Vaasan yliopisto

UNIVERSITY OF VAASA

LIANDONG ZHU

Sustainable Biodiesel
Production from Microalgae
Cultivated with Piggery
Wastewater

ACTA WASAENSIA 292
INDUSTRIAL MANAGEMENT 33



Reviewers

Professor Donald Huisingh

Institute for a Secure and Sustainable Environment
University of Tennessee

Knoxville, TN

USA

Professor Tapio Katko

Department of Chemistry and Bioengineering
Tampere University of Technology

P.O. Box 527

FI-33101 Tampere

Finland



III

Julkaisija Julkaisupaivamaara
Vaasan yliopisto Tammikuu 2014
Tekija(t) Julkaisun tyyppi
Liandong Zhu Artikkelikokoelma
Julkaisusarjan nimi, osan numero
Acta Wasaensia, 292
Yhteystiedot ISBN
Vaasan yliopisto 978-952-476-500-8 (nid.)
Teknillinen tiedekunta 978-952-476-501-5 (pdf)
Tuotantotalouden yksikkd ISSN
PL 700 0355-2667 (Acta Wasaensia 292, painettu)
2323-9123 (Acta Wasaensia 292, verkkojulkaisu)
65101 Vaasa 14563738 (Acta Wasaensia. Tuotantotalous 33, painettu)
2324-0407 (Acta Wasaensia. Tuotantotalous 33, verkkojulkaisu)
Sivumaara Kieli
122 Englanti

Julkaisun nimike
Kestdva biodieseltuotanto sikalan jatevedelld kasvatetusta mikrolevasti

Tiivistelma

Vastauksena energiakriisiin, globaalisen ldmpenemiseen ja ilmaston muutoksen haasteisiin, mik-
rolevien kdyttoon biodieselin tuotannossa on kiinnitetty paljon huomiota pyrittdessd kohti kesté-
véd kehitystd. Mikrolevien kédyttd biodieselin raaka-aineena siséltdd monia etuja liittyen ympérdi-
véadn luontoon, ruokaturvallisuuteen ja maankdyttoon. Yhdistimailld makean veden mikrolevdn
Chlorella zofingiensis viljely ja sikaloiden jétevesien késittely saadaan lupaava sovellutus seké
ravinteiden erottamiseen ettd biodieselin tuotantoon. 1900 mgL™ COD:1l4 laimennettu sikaloiden
jatevesi sisdltdd optimaalisen ravinnepitoisuuden levédn C. zofingiensis viljelyyn: ravinteiden pois-
to jatevedestd sekd biomassan, lipidien ja biodieselin tuotto ovat edullisimmillaan. Viljelyvettd
kierrétettdessd havaittiin, ettd ravinteiden puute saattoi liséta lipidien kertymistd. Téllin N- ja P-
rajallisessa ympaéristossd havaittiin korkein FAME tuotto 10,95 %:n kuiva-ainepitoisuudella sa-
malla, kun viljely tuotti korkeimmat biodieseltuotot noin 20 mg L™ paiva™. Myos havaittiin, etti
viljelyvesi voitiin kierréttdd kaksi kertaa levin kasvattamiselle optimaalisena ravinneliuoksena.

Mahdollisuuksia levdn tuotantoon eri suuruusluokissa kokeiltiin kdyttden laimennettuja sikalajéte-
vesid optimaalisella pitoisuudella. Kokeissa havaittiin, ettd NaClO:n kdytté on tehokas ja helppo
tapa esikésitelld sikalan jatevettd ilman havaittavia vaikutuksia ravinteiden poistoon ja biomassan,
lipidien seké biodieselin tuotantoon. Kontrolloimattomissa olosuhteissa ulkona C. zofingiensis voi
kasvaa ja kerdtd runsaasti biomassaa ja lipidejd. Tulosten mukaan stabiili biomassan tuotto 1,314
gL 'pdiva' saavutetaan, kun 50 % mikrolevéviljelysti korvataan uudella jitevedelld aina 1,5 pii-
vén jalkeen. Tdma yhdistettyné levidn viljelyveden kierrdtykseen johtaa johtopaétokseen, ettd levin
C. zofingiensis viljely sikalan jatevedessd ravinteiden kerdamiseksi ja biodieselin tuottamiseksi
voidaan toteuttaa eri suuruusluokan yksikoissa.

Levén C. zofingiensis viljely sikalan jatevedessa biodieselin tuottamiseksi toteuttaa kestdvan kehi-
tyksen periaatteita ympériston ja erityisesti veden kdyton kannalta. Kustannustehokkuutta pitéisi
tulevaisuudessa parantaa esimerkiksi levdn biologisia ominaisuuksia kehittimalla. Mikrolevin
kayttd biodieselin tuotantoon kdyttden jitevettd on kestdvad kehitystd ajatellen ilmeisen lupaavaa,
mutta vain jos sen taloudellista kannattavuutta voidaan parantaa riittdvésti suuren mittakaavan
tuotannossa.

Asiasanat
Mikrolevi, Chlorella zofingiensis, sikalan jétevesi, ravinteiden erottaminen, levén viljelyveden
uudelleenkierto, lipidi, biodieseltuotanto, kestidvyys
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Abstract

In response to the world energy crisis, global warming and climate change, microalgal biodiesel
production has received much interest in an effort to search for sustainable development. Using
microalgae as a biofuel feedstock holds many advantages in relation to the environment, food
security and land use. The integrated approach, which combines freshwater microalgae C.
zofingiensis cultivation with piggery wastewater treatment, is a promising solution for nutrient
removal and biodiesel production. Diluted piggery wastewater with 1900 mg L™' COD provided
an optimal nutrient concentration for C. zofingiensis cultivation, where advantageous nutrient
removal and the highest productivities of biomass, lipid and biodiesel were presented. When
recycling harvest water to re-cultivate C. zofingiensis, it was found that nutrient limitation could
favor lipid accumulation. The N- and P-limited medium showed the highest FAME yield at
10.95% of dry weight, while the N-limited culture and P-limited culture shared the highest bio-
diesel productivity at around 20 mg L' day . It was also shown that harvest water could be
100% recycled twice to prepare a full nutrient medium to re-grow C. zofingiensis.

The potential to scale up production was tested, using the diluted piggery wastewater with the
optimal concentration to grow C. zofingiensis. It was found that using NaClO is an effective and
easy way to pretreat piggery wastewater without any obvious impacts on the nutrient removal
and the productivity of biomass, lipid and biodiesel. In an uncontrolled outdoor environment C.
zofingiensis could grow well to robustly accumulate biomass and lipids. The results also indicat-
ed that the semi-continuous feeding operation, replacing 50% of microalgae culture with fresh
wastewater every 1.5 days, could provide a stable net biomass productivity of 1.314 g L' day .
These findings plus the potential of harvest water recycling can lead to the conclusion that C.
zofingiensis cultivation in piggery wastewater for nutrient removal and biodiesel production is
potentially scalable.

Therefore, C. zofingiensis cultivation in piggery wastewater for biodiesel production can realize
environmental sustainability, especially water sustainability. However, its cost-effectiveness
should be further enhanced in future via methods such as algal biological property improvement.
Undoubtedly, microalgae biodiesel production using wastewater is an apparently promising solu-
tion offering all-round sustainability. However, this can only be realized if the economic viability
of large-scale production is improved.

Keywords
Microalgae, Chlorella zofingiensis, Piggery wastewater, Nutrient removal, Harvest water
recycling, Lipid, Biodiesel production, Sustainability
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1 INTRODUCTION

1.1  Background

1.1.1 Energy crisis

The world population has grown from 2 billion during the Second World War to 7
billion in the 21% century (Avni and Blazquez 2011). There is no denying the fact
that energy is one of the most important basic elements for the development and
even the survival of human society. Energy is of significant importance to both
economic and social development (Zhang et al. 2011). Currently, the world is
witnessing increasing energy supply along with the development of the world’s
economy through industrialization, urbanization and modernization (Figure 1).
All of the net growth has occurred in developing countries with emerging econo-
mies, like the BRICS countries (Brazil, Russia, India, China and South Africa).
For instance, China alone has accounted for 71% of global energy consumption
growth, while energy consumption by OECD (Organization for Economic Co-
operation and Development) has declined, led by a sharp decline in Japan (BP
2012).
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Figure 1.  World total primary energy supply from 1971 to 2010 by region and
fuel type (Mtoe) (IEA 2012a). Mtoe means million tons of oil equiv-
alents. Asia excludes China. Bunkers include international aviation
and marine bunkers. Other includes geothermal, solar, wind, heat,
etc.

In the current traditional primary energy consumption structure, fossil fuels ac-
count for 88.1% with a dominant role, where crude oil consists of 34.8%, coal
29.2% and natural gas 24.1%, while the shares of hydroelectricity and nuclear
energy are very small, only 6.4% and 5.5%, respectively (Ong et al. 2011). Glob-
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ally there has also been growing demand for diesel, which is derived from crude
oil during refining. Gasoline powered cars have the dominant market share in the
United States, where the share of diesel cars in new car sales was a mere 2.68%
from 2010 onwards (Fosten 2012). However, in European countries, especially
Austria, Spain, France and Italy (Eichlseder and Wimmer 2003), as shown in Fig-
ure 2, the market share of diesel-based cars has exceeded 50% since 2006. The
increase in the number of diesel vehicles will lead to an increase of demand for
fossil diesel, if alternative energy cannot be developed and put into practice. By
the end of 2009 diesel had captured over 55% of the new vehicle market in Eu-
rope (Schipper and Fulton 2013).

Popularity of diesel cars on the increase in Europe %
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of new cars in Western Europe Automobile Manufacturers
(EU-15 + Iceland, Switzerland, and Norway) Association

Figure 2.  Proportion of diesel vehicles among new cars in Western Europe
(Neste Oil 2006).

Total energy consumption will increase year by year from now on, as a result of
significant population and economic growth in the developing countries, especial-
ly in China and India. According to the estimation of the International Energy
Agency (IEA), global energy consumption will witness a 53% increase by 2030
(Ong et al. 2011). Figure 3(a) shows past and future consumption of various ener-
gy sources from 1970 to 2030, as evaluated by the IEA (IEA 2006; Saito 2010).
Comparing the forecasted energy demand and available resources of crude oil, it
is undeniable that future energy demand cannot solely be met by fossil fuels. In
2004, the quantity of accessible crude oil resources was estimated to be about
171.1 billion tons. Based on the current consumption of about 11.6 million tons of
crude oil per day, it is expected that the entire available resources will suffice on-
ly for a fairly short time period (Shafiee and Topal 2009; Vasudevan and Briggs
2008). Analyzing global oil depletion, the UK Energy Research Centre even con-
cluded that a peak of conventional oil production will be reached between 2020
and 2030, when readily-available resources will be used up (Sorrell et al. 2009).
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According to Ong et al. (2011), the global proven reserves for crude oil and natu-
ral gas are estimated to last for 41.8 and 60.3 years, respectively, based on the
current production rates. Saito (2010) estimates the duration of fossil resources
consumption on the basis of the reserves available at the end of 2006, as shown in
Figure 3(b). He suggests that the total energy consumption of developing coun-
tries will exceed that of the developed countries in 2030, and will continue to in-
crease dramatically. It is therefore questionable whether there will be enough fos-
sil fuels for human beings to consume in the future.
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Figure 3.  World energy consumption by energy sources (a) and proved re-
serves of energy resources for consumption (b) (Saito 2010).

