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1 Executive Summary

Thi deliverable sets out the Economiissessment ahe D-Factory biorefinery. Theeport sets out to
define the approach taken in the Economic Assessment, to define the revenue and expenditiek
usedandto review the results shown for six defined seeio designs. The detailed definition of the
scenariosthe rationalof their design and the technologies utilised are all dealt with in other parts of
this report.

The DFactoryseeks to set oua sustainable algal biorefinery as an alternative to con@€p into high
addedvalue products. The economic assessment has been performed on six scenario designs based
upon data available anelstimates made. The high value target products of tHeabtory are still to be
produced in commercially viable quamgs as elements of the production process are still being
developed. Once this is achieved the full market potential of the target products will be determined.

The economic assessment methodology incorporates the UNEP/SETAC guidelines for life aygle costi
and the assessment is not location specific. The date been obtained from EFactory partners and

have been informed by the operating results of the pilot plant at Monzon, Spain, laboratory scale
experiments and the expert knowledge of the partnesslimitation of tresedata is that nomaterial

and energy consumption d¢ifie solvent extraction process&gs available from partners or literature.

The capital gpenditure consists of investment in fixed assets and working capitdhe capital
expendiure for the algae LINR R dzO (i A 2 fgrmQilzglukies the2 dedstridiction of racewas and
inoculation systemstogether with harvesting andbiomassdrying equipment The Down Stream
Processes (DSP include heptane/ethanol extraction, high performance counteurrent
chromatography (HPCCC) units and high performance liquid chromatography (HPLClhenDxsP
infrastructure cost estimates have been determined based upon a scaled up laboratory design and
operation Working capital includes debtor, creditor aralv material costs.

Operating expenditure consists of direct or variable production costs, fixed production costs and
general expenses Direct production costsare the cost ofinputs, which increase in usage as
production increasesFixed production costare costs not directly required to produce the production
output but are required in order for production to take place. General expenses include
administration and general expenses.

Market research has identified that there are several potergialductsthat might be targeted by the
D-Factory biorefinery usingDunaliella salinaalgae includinga range of lipophilic antioxidant
carotenoids and watersoluble enzymes. It has not been possible to demonstratbe solvent
extraction ofall these target poducts at commercial scale and consequentially an estinshtthe
composition ofthe Dunaliella salinalgal powdershas been used to determine the product output of

the DFactory. Once commercial quantities are available the market demand and marketcaale
ascertained. Product prices have consequently been derived using the laboratory scale pricing for
these products and using lutein, which is commercially available, as a benchmark product.

The economic performance of the plant is based upon theemee generated through product sales
and the cost of producing these products. The economic performance indicatorsauséue Net
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Present Vale, the Internal Rate of Return, the Breakeven Revenue and the product contribution
margin.

The economic assasent has been conducted for 6 design scenariasen&rios 1 to 4 are full design
scenarios incorporating complete solvent extraction of #hgalbiomass into the identified constituent
products. Scenario 5 is a design scenario in wiieHractionationof an extrat prepared using scGO

does not include HPL&eparation and purification stepsut does include HPCCC separation and
purification Scenario 6 is a design scenario in which there is no solvent extragian fromuse of
supercritical C®(scCQ). In scenarios 5 and 6 the-carotene extractis not fully refined into its
constituent products andan extract productis sold. Sensitivities have been run based upon
GO2YASNWIRIKEEHAYAZAGA0¢E LINPRAZOGAGAGE SadAYlFiSao

The capital expenditure estimates for the full process désig2 ¥ a OSy I NA2a wm 42 n
epo YAffAZ2YyO® ¢KS fFNBSadG aArAy3atsS StSyYSyd 2F (KA
requirement of the HPLGarotere separationsteps2 ¥ end YAt f A2y @ { OSY I NA 23
to assess the impact of excluding this expenditure.

The product revenue in thé 2 LJ0 A designiséesgios 1 toMt YIS 06 S (i geSiSyd 1e 0OAdpf
per annum ands anticipatedto predominantly arisérom all-transi -carotene(approx.50%) andd-cis

i -caratene (approx.38%)revenue The product revenue it 2 LJG A Yckn@rio Biskéo o dc YA T £ A 2
annum ands anticipated to predominantly arideom all-transi -carotene(approx. 63%) and th@-cis

& h - carotene extrac{approx. 33%) 99% of theproduct revenuein scenario 6is estimated to come

from the supercritical C® - carotene extract.

