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Perface 
This report is the end product of the final thesis project of Water Management bachelor program at the HZ University of Applied Science. The final thesis project was carried out from 1st February to 20th June 2018. The research was commissioned by the research group Aquaculture in Delta Areas at the Delta Academy, project partner of the Interreg project Aquavlan2. The research was based on 4 pillars: literature studies, modelling, measurements at the ragworm farm and expert judgement. The key challenge in my research was finding and confining right data to use in my model. Though accomplishment of the final production model is not an easy work, i have gained many competences such as obtaining theoretical knowledge, cooperating with research group members, improving practical skills, analyzing and processing data and so on. This report is the results of 5-month work which mainly describes to what extend wastewater of ragworm can be used for microalgae and shellfish production.
Hereby, I would like to give my appreciations to everyone who was involved or somehow participated in this research.
Firstly, i would like to express my most sincere gratitude to my in-company mentors Jouke Heringa and Michel Trommelen. They assisted and encouraged me throughout the entire process of my final thesis project. Secondly, I would like to thank my university supervisor A.C.Oele. She enlightened me on how to achieve an integral and qualified final thesis project Last but not least, I would like to thank Christos Latsos, G.P.Verbeeke, P.C. Oostlander and rest of the people and all my colleagues from the research group Aquaculture in Delta Areas for their assistances.
Ding Zhao
Vlissingen, June 10th, 2018
Summary
In the Province of Zeeland, ragworms (Alitta virens) are farmed on large scale in open rectangular (flow through systems) ponds. In April these ponds are stocked with ragworm larvae from a hatchery. The juveniles bury themselves in the sediment layer in the pond and are fed with feed pellets. Dependent on the market (bait for fishing or maturation feed for shrimp farming) market size ragworms are harvested after 7 – 20 months. The process water produced by ragworm farming has great potential for growing microalgae and subsequently shellfish. This research amis to model the reuse to process water from ragworm culture.

In this research, Topsy Baits and Delta Farm are the chosen companies to investigate, by means of model which has been setup. Firstly, the composition of waste water in ragworm ponds is analyzed and then nutrients (nitrogen and phosphorus) balance equation is built based on the different parameters. Secondly, it is assumed that only N and P limitation for the microalge prodcution. A link between nutrients and algae dry weight is established based on literature study. Thirdly, a model for the relation between microalgae and shellfish production was used based on the food conversion rate.  
The model was calibrated by means of comparing field data with model data. Waste water composition vary between the two ragworm production locations and between ponds and different months at the same production location. Therefor a more intensive monitoring at production locations is needed. The results of the calibration show that the model results are in the same order of magnitude as some field measurements. .  However model formulations and parameter settings in it can be improved and optimized, especially calculated P concentrations seems to be under estimated in the model
Based on the model calculations, the algae production in dry weight can achieve about 27.9 tons and shellfish production in wet weight can achieve about 61.9 tons with reuse of all waste water at Delta Farm. 
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1. Introduction 

1.1 Background

Aquaculture is one of the fastest growing sectors of food production in the world today. The rapid growth of aquaculture contributes to the increasing demand for fish products. In the 1970s, aquaculture produced about 3 million tonnes of fish. By 2015, world aquaculture production reached 76.6 million tonnes valued at USD 157.9 billion (Food and Agriculture Qrganization of United Nations, 2016).
Figure 1 shows world capture fisheries and aquaculture production since 1950 to 2014. Aquaculture production and capture fisheries have shown an impressive growth due to demand of human comsumption. In 1950, aquaculture and capture production are about 20 million tonnes. More than 60 years later, aquaculture production already reached to about 80 million tonnes and capture production reached to about 90 million tonnes. 
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There is a growing demand for feed due to this growth of aquaculture production. In province of Zeeland, a specific type of feed (Alitta virens) is farmed on a large scale (36 ha). Alitta virens is cultured commercially as they are highly valued as bait and as aquaculture feed.
Ragworms are classified as Polychaeta bristle worms, with hundreds of species existing worldwide. There are two main types of ragworm used as bait: the larger king ragworm (Alitta virens) and the smaller common ragworm (Perinereis cultrifera), which is also known as red ragworm (British Sea Fishing, 2017). 
Topsy Baits is a ragworm (Alitta virens) production company in the province of Zeeland in the Netherlands. Topsy Baits has two production facilities. Ragworm (Alitta virens) in Topsy Baits are produced for two applications. One production farm is used partly to culture fish baits named Topsy Baits located in Wilhelminadorp and the other production farm named Delta farm is used to provide maturation feed for shrimp farming. 
Topsy Baits is the largest supplier of farmed live bait in Europe. Live worms are exported to some 14 countries and another 40 countries are supplied with frozen worms as maturation feed for the aquaculture industry (Baits, 2016).The ponds of Topsy Baits are 1000m2 with a depth of 25- 30 cm. For the ragworms in Topsy Baits used for angling, size (weight or length) is an important issue. The production period of ragworm is then in most cases more than 12 months. Bigger individuals are selected and the smaller ones are returned into the ponds during the harvesting process. Another part of the ponds at Topsy Baits are used to produce maturation feed for shrimp broodstock. An aerial view of the company Topsy Baits is shown in figure 2.


[image: image4]Delta Farm, located in Colijnsplaat, produces ragworms as maturation feed for shrimp farming. Ragworms are sold in kilograms or tonnes, so biomass is more important than size. The ponds at Delta Farm are about 4200m2 with a depth of 70 cm. Production time for ragworms as shrimp feed is from April to November or December. After that the ponds are set dry. So the production period of ragworm in Delta Farm is about 8-9 months. An aerial view of the company Delta Farm is shown in figure 3.
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Figure 3 Aerial Photo of Farm location Delta Farm in Colijnsplaat (Delta Farm, n.d.)

1.2  Problem indication and scope
Shellfish (mussels and oyster) are cultured on a large scale in the Netherlands. The mussel sector involves about 80 companies and cultivation is carried out on about 100 km2 of culture plots in the Oosterschelde and Dutch Wadden Sea. Oyster farms in the province of Zeeland apply on-bottom and off-bottom culture and are located in the Eastern Scheldt (1 550 ha of plots) and the salt Grevelingen Lake (500 ha of plots) (Nations, 2018). Microalgae are essential for growing shellfish on land. In Zeeland, in hatcheries, reproduction of shellfish (oyster and carpet shell) takes place, and microalgae are needed to feed the larvae and spat.  Shellfish refinement is a relatively new land based activity. In that case, market sized pacific cupped oysters are kept in basins and fed with naturally occurring algae in order to promote growth and quality (Piveteau, 1999). The Zeeland Sole project showed the potential business case for oyster refinement (Ketelaars, 2014). For both above mentioned applications (hatchery and refinement), large amounts of microalgae are needed to feed the shellfish. 
Ragworm influent water is pumped from the Eastern Scheldt at a central facility at Delta Farm and Topsy Baits. Here the water is filtered through a primary drum filter and then a secondary drum filter which has a pore size of 70 microns. From there the filtered water is pumped into the ragworm ponds. The effluent from the ponds flows directly back into the Eastern Scheldt.  The two companies Delta Farms and Topsy Baits pay a fee, based on the estimated annual load of nutrients to the government for discharging the effluent in the Eastern Scheldt. The process water of ragworm farms contains increased concentration of nitrogen and phosphorus. Therefore the waste water from the ragworm ponds can be collected in order to produce microalgae. And subsequently the microalgae can be used to feed shellfish.
In order to evaluate the suitability of the waste water for microalgae growth, more insight is needed about the composition of the waste water. And more specifically what factors determine this composition and it’s variation in time and space. HZ and more specifically the applied research group Aquaculture in Delta Areas of the Delta Academy is project partner in the Interreg Project Aquavlan 2. The Interreg project Aquavlan2 supports aquaculture companies situated in Flanders and the Netherlands in their technical and innovative challenges. Flemish and partners from Zeeland work together on challenges in aquaculture. One work package in the Aquavlan 2 project focusses on reuse of waste (water) from aquaculture activities and therefore closing nutrient cycles. One of the foreseen outcomes of this working package of Aquavlan 2 is the development of a production model for microalgae and shellfish based on ragworm waste water. In the past year, the applied research group Aquaculture in Delta Areas have carried out experiments and field measurement about the variation in waste water composition of the ragworm farming. Apart from that, several small scale explorative studies have been carried out showing the potential of the ragworm waste water for microalgae growth and collecting basic data on nutrient balances of ragworm ponds. 

