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Executive Summary
The increase in the use of typical renewable forms of power generation has lowered the
dominance of traditional coal-fired baseload power generation for Australia’s south-western
electricity grid known as the South West Interconnected System (SWIS) [2].This increase has
prompted the retirement of two of the four operating units at Synergy's Muja Power Station
located near the town of Collie from October 2022 [2]. Workers have been affected from the
phasing out of Muja’s units although, having minimal impact on coal production [3]; thus, the
greenhouse gas emission of CO2 will continue. There is a demand for a project which will
promote employment in Collie as well as a decrease CO2 emission.
The following thesis investigates the techno-economics of microalgal CO2 bioremediation in
order to create employment in Collie and decrease CO2 emissions from Bluewaters Power
Station II (BPS). Four designs have been created assessing the ability of two microalgae strains
grown in a variety of conditions, all under the influence of BPS’s bulk flue gas. Consultation with
the Shire of Collie has aided in a multiple-criteria analysis to select the most suitable design
presented as ‘Case 3’. Case 3 uses Bluewater Power Station’s human wastewater and
freshwater from the Collie Basin to grow the freshwater microalgae strain Chlorella vulgaris. The
Chlorella produced is then sold as a whole-biomass animal feed product at 12,000 USD/ metric
tonne. Case 3 provides 37 jobs for Collie as well as decreasing the carbon emission of BPS.
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Introduction
This Honours project economically analyses the bioremediation of flue gas CO2 via the
production and sale of microalgae biomass or Carbon Capture and utilisation via Microalgae
(CCUM) from a South West Australian Coal-fired Power Station. One of Griffin Energy’s Power
Stations, Bluewaters Power Station II (BPS) is analysed to provide bulk flue gas to the
microalgae culture and therefore enhance its growth, creating employment in Collie and
decreasing CO2 emissions. This project involved site visits guided by the Collie Shire and Collie
Fire Department to identify possible plant locations as well as to highlight the importance of local
employment. This project highlights the cultivation area required to sell the microalgae product
at the minimum biomass selling price (MBSP), production jobs created and emissions
bioremediated.
The increase in the use of typical renewable forms of power generation has lowered the
dominance of traditional coal-fired baseload power generation for Australia’s south-western
electricity grid known the South West Interconnected System (SWIS) [2].This increase has
prompted the retirement of two of the four operating units at Synergy's Muja Power Station
located near the town of Collie from October 2022 [2]. Workers have been disaffected from the
phasing out of Muja’s units with having minimal impact on coal production [3]; thus, the
greenhouse gas emission of CO2 will continue. The McGowan Government has therefore
created a $60 million Industry Attraction and Development Fund (IADF) and a $20 million Collie
Futures Fund [2], for large-scale initiatives that will promote economic diversity and employment
in Collie. There is a demand for a project which will promote employment in Collie as well as for
the decrease in the CO2 emissions

The Australian Coal-fired Power industry and Flue gas treatment
Australia is the world’s largest exporter of coal and holds an estimated 6% of the world’s total
coal resources [4]. In 2016-17, Australia exported 202 Mt of thermal coal and 177 Mt of
metallurgical coal with a combined value of $54 billion [5]. Coal is the largest employer in the
Australian minerals industry employing approximately 50,000 workers in 2018 with another
120,000 indirectly [6]; These are highly paid jobs with the average income annual exceeding
$155,000 [7]. The industry generated $5 billion in royalties and $254 million in payroll tax for
state governments in 2016-17 funding nurses, police, teachers and other essential public
services and infrastructure. This economic demand has made Australia the fourth-largest
producer of black coal in the world [5].
Coal produces around 88% of global fossil fuel emissions with 35% from being brown coal and
53% from black coal [7, 8]. CO2 emissions from fossil fuels continue to grow by over 1% annually
and in 2018 reaching a total of 37 billion tonnes [9]. CO2 is the largest contributor to climate
change and the most significant component in coal combustion flue gas. Ultimately, there is a
need for a reduction in global CO2 emissions. On 22 April 2016, Australia signed the Paris
Agreement, designed to strengthen the United Nations Framework Convention of Climate
Change (UNFCCC) [10]. As a part of this agreement, Australia has agreed to adapt to the
adverse impacts of climate change, foster climate resilience and lower greenhouse gas
emissions (GHG).

Research question
The research questions this thesis will address is:
Is it economically viable to CCUM flue gas from BPS to creating employment in Collie?
Specifically:
a) Which type of microalgae and therefore product is most suitable?
b) How many people can be employed in the production?
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Aim and Objectives
The overall aim of the study is to propose a system design specific for the Collie region. The
main objectives for this project include:
1. Propose a system design that is best fitted for Collie.

Thesis Structure
This thesis is broken up into two major components; the literature review and the main report.
The literature review investigates and evaluates the Australian coal-fired power station industry
and the success of existing flue gas treatments, including the use of microalgae. The commercial
viability and constraints of microalgae for CO2 bio-fixation are assessed incoherence to the
economic diversity and employment in Collie [3]. Before a system can be designed for Collie, a
market and strain evaluation for high-value algae products is conducted. The evaluation will
assure that the most suitable microalgae types are selected for the process synthesis section of
the report. The cultures product [11], specific growth parameters, the economic, political and
environmental context of the broader region in question, and the availability of geospatial data
[12] will aid in the microalgae selection and process assumptions. The literature review explore
appropriate harvesting, cultivation and treatment methods that can be selected as well as a
consideration for the resources that are needed.
Succeeding the literature review, the main body of the report will begin with a process overview
detailing four scenarios which will be modelled. Production of biomass, an Inoculum system, Flu
gas and makeup water delivery, dewatering, drying and storage are calculated in a Microsoft
Excel model for the economic assessment of each case. The Excel spreadsheet will be
complemented with that can be revised to determine solutions diagrammatically. An economic
analysis will be conducted comparing capital expenses (CapEx) and operational expenses
(OpEx) with a discounted cash flow analysis (DCFA) which can vary depending on the
components in the sensitivity analysis. The sensitivity analysis includes the effects of an
alternative site which can be fitted to one of the proposed BPS III or IV phases [13]. Finally, a
conclusion with further recommendations closes the thesis.

Literature Review
Carbon Capture and Storage Technologies in the Coal Industry.
Australia is expected to surpass the emissions reductions required to meet its 2020 target, of
5% below 2000 levels, 166 Mt CO2. Australia has agreed to further its reduction to a target of 26
to 28% below 2005 levels by 2030. This is an additional reduction of 868 to 934 Mt CO 2 of
cumulative emissions between 2021 and 2030 [14]. If Australia is to meet its 2030 target and
avoid economic disruption, it is essential to maintain electricity supply reliability and affordability
while reducing emissions [15].
Carbon Capture and Storage (CCS) has been identified as a possible bridge technology to a
post-carbon society [16]. CCS is the only technology capable of delivering significant emissions
reductions from the use of fossil fuels in power generation and is vital in meeting GHG reduction
targets. CCS is expected to have a reduction of 94 Gt of CO2 emission by 2050, which accounts
for 12% of total emissions in the global energy sector [17]. The idea of CCS is to separate the
CO2 from flue gas via an absorption process using chemical solvents based on amines such as
a mono-ethanol amine and Sulfinol. After the absorption, the CO2 is then compressed to a dense
supercritical state for transportation [18, 19] and injected into carbon sinks [18].
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Figure 1: A conventional CO2 capture system [7]

The type of CC is dependent on the type of plant, the type of coal and the combustion process
involved [18, 20]. BPS is most suited to CC technologies where the primary separation process
is between CO2 and N2. Two methods of CC applicable [13] for BPS are:
•
•

post-combustion capture which is like conventional pollutant control systems;
oxy-combustion which involves burning coal in an oxygen-rich environment to produce
a concentrated stream of CO2.

Post-Combustion CO2 Capture
Post-combustion capture (PCC) can be achieved via chemical absorption, physicochemical
adsorption, membrane, cryogenics, chemical looping combustion and biotechnology, such as
microalgae [7, 21]. PCC can be applied to most existing power plants by retrofitting the flue gas
processing systems. Low CO2 concentrations in the flue gas (around 7-14%) result in an energy
penalty of 9% when subcritical pulverized coal is used.
Oxy-combustion CO2 capture
The core concept of oxy-combustion (OCC) is to use high purity oxygen instead of air for the
combustion process so that the flue gas is composed mainly of CO2 and H2O. The CO2 can be
separated by condensing the H2O and then purified by chilling. OCC can be applied to existing
plants by retrofitting the combustion system. A significant part of the flue gas is recycled to the
combustor to control the combustion temperature [18]. OCC can be applied to existing plants by
retrofitting the combustion system [22]. The possibility of co-capture of SOx and NOx can be
attractive when oxy-combustion is applied to coal-based power plants.
From a technical point of view, all these methods are feasible despite the differences in capture
efficiency and capture capability. However, Griffin Energy, owner of BPS does not recognise
CCS to be a viable technology presently although, has designed the plant so it can be retrofitted
once it becomes viable [13]. Since CCS is not currently installed at BPS this study must be
modelled off the capture of bulk flue gas incorporating all emissions from the main stack
presented in Table 1: Bluewaters Powerstation II key Characterisitcs
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Table 1: Bluewaters Powerstation II key Characterisitcs [20].

ELEMENT

DESCRIPTION

General
•
•
•
•
•
•
•
•
•
•
•

Project Purpose: To produce electricity to supply to the SWIS grid or direct to customers
Construction Period:
30 months to commercial operation
Project Life:
30 years
Project Value:
Approximately A$200 Million
Power Plant Type: Subcritical coal fired power station
Power Generating Capacity: Up to 200 MWe nominal, 202.3 MW design
Plant Thermal Efficiency:
HHV 36.4% - LHV 38.6%
Plant Operation: Base load operation 24 hours per day, 365 days per year
Shutdown Time: Plant maintenance shutdowns may be scheduled annually
Maximum Facility Footprint: 350 m x 150 m area
Maximum Total Area:
15 hectares

Plant Facilities
•
•
•
•
•
•
•

Stacks: 1
Height of Stack: 100 m
Diameter of Stack 4.13 m
Cooling Towers: 1 set
Liquid Fuel Storage Tanks: 2 x 100,000 litres and 1 x 10,000 litres
Boiler: Balanced draft pulverised coal steam generator matched to steam turbine capacity
Steam Turbine:
Tandem compound reheat steam turbine with synchronous alternator – 200 MWe •
Wastewater collection
Package treatment plant

Utilities
•
•
•

Water Supply:
3.25 GL/yr sourced from mine dewatering at Ewington 1
Coal Supply: 0.7 Mtpa via conveyor owned and operated by Griffin Coal Mining Company
Transmission Line Length:
100 m up to 3 km depending on interconnection point as required by Western Power

Emissions
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Noise: Less than 60 dB(A) at 150 metres from the plant. Less than 29 dB(A) at nearest residence in Collie
Flue Dust:
47 mg/Nm3 at 7% O2 dry basis; 9 g/s; 227 tpa
Nitrogen Oxides: 606 mg/Nm3 at 7% O2 dry basis; 121g/s; 3050 tpa
Sulphur Oxides: 1490 mg/Nm3 at 7% O2 dry basis; 296 g/s; 7470 tpa
Greenhouse Gases: 1,300,000 tpa CO2 e
Carbon Dioxide: 83570.4 tpa
Carbon Monoxide: 500 mg/Nm3 at 7% O2 dry basis 93g/s; 2350 tpa
Volatile Organic Compounds: 32 kg/yr
PAH:
6.0 kg/yr
Arsenic 6.7 kg/yr
Cadmium
8.5 kg/yr
Chromium compounds
1.5 kg/yr
Lead compounds 31 kg/yr
Mercury: 31 kg/yr
Fluorides:
17,000 kg/yr (instantaneous rate estimated to be 590 mg/s)
POPs inc Dioxins and Furans: Less than 0.5 grams per year

Waste
•
•
•

Ash:
175,000 tpa disposed to the adjacent mine
Septage: Packaged treatment plant
Saline Water:
1.2 GL/yr

Workforce
•
•

Construction:
Operations

Approximately 150 personnel at the peak of construction
Up to 30 full time operations and maintenance personnel
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Flue gas CO2-bioremediation by microalgae
The view on CCS is controversial and is seen as a waste of public funds and a distraction from
the critical solution, which is to build a sustainable future based on renewable technologies [23].
In contrast to this, Carbon Capture and Utilisation via microalgae (CCUM) offers additional
opportunities over CCS such as wastewater treatment and microalgae sale biomass by-product
or biorefined produce such as; food, chemicals, pharmaceutical and third-generation biofuels.
In view of that, carbon-intensive industries can regard CCUM as a source of revenue rather than
an expensive emission reduction measure. To achieve a paradigm shift, however, a significant
cost reduction of microalgae cultivation needs to be achieved [24].

CO2 lean gas

lean absorption liquid
Makeup water

products
Algae
bioreactor

Absorber
Downstream
processing

Light algae
biomass

CO2 Rich gas

nutrients
CO2 rich absorption liquid

Figure 2: A CCUM system [7]

Theory
Microalgae are prokaryotic or eukaryotic photosynthetic microorganisms that can grow in harsh
conditions due to their unicellular or straightforward multicellular structure [7]. Photosynthesis is
used to bioremediate CO2 to produce chemical energy in the form of biomass [25]. Almost all
mass algal cultures are carbon limited, and the addition of CO2 can enhance biomass
productivity by up to 80% [26].
Photosynthesis
Photosynthetic microalgae can convert CO2 into organic compounds with the aid of light energy
and release molecular oxygen as the by-product of photosynthesis [7].
𝐿𝑖𝑔ℎ𝑡 𝐸𝑛𝑒𝑟𝑔𝑦

6𝐶𝑂2 + 6𝐻2 𝑂 →

𝐶6 𝐻12 𝑂6 + 6𝑂2

Equation 1: Photosynthesis [7].

Photosynthesis is a physicochemical process and consists of two reactions:
•
•

A light-dependent reaction, which only takes place in the presence of light, and;
A light-independent reaction, which takes place under both the absence and presence
of light [7].

5

The light-dependent reaction releases energy which is then stored in an organic form from the
light-independent reaction. If photosynthesis is to be manipulated for the CCUM, close
monitoring is necessary. If there is an excess exposure to light or oxygen, photoinhibition will
occur and thus a reduction in the efficiency of the process [7].

Microalgae growth for CO2-bioremediation parameters
Microalgal growth for CO2-bioremediation is a complex process which is not only influenced
physiochemically but also through hydrodynamic cultural parameters. The following parameters
have been considered because of their direct effect on microalgae growth. Culture parameters
include pH, CO2 concentration, pollutants in the flue gas, initial inoculation density, culture
temperature, light and nutrients. Hydrodynamic parameters include the type of flow, mixing and
mass transfer that is determined by the cultures medium [7]. The effect these parameters have
on the algae culture have been expressed below.

Physiochemical Parameters
pH
Chemical and photosynthetic effects aside, the pH of a medium can fluctuate undesirably from
the hydrolysis of CO2 and water-soluble pollutants such as SOx from flue gas. Because of their
high concentrations in coal power satiation flue gas, CO2 and SO2 are the main induces of a low
pH with SO2 being the most potent [7]. An extremely low pH of a culture’s media can be
detrimental to its photosynthetic efficiency and may inhibit the activity of carbonic anhydrase
(CA). In extremely acidic conditions, a pH under 3 can ultimately result in culture death [7, 27].
CA plays an essential catalytic role in the interchange between CO2 and HCO3- in a microalgae
cell and is regarded as a vital factor of carbon concentration mechanism (CCM).
As a result of acidity, the microalgal performance of CO2-bioremediation is weakened [28].
Regulating a medias pH can be done through a variety of ways including a buffered medium,
active pH control or the habituation of a culture where the pH drop is gradual [29]. The following
parameters detail how they influence pH and therefore affect the bioremediation process.
CO2 Concentration
The concentration of CO2 in flue gas is likely to be too intense for the culture, and therefore the
addition of CO2 to the culture will need to be regulated. If the CO2 concentration is too intense,
large amounts of bicarbonate buffer form on the algae and the pH of the culture decreases
inhibiting growth.
The culture’s CO2 -bioremediation rate is strongly dependent on the CCM; a mechanism which
actively concentrates inorganic carbon into the cells of the algae. Too high CO2 concentration
significantly inhibits CA. As the CO2 concentration rises, the hydrolysis of CO2 results in an
increase in HCO3- and H+ concentrations; This decreases the pH value of the medium and
therefore inhibiting the activity of CA
Light
Light controls photosynthetic growth in any microalgal system. Light influences photosynthesis,
CO2 removal rates, biomass concentrations, and overall growth rates [25]. Overall, Light
influences not only the algal productivity but also its biochemical profile [7]. Light affects
microalgae in two ways:
1. light intensity;
2. light-dark period cycle.
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The light intensity can be classified into three sub-categories: light limitation, saturation, and
inhibition [30]. In the light limitation phase, light becomes the limiting factor for the algae
productivity wherein the light saturation phase photosynthesis is maximised, and algae rate is
stabilised. The light saturation determines the light utilisation efficiency of the microalgae. If light
exceeds maximum intensity, damage to the repair mechanism of photosystem II (P2) may occur
inhibiting photosynthesis. P2 is the repair of the first protein complex in the light-dependent
reactions of oxygenic photosynthesis [30].
The light-dark period cycle also influences microalgal growth as the cycle promotes the repair
of P2. The light-dark periods for most microalgal cultivation include 24:0, 16:8, 12:12 (hour)
although this is specific for most microalgae species and an inappropriate cycle can lead to
growth inhibition [7].
Toxic pollutants in flue gas
CO2 is not the only component of Flue gas that may influence the growth of microalgae.
Components including nitrogen oxides (NOx), sulphur oxides (SOx) and some heavy metals
may have some effect. The concentration of these compounds in flue gas are presented in Table
1. The effect of SOx and NOx on CCUM depends on the algae cell density, pollutant
concentration, gas flow rate, reactor type and species.
Nitrogen oxides
When any of the NOx dissolves in water, it forms nitric acid (HNO3) or nitrous acid (HNO2).
Microalgae can take up nitrogen from NOx directly or indirectly. Directly, which is preferred, is
when the culture can take up dissolved NO through diffusion. Indirect uptake occurs via the
oxidization to nitrate or nitric acid and therefore, is considered as nutrients for the culture [29].
Sulphur oxides
SOx, unlike NOx, is considered a growth inhibitor and consists of a mixture of SO2 and about 24% of SO3. When SO2 is exposed to water, it forms bisulphate (HSO32-) and if the pH permits, to
sulphite (SO32-) and sulphate (SO42-). SO3 in water forms sulphuric acid (H2SO4) although when
the pH is above 1.9, SO42- is the dominant species [7].
Some microalgal species can resist and grow in high SO2 concentrations although they have a
more prolonged lag phase than when SO2 is non-existent. The inhibitory effects of SO2 are
attributable to the pH drop where excessive flue gas delivery can increase the concentration of
SO2 and therefore drop the pH of the culture [7, 28]. A pH drop is induced due to the release of
H+ when SO2 is hydrolysed and thereby indirectly affecting CCUM.
In the conversion of HSO3- into SO42- , highly oxidative molecules are produced, such as
superoxide anions, hydroxyl radicals and hydrogen peroxide. These molecules can cause cell
membrane lipid peroxidation and bleaching of chlorophyll [7]. These oxidative molecules
consequently damage microalgae pigments and proteins and thus inhibiting microalgae growth.
Mercury
Microalgae uptake heavy metals via adsorption as they use the metals as co-factors for the
enzymatic process within the cells. Microalgae can cleanse a variety of heavy metals, although
if concentrations are too high, toxicity imposes a threat to productivity [27].
Mercury (Hg) exists in CCFG and can be in a variety of forms depending on the coal type and
combustion conditions [7, 20]. The primary forms are elemental, oxidised and particulate.
Control devices such as electrostatic precipitators and fabric filters can remove particulate
mercury. The mercury concentration in the flue gas for BPS must satisfy the World Health
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Organisation guidelines, although the effect of the concentration on the microalgae growth
depends on the species. Some species of microalgae may convert mercury between forms
representing a possible route to toxic bioremediation [31]. Increasing levels of Hg2+ may induce
a declination in cell chlorophyll content and thereby reduce photosynthetic efficiency [32].
Elemental mercury can be oxidised and captured through flue gas desulphurisation [7].
Temperature
Photosynthesis is a series of physicochemical reactions, the temperature of a microalgae’s
growth medium generally has influence over the culture’s:
•
•
•

nutritional requirements;
rates and nature of metabolism; and
cell compositions [33].