Upstream pnd - K+ N@SadGAy3 LINPRAZOGA2Y-c0PATGKXANE ¥IAF &S HD g
scenarios apart from scenariq Where theyNJ y 3 S 06 S (- 6  @ifion @er gnaum this latter

costis due toharvesting without a membrane pigoncentration step, which increases costs because
culture medium is not as easilyecycled and consequently higher volumes lwfne, water and
magnesiumneed to be purchased &ch year and culture medium needs to be treated before
discharge Downstream 8 f @Sy i SEGNI OGA2y O2zapDoNINVYKISABFI 65 S
thed 2 LIWAYA&AGAOE AO0OSYFINA2a m (2 pd ¢KS&asS O2feia I N
Heptane/Ethanokeparation and recycle step after solvent extraction of algal bioraadsthe power

costs of running the HPldarotere separation step. No solvent extraction is performed in scenario 6

apart from the use of scGO

b2yS 2F WKIADCZYy HZDOEY I NA2a 3ISYSNIGS || LINR2FAGOD
apart from scenario gprocessing up to and including sc@ly)d ¢CKS LINPFAGEFEOAT AGER
A0SYyIFNAR2a Ay O2YLI NRAaz2y (2 thefad thahtle2gyodtls pidductivity @S ¢
2F GKS a2 LA ksiinatedns 83% QighgthaNA R 1aG 2 F (1 K S scén@ridsy a S NIJ
20K a2LI0AYAAGA0e a0OSYIFNR2 H FYR p KIFI@S GKS KASZ
the higher profitmargin of 27%. This arises as under scenario 5 the level of capital expenditure is
significantly lower due to thelPLC solversieparation stepbeing excluded

An IRRs calculated forthe profitable scenarioshowever, all but one of these scenariashevesan
IRR ofessthan the benchmark return of 25%. In order to achieve this benchmark return there would
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need to be an improvement in the realisations made under these scenarios. Improved realisations
could be obtained by achieving higher sales prifesthe production sold. The price increases
required to achieg the benchmark return of 25% are between 7% and 25%.

¢CKS Lww 2F GKS a2LJiA YA A& irthardhe BecBryatk Mdurd ang refleéis thie A 3y A
return that could be achievedif the plant production could be optimizednd the HPLCarotere
separation step are not performed asbased upon current estimatethey donot add value to the

process.

The conclusions reached from the economic assessment are as follows;

1 The best estimge of the DFactory partners anticipates that through optimisation the
productivity of the BDFactory plant could be improved by 83%.

1 The scenario assessment shows that the recycling of the cultivation medium and the use of
pre-concentration membranegsenario 2) can give rise to a 12% increase in profit margin in
comparison to scenario 1 where this is not in place

1 The use of the Westfalia centrifuge (scenario 2) is more profitalzle the use of the Evodos
centrifuge (scenario 3) although higher lé&syefbiomass materiatecovery are achieved by the
Evodos centrifugeoupled with lower cultivation medium treatmebstsand therefore scope
would appear to exist to improve the profitability of this scenario.

1 The recovery of glycerol as a-psoduct (scenario 4)can give rise to a marginal0.4%
improvement in profit margirover scenario 3 when there is no recovery.

1 Scenario 5 demonstrates that significant returns could be achieved witrséiparationof
target carotenoids and the optimisation of tliFactory production.

1 The HPLC solvent processsigp provides no added value to the production ot andh-
carotene based upon the price estimates anticipated. Further research is required to
determine a commercially viable extraction process to isolatés®- andh -carotene.

2 Background

The objective of the Bactory is to set a world benchmark for a suséble algal biorefinery as an
alternativetechnologybased approacto convert CQinto high addeevalue products. The-Bactory

is based upon the cultivation and processing of the algapaliella salindo manufacture a range of
potential products wih multiple markets. Dunaliella salinas currently cultivated to produca i -
caroteneenriched powder The DBFactory objective is to demonstrate that through the further
processing of the -caroteneenriched powder,individual carotenoidsand their isomers can be
isolatedand that it can be demonstrated that there is the potetfor ahigh value market for these
products.

This report sets out the economic assessment of BHEactoryas part of an integrated sustainability
assessmentThs is usedto assess the economic impact ©kalternative production design scenarios
basel upon the anticipated product mix achievable from these production designs

The economic assessment is dependent on the extent to which it has been possible to collate data
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from the operation of processes and thestimates of the BFactory partnersThe products to be
manufactured by the Bractory are still to be produced in commercially viable quantities and
consequently the market potential of these products is still to be determined with certainty. IFEU have
collated the available datawhich has beenused as the basis for the sustainability assessment
(summary available in IFEU 2017)

An economic assessment typically aims to answer a number of interrelated questions. These usually
are;

What is the economic performance of the project?

What contributions do single cost items have on theject costs?
What are the total costs of the main process steps?

Whatis the economic performance specific producs?

rowhPE

The first two questions can be addressed by identifying inputs and outputs of the project and
determining the individual cost elements of the project. The third and fourth questions, however,
require the allocation of mass and energy flows, revenue and costs to single process steps and
products. hiesedata have not been available for the economic assenent and therefore ftocuses on

the assessment of each biorefinery scheme as a whole.

