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Executive Summary
Wastewater from Abattoir systems is highly concentrated with nutrients from the processes that
occur in the day to day operation of the facilities. The current systems in place to treat this
wastewater are usually lacklustre in regards to Nitrogen and Phosphorous reduction. The following
thesis investigates the Techno Economics of installing a microalgae treatment system in order to
reduce the overall Nitrogen and Phosphorous levels effectively. Microalgae growth has been shown
to lower the levels of these nutrients as they are key growth components of biomass.
In order to find the Techno Economics a treatment system must first be designed for the abattoir
waste. There is an extensive literature published in regards to abattoir waste loading including case
studies from real abattoir systems. This literature data as well as the data from a local abattoir was
used to find the total potential biomass that can be generated from the Nitrogen and Phosphorous
loadings. With the total potential biomass calculated the land area required to generate the biomass
was calculated using a specific microalgae growth rate in unit (g/m2/day). Once the land size was
calculated the total pond system design began.
Using the literature data supplied by Meat and Livestock Australia (MLA) and the Australian Meat
Processor Corporation (AMPC) unique systems were designed for three different size abattoirs. The
data supplied was analysed on Pre AD data as well as simulated Post AD data as it was not recorded
by the abattoirs. The total scale of these abattoirs ranged from a large scale (>2000 kL/day) to a
small scale family run abattoir (<200 kL/day). The potential of these systems to generate biomass
vary greatly from case to case. Biomass generation is important, as this will account for a large
portion of the revenue needed for the profits generation.
The techno economics for these systems increase as the systems get larger however the initial
Capital Investment and annual Operational Expenditure do not rise greatly as the systems get larger.
Several break even schemes were solved, by altering the price/kg of biomass, for each system in
order to find the minimum biomass sale price. This value greatly increases as the size of the abattoir
goes down, as expected due to the lower biomass generation as well as the similar system CAPEX
and OPEX. For the largest abattoir the minimum sale price was $0.82/kg and for the smallest system
it was $5.85/kg. The largest abattoir case is an achievable sale price requiring only a small margin
commodity as opposed to the smallest scale which would require more expensive biomass to grow.
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The second case study supplied only the Post AD data which required no manipulation. The supplied
data was taken over a 5 year period so the minimum, average and maximum waste loading cases,
over this period, were analysed. The variation from the minimum case to the maximum case is ~830
kg potential biomass daily generated. This equates to a substantial difference in system design
ranging from a 2 ha minimum system to a 9 ha pond system. As in Case Study one three break even
schemes were solved for each individual case, the range of the sale data was $0.94/kg biomass for
the minimum case and $0.89/kg biomass for the maximum case. These are achievable values
depending on which microalgae strain will grow.
From the analysis performed microalgae growth in Raceway ponds using feed from the abattoir
wastewater is an economically viable project. The more biomass generated the lower minimum
biomass sale price for break even as well as raise the NPV of the project. The market demand and
specific microalgae strain that will grow in the effluent will determine the economic viability of
raceway pond installation; however with the required $/kg being low, the system should be viable
for most large scale abattoirs.
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Glossary of Terms
Abbreviation/Acronym

Term Explanation/Expansion

COD
BOD
TSS
TN
TP
O&G
HSCW
DAF
AD
NO3
NO2
NH3
NOx
HDPE
PVC
CAPEX
OPEX
ROI
NPV
PBR
RENOIR
IRR
MLA
AMPC

Chemical Oxygen Demand
Biological Oxygen Demand
Total Suspended Solids
Total Nitrogen
Total Phosphorous
Oil and Grease
Hot Standard Carcass Weight
Dissolved Air Flotation
Anaerobic Digestion/Digester
Nitrate
Nitrite
Ammonia
Any form of Oxygen attached Nitrogen
High Density Polyethylene
Poly Vinyl Chloride
Capital Expenditure
Operational Expenditure
Return on Investment
Net Present Value
Photo-Bioreactor
Removal of Nitrogen for Irrigation
Internal Rate of Return
Meat and Livestock Australia
Australian Meat Processor Corporation
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1. Introduction
Abattoir wastewater treatment is an extensive field of research as there are new developments
constantly arising in order to minimise the waste loading and environmental impact [1, 2]. There is a
common three step system implemented in order to treat the waste: primary –removes large
particulate solids, secondary – biological treatment to remove dissolved nutrients and occasionally
tertiary - sterilise and make the effluent safe for disposal [3].
A treatment that is common to most abattoirs is anaerobic digestion (AD); this is responsible for
removal of Biological Oxygen Demand (BOD) and Chemical Oxygen Demand (COD) [4]. If waste is not
going to be tertiary treated then this is usually the final step before disposal. The three stage
approach is sufficient to treat the waste down to a level that is safe for disposal however two
nutrients that are not sufficiently treated in the waste include Nitrogen and Phosphorous (Table 11)
[5].
Microalgae is a fast advancing industry in regards to generating products as well as use for
treatment of wastewater [6-9]. Research on the topic of algae for wastewater treatment began in
the 1950’s and has grown since then [8, 9]. The technology today is more advanced and developed
in both techniques and cultivation methods [10, 11]. These methods include immobilisation of
microalgae as well as Photo bioreactors and other advanced cultivation systems.
There are 5 fundamental growth components of microalgae, Carbon, Nitrogen and Phosphorous,
with the final two, Hydrogen and Oxygen, coming from the aqueous medium that they are grown in
[12]. Each microalgae strain will grow in a unique way with these components and depending on the
particular strain can be used for low to extremely high margin commodities [13, 14].
There are many different systems used for microalgae generation. The two overarching designs
used in industry are known as Raceway, or open Ponds and Photobioreactors [15]. Raceway ponds
are currently utilised more by industry due to their low capital expenditure, simple operation and
generally good biomass yield [16]. The most costly component of a raceway pond is the lining [17].
The Nitrogen and Phosphorous that remain in the abattoir effluent post AD are a potential feed
source for a microalgae growth system. Anaerobic digestion reduces the BOD and COD content of
the effluent by generating methane gas in consuming the Carbon in the waste biological and organic
matter [18]. This methane can be collected from these ponds and be used as a fuel on site at the
abattoir for any number of systems [19, 20]. If this methane collection system was implemented the
CO2 generated from the fuel usage could be used to feed the ponds as a Carbon source as flue gas,
decreasing the Carbon footprint of the abattoir [21].
The waste loads in the abattoirs were used to calculate potential biomass generation data. This
was performed by manipulating the mass waste loadings into molar waste loadings and using the
Redfield theoretical equation for biomass generation (Equation 2) [12]. With the potential biomass
generation values calculated the total required land area required for biomass generation is solved
using specific microalgae growth rates in units (g/m2/day) from literature [22]. Once this total
required land area was calculated the total system design began.
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Raceway pond systems are simple in operation however comprise a large number of important
components [23]. Each of these components must be considered in a techno economic analysis in
order for the full system to be accurately appraised. Techno economic analysis solved for both
Capital Expenditure (CAPEX) and Operational Expenditure (OPEX). The OPEX of the system is the
annual costs incurred to run the system as opposed to the CAPEX which is the initial investment
needed to construct and commission the system [13, 24, 25].
Once the CAPEX and OPEX have been determined the NPV and break even points of the schemes
were calculated. In order for the system to be viable the annual revenue gained from biomass
generation must exceed the OPEX or the debt will only continue to increase. Due to the different
prices in microalgae strains the annual generation could contribute to far lower values than the
OPEX or in the case of a high margin commodity the annual biomass sale could net millions of dollars
in a short return time [26]. A minimum sale price value was solved by setting a breakeven point to a
number of years and solving the biomass price $/kg for NPV of zero then using this price $/kg solving
a twenty year NPV.
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2. Literature Review
2.1 Wastewater Treatment
Wastewater treatment is an important industry, especially in certain parts of Australia
where water is scarce. Industry and domestic wastewaters must be treated in order to be safely
disposed of to the environment. The technology surrounding wastewater treatment is quite
advanced however not all waste water sources utilise the waste effectively and aim only to reduce
pollutant in the wastewater.
2.1.1 Wastewater Sources and Treatments
Wastewaters originate from many different sources and must be treated in order to be
safely disposed to the environment or recycled for further use. Sources of wastewaters determine
what pollutants are present in the streams; main sources of wastewater include household and
municipal, industrial, commercial and agricultural [27]. The type of waste that is generated will
determine what treatment will be best for the wastewater.

Wastewater

Major Sectors
Households/
Domestic
Waste




Chemical
Electric
power
Food
Iron and
Steel
Mining
Nuclear
Paper
Sediment
and nutrient
Run off
Pesticides
Abattoir
Milking
Parlour
Slaughtering
waste
Vegetable
washing
waste

The industrial banner covers a very
large portion of waste as there are
so many variances in industry.
Industry is the biggest consumer of
water in the world, wastewater
treatment is important in these
facilities due to the water
shortages [30, 31].








Agricultural

Typical Treatment Systems
High rate Aerobic and Anaerobic
treatments are used in sequential
order to break down complex
organics and other products that
arise from municipal waste like
detergents and other non biological
wastes [29].
Some large industrial processes do
not always need to use potable
water for their operations, this
allows for other water to be treated
less before recycling. Some of these
methods include electrolytic
treatments [32] as well as more
extensive treatments for pre
disposal waste [33].


Municipal

Industrial

Pollutants
These streams contain general
household wastes i.e. Sewage, grey
water, cosmetic products etc [28].







These systems are strongly
polluting with high COD and BOD
emissions due to their high organic
waste content [34].

Agricultural systems can utilise an
activated sludge system. This is
where wastewater is treated with a
complex mixture of bacteria and
protozoa that remove organic
substances and pollutant nutrients
[35].

Table 1 Wastewater Sources, Main pollutants and Treatments
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Table 1 shows various wastewater sources and their respective pollutants. This list is not an
extensive list as the wastewater industry is far too large and varied.
There is a range of treatment system in use depending on the components of the
wastewater. Table 1 shows the typical treatment systems associated with each different wastewater
source; this is not a comprehensive list as there are many different systems that can be used for
treatment. The wastewater sources in Table 1Error! Reference source not found. are from varied
sources so the treatments will not be specific to one area i.e. many industries will make use of
Aerobic and Anaerobic digestion to lower organic material contents in the other wastewaters not
just municipal and abattoir wastes.

2.2 Types of Waste Waters in Abattoirs
Abattoir systems have many different flow streams from the different parts of the facility.
The waste loads in each of the streams vary greatly depending on the activities occurring where they
originate. The Beenleigh abattoir [36] has a full scale operation including all of the following
processes.
•
•
•
•
•

Slaughter and boning
Chilling and freezing
By-products processing using high temperature rendering to produce meat meal and tallow
and steam coagulation of blood to produce blood meal.
Full range of offal processing including intestines, tripe processing and washing and packing
of edible and inedible offal.
Pre-slaughter cattle holding yards.

