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Abstract 
 

This pre-feasibility study was taken out by the co-operation with Zhejiang 

University, the CEU lab in Zhejiang University is taking researches of the algae 

based carbon dioxide capture technology, this report mainly aims to evaluate the 

GHG mitigation effect of this technology and give suggestions. 

 

This study was carried out at Zhejiang University based on the Zhoushan islands 

waste incineration power plant project, the report presents the initial feasibility 

study for the algae based carbon capture and utilization technology focus on the 

carbon footprint and value summary . First the algae based CCU technology was 

introduced, then by using the life cycle assessment methodology and based on 

the description of the whole algae based carbon capture utilization process, each 

process unit was defined, concerning mass balance analysis was made for each 

unit, according to the mass balance analysis, carbon flow data was obtained for 

the whole process. In the discussion part, the carbon dioxide capture and avoid 

amount was analyzed, also the economic value summary for the material input 

and output was discussed. Concerning general suggestions for the further 

development and research about the project were given in five sectors: 

biotechnology, cultivation and harvesting, biomass utilization, substance and 

energy input, human resource. 

 

The final conclusion is that the algae based carbon capture and utilization 

technology is not a carbon negative process, but could produce renewable fuels 

to avoid certain fossil fuels consumption. Lots of technical limitations exist in the 

study, it needs more work to applied this technology into reality for China. And 

the profit analysis based on the value summary for the project is optimistic 

without the consideration of the initial cost. The algae base CCU technology may 

become a useful alternative for the carbon abatement in China but not the best 

choice. 
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Introduction 

1.1 Background 

Global warming is the phenomenon of obvious temperature rising in the 

atmosphere and ocean. The global average temperature between 1981 and 1990 

is 0.48 degrees higher than the one of 100 years ago.[IPCC, 2001] The most 

possible result of lasting global warming is the re-allocation of the precipitation, 

more melting of iceberg and glacier, the rising of sea-level. At that time, the global 

ecology system balance will be broken, the food security and built environment 

will be threaten, even some island countries will be vanished.  

 

Fig.1. The correlation between CO2 concentrations in the atmosphere and the 

global average temperature. Source: [Tick, 2010] 

 

According to present research and investigation, most of the scientists believe 

that the most possible cause of the global warming is the large amount of GHG 

emission during the global industrial activities. The GHG mainly includes carbon 

dioxide, methane, Freon, ozone, NOx and water steam, moreover the carbon 

dioxide is the main source of GHG emission at present. [IPCC, 2005] The coal 

combustion, oil combustion, natural gas combustion, all the fossil fuel 

combustions which are very familiar with us in our daily life contribute to the 

large amount of carbon dioxide emission to the atmosphere. The carbon cycle in 
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the natural world is changing due to the continuous usage of the fossil fuel, the 

carbon dioxide concentration in the atmosphere have increased 25% since the 

industrial revolution beginning and for now it is still increasing. [IPCC, 2001] To 

mitigate the global warming paces, people all around world are trying in many 

methods to capture and store the carbon dioxide which is known as the Carbon 

Capture Storage now. 

 

Algae, one of the simplest ancient plants that grow in the ocean and water system, 

are famous for its high growth rate and carbon capture ability compared with 

other plants. Recently, with the global warming issue rising, algae draw much 

more attention than ever before. Till now, many countries’ experts are working 

on the algae based carbon capture storage technology, and China is also working 

with the algae and trying to make this technology to be one of the available 

carbon capture storage alternatives.   

1.2 Aim and Objectives 

Aim 

This master thesis project is to analyze the feasibility of the algae based carbon 

capture technology combined with biodiesel production for the fire power plant 

in China based on the Zhoushan Waste Incineration Power Plant case 

investigation, to demonstrate whether this technology can make feasible 

contributions to the reduction of carbon dioxide and the effect to the global 

warming mitigation, also this thesis tries to give reasonable and practical 

suggestions for the stakeholders decision making such as regulation to make this 

GHG solution towards a more sustainable way.   

 

Objectives 

In order to achieve the aim, there are several objectives proposed for this 

investigation: 

 

 Study and description of the basic algae based carbon capture process and 

define each operation unit 

 

 Analysis of the carbon mass balance of each operation unit in this carbon 

cycle chain within the system boundary 

 

 Description of the carbon flow during the whole process and evaluation of 

the carbon capture efficiency based on the collected data 

 

 Preliminary value summary of the mass input and output for the whole 

process 
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1.3 Methodology 

Literature review 

This method is mainly collecting concerning data and useful information from 

several scientific papers and the internet data base. A lot of literatures are 

reviewed to gather the concerning knowledge about the present algae based 

carbon capture storage technology. The basic background about the China carbon 

dioxide emission situation and the regulation situation of global warming is also 

introduced base on the literature review method. 

  

Interview 

There are several interviews held with the PHD student Xia Ao and Huang Yun 

who are making efforts on this algae CCS and biofuel production technology 

research in the Clean Energy Utilization State Key Laboratory (CEU). Many 

information and data of the algae biofuel production detail are gathered from this 

way. The important information of the Zhoushan Waste Incineration Power Plant 

is collected under the help of these PHD students. 

 

Study visit at the laboratory 

Four study visits are arranged to get a chance to see the practical process of the 

experimental algal CCS and biodiesel production process, concerning photos and 

data are collected this way. 

 

Mass balance analysis  

To try to analysis the carbon track in the algal based CCU process, the mass 

balance analysis method is applied in this master thesis. Based on the mass 

balance analysis of each unit in this process, the whole cycle loop of carbon can 

be found. Also the value summary of the process is according to the mass balance 

analysis. 
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1.4 Limitations in this thesis 

Time limitation 

 

The master thesis work began from the 2011 January and was planned to finish 

in 2011 May, the five month time seems quite long but actually I feel time was 

flying during this period, many investigations are not completed as I wish due to 

the limit time. Enough time were paid on the literature review, from March to 

May these three months I had the opportunity to work in Zhejiang University, 

and a further knowledge of the new technology was gathered here and many 

changes happened to my work according to the reality. And this research in 

Zhejiang University is still ongoing and breakthroughs may be made in the 

further research, due to time limitation this thesis work can just reflect current 

situation. 

 

Data limitation 

 

Another limitation is that most data and information concerning the algae CCS 

and biodiesel production technology are based on the current research of 

Zhejiang University Clean energy utilization state key laboratory, the biggest 

barrier for this work is that the data used in this work is mainly the experiment 

data which may be greatly different from the one used in the industrial scale 

production. Most of the analysis could only be conducted based on ideal 

assumptions. Although appropriate adjustments and modifications were made 

for the data according the industrial production assumption, there may still 

exists many inaccuracies here. And the Zhoushan waste incineration power plant 

is still under the stage of planning, there might be greatly many differences 

between the reality and planning. 
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1.5 International efforts and regulations concerning 

Global warming mitigation 

United Nations Framework Convention on Climate Change 

(UNFCCC) 

At 4th June 1992, UN issued UNFCCC to cope with the global warming problem, 

the UNFCCC is the first global regulation framework convention to control the 

GHG emission in the world. It aims to lessen the environmental impact to the 

human society which brought by the global warming. 192 nations already have 

joined the framework to make cooperation to deal with the GHG emission, and 

there participation countries are divided into three categories:  

 

1. Industrialized country: are obliged to reduce the GHG emission and also 

could buy carbon emission permit from developing countries.  

2. Developed country: do not take the responsibility of reducing GHG emission, 

but should provide capital and technology aid for the developing countries. 

3. Developing country: do not need reduce the GHG emission to avoid affecting 

the economic development, can accept the aid from the developed countries. 

 

Kyoto Protocol 

The Kyoto protocol is a supplement to the UNFCCC, this is the first time to limit 

the GHG emission in the form of law, it was published at December 1997 and 

applied in 2005. The protocol outlined the standard of carbon dioxide emission 

reduction for each specific country. It aims to make the industrialized countries 

to reduce the carbon dioxide emission by 5.2% from 2008 to 2012 compared 

with 1990[UNFCCC]. The Kyoto protocol set that the developed countries should 

be obliged to reduce carbon dioxide emission from 2005 and the developing 

countries take the emission reduction responsibility from 2012.  

