be found in Mediterranean (Sacramento) and tropical climates (Hilo).

2.3.6 Energy requirements for active temperature control

Apart from passively controlling the cultivation temperature by thermally
optimizing the reactor design, temperature can be actively controlled through a
cooling and heating system. To further analyze this aspect, the thermal energy that
has to be removed (negative values) or applied (positive value) in order to keep
the reactor temperature within certain intervals is calculated (Figure 2.12B). For
interpretation of the results, this thermal energy demand is related to the energy
content stored in form of algae biomass during the same time period: Assuming an
areal productivity of 20 gm2d1 and a heating value of 22 M] kg1 for algae
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Figure 2.12 (A) Captured sunlight received at days of tolerable temperatures (0 °C < Tg < 40 °C) in
relation to captured sunlight for all reactor temperatures and in relation to the global horizontal
irradiation. (B) Heating and cooling demand for various temperature regimes and locations (for
both subfigures: panel distance, 0.5 m; panel thickness, 0.05 m; orientation, north-south).

biomass [94], the amount of chemical energy stored in algae biomass is
161 M] m2 a-1. For cold climates this value is often in the same order of magnitude
as the thermal energy required to heat the reactors, e.g. the thermal energy
required to keep the temperature above 0 °C in Boston is around 400 M] m2 a1,
Thus, heating is only a reasonable option if algae are not cultivated for energetic
use or if waste heat from other sectors could be adopted.

In order to remove thermal energy from the reactors, a cooling medium is
required. Assuming that 500 M] m-2al of thermal energy need to be removed,
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around 8tm=2al of water are required when the temperature difference of
incoming to outgoing cooling water is 15 °C. Further assuming that the water
source is situated 10 m below plant level, around 0.8 M] m2a-1 of mechanical
energy is required for pumping. When comparing this value to the 161 M] m2 a1
stored in form of algae biomass, cooling is in principle an acceptable option.
However, it has to be kept in mind that the energy to provide cooling water is
usually higher as friction losses in the pipes and the efficiency of the pump have to
be considered. Moreover, the height difference between the water source and the
algae plant can be larger than 10 m, resulting in a higher energy demand.

Both, heating and cooling of the algae reactors requires the installation of
heat exchangers, pumps, pipes, etc. Thus, even if cooling and heating are
acceptable solutions from an energetic perspective, active temperature control
may still not be economically viable due to high investment costs.

2.4 Central outcomes and conclusions of the temperature
simulation

It has been demonstrated that temperature simulation is important to adequately
assess the potential of algae cultivation at specific geographical locations.
Additionally, temperature simulation can be used to optimize reactor
dimensioning with respect to both, light input and cultivation temperature.
Therefore, temperature simulation represents a significant asset to the process of
designing a commercial plant. In this context, mutual shading of the panels has a
decisive effect on reactor temperature and should not be neglected.

Algae cultivated in outdoor photobioreactors are exposed to strong
temperature variations. According to the simulation results, at most of the
examined locations reactor temperature exceeded 40 °C at least once during
summer. In winter, however, very cold reactor temperatures around 0 °C are
common for nearly all climates with the exception of tropical regions.
Consequently, it is essential for commercial cultivation that algae strains can
withstand such unfavorable temperatures, in particular the occurrence of
temperature peaks exceeding the 40 °C threshold. High productivity over a broad
temperature range might prove economically beneficial and should therefore be
taken into account for strain selection. As an alternative to a single algae strain for
year-round cultivation two strains, one adapted to cold and one to warm
cultivation temperatures, can be utilized in different seasons [33, 95, 96].
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Lastly, the present study indicates that deserts represent very challenging
areas for algae cultivation in closed photobioreactors. Although, deserts usually
provide high levels of irradiation and large areas of available non-arable land and
are therefore suggested as suitable for algae cultivation, reactor temperatures in
these regions may climb to 50 °C and above. As water for cooling reactors is
usually rare in these areas, other technical modifications would be necessary to
reduce cultivation temperature. One option is the usage of nets spanned over panel
rows that provide shade during the hottest times of the year. The impact of such an
approach on reactor temperatures, however, is not clear and has to be addressed
by future research. Furthermore, technical measures for cooling are generally
associated with costs.

Very few algae, mostly cyanobacteria, are capable of resisting cultivation
temperatures of 50 °C [97]. By using such thermophile organisms, algae cultivation
in uncooled photobioreactors is theoretically possible even in hot environments
like deserts. However, currently little practical experience exists for large-scale
cultivation of thermophilic algae.

In the context of the demonstrated importance of temperature simulation,
additional research should be focused on extending the simulation tool to cover
promising reactor types other than flat panel reactors. Most important, however, is
the implementation of a temperature-sensitive growth model for microalgae to
compute realistic productivity values for outdoor algae cultivation plants and site-
specific growth conditions. Such an implementation is the subject of the following
chapter.

46



3 Simulation of microalgae biomass yields

This chapter is reproduced in parts from Environmental Science and Technology,
submitted for publication. Unpublished work copyright 2017 American Chemical
Society.

3.1 Background information and prior research

3.1.1 Growth models for microalgae: discussion and critical issues

Algae productivity depends on light, nutrients* and temperature. These inputs are
translated by the cell into a certain level of growth. At low light intensities, growth
is limited by the availability of light; thus, productivity increases with increasing
light intensity. When moving to higher levels of irradiation, algae cells enter a
saturation state. In this state, algae productivity increases only mildly with
increasing light intensity. Extreme levels of light exposure may harm the algae cells
and lead to the degradation of key proteins important for photosynthesis [98].
Consequently, cell productivity decreases. This effect is referred to as
photoinhibition.

A similar relationship as for light can also be found for the concentration of
nutrients: growth is limited for low nutrient concentrations, followed by a
saturation phase and again, in some cases, by a decrease of cell productivity at very
high nutrient concentrations [99].

The impact of the reactor temperature on algae cultivation was already
discussed in general terms in Section 2.1. In this chapter, however, the focus is set
on the relation between temperature and algae growth. At cultivation
temperatures below 10 °C most algae strains stop biological activity with cells
turning into a dormant state where metabolism is reduced to a minimum. With
increasing temperature, cell productivity increases until a cell specific maximum is
reached. Beyond this optimum temperature, cell growth rapidly drops. In this
context, it is important to mention that while many algae strains can survive

4 In this context, the term nutrients includes also carbon or, in case of autotrophic organisms,
carbon dioxide.
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subzero temperatures without being harmed, high temperatures of only few
degrees Celsius above the maximum temperature may lead to cell death or even to
the loss of the entire culture. Consequently, high temperatures are more critical for
outdoor applications than low temperatures. This aspect becomes even more
important as high temperatures typically correspond with high levels of solar
irradiation. Thus, when temperatures are too high for algae growth, incoming light
cannot be converted into biomass, resulting in a significant loss of solar energy. In
contrast, low temperatures mostly occur during night, when there is no light to be
converted. Even during daytime, solar insulation during cold seasons usually is
relatively low. Therefore, only little solar energy is wasted due to algae not being
productive as a result of low temperatures.

When describing algae growth mathematically, the respective model has to
take account of the environmental conditions and cell specific parameters.
Commonly, three types of kinetic functions are used to describe algae growth
[100]: the Monod equation (Equation (3.1)) [100-111], the Poisson equation
(Equation (3.2)) [112-117] and a tangent hyperbolic function (Equation (3.3))
[118-120].

Monod
I

u= ”maxK__I_I (31)

Poisson
I

K= Umax | 1 —exp (_ E) (32)

Tangent hyperbolic
I
K = b tanh () (33)

u is the specific growth rate at the respective cultivation conditions, while pmax is
the maximum growth rate at optimum cultivation conditions. I is the light
intensity, and K represents the half saturating light intensity.

The basic kinetic equations listed above only account for light as single
influencing parameter. To include the influence of the nutrient concentration or
temperature the equations are either modified or concentration/temperature-
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dependent function parameters are introduced. Furthermore, the equations can be
complemented by a term describing the effect of endogenous cell respiration.

Growth models can be grouped according to the basic kinetic law they are
based on. For practical applications, however, it is often better to group different
models according to the external parameters considered by the model. A recent
review [121] established three categories for this purpose: The first category of
models describes algae growth solely as function of a single substrate (nitrogen,
phosphorous or carbon) [99, 119, 122-138]. Therefore, equations of this category
are best used when the availability of the nutrient source is the limiting factor. This
makes them in particular interesting for the cultivation of mixotrophic algae. The
second category comprises models that describe growth as a function of the light
intensity, neglecting the impact of nutrient concentrations [93, 118, 139-160]. The
last category contains models that are a function of multiple factors (several types
of nutrients and/or light intensity) [108, 161-173]. For the case of an outdoor
cultivation plant, where nutrients are assumed to be added in optimal
concentration, models of the second category are the most valuable.

Another way to categorize growth models is with respect to their capability
to account for light gradients and short light cycles. According to the literature
[98], Type I models simulate the productivity of the entire culture based on the
incident or average light intensity. Light gradients within the photobioreactor are
not covered by this type of models [102, 103, 108, 109, 139, 145, 150, 151, 154,
174, 175]. Type Il models describe the productivity as the sum of local
productivities based on the light the individual cells are exposed to (light
gradients) [105-107, 111, 153, 176-178]. The models of the last group, Type II],
not only account for light gradients but also short light cycles [179-184]. The term
short light cycles refers to algae cells moving between strongly irradiated and dark
zones of the reactor within short time intervals. Typically, algae cells require about
100 ms to recover after absorbing a photon. Every further photon hitting the cells,
before recovery is over, is lost for photosynthesis. Algae cells experiencing short
life cycles are more likely to fully recover before being hit by the next photon.
Mixing creates these short light cycles and therefore is a way to increase the
overall productivity of a cultivation system. Type III models account for this effect.

In general, Type I models are only valid for a fixed algae concentration and
reactor geometry. Type Il models are much more versatile and can be applied to
various reactor systems with relatively high accuracy. For the last category of
models, Type III, not only the determination of light gradients is required, but it is
also important to account for the “light history” of the cells, i.e., the light intensities
individual cells have been exposed to over time. This typically requires
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assumptions regarding the flow pattern inside the reactor. One way to determine
such a flow pattern is the utilization of sophisticated computational fluid dynamic
(CFD) simulations. Additionally, it is important that the mathematical expressions
describing algae growth account for the “light history” of the cells [183, 185-189].
A typical representative for such an expression is, for example, the three
population model. In summary, Type IIl models are rather complex, require a large
amount of assumptions and are computationally demanding. In contrast, Type I
models are simple, but growth parameters are only valid for certain cultivation
conditions and a specific reactor geometry. Therefore, they are best used for a
fixed laboratory reactor set-up. Type Il models offer a good compromise between
complexity and accuracy and can be applied to various reactor concepts.

Both, Type Il and III models, require the determination of the light
distribution within the reactors. The most common way to account for light
attenuation is the Lambert-Beer law (Equation (3.4)):

Iloc(firr) = IOeXp(_O-X'Birr) (34)

lioc is the local light intensity, and I is the light intensity at the entry point of the
light into the culture medium, ¢ is the length of the light path, o is the extinction
coefficient, and X is the algal concentration.

The Lambert-Beer law can be applied to isotropic media that do not scatter
light. While the first condition is easily met by a well-mixed algae culture, algae
actually do scatter light. However, by modifying the attenuation coefficient, it is
possible to determine the light distribution with sufficient accuracy using the
Lambert-Beer law [190]. Alternatives to the Lambert-Beer law are the radiative
transfer equation (RTE), the two-flux model or Monte Carlo simulations. These
methods have in common that they simulate the light distribution more accurately
than the Lambert-Beer approach with respect to the scattering effects; however,
they are also more complex and solving the equations is often computationally
intensive. Independently of the model used to determine the light distribution in
the reactor, predictions should be validated with in-situ measurements of the local
light intensity [98].
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3.1.2 State of the art of simulating algae productivity in outdoor
cultivation conditions

In comparison to the large number of growth models proposed (see Section 3.1.1),
it is astonishing that only a relatively small number of simulations were actually
conducted to describe the use case of a commercial cultivation plant. An overview
of these studies is given in Table 3.1.

The first group of publications discussed addresses large-scale outdoor
cultivation on a national or even global level [45, 46, 191-194]. Local climatic
conditions and solar irradiation are taken into account; however, various
simplifications are applied to provide spatially resolved biomass yields: First, only
open ponds and cultivation systems where the reactors are submerged in open
ponds for temperature regulation are examined. Open systems can be easily
mathematically described by a computer model which is a major reason for
restricting analyses to such cultivation systems. Second, light attenuation and local
light intensities within the cultivation medium are usually not considered. Instead,
algae growth is described by the light intensity at the surface of the pond. Lastly, in
some cases, simplifications are applied for the determination of the cultivation
temperature. For example, some studies approximate the cultivation temperature
with the temperature of ambient air [191] or with the temperature of the nearest
large water body [192]. These approximations are very imprecise thus negatively
impacting the quality of the results. Studies that apply a sophisticated temperature
simulation based on the heat balance of the pond are reference [45] and [46]
(reference [193] and [194] are also based on the latter publication). These studies
offer a valuable source for the theoretical production capacity of microalgae with
respect to a certain region; however, results are still impaired by not taking into
account the light distribution within the culture medium. In the following,
therefore, only studies are examined which take this important aspect into
consideration.

Light attenuation in an open pond is described in reference [195]. The
researchers extensively discuss the relation between pond depth and optimal
chlorophyll concentration. For light propagation the actual angle with which light
enters the reactor is neglected. Instead, it is assumed that light beams propagate
perpendicular to the water surface through the medium. As computing power was
very limited at the time of the study (1991) only single days were simulated and
assumed to be representative for a complete month of production. Pond
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3.1 Background information and prior research

temperature was approximated by a simple cosine function that relies on the daily
maximum and minimum ambient temperature. While this study was remarkable at
the time it was conducted, the increased computing power and the availability of
vast amounts of detailed meteorological data today allows algae productivity
simulations on a higher level of detail.

In a more recent study [196], light propagation based on the actual angle of
incidence is described for an open pond. Productivity simulations were performed
for three different algae strains at an exemplary site at the Tropic of Cancer. A
major shortcoming of this study is the lack of an integrated temperature
simulation. The results of this study are therefore only of limited informative value
for microalgae outdoor cultivation.

The latest and probably most detailed publication for open ponds includes a
sophisticated temperature model [197]. Five different locations corresponding to
different climate zones are assessed with respect to their suitability for algae
outdoor cultivation. A shortcoming of this study is that the light distribution is not
described based on the actual angle of incidence. Instead, incoming light is again
assumed to propagate perpendicular to the water surface. Further, reflection
losses at the air-water-interface are not considered in this study.

In publication [198], the light distribution in an algae culture medium is
extensively researched for a rectangular reactor, that is not further specified. The
direction of incoming light is calculated from the actual position of the sun for an
exemplary location in western France. In addition, light attenuation is determined
with the two-flux model, which is better suited to describe scattering of light at the
algae cells than the more commonly used Lambert-Beer law. Unfortunately, the
temperature is not taken into account for algae growth, and the simulation is
restricted to a single exemplary day in summer and winter.

Two studies published by the same group of researchers examined algae
growth in vertical flat panel [79] and tubular photobioreactors (horizontal and
vertically stacked) [199]. In both studies, reactors are not considered as stand-
alone concepts, but mutual shading between the reactors is taken into account
being a characteristic feature of large-scale cultivation. Growth was simulated for
three locations in different climate zones and for two different algae strains. A
significant limitation of the studies is the fact that the cultivation temperature was
not simulated. Its impact on algae growth is therefore neglected. As a further
limitation, light propagation into the medium is assumed to be perpendicular to
the reactor walls, resulting in a less realistic simulation of local light intensities.
Nevertheless, the consideration of shading effects represents an important step
forward for simulating productivities in large-scale outdoor cultivation plants.
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3 Simulation of microalgae biomass yields

To the author’s knowledge, reference [101] represents the only productivity
simulation for closed outdoor photobioreactors that includes a sophisticated
temperature simulation based on local weather and irradiation data. As potential
cultivation sites, five locations in different climate zones are examined. These sites
are chosen in analogy to study [197] published by the same group of researchers.
As cultivation system, a single bubble column reactor was selected. Mutual shading
between multiple reactors, as would be the case for a commercial large-scale
application, is not covered representing a severe shortcoming of this study.

The present thesis represents a significant step forward with respect to the
state of the art described above. For the first time, a sophisticated temperature
simulation is combined with an accurate simulation of shading between multiple
photobioreactors. Along with shading, all first-order reflections between opposing
panels as well as between the panels and the ground are taken into account. The
dynamic simulation of the light propagation within the reactor based on the actual
angles of incidence further contributes to accuracy of the presented model.

Apart from the described improvements, the current study provides
productivity values for over 480 combinations of the geographic location, panel
thicknesses, panel distances and reactor orientation. This extensive study is
further supplemented by examining the impact of the algae concentration, the
respective algae strain and active temperature regulation on microalgae
productivity.