Table 2 shows the streams with the strongest loading of the contaminants at the Beenleigh
site. The table shows that the main sources of contaminants are the usually the Raw Material Bin,
Cleaning or the Tripe Processing streams.
Table 2 Waste Components and Predominating Streams [36]

Contaminant

Highest to third most concentrated waste streams
1st
2nd
3rd

Total COD
Cleaning
Raw Material Bin
HT Stickwater
Soluble COD
Raw Material Bin
Cleaning
Kill Floor
Suspended Solids
Cleaning
Tripe Processing
Raw Material Bin
Oil and Grease (O&G)
Tripe Processing
Cleaning
Total Nitrogen
Raw Material Bin
Cleaning
Kill Floor
Ammonia-N
Ante-Mortem Yards
Raw Material Bin
HTR Condensate
Total Phosphorous
Raw Material Bin
Tripe Processing
Cleaning
Soluble Phosphorous
Raw Material Bin
Cleaning
Chloride
Raw Material Bin
Tripe Processing
Blood Decanter
Calcium
Kill Floor
Ante-Mortem Yards
Tripe Processing
Magnesium
Tripe Processing
Raw Material Bin
Kill Floor
Sodium
Tripe Processing
Raw Material Bin
The wastes produced by the abattoir are highly concentrated with animal by-products.
These products include energy rich products that can be used to fuel the abattoir as well as
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concentrated protein meal [2, 37]. Some of these components can be detrimental to the
environment where they are disposed; these components include Phosphorous, Nitrogen and
Sodium.
Table 3 Waste Loadings in Abattoir Streams [5]

Abattoir

A
B
C
D
E

Wastewater
Volume
(kL/tonne
HSCW)
12.5
3.2 to 6.3
2.5 to 4.5
10.2 to 12.1
4.82

Mass Pollutant (kg)/Tonne HSCW
COD

TSS

TN

TP

O&G

Na

66.52
15.93
11.87
48.89
28.27

No Data
13.12
4.41
14.50
12.10

3.09
1.78
1.09
2.41
1.06

0.53
0.29
0.11
0.43
0.10

12.43
2.76
1.87
No Data
No Data

4.03
1.17
0.56
1.7
3.89

Table 3 shows the wastewater composition pre treatment. HSCW stands for Hot Standard
Carcass Weight i.e. the pollutants in Table 3 represent how much one tonne of carcasses will
produce in the waste stream.
Each abattoir has a different loads and series of treatments which accounts for the
differences in the final effluent product Table 5. The treatments in place at each abattoir are
summarised in Table 4.
Table 4 Effluent Treatment Systems

Abattoir

B

Primary
Treatments
Static and Rotary
screens
Vibrating screen

C

Vibrating screen

D

Rotary screen,
Saveall and DAF

E

Rotary screen and
Saveall

A

Secondary Treatments

Tertiary Treatments

Anaerobic Ponds, Mechanically Aerated
Ponds, Irrigation Holding Ponds
Anaerobic Ponds, Mechanically Aerated
Ponds,
Anaerobic Ponds, Mechanically Aerated
Ponds, Natural Aeration/Maturation
Ponds, Irrigation Holding Ponds
Anaerobic Ponds, Mechanically Aerated
Ponds, Natural Aeration/Maturation
Ponds, Irrigation Holding Ponds
Anaerobic Ponds, Facultative Ponds,
Irrigation Holding Ponds

Effluent Recycle, Spray
Irrigation
Effluent Recycle, Spray
Irrigation
Effluent Recycle, Spray
Irrigation
Effluent Recycle, River
or Other Watercourse
Spray Irrigation
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Table 5 shows the percentage removal of the pollutants by the treatment systems. The data
shows high removal rates of BOD and COD. The removal of Nitrogen and Phosphorous was not as
effective.
Table 5 Percentage Removal of Pollutants [5]

Abattoir
A
B
C
D
E

COD
90.2
85.0
95.5
98.2
No Data

Percentage Removal of Pollutant
TSS
TN
TP
O&G
No Data
27.5
0
98.5
93.6
28.1
27.6
18.5
92.7
11.9
0
98.9
97.6
92.1
37.2
No Data
No Data
No Data
No Data
No Data

Na
6.2
13.7
-37.5
5.3
No Data

The reduction of BOD and COD is mainly attributed to the anaerobic digestion stage of the
treatment which is ineffective at Nitrogen and Phosphorous removal, as shown by the data. The data
at abattoir D however, does show significant reductions in Nitrogen and phosphorous levels when
compared to the other data. The wastewater treatment systems at site D are more extensive than
the other abattoirs, including both dissolved air flotation (DAF) and a saveall system. The different
treatment systems as well as the types of animals processed at the abattoirs will attribute to the
varying pollutant loadings as well as the reductions.
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2.3 Existing Wastewater Treatment Systems for Abattoirs
There are many systems common to the abattoir wastewater treatments that need to be
used prior effluent discharge to the sewer or environment. Incorporation of the appropriate systems
into an abattoir may allow for the effluent to be up to a standard for recycling. Historically the
effluent has been discharged to the environment; in the current climate where water is scarce
recycling is an effective economic and environmental alternative.

Primary
Treatments

Secondary
Treatments

Tertiary
Treatments

-Solids

-Chemical

-Microbial

Disposal

Figure 1 Abattoir Wastewater Treatment Flowchart

2.3.1 Primary Treatment
Primary treatments are used to remove the coarse solids from the effluent streams prior to
secondary treatments. These treatment systems include Rotary screens, Static and vibrating screens,
Hydrocyclone, DAF, etc [38]. Each system operates differently and may be required depending on
the scale of the abattoir and the solid waste loading in the stream being examined.
A screen separator like a rotary or vibrating screen will be more suited to remove coarser
solids in the effluent nearer the beginning of the treatment. These screens are usually woven mesh
or aside from manure the best method of removal of solids is with a revolving screen system [39].
The manure is best removed with a shaker screen.
Once the solids have been removed the next step involves separating the fats and other
suspended solids. This separation is usually carried out with a saveall system or similarly operating
apparatus. Figure 1 shows the outline of a saveall system, where the solids settle and the fats and
grease float on the top layer for removal in a continuous natural process.
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Figure 2 Saveall Treatment Tank [39]

Depending on the size of the abattoir the final step (or in place of the saveall) in the primary
treatment is a dissolved air flotation (DAF) system. DAF systems operate by dissolving air in the
effluent under pressure then releasing the pressure causing microbubbles to form (Figure 2). These
microbubbles adhere to the surface of solid particles as well as large fat molecules causing them to
float to the surface [1].

Figure 3 DAF Tank system [39]

17

Techno Economic Assessment of Abattoir Waste Treatment Using Microalgae
ENG470 Thesis

James Kossen

2.3.2 Secondary Treatment
Secondary treatments are biological treatment systems; these aim to remove nutrients,
organics and pathogens. There are various methods for this treatment including ponds, sludge
treatments and wetlands; the most common are aerobic ponds, in conjunction with/or anaerobic
ponds [38].
In aerobic pond systems the effluent is treated with bacteria in the presence of oxygen.
Facultative ponds can also be used for this treatment. These ponds are used in order to treat the
BOD and COD of the effluent. It is preferable to construct 2 or even 3 ponds consecutively in order
to maximize reduction and minimise retention times (usually at least 15 to 20 days) [40].
The final step of treatment facilities is usually an anaerobic pond treatment. The anaerobic
ponds are also used to deplete the BOD and COD levels in the effluent; this process also generates
methane gas. This methane gas can be captured with covered anaerobic lagoons and utilised as a
fuel at the abattoir [19].
2.3.3 Tertiary Treatment
Tertiary treatments are implemented to remove any pathogens from the total effluent that
remain after primary and secondary treatment. There are 2 main systems for this treatment,
chlorination and UV Irradiation. Chlorination involves adding chlorine to the effluent whereas UV
irradiation exposes the effluent to UV Radiation to destroy pathogens [3].
2.3.4 Current Disposal Methods and Regulations
Table 6 shows the standard disposal methods from abattoir wastewater after treatment
along with the bodies that govern the regulations surrounding the disposal.
Table 6 Current Disposal Methods, Regulations and Governing Authority

Disposal Method
Regulation
Authority
Sewer
Discharge concentration/ load limits
Local Council
Land Irrigation
Sustainable loadings
State EPA
Waterways (Rivers etc) Discharge concentration/ load limits
State EPA
Disposal via existing waterways must have the Nitrogen and Phosphorous levels lowered
almost completely in order to maintain the waterway. Disposal via land irrigation as opposed to
waterways are not as strict on Nitrogen and Phosphorous removal as the loads can be beneficial to
growth of crops on the land [3].
Some abattoirs recycle the wastewater to the abattoir in order to lower water usage. The
treatment systems need to be sufficient to remove a large amount of the wastes as there are strict
regulations surrounding water reuse. Abattoirs for export are required to have two plumbing
systems for potable and non-potable water. The recycled stream, assuming it has been sufficiently
treated could be used for non potable uses [38]. These processes include:
General Site Operations




Cooling tower makeup
Boiler make up
Outdoor paved area cleaning
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Watering of landscaped areas
Cattle truck washing.

Abattoir Operation






Stockyard washdown
Inedible offal processing
Cleaning around wastewater treatment plant
Cleaning sprays for screens at wastewater treatment plant
Initial washing of cattle prior to slaughter (followed by a potable water wash) [3].

2.4 Microalgae for Waste Water Treatment and Abattoir Wastewater
Treatment
Wastewater treatment with microalgae began with treatment of municipal sewage by
William J. Oswald in the 1950’s. Initially the symbiotic relationship between algae and bacteria in the
treatment was examined [9] and from there the idea of algae treatment was developed further.
These studies worked on the principle that the photosynthetic reaction of the algae will produce
oxygen to feed the biological reactions of the treatment systems [8].
Post 1950’s the research continued to develop along a similar vein of wastewater treatment
with microalgae however only pilot scale testing began to take place. The construction of these
ponds was used to evaluate viability of larger scale systems. Many different countries were involved
in this research in 1960’s and 70’s including, America, Germany, Czechoslovakia and France [41].
In recent years the analysis and technology has become more refined and as a result the
removal efficiency has been improved. De Bashan et al. have done a large amount of work on
immobilised microalgae [10]. Immobilisation of a cell is when a cell is fixed in position by either
natural or artificial means [11]. Their work on immobilised microalgae shows effective wastewater
treatment results.
The main components of wastewater that are treated with microalgae effectively are COD,
Ammonium and Phosphorous. Mennaa et al. [6] tested seven species with an algal blooms ability to
remove Nitrogen and Phosphorous and then measured the kinetics. The removal rates are show that
past approximately 100 hours almost every strain had reduced the Nitrogen levels to below 10 mg
N/L and approximately 3 mg P/L.
Several studies by Fallowfield et al. [42, 43] have been done on the abattoir effluent
treatment using microalgae. Fallowfield performed a small scale study on diluted piggery effluent in
order to determine the climactic and operational parameters. The ponds were operated with varying
the pond depths from 0.12m, 0.24m and 0.34m [43].
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The average parameters for the experiment were as follows
Table 7 Average Parameters [43]

Parameter
Daily Irradiance (W/m2)
Temperature (oC)
pH
Dissolved Oxygen (% Saturation)
Chlorophyll conc a (mg/L)
Dry Matter (g/L)
5 day Average BOD (g/m2/day)
Mixing Rate (m/s)

Average
403.2
15.2
7.9
100.3
2.89
0.209
6,24
0.2

Biomass growth is positively correlated with elapsed time, surface daily irradiance, pH and
day length. The results also show that biomass growth is negatively correlated with culture depth.
The results show significant correlations between pH and daily irradiance, maximum
dissolved oxygen and NOx. This correlation indicates that the pond pH is at equilibrium with
alkalization by photosynthesis and acidification by nitrification. At the end of the batch process the
total removal of COD and BOD was 78.6% and 96%. This was higher than the Nitrogen and
Phosphorous removal which was 71% and 54% respectively.
Fallowfield also constructed a pilot plant scale system for the treatment of abattoir waste.
The plant project ran as a continuous process for a 2 year period with strict monitoring of the
nutrients consumption and biomass generation. The raceway ponds were 200 L and inoculated with
Chlorella vulgaris (CCAP strain No.211/le). The plant was constructed and tested in Belfast, Ireland
[42].
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Figure 4 Pilot Plant Schematic Diagram [42]

Figure 4 shows the total pilot plant design, including waste treatment prior reaching the raceway
Microalgae ponds. The components are
1. Stirred intake and holding tank – This tank holds the effluent prior treatment
2. Slurry pump – This pump is able to move the effluent with the solids around the treatment
plant
3. Rotary pressed screen separator – This primary treatment removes the larger particulate
solids from the liquid effluent
4. Flocculation and sedimentation tank- This tank acts similar to the Saveall to remove the
solids that the screen could not remove
5. Dilution/Holding tank- This tank dilutes and holds the liquid effluent prior to microalgae
treatment
6. Metering pump – This metering pump is used to move the effluent to the Raceway ponds.
Being a metering pump it can also be used to control the levels in the ponds.
7. ‘Dortmund’ Raceways for algal cultures with paddlewheel mixers – This is where the
microalgae is cultivated
The pre-treatment system was used to remove coarse and suspended solids from the effluent
prior to microalgae treatment in the raceway pond. This pre-treatment system was used in order to
improve the light penetration in the ponds. The solids removed by the Rotary pressed screen
separator are solids dispatched to a separate part of the site to be processed.
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Table 8 Experimental Biomass data and nutrient Removal data for Several Month Period [42]

1981
Sep

Oct

1982
Nov

May

June

July

Aug

Biomass Production
Chlorophyll a (mg/L)
Algal Cell Count (x106 /ml)
Dry Matter production (g/m2/day) (Slurry corrected)
Total dry matter production (g/m2/day)