 

The most important improvement is that the Kyoto Protocol introduced the 

market mechanism into the carbon dioxide emission reduction to impulse the 

cooperation, they are: 

 

1. Emissions Trading 

2. Clean Development Mechanism  

3. Joint Implementation.   
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Clean Development Mechanism 

The clean development mechanism is introduced to enhance the cooperation 

between the developed countries and developing countries to mitigate the GHG 

emission. Under this mechanism, the developing countries could sell the carbon 

credit to the developed countries through the CDM projects. As shown in the 

Fig.2, China is one of the main participations in the global CDM activities. In 

China, huge amount of CDM projects are ongoing, the CDM projects in China 

compromised wind power, hydropower, biofuels and industry reformation etc.   

 

          
Fig.2 CDM certification emission reductions distribution by country 2010 [Tick, 

2010] 

 

Carbon Credit  

The Carbon Credit is a popular word within the GHG emission issue and it is the 

product unit in the carbon market, it means the tradable certificate or permit 

representing the right to emit carbon dioxide, one carbon credit is equal to one 

ton of carbon dioxide.  

 

 

 

 

China 
41% 

Brazil 
14% 

India 
14% 

Republic of 
Korea 
11% 

Mexico 
5% 

Chile 
2% 

African 
2% 

Other 
11% 



12 
 

1.6 CO2 emission in China 

 

China is famous for the largest population, now China is entering a brand new era 

with the rapid economic development. Unfortunately, the main energy source of 

China is still coal, oil, natural gas such fossil fuels. Besides, a tremendously large 

scale of infrastructure construction is under going, the manufacturing industry is 

booming, more and more vehicles are showing on the road, the people’s living 

standard and welfare is promoting as the same. The country is consuming more 

and more fossil energy. However, as a result, the carbon dioxide emission amount 

is rocketing with the increasing energy demand.  

 

 

 
Fig. 3. The energy structure in China [BP, 2009] 

 

China needs to take actions to reduce the carbon dioxide emission, as one 

important role in the world’s sustainable development, China must takes relative 

international responsibility, and the Chinese government has promised that the 

carbon dioxide emission per capita must be reduced by 40%-45% in 2020 

compared with 2005. It is a big challenge for China.     
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5,00% 

Oil; 20,00% 

Coal; 66,00% 

Other; 
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Nation Area Tons CO2 MWh Energy Rank 

China Asia 3120000000 3260000000 1 

United States North America 2820000000 4190000128 2 

India Asia 638000000 719000000 3 

Russia Europe 478000000 896000000 4 

Germany Europe 429000000 636000000 5 

 

Table. 1 The rank of carbon dioxide emission in the world [CARMA, 2011] 

 

 

From the figure, it could be found that China has the largest CO2 emission now. 

Though the CO2 emission amount per person is still not high for China, China 

should take measurements to reduce the increase rate of the CO2 emission in the 

future to mitigate the global warming. As mentioned above, CCS may be an 

effective alternative for CO2 emission reduction task for China. 
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1.7 CCS as global warming mitigation alternative 

There are many mitigation options to the problem of global warming, such as 

carbon dioxide capture and storage, energy efficiency improvements, renewable 

energy sources and switch to the less carbon-intensive fuel. And the CCS 

technology is the popular one to be studied nowadays. 

 

Carbon Dioxide Capture and Storage 

Facing the problem of global warming, people all over the world are making 

efforts to find the proper solutions. To prevent the further huge amount of 

carbon dioxide generated from the combustion of fossil fuel emitting into the 

atmosphere, people are trying to take actions to capture carbon dioxide from the 

large point sources. These large point sources could be large fossil fuel or 

biomass energy facilities, natural gas production, synthetic fuel plants and fossil 

fuel-based hydrogen production plants.   And this is called Carbon Capture and 

Storage or Carbon Capture and Sequestration, it is a method to mitigate the 

process of global warming. And the Intergovernmental Panel on Climate Change 

(IPCC) gives the precise definition and characteristics on CCS: 

 

 

 Carbon dioxide (CO2) capture and storage (CCS) is a process consisting of the 

separation of CO2 from industrial and energy-related sources, transport to a 

storage location and long-term isolation from the atmosphere.  

 

 Capture of CO2 can be applied to large point sources. The CO2 would then be 

compressed and transported for storage in geological formations, in the ocean, in 

mineral carbonates, or for use in industrial processes. 

 

 

Also the IPCC indicates that the CCS is a process that needs the assistance of all 

aspects of our society. There is no solo technology can deal with the whole 

problem of global warming. It needs a combination of different not only the 

technical solutions to solve this problem comprehensively. Several efforts should 

be made to work on the change of the economic and political regulation to 

coordinate with this situation. 
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For the CCS process, it mainly contains three ways to capture the CO2: 

 

1. Post combustion capture: the CO2 capture will happen after the fossil fuel 

combustion, it mainly capture the CO2 from the flue gas. It is can be applied 

for the fired power plant and waste incineration plant. 

  

2. Pre-combustion capture: this method often be used in the gasification and 

fermentation process, the CO2 emitted from the gasifier and fermentor can be 

captured. It can be applied in the H2, CH4 and fertilizer production process. 

  

3. Oxy-fuel combustion capture: in the process, the fuel is burned in the 

combustion chamber with oxygen instead of air. As a result, the flus gas 

generated from this process mainly contain CO2 and water steam, with the 

water condensing in the latter process, we can get nearly pure CO2 stream. 

 

 

Fig. 4. Principles of the three main CO2 capture options [IPCC, 2005] 

  

The captured CO2 needs to be stored in a close environment to make it separated 

from the carbon cycle of the atmosphere. The CO2 can be reserved in different 

forms include gaseous form, liquid form and solid form. The solid form means the 

CO2 can have a reaction with other material then transform into the solid 

carbonates and limestone. There are mainly three kind of places are supposed by 

people to the CO2 storage [IPCC, 2005]: 

  

1. Geological storage: Oil fields, gas fields etc. 

2. Ocean storage: Dissolution in the sea or the bottom of sea 

3. Mineral storage: Stored in the form of limestone 
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2 Algae based carbon capture technology 

2.1 Algae biology 

 

Algae are a large and diverse group of simple aquatic organisms ranging from 

unicellular to multicellular forms, they mainly grow based on the photosynthesis 

mechanism, just like the plants, they capture the light energy to fuel the 

manufacture of sugars. [Graham & Wilcox, 1999] The algae are simple living 

creatures in the marine and fresh water biological systems, many aquatic 

creatures such as fish and shrimp take the algae as their main food. Algae play an 

important role in the global ecosystem. Algae spread in every corner of the global 

aquatic systems, and people sort them into two categories according to their size:  

 

 Micro-algae： 

 

Small unicellular micro aquatic photosynthetic plants that require the aid of 

a microscope to be seen. 

 

 

 

Fig.5. Microalgae microscope picture  Source :http://www.bioenergy3.org 

 

 

 Macro-algae:  

 

The large aquatic photosynthetic plants that could be watched without the 

aid of microscope, such as the seaweeds and kelps. 

http://www.bioenergy3.org/
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Fig.6. Macroalgae  Source: http://lams.slcusd.org 

 

With the development of the technology, people are getting further and better 

knowledge about the algae, they are very important for people daily life at 

present. From past till nowadays, people living close to the sea shore take some 

special edible kinds of macro-algae as the food to get useful protein, for example 

the kelp and seaweed. And recently people found that the substance Omega-3 

which is important for human cardiovascular system is very rich in the 

microalgae, the microalgae is also now becoming raw material for the healthy 

food such as Spirulina. Under the background of energy crisis, algae are also 

regarded as an alternative of future renewable energy source. From the scientific 

research, the oil content can account for more than 50% of the dry weight of 

microalgae under the condition of nitrogen lack. [Ayhan, 2011] To capture the 

CO2, microalgae may be the better choice due to their small size property to 

control in a closed system. 

