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Executive Summary

The Veenkolonién area is situated in the Nortleastern part of the Netherlands and covers a part
of the province of Groningen; an area with intense agriculture. At the moment the main source of
water needed to irrigate the crops in the summer comes from Lake IJssel. It is expected that in
the future, the water demand will increase due to intensifying inigation, while the supply of
water from Lake I|Jssel will decrease due to climate change. The goal of this research was to
study the technical feasibility of integrating water storage and retention with the production of
energy using solar panels and algaproduction systems, to create an additional source of
income for local farmers.

We start in chapter two with a literature and background study on the three individual sub
problems: hydrometeorology, solar energy and algae production. The hydrometeorolagil
background covers the general physical characteristics of the region and climate. In both the
background on solar energy and algae production, the stat#f-the-art of both systems is
outlined. In chapter three the output of the agribusiness solution ipresented: designs and
calculations for the water basin, electricity production from solar energy and possible
applications for algae cultivation in the Veenkolonién area. To concluda,scenario is designed
to integrate the different systems into a unified agribusiness solution.

Our main findings are that (1) it is technically feasible to supply a sufficient amount of water
from the basins to bridge the gap between the expected water demand anditer supply, (2) it is
technically and economically feasile to create an additional source of income by means of small
scale solar energy productionfor farmers and (3) algae production may only be economically
feasible if the production and processing costs can be reduced and if algae biomass is exploited
completely.
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1. Introduction

The Veenkolonién area, situated in the
North-eastern part of the Netherlands, is
facing numerous problems, partially due to g

Water systems within Iﬂnze en Aa's

climatic changes. In the current climate
scenarios for the Netherlands, summers are
expected to be both drier and dominated by

more extreme precipitation events (KNMlI, ’ .., " &7
2006; Klein Tank & Lenderink, 2009). This \,' ‘

requires an alaptation of the hydrological

system to ensure a sufficient supply of water L '
for irrigation and to enable the (temporary) S

Jad

—

storage of water during precipitation peaks.
Even today the area has a negative
precipitation excess during growth seasons /f;
from April to September (i.e. more
evapotranspiration than  precipitation),
requiring an input of water from Lake Legend

ljssemeer (Error! Reference source not |y | 3¢
found.) to prevent the sensitive sandy Soils | Bl fes dscreming Drertse s

- pumped polder; Duurswold

from drying out (Rothengatter, 2011). As a Emmpednomer:ﬁm p
. fee discharging; Hunze w
result, the water demand is expected to gwmpedpuﬁefmm %

increase whereas the water supply from | == i i e
Lake IJksemeer may either decrease or -
remain stable depending on thedischarge of Figure 1 Water systems within the jurisdictional area
the river Rhine. Hencethe creation of extra Hunze en Aa's

water storage is required to bridge the gap

between the &pected demand and supply of water for agricultural puposes (Querneret al.
2011). However, the area neded for storage will have to bepartially built at the expense of
current arable agricultural plots, and finding suitable locations based on geand hydrological
properties is a challenge.

=

In 2003, 823 arable farms were present in the Veenkolonién witlan average areaof 59 ha
(Rothengatter, 2011). Although arable farming covers by far the largest part of the
Veenkolonién, other farming types are presehin the area as well including 221 dairy farms, 29
pig farms, 29 chicken farms, and 192 horticultural farmsn recent years, arableand dairy farms
grew to sizes of more than 100 ha each, so that, in 2007 they covered more than 37% of the
entire Veenkolonién area.

As an area of intense agriculture, thé/eenkolonién face structural problems in addition to
experiencing water shortage In search for higher education and employment, especially young
people leave the Veenkolonién nsequently, the number of lower educated inhabitants is
overrepresented and unemployment is above the national and provincial average (Rothengatter,
2011). Hence,the province of Groningen wishes to stimulate the local economy by providing an
increase inthe agricultural scale (Province of Groningen, 2009), which will further pronounce
the irrigation problems within the area.
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To address the expected water shortageluring the cropping seasonand presentday socio-

economic problems Tauw consultancy aims at implementing a feasiblegeobusiness solution

integrating a water supply system for crop production with additional sources of income for
local farmers in the Veenkolonién. The solution should ensureoth a reliable supply of water,
and encourage sustainable economic activity andsocial cohesionas well as strengthen the
attractiveness of the Veenkolonién area

Here we present the results of theechnical feasibility study designed toprovide insight into
possibilities for the development of a sustainable agrobusiness solution. V¢ investigated the
state-of-the-art of three separate concepts including water supply, solar energy and algae
cultivation systems.In order to develop an economically feasible solution, &vanalyzed several
options for the integration of these systems thatwould allow the construction of sufficiently
large water storages without causing a financial loss to the farmer due to the conversion of plots
of arable land It was envisioned that, by covering the energy requirements of a water storage
and retention network using electricity generated by solar panels, the loss of profit following the
land conversion could be compensated. The production of algae biomass would, therefore,
representan additional source of income as it can be sold and used for the generatiof biofuels
and other high-quality products.

1.1 Problem Description

The core problemof this project is the expected shortage of water for irr igation during the
cropping season in the Veenkolonién area . The background to this problemis considered to

be twofold: First, due to expected changes ithe future climate, the supply of water from Lake
ljssel during the growth seasons is expected to decrease or in the best scenario remain stable.
Secondly, intensifying irrigation of the cultivated crops increass the areas water demandin
combination with the expected increase in evapotranspiration (Querneet al., 2011), the areds
confronted with a shortage of water for irrigation purposesin those future scenarios This
directly affects the farmers as, durhng a dry summer like 2003, the decrease in crop yield can be
as large as 30% (Rothengatter, 2011)n addition, the ongoing rural migration aggravates the
eoconomic situation of the area.

1.2 Approach and Methodology

1.2.1 Purpose

The overall, longterm goal of this project is the implementation of a feasible agrobusiness
solution for a water supply systemenabling efficient crop production. The integration with
additional sources of income for local farmers to increase thattractiveness and to encourage
sustainable economic activity and social cohesion in the Veenkoloniéwas considered Our
purpose wasto developa solution for the expected future water shortage during growth seasons
in the Veankolonién area. Wecarried out a technical feasibility studyfor an integrated water
supply system including solar energy and algae productioon the scale of a single arable farm
with an average area of 100 ha
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Based on this objective the following researchjuestion was formulated:

Is it technically feasible to integrate water storage (and water retention) with the
produ ction of energy using solar panels and the production of algae to ensure sufficient
water supply in the future , and to create an additional source of income for local farmers
in the Veenkolonié n?

Accordingly, several subquestions canbe expressed concerning various aspects of the feasibility
study:
1 What is the current and expected future water demand and water supply of the
area (water balance)?
What should be the capacity of the storage basin s?
What type of solar energy facility is best suited for the Veenkolonién?
Is the use of solar energy economically feasible for the Veenkolonién?
What is the state -of-the -art of algae production systems?
How can the water storage, solar energy and alga e production systems be
integrated to generate an optimal sustainable and (economically) feasible
solution ?
1 What are the criteria for the installation of such an integrated system in the
Veenkolonién? Based on those criteria, can we determine possible sites f or the
install ation?

= =4 -4 -8 -8

1.2.2 Output
We will present five products that contain several smaller components to achieve the purpose of
this project:

1. Thedesign of a water storage basin

Selection of asuitable solar system for the Veenkolonién
Cost-benefit anal ysis for differently sized solar panel installations
Selection of asuitable microalgae strain and cultivation system
Options for anintegrated model design (systematic drawing)

a s Wb

1.2.3 Activities

A technical feasibility study will be carried out to determine if an integration of the water
storage, solar energy and algae production systems is possible. A combination of literature study
and calculations will eventually lead to a model design, geographical criteria for implementation
of this model, and ageneral overview of design costs.The research question and its sub
questions will be approached in different ways:

In total 288 hours were spent on a literature study , whereas 200 hours were spent on
calculations . The literature studyhelped us:
1 to gain insight into soil and hydrological characteristics of the Veenkolonién area and to
identify the climate conditions within that region
i to get the data needed to calculate the regional water balance and electricity demands
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9 to review the technical feasibility ofwater storagesystems

1 to determine the most recent developments and economic feasibility of solar energy
systems

1 to specify the applicability of algae growth systems and their implication for efficient
energy production (other applicationswere be consideed)

In addition, afield trip of oneday was arrangedo
1 provide us with valuable information on the site and its properties
1 enable us to meet with the water board as one of the most important stakeholders

Based on the different criteria for the water sorage, solar energy and algae production systems

an attempt was made to integrate all three systems inta model design. To visualize the model
design asystematic drawing was constructed.
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2. Hydrometeorological Background

2.1 Introduction

Different aspects have to be taken into account when possibilities for water storage on a local
scale are investigated. First of allthe general physical characteristics of the area have to be
identified. In the following sections the soil type (Section 2.2),the ground- and surface water
levels (Section 2.3) andhe climate variables (precipitation, evaporation and temperature in
Section 2.4)will be discussed A more detailed description of the physical characteristics of the
area and the technical aspects of thdesign will be given in Chapter 5.