6.18
3.07
12.61
21.71

2.94
1.39
4.93
12.46

1.18
0.62
4.02
11.91

7.31
3.44
13.91
18.56

7.20
3.11
17.41
29.49

5.53
2.37
19.52
30.10

2.85
1.76
22.35
35.70

Nutrient Removal
Phosphorous Removal (%)
76.68
55.59
42.01
45.33
67.74
89.70
Nitrogen Removal (%)
96.28
92.91
98.30
73.24
62.28
63.88
54.83
BOD removal (%)
96.3
93.67
98.34
Table 8 shows the raw data over a series of months in different seasons. This pilot plant was constructed in Ireland where the summer months are from
May to July going into autumn from August to October going into November the start of winter. Analysing these two time frames shows the comparison
between seasonal changes in growth and treatment efficiency.
September to November shows excellent reduction of the BOD and Nitrogen when compared to the summer months. The phosphorous removal rates
were erratic regardless of month and did not correlate with the nitrogen removal data. The dry biomass data positively correlates with the phosphorous
removal values.
Fallowfield et al. [42] states that it is interesting to note the nitrogen reduction in 1981 given the minimal microalgal productivity and concludes that
processes other than microalgal growth also contribute to the reduction. The BOD reduction is also incredibly high in the 1981 analysis. Calculations
performed in the literature conclude that only 20-40% of the bacterial O2 demand can be produced from microalgal biomass generation.
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2.5 Raceway Ponds
Raceway ponds are the most common system of large scale microalgae production. They are
also very efficient for wastewater treatment. The combination of productivity and economic factors
make these systems one of the most common culture systems. In the recent history similar ponds
have been used to culture algae for a wide range of uses including food, supplements, medicine, etc
[44].
2.5.1 Raceway Pond vs. photo bioreactors (PBR)
The two main systems for microalgae cultivation are raceway ponds and PBR. The two
systems are vastly different in design and operation
Table 9 Open Pond Comparison to PBR [45]

Metric

Raceway Pond

PBR

Capital Investment
Low
High
Ease of scale up
Good
Variable
Technology Availability
Readily
Not tested on large scale
Downstream Processing
High
Low
Flexibility of strain selection
Low
High
Water usage
High (Evaporation)
Lower
Table 9 compares Raceway ponds to PBR systems. Each of the comparison points will be investigated
in detail.
Capital Investment
Capital investment is low in raceway ponds as the main components are digging the earth
berms, lining the pond and the low cost operating equipment. This is relatively low depending on the
cost of labour. The lining however will usually be the most expensive single component of the
raceway pond system [23].
PBR capital investment will involve all the tubing and cooling mechanisms. This system is
more intricate than a raceway pond. Each of these components will require extensive installation as
well as substantial product capital costs [45].
A comparison of capital costs taken from Richardson et al. [46] states a CAPEX for Open
Raceway Ponds as 375.26 M$s and 970.07 M$s for PBR systems. This is based on the same scale
systems used to generate lipids for biofuel production.
Ease of Scale Up
Raceway ponds are simple to scale up. To scale up a raceway pond the land area covered
will need to be increased as well as the size of the paddle wheel to maintain the flowrate for the
higher volume [47]. These are the two main components that will need to be scaled for the ponds to
operate with larger volume.
The Photobioreactor system will have several more components to scale up than a raceway
pond; will be more complicated and more expensive [48]. Depending on the type of PBR a scaled up
system might be unfeasible due to limitations on technology.
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Technology Availability
The simplicity of raceway ponds, the extensive research on and industry use of this pond
style mean that the technology is readily available. PBR’s are more complex and have not been as
thoroughly tested on a large scale making the availability of the technology problematic.
Downstream Processing
Raceway pond systems cannot grow to high cell densities resulting in the effluent requiring
more treatment in order to remove the biomass. The harvesting system will have to be more
extensive compared to a PBR system.
The high culture density of a PBR system makes the removal of the biomass from the
medium easier than a raceway pond but the process still requires post treatment [15].
Flexibility of strain selection
Raceway ponds are open to the environment therefore open to contamination by wild algae
strains as well as other contaminants [49]. Additional control measures can be implemented to
control the strain that will grow in ponds however this will complicate the process and drive up
capital costs.
Closed systems like PBR’s are isolated from contaminants in the air. That means the strain of
algae is easily selected and controlled. With this strict strain selection PBR’s are better systems for
cultivating selective high margin commodities from microalgae.
Water usage
Uncovered raceway ponds are open to evaporation from the surface of the ponds making
them water intensive systems. This effect can be reduced by placing a cover over the ponds however
this will also serve to drive up capital costs as well as causing other complications in the pond [50].
Photobioreactors being closed systems do not suffer from these water losses to the
atmosphere. There are other water losses associated with PBR’s as the tubes require water cooling
on the outside. This results in large water consumptions as the temperature of the tubes is hard to
control [51].
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2.6 Techno Economic Analysis
2.6.1 Cost of Raceway Pond Construction
Techno economic analysis is the detailed costing of a system taking into account any
components that will introduce a cost. The analysis considers both capital expenditure and
operational expenditure these are known as CAPEX and OPEX respectively.
This techno economic analysis compares 2 raceway pond systems with a tenfold scale up
from 10 ha to 100 ha [13]. Each aspect of the process is considered and costed, considering both
CAPEX and OPEX.
This analysis assumes





75 tonnes biomass/ha/year
Ten equal sized growth ponds (1-10 ha depending on each case study)
10 ha pond system has plastic liner
100 ha pond system is lined with clay

Table 10 CAPEX 1987 Benemann Study [13]

General capital costs for microalgae production
Cost item
Land
Site Prep
Growth Ponds

Inoculum System
Harvesting System
Media Supply

Process control
Buildings, vehicles
Electrical
Engineering
Contingencies
Working Capital

1987
Comments
10 ha system $
1.25x ponds area
$
50,000.00
Grading, roads, fences
$
100,000.00
Earthworks
$
50,000.00
Linings
$
600,000.00
CO2 supply
$
200,000.00
Inlet/Outlet
$
50,000.00
Deflectors
$
25,000.00
Laboratory to 0.1-1 ha ponds
$
150,000.00
Settling pond, centrifuge
$
150,000.00
Water Storgae
$
75,000.00
Nutrient Storage
$
50,000.00
Nutrient Mixing
$
75,000.00
Distribution
$
100,000.00
Sensors, controllers
$
50,000.00
Laboratories, offices
$
350,000.00
On Site Distribution
$
100,000.00
Design Construction Supervision $
250,000.00
10% of Above
$
300,000.00
33% of Annual Operating cost
$
300,000.00
Total $
$
3,025,000.00

100 ha system $
$
500,000.00
$
250,000.00
$
150,000.00
$
600,000.00
$
500,000.00
$
200,000.00
$
100,000.00
$
250,000.00
$
1,000,000.00
$
200,000.00
$
150,000.00
$
150,000.00
$
250,000.00
$
100,000.00
$
500,000.00
$
250,000.00
$
400,000.00
$
600,000.00
$
900,000.00
$
7,050,000.00

This CAPEX analysis (Table 10) takes into account each step in the construction of a raceway
pond as well as all of the components required for operation. Included in the Total cost is the
working capital and contingencies of the process. The values indicate that the tenfold size scale does
not correlate with the price for every component i.e. the 100 ha laboratory facilities will not need to
be 10 times the size of the 10 ha case.
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Table 11 OPEX 1987 Benemann Study [13]

General operating costs for microalgae ponds
Cost item
Water
CO2
Nutrients
Electricity
Labor
Miscellaneous
Maintenance
Taxes, Insurance
Depreciation
Return on Investment

Comments
3

2

4m /m /year
2.2 tonne/tonne of algae
6% Nitrogen, 0.5% Phosphorous
$0.07/kilowatt hour
15-30 Employees
Office laboratories
3% of Fixed capital
6% of Fixed capital
15% of Fixed capital
30% of Total Capital
Total $

1987
10 ha system $
$
$
$
$
$
$
$
$
$
$
$

2,000.00
165,000.00
35,000.00
30,000.00
250,000.00
100,000.00
100,000.00
200,000.00
450,000.00
1,100,000.00
2,432,000.00

100 ha system $
$
$
$
$
$
$
$
$
$
$
$

150,000.00
1,000,000.00
300,000.00
150,000.00
500,000.00
300,000.00
200,000.00
400,000.00
900,000.00
2,250,000.00
6,150,000.00

The OPEX of the system (Table 11) takes into account all the growth components as well as
the intangible products and services. The analysis in Table 10 and Table 11 do not take into account
the microalgae strain that will be grown in the pond system; this will determine the sale price and
profits generated from the system.
The analysis in Table 10 and Table 11 are extensive for raceway ponds however are currently
outdated so a newer CAPEX and OPEX analysis was used in order to find these values [52]. This
analysis has less focus placed on the pond construction and a greater focus on fuel generation from
the system. This analysis is based on a 100 ha system.
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The more recent techno economic analysis that will be used for the design is displayed in Table 12. This analysis has less emphasis on the more specifics of
the ponds and more on the total project design.
Table 12 2010 CAPEX and OPEX Analysis [52]

CAPEX
Case:
Pond Area:
Emphasis:
Biofuel:
LandA
High rate ponds
Digesters
Extraction plantB
Drying beds
Biogas!turbine
Electrical
Water piping
Final dryer
2o Clarifiers
CO2 delivery
1o ClarifiersC
Roads & fences
Thickeners
Buildings
Silo storage
Vehicles
Subtotal
Total with Cost FactorsD

Case 1
100 ha
Treatment
Oil & Gas
/ha case
$4,710,000
$47,100
$3,410,000
$34,100
$2,440,000
$24,400
$2,430,000
$24,300
$2,420,000
$24,200
$2,040,000
$20,400
$1,900,000
$19,000
$1,660,000
$16,600
$1,020,000
$10,200
$948,000
$9,480
$594,000
$5,940
$420,000
$4,200
$338,000
$3,380
$256,000
$2,560
$120,000
$1,200
$109,000
$1,090
$100,000
$1,000
$24,915,000.00 $249,150.00
$35,722,000.00 $357,220.00

OPEX
Case:
Pond Area:
Emphasis:
Biofuel:
Algae facility staff
Maintenance (2% cap.)
Extraction plant
Electricity purchaseA
Administrative staff
Biomass haulingB
Insurance
Outside lab testing
Vehicle maintenance
Lab & office supplies
Employee training
Subtotal

Case 1
100 ha
Treatment
Oil & Gas
/ha case
$748,000
$7,480
$498,000
$4,980
$478,000
$4,780
$358,000
$3,580
$375,000
$3,750
$239,000
$2,390
$180,000
$1,800
$50,000
$500
$15,000
$150
$12,500
$125
$10,000
$100
$2,963,500.00
$29,635.00

These values show the 100 ha case from the literature as well as the per ha values that will be used for the later analysis. The final subtotal for the
CAPEX is adjusted with a cost factor correction. This factor allows for permitting, mobilization, construction insurance and management, engineering, legal,
and contingency. This factor is ~ 1.43 times the subtotal value.
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2.6.2 Revenue Generated from Biomass sale
Table 13 Biomass Products, Uses and Sale Prices [13]

Products
Isotopic compounds

Uses
medicine

Approx
value
>$1000/kg

Approx
Market
small

Algal genus
or type
many

Phycobiliproteins
Pharmaceuticals

Xanthophylls

research
research
anticancer,
Antibiotics
food suppl.
food color
chicken feed

>$10000 kg
>$100 kg
unknown
(Very High)
>$500 kg
$300 kg
$200-500 kg

small
small
unknown
unknown
small
medium
medium

VitaminsC&E

vitamins

Health foods

supplements

C:>$10kg
E: >50 kg
$10-20 kg

Polysaccharides
Bivalves feeds

viscosifiers gums
seed raising
aquaculture
conditioner,
fertilizers
proline
arginine
aspartic acid
animal feeds
foods, feeds,
supplements

medium
medium
medium
to large
medium
small
large
unknown
unknown
small
small
large
very large
very large
small

red
blue-greens
blue-Greens
Other
Dunaliella
Dunaliella
greens, diatoms,
etc.
greens
greens
Chlorella,
Spirulina
Porphyridium
diatoms
Chrysophytes
Chlamydomona
N-fixing species
Chlorella
blue-greens
blue-greens
green algae, others
greens
diatoms

B-Carotene

Soil inoculum
Amino acids

Single cell protein
Veg and marine oils

$5-10/kg
$20-100 kg
$1-10 kg
>$100 kg
$5-50 kg
$50-100 kg
$2-5 kg
$0.3-0.5 kg
$0.4-0.6 kg
$3-30 kg

Current product
content
>5%
1-5%
0.1 - 1%
5%
0.50%

Reactor system
or concept
Tubular,
Indoors
Tubular,
Indoors
Tubular,
Fermentor
Lined pond

Current status
commercial
commercial
commercial
research
commercial

Unlined pond

research

100%

Fermentor
Fermentor
Lined pond

research
research
commercial

50%
100%

Lined pond
Lined pond

100%

Indoor,
Lined Pond
Lined pond
Lined pond

research
commercial
research
commercial
research
research
Conceptual

<1%

10%
10%
10%
100%
30%

Unlined pond
Unlined
Lined Pond

research
research
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Table 13 shows a wide range of products that can be generated from the biomass strains, the
biomass value as well as the strains that can grow the products. The range of price in these biomass
products is very large from >$10,000/kg to $0.4/kg, However the market demand for a certain
product may not be available to sustain a large scale growth of these products [26]. This wide range
of products comes from many different microalgae strains, as shown in Table 13. Each of these
different strains will have different growth conditions. With this wide variation in strains and
conditions specific systems will need to be designed in order to generate specific products.