2.2 Why choose microalgae 

With the arising of global warming and GHG emission issue, algae are also 

studied to capture the carbon dioxide. The potential ability of microalgae is 

positive, through the related theoretic calculations, the result is that per kilogram 

microalgae could capture nearly 1.83 kg CO2. [Brennan & Owende, 2010] The 

reasons for using microalgae to capture carbon dioxide are demonstrated as 

below: 

 

1. Masters of photosynthesis 

The microalgae have much higher growth rate than the most land-based plant 

due their higher photosynthesis efficiency. Algae have much shorter growth 

cycle, the weight double time is about three to five days [Chen et al., 2011], 

some species can have two harvest seasons in one day. The algae yield weight 

per year is nearly several times or even hundred times of food crop yield. In 

conclusion, the algae absorb more CO2 in a shorter time.  

http://lams.slcusd.org/
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2. No occupation of arable land 

The algae can be cultivated in the water condition, there will be no land 

competition between agricultural crops and algae. In China, the natural sea 

can be good cultivation base for the algae. It is especially important for China, 

the fresh water resource and the land resource is very limited in China.[Liu & 

Ma, 2009]  

 

3. On site solution 

Most of the fire power plants in China are established along the coast line, 

these algae cultivation sites can be built near these power plants to reduce 

the cost of flue gas transportation. And this system does not need to make big 

technical changes for the power plants.  

 

4. Additional revenue 

The harvest algal biomass can be made into different byproducts. The most 

important product from the algae is the biodiesel, and also the biomass can 

be processed into healthy food, animal feedstock, biogas and fertilizer. By 

selling these products can give extra profit to support this system, and this 

contributes to attract investments and participation to impulse this process. 

     

5. High safety 

The whole process is much more like a natural process, no toxic substances, 

no radiation, no pollutants are supposed to be released during the whole 

process. [Sydney et al., 2010] And the whole system can work under the 

normal pressure, there is no potential risk for the workers. 

2.3 Algae based carbon capture process orientation 

In this master thesis, only the method of post combustion carbon capture is 

discussed according to the case study. According to the investigation of the power 

plant situation in China, most of the power plants are still using coal as the 

preliminary energy source, it can be found that post combustion carbon capture 

method is much more suitable because of there is no need to make big 

investment to change the present technology.  

 

The whole carbon capture process is based on the photosynthesis of microalgae. 

The combustion of fossil fuel generate huge amount of CO2, the point source of 

CO2 could be used as the carbon source for the algae cultivation, due to the 

microalgae have a high growth rate, this system could capture much CO2 than 

other bio-carbon capture system. However, this CO2 is mixed within the flue gas 

with nitrogen, other gases and dust. To avoid causing air pollution, the flue gas 

emitted from the power plant is treated via several stages to remove pollutants 

such as dust, sulfur, NOx and heavy metals. Actually, there still remain little 
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pollutants in the flue gas, and some of them are fatal for the algae such as 

mercury. The direct use of flue gas containing mercury and high temperature will 

cause the algae death, so it needs another cleaning process to remove the heavy 

metal and cooling the flue gas to enhance the efficiency of the algae cultivation 

system.      

 

Flue Gas

Water and 

Nutrients 

Flue gas 

purification

Algae 

Cultivation

Algal Biomass

Solar

 

Fig. 7 Basic process of algae carbon capture 

 

It can be seen from the above figure, after the purification stage, the flue gas with 

high CO2 concentration is transported to the cultivation system. Besides CO2, it 

needs sun light and nutrients inlet to cultivate the microalgae. [Zeiler, Heacox& 

Toon, 1995] With all the necessary conditions prepared and a period time 

carbonation, the algae grow fast and then the algal biomass in this system can be 

harvest. As the result, the CO2 emitted from the power plant is captured within 

the biomass.  
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2.4 Algae strain selection 

 

Microalgae are the biological population contains variety of strains. There are 

nearly more than 50000 species microalgae exist in the earth ecosystems, and 

around 30000 species have been studied by people. [Brennan & Owende, 2011] 

Not all these species are suitable to be used to the carbon capture process. It 

needs to select proper strains according to what the flue gas conditions are and 

what kinds of products we need.  

 

To capture the CO2 efficiently it needs the microalgae species should possess the 

following characteristics according to the recent research: 

 

 

 High CO2 utilization rate 

 High growth rate 

 High tolerance to the harsh condition( temperature, pH)  

 High potential to get useful by-products such as biofuel 

 Easy to be collected during harvest process 

 No potential risk 

 

The CO2 concentration in the flue gas from the power plant is about from 10% to 

20%, otherwise the CO2 concentration in the atmosphere is around 380 

ppm.[Tick, 2010] In order to capture the CO2 from the flue gas, the microalgae 

species used in the capture process must grow efficiently under the condition of 

the high CO2 concentration.  

 

From the Table.2 below, through comparison and selecting, it can be concluded 

that the Chlorella sp. is more suitable to be used to capture CO2 in the flue gas 

among the above microalgae species. It has positive growth rate and the 

condition tolerance ability of Chlorella sp. is proper for the capture condition. To 

find the better suitable species of microalgae, the researchers are still making 

efforts by taking variable actions such as gene-modification and ray irradiation. 
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Species Temp(℃) pH CO2% 
Doubling 

time (hr) 
Features 

Chlorococcum 

sp. 
15-27 4 to 9 Up to 70 8 

High CO2 

fixation rate 

Densely 

culturable 

Chlorella sp. 15-45 3 to 7 Up to 60 2.5-8 

High growth 

ability High 

temperature 

tolerance 

Euglena 

gracilis 
23-27 3.5 

Up to 

100 
24 

High amino 

acid content 

Good 

digestibility 

Not easily 

contaminated 

Goldieria sp. Up to 50 1 to 4 
Up to 

100 
13 

High CO2 

tolerance 

Viridiella sp. 15-42 2 to 6 Up to 5 2.9 

Accumulates 

lipid granules 

inside the cell 

High 

temperature 

and CO2 

tolerance 

Synechococcus 

lividus 
40-55 

Up to 

8.2 
Up to 70 8 

High pH 

tolerance 

 

Table 2. Growth parameters for different algae strains [Li,Y et al., 2006] 
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2.5 Cultivation system 

The core of the whole algae based carbon capture process is the photosynthesis 

part, and where this process is supposed to happen, in order to improve the 

capture efficiency and be easy to manage this system, the photobioreactor is 

designed as the reaction container. The photobioreactor is the device that can be 

used to give better condition for the microalgae to go with the photosynthesis 

process, it is designed to be able to adjust the condition of light, temperature, pH, 

CO2 and nutrients.[Ugwu et al., 2008] Due to the photobioreactor is made from 

the transparent material, it can provide higher illumination surface area to 

achieve the high density cultivation of microalgae. As a result, the artificial 

photosynthesis efficiency is much higher than the natural process. 

 

In fact, the research of the photobioreactor began from the 1940s, at that time 

people already found the potential of microalgae to be the future food and 

renewable energy, in the last 60 years, many types of photobioreactor were 

designed, and all of them can be divided into four groups: open pond, tubular 

photobioreactors, flat-plate photobioreactoers and vertical column 

photobioreactoers.[Chen et al., 2011] 

 

Open pond 

 

As the traditional system, open pond culture system is extensively studied since 

1940, it is the most ancient photo-bioreactor. The open pond is much more like 

an artificial lagoon, some mechanic devices make the water in the pond move in 

the circle to mix the microalgae with the water. It has the following advantages: 

easy to be built; low cost; easy management. However, its limitations are also 

very obvious: bad control of culture conditions, poor productivity, large area 

occupation, limited to few strains of microalgae, easy to be contaminated.[Ugwu 

et al., 2008] 

 

 
Fig. 8 Open pond Source: http://www.seambiotic.com/ 

 

 

http://www.seambiotic.com/
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Tubular photo-bioreactor 

 

The tubular photo-bioreactor is very popular recently, it uses glass or plastic tube 

to contain the microalgae. In this system, there uses the pump to make the 

cultures re-circulated within the tube, and the CO2 will be pump into these tubes 

with the air pumps. This photo-bioreactor can be used for the outdoor mass 

cultures due to the large illumination surface. Its disadvantage is that the mass 

flow in this system is limited, if it is applied in the industrial scale this will be an 

important barrier. 

 

 
Fig. 9 Tubular photo-bioreactor Source: http://brae.calpoly.edu 

 

 

Flat-plate photo-bioreactor 

 

As the word flat-plate mean, the microalgae cultures are contained in the plate 

made from transparent material such as PVC. It has a large illumination surface 

area, the thickness of this plate varies from 1.25 to 2.5 cm.[Chen et al., 2011] The 

air or CO2 can be put into this device from the bottom, the air bubble from the 

bottom to the top can mix the cultures. It is also suitable to be used for the 

outdoor mass cultures. 

