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Abstract: Microalgal biofuel research in China has made noticeable progress, and algae
cultivation for biofuel production is considered to be an important contribution to
Greenhouse Gas (GHG) mitigation and energy security. In this paper, the algal biofuel
potentiality in China was reviewed from the points of view of algal biodiversity, algal culture
collection, GHGs (especially CO,) mitigation, and the availability of the required sunlight,
wastewater and land resources. The cultivation of microalgae utilizing power plants gas with
large amounts of CO, and wastewaters from urban households, industry and animal
husbandry are suitable for large scale production in China. Land is hardly a limitation for
algae cultivation.
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1. Introduction

Due to the concerns about energy security and climate change, biofuel development and utilization
have received high attention in China. However, biofuel production from cereals, sugar crops, or animal
fats, which is much easier and almost cost competitive with other biomass feedstocks, is not encouraged
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in China because it competes directly with food supplies. Lignocellulosic ethanol technology is still
under development. The yield of biodiesel production is quite low compared with the need [1].

The promise of clean and sustainable energy production from algae has generated tremendous interest
recently. Algae are the fastest-growing plants and the most widely distributed organisms in Nature. The
dry cell weight contains about 50% oil [2]. Algae are a large group of photoautotrophic, mixotrophic and
heterotrophic lower plants. Algae can be typically subdivided into two major categories, based on their
relative sizes: macroalgae and microalgae. Microalgae are capable of producing 30 times the amount of
oil per unit area of land, compared to oilseed crops [3]. It is the first largest biomass resource. Microalgae
are abundant in diverse ecological aquatic habitats such as fresh, brackish, marine, and hypersaline water
environments within a wide range of temperatures, pH values and salinity. Theoretically, microalgae
could grow in different kind of water, nutrients, and land saving sites for oil production. Even better
production can be achieved in the desert, where the sunlight is stronger [4].

There are a large number of potential pathways for the conversion of microalgal biomass into lipids,
ethanol, hydrogen, methane, hydrocarbon and carbohydrates. The lipids can be refined into biodiesel for
land transportation and even for aviation use. Microalgal biodiesel has become one of the potential
third-generation biofuels. CO,, sunlight, water, and land are the main natural resources required for algal
production. For large-scale cultivation of microalgae, the major problem is how to reduce the cost of
media. China has a lot of waste resources that can be utilized for biomass production. The recycling of
waste resources is a win-win way for simultaneous industrial microalgae cultivation and waste treatment.

2. Algal Biodiversity in China

With a large sea area, abundant freshwater resources, complex topography and diverse climates,
China is one of the countries with the greatest diversity of algal resources [5]. Algae are distributed
widely in oceans, various inland waters and wetland surfaces. Among them, those which live in the sea,
oceans and inland saltwaters are saltwater algae, those which live in inland freshwater bodies are
freshwater algae (Table 1).

Table 1. Comparison of the species number of algae between china and the world [5,6].

In the World In China o o
Category Freshwater | Seawater | Freshwater | Seawater Freshwater (%) | Seawater (%)
Cyanobateria 1600 2000 1000 99 63 5
Euglenophyta 800 0 600 0 75 0
Diatomeae 8000 8336 4000 1485 50 18
Chrysophyta 701 49 100 17 14 35
Xanthophyta 381 20 25 5 7 25
Cryptophyta 60 19 15 6 25 32
Prymnesiophyta 0 500 0 34 0 7
Phaeophyta 8 1500 3 260 38 17
Dinozoa 50 4000 30 302 60 8
Rhodophyta 0 4100 0 569 0 14
Chlorophyta 8000 600 3000 163 38 27
Total 19,600 21,124 8773 2940 45 14
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2.1. Algal Biodiversity in China Seas

In 2007, the 2940 species of algae recorded from Chinese seas belong to 10 phyla (calculated to
represent about 14% of the total World species). In contrast, the number of species of algae recorded was
2589 in 1994. In recent decades, with the deepening of the research work, more species have been found,
but species of some phyla like Cyanobateria and Chlorophyta are decreasing because of deteriorating
water quality. Among them, the species of Diatomeae is the most dominant phylum and it takes up 40%
of the World’s marine primary productivity [7]. In 2007, the species of Diatomeae in China seas was
1485 or 50.5% of the total number of species.