3. Methodology
Analysis of the abattoirs is done in a stepwise fashion starting from the raw waste loadings data.
1. The raw waste loadings were converted from their given form into the molar form.
2. Once the waste loads are in molar form the next step is to calculate the total biomass that
can be generated from the loadings in the waste.
a. The biomass generated was assumed from the Redfield Ratio [12]. This ratio can be
used to solve which component is limiting; from this the total biomass generated
can be solved. This total biomass generation will determine the size of the pond
system required.
3. Using the total biomass two important parameters can be calculated, profits generated from
biomass sale and land area required.
4. Using a microalgal productivity rate in the form (g/m2/day) the land area required to
generate the given biomass can be calculated. The calculations for profits generated from
biomass sale were done on the basis of three different strains to solve a range of data. With
the required land area calculated the techno economic assessment can begin.
5. The techno economic data from previous studies is used on a per ha basis to solve for
unique solutions to each of the abattoir case studies. This techno economic analysis finds
both a CAPEX and OPEX for each of the cases analysed.
6. Once these parameters have been solved capital budgeting parameters can be solved to
determine the economic viability of the project.
7. These calculations are based on the CAPEX, OPEX and profits generated from biomass sale.
The important parameters that will be solved include net present value (NPV), internal rate
of return (IRR) and the payback period of the investment.
This methodology was applied to both of the case studies examined in this thesis. The first case
study was an overview of 3 different abattoirs each with different loads and treatment systems
whereas the second case is the Minimum, Average and Maximum of data from the same abattoir.
The first case provides a broader view of the economic viability for any abattoir and the second
provides an in depth view for the best and worst case scenarios for a given abattoir.
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4. Case Study 1 – MLA Literature Data
Data from an MLA report [53] was used to find the nutrient content of the waste streams in an
abattoir system, this data was then used to design a microalgae wastewater treatment system. The
abattoirs are very different systems in regards to size, products and wastewater treatment systems.
In the report the data was taken six abattoirs in research. Sites A, B and C did not have data for the
overall flowrates of the abattoir and consequently could not be used to find the total biomass
potential.
Site D
Table 14 Site D General Information

Location
Cattle Type
Total Daily Effluent Flow
Daily Working Hours

New South Wales, Australia
Grass/ Grain Fed Beef cattle
2150 kL
10 hours

Treatment systems at site D
Table 15 Site D Wastewater Treatment Systems

Wastewater
Combined Red
Wastewater
Treatment

Paunch

Cattle Yards





Streams Involved
Rendering Plant
o Combined bins
o Combined Stick
Beef slaughter floor
Offal processing
Veal slaughter floor






Paunch
Foreign objects
Wash down water
Transfer water







Boning room and
Chillers




Spray water for washing
cattle
Urine and Manure
Wash down from
cleaning
Boning room
Defrost Collection













Treatment systems
Total combined streams
Contrashear to remove course
solids (Recycled to rendering)
Stream remainder sent to
saveall with DAF to recover fatty
acids
Remainder of red waste sent to
AD
Course screen where foreign
objects are removed but most
paunch solids are not
Rest sent to paunch screw press
to remove coarse solids for
composting
Leftover sent to AD
Cattle yard wastewater is sent to
an auger screw to remove
coarse solids
Remainder sent to AD
Collected in defrost collection
pit and recycled to cattle yards
Not deposited to AD
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Mass Balance

Figure 5 Red Wastewater Mixing Point

Figure 5 shows all the streams that enter the red water waste stream. The total outflow of
SP7 enters the coarse screen and then Save-all to remove all the solids for compost and be DAF
treated prior entering the mixing point in Figure 6.
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Figure 6 Total Stream Mixing Point for AD

Figure 6 shows the mixing point of each individual stream with the total flow out to the
anaerobic digester. All of the solids have been removed from the streams when they reach this
mixing point.

32

Techno Economic Assessment of Abattoir Waste Treatment Using Microalgae
ENG470 Thesis

James Kossen

Site E
Table 16 Site E General Information

Location
Cattle Type
Total Daily Effluent Flow
Daily Working Hours

Queensland, Australia
Grass/ Grain Fed/ Organic Beef cattle
962 kL
18 hours

Treatment systems at site E
Table 17 Site E Wastewater Treatment Systems

Wastewater
Combined Red
Wastewater
Treatment






Combined Green
Wastewater
Treatment






Streams Involved
Rendering Plant
o Combined bins
o Combined Stick
Beef slaughter floor
Boning room
Water Slide to Fleshing
Shed

Paunch
Offal
Cattle Yards
Transfer water






Treatment systems
Total combined streams go to
Rotating Drum Screen to remove
course solids (Recycled to
rendering)
Stream remainder sent to Saveall with DAF to recover fatty
acids
Remainder of red waste sent to
AD



Cattle wash not implemented
i.e. no urine/manure
 Rotating Drum Screen used to
remove solids
 Leftover sent to DAF with Red
wastewater
All streams enter the AD post DAF treatment. The removal of nutrients by the Contrashear
shows that it is not working effectively leaving approximately 90% of the nitrogen and 70% of the
phosphorous post screen. The DAF at Site E is also shown to be ineffective as it recovers less than
10% of the COD and solids and less than 35% of the oil and grease.

33

Techno Economic Assessment of Abattoir Waste Treatment Using Microalgae
ENG470 Thesis

James Kossen

Mass Balance

Figure 7 Red Wastewater Mixing point 1

Figure 7 shows all the contributing components of the red wastewater stream.

Figure 8 Total Effluent Mixing Point Prior DAF

Unlike Site D the green waste water is DAF treated alongside the red wastewater stream
before entering the AD.
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Site F
Table 18 Site F General Information

Location
Animal Type
Total Daily Effluent Flow
Daily Working Hours

North Queensland, Australia
Cattle/Veal/Pigs
167.6 kL
9.5 hours

Treatment systems at site F
Table 19 Site F Wastewater Treatment Systems

Wastewater
Blood Wastewater
Treatment

Rendered
Wastewater
Red Wastewater

Streams Involved
 Paunch Solids
 Blood Streams
o Do not pass
through
Rendering
 Render stream





Treatment systems
Do not pass through treatment
train handled using direct land
application

Sent to DAF

Paunch
 All waste from here discharged
to AD lagoon
Kill Floor
o Screened also
 Chiller water
 Total Rendering
 Cattle Yard Wash
The abattoir at site F is a very small family run abattoir, this means that







Blood streams do not go through rendering
o Blood, paunch solids discharged directly to land.
o This lowers the organic load dramatically
Rendered flow only receives DAF treatment
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Mass Balance

Figure 9 Mixing point of Small Scale Abattoir

Due to the size of this abattoir and the omission of blood streams only one mixing point is
considered. It includes all the streams in the abattoir which then proceed to the AD. The total
rendering stream is already DAF treated at this mixing point.
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4.1 Data Analysis
The data from these studies has a number of different parameters but only some regarding
the main parameters for microalgal growth are considered in the following analysis. Several other
factors will affect the growth rate i.e. TSS (Total suspended solids), however the analysis will assume
growth rates where these factors are included.
In order to calculate the biomass the masses of nitrogen and phosphorous in the effluent
streams must be considered. Carbon Dioxide will also need to be considered but this will have to
come from an outside source as it is not a dissolved nutrient. One possible source is harnessing the
methane from the anaerobic digestion for a generator and using the produces CO2 to feed the ponds
[21].
The data from these abattoirs was extensive however there was not any analysis on the data
post AD. Due to this lack of data the exact efficiency of the ponds is unknown. Several journal
articles were used to estimate an average reduction for Nitrogen and Phosphorous in AD [5, 54, 55].
4.1.1 Methane Potential
Biochemical methane potential is an indication of the amount of methane that could be
recovered during the anaerobic digestion phase of treatment. Methane potentials of all the streams
are analysed however the sum of all the streams will be used for total analysis. The methane from
the solid streams is not included as they will not enter the anaerobic digester. This amount of
methane will correlate to an exact amount of CO2 potential due to the stoichiometry of the
components and the combustion reaction (Equation 1).

Equation 1 Methane Combustion Reaction
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4.1.2 Nutrient Calculations
The nutrients in the waste streams were calculated from the given data into a daily mass flowrate. This was done using the total daily mass flowrate
and the mass nutrient/volume effluent value to find the total daily mass of each nutrient.
Table 20 Raw Abattoir Data

Combined Wastewater Effluent Streams
Total Effluent (kL/d) Methane Potential (m3/d)
Literature Concentration
Site D
2150
8,332
Site E
962
3,728
Site F
167.6
650

Pre AD
N (mg/L)
100-600
233.00
272.00
29.80

Post AD
P (mg/L)
N (mg/L)
10-100
100-600
56.00
134.28
47.00
156.76
4.50
17.17

P (mg/L)
10-100
41.07
34.47
3.30

The raw data shown in Table 19 is the beginning of the analysis. The table shows Pre AD (Pre Anaerobic Digestion) and Post AD (Post Anaerobic
Digestion), there was no Post AD data provided for the abattoirs so the reduction from pre to post was analysed based on a number of papers [5, 54, 55].
Table 21 Daily Molar Flowrates Pre AD

Combined Wastewater Effluent Streams
Site D
Site E
Site F

Methane C (kmol/d)
371.96
166.43
29.00

N (kmol/d)
35.78
18.69
0.36

P (kmol/d)
3.89
1.46
0.02

The mass flowrate from these calculations was then converted to the molar flowrate using the atomic masses of the components in question.
(Table 21) The methane concentration was calculated using the ideal gas law equation at STP. This is the final step in raw data manipulation required prior
to biomass calculation.
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4.1.3 Biomass Calculation
Once the amount of nutrients, required for microalgal growth, had been determined in the
streams the theoretical amount of biomass could be calculated. Equation 2 shows the Redfield
Equation, this is the theoretical equation used to calculate potential biomasses. Equation 2 quotes
the basic forms of the reactants that make up the final product i.e. HNO3 and H3PO4; these
components are made up by Nitrogen and Phosphorous in normal growth conditions.