A growth media which is too cold decreases the O2 to CO2 solubility and limits CMM whilst a too
high temperature inhibits microalgal metabolic behaviour and respiration rate [28]. The
temperature of flue gas from BPS is 130℃ and therefore the microalgae strain selected for the
design must be able to withstand high temperatures.
Nutrients
Besides trace metals and vitamins, Nitrogen and Phosphorous (N and P respectively) are the
two most essential nutrients in the culture medium to maintain microalgal growth [7]. N is utilised
in the primary metabolism of microalgae as it is the main component of nucleic acids and
proteins. N can exist as NO3- , NO2- and NH4+ although fast-growing microalgal species prefer
ammonium rather than nitrate as the primary N source. If there is a lack in either N or P, the
addition will enhance microalgae growth. Phosphorus needs to be supplied in the forms of a
phosphate [28].
Nutrients for the algae can be imported in various forms with chemical or inorganic fertilisers
being the most popular. Because of the purity of chemical fertiliser, the amount of contamination
in a medium is minimised and therefore provides the opportunity for water re-use in the medium
and less blowdown [34]. Industry wastewaters have also been promoted to culture microalgae
because of their high nutrient concentrations [35-37]. As mentioned earlier, NOx and SOx in
coal combustion flue gas can also be utilised as N and S sources for microalgae growth.

Hydrodynamic Parameters
Flow and mixing
Microalgae are usually cultivated in either open raceway ponds (ORP) or in closed
photobioreactors (PBRs). Specific flows and mixing techniques are implemented in these
systems to promote the homogenisation of cells, exposure to light, heat, nutrients and for the
distribution of metabolites. Mixing enhances mass transfer and prevents the microalgae from
aggregating [7, 25, 38, 39]. Other than the expenses associated with power with mixing and
flows within a system, excessive turbulence within the flow can damage the microalgae cells as
some species have low shear stress tolerance [7].
Mass transfer
Mass transfer is a complex process in microalgal culture, involving three-phase mass transfer:
1. gas (CO2) to liquid (culture medium);
2. gas (CO2) to solid (microalgae); and
3. liquid (culture medium) to substantial (microalgae) [7].
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The mass transfer of CO2 from flue gas to the culture medium is the most limiting step because
of the low mass transfer coefficient CO2. Photosynthesis produces O2 as a by-product of growth
and therefore inhibits growth if the O2 concentration is supersaturated as seen in Equation 1.
Solutions to maximise transfer and minimise the effect of oxygen are either to supply the CO2 at
turbulent flow rates or to strip the culture medium with air or inert gases [40]. For aeration to be
successful; bubble size of aeration, gas-liquid contact area, CO2 concentration and gas-liquid
ratio have to be optimized [7, 28]. The mass transfer of CO2 can also be increased with the
concentration gradient using NaHCO3 addition and expanding the contact area via hollow fibre
membranes [7, 25, 28].

Process Design and Economics
Species Selection
Post-combustion flue gas (PCFG) holds minimum 4 to 14% CO2 [26] with a high flow rate, high
temperatures, toxic compounds and trace elements [7]. A species with tolerance to these harsh
conditions will, therefore, need to be selected to bioremediate the PCFG CO 2. The species
selection is essential as it directly influences the photosynthetic efficiency and hence, the
performance of CO2-bioremediation and biomass production. The desirable attributes of CCUM
include fast growth rate, high photosynthetic rate, strong environmental tolerance/adaptability of
trace constituents of flue gas, high-temperature tolerance, the possibility of producing a valuable
product, and ease of harvesting and processing [7]. Table 2 presents the most profitable
products synthesized by microalgae from various robust strains.
Table 2: Most Profitable Products Synthesized by robust microalgae strains.
Most Profitable Products Synthesized by Microalgae and Potential Cultivation Systems.
Product [41, 42]
Microalgae [41, 43]
Price
AUD Cultivation system[11,
[41, 44-46]
26]
β-Carotene
Dunaliella Salina
450-4500/kg
EOP, ORP, PBF
Astaxanthin
Haematococcus pluvialis
3500ORP, PBR
10500/kg
Chlorella zofingiensis
15000/kg
ORP, PBR
Phycocyanin
Spirulina platensis
350/kg
ORP, PBR
Whole-cell
dietary Spirulina platensis
20/kg
ORP, PBR
supplements
Chlorella sp
12/kg
CPP, ORP and PBR
Chlamydomonas
75/kg
ORP and PBR
Nannochloropsis
15/kg
ORP and PBR
Whole-cell
Tetraselmis
100/L
ORP and PBR, BB
aquaculture
feed/ Nannochloropsis
9/kg
ORP and PBR, BB
Animal feed
Isochrysis
100/L
ORP and PBR, BB
Nitzschia
100/L
ORP and PBR, BB
Chlorella
10/kg
ORP
Polyunsaturated fatty Crypthecodinium
35-50/kg
Fermenter
acids
Schizochytrium
35-50/kg
Fermenter

In response to the uprising energy crisis, climate change and depletion of natural sources, the
initial desired product from the microalgae was liquid-transport biofuels. Biofuels are currently
not economically feasible because of their significant capital investments and operations.
Alternatively, high-value products can be produced to improve the economics of the process
[42]. Products such as pigments, proteins, lipids, carbohydrates, vitamins and anti-oxidants, with
applications in cosmetics, nutritional and pharmaceuticals are already well established in the
marketplace [11, 42]. Ultimately, CCUM could be viable where economic parameters are
understood to ensure long-term operations [26].

Cultivation System
Open ponds are considered the cheapest system to construct and operate whilst also benefitting
from a more durable and large production capacity when compared to closed systems [7]. As
presented in the most significant disadvantage of open systems is that they require an extensive
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land area and are very water intensive. The culture in open ponds are in direct contact with the
environment, and thus the culture could be susceptible to changing temperature, water and light
conditions.
Having an open system also decreases the security of the culture and increases the chances of
chemical and physical contamination. Closed systems, however, overcome these
disadvantages by offering better operational stability and condition control optimum for inoculum
systems. The downside to closed systems is the high capital and operating costs which may
impede up-scaling and therefore mass cultivation. The transportation of CO2 or flue gas also has
the potential to raise production costs significantly. Proximity to flue gas is optimal but is not
always possible as cultivation requires a large land area, primarily if an open system is used. It
is essential to assess the available land near the existing or proposed power plant to minimise
transportation expenditures. Table 3 compares and open and closed pond system to specific
parameters.
Table 3: Comparison of selected parameters for open and closed algae culture systems [7]
Selected parameters

Open
system

Process control

difficult

Close
syste
m
easy

Temperature and pH control

difficult

easy

Evaporation losses

high

low

Light utilization efficiency

low

high

Gas flow control

low

high

CO2 diffusion to air

yes

no

O2 inhibition

no

yes

mixing

difficult

easy

Species control

difficult

easy

Contamination control

difficult

easy

Growth control

difficult

easy

CO2-bioremediation ability

low

high

Specific growth rate control

low

high

productivity

low

high

Investment

low

high

Capital Cost

low

high

Operation cost

low

high

Life span

high

low

Space required

big

small

Scale-up

easy

difficult

Techno-Economic Analysis
Techno-economic analyses (TEA) are based on specific process conditions used in part of
economic feasibility and commercial viability assessments. TEAs can be generally represented
by Equation 1, where a break-even cost of production can be calculated. If profits are included,
the equation enables the addition of the return of capital investment and income taxes.

𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = ∑ 𝐶𝑐𝑎𝑝𝑖𝑡𝑎𝑙,𝑖 + (∑ 𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔,𝑗 − ∑ 𝑉𝑏𝑖𝑜−𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠,𝑘 )
𝑖

𝑗

𝑘

Equation 2: General and simplistic principle of cost calculations for TEA [47].
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The IEA bioenergy Laurens [47] report defines Equation 1, where; Cproduction = Total cost of
production per unit product, Ccapital,i = Capital cost (installed), including direct and indirect capital
costs, of sub-category i. Coperating,j = Operating cost of sub-category j. Vbio-products,k = Value of kth
co-product, capital and operating costs are time dependent and assumed to be over the lifetime
of the facility (Ccapital) or, for Coperating and Vbio-products on an annual basis and dependent on the
yield of the products [47]. The following studies follow the principle presented in Equation 2 to
economically asses CCUM.

Study 1: Techno-economic assessment of CO2 bio-fixation using microalgae in
connection with three different state-of-the-art power plants [26].
Behera, et al. [48] TEAs CCUM from three power plant types adopted from the European
Benchmarking Taskforce (EBTF) and included the following technologies: advanced
supercritical pulverised fuel (ASCPF), integrated gasification combined cycle (IGCC) and natural
gas combined cycle (NGCC) [26]. To cover the different possible outcomes, this study
investigates the integration CCUM within a range of possible capital investments, breakeven
electricity-selling price (BESP) and the CO2 avoidance costs estimated in this work are the key
metrics to investigate process viability [26]. Table 4 presents the performance attributes of the
selected state-of-the-art power plants for the integration of CCUM.
Table 4: The performance attributes of the selected state-of-the-art power plants for the integration of microalgaebased CO2 bio-fixation [26].

Gross output [MW]
Net output [MW]
Net efﬁciency [%]
Emissions [kg/MWhnet]
CO2 release [kg/s]
Total plant cost [million $]
Speciﬁc invest. – net [$/kW]
Fixed O&M cost [$/kWgross]
Variable O&M cost [$/MWhgross]
Fuel cost [$/GJ]
Annual operating time (hrs/a)
BESP [$/MWh]
Contingencies + owner’s cost [%]
Discounted cash ﬂow [%]
Construction time [years]
Plant lifetime [years]

ASCPF
819
754.3
45.5
763
158.38
1595
2114.5
42
1.85
3.5
7000
73.48
15
8%
4
40

IGCC
441.73
391.45
46.88
734.04
79.93
834
2132
63
2.14
3.5
7000
81.44
15
8%
3
25

NGCC
430.3
422.5
58.29
354
41.45
399
945
30
0.65
7
7000
68.83
15
8%
3
25

The characteristics of Table 4, including CO2 release [kg/s] and Annual operating time (hrs/a),
have aided in cultivation size calculations. The breakeven electricity selling price (BESP) is
compared to the three EBTF cases enabling a recommendation of microalgae selling prices
helpful to achieving a desired CO2 avoidance cost. This study illustrates the critical influence
that photosynthetic efficiency (PE) of the culture has on the viability of the process; an increase
in two-point per cent in PE can see a 32% improvement in electricity selling price.
Table 5: Assumptions used for the techno-economic analysis of bio-ﬁxation of CO2 [26].
S–V ratio [m−1 ]
Solar radiation [MJ m−2 d−1 ]
Photosynthetic efﬁciency [%]
CO2 ﬁxation rate [% of CO2 output]
Speciﬁc cultivation cost [$/m3 ]
Speciﬁc operating cost [$/dt]
Speciﬁc energy consumption [W/m3 ]
Contingency + owner’s cost [%]
Discounted cash ﬂow [%]

Raceway pond
4
20
4a (2–6)
0, 10, 25 and 40
(150–300)
135 (±35)
4
30
8

Photo-bioreactor
40
20
4a(2–6)
0, 10, 25 and 40
(2000–4000)
135 (±35)
40
30
8

The values in the bracket are variable and are used in a sensitivity analysis.
a Typical value, dt: based on a dry tonne of microalgae.
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This case uses information from literature and algae growth simulations to calculate biomass
price per tonne, cultivation investment, annual income and daily CO2 bio-fixation investment.
The 2000 data points generated from the output of these simulations were fed to an artificial
neural network (ANN) model to determine the CO2 fixation rates along with economic data. ANN
adopts a similar approach to the way the brain perceives its surrounding environment using
backpropagation to attain minimum error in the TEA [26].
The study used 21 literature sources to calculate an average and assume a general CO2 fixation
rate as seen in Table 5. It is useful to mention that most of the past TEA studies are restricted
to algal growth in laboratory conditions and performance in an industrial application is very sitespecific [48]. For an individual site, climatic and strain-specific assumptions are made potentially
increasing the process’ viability. The study concludes that CCUM is a viable methodology if
optimisation of the techno-economic parameters can be ensured for long-term operation.

Study 2: Biophysical model and techno-economic assessment of carbon sequestration
by microalgal ponds in Indian coal-based power plants [48].
This TEA integrates a biophysical mathematical model and TEA of CCUM to project profits in
terms of carbon credits and fertilizer processed from a microalga paste. The model uses energy
balance and biological growth kinetic equations to predict the microalgal productivity and CO2
capture capacity. In contrast to the previous TEA, the model incorporated here is very sitespecific and is considered to provide realistic estimates of the algal carbon sequestration
capacity [48]. The study proposed 279-ha algal ponds to capture the flue gas from the 420 MW
power plant. For the economics of the study, SuperPro Designer software was used to consider
expenditures per 1 ha presented in Table 6 - Table 9.
Table 6: CapEx for CCUM [48].
Capital Expenditure (CapEx)
Sl. No.
Equipment Description
1
Raceway Pond with an area of 1 ha
2
Clariﬁer with surface area of
2180.26 m2
3
Belt Filter with belt width 3.50 m
4
Mixer with throughput of 699 MT h—

Units
279
7

Costs/Unit (in M$)
0.16
0.99

Total Cost (in M$)
45.48
6.36

202
29

0.24
0.01

48.48
0.29

1

CapEx in Table 4 was estimated considering the direct fixed capital (DFC), including the
contractor fees and contingency [48]. Plant direct cost (PDC) in Table 5 and plant indirect costs
(PIC) in Table 6 were calculated by multiplying the total equipment purchase cost with specific
Lang factors. Pumping and piping were based on the volumetric flow rate throughout the
process.
Table 7: PDC for microalgae-based industrial CO2 sequestration [48].
Plant Direct Cost (PDC) [in M$]
Sl. No.

Equipment Description

Costs/Unit (M$)

1

Equipment purchase cost

125.76

2

Installation

49.24

3

Process piping

44.02

4

Instrumentation

50.31

5

Insulation

3.77

6

Electrical

12.58

7

Buildings

56.59

8

Yard improvements

18.86

12

9

Auxiliary facilities

50.31

Total PDC

411.43

Table 8: PIC for microalgae based industrial CO2 sequestration [48].
Plant Indirect Cost (PIC) [in M$]
Sl. No.
1

Equipment Description
Engineering

Costs/Unit (M$)
102.86

2

Construction

144

Total PIC

246.86

Total Plant Cost (TPC ¼
Total PDC þ Total PIC)

658.3

Total Contractor's fee (A)

32.92

Total Contingency (B)

65.83

Direct Fixed Capital

757.04

Table 9: OpEx for microalgae-based industrial CO2 sequestration [48].
Annual Operating Expenditure (OpEx) [ in M$ ]
Sl. No.

Equipment Description

Costs/Unit (M$)

1

Raw Materials

160.61

2

Labour Costs

16.18

3

Facility-Dependent

167.76

4

Laboratory/QC/QA

2.43

5

Consumables

0.14

6

Waste Treatment/Disposal

90.76

7

Utilities

2.12

Total

439.98

OpEx in Table 9 included the sum of all ongoing expenses and to make the calculations simple,
the feed (i.e. process water and CO2 from the flue gas) was assumed to be generated onsite
and was used, with no permits, taxes or transportation cost [48].
The model used the strain of Thalassiosira pseudonana and site-specific climatological datasets
as part of the baseline information for simulating the unit process for subsequent economic
analysis. The model allowed input of all factors that influenced the CO2 bio-fixation rate while
the TEA presented CapEx and OpEx to consider the viability. The CapEx and OpEx were
estimated for trapping the entire flue gas generated by the industry. If this model is to be utilised
for future studies, the physical properties exhibited by the gas such as flow rate may need to be
altered to cater to the strain of microalgae used.
The microalgae product here is sold as a wet paste fertilizer for $58.41, and therefore the
downstream process expenses are kept to a minimum. A profit margin of 45.38% was obtained
resulting in a payback period of only 2.81 years. This study presents a methodology that can be
adapted for other industrial locations to access the feasibility of CCUM. Even though some of
the calculations in the TEA including Total Costs in Table 6 seem misleading, the methodology
could act as a baseline for implementing CCUM systems [48]. For studies in less than optimal
locations, it may be necessary to extend the downstream processes into a higher-value product.
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Summary of Economic Assessments of Microalgae Cultivation for CO2bioremediation
The commercialisation of microalgae product requires large scale cultivation and harvesting
systems, ample land space and amounts of water [25, 26, 30, 40, 49, 50]. Large-scale projects
require the precise monitoring of growth parameters that inevitably influence the productivity of
a system [47, 51]. Reducing the cost of biomass production has proven to be a significant
challenge, and therefore, any chance to reduce expenditures will inevitably make the process
feasible [11, 40]. Therefore, theoretically, the incorporation of CO2 from coal-fired power stations
in an optimum environment would reduce microalgae production costs and increase the
economic viability of the whole process [7, 19, 22, 31, 32, 52, 53].
Studies have been conducted investigating the ability of microalgae to withstand the properties
of flue gas, and therefore the identification of suitable algae strains for commercial application.
Most research explores carbon fixation strategy, photobioreactor design, conversion pathways
(biomass to bioenergy), and a TEA of microalgal energy and/or HVP. Most research explores
carbon fixation strategy, photobioreactor design, conversion pathways (biomass to bioenergy).
Production costs and potential markets of microalgae biomass have been conducted as
economic or techno-economic assessments (TEA) [26, 47, 54-56]. It is essential for past TEAs
to be continuously revised and verified with recent data, i.e. from pilot plants and with current
product market values. There is a need for all production costs to be consolidated for comparison
in different business scenarios [47].
The TEAs have provided a basis for deriving further information about energy consumption and
have estimated the cost of microalgae biomass production using a comparison between
theoretical and currently installed reactor systems [26, 47, 54-56]. The type of cultivation system
can also be estimated from comparisons and research projections [38, 57] while it is popular to
use modelling tools to determine the most suitable system location as well as to identify the main
cost drivers such as labour [12]. Parameters such as growth medium, Carbon credits and drying
systems can be utilised in a sensitivity analysis.
Ultimately, there are various challenges of conducting a TEA for CCUM; harmonization and
standardization of the models, assumptions and methodologies; and accessibility to pilot and
demonstration experimental data from different locations to permit model validation [47]. A
successful TEA requires both current technical and socioeconomic data. This data needs to be
made available to the community so TEAs can utilize this to validate models for the
photosynthetic production potential of algae from flue gas [12, 58].