2.2 Soil Type

Originally, the Veenkolonién were a peat areabut, nowadays undisturbed peat layers are left
only in small parts of the area.n the remaining partsthe upper peat layer waspartly or totally
removed, and mixed with sand and manure (Rothengatter, 2011). This mixed upper soil layer is
typical for the Veenkolonién area and can be up to two metethick (Witteveen en Bos, 2011).
Below the mixed layer a layer of cover sand is preseridowever, inareas wherethe mixed layer
is absentthe upper soil layer consists of very fine cover sandnly. Both the peaty and sandy
areas are very prone to drought. A soil map is included in Appendix &ifure Al).

2.3 Ground Water Regime and Surfac e Water Levels

In general, three groundwater level classeqGrondwatertrap) are present in the Veenkolonién
area (derived from maps of Stiboka, 1977 se€igure A1), namely Glelll*, Glc-V and GleVI (see
Table 1). A more detailed description of the groundwater regimes and the corresponding
fluctuation of groundwater levels throughout the year will be given irSection 5.2 describinghe
water basin design.

Table1 Ground water leveregimes(from www.natuurkennis.n| 2012)

Groundwater level Groundwater levelclasses

(cm below soil surface) | T M Vi VL VI VII2
Mean highest groundwater level <20 <40 <40 >40 <40 40-80 >80
Mean lowestgroundwater level <50 50-80 80-120 80-120 >120 >120 >160

1 behind those Gt-codes means a “dryer part’, i.e. @ mean highest groundwater level betwezh and 40 cm below
soil level.2 behind those Gt-codes means “very dry part’, i.e. a mean highest gralwater level deeper than 140 cm
below soil level.

Currently, the typical surface water levels for a representative part of the Veenkolonién close to
Stadskanaal are 1.40n below soil surfacelevelsin winter and 1.00 m below soil surfacelevels
during summer (Droogers and Besten, 2006). In generathe surface water levels are kept
between 0.80 m- 1.00 m and 1.00 mz 1.20 m below the soil surface during summer in the
northern and southern parts of the Veenkolonién, respectivelyRothengatter, 2011). The bange
between winter and summer leves takes place in April and the change between summer and
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winter levels in October. The exact date depends on the actual hydrological situation and
groundwater levels (Bakel et al., 2012). The difference between the suate water level in
summer and winter is normally about 0.50m and can beas high a€0.70m (Bakel et a., 2012).

2.4 Climatological Analysis

Climatological data (1965-2011) from the KNMI measurement station at the airfield of Eelde
was used to estimate tle amount of precipitation and evaporation (KNMI, 2012). Using the
measurement data, the amount of open water evaporation was calculated using a modified
version of the Penmanrequation (de Bruin, 1979). To stay in line with the method used by the
KNMI, the reference evapotranspiration was calculated using the Makkink equation (e.g. de
Bruin, 1987). In view of the expected climatic changes, the observations were corrected for the
expected change in temperature and precipitation in the KNMI W+ scenario (van deHurk et al.
2006), as shown inTable 2. The values for summer (June, July, August) and winter (December,
January, February) months were retrieved from the KNMI W+ scenario, the months in between
were linearly interpolated. Throughout the text, EeldeW+ will be used to refer to the corrected
dataset.

Table2 Imposed climate change in the KNMI W+ scenario on the 13651 historical data of Eelde. The values for JFM
and JJa are retrieved from the KNMI sceioa, the months in betweeneve lineO1 U ET O ATC@BibtdzsAp@ épéo&ng 3
change intemperat AN 30 OEA OAI AGEOA AEAT CA Ei DOAAEDPEOAOGEITI

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

BT [°C] +2.3 +2.3 +2.43 +255 +2.68 +2.8 +2.8 +2.8 +2.68 +255 +2.43 +23
BP [%] +14.2 +142 +5.9 -2.4 -10.7 -19.0 -190 -19.0 -10.7 -24 +5.9 +14.2

The resuls of this analysis are shown ifmTable 3 (period 1 April - 31 August) andTable 4 (period

1 April - 30 September). The minimum in precipitationand maximum in evaporation and
evapotranspiration correspond to the record year of 1976. As the predicted change in
precipitation is negative for all months from April to October, all statistics show a decrease in
precipitation. In addition, with the expected increase in temperature, the moisture holding
capacity of the atmaphere increases, resulting in an increase in evaporation and
evapotranspiration. It should, however, be noted that this increase in evaporation is merely a
first guess. In the W+ scendo, changes in largescale synoptic circulations are expected to
decrease the summertime relative humidity. This could further enhance the evaporation rate, a
factor that is not taken into account here.
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Table 3 Climatologicd statistics for Eelde over the period of 1 April31 August. Evaporation denotes thapen water
evaporation according to the Penman equation. Evapotranspiratiogpresentsthe reference evaporation according to
Makkink (Bruin, 1987).

Precipitation Evapaation Evapotranspiration

1965-2011 Eelde W+ | 1965-2011 Eelde W+ | 1965-2011 Future

Mean 324.3 275.1 498.3 528.1 398.4 421.5
Min 150.9 126.7 425.9 453.0 343.9 365.2
Max 508.0 432.6 571.6 604.6 459.2 485.0
5 driest 206.5 173.1 559.9 591.7 445.0 469.8
10 driest 228.1 191.6 547.3 579.0 436.4 460.8

Table4 Climatological statistics for Eelde ovehe periodof 1 April- 30 September. Evaporation denotes the open water
evaporation according to the Penman equation. Evapotranspiraticepresentsthe reference evaporation according to
Makkink (Bruin, 1987).

Precipitation Evaporation Evapotranspiration
1965-2011 Eelde W+ | 1965-2011 Eelde W+ | 1965-2011 Future

Mean 399.0 341.8 560.0 593.7 447.3 473.3
Min 199.9 170.4 475.1 505.3 383.5 407.2
Max 622.7 538.3 637.6 674.5 510.6 539.2
5 driest 262.8 222.3 626.7 662.5 497.7 525.1
10 driest 290.4 247.5 613.4 649.0 488.1 515.5

With an increase in evaporation anda decrease in precipitation, the precipitation shortage over
the growth seasonwill increase. The average cumulative shortage from 1 April onwards for the
past and W+ climag is shown inFigure 2. The grey band indicates the spread between the driest
(1976) and wettest (1965) year. The left figure shows theshortage with respect to potential
evapotranspiration, whereas the right figure denotes the shortagewith respect to open water
evaporation. Over the period 19652011, the average precipitation shortagein reference to
potential evapotranspiration was 50 nm over the period 1 April- 31 September (not shown)
and 75 mm over 1 April- 31 August (Figure 2). By approximation, these shortages will increase
with 100 mm in the W+ climate.

2.5 Water System Veenkolonién
The water system inthe Veenkolonié is, for the largest part, controlled by Waterschap Hunze
AT 1 AG0O8 $0O0ET ¢ OEA OOI I Xs€medris buppfied o the &éadathe £0T |

northwest (Friesland) and southwest (Drenthe) ( O1T UA AT ) Fhé Bput of waterds
required both for irrigation and maintenance of the ground water levels. The current water
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demand for the area is 10000 million m3 and is expected to increase to 17600 million m3due
to climate change(Section 2.4) and due to intensifying irrigatio n (personal communication,
Johan de Putte). With a constant or decreasing supply from LakeXselmeer, alternative

measures are needed to bridge the gap between the demand and supply

P-ET [mm]

200

100

—100

—200

—300

100

- I ;
S . | = o
Y - = | =
| 1 41—300
| I
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- - Average W+ ! - = - Average W+ : | —400
100 150 200 250 100 150 200 250

DOY

DOY

Figure 2 Precipitation shortage with respecto evapotranspiration (left) and open water evaporation (right). DOY
depicts the day of the year with 1 April and 31 August indicated with dashed lines. Tdséscends at 30 September.
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3. Solar Energy Background
3.1 Introduction

By 2020, renewable erergy should account for 20% of the B'stotal energy consumption (85%

in 2005). To meet this common target, each member state needs to increase its production and
use of renewable energy in electricity, heatingcooling and transport (van Rooijen and van
Wees, 2006). The Netherlands jsherefore, obliged to comply with the commitment. Hence, the
development of solar energy facilites in the Veenkolonién area is most likely to be welcomed by
the Dutch government. However, it has also been stated thatsts for generating energy with
photovoltaic (PV) panels were so high that any market introduction would have been
prohibitively expensive for the Netherlands(Agnolucci, 2007. Currently PV installations cannot
compete with fossil energy.