  

Fig.10 Plate photo-bioreactor Source: http://www.physorg.com 

                                                       

http://brae.calpoly.edu/
http://www.physorg.com/
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Vertical column photo-bioreactor 

 

The vertical column photo-bioreactor can be used in the large scale of microalgae 

cultures, several columns can make a combination. Just as the flat-plate 

photo-bioreactor, the CO2 is injected from the bottom of the column to make the 

mixture. It is a low cost solution with high productivity. 

 

 
Fig. 11 Vertical column photo-bioreactor Source: http://www.nanovoltaix.com 

 

It is necessary to develop the new photo-bioreactors to meet the requirements of 

high density and large scale microalgae cultivation, it is the critical step to 

increase the efficiency of the transforming the solar energy into bio chemical 

energy and then hence the ability of carbon capture. To certain level, the 

photobioreactor is one of the key issues in the process of algae based carbon 

capture technology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.nanovoltaix.com/
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Culture systems Prospects Limitations 

Open ponds 

Relatively economical, 

easy to clean up after 

cultivation, good for mass 

cultivation of algae 

Little control of culture 

conditions, difficulty in 

growing algal cultures 

for long periods, poor 

productivity, occupy 

large land mass, limited 

to few strains of algae, 

cultures are easily 

contaminated 

Vertical-column 

photo-bioreactors 

High mass transfer, good 

mixing with low shear 

stress, low energy 

consumption, high 

potentials for scalability, 

easy to sterilize, readily 

tempered, good for 

immobilization of algae, 

reduced photo-inhibition 

and photo-oxidation 

Small illumination 

surface area, their 

construction require 

sophisticated materials, 

shear stress to algal 

cultures, decrease of 

illumination surface area 

upon scale-up 

Flat-plate 

photo-bioreactors 

Large illumination 

surface area, suitable for 

outdoor cultures, good for 

immobilization of algae, 

good light path, good 

biomass productivities, 

relatively cheap, easy to 

clean up, readily 

tempered, low oxygen 

build-up 

Scale-up require many 

compartments and 

support materials, 

difficulty in controlling 

culture temperature, 

some degree of wall 

growth, possibility of 

hydrodynamic stress to 

some algal strains 

Tubular 

photo-bioreactors 

Large illumination 

surface area, suitable for 

outdoor cultures, good 

biomass productivities, 

relatively cheap,  

Gradients of pH, 

dissolved oxygen and 

carbon dioxide along the 

tubes, fouling, some 

degree of wall growth, 

requires large land space 

 

 Table 3 the properties for different photo-bioreactors [Ugwu et al., 2008] 
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2.6 Microalgae harvesting 

For the algae based carbon capture process, the efficient method of harvesting is 

very important. To keep the whole process working continuously, it is essential to 

find and develop the proper way to separate the microalgae from the water 

according to the microalgae species size, culture density, mass flow. In general, 

the harvest process can be divided into two steps:[Brennan & Owende, 2010] 

 

1. Bulk harvesting: as the pre-separation stage, it aims to separate the cultures 

from the bulk suspension. In this stage, the methods of flocculation, flotation 

and gravity sedimentation are often used here. 

 

1) Flocculation 

Due to the unicell structure, most of the microalgae have extremely small 

size. The flocculation process can make these small size creatures 

aggregate, this aggregation form have a larger size which is easy for the 

further treatment such as gravity sedimentation. The flocculants can be 

put into the bulk to stimulate this process eg. Iron-based or 

aluminum-based coagulants. 

 

2) Flotation 

The small microalgae particles can attach on the air bubble, if the air is 

injected from the bottom of the bulk, the small air bubble can perform as a 

carrier to bring these particles onto the surface of the water. Flotation is 

useful for the particle which diameter is less than 500µm. [Chen et al., 

2011] 

 

3) Gravity sedimentation 

it is the most common technology to collect sludge in the waste water 

treatment plant, this method is only suitable for the large size particles, 

this method can be used after the flocculation stage. Though it is a low 

cost solution, the process need quite a long time which is adverse for the 

time efficiency. 

 

2. Thickening: though the microalgae are basically separated from the water in 

the bulk harvesting stage, the total solid matter concentration in the slurry is 

just about 2-7%. For the further utilization of the biomass and water recycle, 

it needs the thickening stage to concentrate the slurry. In this process, it often 

uses the methods of centrifugation, filtration. This process consumes much 

more energy than the bulk harvesting stage. [Brennan & Owende, 2010] 

1) Centrifugation   

Through this centrifugation dewatering process, the slurry concentration 

can increase to 80-90% within 2-5 mins based on the laboratory test 
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[Bosma et al., 2003]. It can be concluded that it is a high time efficient 

method. The main disadvantage is that this process is quite energy 

consuming. 

 

2) Filtration and screening 

It is a non-energy consumption process. To use the screen to capture 

microalgae, it requires the screen filters can block the mini size particle. 

The conventional filtration process is suitable to capture the particles 

which diameter is more than 70µm.[Petrusevski & Boilier, 1995] Refers to 

the smaller size, it needs special membrane and ultra-filtration 

technology.   

2.7 Co-work with waste water treatment 

By studying the algae based carbon capture process from the culture system to 

the harvesting stage, it can be easily found that there are many similarities 

between the carbon capture process and biological waste water treatment 

process. [Brennan & Owende, 2010] The researchers are now studying the 

combination process for following reasons: 

Waste Water
Algae 

Cultivation
Clean Water

Algal Biomass

 

Fig. 12 Single system of nitrogen and phosphorus removal based on microalgae  

 

1. Water consumption reduction 

If it can use the waste water as the water resource for the microalgae cultures, 

it can save huge amount of fresh water to reduce the cost. It is very 

meaningful for the poor water resource areas such as the inland area in 

China. 

 

2. Nutrients cost reduction 

The organic compounds in the waste water are very rich, and these 

compounds can be used for the microalgae cultivation as the nutrients. This 

method does not only save the nutrients cost but also clean the waste water. 

 

Obviously, this co-work process is a win – win model process, and many 

applications of this model show that it is possible to conduct it, but there still 

exist some problems waiting to be solved. 
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2.8 Applications of the microalgae biomass 

Algae
E.g. Chlorella

Concentrated 
CO2 and other 

nutrients

Solar
Photosynthesis

Bio-Products

Conventional 
Coal

Gas Fired Plants

Ethanol Plants

Refineries & 
Reformers

IGCC Power 
Plants

BIodiesel

Feed Protein

Biogas

Oxygen

Fertilizer

 

Fig.13 Bio-products for the algae CCU process 

 

1. Biodiesel 

 

The algal oil extraction from the dry microalgae biomass can be conversed to 

biodiesel via the transesterrification (ester exchange reaction), this mature 

techonology has already been applied in the large scale industrial production. 

The theoretically relationship between the algal oil input and biodiesel 

output is around 1:1.                                       .   

 

Fig. 14 Transesterrification chemical reaction 
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2. Methane 

 

The concentrated microalgae slurry can be used in the anaerobic digestion to 

produce biogas. This technology is adopted in several waste water treatment 

plant, due to low comercial value of the biogas, people do not pay much 

attention on it. 

 

3. Ethanol 

 

The cell wall of the most microalgae is formed by polysaccharide. After the 

algal oil extraction, the residue’s main composition is the cell wall, these 

residue can be used as the raw material of the  alcoholic fermentation to 

produce ethanol. 

 

4. Human health food  

 

Many studies have shown that chlorella and spirulina etc. are rich in protein, 

fat, vitamins and polyunsaturated fatty acids and other nutrients which are 

essiential for the human. In the past few years, the unsaturaterd fatty acid 

such as EPA and DHA which are good for the human brain and reduce the risk 

of cardiovascular disease have been developed from the microalgae.[Li, Y et 

al., 2006]  

 

5. Animal feed 

 

The microalgae is the natural food for the zooplankton and aquatic animals, it 

can be used as the animal feed to improve the survival rate of the larvae and 

increase the production. 