Project Case Study – Bluewaters Power Station Phase II (BPS)
Griffin Energy Pty Ltd (“Griffin Energy”) operates a baseload power station adjacent to the
proposed Bluewaters Power Station I in Collie, WA that uses the local coal resource and
contributes to the SWIS power supply. The Griffin Energy plant will eventually consist of four
total Power Stations under the name Bluewaters, although this study focuses on the newest of
the two current BPSs producing at least 9540 Kg/hr of CO2. All current and future BPSs offer a
higher efficiency than the Muja Plant and therefore forcing Muja to phase out with at least 70
jobs being lost.
BPS is located approximately 4.5 km east of Collie in the south west of Western Australia within
the Coolangatta Industrial Estate (CIE) (Figure 3). CIE is located at Lot 8, Wellington Location
796, which is freehold land owned by W.R. Carpenter Agriculture Pty Ltd [13], a member of the
Griffin Group of Companies.

Methodology
This TEA will comprise of data requisitioning via Microsoft Excel model collated into Process
Areas as seen in Davis, et al. [1].This methodology describes the construction of the model
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which is used to demonstrate the production and processing of biomass up to the point of being
sold.
1. Construct a process flow diagram of the overall process to choose which components
can be manipulated to form possibly viable scenarios, for example; Makeup water can
be from a WWTP or the freshwater Collie basin.
2. Construct an “INPUT” Sheet where Input Data can form a scenario or “Case” that can
be referred to in future calculations. Select appropriate data for each case such as Main
Process, Season, and Strain Specific Inputs from the literature review and Set a macro
to swap and easily compare all cases. Make Financial Assumption Inputs [1].
3. Construct “Quick Access Charts” sheet where necessary side calculations can take
place, such as nutrient uptake from the specific microalgae strain depending on its wt%
composition and growth. Other conversions such as instrument sizing, labour Demand
are also be calculated here.
4. Construct “Mass Balance” Sheet to calculate of a Mass Balance.
5. An average Dry Algae biomass Production Rate (kg/hr) can now be calculated, and an
“OpEx” and “CapEx” sheet can be created.
6. “DCFROR” can be created to calculate Pond area (ha) from the case’s MBSP and when
the Net Present Value is 0.
7. Assumptions regarding plant depreciation, construction, start-up period/s can be made
to calculate FCI, Loan payments, biomass sales, manufacturing costs and profits. Site
cultivation area can be calculated via goal seek macro. When NPV equals zero, the
process has broken even and therefore, a pond size will be presented for each case.
8. An economic comparison can be made for each case.

Figure 1: TEA Methodology

The calculation of CapEx and OpEx to assess the viability of CCUM in connection with Coalfired power plants has been used in the studies examined. Each of the studies utilise modelling
to increase the accuracy of the assessments as well as set a basis for future research. The first
study uses various equations that aid in the calculation of CapEx and OpEx whilst the second
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study uses SuperPro designer to directly generate CapEx and OpEx. The first case provides an
accurate methodology for a TEA with generalised biological data whilst the second study
provides specified biological data and a more generalised TEA.
The focus of this TEA will be based on BPS having no commissioned retirement date [59].
Utilising emission information from proposed expansions from [59], This study will present how
CCUM in the Collie region will solve the economic and environmental issue in the industry.

Design Basis and Conventions
Process Overview
The process utilises various production pond sizes, and upstream PBR inoculation production,
downstream harvesting and dewatering steps to produce biomass solids from a monoculture
microalga. This model includes costs associated with flue gas delivery, delivery and recycling of
makeup water and product storage. This design assumes that all physiochemical and
hydrodynamic parameters discussed in the literature are monitored and have no negative impact
on the process productivity. The model excludes the cost of downstream processes regarding
the synthesis of a potentially higher value product and instead calculates revenue based on a
whole-biomass alga selling price.
The process is divided into six areas as seen in Figure 2 :
•
•
•
•

•
•
•

Area 100: Open Production Ponds. The primary and most expensive part of the process
focusing on production from open pond cultivation in 2-ha sized ponds.
Area 200: Inoculum System. A PBR scale up system that continuously inoculates the
production ponds at 0.1 g/l AFDW as a security when culture crashes occur.
Area 300: Flue gas Delivery. CO2 is sourced from BPS in bulk flue gas and accounts for
delivery and on-site storage [1].
Area 400: Makeup Water Delivery + On-Site Circulation to/from Dewatering. Makeup
water is provided by pipeline and can be sourced from either the freshwater Collie Basin,
the BPS WWTP or Saline Discharge from BPS. Water recycling and circulation is also
handled by pipeline. The expenses for these are assumed constant for each type of
makeup water.
Area 500: Dewatering. This step involves the harvesting of biomass. If any water is
clarified from this step it is recycled to the production ponds with a small amount being
assigned to blowdown.
Area 600: Drying. The microalgae product is dried and prepared for sale on-site.
Area 700: Storage. The microalgae product, makeup water, fire suppression water and
nutrient inputs are stored here.
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Figure 2: Overall Process flow diagram adapted from Davis, et al. [59]
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Scenario Modelled
To assess the land required to sell the microalgae at its market price, four different scenarios
have been developed each having a different combination of characteristics. Characteristics
include the microalgae strain selected, makeup water and type of final product and therefore
selling price. The price of the microalgae product is the minimum selling price as seen in Table
2. The model calculates a facility size necessary to reach a break-even point of the process,
given that all other parameters in Appendix 2 – Excel Model remain constant. The break-even
point here is where the Net Present Value (NPV) of the process is equal to zero for a 10%
internal rate of return (IRR). Each of the cases have been modelled with the same excel
spreadsheet and therefore calculations within remain the same; for this report Case 3 will be
commonly referred to (results of other cases are presented in Appendix 1 – Design
Appendix ). Table 10 presents the cases that will be assessed in this TEA.
Table 10: Case Comparison
Case

1

2

3

4

Algae Species

Nannochloropsis

Nannochloropsis

Chlorella

Chlorella

Use of WW

No

Yes

No

Yes

Whole-Biomass Product

Human Food

Animal Food

Selling Price USD/ Metric Tonne

$15,000

$9,000

Human
Food
$12,000

Animal
Food
$6,000

Module size (Cultivation-ha)

6

6

6

6

Individual pond size (Cultivation-ha)

2

2

2

2

Site Selection
As of 2020, there are at least 250-ha of cleared unused land within CIE in proximity to BPS and
therefore all cases are proposed within this area. Exact locations of each case have not been
considered as this would be dictated by W.R. Carpenter Agriculture Pty Ltd. The price for land
in Collie has been evaluated from the local shire at $2000/ha although since the facility is
proposed within CIE it is neglected in this study.

2

Figure 3: Coolangatta Industrial Estate [13]

3

Facility Size and Layout
The Facility size and Layout includes production pond cultivation areas although excludes the
inoculum system which is further discussed in Area 200: Inoculum System as it is sized from the
productivity of the biomass. This layout offers the opportunity for the biomass to be sold onsite
at 90 wt% Ash free dry weight (AFDW) as the cases designated whole-biomass product.
Table 11: Facility Size and Dimensions (Case 3)
Pond Size
(ha)

A (m)

B (m)

C (m)

D (m)

D (m)
(minus
last row)

Last Row
(m)

Facility
(ha)

2-ha

286

383

390

463

80

17

20

Table 12: Facility Layout (Case 3).
Cultivation Area (ha)

Number of
Modules

8

Rows

1

Columns

1

Area for Dewatering
and Drying (ha)

1

4

The individual ponds are grouped into 6-ha modules that total as the facility cultivation area;
each 6-ha module consists of 192m of pipeline. The 2-ha ponds within the module affect both
piping requirements and total facility size; the size of a module is kept constant throughout all
cases. Module sizes are rounded up to the nearest whole module with necessary excess
assigned to the production ponds, for example in Case 3, one 6-ha and one 2-ha module (1
pond) can fit within the facility’s cultivation area of 8-ha as seen in Figure 4 below. The total
facility size is 20-ha which includes all supporting infrastructure and land. Figure 4 below depicts
the layout of the modules within the whole facility along with the primary pipelines and channels
required for on-site circulation and transport of biomass, Table 13 presents the distribution
pipeline requirement of the facility. The module dimensions (A & B) include spacing between
ponds for access, piping, and electrical [1]. Facility dimensions (C & D) include surrounding
roads and fences in addition to the primary settler footprint [1], which is constant across all
cases.

Figure 4: Schematic diagram for Case 3 overall facility layout (NTS).

The topography in CIE generally sloped which aids in the terraced layout of ponds. An inclination
of 1% slope is optimum for the ponds to assist downstream processes and minimizing civil and
operating costs [60].This inclination increases power needed for recycle streams although all
Cases in this study are below this breakpoint as total cultivation area needs to be larger before
pumping power takes such an impact.
Table 13: Distribution Pipeline Requirement
Distribution Pipeline length (m)
Internal Diameter
(ID)

Length (m)

4

86.36 cm ID

737

The water and CO2 pipelines are buried underground to minimise detouring of piping and
therefore minimising pipe length. The main distribution pipelines, vertical pipelines (from
terracing) and connecting pipeline in between have been evaluated in the cost of the facility.
The algae are harvested at a 0.5 g/L and dewatered to 10 g/L (AFDW) via gravity settling within
the modules [1] then sent in aqueduct channels to the central dewatering via gravity flow from
the site inclination. Once dewatered, the algae are sent to drying facility to achieve a 900 g/L
(AFDW) and ready to be sold. The drying facility recycles heat from the flue gas pipeline to dry
the algae. The laboratory, office spaces, warehouses, nutrient storage and algae shop are
situated at the bottom of the site close to the inoculum ponds allowing for ease of monitoring.

Biomass Composition
Freshwater Chlorella and a saline Nannochloropsis strains are considered in the model for their
Selling price, general robustness and proven productivity under flue gas conditions [7, 49, 53].
This Study does not individually assess the effect of specific growth parameters (discussed in
the literature review) and therefore assumes that such parameters are controlled at no expense.
Other than the biomass selling price (BSP), the required area for cultivation differs predominantly because of the
nutrient costs dictated by the biomass elemental composition in

Table 14. The consideration with different makeup water also has an impact on the required
area as nutrient and salt content concentrations influence growth and blowdown affect.
Microalgae grown with wastewater is cheaper to produce because of the N and P content of the
wastewater although is regarded as less of a quality and can only be sold for animal
consumption. It is possible to treat the microalgae to bring it up to standard although this is not
evaluated in this study.
Nannochloropsis enables the consideration of the saline discharge (salt tolerance of 34000
mg/L) [61] for makeup water whilst Chlorella (salt tolerance of 21230 mg/L) [62] can consider
freshwater from the Collie Basin. Blowdown has been modelled with respect to the selected
species where the appropriate amount of blowdown will be used to assure that the circulation
salt content stays below the salt tolerance of the algae strain. BPS currently uses the saline
wastewater discharge via the existing Collie Power Station ocean outfall to dispose of its saline
water with a concentration of 2800 mg/L [59]. The Collie basin can have as much as 741 mg/L
[63] while the WWTP effluent can have 400 mg/l of salt (between 45 and 750mg/l of TDS) [63].
Table 14 considers early-, mid-, and late-cultivation stages, corresponding to High-, mid-, and
low-carbon starvation states. Like Davis, et al. [1] a mid-harvest will be used for this study so a
moderate productivity rate and carbon capacity can be assimilated for mid harvest. All cases
use raw flue gas, anhydrous ammonia (NH3) and diammonium phosphate (DAP) as potential
nutrient sources depending on demand. The amount of NH3 is calculated accounting for nitrogen
available in DAP. If wastewater is selected to be part of the makeup water, the algae can utilize
the N and P content within and therefore demand less from external inputs lowering cost of
production. The uptake of nitrogen can be minimized even further with the consideration of the
NOx in flue gas.
Table 14: Elemental and Component Compositions for Early-Harvest (HPSD), Mid-Harvest (HCSD), and LateHarvest (HLSD) Algal Biomass for 2 Strains. ((Top portion = raw analytical data, bottom portion = adjusted values to
achieve 100% mass closure for modelling) adapted from Davis, et al. [1]
Measured:
Wt% composition (dry basis)

Early
(HPCZ)

Chlorella sp.
Mid
(HCCZ)

Late
(HLCZ)

Early
(HPNC)

Nannochloropsis sp.
Mid
Late
(HCNC)
(HLNC)
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C
H
N
O
S
P
Total a
Ash
Fermentable carbohydrates
Other carbohydrates b
Protein
Lipids (fuel-relevant lipids as
FAME) Non-fuel polar lipid
impurities
Cell mass
Total
Adjusted to close mass balances:
Wt% composition (dry basis)
C
H
N
O
S
P
Total a
Ash
Fermentable carbohydrates
Other carbohydrates b
Protein
Lipids (fuel-relevant lipids as
FAME) Non-fuel polar lipid
impurities
Cell mass
Total

48.7
6.9
8.8
28.0
0.6
1.08
94.0
6.1
5.8
5.9
40.8
13
ND
ND
71.6

Early
(HPCZ)
51.8
7.3
9.3
29.8
0.6
1.15
100.0
6.1
6.8
20.7
47.8
15.2
1.5
1.8
100.0

49.8
7.5
2.7
36.5
0.4
0.15
97.0
3.0
36.7
5.0
13.4
22.1
ND
ND
80.2

54.7
8.3
2.2
31.5
0.4
0.11
97.2
2.8
23.6
3.5
12.9
40.5
ND
ND
83.3

Chlorella sp.
Mid
(HCCZ)
51.3
7.7
2.8
37.7
0.4
0.15
100.0
3.0
39.2
16.0
14.3
23.6
2.4
1.6
100.0

Late
(HLCZ)
56.3
8.5
2.2
32.4
0.4
0.11
100.0
2.8
25.2
11.2
13.8
43.3
2.2
1.6
100.0

46.6
7.0
6.6
29.0
0.6
ND
89.8
14.2
6.0
2.9
32.7
12.3
ND
ND
68.1

48.2
7.3
4.5
30.0
0.5
ND
90.0
13.6
8.8
2.4
23.1
25.6
ND
ND
73.5

61.6
9.6
2.0
22.9
0.3
ND
96.3
5.1
8.9
2.0
9.4
57.3
ND
ND
82.7

Nannochloropsis sp.
Early
Mid
Late
(HPNC)
(HCNC)
(HLNC)
51.4
53.2
63.8
7.7
8.1
9.9
7.3
5.0
2.0
32.0
32.6
23.7
0.7
0.5
0.3
0.88 d
0.60 d
0.24 d
100.0
100.0
100.0
14.2
13.6
5.1
8.2
11.0
9.8
11.9
9.0
6.6
44.6
28.9
10.4
16.8
32.0
63.2
1.7
3.2
3.2
2.7
2.3
1.7
100.0
100.0
100.0

a Measured element balance on dry weight basis; adjusted to AFDW basis for model (bottom portion of table).
b Non-fermentable carbohydrates.
c ND = not determined.
d Elemental P content estimated for modeling based on assumed P:N weight ratio of 0.12:1 per separate analytical data for Nannochloropsis oceanica [64]

Microalgae production per day was estimated based on a generalized microalgae production
model derived from long-term studies of the growth of several species of microalgae in semicontinuous cultures in ORPs in Perth and Karratha for periods exceeding one year. Equation 4:
Productivity of the microalgae strain [65]. Is calculated based on data from the Algae R & D
Centre, Murdoch University. For this study, to compensate for this generalisation, a scaling
factor of 78% has been applied to the Nannochloropsis which has been proven to grow slower
than Chlorella under direct flue gas conditions.
Equation 3: Microalgae Productivity [65]

𝑃𝑟𝑜𝑑 = ((1.9075 × [−4565 + ( 0.0538 + 𝐴𝑆𝑅 ×

1,000,000
) × 𝐹𝐺
365 × 24 × 3600

where ASR is the total annual solar radiation (MJ m2/year), FG is flue gas condition scaling
factor derived from Zhang [7] and production is the microalgae areal AFDW biomass productivity
(g/m2/day ). Other than the salt concentration in the wastewater, there is no other direct influence
on growth rates. A 20% excess of C, N and P beyond stoichiometric biomass compositional
demands is used to compensate the large fraction of water being removed during primary
dewatering.
Table 15: Microalgae Productivity (Case 3).
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Productivity (g/m2/day)
Evaporation (cm/day)
Monthly Solar Radiation (MJ/m2)

SUMMER

AUTUMN

WINTER

SPRING

Yearly
Average

23.7
0.44
27.3

6.6
0.44
14.5

2.1
0.26
9.6

12.1
0.26
20.433

11.2
0.35
18

Modelling Basis Parameters
Modelling assumptions have been made constant to allow for Multiple Criteria Analysis (MCA)
presented in the Results part of this thesis. All production design parameters are presented in
Table 16 and are provided by Davis, et al. [1]. Such parameters will be referred to throughout
the report and are consistent for all cases. All calculations required for the model are presented
in Appendix 3 - Calculations.
Table 16: Production design parameters for all cases [1].
Production Parameter

Value

Pond harvest concentration (g/L)

0.5

CO2 uptake efficiency in ponds

80%

CO2 uptake efficiency in PBRs

99%

Excess NH3 to ponds

20%

Excess DAP to ponds

20%

Production ponds initial concentration at inoculation (g/L)

0.10

Outlet concentration of 1st-stage inoculum (tubular PBR) (g/L)

1.5

Outlet concentration of 2nd-stage inoculum (closed ponds) (g/L)
Outlet concentration of 3rd-stage inoculum (lined open ponds) (g/L)

0.5
0.5

Pond up-time between re-inoculation (days)

20

Primary dewatering outlet concentration (g/L)

10

Primary dewatering harvest efficiency

90%

Residence time for settling tank (primary dewatering) (hr)

4

Secondary dewatering outlet concentration (g/L)

130

Secondary dewatering harvest efficiency

99.5%

Tertiary dewatering outlet concentration (g/L)

200

Tertiary dewatering harvest efficiency

97%

Biomass loss during short-term product storage

1%

Dryer Dewatering Efficiency

90%

Distance from BPS

<1.5km

Operation time
1. Design and construction time: 36 months
2. Facility start-up time: 0.5 year (6 months)
3. Cost-year dollar basis: 2020 USD
4. Facility on stream time: 90% (330 days/year or 7,920 hours/year). Assumes year-round
operation with approximately one month per year allocated to downtime, instances
include; facility maintenance and pond upsets [1].
Facility size and layout
1. Downstream processes including dryer and algae shop are assumed to fit onsite.
2. Dewatered algal biomass product is sold from the facility, discounting transportation
costs.
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Process Design
Area 100: Biomass Production
Overview
The design and cost details that affect the pond size and configuration are described in Area
100. Cases are limited to 2-ha ponds fitted with paddlewheel mixing; Figure 5 presents a
schematic layout of the pond. Since a larger open pond possess an additional processing risk,
more frequent contamination and therefore a higher chance of culture crashes, all cases use 2ha ponds and assume that monitoring is in place to minimize impact.

Figure 5: Schematic layout of 2-ha Production Pond.