Approximately 120 species of phytoplankton, dominated by eurythermal, low salinity, diatom
species, have been recorded in the Bohai Sea. The dominant species are Coscinodiscus, Chaetoceros,
Rhizosolenia, and Skeletonema costatum. While some green algae are dominant in the inter-tidal zones,
brown and red algae dominant in sub-tidal zones have been recorded. In the Yellow Sea, about
386 species of phytoplankton, dominated by Coscinodiscus, Chaetoceros, Rhizosolenia, Biddulphia,
Nitzschia and Peridinium, have been recorded, with various ecologies indicative of temperate seas [5,6].
In the East China Sea, 64 species of phytoplankton occur in the areas near the estuary of the Yangtze
River and 261 species appear in off-shore areas in Zhejiang. The dominant algae are Coscinodiscus,
Skeletonema costatum, Chaetoceros lorenzianus and Nitzschia pungens. Neritic species are the most
common ecological type. In the South China Sea, the number of phytoplankton species is different
between regions and ranges from 104 to 260. They belong to two large groups, diatoms and
dinoflagellates, among which Chaetoceros and Rhizosolenia are prevalent [5,6]. Since the 1990s, from
the eastern Liaoning Bay to western Guangdong, more than half of the coastal sea water has been
seriously polluted. Compared with category 2 in the Sea Water Quality Standard (GB3097-1997, GB
means national standard), the inorganic nitrogen of coastal area of Yellow Sea and Bohai Sea has
exceeded 46% and 45% and the heavy metals exceed 19% and 42%, respectively. The chemical oxygen
demand of inshore Bohai Sea water exceeded 13%, which can cause serious damage to the marine algal
biodiversity [8].

2.2. Algal Biodiversity in China Freshwater Bodies

There are diverse and abundant freshwater algae in China. The species of Diatomeae and Chlorophyta
are more abundant than those of other phyla. The species number of freshwater algae in China accounts
for 45% of the whole World number. Nearly a century of investigation has shown that all the categories
of freshwater algae occur in China and the species are abundant. It has been shown that the total number
of freshwater algae is about 25,000 and 9000 species have been recorded from China [5]. However, there
are still many areas have not been surveyed and some areas have been surveyed, but not
comprehensively.

Meanwhile, although the algal resources of China are plentiful, they are severely threatened.
Nowadays more than 850 out of 1200 rivers in China have been contaminated, leading to the extinction
of many species. The tasks of restoration and reconstruction of aquatic habitat are urgent [8] and the
attention of conservationists to biodiversity only focuses on large animals and higher plants, but the
small algae are generally neglected [5]. Among the largest groups of microalgae, Cyanophyceae,
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Chlorophyceae, Bacillariophyceae and Chrysophyceae are the most frequently cited as possessing the
most desirable features for efficient and economical combination of CO, fixation, wastewater treatment
and lipids for biofuel production [9].

2.3. Algal Production in Open Ponds

Compared with other cultivation methods, algal production in open ponds with low-cost construction
and low operating costs has obvious advantages. Also, microalgal production in open ponds contributes
to carbon emission reduction, compared with other cultivation modes. Almost all the commercial-scale
microalgal products are made using this method. Common species of algae used in open ponds are
shown in Table 2. To find algal species with rapid accumulation of biomass and at the same time
containing large quantity of algae biofuel is a problem. Fast growing species always tend to produce less
biofuel, according to Professor Zhang Yuanhui (University of Illinois at Urbana-Champaign), who used
fast-growing algae to produce biocrude oil through thermochemical conversion.

Table 2. Biomass production of several microalgae spp. in open ponds.

Species Yield g/(L-d) Yield g/(mz-d) References
Spirulina maxima 0.21 25 [10,11]
Chlorella vulgaris 0.18 [10]
Scenedesmus obliquus 0.09 [10]
Dunaliella tertiolecta 0.12 [10]
Nannochloropsis sp. 0.09-0.31 [10]
Neochloris oleabundans 0.09 [10]
Haematococcus pluvialis 15.1-70.4 [12]
Spirulina platensis 0.06-0.18 15-51 [11,13]
Scenedesmus sp. 0.03-0.13 2.43-13.5 [14]
Chlorella sp. 0.02-2.9 1.61-25.0 [14,15]
Pleurochrysis carterae 0.02-0.22 3.20-35.2 [16]
Dunaliella salina 0.22-0.34 1.6-37.7 [17]
Spirulina sp. 0.006-0.07 2-17 [18-20]
Anabaena sp. 0.031-0.078 49-23.5 [14,21]
Phaeodactylum tricornutum 0.0028-0.16 2.4-11.3 [22,23]
Nannochloris sp. 0.29-0.32 [23]