According to the world solar energy map ww.gstriatum.com/solar -power/articles/15 -world -
solar-energy-map), the Netherlands (including the Veenkolonién area) receivesnaannual solar
energy of more than 100 W m-2 on average The solar radiation strikes the land surfaces at an
angle smallerthan 90° for most of the year.Nonetheless it is possible to harvest tremendous
amounts ofenergy during the entire year assuming an efficiency of 8% from the su(Bolangiet
al., 2011).

Nowadays, here are various technologies for energy conversion a@hstorage available. Oneof

these technologies may be utilizedo convert solar energy into heatwhich can then be used for

generating electricity using turbines and/or storing in insulated tanks for domestic heating. For

electricity generation applications, however, low temperature thermal conversion devices suffer

from low efficiency because of the inherent limitations of the Carnot cycleand temperature

drops across heat exchanger walls. The Carnot Cycle can be thought of as the most efficient heat

engine cycle the physical laws can allow. Not all the heat supplied to a heat engine can be
converted into useful work enAOCUQ8 4EA | AQGEI O0I AEAERABAVEAU | #AC
by equation 1.

4 (1)
S P 2
Where:Ti, = Temperature (K) of steam going in to the heat engine/ turbine
Tow = Temperature (K) of the sink (steam leaving the turbine)

Generally solar energy could be harvested in two major ways: as thermal energy using solar
thermal collectors for heating purposes or electricity (if high temperaturs can be attained) and
as direct electricity usingPVcells.

1The Carnot cycle shows that the power output of a heat engine/ turbine is increased when there is a wide difference
between heat source (e.g. steam) and the ambient (htesink).
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3.2 Solar Energy Harvesting Mechanisms

3.2.1 Solar Thermal Collectors

There are different types of solar thermal collectors which differ in simplicity of construction
and efficiency. They range from the simple flat plateHigure 4) and evacuated tube Figure 3)
collectors commonly used for small scale domestic heating, to the more complex parabolic
collectors (Figure 6) used for generating electricity. They all have an absorber element as the
principal component. This easures a high degree of absorption of short wave lights. The
absorber, which is usually black is heated up to a temperature far greater than the ambient
temperature and releases the energy as long wavadiators. Its efficiency is indicatel by the
degree of dsorbed heat to the emitted heat. Therefore, in order to reduce energy loss through
heat emission, efficient absorbers have a selective surface coating. This coating enables the
conversion of a high proportion of the solar radiation inb heat, simultaneously reducing the
emission of heat. The usual coatings provide a degree of absorption of ové&98 (Boyle, 2004).
Galvanicallyapplied selective coatings include black chrome, black nickel, and aluminium oxide
with nickel. The paabolic sdar collector which is commonly used for electricity production is
discussed here tceevaluate whetherit is an option for the Veenkolonién area.

»
_ Collection tube Transparent cover
Heat transfer

Heat exchanger
/" (condenser) S medium

Absorber

Insulation

Absaroer Housing

Glass tube y
Insulation

Heat pipe

Figure 3 Evacuated tube solar collector. A heat p Figure 4 Flat plate solar collector (www.solarserver.cor
collector incorporates a special fluid which begins knowledge/basicknowledge/solar-collectors.html).

vaporize even atow temperatures. The steam rises

the individual heat pipes and warms up the carr

fluid in the main pipe by means of a heat exchan

The condensed liquid then flows baako the base ¢

the heat pipe (from: www.solarserver.com/kno\

ledge/basicknowledge/solar-collectors)

3.2.2 Parabolic Solar Thermal Collectors and Electricity Generation

Parabolicsolar collectors, also called fie focus collectors, are the most common solar collectors
for generating electricity. Theyconsistof a large, modular array of singleaxis-tracking parabolic
trough solar collectors (Figure 6). Many parallel rows of these solaralectors span across the
solar field, usually aligned on a northsouth horizontal axis. Each solar collector assembly is an
independently tracking, parabolic trough solar collector composed of the following key
subsystems (Figure 4):
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Concentrator structure
Mirrors or reflectors

=A =4 =4 =2

Collector balance of system

Figure 6 Parabolic trough type solar collector (fronwww.solat
server.com/knowledge/basicknow ledge/solacollectors).

Benefits

1. Free sun energy
2. Lifetime of more than 20 years

Limitations

High initial costs, longer payback period
Low enegy density?

ok wbdpE

Linear receiver or heat collection element or absorbers

Paralie]l Rays
Parabolic of Sunlight
Reflector

-

Glass Envelope
Absorber Tube
With Selective
“ Surface

»

Figure 5 Schematic crossection of single row o
parabolic solar collector (www.alternative
enagyprimer.com/Linear-Solar
Concentrators.htm).

Solar collectors are usually difficult to reach for maintenance and repair.
The need for big tanks with excellent insulation

Heat loss particularly with long transportation

Unable to convert diffused radiation in to thermal energy

If the mirrors are used to concentrate sun rays continuously as iRigure 5, sufficiently high
temperatures can be used to drive steam enginehesecan be used for mechanical work for
water pumping or steam generation. All rays of light tht enter parallel to the axis of a mirror

formed in this particular shape will be reflected to one point, the focus where the medium is

located (Figure 5). However, if the rays enter slightly offaxis, they will not pass through he

focus. It is therefore, essential that a good tracking facility be made to enable the mirrors track
the sun throughout the day. With a soutkfacing solar collector,only upward and downward
adjustment isrequired. Normally, electric motors and gear trans commanded by controllers and

radiation sensors are provided to continuously adjust the orientation of the solar collector
relative to the sun for maximum output. For a point focus (solar parabolic dish) on the other
hand, the axis needs to point at theun. Therefore it needs to track the sun both in elevation and

2 Energy density is the amout of energy storedper unit volume or mass. For example the amount of energy (KWh/kg

of heated water)
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in azimuth (side to side). A line focus parabolic trough may achieve a concentration ratio of only
50 (Boyle, 2004).However, this is adequate for most power plant systems. The ratio required
depends on the desired target temperature. A line focus parabolic trough collector can produce a
temperature of 200 to 400°C (Boyle, 2004).

Typical examples of the parabolic thermal collectors have recently been installed in Egypt and
the USA. Five parablic trough collectors, each 80 m long and 4 m widén Egypt produce 55
horse powers:. The payback period was only 5 years for EgypBoyle, 2004 . A parabolic trough
concentrator in California heats up synthetic oil to a temperature of 390C (Boyle, 2004). This
installation was found to be competitive with energy from PV cells and fossil fuels. The author
also suggests that the system has to be combinedth fossil power generation or some kind of
heat storage tank to function also during the night tamprove the capital investment of the
steam turbine.

Generally, electricity generation by solar thermal collectors together with heat engines or
turbines is technically not feasible for the Veenkolonién. This is because of the low intensity of
solar radiation in the area. Taking the low ambient temperature of the area into accoura high
heat loss would occur across the pipes even with excellent insulationThe handling and
management of gprecise tracking mechanism may be difficult for a farmer. Furthermore, such
an installation will not be profitable in areas with too much cloud cover like the Veenkolonién.

3.2.3 Electricity from Photovoltaic Cells

3.2.3.1 General Information

Photovoltaic is the direct conversion of light into electricity at the atomic level. Some materials
exhibit a property known as the photoelectric effect that causes them to absorb photons of light
and release electrons. When these fee electrons are captured,an electric current flow is
generated In order to produce electricity, photovoltaic cells require a pftjunction across a
semiconductor. The majority of the PV panels in the market are made up of crystalline silicon or
thin film panels, which utilize silicon as a semiconductor, making silicon the major source for
semicaonductors in this industry. A number of solar cells electrically connected to each other and
mounted in a support structure or frame is called a photovoltaic moduléFigure 7). Current
crystalline PV are for example designed with 36 or 72 serieg connected PV cells. The system
helps to ensure the supply of electricity at a fixed voltage, such as the common 12 volts system.
The DC curent produced by such a module depends on the amount of light striking the cells.
Today most of the PV devices use a single junction or interface to create an electric field with in
the semicanductors. The limitation with these types of panels is however that thegan make use
of specific energy of the surg photons with energy greater than the electron gap of the junctions
only. The electricity of PV panels can be used in two ways: connected to grid and stahohe (off
grid). When the solar electricity is to be onnected to the grid, the DE&current is first converted
into AC® by an inverter. Figure 8 shows a schematiadrawing of a PV (FPV) system connected to
an inverter. In case of an offyrid, batteries are used to store the DC electity.