3 Methodological Approach

The DFactory integrated sustainability assessment is based gpammon goal, scope, definitions and
settings for tke technological, environmal, economicand socialassessmentgincluding the SWOT
analysis on strengths, weaknesses, opportunities and thredts@seare aprerequisite to ensure a
comprehensive and coherent gamability assessment antb determine the assessment results.
The® are described in chapter 3.1.pg&cific definitions and settings that are only relevant the
economic assessment are set out in chapter 3.2

3.1 Common definitions and settings

The analysis of the life cycles withiAFAactory follows the ILCSA methodolo#elfer et al. 2015]. It is

based on international standards such as [ISO 2006a; b], the International Reference Life Cycle Data
System (ILCD) guidelines [JBS 2012], the SETAC code of practice for life cycle costing [Swarr et al.
2011] and the UNEP / BEC guidelines for social life cycle assessmendrgdvs et al. 2009]. The
common definitions and settingsvhich apply to all parts of the intagted sustainabilityassessment,

are set out in Deliverable 7.3

3.2 Specificdefinitions and settings for Economiissessment

The economic assessment methodologgorporatesthe UNEP/SETAC guidelines for life cycle costing
(LCC).The life cycle costing assessment calculates the total cost of the products generated throughout
their life cycle incorporating design, talation, operation, maintenance and disposal.

The objective is to assefise economic impact of each of the design scenarios at a generic level not
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associated with a certain geographic location. As with any agricultural project, however, production
yields will vary based upon where the project is located in this argte due to the intensity and
duration of light available to grow the algatemperature and other factors including presence of
predators

3.2.1 Data Sources

Theeconomic assessment sets out determine the economic performance of the design scenarios
assuming mature technologies have been developethis evaluation has been based upon the
identified input and outputs for each of the processes defined in the design scenarios and the capital
requirements for each of these procességhe data estimationsisedinclude estimates of capital
investment required, revenue potential and operating costs from which profitability and economic
indicators have been derivedlhesedata have been obtained fronD-Factory partners and have been
informed by the operating results of the pilot plant at Monzon, Sp&boratory scale experiments

and the experknowledgeof the partners This has been supplemented litgrature data searches

An important limitationof thesedataare that no material and energy consumption of processing steps
after the supercritical C£extraction of dry algae biomas&. use of solvents to separate carotenoids,
lipids and chlorophyll using High Performance CounterCurrent Chronagiogi(HPCC®@)as available

from partners or literature. The economic assessment has consequently been compromised by the
lack of thesedata.

The process inputs and capital requiremehé&e beercostedbased uporEurostatdata forEU 28 for

the period 208-16 where availablePrices are derived using Eurostat EU28 production value and
guantities. The revenue generated by each scenario is derived from the output of the processes using
assessed prices. The prices used have been assessed through markethrese equivalent or
substitute products after consideration of product purity.

As previously outlined the-Bactoryprocessegonsists of two distinct operations as follows;

1. ThedAlgae Farrg, consisting of cultivation, harvesting and stabilization, rpocating pond
racewaysandinoculatorsystems, pipeworkharvesting and drying equipment.
2. Fractionation and Formulatiom downstream processing (DSgnsisting of Supercritical

CQ Extraction incorporating extraction equipmeiind solvent fractionatiorincorporating
heptane/ethanol extraction,and use ofHPCCGnd HPLGseparation and purification
processes

4 Outline of the DFactory Capital Expenditure Model

The investment required to establish a project consists of expenditure on fixed assets orajprd c
investment (FCI) and expenditure on working capital or working capital investment (WCI).

According to Sinnott 1999 (p. 243), the FCI is the total cost of the plant ready feugtdttincludes
the cost of:
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Design, and other engineering and comstion supervision,

All items of equipment and their installation,

All piping, instrumentation and control systems,

Buildings and structures,

Auxiliary facilities, such as utilities, land and civil engineering work.

AN A

The FCI idepreciated over the life dhe project and the net book value is recovered at the end of the
project life. The FCI includes the complete construction cost of the plant with all its processing and
handling equipment as well as its ground preparation and-paatess structures and egpment.

The land on which the plant is built is part of tR€] however, it $ not included in the factoryFCl
costs as the economic assessment requires to be location neatv@lthe cost ofland will vary
between locations. The DFactory can be estéibhed on marginal land which has no or limited
agricultural value.

The FCI for the Algae Farm incorporates the complete construction cost of the racewiapauidtion
systems dgether with pumps and pipeworkhe harvesting and drying equipment as vaalits ground
preparation and nofprocess structures.