 

6. Fertilizer 

 

The residuce of the miroalgae biomass after fermentation also are rich in 

nitrigen and phosphrous, and it can be used as the fertilizer for the crops 

plantation.  
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3 Zhoushan waste incineration case study 

3.1 General fact about Zhoushan islands 

 

 

Fig.15 Geographical location of Zhoushan Islands 

 

Geographical location 

Zhoushan is situated on the East China Sea at the south - east part of the Yangtse 

Rive Delta off the Hangzhou Bay. Bordering main cities such as Shanghai, 

Hangzhou and Ningbo and facing the Pacific Ocean, it’s an important gateway of 

inland places to the outside world and the juncture of water arteries linking 

south and north China with the Yangtze River, presenting a fanshaped 

radialization towards the new and developing cities in Asia-Pacific area. 

 

Climate  

Zhoushan falls under subtropical monsoon marine climate featuring a mild 

temperature all the year round. The annual average temperature is around 16°C 

and the annual average rainfall is about 927 to 1620mm. 

 

                             

Area & Population  

Zhoushan occupies 182km from east to west, and 169km from south to 

north.The city covers 22 thousand sq. kilometers, including a maritime area of 

20800 sq. kilometers and a land area of 1440 sq.kilometers,with 1390 islands 

and 3306 skerries.There are 103 inhabited islands, boasting of the No.4 biggest 

island in China,with a principal island area of 503 sq.kilometers and a population 

of 970 thousand, the population density is 672 people per sq.kilometer. 
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3.2 Zhoushan waste incineration power plant  

 
Fig.16 The waste inceration plant GPS location Source: Google Earth 

 

To solve the local MSW problem, the Zhoushan islands started a waste 

incineration project, the whole incineration plant cost nearly 0.25 billion RMB. 

The plant was built at Tuanjishan island which was ever used as the landfill place. 

The design waste treatment ability for this project is 700 tons/d, and a 12MW 

steam generator is combined with the waste incinerator.    

 

 
Fig. 17 Photographs for the project construction 
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Waste 
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Biomass 
Harvesting 

Biomass 
Separation 

Byproduct 
Production 

3.3 Algae CO2 capture and utilization case pre-study for 

Zhoushan waste incineration power plant 

A specific case study is conducted based on the Zhoushan waste incineration 

plant to truly reflect the effect of this technology, the result of the case study 

could be used for the feasibility study.  Two parts work are involved in this case 

study, the first part work is to analyze the carbon mass balance during the whole 

process and calculate the efficiency of the carbon capture of algae technology, the 

second part work is to find whether there is an attractable market value on the 

products as the drive force for the whole process and this can be regarded as the 

pre-analysis for the feasibility on the economic aspect.  

3.3.1 Process assumption 

Actually, the whole carbon capture project is still under the initial planning stage, 

the feasibility study it needs make some proper assumption for the carbon 

capture process for the unknown detail. Many assumptions in this case study are 

based on the suggestions of working staff in the Clean energy utilization state key 

lab in Zhejiang University due to that this department is one of the main 

stakeholders in this project. 

 

 

 

Fig. 18 Process assumption for the case study 

 

Process Outline 

As introduced in Chapter 2, several steps should be included in the algae based 

carbon capture process. For this case study, these five main steps are waste 

incineration, algae cultivation, algae harvest, algae biomass separation, 

byproducts production (Fig. 18). The detailed demonstration of each step in the 

case study will be introduced in the following sections.  

 

Data and efficiency assumption 

Most of the concerning information and data are provided by the researchers 

from Zhejiang University, but most of the data is obtained based on the ideal 

condition. Perhaps the result of this study might be different from the one under 
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the final actual working condition, In this present case study, all the unknown 

substance transformation efficiency is assumed as 100%, in another word, any 

substance losses in the process is neglected in the analysis. The result of the case 

study is only used for the feasibility analysis study and it could contribute the 

future project research. 

3.3.2 Waste incineration 

In the past, the Zhoushan municipality used the landfill as the main solution to 

deal with the MSW, however the rapid growth of MSW volume leads to that the 

new high efficient MSW treatment method are needed to replace the landfill, 

because few space are applicable for landfill for Zhoushan. Moreover the landfill 

has the risk of pollutants leakage which cause the underground water 

contamination and odor vision problems, another big problem is that the landfill 

generates methane which pose huge contribution to the global warming. 

According to the scientific research, the methane release from the MSW landfill is 

more than two folds equivalent emission of the CO2 emission from the MSW 

incineration. The waste incineration is a MSW solution which has less GHG 

emission than the MSW landfill. 

   

Waste incineration plant is regarded as one of the large point sources of CO2 

emission, carbon is one of the main contents for the organic waste in the MSW, 

the combustion of these organic wastes causes the CO2 emission. In the flue gas 

of MSW combustion, the concentration of CO2 is high and it is prone to take 

measurement to capture these CO2 emissions as the mitigation method for global 

warming.  

 

Each Incinerator Treatment Capacity 350 tons per day 

Power Generation Capacity 12 MW 

MSW LHV 1300 kcal/kg 

Flue Gas Emission Each Incinerator 7×104 Nm3/h 

CO2 Concentration 13% 

Table. 4 Data for the incineration plant 

 

Refer to this case study, the Zhoushan MSW treatment project has launched two 

waste incinerators in this project, each of the waste incinerator has the MSW 

treatment ability of 350 tons per day. Take the incinerators’ maintenance in 

consideration, the working days for each incinerator is 346 days per year. 

Through calculation, the waste incineration can deal with nearly 242000 tons 

MSW per year. Based on interview and investigation, the flue gas flow rate is 

7×104 Nm3/h for each incinerator and the total flue gas flow rate is 336×104 

Nm3/d for the whole project. The CO2 concentration in the flue gas is around 
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13%.(Table. 4)  

 

𝐂 + 𝐎𝟐 = 𝐂𝐎𝟐 

 

𝐕𝐂𝐎𝟐 = 𝟕 × 𝟏𝟎𝟒 × 𝟐𝟒 × 𝟏𝟑% × 𝟐 ≈ 𝟒𝟒 × 𝟏𝟎𝟒𝐍𝐦𝟑/𝐝 

 𝐌𝐂𝐎𝟐 = 𝟒𝟒 × 𝟏𝟎𝟒 × 𝟏𝟎𝟑 ×
𝟒𝟒

𝟐𝟐. 𝟒
≈ 𝟖𝟔𝟎 𝐭𝐨𝐧/𝐝 

 

According to above initial calculation, around 860 tons CO2 will be emitted by 

this MSW incineration plant per day. To fulfill this, the combustion needs 235 

tons carbon and 625 tons oxygen. Based on the mass balance rule and data, the 

blue mass balance chart could be drawn shown as below (Fig. 19). To track the 

carbon mass flow, the orange carbon mass balance flow chart (Fig. 20) is formed 

base on the mass balance flow chart and this chart only reflects the carbon mass 

flow without any other materials.  

 

  

Waste 
Incineration

Fossil carbon in 
MSW 235

Oxygen 625

Electricity 
12MW

CO2 860

 
 

 Fig. 19 Mass balance for the waste incineration unit (tons/d) 

 

 

 

 

Waste 
Incineration

Fossil carbon 
235

CO2 235

 
   

        Fig.20 Carbon mass balance for the waste incineration unit (tons/d) 
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3.3.3 Algae cultivation 

Algae strain selection for the case study 

According to the interviews with the CEU researchers, the algae strain that is 

supposed to be used in this project is Chlorella, and the main reasons are: 

 

1. In this project, the CO2 concentration in the flue gas is around 13%, and 

under this carbon dioxide concentration the research of the CEU shows that 

Chlorella can have a good growth rate, even some kinds of Chlorella can 

reach their max growth rate under the around 10% CO2 concentration.  

 

2. In the case study, the most expected product is the biodiesel, so the high lipid 

content algae strain is the better choice, and the Chlorella have a relative high 

oil production which is suitable for the research. 

 

3. The Chlorella has good environmental tolerance ability to the environment 

change like temperature change and concentration change also it could grow 

in the brackish.  