The proposed productivity simulation thus sets new standards, both in
terms of quality and quantity of the resulting data. In the following, the details of
the model are described (Section 3.2) and corresponding results are presented and
discussed (Section 3.3).

3.2 Concept and details of the productivity model

For the temperature simulation, the conversion of solar into chemical energy
(biomass) was described by the biomass fixation rate. This rate is a fixed factor and
thus represents only a very simple way to account for biomass build-up. The
productivity simulation described in this chapter is more sophisticated.
Consequently, the biomass fixation rate is replaced, and the results of the
productivity simulation are used instead as input for the temperature simulation.
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3.2 Concept and details of the productivity model

3.2.1 Examined cultivation system

Basic assumptions regarding the cultivation system and photobioreactor
specifications are identical to those used for the temperature simulation
(Section 2.2.1). Productivity results generated for the standard reactor (panel
height, 1 m; panel width, 2 m) can be transferred to reactors of different
geometries given that the new reactor is of identical thickness and shows the same
ratio of panel height to panel distance. For this case, productivities referred to the
ground area stay constant. Productivities referring to the reactor panel, however,
scale with respect to the reactor volume.

3.2.2 Meteorological data and examined locations

For the productivity simulation, geographic locations are kept identical to the
temperature simulation. Corresponding meteorological and solar irradiation data
originate from the same data set (National Solar Radiation Data Base, TMY3 [66];
for details please refer to Section 2.2.2).

3.2.3 Selection of the algae growth model for implementation

In principle, each growth model presented in Section 3.1 can be used to determine
the productivity of algae in photobioreactors. For the simulation of industrial-scale
outdoor cultivation, however, several criteria should be met. As mentioned in
Section 3.1.1, cultivation temperature has a strong effect on algae growth. A
respective productivity model should therefore take the cultivation temperature
into account. In contrast, the influence of nutrient concentrations can be neglected,
for most commercial applications assuming that nutrients are added in an
optimum amount.

As discussed in Section 3.1, Type Il models account for the light distribution
in photobioreactors. This has the basic advantage that the same growth model can
be used to describe algae productivity for various reactor designs. As a
consequence of light attenuation, most reactors will have areas where light
intensity is too high (light saturation or even inhibition), areas where cells are
exposed to a nearly optimum quantity of light and dark areas where light intensity
is too low to support growth (the latter case should be avoided by for example
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selecting thinner reactors). By considering the light distribution, more exact
results can be expected than by using the average or incident light intensity.
Therefore, using a model that supports the usage of local light intensities is
favorable, especially when comparing various reactor geometries and cultivation
parameters.

Endogenous cell respiration is a factor rarely considered by most growth
models, even though it may have significant impact on total biomass production. At
night time, algae cells use chemically stored energy to maintain cell metabolism.
Depending on the cultivation temperature, this can lead to significant biomass
losses [101]. During the day, cell respiration is not stopped, but negative effects on
growth are usually overcompensated by the gains from photosynthesis. However,
for the case that large fractions within the reactor receive only insufficient
amounts of light, cell respiration may lead to substantial yield reductions.
Neglecting endogenous cell respiration would therefore lead to inaccurate results
for overall biomass productivity in outdoor algae cultivation plants. Furthermore,
losses attributed to cell respiration can indicate unfavorable dark zones in the
reactor; therefore, cell respiration is important for reactor design.

The kinetic model of Béchet et al. [100] includes all of the above mentioned
aspects and was intentionally developed to simulate algae growth in outdoor
photobioreactors. Growth parameters that can be applied with the kinetic model
were determined by Béchet et al. for Chlorella vulgaris (GenBank rbcL sequence:
EF589154). The respective wild type strain, which was isolated in New Zealand, is
very robust and grows over a wide range of temperatures. The strain is therefore
an ideal candidate for outdoor applications. Validations of the model were
conducted in the laboratory [100] and later also in outdoor experiments [101]. The
model and related algae growth parameters are well suited to describe algae
growth in outdoor photobioreactors. They are therefore applied in the following to
translate the computed reactor temperatures and local light intensities into values
of microalgae productivity (Equation (3.5)).

In light conditions

- Thoe  _ 3.5
Hoc = Mmaxm_ light ( . a)
In dark conditions
Hioc = _Adark (35b)
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Table 3.2 Experimentally determined values of umax, K and A for various cultivation temperatures
adopted from reference [100]. Values for 0 °C are added by the author of the present thesis as
boundary condition for the simulation.

TR Mmax KO' }Llight Adark
[°C] [10-5 s1] [W kg-1] [106 5] [10-6 1]
0 0 0 0 0

55 0.95 540 0 0

14.2 2.27 1580 1.03 1.28
21.7 3.72 3180 1.48 1.83
29.3 5.22 5590 1.60 1.98
38.0 6.57 8510 1.77 2.19
42.1 0 n.a. 0 0

Wioc is the local specific growth rate, Ioc is the local light intensity, Ks is the specific
half saturating light constant and Aiight, and Adark are the cell respiration coefficients
under light and dark conditions, respectively. The parameters pioc, Ko, Alight and Adark
are functions of the cultivation temperature. For the growth simulation
experimentally derived values of reference [100] are used (Table 3.2). Values
between two data points have been derived by linear interpolation.

The total productivity, P, of the algae within a reactor panel is determined
by integrating local productivities over the reactor volume and multiplying them
with the cell concentration, X.

P :f tioc (oo Tr) * XAV (3.6)
Vv

R

Cell growth between 0 and 42.1°C is described by Table 3.2. The
corresponding study [100] further states that temperatures above 42.1 °C may
harm the Chlorella culture; however, specific information regarding the magnitude
of the damage dealt to the algae is missing. A review of the scientific literature
[100, 200-205] revealed that growth is typically described close to the optimum
temperature and little attendance is given to the borders of the temperature
spectrum. Additionally, growth parameters for algae may significantly vary
between different studies. For example, optimum cultivation temperatures
between 25 and 32 °C and maximum cultivation temperatures between 38 and
42 °C were found for Chlorella vulgaris [100, 200-205]. Based on the general lack
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of information considering cell behavior at extreme temperatures and the fact that
transferring temperature-related growth parameter from one study to another is
problematic, the following assumptions are made for the productivity model: Algae
cells survive temperatures between 42.1 to 50 °C, however, biomass production is
stopped for the time the algae are exposed to these temperatures. When exceeding
50 °C, massive cell death is expected resulting in a collapse of the cell culture. As a
consequence, production is put to a halt for seven days, representing the time
algae cells need to recover or the time a new culture needs to build up to reach the
original cell concentration. When temperature exceeds 50 °C again while still in
recovery, the phase of no biomass production is extended by further seven days.

Subzero cultivation temperatures are not covered by the model as this case
does not represent a practical application. In the model the -cultivation
temperature is therefore artificially kept at 0 °C, even though the thermal balance
could result in ice formation. When conditions improve, the reactor temperature
starts to rise again from 0 °C.

Under realistic conditions, operation of an algae plant would probably be
stopped during periods of very cold temperatures neglecting the few sunny days
when algae cultivation would theoretically be possible. Therefore, the productivity
results of the model are mildly overestimating the realistic production potential.
However, in this context, it must be kept in mind that, even during sunny days in
winter, growth will be limited by the low temperatures. In addition, during the cold
season sunshine and therefore cell growth is limited to few hours of the day. As a
consequence, the overestimation of yearly biomass productivity, by neglecting
long-term production stops in the winter, is considered small.

In cases were subzero temperature would only occur during nighttime,
while daytime temperatures and solar insulation are still high enough for
economic outdoor cultivation, a shut-down of the plant is not expected. Minimal ice
formation will probably hinder the temperatures from further declining, without
harming the cells or the reactors. Keeping the temperature at 0 °C is therefore
expected to be a good approximation of real operating conditions.

3.2.4 Determination of the light distribution in the reactor
For an infinite array of flat panel photobioreactors, the light distribution does not
change along the panel rows, characterized in the following as y-direction. The

light distribution therefore is only described in two dimensions, representing the
cross section of a panel (x-z-plane). In the model, this cross section is divided into a
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fine grid of cells. Each cell is 10 mm high and 0.5 mm wide. Different cell
dimensions are required as light attenuation in highly concentrated algae
suspensions is very strong, and therefore even small distances in x-direction result
in substantial intensity changes. The local light intensity is determined at the
center of each cell and consists of six components: direct (/qir) and diffuse sunlight
(1air) as well as the respective reflections of sunlight at the panels (Igir,r-refl, difR-refl)
and the ground (ldir,G-ref, ldif,G-refl)-

Lo = Igir + Lgis + Tgirroren + laitRorenl T ldirG-ren + ldifG-re (3.7)

Light attenuation in the reactor is calculated using a modified version of the
Lambert-Beer law. The expression “modified” here refers to the extinction
coefficient of the function, which is usually independent of the concentration of the
considered substance and represents only light absorption. The modified law,
however, also accounts for the scattering effect of algae. As a result the influence of
the cell concentration has to be considered. For the simulation, an extinction
coefficient of 100 m?2 kg1 is used for a cell concentration of 2 g1-1. This value is in
accordance with experimentally derived values for Chlorella vulgaris at high cell
densities [100].

In the following, the calculation of the six components of the local light
intensity is explained in further detail. For this purpose, a coordinate system is
introduced and the origin of this coordinate system is set to the lower left corner of
the cross section of the reactor (Figure 3.1). The position of a certain point within
the reactor is given with respect to this coordinate system (xp, zp), and the panel
surface opposing the origin is defined as the front of the reactor. The methodology
is described for the case that light enters the reactor through the panel front.
Details for light entering the reactor through the backside are usually not listed, as
calculations typically follow the same principle.

3.2.4.1 Direct sunlight

With respect to direct sunlight, the reactor is separated into an irradiated and a
dark zone (Figure 3.1). The mathematical description of irradiated and dark parts
with respect to the coordinate system can be found in the appendix (Section B.1).
In the following, the focus is on the irradiated part of the reactor and the
calculation of local light intensities therein. As already indicated in Figure 3.1 by
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dark zone

panel back ——|

panel front
irradiated zone
z) — dark zone
S

S

Figure 3.1 Schematic illustration of irradiated and dark zones in flat panel photobioreactors as a
result of the exposure to direct sunlight.

the different shades of red, local light intensity in the irradiated zone is only a
function of the x-coordinate. Three major mechanisms affect the local light
intensity. First, light is reflected at the interface between air and glass and then
again at the interface of glass and water. Second, refraction changes the direction
of the light, therefore also changing its intensity. Third, light attenuation inside the
reactor is caused by scattering and absorption of light. The local light intensity can
therefore be calculated according to the following equation:

Lout
Idir = IO,DNITdir,in ' ;_u ' eXp(_O-X&rr,FR) (38)
in

Refraction losses at the panel surface are calculated according to the Fresnel-
equations [71] expressed by the transmissivity, Tdir,in.

The change in light intensity between incoming light, I, and outgoing light,
lout, due to changes in light direction is explained in the following. Ii, is defined as
the light intensity outside of the culture medium but after reflection losses at the
reactor surface are accounted for:

60



3.2 Concept and details of the productivity model

culture medium air

Figure 3.2 Schematic illustration of a light beam refracted at the panel surface.

Iin = Io,pN1T dir,in (3.9)

According to the law of energy conversion, the total energy of incoming and
outgoing light has to stay constant. The energy of a light beam is defined as the
product between the intensity of the light and the respective reference area. After
refraction, the reference area changes (indicated by the blue lines in Figure 3.2)
causing an equivalent change in light intensity. The ratio between the light
intensities of incoming and outgoing light can thus be expressed by:

_n (3.10)

x1 and x; are distances as depicted in Figure 3.2. Both distances can be expressed
as function of xo.

X1 = Xg cos Yy, (3.11)
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3 Simulation of microalgae biomass yields

Xy = X €OS Uyt (3.12)

Uin is the angle of incidence and Jou: is the angle of the outgoing light beam.
Inserting Equation (3.11) and Equation (3.12) in Equation (3.10) results in the
following expression for the ratio between the intensity of incoming and outgoing
light at the reactor surface:

_ (3.13)

Lout cos VY,
Iy €0S Yoyt

Light attenuation is expressed by the exponential term in Equation (3.8)
representing the Lambert-Beer law. The light path can easily be calculated from
the angle of the outgoing light and the x-coordinate, xp, at which the local light
intensity is determined. According to the applied coordinate system, the light path
for light entering the reactor through the front, irr, is defined as

Cirpr = (S — Xp) COS Uy (3.14)

3.2.4.2 Diffuse sunlight

Diffuse sunlight is emitted from every point of the sky without having a fixed
direction. The light intensity with respect to the solid angle is called irradiance, Iq.
For the simulations it is assumed that the irradiance is independent of the angle of
observation. Therefore, the irradiance can be calculated from the diffuse horizontal
irradiation, a value provided by the National Solar Radiation Data Base [66]
(Equation (3.15)).

Iopur 1
=t 3.15
o T 1Q ( )
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3.2 Concept and details of the productivity model

Figure 3.3 Illustration of the visible part of the sky (red lines) for a certain point, P, within the
reactor (graphic only illustrates light entering through one side of the panel; as Omin typically is 0°,
the respective angle is not shown in the figure).

Q refers to the unit of the solid angle (steradian). In contrast to direct irradiation,
diffuse sunlight enters the reactor simultaneously through both sides of the panel.
The local light intensity is thus the sum of the light intensities related to the panel
front, lairrr, and panel back, l4itgc (Equation (3.16)).

Lyis = Laigrr + laigpc (3.16)

In the following, only the calculation of lqitrr is described as the determination of
laitgc is analogous.

As the panels are arranged in long parallel rows, only a certain fraction of
the sky is visible from a specific point, P, within in the reactor. This visible part of
the sky dome can be described as the outer surface of a spherical lune (Figure 3.3).
By utilizing spherical coordinates the resulting light intensity related to the reactor
front can be determined by integration of the irradiance over the visible section of
the sky.

OmaxFR ®PmaxFR

Idlf FR = .f j- IQ lefln ]- exp( O-Xflrr FR) sin 6 d(pde (317)

OminFR  Pmin, FR
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3 Simulation of microalgae biomass yields

The transmittance, 7gitin, the ratio lout/Iin and the light path, 4i, are functions of the
angle of incident, Jin. However, as diffuse light has no specific orientation but is

emitted in all directions of space, the angle of incidence is not constant but itself a

function of the spherical coordinates 6 and ¢.

Jin expressed in spherical coordinates

According to Figure 3.4, the angle of incidence is defined as

X0
cos Vi, = —
X2

Xo to xz are lengths as depicted in figure. Replacing x; by

X1
Xy = —
27 sing
and x1 by
Xo
x1= -
sin g

panel

Figure 3.4 Calculation of the angle of incidence from spherical coordinates.
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3.2 Concept and details of the productivity model

results in an equation for Ji, that solely depends on the spherical coordinates
(Equation (3.21)).

cos Yy, = sinf sin @ (3.21)

Definition of integration borders describing the visible part of the sky

Omin,FR 10 Omaxrr and @minrr t0 Pmaxrr (Equation (3.17)) are the integration intervals
describing the sky as seen from a point within the reactor (Figure 3.5).

Maximum and minimum angles within and outside of the reactor differ due
to refraction. In this work, the angles outside of the reactor are used as integration
borders. Along the 8-coordinate the view to the sky is not restricted by obstacles.
Therefore, 6 ranges from zero to pi (Figure 3.5A). A prerequisite of the simulation
is that light entering the reactor through the top surface is neglected
(Section 2.2.1). The upper edge therefore limits the view to the sky and restricts
the minimum angle in ¢-direction (Figure 3.5B). For the maximum angle the
opposing panel wall represents an obstacle, being the limiting factor for @maxFrr.
@minFr and @maxrr depend on various parameters such as the coordinates of the
point at which the local light intensity is determined, the panel height and distance.
The calculation details for @minrr and @maxrr are described in the appendix of this
thesis (Section B.2).

emax,FR =T

Prmin,FR

JFR
(Pmax,FR

top view side view

Figure 3.5 Maximum and minimum angles describing the visible section of the sky as seen from the
point P. (A) 8-coordinate (top view), (B) ¢-coordinate (view from the side).
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3 Simulation of microalgae biomass yields

3.2.4.3 Direct sunlight reflected by the panels

The light intensity of direct sunlight that is reflected at the opposing panel wall can
be derived from the reference case of not-reflected direct sunlight. For this
purpose, Equation (3.8) is complemented by the term (1 - tairin) to account for the
additional reflection losses at the opposing panel wall (Equation (3.22)).

Iout
Liirrrett = Topni(1 = Tdirin) Tdirin T exp(—oX ¥y pr) (3.22)
n

Direct sunlight reflected by the reactor panels divides the reactor in dark
and irradiated zones (Figure 3.6). The relative location of these zones within the
reactor can also be determined from the case of not-reflected direct sunlight. To
account for light gradients within the reactor, the panels were discretized into a
fine grid of cells (Section 3.2.4.1). In the MATLAB model this grid of cells is being
represented by a corresponding matrix. By modification of the matrix referring to
not-reflected sunlight, the respective matrix for panel-reflected light can be
generated. For this purpose, the matrix is first horizontally flipped to account for
the fact that light changes its direction after being reflected at the opposing panel

dark zone

irradiated zone o 2h’

\\
2l dark zone

Figure 3.6 Light distribution caused by direct sunlight after being reflected at the opposing panel
wall.
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3.2 Concept and details of the productivity model

wall. Furthermore, reflected sunlight has to cover a larger distance between the
panels before entering the reactor. The irradiated zone referring to the reflected
case therefore is shifted by h’ in negative z-direction. Flipping and shifting of the
matrix are achieved by applying basic matrix operations provided by the MATLAB
programming environment.