112 Global warming and climate change

Although the world is going through an energy crisis in terms of depletion of re-
sources, it is true that new oil and gas reserves have constantly been found. Most
exciting have been the new geological surveys that show that as much as a fifth of
the world’s exploitable gas and oil reserves lie under the Arctic ice (McCarthy
2008). Potential oil and gas refining will therefore increase fossil fuel reserves,
thus risking an exponential increase in the greenhouse effect, which could result
in all kinds of catastrophes for the Earth and its inhabitants. Natural disasters
linked to global warming can cause tremendous damage to local areas in terms of
the economy, people’s health and safety, and transportation (Cai et al. 2012).

CO, emissions have clearly increased in the last 35-40 years, and the total
amount of CO, emissions related to the burning of fossil fuels has reached about
26 billion tons (Saito 2010). The statistical data show that at present CO, concen-
tration in the atmosphere is about 380 ppm, compared to 280 ppm before the In-
dustrial Revolution. Figure 4 shows CO, emissions in 2004 and the estimated
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emissions in 2030 for different countries. The total global CO, emissions in 2030
will be 1.6 times higher than in 2004. One evident problem is the high number of
on-road diesel vehicles, since emissions from these engines significantly contrib-
ute to the atmospheric levels of the most important greenhouse gas, CO,, as well
as other urban pollutants such as CO, NOy, unburned hydrocarbons, particulate
matters, and aromatics (Kalam et al. 2003). The use of conventional fossil fuels
can cause fast-rising CO, emissions (Krumdieck et al. 2008; Roman-Leshkov et
al. 2007), and with the ever-increasing pace of modern industrialized develop-
ment this trend will continue if a feasible alternative energy source cannot be
found in time.

40.4 Btons
25.7%
Total emissions
26.1 Btons 0.4°%%
o 6.3%
Other Asian |©thers 24.8% 6.6% 2.9,
- o - (-3
countries 5.3% 1 ac 175
India 4.29%
Japan 4.6% 25.8%
Russia 5.8% China 18.3%
USA 22.1% 17.7%
L L ]
2004 2030(predicted)

Figure 4.  Status of CO, emissions in 2004 and the outlook in 2030, by country
(Saito 2010).

The Inter-governmental Panel on Climate Change (IPCC) has demonstrated that a
temperature increase of 2°C above preindustrial levels will dramatically increase
the risk of severe climate change impacts (EPA 2006). In the EU-15 member
countries transport-related greenhouse gases (GHG) emissions accounted for 21%
of the total EU-15 GHG emissions in 2008, an increase of 20% from 1990 (EEA
2011). Several studies have shown that the two-degree limit for temperature rise
will be broken during the next couple of decades if GHG emissions continue to
intensify (EPA 2006; MTC 2008). If international efforts can achieve effective
international agreements and GHG emissions can be decreased at least by half by
2050 in an attempt to mitigate climate change, the temperature rise can be kept at
2°C (MTC 2008). These tasks are challenging and require mutual action interna-
tionally to mitigate GHG emissions.
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1.1.3 Water pollution

Water pollution is a major global problem. There are three main pollution
sources: agriculture, industry, and municipalities. Agricultural wastewater is the
biggest polluter, since agriculture accounts for more than 70% of global water use
(GEO 2007). A large amount of fertilizers and pesticides is used during agricul-
tural production, and these can cause the contamination of groundwater and sur-
face waters through run-off. Animal wastes are another contributor of pollution in
some areas. Industrial wastewater contains a lot of inorganic and organic matters,
as well as heavy metals such as lead, mercury, and cadmium. Municipal
wastewater is a representative organic wastewater, which contains a lot of organic
matters and organisms like bacteria.

Once the wastewater flows into a waterbody without treatment, it can cause disas-
ters for the respective ecosystems. Nutrient imbalance in water can give rise to
eutrophication, threatening the development and stability of biodiversity. In de-
veloping countries, up to 90 % of wastewater flows into rivers, lakes and seas
without any treatment, threatening people’s health and food security and affecting
access to safe and clean water for drinking and bathing (WWAP 2012). It is esti-
mated that 700 million Indians have no access to a proper toilet (The Economist
2008). Around 90% of cities in China suffer from some degree of pollution by
wastewater, and nearly 500 million Chinese in total cannot access clean drinking
water (The New York Times 2007). Fully industrialized countries continue to
struggle with water pollution problems as well. For example, in the USA 45% of
assessed streams and 47% of assessed lakes are classified as polluted waterbodies,
according to a national report on water quality in the United States (EPA 2007).
Another example is that 97% of groundwater samples in France do not meet
standards for nitrates (UN WWAP 2009).

It has been suggested that water pollution is the leading worldwide contributor to
deaths and diseases and that it directly or indirectly deprives the lives of more
than 14,000 people daily (West 2012). For instance, 1,000 Indian children die of
sickness every day due to dirty water (The Economist 2008). Wastewater must be
treated before discharge, according to the quality requirement of the usage (Figure
5).
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Figure 5.  Water quality changes during water uses in a time sequence (Asano
and Bahri 2009).

There are many methods that have been developed to treat wastewater. These
include activated sludge treatment methods, constructed wetlands, artificial float-
ing beds (Zhu et al. 2011a), and others. Currently, there is a lot of on-going re-
search on the treatment of industrial, municipal and agricultural wastewaters by
microalgae culture systems (Yang et al. 2008; Zhang et al. 2012; Samori et al.
2013). When cultivating Arthrospira platensis in olive-oil mill wastewater it has
been found that the maximum removal of chemical oxygen demand (COD) was
73.18%, while phenols, phosphorus and nitrates in some runs were completely
removed (Markou et al. 2012). Ruiz-Marin et al. (2010) compared two species of
microalgae growing as immobilized and free-cells to test their abilities to remove
total nitrogen (TN) and total phosphate (TP) in batch cultures with urban
wastewater. Kothari et al. (2012) found that Chlorella pyrenoidosa could remove
about 80-85% TP and 60-80% of TN from dairy wastewater.

114 Sustainable development

Recently, more and more concerns have been expressed regarding sustainable
development. Sustainable development refers to a mode of human development
where an activity can meet the needs of the present generation in an environmen-
tally friendly manner while maintaining options for future generations (Bruntland
1987). The concept of sustainable development can be divided into four parts:
environmental sustainability, economic sustainability, social sustainability, and
cultural sustainability (Figure 6).
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Sustainability

Figure 6.  Sustainability concepts and their inter-relationships.

Today more than ever before, unpredictable environmental issues strongly bound
with economic, social and cultural impacts are dominating the international agen-
da, and much importance has been attached in particular to the sustainability of
industry. Identifying the core environmental, economic, social and cultural im-
pacts is the first step in supporting the development of a sustainable industry. Un-
sustainable aspects can be identified using the techniques of risk assessments
(Gupta et al. 2002) and environmental impact assessments (Salvador et al. 2000).
Potential risks can thus be forecast and then either mitigated or eliminated to
some degree.

It is a long-term goal to achieve sustainable economic development along with
sustainability of energy. Many significant problems lie in energy production and
consumption, such as shortage of resources, low energy efficiency, high emis-
sions, damage to environment, and lack of effective management systems (Zhang
et al. 2011). As an example of the scale of the challenge, from 1990 to 2006 Chi-
na observed an increase of nearly 6% annually in CO; emissions, ending up with
5.65 billion tons CO; in 2006, accounting for 20.3% of the global amount (Jiang
et al. 2010). Therefore, it is a long journey for developing countries to optimize
energy structures, improve energy efficiency, enhance environmental protection,
and carry out efficient energy management in pursuit of sustainable development.

Biofuels have become a hot research topic due to their advantages over fossil
fuels (Figure 7). The desire to reduce reliance on foreign oil imports, to improve
energy security and to reduce the effects of global warming and climate change
has sparked a lot of interest in terms of research and development (R&D) of alter-
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native fuels (Coplin 2012). Policymakers, academics, business representatives,
and members of relevant associations are pushing development of biofuels for
various reasons. Some think of biofuels as a substitute for high-priced petroleum,
while others emphasize their potential to extend available energy resources to
confront the increasing world demand for fuels in the transportation sector. Others
see biofuels as a substitute for carbon-neutral energy or as an economic oppor-
tunity for business. Nonetheless, there are still some skeptical voices arguing that
not all biofuel types are sustainable. Many of the biofuels which are currently
being supplied have been criticized on the basis of potential adverse effects on the
natural environment, food security and land use.
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Figure 7. CO; cycle for fossil fuel and biofuels. Modified from Ng et al.
(2009).

1.2 Towards bioenergy

In response to the challenges outlined above, renewable energies have received a
lot of attention and will hopefully become one of the main energy sources for the
world. According to calculations, renewable energy in 2010 covered only 13% of
the global primary energy demand (IEA 2012b).

Bioenergy is thought of as the renewable energy with the highest potential to sat-
1sfy the energy needs of modern society for both developed and developing coun-
tries (Ong et al. 2011). At present, bioenergy contributes around 10-15% of the
world energy use (Demirbas et al. 2009). Biofuels, mainly in the form of bio-
diesel, bioethanol, biogas and biohydrogen, have therefore received increasing
attention (Antoni et al. 2007; Johnson and Wen 2010).
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Biodiesel, which is usually produced from either animal fat or oil crops, such as
soybean, corn, rapeseed, palm, and castor bean, is a non-toxic, renewable and
biodegradable fuel, and thus one of the potential alternatives to fossil fuel. Never-
theless, this feedstock has low oil yield and entails high demand for land, water
and fertilizer.

Bioethanol is considered to have the potential to replace the fossil-derived petrol
(Prasad et al. 2007). Bioethanol is produced via fermentation using a variety of
sugars, which are derived through hydrolyzing starch from, for instance, corn,
sugarcane and sorghum. Bioethanol from lignocellulosic feedstock is also being
developed (Dwivedi et al. 2009). Lignocellulosic feedstock includes woody
sources such as aspen, energy crops such as switchgrass, agricultural wastes such
as corn stover (Huang et al. 2009), as well as dairy and cattle manures involved in
a few studies (Chen et al. 2004).

Biogas generation is widely used for the treatment of all kinds of wastes (Pham et
al. 2006). Biomass used for anaerobic digestion can be obtained from (1) terres-
trial sources including mechanically sorted and hand-sorted municipal solid
wastes, various types of fruit and vegetable solid wastes, leaves, grass, wood and
weed, and (2) aquatic sources including both marine and freshwater biomass,
such as seaweed and sea-grass (Zamalloa et al. 2012).