Equation 2 Redfield Ratio Equation

These calculations assume that any methane produced in the anaerobic digestion phase of
the treatment is burnt and the resulting CO2 used to feed the ponds. The growth of the biomass is
then dependent on the three factors in the equation, CO2, Nitrogen and Phosphorous. The
components will not be in perfect balance so one of the components will be limiting biomass
growth.
The limiting component will be determined by the stoichiometric ratio of each component
to one another as well as the theoretical ratio in the Redfield equation i.e. C: N: P = 106:16:1. This
ratio needs applies to the molar values calculated in Table 21. Dividing each component by the
lowest common denominator (the Phosphorous value) will give us the ratio of C: N: P with P=1 as
required. Where N or C is lower than 16 or 106 respectively that component will be the limiting one
(Table 22).
Table 22 Limiting Component Calculation

Ratio of components
Redfield Ratio
Site D
Site E
Site F

Carbon
106
95.68
114.00
1190.66

Nitrogen
16
9.20
12.80
14.65

Phosphorous
1
1
1
1

Once the limiting component has been determined the daily biomass can be calculated using
the molar value of the limiting component divided by the Redfield ratio value. The resulting molar
value is used in conjunction with the molar mass of the Redfield ratio biomass equivalent i.e.
molar mass = 2375.97 g/mol. This calculation provides the total potential daily
biomass, which can also be converted into the annual biomass production. (Table 23)
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Table 23 Total Daily and Annual Biomass

Daily biomass from limiting components
Annual biomass
Pre AD Limiting Component
Post AD Limiting Component (Tonnes/year)
Total bio mass (kg/d)
Total bio mass (kg/d)
Pre AD
Post AD
Site D
5313.58
Nitrogen Limited
3062.32
Nitrogen Limited
1939.46
1117.75
Site E
2775.47
Nitrogen Limited
1599.56
Nitrogen Limited
1013.05
583.84
Site F
52.98
Nitrogen Limited
30.53
Nitrogen Limited
19.34
11.14

Once the daily bio mass potential has been calculated from the growth components the
total land area required for growth can then be calculated. These biomass values are also used in
order to calculate the profits that can be generated from the sale of the biomass, this is covered
later in this chapter.

4.2 Total Pond Area Calculations
The growth rate/unit area of microalgae can be used to evaluate the total pond size now
that the total mass of daily biomass is known. This pond size will be large enough to generate the
daily biomass and hence use the nutrients in the waste streams.
4.2.1 Biomass Growth Rates
For this analysis the growth rate of Pleurochrysis carterae was used from Moehemani [22].
The maximum, minimum and average growth cases were considered in order to determine the most
extreme cases. The growth rates in (Table 24) are taken from Perth, Western Australia [22].
Table 24 Growth Rates of Pleurochrysis carterae

Growth Case
Minimum
Average
Maximum

Growth Rate
(g/m2/day)
16
22
33.5
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4.2.2 Land Area Sizing
The growth rates in (Table 24) were used in conjunction with the pre calculated daily
biomass to find the total land area required to generate the amount of biomass. The area is
calculated in m2 as per the unit (g/m2/day) which is subsequently converted into hectare units (Table
25).
Table 25 Optimal Pond Sizes Case Study 1

Land Area Calculations (ha) Pre AD

Min

Ave

Max

Growth Rate
Site D (ha)
Site E (ha)
Site F (ha)

16g/m /day
22g/m /day
33.5g/m2/day
33.21
24.15
15.86
17.35
12.62
8.28
0.33
0.24
0.16

Land Area Calculations (ha) Post AD

Min

Growth Rate
Site D (ha)
Site E (ha)
Site F (ha)

2

2

Ave
2

Max
2

16g/m /day
22g/m /day
33.5g/m2/day
19.14
13.92
9.14
10.00
7.27
4.77
0.19
0.14
0.09

The minimum growth rates are the largest area ponds due to there being less biomass
growth/unit area. The Pre AD ponds are substantially bigger than the Post AD ponds due to the
decrease in potential biomass. These pond sizes are the minimum required, at a specific growth
rate, in order to produce the potential amount of biomass calculated earlier on a daily basis.
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4.3 Scaled Raceway Pond Design
With the required size of the system now known the design of the raceway pond system can
begin. The required sizes calculated are not always whole numbers; this was rectified by rounding up
to the nearest integer to ensure that the maximum size criteria were met.
4.3.1 Optimal Maximum Pond Size
Table 26 and Table 27 show the number of ponds that is required to satisfy the previously
calculated daily growth of microalgal biomass.
Table 26 Total Number of Ponds Pre AD Case

Total Number of 1 (ha) Ponds Pre AD
Growth Rate 16g/m2/day
Site D
34
Site E
18
Site F
1

22g/m2/day
25
13
1

33.5g/m2/day
16
9
1

Table 27 Total Number of Ponds Post AD Case

Total Number of 1 (ha) Ponds Post AD
Growth Rate 16g/m2/day
Site D
20
Site E
10
Site F
1

22g/m2/day
14
8
1

33.5g/m2/day
10
5
1

The reduction in total number of ponds is quite significant from the Pre AD case to post AD.
Anaerobic digestion attributes for a considerable drop in biomass due to nutrient losses. With the
pond sizes calculated the techno economic analysis can be performed on the proposed system
design.
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4.4 Techno Economic Analysis
The techno economics of the scaled system was performed based on a Benemann et al.
study [52]. This study started in 2010 so it is necessary to update the cost calculated in the current
project into 2016 dollars. Inflation from 2010 to 2016 will be accounted for and modifications will be
made for the specific pond size. The study investigates a 100 ha case. This case was taken down to a
per ha analysis and then the results scaled into the specific pond sizes required.
4.4.1 CAPEX
The capital expenditure of the proposed system will require a lot of different components as
well as construction costs and machinery hire. In order for the techno economic analysis to be
accurate each aspect of the system will need to be considered [52].
Average Case
The CAPEX analysis in Table 28 is used as a demonstration of the initial costs involved in the
open raceway pond construction for the average growth case at each site (Pre AD).
Table 28 Site Averages Pre AD Techno Economic CAPEX Data

Pre AD
CAPEX
Case:
Case 1
Site D-Ave
Site E-Ave
Site F-Ave
Pond Area:
100 ha
/ha case
25.00
13.00
1.00
LandA
$4,710,000
$47,100
$1,177,500
$612,300
$47,100
High rate ponds
$3,410,000
$34,100
$852,500
$443,300
$34,100
Digesters
$2,440,000
$24,400
$610,000
$317,200
$24,400
Extraction plantB
$2,430,000
$24,300
$607,500
$315,900
$24,300
Biogas turbine
$2,040,000
$20,400
$510,000
$265,200
$20,400
Electrical
$1,900,000
$19,000
$475,000
$247,000
$19,000
Water piping
$1,660,000
$16,600
$415,000
$215,800
$16,600
Final dryer
$1,020,000
$10,200
$255,000
$132,600
$10,200
2o Clarifiers
$948,000
$9,480
$237,000
$123,240
$9,480
CO2 delivery
$594,000
$5,940
$148,500
$77,220
$5,940
1o ClarifiersC
$420,000
$4,200
$105,000
$54,600
$4,200
Roads & fences
$338,000
$3,380
$84,500
$43,940
$3,380
Thickeners
$256,000
$2,560
$64,000
$33,280
$2,560
Buildings
$120,000
$1,200
$30,000
$15,600
$1,200
Silo storage
$109,000
$1,090
$27,250
$14,170
$1,090
Vehicles
$100,000
$1,000
$25,000
$13,000
$1,000
Subtotal
$22,495,000
$224,950
$5,623,750
$2,924,350
$224,950
Total with Cost FactorsD
$32,252,313
$322,523
$8,041,963
$4,181,821
$321,679

For the simplicity of the analysis it is assumed that all of the ponds will be lined 1 ha ponds.
The three different CAPEX values generated from this have quite a large range. This difference is due

43

Techno Economic Assessment of Abattoir Waste Treatment Using Microalgae
ENG470 Thesis

James Kossen

to the small size of the abattoir at Site F. Drying beds were included in the original Benemann
analysis however these will not be required at the abattoir facility so they were omitted.

4.4.2 OPEX
The operating expenditure is the annual cost of running and upkeep on a pond system. Table
29 shows the OPEX data for each site pre AD only as an indication of the total analysis.
Average Growth Case
Table 29 Site D Pre AD Techno Economic OPEX Data

OPEX
Case:
Pond Area:
Algae facility staff
Maintenance (2% cap.)
Extraction plant
Electricity purchaseA
Administrative staff
Biomass haulingB
Insurance
Outside lab testing
Vehicle maintenance
Lab & office supplies
Employee training
Subtotal

Case 1
100 ha
$748,000
$498,000
$478,000
$358,000
$375,000
$239,000
$180,000
$50,000
$15,000
$12,500
$10,000
$2,963,500

Site D-Ave
/ha case
$7,480
$4,980
$4,780
$3,580
$3,750
$2,390
$1,800
$500
$150
$125
$100
$29,635

25.00
$187,000
$124,500
$119,500
$89,500
$93,750
$59,750
$45,000
$12,500
$3,750
$3,125
$2,500
$740,900

Site E-Ave

Site F-Ave

13.00
$97,240
$64,740
$62,140
$46,540
$48,750
$31,070
$23,400
$6,500
$1,950
$1,625
$1,300
$385,268

1.00
$7,480
$4,980
$4,780
$3,580
$3,750
$2,390
$1,800
$500
$150
$125
$100
$29,636

Similar to the CAPEX analysis there is a large range between cases due to the abattoirs size,
this smaller running cost of the site F abattoir would make break even more feasible as long as the
biomass growth is substantial enough.
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4.4.3 Combined CAPEX and OPEX
Table 30 shows the compiled techno economic pre AD data of both CAPEX and OPEX
combined. The total will be the costs of the first year of operation with the OPEX being added
annually. The data from the techno economic calculations has been inflated from the 2010 data to
bring it to 2016 dollars.
Table 30 Combined Techno Economic Analysis Pre AD

Techno Economic Analysis Pre AD
Site D
Site E
Site F

Growth Rate
CAPEX
OPEX
CAPEX
OPEX
CAPEX
OPEX

$
$
$
$
$
$

Min
13,130,837.47
1,167,115.46
6,951,619.84
617,884.65
386,201.10
34,326.93

$
$
$
$
$
$

Ave
9,655,027.55
858,173.13
5,020,614.33
446,250.03
386,201.10
34,326.93

$
$
$
$
$
$

Max
6,179,217.63
549,230.80
3,475,809.92
308,942.33
386,201.10
34,326.93

The values from the per ha analysis of the techno economic data was used to find a unique
solution for each individual case in the analysis.
Table 31 Combined Techno Economic Analysis Post AD

Techno Economic Analysis Post AD
Site D
Site E
Site F

Growth Rate
CAPEX
OPEX
CAPEX
OPEX
CAPEX
OPEX

$
$
$
$
$
$

Min
7,724,022.04
686,538.50
3,862,011.02
343,269.25
386,201.10
34,326.93

$
$
$
$
$
$

Ave
5,406,815.43
480,576.95
3,089,608.82
274,615.40
386,201.10
34,326.93

$
$
$
$
$
$

Max
3,862,011.02
343,269.25
1,931,005.51
171,634.63
386,201.10
34,326.93

The post AD values from the analysis are lower than the Pre AD case due to the lower pond
sizes. The values for site F are however the same in both cases due to the small size of the effluent,
this analysis is not suited to an abattoir this small. The analysis only caters to single ha analysis the
size required for Site F is ~9% to 19% of a single ha.
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4.4.4 Potential Profits from Biomass
The sale of microalgal biomass would potentially generate a large amount of income for the
abattoir provided that the market demand is available. Table 32 shows the annual profits for the sale
of 3 different types of microalgal biomass. It is currently unclear what strain of microalgae will grow
given the effluent characteristics from the abattoir; this analysis considers different products with
variable costs [14, 56] (Table 13 Biomass Products, Uses and Sale Prices [13]).
Table 32 Profits generated from Biomass sale Pre AD Case

Profits Gained From Biomass Sale Pre
Price/kg of product
($/kg)
Chrysophytes
2.00
$
Spirulina
10.00
$
Chlorella
20.00
$

Annual Profit ($/Year)
Site D
Site E
3,878,914 $
2,026,095 $
19,394,571 $
10,130,474 $
38,789,142 $
20,260,948 $

Site F
38,673
193,364
386,728

For each case in Table 32 the values of the total profits vary significantly from microalgae
strain to strain as well as from case to case. The potential different microalgae strains that will grow
will determine the difference in total profits generated [14].
Table 33 Profits generated from Biomass sale Post AD Case

Profits Gained From Biomass Sale Post
Price/kg of product
($/kg)
Chrysophytes
2.00
$
Spirulina
10.00
$
Chlorella
20.00
$

Annual Profit ($/Year)
Site D
Site E
2,235,494 $
1,167,678 $
11,177,471 $
5,838,390 $
22,354,941 $
11,676,781 $