Details regarding the cultivation process such as seasonal biomass productivity targets,
evaporation rates, and harvested biomass density have been kept consistent across cases. All
ponds are minimally lined meaning only essential areas are lined for erosion control. Once the
Biomass is grown in the pond it is sent to a settling tank where it is then sent to central
dewatering. The clarified effluent is recycled back to pond feed header lines with fresh makeup
water as seen in Figure 4.

Design Basis
To initiate the process, the inoculation pond provides biomass to the production ponds at a
density of 0.1 g/I. The microalgae are grown and harvested here under steady-state conditions
and are re-inoculated every 20 days. It is assumed continuous growth occurs with perfect mixing
so harvesting can occur continuously at a fixed culture density of 0.5 g/L AFDW. This minimizes
potential over-design of the downstream equipment [1].
The growth of microalgae is heavily dependent on the annual average productivity (g/m2/day)
and solar radiation with summer having the maximum. Other than season variability and species
selection there are no model parameters that effect the growth rate of the microalgae in this
model. Chlorella has an annual average growth rate of 11.2 g/m2/day whilst Nannochloropsis
annual average growth rate of 9.8 g/m2/day evaluated from Equation 4. Using Chlorella and the
same harvest density, the annual mean residence time is approximately 2.5 days and 2 days
for Nannochloropsis (i.e., 20% of the pond is harvested each day) [1].
Regarding water management, pond evaporation from Collie had a net annual average pan
evaporation rate of 0.4 cm/day [66] whilst blowdown is calculated. Costs for facilities that are
inland that use saline water are usually considerably higher than freshwater because of the
environmental and logistical concerns related to large-scale salt disposal [1]. Fortunately, BPS
currently uses the saline wastewater discharge via the existing Collie Power Station ocean
outfall to dispose of its saline water. The existing saline water disposal pipeline and outfall was
designed and constructed for a 600MW power station and has capacity to accommodate
additional discharge within the present operating and license framework [59]. Costs are
minimized by utilizing this saline water as makeup water for Nannochloropsis as well as utilizing
the existing pipeline for the Microalgae plants blowdown discharge where all environmental
concerns can be met [59, 67]. The blowdown stream for the plant has been extracted as a
clarified effluent from the primary dewatering recycle line to minimize the buildup of salt and
other inorganics. If wastewater is used, nutrient levels are assumed to be low enough to be
discharged via the outfall line.
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Nutrient loss through mechanisms such as volatilization and percolation into soil need to be
accounted for and therefore, a 20% excess nutrient levels beyond stoichiometric biomass
compositional demand is used. The majority of which remains in the recirculation loop between
growth and primary dewatering. CO2 is also provided to the inoculum and production stages
based on stoichiometric requirements plus an additional amount to account for efficiency losses
due to other components in the flue gas. The stoichiometric quantities are specific to the strain’s
elemental composition at harvest as shown in
Table 14.
Pond Design
2-ha ponds have been selected for all cases as this size is the most reasonable size for
production ponds [1]. Ponds are constructed as close together as possible but allowing room for
roads and piping as seen in Figure 6. Electrical supply constraints have been made irrelevant in
this study which may limit module size, geometry and equipment locations within the facility.

Figure 6: 2-ha Ponds in a 6-ha module (NTS)

Area 200: Inoculum System
Overview
The inoculum system is a security measure where re-inoculation may be necessary when any
sort of damage to production has occurred. Open ponds are more susceptible to culture crashes
and therefore all cases are re-inoculated every 20 days for culture security. The inoculum system
begins in small closed PBRs, to larger covered ponds then to finally even larger open ponds
before being able to inoculate the main production ponds [1].
Design Basis
The inoculation system is sized to produce an initial algae concentration of 0.1 g/L AFDW. The
inoculum system is situated in the last row of the facility. Horizontal Airlift PBRs are used as they
have a higher volume-to-area ratio than other typical tubular PBR systems due to their large
diameter of 0.38m [1, 68]. Case 3 has approximately 250m2 of PBR cultivation area with each
PBR holding a production area footprint of 250m2 [60] and 371m2 in total. The PBR system is
sized of the largest growth rate in summer [60].
Like the cultivation ponds the design includes all works, equipment, infrastructure and
instrumentation costs although excludes the cost of flue gas distribution which is calculated
separately in Area 300. The main cultivation ponds are minimally lined unlike the inoculum
system where the open and covered ponds are lined with a 40mm geomembrane [60]. 2753.97
m2 of lining is needed for the covered and open inoculum ponds. A plastic air supported
greenhouse is also used over the covered pond to provide a suitable artificial environment for
the culture. It is assumed that water and 10% of flue gas is lost through evaporation and
outgassing respectively through the open pond. Evaporation rate of all ponds in this design are
considered the same and presented in Table 15. Evaporation promotes cooling of the ponds,
thus the closed ponds and PBRs are assumed to have no evaporation and associated cooling.
Closed ponds and PBRs are assumed to absorb the same amount of solar radiation per m2 and
therefore a 7kW chiller is installed to assure optimum growth temperatures.
The PBRs and closed ponds in summer absorb 8.8 kwh/m2 of heat [69] with a total combined
footprint of 3104m2. Paddlewheel mixing is used for both the covered and lined ponds with a
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demand 75.5 kWh/ha/day whilst the PBR uses an airlift system with a power demand of 229
kWh/ha/day [1]. Like the production ponds, nutrients are supplied to the inoculum ponds with a
20% excess of stoichiometric demands.

Area 300: Flue gas Delivery
Overview
The CO2 is delivered as bulk flue gas directly to the culture without any sort of scrubbing to
remove potentially detrimental components. Fortunately, chosen strains have been proven
resistant, and even improve their productivity under a direct flue gas environment [7, 47]. In all
cases, CO2 is delivered in flue gas under low pressure and stored in storage tanks; temperature
and pressure is adjusted and then delivered to ponds under daylight hours. The Makeup water
and Flue gas total flowrate does not include all ingredients in the respective mediums and
therefore the consideration of these will see a slight increase in expenditure such as piping and
pumping requirements. For example, there are trace amounts of Dioxins and Furans in the Flue
gas (0.5 g/year) which have been made negligible in this study.
Design Basis
As described in Section 2, the demand of CO2 and therefore Flue Gas is determined by the
strains carbon content at harvest; Case 3 uses Chlorella which is set to 53 wt% Carbon (AFDW)
[1]. This demand has been adjusted by 20% to account for potential outgassing in the sparged
sumps [1, 70]. Flue gas is only delivered during 12 daylight hours because of the mechanisms
of Photosynthesis discussed in the literature review. The infrastructure required for Area 300 is
designed off the peak summertime biomass productivity and therefore can accommodate for all
seasons.
BPS releases Flue gas at 130℃ at 5321 KPa [59]. The amount of gas needed for the facility per
day is extracted and transported via a pipeline via the heat exchangers for the dryer and then
stored in a carbon steel spherical storage tank. Since the facility is attached to BPS It is assumed
that the gas has dropped to 120℃ by the time the gas has reached the facility. Electric immersion
heaters in the tank assure the Flue Gas is at optimum pressure for delivery with a temperature
of 25℃ [61]. The size of the spherical Flue gas storage has been sized to hold one whole day of
CO2 demand standing with approximately 12m in diameter.
Flue gas is distributed through a piping network which consists of a 50 cm trunk line running
through the dryer then to the opposite side of the facility into storage. 30 cm ID branch lines run
down the aisle/s between the 2-ha modules which are then reduced to 20 cm ID midway [1].
Within each module, an 8 cm pipe delivers the flue gas to the sumps of each pond.

Area 400: Makeup Water Delivery + On-site Circulation to/from Dewatering
Overview
Area 400 represents all makeup water delivery and circulation from the central dewatering
facility. In each module the harvested material from the ponds is drained to channels, which flow
to the settler ponds, assisted by harvest pumps. The partially thickened stream exiting primary
settling is drained to aqueduct channels sent to the central dewatering [1]. Water that is
produced from the second and third dewatering stages is pumped back to the modules for
recycling. Case 3 uses the Collie Basin and human wastewater for makeup water. Depending
on the selected case, makeup water can either be from the Collie Basin or the saline discharge
of BPS both with and without wastewater. Wastewater may impose further restrictions in the
design of the process i.e. blowdown disposal and microalgae quality treatment although this is
beyond the parameters of this study.
Design Basis
Facility module dimensions and lengths of distribution pipelines can be seen in Table 4. Figure
4 shows the aqueduct channels in green and the distribution pipelines in blue. The amount of
aqua ducting needed is 40% of the total cultivation area [1]. From production ponds, microalgae
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slurry (5% AFDW) is pumped into the aqueducts which is then transferred to the primary settling
ponds. The dewatering produces clarified water, which is recycled back to the production ponds
as seen in Davis, et al. [1]. The entrance point of the clarified water is 87 cm ID then decreases
to 66 cm ID, to 50 cm ID as the pipeline loses water to ponds and column numbers increase. If
the facility is big enough the pipeline begins to run up elevation as row numbers increase
reducing the pipeline again from 50 cm ID to 41 cm ID, 36 cm ID before 30 cm ID at the top of
the site. Case 3 consists of one row and one column as seen in Figure 4 and therefore requires
a minimum amount of piping. An efficiency of 67% has been assigned to all pumps as a
combined pump and motor efficiency and applied to Power Usage Calculations in Appendix .
The design assumes that if a culture crash occurs, the effected pond is isolated with valving
from feed and harvest lines for appropriate maintenance.

Area 500: Dewatering
Overview
The primary settling ponds situated at the end of each module begin the dewatering process.
Biomass is harvested at 0.5 g/L AFDW density and dewatered through gravity settling,
membranes, centrifugation and drying to arrive at 200 g/L AFDW.
Design Basis
The material harvested from the ponds is only 0.05% solids with a total mass flow rate of 3,654
ton/day. The primary settlers concentrate the algal biomass from 0.5 to 10 g/L (0.05 to 1.0 wt.%
AFDW), reducing the volume of water flowing to the central dewatering facility by a factor of 20
[1]. Using in-ground trenches as settling ponds minimizes the cost and provides enough volume
for four hours residence time. It is assumed that no contamination occurs in any of the open
settling ponds and therefore downstream processes are not affected and maintenance costs are
minimized.
The trenches have a cross-section of a trapezoid with dimension of 23 m wide at the top 1 m
wide at the bottom and 4.5 m deep [1]. The trench is constructed with concrete with walls lined
with a geosynthetic membrane. Biomass sumps are collected at the bottom of the trenches by
a continuous raking system and then harvested by positive-displacement pumps. Once the
algae are removed the water is recycled back into Area 100 through a constant 56 cm ID
pipeline.
Blowdown rates have been calculated following equations in Appendix to assure that the salt
accumulation in the system stays below the strains salt tolerance mentioned in the Biomass
Composition section of this report. This is heavily dependent on the makeup water i.e. where
using saline discharge and wastewater will need the most blowdown because of the high salt
concentrations. Case 3 uses human wastewater as the primary makeup water with the
freshwater as a supplement, i.e. when more water is needed for blowdown. The wastewater has
an additional 400 mg/L of salt and therefore adds in the build-up in the system. Blowdown will
remove a small percentage of microalgae from the system; only 0.2% in Case 3. Once the
dewatering of the primary settling pond occurs, 10% of the biomass is recycled with the clarified
water back to the production ponds and the rest is passed to central dewatering.
The central dewatering consists of hollow fiber membranes that concentrate the biomass to 130
g/L (13% Solids). The dewatering efficiency of the membranes is high at 99.5% enabling low
turbidity in the clarified filtrate [1]. For Case 3, The power needed for the membrane dewatering
is 0.36 kW with a membrane power 0.04 kwh/m3 of feed. A 4% cleaning coefficient of the
membranes [1] has been assigned to all cases on an hourly basis, this is specifically important
to systems with wastewater and high salinity content. Once the product is processed by the
membranes and passed to the centrifuge, the clarified water is combined with the clarified water
from the centrifuge and recycled back to the production ponds.
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The centrifuge is the third dewatering step as it can achieve a minimum 20 wt%. AFDW because
of its 97% dewatering efficiency [1]; all clarified water is recycled back to the production ponds
with a 1.59 kW pump. The power of the pump needed to for the 960 W centrifuge is 10 W. The
pump transport of the microalgae from Area 500 to 600 is considered in Area 600 as a modular
package.

Area 600: Dryer
Overview
Integrating waste heat recovery with a conveyor belt dryer decreases the drying costs of
microalgae in comparison to conventional drying methods [71]. The dryer reduces the
microalgae water content from 80% to 10% where the algae is then transported via conveyor to
storage. The dryer not only recovers heat from the flue gas, but also minimises power demand
[71]. It is assumed that particulates and other pollution from the flue gas cannot contaminate the
microalgae product.
Design Basis
The drying system begins with blowing the flue gas directly over the microalgae in the conveyor
belt driver thus drying the microalgae to a suitable water composition to be sold. Table 17 lists
the conditions and area required for the belt dryer. The excess flue gas is then outgassed, and
the required amount continues to the storage tanks to be used by the production ponds.
Table 17: Dryer process conditions.

Parameter

Value

flow rate of Flue gas on the belt (kg/s)

4.72

specific heat capacity of Flue gas (J/kg C)

1,050.00

Flue gas temperature at the dryer outlet (C)

120.00

Flue gas temperature at the dryer inlet (C)

80.00

flow rate of dry algae on the belt (kg/s)

0.11

specific heat capacity of algae (J/kg C)

1,580.00

algae temperature at the dryer outlet (C)

80.00

algae temperature at the dryer inlet (C)

25.00

heat of vaporization (J/kg) at 55*C

2,369,800.00

moisture content of the biomass at dryer inlet (kg/kg dry mass)

0.80

moisture content of the biomass at dryer outlet (kg/kg dry mass)

0.10

Belt Width (m)

3

Belt Length (m)

20

Dryer Area (m2)

60

Only design parameters of the conveyor belt dryer are considered for this study and depth of
biomass on the conveyor belt and dryer duct height are assumed to be appropriately scaled
from Hosseinizand, et al. [71]. Drying demand has been calculated for the whole dryer system
with regards to the summer mass flow rate of the wet microalgae input of 86 kg/hr (20% solids).
5085 kg/hr of flu gas provides 60 kW drying power needed for Case 3’s summer algae
productivity.

Area 700: Storage
Overview
The primary storage tanks include individual tanks for final product, firewater and makeup water.
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The primary storage tanks are included in Area 700 as direct capital expenses while storage for
fertilizer are included as a 20% [1] balance of plant factor.
Design Basis
The product storage tank is sized to have 24 hours storage whilst makeup water is sized to have
6 hours. The fire water storage tank and pump are scaled from a 500-ha scenario presented by
Davis, et al. [1]. This pump is not included in the energy balance presented in Appendix 1 –
Design
Appendix 2 – Excel Model as it is only is used for emergency purposes.

Process Economics
The economics of this TEA follow the same structure from Davis, et al. [1] where the design of
the microalgae plant enables the assessment to be conducted. The information provided from
Davis, et al. [64] presents the amount of land, jobs, and salary that is needed or can be
generated from selling the microalgae product at its market price. The total equipment cost
enables a total capital investment (TCI) to be calculated before the variable and fixed operating
costs. A discounted cash flow analysis (DCFA) can then determine the minimum amount of
area, amount of salary needed to sell the biomass at a zero net present value (NPV) with a finite
internal rate of return (IRR) over a 30 years facility lifetime. All calculations regarding the
economics of this study are presented in Appendix 3 - Calculations.

Total Capital Investment
Capital expenses in have been calculated from Davis, et al. [1] where a purchase cost is
provided with a specific parameter known as the baseline equipment size. A scaling exponent
and installation factor are then applied to these to calculate a scaled purchase and installation
costs instead of vigorous re-costing. The installation factor includes all labour needed for
installation and can be seen in the following Table 18.
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Table 18: CapEx scaled from Davis, et al. [1] for Case 3.

Size Ratio

New Val

Inst Factor

Scaling Exp

Units

$

Scaling Val

EQUIPMENT TITLE

Year of
Quote

Scaled Installed Costs

Scaled Purch Cost

Purch Cost in Proj
year

Inst Cost in Proj year

A100: Production Ponds
AVERAGE of 2-ha Costs

$121,839
Total
A200: Inocululation System
Tubular Photobioreactors
$22.38
Inoculum Covered Pond Costs (minus liners)
$6,665,124.91
Inoculum Lined Pond Costs (minus liners)
$6,665,124.91
Lining for Covered Pond
$7,111.65
Air Supported Greenhouse for Covered Pond
$3.68
Lining for Open Ponds
$7,111.65
Total
A300: Flue gas On-Site Storage and Piping
Pipeline Flue gas Storage Sphere
$1,720,281
Storage tank immersion vaporizers
$86,579
Trunk line
$2,040,930
Branch line
$1,120,368
Within-plot piping
$54,281
Supply to Inoculum area
$72,825
Total
A400: Makeup Water Delivery + On-Site Circulation
Channel (aquaducts)
$123
86.36 cm Diameter Pipe
$1,071,071
66.04 cm Diameter Pipe
$1,047,481
50.8 cm Diameter Pipe
$576,439
40.64 cm Diameter Pipe
$511,558
35.56 cm Diameter Pipe
$394,939
30.48 cm Diameter Pipe
$328,765
Make-up water Pipeline
$465,190
Make-up Water Pump
$866,404
Total
A500: Dewatering
56-cm Pipe
$349,853
Pumps
$149,708
Primary Dewatering: Settler
$42,123
Secondary Dewatering: Membranes
$4,760,000
Membrane other costs
$8,104,000
Tertiary Dewatering: Centrifuge
$2,753,947
Total
A600: Storage
Product Storage Tank
$514,310
Firewater Pump
$4,887
Firewater Storage Tank
$292,602
Make-up Storage Tank
$418,795
Tankage BOP
Total
A700: Drying
Conveyor belt dryer
$712,730
Heat Recycling System
$0
Indirect natural gas heating system
$365,020
Total
SCI Total