2.4. Algal Culture Collections in China

For screening and selecting excellent algal strains and some species in danger of extinction from
natural environments, algal culture collections are necessary to preserve the biodiversity of natural
habitats, patent microalgae that adapt to practical conditions better and grow well, to protect genetic
material and provide basic research resources as well. At present, several algal collection centers have
been set up in China, such as the Freshwater Algae Culture Collection (FACHB) in Wuhan, which has
more than 100 genera, 800 strains of freshwater algae, 3000 branches and a small amount of salt and
seawater species. The Marine Biological Culture Collection Centre (MBCCC) in Qingdao has collected
more than 600 strains of marine algal resources, close to them being 70% oil-producing algae species. In
China there are other culture collections at some universities like Jinan University in Guangzhou,
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Ningbo University in Zhejiang and Ocean University of China in Qingdao. The number of cultured algal
species is much less than those of described algal species and suitable media need further investigation.
Microalgae isolated from wastewater treatment plant sites or real bodies of water can adapt to practical
conditions well and grow better.

3. Resource Availability in China
3.1. CO; Sources

Generally speaking, the atmosphere contains only 0.03—0.06% CO,. This is far from adequate to
cultivate microalgae. The utilization of high concentration CO; from industrial flue gas for large-scale
algal cultivation is a very promising method, not only for CO, emission mitigation but also for the
production of biofuels and high value products. The CO; industrial point sources are mainly from power
plants, cement and steel works, which account for about 91.7% of the total emissions. Power plants’
relative CO, emissions made up 63% of the main industrial sources in 2004. The highest concentration
of CO, was from the ammonia industry, which contained 100% CO; and cement production which
contained 20% CO, (Table 3) [24].

Table 3. Large scale and high concentration CO; sources in China.

CO,; Sources CO, Relative Emissions (%) Concentration (%)
Power plants 63 15

Cement production 19 20
Ethylene 1 12

Steel works 10 15
Refineries 3 8
Ammonia 4 100

The geographical distribution of CO, emissions of the main sources (power plants, cement
production, steelworks, refineries, ethylene and ammonia plants) with large-scale and high
concentration sources is presented in Figure 1 [24]. The distribution of CO, emission industrial point
sources were concentrated located in Bohai Sea Bay, Yangtze River Delta, Pearl River Delta such as
Shandong, Jiangsu, Hebei and Guangdong provinces.

Usually the production of per ton of algal dry biomass will assimilate about 1.83 tons of CO,.
Microalgae can use about 9% of the solar energy to produce 280 tons of dry biomass per ha 'y ' while
sequestering roughly 513 tons of CO; [25]. The requirements for CO, supply to enhance algal
production and matching of CO, source availability with algal cultivation facilities is not just a simple
question. Optimal algal growth could provide excellent opportunity for the utilization of GHG
emissions. Some algae can tolerate high CO, concentrations and the temperature of flue gas containing
trace constituents such as SOy and NOy. Common species of algae for CO, utilization are shown
in Table 4.
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Figure 1. The geographical distribution of CO, industrial point sources.
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Table 4. Biomass productivity, CO, fixation and specific growth rates for different microalgae.

Biomass CO, Fixation
Species CO, (%) Productivity Rates pdh References
mgL'd™") | (mgL'd™)
Botryococcus braunii 5-10 or flue gas 26.55 496.98 0.24 [26-28]
Scenedesmus sp. 10 or flue gas 217.50 [26]
Chlorella vulgaris 5-10 104.76-310 251.64 0.29 [26,28]
Spirulina platensis 5 730 318.61 0.22 [28]
Dunaliella tertiolecta 5 420 272.4 0.21 [28]
Chlorella sp. 0.03-15 191-1484 350-13,700 0.58-0.66 [27,29,30]
Chlorococcum littorale 10-20 or flue gas | 400-2500 650-17,300 1.8-1.9 [27,31-33]
Scenedesmus obliquus 6-12 40-140 0.19-0.261 | [34,35]
Chlorella kessleri 6 61-90 [34]
Spirulina sp. 6-12 40-220 0.27-0.44 [35]
Aphanothece microscopica | 15 5612-14,495 [36]
Euglena gracilis 5-10 1.44 [37]