3.2.4.4 Diffuse sunlight reflected by the panels

Diffuse sunlight reflected at the panels affects the reactor from both sides. The
local light intensity is therefore the sum of reflected diffuse light from the front,
lair-refipr, and the back, laifr-ref Bc.

Lgitr-ren = laifRr-ref,FR T lditR-ref,BC (3.23)

In the following, only the calculation of ljitr-ref,rr is shown as the calculation of
Liigr-ren Bc i analogous.

Two aspects have to be considered when deriving the light distribution of
panel-reflected diffuse sunlight from the reference case of not-reflected diffuse
sunlight. First, the original equation describing the light intensity has to be
complemented by (1 - taitin) to account for the reflection losses at the opposing
panel wall (Equation (3.24)).

T PmaxFR

Loyt
LgigR-ren FR = j f Io (1 = Tqigin) Taitin ;—u (3.24)
mn
0=0 @minFr

- exp(—oX®pr) sin 0dedo

Second, the fraction of the sky visible from a specific point within the reactor
differs between the case of reflected and not-reflected diffuse sunlight (Figure 3.7):
The integration border for the 8-coordinate is not influenced by the reflection and
stays constant. @minrr and @maxrr however must be altered. The corresponding
calculation details of @minrr and @maxrr are presented in the appendix of this work
(Section B.3).
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projected view of the sky

O _— T
P ‘;' Prmax
(%p: Zp)
s d

2d

Figure 3.7 Diffuse sunlight after being reflected at the opposing panel wall.

3.2.4.5 Direct sunlight reflected by the ground

When the sun is high enough, sunlight reaches the ground between the panel rows
from where it is scattered to the reactors. As the ground is not a smooth surface,
direct light loses its orientation after hitting the ground. One side of the panel
directly adjoins the irradiated part of the ground area, while the other is separated
by a shaded gap from this respective part of the ground (Figure 3.8).

The local light intensity of direct sunlight reflected at the ground is the sum
of the intensities related to light entering the reactor through the front, lqir,-ref,rr,
and back, l4ir,c-refi,Bc, respectively (Equation (3.25)).

Idir,G-reﬂ = Idir,G-reﬂ,FR + Idir,G-reﬂ,BC (325)

The calculation of the intensities with respect to the front and back is analogous;
therefore, only the calculation of Igir,c-refi,rr is discussed (Equation (3.26)).
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L back (BC) front (FR) .
(pmax,BC
(pmax,FR
®rmin,Bc
% /
di 0 d‘
d  Pmin,FR

Figure 3.8 Schematic illustration of direct sunlight reflected by the ground (irradiated ground area
is highlighted in blue).

®Pmax,FR

T
Loyt .
Lgir,G-refl,FR = f 1q gir,G-refl Tdifjin '—;u * exp(—0X ¥ pr) sin O0dedf (3.26)
n
0=0 PminFR

The determination of the integration borders depends on the size of the irradiated
ground area and is described in the appendix of the thesis. Ingircren is the
irradiance of the illuminated ground area, caused by the reflection of direct
sunlight. Assuming that the ground is a Lambertian reflector/scatterer (ideal
diffuse reflection) [206], the irradiance can be expressed as a function of the direct
normal irradiation, the altitude angle of the sun and the albedo of the ground
(Equation (3.27)).

Io,pni - €OS g 1

C— 3.27

Iﬂ,dir,G-refl = T
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3 Simulation of microalgae biomass yields

3.2.4.6 Diffuse sunlight reflected by ground

In analogy to direct sunlight, also diffuse sunlight is reflected at the ground. As
both sides of a panel are exposed to the reflections, the local light intensity is the
sum of intensities entering the reactor through front, lqitc-ren,rr, and back surface,
Laitc-ren,rr (Equation (3.28)).

Lyie G-ret = laifG-reFrR T+ ldifG-refl,BC (3.28)

In the further course of this work, calculation details are described for light
entering the reactor through the front (Equation (3.29)). Equations for the
backside of the reactor, however, follow the same principle.

T PmaxFR

I
I _ I ,~out
dif,G-refl, FR = Q,dif,G-refl Tdif,in T (3.29)
m
0=0 @minFR

- exp(—oX?pr) sin 0dedo

From a point within the reactor the irradiated ground appears as light-emitting
surface. The irradiance, Indgifg-refl, related to this surface can be calculated from the
intensity of diffuse sunlight the ground is exposed to, Igpui, and the albedo
(reflectivity) of the ground (Equation (3.30)).

IG,DHI 1
Lq if G-rel = — fabe Tq (3.30)

In contrast to direct sunlight, not only a fraction of the ground is irradiated, but the
complete space between the panels is reached by diffuse sunlight. For the case that
panels are positioned very far from each other, the light intensity at the ground
approaches the intensity for diffuse horizontal irradiation (Figure 3.9). However,
in proximity to the reactors light intensity is reduced, as only a smaller fraction of
the sky is visible due to panels partly blocking the sight. Furthermore, average light
intensity decreases at the ground with decreasing panel distances and increasing
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Figure 3.9 Local light intensity at the ground for diffuse irradiation as a function of the normalized
position between panels. Various combinations of panel height and distance are displayed in form
of h-to-d-ratios (incident irradiation, lopm = 100 Wm; curves are generated using Equation
(3.34)).

panel heights. The light intensity at the ground therefore depends on the overall
reactor geometry as well as on the position between the panels.

In the following, the determination of the light intensity at the ground is
further explained. In this context, the light intensity is expressed as a function of
the position at ground. In a second step, this position is further mathematically
described with respect to spherical coordinates.

Light intensity at the ground as function of d”

For long panel rows the local light intensity at the ground does not change in y-
direction. Along the x-coordinate light intensities vary depending on the section of
the sky that is visible from the respective point. This section is defined by the
spherical coordinates @min and @max (Figure 3.10). Using these angles as integration
borders the intensity at the ground can be calculated from the irradiance of the sky
(Equation (3.31)).

T Pmax

Igpar = J J cos ¢ sin 8 I - sin 8depdl (3.31)
0=0 Pmin
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Figure 3.10 Schematic illustration of diffuse sunlight hitting the ground between two panels. The
visible section of the sky is defined by the angles @min and @max.

The term “cos ¢ sin 8” describes the angular dependence of the light intensity at
the ground on the irradiance. The second “sin " is required as spherical
coordinates are applied and the sky dome is interpreted as the surface of a sphere.
The respective section of the sky that is visible from a specific point at the ground
can again be described by the form of a spherical lune (see also diffuse sunlight,
Section 3.2.4.2).

The integration borders to determine the light intensity at the ground
caused by diffuse irradiation can be calculated from the reactor geometry and the
distance, d”, between the considered panel and the respective position for which
the light intensity is determined.

dll
tan @i, = ey (3.32)
d _ dll
tan Pmax = h (333)

Please note, that the angles @min and @max are defined in counter-clockwise and
clockwise direction, respectively. Therefore, a minus sign in Equation (3.32) is
required to take the different orientations of the angles into account.
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3.2 Concept and details of the productivity model

By using the terms above for the determination of the integration borders,
the integral of Equation (3.31) can be solved and Ig,pui can be expressed as function
of d” (Equation (3.34)).

T - d _ dll - dll
I pui =EIQ sin | arctan A + sin| arctan n (3.34)

d” expressed by spherical coordinates

In the following, d” is determined as a function of spherical coordinates. It is
important to keep in mind that in this context the spherical coordinates of a certain
point within the reactor are addressed and not the coordinates for a specific
location at the ground. According to Figure 3.11, the distance d” can be calculated
from the angle ¢ (Equation (3.35)).

d"' =x,tang — x, (3.35)

xo and x1 are distances as specified in the illustrations (Figure 3.11 and Figure
3.12). These distances can be expressed by the angles @minrr and @maxrr (Equation
(3.36) and (3.37), see also Figure 3.12).

d

Figure 3.11 Relation between the spherical coordinate ¢ and the distance d”.
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Figure 3.12 Reflection of diffuse irradiation at the ground: relation between the distances xo and x;

and the integration borders @minrr and @maxrr.

Xo
tan @inrr = —
X1
Xg+d
tan (pmax,FR =
X1

Solving Equation (3.36) and (3.37) for xo and x; leads to:

_ d - tan Qi pr
tan ¢max,FR — tan (pmin,FR

Xo

d

tan ¢maX,FR — tan (pmin,FR

X1

(3.36)

(3.37)

(3.38)

(3.39)

By further inserting Equation (3.38) and Equation (3.39) in Equation (3.35) the
distance d” can be expressed solely by the angles @minrr and @maxrr and the panel

distance.

"no__ d

tan (pmaX,FR — tan (pmin,FR
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3.2 Concept and details of the productivity model

Calculation details for @minrr and @maxrr, which are needed to solve the equation
above and also for the determination of the local light intensity with respect to
diffuse sunlight reflected at the ground, can be found in the appendix of this work
(Section B.5).

3.2.5 Validation of the calculations

The determination of local light intensities is the most complex step of the
simulation and further represents the basis for the determination of the
productivity. Therefore, a thorough validation of generated light profiles is
performed. For this purpose, two different mathematical approaches to determine
the total amount of absorbed and scattered light in a reactor panel are compared.

The first approach is based on the methods applied for the temperature
simulation (Section 2.2.4). The energy related to light falling on the reactor plate is
either calculated from the reactor geometry and the sun’s position or by using
configuration factors. Configuration factors are applied when light has no defined
direction (diffuse sunlight) or when direct sunlight loses its direction after being
scattered or reflected. The respective method treats transmitted light as being
absorbed by the panel resulting in an overestimation of absorbed/scattered light
at low algae concentrations. At moderate to high cell concentrations, however, the
values are representative for absorbed and scattered light as light transmission
can be neglected.

The second method is based on the calculations described in the present
chapter (Section 3.2.4). Light intensity is determined for each grid cell of the
reactor resulting in the light distribution. Based on local light gradients, the total
amount of scattered and absorbed light is calculated. In contrast to the first
approach, the second method correctly accounts for transmitted light. At low
extinction values, light quantities will therefore deviate with respect to the applied
method. However, at high extinctions values, both calculation methods must lead
to identical results to validate the calculation of the light distribution.

The validations are performed for an exemplary reactor that is distanced
0.5 m from opposing reactors. The thickness of the examined panels is 0.05 m. The
solar altitude and azimuth angle is 45° and 180°, respectively. The panels are
positioned in north-south direction; therefore, reactor surfaces directly face in the
sun’s direction. The intensities of solar irradiation are set to 100 W m-2.

In this section, the validations of direct (Figure 3.13A) and diffuse light
(Figure 3.14A) are presented and discussed. Further validation plots for reflected
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Validation of direct irradiation (DNI)
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Figure 3.13 Validation of the light distribution for direct sunlight: (A) Absorbed or scattered light
calculated with two different methods (green, calculated from the light distribution; black,
calculated according to methods of the temperature simulation, only valid at high extinction
values). (B) Irradiation profile (z-x-plane) generated for an extinction of 200 m? (for both
subfigures: panel distance, 0.5 m; panel thickness, 0.05 m; orientation, north-south; DNI, 100 W m-2;
solar azimuth, 180°; solar altitude, 45°).

Validation of diffuse irradiation (DHI)
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Figure 3.14 Validation of the light distribution for diffuse sunlight (no reflections at other
panels/ground): (A) Absorbed or scattered light calculated with two different methods (green,
calculated from the light distribution; black, calculated according to methods of the temperature
simulation, only valid at high extinction values). (B) Irradiation profile (z-x-plane) generated for an
extinction of 200 m? (for both subfigures: panel distance, 0.5 m; panel thickness, 0.05 m;
orientation, north-south; DHI, 100 W m-2).
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light can be found in the appendix (Section B.6). Green and black lines refer to the
total amount of absorbed and scattered light with respect to the first and second
method, respectively. At extinction values of around 100 m1, both lines basically
overlay referring to identical quantities of light. The prerequisite of the validation
are therefore fulfilled. Typical light distribution profiles were generated to provide
visual impressions of the light distributions corresponding to direct (Figure 3.13B)
and diffuse irradiation (Figure 3.14B). Further light distributions are displayed the
appendix of this work (Section B.6). For the generation of light profiles, the same
inputs as for the validation plots are used. The extinction is fixed to a value of
200 m corresponding to the optical density of the algae culture examined in this
work. Direct sunlight enters the reactor through the panel front, with its intensity
quickly decreasing when moving further into the reactor (exponential decay). Only
a certain fraction of the reactor front is illuminated by direct sunlight as shading
caused by the opposing panel row partly blocks incoming sunlight. In comparison,
diffuse light enters the reactor from both sides of the panel resulting in a
symmetrical light distribution. At the upper edges of the reactor, light intensity is
the highest, and it decreases when getting closer to the ground or to the middle of
the reactor.

The calculation of absorbed and scattered sunlight and the illustration of
the light distribution both support the statement that the model correctly
represents local light intensities within flat plate photobioreactors. The generated
productivity results are therefore expected to appropriately describe microalgae
cultivation under large-scale, outdoor conditions.

3.3 Results and discussion

3.3.1 Characterization of light distribution and local biomass
production in photobioreactors

A cross sectional cut of the reactor is generated to provide a visual impression of
the light distribution and corresponding local biomass production (Figure 3.15).
For this purpose, an exemplary reactor situated in Sacramento, CA is examined.
Reactor panels face in north and south direction. The distance between the panels
is set to 0.5 m and the thickness of the panels to 0.05 m. The images represent a
day in late spring (day 100). The left images are generated for noon (12:00), when
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Figure 3.15 (A) Distribution of light and (B) biomass production in the photobioreactors at noon
(12:00, left images) and in the evening (17:00, right images) (for all subfigures: location,
Sacramento, CA; panel distance, 0.5 m; panel thickness, 0.05m; orientation, north-south;
considered day of the year, 100).

the sun directly hits the reactor surface and the right images for evening (17:00),
i.e. two hours before sunset.

At noon, the light distribution is dominated by direct irradiation which
enters the reactor on the left side of the panel (Figure 3.15A, left image). Diffuse
irradiation is most intense at the upper edges of the reactor; however, it is only
visible in the right corner of the image, as it is superimposed by direct irradiation
in the left corner. Direct light reflected at the opposing panel wall can be seen in
the lower third on the right side of the panel. Other types of irradiation cannot be
recognized as the respective light intensities are too small. The major fraction of
incoming sunlight is absorbed right at panel wall and its intensity quickly
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decreases when moving towards the center of the reactor. As a consequence, large
areas of the reactor are poorly illuminated.

In the evening light intensity has significantly decreased (Figure 3.15A,
right image). Direct irradiation hits the reactors nearly parallel to the panel surface
(angle of incidence® 85.3°) and thus does not contribute to the illumination of the
panel. The only recognizable source of irradiation is diffuse sunlight in form of two
bright spots in the upper corners of the image. At this time of the day the reactor
appears mostly dark. Based on both images showing the light distribution of the
reactor, it therefore could be concluded that algae growth is limited to the edges of
the reactor and, furthermore, that the selected panel thickness of 5 cm is far too
large for efficient biomass production.

This assumption, however, has to be corrected when looking at the images
showing the local biomass production (Figure 3.15B). As can be seen, algae growth
is not limited to the edges but stretches far deeper into the reactors. Even areas
appearing not to be illuminated at all can significantly contribute to the overall
productivity. The reason for this lies in the relation between growth and light
intensity. Algae are very efficient at low irradiation values and convert a relatively
large fraction of incoming photons suitable for photosynthesis into biomass. For
high light intensities algae usually enter a state of light saturation. At this state
light conversion is very inefficient.

Two conclusions can be drawn from these results: First, even light sources
weakly contributing to the overall amount of light received by the reactors can
significantly enhance overall productivity (see diffuse irradiation and reflected
direct irradiation). Second, local biomass production stretches far deeper into the
reactor than can be expected from light distribution profile and therefore algae
growth also occurs deeper in the reactor.

Finally, it has to be mentioned that even the images displaying local algae
growth show certain areas, where no biomass is produced but where growth is
negative due to cell respiration. Therefore, the assumption mentioned before that
the panels were chosen too thick for efficient biomass production may still be true.
As the panel thickness also influences cultivation temperature further studies are
required to determine optimal reactor dimensions. At this point, the reader is
referred to Section 3.3.5, where the impact of plant parameters, such as reactor
thickness, on the yearly biomass yields is examined in detail.