Eventually, the aim is to design a large scale setup of connecting ragworm waste water, microalgae production and shellfish production.

1.3  Research goal

The goal of this research is to design a large scale setup for connecting ragworm waste water, microalgae production and shellfish production and find possible optimal ways to combine them.
1.4  Research questions

Main question: 

To what extend can wastewater of ragworm farms be used for microalgae and shellfish production?

Sub questions:
1. How are concentrations of nitrogen and phosphorus and nutrients load from ragworm ponds depend on factors like retention time, stocking density, temperature, season and feed load?
2. What is the potential productivity of microalgae reusing the wastewater from the ragworm farm and how can this be optimized?

3. What is the potential production of shellfish (oyster) fed with the produced micro algae grown on the wastewater from ragworm farm?
4. To what extend can a production model help to answer the above questions?

2. Theoretical framework

During the past year, work has been done by the Aquaculture Research Group members and several internship students to test suitability of wastewater from the ragworm farm (Alitta virens) for Skeletonema costatum. Skeletonema costatum was selected as a target microalgae because it is a popular species used as feed for shellfish. It is used to feed bivalve molluscs, especially brood stock oysters and larvae in hatchery period or other growing periods like refinement. 
The specific shellfish species chosen in this research is Magallana gigas. This oyster species is very popular all over the world. Global production has increased from about 150 tonnes in 1950 to 750 tonnes in 1980. By 2003, global production had increased to 4.38 million tonnes (Food and Agriculture Organization of the United Nations, n.d.). Magallana gigas has great economic value. In 2003, global Pacific oyster production was worth $ 3.69 billion (Food and Agriculture Organization of the United Nations, n.d.).

2.1 The characteristics of Alitta virens, Skeletonema costatum and Magallana gigas.
2.1.1 Alitta virens
Alitta virens (common names include sandworm and king ragworm; Older scientific names including Nereis virens are still frequently used) is an Annelid worm that burrows in wet sand and mud. It is classified as a polychaete in the family Nereididae. Neanthes virens, also known as clam worm, is an Annelid worm that burrows in wet sand and mud (Sutera, 1990). The colour of Alitta virens is range from reddish brown to black. King ragworm can grow in size to around 90cm (3 feet), but the average size is around 30cm (12 inches) (British Sea Fishing, 2017).
Alitta virens reproduce when they are two to three years old. As the breeding season begins with oocyte maturation occurring in the April or May when the oocytes' diameters reach 185-195 pm, they emerge from their burrows and freely swim to the surface of the water, and this is when they spawn into the water (Wilson & Ruff, 1988). Ragworms feed by extending a portion of their bodies from an opening of their mucus-lined burrows. The burrows consist of a series of inter-connected U-shaped sections, generally in the upper 10 cm of mudflats (Wilson & Ruff, 1988). They can feed in a predatory manner, consuming tiny sea creatures, but can also feed on microscopic organisms suspended in sea water and on organic plant matter (British Sea Fishing, 2017).
2.1.2  Microalgae and Skeletonema costatum
Microalgae represent the largest group of microorganisms on Earth. As happens with plants relative to terrestrial animals, microalgae represent the natural nutritional base and primary source of bulk nutrients in the aquatic food chain (Muller-Feuga, 2000). Microalgae have indeed played an indispensable nutritional role in marine animals in the sea and therefore play a vital role in aquaculture. Most marine creatures rely on the entire life cycle of microalgae. For filter feeding shellfish microalgae are the basic food source.. 

Skeletonema costatum is a common species of diatom in the Atlantic Ocean. It belongs to a family of Skeletonemaceae. The colour of Skeletonema costatum is yellow-brown. The cells are cylindrical 2-61μm length and 2-21μm diameter (Columbia, 2018). The cells are organized in chains of different sizes/ numbers of cells. The cells contain two chromatophores per cell and the nucleus in center (Kumar & Prabu, 2014). The optimal temperature for cultivating Skeletonema costatum is 25℃ (Columbia, 2018). Light ranges for culturing Skeletonema costatum is 2500 lux-5000 lux. Salinity ranges for culturing Skeletonema costatum is 15-30(PPT-‰) (Frank H. Hoff, 2008).The morphological structure of [image: image33.png]035
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S. costatum is showed in the figure 4.
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2.1.3 Magallana gigas
The specific shellfish chosen to culture with microalgae (Skeletonema costatum) is Magallana gigas. The previous name of Magallana gigas is Crassostrea gigas also known as Pacific oyster, Japanese oyster or Miyagi oyster. Magallana gigas is an estuarine species which can be found in intertidal and subtidal zones. It is an oyster native to the Pacific coast of Asia. The shell of Magallana gigas varies widely with the environment where it is attached. Its large, rounded, radial folds are often extremely rough and sharp. The two valves of the shell are slightly different in size and shape, the right valve being moderately concave. Shell colour is variable, usually pale white or off-white. Mature specimens can vary from 80 to 400 mm long (Food and Agriculture Qrganization of United Nations, 2016). The species was introduced from Japan in the early 1900's (to Washington and British Columbia in 1922) and is the most important aquaculture species on the US West Coast (Cowles, 2015) and in Western Europe. Warm temperatures of 25 oC or higher and salinities well over 39 ppt increase their production of heat shock proteins. Temperature above 37 oC are sublethal and above 44 oC are lethal (Yasuoka, 2016).
Oysters are filter feeders, feeding on microalgae. Oysters use their gills to filter microalgae and probably bacteria. During feeding, they relax their single adductor muscle, allowing the two valves of the shell to open slightly. In an action called “pumping,” specialized cilia on the gill draw water into the shell cavity (Newell, 1996). Other gill cilia trap particles and funnel them toward the palps—large liplike structures, also covered with cilia that surround the mouth and on which particles are sorted. Some particles, such as microalgae, are sent into the mouth; others, such as sediment, are usually rejected and deposited as “pseudo feces” just outside the shell (National Research Council, 2004).
A picture of oyster anatomy is shown in the following figure.
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Figure 5 a picture of oyster anatomy (http://canacopegdl.com/contact.html, 2017).
2.2  Microalgae production for waste water treatment
In terms of wastewater, studies on microalgae-based treatments have been conducted for more than a half a century (Yuan, 2016). Wastewater treatment by algae is effective in the removal of nutrients (C, N and P), coliform bacteria, heavy metals and the reduction of chemical and biological oxygen demand, removal and/or degradation of xenobiotic compounds and other contaminants (Bux, 2016).

Using microalgae to treat waste water is important in the current world. Serious interests in natural methods for wastewater treatment have reemerged. The history of the commercial use of algal cultures spans about 75 years with application to wastewater treatment and mass production of different strains such as Chlorella and Dunaliella. (M.A. Borowitzka, 1988). Microalgae can be used for purify wastewater. At the same time, waste water of high nutrient level can also produce microalgae. Nutrients like nitrogen and phosphorus in waste water are important growth limited factors for microalgae. Nutrition distribution in microalgae has some similarities. The Redfield ratio is the elemental composition between nitrogen and phosphorus in microalgae, and is considered the ideal ratio present for microalgae growth. Redfield ratio is the atomic ratio of carbon, nitrogen and phosphorus found in phytoplankton and throughout the deep oceans. This empirically developed stoichiometric ratio was originally found to be C: N: P = 106:16:1 (and has more recently been revised to 117:14:1) (Benitez-Nelsen, 2001).
The most important parameters regulating algal growth are nutrient quantity and quality, light, pH, turbulence, salinity and temperature. The most optimal parameters as well as the tolerated ranges are species specific and a broad generalization for the most important parameters is given in the table 2

Table 2 A generalized set of conditions for culturing micro-algae (Food and Agriculture Qrganization of United Nations, 2016)
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Microalgae cultivation has different phases, the biomass changes due to the environment and time span. The five growth phases of microalgae cultures is shown in figure 5
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Figure 6 Five growth phases of microalgae cultures (Food and Agriculture Qrganization of United Nations, 2016)
Algal culture begins with a pure stock or starter culture (inoculant) of the algal species desired. The first phase, the lag or induction phase, during which little increase in cell density occurs, is relatively long when an algal culture is transferred from a plate to liquid culture (Food and Agriculture Qrganization of United Nations, 2016). A growth lag may be observed at the beginning of culture because of physiological adjustment due to changes in nutrient of culture conditions (Lee & Shen, 2007).
During the exponential phase, the cell density increases as a function of time t according to a logarithmic function

Ct = C0.emt
With Ct and C0 being the cell concentrations at time t and 0, respectively, and m = specific growth rate. The specific growth rate is mainly dependent on algal species, light intensity and temperature. 