3.2. Sunlight

Although the light intensity requirements of typical microalgae are relatively low compared with
those of higher plants [9], the availability of abundant sunlight is equally important for the robust growth
of photoautotrophic microalgae with both open and closed cultivation systems [38]. This is undoubtedly
an important consideration since insolation is directly linked to yield. Different regions in China have
vastly different day-length regimes (Figure 2). In the water, the light intensity is reduced with the depth
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and spectrum composition change. First, infrared, ultraviolet and long wavelength red light are absorbed.
The short wavelength cyan and blue light are absorbed last. Algae do not need the sunlight in the
same intensities (Table 5). For most algae, the appropriate range of light intensity is between
36-180 pmol m s, a light-dark growth is used between 12:12 and 16:8 h but some winter strains need
a longer night period. Over illumination will result in photo-oxidative stress and continuous light may
lead to death in some algae. Chlorophyll absorbs red and violet light, the Cyanobacteria and red algae are
rich in light-harvesting pigments, which can use sunlight that chlorophyll does not absorb in other
categories. The light intensity on water surface can reach thousands of pmol m > s~ in sunny days, some
algae suffer the limitations of light saturation photoinhibition [39]. China is a country with abundant
solar energy resources, with solar radiation values between 6.5 to 7.5 kWh m > d”'. The annual average
illumination time of two-thirds of the area in China is more than 2000 h. The total illumination hours
in Northwest and Qinghai-Tibetan Plateau are China’s longest. China's Eastern, Southern and
Northeast areas are the middle solar energy resources and Sichuan, Hubei and Hunan have lower solar

energy resources.

Figure 2. Annual average percentage of sunshine in China (Source: National Meteorological

Information Center).

Table 5. Summary of light conditions for typical strains.

Suitable Light Saturation Light
Species Intensities Intensities L/D (h) References
(nmol m 2 s7") (nmol m*s7")
Spirulina platensis 10~630 ~270 6:5~8:3, 24:0 [40]
Botryococcus braunii 400~1600 ~800 ~14:10 [41]
Nannochloropsis oculata 90~126 - 12:12 [42]
Haematococcus pluvialis 70~90 ~200 ~12:12 [43]
Dunaliella salina 50~90 ~220 ~12:12 [44]
Chlorella pyrenoidosa 120~160 ~150 ~10:14 [45]
Nitzschia closterium 70~160 — ~24:0, ~12:12 [46]
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3.3. Water

The total water resources per capita in China are estimated at about 2245 m’, which corresponds to
one third of the World’s average value and thus ranks China among the most water poor countries in the
World [47]. Freshwater sources which would already be restricted would likely not be available in large
quantities for large scale algal cultivation. Nevertheless, China has large volumes of wastewater from
urban households, industry and animal husbandry.

In 2008, the amount of discharge of industrial and urban household wastewater nationwide was
calculated to be about 57.2 billion tons, with that of the latter reaching 33.0 billion tons [48]. From the
geographical distribution of the amount of wastewater emissions in 2008 (Figure 3), we find the main
wastewater distribution areas were in the southeast coast, eastern and southern China, especially, in
Guangdong, Jiangsu, Shandong, Zhejiang and Guangxi. The largest amount of industrial wastewater
discharge was located in Jiangsu and the largest urban household and total wastewater was presented in
Guangdong. From Figure 4, we also knew that the statistics of swine wastewater emissions were steady
at about 4.1-4.5 million m® in recent years [48]. Algae can utilize those wastewaters (Table 6), which
usually contains relatively high inorganic nutrient levels and there has a great potential for the removal
of nitrogen and phosphorus for algae growing and at the same time accumulating lipids in algal cells.

Figure 3. The distribution of wastewater emissions in 2008.
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Figure 4. Piggery wastewater emissions in China.
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Table 6. Typical strains cultivated in wastewater.