Site F
22,288
111,440
222,879

Table 33 shows the Post AD profits from biomass generation. The differences between these
values and the values in Table 32 are almost in the order of half in some cases, this is a substantial
drop attributed to anaerobic digestion. This biomass sale will be dependent on the market demand
as well as the ability of the ponds to generate clean biomass. It is unlikely that these theoretical
profits will be able to be generated at an abattoir.
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4.4.5
Capital Budgeting
In order for the pond system to be profitable for the abattoir the profits generated must exceed the operating costs of the abattoir or the debt will
continually increase. Assuming that the annual biomass generation is a constant the economic viability of the process can be calculated using Net Present
Value (NPV) Calculations. These calculations were done for the average growth case of each site with discount rates of 20% and 40%.
Table 34 20 Year NPV plan Spirulina Post AD

Average -Spirulina- 20%
CAPEX
OPEX
Revenue Cash Flow
Net Cash Flow
IRR
NPV
Average -Spirulina- 40%
CAPEX
OPEX
Revenue Cash Flow
Net Cash Flow
NPV

$
$
$
$
-$
$
$
$
$
$
$

0
3,089,608.82
274,615.40
5,838,390.42
5,563,775.02
3,089,608.82
29,567,412.30
0
3,089,608.82
274,615.40
5,838,390.42
5,563,775.02
16,366,979.25

$
$
$
$

$
$
$

1

2

274,615.40
5,838,390.42
5,563,775.02
5,563,775.02
IRR
1

$ 274,615.40
$ 5,838,390.42
$ 5,563,775.02
$ 5,563,775.02
180%
2

19
$
$
$
$

274,615.40 $ 274,615.40 $
5,838,390.42 $ 5,838,390.42 $
5,563,775.02 $ 5,563,775.02 $
Payback Period
1

274,615.40
5,838,390.42
5,563,775.02
5,563,775.02

20
$
$
$
$

19
274,615.40 $
5,838,390.42 $
5,563,775.02 $

274,615.40
5,838,390.42
5,563,775.02
5,563,775.02
20
274,615.40
5,838,390.42
5,563,775.02

Table 34 shows the twenty year NPV calculation for the post AD average system at site E growing spirulina. Several columns of data are omitted due
to size constraints however these values are the same as the others in the provided columns (this follows for Table 36, Table 50 and Table 52). These
calculations were done for each Site Average specific growth case for each different proposed microalgae strain.
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Table 35 NPV for each average case

Net Present Values Post AD
Chrysophytes
Spirulina
Chlorella

Discount Rate
20%
40%
20%
40%
20%
40%

$
$
$
$
$
$

Site D
4,893,811
730,151
57,379,455
32,000,350
122,986,510
71,088,099

Site E
$
$
$
$
$
$

2,152,294 -$
33,442 -$
29,567,412 $
16,366,979 -$
63,836,310 $
36,783,901 $

Site F
456,865
428,302
66,418
116,537
720,521
273,168

Table 35 shows the NPV’s after a twenty year period are positive for every case with Spirulina and Chlorella whereas the revenue generated from
Chrysophytes is not enough to generate profits for site F. The annual revenue generated are substantially higher then both the CAPEX and OPEX values for
sites D and E with the high margin commodities. This accounts for the projected profits.
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A solver calculation, for the price of biomass, was carried out over a twenty year plan with
break even set at five, ten and twenty years. This calculation provides the minimum prices for sale of
biomass in order for the NPV of the system to be zero at the end of the given period, this value then
is used for a twenty year projection.
Table 36 ten year Solver Case for Site D Post AD

Min
CAPEX
OPEX
Revenue Cash Flow
Net Cash Flow
NPV

$
$
$
$
-$

0
5,406,815
480,577
1,521,857
1,041,280
0.00

1
$
$
$

480,577
1,521,857
1,041,280

2
$
$
$

9

480,577
1,521,857
1,041,280

$
$
$

10

480,577
1,521,857
1,041,280

$
$
$

480,577
1,521,857
1,041,280

Table 36 shows the ten year break even plan for the abattoir at Site D as well as the NPV
over a twenty year period with the 10 year break even biomass sale price. The size of the abattoir
correlates to the amount of profit generated after a twenty year period; bigger abattoirs with more
biomass generation provide larger profits.

Table 37 Solver Biomass price and Annual profits Generated

Solver Case 5 Year

Solver Case 10 Year

Solver Case 20 Year Break Even

Solver
Site D
Site E
Site F

Bio Mass Price ($/kg)
$
1.64
$
1.80
$
11.76

Annual Revenue
$
1,835,460.67
$
1,048,834.67
$
131,104.33

NPV 20 year
$
2,545,783
$
1,454,733
$
181,842

Solver
Site D
Site E
Site F

Bio Mass Price ($/kg)
$
1.36
$
1.49
$
9.75

Annual Revenue
$
1,521,856.59
$
869,632.33
$
108,704.04

NPV 20 year
$
705,058
$
402,891
$
50,361

Solver
Site D
Site E
Site F

Bio Mass Price ($/kg)
$
1.25
$
1.37
$
8.98

Annual Revenue
$
1,401,735.82
$
800,991.90
$
100,123.99

NPV 20 year
$
-$
0
-$
0

Table 37 shows the minimum sale price, from each abattoir that can be used to break even
at each number of years. These values vary greatly from abattoir to abattoir. Site F with the lowest
biomass generation will require the most expensive price in order to be profitable.
Other tests of the projects viability are the Internal Rate of Return (IRR) and the Payback
period for a given investment. These measures tell us the Discount Rate which will return an NPV of
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zero at the given range and the payback period is the number of years taken to repay the CAPEX of
the system.
Table 38 IRR and Payback Period for each Average Case

Internal Rate of Return

Site D

Chrysophytes
Spirulina
Chlorella

Payback Period (Years)
Chrysophytes
Spirulina
Chlorella

Site E
32%
198%
405%

Site D

Site F
29%
180%
369%

Site E
2
1
1

N/A
19%
49%
Site F

4
1
1

N/A
6
3

The IRR and Payback periods are shown in Table 38; these indicators confirm what was
determined by the NPV calculations. Site D and E are extremely profitable for Spirulina and Chlorella,
Site F is also however not at the same magnitude. The unfeasibility of Site F with Chrysophytes is also
illustrated by these measures with an unrealisable IRR and Payback period.
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4.5 Case Study 1 - System Comparison
Each abattoir has significant Nitrogen and Phosphorous waste loadings, as well as substantial
methane generation from the anaerobic digestion. The methane generated will be burnt as a fuel
and used as CO2 for the microalgae ponds. Each of these are nutrients are used in growth of
microalgae. Each case, both Pre AD and Post AD, in this analysis are limited by Nitrogen (Table 22).
This may mean that the Phosphorous and Carbon Dioxide levels are high, the treatment systems for
Nitrogen are working effectively to reduce loadings or that the Phosphorous to Nitrogen ratio in
abattoir wastewater is high.
The MLA report did not provide post AD data, which is the focus of the analysis. In order to
convert the pre AD data several other studies were used to simulate the reduction on nutrients that
anaerobic digestion would provide [5], [54], [55]. Post AD analysis is most appropriate for
consideration of microalgae growth in abattoir waste due to the high BOD and COD levels present in
pre AD effluent. These high levels of COD and BOD, present as organic and biological matter, will
promote bacterial growth over microalgal growth making biomass generation difficult. Anaerobic
digestion is designed to reduce the levels of the organic and biological matter with anaerobic
bacteria.
NPV analysis of each abattoir, for each microalgae strain, was used to determine the economic
feasibility (Table 35). All of the cases provided positive values, indicating profitability, except for site
F with Chrysophytes. For each of the other analysis the Chrysophytes generates the smallest profits
however for Spirulina and Chlorella cases at site D and E, the NPV is astronomical over the twenty
year projection. Site F Spirulina and Chlorella are profitable however at much lower values than sites
D and E.
The break even analyses in Table 37 show the minimum prices required for the project to be
profitable at each different abattoir. Due to the different quantities of biomass the twenty year
projected revenues are quite different. The values from site D and E are vastly different from those
of site F. The required biomass prices for site F are similar to that of Spirulina in most cases.
IRR and Payback Period analyses were also performed to confirm the NPV data from the
calculations. As suspected, the Chrysophytes case for site F did not provide a positive IRR or Payback
Period as the revenue generated was below the OPEX giving a negative Net cash flow. The data from
these analyses for Sites D and E are consistent with the NPV’s with high IRR values and very low
payback periods.
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5. Case Study 2 – Abattoir Data
Contrashear

Saveall

Yard Pond

Anaerobic
Pond

RENOIR

Storage Ponds 3,4 and 5

Pond 6

Farm
Irrigation

Figure 10 Current Treatment System

Case Study 2 is a large scale West Australian abattoir that processes beef cattle. In
comparison to Case Study 1 the abattoir has approximately the same effluent flowrate as Site E. The
treatment system at this abattoir includes both Primary and Secondary treatment systems with no
Tertiary treatments. After treatment the waste is sent to spray irrigation on land owned by the
abattoir.
The treatment system begins at the Contrashear where the paunch and other solids are
removed for the wastewater. The Contrashear is a vibrating screen that removes large suspended
solids from the effluent stream. The effluent then flows into the Saveall system, which is a settling
tank designed to remove more solids from the stream prior to effluent treatment (Figure 2).
The current treatment system of the abattoir comprises several anaerobic ponds in series
with one another as well as a RENOIR (Removal of Nitrogen for Irrigation) pond after anaerobic
digestion. This pond configuration is used to remove BOD and Nitrogen from the effluent. The
treatment however reduces these components by releasing methane and Ammonia gas to the
atmosphere. A schematic diagram of the treatment system is shown in Figure 10.
The ponds flow into a large storage pond for reduction via evaporation. These are called
ponds 3, 4 and 5, from which the effluent is sent directly to farm irrigation. Occasionally effluent will
be sent to a second storage pond (Pond 6) on site where it will be sent to farm irrigation at a later
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date. These storage ponds are used during normal operations of the abattoir but are flowing when
periods of farm irrigation is unrestricted.
The current RENOIR system is currently not functioning properly due to a mechanical
breakdown. This breakdown has caused the nitrogen loads in the effluent to increase dramatically
from 2012 to 2015 (Table 39).
Table 39 2012-2015 Contaminant Levels

BOD5
30kg/day
2012 Annual Load
(kg/day)
2013 Annual Load
(kg/day)
2014 Annual Load
(kg/day)
2015 Annual Load
(kg/day)

33.34
7.9
8.42
14.69

Total Phosphorous
50kg/ha/year

Total Nitrogen
300kg/ha/year

62.0

188.3

78.4

164.3

94.0

306.6

85.7

398.0

2012 Annual
Load (kg/ha/pa)
2013 Annual
Load (kg/ha/pa)
2014 Annual
Load (kg/ha/pa)
2015 Annual
Load (kg/ha/pa)

Table 39 shows the loads of each contaminant in the stream post RENOIR, as well as the
target values for each component (In green). The BOD5 levels are initially outside of the bounds but
drop to target levels in the first year of analysis suggesting that the anaerobic digester began
working more effectively. The Phosphorous levels are never within the range of the target data
indicating poor phosphorous removal systems. Nitrogen levels in the effluent begin in the target
range but eventually rise above beyond the acceptable levels for irrigation.
450

Waste Loading

400
350
Waste Load

BOD5 30kg/day

300
250
200

Total
Phosphorous
50kg/ha/year

150
100
50

Total Nitrogen
300kg/ha/year

0

2012

2013

Year

2014

2015

Figure 11 Increasing Nitrogen and Contaminant Levels

The BOD levels dropped dramatically from 2012 to 2013 and remained relatively constant,
as opposed to the phosphorous levels which have risen quite steadily. The nitrogen levels are the
most critical in this system as this sample point is immediately after the Nitrogen treatment pond.
The dramatic increase indicates that the treatment is not functioning properly.
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5.1 Data Analysis
Methane production was not monitored at this abattoir so it had to be calculated from other data. This abattoir provided only Post AD data which is
beneficial as it means the reduction data from other studies, used in Case Study 1, does not have to be used.
5.1.1 Nutrient Calculations
As opposed to the previous case study the data supplied was already in the format of kg/day, this is the required units to find the daily molar
flowrates. The data was provided for the past 5 years of operation, the cases considered for the design were the average, the minimum and maximum
cases. The standard deviation is also included in the table in order to show the variation in the data.
Table 40 Case Study 2 Abattoir Raw Data

Daily
2011 (kg/day)
2012 (kg/day)
2013 (kg/day)
2014 (kg/day)
2015 (kg/day)