3 1 horse power = 746 Watts

4 Pn stands for positive negative junction
5 DC = Direct Current

6 AC = Alternating curent
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With a PV module, the semiconductor is doped {type or n-type) to allow free electrons to
become available for electricity conduction. Thanain doping elements used are boron/gllium
(p-type) or phosphorus (r-type).

PV cells require contacts or juntions, widely referred to as electrodes, through which electricity
can be conducted. An electrode is made up of a metal element, frequently aluminum (Al), copper
(Cu), zinc (Zn), tin (Ti) orlead (Pt).

fFP/ 33ky
DC AC B

INVERTER ( ‘

Figure 7 Single components of  Figure 8 Schematic drawing of a gricconnected PV system (Trapani, 2011)
PV modules

3.2.3.2 Efficiency of PV Panels

In Figure 9 (left) I scand Vocare the short circuit current and open circuit voltage of a cell. The
product of thosetwo is the maximum power of the cell. The Veenkolonién receive solar radiation
of more than 100 Wm-2 on a yearly basis. Hengeeferring to Figure 9 (right), the maximum
power generated by a single cell would be £ 0.5W = 0.5W on average. Overheating decreases
the performance of PVcells by 0.4-0.5% for every 1C above theoptimum temperature (usually
250C). Thus, cooling of PV panelsis important. Sometimes the temperature of the PV module
may reach up to 50C, reducing the power output by 25%Krauter and Hanitsch, 1996) The
heat energy removed from a PV module in this way i8x that of the energy cawverted to
electricity (Figure 10). Hence without cooling a systemthe PV panels work at efficiencies lower
than the rated values (1216 %).

About 80% of the solar energy striking the PV is converted to heatDubey et al., 2009%.
Congquently, the temperature ofthe PV panel risego about 50°C, further reducing the power
output. Thisis why PV panels come vilh normal efficiency rating and performance rating. It has
been reported that under working conditions the performancemay be reducedto 75% (Zahedi,
2009). A PVpanel with an efficiency of 15% would perform at 11% in the field. By creating a
cooling mechanism the output of the PV panels in Veenkolonién can be enhanced.
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Figure 9 Maximum power from a single cell for different insolations (Trapani, 2011)

1% CONVERSION
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15% ABSORBED
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Figure 10 the proportion of solar energy conwiged to electricity (15%) and heat (80%) (Trapani, 2011)

A good thermal contact isto be maintained between the water (coolant) and the cells. The
thermal energy may be used for heating purposes as wellhermal heat collected providing
energy supply inwinter and cooling energy in summer, can be combinedwith seasonal storage
of excess solarenergy.

3.2.4 Concentrating Photovoltaics

Concentrated photovoltaic (CPV) technology usesptics such aslensesto concentrate a large

amount of sunlight onto a small area of solaphotovoltaic materials to generate electricity. In

practices, it is a relatively new technology eventhough researchin the field was initiated in the

popynd 08 !'T AGAI Pl A 1 MiceoEfBcOsin@tAeAlitett ratidtich WithF@snéddEA D O A
lenses and intercepting this by PV moduleéSonneveldet al, 2010). Fresnel lenses are optical

devices that can be used for concentration of solar radiation bihe refraction principle. These

lenses are thinner, havea lower weight and ashorter focal length than the thicker standard

lenses. In somestudies with greenhouses, the lenes were used to concentrate the direct solar

l4|Page


http://en.wikipedia.org/wiki/Optics
http://en.wikipedia.org/wiki/Lens_(optics)
http://en.wikipedia.org/wiki/Photovoltaics
http://en.wikipedia.org/wiki/Electricity

radiation for energy generation. The diffused light was kept for plant growtl{Sonneveldet al.,
2010).

Fresnel lengs can also be connectedo a solar thermal collector, PV panels or a hybrid
technique (PV and solar thermal collector)where the concentrated energy is released in the
form of hot water, electric energy or a combination of both. With a hybrid CPV (conceating PV
and heat of the cooling waterup to 69% of the solar energycan beharvested(Joe, 2005.

Nowadays there are Fresnel films that can be painted do a glass surface
(http://multimedia.3m.com/mws). These are cheaper than normal Fresnel lenses. Unlike the
traditional PV, CPV systems are often much less experesio produce, because the concentration
allows for the production of a much smaller area of solar cells. According to the principle of
photoelectric effect solar cells produce electrical energyin proportion to the amount of light
energy thatstrikes them. Byapplying 10 times the amount of lightto a solar panel it is possible
to generate 10 times the amount of electricity. As a disadvantagethe single cell efficiency
decreaseswith rising temperatures. This means that to increase¢he output, it is necessaryto
keep the temperatureslow. Another problem is that the cost ofthe concentrator and tracking
system can defeat the costeduction resulting from the use a dbwer number of solar panels
Moreover, the local concentration of the solar radiation may create hot spots decreasing the
overall output (Ryu et al., 2006. Last but not leastsolar radiation that is scattered by clouds or
aerosols (diffuse radiation) cannot be used to produce electricity with this type of design
(Sonneveld et al,, 2010). Generally speaking however, CPV is profitable becauséhe solar
collector is less expesive than an equivalent area of solar cells. The overall CPV hardware is less
expensive than a conventional PV of the same outp(Ryuet al., 2006.

£

250m 250m 250 m 250 m

Figure 11 Concentrating PV; specially designed greenhouse roof concentrating safiiation to a narrow P\
(Sonneveld et al.,2010). The parabolic shape of the greenhouse roof concentrates the solar radiation ¢
black spots whee the P\panes are situated. Notthe PV panethouldface the bottom. A tracking mechanis
(not shown) keeps the PV at an optimal orientation for maximum solar energy harvesting.

According to an experimentcarried out at Wageningen University Figure 11), a yearly total
electrical and thermal energy of 20 KWhm-2 and 160 KWhm-2, respectively, could be obtaina
from a CPVintegrated with a special roofing of a greenhouse with a selective coating. The
coaing ensured about 50% of the incoming solar energy (which is nephotosynthetic active
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radiation (non-PAR)) to be trapped. The trapped part was mostly near irdred (NIR) and was
reflected to a point where the PV cellsvere located. To avoid overheating water was circulated
around the PV cells. The hot water was then stored for heating the greenhosgsiuring the cold
season(Sonneveldet al., 2010). The advantag was cheap cooling, and an energy saving of about
35% compared to heating with a boiler. The disadvantage was that the excess solar enengs
converted to low grade thermal energy which was stored at a temperature level of about &D.
This could only beexploited for heating in winter with a heat pump, driven by high grade energy
like electricity (Sonneveldet al., 2010).

While this model could be a good option for the Veenkolonién area, the sophisticated tracking
mechanism makes it less suited for a faner. Movements of the system due to wind, imperfectly
manufactured optics, imperfectly assembled components, finite stiffness of the supporting
structure or its deformation due to aging, among other factorsmay require frequent
maintenance and expertise.

3.3 Conclusive Remarks

A literature study was conductedinvestigating two solar energy harvesting mechanisms (solar
thermal collectors and photovoltaic panels) as options for the Veenkolonién area. The option of
harvesting solar energy as heaivas discarced because of the cheap price for heat compared to
electricity. Technical details if moresophisticated solar thermal collectors (parabolic trough or
line axis and parabolic dish or point axis)were briefly reviewed. With these types of solar
energy harveging mechanisnrs, it is possible to attain high temperature to produce electricity
with the help of heat engines or turbinesHowever, the requirements of a tracking mechanism,
and of high-efficiency heat engines, as well as the heat loss occurring acresshange walls, and
regular cloud covers maket less suited for the areaThus, thestate-of-the-art of PVsystemswas
reviewed. A flat panel P\6 was compared witha concentrating PVsystem. While it is possible to
minimize the cost by reducing the amountof semiconductor material per unit of energy
produced, the need for accurate tracking of the sun and specially treated concentrator lenses
makes the manageability complex. Hence, it is suggested to use flat photovoltaic pariet the
Veenkolonién area.
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4. Algae Systemsz Green Microscopic Factories

4.1 General Information

4.1.1 Introduction

Climate change and the depletion of world reserves of fossil fuel energy resources pose a threat
to the environment and to human life. Therefore, it is essentialtinvestigate novel clean and
renewable energy sources rendering energy production more sustainable. The production of
biofuels is regarded as one of the most promising alternatives (Matt al., 2010). Biofuels are
expected to provide opportunities for adlitional sources of income promoting employmentin
rural areas, and to replace fossil fuels in the long termin recent years, the cultivation of
microalgae has increasingly been used as a basis for the production of biofuels. According to
Brennan and Owemde (2010) the application of microalgae has several advantages:

9 Algae can be cultured throughout the whole year (Scherdt al., 2008)

1 Algae grow in aqueous media but need less water than terrestrial crops (Dismukesal.,
2008)

1 Algae can be cultivated irbrackish water on nontarable land (Searchingeet al., 2008)

1 Algae grow rapidly and contain oil of as much as 280% of the dry weight of biomass
(Chisti, 2007; Metting, 1996; Spolaoret al., 2006)

1 Algae are capable of fixing waste GQL kg dry algal bianassutilize about 1.83 kg of C¢)
contributing to an improvement in air quality (Chisti, 2007)

1 Nutrients (nitrogen (N) and phosphorus (P)) can be obtained from waste water (Cantrell
et al., 2008)

i Algae cultivation in photobioreactors (PBR) does not require the application of
potentially harmful pesticides (Rodolfiet al., 2008)

1 Algae produce highly valuable byproducts (e.g. biopharmaceuticals, proteins, and
starch) (Hirano et al., 1997; Spolaoreet al., 2006)

1 Growth conditions can be adjusted as to modate the composition of the algal biomass
(Qin, 2005)
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There are several methods that are currently employed to grow microalgae on larger scales. To
solve techncal difficulties, ongoing research is trying to integrate novel findingsfrom
microbiological and engineering backgrounds with systems used so far. Commercial viability can
be achieved byaddressing the several challenges that obstructed the developmentfaalgal
technology so far. These include (1) the selection and cultivation of algal strains with a high lipid
content; (2) the maintenance of outdoor cultures and growth systems; (3) the existence of only
few example of operation in commercial environments (4) the limited availability of data on
large-scale algal culture systems; (5) the large amounts of energy required to sustain microalgae
cultures and the downstream processing events of algal biomass (Roddadfial., 2008).

The exploitation of the imminent potential of microalgae as a biofuel resource and for the
production of other valuable raw materials will help to develop more sustainable means of
energy generation. Here we provide an overview of the statef-the-art of the cultivation
methods and applications of microalgae. We will outline possibilities of cultivation for the
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Veenkolonién area selecting a suitable algal strain and cultivation system for the integration into
different scenarios.

4.1.2 Microalgae Species and Raw Materials

Microalgae are singlecelled, plantl EEA T OCAT EOIi © OEAO Ai 1 OOEOOOA
aguatic biomass. They occur both in fresh and marine systems where they form the basis for the
majority of food chains. Depending on the species, the morphology and grdwtequirements

differ considerably. However, most microalgae are photoautotrophs, i.e. they contain chlorophyll

that enables them to harvest sunlight to cover their energy requirements. Using carbon dioxide

(CQ) as carbon source they produce biomass andare than 75% of the oxygen (& required

for animals and humans on a global scale (Wolkeet al., 2011). So far, only a small fraction of

the existing 200,000 to 800,000 species have been identified indicating a promising source of
possibilities yet to beexploited.

Despite the fact that microalgae classification is still incomplete, taxonomists generally
distinguish between groups of green algae, red algae, diatoms, brown algae, gold algae, yellow
green algae and blue algae or cyanobtiria. This classfication mainly derives from genetic
analyses and from the pigments that are characteristically produced by the different groups.
Green algae constitute one of the largest groups comprising about 7,500 species known to date.
As can be deduced from their nme, they contain chlorophyll that makes them appear green
especially when growing in large quantities. However, the besttudied group is the diatoms of
which more than 100,000 species have been identified.

The chemical composition and, thus, the raw matials produced by microalgae differ over a
wide range depending both on the species and the conditions of cultivation. Many microalgae
have a high inherent lipid content that can be elevated to desired levels by the modification of
growth conditions such as nutrient supply (Wolkers et al., 2011). Especially under nutrient
limiting conditions, algae are subject to stress which enhances the production of lipids
(preferably triacylglycerides, TAGs, and fatty acids), pigments and starch at the expense of
biomass. Oils produced by microalgae are mainly composed of omegand omega6 fatty acids
that can be used for food supplements or for biofuel. In addition, microalgae produce a broad
variety of other compounds. In 2007, more than 15,000 novel components oligal biomass have
been chenically determined by Cardozo and colleagug€ardozoet al., 2007). Most importantly,
algal cells contain carotenes (yellow/red pigments), antioxidants that have beneficial effects on
human health, proteins and carbohydrates stard in the form of starch.

Increasing commercial interests in such bulk products contribute to the development of
harvesting techniques and the processing of raw materials for bioplastics, biofuels and protein
for feed and food markets.

4.1.3 Culture Conditions

Algae cultivation is based on the allocation of specific environmental conditions. Growth
requirements differ between species and include light intensities and wavelengths, optimal
temperatures and CQ® concentrations, nutrient compositions of growh media and aeration
(mixing) conditions. Here we summarie the most important aspects for algae cultivation.
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4.1.3.1 Light

Light is a key limiting factor to the successful cultivation of phototrophic microalgae. The
photosynthetic response of an algal ctilire can be described by a light curve or a
photosynthesis-irradiance (Pl) curve (Figure 12). At low light intensities, algal cultures live at
the compensation point,i.e.no net growth occurs (Lee, 1997). The rate of photosynthesat this
point depends entirely on the concentration of chlorophyll that characterizes the efficiency of
light-dependent reactions. With increasing light intensities, however, photosynthetic rates will
rise until a maxmum growth rate is achieved. The m@mum net growth at a given light intensity

is called the light saturation point (Goldman, 1979; Lee, 1999; Richmond, 2000). Saturation is
attained by an excess production of energy. Therefore, at high light intensities, algal biomass
production is limited by the efficiency of lightindependent reactions. An increase in light
intensities beyond the point of saturation leads to a reduction in photosynthetic capacity
characterized by the lightinduced damage of photosystem Il (PSIl), which is the most light
sensitive component of the phot@ynthetic machinery.

In nature, microalgae are constantly exposed to low light intensities. Therefore, their light
harvesting morphological features are adapted to absorb all light that hits the photosynthetic
antennae in the reaction cente of microalgae cells. At high cell concentrations, almost all light
available is absorbed by the thin layer close to the surface of the culture, shading the algal cells
below (mutual shading). However, Pulz (2001) states that most microadge reach light
saturation at about 30% of the total terrestrial sdar radiation (1,700 - 2,000 uE m-2 s1)). Thus,
microalgae cells present in the top layer are likely to confront light saturation whereas tHewer
layers are lightlimited.

Difficulties associated with culture
layers and their differences in lght
exposure can be overcome by
increasing the light penetration and
adjust cell densities so that mutual
shading minimizes the light
exposure of each single cell.
Continuous mixing by gas inflow
facilitates the equal distribution of

photoinhibition

photosynthesis (P)
(mg Cm3 )

light exposure throughout the 0 Yo b L saematica pelet
1 - respiratios i

entire culture (Benemann et al, ' r—

2002) and prevents cell ccal em? min!)

precipitation. Natural or fluorescent Figure12PICurve o o
Graphical representation othe relationship between solar irradianc

light sources may be used for and photosynthesis. The photosynthetic rate (P; mg €hmt) increase
illumination with an optimal with increasing light intensities (I; cal cr min-1) until it reaches ¢
: : maximum potential (Pnax). lc describes the compensation point: t
photoperiod of 18/6 (light/ dark light intensity at which no net growth occurs. The light intensity
hours) (FAO, 1996). Hlorescent which the photosynthetic rate proceeds at 1/2-& is called the haH
lamps should ideally emit light in the Saturation constant. Rax AT A OEA ETEOEAI Ol
. depend on the species and are influenced byadtailability of nutrients,
blue to red ranges since these partSie tempemture and physiological capabilities of the individual. |
of the white Iight spectrum most influenced by the latitudinal position and undergoes daily and seas
. . . fluctuations. At light intensities stronger than required to achievend
efficiently excite the pfotosynthetic the culturesreaches photoinhibition, thus, a decrease in photosynth
apparatus of algae cells. rate (adapted fromhttp://en.wikipedia. org/ wiki/P1_Curve).
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4.1.3.2 Temperature

Generally, net growth occurs withrising temperatures until an optimum is reached. For the
majority of microalgae, the optimal temperature range lies between 18°C and 24°C (FAO, 1996).
The maintenance of this optimum level is particularly difficult for outdoor cultures, especially in
open systems (see below). Temperatures of outdoor cultivation systems are mainly determined
by atmospheric temperature, solar irradiance and relative humidity. Diurnal temperature
differences of as much as 20°C may occur in response to changes in ambient terpees
(Borowit zka, 2005; Olaizola, 2000; Richmond, 1987). This may affect the productivity of
microalgae cutures due to the very high heat capacity of water, i.e. even if ambient
temperatures are at optmum levels, culture temperatures may be 1aA5°C bebw their optimum
(Borowitzka, 2005). Additionally, the long response time to atmospheric temperatures affects
the synchronization of other environmental factors including solar light intensities: optimal
culture temperatures are usually not achieved beforenidday, whereas solar radiation increases
rapidly during the morning (Vonshaket al, 2001) influencing photosynthesis.Figure 13 shows
examples of the influence of temperature on the algal production for some marine species.
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Figure 13 (a) Gross Primary Productivity (GPP) estimates by the model at various combinatbright (PPFDPhotor
flux density) and temperature for the marine specie Gelidium sesquipedale (Duarte, 1894¢.alculated energy conte
(in kJ/g, based on the algal carbohydrates, lipid content and proteins for five tropical Australian marine mitgal
species) as a function of temperature, the vertical bars represent the standard deviation (Resaad, 2001).