2011

1 ha

1.00 1.00

8.03

8.03

$977,761

$997,715

$997,715

$977,761

$997,715

$997,715

$5,653
$17,832
$89,160
$769.98421
$42,936
$3,850
$160,201

$5,653
$17,832
$89,160
$769.98421
$42,936
$3,850
$160,201

$8,479
$17,832
$89,160
$769.98421
$47,230
$3,850
$167,321

2014
2014
2014
2014
2014
2014

1.00
40
40
10941
0.09
10941

m^2
wetted ha
wetted ha
m^2/ha
m^2
m^2/ha

1.00
1.00
1.00
1.00
1.00
1.00

1.50
1.00
1.00
1.00
1.10
1.00

252.63
0.11
0.54
1184.59
1082.71
5922.96

252.63
0.00
0.01
0.11
11654
0.54

2014
2014
2014
2014
2014
2014

68550
68550
68550
68550
68550
68550

kg/h
kg/h
kg/h/1.5km
kg/h
kg/h
kg/h

0.60
1.00
1.00
1.00
1.00
1.00

1.25
1.76
1.00
1.00
1.00
1.00

251.08
251.08
251.08
251.08
251.08
251.08

0.00
0.00
0.00
0.00
0.00
0.00

$59,414
$317
$7,475
$4,104
$266
$267
$71,843

$59,414
$317
$7,475
$4,104
$266
$267
$71,843

$74,267
$558
$7,475
$4,104
$266
$267
$86,937

2014
2012
2012
2012
2012
2012
2012
2009
2009

0.40
1793.14
2873.04
71.12
3044.95
2852.93
2852.93
35.56
2852.93

1.00
1.00
1.00
1.40
1.00
1.00
1.00
1.40
1.00
1.40
0.60

1.00
1.51
1.48
1.72
1.58
1.63
1.67
1.00
1.00

8.03
737.00
0.00
66.04
0.00
0.00
0.00
35.56
0.00
8.03
101.75

20
0.41
0.00
0.93
0.00
0.00
0.00
1.00
0.00
0.02
0.00

$2,435
$440,222
$0
$0
$0
$0
$0
$1,430
$23,963
$468,051

$2,435
$435,820
$0
$0
$0
$0
$0
$1,573
$26,359
$466,188

$2,435
$659,758
$0
$0
$0
$0
$0
$1,573
$26,359
$690,126

2014
2012
2014
2014
2014
2013

1311
25184
1000
75,708,236
75,708,236
463

m
lpm
m3
hr
l/day
l/day
m3/hr

1.00
0.80
1.00
1.00
0.60
0.60

1.00
1.15
1.00
1.00
1.00
1.80

256.13
2.40
807.72
4.00
218205.61
218205.61
0.70

0.20
0.00

$68,370
$122
$34,024
$14,268
$248,172
$55,881
$420,837

$68,370
$120
$34,024
$14,268
$248,172
$56,999
$421,953

$68,370
$139
$34,024
$14,268
$248,172
$102,598
$467,570

2009
2009
2009
2009

2,839,059
500.00
500.00
2,839,059

l
ha
ha
l

0.60
0.80
0.70
0.60

1.14
3.10
1.70
1.14

1389.62
8.03
8.03
24232

0.00
0.02
0.02
0.01

$5,310
$179
$16,222
$24,029
$9,148
$54,888

$5,841
$197
$17,844
$26,431
$10,063
$60,376

$6,677
$611
$30,336
$30,219
13568.55
$81,411

1.00 1.00
1.00 1.00
1.00 1.00

40.41
40.41
40.41

0.01
0.01
0.01

$8,403.34
$0.00
$4,303.71
$12,707
$2,153,579

$9,243.67
$0.00
$4,734.09
$13,978
$2,178,276

$9,243.67
$0.00
$4,734.09
$13,978
$2,491,080

2015
2015
2015

ha
m
m
cm
m
m
m
cm
m
500 ha
40224 MM l/yr

3427.5 kg/hr
3427.5 kg/hr
3427.5 kg/hr

0.81
0.00
0.00
0.00

The scaling exponent is based from a characteristic of the equipment such flow in a pipeline. If
the capacity for a specific type of equipment is exceeded this exponent is made redundant and
instead, a second unit is used in parallel; Case 3 is small enough where the amount of equipment
has not needed to increase.
Installation costs are broken up into three categories in Table 19; cultivation (Areas 100, 200),
dewatering (Areas 500 and 700) and Outside battery limits (OSBL) in areas 300, 400 and 600.
Each of these categories have specific direct and indirect cost factors derived from Davis, et al.
[1] and applied to allow for a realistic economic analysis. TDC includes warehousing, site
development and additional planning and provide different cost factors according to the
installation cost category. All DCFs are associated with dewatering although not all are associate
with cultivation and OSBL.
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Table 19: Total Capital Investment for Case 3
Total Capital Investment
Process Area
Area 100: Production
Area 200: Inoculum Ponds
Area 300: CO2 Delivery
Area 400: Makeup Water Delivery + On-Site
Area 500: Dewatering
Area 600: Storage
Area 700: Drying

Total

Installed cost
Purchaed Cost
1525410.785
314015.5726
79575.30886
476383.7919
508268.3055
78632.79177
17545.1623

Cultivation
Dewatering
$
1,525,411
$
327,972

2999831.718
$
Cultivation FactorsDewatering factors
OSBL Factors
Warehouse
0.0122
0.04
0.0% $
Site Development
Included in pond cost
0.09
$3790/ha
Additional Piping
Included in pond cost
0.045
0.0%
Total Direct Costs (TDC)
$
Prorateable Expenses
0.04
0.1
1.0% $
Field Expenses
0.0446
0.1
1.0% $
Home Office & Construction Fee
0.1034
0.2
1.0% $
Project Contingency
0.1
0.1
10.0% $
Other Costs (Start-Up, Permits, etc.)
0.0264
0.1
1.0% $
Total Indirect Costs
$
Fixed Capital Investment (FCI)
$
Land
Working Capital
0.05 of FCI
Total Capital Investment (TCI)
Lang Factor (FCI/Purchaed Equip Cost)

1,853,383
22,611
1,875,994
75,040
83,669
193,978
187,599
49,526
589,812
2,465,806

$

559,765

$

19,299.68

$

579,064

$
$
$
$
$
$
$
$
$
$
$

23,163
52,116
26,058
680,401
68,040
68,040
136,080
68,040
68,040
408,240
1,088,641

OSBL
$
$
$
$

96,101
700,322

$

106,596

$

903,019

$
$
$
$
$
$
$
$
$
$
$

125,465
1,028,484
10,285
10,285
10,285
102,848
10,285
143,988
1,172,472

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$

Installed Cost
1,525,411
327,972
$96,101
$700,322
$559,765
$106,596
$19,300

$3,335,465.48
45,774
177,581
26,058
3,584,878
153,365
161,994
340,343
358,488
127,851
1,142,041
4,726,919
236,346
4,963,265
1.6

2020 Dollars

Site development and additional piping cost factors have not been applied to cultivation since
they are included in installed cost of the ponds, yet site development is still necessary [1]. A
DFC has not been applied to the warehouse or to the additional piping since a warehouse is not
necessary for these OSBL and all piping for this part of the facility have been costed separately.
An OSBL factor has been applied to the site development of $3790/ha for construction of roads
and fences [1]. Total indirect costs (TIC) have been applied in the same manner of TDC and are
associated with all cost categories/Areas.
Once TDCs and TICs have been calculated, they are summed together to reach a Fixed Capital
Investment (FCI). The cost of Land within the CIE is considered free and working Capital is set
at 5% of FCI; these are summed with FCI to calculate a Total Capital Investment (TCI). A Lang
Factor of 1.5 is finally calculated by dividing FCI by the total purchased equipment cost.
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Variable Operating Costs
Variable operating costs (VOC) presented in Table 20 depend on biomass productivity and
harvest rates. VOC include CO2 cost, ammonia, DAP, production and dyer power and makeup
water volume. Nutrient Inputs scale proportionally with biomass productivity whilst other variable
costs such as pumping power have other variables influencing their cost. CO2 is assumed to be
provided at no expense to the microalgae plant from the BWP while ammonia and DAP are
bought at $909/tonne and $681/tonne [1] respectively (2011 USD).
A cost for sulphur delivery has not been evaluated in the model as the sulphur experience as
the flue gas (SOx) is able to provide for the sulphur demand of the microalgae assuming that the
pH is at a level where SOx is beneficial to the growth of the culture. If SOx were included in the
operational costs as a fertilizer the amount would have minimal impact to the economical
assessment. Utility power costs include all production utilities except for the dryer which cost
$0.08/kWh and $0.1/kWh respectively [71]. Chiller and dryer demands were costed in this design
based on a utility operating expense rather than constructing a dedicated instrument on-site [1].
Makeup water is not considered an operation expense as this study calculates pipeline and
pumping power demands for transporting water from the makeup source situated within the
1.5km of BPS and the microalgae facility. Lengths of pipeline needed for delivery have been
provided by Davis, et al. [1] and presented as CapEx.
Table 20: Variable Operating Costs
Variable Operating Costs
Year of Price 2020 (Cost $
Quote
/ tonne)

2020 Cost
($/kg)

$/hour

MM$/yr
(2020)

$/Dry tonne
Algae (2020)

2020
2020
2020
2020
2020

0.00
0.00
0.00
0.00
0

0.0000
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00
0.00
0

0.00
0.00
0.00
0.00
0.00

$0.0
$0.0
$0.0
$0.0
$0.0

kg/hr
kg/hr
kg/hr
kg/hr
kg/hr

2020
2020
2020
2020
2020

909
909
909
909
909

0.9088
0.9088
0.9088
0.9088
1

2.53
0.71
0.23
1.30
1

0.02
0.01
0.00
0.01
0.01

$26.6
$26.7
$26.8
$26.6
$26.6

0.55
0.15
0.05
0.28
0.26

kg/hr
kg/hr
kg/hr
kg/hr
kg/hr

2020
2020
2020
2020
2020

681
681
681
681
681

0.6808
0.6808
0.6808
0.6808
0.68

0.37
0.11
0.03
0.19
0

0.0030
0.0008
0.0003
0.0015
0.00

$3.9
$3.9
$4.0
$3.9
$3.9

Summer
Autumn
Winter
Spring
AVERAGE

0.00
0.00
0.00
0.00
0.0

m^3/hr
m^3/hr
m^3/hr
m^3/hr
m^3/hr

2020
2020
2020
2020
2020

1.98
1.98
1.98
1.98
1.98

$/m3
$/m3
$/m3
$/m3
$/m3

0
0
0
0
0

0.0000
0.0000
0.0000
0.0000
0.0000

$0.0
$0.0
$0.0
$0.0
$0.0

Power

Summer
Autumn
Winter
Spring
AVERAGE

49
35
32
36
38

kW
kW
kW
kW
kW

2020
2020
2020
2020
2020

0.08
0.08
0.08
0.08
0.08

$/kWh
$/kWh
$/kWh
$/kWh
$/kWh

3.68
2.66
2.38
2.74
2.86

0.0291
0.0211
0.0188
0.0217
0.0227

$38.6
$99.9
$282.6
$56.3
$64.1

A600

Dryer Power

Summer
Autumn
Winter
Spring
AVERAGE

59.3
59.3
59.3
59.3
59.3

kW
kW
kW
kW
kW

2020
2020
2020
2020
2020

0.10
0.10
0.10
0.10
0.10

$/kWh
$/kWh
$/kWh
$/kWh
$/kWh

0.06
0.06
0.06
0.06
0.06

0.0005
0.0005
0.0005
0.0005
0.0005

$0.62
$2.23
$7.05
$1.22
$1.3

A600

Makeup Water

Summer
Autumn
Winter
Spring
AVERAGE

16,041
16,232
9,613
9,501
12,847

kg/hr
kg/hr
kg/hr
kg/hr
kg/hr

2020
2020
2020
2020
2020

0.00
0.00
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0000
0

0.00
0.00
0.00
0.00
0

0.0000
0.0000
0.0000
0.0000
0.0000

$0.0
$0.0
$0.0
$0.0
$0.0

4

0.03

96

Costing Code

Raw Material

Stream No.

A100

CO2 cost

Summer
Autumn
Winter
Spring
AVERAGE

Units
Raw Materials
251
kg/hr
57
kg/hr
18
kg/hr
105
kg/hr
108
kg/hr

A100

Ammonia

Summer
Autumn
Winter
Spring
AVERAGE

2.79
0.78
0.25
1.43
1.31

A100

Diammonium Phosphate

Summer
Autumn
Winter
Spring
AVERAGE

A100

Salt Disposal Cost

A600

Subtotal

Fixed operating costs
Fixed Operating costs (FOC) include Labour, Maintenance, Property Insurance and Tax rates
have been provided by Davis, et al. [1] and adjusted accordingly for this study.
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Table 21: Fixed Operating Costs.
Fixed Operating Costs
Position

Salary

Plant Manager
Plant Engineer (civil)
(environmental)
Maintenance Supr
Maintenance Tech
Lab Manager
Lab Technician
Shift Supervisor
Module operator - Production
Module operator - Innoculum
Module operator - Dewatering
Franchise manager
Sales manager
Accounting
Human resources
Clerks & Secretaries
Total Salaries
Labor Burden (90%)

155400
82050
83360
60257
42286
59200
42286
50743
26910
44100
38590
86528
54080
40560
40560
38057

Year of
salary
quote
2020 Salary # Required
Labor & Supervision
2020
155,400
1
2020
82,050
2
2020
83,360
2
2020
60,257
1
2020
42,286
1
2020
59,200
1
2020
42,286
1
2020
50,743
4
2020
26,910
1
2020
44,100
8
2020
38,590
9
2016
86,528
1
2016
54,080
1
2016
40,560
1
2016
40,560
1
2020
38,057
3
37

Total
155,400
164,100
166,720
60,257
42,286
59,200
42,286
202,972
26,910
352,800
347,310
86,528
54,080
20,280
20,280
114,171
1,915,580
1,724,022

2020 Cost
155,400
164,100
166,720
60,257
42,286
59,200
42,286
202,972
26,910
352,800
347,310
86,528
54,080
20,280
20,280
114,171
1,915,580
1,724,022

MM$/yr
(2020)

$/Dry tonne
Algae (2020)

1.92
1.72

2424.87
2182.38

0.06
0.09
3.79

81.91
109.33
4798.49

Other Fixed Opex
of Area 100,
200, 300,
3.0% of Area 500: Dewatering
0.5% 400
0.7% of FCI

Maintenance
Property Insur. & Tax
Total Fixed Operating Costs

64,706
86,371

The number of maintenance and lab technicians vary depending on the pond size and thus
number of total ponds in the facility that must be monitored and maintained [1]. As pond size
decreases and thus total number of individual ponds increases, the number of each of these
technicians required to service the ponds increases. All other positions presented in Table 21
are consistent over all cases. A 90% labour burden provided by Davis, et al. [1] is applied to the
salary total and covers items such as safety, Security payroll overhead (including benefits) and
plant communications. A 3% annual maintenance cost for Areas 500 and 600 with 5% for Areas
100 to 400 [1]. Property insurance and local property tax were estimated at 0.7% of the FCI [1].
The total operating costs for Case 3 come to $3.72 MM/year.
Carbon Credits
Even though Griffin Power is expected to implement the National Carbon Pollution Reduction
Scheme (NCPRS), they believe that only some level of offsetting may be appropriate with the
goal only to achieve the State Government emission target, and this should be done in the
absence of an emissions trading scheme [13]. Offsets do not increase national GHG abatement
as the trading of ACCUS allow for additional emissions in the covered sector. Unfortunately, any
additional cost through direct offsetting requirements under the State environmental approval
are not justified, as credits for any such offsets will not be recognized under NCPRS, thus
discounted from this study. Once CCS is deemed viable and implemented is when an emissions
trading scheme can also take place.

Discounted Cash Flow Analysis and the Minimum Facility Size
This study follows the structure of the DCFA provided by Davis, et al. [1] to calculate annual FCI,
Loan Payment, Sales, Depreciation, Revenue, Income and Tax. All assumptions regarding this
analysis have been consulted with [72] and are consistent for all cases. Refer to Appendix 1 –
Design
Appendix 2 – to view full DCFA.
Table 22: Financial Assumptions and Parameters [1, 72]
Assumptions
Fixed Capital Investment
General Plant

Value
$12,338,694
$12,338,694

Equity
Loan Interest
Loan Term, years
Annual Loan Payment
Working Capital (% of FCI)
Salvage Value
General Plant

40%
8.0%
10
$1,103,298
5.00%
0
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Depreciation Period (Years)
General Plant
Construction Period (Years)
% Spent in Year -2
% Spent in Year -1
% Spent in Year 0
Start-up Time (Years)
Algal Production/Dewatering (% of
Normal)
Variable Costs (% of Normal)
Fixed Cost (% of Normal)
Discount Rate (Internal Rate of Return
[IRR])
Income Tax Rate
Biomass Production Rate (Dry
tonne/yr)
Cost Year for Analysis

7
3
8%
60%
32%
0.50
90%
75%
100%
10.00%
30.00%
790
2020

Discount Rate
This study avoids artificial inflation of project costs associated with risk financing and therefore
utilises a 10% IRR for a plant lifetime of 30 years. If such expenses were considered, for example
designing for longer start-ups, equipment overdesign the IRR would be significantly higher.
There are various start-ups and pilot plants around the world and therefore costs associated
with pioneer plants have been assumed negligible. BPS has no decommissioning date although
when this should occur the production of microalgae can continue with CO2 from the
atmosphere.

Equity Financing
For this analysis, it is assumed that the plant would be 40% equity financed. The terms of the
loan were taken to be 8% interest for 10 years. The principal is taken out in stages over the 3year construction period. Interest on the loan is paid during this period, but principal is not paid
back [1]. It is assumed that that this cash flow comes from the government funding until the plant
starts up.

Depreciation
Capital depreciation has been calculated using a double-declining balance depreciation
evaluated through excels DDB function. The constant percentage rate is estimated at 200% [1]
of the straight-line rate. This offers the shortest recovery period and the largest tax deductions.

Taxes
In Australia, all companies are subject to a federal tax rate of 30% on their taxable income. This
tax is averaged over the plant life and calculated on a biomass rate per tonne.

Construction Time
Construction period of 3 years is where no income is being earned, yet large amounts of money
are being spent. Each year in this period is assigned a percentage of money spent.

Start-Up Time
25% of the construction time (6 months),

Working Capital
Working capital is estimated to be 5% of FCI and covers all capital expenditure for trading
operations such as wages, maintenance supplies and accounts receivable.
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Results
Case 1- Algal Biomass Production Engineering Analysis

Total footprint (ha; includes processing, storage, etc.)

7
37
17

Salary Created $/yr
Maximum CO2 Captured %
Maximum NOx Captured %
Wastewater Recycled %

$1,915,580
1.59%
0.49%
0.00%

Total Cultivation Area (ha)
Production Jobs Created

MBSP (Minimum Biomass Selling Price):
CO2 and Nutrients
Cultivation
Other Production
Total Biomass Production (AFDW Basis)
Total Biomass Yield (AFDW Basis)

$15,000
$25
$6,945
$7,494
280.0402
39.8

Internal Rate of Return (After-Tax)
Equity Percent of Total Investment

Capital Costs
Production ponds
Inoculum Ponds
CO2 Delivery
Makeup Water Delivery + On-Site Circulation
Dewatering
Drying
Storage

$875,690
$188,278
$72,937
$688,752
$378,935
$76,059
$11,057

Total Installed Equipment Cost

$2,291,709

Added Direct + Indirect Costs
(% of TCI)

$708,291
24%

Total Capital Investment (TCI)

$3,000,000

/Dry tonne (AFDW)
/Dry tonne
/Dry tonne
/Dry tonne
tonne/yr
tonne/ha/yr

10%
40%

Cost Breakdowns ($/US tonne AFDW Biomass product)
CO2
Ammonia
Diammonium Phosphate
Power
Chilled Water Utility

$0
$19
$7
$72
$1

Fixed Costs
Capital Depreciation
Average Income Tax
Average Return on Investment

$13,149
$378
$202
$1,172

Cost Breakdowns ($/yr)

Installed Equipment Cost/Annual Dry tonne biomass
Total Capital Investment/Annual Dry tonne biomass
Loan Rate
Term (years)
Capital Charge Factor

$8,183
$10,713
8.0%
10
0.164

CO2
Ammonia
Diammonium Phosphate
Power
Dryer
Fixed Costs
Capital Depreciation
Average Income Tax
Average Return on Investment

Specific Operating Conditions
Algal Productivity (g/m^2/day)
Maximum seasonal variability (productivity)
CO2 Price (USD/ tonne)
Facility size (ha, cultivation pond only)
Total footprint (ha; includes processing, storage, etc.)

$0.0000000
$5,198
$1,838
$20,212
$329
$3,682,344
$105,933
$56,494.47
$328,254

10
9:1
$

7
17
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Case 2- Algal Biomass Production Engineering Analysis

Total footprint (ha; includes processing, storage, etc.)