5 Angle between incoming direct light and a vector normal to the reactor surface
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3.3.2 Impact of the various forms of irradiation on microalgae
productivity

The results of the previous section indicate that even though direct irradiation may
dominate an irradiation profile, weaker types of irradiation may still have a
significant influence on the overall productivity. The impact of various irradiation
types on the overall productivity is therefore further examined. One year of
cultivation is selected as time frame for the analysis. The reactor configuration is
identical with the previous section (location Sacramento, CA; panel distance, 0.5 m;
panel thickness, 0.5 m; orientation, north-south).

In a first step, the shares of the various irradiation types with respect to the
total amount of absorbed solar energy are compared (Figure 3.16). The
comparison shows that direct irradiation clearly dominates the yearly energy
input covering approximately 60 %. This is followed by diffuse irradiation covering
30 % of the incoming sunlight. Reflections of direct and diffuse light at opposing
panels and the ground amount to a total of 10 %.

In the following, a sensitivity analysis is performed to quantify the impact of
the various forms of irradiation on yearly biomass production (Table 3.3). For this
purpose, a certain type of light is neglected and the corresponding productivities
are calculated. Two cases are distinguished: In the first case, neglecting a certain
type of irradiation impacts only the productivity simulation. Temperature
simulation and the resulting cultivation temperature are not impaired by this
measure. In the second case, both, local light intensities and cultivation

DNI refl. by ground (5 %)
DHiI refl. by panel (1 %) DHI refl. by ground (2 %)
DNI refl. by panel (2 %)

Figure 3.16 Contributions of different irradiation types to the total amount of light energy received
by reactors in one year of cultivation (location, Sacramento, CA; panel distance, 0.5 m; panel
thickness, 0.05 m; orientation, north-south).
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Table 3.3 Sensitivity of yearly biomass production with respect to the different types of irradiation.
Two cases are examined: 1) Only productivity simulation is affected by neglecting a certain type of
irradiation (second column) 2) Both temperature and productivity simulations are affected (third
column). Values in brackets indicate the relative decrease of productivity with respect to the case
of regular irradiation (location, Sacramento, CA; panel distance, 0.5 m; panel thickness, 0.05 m;
orientation, north-south).

Neglected irradiation type Annual biomass yield: only Annual biomass yield: both
productivity simulation is productivity and tempera-
affected ture simulation are affected

[-] [thatal] [thatal]

None (regular irradiation) 82.0 (-) 82.0 (-)

DNI 36.4 (-55.6 %) 46.1 (-43.8 %)

DHI 27.2 (-66.8 %) 31.1 (-62.0 %)

DNI reflected by the panels 77.8 (-5.1 %) 79.0 (-3.7 %)

DHI reflected by the panels 79.7 (-2.8 %) 80.5 (-1.8 %)

DNI reflected by the ground 73.9 (9.9 %) 74.4 (-9.3 %)

DHI reflected by the ground 77.7 (-5.2 %) 77.9 (-4.9 %)

All reflections? 62.2 (-24.1%) 64.1 (-21.8 %)

a Please note that the relationship between light and growth is not linear. Production losses for the
case that all reflections are neglected thus cannot be determined from the sum of losses
corresponding to individual neglected reflections.

temperature are affected by neglecting a certain type of irradiation.

The most important result of this study is the comparison between direct
and diffuse irradiation. While far more light energy is received by direct irradiation
than by diffuse irradiation, diffuse irradiation has a stronger influence on annual
biomass yields: Neglecting diffuse irradiation would result in a drop of
productivity by approximately 67 % (62 % when including the influence on
temperature), while neglecting direct sunlight would only result in a drop by 56 %
(44 % when including the influence on temperature). This can be explained by the
fact that direct irradiation often illuminates only a small fraction of the reactor
surface, while diffuse irradiation fully covers both surfaces of the reactor. The high
light intensities caused by direct irradiation, however cannot efficiently processed
by microalgae due to light inhibition. Furthermore, diffuse light does not depend
on the position of the sun. Direct sunlight however may hit the reactor plates at an
unfavorable angle, which means that the amount of direct light that can be
captured by the panels is drastically reduced. Diffuse light represents a less intense
but more constant source of irradiation than direct light. As a consequence, diffuse
light has a higher impact on algae growth than direct sunlight.
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3 Simulation of microalgae biomass yields

Biomass yields generally are slightly higher when both temperature and
productivity simulation are affected by neglecting a certain type of irradiation
(Table 3.3, third column). When irradiation is neglected for the temperature
simulation, reactor temperatures are decreased. For the exemplary location of
Sacramento, CA, lower reactor temperatures are favorable for algae growth thus
explaining the deviation between the two cases for which annual biomass yields
were determined.

Analogue to the case of diffuse sunlight, reflected light substantially
improves the spatial and timely distribution of light on the reactor surface.
Therefore, reflections have a stronger impact on annual biomass yields (yield
reductions of 24 %) than might be expected from their contribution to the total
energy input (10 % of captured sunlight).

Yield simulations for other panel distances and locations lead to similar
results (not shown here): Diffuse and reflected light played a much more
important role for algae growth than could be concluded from their energetic
impact. This aspect must be kept in close consideration for the simulation and
construction of microalgae cultivation plants.

3.3.3 Temporal course of irradiation, temperature and productivity

For outdoor cultivation, temperature and irradiation are the most influencing
factors of algae growth (see Section 3.1). The relation between those parameters
and algae productivity is therefore illustrated and discussed for an exemplary day
in late spring (day 100) in Sacramento, CA. The reactor configuration is kept
identical with the previous sections.

Global horizontal irradiation and captured sunlight

In the irradiation plot (Figure 3.17A) two forms of light are displayed: The global
horizontal irradiation (GHI) and the amount of light that is actually captured by the
panels. The GHI represents the maximum amount of sunlight that is available on a
certain ground area. Under realistic conditions this maximum can never be
reached by an algae cultivation plant, as a certain fraction of incoming light will be
absorbed by the ground. Additionally, the ground and the reactor surfaces
reflect/scatter incoming light not only to neighboring reactor panels but also to the
atmosphere.
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Figure 3.17 Daily course of (A) irradiation (black, global horizontal irradiation; green, irradiation
received by the panels), (B) temperature (black, ambient air; green, reactor temperature) and (C)
the resulting productivity (for all subfigures: location, Sacramento, CA; panel distance, 0.5 m; panel
thickness, 0.05 m; orientation, north-south; considered day of the year, 100).

GHI shows positive values between around 06:00 and 19:00, marking the
time of sunrise and sunset. In general, the sunlight received by the panels follows
the course of GHI. However, the amount of captured sunlight is always lower than
GHI as the latter represents a theoretical maximum. At around 11:00, clouds cover
the sun for a short time resulting in a drop of both GHI and received irradiation.
Another interesting event that can be observed in the plots occurs at around 17:30.
During this time, received radiation only decreases marginally resulting in a small
step of the respective curve. To explain this step, it is required to track diffuse
horizontal (DHI) and direct normal irradiation (DNI) as emitted by the sun.
Between 17:00 and 18:00 diffuse irradiation decreases slightly from 135 to
119 W m-2, while direct irradiation drops significantly from 558 to 346 W m-2.
During this time frame direct light hits the reactors basically parallel to the panel
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3 Simulation of microalgae biomass yields

surface. The amount of direct light contributing to the irradiation received by the
panels is therefore marginal. As a consequence, irradiation received by the panels
is mainly determined by diffuse irradiation which is basically constant during the
time of observation (17:00 to 18:00). GHI, however, is still affected by the decrease
of direct normal irradiation and therefore continues to decrease as well.

Ambient air and reactor temperature

Air and reactor temperatures both show in approximation a sinusoidal form
(Figure 3.17B). In accordance with the results of the temperature model
(Section 2.3), reactor temperatures are on average higher than air temperatures
and show stronger fluctuations between day and night. Peak temperatures are
reached at late afternoon for both the air (21.7 °C) and reactor temperature
(30.4 °C).

Impact of light and temperature on algae productivity

Productivity is mostly determined by the received irradiation, resulting in a similar
shape of both curves (including the step in the plots at 17:30). During morning and
evening hours, the light intensity is still weak, resulting in an efficient conversion
of sunlight by the algae cells. In the middle of the day, however, photosaturation
limits overall biomass production. The flanks of the productivity profile appear
therefore slightly steeper while the peaks are slightly less distinct than in the
respective irradiation profile. For the considered temperature range and algae
strain, an increase in temperature results in an improvement of the photosynthetic
efficiency. Therefore, the reactor performs better in the second half of the day
where more biomass is produced than can be expected when only analyzing the
irradiation profile. During the night, no sunlight is available and algae cells
consume energy-rich biomass via cell respiration. Biomass production is therefore
negative after nightfall. Similar to photosynthetic efficiency, also the degree of cell
respiration depends on the cultivation temperature. Therefore, cell respiration is
strongest at the beginning of the night when reactors are still warm. During the
night, the rate of biomass loss slowly decreases in accordance with decreasing
reactor temperatures.

In Sections 3.3.1 and 3.3.2, the fact is highlighted that not only the quantity,
but also the distribution of light is of high importance. This knowledge is applied to
explain why productivity peaks slightly earlier (12:11) than the received
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irradiation (12:40). Generally spoken, the light distribution caused by diffuse
sunlight is more favorable than for direct sunlight. As the sunlight contains a
higher fraction of diffuse light than direct sunlight at 12:11 (not shown in the
graph) productivity peaks at this respective point in time, even though the overall
solar energy received half an hour later is higher.

When looking at the curve of the productivity, one further aspect needs
explanation. At 20:00 a sharp increase in biomass loss is visible. This step is
directly related to the algae growth model used in this work. The growth model
initially developed by Béchet et al. [100] distinguishes between cell respiration
during the day, which is usually overcompensated by the biomass gains through
photosynthesis, and cell respiration during the night. For the model, night is
defined as the time when no diffuse light is emitted by sun. After sundown at
around 19:00 still some marginal amount of diffuse sunlight can be received by the
reactors, even though this is barely recognizable in the respective irradiation
graph. Therefore the time between 19:00 and 20:00 still counts as daytime and in
consequence the cell respiration model for daytimes is applied. Only after 20:00
the cell respiration model for the night is used, resulting in the sharp step at the
respective point in time.

The performed analysis showed that during daytimes productivity is mainly
influenced by the received irradiation. The reactor temperature affects night time
respiration and has a strong influence on photosynthetic efficiency at elevated
levels of irradiation.

3.3.4 Productivity in the course of the year

Production rates during the course of the year are examined to identify periods of
no or low algae productivity for various geographic regions and different climate
zones (Figure 3.18). Maximum production rates are in the range of 550 thalal In
this context, it is important to highlight that average values are significantly lower
and that values above 550 t hal a1 are only reached for a few hours within one
year of cultivation.

At night time, cell respiration takes place resulting in negative biomass
productivities. Minimum values for cell respiration account for around
-100 thalal. As can be seen from the graphs, biomass losses during the night
decrease when moving to the colder months of the year. As cell metabolism is
slower in a colder environment, night-time biomass losses are usually smaller in
winter than in summer. Hilo, located on Hawaii, is an exception as the tropical
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Figure 3.18 Yearly course of the productivity for reactors located in (A) Forks, WA, (B) Boston, MA,
(C) Sacramento, CA, (D) Phoenix, AZ, (E) New Orleans, LA and (F) Hilo, HI. (For all subfigures: panel
distance, 0.5 m; panel thickness, 0.05 m; orientation, north-south).

climate also results in approximately year-round constant temperatures and
therefore constant biomass losses at night.

In Phoenix, reactor temperatures can climb up to values of 50 °C and higher;
therefore, algae cultivation has to be stopped for certain periods during summer.

In the respective plot (Figure 3.18D), this can be seen by the phases of no biomass
production between day 200 and 250.
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The two most northern locations, Forks (Figure 3.18A) and Boston (Figure
3.18B), show relatively low productivities in winter (320 to day 50). Therefore,
commercial cultivation probably is not possible during this period. For the other
locations, Sacramento, CA, Phoenix, AZ, New Orleans, LA and Hilo, HI, basically
year-round cultivation appears possible.

Productivity peaks not necessarily in summer, as may have been expected
due longer times of daylight and higher irradiation values in comparison to other
seasons. However, for the given configuration this assumption is only true for
Forks, the most northern of the examined locations. Depending on how far a plant
is located in the south, times of high productivity shift from summer towards
spring and autumn. The reason for this shift lies in the solar altitude and the
orientation of the panels. As mentioned, the panels face to north and south;
therefore, most light is captured during noon. In Forks, during summer the solar
angle reaches values of 65° during noon-time. In comparison, in New Orleans the
solar angle is much larger at the same time reaching values of around 83°. At this
steep angle, a significant proportion of incoming sunlight (~30 %) is reflected at
the air-glass interface and therefore lost for algae growth. Closer to autumn and
spring the solar altitude reached in New Orleans is lower (~69°), resulting in less
light being reflected and higher productivity rates. This explains the shift of the
productivity peaks.

Panels oriented in east-west direction receive most light in the morning and
the afternoon. At noon the sunbeams are parallel to the panel surfaces and
basically no direct sunlight is captured by the reactors, independently on the solar
altitude angle. For all examined locations, productivity is highest during the
summer months if panels are oriented in east-west-direction (see appendix, Figure
B.8).

3.3.5 Productivity as a function of geographic location, panel distance,
thickness and orientation

The following analysis represents the heart of this thesis. Results and related
illustrations are therefore explained and discussed in close detail.
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General overview of the sensitivity analysis

The annual biomass yield is a central performance indicator for algae cultivation.
In particular in the planning phase of a commercial plant, it is important to
quantify the potential biomass output to assess the economic viability of the
investment. Microalgae productivity is affected by plant design and environmental
conditions at the cultivation site. Annual biomass yields are thus simulated with
respect to the following influencing variables:

- Geographic location
- Panel distance

- Panel thickness

- Panel orientation

In the course of this holistic sensitivity analysis, a total of 480 productivity
values are simulated, each referring to a specific combination of the above listed
parameters. The results of this study are displayed on a double page (Figure 3.19).
Two different ways to express productivity are examined. The areal productivity
(Figure 3.19, black lines) is a measure of how much biomass can be produced on a
certain area of land. The higher the areal productivity the less land has to be
acquired. Furthermore, piping systems and infrastructure can be designed in a
compact way for plants having a high areal productivity, thus saving investment
costs. The second type considered is the productivity per panel (Figure 3.19, green
lines). If the productivity per panel increases, it means that fewer reactors are
required for producing a certain amount of biomass. By reducing the total amount
of reactors, significant savings of capital and operating costs can be achieved.

Annual biomass yields displayed in this section are generated for a 1 m high
reactor. However, it is pointed out that the areal productivities can be transferred
with good approximation to other reactors as long as the ratio between height and
panel distance stays constant for a given panel thickness. Productivities per panel
scale instead with the reactor volume for a given ratio between panel height and
distance and a given thickness (see Section 3.2.1 for more information).

Influence of reactor dimensions, orientation and location on annual biomass yields

For each location the maximum areal productivity (Table 3.4) and productivity per
panel (Table 3.5) was determined and listed together with the corresponding
reactor configurations. For the reference height of 1m, maximum areal
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productivities can be found at small distances between 0.2 and 0.4 m. At larger
panel distances more and more light falls on the ground between the panel rows.
This fraction of light is, if not reflected to the panels, lost for algae cultivation. Areal
productivity therefore typically decreases with increasing panel distance. For very
small panel distances (< 0.2 m) also a sharp decline in areal productivity can be
observed with decreasing panel distance. Two major effects are responsible for
this decline. First, even though more light with respect to a certain ground area is
received, the available light is distributed among a larger number of reactors. The
individual reactor may therefore receive only very little light turning large areas in
the reactor virtually black. Algae cells in these areas are not capable of producing
biomass via photosynthesis but rather consume biomass for cell respiration. As a
result, areal productivity is declining even though a large fraction of light is
captured by the panels. The second reason for the relatively abrupt decline of areal
productivity is related to a simplification made in the model (see also Section 2.2.1
and 2.3.3). The top surface of the panel is neglected and light input through this
area is not considered. The reason for this simplification is a reduced model
complexity. In addition, it has to be considered that the top surface may be blocked
by equipment or by the attachment to a frame. In this case, the light falling through
the top surface should be neglected anyway. Finally, light input through the top
surface is usually very small when compared with the light input through the panel
sides. The last statement, however, is not true if the panel distances are very small
and in the range of the panel thickness. In the model, this leads to decreasing areal
productivities as a significant fraction of the required plant area (reactor top
surfaces) does not contribute to algae growth. Fortunately, small panel distances in
the range of the panel thickness represent a case usually not relevant for industrial
applications, as very small panel distances correspond with a large number of
reactors which implies high investment costs.

In the following, focus is on the productivity per panel. With increasing
panel distance the exposure to sunlight rises for the individual reactor, typically
resulting in higher productivities per panel. The impact of the panel distance on
reactor biomass yield is strongest at small panel distances and loses influence at
larger panel distances. From a panel distance of approximately 2 m onwards,
productivity gains are often negligible. The major reason for this behavior is the
fact that at large panel distances only little additional light capture can be expected
with increasing panel distance. In addition, reactors can reach very high
temperatures at large panel distances. This makes it more likely that algae are
cultivated in an unfavorable temperature regime, in particular if located in a warm
climate. For the latter reason, maximum productivities per panel
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Table 3.4 Overview of maximum areal productivities and corresponding productivities per panel for
various locations. BD refers to culture breakdown, when reactor temperatures exceed the 50 °C
threshold. The respective column shows the number of days, when no production is possible and
the plant has to be shut down.