The Down StreamProcesses(DSP)FCI incorporateganks, cooling units, decanter centrifuges,
membranes, evaporators and distillation columns for the heptane/ethanol extractiba high
performance cantercurrent chromatography (HPCCC) units ahe high performance liquid
chromatography (HPLC) unit$he supercritical C® extraction plant of the DSPwould involve
significant investmenin a highpressure unit together with building infrastructure cestThe capacity
requirements of the BFactory are small in comparison to the minimum sizeswth aplant and
consequently he supercritical C&extractionis purchased by the {Bactory as a service

The DFactory design scenarios are at a preliminaagst FCIl estimates have been made based upon
the infrastructure design inputs. It is assumed that th&datory operations will optimize the pilot
plant operation and thaaipart fromuse ofscCQ, DSRusing chemical petroleum solvertan be scaled

to commercial operation. Tlee latterDSP infrastructure cost estimates have been determined based
upon a scaled up laboratory design and operation.

WCI is the additional investment needed, over and above the fixed capital to start the plant and
operate it tothe point when income is earned. The net costs include;

Stocks of raw materials including chemical inputs
Finished product inventories

Funds to cover outstanding amounts due from debtors.
Less funds due to creditors for outstanding payments.

o PE

WCI have beeralculated assuming debtors pay on a 30 day credit on the sales revenue and that
creditors are paid on a 30 day credit on the raw material costs. It is assumed that finished products
are manufactured to order and that there is no finished goods stotks dssumed that 30 days raw
material chemical stocks are maintained. The WCI calculated represent betw#érofithe FCI costs

and is comparable withiorefinerystudies. Humbird et al. 2011 chose an estimate of 5% of the FCI for
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their lignocellulosibiomass to ethanol production plant (Humbird et al. 2011, p. 68).

5 Outline of the DFactory Operating Expenditure Model

Operating expenditure consists of direct or variable production costs, fixed production costs and
general expenses.

Direct productioncostsare the cost oinputs which increase in usage as production increases. These
costs include the costs of raw materials, utilities, repairs and maintenaaberatory chargesand
operating labour costs. Not all such costs increase in proportion thi2 increase in production
volume.

Fixed production costs are costs which are not directly required to produce the production output but
which are required in order for production to take place. These costs do not vary with production
volume or do so diy on a marginal basis.

General expenses include administration and general expenses. These costs include sales and
distribution costs, research and development and administration labour costs associated with all none
production departments.

5.1 Direct production costs

Direct production costs for the-Bactory include the following

5.1.1 Raw materials

These are the inputs to the biorefinelydzLJa G4 NB I Y Q LIN@uKkv&tiarsaBdzharvestigyandl 3 |
0 A2 NBTFAYS NEextti&iendprocessdslised @ produtiee plant products. The biorefinery
culture predominantly consists of the brine and water medium in whichDhealiella salindiomass

is cultured with the addition of chemicahutrient inputs including carbon dioxide, nitrogen,
phosphates and magnesiunthe harvesting of th®unaliella salinaequires the use othitosan and
hydrochloric acidas flocculation agentand sodium hydroxide as occasional preservative. Sodium
hydroxide is also used for CIP (Clean in Place) along with nitric Td@dSPsteps using chemical
petroleum solventsrequire the use of solvents to isolate the product outpatsd ionic liquid to
separate and recycle solvents

The requirements for these inputs have been determineddach ofthe design scenarios and these
have beenpriced based onEurostataverage 20142016 ELRS8 data for the inputs where available.
Where not availablgprices have been determined through market reseaarthD-Factory partner
estimates

5.1.2 Utilities

Utilities costs are the energy costs used within produtt These include thelectricity power
associated with running the production equipment and thatural gas used to hedhe production
processes.The requirements for these inputs have been determinedefach ofthe design scenarios
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The energy requement inkilowatt hours (kWh)s pricedusing Eurostat EU28 average 2dBlprice
per kWhof electricity and natural gas

5.1.3 Operating Labour

Operating labour includes the production management, plant operators, and maintenance staff. The
staff requiremens are based on the staff utilisation at the Monzon ptattivation plant taking into
account shift working and scaled up to the proposed plant capacity.

This number is then multiplied by the number of hours worked by these operators in a year. Typically,
one operator works 49 weeks in a year, 5 days a week and 8 hours a day, resulting in 1,960 hours.

This amount of working hours in a year is then multiplied with the average gross employers labour cost
per hour. The average hourly labour cost in 2016 wstsrated at EUR 25.40 in the 28 and the
share of noAwage costs in total labour costs was 23.9%.

5.1.4 Maintenance and Repairs

These are the costs of labour and materials associated with maintenance. Maintenance and repair
costs are dependent upon the typd products being processed and the equipment used. Concrete
constructions are both static and corrosioesistant requiring minimal maintenance. The
maintenance requirements of such assets will therefore be lower than for production process
equipment. h addition maintenance costs are dependent on the life cycle assumed for capital
equipment as it may be more appropriate to replace rather than to repair. Turton et al. 2012 are
proposing a factor of 0.00.10 linked to FCI and according to Chauvel é2Gf)3, it is customary in the
heavy industry sectors (refining, petrochemical, major intermediates, inorganic chemistry,
metalworking etc., to estimate maintenance expenses at an average of 4% of the cost of the plant.
Given the nature of the plant proped the economic assessment assumes maintenance and repair
costs are valued at 2% of the FCI.