During phase of declining relative growth, cell division slows down because nutrients, light, pH, carbon dioxide or other physical and chemical factors begin to limit growth. 

During stationary phase, the limiting factor and the growth rate are balanced, which results in a relatively constant cell density.
During the final death phase, water quality deteriorates and nutrients are depleted to a level incapable of sustaining growth. Cell density decreases rapidly and the culture eventually collapses (Food and Agriculture Qrganization of United Nations, 2016).
2.3  Shellfish production based on microalgae feed
Shellfish refinement is a common practice in current world which is aimed at increasing the weight of oyster tissue and improving the taste of the refined oysters. Refinement usually takes place in land-based systems where the oysters are fed with relatively high concentrations of microalgae (Houcke, 2017).
Zeeland has a long history in harvesting meat from native oyster banks, as well as gathering oysters that have been introduced for the seafood industry. Over time, since the early 1800s, oysters from Zeeland have had a reputation for quality. Oysters below 120g are returned to the water to keep on growing. The oysters retained are transferred to concrete ponds with seawater constantly pumped through. This helps to clear the oysters of the mud and grit inside them. After a few days, the oysters are then sold to markets.
Production time of oyster is about 2-3 years. Legal harvest size is three inches or approximately three years of age. The adult oysters can be harvested for market at this time. The oysters on the reef will continue to filter the water column, provide habitat, and reproduce contributing to the ecological benefits until they are harvested (Hatchery, 2003).
Oyster life cycle is shown in the figure 7
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Figure 7 Oyster life cycle (Kobell, 2015)
Oysters are cultured in two main types of systems: On-bottom culture, Off-bottom or water-column culture. "Bottom" simply means the ocean or sea floor. So, a bottom culture method means the oysters are growing on the ocean or sea bottom, and an off-bottom culture method has oysters growing without touching the bottom.
Bottom culture system is the term for growing oysters by planting shell to catch natural spat set or spat-on-shell along the bottom of the bay (Kobell, 2015). While bottom culture is the simplest and cheapest, danger of mortality and stock loss due to predation, siltation and wave action are greatest. 
Off-bottom culture system is the practice of using cages, bags, or floats to hold oysters in the water rather than on the bottom for most of their grow out stages (Kobell, 2015). But this method can be costly, however this is compensated by the rapid growth and high quality of the cultured oysters (Food and Agriculture Qrganization of United Nations, 2016). Cage culture which is a type of off-bottom culture system are shown in the following figure.
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Figure 8 oysters cultured on cage system
2.4. Modelling production of microalgae and shellfish 

The goal of this research is to design a large scale setup for connecting ragworm waste water, microalgae production and shellfish production. Excel is the platform in which the model is set-up. The following figure 8 shows process of building a computer model, and the interplay between experiment, simulation, and theory.
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Figure 9 Procedure of building a computer model

2.5 Key figures from former experiments and production model of oyster
Nutrients distribute to 3 parts in ragworm pond: sediment, ragworm body and uneaten feed, waste water. Former research in small scale experiments has shown indications for a fixed ratio of allocation of nutrients for the feed pellets to sediment, ragworms and dissolved forms:  About 15% of N and 2 %of P dissolve in water. These ratio’s seems independent on ragworm biomass or feed load. The experimental procedure and results are shown in the appendix 1.
Ragworms are fed with carp pellets from Topsy Baits which contains certain amount of N and P. Small scale experiments have been carried out to test the N and P content in pellets last year. Apart from experimental results, specification of N and P content in pellets provided by Topsy Baits are also available. Based on these two sources, the composition of the feed pellets in terms of N and P content is known:  N to dry weight ratio in feed is about 0.085 and P to dry weight ratio is about 0.0122. Former research results and specification provided by Topsy Baits are shown in the appendix 1.
A production model of oyster has already been built before this research was carried out. There is a direct link between specific microalgae Skeletonema costatum dry weight and specific shellfish Magallana gigas wet weight. The Food Conversion Rate of (dry weight algae/ wet weight shellfish) is 0.45 (see appendix 1).
3. Method
To get a better insight in the implications of the use of ragworm waste water for algae and shell fish production on a large scale, a production model is considered to be a useful tool. In the model, the gathered data of the experiments and field situation, together with other available data are combined. Excel is the platform in which the model is set-up. Parameter setting in the model are based on four sources: small scale experiment, literature studies, measurements at ragworm farm and expert judgement.
3.1 General assumptions

The model is separated into three building blocks: ragworm farm, microalgae production and shellfish production. The three building blocks are being combined into a final model. The first draft of the model presented in this report focusses on a simplified situation. For ragworm farms, only nutrient availability with the focus on N and P is taken into account. For microalgae production, it is assumed that the algae grow without light and temperature limitations. For shellfish production, it is assumed that there is a direct connection between microalgae production and shellfish production. Time scale of the model is one month. The conceptual scheme of the model is shown in the figure 10.
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Figure 10 Conceptual scheme of the model
3.2 Building block 1 ragworm farm

Parameter setting in this building block are based on former experiments (see chapter 2.5, Theoretical Framework), interviews with ragworm farmers Bert Meijering (Topy Baits and Delta Farms in 2018, see appendix 2) and measurements in ragworm ponds in 2017 and 2018. The key variables per month are feed load, stocking density, grow rate and retention time.
The first version of the model is based on the situation of Delta Farms. At this production facility the ponds are longer and deeper and the production process fully focusses on biomass production as feed for the shrimp brood stock. The setting of the model can easily be adapted to other situations like the one at Topsy Baits: shallower ponds, longer production period. Delta farm has 15 ponds. One pond contains 3000 m3 of water with 0.7 m depth. The aera of one pond is 4286 m2. The retention time is 6.25 days, so the refreshment rate is 480 m3/day. Production time is 8 months (from April to November).
In the nutrient balance of the ragworm culture system, the nutrient source or input includes direct nutrients from the feed and indirect nutrients from seawater. The nutrient output includes 3 parts: nutrients in waste water, nutrients in ragworm body and nutrients (uneaten feed pellets, ragworm feces) allocated in the sediment.
Mathematically the mass balance for a ragworm pond can be expressed generally as follows:
Equation 1 general equation of N mass balance in ragworm pond
Water out nutrients (N/P in g/day) + sediment nutrients (N/P in g/day) + ragworm nutrients (N/P in g/day) = water in nutrients (N/P in g/day) + pellets nutrients (N/P in g/day)
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Figure 11 Diagram of how the nutrients pass the system of ragworm farming
3.2.1 Concentration N and P in from Eastern Scheldt
Data of concentration of N and P in Eastern Scheldt are collected from Waterinfo in Dutch (waterinfo.rws.nl). In the following table the calculated concentration total N and total P in a location in Eastern Scheldt (Wissenkerke) closest near the ragworm farm is given. The frequency of data is every month. For N, data were collected monthly from year 2010 to 2016. For P, data were collected monthly from year 2010-2016. Raw data is shown in the appendix 1.