Biohydrogen is a clean biofuel type, since it can be used in a fuel cell with water
as the only exhaust product and without any pollutant emissions. Large-scale
electrolysis of water is possible, but costs more energy than can be generated by
hydrogen. However, several bacteria, such as purple non-sulfur bacteria (Lee et
al. 2002; Bianchi et al. 2010), can use a wider range of organic substrates (such as
food wastes, agricultural residues and wastewaters) and light to produce hydro-
gen.

Microalgal biofuels have received a great deal of attention. Algae, which can ab-
sorb CO, photo-autotrophically, are ideal candidates for CO, sequestration and
greenhouse gas mitigation during algae-based biofuels production. Microalgae
have been found to have several constituents, mainly including lipids (7-23%),
carbohydrates (5-23%), proteins (6—52%), and some fat (Brown et al. 1997). Pre-
vious studies have shown that microalgae are consequently a versatile feedstock
for the production of biofuels including biodiesel, bioethanol, biogas, bio-
hydrogen, and many other fuel types like biobutanol, bio-oil, syngas, and jet fuel
(Li et al. 2008; Koller et al. 2012) via thermochemical and biochemical methods
(Figure 8).
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Figure 8.  Flexible biofuels production from microalgae (Zhu et al. 2012).

1.3  Advantages of microalgae as the biofuel feedstock

1.3.1 Some agro-biofuels are unsustainable

The feedstock used for biofuel production mainly includes the following materi-
als: straw, sugarcane, wood materials, wood wastes, manure, energy plants, and
many other co-products or byproducts from a wide range of agricultural processes
(Zhu et al. 2012). According to the feedstock differences, biofuels can be classi-
fied into three types: the first generation, the second generation and the third gen-
eration. Biodiesel and bioethanol are the most popular types of first- or second-
generation biofuels. Biodiesel is made from, for example, canola and palm, and
bio-ethanol from crops such as sugarcane and corn starch. It is believed that bio-
fuels production can bring job opportunities and increase farmers’ incomes, espe-
cially in developing countries. Meanwhile, it can also reduce a country’s reliance
on crude oil imports (Zhu et al. 2012). As such, biofuels production is of strategic
importance to the future development of our society.

Nevertheless, biofuels, which are derived from food or non-food crops, are not
thought of as renewable and sustainable energy types. The growth of these non-
food crops targeted for biofuels production will lead to competition for arable
farmland with food crops. Farms are limited and should be used to grow food
crops. If the food crops grown in farmlands are used to produce biofuels, it will
affect food security, and food prices will increase rapidly, subsequently impacting
the access of poor populations to food (von Braun et al. 2008). Microalgal biofu-
els can deal with most of the concerns connected to first- and second-generation
biofuels, and are thus referred to as third-generation biofuels. Microalgal biofuels
are currently attracting a lot of research attention (Lam and Lee 2012).
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1.3.2 Strengths of microalgae as a biofuel feedstock

There is no denying the fact that there exist some disadvantages to employing
microalgae as the biofuel feedstock, for instance, the expensive nature of start-up
and harvest and drying (more detailed information is exhibited in Table 5 in
Chapter 3). However, several obvious advantages have been identified.

First, microalgae can grow very fast and have a high photosynthesis rate. Com-
pared to all the terrestrial crops investigated until now, one unit of growing area
of microalgae can produce much more biomass and oil, as shown in Table 1. It is
expected that 50 times more biomass can be produced from microalgae than that
from switchgrass, which is the fastest growing terrestrial crop (Demirbas 2006).
The doubling time for microalgal biomass during the exponential growth phase
can be as short as 3.5 h (Chisti 2007), and up to 20-22 g dry weightm ~day ' of
average productivity has been achieved in raceway ponds.

Table 1. Yields of bio-oils produced from a variety of crops and algae
(Avagyan 2008).

Substance Gallons of oil per acre per year
15
35
48
61
102
127
202
635

1,850
5,000-15,000

Second, less freshwater is required to grow microalgae than for land crops. In
addition, water used in the process can be largely recycled for the algal biomass
production system.

Third, the algal biofuel industry has low land occupancy. Unproductive land, such
as arid or semiarid areas, infertile farms, saline soils, polluted land, and other land
with low economic value (e.g. deserts) can be used to establish microalgae growth
and biofuel refineries. The advantage here is that the biofuels do not compete with
food crops for farmland.



12 Acta Wasaensia

Fourth, all kinds of wastewaters, such as municipal, agricultural and industrial
wastewaters, can be utilized to culture microalgae. The wastewater provides nu-
trients to form algal biomass; thus, wastewater can be purified mainly by algal
cell uptake, physical processes and microbial activity (Zhu et al. 2011a; Zhu et al.
2013). This provides a new measure for wastewater treatment, since the inorganic
and organic matters in wastewaters can also be degraded.

Fifth, microalgae systems can be filled with flue gas (rich in CO;) as a carbon
source, since some species can tolerate CO,, NOy, SOy, dust, and other elements
in flue gas (Imhoff et al. 2011).

Sixth, the methods to harvest and pretreat microalgae are easy, although the costs
are high, thus accelerating the biofuel production process in practice.

Seventh, many value-added chemicals, like protein and glycerol, can be co-
produced during the biofuel production process (Nilles 2005). For example, more
than 400,000 tons of glycerol could be simultaneously co-produced when 1 bil-
lion gallons of algal biodiesel are produced (Oswald 1988).

Eighth, engineering tools can be applied to microalgae. The genes of the algal
cells can be modified and mutated via a certain technological method or by
changing growth conditions. This can significantly increase the biomass quantity
and algal oil content.

Ninth, several biofuel types, mainly in biodiesel, bioethanol and biogas, can be
produced from microalgae. Thus, microalgae are versatile.

Finally, the physical and fuel properties (e.g. density, viscosity, acid value, heat-
ing value, etc.) of biodiesel from microalgal oil are generally comparable to those
of fossil fuel diesel.

1.4  Microalgae cultivation technology

1.4.1 Microalgae biology

Microalgae, which grow in aquatic environments, are simple microscopic hetero-
trophic and/or autotrophic photosynthetic organisms, ranging from unicellular to
multi-cellular in form. In contrast to aquatic plants, microalgae do not have real
embryos, roots, stems or leaves. They are able to use water, sunlight, and CO; to
synthesize biomass through photosynthesis (Ozkurt 2009). The synthetic biomass
can then further be converted into biodiesel, fertilizer and other useful products.
More than 40,000 different species of microalgae have been identified (Fuentes-
Grunewald et al. 2009), and most of them have a high content of lipids, account-



Acta Wasaensia 13

ing for between 20 and 50% of their total biomass (Chisti 2007). The overall reac-
tion process can be summarized as follows:

6CO; + 12H,0 + photons = CcH2,0¢ + 60, + 6H,0

Apart from sunlight and CO,, water, nitrogen and phosphorus are the three major
inputs for algae growth. Major nutrients such as N and P alone contribute to about
10-20% of algae biomass (Benemann 1996). As well as macro-ingredients in-
cluding N, P, Mg, Na, Ca, and K, micro-ingredients like Mo, Mn, B, Co, Fe and
Zn are also required. In general, the growth of microalgae goes through four
phases (Figure 9): lag phase, exponential phase, stationary phase and lysis phase.
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Figure 9.  Algae growth phases (Moazami et al. 2012).

1.4.2 Culture parameters

Specific environmental conditions, which vary between microalgae species, are
required in order to successfully cultivate microalgae. Factors that influence mi-
croalgae growth include (Mata et al. 2010): abiotic factors such as light intensity,
temperature, O,, CO,, pH, salinity, nutrients (N, P, K, etc.) and toxins; biotic fac-
tors such as bacteria, fungi, viruses, and competition for abiotic matters with other
microalgae species; operational factors such as mixing and stirring degree, width
and depth, dilution rate, harvest frequency, and addition of bicarbonate. The gen-
erally most important factors are described in the following sections.



14  Acta Wasaensia

1421  Light

Light is the energy input source for the photosynthesis of microalgae. Light ac-
cessibility and intensity is one of the key parameters impacting the growth per-
formance of microalgae culture. When the light intensity is at a fairly low level,
for instance, below the compensation point, there is no net growth (Long et al.
1994; Alabi et al. 2009; Ye et al. 2012). After the compensation point, as the light
intensity increases, the growth can increase until the light saturation point where
the photosynthesis rate is the maximum. After this point, no increase in growth
rate will appear when increasing the light intensity, since it will cause photoinhi-
bition (Henley 1993; Ye et al. 2012).

When the microalgae culture concentration is low, every microalgal cell can cap-
ture the light. The microalgal cells might lack self-shading, which could cause
photoinhibition (Alabi et al. 2009). To avoid this, the light intensity should not be
too high. When the microalgae culture concentration is high, it is not possible for
the light to penetrate deeply into the culture; also, only the top layer can absorb
the available light, leaving the rest in the dark — this is called over-shading. The
top layer might face light saturation and inhibition, since most microalgae reach
light saturation at around 20% of solar light intensity (Pulz 2001; Torzillo 2003).
Proper mixing is one solution to these issues, allowing the cells to move around,
thus efficiently increasing photosynthesis.

14.2.2 Temperature

Temperature is another key limiting factor, especially for outdoor cultivation sys-
tems. Generally, microalgal growth increases exponentially as temperature in-
crease to an optimal level, after which the growth rate declines. Temperatures
below the optimal range and above freezing will not kill microalgae, and many
microalgae can easily tolerate temperatures up to 15°C lower than their optimal
(Mata et al. 2010). Keeping cultures at temperatures above the optimal will result
in total culture loss (Alabi et al. 2009). Generally, temperature must remain with-
in 20 to 30°C to achieve ideal growth (Chisti 2007). In outdoor systems, overheat-
ing issues might occur, and thus water-cooling systems should be considered to
make sure the temperature will not exceed the optimal range.

1.4.2.3 Nutrients

Generally, the composition of microalgae is CH;7004Ny.15Po.0094 (Oswald 1988).
Thus, the macronutrients should contain nitrogen and phosphorus (silicon is also
required for saltwater algae). In addition, trace metals, such as, Fe, Mg, Mn, B,
Mo, K, Co and Zn, are also needed. The nutrients used can be supplied in the



Acta Wasaensia 15

form of simple, easily available agricultural fertilizers. However, significant costs
will be incurred here.

Several studies have reported that N or P deficiency or limitation during microal-
gae cultivation can improve the lipid accumulation and transformation for most
species (Khozin-Goldberg and Cohen 2006; Hu et al. 2008; Devi and Mohan
2012; Feng et al. 2012). In practice, microalgae are cultured in full media with
enough nutrients in the early stages, while in later stages nutrient deficiency or
limitation needs to be designed to improve the lipid content. Ito et al. (2012)
found that nitrogen deficiency conditions could cause a decrease in amino acids in
algal cells to 1/20 the amount or less, while the quantities of neutral lipids in-
creased greatly. Devi and Mohan (2012) suggested that the stored carbohydrates
from the growth phase might channel towards the formation of triacylglycerides
(TAGs), leading to efficient composition for biodiesel production.