5.1.5 Laboratory charges

The annual cost of thdownstreamlaboratory analyses required for process nmtoning and quality
control is asignificant item in most modernhemical plants. Sinott 1999 propose as a rough estimate
of laboratory charges 280% of operating labour cost or42% of the total production cost. Turton et
al. 2012 use a factorfo(0.1-0.2) of operating dbour costs The economic assessment assumes
laboratory charges of 15% of operating labour costs

5.2 Fixed production costand general expenses

Fixedproduction costand general expensdsr the DFactory include the following

5.2.1 Depreciation

The capital cost of project is recovered over the life of tiieets acquired through a depreciation
charge. Depreciation is chady@ver the deemed useful life of the asset in equal parts. This is
referred to as the straighline depreciation method. The life of the asset is dependent on the wear
and tear on the asets arising through its operation. In the economic assessment depreciation has
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been charged based upon the assumed life of the asset. This ranges from 3 years to 15 years
dependent on the wear and tear the asset will be subjected to.

5.2.2 Insurance

The plam will usually have to pay insurance against the damages to the production unit and the
materials and products used in this equipment and also any damage caused by third parties and the
environment. These charges are annual and are usually determined basthe value of the assets
insured. The economic assessment assumesfBGloas the cost of insurance.

5.2.3 Administration labour

This is the labour involved in administrative functions of the plant. This includes the finance,
communications, human resowss and security departmental staff. The staff requirements are based
on the staff utilisation at the Monzon pilot plant taking into account shift working and scaled up to the
proposed plant capacity.

This number is then multiplied by the number of hoursrked by these operators in a year. Typically,
one operator works 49 weeks in a year, 5 days a week and 8 hours a day, resdlti@pihours.

This amount of working hours in a year is then multiplied with the average gross enpltgteour
cost per hou. The average hourly labour cost in 2016 was estimated at EUR 25.40 in-#8=a6d the
share of noAvage costs in total labour costs was 23.9%.

5.2.4 Distribution and selling costs

The distribution and selling costs cover the cost of selling the productsipeadby the plant and the
transportation costs of delivery of these products. These costs have been assumed at 0.5% of the sales
revenue.

5.2.5 Overhead costs

Overhead costs are costs incurred by #pyoductive components or its ancillary services. These
typically include office costs, communication éiimformation technology costgnd costs notirectly
associated with and charged to a particular operating area. Overhead costs apéetedto rise
with the scale of the manufacturing facilitieBhe econonmu assessment has assumed overhead costs
at 3% of the administration labour cost.

5.3 Market Analysis and Products Prices

Market research has identified that there are several potential compounds that might be targeted by
the D-Factory biorefinery usinunalidla salinaalgae including lipophilic antioxidanarotenoids and
L32f & dzy & I G dzNJ ( S R andél waleésélublee@zyried. Péoblém€ ard3é i the initial delivery
on enzymes due to incompatibility of processes i.e. it is not possible to procedsbaigsass for
enzymes if it has been stabilized with either sodium hydroxide or sgniag, however, resulting in
focusing on processing biomass for lipophilic targets.

An estimateof the composition ofDunaliella salinaalgal powdershas been used to rpvide an
estimation of the amounts okach product that may be produced in the -Bactory. While the
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proportionate composition may vary dependent on strains and environmental conditions a summary
of average algal biomass is set out in Table 1 below.

Westfalia- Evodos

type powder powder

Organic matter (ash free matter) analysis normalised to 100%
] glycerol % 0 6
" lipid % 9 18

protein equivalents % 3 18
carbohydrate % 72 44

total carotene % 8 7

9cis b-carotene % 3.2 2.6

all trans b-carotene % 4 3.1
a-carotene % 0.7 0.7

Lutein % 0.2 0.2

Zeaxanthin % 0.1 0.1

Chlorophyll % 0.5] 0.5

Table 1: Average algal composition by product using Westfalia and Evodos technologies.

Sourceg University of Greenwich(Harvey et al, 2017)

It is proposed that on the maturity of the-Bactory it will sustainably proceBsinaliella salinanto a
number ofdifferent products each with different beneficial properties serving different markets. The
properties of the identified products are as follows;

5.3.1 Lutein,Zeaxanthinand Chlorophyll

As previously stated in this report the human macula uniquely concerstthit@e carotenoids: lutein,
zeaxanthin, and mespeaxanthin. Lutein and zeaxanthin must be obtained from dietary sources while
mesozeaxanthin is believed to be formed at the macula by metabolic transformations of ingested
carotenoids. Clinical trials ugj lutein and zeaxanthin supplements results in augmentation of macular
pigment and consequential benefits in visual performance whilst consumption of {used
zeaxanthiarich products is associated with lower incidence of cancer, cardiovascular digegse
related Macular Degeneration and cataract formation. Luteioliisicdly proven to prevent cataract

and macular degeneration and may function as an-ariilant to decrease around 60 chronic disease
risks. (Bernsteai et al., 2016).