[image: image15]
Figure 12 Monthly variation in total N concentration of water from Eastern Scheldt (location Wissenkerke, 2010-2016, source: waterinfo.rws.nl)
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Figure 12 and 13 shows the different N and P concentration in water from Eastern Scheldt.. From the results, it is clear that N and P concentrations in summer time (April to July) are lower than in winter time (December to February). The possible explanation is that temperature and light intensity are higher in summer, so photosynthesis of phytoplankton, as well as macro algae, is stronger. Phytoplankton and macro algae consume more N and P in summer than in winter.
3.2.2 Composition of the nutrients (N and P) in process water
The data about monthly concentrations of N and P in the incoming water from Eastern Scheldt are incorporated in Equation 1. The next incoming source in the ragworm ponds are the nutrients coming from the feed pellets. The composition of the feed pellets in terms of N and P content is known: ratio N to dry weight in feed is about 0.085 and ratio P to dry weight in feed is about 0.0122. In paragraph 2.5 the allocation of nutrients in soluble form derived from the feed load is described. Based on this the concentration of N and P in waste water can be calculated. The key variables per month are feed load, stocking density, grow rate and retention time.
Key variable feed load (g DW / (g WW*day))
Based on the information from the interview (see appendix1), stocked larvae in April are fed with a rate of maximum of 2% feed of wet weight in pond per day. At the end of the growing season in November, the feed load reduces to 0.5 % of wet weight per day (reference interview Meijering). 
A linear equation is made based on information above (April to November):
y = -0.0021x + 0.0221
In which: 
x=month, y=feed load (in %) 
x=1=April, x=2=May … x=8=November
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Key variable wet weight (g WW/#)
According to tests in former experiments (see appendix 1), wet weight of larvae is about 0.17 g in April. Based on the information from the interview (see appendix 2), wet weight of matured ragworm is about 2 g in August. According to a study on growth of Alitta virens, the growth rate of ragworms differs in different life stage. It was found a reduced growth rate for larger individuals, the growth rate ranged from 4.15 % day-1 for juveniles to 0.08 % day-1 for mature individuals, with an average of 0.66 day (Kristensen, 1984).
Due to the limited availability of data in practice on ragworm growth, a logarithmic equation is made based on information above (April to November):

y = 1.0213ln(x) + 0.17
In which: 
x=month, y=wet weight (in g)
x=1=April, x=2=May … x=8=November


[image: image18]
Key variable density (#/m2)
Based on the information from the interview (see appendix 2), the ponds in April are stocked with 30 million larvae. A pond is 3000m3 with 0.7m depth. So the starting density is about 7000#/m2. In September, density is reduced till approximately 3000#/m2
A logarithmic equation is made based on information above (April to November):

y = -2232ln(x) + 7000
Descriptions about equation:

x=month, y=density
x=1=April, x=2=May … x=8=November
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Key variable retention time (m3/day)
Based on the information from the interview (see appendix 2), inflow is estimated to be 20 m3/hour for one pond. The total volume in one pond is 3000m3. So the retention time is 6.25 days and the refreshment rate is 480m3 / day.
General equation for concentration N and P from dissolved pellets are expressed as following:

Equation 2 General equation for concentration N and P from dissolved pellets
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3.1.3 Final equation of nutrients balance in ragworm ponds
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Equation 3 Concentration of N and P in process water in ragworm pond 
[image: image40.png]180
160
140
20
P
P
o
P

1950 1955 1960 1965

P e——
Copmee produton

1970

1975

1980 1985

1990

1995 2000 2005 20102014



Equation 4 N and P load per day in ragworm pond
3.3 Building block 2 microalgae production

In this part of the model the microalgae production is calculated. In this first version of this building block, it is assumed that the all the dissolved N and P coming from the ragworm culture is consumed by the microalgae Skeletonema costatum. 
Brown (1991) mentioned a cell weight of 52.2 pg of Skeletonema costatum. Literature sources often use the relationship between cell volume (instead of cell weight) and nutrient content. Therefore, the cell weight is converted to cell volume. A Skeletonema sp. cell with a volume of 85 µm3 has an average cell weight of 29 pg (Muller-Feuga A. M., 2003). Assuming that the cell density remains the same, a cell of 52.2 pg would have a volume of (52.2*85)/29 = 153 µm3
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The formula for calculating carbon content in a diatom cell is (Menden-Deuer & Lessard, 2000):
This gives carbon content of 17.02 pg C per cell of 52.2 pg. With the use of nutrient ratio in a Skeletonema costatum per cell determined by Harrison et al. (1977), the nitrogen, phosphorous per cell was calculated.
Table 3 Nutrient ratios in Skeletonema costatum (Harrison, 1977). The weight ratios were calculated according to the molar mass of each nutrient. The nutrient contents were calculated using the ratio of 17,02 pg carbon per one 52.2 pg Skeletonema costatum per cell
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The formulas for calculating microalgae production is accomplished as follows.
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Equation 5 microalgae production equation 
3.4 Building block 3 shellfish production

A model between microalgae and shellfish production has already been built. The Food Conversion Rate of (dry weight algae/ wet weight shellfish) is 0.45 based on Zeeland Sole project data (see appendix 1). The total wet weight in shellfish is calculated based on FCR.

 The formula to calculate shellfish production is accomplished as follows.
Equation 6 shellfish production equation 
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3.5 Calibration with field data
Delta farm field data
Results of concentration total N and P calculated by the model are compared with field measurements carried out at Delta Farm in September and October 2017.. Pond 5 and pond 13 outflow data were chosen to do the water quality test. However, measurements were only carried out in inorganic N and soluble P. 

Topsy Baits field data

Field measurements were also carried out at Topsy Baits on May 8th 2018 to compare the results of concentration total N and P calculated by the model. 
In total 4 ponds were sampled. Water quality parameters like pH, oxygen level, temperature and salinity were measured on site with a multi meter in inflow and outflow. 
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Figure 17 Diagram of a ragworm pond at Topsy Baits 
Two ponds (pond 2 and 5) with different stocking density of one year old ragworms were sampled. Pond 7 was stocked with new larvae on April 10th 2018 and pond 11 was stocked with new larvae on April 12th 2018. Four samples of water from 2 different ponds under different densities were taken. Influent comes into all ragworm ponds is the same, so one sample of influent and one sample of process water were taken in pond 11. 2 samples of process water were taken in pond 7. All water samples were sent to the Chemical Lab of NIOZ institute to test the concentration N and P (filtered and unfiltered) in inflow and outflow.
Pond 7 and 11 were stocked with new larvae a month ago before taking water samples to do water quality measurements. Ragworm are over fed at the beginning of culture period. In addition, farmer also put new larvae into ponds. So it is difficult to indicate the parameters of pond 7 and 11. 

In pond 2 and 5, the ones stocked with one year old ragworms, the situation is more stable. Therefore, pond 2 and 5 are chosen to be used for the calibration. For pond 2, the estimated density is 750#/m2 and wet weight per ragworm is about 3 gram. Feed load ratio is about 0.5%. For pond 7, the estimated density is 400 #/m2, wet weight per ragworm is about 2 gram. Feed load ratio is about 0.5%. The size of both ponds 2 and 5, is 1000m2 and refreshment rate is 75 m3/day. As mention before in chapter 2.5, 15% of N and 2 %of P N dissolve in water, the composition of the feed pellets in terms of N and P content is: ratio N to dry weight in feed is about 0.085 and ratio P to dry weight in feed is about 0.0122. 