Temperatures below the optimal range will not have a negative impact on microalgae biomass
(Alabi et al., 2009). However, sustained higher temperatures have been shown to increase
biomass losses during dark periods (Weissman and Goebel, 1985). Hencesikessential that
microalgae cultures reach optimal temperatures quickly with increasing light intensities and
that temperature rapidly decrease after darkness to maintain high productivities during daytime
hours and to reduce biomass loss in the dark.

4.1.3.3 Gas exchange and pH
Atmospheric CQ concentrations of 0.03% are too low to provide sufficient amounts of carbon to
growing microalgae cultures. Pure C&xan be supplied via an aeration system or a gas exchange
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vessels. In addition to being a carbonasirce, the supply of C@also helps to buffer the culture
pH. Most cultured algae grow at a pH between 7 and 9 with optimal ranges being-8Z (FAO,
1996). It is crucial to maintain suitable pH values since cultures collapse under acidic or alkaline
conditions. Similarly, @ generated as a photosynthetic product has to be removed. Excess
oxygen concentrations cause photaxidative damage of the photosynthetic reactioncenters
leading to cessation of photosynthesis (Molinat al.,, 2001; Pulz, 2001; Sanchelirén et al.,
1999; Ugwuet al., 2008.

As a means of decreasing industrial G@&missions, C® flue gas produced in large amounts
during thermochemical and anaerobic digestion processes may be used as carbon source for
microalgae. Usui and Ikeauchi (1997) report that algae naturally fix CQ via photosynthesis ten
times more efficiently than plants.At industrial scales, C@sequestration by microalgae from
gases originating from a coafired electrical power plant has been established by an Australian
consortium in collaboration with GreenFuel Technologies (Bullock, 2006)Other reports on
utilizing flue gases from anaerobically digested animal waste biogas exist (Doudattaal., 2005).

4.1.3.4 Nutrients

Nutrients that have to be provided for algae growt include macronutrients, vitamins and trace
elements (Alabi et al., 2009). The optimal levels of nutrients required vary between species and
little work has been carried out to determine nutrient requirements for mass microalgae
production (Alabi et al., 2009). However, essential macronutrients include nitrogen (N) and
phosphorus (P) at a ratio of 16N:1P (Brzezinski, 1985), and potassium (K). To avoid nutrient
limit ation, nutrients are normally supplied at excess levels (Acién Fernandeet al., 2001;
Fuentes and Rebolloso Sanchez, 1999; Sanchez Migtral., 1999). Trace metals used in growth
media canprise chelated salts of manganese, iron, cobalt, zinc, selenium, and nickel (Aletoal.,
2009).

Similar to CQ-containing flue gases, wastewater from (un)eated livestock or agreprocessing
industries contain nutrients required for algae growth.In addition to the removal of N and P
macronutrients, microalgae have been reported to clean off heavy metals from wastewater
(Romera et al., 2007). Thus, the use 6 wastewater and flue gas COfor algae cultivation
represents a sustainable way of environmental remediation.

4.1.4 Cultivation Systems

Many techniques have been developed and are available for the cultivation of algae on small
scales. For scientific puposes, algae growth systems are wetleveloped and allow for the study

of different microalgae species under different growth conditions. However, there are several
challenges associated with the production © algae at an industrial scale. To date,
photoautotrophic production is the sole technically and economically feasible technique for
large-scale agae production (Borowitzka, 1997). In the following section, we highlight the most
common growth techniques that are currently employed ircommercially-oriented projects.

Open systems - Raceway ponds

Raceway ponds are open pond production systems that generally consist of a concrete or foil
lined closed loop, ovalshaped recirculation channel Figure 14). The average depth is between
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0.2 and 0.5 m. Circulbon via a
paddlewheel stabilizes algae growth and
enhances productivity. Nutrients and
algae broth are introduced into the system
in front of the paddlewheel, whereas the
culture is collected at a harvest point
behind the wheel. ©, can be introduced
via an aeration system below the culture
surface to meet the algae carbon
Figure 14 Open raceway pond (Wolkeke al., 2011) requirements (Terry and Raymond,
1985). In comparison to other cutivation

methods, raceway ponds are cheaper and have lower energy input requirements (Rodefial.,
2008). In addtion, regular maintenance and cleaning are easier (Ugwet al.,2008), and open
ponds usually display high biomass production rates, despite inconsistencies in reported
production rates (Brennan and Owende, 2010).

However, there are gveral technical difficulties that are generally encountered in raceway pond
systems. Due to the prevailing threat of contamination, microalgae need to be grown under
highly selective conditions (Pulz and Scheinbenbogan, 1998) such as high salinity or high
alkalinity. This requires a careful selection of algal strains for monocultures with only a small
fraction of available strains being suitable (Brennan and Owende, 2010). Despite high biomass
production rates, raceway ponds are less efficient than closailtivation systems (Chisti, 2007)
due to (1) evaporation losses, (2) temperature fluctuations, (3) difficulties to supply sufficient
amounts of CQ, (4) ineffective mixing, and (5) mutual shading (Brennan and Owende, 2010).
Light limit ation by mutual shading can be overcome by decreasing the layer thickness using thin
layer inclined systems (Doucha and Livansky, 2006).

Closed systems

In contrast to open pond production methods, closed photobioreactors allow fahe prolonged
cultivation of single specieswith a reduced risk of contamination (Chisti, 2007). These include
tubular, flat plate and column photobioreactors. As a pagff for the high costs for installation,
harvesting costs can significantly be reduced due to higher biomass productivities thatrcée
obtained in closed systems. They usually consist of glass or plastic panels or tubes that can be
oriented horizontally (Molina et al., 2001), vertically (Sanchez Mirénet al., 1999), inclined
(Ugwu et al, 2002), or as a helix (Watanabe and Saiki, 1BQ Mixing occurs through a
mechanical pump or through aeration via a sealled airlift system (Eriksen, 2008). Agitation
and recirculation are essential for the gas exchange within the reactors.

4.1.4.1 Tubular photobioreactors

Tubular photobioreactors have an upper limit for scaleup possibilities since the length of the
tubes is dependent on @accumulation and C®@exhaustion, as well as pH variations (Eriksen,
2008). Nonetheless, they are considered to be suitable for outdoor mass cultures due to the
large surface areas that are exposed to sunlight (Brennan and Owende, 201Dhere are two
types of tubular photobioreactors: vertical (Figure 16) and horizontal (Figure 15). The
advantages of the vertich PBRs are that they use less space. On the othieand, the horizontal
PBRs can receive more light on its surface which prevenigyht limitation for the algae.
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4.1.4.2 Flat plate photobioreactors

Advantages of flat plate photobioreactors for algae ass cultivation are the large surfaces (Ugwu
et al., 2008) and the high cell densities (>80 g-1) that can be achieved (Hwet al., 1998). A thin
algae layer at the surface captures solar energy (Richmorat al., 2003). The use of flat plate
reactors prevents the accumulation of @ and reaches high photosynthetic efficiencies in
comparison to tubular reactors(Figure 17).

Figure 17 Picture of a flatplate PBR fittp://www.cleantick.
com/users/franc/pages/developmentsn-closedreactors-for-
algae-cultivation/updates/10245)

4.1.4.3 Column photobioreactors

Column photobioreactors are comparably cheap and easy to operate. Aerati@aprovided from
the bottom and efficiently mixes the culture at a high volumetric mass transfer. According to
Eriksen (2008) the culture growth conditions are easiest to control in these systems. In terms of
productivity, column photobioreactors are similer to tubular reactors.
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4.2 Bioprocessing and Algal Products

Algae can produce raw materials for a wide variety of products, the most common to be biofuels.
This chapter will mainly describe the general processing setufor biofuel production. The
bioprocessing methods are also applicable to produce other end products from algal oils and
carbohydrates, for example animal feed. In the last part of the chapter an overview of possible
costs related to the production of algae will be given.