These products arcurrently available asutraceuticalswithin the market. Nonetheless the pricing of
these products range widely depending thieir source and levels of purity.uteinand Zeaxanthirare
currently purified from Marigold and are available in tablet fanrhealth food shops and the internet.
Enquires that have been made of Lutein distribu® and over the internet havascertained the
following Lutein prices
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Price / kg

Company Product Country Purity Price / kg |100% Purity
Lycored Lyc-O-Lutein 20% VABF Ukraine 20% $350.00] €1,492.48
Akona

Holdings Pty South

Ltd Lutein(CAS No.127-40-2) Africa 80% $20.00 €21.32

Xangold 10% GFB (Luetin
Esters) (25kg Fiber Drums x
BASF 1 Fibre Drums) Japan 10% $202.00] €1,722.75

Marigold Extract 68% Luetin|China 68% $212.00 € 265.89

Table 2: Lutein Distributor prices.

Sourcec lutein distributors and the internet

There isa very large variation in prices for Lutein even after relative purity of the product has been
taken into account. The research also has identified that China is a significant manufacturer and
currently driving down prices in an effort to removenapetitioy” @ I NRdzy RSPriomd OS 2
Luteinobtained from Lycorethas been assumed for the economic assessment as the quality of supply
from the other sourcess not considered satisfactory.

5.3.2 9-cis and alitransi -Carotenel Y RCarbtene

i -Carotene, one bthe most common dietary carotenoids, is found in high concentrations in many
FNBakK &Stft2¢ FyR 2Nry3aS FTNIZAGA | y-Rarotghd Bhlvend f S &
powerful quencher of singlet oxygen and also inhibits lipid peroxidation, prably acting as a chain

oNB I 1 Ay 3 I -ZdiokeBetcanRRxisyds geveral different geometric isomers in nature, including
all-trans, 9cis, 13cis and 1&cis isomers and these are found in both digtaomponents and human

plasma.

As previously stad in this report Ci§ § SNBE2A a2 YSNAR | NB 27F LOANG A IO dz
carotene is a retinoid precursor and is associated with therapeutic effects in a number of diseases as
well as possessing a good adverse effect profile. Research with foqdeswnmts enriched with

VI GdzNT £ acératehdOwhigh c@ntain both cisnd transa § SNBE2 A 42 YSNARA X O2y il
carotene made up of 50:50-O A &arotene and alli NI yEadrotehe, has linked their intake with
mitigation of a range of diseasescluding atherosclerosis, diabetes, psoriasis and ophthalmologic
diseases (Greenberger et al.,, 2012; Rotenstreich et al., 2013; Bechor et al., 2016). By contrast
administration of synthetic alfi NJ- y€drotene in mice was found to have no effect on cavdiscular

disease (Levy et al., 2000).

h -carotene has proven anthetastatic action, which is not associated with provitamin A activity.
OFNRGSYS KIFa f2¢SN 02y JSsaidiehe2ayid may invBlve the mediatian o A y
gene expression arsignalingoathway related to invasioand migration. (Liu et al 2015)

These carotenoids are not currently availablecommercialquantitiesalthough they are available in
laboratory scale production in small quantities for laboratory experiments. ¢nlg once these
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compounds are produced in commercial quantities that it will be possible to ascertain the
therapeutic impact and deviop a market for them. Once thishas been achieved the potential
demand and pricing of these productan be determined For the purposes of this economic
assessment prices have been derived using the laboratory scale gacitingse compoundsvailable
from SigmaAldrich Merck and adjusting these prices using thiference between SigmaAldrich
Merck laboratory pricefor lutein and the commercial market value for lutein obtained from Lycored.
The derived prices for these compounds aréadisws;

Price based
to Lutein at
€1,470.00/k
Sigma-Aldrich Merck - Product Prices Price Price Price g
£/mg €/mg €/kg €/kg
9-cis Beta Carotene - C,,H.. - Molecular Weight 536.87
52824-1MG 1 mg £543.00 £602.73 €602,730,000 € 3,200.00
Alpha Carotene - C,,H.. - Molecular Weight 536.87
50887-5MG 5 mg £2,025.00 €2,247.75 €449,550,000 €2,390.00
Lutein - C,,H.;0, - Molecular Weight 568.87
07168-5MG 5 mg £1,265.00 € 1,404.15 €280,830,000 €1,490.00
Zeaxanthin - C,;H..0, - Molecular Weight 568.87
14681-1MG-F 1 mg £362.00 £401.82 €401,820,000 €2,140.00
Clorophyll a - C.;H,;MgN, 0. - Molecular Weight 893.49
C5753-5MG 5 mg £398.00 £441.78 £ 88,356,000 € 470.00

Table 3: Product prices re-based to the commercial Lutein price.