 

Water source and nutrients 

For Zhoushan island, the fresh water resource is limited but the seawater 

resource is rich and for free due to the island condition, the sustainable water 

solution is that using the sea water as the water source and nutrients source for 

the algae cultivation, and this solution not only will avoid the pollutions to the 

sea but also can ease the seawater eutrophication to some extent. The offshore 

seawater is very rich in the nutrients due to the coastal residents’ activities, and 

this could be used in the algae cultivation, and this solution is combined water 

cleaning and nutrients cost saving win-win mode.  

Photobioreactor 

In this project, the tubular photobioreactors are supposed to be applied. Though 

this solution is relative expensive, it takes up less space compared with the open 

pond solution. Because the land resource in China is limited and the regulation 

for the land occupation is very strict. And this solution has relative high carbon 

capture efficiency to achieve the aim of capturing 90% of CO2 in the flue gas. And 

the tubular bioreactor pattern is still under research in the CEU lab of Zhejiang 

University. The mass balance and carbon mass balance flow chart for the process 
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in the photobioreactor are shown as below. Besides carbon dioxide, the process 

unit’s input includes water & nutrients and solar energy, the 10% CO2 will be 

released and oxygen and biomass are the process output. After having discussion 

with the CEU, the nutrients’ content are cleat which is mainly nitrogenous and 

phosphate chemicals without carbon content. Based on result data, the mass flow 

and carbon mass flow charts (Fig.21 & Fig. 22) are shown as below: 

Algae 
Cultivation

CO2 860

CO2 Release 86 Oxygen 560

Solar Energy
Water & 

Nutrients 186

Biomass 400

 
Fig. 21 Mass balance for the algae cultivation unit (tons/d) 

 

Algae 
Cultivation

CO2 235 Biomass 211

CO2 24

 

Fig. 22 Carbon mass balance for the algae cultivation unit (tons/d) 

3.3.4 Biomass harvest 

The biomass harvesting method is still unclear for this case study. And the CEU of 

Zhejiang University said that they are developing new biodiesel production 

technology by using wet algae biomass to reduce the energy consumption in this 

harvest process. The harvesting efficiency is assumed as 100% in this case study, 

the uncertainty of biomass harvest method does not affect the carbon mass flow 

in the analysis, there is no carbon loss in the harvesting process. And the mass 

flow for this step is simple, the mass flow chart (Fig.23) and Carbon mass flow 

chart (Fig.24) are shown as below: 
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Fig.23 Mass balance for the biomass harvesting unit (tons/d) 

Biomass 
Harvesting

Wet Biomass 
211

Concentrated 
Biomass 211

 

Fig.24 Carbon mass balance for the biomass harvesting unit (tons/d) 

3.3.5 Biomass separation  

To utilize the algal biomass for the further byproducts production, the biomass 

separation process is needed. From CEU, the separation method and related 

technology is still not clear till the completion of this report. In this report, 

during the separation process the consumption is made that there is no martial 

loss. Based on the Chlorella composition, the biomass can be treated and 

separated into three kinds of raw materials: oil accounts for 20%, protein 

accounts for 50% and Chitin accounts for 30% (Fig 25). From Table.5, it can be 

found that the carbon content ratio is protein, chitin and oil is quite different, 

according to this data and combined with Fig. 25 the carbon mass weight 

allocation could obtain. And the carbon content in the biomass will be divided 

according to the three components, through calculation the carbon content 

allocation result is shown in Fig. 27. 

 

 

Fig.25 General components for algae   Table. 5 Carbon content in each composition 

 

Protein; 
50% 

Chitin; 
30% 

Oil; 20% Substance Carbon content 

Protein 50% 

Chitin 45% 

Oil 72% 
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Biomass 
Separation

Biomass 400

Chitin 120

Protein 200

Oil 80

 

Fig.26 Mass balance for the biomass separation unit (tons/d) 

 

Biomass 
Separation

Biomass 211

Chitin 54

Protein 100

Oil 57

 

Fig.27 Carbon mass balance in the BS process (tons/d) 

3.3.6 Production process 

According to the local circumstances, three products are aimed as the needed 

by-products within the case study. They are biodiesel, animal feedstock, methane. 

The biodiesel and methane as the renewable energy sources can be used in the 

local public transportation system. And the Zhoushan island is famous for her 

aquaculture, the animal feedstock can be used for the fish industry. 

 

Biodiesel 

 

The get the biodiesel, the oil extraction from the algal biomass needs to take a 

transesterrification reaction. Beside the bio-oil, methanol is also needed in this 

process as the essential input, the output of this reaction is biodiesel and 

glycerol.  

 

From the chemical reaction introduced in Chapter 2, it can be found that the 

carbon mass in the glycerol is nearly equal to the methanol. So there is no change 

of the carbon content in the biodiesel compared with the bio-oil. 
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Oil 80
Transesterrificat

ion
Biodiesel 80
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Fig.28 Mass balance in the biodiesel production process (tons/d) 

Oil 57
Transesterrificat

ion
Biodiesel 57

Glycerol 4

Methanol 4

 
Fig. 29 Carbon mass balance in the biodiesel production process (tons/d) 

 

 

Animal feedstock 

 

The animal feedstock is made from the protein within the algae biomass, the 

process technical detail is not investigated in this thesis. In this analysis the 

transform efficiency is assumed as 100%, no carbon loss is supposed to happen 

here. The animal feedstock’s mainly composition is the protein and other 

materials like corn and sugar will also be added in the production process, the 

weight of other materials is unknown and the data does not affect the carbon 

mass flow.  

Protein 200 Production Animal Feed

Other materials

 

Fig. 30 Mass balance in the animal feed production process (tons/d) 
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Protein 100 Production Animal Feed

Other materials

 

Fig.31 Carbon mass balance in the animal feed production unit (tons/d) 

Biogas 

 

Chitin is mainly composed by polysaccharides and cellulose and used to produce 

methane by anaerobic digestion. Also the no carbon loss assumption is applied in 

this process. The chemical reaction formula is shown as below, and the biogas is 

mainly composed by methane and carbon dioxide and to finish the chemical 

reaction water is needed. According to the formula, the mass balance carbon 

mass balance could obtain, the analysis result is shown in Fig. 32 & Fig. 33. 

 

(𝑪𝟔𝑯𝟏𝟎𝑶𝟓)𝒏 + 𝒏𝑯𝟐𝑶 = 𝟑𝒏 𝑪𝑯𝟒 + 𝟑𝒏 𝑪𝑶𝟐 
 

Anaerobic 
Digestion

Chitin 120 Biogas 134

Water 14

 

 

Fig.32 Mass balance for the anaerobic digestion (tons/d) 

 

 

Anaerobic 
Digestion

Chitin 54 Biogas 54

Water 0

 
Fig.33 Carbon mass balance in the anaerobic digestion process (tons/d) 
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According to the per unit process mass balance analysis chart , the complete 

mass balance and carbon mass balance flow chart are shown as below(Fig. 34& 

Fig. 35). The final charts include the processes from waste incineration to 

product end use and decomposition. To clearly show the carbon final allocation, 

the data showed in Fig. 35 is presented in percent form. The carbon input from 

the waste incineration is regarded as 100%, 90% carbon is combined within the 

biomass the other 10% is released away from the system due to the efficiency 

problem. The carbon within the biomass will be allocated into biodiesel, biogas 

and protein which each accounts for 24%, 23% and 43%. At last, all these carbon 

will enter the atmosphere in the CO2 form. Further discussion will be given in the 

following section. 
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Fig.34 The mass balance for the algae based CCU process 
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Fig.35 The carbon mass flow for the whole algae based CCU process (%) 
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4 Discussion 

4.1 Carbon mass flow discussion 

4.1.1 No carbon sink effect 

From the result shown in the carbon mass flow chart (Fig.35), it could be found 

that carbon dioxide emitted from the waste incineration plant will be ultimately 

released into the atmosphere, so there is no carbon sink effect by using this algae 

based carbon capture technology. So this technology should not be deemed as the 

Carbon Storage technology, this can be regarded as the Carbon Capture and 

Utilization process(CCU).  

 

In the whole CCU process, for this Zhoushan case, the waste incineration could be 

regarded as the only carbon input source. According to the Fig. 35, the carbon 

output into the atmosphere for this CCU process is divided in four parts:  

 

1. CO2 release accounts for 10%. The first part is the photo-bioreactor CO2 

release, the algae in the reactor can capture 90% CO2 in the flue gas the left 

10% is released in to the atmosphere, the 90% CO2 will be further divided 

based on the biomass separation.    