Based on information above, concentration N and P are calculated with the application of equation 3.
4. Results
The first draft model mainly focusses on the situation of Delta Farm. Delta Farm produces ragworms as maturation feed for shrimp farming. The basic information used in the model of Delta Farm is shown as follows.
4.1  Results of key variables: wet weight, stocking density and feed load per month in ragworm production part of the model
Table 4 wet weight, stocking density and feed load monthly variation in ragworm production part of the model.
	variables
month
	Wet weight
(g DW)
	Stocking density

(#/m2)
	Feed load

gDW/(g WW*day)

	APRIL
	0.17 
	7000
	0.02

	MAY
	0.88 
	5249
	0.014

	JUNE
	1.29 
	4418
	0.012

	JULY
	1.59 
	3829
	0.011

	AUGUST
	1.81 
	3372
	0.010

	SEPTEMBER
	2.00 
	3000
	0.008

	OCTOBER
	2.16 
	2684
	0.007

	NOVEMBER
	2.29 
	2410
	0.005


4.2 Results of concentration total N and total P calculated by the model in process water in ragworm culture 
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Figure 18 and 19 shows the nutrients concentration in different months calculated by the model in process water from ragworm culture. Calculation are based on different ragworm wet weight, stocking density, feed load per month. The nutrients concentration is lowest in April and highest in September. During the period of July to November, the nutrients concentration is more or less stable. The maximum total N concentration is 14.7 g/m3 and the maximum total P concentration is 0.32 g/m3. The average total N and total P concentration calculated by the model during culture time are separately about 12 g/m3 and 0.27. Concentrations of the Inflow of Eastern Scheldt water have raised 20 fold (in case of N) by ragworm farming activities. 
The standard total N concentration in surface water quality is less than 2.4 g/m3 (Zhiwei Xu, 2014 ). The standard total P concentration in surface water quality is less than 0.15 g/m3 (B. Fraters, 2017). Therefore, the total N and total P concentration based on model calculations are relatively higher than the water quality standards based on literature study. 
4.3 Microalgae and shellfish production based on total N load and total P load calculated by the model

[image: image24]
Figure 20 shows the microalgae in dry weight and shellfish in wet weight production based on N load from ragworm process water. From the results, it is clear that the algae and shellfish production is lowest in April and highest in September. From July to October, the production of algae and shellfish is larger and stable. The maximum algae production is estimated 42.9 tons and shellfish production is 95.3 tons. Raw data are shown in appendix 3




Figure 21 shows the microalgae in dry weight and shellfish in wet weight production based on P load from ragworm process water. Based on these results, it is clear that both algae and shellfish production calculated by the model are lowest in April and highest in September. The maximum algae production is 4.2 tons and shellfish production is 9.4 tons. Raw data are shown in appendix 3
4.4 N recovery (uptake by algae)
What can be seen from the model results is that the process water from ragworm culture has high N: P ratios. The average N: P ratio is about 45. Resulting in P limitation and subsequently a limited algae and shellfish production. Therefore, it is important to have insight in how many nitrogen is consumed by algae (recovery) and how much nitrogen remains in the water after microalgae production. The result of this analyses is shown in the figure 22
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Figure 22 shows N recovery (uptake by algae) is limited to 10%. Large amount of N are not consumed by algae, due to phosphorus limitation of the algae growth. Raw data is shown in appendix 3
4.5 Field measurements 

The results of water quality measurements with the multi meter are shown in the following table. 
Table 5 Water quality parameters measured at in 4 ragworm ponds at Topsy Baits (May, 8, 2018) 
	
	O2 ( mg/l)
	PH
	Temperature(℃)
	Salinity (g/l)

	Pond 2 inflow
	11.8
	8.3
	23.9
	30.1

	Pond 2 outflow
	11.8
	8.4
	23.9
	30.2

	Pond 5 inflow
	8.4
	8.5
	24.5
	30.4

	Pond 5 outflow
	9.0
	8.3
	24.9
	30.4

	Pond 7 inflow
	8.8
	8.6
	25.6
	24.1

	Pond 7 outflow
	9.3
	8.5
	25.6
	24.1

	Pond 11 inflow
	11.2
	8.6
	25.2
	27

	Pond11 outflow
	10.9
	8.6
	25.8
	26.9


The results of the chemical analyses of concentration N and P at Topsy Baits are shown in the following table.

Table 6 concentration N and P in inflow and outflow in sampling ragworm ponds at location Topsy Baits (May 8th 2018) 
	
	Total N (mg N/l)
	Soluble N (mg N/l)
	Soluble P (mg P/L)
	Ratio particle N to soluble N

	Average Inflow
	0.52
	0.13
	0.14
	3.0

	Average Pond 2 outflow
	2.48
	0.32
	0.32
	6.8

	Average Pond 5 outflow
	1.17
	0.69
	0.11
	0.7

	Average Pond 7 outflow
	1.14
	0.19
	0.46
	5.0

	Average Pond 11 outflow
	2.24
	0.11
	0.02
	19.4


4.6 Results of the calibration on Delta Farms and on Topsy Baits data
Delta farm
Comparison between the results calculated by the model and sampling of last year is shown in the following table.

Table 7 concentration N and P calculated by the model and tested by the lab in 2 sampling ponds at Delta Farm.

	
	Model data Total N concentration (g N/m3)
	Field data inorganic N concentration (g N/m3)
	Model data Total P concentration (g P/m3)
	Field data soluble P concentration (g P/m3)

	Pond 5  outflow in September 
	14.7
	7.5
	0.32
	0.76

	Pond 13 outflow in September
	14.7
	2.5
	0.32
	0.08

	Pond 5 outflow in October
	13.6
	8.7
	0.30
	0.40

	Pond 13 outflow in October
	13.6
	0.8
	0.30
	0.82


From the results, it is clear that almost all total N concentrations calculated by the model are higher (1.7 – 15) than the field data. For soluble P in most cases the measured P concentration are higher than the calculated ones.  So it seems that the model is overestimating the influence of ragworm farming activity for N and underestimating it for P.  Field measurements show a high variability however. For example in pond 5 and 13, there is a big difference in both inorganic N and soluble P concentration between these two ponds. 

Topsy Baits

Comparison between the results calculated by the model and tested in the Chemical Lab of NIOZ instituted are shown in the following table.

Table 8 concentration N and P calculated by the model and tested by the lab in 2 sampling ponds at Topsy Baits.

	May 8th 2018

Topsy Baits 
	Model data Total N concentration (g/m3)
	Field data Total N concentration (g/m3)
	Model data Total P concentration (g/m3)
	Field data soluble P concentration (g/m3)

	Pond 2 outflow
	2.38
	2.48
	0.07
	0.32

	Pond 7 outflow
	1.15
	1.17
	0.05
	0.11

	Inflow 
	0.47
	0.52
	0.033
	0.14


The results show that there is no big difference in N concentration (both inflow and outflow) between model data and field data. For P, the concentrations (both inflow and outflow) calculated by model are lower than tested in the field. Raw data of field measurement at Topsy Baits is shown in appendix 3.

5. Discussion
5.1 Validation of model parameters 

The first set-up model is focused on Delta Farm. The research was carried out from February to July and the culture time at Delta Farm is from April to November or December. It was not possible to test the parameters such as density and wet weight of ragworm from month to month in the whole production period. An important part of the parameter setting in the model was based on the information given by the ragworm farmers. Key numbers given by them are probably are in most cases rough estimation and there is an uncertainty of these information. Based on limited information from owner of ragworm farm and literature study, the development over time of growth rate and feed load were interpolated, based on assumption for the specific model (curves) for it. For growth rate of ragworm, a logarithmic curve is built in the model, however S curve might be better to describe ragworm growth. For feed load ratio, a linear equation is made in the model. The feedload information is also provided by the owner of ragworm farm and there is uncertainty about it. At the beginning the larvae are overfed so the feed load ratio might be higher. At the end there is almost no feed because ragworm are mature and harvested. 
The ratio ‘dissolved nutrient to feed’ (equation 2) is assumed to be fixed one, based on former lab experiments. However nutrient dynamics for nitrogen and phosphorus are complex and allocation of nutrients in differ compartments (water, ragworm, feces and sediment) are possibly different under different feeding regimes, standing stocks of ragworms and season. It is known for example that water – sediment interface flux of P is highly dependent on redox potential (Curtis & Spears, 1968).
For microalgae production in the model, it is assumed that only N and P are limiting the micro algae growth in practice microalgae production can also de limited y temperature and light intensity (Food and Agriculture Qrganization of United Nations, 2016). So the microalgae production calculated by the model is based on an optimal assumption. Apart from this, the model doesn’t take the growth of algae in the ragworms ponds into account. The model assumes no growth of microalgae in ragworm ponds and complete growth of in separate microalgae ponds. Ragworm farmers reported regular algae blooms in the ragworm ponds on both production locations. Blooms may last from 2 weeks till 4 months in specific situations. Based on the water samples tested at Topsy Baits, the soluble N in process water only accounts for about 20% of the total N. The results show that there is also algae growth in the ragworm ponds significant amount of N are consumed by the algae. P is the limited factor in model calculation because of high N:P ratio. However, N: P ratio, field data in many cases show lower ratios (lower than 16, up till 3).  In such cases N becomes the limited factor in microalgae production.  
5.2 Validation of model results