Location Max. areal Productivity Days of Panel Panel Orientation
productivity  per panel BD thickness  distance

[-] [thalal] [kg panel*a']  [days] [m] [m] [-]

Forks 99.7 6.5 0 0.025 0.3 North-south
Boston 104.8 6.8 0 0.025 0.3 North-south
Sacramento 122.5 8.0 0 0.025 0.3 North-south
Phoenix 80.4 3.6 0 0.025 0.2 North-south
New Orleans 103.8 6.7 0 0.025 0.3 North-south
Hilo 113.1 9.6 0 0.025 0.4 North-south

are not necessarily found at the highest panel distance examined (5 m), where
irradiation is strongest for an individual panel. Instead, depending on the location,
maximum productivities can already be reached at panel distances of 3.5 or even
2 m (Table 3.5).

When concentrating on the optimal panel thickness, a value of 0.025 m
(square markers, Figure 3.19) appears most favorable for high areal productivities
while a value of 0.05m (circle markers, Figure 3.19) results in the highest
productivities per panel. For the simulations a standard algae concentration of
2 g 1’1 with an extinction coefficient of 100 m2 kg1 is selected according to Béchet
et al [100]. For these conditions it was demonstrated that light cannot penetrate
very far into the reactor (Figure 3.15, illustration of the light profile). To avoid
extensive dark zones in the panels, it is therefore necessary to use relatively thin
reactors (0.025 m/0.05 m). Thicker reactors (0.1 m/0.15 m) often result in lower
biomass production rates due to cell respiration and corresponding biomass
degradation in the poorly irradiated parts of the reactor. This is especially true for
small panel distances when light exposure is limited by mutual shading of the
panels. With increasing panel distance, thicker panel can become favorable, as light
exposure increases and therefore dark zones are reduced. Furthermore, thicker
panels are less prone to extreme temperatures and therefore provide better
thermal conditions for microalgae cultivation, in particular in warm climates.

In almost every case examined, panels with north-south orientation show
slightly higher productivities than panels facing to the east and west. At first, this is
surprising as light exposure is slightly higher for panels oriented in east-west
direction. However, this light exposure also results in the occurrence of more
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Table 3.5 Overview of maximum productivities per panel and corresponding areal productivities for
various locations. BD refers to culture breakdown, when reactor temperatures exceed the 50 °C
threshold. The respective column shows the number of days, when no production is possible and
the plant has to be shut down.

Location Max. produc- Areal Days of Panel Panel Orientation
tivity per panel  productivity BD thickness  distance

[-] [kg panel a] — [tha™a?] [days] [m] [m] [-]

Forks 19.5 19.3 0 0.05 5 North-south
Boston 16.9 16.8 34.3 0.05 5 North-south
Sacramento 15.9 22.5 50.3 0.05 3.5 North-south
Phoenix 8.9 8.8 198.1 0.05 5 East-west
New Orleans 12.1 29.6 66.4 0.05 2 North-south
Hilo 14.2 34.7 7.0 0.05 2 North-south

events of extremely high temperatures, negating the positive effect of higher solar
insulation.

The highest maximum areal productivity simulated is 122.5 thal a1 (Table
3.4). The corresponding plant is situated in Sacramento and the related
dimensions are 0.3 m for the panel distance and 0.025 m for the panel thickness.
The panels face in north-south direction. Maximum areal productivities of the
other locations vary between 80.4 and 113.1 t ha'l a-'l. Phoenix shows the lowest
areal productivities despite the fact that Phoenix offers the highest levels of solar
irradiation of all the examined locations. The low areal productivities are a direct
result of the extremely high reactor temperatures algae are exposed to in Phoenix.

The highest maximum productivities per panel are achieved in Forks
(19.5 kg panell a1) at a panel distance of 5 m and a panel thickness of 0.05 m.
(Table 3.5) Forks is the most northern of the examined locations. Therefore, it is
surprising that the highest productivities per panel were estimated for this
location. Several reasons are responsible for this result: First, even though Forks is
situated relatively far north, the climate is not very extreme. The Koppen-Geiger
climate classification describes the climate of Forks as temperate with warm
summers, which resembles the climate in central Europe. For comparison, the
more southerly located Boston area shows a cold climate with hot summers. The
temperate climate has the general advantage that panel distances can be chosen
very large, without risking overheating of the reactors (Table 3.5, Forks is the only
location with no production stop during summer caused by high temperatures).
The second reason for the high productivities per panel is linked to the solar
altitude. In Forks even during summer the solar altitude angle is relatively small.
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For this reason, even at large panel distances most incident light is received by the
panels and only little is lost to the ground. Therefore, Forks profits more from wide
panel spacing than the other examined locations. Third, at northern locations, such
as Forks, periods of daylight are very long in summer. In combination with
favorable cultivation temperatures, biomass generation is possible for a long time
during the day, being the reason for the high annual biomass yields per panel.
Maximum biomass production rates per panel for other locations lie between 8.9
and 16.9 kg panel-! a-1. The lowest value is again related to Phoenix. For optimizing
the areal productivity panel, distances can be reduced, thus also providing shade
suppressing extremely high reactor temperatures. For maximizing the biomass
production rate per panel, the light input for the individual panel has to be
increased. This can only achieved by increasing the panel distance. As a
consequence, reactor temperatures in Phoenix repeatedly cross the 50 °C
threshold, leading to elongated periods when no production is possible. As a result,
yearly biomass production rates per panel are very low for Phoenix when
compared with other locations.

Comparison of simulation results with the state of the art

For a holistic interpretation, the generated productivities are compared with
simulation results of two selected publications. Reference [101] is chosen as it
represents the only study so far including a sophisticated temperature simulation
for closed photobioreactors. The second study [79] is selected as the same reactor
type is examined as in the present work (vertical flat panel reactors). Furthermore,
the authors of respective study analyze the effect of shading for multiple reactors.
Reflections of light between the panels and a temperature simulation are not
included in the simulation.

In the first study [101], a single bubble column reactor is examined.
Corresponding productivities are in the range of 2.2 to 2.8 kgreactor!al
depending on the respective cultivation site. For a comparison of the results it is
mandatory that the considered reactors are of the same size. The standard height
and width of the reactors is 1 and 2 m, respectively. By further choosing a suitable
panel thickness of 5 cm, the resulting panel volume is double the volume of the
bubble column. As a consequence the original productivities referring to the flat
panel reactors have to be halved for a comparison.

Further, it needs to be considered that in the current work reactors are
examined as an integrative part of a large-scale plant, thus shading and mutual

94



3.3 Results and discussion

radiation transfer between the panels is taken into account. The bubble column is
examined not as part of a large array but as a single stand-alone reactor. For
comparison, therefore productivities corresponding to the largest panel distance,
5m, are selected, as it is assumed that shading and comparable effects can be
neglected at this distance.

Taking these aspects into consideration, the productivities of the “single”
flat panel photobioreactor are in the range of 4.5 to 9.8 kg reactor! a-l. These
values clearly surpass the values of the bubble column. A major reason for this
deviation is the different approaches how critically high temperatures are handled
in the productivity models. For the bubble column, it is assumed that exceeding the
maximum temperature of 42.1 °C results in a culture breakdown. It is therefore
assumed that cultivation is started again the next day using a fresh culture medium
with an initial cell concentration of 0.1 kg m3. In contrast, in the model of the
present thesis, exceeding 42.1 °C only results in a temporary production stop until
temperature decreases again. Only when cultivation temperature exceeds 50 °C, a
culture breakdown is assumed, which is followed by a recovery phase of seven
days during which no production is considered possible. Apart from the way
productivity is calculated at critically high temperatures (> 42.1 °C), both growth
models are identical. The productivity simulation for the bubble column is
therefore more restrictive in terms of high temperatures than the simulation for
the flat panel photobioreactor. This has a negative impact on the simulated
biomass yields, being the major reason why the yields of the present thesis are
higher than the productivities determined in reference [101].

To quantify this impact, the temperature at which culture breakdown
occurs is adjusted for the flat panel photobioreactors at the same value assumed
for the bubble column. This reduces the productivity at the exemplary sites of
Sacramento and Forks to 3.9 and 8.2 kg reactor-! a‘1, respectively (original values
8.0 and 9.8 kg reactor! a'1). As expected, newly calculated values are substantially
lower than the original ones; however these new productivities are still
considerably higher than respective values of the bubble column reactor.
Consequently, further effects must influence the productivity of the reactors.

The efficiency of a photobioreactor can be expressed by the surface-to-
volume ratio. The bubble column reactor has a corresponding value of 1.2 m-1 and
the flat-panel photobioreactor of 2.0 ml. As the surface-to-volume ratio is a
measure of the amount of light the culture medium is exposed to, a higher surface-
to-volume ratio usually corresponds with higher productivities. A second and
related aspect that needs consideration is the light distribution in the bubble
column. In Section 3.3.1 it was demonstrated that light cannot penetrate very far
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into a dense algae culture and illumination of the algae is usually limited to the first
millimeters up to a few centimeters. The inner diameter of the bubble column
however is 19 cm. Thus, extended dark zones have to be expected in the reactor. As
dark zones represent places, where biomass is consumed rather than generated,
the disadvantageous light distribution is another explanation for the significantly
lower productivities achieved in the bubble column reactor. The comparison of the
results thus indicates that flat panel photobioreactors are more efficient than
bubble columns for algae cultivation. However, it has to be remarked that the
selected bubble column reactor has not been optimized with respect to the
diameter and algae concentration, thus productivity improvements are still
possible.

Finally, reference [101] showed the lowest productivity values for a hot and
arid climate. This is in accordance with the results of this thesis and further
confirms the statement that despite high irradiation, cultivation in closed
photobioreactors is probably not economically viable in such climates.

The authors of the second study [79] simulated algae growth in a single
vertical flat panel photobioreactor situated in the Netherlands and achieved a
maximum productivity of 11.7 kg reactor-! a-1. Furthermore, multiple vertical flat
panel reactors were examined for cultivation sites in the Netherlands, southern
France and Algeria. The corresponding areal productivities are 162, 185 and
189 thalal. The respective productivities were determined for Phaeodactylum
tricornutum assuming a cell concentration of 2.5 kg m-3 (extinction coefficient,
75 m2 kg1). Panels are assumed to face in north and south direction. In the
present thesis, the maximum productivity for a single reactor of comparable size,
optical density of the medium and operating in a comparable climate is
9.8 kg reactor! a1 (location, Forks; panel distance, 5 m, panel thickness, 0.05 m;
reactor width, 1 mé; orientation north-east). Maximum areal productivities for
various locations are in the range of 80 to 122thalal (see Table 3.4). The
comparison shows that annual yields of the present thesis are significantly lower
than productivities reported in reference [79]. The main reason for this deviation
is that the influence of the reactor temperature is neglected in the productivity
model referring to reference [79]. As overheating was not considered, reference
[79] reported the highest annual yields for Algeria, a hot and arid climate. This is in
contrast to the findings of the present study and to reference [101], which both
account for the reactor temperature. The overestimation of achievable

6 Width has to be reduced from 2 m (standard) to 1 m to account for the reduced panel size of
reference [79].
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productivities stresses again the importance of temperature simulation for
outdoor cultivation plants.

Optimal panel distances for maximizing the areal productivity were found
to be in the range of 0.2 to 0.4 m. This in accordance with the result found in this
thesis.

Finally, different orientations were compared in reference [79]. With
respect to a single panel, mildly higher productivities were achieved for an east-
west configuration, while for an array of reactors the north-south orientation
proved advantageous. For the array, however, the differences in maximum
productivity were substantially higher than for the single reactor. These results are
only partly in accordance with the results of this thesis, as the north-south
orientation generally performed best, independently of the panel distance.
Furthermore, the differences between the north-south and east-west orientation
were usually not very significant. The author of the present study assumes that the
different results with respect to the panel orientation are caused by the missing
temperature simulation. Unfortunately, this statement cannot be further verified
as not all calculation details of reference [79] are publically accessible.

In summary, the comparison shows considerable differences between the
productivities determined in the literature and this thesis. These differences,
however, can be generally traced back to differences related to the reactor
geometry, the growth model or the various improvements achieved in this work.
Similarities were found with respect to the optimum panel distance of vertical flat
panel reactors when maximizing areal yields. Further, the statement that hot and
arid climates are not suitable for algae cultivation in closed photobioreactors was
supported for the case that the cultivation temperature was considered in the
respective growth model.

Optimum Reactor configuration for commercial applications

Maximum productivities with respect to the ground area or the panel are
important performance indicators. However, a trade-off exists between both
performance indicators: While densely packed reactors are required for high areal
productivities, a wide inter-panel spacing results in highest biomass yields per
reactor panel. For most commercial applications, therefore, an intermediate panel
distance between 0.5 and 1 m is most reasonable. Thin panels between 2.5 and
5 cm proved most favorable for algae concentrations of 2 g I-1. With respect to the
panel orientation, reactor surfaces should face to the north and south.

97



3 Simulation of microalgae biomass yields

For the given values of panel distance, thickness and orientation, areal
productivities around 75thalal and productivities per reactor around
12 kg panel! a1 can be achieved in temperate to warm climates. In this context, it
is important to mention that an economic optimization of algae cultivation plants
can result in more specific values for optimal plant design. However, such an
economic analysis of algae cultivation is beyond the scope of the present work.

3.3.6 Further factors influencing algae cultivation

In the previous section an extensive sensitivity analysis was performed for a large
number of possible reactor designs and cultivation sites. However, other relevant
aspects, such as cell biology and operating conditions, have not been considered so
far. Therefore, the influence of a lower cell concentration, a less temperature
robust algae strain and moderate temperature control on annual biomass yields is
examined and discussed in the present section.

3.3.6.1 Cell concentration

Throughout this study, a constant cell density of 2 gl-1 was used. At a lower cell
density of 1 gl! light can penetrate deeper into the reactor thus reducing dark
zones. As dark zones represent areas were biomass is consumed by cell respiration
rather than generated by photosynthesis, minimizing the extent of these zones is
an important measure to improve plant productivity. This can be seen for reactors
with a thickness of 0.05 m (Figure 3.21, gray lines, circle markers) in which case
both, areal productivity as well as productivity per panel, is higher when cell
density is lowered from 2 (solid lines) to 1 gl! (dashed lines). In contrast, for
panels with a thickness of 0.025 m productivity is generally lowered for lower cell
concentrations. For relatively thin panels and low cell concentration, not all light is
captured by the algae, but a certain fraction of the light is transmitted through the
panels. Transmitted light is considered lost for biomass production, even though in
theory it may fall on a second panel situated directly behind the original panel.
Thus, a lower cell density does in general not benefit very thin panels. Only at very
small panel distances (< 0.3 m) also thin panels benefit from a low cell
concentration. At these distances, light exposure is very small due to mutual
shading of the panels. For this specific case, low cell concentrations help to avoid
dark zones and thus result in higher productivities even for thin panels.
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Figure 3.20 Impact of lowering algae biomass concentration from 2 gl (solid lines) to 1gl?
(dashed lines). Subfigures show (A) the areal productivity and (B) the productivity per panel. Black
lines with square markers indicate a panel thickness of 0.025 m; gray lines with circle markers

relate to a thickness of 0.05 m (for both subfigures: location, Sacramento, CA; orientation, north-
south).

For commercial applications, lowering the cell concentration is viable tool
to improve productivity, in particular when using thicker panels and focusing on
improving the productivity per panel. However, it has to be noted that a lower cell
concentration is usually not desirable, as down-stream processing becomes less
economical. The advantage of a higher productivity therefore must be thoroughly

weighed against the disadvantages of a more complex and more expensive down-
stream processing system.

3.3.6.2 Algae strain

In this work a Chlorella wild type algae strain that can grow over a wide range of
temperatures (0 to 42.1 °C) is used. It is therefore well suited for outdoor algae
cultivation. Peak production rates for the respective strain are reached at 38 °C,
making it a good candidate in particular for warm and sunny climates (Table 3.6).
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Table 3.6 Comparison of temperatures and respective growth parameters used in the model for
the original algae strain (Chlorella vulgaris, GenBank rbcL sequence: EF589154) and the new
generic algae strain. The term “breakdown” refers to the critical temperature when massive cell
death renders cultivation impossible.

Temperature Biomass pro-  Half satura- Respiration Respiration
[°C] uction rate tion constant  coeff. (day) coeff. (night)
Original strain ~ New strain  [s!] [W kg ] [s7] [s]

0 5 0 0 0 0

5.5 8.3 0.95 540 0 0

14.2 13.6 2.27 1580 1.03 1.28

21.7 18.1 3.72 3180 1.48 1.83

29.3 22.7 5.22 5590 1.60 1.98

38.0 28 6.57 8510 1.77 2.19

421 35 0 0 1.03 1.48

50 40 Breakdown Breakdown Breakdown Breakdown

However, by far not all algae strains are equally robust in terms of temperature.
These strains may still be of interest for industrial cultivation as they may be
capable of producing high value substances. In the following, therefore, the
behavior of a generic and less robust algae strain is examined with respect to the
yearly biomass production.