 

2. the second part is the biodiesel utilization CO2 emission, although part of the 

carbon is storage in the biodiesel, in the end these biodiesel will be 

combusted by the engines, the carbon content is released into the 

atmosphere again, this part accounts for 24%;  

 

3. the third part is the biogas usage, the biogas converted from the chitin will be 

used in the household or transportation system, the methane will change 

into the CO2 and water after the combustion process, this part accounts for 

23%;  

 

4. the last part of CO2 emission is that the protein produced in this process will 

be used as the animal feedstock, and these part carbon finally will be 

released into the atmosphere with the respiration and final decomposition 

this part carbon content accounts for 43% which is the biggest.  

 

It is easy to be found that the CO2 emission from the waste incineration as the 

input for this case study will be finally emitted into the atmosphere in the form of 

CO2 as the output. And this situation is also useful for other carbon source CCU 

project such as fire power station. Discussed from the aspect of the carbon mass 
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flow, it is not a kind of effective global warming mitigation solution. The whole 

process could not be used for the carbon sink.  

 

4.1.2 Emission rate relatively slow down 

Though the process could not reduce the total carbon dioxide emission volume 

for the waste incineration and could not be used as the carbon sink solution, it 

can slow down the CO2 emission rate depends on the mitigation time scope. For 

example, for 20years' consideration, this technology may have some GHG 

emission mitigation effect, but for more than 100 years consideration, this 

technology seems to be useless for GHG emission mitigation. Compared with the 

condition of non-CCU solution for the waste incineration and the algae based CCU 

solution, the total CO2 emission volume remains the same in the carbon mass 

flow, but the GHG emission time scale is changed for the algae CCU process, the 

equal volume carbon dioxide will be released in a longer time. So in the same 

short time length, e.g. 3 years, the waste incineration plant with the CCU solution 

emits less CO2. . 

 

For the biodiesel and biogas, both of them are the renewable energy. Here make 

an assumption for the biodiesel and biogas produced from the process, all of 

these biodiesel and biogas will be consumed in the local transportation. This 

means that the daily energy products will be consumed by the transportation 

system in the same day, it can be concluded that the carbon dioxide emission for 

the biodiesel and biogas parts could not be slow down compared with waste 

incineration CO2 direct emission. The two parts of CO2 emission accounts for 47% 

of the total CO2 emission. 

 

For the animal feed protein, it nearly absorbs other 43% CO2 emission in total. 

This part of carbon will enter the food chain, these protein will be fed with the 

animals such as fish, chicken etc. and make an protein accumulation and 

metabolism in the animal bodies. When the animals are grown enough they will 

be taken as the food for people. Even this part of carbon in the protein could be 

absorbed by human to sustain the metabolism, and it could stay in the human 

body for a period depends on the protein category. And it is a very complicated 

process. If only consider the effect in recent several years, the protein solution 

can save 43% CO2 emission compared with the direct GHG emission way. And it 

is useful to the mitigation of the global warming in short time. If the time scope is 

100 years or longer, there is no carbon storage effect for the GHG emission.In this 

master thesis, the GHG emission consideration time scale is 100 years, so the 

part carbon dioxide will be finally released into the air.  

 

In conclusion, for long term consideration the biomass generated from the algae 

based CCU technology has no contribution for the global warming mitigation, 
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maybe the biomass's economic value is more important, and in the European 

Union area, according to the regulations, the biomass from such carbon capture 

process is not allowed to be used.  

4.1.3 Fossil carbon displaced and avoid by bio-products 

 

The renewable energy biodiesel and biogas can be used in the local 

transportation system to reduce the consumption of conventional diesel. And in 

this way it can avoid fossil carbon releasing into the atmosphere. To try to figure 

out the results of carbon emission avoid, a comparison is assumed between the 

conventional mode and algae based CCU mode. 

 

Conventional mode assumption: the CO2 emission from the Zhoushan waste 

incineration plant enters the atmosphere directly with the flue gas after certain 

air pollution control. And the local transportation system use conventional diesel 

as the main fuel for the public transportation.  

 

Algae CCU mode assumption: it applies the algae based CCU technology for the 

waste incineration plant to control the CO2 emission, and the biodiesel and 

biogas as the energy products for the project is used by the local public 

transportation. 

 

From Table. 6, the biodiesel production is 80 tons per day and the methane is 36 

tons per days for the Zhoushan waste incineration case study, and the LHV for the 

biodiesel is 40.3MJ/ kg, the LHV of the methane is about 50 MJ/ kg. 

 

Fuel Production LHV 

Biodiesel 80 tons/d 40.3MJ/kg 

Methane 36 tons/d 50 MJ/kg 

Table. 6 Data for the bio-energy products 

 

For the conventional diesel, its LHV is about 42.6 MJ/ kg. Make a transformation 

for the energy balance: 

 

Biodiesel 80 tons/d = Diesel 75.7 tons/d 

Methane 36 tons/d= Diesel 42.3 tons/d 

Total replaced Diesel= 75.7+42.3=118 tons/d 

 

The CO2 emission factor for the diesel combustion is around 3.2kg per kg 
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diesel[IPCC, 2001], then the avoided CO2 emission amount is:  

 

CO2 avoid= Diesel amount replaced ×3.2≈378 tons/d 

 

Waste Incineration 860 tons/d 

Diesel  378 tons/d 

Total 1238 tons/d 

Table. 7 Conventional mode CO2 emission 

 

Waste Incineration 86 tons/d 

Protein Decomposition 367 tons/d 

Biodiesel 209 tons/d 

Biogas 198 tons/d 

Total 860 tons/d 

Table. 8 Algae CCU mode CO2 emission 

 

As a result, the conventional mode gives out total CO2 emission 1238 tons/d, and 

the algae base CCU solution gives 860 tons/d. Compared with the conventional 

mode, the algae CCU technology avoid about 378 ton CO2 emission from fossil 

fuel per day. 

4.1.4 Carbon dioxide emission avoid from Oxygen utilization 

Obviously, the byproduct oxygen can also be used to reduce the CO2 emission by 

the oxygen enrichment combustion. The oxygen enriched combustion means that 

the combustion air oxygen content is higher than 21% (Normal content in the 

natural air), in this process less nitrogen is heated, the combustion efficiency and 

heat transfer efficiency are both being improved. For the same energy output 

amount, the oxygen enriched combustion consume less fuel and has less flue gas 

and CO2 emission, and the CO2 ratio in the flue gas gets higher. 

 

In this report, the oxygen byproduct is assumed to be put return to the waste 

incineration power plants for the oxygen enriched combustion, to increase the 

incineration efficiency and get more electricity.  

 

According to the scientific researches, most of the expert thought the 30% 

oxygen concentration for the air blew into the furnace is the best choice for the 

economic and technical aspect. And 30% concentration oxygen enriched 

combustion could save nearly 25% CO2 emission under the situation of the same 

energy output or provide 33 % more electricity production with the same CO2 

emission amount compared with the conventional combustion. 
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Fig. 36 Recycle of the oxygen 

 

Based on issue introduced above, after simple calculation, if the CO2 emission 

amount is unchanged for the Zhoushan case study, the same amount MSW 

incineration could give more electricity production. For the non-algae CCU mode, 

per 860 tons CO2 emission is released for 288 Mwh, the intensity is about 3 tons 

CO2 emission per Mwh. For the algae CCU mode, the oxygen enriched solution 

could provide 384 Mwh eletricity based on the 860 tons CO2 emission, so it could 

save or avoid 

 

(384-288)Mwh ×3 tons CO2/Mwh= 288 tons CO2 

 

4.1.5 Assessment from the technical view 

Combined with the oxygen utilization and above renewable energy usage carbon 

avoid, it can be concluded that the 860 CO2 input for the algae based CCU system 

could avoid 378+288=666 tons CO2 emission, in other words every 100 kg CO2 

input could avoid 77kg CO2 emission, tough it is not a carbon sink process, the 

algal CCU process could still avoid certain carbon dioxide emission. In conclusion, 

the GHG emission mitigation effect for this algae CCU technology is based on the 

avoided carbon dioxide emission. And this technology is complicated and also 

have many restrictions, the future developing for the algae based CCU is not so 

optimistic. Maybe this technology is not the best solution for the point source 

carbon dioxide abatement. 