Std Dev
avg (kg/day)
Max
Min

Total Suspended
Solids

BOD5

Total Phosphorous

Oil & Grease

Total Nitrogen

Total Dissolved
Solids

0.00
32.79
49.96
123.40
59.20
45.34
53.07
123.40
0.00

35.79
33.34
7.90
8.42
14.69
13.57
20.03
35.79
7.90

28.13
20.27
25.64
30.74
28.62
4.01
26.68
30.74
20.27

7.15
5.62
9.36
7.63
7.63
1.34
7.48
9.36
5.62

98.47
61.59
53.76
100.30
132.25
31.94
89.27
132.25
53.76

1012.95
692.99
728.07
887.14
818.30
128.46
827.89
1012.95
692.99

This data came from the averages of each month compiled together to give an average annual loading rate, this ironed out the trends in the
monthly data. Considering the average, maximum and minimum cases will provide an insight to the whole range of possible pond sizes that may be
required.
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5.1.2 Biomass Calculation
The pertinent values from the raw data (Table 40) were converted to molar flowrates using
the atomic masses of each component, namely Nitrogen and Phosphorous.
Table 41 Case Study 2 Molar Data

Ratio of components
Redfield Ratio
Minimum
Average
Maximum

Carbon
106
0.00
0.00
0.00

Nitrogen
16
5.87
7.40
9.52

Phosphorous
1
1
1
1

Table 41 shows the limiting component data of the case study abattoir. The values for
Carbon here are zero as there was no methane data available from the abattoir. It is assumed that
the CO2 for microalgal growth will be delivered from an outside source. The methane from anaerobic
digestion could be collected, used on site and the resulting CO2 sent to the ponds however this data
is unavailable so an estimate cannot be made currently. The data in Table 41 shows that the
phosphorous levels are in great excess. Assuming that the RENIOIR system is failing due to the rising
Nitrogen levels, the Phosphorous to Nitrogen ratio in abattoir waste appears to be quite high.
Table 42 Biomass Calculations

Daily biomass from limiting components
Post AD
Total bio mass (kg/d)
Minimum
570.19
Average
946.93
Maximum
1402.83

Limiting Component
Nitrogen Limited
Nitrogen Limited
Nitrogen Limited

Annual biomass from
limiting components
Post AD (Tonnes/year)
208.12
345.63
512.03

Using the concentration of the limiting component, in this case Nitrogen, the potential
biomass generated from the waste streams can be calculated. In this analysis it is assumed that the
Carbon Dioxide added to the system will meet the requirements demanded by the other
components. As in Case Study 1 the biomass was calculated using the Redfield ratio equation and
molar mass. The total biomass for each different case varied linearly. This could indicate a trend in
the raw data from the abattoir. There is a large amount of biomass generated each year from this
abattoir which will be a substantial source of income should the raceway pond system be
implemented.

55

Techno Economic Assessment of Abattoir Waste Treatment Using Microalgae
ENG470 Thesis

James Kossen

5.2 Total Pond Area Calculations
With the daily biomass calculated pond sizes can be calculated using growth/unit area rates, as in
case study one.
5.2.1 Biomass Growth Rates
The case study 1 microalgal growth rates from Moehemani [22] were also used in the analysis.
Table 43 Growth Rates of Pleurochrysis carterae

Growth Case

Growth Rate
(g/m2/day)
16
22
33.5

Minimum
Average
Maximum

5.2.2 Land Area Sizing
The growth rates in Table 43, along with the total daily masses the total land area required
to allow the daily biomass to grow can be calculated. These land areas can then be converted into
pond sizes in order to design an effective raceway pond system.
Table 44 Pond Sizes Case Study 2

Land Area Calculations (ha) Post AD
Growth Rate
Minimum
Average
Maximum

16g/m2/day
3.56
5.92
8.77

22g/m2/day
2.59
4.30
6.38

33.5g/m2/day
1.70
2.83
4.19

These pond sizes are in between that of case study one which included 2 large abattoirs and
1 small scale family run abattoir. The total range of this data is only seven ha from the maximum to
the minimum case.
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5.3 Scaled Raceway Pond Design
Taking the data from Table 44 a system of ponds that is capable of producing the daily
biomass according to the specified growth rates can be solved.
5.3.1 Optimal Maximum Pond Size
The Raceway pond system is based on an optimal pond size of 1 ha. The required land area
sizes in Table 44 warrant maximum pond sizes of 1 ha each, this is exclusive of the inoculation
ponds.
Table 45 Total number of ponds

Total number of 1 ha Ponds
Growth Rate
Min
Ave
Max

16g/m2/day
4
6
9

22g/m2/day
3
5
7

33.5g/m2/day
2
3
5

The abattoir in Case Study 2 owns a substantial amount of land area immediately
surrounding the grounds of the abattoir. The pond sizes suggested in Table 45 will fit quite easily
onto this land already owned by the abattoir. This land area is currently vacant however represents
an asset of the abattoir. Using it for raceway ponds would utilise this land area consuming the asset.

57

Techno Economic Assessment of Abattoir Waste Treatment Using Microalgae
ENG470 Thesis

James Kossen

5.4 Techno Economic Analysis
In order to determine if the proposed system is economically viable a techno economic
analysis was performed on the designed pond system.
5.4.1 CAPEX
The CAPEX of the average growth rate scenario for each growth case designed is shown in Table 46.
Table 46 Techno Economic CAPEX Raw Data for Average growth of each Loading case

CAPEX
Case:
Pond Area:
LandA
High rate ponds
Digesters
Extraction plantB
Biogas turbine
Electrical
Water piping
Final dryer
2o Clarifiers
CO2 delivery
1o ClarifiersC
Roads & fences
Thickeners
Buildings
Silo storage
Vehicles
Subtotal
Total with Cost FactorsD

Case 1
Min-Ave
Ave-Ave
100 ha
/ha case
3.00
5.00
$
4,710,000 $
47,100 $ 141,300 $
235,500
$
3,410,000 $
34,100 $ 102,300 $
170,500
$
2,440,000 $
24,400 $
73,200 $
122,000
$
2,430,000 $
24,300 $
72,900 $
121,500
$
2,040,000 $
20,400 $
61,200 $
102,000
$
1,900,000 $
19,000 $
57,000 $
95,000
$
1,660,000 $
16,600 $
49,800 $
83,000
$
1,020,000 $
10,200 $
30,600 $
51,000
$
948,000 $
9,480 $
28,440 $
47,400
$
594,000 $
5,940 $
17,820 $
29,700
$
420,000 $
4,200 $
12,600 $
21,000
$
338,000 $
3,380 $
10,140 $
16,900
$
256,000 $
2,560 $
7,680 $
12,800
$
120,000 $
1,200 $
3,600 $
6,000
$
109,000 $
1,090 $
3,270 $
5,450
$
100,000 $
1,000 $
3,000 $
5,000
$
22,495,000 $
224,950 $ 674,850 $ 1,124,750
$
32,252,313 $
322,523 $ 965,036 $ 1,608,393

Max-Ave
7.00
$ 329,700
$ 238,700
$ 170,800
$ 170,100
$ 142,800
$ 133,000
$ 116,200
$
71,400
$
66,360
$
41,580
$
29,400
$
23,660
$
17,920
$
8,400
$
7,630
$
7,000
$ 1,574,650
$ 2,251,750

Table 46 shows the breakdown for each component of the CAPEX analysis, this final data
with the cost factor is inflated again to bring it from a 2010 dollar into 2016 dollar; these inflated
values are shown in Table 48.
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5.4.2 OPEX
As with the CAPEX section the OPEX each average growth case is shown in Table 47.
Table 47 Techno Economic OPEX Raw Data for Average of each Case

OPEX
Case:
Case 1
Min-Ave
Ave-Ave
Pond Area:
100 ha
/ha case
3.00
5.00
Algae facility staff
$
748,000 $
7,480 $
22,440 $
37,400
Maintenance (2% cap.) $
498,000 $
4,980 $
14,940 $
24,900
Extraction plant
$
478,000 $
4,780 $
14,340 $
23,900
Electricity purchaseA
$
358,000 $
3,580 $
10,740 $
17,900
Administrative staff
$
375,000 $
3,750 $
11,250 $
18,750
Biomass haulingB
$
239,000 $
2,390 $
7,170 $
11,950
Insurance
$
180,000 $
1,800 $
5,400 $
9,000
Outside lab testing
$
50,000 $
500 $
1,500 $
2,500
Vehicle maintenance
$
15,000 $
150 $
450 $
750
Lab & office supplies
$
12,500 $
125 $
375 $
625
Employee training
$
10,000 $
100 $
300 $
500
Total
$ 2,963,500 $
29,635 $
88,905 $ 148,175

Max-Ave
$
$
$
$
$
$
$
$
$
$
$
$

7.00
52,360
34,860
33,460
25,060
26,250
16,730
12,600
3,500
1,050
875
700
207,445

The largest expenditure in this analysis is the cost of staff however the values for the
minimum and average cases are relatively low for an annual salary. This is noteworthy as the larger
100 ha facility in the literature would comprise several different occupations. This indicates that the
analysis may not be appropriate for a scale this small in regards to annual salaries.
5.4.3 Combined CAPEX and OPEX
The combined CAPEX and OPEX is shown in Table 48. This value is the initial cost as well as
the annual operating costs for each case growth rate.
Table 48 Combined Techno Economic Analysis Case Study 2

Techno Economic Analysis
Growth Rate
Minimum
CAPEX
OPEX
Average
CAPEX
OPEX
Maximum
CAPEX
OPEX

$
$
$
$
$
$

16g/m2/day
1,544,804.41
137,307.70
2,317,206.61
205,961.55
3,475,809.92
308,942.33

$
$
$
$
$
$

22g/m2/day
1,158,603.31
102,980.78
1,931,005.51
171,634.63
2,703,407.71
240,288.48

33.5g/m2/day
$
772,402.20
$
68,653.85
$ 1,158,603.31
$
102,980.78
$ 1,931,005.51
$
171,634.63

Table 48 shows the inflated values from the calculations in Table 46 and Table 47. These
values are adjusted for inflation between 2010 and 2016 dollars using an inflation rate of 2.5%.
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5.4.4 Potential Biomass Profits
The same three microalgae strains from case study 1 were used in case study 2 analyses also
(Table 49).
Table 49 Profits Generated from Biomass Sale Case Study 2

Profits Gained From Biomass Sale
Price/kg of product ($/kg)
Chrysophytes
2.00
Spirulina
10.00
Chlorella
20.00

Minimum
$
$
$

416,236.65
2,081,183.24
4,162,366.49

Annual Profit ($/Year)
Average
$
$
$

691,258.70
3,456,293.49
6,912,586.98

Maximum
$
$
$

1,024,064.33
5,120,321.66
10,240,643.33

There is a vast difference between the maximum and minimum values from this projection
this is due to the large range between prices as well as the annual biomass potential. Similar to case
study 1 the annual profits generated from the biomass is incredibly high and may not be a realisable
number in reality.
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5.4.5 Capital Budgeting
The average of each case shown in Table 49 was NPV analysed over a twenty year basis, shown in Table 50 is the Average spirulina case calculation.
Several columns of the analysis are omitted due to the size constraints however they follow the provided values.
Table 50 Spirulina Twenty Year Plan for Case Study 2

Min-Spi- 20%
CAPEX
OPEX
Revenue Cash Flow
Net Cash Flow
IRR
NPV
Min- Spi- 40%
CAPEX
OPEX
Revenue Cash Flow
Net Cash Flow
NPV

$
$
$
$
-$
$

0
1,158,603.31
102,980.78
2,081,183.24
1,978,202.47
1,158,603.31
10,452,613.81

$
$
$
$
$

0
1,158,603.31
102,980.78
2,081,183.24
1,978,202.47
5,759,194.48

1
$
$
$
$

102,980.78
2,081,183.24
1,978,202.47
1,978,202.47
IRR

2
$
$
$
$

1
$
102,980.78
$
2,081,183.24
$
1,978,202.47
Payback Period

102,980.78
2,081,183.24
1,978,202.47
1,978,202.47
171%

19
$
$
$
$

2
$
$
$

102,980.78
2,081,183.24
1,978,202.47
1

102,980.78
2,081,183.24
1,978,202.47
1,978,202.47

20
$
$
$
$

19
$
$
$

102,980.78
2,081,183.24
1,978,202.47

102,980.78
2,081,183.24
1,978,202.47
1,978,202.47

20
$
$
$

102,980.78
2,081,183.24
1,978,202.47

Table 50 shows that the sale of Spirulina will be profitable by the NPV calculation, the net cash flows are positive which generates a positive NPV.
This calculation was done with discount rates of 20 and 40 percent in order to test different sensitivity cases as well as allow for risks involved with the
project.
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Table 51 NPV for Average of Each Case Study