12
37
34

Salary Created $/yr
Maximum CO2 Captured %
Maximum NOx Captured %
Wastewater Recycled %

$1,915,580
2.82%
0.86%
100.00%

Total Cultivation Area (ha)
Production Jobs Created

MBSP (Minimum Biomass Selling Price):
CO2 and Nutrients
Cultivation
Other Production
Total Biomass Production (AFDW Basis)
Total Biomass Yield (AFDW Basis)

$9,000
$25
$4,976
$3,672
496.9042
39.8

Internal Rate of Return (After-Tax)
Equity Percent of Total Investment

Capital Costs
Production ponds
Inoculum Ponds
CO2 Delivery
Makeup Water Delivery + On-Site Circulation
Dewatering
Drying
Storage

$1,553,763
$334,068
$106,652
$702,470
$568,821
$110,127
$19,620

Total Installed Equipment Cost

$3,395,521

Added Direct + Indirect Costs
(% of TCI)

$1,604,479
32%

Total Capital Investment (TCI)

$5,000,000

/Dry tonne (AFDW)
/Dry tonne
/Dry tonne
/Dry tonne
tonne/yr
tonne/ha/yr

10%
40%

Cost Breakdowns ($/US tonne AFDW Biomass product)
CO2
Ammonia
Diammonium Phosphate
Power
Chilled Water Utility

$0
$18
$7
$72
$1

Fixed Costs
Capital Depreciation
Average Income Tax
Average Return on Investment

$7,454
$323
$166
$959

Cost Breakdowns ($/yr)

Installed Equipment Cost/Annual Dry tonne biomass
Total Capital Investment/Annual Dry tonne biomass
Loan Rate
Term (years)
Capital Charge Factor

$6,833
$10,062
8.0%
10
0.144

CO2
Ammonia
Diammonium Phosphate
Power
Dryer
Fixed Costs
Capital Depreciation
Average Income Tax
Average Return on Investment

Specific Operating Conditions
Algal Productivity (g/m^2/day)
Maximum seasonal variability (productivity)
CO2 Price (USD/ tonne)
Facility size (ha, cultivation pond only)
Total footprint (ha; includes processing, storage, etc.)

$0.0000000
$9,119
$3,252
$35,857
$585
$3,703,834
$160,393
$82,552.32
$476,545

10
9:1
$

12
34
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Case 3- Algal Biomass Production Engineering Analysis

Total footprint (ha; includes processing, storage, etc.)

8
37
20

Salary Created $/yr
Maximum CO2 Captured %
Maximum NOx Captured %
Wastewater Recycled %

$1,915,580
2.11%
1.00%
0.00%

Total Cultivation Area (ha)
Production Jobs Created

MBSP (Minimum Biomass Selling Price):
CO2 and Nutrients
Cultivation
Other Production
Total Biomass Production (AFDW Basis)
Total Biomass Yield (AFDW Basis)

$12,000
$31
$5,557
$5,986
354.0042
44.1

Internal Rate of Return (After-Tax)
Equity Percent of Total Investment

Capital Costs
Production ponds
Inoculum Ponds
CO2 Delivery
Makeup Water Delivery + On-Site Circulation
Dewatering
Drying
Storage

$997,718
$167,322
$86,937
$690,126
$467,570
$81,411
$13,978

Total Installed Equipment Cost

$2,505,062

Added Direct + Indirect Costs
(% of TCI)

$1,494,938
37%

Total Capital Investment (TCI)

$4,000,000

/Dry tonne (AFDW)
/Dry tonne
/Dry tonne
/Dry tonne
tonne/yr
tonne/ha/yr

10%
40%

Cost Breakdowns ($/US tonne AFDW Biomass product)
CO2
Ammonia
Diammonium Phosphate
Power
Chilled Water Utility

$0
$27
$4
$64
$1

Fixed Costs
Capital Depreciation
Average Income Tax
Average Return on Investment

$10,418
$332
$175
$979

Cost Breakdowns ($/yr)

Installed Equipment Cost/Annual Dry tonne biomass
Total Capital Investment/Annual Dry tonne biomass
Loan Rate
Term (years)
Capital Charge Factor

$7,076
$11,299
8.0%
10
0.132

CO2
Ammonia
Diammonium Phosphate
Power
Dryer
Fixed Costs
Capital Depreciation
Average Income Tax
Average Return on Investment

Specific Operating Conditions
Algal Productivity (g/m^2/day)
Maximum seasonal variability (productivity)
CO2 Price (USD/ tonne)
Facility size (ha, cultivation pond only)
Total footprint (ha; includes processing, storage, etc.)

$0.0000000
$9,433
$1,395
$22,674
$470
$3,687,991
$117,385
$61,975.86
$346,727

$

11
11:1
8
20
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Case 4- Algal Biomass Production Engineering Analysis

Total footprint (ha; includes processing, storage, etc.)

8
37
20

Salary Created $/yr
Maximum CO2 Captured %
Maximum NOx Captured %
Wastewater Recycled %

$1,915,580
2.11%
1.00%
0.00%

Total Cultivation Area (ha)
Production Jobs Created

MBSP (Minimum Biomass Selling Price):
CO2 and Nutrients
Cultivation
Other Production
Total Biomass Production (AFDW Basis)
Total Biomass Yield (AFDW Basis)

$12,000
$31
$5,557
$5,986
354.0042
44.1

Internal Rate of Return (After-Tax)
Equity Percent of Total Investment

Capital Costs
Production ponds
Inoculum Ponds
CO2 Delivery
Makeup Water Delivery + On-Site Circulation
Dewatering
Drying
Storage

$2,505,062

Added Direct + Indirect Costs
(% of TCI)

$1,494,938
37%

Total Capital Investment (TCI)

$4,000,000

10%
40%

Cost Breakdowns ($/US tonne AFDW Biomass product)
CO2
Ammonia
Diammonium Phosphate
Power
Chilled Water Utility

$997,718
$167,322
$86,937
$690,126
$467,570
$81,411
$13,978

Total Installed Equipment Cost

/Dry tonne (AFDW)
/Dry tonne
/Dry tonne
/Dry tonne
tonne/yr
tonne/ha/yr

$0
$27
$4
$64
$1

Fixed Costs
Capital Depreciation
Average Income Tax
Average Return on Investment

$10,418
$332
$175
$979

Cost Breakdowns ($/yr)

Installed Equipment Cost/Annual Dry tonne biomass
Total Capital Investment/Annual Dry tonne biomass
Loan Rate
Term (years)
Capital Charge Factor

CO2
Ammonia
Diammonium Phosphate
Power
Dryer
Fixed Costs
Capital Depreciation
Average Income Tax
Average Return on Investment

$7,076
$11,299
8.0%
10
0.132

$0.0000000
$9,433
$1,395
$22,674
$470
$3,687,991
$117,385
$61,975.86
$346,727

Specific Operating Conditions
Algal Productivity (g/m^2/day)
Maximum seasonal variability (productivity)
CO2 Price (USD/ tonne)
Facility size (ha, cultivation pond only)
Total footprint (ha; includes processing, storage, etc.)

$

11
11:1
8
20

Table 23: Multiple-Criteria Analysis (MCA)
CRITERIA
ECONOMIC

WEIGHTIN
G
30%

CASE 1

CASE 2

CASE 3

CASE 4
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Cultivation Area
(ha)
Facility Size (ha)
Total CapEX ($)

10%

7.04

12.50

8.03

17.82

40%
25%

OpEx (MM$/yr)
SOCIAL
Employment
(Jobs)
ENVIRONMENTA
L
Flue Gas Captured
(%)
Wastewater
Recycled (%)

25%
40%
100%

17
$
3,336,862
3.72

34
$
5,052,368
3.77

20
$
3,697,631
3.72

49
$
6,722,319
3.80

37

37

37

37

90%

1.59%

2.82%

2.11%

4.68%

10%

0.00%

100.00%

0.00%

100.00%

30%

Table 23: Multiple-Criteria Analysis (MCA) compares Economic, Social and Environmental
characteristics of each of the four cases. Weightings are applied and determined from the
importance expressed from the Shire of Collie [73] and documents in client briefs such as Collie
at the Crossroads [74] . See Appendix 4 – Excel MCA for how the determinant table has been
calculated.

Discussion
The Cases that require the most cultivation area bioremediate the most flue gas and utilise the
most wastewater and therefore are the most operationally environmental processes.
Operational jobs are heavily determined from the number of lab technicians and module
operators needed for production. Employment required for either of these roles does not
increase and thus remains constant throughout all cases. Therefore, since employment remains
constant, the economics and the environmental characteristics determine the chosen design.
Total facility size and flue gas captured become the major determinants and ultimately selecting
Case 3 as the chosen design.
The annual microalgae production per day is estimated based on a generalised microalgae
production model specific for WA. Equation 4 is not culture nor growth medium specific and
therefore more research is needed to accurately estimate the specific growth rates for each
Case. The specific microalgae growth is the most influential determinant on the minimum
cultivation area and expenditure required. The cultivation area required for the facility can be
reduced dramatically if the productivity is increased. As discussed in the literature review, the
Israeli company, Seambiotic has achieved a Nannochloropsis average growth rate of 20 g/m2/d,
but claim a long-term theoretical maximum of 25 g/m2/d [7] which is nearly double the growth
rates used in Case 1 and Case 2. Ultimately, if growth rates like Seambiotics were used instead
the generalised equation the area required for each case, cost of production and facility size
would be significantly reduced.

Sensitivity Analysis
BPS III and IV will also be ‘carbon capture ready plants’ [13] where design provisions and space
allocations allow for retrofitting of the equipment to capture the carbon once the technology is
viable. When implemented, it is likely to be a joint facility to accommodate other greenhouse gas
emitters in the Collie region [13]. Two methods of CO2 capture applicable for BPS are postcombustion capture and oxygen combustion [13] as discussed in the literature review. Since
such methods of CCS provide a concentrated stream of CO2 which is then cleaned and
pressurised for transport and long-term storage, the option for relocating the microalgae facility
further away from Bluewaters can be considered. A 5th case uses an alternative site priced at
$2000/ha, pure CO2 and an alternative drying method to achieve the biomass product. For this
Case the area has been provided and therefore a minimum biomass selling price is presented.
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Case 5- Algal Biomass Production Engineering Analysis

Total footprint (ha; includes processing, storage, etc.)

5
37
14

Salary Created $/yr
Maximum CO2 Captured %
Maximum NOx Captured %
Wastewater Recycled %

$1,915,580
1.31%
0.00%
0.00%

Total Cultivation Area (ha)
Production Jobs Created

MBSP (Minimum Biomass Selling Price):
CO2 and Nutrients
Cultivation
Other Production
Total Biomass Production (AFDW Basis)
Total Biomass Yield (AFDW Basis)

$18,852
$243
$7,200
$10,713
220.3401
44.1

Internal Rate of Return (After-Tax)
Equity Percent of Total Investment

Capital Costs
Production ponds
Inoculum Ponds
CO2 Delivery
Makeup Water Delivery + On-Site Circulation
Dewatering
Drying
Storage

$621,626
$104,249
$51,535
$681,931
$345,304
$59,971
$8,700

Total Installed Equipment Cost

$1,873,317

Added Direct + Indirect Costs
(% of TCI)

$1,126,683
38%

Total Capital Investment (TCI)

$3,000,000

/Dry tonne (AFDW)
/Dry tonne
/Dry tonne
/Dry tonne
tonne/yr
tonne/ha/yr

10%
40%

Cost Breakdowns ($/US tonne AFDW Biomass product)
CO2
Ammonia
Diammonium Phosphate
Power
Chilled Water Utility
Fixed Costs
Capital Depreciation
Average Income Tax
Average Return on Investment

$212
$27
$4
$164
$1
$16,681
$393
$218
$1,152

Cost Breakdowns ($/yr)

Installed Equipment Cost/Annual Dry tonne biomass
Total Capital Investment/Annual Dry tonne biomass
Loan Rate
Term (years)
Capital Charge Factor

$8,502
$13,615
8.0%
10
0.130

CO2
Ammonia
Diammonium Phosphate
Power
Dryer
Fixed Costs
Capital Depreciation
Average Income Tax
Average Return on Investment

Specific Operating Conditions
Algal Productivity (g/m^2/day)
Maximum seasonal variability (productivity)
CO2 Price (USD/ tonne)
Facility size (ha, cultivation pond only)
Total footprint (ha; includes processing, storage, etc.)

$46,702.3814098
$5,877
$869
$36,055
$293
$3,675,426
$86,517
$48,143.97
$253,866

$

11
11:1
100
5
14

Alternative Site – The marron farm
Approximately 10 km southwest of Bluewaters there is an abandoned mine lake aquaculture
project. The project used to be a marron farm for the Collie Indigenous community that would
act as both a source of income for community projects as well as a facility for training [75]. The
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site is situated at an altitude 50 m lower than Bluewaters, 1.2 km from the ocean outfall pipe,
within 10m from an extensive freshwater source. The site not only offers a reduction in capital
costs regarding site work but also still has some infrastructure in place such as; a shed pad
(located in the top right of Figure 7), various pumps and power supply to each pond. The marron
farm can provide a minimum of 5-ha of cultivation area without any site improvements. Figure 7
presents the marron farm with microalgae already inhabiting the ponds proving the optimum
growth conditions.

Figure 7: Abandoned Marron Farm [75].

Drying Alternative
Relocation of the facility has declined the ability for Area 700 to utilise the heat of the flue gas to
dry algae and therefore other heating methods have been explored. The heating system utilised
in the sensitivity analysis utilises an indirect natural gas and nearly triples the OpEx of the heat
recycling system [71]. Although the OpEx is significantly more for ING, there is less CapEx
compared to the heat recycling dryer as utilising the flue gas demands a greater flow than the
biomass growth demand and therefore a significant increase in pipe diameter for the flue gas
supply trunk line.
Carbon Credits
Australian Carbon Credit Units (ACCUs) have continued to climb reaching a four year high of
$17.50/ tonne although despite this growth traded volumes remain low, with price gains
reflecting the limited liquidity in the local market [76]. Case 5 uses pure CO2 from a CCS unit
and therefore ACCUS can now be considered. An average 59 kg/hr of CO2 is used in Case 5
which equates to $9,030 in carbon credits annually.

Conclusion
This report successfully demonstrates the cost, size of production and employees needed for
CCUM from BPS. A TEA compares four different CCUM designs to determine Case 3 as the
most appropriate for BPS. Case 3 grows Chlorella in freshwater from the Collie basin and BPS’s
employee wastewater to produce and sell a whole-biomass product as animal feed at 12,000
USD/ metric tonne. Case 3 provides 37 jobs for Collie as well as decreasing the carbon
experience from BPS.

Closing Summary and Further Opportunities
From these findings it is suggested that further studies are investigated to assess the affect that
growth parameters expressed in the literature review have on the microalgae productivity in
Collie, under flue gas and human wastewater conditions, this would incorporate small pilot plant
tests attached to BPS. A small pilot-plant study situated in CIE will provide accurate capital
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expenses as well as operational costs that can be further scaled into a full-size production
facility. Once this pilot-plant study is conducted, the model presented in this study can be
adjusted accordingly. Additionally, regarding the economics of the design various assumptions
are made from literature which may differ after a full consultation with a professional financial
advisor.
Since the exact location within the CIE is currently undetermined, all piping and circulation has
been scaled from a 1.5 km proximity to BPS to account for maximum expenditure when in fact
since the microalgae plant is proposed to be directly next to BPS, the 1.5 km could be decreased
significantly. A further study is recommended to model piping network is to appropriate CapEx,
OpEx as well as temperature losses of flue gas.
Overall, the results demonstrate that through the implementation of Carbon Capture and
Utilisation via Microalgae at Bluewater Power Station II, carbon emission are decreased and
employment opportunities for collie have increased.
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Appendices
Appendix 1 – Design

Figure 8:Largest Possible Layout of 55-ha cultivation area design adapted from Davis, et al. [1]

Appendix 2 – Excel Model
Case 1
Case 2
Case 3
Case 4
Case 5 – Sensitivity Analysis

Appendix 3 – PFDs
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Figure 9: Area 100 Biomass Production PFD adapted from Davis, et al. [1]

Figure 10: Area 200 Inoculum System PFD adapted from Davis, et al. [1]
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Figure 11: Area 300 Flue Gas PFD adapted from Davis, et al. [1]

Figure 12: Area 500 Dewatering PFD adapted from Davis, et al. [1]
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Figure 13: Area 700 Dryer PFD Adapted from Hosseinizand, et al. [71]

Appendix 3 - Calculations
Calculations
Sheet 1: Input
Macro to solve for facility size (based on cultivation area):
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Equation 4: Productivity of the microalgae strain [65].
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𝑃𝑟𝑜𝑑 = 1.9075 × [−4565 + ( 0.0538 + 𝐴𝑆𝑅 ×

1,000,000
365
24
3600

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑡𝑜 𝐶𝑙𝑜𝑠𝑒 𝑀𝑎𝑠𝑠 𝐵𝑎𝑙𝑎𝑛𝑐𝑒 − 𝑤𝑡% 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝐴𝐹𝐷𝑊) =

𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑊𝑡% 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝐴𝐹𝐷𝑊)
𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡

𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝐹𝑜𝑟𝑚𝑢𝑙𝑎 =

𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑊𝑡% 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝐴𝐹𝐷𝑊)
𝑇𝑜𝑡𝑎𝑙 𝑊𝑡% 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝐴𝐹𝐷𝑊)

𝑃 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡

× 𝑃 𝑊𝑡% 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝐴𝐹𝐷𝑊)

𝐴𝑙𝑔𝑎𝑒 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 = ∑ 𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝐹𝑜𝑟𝑚𝑢𝑙𝑎 × 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡

Sheet 2: Mass Balance
Area 100:
Ammonia and DAP have the same formula as seen below
𝑘𝑔

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑁𝐻3 ( ) = 𝑇𝑜𝑡𝑎𝑙 𝑁𝐻3 𝑖𝑛𝑡𝑜 𝐴𝑟𝑒𝑎 100 − 𝐴120 𝑁𝐻3 − 𝐴140 𝑁𝐻3 − 𝐴160 𝑁𝐻3 −
ℎ𝑟
𝐴130 𝑁𝐻3 + 𝐴150 𝑁𝐻3 − 𝐴110 𝑁𝐻3 − 𝐴105 𝑁𝐻3
𝑘𝑔

𝐷𝐴𝑃 (𝑁𝐻4 )2 𝐻𝑃𝑂4 ( ℎ𝑟 ) = 𝑇𝑜𝑡𝑎𝑙 𝐷𝐴𝑃 𝑖𝑛𝑡𝑜 𝐴100 − 𝐴120 𝐷𝐴𝑃 − 𝐴140 𝐷𝐴𝑃 − 𝐴160 𝐷𝐴𝑃 −
𝐴130 𝐷𝐴𝑃 + 𝐴150 𝐷𝐴𝑃 − 𝐴110 𝐷𝐴𝑃 − 𝐴105 𝐷𝐴𝑃
Area 110:
𝑘𝑔

𝑆𝑎𝑙𝑡 𝑁𝑎𝐶𝑙 ℎ𝑟 = 𝐴110 𝑊𝑎𝑡𝑒𝑟 × 𝑆𝑎𝑙𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑚𝑎𝑘𝑒𝑢𝑝 𝑤𝑎𝑡𝑒𝑟
𝑘𝑔