For the new strain, the temperature range in which growth is possible is set
to 5 to 35 °C. The values of the biomass production rate, half saturation constant
and respiration coefficient during day and night are identical with the values of the
original strain; however, they are attributed to different temperatures (Table 3.6).
For example, the highest value of the biomass production rate shifts from 38 to
28 °C. The critical temperature for culture “breakdown” is reduced from 50 to
40 °C.

The new generic strain is less adapted to grow in in a wide range of
temperatures; therefore, yearly areal biomass production and biomass production
per panel for Sacramento are significantly reduced compared to the original strain
(Figure 3.21, solid vs. dashed lines). Maximum areal productivities are decreased
by 54 and 34 % and maximum productivities per panel by 62 and 66 % for panel
thicknesses of 0.025 and 0.05 m, respectively. Biomass losses are not as distinct for
colder climates such as Forks (appendix, Figure B.10A) but still noticeable. For
Phoenix, the hottest and most extreme location examined, annual biomass yields
are reduced to a small fraction of their original values (appendix, Figure B.10B).
This clearly shows that commercial biomass production is impossible when algae
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Figure 3.21 Changes in biomass production when replacing the original algae (solid lines) by a less
temperature robust strain (dashed lines, see Table 3.6). Subfigures show (A) the areal productivity
and (B) the productivity per panel. Black lines with square markers indicate a panel thickness of

0.025 m; gray lines with circle markers relate to a thickness of 0.05 m (for both subfigures: location,
Sacramento, CA; orientation, north-south).

strains are not adapted to the high temperatures occurring in such an extreme
climate.

3.3.6.3 Temperature control

Temperature control in the context of algae is a much discussed topic. On the one
hand, proper temperature control has a positive effect on biomass output. On the
other hand, additional mechanical energy and equipment are required to
remove/apply heat from/to the cultivation system. In the following, the impact of

moderated temperature control on biomass growth is examined and cultivation
temperature is kept below 40 °C.
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For very small panel distances (< 0.3 m) no temperature control is required
as the shade of the panels prevents temperatures from rising up to more than
40 °C. Thus, basically no productivity gains can be achieved by installing a
temperature control system. (Figure 3.22A and B, solid vs. dashed lines). For larger
panel distances, light exposure increases and with it the risk for cultivation
temperatures to exceed the 40 °C mark. By keeping the temperatures actively
below this value, both areal productivity and productivity per panel can be
substantially improved (Figure 3.22A and Figure 3.21B, solid vs. dashed lines,
panel distance > 0.3 m).

The liquid volume in the panel buffers temperature variations. Thinner
reactors are therefore more susceptible to high temperatures than thicker reactors
containing more cultivation medium. The potential biomass gains that can be
achieved by applying a temperature control system are therefore higher for panels
with a thickness of 0.025 m (black lines, square markers) than for panels with a
thickness 0.05 m (gray lines, circle markers).

The simulations demonstrate that the productivity of an algae plant can
substantially be improved by applying temperature control. This potential benefit,
however, is opposed by the additional energy demand that is required to control
the temperature. In the following, the additional biomass yields are related to the
thermal energies that need to be removed from the panels (Figure 3.22C). For
small panel distances no temperature control is required. Therefore, no values are
shown for the corresponding distances in Figure 3.22C. Thinner panels profit
stronger from temperature control, resulting in higher biomass gains with respect
to the removed thermal energy. This in in accordance with the previous results
(Figure 3.22A and B) and same explanations apply. The highest value for the
examined geometries is 13.7 Kgpio GJtherm'. This value can be found for reactors
with a panel thickness of 0.025 m at a panel distance of 0.75 m. To put this value
into perspective, it can be converted in a way that it shows energy gains in relation
to the invested energy. The new value therefore is a measure for the energy
efficiency of the temperature regulation. For algae biomass, an energy content of
22 M] kg1 [94] is assumed. The energy requirement to remove thermal energy
depends on various parameters. For this exemplary calculation, it is assumed that
the difference between incoming and outgoing cooling water is 15 °C and that
cooling water has to be pumped up from a depth of 10 m. The respective case
therefore is an optimistic estimation, assuming a nearby source for cooling water
and neglecting additional energy losses as caused for example by the friction in the
pipes. Taking these factors into account, the ratio of 1 kgpio GJtherm™? refers to
14.1 MJbio M]mecnl. For best case of 13.7 kgpio GJtherm™!, this means that 192.7 M] of
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Figure 3.22 Comparison of plant productivity for the case of no temperature control (solid lines,
subfigure A, B) and for the case of limiting temperature to a maximum of 40 °C (dashed lines,
subfigure A, B). Subfigures (A) and (B) refer to the areal productivity and the productivity per
panel, respectively. Subfigure (C) shows the biomass gain resulting from the temperature control in
relation to the thermal energy that needs to be removed. Black lines with square markers indicate a
panel thickness of 0.025 m; gray lines with circle markers relate to a thickness of 0.05 m (for both
subfigures: location, Sacramento, CA; orientation, north-south).

additional energy in from of biomass can be generated by investing 1 M] of
mechanical energy to operate the cooling system. This example confirms the
earlier statement that was made in the context of the temperature simulation
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(Section 2.3.6) that moderate temperature control can be reasonable on an
energetic basis. However, it has to be pointed out again that investment costs for
such a temperature control system have been neglected so far. In addition,
presented energy demands for heat removal are based on simplified high level
estimations. Thus, energy demands for heat removal can be substantially higher
under realistic conditions.

3.4 Central outcomes and conclusions of the productivity
simulation

The presented productivity model accurately describes the use case of commercial
microalgae cultivation in closed vertical flat panel photobioreactors and represents
a substantial step forward with respect to the current state of the art. Realistic
outdoor cultivation conditions are simulated by implementing a temperature
model and utilizing the cultivation temperature as a central input parameter for
algae growth. Shading and all first-order reflections of radiation are taken into
account, being characteristic for large-scale cultivation plants consisting of arrays
of photobioreactors. Productivity was dynamically simulated based on a variety of
influencing factors, such as reactor geometry, panel orientation as well as local
weather and irradiation data. The large number of examined combinations of
reactor geometries and cultivation sites together with the high quality of the
generated results allows a holistic and detailed assessment of algae cultivation in
closed photobioreactors. In the following, the central outcomes of this study are
summarized and corresponding implications for large-scale algae cultivation are
discussed.

The light distribution within a panel is a central aspect for algae
productivity. It has been demonstrated that for an algae culture with a cell
concentration of 2 kg m-3 and an extinction coefficient of 100 m?2 kg-1, light is not
able to penetrate very deep into the reactors: For the given optical density of the
culture medium, light intensity is reduced by 95 % after about 1.5 cm. As a
consequence, even relatively thin panels of 5 cm show extended dark zones. Algae
cultures that have an even higher optical density are thus challenging in outdoor
cultivation, as either panels have to be designed very thin, making them
susceptible to overheating, or extended dark zones and corresponding losses in
productivity have to be accepted when using thicker panels. As a matter of fact,
lower cell concentrations may even increase overall productivity (Section 3.3.6.1);
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however, such a measure has to be carefully weighed against the additional costs
that correspond to dewatering an algae culture with a low cell density. For algae
cultivated in outdoor flat panel photobioreactors, therefore, a panel thickness of
2.5 to 5 cm in combination with a moderately dense algae culture around 2 kg m-3
appears most reasonable for commercial applications. Further improvements
however can be achieved by either cultivating specimen that have a naturally low
extinction coefficient or by genetically modifying algae to decrease the antenna
size of the photosynthetic apparatus [207, 208]. By cultivation of such species
either the cell concentration could be increased which is an advantage for
downstream processing or thicker panels can be selected that are less susceptible
to overheating.

The trade-off between a high areal productivity and a high productivity per
panel is another central aspect of this work. High areal productivities are desirable
as the acquisition of land is an important cost factor. Additionally, a more compact
arrangement of photobioreactors also requires a smaller piping system
representing an additional cost benefit. Within this study, the highest areal
productivity simulated for an array of vertical flat panel photobioreactors is
122 thalal (location, Sacramento, CA; panel distance, 0.3 m; panel thickness,
0.025 m; orientation, north-south). In comparison, the productivity per panel is a
measure for the efficiency of the single photobioreactor. By increasing the
productivity per panel, a smaller number of reactors is required to produce a
certain amount of biomass. Thus, the productivity per panel is an essential
indicating factor when trying to minimize the overall costs for acquiring and
operating reactors. The highest productivity per panel determined in this study is
20 kg panel® a1 (location, Forks, WA; panel distance, 5 m; panel thickness, 0.05 m;
orientation, north-south). Regrettably, both types of productivity cannot be
optimized independently from each other. While small panel distances generally
favor high areal productivities, large panel distances are required to optimize the
productivity per panel. As a consequence, an intermediate panel distance is
required for most commercial applications. The optimum panel distance is a
function of the costs for land and the acquisition and operation of reactors.
Therefore, a well-defined business case is required to determine the best distance.
However, based on the results of this study, reasonable panel distances are in the
range of 0.5 to 1 m. Corresponding productivities per panel are then around
12 kg panellal and areal productivities around 75 thaal Interestingly, the
values resulting from the trade-off are valid for most locations. Thus, they
represent a good starting point for studies requiring a general value for annual
biomass yields for closed photobioreactors.
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With respect to the reactor orientation, it was demonstrated that reactors
facing in north-south direction result in almost every case in higher productivities
than panels orientated in east-west direction; even though, the differences are
mostly moderate. Thus, for commercial applications a north-south orientation is
recommended.

Warm and sunny climates are often considered most suitable for algae
cultivation. However, the findings of this study indicate that cultivation in
temperate climates may also be rewarding. For those locations, commercial
production has to be stopped during winter. However, long periods of daylight
during summer, with a low risk of overheating the culture, at least partly
compensate for the production losses during winter. In contrast, algae cultivation
in hot and arid climates showed the lowest productivities of all examined locations.
This is caused by reactor temperatures regularly exceeding critical levels. Algae
cultivation thus is not possible for long periods in summer, and even for the
residual time a very temperature-robust algae strain is required.

An alternative to the cultivation in closed reactors is the usage of open
ponds. In open ponds the large water body and evaporation prevent pond
temperatures from reaching critical levels. However, the high water demand
related to the evaporative losses still poses a major problem in hot and arid
climates where water is naturally scarce.

Artificial cooling has been examined as well, and represents a way to
significantly increase biomass productivity in hot and arid climates. Moreover, it
has been demonstrated that moderate cooling can be viable from an energetic
perspective, as the additional energy gains in form of an increased overall
productivity can be higher than the energy invested to cool the culture. However,
the prerequisite for a positive energy balance is a nearby water source, which is
again problematic in hot and arid climates that are not close to the sea. The costs
for a cooling system are an additional drawback that has to be considered. Taking
these aspects into account, it is concluded that algae cultivation is not suited for
hot and arid climates.

Climate zones suitable for algae cultivation are often also suitable for
conventional agriculture. This implies the question, whether a competition
between algae cultivation and conventional agriculture has to be expected. Such a
competition is typically not desired as it may have negative impacts on food
production and results in local food shortages and/or increasing food prices. With
respect to a potential competition, algae cultivation does not mandatorily require
agricultural land. For example, algae still can be cultivated on degraded or low
quality soil. However, it should be noted that by excluding hot deserts as well as
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agricultural land, the remaining areas will be limited and expectations concerning
the overall production potential probably have to be lowered. Alternatively, algae
can be considered for the cultivation on agricultural land. Such a measure might be
justified when considering the high productivities of algae. In addition, algae can
act as supplements or animal food and thus even contribute to food production. At
the same time, not all agricultural goods are food related and their production still
requires fertile land. Thus, there are valid reasons why algae should not be
excluded from agricultural land. However, such a measure should be carefully
weighed and thoroughly discussed to avoid negative impacts on food availability
and prices.
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In this thesis, microalgae productivities were determined for a wide variety of
plant designs and climate zones. Realistic large-scale outdoor cultivation
conditions are simulated in high detail representing a substantial improvement to
the current state of the art. The productivities are thus a valuable database for
economic and ecological assessments of all kind, and the implementation of the
generated productivity data in such studies is highly recommended for future
work.

A further point of interest regarding future research is the reactor design. In
this study, an array of vertical flat panel photobioreactors was examined. For
future research, the model should be extended to include other promising reactor
concepts. With respect to future simulations it is strongly recommended that
shading and cultivation temperature is considered, as both aspects have a
tremendous impact on the results. Furthermore, it is advised that the
mathematical description of algae growth should contain a term for cell
respiration. Cell respiration occurs in poorly illuminated areas of the reactor and
leads to a consumption of biomass. By including a respective term in the
calculations, unfavorable light distributions can be identified and the reactor
concept further improved.

For this thesis, a microalgae strain was selected that performs well over a
wide range of cultivation temperatures. It therefore represents a good first
candidate to assess potential productivities in closed photobioreactors. However,
producers may select other strains according to a specific prevailing climate or to
produce substances of high value. Future work thus should be directed to collect
growth data for other strains of interest to establish a database that can be used
with the model presented in this work. In this context, the importance of high
temperature resistant algae strains is emphasized being essential to achieve high
algae biomass yields in warm and sunny climates. Thermo-tolerant algae strains
should therefore be preferred when selecting algae for a growth database.

The relationship between the turbulence within the reactor and algae
productivity is an important aspect that should be addressed by future research.
Turbulence enables algae cells to move between highly and poorly illuminated
areas. This creates a flashing light effect reducing losses attributed to light
saturation. As a consequence, productivity gains can be expected when increasing
the turbulence. On the negative side, a higher turbulence is directly linked to a
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higher energy demand. The comparison between productivity and energy
requirements is the prerequisite to identify optimal energy inputs and
corresponding achievable productivities. Consequently, the impact of turbulence
should be examined in future studies.

A validation of the presented model against experimental data was not
performed in the current thesis as the author of this work did not have access to a
suitable reactor array. Nevertheless, it is assumed that the simulation results are
robust: The temperature model of this work is based on thermodynamics.
Therefore, the largest part of the model consists of generally valid physical
equations. The few empirical expressions considered in this work are well
documented and have been extensively used in industry and research. The light
distribution used for the productivity simulation was mathematically validated
comparing the results of two different calculations methods. According to these
methods, the simulation of the light distribution in the reactors is correct. The
mathematical model describing algae growth was adopted from the literature
[100], where it was experimentally validated in an outdoor photobioreactor. The
productivity simulation is therefore considered to adequately describe realistic
conditions for large-scale algae outdoor cultivation. Nevertheless, it is
acknowledged that an experimental validation of the model would significantly
strengthen the credibility of the generated results and may lead to further
refinements of the model. It is therefore believed that an experimental validation
of the model is of high importance and should consequently be the next step for
future research.
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Nomenclature

Latin letters

Symbol Definition Value Unit Ref.

Ar Reactor surface area (one side of the panel) m? a

AR [lluminated part of the reactor surface area m? a

c Cloud coverage dataset - [66]

CP,air Heat capacity of the air ] kg3 K1 a

CP,vapor Heat capacity of water vapor 1860 J kg3 K1 [209]

CpR Heat capacity of the culture medium 4181 ] kg3 K1 [70]

Cry Volumetric heat capacity of the ground 1.5-10¢6 Jm3 K1 [87]

d Panel distance 0.1..5 m b

a Width of illuminated ground area, see Figure 2.7 m a

d” Distance, see Figure 3.10 m a

ew Water vapor pressure of air mbar a

Fi..Fs Configuration factors, see Figure A.1 - a

g Gravity of earth 9.81 m s2 [210]

h Height of the reactor 1 m b

h’ Projected panel height, see Figure 2.2 m a

hy, Height of the liquid column in the reactor (here m a
identical to h)

Hinga Enthalpy flow of the instreaming gas used for w a
aeration

Hinake-up water Enthalpy flow related to the make-up water w a

Houtgas Enthalpy flow of the outstreaming gas w a

I Light intensity Wm2 c

Io Light intensity at the entry point into the W m-2 a
medium

Io,pur Diffuse horizontal irradiance dataset W m2 [66]

To.pNi Direct normal irradiance dataset W m2 [66]

Lais Fraction of local light intensity related to diffuse W m2 a
irradiation

Laigsc Igir with respect to light entering from the back W m-2 a

Laitrr Lair with respect to light entering from the front W m-2 a

Laif G-ren Fraction of local light intensity related to diffuse W m2 a

irradiation reflected by the ground

a Parameter is dynamically computed in model

b Parameter is a central design input such as height of the reactor or panel distance

¢ No specific value is attributed to this parameter
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Nomenclature

Latin letters - continued

Symbol Definition Value Unit Ref.