Sourceg Sigma Aldrich Merck

5.3.3 i -caroteneextract products

In the integrated sustainability assessmetwo scenarios (Scenario 5 & 6) have been considered
where thei -caroteneextract is noffully processed into itgonstituentproductsbut sold as an extract
product In Scenario 5 the-caroteneextract from scCQ processings further processedup to and
including the HPCCC step but does not include the HPLCastkfihe extract product contam
compounds ofa mixture of9-cis,and" ¢carotene a mixture oflutein, zeaxanthin andhlorophylland
all-trans b-carotene in norpolar lipid In Scenario 6 the extract imot processedbeyond the
supercritical C@step. Note: the defatted powder may have unusual positive effects as an animal feed
(Harvey, pers. communoy food ingredient RISEpers. commun.and these aspects of the defatted
powder are not considered here.

It is anticipated that these extract products contain thenefits of its constituent carotenoids and
isomers These extract products are therefore priced based upon the percentage of each constituent
product within the extrat product multiplied by the price derived for each of these constituent
products. So for example 1g of a substance at 25% purity (i.e. a 4g mixture) is worth half of a 1g of the
same substance at 50% purity (i.e. a 2g mixture).
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5.3.4 Other productsg Glycerol,Lipids, Protein and Carbohydrates

The other products are bgroducts of the process and of low value. Glycerol and Lipids are used in
oleochemistry in the food and cosmetics industihe price of glycerol is derived from the Eurostat
EU28 201416 averge production value and quantity of glycerdalhe price of lipids halseen valued

based upon the price of rapeseed oil as a substitute product. Protein and Carbohydrate products are
principally used as animal feed and have been priced based on Soyai@ad @ices respectie as
substitute products. Thprices used for thessubstitute products arelerived fromthe EurostatEU28
201416 average production value and quantity of these products.

5.3.5 Product prices

Product prices used in the economic asses#naee as follows;

Product Price / kg

Beta-carotene - 9-cis € 3,200.00
Beta-carotene - all trans € 3,200.00
Alpha Carotene € 2,390.00
Lutein € 1,490.00
Zeaxanthin € 2,140.00
Chlorophyll € 470.00
Beta-carotene scCO, extract €720.00
Beta carotene 9-cis & alpha extract € 2,270.00
Glycerol € 0.40
Lipids € 0.60
Proteins €0.20
Carbohydrates €0.30

Table 4: D-Factory product prices.

Sourceg D-Factory

The prices of these products may change over time as a resuany factors. These include changes
in the policy frameworks for developing green bioeconomy; ansumer preferene for natural
products instead of syntheticncreasing popularity of microalgal foetipplements or nutraceuticals;
proven health benefits; @w development sch as personalised nutritionplume/price of competitive
products and égislation pertaining tacceptance of products as novel s food supplements and
feeds.

5.4 Economic performance measures

The economic performance of the plant is based upon the revenue generated through product sales
and the cost of producing these products. It is a measurellawafor a comparison of different
biorefinery corepts and processes

The economic performance indicators usa® the Net Present Vak, the Internal Rate of Return, the
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Breakeven Revenue and the product contribution margin.

An investment is typically @nacterised by negative cash flows at the beginning of the project (the
investment) and positive cash flows generated by selling the products during the operating time of the
plant (the typical project lifetime lies between 2% years and for the economissessment a lifetime

of 10 years has been chosen).

The net operating cash flows over the life of the project is summarised based upon the sales income
and operating costs excluding all costs which do not represent a cash movement e.g. depreciation
costs. The capital investments (both FCI and WCI) required to build theipldnein added to this cash

flow. The cash flow is then discounted at a discount rate which represents the opportunity costs of
investing in an alternative project. The economisessment uses a discount rate of 5% as per EU
guidelines. The Net Present Value (NPV) is then the sum of the discounted cash flows. The decision
criterion for the evaluation of an investment project is that the NPV should be at least zero or positive.
The choice of a higher discount rate implies a higher discount, i.e. devaluation of future cash flows,
which could reflect higher risks of the project.

The Internal Rate of Return (IRR) is defined as the discount rate at which the NPV is just equal to zero
(DeFusco et al. 2011). The higher the IRR, the more favourable the investment project appears because
it implies that future cash flows could be discounted at a higher discount rate until the NPV would
0502YS T SN2 O 'y Lww 2 ¥ the thieshok for sBc8rifigaspitdl ihvestm@rd y & A |
AY ySé LINRPOSaaAy3a (SOKy2ft 2 tRsholdwill tNRefose beSused bstad H n
benchmark which Bractory will have to achieve in order t@dome attractive for investordf the
scenarioassessed fails to achieve thiwesholdreturn the increase in the product prices required to
achieve thighresholdreturn have been calculated.