𝑊𝑎𝑡𝑒𝑟 𝐻2 𝑂 ( ℎ𝑟 ) = 𝐴610 𝐻2 𝑂 + 𝐴150 𝐻2 𝑂 + 𝐴510 𝐻2 𝑂 − 𝐴120 𝐻2 𝑂 +
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐻2 𝑂 𝑓𝑜𝑟 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑃𝑜𝑛𝑑𝑠 × 𝐻2 𝑂 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 − 𝐴105 𝐻2 𝑂
Area 120:
DAP, O2, CO2 and H2O follow the formula below
𝑘𝑔

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑁𝐻3 ( ℎ𝑟 ) =

𝐴200 𝑁𝐻3 +𝐴210 𝑁𝐻3 +𝐴220 𝑁𝐻3 +𝐴205 𝑁𝐻3 −𝐴230 𝑁𝐻3 −𝐴120 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊)
𝐴𝑙𝑔𝑎𝑒 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 × 𝑁𝐻3 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 × 𝑁𝐻3 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡

Salt and N2 follow the formula below
𝑘𝑔

𝑁2 ( ℎ𝑟 ) = (𝐴200 + 𝐴210 + 𝐴220 − 𝐴230 + 𝐴210 )𝑁2
𝑘𝑔

𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) ( ℎ𝑟 ) = 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑛𝑑𝑠 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑖𝑛𝑜𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ×
𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑛𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 / 𝑃𝑜𝑛𝑑 𝑢𝑝 − 𝑡𝑖𝑚𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑟𝑒 − 𝑖𝑛𝑜𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑘𝑔

𝐴𝑠ℎ ( ℎ𝑟 ) = 𝐴120 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊)/(1 − 𝐴𝑠ℎ 𝐶𝑜𝑛𝑡𝑒𝑛𝑡% (𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡 𝐵𝑎𝑠𝑖𝑠)) −
𝐴120 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊)
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Area 130:
DAP, O2, N2, CO2, NaCl, Water, Algae (AFDW) and Ash all follow the formula below
𝑘𝑔
ℎ𝑟

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑁𝐻3 ( ) = (𝐴500 − 𝐴520 − 𝐴510)𝑁𝐻3
Area 140:
𝐶𝑂2 = 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐶𝑂2 𝑓𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑛𝑑𝑠 × 𝐶𝑂2 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 ÷
𝐶𝑂2 𝑈𝑝𝑡𝑎𝑘𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
Area 150:
𝑘𝑔

𝑂𝑥𝑦𝑔𝑒𝑛 𝑂2 ( ℎ𝑟 ) = 𝑇𝑜𝑡𝑎𝑙 𝑂2 𝑖𝑛𝑡𝑜 𝐴𝑟𝑒𝑎 100 + 𝑇𝑜𝑡𝑎𝑙 𝑂2 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝑃𝑜𝑛𝑑𝑠 ×
𝑂2 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡
𝑘𝑔

𝑊𝑎𝑡𝑒𝑟 𝐻2 𝑂 ( ℎ𝑟 ) = 𝑆𝑢𝑚𝑚𝑒𝑟 𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 × 𝐹𝑎𝑐𝑖𝑙𝑖𝑡𝑦 𝑠𝑖𝑧𝑒 (𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑐𝑢𝑙𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎)
Area 160:
DAP, O2, N2, CO2, NaCl, Water, Algae (AFDW) and Ash all follow the formula below
𝑘𝑔

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑁𝐻3 ( ℎ𝑟 ) = (𝐴520 – 𝐴610) 𝑁𝐻3
Area 170:
The following formula applies to Ammonia and DAP
𝑘𝑔

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑁𝐻3 ( ℎ𝑟 ) = 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑁𝐻3 𝑓𝑜𝑟 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑃𝑜𝑛𝑑𝑠 ÷ (1 − 𝐸𝑥𝑐𝑒𝑠𝑠 𝑁𝐻3 𝑡𝑜 𝑝𝑜𝑛𝑑𝑠) ×
𝑁𝐻3 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡
The following formula is applied to O2, N2, CO2, H2O, Salt, Algae and Ash.
𝑘𝑔

𝑂𝑥𝑦𝑔𝑒𝑛 𝑂2 ( ℎ𝑟 ) = 𝑆𝑈𝑀( 𝐴100 + 𝐴110 + 𝐴120 + 𝐴130 + 𝐴140 + 𝐴160 + 𝐴105) 𝑂2
Area 200:
𝑘𝑔

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑁𝐻3 ( ) = 𝐴120 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) ÷ 𝐴𝑙𝑔𝑎𝑒 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 × 𝑊𝑒𝑖𝑔ℎ𝑡 𝑁𝐻3 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 ×
ℎ𝑟
𝑁𝐻3 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 ÷ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑁𝐻3 𝑡𝑜 𝑝𝑜𝑛𝑑𝑠 − 𝐴205 𝑁𝐻3
Area 210:
𝑘𝑔

𝑆𝑎𝑙𝑡 𝑁𝑎𝑐𝑙 ( ℎ𝑟 ) = 𝐴210 𝐻2 𝑂 × 𝑆𝑎𝑙𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑚𝑎𝑘𝑒𝑢𝑝 𝑤𝑎𝑡𝑒𝑟
𝑘𝑔

𝑊𝑎𝑡𝑒𝑟 𝐻2 𝑂 ( ℎ𝑟 ) = 𝐴120 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) ÷
𝑂𝑢𝑡𝑙𝑒𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 3𝑟𝐷 𝑠𝑡𝑎𝑔𝑒 𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚 (𝑙𝑖𝑛𝑒𝑑 𝑜𝑝𝑒𝑛 𝑝𝑜𝑛𝑑𝑠) + 𝐴230 𝐻2 𝑂 + 𝐴205 𝐻2 𝑂 +
𝐴120 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) ÷ 𝐴𝑙𝑔𝑎𝑒 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 × 𝐻2 𝑂 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 × 𝐻2 𝑂 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
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Area 220:
𝑘𝑔

𝐶𝑎𝑟𝑏𝑜𝑛 𝐷𝑖𝑜𝑥𝑖𝑑𝑒 𝐶𝑂2 ( ℎ𝑟 ) = 𝐴120 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) ÷ 𝐴𝑙𝑔𝑎𝑒 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 ×
𝐶𝑂2 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 × 𝐶𝑂2 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 × 𝐿𝑖𝑛𝑒𝑑 𝑃𝑜𝑛𝑑 𝐴𝑟𝑒𝑎 ÷ 𝐴𝑙𝑔𝑎𝑒 𝐼𝑛𝑜𝑐𝑢𝑙𝑢𝑚 𝐴𝑟𝑒𝑎 ÷
𝐶𝑂2 𝑢𝑝𝑡𝑎𝑘𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑖𝑛 𝑝𝑜𝑛𝑑𝑠) + 𝐴𝑙𝑔𝑎𝑒 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 × 𝐶𝑂2 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 ×
𝐶𝑂2 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 × (𝐶𝑜𝑣𝑒𝑟𝑒𝑑 𝑃𝑜𝑛𝑑 𝐴𝑟𝑒𝑎 + 𝑃𝐵𝑅 𝐴𝑟𝑒𝑎) ÷ 𝐴𝑙𝑔𝑎𝑒 𝐼𝑛𝑜𝑐𝑢𝑙𝑢𝑚𝑛 𝐴𝑟𝑒𝑎 ÷
𝐶𝑂2 𝑢𝑝𝑡𝑎𝑘𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑖𝑛 𝑃𝐵𝑅𝑠
Area 230:
𝑘𝑔

𝑂𝑥𝑦𝑔𝑒𝑛 𝑂2 ( ℎ𝑟 ) = 𝐴120 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) ÷ 𝐴𝑙𝑔𝑎𝑒 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 × 𝑂2 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 ×
𝑂2 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡
𝑘𝑔

𝐶𝑎𝑟𝑏𝑜𝑛 𝐷𝑖𝑜𝑥𝑖𝑑𝑒 𝐶𝑂2 ( ℎ𝑟 ) = 𝐴220 𝐶𝑂2 − 𝐴120 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) ÷ 𝐴𝑙𝑔𝑎𝑒 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 ×
𝐶𝑂2 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 × 𝐶𝑂2 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡
𝑘𝑔

𝑊𝑎𝑡𝑒𝑟 𝐻2 𝑂 ( ℎ𝑟 ) = 𝑆𝑢𝑚𝑚𝑒𝑟 𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 × 𝐿𝑖𝑛𝑒𝑑 𝑃𝑜𝑛𝑑 𝐴𝑟𝑒𝑎
Area 300:
The following formula applies to both N2 and CO2
𝑘𝑔

𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑁2 ( ℎ𝑟 ) = (𝐴140 + 𝐴230)𝑁2
Area 500:
The following formula applies to NH3 and DAP.
𝑘𝑔
ℎ𝑟

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑁𝐻3 ( ) = A170 𝑁𝐻3 − Required 𝑁𝐻3 for Production Ponds × 𝑁𝐻3 Component
𝑘𝑔

𝑊𝑎𝑡𝑒𝑟 𝐻2 𝑂 ( ℎ𝑟 ) = (𝐴𝑙𝑔𝑎𝑒 𝑡𝑜 𝑆𝑒𝑡𝑡𝑙𝑒𝑟𝑠 − 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) − 𝐴𝑠ℎ)𝐴500
𝑘𝑔

𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) ( ℎ𝑟 ) = 𝑇𝑜𝑡𝑎𝑙 𝐴𝑙𝑔𝑎𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝑃𝑜𝑛𝑑𝑠 (𝐴𝐹𝐷𝑊) + 𝐴170 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊)
𝑘𝑔

𝐴𝑠ℎ ( ℎ𝑟 ) = 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) 𝐴500 ÷ 𝐴𝑠ℎ 𝐶𝑜𝑛𝑡𝑒𝑛𝑡% (𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡 𝐵𝑎𝑠𝑖𝑠) −
𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) 𝐴500
Area 500.A
𝑘𝑔

𝑆𝑎𝑙𝑡 𝑁𝑎𝑐𝑙 ( ℎ𝑟 ) = 𝐴500 𝑁𝑎𝑐𝑙 × 𝐴500𝐴 𝐻2 𝑂 ÷ 𝐴500 𝐻2 𝑂
The following formula applies for NH3, DAP, O2, N2, CO2, H2O, Algae (AFDW) and Ash:
𝑘𝑔

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑁𝐻3 ( ℎ𝑟 ) = (A500 – A520)𝑁𝐻3
𝑘𝑔

𝑆𝑎𝑙𝑡 𝑁𝑎𝑐𝑙 ( ℎ𝑟 ) = 𝑁𝑎𝑐𝑙 𝐴500 × 𝐻2 𝑂 𝐴500𝐴 ÷ 𝐻2 𝑂 𝐴500
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Area 510:
The following formula applies for NH3, DAP, O2, N2, CO2, H2O, Algae (AFDW) and Ash:
𝑘𝑔
ℎ𝑟

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑁𝐻3 ( ) = 𝐻2 𝑂 𝐴510 ÷ 𝐻2 𝑂 𝐴500. 𝐴 × 𝑁𝐻3 𝐴500. 𝐴
Area 520
The following formula applies for NH3, DAP, O2, N2, CO2,
𝑘𝑔

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑁𝐻3 ( ℎ𝑟 ) = 𝐻2 𝑂 𝐴520 ÷ 𝐴𝑙𝑔𝑎𝑒 𝑡𝑜 𝑆𝑒𝑡𝑡𝑙𝑒𝑟𝑠 𝐴500 × 𝑁𝐻3 𝐴500
𝑘𝑔

𝑆𝑎𝑙𝑡 𝑁𝑎𝑐𝑙 ( ℎ𝑟 ) = 𝐻2 𝑂 𝐴520 ÷ 𝐻2 𝑂 𝐴500 × 𝑁𝑎𝐶𝑙 𝐴500
𝑘𝑔

𝑊𝑎𝑡𝑒𝑟 𝐻2 𝑂 ( ℎ𝑟 ) = 𝐴𝑙𝑔𝑎𝑒 𝐴500 ÷ 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑑𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 𝑜𝑢𝑡𝑙𝑒𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 − 𝐴𝑙𝑔𝑎𝑒 𝐴500
𝑘𝑔

𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) ( ℎ𝑟 ) = 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊)𝐴500 × 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑑𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 𝑜𝑢𝑡𝑙𝑒𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝑘𝑔

𝐴𝑠ℎ ( ) = 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊)𝐴520 ÷ 𝐴𝑠ℎ 𝐶𝑜𝑛𝑡𝑒𝑛𝑡% (𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡 𝐵𝑎𝑠𝑖𝑠) −
ℎ𝑟
𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊)𝐴520
Area 600
The following formula applies for NH3 and NaCl:
𝑘𝑔
ℎ𝑟

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑁𝐻3 ( ) = 𝐻2 𝑂 𝐴600 ÷ 𝐻2 𝑂 𝐴520 × 𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑁𝐻3 𝐴520
𝑘𝑔
ℎ𝑟