Lai G-refi,BC Laitc-ren With respect to light entering from the back W m2 a

Ldif G-refl FR Laitc-ren With respect to light entering from the front W m-2 a

LdifR-refl Fraction of local light intensity related to diffuse Wm-2 a
irradiation reflected by the panels

LaifR-refl Fraction of local light intensity related to diffuse W m-2 a
irradiation reflected by the panels

LdifR-refi BC Laitr-ren With respect to light entering from the back W m-2 a

Lgit R-refl, FR Lgitr-ren With respect to light entering from the front W m-2 a

Lair Fraction of local light intensity related to direct W m-2 a
irradiation

Ldir,G-ref Fraction of local light intensity related to direct W m-2 a
irradiation by the ground

Lgir,G-refi,BC Lgir,r-ren With respect to light entering from the back W m-2 a

Ldir,G-reflBC lair,r-ret With respect to light entering from the front W m-2 a

Ldir,R-refl Fraction of local light intensity related to direct W m-2 a
irradiation by the panels

[in Light intensity directly at the panel surface W m-2 a

I,ph Local light intensity at the ground caused by W m-2 a
diffuse light

Tioc Local light intensity W m-2 a

Lout Light intensity after passing through panel wall W m-2 a

Irpni Intensity of incoming direct sunlight related to a W m-2 a
vertical plane

Isky, R Atmospheric horizontal IR-irradiance W m-2 a

o Irradiance (of the sky) Wm2Q1 a

I, dif G-rel Ground irradiance with respect to diffuse light WmzQ1 a

Io,dir,G-re Ground irradiance with respect to direct light Wmz2zQ1 a

K Half saturating light intensity W m2 c

K, Specific half saturating light constant dataset W kg1 [100]

ke Heat conductivity of the ground 0.5 Wm1K-1 [87]

L Length of a single reactor panel 2 m a

L Characteristic length (here identical to h) m a

Lirr Light path m a

i PR Lirr With respect to light entering from the front m a

m Slope of function describing propagation of - a
direct light within the reactor

Nair Refractive index of air 1.0 - [72]

Nin Refr. index of the medium for incoming light - c

Nout Refr. index of the medium for outgoing light - c

a Parameter is dynamically computed in model

¢ No specific value is attributed to this parameter
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Nomenclature

Latin letters - continued

Symbol Definition Value Unit Ref.

nR Refractive index of the culture medium (water) 1.33 - [72]

Nyall Refractive index of the panel wall (glass, PE) 1.5 - [73,

74,
211]

Nu Nusselt number - a

Mair Mass flow of the gas used for aeration kg s a

P Algae productivity kg st a

Py Pressure in the head zone (identical to air dataset Pa [66]
pressure)

Prnech,aeration Mechanical power input required for aeration W a

Pr Prandtl number - a

Qaeration Heat transfer related to the aeration of the w a
reactor panels

Qatm,IR Atmospheric long-wave irradiation w a

Qatm,m_c.reﬂ Atmospheric long-wave irradiation reflected by w a
the ground

Qatm IR Rerefl Atmospheric long-wave irradiation reflected by w a
the panels

Qbio,pH1 Biomass fixation related to diffuse sunlight w a

Qbio,Dm,G.reﬂ Biomass fixation related to diffuse sunlight w a
reflected from the ground

Qbio,DHIR-refl_1 Biomass fixation related to diffuse sunlight w a
reflected by the reactor wall

QbiopNi Biomass fixation related to direct sunlight w a

Qbio,DNl,G.reﬂ Biomass fixation related to direct sunlight w a
reflected from the ground

Qbio,DNIR-refl _1 Biomass fixation related to direct sunlight w a
reflected by the reactor wall

Qconvection Heat transfer through natural air convection w a

Qo Diffuse sunlight w a

QoHi G-refl Diffuse sunlight reflected by the ground w a

QpHiR-ren Diffuse sunlight reflected by the panels w a

Q.DHI_R-reﬂJ Diffuse sunlight reflected by the reactor wall w a

QpHiR-ref 2 Diffuse sunlight reflected by the culture medium w a

Qoni Direct sunlight w a

QoNiGoref Direct sunlight reflected by the ground w a

QpNiR-ren Direct sunlight reflected by the panels w a

Q.DNI_R-reﬂJ Direct sunlight reflected by the reactor wall w a

QpNIR-refl 2 Direct sunlight reflected by the culture medium w a

a Parameter is dynamically computed in model
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Nomenclature

Latin letters - continued

Symbol Definition Value Unit Ref.

Qexternal Sum of all external heat fluxes affecting the top w a
layer of the ground

Qground R Heat radiation from the ground w a

Qground IR R-refl Heat radiation from the ground reflected by the w a
panels

Qground,ref Reflection of direct, diffuse and thermal w a
radiation at the ground

Om Molar gas flow rate mol s1 a

Oreactor R Heat radiation from the reactor panels w a

Qreactor, IR G-refl Heat radiation from the reactor panels reflected w a
by the ground

Qreactor,m,R.reﬂ Heat radiation from the reactor panels reflected a
by the panels

Qreactor,refl Reflection of direct, diffuse and thermal w a
radiation at the reactor panels

R Gas constant 8.314 ] K1 mol-!

ro Evaporation enthalpy of water at 0 °C 2.5-106 ] kgt [209]

Ra Rayleigh number - a

At Time between two simulation steps 60 S b

Tair Air temperature dataset K [66]

T: Ground temperature between layeriandi- 1 K a
(To=Ta)

T/ Ground temperature of the previous time step K a
between layeriandi- 1

Tc Ground temperature (top layer) K a

Te Ground temperature (top layer) of the previous K a
time step

Tmax Highest temperature at which algae may grow K c

Topt Optimum growth temperature for algae strain K c

Tr Reactor temperature K a

v Aeration rate 0.1 min-! [36,

37]

Vr Reactor volume m3 a

X Algae cell concentration 2 kg m3 b

x x-coordinate (Cartesian coordinate system) m c

Xo...X8 Distances, see respective figures m a

a Parameter is dynamically computed in model

b Parameter is a central design input such as height of the reactor or panel distance

¢ No specific value is attributed to this parameter

d Value only valid for results presented in Chapter 2, for the results of Chapter 3, Xy, is replaced by
the actual biomass production of the productivity model
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Nomenclature

Latin letters - continued

Symbol Definition Value Unit Ref.
Xbio Biomass fixation rate 0.0154 - b
XH20 Water content of air - a
Ax; Thickness of ground layer i, see Table 2.3 0.002... m b
8.192
Xp x-coordinate of a certain point inside the reactor m b
Xs Water content in saturated air - a
s Panel thickness 0.025... m b
0.15
y y-coordinate (Cartesian coordinate system) m c
z z-coordinate (Cartesian coordinate system) m c
Zp z-coordinate of a certain point inside the reactor m b

a Parameter is dynamically computed in model
b Parameter is a central design input such as height of the reactor or panel distance
¢ No specific value is attributed to this parameter

Greek letters

Symbol  Definition Value Unit Ref.

Qalt Solar altitude angle 0..90 deg (°) [66]

Qalb G Albedo of the ground surface 0.3 - [87,
212]

QalbR Albedo of the culture medium 0.3 - [77]

Qheat Heat transfer coefficient Wmz2K?!t a

B Angle between the z-axis and the projection of the deg (°) a

incoming light beam in the y-z-plane

y Reactor orientation (aperture azimuth angle) 0°/90° deg (°) b

Y, Uin Angle of incidence deg (°) a

Jin,max Angle of incoming corresponding to @max deg (°) a

Jin,min Angle of incoming corresponding to @min deg () a

Jout Angle of refracted light deg (°) a

Jout,max Angle of refracted light corresponding to @max deg (°) a

Yout,min Angle of refracted light corresponding to @min deg (°) a

Eatm Emissivity of the atmosphere - a

& Emissivity of the ground 0.95 [87]

R Emissivity of the reactor 0.92 - [76]

0 6-coordinate (spherical coordinate system) rad c

a Parameter is dynamically computed in model
b Parameter is a central design input such as height of the reactor or panel distance
¢ No specific value is attributed to this parameter
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Nomenclature

Greek letters — continued

Symbol  Definition Value Unit Ref.

Omax Integration border: maximum value of 6 (general term) a

Omax,Fr Omax with respect to light entering from the reactor back rad a

Omin Integration border: minimum value of 0 (general term) a

OminFr Omin with respect to light entering from the reactor back rad a

Aair Thermal conductivity of air WmilKt a

Adark Cell respiration coefficient during the night dataset s [100]

Alight Cell respiration coefficient during the day dataset s [100]

u Algae growth rate st c

Hioc Local algae growth rate s a

Umax Maximum growth rate at optimum cultivation dataset s [100]
conditions

PR Density of the culture medium 997 kg m-3 [70]

o Stefan-Boltzmann constant 5.67-108% Wm2K+* [210]

o Extinction coefficient 100 m? kg1 [100]

Tditin Transmissivity of the reactor wall for ingoing diffuse - a
sunlight

Tdifout Transmissivity of the reactor wall for outgoing diffuse - a
sunlight

Tdir,in Transmissivity of the reactor wall for direct sunlight - a

10) ¢-coordinate (spherical coordinate system) rad c

Pmax Integration border: maximum value of ¢ (general term)

Pmax,BC Pmax With respect to light entering from the reactor rad a
back

PmaxFR Pmax With respect to light entering from the reactor rad a
front

Pmin Integration border: minimum value of ¢ (general term)

Pmin,BC @min With respect to light entering from the reactor back rad a

PminFR ®min With respect to light entering from the reactor rad a
front

¢bs Solar azimuth angle 0...360 deg () [66]

y Relative azimuth angle deg () a

a Parameter is dynamically computed in model

b Parameter is a central design input such as height of the reactor or panel distance

¢ No specific value is attributed to this parameter
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Appendix A: Thermal reactor model

A.1 Overview of configuration factors

Figure A.1 gives an overview of the configuration factors used in the present work.

Heat radiation is emitted by the sky, the ground or the panels and received either

by the panels or the ground. In the figure, the receiving and emitting areas are

marked in red. The arrow indicates the direction of heat transfer. In case of Fs and

Fs, additionally, reflections at the reactor wall are considered.

F1 F2 F3
@ J
@ l <—
‘ V)
/
F; Fg Fo

N

Figure A.1 Overview of configuration factors used within the publication. Surfaces taking part at the

radiative heat transfer are displayed in red.
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Appendix A: Thermal reactor model

A.2 Influence of the reactor height on the temperature

profile assuming a constant ratio between height and
panel distance

Three reactor configurations are compared in order to determine the influence of
the reactor height on the temperature profile. The ratio between the height and
panel distance is kept constant for the three configurations (Figure A.2).

The simulation demonstrates that basically no difference exists between the
different temperature profiles. Consequently, the results of a certain reactor
configuration can be transferred with good approximation to other configurations,
provided that the ratio between height and panel distance is kept constant. Small
deviations between the individual profiles at peak temperatures originate mostly
from the influence of the convection term. In contrast to radiation-related heat
fluxes, convection does not scale directly with the height-to-distance-ratio. The
reason for this is the influence of the characteristic length, L, on the calculation of
the convection-based heat transfer. (Equation (2.32), L is also required for the
calculation of the Raleigh-Number, Ra).

40 T T T T
——h=1.0m,d=05m
35¢ - —--h=20m,d=1.0mf[
—_ 1 4\ I | h=40m,d=20m
O 30
(<)
5 25
&
3 20Kk
£
= 151
10
5 i i i i
113 114 115 116 117 118

Day of the year [d]

Figure A.2 Temperature profiles for different reactor heights and panel distances (solid line:
1 m/0.5 m, dashed line: 2 m/1 m, dotted line: 4 m/2 m). The ratio between reactor height and panel
distance is kept constant at a value of 2. The simulations are performed for Sacramento, CA,
assuming a north-south orientation of the panels.
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A.3 Sensitivity of results with respect to albedo of the culture

A.3 Sensitivity of results with respect to albedo of the culture

A sensitivity analysis of the albedo of the culture medium is performed to examine
its impact on the temperature simulation (Table A.1). The standard value of the
albedo used throughout this thesis is 0.3. This value represents an approximation
based the optical properties of thick plant leaves. The actual value of the albedo
however depends on the algae strain, cultivation conditions and the cell density.

In dense algae cultures incoming light is not transmitted through the
reactor but either absorbed or scattered by the algae cells. For this specific case,
the absorptivity of the panel is independent of cell concentration, as increasing the
cell concentration will only have the effect that sunlight is absorbed closer to the
reactor wall and not that a higher quantity of light is absorbed. At the examined
biomass concentration of 2 g I'1 light transmission can be neglected even for very
thin panels (e.g. light intensity is reduced in the culture medium by 95 % after
1.5 cm). As a consequence, the albedo of the panels is considered independent of
the biomass concentration.

For the sensitivity analysis the value of the albedo is varied between 0.1 and
0.5. Most plant leaves absorb between 60 % and 80 % of solar light, resulting in an
albedo of 0.2 to 0.4 [77]. Very dark “leaves”, such as pine needles, absorb close to
90 % of solar energy corresponding to an albedo of 0.1.

As the results demonstrate, the albedo of the reactor has a relatively strong
influence on most temperature related parameters. The heating demand

Table A.1 Influence of the albedo on important results of the temperature simulation (location,
Sacramento, CA; panel distance, 0.5 m; panel thickness, 0.05 m; orientation, north-south).

Albedo, Tmin? Taverage  Tmax Nr.of days Nr.ofdays Heating Cooling

Qalb R Tr<0°C Tr>40°C demandP demande
[-] [°C] [°Cl [°C] [-] [-] [MJmZal] [MJmZal]
0.1 <0 20.3 48.7 2 92 2.0 -133.8

0.2 <0 19.7 471 3 65 2.2 -71.7

0.3 <0 19.1 45.4 3 36 2.4 -31.1

0.4 <0 18.5 43.4 3 16 2.7 -10.4

0.5 <0 17.8 41.3 3 5 2.9 -1.8

a Reactor temperatures below 0 °C are not implemented in the temperature model as ice formation
may damage the reactors

b For the case that the reactor is not allowed to drop below 0 °C

¢ For the case that the reactor is not allowed to exceed 40 °C
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Appendix A: Thermal reactor model

represents an exception of this “rule”. Heating is most needed during the coldest
time of the day, i.e. in the night or just before sunrise, when no light is emitted by
the sun. Consequently, the heating demand is only mildly affected by the optical
properties of the culture medium.

A.4 Sensitivity of results with respect to biomass fixation
rate

A second sensitivity analysis is performed to examine the impact of the biomass
fixation rate on the cultivation temperature (Table A.2).

According to the results of the study, the biomass fixation rate only has a
small impact on maximum and average reactor temperatures (ATr < 0.65 °C). The
number of days when the reactor temperature drops below 0 °C is not affected by
the variation of the biomass fixation rate. In contrast, the number of days when the
reactor temperature exceeds 40 °C decreases with an increase of the fixation rate.
This moderate dependency can be explained from the fact that in the considered
case the reactor temperature often exceeds 40 °C only by few tenths of a degree.
Thus, even a small decrease in peak temperatures may lead to a reduction of the
number of days when the 40 °C threshold is crossed. With respect to the heating

Table A.2 Influence of the biomass fixation rate on important results of the temperature simulation
(location, Sacramento, CA; panel distance, 0.5 m; panel thickness, 0.05 m; orientation, north-south).

Biomass fix- Tmin @ Taverage  Tmax Nr. of days Nr.of days Heating Cooling
ation rate, Xgio Tr<0°C Tr>40°C demand® demand¢
[-] [°C] [°C] [°C] [-] [-] [Mjm2al]  [M]m?al]
0.005 <0 19.2 45.6 3 40 2.4 -34.5
0.010 <0 19.2 45.5 3 38 2.4 -32.8
0.015 <0 19.1 45.4 3 36 2.4 -31.1
0.020 <0 19.1 45.3 3 35 2.4 -29.5
0.025 <0 19.1 45.1 3 34 2.5 -28.0
0.030 <0 19.0 45.0 3 32 2.5 -26.5
0.035 <0 19.0 449 3 31 2.5 -25.1

a Reactor temperatures below 0 °C are not implemented in the temperature model as ice formation
may damage the reactors

b For the case that the reactor temperature is not allowed to drop below 0 °C

¢ For the case that the reactor temperature is not allowed to exceed 40 °C
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A.4 Sensitivity of results with respect to biomass fixation rate

and cooling demand of the reactors, a moderate dependency on the biomass
fixation rate is visible. In this context, it is important to keep in mind that the
absolute energy demand for the chosen reactor is small compared to other
locations or more strict temperature limitations (Figure 2.12). In cases where the
absolute energy requirements are much higher, the relative impact of the biomass
fixation rate would be significantly reduced.
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Appendix A: Thermal reactor model

A.5 Temperature profiles for the “standard case”

Figure A.3 shows temperature profiles at various locations for the following
“standard case”: panel distance: 0.5 m, panel thickness: 0.05 m, orientation: north-

south.
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Figure A.3 Temperature profiles for reactors with a panel distance of 0.5 m and a panel thickness of
0.05 m. The panels face in north-south direction. Black and gray lines correspond to the reactor and

air temperature, respectively. Simulations are performed for the locations (A) Forks, WA, (B)
Boston, MA, (C) Sacramento, CA, (D) Phoenix, AZ, (E) New Orleans, LA and (F) Hilo, HI.
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A.6 Temperature profiles for reactors facing in east-west direction

A.6 Temperature profiles for reactors facing in east-west

direction

The reactor orientation is changed from north-south to east-west orientation for

Figure A.4. Panel distance and thickness are kept constant.