Recently most kinds of wastewater have been tested for microalgae cultivation.
The N and P removal mainly results from the uptake of microalgal cells during
growth (Su et al. 2011). Moreover, microorganisms (if existing in microalgae
culture) can also contribute to the nutrient degradability. Ammonia (NH4"), nitrate
and nitrite can be degraded via nitrification (Eq. (1)) and denitrification (Eq. (2))
by some special bacteria (Zhu et al. 2011a), as shown in the following equations
(Eq. (1) plus Eq. (2) is equal to Eq. (3)). Inorganic nitrogen in the form of nitrate
after nitrification can be absorbed by algal cells or continues to be degraded into
gas nitrogen. For phosphorus reduction, physical and chemical reactions such as
absorption, ion exchange and sedimentation or precipitation play a very important
role (Ruiz-Marin et al. 2010). Phosphate can also be degraded to some degree
through microbial activities (Kim et al. 2005; Oehmen et al. 2007). In addition, if
the pH of microalgae culture increases, it will also contribute to the P removal via
P precipitation (Ruiz-Marin et al. 2010). Metal ions such as calcium, aluminum
and iron can react with phosphate and settle down. For example, Eq. (4) shows
that phosphate reacts with ionic calcium and is removed as a solid.

NH4" + 205 + 2HCO3~ — NO3~ + 3H,0 + 2CO, (1)
5C + 4NO3~ + 2H20 — CO3 + 4HCO3™ + 2N> (2)
4NH4% + 805 + 5C + 4HCO3 — 2N3 + 10H20 + 9CO» (3)
10 Ca?* + 6 PO43" + 2 OH™ « Cayo(PO4)*6(0OH)2 | 4)

1.4.2.4 CO, addition and O, removal

The microalgal biomass contains a high proportion of carbon, around 45-50%
(Alabi et al. 2009). CO,, plus acetic acid, sugar, etc., is the carbon source for pho-
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tosynthesis. Algal growth limitation might occur if algal culture is supplied only
from air, which only contains 0.033% CO,. Extra CO, can be blended with air
and injected into algae cultures via gas addition facilities (Mata et al. 2010). CO,
is expensive, so the use of it can increase the costs. In practice, air can be intro-
duced into a deep level underwater via air stones to improve the efficiency of
CO,. Another method is to introduce CO,-rich industrial flue gas into the cultures.

During photosynthesis, CO; is used and O, is generated. If O, cannot be emitted
into the air and its concentration exceeds saturation, it will cause photo-oxidative
damage to chlorophyll reaction centers, thus inhibiting the process of photosyn-
thesis and reducing biomass productivity (Alabi et al. 2009). In open algae sys-
tems, this phenomenon will not happen, since there is an interface between at-
mosphere and medium and O; can be emitted easily and freely. Nonetheless, as to
the closed systems such as closed PBRs, additional facilities such as gas exchang-
ers are required (Mata et al. 2010).

1425 Mixing

As already discussed in Section 3.2.1, when the culture concentration is high, the
light cannot penetrate, thus reducing biomass productivity. Therefore, mixing is
necessary to make sure all algal cells are suspended with identical access to light.
Mixing is also useful to mix nutrients and help the cells’ uptake of these nutrients.
Additionally, mixing can also make gas exchange more efficient.

1.4.2.6 pH and salinity

Usually, suitable pH value for algae culture is 6—8 (Zeng et al. 2011). However,
different sources of media have different pH values. Also, influenced by CO,, the
pH values are changeable during cultivation. However, algae species seem to be
more tolerant of the broad range of pH values. Lam and Lee (2012) cultivated
Chlorella vulgaris in media with pH values of 3, 4, 5, 6, 7, 8 and 9, and came to
the conclusion that there was no great difference in the growth characteristics of
the algae. Of course, the tolerance ability of is species-dependent.

Due to evaporation, salinity might increase during algae production. Too high a
degree of salinity is harmful for algae cells since it might change their shape and
structure due to the water pressure between media and cells (Mata et al. 2010).

1.4.3 Culture vessels

Microalgae can be manually cultivated. In total, it has been found that more than
50,000 microalgae species exist; only about 30,000 species, however, have been
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studied and analyzed until now (Richmond 2004). From a technological point of
view the most practical and mature way to cultivate microalgae is to use ponds
and photobioreactors (Chisti 2007). The main differences between open ponds
and photobioreactors are summarized in Table 2. Figure 10 and 11 exhibit some
typical prototypes of open ponds and photobioreactors.

Table 2. Characteristics comparison of open ponds and photobioreactors
(Zhu et al. 2011b).

Parameter Open pond Photobioreactor

Land requirement High Variable

Water loss Very high, may also cause Low, and may be high if water

Hydrodynamic stress on algae
Gas transfer control
CO; loss

O, inhibition

Temperature
Startup
Construction costs

Operating costs

Limiting factor for growth
Control over parameters
Technology base

Risk of pollution
Pollution control

Species control

Weather dependence

Maintenance

Ease of cleaning

Susceptibility to overheating

Susceptibility to excessive O,
levels

Cell density in culture

Surface area-to-volume ratio
Applicability to variable species
Ease of scale-up

salt precipitation

Very low

Low

High, depending on pond
depth

Usually low enough because
of continuous spontaneous
outgassing

Highly variable

6—-8 weeks

High — US § 100,000 per
hectare

Low — paddle wheel, CO,
addition

Light

Low

Readily available
High

Difficult
Difficult

High — light intensity, tem-
perature, rainfall
Easy

Easy

Low

Low

Low — between 0.1 and 0.5 g
l-l

High

Low

High

spray is used for cooling
Low-High

High

Low

High (O, must be removed to
prevent photosynthesis inhibi-
tion)

Cooling often required

2—4 weeks

Very high — US § 1,000,000
per hectare: PBR plus support-
ing systems

Very high — CO, addition, Ph-
control, oxygen removal, cool-
ing, cleaning, maintenance
Light

High

Under development

Low

Easy

Easy

Medium — light intensity,
cooling required

Hard

Hard

High

High

High — between 2 and 8 g I

Very high

High

Variable (bubble column and
tubular PBRs are easy)
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Figure 10. Examples of open pond systems (Source: a—¢ by FAO 2009; f by
Liandong Zhu; g by Shuhao Huo). a. Small pond for Spirulina cul-
ture, Asia; b. Dunaliella salina ponds of Cognis, Australia; ¢. Cen-
ter-Pivot ponds for the culture of Chlorella in Taiwan; d. Open race-
way-type culture ponds at Earthrise in California; e. Paddle wheel of
a raceway pond; f—g: Raceway ponds in Foshan, China.
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Figure 11. Examples of closed cultivation systems (a—h by FAO 2009; i—j by
Liandong Zhu). a. “Big Bag” culture of microalgae; b. Bubble col-
umn reactor; ¢. Tubular bubble column photobioreactors; d—f. Tubu-
lar reactor system; g—h. Experimental photobioreactor; i. Lab-scale
PBRs; j. Pilot-scale PBRs.
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1.4.4 Biomass harvest and drying

Microalgae concentrations are always low, and their size is only a few microme-
ters (1 to 30 um), which makes the harvesting and further concentration of algae
difficult and therefore expensive (FAO 2009). It has been suggested that harvest-
ing including drying contributes 20-30% of the total biomass production costs
(Mata et al. 2010). The harvesting cost could be significantly reduced by optimiz-
ing various processes; however, current studies are not conclusive enough to pro-
pose such optimal harvesting processes. Thus, further R&D efforts are still re-
quired.

Basically, most common harvesting methods include sedimentation, filtration,
flotation and centrifugation, sometimes with an additional flocculation step or a
combination of flocculation—flotation (Mata et al. 2010). The aim of harvesting is
to obtain slurry with at least 2—7% of total solid matters (SEI 2009); the microal-
gae can achieve up to 20% of total solid matters when using centrifugation (US
Department of Energy 2010).

After harvesting the next step is dewatering and drying. Drying needs lots of en-
ergy and thus is the economic bottleneck of the entire process. The most common
methods include spray-drying, drum-drying, freeze-drying and sun-drying (Mata
et al. 2010). Sun-drying is cheap, but it is geography-dependent and will require
extra space and considerable time.

1.5 Downstream processing

151 Microalgal lipid extraction

Lipid can be extracted by both chemical methods and mechanical methods. Lipids
can be released by solvent extraction from the dried biomass. Several organic
solvents can be used, for example, hexane, ethanol (96%), or a hexane—ethanol
(96%) mixture, and up to 98% of lipids can be extracted (Mata et al. 2010). Su-
per-critical extraction is also employed in practice, such as Subcritical Water Ex-
traction and Supercritical Methanol Extraction (US Department of Energy 2010).

Mechanical disruption is a method that is initially employed to disrupt the cell
membrane by grinding, pressing, beating, or crushing prior to the application of
the extraction solvents (US Department of Energy 2010). In addition, extraction
methods such as ultrasound and microwave have also been studied for oil extrac-
tion (Mata et al. 2010).
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1.5.2 Microalgal biodiesel conversion

Biodiesel can be produced by three common routes: acid-catalyzed transesterifi-
cation, base-catalyzed transesterification and chemical-catalyzed transesterifica-
tion of fatty acids to alkyl esters. During production, alkaline or acidic, homoge-
nous or heterogenous chemical catalysts can be used in the process. Base-
catalyzed transesterification is the established means of processing biodiesel and
is the overwhelming option used in industry for economic and technical reasons.
The overall biodiesel production reaction is as follows:

o (s}

I I
H.C—0—C—R; H.C —OH RR—O—C—R,

(=] o

n Catalyst n
HC—O—C —R: + 3 CH;0H ) HC—OH + R"—O0 —C —ARz

o +-— o

1] 1]
HoC—O0—C—Rs H2C —OH R"—O0O—C —ARs

Triglyceride Methanol Glycerol Fatty Acid Alkyl Ester

Figure 12. Transesterification of oil to biodiesel (R;_3 are hydrocarbon groups).

As indicated in Figure 12, one molecule of each triglyceride in the algal oil reacts
with three molecules of methanol to produce three molecules of methyl esters, the
biodiesel product, and one molecule of glycerol (Aikins et al. 2009; Mata et al.
2010).
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2 RESEARCH QUESTION AND STRUCTURE

2.1  Topic selection and research objective

As already explained in the Introduction, the world is currently facing serious
environmental and energy problems. Global warming and climate change, water
pollution, and the energy crisis are dominating the global scientific agenda. Thus,
in an attempt to work towards sustainable development, the work presented here
investigates a sustained solution to deal with issues related to both environment
and energy.

Biodiesel produced from microalgae is one of the options to relieve the urgent
demand mentioned above. Biodiesel production from microalgae holds a lot of
advantages in terms of the impact on the natural environment, food security and
land use, and microalgae have been proposed by many researchers as a promising
feedstock (Chisti 2007; Avagyan 2008; Feng et al. 2011). Microalgae, which are
rich in lipids, starch, and protein, can be utilized as a non-food-based feedstock
for biofuels (mainly in the form of biodiesel, bioethanol and biogas) and chemical
production. Some microalgae species can also be grown in wastewater by uptake
of nitrogen and phosphorus (Chen et al. 2012; Kothari et al. 2012; Markou et al.
2012; Samori et al. 2013). In contrast to agriculture-based biofuel plants, microal-
gae grown in wastewaters can consume significantly less freshwater and improve
water quality by removal of nutrients. Thus, no or limited chemical fertilizers,
which are easily dissolved in rainwater or run-off, need to be added into the algae
production system.