Comparision of model results with field data can be an effective way to test the validity of the model. For the comparision, available data from 2017 at Delta Farms and collected data in 2018 at Topsy Baits are used (see paragraph 4.6). The data from both locations have limitations in terms of period and parameters which were measured, which makes it difficult to carry out a sound calibration. In case of Topsy Baits field data, the calculated nutrient concentrations of nitrogen are in the same order of magnitude as the measurements.    For the P concentration in ragworm process water, the model data is lower than the field data. A possible explanation is that water samples were taken at the beginning of the ponds, the influent also comes in at the beginning of ponds, so phosphorus may be diluted by the influent. Apart from this, the P concentration is much smaller than N concentration, so P concentration is more easily affected by the influent.

Field measurements were also carried out at Delta Farm on September and October 2017. The model calculates total N and total P while the field measurements only test the inorganic N and soluble P. Based on the data comparison (see paragraph 4.6), it is clear that model data of total N concentration in process water are much higher than field data of inorganic N because the field-data didn’t take N in particles into account. However, the field data at Delta Farm show that there is a big difference in nutrients concentration in different ponds. Delta Farm have 15 ponds with different ages from 1 year to 5 year. Old ponds have high nutrients load in sediment than new ponds, possibly due to complex dynamics of P sediment water exchange. Sediments in the older ponds are black and anoxic covered by thin layer of aerobic sand, while sediments in newer ponds (<3 year old) are still completely aerobe.  Due to this the concentration of nutrients in process water in old ponds may be higher than new ponds. In that case, age of the ponds is also important factors in nutrient concentration of ragworm process water.
What we can see from both field data at Delta Farm and Topsy Baits is that nutrient concentrations in ponds between these two locations are quite different because of different farming circumstances. In addition, nutrient concentrations in different ponds at the same moment and location, or the same pond at different moments can be very different due to factors as stocking density, feed load, age of the pond or presence of absence of an algae bloom. All this makes it difficult to compare the generic model results with field data. 
5.3 Practical implications 

Microalgae production limited by light intensity
The first set-up model calculates microalgae production only limited by nutrients. However, microalgae production is also influenced by light intensity. Microalgae can absorb energy from light and convert it to biomass. Based on literature study, a relationship between photon flux densities or daily light integral (mol·m−2·d−1) and area productivity (g m−2·d−1) called yield on light (g/mol) can be found (Vree, 2015). The formula can be expressed as follows,


For open raceway pond system with 0.2 m depth, the yield on light is about 0.25 (Vree, 2015).

Based on the formula above, microalgae productivity only limited by light intensity can be calculated if the data of daily light integral are available. The daily light integral data in Vlissingen from April to November is based on Metrologic data (10 minutes lights intensities in mol·m−2·d−1) from an average year. 
Table 9 Average microalgae area productivity limited by light intensity

	Average daily light integral
(mol·m−2·d−1)
	Yield on light 
(g/mol)
	Average areal productivity 

(g m−2·d−1)

	28
	0.25
	7


The microalgae area productivity in (g m−2·d−1) limited by light intensity is different from day to day because daily light integral is different. The model calculates the total e microalgae productivity limited by nutrients in g/day. If we compare this with areal productivity based on light conditions, we can calculate that the area needed for microalgae production is on average about 19000 m2, with a maximum of 189638 m2.
Algae productivity 
Based on model calculations at Delta Farm, the microalgae production is about 27.8 tons with reuse of waste water from 15 ponds from April to November. With the refreshment rate 480 m3/day, the volumetric productivities can be calculated as follows

According to literature study, the volumetric productivities for open raceway pond system ranges from 30-200 g/ (m3*day) (Vree, 2015). So the volumetric productivity based on the model calculation is relatively small compared to volumetric productivity in mentioned in the literature.
The total algae production is about 27.8 tons from April to November based on the model calculations. With the calculated average production area of 19000m2 (based on the light intensity), the areal productivity is 6 – 7 g / (m2*day). 
According to literature, the areal productivities for open raceway pond system ranges from 6-24 g / (m2*day) (Vree, 2015). So areal productivity based on model calculation is also in the lower ranges of those numbers stated in Shellfish production

Based on model calculations at Delta Farm, the total shellfish production in flesh wet weight with the reuse of all the wastewater in 15 ponds from April to November can reach 61.9 tons. The wet weight of one oyster is about 100g ( see appendix 1). The flesh wet weight accounts about 15% in total weight weight including shell (expert judgement by J. Heringa). So the flesh wet weight of one oyster is about 15g.
In that case, the total number of oyster can be produced is 4.1 billion. With about 0.8-1 euros per oyster in Zeeland (expert judgement by J. Heringa), the total gross turnover can be 1.2 to 1.9 billion euros.
6. Conclusion
Main question: 

To what extend can wastewater of ragworm farms be used for microalgae and shellfish production?

What we can see from the model calculations is that wastewater of ragworm farm contains high concentrations of total nitrogen and total phosphorus (see paragraph 4.2). Based on the model calculation, certain amount of microalgae and shellfish can be produced with the reuse of wastewater.
However, according to field measurements at Topsy Baits, the soluble N in process water only accounts about 20% of the total N. It shows there are alrealdy algae growing in the ragworm ponds and large amount of total N are consumed by algae.
Sub questions:

1. How do nutrient concentrations of nitrogen and phosphorus and nutrients load from ragworm ponds depend on factors like retention time, stocking density, temperature, season and feed load?

Based on the model calculation, the concentration nitrogen and phosphorus and nutrients load are variable monthly from April to September. The nutrients concentration and load will be higher with the retention time, stocking density and feed load are higher. The nutrients concentration and load have a monthly variation with smallest values in April and highest in September. During the period of July to November, the nutrients concentration is more or less stable. Ragworms are fed when water temperature is higher than 5-8 ℃ and lower than 25 ℃. In the case temperature is too low or too high. , there will be no influent or effluent in/from ragworm ponds if the 
2.  What is the potential productivity of microalgae reusing the wastewater from the ragworm farm and how can this be optimized?

Based on the model calculation, the limited factor is P load. Therefore, the average productivity of microalgae 7.7 kg dry weight /day (per pond) with the reuse of wastewater from ragworm farm at Delta Farm. However, productivity numbers in practice are uncertain because of the uncontrolled algae blooms in the ragworm ponds themselves, but also because of the variability in the composition of waste water coming from the ponds
3. What is the potential production of shellfish (oyster) fed with the produced micro algae grown on the wastewater from ragworm farm?

Based on the model calculation, the limited factor is P load. Therefore, the potential production of shellfish in wet weight with the reuse of all the wastewater in 15 ponds from April to November is 61.9 tons. 

4. To what extend can a production model help to answer the above questions?
The production model is built up based on optimal assumptions. Because of the lack of time and limitation in available data, the model can’t precisely predict the microalgae and shellfish production based on the nutrients in ragworm process water. However, according to the calibration with field data at Topsy Baits, the N concentration calculated by model and tested by the chemical lab are almost the same. So it indicates this version of the model makes sense to some extent and gives a rough idea about order of magnitude of potential production of algae and shellfish. 
7. Recommendation
More data from field measurements
This research was carried out from February to June while ragworms grow from April to November or December. So it was hard to test the model in practice during the whole production period. In future research also field measurements in other months of the production period have to be carried out.
The focus in this research was on model development, therefore it was not possible to do many field measurements. We had to base ourselves on oral information provided by the owner of farm and most probable these numbers are rough estimation. Results of the model are strongly related to key parameters as ragworm the wet weight, stocking density, feed load and retention time. It is suggested to sample these parameters at least every month in one or two ponds. Then it is easier to find regular pattern in key variables and the model will be more accurate and practical.
Improvements in the model parameters

The variable parameters set in the first set-up model are feed load, stocking density, grow rate and retention time. However, the age of ponds is also an important factor of nutrient balance in ragworm process water. Therefore, it is better to take age of ponds into account in the next set-up model.