>

Temperature [°C]

@

Temperature [°C]

m

Temperature [°C]

N
o

w
o

N
(=)

=
o

o

al
o

N
o

w
o

N
o

-
o

o

al
o

N
o

w
o

N
o

=
o

o

0 50

0 50

0 50

100 150 200 250 300
Day of the year [d]

350

100 150 200 250 300 350
Day of the year [d]

150 200 250 300 350

100
Day of the year [d]

(o8]

Temperature [°C]

o

Temperature [°C]

T

Temperature [°C]

50

40 t

30

20

10

0 | ‘ | hl\ Bl ‘
0 50 100 150 200 250
Day of the year [d]

1 l[
T
300 350

100 150 200 250 300

350

Day of the year [d]
50
0 I I I I I I I
0 50 100 150 200 250 300 350

Day of the year [d]

Figure A.4 Temperature profiles for reactors with a panel distance of 0.5 m and a panel thickness of

0.05 m. The panels face in east-west direction. Black and gray lines correspond to the reactor and air

temperature, respectively. Simulations are performed for the locations (A) Forks, WA, (B) Boston,
MA, (C) Sacramento, CA, (D) Phoenix, AZ, (E) New Orleans, LA and (F) Hilo, HI.
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Appendix A: Thermal reactor model

A.7 Temperature profiles for an increased panel distance

For Figure A.5 the panel distance is increased to 1.0 m. Panel thickness is kept at

0.05 m and reactor panels face in north-south direction.
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Figure A.5 Temperature profiles for reactors with a panel distance of 1.0 m and a panel thickness of

0.05 m. The panels face in east-west direction. Black and gray lines correspond to the reactor and

air temperature, respectively. Simulations are performed for the locations (A) Forks, WA, (B)
Boston, MA, (C) Sacramento, CA, (D) Phoenix, AZ, (E) New Orleans, LA and (F) Hilo, HI.
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Appendix B: Simulation of algae biomass yields

B.1 Direct sunlight: determination of irradiated zones in the
reactor

For the case of direct sunlight, the reactor is divided into two parts, an irradiated
zone and a zone that does not receive light. With respect to the coordinate system
displayed in Figure B.1, the irradiated part of the reactor can be described by two
linear functions, representing the upper (Equation (B.1)) and the lower edge
(Equation (B.2)) of the irradiated zone.

Zz=mx+h—ms (B.1)

z=mx+h—h'—ms (B.2)

Upper edge:
z=mx+h—ms

Lower edge:
z=mx+h—h"—ms

4

Y

S

Figure B.1 Illustration of the lower and upper edge limiting the irradiated zone of a flat panel
photobioreactor exposed to direct sunlight.
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Appendix B: Simulation of algae biomass yields

reactor z 4 air

Projection of X8
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Figure B.2 Light refraction at the reactor surface. The incoming and outgoing light beam is
displayed in red, while the projection of the outgoing light beam in the z-x-plane is displayed in

blue.

Definition of the slope, m

The slope m is defined by the projection of the light beam in z-x-plane (Figure B.2,
the red line refers to the original light beam and the blue line represents the
projection). Consequently, m is calculated according to the following equation.

Xg
e (B.3)

m =

Xo to xg are distances as displayed in the figure. The length x¢ can be expressed as

function of the angle of refracted light, Jout:
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B.1 Direct sunlight: determination of irradiated zones in the reactor

Xg = X5 COS gyt (B.4)

xg can be calculated according to

Xg = X7 COSf3 (B.5)

and x7 according to

X7 = X5 Sin Uy (B.6)

Calculation of input parameter f3

S represents the angle between the z-axis and the projection of the incoming light
beam in the y-z-plane. This angle is defined as:

tanp = i—z (B.7)
By using

X, = Xotan¥ (B.8)
and

X4 = Xo ti;lsal;lt (B.9)
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Appendix B: Simulation of algae biomass yields

Equation (B.7) can be written solely as a function of the altitude angle, aai: and the
relative azimuth angle, ¥ (positive value of aperture azimuth angle minus solar
azimuth angle):

) _ sin¥ B.10
anp = tan ay, (B.10)

Calculation of input parameter out

The angle of refracted light inside the reactor directly depends on the angle of
incidence, 9, according to Snell’s law [73]:

n.
sin 9, = sind;, — (B.11)

out

nair and ng are the refractive indices of the air and reactor medium, respectively. As
depicted in Figure B.2 the angle of incidence can be determined from:

Xo
cos Y, = 7. (B.12)
3

As x3 is defined as

%= e (B.13)

and x1 as
) B.14
1T sy (B.14)
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B.2 Diffuse radiation: calculation of @maxrr and @minrr

cos Uin can be written in the more practical form of

cos Y;,, = cos a,; cos ¥. (B.15)

Slope m as function of the solar altitude and relative azimuth angle

Using the above mentioned Equations (B.3) to (B.15) the slope m can be expressed
as function of the solar altitude angle and the relative azimuth angle. The resulting
Equation (B.16) in combination with Equation (B.1) and (B.2) is used in the model
to describe the parts of the reactor that are irradiated by direct sunlight.

sin¥

. Nair 2
m = tan |arcsin n—\/l — (cos ay cos W)? )| cos |arctan
R

)] (B.16)

S Ayt

B.2 Diffuse radiation: calculation of @maxrr and @minrr

Calculation of @minFr

@minfr is defined as (Figure B.3):

T
PminFR = E - 19in,min (B.17)

Further the angle of incidence can be expressed by applying Snell’s law:

ngr
Najir

Vinmin = arcsin( sin ﬁout‘mm) (B.18)
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Figure B.3 Schematic illustration of the reactor panels, illustrating geometrical correlations
between the reactor geometry, the position of the point of interest, P, and the angles @minrr and

(pmaX,FR-

nr and n.ir are the refractive indices of the culture medium and air, respectively
and Yourmin is the angle of refracted light. The latter can be calculated from
geometrical correlation depicted in Figure B.3.

h -z,
Uoutmin = arctan P (B.19)

By applying Equation (B.17) to (B.19), @min for diffuse light can be determined. In
this context it is important to keep in mind that the angle Oinmin is limited to a
maximum of 90°. According to Snell’s law and with respect to an air-water
interface, this translates to 48.75° for Youtmin. In cases when Equation (B.19) would
indicate larger angles of Jout,min, @min still is 0°.
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B.2 Diffuse radiation: calculation of @maxrr and @minrr

Calculation of @maxFr

Analogous to @minFr, Pmaxrr can be expressed by

(pmaX,FR = E - ﬁin,max

(B.20)

The calculation of Yinmax requires Snell’s law (Equation (B.21)) and further

geometrical correlations derived from Figure B.3 (Equations (B.22) to (B.24)).

ing _ Mair . 9
sin outmax — sin in,max
ng

h=z,+x,+x
Xo = (S - xp) ' tan 19out,max

X1 = d - tan Uy mayx

(B.21)

(B.22)

(B.23)

(B.24)

xo and xi1 represent specific lengths as indicated in Figure B.3. Inserting Equation

(B.23) and (B.24) in (B.22) results in

h=z,+ (s — xp) tan Yoyt max + @ tan Yy maxo

while further modifications and Snell’s law changes the equation to

sind sin 9
0= (S _ xp) out,max 2 in,max 2 —h+ z,
Jl - (Sin ﬁout,max) Jl - (Sin 19in,max)
Nair .
—Lsin Y, .
n in,max sin 9:
0=(s—x,) R +d = —h+z,

, 2
\]1 - (T%‘: sin 19m,max) Jl - (sin ﬁin,max)z

(B.25)

(B.26)

(B.27)
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The last equation cannot be solved analytically. Thus, sin Oinmax is determined
numerically using the MATLAB programming environment. After the calculation of
Sin Yinmax, @PmaxFr can easily be calculated from Equation (B.20).

B.3 Diffuse radiation reflected at the panels: calculation of
(@Pmax,FR aNd @min,FR

The calculations of @minrr and @maxrr for diffuse radiation reflected at the opposing
panels are based on the case of non-reflected diffuse sunlight (Section B.2).
According to Figure 3.7, @minrr of reflected irradiation is identical with @maxrr of
the reference case of not-reflected diffuse light (see Equation (B.20) and (B.27)).

The upper integration border for diffuse sunlight reflected at the opposing
panel wall is also determined according to Equation (B.20) and (B.27). However, to
account for the different geometries of reflected and non-reflected diffused light,
the panel distance has to be multiplied with the factor two (Equation (B.29). The
alteration with respect to the reference case is highlighted in red.

T
PmaxFR = E - 19in,max (B.28)
With Oinmax determined from

sin 19in,max

Nair . 9 2 . 2
- ngR SN Vip max 1- (Sln ﬁin,max)

—h+z,  (B.29)

B.4 Direct radiation reflected at the ground: calculation of
(Pmax and Pmin

For direct sunlight reflected at the ground, it is necessary to differentiate between
the front and the back of the panel to determine of @min and @max. In the following,

150



B.4 Direct radiation reflected at the ground: calculation of @max and @min

the front is specified as that side of the panel that is exposed to direct irradiation.
As the sun’s positions changes, it is possible that different sides of the reactor are
specified as the front during the course of the day. This aspect is taken account of
in the MATLAB code.

Reactor front

According to the specification above, the reactor front directly adjoins the
illuminated part of the ground. Light is emitted from the ground in all directions of
space. The corresponding geometry is thus interpreted as upside-down version of
non-reflected diffuse irradiation. The original equations describing @min and @max
for the latter case (Equation (B.20) and (B.27)) are modified to account for the new
geometry. Alterations with respect to original equations are highlighted in red.

=2 in | % i t i B.30
@PminFR = > arcsin - sin | arctan s—x, (B.30)

T
PmaxFR = E - 1-9ir1,max (BB 1)

with 9inmax determined from

Nair
nr sin ﬁin,max sin 19in,max

+d’ ~z, (B.32)

_ Z
\/1 — (7;311: sin ﬁin,max) Jl — (sin ﬁin.max)z

Oz(s—xp)

Reactor back

The geometry for the panel back is different from the front as a shaded gap
separates the panels from the irradiated ground area. The equations for the
calculation of @min and @max with respect to the back of the panel thus change to

T
Pmin,BC = E - 19in,min' (B.33)
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with Jinmin being determined from

Nair X .
0= xp g Sin 19111 min + (d B d') Sin ﬁin,min _ Zp (B 34)
Nair . 2 . 2 '
\/ 1- (n%;r sin ﬁin,min) \/ 1 — (sin 9 min)
and @maxsc being defined as
s
(pmax,BC = E - 19in,max (BBS)
with Jinmax being determined from
n .
0= Tlarl{r s ﬁin max d sin 19in,max
=x, — =+ Z_Zp (B.36)
\/1 — (T;l};r sin ﬁin,max) Jl - (sin ﬂin,max)

B.5 Diffuse radiation reflected at the ground: calculation of
(@Pmax,FR aNd @min,FR

The calculation of @maxrr and @minFr for diffuse radiation reflected from the ground
strongly resembles the determination of the respective angles for not-reflected
diffuse irradiation. For the latter case, the sunlight enters the panels through an
opening between the panel rows. This opening directly opposes the ground area
that reflects the diffuse sunlight. By picturing the panels from the side and
vertically flipping this image, the ground becomes the sky and vice versa. This
symmetry is used to modify the original equations for not-reflected diffuse
irradiation by simply replacing h - z, with zp. The resulting equations are displayed
in the following with the alterations to the original version highlighted in red.
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B.6 Validation of the light distribution

-z in [ o t % B.37
@PminFR = > arcsin - sin | arctan s—x, (B.37)

T
PmaxFR = E - 19ir1,max (B38)

With Jinmax determined from

Nair ;
nr sin ﬁin,max sin 19in,max

+d -z

_ Z
\/1 — (7;311: sin ﬁin,max) Jl — (sin ﬁin,max)z

0=(s—x,) (B.39)

]

B.6 Validation of the light distribution

The validation plots with the exception of Figure B.5 are in good accordance with
the expected behavior (green lines approximate the black reference at high
extinction ratios, for a more detailed description of the plots please refer to Section
3.2.5), thus verifying the correct determination of the light distribution.

The deviation to the reference line for the case of diffuse radiation reflected
from an opposing panel (Figure B.5) is caused by different assumptions regarding
the reflectivity of the reactor surface. For the reference case, which was applied in
the temperature simulation, the reflectivity was determined based on an isotropic
distribution of light. This simplification however does not adequately represent
reality as only angles within a certain range are reflected to an opposing panel. For
the calculation of local light intensities, represented by the green line, the exact
angles of incident for reflected diffuse light were considered. The calculation
applied for the productivity simulation thus represents the more accurate
calculation. With respect to the temperature simulation, the mentioned
simplification can be accepted as visible light only has a small influence on the
overall heat balance of the reactor (Section 2.3.2). This is in particular true for
reflections of visible light.
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Appendix B: Simulation of algae biomass yields

Direct irradiation reflected by opposing panels
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Figure B.4 Validation of the light distribution for direct sunlight reflected by opposing panels: (A)
Absorbed or scattered light calculated with two different methods (green, calculated from the light
distribution; black, calculated according to methods of the temperature simulation, only valid at
high extinction values). (B) Irradiation profile (z-x-plane) generated for an extinction of 200 m-! (for
both subfigures: panel distance, 0.5 m; panel thickness, 0.05 m; orientation, north-south; DNI,
100 W m%; solar azimuth, 180°; solar altitude, 45°).
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Figure B.5 Validation of the light distribution for diffuse sunlight reflected by opposing panels: (A)
Absorbed or scattered light calculated with two different methods (green, calculated from the light
distribution; black, calculated according to methods of the temperature simulation, only valid at
high extinction values). (B) Irradiation profile (z-x-plane) generated for an extinction of 200 m'! (for
both subfigures: panel distance, 0.5 m; panel thickness, 0.05 m; orientation, north-south; DHI,
100 W m2).
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B.6 Validation of the light distribution

Direct irradiation reflected by the ground
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Figure B.6 Validation of the light distribution for direct sunlight reflected by the ground: (A)
Absorbed or scattered light calculated with two different methods (green, calculated from the light

distribution; black, calculated according to methods of the temperature simulation, only valid at
high extinction values). (B) Irradiation profile (z-x-plane) generated for an extinction of 200 m! (for
both subfigures: panel distance, 0.5 m; panel thickness, 0.05 m; orientation, north-south; DN],

100 W m%; solar azimuth, 180°; solar altitude, 75°).

Diffuse irradiation reflected by the ground
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Figure B.7 Validation of the light distribution for diffuse sunlight reflected by the ground: (A)
Absorbed or scattered light calculated with two different methods (green, calculated from the light
distribution; black, calculated according to methods of the temperature simulation, only valid at
high extinction values). (B) Irradiation profile (z-x-plane) generated for an extinction of 200 m! (for
both subfigures: panel distance, 0.5 m; panel thickness, 0.05 m; orientation, north-south; DHI,

100 W m-2).

155



Appendix B: Simulation of algae biomass yields

B.7 Yearly course of biomass production: east-west
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Figure B.8 Yearly course of the productivity for reactors located in (A) Forks, WA, (B) Boston, MA,
(C) Sacramento, CA, (D) Phoenix, AZ, (E) New Orleans, LA and (F) Hilo, HI (for all subfigures: panel
distance, 0.5 m; panel thickness, 0.05 m; orientation, east-west).
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B.8 Parameter study: lower cell concentration

B.8 Parameter study: lower cell concentration
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Figure B.9 Yearly biomass production related to the ground area (left y-axis, black lines, filled
markers) and the reactor panel (right y-axis, green lines, empty markers) as function of panel
distance, thickness, orientation and geographic location. Square, circle, diamond and triangle
markers indicate panel thicknesses of 0.025, 0.05, 0.1 and 0.15 m. Cell concentration is reduced
from 2 kg m-3 (standard case) to 1 kg m-3.
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B.9 Parameter study: less robust algae strain
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Figure B.10 Yearly biomass production related to the ground area (left y-axis, black lines, filled
markers) and the reactor panel (right y-axis, green lines, empty markers) as function of panel
distance, thickness, orientation and geographic location. Square, circle, diamond and triangle
markers indicate panel thicknesses of 0.025, 0.05, 0.1 and 0.15 m. Simulation is performed for an
algae strain that is less robust in terms of temperature than the “standard” strain.
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B.10 Parameter study: temperature control
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Figure B.11 Yearly biomass production related to the ground area (left y-axis, black lines, filled
markers) and the reactor panel (right y-axis, green lines, empty markers) as function of panel
distance, thickness, orientation and geographic location. Square, circle, diamond and triangle
markers indicate panel thicknesses of 0.025, 0.05, 0.1 and 0.15 m. Active temperature control limits
maximum cultivation temperatures to 40 °C.
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