4.2.1 Harvesting an d Processing Algal Biomass
The generation of algal products requires a multistep process that includes harvesting,
extraction and purification, and end product conversion technologies.

4.2.1.1 Harvesting Methods

Harvesting includes the separation of thelgal biomass from the suspension and concentrating
the slurry. Selecting a harvesting technique is crucial to the algae production and the resulting
biofuel production. The choice is dependent on the characteristics of the algae like density and
size (Brennan and Owende, 2010).

1 Flocculation and ultrasonic aggregation: a prior step to flotation and gravity methods.

) 060 ET OAT AAA OF ACCOACAOA OEA Al CAA AAII O

multivalent cations or cationic polymers. Negativecharge of algae cells prevents them
from aggregation andin this way, makes processing difficult The ultrasonic aggregation

is an acoustic methods that has the advantage of preventing shear stress to the algae

which could destroy valuable metabolites

9 Flotation: trapping algae cells using dispersed micrair bubbles (this method is not
much usedyet)

91 Gravity sedimentation and centrifugation: based on ®ke® law. The gravity
sedimentation is only used for largemicroalgae (>70 un) and large volumes of bianass
which have been cultivated with waste water treatment. Centrifugal sedimentation can
be used for smaller microalgae. Also it is used for harvestifggh value metabolites, but
is more epensive because of the high energy costs and also higher maintena
requirements

9 Filtration: the conventional filtration process is only used for large algae species (>70
UM). For species smaller than 30uM, membrane microfiltration and ultrdiltration can
be used. Membrane filtration is in general more costly than cérifugation

4.2.1.2 Extraction and Purification

The harvested slurry has to be dehydrated or dried in order to protect the biomass from
perishing. A certain temperature has to beised tobe able to dry efficiently and at the same time
have a coseffective drying (Brennan and Owende, 2010). Some methods that can be used are:

1 Sun drying, which is the cheapest method but requires large surfaces and long drying
times

1 Spray drying, is relative expensive and used for extraction of high value products
1 Freeze drying, which is also expensive, but makes the extraction of oils easier
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After the drying the oils and other metabolites have to be extracted from the cells by methods
that disrupt the algae cell walls. Most of these methods use certain solvents to do this.

4.2.1.3 Algal biomass to end product conversion technology

There are two main typesof algae biomass conversion: thermochemical and biochemical
conversion (Figure 18). The conversion type depends on the type and amount of hiass, type

of energy needed from the algae, economical aspects and the desired end products.
Thermochemical conversion is used to fuel products from the organic compounds of the algae
biomass. This is achieved by thermal decomposition of the biomass thrdugcombustion in
general, but also through other methods like gasification, pyrolysis. Biochemical conversion
includes the chemical processes of biomass conversion intinels by anaerobic digestion,
fermentation processes and photobiological hydrogen produion.

- Gasification + Syngas

Thermochamical S

| Liguefaciion Bio-oil

Themaochemical
Conversion
Bio-od, Syngas,
e Pyrolysis Cha
——— = Direct Combustion Eleciricity
Algae Biomass —
A ic. Digestion Methane, Hydrogen

-) el { +| Alcohalic Fermantation N Ethanol
PJ'DtohmIcgltal_ Hydragen

Figure 18 Biorefinery processes (adapd from Brennan and Owende, 2010)

4.2.2 Microalgae Products

Microalgae are among the most productive organisms on earth. Their simple morphology
renders them suitable for industrial applications such as the production of food and feed
supplements, cosmetics,as well as the generabn of biofuels (Figure 19). This section
summarizes the most prominent uses of algal biomass.

4.2.2.1 Biofuels

Currently biofuels are becoming more and more important as sustainable alternative to the
use of fossil fuels. Bubiofuels produced from crops, like maize and sugarcane, place a strain on
the world food markets and contribute to water shortages which can worsen with future climate
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change (Brennan and Owende, 2010l addition, the land use change and deforestation fated
to the production of biofuelsmay become a problem for our natural resources and ecosystems in
the future. Biofuels from algae can address these problems. In genettéle cultivation of algae
does not require large areas of land, is water efficienuée of waste water) and the crops can be
saved for the production of food instead of biofueldMore importantly, there are no greenhouse
gas emissions associated with the production of biofuels from alga@Volkers et al., 201Z%
Brennan and Owende, 2010).

However, there are several challenges related tothe use of algae for biofuel production
(Brennan and Owende 2010):

1 Certain algae species have to be chosen which are in balance with the requirements for
biofuel production and the extraction of desired otler co products

1 Production systems have to be developed which can enhance the photosynthetic
efficiency of algae

1 Development of techniques for cultivating only one specie, less evaporation in open
ponds systems and CO2 diffusion losses reduction

1 Lack of dda for large scale algae commercial plants of algae and biofuel production

1 Developing techniques for lowcost harvesting, dewatering and extraction of algal
biomass (Rodolfiet al, 2008).

One of the most important criteria for the selection of a suitablenicroalgae strain is the inherent
lipid content. Many algae strains naturally have a lipid content between 20 and 50% tfeir dry
weight (Brennan and Owende, 2010), which can béescribed asthe lipid accumulation within
algae cells These lipids haveto be extracted to producebiofuel. The amount of extracted lipid
per kilogram of algal biomass dependsboth on the lipid content and the algal biomass
productivity , hence lipid productivity . Theinherent lipid content can be increased by stressing
the dgae following an initial growth phase, by cultivating them in a nitrogenlimited
environment (Wijfels et al,, 2010). This also implicates a change ifipid composition from free
fatty acids to triacylglycerol (TAG) the latter of whichis useful for the conversion into biodiesel.
The only problem with increasing the lipid content by nitrogenlimitation is the fact that the
biomass productivity does not increase over time (Brennan and Owende, 2010; Pruvacst al.,
2009; Wijfels et al, 2010).This can lead to dw oil productivities of the whole algae culture.
However, the biomass productivity may be kept at high levels if the nutrientlimited
environment is introduced after the algae culture has reached a sufficiently high cell density

4.2.2.2 Feed for Animals and Aquaculture

Dried algal biomass may be used for protein extraction. Algae proteins are frequently used as
supplements in feed for many aquaculture species and animals or for food. However, only a few
selected algae species, such as Chlorella and 8fiira are suited for this purpose (Wolkerset al.,
2011).
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Figure 19 End products from microalgae ffom http://www.atafood.com/ Innovative-

Microalgae-Products.htm)

4.2.2.3 Electricity

Microalgae are capable to produce hydrogen gd$l,) photosynthetically that can be used for
electricity generation. To this end the algae need light and a minimal amount abxygen. The
oxygenic photosynthesis has to be declined so that the algae use all ttissolved oxygen and
produce H gas (Melis and Happe, 2001)his processrequires a lot of monitoring and expertise.
It is still under investigation and is, therefore, na practicable to date

On the other hand, electricity can also be produced by combustion of algal biomass in a biogas
plant. The combustion of algae carbe combined with the combustion of crops or other
feedstocksfor the production of biogas and electrity. An example of a biogas plant near a farm
is provided in Figure 20. The algae biomass can be harvested by harvesting methods explained
in paragraph 4.2 and then converted to algae slurry. Thidwsry can directly be fed into the
digester of the biogas plantTable 5 gives an overview of all rawmaterials, including algae that
can be used in a biogas plant to produce a certain amount of biogas yield.

Table5 Biogas yield in rit on of raw material (ttp://www.patervis.com/index-2.html)

Raw material Biogas yield (m3/t of raw material)
Cow manure 60

Pig manure 65
Chicken dung 130

Fat 1300
Distillery slop 70
Grain 500-560
Silage, plant tops, grassalgae 400
Milk whey 50

Fruit and sugar beet pulp 50-70
Technical glycerin 500
"OAxAOB8O0 COAET O 180
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Figure 20 Example of a biogas plant near a farnmitp://www.patervis.com/index-2.html)

4.2.3 Economic Aspects

With a technical advance in the bioprocessing of algal biomass it will be possible to redute t
costs of one kilogram algal imassO1 'O & &welthat iscomparable to thecurrent cost of
palm oil (Wijfels et al., 2010, Wolkers et al, 2011). Nonetheless, it is important to bearin mind
that, in general, only 40% of the algal biomass consists of oil. This means that the rest okth
biomass also needs to be exploited in order to make algae production economically feasible.
P AOAET ¢ 11 OA OEAT 1TTA ATA POI AGAO EO A Oi 600668
40% lipids, 50% protein and 10% sugar, then part of thdipids can be used for bdfuels. The
other part can be used for the chemical industry like cosmetics industry. The protesrare useful

for feed and food products while the sugars can also be used for various end products (Wolkers
et al., 2011). Figure 21 gives anoverview of cost estimates for the algae biomass per 10Ky
after biorefinery (only producing bulk algae, extracting lipids and converting to biofuel is not
considered) (Wijfels et al, 2010). Producing food proteins from algae is the most expensive
process while biofuel production, nitrogen removal and sugarexploitation are the cheapest. It
can be concluded that algaeultivation can be economically feasible only if all the biomass is
used for thegeneration of end products with a significant reductiorin costs forbiorefinery.