Based on environmental and energy considerations, this thesis combines biodiesel
production from microalgae with wastewater treatment in a sustainable manner.
In this research, the sustainability of microalgae production will be disclosed,
piggery wastewater with different nutrient levels will be used to cultivate fresh-
water algae Chlorella zofingiensis to reveal the nutrient removal ability and the
productivity of biomass, lipids and biodiesel, the harvest water will be recycled to
re-cultivate C. zofingiensis to examine the effect on the growth of algae, and po-
tential for scale-up will be investigated as well.

To summarize, the objectives of this dissertation are: (1) to investigate and mini-
mize the sustainability impact factors before the establishment of microalgae fa-
cilities, (2) to evaluate the efficiency of the integration of C. zofingiensis cultiva-
tion with piggery wastewater treatment, (3) to examine the feasibility of recycling
harvest water to re-produce microalgae, and (4) to reveal the possibility of scaling
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up C. zofingiensis production for biodiesel conversion. The conclusions will fol-
low to show how sustainable microalgae biodiesel production can become.

2.2 Research question, sub-questions and papers

Today, microalgae-based biodiesel is receiving more attention than ever before in
efforts to search for renewable and alternative energy. However, there are widely
voiced concerns about the sustainability of this energy source. To support the al-
gal biodiesel industry, sustainably producing microalgal biomass for biodiesel
conversion is becoming more and more important. To generate biodiesel from
microalgae cultivated in wastewater is a promising concept to make microalgal
biodiesel production more sustainable. So what kind of sustainability can be
achieved during biodiesel production from microalgae cultivated in
wastewater? There are several sub-questions that follow from this.

The following sections map out these sub-questions, examine the background to
them, and outline the papers that will attempt to offer solutions. There are four
sub-questions, four backgrounds, and four papers to answer each sub-question.

Problem setting |: Nowadays, the unpredictable environmental issues strongly

bound with the economic, social and cultural impacts of the energy sector are
dominating the international agenda. In order to be sustained, an industry should
be environmentally sound, economically viable, socially just and culturally ac-
ceptable. In this regard, identifying and exploring the potential benefits and im-
pacts related to microalgae-derived biodiesel production, systematically, can be
seen as a first step towards supporting a biofuel industry. Consequently, all these
aspects can be indentified and predicted in advance in order to make the best of
benefits and minimize the potential impacts associated with microalgae produc-
tion activities.

Sub-question I: Form a broad perspective, what kind of sustainability concerns
(including the environmental, economic, social and cultural dimensions) the mi-
croalgae production has?

Title of Paper I: Microalgae production as a biofuel feedstock: risks and chal-
lenges

Problem setting Il: In order to reduce the use of chemical fertilizers, ongoing re-
search has been carried out, including on the use of manure and wastewaters rich
in nitrogen and phosphorus as nutrient sources to cultivate microalgae. In this

situation, compared to agriculture-based biofuel plants, microalgae can consume
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significantly less freshwater and improve water quality, since only limited
amounts of chemical fertilizer, which is easily dissolved in rainwater or run-off,
need to be applied to the microalgae system.

Sub-question 1I: Is it effective to use piggery wastewater to cultivate algae C.
zofingiensis? How efficient is this method for biomass accumulation, biodiesel
production, and N and P removal?

Title of Paper II: Nutrient removal and biodiesel production by integration of
freshwater algae cultivation with piggery wastewater treatment

Problem setting I1l: Microalgae biomass harvest can improve the quality of the
treated wastewater and provide biomass to produce biodiesel as well, while leav-
ing a lot of harvest water. Many previous studies have suggested that the harvest

water should be recycled into the microalgae system with the purpose of water
and nutrient reuse. However, there are no experimental data on the feasibility of
recycling harvest water to re-cultivate microalgae. For instance, the influences of
harvest water recycling on the growth of microalgae still need to be surveyed.
During microalgae growth some metabolites including toxins can be released,
which might cause inhibition of microalgae production when harvest water is cir-
culated into the cultivation system. This might impact the biomass and lipid
productivities and fatty acid methyl ester composition of biodiesel as well. In ad-
dition, after recycling several times, the harvest water is susceptible to contamina-
tion by fungus and bacteria, another inhibition factor for microalgae growth, total
algal lipid content and lipid production rate. It is therefore unknown how many
times or to what extent the harvest water can be recycled at a degree of 100%.

Sub-question I11: What is the situation when the harvest water is recycled into the
microalgae production system? What are the effects?

Title of Paper Ill: Recycling harvest water to cultivate Chlorella zofingiensis un-
der nutrient limitation for biodiesel production.

Problem setting IV: Most of the studies on microalgal biodiesel production have
been carried out only on lab or pilot scale, and microalgae are therefore not yet

being commercially produced on a large scale. In addition, in real operations it is
energy-intensive and complex to sterilize wastewaters by autoclave before the
introduction of microalgae species. Moreover, previous studies have demonstrat-
ed that most feeding modes are batch operations, which are usually time-
consuming, causing limited capacity and ability to treat wastewaters effectively.
All of these factors are bottlenecks for the scale-up of microalgae cultivation us-
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ing wastewaters in practice, showing that this apparently promising approach is
still in its infancy.

Sub-question IV: Is it feasible or viable to amplify the production of microalgae

for biodiesel production?

Title of Paper IV: Scale-up potential of cultivating Chlorella zofingiensis in pig-
gery wastewater for biodiesel production

2.3  Interconnections of the four papers

Bioenergy will have a more and more important role to play in our daily lives as
we seek to achieve sustainable development. Much importance has been attached
to the sustainability of bioenergy. Identifying the core environmental, economic,
social and cultural impacts associated with microalgae production is the first step
to support the development of a sustainable algae-based biodiesel industry. Sus-
tainability of microalgal biodiesel production is a huge topic, since many issues
related to environment, economy, society and culture are involved. Paper I ex-
plores the environmental, economic, social and cultural impacts of microalgae
production for biofuel usage throughout the life cycle from a broad perspective,
using risk analysis and environmental impact analysis, so that some risks can be
forecast and then either mitigated or eliminated to some degree.

When narrowing the topic of sustainability to the environmental dimension and
then to the water aspect, issues over on water sustainability are of great concern
since water is one of the most important factors in human survival. In terms of
microalgae cultivation for biodiesel production, wastewater is a good source of
water and nutrients for the culture (Figure 13). In an attempt to achieve sustaina-
bility in water usage, three key challenges should be taken into consideration: the
feasibility of the integration of microalgae production with wastewater treatment
should be evaluated (Paper II), recycling harvest water for microalgae re-
production should be trialed and the experiment described (Paper III), and the
potential for scale-up of this technology should be explored (Paper IV).
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Figure 13. A concept of the integration of microalgae production with waste-
water treatment.

Paper I explores the sustainable concerns related to microalgae production in a
broad manner. Paper II reveals relevant nutrient removal abilities and specifies
the productivities of biomass, lipids and biodiesel when cultivating C. zofingiensis
cultures with different nutrient concentrations. Consequently, an optimal dilution
of piggery wastewater for algal cultivation is determined. Paper III finds out the
algal performance when recycling harvest water for C. zofingiensis re-cultivation
under nutrient limitation conditions. This paper also reveals the times for harvest
water recycling at a degree of 100%. Paper IV testifies that NaCIO can be an easy
method for wastewater pretreatment before the introduction of microalgae, and
that C. zofingiensis can grow well outdoors. Importantly, this paper also clarifies
that semi-continuous feeding is an efficient way to maintain stable and high bio-
mass productivity.

The direct relations of the four papers are as follows. Water concern is one high-
lighted aspect in Paper I, which is the “roof” of Paper II, III and IV. The results of
Paper II provide the optimal dilution ratio of piggery wastewater to carry on the
scale-up potential experiments in Paper IV. The harvest of biomass described in
Paper II can provide harvest water for the culture as described in Paper III. Paper
IT and Paper III can serve as guidance and a foundation for further scale-up trials
to cultivate C. zofingiensis using piggery wastewater (Paper IV). All in all, the
relationships between the four articles can be portrayed as a “funnel” shape, as
displayed in Figure 14.
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Figure 14.  Logical relations of the four articles.

2.4 Research approach and methods

Towards sustainable microalgal biodiesel production, in this study piggery
wastewater is introduced to cultivate C. zofingiensis. Firstly, Paper I points out
the sustainability concerns related to microalgae production for biodiesel conver-
sion from a board point of view. Then, the process for integration of C.
zofingiensis production with piggery wastewater treatment for biodiesel conver-
sion and nutrient removal is determined. The harvest water from biomass harvest
is collected for reproduction of C. zofingiensis, and some performances are inves-
tigated. Finally, the amplification potential of cultivating microalgae species in
wastewaters is verified, showing that this approach is apparently promising for
pilot-scale or large-scale application.
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From a theoretical viewpoint, Arbnor & Bjerke (2009) have put forward three
levels of knowledge creation (analytical view, systems view and action view),
which can be used for the basic approach in the present work (Figure 15). Paper I
to IV move from basic knowledge to more advanced knowledge. Each step repre-
sents a clear example of progress or a new discovery; however, to make microal-
gal biodiesel sustainable on an industrial scale there is still a long way to go, es-
pecially on the commercial side.

Actions view
* Industry
* Reality

Systenls VICW .........
* Integration
 Productivity We are here or
« Pilot systems somewhere!

Analytical view
* Presumption * Concept

* Description * Exploration
* Experiment ¢ ..........

Figure 15.  Research approach applied in this dissertation.

The methods applied in this work are mainly based on qualitative and quantitative
investigation. Paper I is an exploratory study, and thus uses qualitative methods.
Paper II, I1I and IV are based on experimental results, that is, a series of data, and
therefore lie in the scope of quantitative investigation.

2.5  Research process

Cultivation of microalgae in wastewater is one solution to realize sustainable bio-
diesel production in practice, since it not only recovers energy but also has envi-
ronmental merits in terms of purifying wastewater. Generally, microalgae cultiva-
tion for biodiesel production will go through the process shown in Figure 16. To
begin with, suitable species should be selected. Then, microalgae are grown in
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closed systems or open ponds, followed by harvesting and drying. Afterwards, a
downstream process called biodiesel refinery is carried out with lipid extraction
and lipid transesterification to obtain the fatty acid methyl esters (FAME).

Construction materials;
Strain selection; s
m COzneutral
imizati Nutrients Algae growth ]
of growth | (Wastewater);
CO2
(Flue gas) Water u
Flocculant Biomass harvest
Energy (Collecting, dewatering
and drying)
v
Storage and transportation if needed —bq Water recycling
) or treatment
Pﬁm Algal oil extraction )
Hexane/Soxhlet: (Mechanical and
Energy chemical methods)
N B
[ agaton | Residuals:
Co-products; ethanol/biogas
refining; waste disposal
s B
thanol: Transesterification |
Energy ﬂ\o[ Glycerol ]
Energy recovery 4—[ Biodiesel ]
| C tral
Ewgy—.[ Combustion (CO2 emission) ) i

J

Figure 16.  Life cycle process of microalgae production for biodiesel conver-
sion.