1329

Species Type of Sewage Process References
Scenedesmus sp. Urban wastewater from | Batch; Semicontinuous [49,50]
secondary treatment or
Synthetic
Spirulina (Arthrospira) sp. Pig wastewater Outdoor raceways [51]
anaerobic effluents
Chlamydomonas reinhardtii | Different stages from Batch; Biocoil photobioreactor [52]
Metropolitan
Wastewater Treatment
Plant
Chlorella sp. Dairy manure Attached [53]
Scenedesmus obliquus Olive-oil mill; urban Photobioreactor; Semicontinuous; | [54-56]
wastewater Batch
Chlamydomonas globosa, Untreated carpet Raceway ponds; Vertical tank [57]
Chlorella minutissima and industry reactors and polybags
Scenedesmus bijuga
Chlorella vulgaris Municipal; Synthetic; Immobilized; Photobioreactor; [56,58-62]
Steel-making facility; Batch; Microalgae pond
Distillery
Chlorella sorokinia Municipal Immobilized [63]
Phaeodactylum tricornutum, | Primary sewage and Corrugated raceways [64]
Oscillatoria sp. seawater
Scenedesmus rubescens Synthetic; municipal Immobilization [59]
Senedesmus dimorphu Analogue wastewater Bio-coil reactor conical flask [65]
Monoraphidium Tertiary treatment of [66]
urban wastewater
Aphanothece microscopica Refinery industry Photobioreactor [67]
Botryococcus braunii Livestock wastewater Batch [68]
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3.4. Land

Land is hardly a limitation for algae cultivation. Algae cultivation uses land roughly 3.3 times more
efficiently than corn, 4.3 times more efficiently than switchgrass and 5 times more efficiently than
canola [69] and microalgae also do not need to compete with land used for food crops. They can
encroach on pasture, grass land and even relatively sterile desert (Figure 5). The Gobi desert covering
Southern Mongolia and Northern China is the highest solar radiation area, and many salt lakes are
distributed there which are natural sources for nutrition of algae growth. Over the past decade, three
microalgae (mainly Chlorella sp.) production plants have been built in Qingyang and Wuwei of Gansu
Province, Erdos of Inner Mongolia Autonomous Region [4]. Those area should also be generally
accessible and already serviced by roads and power.

Figure 5. The desert and Gobi areas of China [48].
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4. Microalgae R&D Efforts in China

In the 1950s, research on microalgae, i.e., Chlorella use cultivation was started in the Institute of
Hydrobiology under the auspices of the Chinese Academy of Sciences (CAS). With the passage of time
in the 1980s, large scale cultivation of Spirulina and Dunaliella was listed in the national research
program (the 7th Five-Year Plan). In the last decade the microalgae industry in China had been
developing rapidly and has made remarkable achievements. In 1984, the Salt Research Institute,
affiliated with the former China Light Industry Association, began to study Dunaliella cultivation for the
extraction of natural carotene. In 1989, the first Spirulina production pilot factory was established in
Chenghai Lake, Yunnan. In 1999, Guangdong Jingiu Green Algae Co., Ltd. built a 10,000 km* Chlorella
production base. In 2001, the production of algae powder was more than 10 tons. Those microalgae were
all cultivated for various nutritional products [70]. According to International Energy Agency (IEA), the
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total world production of dry algal biomass is estimated about 10,000 tons per year, among which half of
the yield is produced in mainland China.

China has started to promote its algae based energy as early as 2005. The fundamental research on
energy microalgae in China has a strong scientific and technological base. Varies universities and
research institutes are undertaking large numbers of national and provincial level research projects on
microalgae classification, breeding and preservation technology. For example, microalgal hydrogen
production at the Dalian Institute of Chemical Physics (CAS), microalgal oil production at Ocean
University of China, Tsinghua University and other institutions have much more research basis. ENN
Group Co., Ltd. has been developing technology to use microalgae to fix CO, and then to produce
biofuel. Marine microalgae bioenergy projects have been established in Shenzhen, Guangdong in 2008.
The main objective of the project was the cultivation of diatoms to fix CO, from flue gas, later on
diatoms were harvested and using for biodiesel production. In 2009, CAS and China Petrochemical
Corporation (Sinopec Group) decided to develop algae biodiesel technology together. It was expected
that an outdoor pilot plant will be operational in about 2015 and a 10,000 ton industrial demonstration
unit would be set up in the near future. However, lots of algae breeding work is still in the research and
development stage and strains are not qualified for industrialization at present. The mass culturing
technology of algae is still immature and lack a relevant criteria or evaluation system in China.

5. Conclusions

China has a vast sea area and a great number of rivers and lakes, resulting in abundant algal resources.
For algal large-scale production, we should select construction in the vicinity of high CO, emission
enterprises such as power plants, cement and steel works. Wastewaters from urban households, industry
and animal husbandry are needed to collect and treat for algal utilization. Free sunlight and robust strain
screening are important as well. In all, technology development and coordinated management for cost
reduction are needed to utilize those waste and free resources. Algal bioenergy is still in its infancy and
further investigation is required.
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