Biofuels Chemicals

150 € 200 € Oxygen
256 €

Food proteins N romoval

=
Sugars

Feed proteins 100 €
300 €

Figure 21 Value of 1000 kg algal biomass after biorefining (adapted fronijfféis et al., 2010).
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5. The Products
5.1 Introduction

This chapter presents the feasibility study of an agrobusiness solution for the Veehkolonién
based on literatureresearch All product are designed ora singlefarm level (approximately 100
ha) to simplify the analysis ofthe effectiveness of thgproposed solutionprior to extrapolation to
the whole Veenkolonié area.

To assure enough fresh water foirrigation of arable plots in the Veenkoloniénin the future, the
design of a waterstoragebasin has been chosen as a final product. Different aspects relevant for
the design of a water storage basimncluding the location, soil properties and ground water
levels will be discussed. Finallyposgbilities to collect big amounts of water in the bag and
water retention will be presented.

The design of the solar energy systerwas based on thesurfacearea of the waterstorage basin,
the amount of solar energy that can be harvested ieenkoloniénand the applications of this
energy system. Both theechnical and the economic aspects will beddressed Technical aspects
include the type and amount of solar panels, construction, spacing and shadowing effects and
the electricity yield that may be achievedn the Veenkolonién For the economic analysiswo
different scenarios based on theamounts of subsidy will be discussed.In addition, the
investments and energy production values will be presented for different area sizes.

Algae cultivation for commercial purposes is still very rare and examplesre few. The
technologies for algae cultivation are still under development and the costs of production are
high. Despite those limitations, a microalgae species was selected for cultivation in the
Veenkolonién. Additionally, an example of an outdoor cultivatin system was determined.

Eventually, options for the integration of the three systems and the benefitand problems
related tothe single scenarios will be summarized and visualized by systematic drawings

5.2 Hydrology z Basin Design

It is expected that, in the future climate and during the summer months (1 Aprit 31 August), an
extra supply of 74 mmwill be required on 75% of the agricultural plots. This results in a
required storage of approximately 55000 m of water per farmer. However, storing ths amount
of water is insufficient, as there will be a loss of water to the atmosphere (precipitation minus
evaporation) and the soil or groundwater (seepage). When corrected fahe loss the stored
volume of wateron the 1st of April should be sufficientfor supplying 55000 e of water without
an extra input of water from the ditches into the basin.

In the next paragraphs, different aspects that are relevant for the design of a water storage basin
will be discussed.Initially, the location will be introdu ced, as soil properties and ground water
levels have an influence on the possibilities of constructing a basin. Next, actual construction of
the basin will be presented. Combined with the soil properties and ground water levels, the
method used to construt the basin largely determines the amount of seepage from the basin.
Next, calculations determining the basin dimensionswill be explained, and scenarioswill be
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created to demonstratehow the basin can be filled during winter months. Finally, a cost benef
analysiswill elucidate the financial feasibility of water storage.

5.2.1 Location

It will not be useful to install water basins in the area with groundwater regimeGlclil*, since
high water levels prevailthroughout the whole year(Querner et al.,2011). Between January and
March the average groundwater level forGlclll* is between 0.40m and 0.50m below the soil
surface, and between 1.00m and 1.10m below the soil surfacefrom July through September
From a practicalpoint of view it is not possble to install basins there, since the water level in the
basin should be higher than the groundwater level to avoid damage to the foil caused by the
groundwater pressure (vww.pcsierteelt.be). This means the basircannot be deeper than the
deepest groundwater level, which is about 1.én in summer. If a deeper basinvasinstalled most
water could not be pumped out for irrigation. To install a basin here woulgherefore, require a
very large area (about &a).

In winter months the average groundwater level forGlcV is between 0.40m and 0.60m below
the soil surface (Querneret al., 2011). In summerthe groundwater level isapproximately 1.40
m below the soil surface at the beginning of July and 1.8t below the soil surface in mid
August. Towards the end of Augusthe groundwater level starts rising again and reaches a level
of 1.70m below the soil surface.The water level in the basirwas assumed tde reducedduring
dry summers when groundwater levels will be low as well. Furthermore the water level in the
basin was expected todrop at an equal or slower rate than the groundwater level. Those
assumptions are of importance for the maximum depth of the basin that can be realized. If a
basin was installed in this area the maximum depth could be about 1.5n. In this way, water
levels in the basin will always be higher than the surrounding groundwater levels and no danger
of damaging the foil exist.

For GleVI the average groundwater level in winter months is betwen 1.20m and 1.40m below

the soil surface (Querneretal., 2011). In summerthe groundwater level is 2.00m below the soil

surface at the beginning of July and 2.661 below the soil surface in midAugust. On average
after mid-August the groundwater lewel starts rising again and reaches a level of 2.58 below

the soil surface at the end of August. To avoidomplications, the construction of the water

storage basin should be carried out in summer with the bottom being well above the
groundwater table (Weatherhead, 2008). Together with the condition that the groundwater
level must be lower than the water levebf the basinthis requirement determines the maximum
depth of the basin for this area which is about 2.0 m For the dryer areaswith Glc-VIl, deeper

basins can be nistalled corresponding to the deeper groundwater levelsHere, two scenarios
were used corresponding to basin depths of 1.5 m and 2.0 m, respectively.

5.2.2 Construction of the basin
A lot of different water storage techniques are availsle, but most systems are meant for water
storage on a smaller scale and are mainly used for watsupply to greenhouses.

Basically two options are possible for installing large scale water basins. The first option is the
application of an open pond. Theequirements for implementation of an open pond are a low
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permeability of the soil at the bottom of the basin andpreferably, a shallow surrounding
groundwater level (www.pcsierteelt.be, 2012). Since the subsoitonsists of cover sand (Stiboka,
1977) with a moderate permeability (Witteveen en Bos, 2011) the second requirement cannot
be met. For the largest part of the areaespecially in summer the groundwater tables are
relatively low and, hence the second requrement cannot be met either.

The second option is the implementation of a lined basin. An impression of such a basin
displayed in Figure 22 (Weatherheadet d., 2008). A basin carrompletely belined with plastic
foil (e.g.butyl or polypropylene), or a combination can beused in whichthe bottom will be lines
with a layer of clay and the embankment with foil. Lining the basinentirely with clay is not
possible, since clay will start to dry and shrinkage cracks will occur wihrethe basin is not totally
filled (Boels, 2002). This is also the reasowhy a basin with a bottom lining of clay should not be
completely empty for a longerperiod of time.

Figure 22 Pictures of a lined basin (adapted from Weatherheatal., 2008)

Previous experience with a bottom lining of clay in sandy areas showed thatd seepage loss
was quite large (larger than the precipitation excess) when the difference in water level in the
basin and the groundwater level was relatively large (Boels, 2002). Since the water level in the
storage basin should be higher than the groundater level, seepage from the basin to the
groundwater will occur. The amount of seepage depends on the water level difference, the
permeability factor k of the clay and on the thicknes®D of the clay layer. For instance, if we
assume a constant water leiedifference of 0.50m between the basin and the groundwater and
an hydraulic resistance c of 5,000 days ¢ = D/k) the seepage loss willamount to about 0.1
mm/day. The most suitable clay to use for lining is half ripened clay. Furthermorehe
permeability of the clay should be lower than 0.09nm/day. To eliminate seepagefoil can be
used for lining the bdtom of the basin as well.

When a lined basin is constructed, the basin can either be placpdrtially or completely below
the soil surface When the basin is placed totally below soil surface the excavated soil can be
used on lowlying parts of the farm itself or be transported to another farm. In both cases the
soil should meet certain quality standards angtherefore, a soil analysis should be cargd out by

an accredited specialist \www.pcsierteelt.be). An advantage of constructing a basin partlgbove
the soil surface is that the soil that is excavated can be used to construct the dikes around the
basin andcreating aclosed soil balance (no soil has to be disposed). Howey#re disadvantage

is that all water to fill the basin has to be pumped in and no possibilities for water retention
remain.
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