When selecting strains, there are several factors to be considered, such as the de-
sired end product, growth rate, optimal temperature range, lipid content, adaption
to wastewater culture, and responses to stress conditions like nutrient deprivation.
The last factor is the most important indicator, since some species will not accu-
mulate lipids under stress conditions. For example, under nutrient deficiency Du-
naliella salina increases carbohydrates from 16 to 56% and decreases its lipid
content from 25 to 9% (Alabi et al. 2009). In this study C. zofingiensis was select-
ed as the culture species, which belongs to the Chlorella family, a genus of single-
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cell green algae with a spherical shape and about 2 to 10 pm in diameter. Previous
studies show that C. zofingiensis contains 17.9 to 65.1% lipid of dried cell weight,
has a specific growth rate of 0.30 to 2.15 day ', and can accumulate neutral lipids
under nutrient starvation or limitation (Feng et al. 2012; Huo et al. 2012).

In this study, piggery wastewater from a pig farm was selected as the culture me-
dium and a tubular bubble column photobioreactor (tbcPBR) as the culture carri-
er. Growth characteristics and nutrient removal were investigated during the ex-
periment. After several days’ cultivation, microalgae biomass was collected. In
this study centrifugation was the harvest method and an oven served as the dryer.
Afterwards, a modified method developed by Bigogno et al. (2002) was applied
to quantify the total lipid content by using methanol with 10% DMSO, ether and
hexane. Finally, the content of FAME was analyzed following a one-step extrac-
tion-transesterification method developed by Indarti et al. (2005), after suitable
modifications, whereby neutral lipid was transferred to FAME using methanol
with 2 wt.% of concentrated sulfuric acid (H,SOj) as the catalyst.

From the overall design point of view, this thesis follows a strict process, as
shown in Figure 17. The success of each step will influence the next procedure’s
implementation, in an effort to augment the cultivation of C. zofingiensis for bio-
diesel production. For example, when designing a microalgae culture system,
many factors need to be considered, such as CO,, light intensity, nutrient concen-
trations, and so on. Other factors like location will also affect the results. Once the
design is successful, the integration of C. zofingiensis cultivation with piggery
wastewater can be achieved successfully. If the design fails, reasons should be
found and the cultivation systems should be re-designed accordingly.

According to the process, the economics of the scale-up systems should be sur-
veyed to discover the commercial situation for this technology. Methods to im-
prove the cost-effectiveness should be put forward to work towards the large-
scale commercial implementation of microalgae production for biodiesel conver-
sion.

Finally, the research question will be answered in the Conclusion, where it will be
shown how sustainable microalgae biodiesel production could become.
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Figure 17.  Research process flow of this thesis.

2.6 Significance of this work

Microalgal biofuel is not yet produced on a commercial scale due to the high
costs resulting from system start-up, operation, maintenance and management. In
addition, an economically viable algae-to-biodiesel project might initially depend
on government subsidies and the future price of crude oil. Moreover, over-pursuit
of commercial profits from microalgae production at this stage might cause some
indirect problems, such as land use change or land use overexpansion.

However, economic and technological approaches have been suggested to over-
come oil dependence on foreign sources and strong scientific commitment has
been devoted to this paramount challenge (Demain 2009). Today more than ever
before, unpredictable global environmental issues strongly bound with the social
and economic impacts of the energy sector are dominating the international agen-
da. That the petroleum-based economy is getting closer and closer to the end of
its lifecycle has become more and more evident. Consequently, it is very im-
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portant to be able to forecast and prevent any shortfall in future supply, and to
provide access to new bioenergy alternatives for the marketplace. To meet these
goals, potential sources of alternatives need to be easily accessible and wide-
spread, with attractive extraction efficiency. Microalgae biomass, capturing solar
energy by photosynthesis, can be developed into an alternative source of feed-
stock. The implementation of the present research will be significant in several
ways:

To start with, the developed approach has environmental benefits. Microalgae can
assimilate organic pollutants (mainly nitrogen and phosphorus) from wastewater
into cellular constituents such as lipid, protein and carbohydrate, thus achieving
pollutant reduction in an environmentally friendly way. Nutrients absorbed can be
removed from wastewater via biomass harvest. Moreover, since microalgae can
fix CO; and release O,, their use leads to a decrease in the harmful emissions of
CO,. This is advantageous in view of the fact that currently fossil fuels contribute
to the increase of CO, emissions.

In the second place, the research can provide some evidence as to whether or not
it is efficient and sustainable at present to produce biodiesel from microalgae cul-
tivated in wastewater. If the answer is yes, then it will be practical and reasonable
to make full use of this kind of feedstock. Researchers’ horizons and aspirations
in the utilization of microalgae biofuels will be broadened.

Finally, with respect to biofuels, various replaceable options are useful to help
protect the food security of the poor, in particular in the developing world, where
already more than 800 million people (excluding China) suffer from hunger and
malnutrition (FAO 2007). Governments could decrease the support given to first-
generation agro-fuels (Koning & Mol 2009), and encourage the development of
microalgae biodiesel sources in every possible aspect.

Overall, from a sustainability perspective, this research is of vital importance.
Energy companies like the Finnish Fortum Corporation can potentially benefit
too. In the face of the energy crisis, global warming and global climate change,
the energy sectors must shoulder some special responsibility to widen the use of
renewable energy in an environmentally friendly manner. The findings of this
research can offer technical guidance for the energy industry as regards the requi-
site construction investments for facility establishment, instrument installation,
and so forth. A certain amount of research and innovation through well-funded
R&D programs is still required in order to decrease the costs and increase the
yields.
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3 SUMMARY OF THE ARTICLES

3.1

3.11

Papers’ information

Summary in brief and contribution

This thesis is the compilation of four articles, all published in peer-reviewed in-

ternational journals. The author designed the experiments independently, carried
out the empirical work with some assistance from co-authors and colleagues, and

wrote and revised the articles independently. Table 3 summarizes the information

contained in the four papers.

Table 3. Information contained in the four papers including authors and
their responsibilities.
Paper Paper | Paper 11 Paper 111 Paper IV
Title Microalgae Nutrient removal ~ Recycling harvest ~ Scale-up potential
production asa  and biodiesel water to cultivate  of cultivating
biofuel feed- production by Chlorella Chlorella
stock: risks and  integration of zofingiensis under  zofingiensis in
challenges freshwater algae nutrient limitation — piggery wastewater
cultivation with for biodiesel pro-  for biodiesel pro-
piggery duction duction
wastewater treat-
ment
Journal Int. J. Sustain. Water Res. Bioresour. Tech-  Bioresour. Tech-
Dev. World Ecol. nol. nol.
Publisher Taylor and Elsevier Elsevier Elsevier
Francis
Authors Zhu L. & Ketola Zhu L., Wang Z., Zhu L., TakalaJ., ZhuL., Wang Z.,
T. Shu Q., Takala J., Hiltunen E. & Takala J., Hiltunen
Hiltunen E., Feng Wang Z. E.,QinL., XuZ.,
P. & Yuan Z. Qin X. & Yuan, Z.
Responsibili-  The first author ~ The first author The first author The first author
ties wrote and re- designed and designed and designed and im-

vised the paper;
the second au-
thor proposed
the four dimen-
sions and pro-
vided some
comments dur-
ing revision

implemented the
tests, and wrote
and revised the
paper; Shu Q.
helped in the
tests; the other
authors provided
experimental
facilities, as well
as comments or
suggestions

implemented the
tests, and wrote
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paper; the other
authors provided
experimental
facilities, as well
as comments or
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plemented the
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paper; Qin L. &
Qin X. assisted in
the tests; the other
authors provided
experimental fa-
cilities, as well as
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3.1.2

Contributions of this work

This thesis contains several novelties and innovations. Table 4 shows the contri-

butions of this thesis to the research area.

Table 4. Research aims, methods, findings and contributions to the re-
search area.
Paper Paper [ Paper 11 Paper II1 Paper IV
Title Microalgae pro- Nutrient removal Recycling harvest Scale-up potential
duction as a bio- and biodiesel pro- water to cultivate of cultivating Chlo-
fuel feedstock: duction by integra-  Chlorella rella zofingiensis in
risks and chal- tion of freshwater zofingiensis under  piggery wastewater
lenges algae cultivation nutrient limitation for biodiesel pro-
with piggery waste-  for biodiesel pro- duction
water treatment duction
Aims To explore the To determine an To find out the To compare algae
potential risks optimal dilution of  algal performance cultivation (1) in
associated with piggery wastewater ~ when recycling piggery wastewater
microalgae pro- for algal cultiva- harvest water for C.  pretreated by auto-
duction from the tion; to reveal rele-  zofingiensis re- clave and NaClO,
sustainability vant nutrient re- cultivation under and (2) under both
perspective, in- moval abilities; and  nutrient limitation indoor and outdoor
cluding environ-  to specify the conditions; also to conditions; also to
mental, econom-  productivities of reveal the times for  determine biomass
ic, social and biomass, lipids and  harvest water recy-  productivity in a
cultural impacts biodiesel cling semi-continuous
feeding operation
Methods  Qualitative and Quantitative and Quantitative and Quantitative and
exploratory study  empirical study empirical study empirical study
Main Sustainability The diluted piggery The N- and P- It is greatly possi-
Findings concerns related wastewater with limited medium ble to amplify the
to microalgae 1900 mg L' COD  observed the high-  cultivation of C.
production in- provided an optimal est FAME yield, zofingiensis in
cluding environ-  nutrient concentra-  while the N-limited  piggery wastewater,
mental, econom- tion for C. culture and P- since wastewater
ic, social and zofingiensis cultiva-  limited culture can be easily pre-
cultural dimen- tion, presenting the  shared the highest treated by NaClO;
sions were ex- advantageous nutri-  biodiesel productiv- algae can grow well
plored in detail ent removal and the ity; 100% harvest outdoors; the semi-
highest productivi-  water could be continuous feeding
ties of biomass, recycled twice with  run was efficient in
lipid and biodiesel ~ the addition of biomass productivi-
sufficient nutrients  ty
Contri- The paper ex- The paper evaluates The paper investi- The paper explores
butions plores the poten-  an integrated ap- gates the harvest the technical scale-

tial risks related
to algae produc-
tion from the
sustainability
perspective, sys-
tematically and
explicitly

proach combining
C. zofingiensis
cultivation with
piggery wastewater
treatment; the bio-
diesel yields are
quantified as well

water recycling for
the re-production of
algae and discovers
the times for har-
vest water recycling

up potential of
algae production
for biodiesel con-
version in a sys-
tematic way
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3.2 Sustainability concerns

3.2.1 Sustainability impact factors selection

Research on microalgae production in open or closed systems for biofuel usage
has recently boomed, and many discoveries and technological breakthroughs have
been achieved theoretically and/or empirically (Zhu et al. 2011b). Currently, there
is no large-scale commercial operation in the production of biodiesel from micro-
algae feedstock (Sander and Murthy 2010), although commercial microalgae
farming corporations on a relevant scale, such as Earthrise, Cyanotech, and Oil-
gae, are emerging. In this situation, identifying the core environmental, economic,
social and cultural impacts associated with microalgae production is the first step
in supporting the development of a sustainable biofuel industry. Thus, research
into the sustainability of such production systems is of great importance before a
complete industrial-scale process for biofuel production from microalgae is built.