Based on the field measurement in water, nitrogen is the limited factor, probably because only about 20% of the total N is soluble and there for available for algae growth. As a result, this is also influencing the d N: P ratio is very low. Model formulations should be evaluated to take this dynamic in nutrient distribution into account. Also it might be useful to take the dynamics of sediment – water interaction into account in the model. 
In the first set-up model, a fixed ratio of allocation of nutrients for the feed pellets to sediment, ragworms and dissolved forms is used based on former small scale experiments(see appendix 1). These ratios seem independent on ragworm biomass or feed load. However, it is better to test these ratios in the field, because this is one of the major factors determining the calculated N and P concentration in the model.
For microalgae production, it is better to take temperature, PH, salinity and light intensity into consideration in the next set-up model.
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Appendix 1

Former experiments and results

In the experiments, 9 aquariums of 25 liter(40cm*25cm*25cm) were set with aeration pump. In each aquarium, there were a sediment layer of 15cm and a water layer of 10 cm. The ragworms were divided over 3 treatments of different stocking density (67, 200 and 400 worms/m2). The ragworms were fed by carp feed pellets one time a day with 1% of their total fresh weight. Moreover, the water was refreshed 50% every two days to simulate the 4-day retention time of water in the farm.
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Table 10 the differences of the nutrients content between the specification provided by Topsy Baits and results of the measurements

	
	Specification
	Test average
	Test 1
	Test 2
	Test 3

	Nitrogen (mg N/g)
	72
	86.84±12.49
	80.01
	79.26
	101.26

	Phosphorus (mg P/g)
	12.2
	11.27±1.08
	11.43
	12.26
	10.12


Table 11 average concentration Nin in sampling point in Eastern Scheldt from year 2010 to 2016(g/m3) and average concentration Pin in sampling point in Eastern Scheldt From year 2010 to 2016(g/m3)
	Month
	average concentration N in from Eastern Scheldt year 2010-2016(g/m3)
	average concentration P in from Eastern Scheldt year2010-2016(g/m3)

	JANUARY
	0.90 
	0.075 

	FEBRUARY
	0.76 
	0.050 

	MARCH
	0.85 
	0.048 

	APRIL
	0.52 
	0.027 

	MAY
	0.47 
	0.033 

	JUNE
	0.43 
	0.038 

	JULY
	0.38 
	0.042 

	AUGUST
	0.37 
	0.051 

	SEPTEMBER
	0.37 
	0.053 

	OCTOBER
	0.44 
	0.053 

	NOVEMBER
	0.52 
	0.056 

	DECEMBER
	0.70 
	0.065 


Ragworm weight

The possible explanation might be that in that research with high growth rate, the ragworms used were juveniles in an average certain size of 0.17g per worm in wet weight, which was much smaller than the relatively matured worms (2.5 g per worm in wet weight) in this research (former report by Jeffery).
Oyster production model based on Zeeland Sole Project
[image: image29.emf]Algae and Oyster Production systems 

nr of oysters 1000000.00#

total wet weight of oyster  100.00g

original fles weight 10.00%

desired increase in flesh wet weight 14.35%

production time oysters  30.00days

increase in flesh wet weight per oyster 4.35g

total increase  flesh wet weight  4.35ton WW flesh

FCR 0.45DW algae: WW flesh

total dry weight algae required 1.96ton DW Algae/ production time oyster

DW/dag 65.25kg/day

cell weight Skeletonema  45.00pg/cell

cell weight Skeletonema  0.00mg/ cell

number cells required in total  43500000000000000.00cells/ production time oyster

number cells required per day  1450000000000000.00cells/day 

harvestable cell density 750000.00cell/ml

percentage volume harvested per day  50.00%

net volume algae culture required 3866.67m3/ day 

percentage surfcae used 60.00%

gross volume algae culture needed 6444.44m3/ day 

check balances

DS/m3 33.75gDS/m3

volume needed 58000.00m3/ production time

volume needed 1933.33m3/day

750000000000.00cell/m3

0.00g/cell

33.75gDS/m3

65250.00kg/day

volume of ponds


Appendix 2

Interview with Bert Meijering (director Topy Baits and Delta Farms in 2018)

Key figures Ragworm farming based on an interview with Bert Meijering (director Topsy Baits and Delta Farms) on May 8, 2018. 

In general:  

•
Ragworms are farmed for two application

o
Fish Bait: then size (weight or length) is an important issue 

o
Feed for shrimps: biomass production is the key issue 

•
Ragworms are stocked as larvae (0.5 mm length) in beginning of April. 

•
Ragworms are fed when water temperature is higher than 5-8 oC and lower than 25 oC

•
Ragworms are underfed

•
Feed load is maximum 2% feed of ww in pond per day. Although at the end of the growing season (September)  the feed load is reduced to 10 kg/ ponds. Assuming a ragworms density of 2 kg/ m2. This is 0.5 % of wet weight per day 

•
Relation DW/WW = 0.10 – 0.17 

•
Growth is probably not linear, but logistic (S curve).  

•
After one month larvae have grown up till 10 mm 

•
 Production time for shrimp feed is from April  - November / December. After that the ponds are set dry. 

•
In general the final biomass is 2 – 2.5 kg/m2 (both at Delta farms and Topsy Baits) 

At Wilhelminadorp (Topsy Baits) 

o
Half of the ponds are used for fish bait and the other half for shrimp maturation feed

o
 Ponds are 1000 m2 with a depth of 25- 30 cm = 250 m3/pond 

o
75 m3 / day per pond is refreshed, resulting in a retention time of 3.3 days 

o
Harvest and grading is done at several times (2x) per year. Bigger ones are selected, the smaller ones are returned into the ponds. 

o
Production time of bait ponds is in most cases > 12 months

o
Size after 8 months (December)  can be 6 gram (12- 14 cm) 

o
Density is then 500 – 1000 m2 

o
Pond 5 has a density of 400/ m2 with a size from 2.5 – 4 g / ind

o
Pond 2 has a density of 750/ m2 with a smaller size. 

At Colijnsplaat (Delta Farms) 

o
Total production is used for shrimp maturation feed

o
Production takes place in deeper and bigger ponds : 3000 m3/ pond 

o
Final Ragworms are smaller (August 2 gram) 

o
Inflow is 20 m3/h for 1ponds 

o
Retention time is approx. 6 days
Appendix 3
 Model calculations at Delta Farm and field measurements
Table 12 N concentration and load at Delta Farm calculated by the model