  

4.2 Economic Value Summary 

As an important part of the feasibility study, the initial economic analysis is 

necessary.  The economic driven force is essential for the large scale application 

of algae base CCU technology. The considerable positive economic profits could 

attract people’s attention and collect operation funds easily, and for the algae 

based CCU process, it also could be apt to receive enough support from the 

government and public. In another way, the profits from the case study can also 

make contributions to the local economic growth and local sustainable 
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development.  

 

For the economic analysis of the Zhoushan case study, everything about the 

project is still in the research and development stage and the whole project is a 

complicated process with many sub-processes, it is hard and time consuming to 

get a detailed economic analysis or CBA, in this master thesis several 

assumptions are taken due to the limitations: 

1. Energy consumption cost of the process is not included  

2. Maintenance and labor cost is not accounted 

3. Initial capital investment is unknown  

4. The cost of byproducts production is zero. 

5. The materials cost and product profit are calculated 

6. The carbon credit revenue is under consideration  

Owing to the limitations, the value summary result in this report is a rough result. 

This result only checks the value difference between the main process input and 

output. The economic analysis is based on the material balance flow chart given 

above. And the analysis is only applied from the process of the CO2 emission from 

the waste incineration plant, the waste incineration process is not included. 

 

Cost  

 

From the chart, the material inputs for the main algae based CCU process are: 

water, nutrients, CO2. 

 

Carbon dioxide Free 

Water Free 

Nutrients Free 

Table. 9 Material input cost per day 

 

The CO2 as the waste gas from the waste incineration plant is taken as the carbon 

source for the process, and certainly it is a free source. For the Zhoushan case 

study, the whole project is lunched on the island and the water source is the free 

sea water, also according their plan the nutrients source is the nutrients from the 

brackish water, both of them are the free sources. 

 

Revenue 

 

Biodiesel 415000SEK 

Biogas 121000SEK 

Animal Feed (Protein) 935000SEK 

Carbon Credits 168000SEK 

Total 1639000SEK 

Table. 10 Products revenue per day 
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The oxygen in this report is assumed to be used to reduce the CO2 emission for 

the case. As China is belonged to the development country, and this project may 

become the CDM project, and these carbon credits will be bought by foreign 

companies.  

 

From the comparison, the rough value summary shows a very positive result. 

Due to the assumption in the study is too ideal, the real profit could be much 

lower. 

4.3 Suggestions for the future work  

4.3.1 Suggestions for the algae based CCU technology research 

The algal industry just started and there are many problems are still waited to be 

solved in the future. Till now, the project is going in the pilot scale, no real 

industrial scale project about this technology has been launched, it could be 

realized in the recent future. To make the algal industry develop towards the 

better sustainability, lots of improvements are needed in the future research.   

 

How can the whole process be improved? The algae based CCU industry is mainly 

composed by five sectors and proper suggestions should be given according to 

the five parts: 

 

1. Biotechnology  

 

In the biotechnology research sector, improvements could be done for 

selecting and creating more suitable and ideal algae strain for the algal 

industry. For example, in CEU in Zhejiang University, the researchers are 

making effort to get better algal strain by using gamma ray irradiation 

method and other gene modification methods. 

 

2. Cultivation & Harvesting 

 

The cultivation system should be designed for high photo efficiency, less 

space taken, cheap cost, high productivity, easy management, high reliability. 

And the cultivation system needs to be improved to be climate independence. 

Harvesting methods should be improved to consume less energy and higher 

efficiency.  

 

3. Biomass utilization 

 

The algal biomass should be utilized in the maximum extent in the 
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sustainable way. For example, it is better to try to transfer the biomass into 

carbon free energy efficiently such as hydrogen energy. Moreover, the 

biomass can be developed into building material or bio plastic to storage the 

carbon for a longer time.  

 

 

4. Substance and energy input 

 

The substances which are needed for the algal carbon dioxide capture and 

utilization system are mainly water, nutrients, electricity and CO2. For the 

water and nutrients, the algal industry could make efforts on utilizing the 

waste water and waste nutrients, and recycle them within the process. And 

the electricity consumption in the process should be studied and make 

improvements on the high consumption parts. To make the process more 

carbon negative, the environment friendly electricity is welcome such as the 

wind power and hydro power. 

   

5. Human resource 

 

Related education should be enhanced to training personnel about the algal 

industry, in this way more innovative ideas and solutions will be provided to 

promote this technology and it is a long term plan. The workers and 

engineers in the algal industry need innovative thoughts, it is a brand new 

industry and lots of chances to make improvements in any detail.   

 

To achieve a better development and performance for the algae based carbon 

dioxide capture and utilization technology, it needs these five sectors promoting 

together. Any of the sectors in this project is essential for the further 

development of this technology.  

4.3.2 Algal industry regulation and standard 

To ensure the algal CCU industry developing towards the sustainable direction, 

proper external regulations are needed. The regulation and technical standard 

about the algal industry should be made by the environmental department and 

academic organizations. This regulation aims to reduce the environmental 

impact of this algal technology, for example, constraining the land consumption 

and water consumption, the pollution avoiding from the production process.  

The technical standard could be used as a guideline for the future promotion for 

other areas. Moreover the regulation and technical standard for the technology 

may guarantee the projects’ reliability and safety in the process of promotion. 

Also these could contribute to the algae cased CCU projects’ management.  
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4.3.3 Government  

As a main stakeholder in the promotion of the algae based CCU technology, the 

government could do something to promote the process. The carbon negative 

effect of this project should be encouraged to promote for the mitigation of global 

warming. To support the project, the government should make several 

concerning policies, such as, the government could subsidize the project 

according to the reduced amount of carbon dioxide, and the government could 

reduce the tax of the products (animal feed, biodiesel and biogas) from the 

project, give the land support for the project.  

4.4 Feasibility for China 

 

Based on the former analysis and discussion, it could be concluded that the algae 

based CCU technology has a big development potential in China: 

 

 The main energy source for China is still fossil fuel, there are many point 

carbon dioxide sources to be handled 

 

 Most of the fire power plants in China are closed to the costal line, and the 

water and nutrients needed for the project could be got from the sea 

 

 Most of area in China have proper climate for the cultivation of algae  

 

 As the developing country, the algae based CCU could become the CDM 

project 

 

Despite the potentials for China, there are also many constrains for the 

development of algae based CCU project in China, such as the technology trail, 

lack of concerning regulation and land resources.  
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5 Conclusion 

 

All the objectives for the master thesis are basicly achieved, and three 

conclusions are obtained based on the case study: 

 

 Tough the algae based carbon capture and utilization process could not be 

used for the carbon sink, the algae based CCU process for the waste 

incineration plant have certain GHG emission mitigation effect, every 100 

tons carbon dioxide feedstock could reduce and avoid 77 tons carbon dioxide 

emisson.  

 

 Based on the value summary analysis, considerable revenue could be got 

from the algae based CCU process. The economic driven force for the project 

is strong, and this is good for the futher promotion of this algae based CCU 

process. In the future, there will be a significant amount of investments and 

industrial participation. 

 

 Algae based CCU technology is still in its initial research stage, hence it is not 

a theory anymore and could have a good global warming mitigation potential 

in the future. And concerning factors such as education, regulation are 

needed to be enhenced for the future development. 

 

The analysis result is based on the waste incineration plant, but when this algae 

based CCU technology is applied for other carbon point source such as coal 

power plant, it could get the same result. This means that this technology is 

applicable for most of the carbon dioxide point sources, it is a on site solution. 

   

Besides China, the algae based CCU technology could be applied in other 

developed an developing countries to control the carbon dioxide point source. Its 

meaning is important for the sustainable development of the whole world. Other 

countries could consider of applying this technology based on the local 

conditions such as climate, light, water and land resource availability. 

 

Due to the limitations, all the assumptions in the thesis is ideal, most of the 

efficinecy is assume as 100%, in the real condition, the result may be quite 

different. In the future feasibility study work, the cost of the whole process and 

maintenance fee are needed to be investigated and the environment impacts 

analysis of the whole process is needed. Also it needs to conduct a work about 

the comparison between this algae based CCU technology and other CCS methods 
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to show us the better soultion.  
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