From a sustainability point of view, this exploratory study maps out the environ-
mental (water, land, biodiversity and greenhouse gases), economic, social and
cultural risks of microalgae production for biofuel usage (Figure 18), systemati-
cally and explicitly, using risk analysis and environmental impact analysis.
Through the relative analyses we can point out the unsustainable aspects of mi-
croalgae production, so that relevant problems can be forecast and then either
mitigated or eliminated to some degree.
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Figure 18. A framework for sustainability impact analysis (Fig. 1, Paper I).

3.2.2 Sustainability concerns

The sustainability concerns associated with the production of microalgae for bio-
fuel usage are summarized in Table 5.
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Table 5.

biofuel usage.

Potential sustainability concerns of microalgae production for

Environmental dimension

Economic dimension

Social dimension

Cultural dimension

+Less water is required,
+Wastewater can be used;
+Water used in the sys-
tems can be recycled;
+Unproductive lands can
be used for plant construc-
tion;

+Microalgae-based biofu-
els are carbon neutral;
+Combustion gas like flue
gas can provide CO, as a
carbon resource for micro-
algae cultivation

+Increases employ-
ment and incomes;
+Additional economic
values from byproducts
or co-products;
+Increases income
taxes

+Job creation;
+Energy security

+ Algal biofuels
concept has been
added into cultural
structures as a new
cultural element and
ingredient

—Water resource abuse;
—Damage to waterways;
—Groundwater may not be
recharged effectively;
—Soil pollution, land use
overexpansion, land ser-
vice expectancy decrease,
and soil erosion;
—Detrimental effect on
local ecosystem, causing
eutrophication, algal
blooms, fish kills, and
biological invasion;
—Greenhouse gases (e.g.,
NOy, CHy) and NH; emis-
sions

—Start-up phase is
expensive;

—Requires overwhelm-
ing investment;
—Might cause depres-
sion or shrinkage in the
traditional algal indus-

try

—Local poultry,
wildlife and peo-
ple might suffer
from water pollu-
tion;

—Safety effects of
genetically modi-
fied algae may not
be immediately
apparent or
known;
—Diseases (e.g.,
malaria) spread;
—Animal habitat
interruption

—Requires time for
people to adapt to
and accept uncon-
ventional microalgae
utilization;
—Personnel changes
in work force might
harm the existing
cultural structures;
—Landscape aesthet-
ics might be affected

Environmentally, there are several benefits related to microalgae production (Zhu
et al. 2011b). From a water use point of view, microalgae production can decline
the consumption of fresh water since many microalgae species can grow in saline
and brackish water, seawater, and other salt water like saline groundwater. Ma-
nure and wastewaters rich in N and P can provide a nutrient source to cultivate
microalgae, so that no or limited chemical fertilizers need to be added into the
culture systems. Furthermore, water can be reused effectively through recycling.
In terms of land use, microalgae systems can be established on non-farmlands,
such as arid or semiarid earth, saline soils, infertile farmland, polluted land, and
other types of land with low economic value (e.g., deserts). In addition, large are-
as offshore can be utilized to grow microalgae, so that less land needs to be used.
As to greenhouse gases, CO, released during combustion can be captured and
mitigated again via photosynthesis by microalgae; thus, microalgae-based biofuel
is carbon neutral. Moreover, combustion gas (e.g., flue gas) enriching CO, can be
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transferred into cultivation systems to provide a carbon resource for microalgae
cultivation.

Economically, microalgae production can increase employment and incomes.
Additional economic value can be obtained from by-products or co-products from
biofuel conversion. Moreover, microalgae production can increase income taxes
for all kinds of government. From a social standpoint, microalgae production can
create jobs, especially in developing countries. Furthermore, the microalgae-
based biofuel industry could play a significant role in improving nations’ energy
security and reducing countries’ reliance on crude oil imports (Flamos et al.
2010). Culturally, the microalgal biofuels concept has been added into cultural
structures as a new cultural element and will influence the development of algal
culture.

However, there are some risks and challenges as well, primarily connected to wa-
ter, land, biodiversity, and greenhouse gases. Firstly, there exist potential water
safety risks, such as water resource abuse, water pollution, and groundwater re-
charge deficiency. Secondly, unreasonable construction will lead to land use
overexpansion, land pollution and service expectancy reduction. Thirdly, micro-
algae production may exert a detrimental effect on the local ecosystem, causing
algal blooms and biological invasion. Finally, it may emit unexpected greenhouse
gases (nitrogen oxides [NOy], methane [CH4]) and ammonia (NHj3).

Economically, the start-up phase and operation are expensive, and will require
overwhelming investment from bioenergy companies, the car industry and gov-
ernments. In addition, more people may be laid off because of the increasing au-
tomation. Furthermore, microalgae production for biofuel extraction might cause
depression or shrinkage in the traditional algal industry. From the perspective of
society, the water contamination caused by microalgae production will jeopardize
the health of local poultry, wildlife and people. Moreover, the safety of genetical-
ly modified algae may not be immediately apparent or known. Another public
health risk is that the microalgae cultivation system might become a medium for
mosquito eggs and larvae, leading to wider transmission of diseases such as ma-
laria. From a cultural point of view, microalgae production for biofuel extraction
is a new concept especially for developing countries, so time is required for their
citizens to adapt to this biomass fuel as an alternative to conventional fossil fuel.
Furthermore, personnel changes in the work force might harm the existing cultur-
al structures, and landscape aesthetics might be affected by mechanical activities
as well.

Undoubtedly, the environmental, economic, social and cultural benefits involved
in microalgae production can significantly contribute to a sustainable industry,
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sooner or later. However, in order to sustain a microalgal biofuel industry in the
long term, the associated risks must be forecast and addressed through relevant
measures. Efficient government policies, proactive company behaviors and posi-
tive public participation will have an important role to play in mitigating or even
eliminating all kinds of potential risks. Only in this way might a microalgal biofu-
el industry enjoy prosperity in a sustainable manner.

3.3  Integration of microalgae cultivation with piggery
wastewater treatment

As shown in the microalgal biomass molecular formula — COg4gH; 83No.11Po.01
(Grobbelaar 2004) — nitrogen (N) and phosphorus (P) are important nutrients for
algal growth. Thus, microalgae production involves enormous amounts of N and
P fertilizers. According to Markou and Georgakakis (2011), the quantity of N
required as fertilizer is estimated to be 816 tons N/ha. In order to reduce the use
of chemical fertilizers, the present study used piggery wastewater rich in nitrogen
and phosphorus as a nutrient source to cultivate C. zofingiensis. An optimal dilu-
tion of piggery wastewater for algal cultivation was determined, relevant nutrient
removal abilities were revealed, and the productivities of biomass, lipids and bio-
diesel were specified.

3.3.1 Microalgal growth

The growth performance of C. zofingiensis cultivated in the piggery wastewater
with the COD concentration of 3500, 2500, 1900, 1300, 800 and 400 mg L'is
illustrated in Figure 19. During 10-day cultivation, all cultures went through all
the growth phases except the lysis phase. The growth parameters of C.
zofingiensis in tbcPBRs under six nutrient concentration levels are shown in Ta-
ble 6.

The specific growth rate p of cultures in 3500, 2500, 1900 and 1300 mg L' COD
piggery wastewater reached 0.287, 0.322, 0.340 and 0.431 day ', respectively.
Rapid growth with p of about 0.5 day ' and doubling time of about 1.4 days hap-
pened in the media with 800 and 400 mg L' COD. The piggery wastewater
treatment with the initial COD concentration at 1900 mg L™ witnessed the high-
est final biomass increase (2.96240.192 g L) and productivity (296.16+19.16
mg L™ day ™), while the cultures in 800 and 400 mg L™' COD piggery wastewater
shared the obviously lowest biomass increases and biomass productivities.
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Table 6. Growth parameters of C. zofingiensis in tbcPBRs under six nutri-
ent concentration levels within 10 days (Table 2, Paper II).

Culture (mg  Specific growth Doubling time Biomass increase  Biomass productivi-
L' COoD) " rate i (day™) (days) (gL™h ty (mg L™ day™)
3500 0.287 242 2.646 267.81
2500 0.322 2.15 2.733 273.33
1900 0.340 2.04 2.962 296.16
1300 0.431 1.61 2.166 216.63

800 0.487 1.42 1.603 160.34

400 0.492 1.41 1.063 106.28

" COD concentration was used to present the initial nutrient concentration in all cases in Sub-
section 3.3.
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Figure 19.  C. zofingiensis cultivated in piggery wastewater under six nutrient
concentration levels within 10 days.

3.3.2 Nutrient removal

The removal of COD, TN and TP in wastewater treatment by various microalgae
reported in the literature and the present study is exhibited in Table 7. High-
percentage removal of COD, TN and TP was achieved during all the treatments in
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this study. The main contributors to high nutrient removal are (1) nutrient uptake
by microalgal cells to accumulate biomass, and (2) microalgal-bacterial interac-
tion, which can also degrade nutrients. Moreover, the increase of pH in the cul-
tures in this study could help contribute to the precipitation of phosphorus.

Table 7. Wastewater treatment by various microalgae reported in the liter-
ature and the present study.

Wastewater . Culture Removal, %

Source Microalgae Reactor time.d —COD ™ TP Reference
Soybean pro- Chlorella —— ppp 5 778 888 703  Suectal (2011)
cessing pyrenoidosa
Municipality C_:hIo_reI_Ia .Ox1da— 15 2750 >41.0  30.0 Bhatnagar et al.

minutissima  tion pond (2010)
Piggery Chlorella Plastic B Kumar et al.
effluent vulgaris bag 10 780 100 (2010)

. Spirulina Yang et al.
Urine platensis PBR 8 - 99 99 (2008)
Dairy Chlorella Flask 15 B 60— 80— Kothari et al.
wastewater pyrenoidosa 80%  85% (2012)
Pig farm (3500 Chlorella .
mg L' COD) zofingiensis tbcPBR 10 74.3 78.7 85.0 In this study
Pig farm (2500 Chlorella .
mg L' COD) zofingiensis tbcPBR 10 78.2 81.0 89.2 In this study
Pig farm (1900 Chlorella .
mg L' COD) zofingiensis tbcPBR 10 79.8 82.7 982 In this study
Pig farm (1300 Chlorella .
mg L' COD) zofingiensis tbcPBR 10 76.5 77.8 98.6 In this study
Pig farm (800 Chlorella .
mg L' COD) zofingiensis tbcPBR 10 65.8 70.9 994 In this study
Pig farm (400 Chlorella .
me L' COD) zofingiensis tbcPBR 10 673  69.0 100.0 In this study

3.3.3 Chemical contents, and lipid and biodiesel productivity

The sugar, protein and lipid contents of the microalgal biomass were determined
and the lipid and biodiesel productivity calculated as shown in Table 8.