	
	CN in
	density
	wet weight/ worm
	Standing stock 
	area
	refreshment rate
	CN out 
	total N LOAD
	15 pond total N PER MONTH  

	
	g/m^3
	#/m^2
	g/#
	g
	m^2
	m^3/day
	g/m^3
	g/day
	tons/month

	APRIL
	0.522857143
	7000
	0.17 
	5100000 
	4286 
	480
	3.232
	1551.5 
	0.7 

	MAY
	0.467142857
	5249
	0.88 
	19749240 
	4286 
	480
	10.959
	5260.3 
	2.4 

	JUNE
	0.428571429
	4418
	1.29 
	24463338 
	4286 
	480
	13.425
	6443.9 
	2.9 

	JULY
	0.381428571
	3829
	1.59 
	26023346 
	4286 
	480
	14.206
	6819.0 
	3.1 

	AUGUST
	0.372857143
	3372
	1.81 
	26210830 
	4286 
	480
	14.297
	6862.7 
	3.1 

	SEPTEMBER
	0.368571429
	3000
	2.10 
	27000000 
	4286 
	480
	14.712
	7061.9 
	3.2 

	OCTOBER
	0.435714286
	2684
	2.16 
	24815781 
	4286 
	480
	13.619
	6537.2 
	2.9 

	NOVEMBER
	0.52
	2410
	2.29 
	23690992 
	4286 
	480
	13.106
	6290.8 
	2.8 


Table 13 P concentration and load at Delta Farm calculated by the model 

	
	C phosphorus in
	density
	wet weight/ worm
	Standing stock 
	area
	refreshment rate
	C p out
	total p load
	15 pond total P per month  

	
	g/m^3
	#/m^2
	g/#
	g
	m^2
	m^3/day
	g/m^3
	g/day
	tons/month

	APRIL
	0.027 
	7000
	0.17 
	5100340 
	4286 
	480
	0.08 
	37.30 
	0.02 

	MAY
	0.033 
	5249
	0.88 
	19749240 
	4286 
	480
	0.23 
	110.64 
	0.05 

	JUNE
	0.038 
	4418 
	1.29 
	24463338 
	4286 
	480
	0.28 
	135.46 
	0.06 

	JULY
	0.042 
	3829
	1.59 
	26023346 
	4286 
	480
	0.30 
	145.28 
	0.07 

	AUGUST
	0.051 
	3372
	1.81 
	26210830 
	4286 
	480
	0.31 
	150.50 
	0.07 

	SEPTEMBER
	0.053 
	3000
	2.10 
	27000000 
	4286 
	480
	0.32 
	154.83 
	0.07 

	OCTOBER
	0.053 
	2684
	2.16 
	24815781 
	4286 
	480
	0.30 
	144.49 
	0.07 

	NOVEMBER
	0.056 
	2410
	2.29 
	23690992 
	4286 
	480
	0.29 
	140.73 
	0.06 


Table 14 algae and shellfish production based on N load at Delta Farm

	
	total algae dry weight production based on N
	total shellfish wet weight production based on N

	
	tons
	tons

	APRIL
	9.4171 
	20.9268 

	MAY
	31.9287 
	70.9527 

	JUNE
	39.1128 
	86.9173 

	JULY
	41.3900 
	91.9777 

	AUGUST
	41.6552 
	92.5671 

	SEPTEMBER
	42.8642 
	95.2537 

	OCTOBER
	39.6791 
	88.1757 

	NOVEMBER
	38.1837 
	84.8527 


Table 15 algae and shellfish production based on P load at Delta farm

	
	total algae dry weight production based on P
	total shellfish wet weight production based on P

	
	tons
	tons

	APRIL
	1.0189 
	2.2643 

	MAY
	3.0219 
	6.7154 

	JUNE
	3.6999 
	8.2220 

	JULY
	3.9681 
	8.8180 

	AUGUST
	4.1107 
	9.1349 

	SEPTEMBER
	4.2291 
	9.3981 

	OCTOBER
	3.9465 
	8.7700 

	NOVEMBER
	3.8440 
	8.5422 


Table 16 N recovery (uptake by algae) at Delta Farm

	
	 total N per month  
	total P per month
	consumed N by  algae
	recovery

	
	tons/month
	tons/month
	tons/month
	

	APRIL
	0.6982 
	0.0168 
	0.0755 
	11%

	MAY
	2.3671 
	0.0498 
	0.2240 
	9%

	JUNE
	2.8997 
	0.0610 
	0.2743 
	9%

	JULY
	3.0686 
	0.0654 
	0.2942 
	10%

	AUGUST
	3.0882 
	0.0677 
	0.3048 
	10%

	SEPTEMBER
	3.1779 
	0.0697 
	0.3135 
	10%

	OCTOBER
	2.9417 
	0.0650 
	0.2926 
	10%

	NOVEMBER
	2.8309 
	0.0633 
	0.2850 
	10%


Table 17 field measurements at Topsy Baits

	　
	Pond number
	Tot N
	Soluble N
	different Tot N 
	different Soluble N 
	Soluble P 
	different Soluble P

	　
	
	mg N/l
	mg N/l
	mg N/l
	mg N/l
	mg P/l
	mg P/l

	in
	　
	0.52
	0.13
	0.39
	　
	0.14
	　

	out 
　
　
　
　
　
	2 (adult worms)
	2.48
	0.32
	1.96
	0.19
	0.32
	0.18

	
	5 (adult worms) 
	1.17
	0.69
	0.65
	0.56
	0.11
	-0.03

	
	7 (larvae) 
	1.14
	0.19
	0.62
	0.05
	0.46
	0.32

	
	11 (larvae) 
	2.24
	0.11
	1.72
	-0.02
	0.02
	-0.12

	
	average 4 ponds 
	1.76
	0.33
	
	
	0.33
	　

	
	average measurement
	1.33
	0.43
	　
	　
	0.15
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Figure � SEQ Table \* ARABIC �1� World capture fisheries and aquaculture production (Food and Agriculture Qrganization of United Nations, 2016)


Figure � SEQ Figure \* ARABIC �1� World capture fisheries and aquaculture production (Food and Agriculture Qrganization of United Nations, 2016)








Figure � SEQ Figure \* ARABIC �2� Aerial Photo of Farm location Topsy Baits in Wilhelminadorp (Baits, 2016)





Figure � SEQ Figure \* ARABIC �4� the morphological structure of S. costatum (Columbia, 2018)





Figure � SEQ Figure \* ARABIC �13� Monthly variation in total P concentration of water from Eastern Scheldt (location Wissenkerke, 2010-2016, source: waterinfo.rws.nl)





Figure � SEQ Figure \* ARABIC �14� feed load ratio to stocking density in ragworm pond per month





Figure � SEQ Figure \* ARABIC �15� wet weight of ragworm individual per month





Figure � SEQ Figure \* ARABIC �16� ragworm density in ragworm pond per month





Concentration N/P (dissolved pellets) (g/m3) = (feed load (g DW*/ (g WW*day)) *wet weight per ragworm (g WW/#) * density per pond (#/m2) *area (m2) * ratio dissolved nutrient to feed* ratio nutrients to dry weight in feed (g/g DW))/refreshment rate (m3/day)�








Concentration N/P out (g/m3) 


= Concentration N/P in (g/m3)+ Concentration N/P (dissolved pellets) (g/m3)


= Concentration N/P in (g/m3) + (feed load (g DW*/(g WW*day)) * wet weight per worm (g WW/#) * density per pond (#/m2) * area (m2)* ratio dissolved nutrient to feed * ratio nutrients to dry weight in feed(g/g DW))/refreshment rate (m3/day)








N and P load per day (kg/day) = Concentration N/P out (g/m3 ) * refreshment rate (m3/day)/1000








pg C/cell = 0,288 * Cell volume (µm3)0,811 








Microalgae production in dry weight limited by N (kg/day) = Total N load (kg/day) * (3.87/52.2)


Microalgae production in dry weight limited by P (kg/day) = Total P load (kg/day)* (0.86/52.2)








Shellfish production in wet weight (kg/day) = Microalgae production in dry weight (kg/day) / 0.45








Figure � SEQ Figure \* ARABIC �18� Monthly variation in N concentration calculated by the model in process water from ragworm culture





Figure � SEQ Figure \* ARABIC �19� Monthly variation in P concentration calculated by the model in process water from ragworm culture





Figure � SEQ Figure \* ARABIC �20� monthly algae and shellfish production based on N limitation 





Figure � SEQ Figure \* ARABIC �21�. Monthly algae and shellfish production based on P limitation 





Figure � SEQ Figure \* ARABIC �22� N recovery per month





yield on light (g/mol) = area productivity (g m−2·d−1) / daily light integral (mol·m−2·d−1)





volumetric productivities = 27.8 tons / ( 480 m3/day * 30 day* 15 ponds *8 months)= 16 g/ (m3*day)








Figure � SEQ Figure \* ARABIC �23� Nitrogen budget on the percentage of nitrogen that entered the system through feed is distributed in sediments, worms and water at the end of the 10-day experiment





Figure � SEQ Figure \* ARABIC �24� Phosphorus budget shows the percentage of Phosphorus that entered in to the system through feed is allocated in sediments, worms and water at the end of the 10-day experiment
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