Net Present Values 20 year Projection
Chrysophytes
Spirulina
Chlorella

Discount Value
20%
40%
20%
40%
20%
40%

Minimum

Average

Maximum

$
680,077 $ 1,118,969
-$
63,144 -$
113,874
$ 10,452,614 $ 17,348,562
$ 5,759,194 $ 9,555,486
$ 22,668,285 $ 37,635,552
$ 13,037,117 $ 21,642,186

$ 1,897,027
$
37,466
$ 25,940,336
$ 14,362,127
$ 55,994,472
$ 32,267,953

Table 51 shows the NPV’s of each average growth case for each different biomass strain,
these are calculated via the method in Table 50. The chrysophytes case for each is unprofitable when
the Discount rate is 40%, except for the maximum growth rate case, this relates to the IRR value.
Each other case is exceedingly profitable over the 20 year projection.
A scheme was developed in order to find the biomass price that would give a ten year break
even. This was done using the solver in excel and altering the biomass price per kilogram which
affected the annual profits generated.
Table 52 Solver Ten Year Break Even Plan for Case Study 2

Avg
CAPEX
OPEX
Revenue Cash Flow
Net Cash Flow
NPV

$
$
$
$

0
1931006
171,634.63 $
543,520.21 $
371,885.58 $
-

1
171,634.63
543,520.21
371,885.58

2

9

$ 171,634.63
$ 543,520.21
$ 371,885.58

$ 171,634.63
$ 543,520.21
$ 371,885.58

10
$
$
$

171,634.63
543,520.21
371,885.58

The calculations shown in Table 52 are similar to Table 50 however the calculation is used to
set the biomass sale price for a ten year break even period and this value is then used to calculate
the twenty year projection.
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Table 53 Minimum Biomass sale Price for five, ten and twenty year Break Even

Solver Case 5 Year

Solver Case 10 Year

Solver Case 20 Year Break Even

Solver
Minimum
Average
Maximum

Bio Mass Price ($/kg)
Annual Revenue
NPV 20 year
$
1.89 $
393,313 $
545,525
$
1.90 $
655,522 $
909,208
$
1.79 $
917,730 $
1,272,891

Solver
Minimum
Average
Maximum

Bio Mass Price ($/kg)
Annual Revenue
NPV 20 year
$
1.57 $
326,112 $
151,084
$
1.57 $
543,520 $
251,807
$
1.49 $
760,928 $
352,529

Solver
Minimum
Average
Maximum

Bio Mass Price ($/kg)
Annual Revenue
NPV 20 year
$
1.44 $
300,372 $
$
1.45 $
500,620 $
$
1.37 $
700,868 $
-

Table 53 shows the twenty year returns when the breakeven point is set to a five, ten and
twenty year threshold. The profits generated over this time differ by only ~$200,000 for the ten year
case, this is interesting to note given the range of the other NPV cases. The twenty year break even
biomass prices range by ~7 cents from the minimum to the maximum growth cases. This break even
solver illustrates how small the margin for profitability is. Other methods for determining the
feasibility of a project include Internal Rate of Return and Payback Period. These are included in
Table 54.
Table 54 IRR and Payback Period for each Case

Iternal Rate of Return Minimum
Chrysophytes
27%
Spirulina
171%
Chlorella
350%

Average
27%
170%
349%

Maximum
29%
181%
370%

Payback Period (Years) Minimum
Chrysophytes
4
Spirulina
1
Chlorella
1

Average

Maximum
4
1
1

4
1
1

The IRR calculations are quite high for each case indicating viability. The payback period of a
project determines how long it takes to repay the CAPEX of the project, the worst case scenario has
a 4 year Payback Period.
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Case Study 2 - System Comparison

The cases analysed examine the total range of possible cases from the abattoir data i.e.
minimum (worst case scenario), average and maximum (best case scenario). These cases vary as the
data has substantial range over the 5 year period that was analysed. The required pond sizes at this
abattoir are between 2 ha at the lowest and 9 ha at the largest.
The different waste loading in each case makes for different annual biomass generations and
hence different potential profit margins. As in case study 1 the annual biomass generation was
implemented into a twenty year operation scheme with sale with 3 different biomass sale prices.
The microalgae strains analysed include Chrysophates, Spirulina and Chlorella. These vary in costs
from low, $2, to higher margin biomass products, $20 and upwards. The extremely high margin
commodities were not considered viable candidates to be grown in the waste streams.
The next step of the analysis is to find the minimum threshold that will allow for a positive
NPV for the given system. The three break even analyses that were performed give a good indication
of the microalgae prices required to make the system profitable for the abattoir. The price range of
the break even analysis is lower than the chysophytes case. Given these low prices of biomass the
raceway pond system is likely to be a profitable project for the abattoir, especially if the microalgae
generated is a higher margin commodity than chrysophytes.
The IRR and Payback Period analysis agree with the NPV values calculated. The IRR analysis is
only below 100% for the chrysophytes case and the other cases far exceed 100% indicating feasibility
of the project. The payback period is highest for the chrysophytes case as it has the lowest revenue
however this is only a 4 year period. Both the spirulina and Chlorella cases are paid off in the first
year of operation this is due to the high profits generated from the biomass sale.
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6. Discussion
The profits generated from implementation of this system will not only come from generation of
biomass. Microalgae systems are extensively used as wastewater treatment systems. This treatment
could also be used to recycle the effluent back to the abattoir in order to lower the costs of water for
the abattoir. This system would employ several pumps as well as a storage system in order to
implement a recycle. The annual water costs and the costs of the recycle system are not taken into
account here.
There will be substantial restrictions on this recycle stream as to what it can be used for [3]. This
stream would be restricted very heavily due to the possibility reintroducing pathogens into the
abattoir. This could be overcome with extensive tertiary treatments to remove these pathogens
however this would introduce more costs to the treatment. Another issue will be the load on the
ponds and the limiting components. The limiting component will not be present in the effluent post
microalgae treatment however the remaining components that will be in excess will remain in the
waste stream. A solution to this problem may be to dose the ponds with some of the limiting
reagent to remove more of the component in excess.
If the wastewater from the raceway ponds is not recycled back to the abattoir the current
disposal methods will be kept the same. The current disposal methods for Australian abattoirs
include spray irrigation, sewer system disposal or river/natural water source disposal [3]. There are
regulations surrounding the concentrations allowed for disposal depending on the method. Current
treatment systems are capable of attaining these levels as shown in Table 20, [53] however the
microalgae treatment system will lower the levels to much lower level whilst generating biomass.
The case study 2 nutrient analysis in Table 39 shows the BOD levels are significantly reduced in
the first year of analysis indicating that the anaerobic digester is working properly. When the
anaerobic digestion is working substantial amounts of methane are being produced which are
currently being vented to the atmosphere. This methane is more damaging to the environment than
CO2; it is also a potential fuel source if harnessed.
To harness methane as a fuel, a covered anaerobic pond would have to be implemented which
would add further costs however would save on energy costs by using the fuel[19]. The site already
has anaerobic ponds so the cost would only be introduced by the cover and processing facilities. The
addition of this cover would however allow the site to use the methane as a fuel and use the
resulting CO2 from the combustion reaction to feed the microalgae ponds, lowering the operating
costs of the ponds [20]. Without implementing this cover system the CO2 will have to be purchased
and added to the system from an outside source.
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The nutrient analysis performed, to find the total potential biomass that could be generated on
site, showed that regardless of which case the nitrogen was always the limiting component. The
phosphorous levels for each case were always far in excess according to the Redfield ratio analysis
performed. However the current wastewater treatment system has a Removal of Nitrogen for
Irrigation (RENOIR) treatment installed to remove Nitrogen from the effluent stream. This RENOIR
system is failing due to this the Nitrogen levels in the post treatment effluent have been steadily
increasing since 2013. Implementation of the proposed microalgae treatment system would make
the current RENOIR system redundant as it will sufficiently reduce the nitrogen to safe levels for
irrigation.
The current treatments are responsible for reductions in the waste loads by venting potentially
environmentally damaging gases i.e. methane and ammonia from AD and the RENOIR respectively,
to the atmosphere. Implementation of a cover on the anaerobic pond as well as implementation of
the microalgae ponds will make the RENOIR redundant as well as reducing the harmful gas emissions
potentially completely. These reductions are not essential under the current gas emission
regulations however if these were to change a system effective for reducing these gases would have
to be implemented.
With all of the treatments in place at each abattoir the waste will still be contaminated with
pathogens introduced from the abattoir. This introduction of pathogens will affect the strains of
microalgae that can be grown in the waste streams depending on its eventual use i.e. pathogens in
the biomass would not be safe for human consumption. This could be overcome by a Tertiary
treatment however if the biomass is to be used for consumption the pathogens will have to be
eliminated completely.
If the microalgae cannot be used as a high margin food source an alternative is to use the
biomass to generate biofuels. Biofuels can be generated by sending the biomass back the anaerobic
digester to generate methane or by processing the biomass into biodiesel [41]. Biodiesel will be the
more profitable fuel for the abattoir however will require a specific strain of microalgae as well as
fuel extraction plants to remove the fuels from the biomass. This will have to be investigated when it
is determined which microalgae strain will grow and whether or not it is safe for consumption.
The NPV analysis from each case was performed with discount rates of 20 and 40%. These values
are quite high for NPV analysis. These values were chosen due to the risk involved in microalgae
projects. Microalgae do not always have the required market demand to sustain a large scale
production system and the cultivation is not always as efficient as the calculated values. These
discount rates assume some of the risk associated with these issues in order to provide more
realisable NPV’s.
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In order to find the economic viability of the proposed systems the specific strain of microalgae that
that will grow in the wastewater will have to be isolated. Finding the specific strain will require
extensive testing on the abattoir wastewater in bioprospecting. If the microalgae strain that will
grow most effectively in the waste has a higher sale value than the values found in Table 37 and
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Table 53 and there is market demand the proposed pond system will be an economically viable
option for the abattoir.
In other wastewater treatment studies using piggery waste the microalgae strains that are
grown include Chlorella vulgaris [42] as well as Scenedesmus sp. [57]. In Nwoba et al. [57] Analysis
was performed on piggery waste Post AD, as opposed to Fallowfield et al. which was performed on
Pre AD waste. Chlorella was considered in both studies suggesting that it is an appropriate strain of
microalgae to grow in piggery wastewater. Piggery waste will be different to abattoir wastewater as
pig waste will differ from cattle and other species; however the microalgae strain results will have
more similarities than that of municipal or commercial wastewater.
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7. Conclusion and Future Recommendations
According to the techno economic calculations and the capital budgeting parameters a raceway
pond treatment system is a viable solution for an abattoir. The break even analysis gives the
minimum prices for the biomass that will make the system an economically viable option. Assuming
chlorella will grow in the abattoir waste the specific strain will determine viability.
The Capital budgeting calculations from both case studies show that the larger the system the
more likely it is to be economically viable. The range of minimum sale data for biomass from the
larger cases is lower than that of the smaller abattoirs. The microalgal biomass that will grow will not
have to be a high margin commodity in order to make the system viable for larger abattoirs. The
implementation of the system will include substantial CAPEX although depending on the microalgae
biomass generated and the market demand the NPV will far exceed the CAPEX of the project.
In order to further investigate the viability of the proposed system for an abattoir the strains of
microalgae that will grow in the post AD effluent will have to be definitively determined. This will
have to be carried out experimentally with a sample of the abattoirs waste water being cultivated in
a raceway pond. In order to complete this research an agreement will have to be reached with an
abattoir to analyse their waste.
This bioprospecting research could be done with a number of assumptions including wild
microalgae strains, treatments to ensure specific strains as well as more complex systems to control
which strain will grow. The microalgae strain that can grow will determine the feasibility of the
proposed system. If this biomass is to be used as a food source it will require extensive testing to
ensure that the biomass is safe from pathogens. If the general sale price of the biomass that will
grow is higher than that calculated for the minimum break even, depending on the size of the
abattoir and economic factors, the proposed raceway pond system will be viable.
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