As shown in the table, as the initial nutrient concentration increased, the lipid
content decreased from 45.81% to 33.91%, but the protein content increased from
11.29% to 19.82%. This tendency for change in the protein content in algal cells
was in line with the research conducted by Chen et al. (2012), who cultivated
Chlorella sp. with diluted animal waste. However, there was no evident differ-
ence in sugar percentage among the algae cultured in different nutrient concentra-
tions.



Acta Wasaensia 41

Table 8. Chemical contents of biomass, and lipid and biodiesel productivi-
ty of C. zofingiensis in tbcPBRs under six nutrient concentration
levels within 10 days.

Culture Lipid . Lipid FAME Biodiesel
| Sugar Protein .. o

(mgL content (%) (%) productivity content productivity

COoD) (%) ’ Y (mgLldayh) (%)  (mgL'dayh)
3500 33.91 24.93 19.82 90.81 8.80 23.56
2500 36.48 26.24 18.79 99.71 9.97 27.26
1900 37.33 24.81 15.85 110.56 10.18 30.14
1300 37.38 25.11 14.21 80.98 10.01 21.67
800 42.16 27.00 13.03 67.59 10.84 17.38
400 45.81 27.26 11.29 48.69 11.15 11.85

The highest FAME vyield appeared in the 400 mg L™ COD culture where 11.15 g-
biodiesel/100g-dry weight was derived from C. zofingiensis, while the lowest
yield occurred in the 3500 mg L' COD medium (8.80% of dry weight). The dif-
ferences in lipid and biodiesel productivity of C. zofingiensis among all the treat-
ments mainly resulted from the differences in biomass productivity. The 1900 mg
L' COD culture showed the highest productivities of biomass, lipid and bio-
diesel.

3.34 FAME profile

C. zofingiensis in all cultures had shorter carbon chains for fatty acids, as shown
in Figure 20. The C16—C18 of C. zofingiensis in the 3500, 2500, 1900, 1300, 800
and 400 mg L' COD cultures represented a major portion of fatty acid methyl
esters compositions, accounting for a total of 89.17%, 87.75%, 84.51%, 92.31%,
97.28% and 80.31%, respectively. The high percentage of C16—C18 can improve
the quality of biodiesel (Huang et al. 2010).
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Figure 20. FAME profile of C. zofingiensis grown in piggery wastewater un-
der six nutrient concentration levels within 10 days.

3.4  Recycling harvest water to re-grow algae

Many previous studies have recommended that harvest water should be recycled
into the microalgae system not only for water reuse but also for nutrient recovery
(Lam and Lee 2012b). Nonetheless, researchers still know little about the feasibil-
ity of recycling harvest water to re-cultivate microalgae, on the basis of the avail-
able experimental data. Previous studies have also reported that N or P deficiency
or limitation can promote lipid accumulation (Hu et al. 2008; Devi and Mohan
2012; Feng et al. 2012). In this part of the investigation, harvest water from the
production of C. zofingiensis in piggery wastewater was used to prepare the me-
dia and freshwater microalgae C. zofingiensis was re-cultivated under nutrient
limitation. The objectives were to find out the productivity of biomass and lipids,
and the composition of fatty acids under the above conditions, and to discover

how many times the harvest water can be circulated effectively at a degree of
100%.

34.1 Recycling harvest water to re-grow algae under nutrient limitation

The growth characteristics of C. zofingiensis cultivated in the harvest water media
for eight days are shown in Figure 21. From Figure 21 it can be seen that C.
zofingiensis in all treatments with 100% or 50% harvest water could grow well.
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The lag phase of algal growth was short in all treatments. This was possibly be-
cause the harvest water still contained some un-harvested algal cells, which could
accelerate the growth of algae (Lam and Lee 2012b). Still, the un-harvested algal
cells had already adapted to the wastewater environment, so once the nutrients
were accessible, the microalgae could use the nutrients immediately.

3,000
—#-100% Harvest water N+P+

—&—100% Harvest water N+P—
2.500 | —#100% Harvest water N—P+
——100% Harvest water N-P—
—8-50% Harvest water N+P+

2,000 4

1,500 4

1,000 4

Diry biomass weight, g/L

Day 0 Day2 Dayv4 Day6 Dav &
Cultivation day

Figure 21.  The growth of C. zofingiensis when recycling harvest water as the
media with different nutrient conditions (Fig. 1, Paper III).

C. zofingiensis in the full media with 50% harvest water had the highest specific
growth rate p of 0.403 day ' with the shortest doubling time of 1.72 days and the
highest biomass productivity (Table 9). Nutrient-limited cultures showed much
higher lipid content (41.21% — 46.21% of dry weight) than nutrient-full cultures
(around 26% or 27% of dry weight). Influenced by the biomass productivities, the
sequence of lipid productivities in cultures was not identical to that of the lipid
contents.

Table 9. Growth parameters and lipid production of C. zofingiensis when
recycling harvest water at a degree of 100% or 50% under differ-
ent nutrient conditions (Table 3, Paper III).

Recycling Specific growth Doubling Bloma}sg Lipid con- Iflpld produc_:;
* 1 productivity tivity (mg L
classification rate p (day ) time (days) (mg L day ") tent (%) day )
HW g0, N+P+ 0.345 2.01 253.48 26.17 66.34
HW g0, N+P— 0.289 2.39 197.73 42.71 84.44
HW g0, N—P+ 0.307 2.26 217.58 41.21 89.65
HW g0, N-P— 0.334 2.08 86.30 46.21 39.88
HWsg, N+P+ 0.403 1.72 266.66 26.90 71.73

. HW,g9, and HW sy, show that the ratios for harvest water are 100% and 50% in all cases in this
sub-section.
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Ten types of fatty acids resulted from the algae cultivated in the harvest water
media (Table 10). The main FAME ingredients were C16:0, C18:2 and C18:3.
Long-chain fatty acids (C22:0, C22:1 and C24:0) were detected in small quanti-
ties in all cultures. The FAMEs containing 16 or 18 carbons (C16:0, C18:0,
Cl6:1, C18:2 and C18:3) accounted for from 81.95% (100% harvest water N-P—
culture) to 94.76% (50% harvest water N+P+ culture) of the total FAMEs, which
could help improve biodiesel quality (Huang et al. 2010).

The FAME yields ranged from 6.16% to 10.95% of the dry cell weight with the
following relationship: nutrient-limited cultures > nutrient-full cultures. Still, af-
fected by the biomass productivities, the 100% harvest water N—P— culture, which
observed the highest FAME yields, shared the lowest biodiesel productivity at
9.45 mg L' day'. However, no additional nutrient needs to be added into the
culture system with N and P limitation, which will save costs. It is worthy of note
that the 50% harvest water N+P+ culture is a preferable solution to grow algae
since substantial biodiesel productivities (16.42 mg L™ day ') can be achieved,
the costs of nutrient supply can be reduced, and environmental advantages can be
obtained via wastewater treatment.

Table 10. Summary of FAME profile for C. zofingiensis when recycling
harvest water at a degree of 100% or 50% under different nutri-
ent conditions (Table 4, Paper III).

HW 100% HWI 00% HWI 00% HW 100% HWSO%

FAME composition N4P+ NP N_P~+ NoP- NP4
Saturated fatty acids (% 6.0 31.88 4135 42.34 38.93 32.92
of total FAME)
C18:0 3.94 6.73 7.14 7.15 5.06
C24:0 3.80 1.15 4.42 0.61 2.98
Subtotal 39.63 4923 53.90 46.69 40.97
Monoenoic fatty acids Cl16:1 4.42 1.45 0.45 5.58 4.40
(% of total FAME)
C20:1 2.90 3.93 5.20 0.31 4.40
22:1 433 133 1.47 1.08 1.69
C24:1 2.89 2.83 3.91 2.52 4.48
Subtotal 14.55 9.54 11.03 9.49 14.96
Polyenoic fatty acids (%0 (1g.» 30.67 27.25 21.68 2921 24.85
of total FAME)
C18:3 11.33 13.29 12.84 13.89 14.72
€202 3.82 0.70 0.54 0.72 4.50
Subtotal 45.82 4124 35.07 43.82 44.07
C16-C18 (% of total FAME) 82.25 90.06 84.46 94.76 81.95
Total (% of dw) 6.72 10.07 9.49 10.95 6.16

Biodiesel productivity (mg L™ day™) 17.03 19.91 20.66 9.45 16.42
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34.2 Times for harvest water recycling

Figure 22 addresses the question of whether the harvest water can be fully recy-
cled multiple times.
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Figure 22.  Growth performance changes of C. zofingiensis with harvest water
recycling times in a full medium (Fig. 3, Paper III).

As Figure 22 shows, after recycling the harvest water twice under full nutrient
conditions, there was an evident inhibition phenomenon in the culture. The inhib-
itive factors could be some harmful metabolites with continuous accumulation,
salinity stress due to evaporation, and/or inhibitory bacteria. Thus, harvest water
could be 100% recycled twice to prepare a full nutrient medium to re-cultivate C.
zofingiensis.

3.5  Scale-up potential of cultivating C. zofingiensis

It has been shown above that an integrated approach which combines C.
zofingiensis cultivation with piggery wastewater treatment can be successfully
achieved; it has subsequently been verified that harvest water can be recycled to
re-produce C. zofingiensis. Nonetheless, microalgae cultivation for biodiesel pro-
duction is still in its infancy, although it is an apparently promising approach. The
bottlenecks mainly lie in three scenarios. First, most relevant findings have been
drawn from lab studies, and thus microalgae are not yet being commercially pro-
duced on a large scale for bulk application. Second, wastewater pretreatment
(usually by sterilization via autoclave) before the introduction of microalgae is
energy-intensive and complex in real operation. Last but not least, batch opera-
tion, which is the prevailing feeding mode, is time-consuming, limiting capacity
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and ability to treat wastewaters. In this part of the investigation, in order to reveal
the potential of amplifying microalgae production for biodiesel conversion, (1)
sodium hypochlorite (NaClO) was used to pretreat the piggery wastewater, (2)
outdoor cultivation was determined, and (3) a semi-continuous feeding operation
was employed.

35.1 Nutrient removal in autoclaved culture VS NaCIlO-pretreated culture

Figure 23 illustrates nutrient removal in the cultivation of C. zofingiensis with
autoclaved medium and NaClO-pretreated medium under indoor conditions.
From the figure, it can be seen that there was no obvious difference in nutrient
removals when cultivating C. zofingiensis with autoclaved medium and NaClO-
pretreated medium. After 10-day cultivation, C. zofingiensis grown in autoclaved
piggery wastewater was able to remove 79.8% COD, 82.7% TN and 98.2% TP;
using NaClO-pretreated piggery wastewater to culture C. zofingiens