𝐷𝐴𝑃, (𝑁𝐻4 )2 𝐻𝑃𝑂4 ( ) = 𝐷𝐴𝑃 𝐴520 × 𝐻2 𝑂 𝐴600 ÷ 𝐻2 𝑂 𝐴520
𝑘𝑔

𝑊𝑎𝑡𝑒𝑟 𝐻2 𝑂 ( ) = 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊)𝐴600 ÷ 𝑇𝑒𝑟𝑡𝑖𝑎𝑟𝑦 𝑑𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 𝑜𝑢𝑡𝑙𝑒𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 −
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Power Usage Calculations
𝑃𝑎𝑑𝑑𝑙𝑒𝑤ℎ𝑒𝑒𝑙 𝑀𝑖𝑥𝑖𝑛𝑔 𝑘𝑊 = 𝑃𝑎𝑑𝑑𝑙𝑒𝑤ℎ𝑒𝑒𝑙 𝑀𝑖𝑥𝑖𝑛𝑔 × 𝐹𝑎𝑐𝑖𝑙𝑖𝑡𝑦 𝑠𝑖𝑧𝑒 (𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑐𝑢𝑙𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎)
𝑃𝑢𝑚𝑝 𝑡𝑜 𝑆𝑒𝑡𝑡𝑙𝑒𝑟𝑠 𝑘𝑊 = 𝑇𝑜𝑡𝑎𝑙 𝐹𝑙𝑜𝑤 𝐴500 × 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ×
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐶ℎ𝑎𝑛𝑔𝑒 𝑓𝑟𝑜𝑚 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑃𝑜𝑛𝑑𝑠 𝑡𝑜 𝑆𝑒𝑡𝑡𝑙𝑒𝑟𝑠 × 𝐴𝑝𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
𝐶𝑙𝑎𝑟𝑖𝑓𝑖𝑒𝑑 𝑊𝑎𝑡𝑒𝑟 𝑃𝑢𝑚𝑝 𝑘𝑊 = ( 𝑇𝑜𝑡𝑎𝑙 𝐹𝑙𝑜𝑤 𝐴500. 𝐴 − 𝑇𝑜𝑡𝑎𝑙 𝐹𝑙𝑜𝑤 𝐴510) ×
𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 × 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐶ℎ𝑎𝑛𝑔𝑒 𝑓𝑟𝑜𝑚 𝑆𝑒𝑡𝑡𝑙𝑒𝑟𝑠 × 𝐴𝑝𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
𝐼𝑛𝑜𝑐𝑢𝑙𝑢𝑚 𝑃𝑜𝑤𝑒𝑟 𝑘𝑊 = 𝑃𝑎𝑑𝑑𝑙𝑒𝑤ℎ𝑒𝑒𝑙 𝑀𝑖𝑥𝑖𝑛𝑔 𝑓𝑜𝑟 𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚 × (𝐿𝑖𝑛𝑒𝑑 𝑃𝑜𝑛𝑑 𝐴𝑟𝑒𝑎 +
𝐶𝑜𝑣𝑒𝑟𝑒𝑑 𝑃𝑜𝑛𝑑 𝐴𝑟𝑒𝑎) + ( 𝑃𝐵𝑅 𝐴𝑟𝑒𝑎 × 𝑃𝐵𝑅 𝑀𝑖𝑥𝑖𝑛𝑔 𝑓𝑜𝑟 𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚)
𝐶ℎ𝑖𝑙𝑙𝑒𝑟 𝑈𝑡𝑖𝑙𝑖𝑡𝑦 𝑃𝑜𝑤𝑒𝑟 𝑘𝑊 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑀𝑒𝑎𝑛 𝑆𝑜𝑙𝑎𝑟 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 × (𝑃𝐵𝑅 𝐴𝑟𝑒𝑎 +
𝐶𝑜𝑣𝑒𝑟𝑒𝑑 𝑃𝑜𝑛𝑑 𝐴𝑟𝑒𝑎)
𝑃𝑢𝑚𝑝 𝑓𝑟𝑜𝑚 𝑆𝑒𝑡𝑡𝑙𝑒𝑟 𝑡𝑜 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒𝑠 𝑘𝑊 = 𝑇𝑜𝑡𝑎𝑙 𝐹𝑙𝑜𝑤 𝐴520 × 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ×
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐶ℎ𝑎𝑛𝑔𝑒 𝑓𝑟𝑜𝑚 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑃𝑜𝑛𝑑𝑠 𝑡𝑜 𝑆𝑒𝑡𝑡𝑙𝑒𝑟𝑠 × 𝐴𝑝𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑃𝑜𝑤𝑒𝑟 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝑘𝑊 = 𝑇𝑜𝑡𝑎𝑙 𝐹𝑙𝑜𝑤 𝐴520 × 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑃𝑜𝑤𝑒𝑟
𝑃𝑢𝑚𝑝 𝑓𝑟𝑜𝑚 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑡𝑜 𝐶𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒 𝑘𝑊 = (((𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) 𝐴520 ×
𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑑𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 ℎ𝑎𝑟𝑣𝑒𝑠𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ÷
𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑑𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 𝑜𝑢𝑡𝑙𝑒𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) − 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊) 𝐴520) ×
𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 × 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐶ℎ𝑎𝑛𝑔𝑒 𝑓𝑟𝑜𝑚 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑡𝑜 𝐶𝑒𝑛𝑡𝑟𝑖𝑔𝑢𝑔𝑒 ×
𝐴𝑝𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
𝐶𝑒𝑛𝑡𝑟𝑖𝑔𝑢𝑔𝑒 𝑃𝑜𝑤𝑒𝑟 𝑘𝑊 = 𝐴𝑙𝑔𝑎𝑒 (𝐴𝐹𝐷𝑊)𝐴520 × 𝐶𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒 𝑃𝑜𝑤𝑒𝑟 ×
𝑇𝑒𝑟𝑡𝑖𝑎𝑟𝑦 𝑑𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 ℎ𝑎𝑟𝑣𝑒𝑠𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ÷ 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑑𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 𝑜𝑢𝑡𝑙𝑒𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝑃𝑢𝑚𝑝 𝑅𝑒𝑡𝑢𝑟𝑛 𝑓𝑟𝑜𝑚 𝐶𝑒𝑛𝑡𝑟𝑎𝑙 𝐷𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 𝑘𝑊 = ((𝐴520 − 𝐴600)𝑇𝑜𝑡𝑎𝑙 𝐹𝑙𝑜𝑤 ÷
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟) × 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟 × 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ×
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐶ℎ𝑎𝑛𝑔𝑒 𝑓𝑟𝑜𝑚 𝐶𝑒𝑛𝑡𝑟𝑎𝑙 𝐷𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 𝑡𝑜 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑃𝑜𝑛𝑑𝑠 × 𝐴𝑝𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐼𝑚𝑚𝑒𝑟𝑠𝑖𝑜𝑛 𝑘𝑊 = 𝑇𝑜𝑡𝑎𝑙 𝐹𝑙𝑜𝑤 𝐴140 × (𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝐹𝑙𝑢𝑒 𝑔𝑎𝑠 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑡𝑎𝑛𝑘 −
𝐸𝑥𝑖𝑡𝑖𝑛𝑔 𝑡𝑜 𝑃𝑜𝑛𝑑𝑠) × 𝐴𝑝𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
𝑀𝑎𝑘𝑒𝑢𝑝 𝑊𝑎𝑡𝑒𝑟 𝑃𝑢𝑚𝑝 𝑘𝑊 = ((𝐴110 + 𝐴210 + 𝐴105 + 𝐴205)𝑇𝑜𝑡𝑎𝑙 𝐹𝑙𝑜𝑤) ×
𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 × 𝑂𝑢𝑡𝑝𝑢𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝐹𝑎𝑐𝑖𝑙𝑖𝑡𝑦 × 𝐴𝑝𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦) −
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𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑛𝑑𝑠 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑖𝑛𝑜𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ÷
𝑂𝑢𝑡𝑙𝑒𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 2𝑛𝑑 𝑠𝑡𝑎𝑔𝑒 𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚 (𝑐𝑙𝑜𝑠𝑒𝑑 𝑝𝑜𝑛𝑑𝑠)) ×
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑛𝑑𝑠 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑖𝑛𝑜𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ÷
𝑂𝑢𝑡𝑙𝑒𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 1𝑠𝑡 𝑠𝑡𝑎𝑔𝑒 𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚 (𝑡𝑢𝑏𝑢𝑙𝑎𝑟 𝑃𝐵𝑅)] ÷ 𝐴𝑙𝑔𝑎𝑒 𝑆𝑢𝑚𝑚𝑒𝑟 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦
Sheet 4: Discounted Cash-Flow Rate of Return
Fixed Capital investment in construction period
𝐹𝐶𝐼 𝑌𝑒𝑎𝑟 𝑜𝑓 𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐹𝐶𝐼 × 𝐸𝑞𝑢𝑖𝑡𝑦 × % 𝑠𝑝𝑒𝑛𝑡 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑜𝑓 𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛
𝐿𝑜𝑎𝑛 𝑃𝑎𝑦𝑚𝑒𝑛𝑡 = 𝐴𝑛𝑛𝑢𝑎𝑙 𝐿𝑜𝑎𝑛 𝑃𝑎𝑦𝑚𝑒𝑛𝑡 𝑖𝑓 𝑡ℎ𝑒 𝑙𝑜𝑎𝑛 𝑡𝑒𝑟𝑚 > 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑌𝑒𝑎𝑟, 𝐼𝑓 𝑛𝑜𝑡 = 0
𝐿𝑜𝑎𝑛 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑃𝑎𝑦𝑚𝑒𝑛𝑡 = 𝐿𝑜𝑎𝑛 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡 × 𝐿𝑜𝑎𝑛 𝑃𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙
𝐿𝑜𝑎𝑛 𝑃𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙 = 𝐹𝐶𝐼 × (1 − 𝐸𝑞𝑢𝑖𝑡𝑦%) × % 𝑜𝑓 𝐹𝐶𝐼 𝑠𝑝𝑒𝑛𝑡 𝑖𝑛 𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑌𝑒𝑎𝑟 +
𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑌𝑒𝑎𝑟𝑠 𝐿𝑜𝑎𝑛 𝑃𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙
𝐴𝑙𝑔𝑎𝑙 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑆𝑎𝑙𝑒𝑠 = 𝐴𝑙𝑔𝑎𝑒 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 × 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑆𝑒𝑙𝑙𝑖𝑛𝑔 𝑃𝑟𝑖𝑐𝑒 × (1 −
𝑆𝑡𝑎𝑟𝑡𝑢𝑝 𝑡𝑖𝑚𝑒) + (𝐴𝑙𝑔𝑎𝑒 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 × 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑆𝑒𝑙𝑙𝑖𝑛𝑔 𝑃𝑟𝑖𝑐𝑒) × 𝑆𝑡𝑎𝑟𝑡𝑢𝑝 𝑡𝑖𝑚𝑒 ×
𝐴𝑙𝑔𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝐵𝑦 − 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐶𝑟𝑒𝑑𝑖𝑡 = $ 𝐸𝑎𝑟𝑛𝑡 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 × (1 − 𝑆𝑡𝑎𝑟𝑡 𝑢𝑝 𝑇𝑖𝑚𝑒) + $ 𝐸𝑎𝑟𝑛𝑡 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 ×
𝑆𝑡𝑎𝑟𝑡 𝑢𝑝 𝑡𝑖𝑚𝑒 × 𝐴𝑙𝑔𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑇𝑜𝑡𝑎𝑙 𝐴𝑛𝑛𝑢𝑎𝑙 𝑆𝑎𝑙𝑒𝑠 = 𝐴𝑙𝑔𝑎𝑙 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑆𝑎𝑙𝑒𝑠 + 𝐵𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝐶𝑟𝑒𝑑𝑖𝑡
𝐶𝑂2 𝐶𝑜𝑠𝑡 = 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐶𝑜𝑠𝑡 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 × (1 − 𝑆𝑡𝑎𝑟𝑡𝑢𝑝 𝑇𝑖𝑚𝑒 (𝑌𝑒𝑎𝑟𝑠)) +
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐶𝑜𝑠𝑡 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 × 𝑆𝑡𝑎𝑟𝑡𝑢𝑝 𝑇𝑖𝑚𝑒 (𝑌𝑒𝑎𝑟𝑠) × 𝐴𝑙𝑔𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛/
𝐷𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 (% 𝑜𝑓 𝑁𝑜𝑟𝑚𝑎𝑙)
𝑂𝑡ℎ𝑒𝑟 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝐶𝑜𝑠𝑡𝑠 = (𝑇𝑜𝑡𝑎𝑙 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡𝑠 − 𝐶𝑂2 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡𝑠) × (1 −
𝐴𝑙𝑔𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛/𝐷𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 (% 𝑜𝑓 𝑁𝑜𝑟𝑚𝑎𝑙)) + (𝑇𝑜𝑡𝑎𝑙 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡𝑠 −
𝐶𝑂2 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡𝑠) × 𝑆𝑡𝑎𝑟𝑡𝑢𝑝 𝑇𝑖𝑚𝑒 (𝑌𝑒𝑎𝑟𝑠) × 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝐶𝑜𝑠𝑡𝑠 (% 𝑜𝑓 𝑁𝑜𝑟𝑚𝑎𝑙)
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𝐹𝑖𝑥𝑒𝑑 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡𝑠 = 𝑇𝑜𝑡𝑎𝑙 𝐹𝑖𝑥𝑒𝑑 𝑂𝑝𝑒𝑟𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 × (1 −
𝑆𝑡𝑎𝑟𝑡𝑢𝑝 𝑇𝑖𝑚𝑒 (𝑌𝑒𝑎𝑟𝑠)) + 𝑇𝑜𝑡𝑎𝑙 𝐹𝑖𝑥𝑒𝑑 𝑂𝑝𝑒𝑟𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 × 𝑆𝑡𝑎𝑟𝑡𝑢𝑝 𝑇𝑖𝑚𝑒 (𝑌𝑒𝑎𝑟𝑠) ×
𝐴𝑙𝑔𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛/𝐷𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 (% 𝑜𝑓 𝑁𝑜𝑟𝑚𝑎𝑙)
𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐶𝑜𝑠𝑡 = 𝐶𝑂2 𝐶𝑜𝑠𝑡 + 𝑂𝑡ℎ𝑒𝑟 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝐶𝑜𝑠𝑡𝑠 + 𝐹𝑖𝑥𝑒𝑑 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡𝑠
𝐺𝑒𝑛𝑒𝑟𝑎𝑙 𝑃𝑙𝑎𝑛𝑡 𝑊𝑟𝑖𝑡𝑒 𝐷𝑜𝑤𝑛 % = 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝐶ℎ𝑎𝑟𝑔𝑒 ÷ 𝐹𝐶𝐼
𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝐶ℎ𝑎𝑟𝑔𝑒 = 𝐷𝐷𝐵(𝐶𝑜𝑠𝑡, 𝑆𝑎𝑙𝑣𝑎𝑔𝑒, 𝑙𝑖𝑓𝑒, 𝑝𝑒𝑟𝑖𝑜𝑑, [𝑓𝑎𝑐𝑡𝑜𝑟])
𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑉𝑎𝑙𝑢𝑒 = 𝐹𝐶𝐼 − 𝑆𝑎𝑙𝑣𝑎𝑔𝑒 − 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝐶ℎ𝑎𝑟𝑔𝑒
𝑁𝑒𝑡 𝑉𝑎𝑙𝑢𝑒 = 𝐿𝑜𝑎𝑛 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑃𝑎𝑦𝑚𝑒𝑛𝑡 − 𝑇𝑜𝑡𝑎𝑙 𝐴𝑛𝑛𝑢𝑎𝑙 𝑆𝑎𝑙𝑒𝑠 − 𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐶𝑜𝑠𝑡
− 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝐶ℎ𝑎𝑟𝑔𝑒
𝐿𝑜𝑠𝑠𝑒𝑠 𝐹𝑜𝑟𝑤𝑎𝑟𝑑 = 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑦𝑒𝑎𝑟𝑠 𝑡𝑎𝑥𝑎𝑏𝑙𝑒 𝑖𝑛𝑐𝑜𝑚𝑒 𝑖𝑓 𝑖𝑛 𝑑𝑒𝑏𝑡, 𝑖𝑓 𝑛𝑜𝑡 𝑛𝑜 𝑙𝑜𝑠𝑠𝑒𝑠.
𝑇𝑎𝑥𝑎𝑏𝑙𝑒 𝐼𝑛𝑐𝑜𝑚𝑒 = 𝑁𝑒𝑡 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 + 𝐿𝑜𝑠𝑠𝑒𝑠 𝐹𝑜𝑟𝑤𝑎𝑟𝑑
𝐼𝑛𝑐𝑜𝑚𝑒 𝑡𝑎𝑥 = 0 𝑖𝑓 (𝑇𝑎𝑥𝑎𝑏𝑙𝑒 𝑖𝑛𝑐𝑜𝑚𝑒 × 𝐼𝑛𝑐𝑜𝑚𝑒 𝑇𝑎𝑥 𝑟𝑎𝑐𝑡𝑒) < 0, 𝑖𝑓 𝑛𝑜𝑡;
= (𝑇𝑎𝑥𝑎𝑏𝑙𝑒 𝑖𝑛𝑐𝑜𝑚𝑒 × 𝐼𝑛𝑐𝑜𝑚𝑒 𝑇𝑎𝑥 𝑟𝑎𝑐𝑡𝑒)
𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑎𝑠ℎ 𝐼𝑛𝑐𝑜𝑚𝑒
= 𝐿𝑜𝑎𝑛 𝑃𝑎𝑦𝑚𝑒𝑛𝑡 − 𝑇𝑜𝑡𝑎𝑙 𝐴𝑛𝑛𝑢𝑎𝑙 𝑆𝑎𝑙𝑒𝑠 − 𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐶𝑜𝑠𝑡 − 𝐼𝑛𝑐𝑜𝑚𝑒 𝑇𝑎𝑥
𝑃𝑒𝑟𝑖𝑜𝑑 𝑜𝑓 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 = 1/(1 + 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑅𝑎𝑡𝑒 (𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑅𝑒𝑡𝑢𝑟𝑛 [𝐼𝑅𝑅]))

𝐴𝑛𝑛𝑢𝑎𝑙 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒 = 𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑎𝑠ℎ 𝐼𝑛𝑐𝑜𝑚𝑒 × 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟
𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛 + 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡
= 𝐹𝑖𝑥𝑒𝑑 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 + 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 + 𝐿𝑜𝑎𝑛 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑃𝑎𝑦𝑚𝑒𝑛𝑡
+ 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟
𝑁𝑒𝑡 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑊𝑜𝑟𝑡ℎ = 𝑇𝑜𝑡𝑎𝑙 𝐴𝑛𝑛𝑢𝑎𝑙 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒 − 𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 + 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡
𝑁𝑃𝑉 𝑜𝑓 𝐼𝑛𝑐𝑜𝑚𝑒 𝑇𝑎𝑥 = 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 × 𝐼𝑛𝑐𝑜𝑚𝑒 𝑇𝑎𝑥
𝑁𝑃𝑉 𝑜𝑓 𝐴𝑙𝑔𝑎𝑙 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝐼𝑛𝑐𝑜𝑚𝑒 = 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 × 𝐴𝑙𝑔𝑎𝑙 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑆𝑎𝑙𝑒𝑠
Sheet 5: Capital Costs
𝑁𝑒𝑤 𝐶𝑜𝑠𝑡 = 𝐵𝑎𝑠𝑒 𝐶𝑜𝑠𝑡 × (𝑁𝑒𝑤 𝑆𝑖𝑧𝑒 ÷ 𝐵𝑎𝑠𝑒 𝑆𝑖𝑧𝑒)𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡
Sheet 6: Facility Size Calculation
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑅𝑜𝑤𝑠 = 𝑀𝑜𝑑𝑢𝑙𝑒 𝑠𝑖𝑧𝑒 ÷ 𝑃𝑜𝑛𝑑 𝑆𝑖𝑧𝑒 ÷ #𝐶𝑜𝑙𝑢𝑚𝑛𝑠
𝐴 (𝑚) = #𝑅𝑜𝑤𝑠 × 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝐵 𝑓𝑜𝑟 2ℎ𝑎 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒
+ (#𝑅𝑜𝑤𝑠 ÷ 2) × 𝑆𝑝𝑎𝑐𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑜𝑛𝑑𝑠
+ 𝑆𝑝𝑎𝑐𝑒 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑜𝑛 𝑝𝑎𝑟𝑖𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑝𝑜𝑛𝑑𝑠
𝐵 (𝑚) = 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝐵 𝑓𝑜𝑟 2ℎ𝑎 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 × #𝐶𝑜𝑙𝑢𝑚𝑛𝑠 + 𝑆𝑝𝑎𝑐𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝐶𝑜𝑙𝑢𝑚𝑛𝑠 ×
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑙𝑢𝑚𝑛𝑠 𝑎𝑏𝑜𝑣𝑒 1
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𝐶(𝑚) = 𝐴 × #𝐶𝑜𝑙𝑢𝑚𝑛𝑠 + (#𝐶𝑜𝑙𝑢𝑚𝑛𝑠 + 1) × 𝑆𝑝𝑐𝑎𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑆𝑒𝑡𝑡𝑙𝑒𝑟𝑠
+ 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑠𝑒𝑡𝑡𝑙𝑒𝑟 × #𝐶𝑜𝑙𝑢𝑚𝑛𝑠
𝐷(𝑚) = 𝐵 × #𝑅𝑜𝑤𝑠 + 𝑆𝑝𝑎𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑚𝑜𝑑𝑢𝑙𝑒𝑠 × #𝑅𝑜𝑤𝑠 − 𝑆𝑝𝑎𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑙𝑎𝑠𝑡 𝑟𝑜𝑤
𝐷 − 𝐿𝑎𝑠𝑡 𝑅𝑜𝑤 (𝑚)
= 𝐵 × (#𝑅𝑜𝑤𝑠 − 1) + 𝑆𝑝𝑎𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑀𝑜𝑑𝑢𝑙𝑒𝑠 × (#𝑅𝑜𝑤𝑠 − 2)
+ 𝑆𝑝𝑎𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑙𝑎𝑠𝑡 𝑟𝑜𝑤
𝐴𝑟𝑒𝑎 𝑜𝑓 𝐿𝑎𝑠𝑡 𝑅𝑜𝑤 (ℎ𝑎)
= 𝐶𝑢𝑙𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝐴𝑟𝑒𝑎 − (#𝐶𝑜𝑙𝑢𝑚𝑛𝑠 × (#𝑅𝑜𝑤𝑠 − 1))
∗ (𝐵 + 𝑃𝑎𝑟𝑎𝑖𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑝𝑜𝑛𝑑𝑠 𝑜𝑟 𝐼𝑛𝑓𝑟𝑎𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 ) × 𝐴 ÷ #𝐶𝑜𝑙𝑢𝑚𝑛𝑠
𝐹𝑎𝑐𝑖𝑙𝑖𝑡𝑦 𝐴𝑟𝑒𝑎 (ℎ𝑎) = 𝐶 × (𝐷 − 𝐿𝑎𝑠𝑡 𝑅𝑜𝑤) ÷ 𝐿𝑎𝑠𝑡 𝑅𝑜𝑤
#𝑀𝑜𝑑𝑢𝑙𝑒𝑠 = 𝐶𝑢𝑙𝑡𝑣𝑎𝑡𝑖𝑜𝑛 𝐴𝑟𝑒𝑎 ÷ 𝑀𝑜𝑑𝑢𝑙𝑒 𝑆𝑖𝑧𝑒
#𝑅𝑜𝑤𝑠 = #𝑀𝑜𝑑𝑢𝑙𝑒𝑠 ÷ #𝐶𝑜𝑙𝑢𝑚𝑛𝑠
#𝐶𝑜𝑙𝑢𝑚𝑛𝑠 = √#𝑀𝑜𝑑𝑢𝑙𝑒𝑠
𝐴𝑟𝑒𝑎 𝑓𝑜𝑟 𝐷𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 (ℎ𝑎) = (𝐵 + 𝐴𝑟𝑒𝑎 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑅𝑜𝑤𝑠) × 𝐶 −× (𝐵 + 𝐴𝑟𝑒𝑎 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑅𝑜𝑤𝑠) × 𝐴
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 86 𝑐𝑚 𝐼𝐷
= 𝐴 + 𝐵 + 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑟𝑜𝑤𝑠 + 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝐶𝑜𝑙𝑢𝑚𝑛𝑠
+ 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑆𝑒𝑡𝑡𝑙𝑒𝑟 + 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑒𝑡𝑡𝑙𝑒𝑟𝑠
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 66 𝑐𝑚 𝐼𝐷
= 𝐴 × (#𝐶𝑜𝑙𝑢𝑚𝑛𝑠 − 3) ÷ 2 + (#𝐶𝑜𝑙𝑢𝑚𝑛𝑠 − 3) × (𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑆𝑒𝑡𝑡𝑙𝑒𝑟
+ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝐶𝑜𝑙𝑢𝑚𝑛𝑠)
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 50 𝑐𝑚 𝐼𝐷
= 𝐴 × (#𝐶𝑜𝑙𝑢𝑚𝑛𝑠 − 3) ÷ 2 + (#𝐶𝑜𝑙𝑢𝑚𝑛𝑠 − 3) × (𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑆𝑒𝑡𝑡𝑙𝑒𝑟 × 3)
+ (𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝐶𝑜𝑙𝑢𝑚𝑛𝑠 × 3)
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 40, 35, 30 𝑐𝑚 𝐼𝐷
= (#𝐶𝑜𝑙𝑢𝑚𝑛𝑠 ÷ 2) × ((#𝑅𝑜𝑤𝑠 − 2) ÷ 3) × (𝐵 + 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑟𝑜𝑤𝑠)
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑃𝑖𝑝𝑒𝑙𝑖𝑛𝑒𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑀𝑜𝑑𝑢𝑙𝑒 (𝑚) = 𝐴 × 𝑀𝑜𝑑𝑢𝑙𝑒 𝑠𝑖𝑧𝑒 + 𝐵 × 𝑀𝑜𝑑𝑢𝑙𝑒 𝑆𝑖𝑧𝑒
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Appendix 4 – Excel MCA
Appendix 5 – Site visit photos
Main Site
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Case 5 Site
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