The breakeven revenus the revenue required for the business to cover its costs. Breakeven revenue
equalsthe fixed costs divided by the gross margin ratio and consequently reflects the sales required to
cover both the direct costs of production and the fixed costs of operation. The business only starts
making a profit once sales rise above the breakevenmeee

The product contributiormargin has been calculated to assess the profitability of the individual D
Factory products. The product contribution margin reflects the product reverssehe variable costs
allocated to the production of this product diked by the product revenueln the absence of data on
the cost allocation to specific products it has bedetermined that the most appropriate way of
allocating the variable costs of production to each product is to allocate the total cost of eaclsgproce
of production tothe products basedn the sales value achieved for each product.

5.3.6 The dataset

The dataset upon which the economic assessment has been based has been provided by IFEU
(summary available in IFEU 2017)he IFEU dataset provides thass ad energyinputs and outputs

for six design scenarios and assuméconservativé | YR G2 LIGAYAAUGAOésubad Sy aa
scenarios.

A synopsis of the analysed scenarios is as follows

Del 7.6 Economic Assessment: Final Report



£ =
®-Factor Y

No. | ScenarioShort description

1 Initial configuration:

71 Disruptve algae harvesting with distack centrifuge without membrane pre
concentration including wash to remove salt

Biomass is drieddrying step uses spray drying

Supercritical C®and organic solvents to fractionate extracts into increasingly f
preparatons of high value compounds.

T
T

2 Membrane preconcentration: Scenario 1 with membrane technology as acpreentration
step for harvesting cells to lower energy costs and permit effluent recycle

3 Whole cell harvesting: Scenario 2 with Evotigse spiralplate centrifuge for harvesting
intact whole cells and controlled cell rupture using water, which also washes bioma
remove salt

4 Glycerol recovery: Scenario 3 with recovery of glycerol after controlled cell rupture
water. Electrodialysis inbduced to recover glycerol.

5 {K2NISNJ R2gyaidNBIFY LINRPOSaaAy3ay
and9-cisi -carotene or separation of lutein, zeaxanthin and chlorophyll.

a4 O Sgatotede

6 No carotenoid separation: scenario 3 without separationcafotenoid extract into sevel
products including®-cisi -carotene

The Figured and 2 below give an overview of the scenarios analysed in this.stDdyailed process
schemes for each scenario can be found\ppendix 9.3 These scenarios were selett®r detailed
analysis from a much bigger set of scenarios. Additional information and further scenarios can be
found in Deliverable 7.3 Final report on definitions, settings and system descriptions.

Scenario 3:
Membrane pre-concentration Whole cell harvesting

o) (o) o) () () (o)

( Recycled ‘ ( Recycled
medium medium

Membrane pre- Membrane pre-
concentration concentration

Scenario 1: Scenario 2:

Initial configuration

Algae
cultivation

Algae

Algae
cultivation

cultivation

A 4

Disruptive Wastewater Disruptive Wastewater Whole cell
harvesting * +++t harvesting * (+) harvesting *

Controlled cell
disruption

Spray-drying

Wastewater
0) )

Spray-drying Spray-drying

Dry algae
biomass

Supercritical
CO, extraction

( Defatted )
powder

Dry algae
biomass
( Defatted )
powder

Supercritical
CO, extraction

Dry algae
biomass
( Defatted )
powder

Supercritical
CO, extraction

}—(7 products) ‘ l?::wnstrt_eam

‘ Downstream

Downstream
processing

processing

}—»(7 products)

7 products)

Figure 1: Overview schemes of scenarios 11 3.

* by disk-stack centrifuge; 3 by spiral-plate centrifuge; amounts and organic loads of wastewater are delineated
by symbol +/0/-. Source i D-Factory
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Scenario 4: Scenario 5: Scenario 6:
Glycerol recovery Shorter downstream processing No carotenoid separation
(o) (e0,) (s Cevn ) (oo Cmaum) (Cenany) (o) ()
Algae Recycled Algae Recycled Algae Recycled
cultivation medium cultivation medium cultivation medium

Membrane pre-
concentration

Membrane pre-
concentration

Membrane pre-
concentration

Whole cell Whole cell Whole cell

harvesting * harvesting * harvesting #
Controlled cell Glycerol WastewateD Controlled cell WastewateD Controlled cell WastewateD
disruption recovery () disruption (0) disruption (0)

Spray-drying

‘ Spray-drying ‘ C Glycerol ) Spray-drying
Dry algae Dry algae
biomass biomass

Supercritical Defatted Supercritical Defatted Supercritical Defatted

CO, extraction powder CO, extraction powder CO, extraction powder

Downstream Downstream Carotenoid
- 7 products " 6 products
pr g pr g extract

Figure 2: Overview schemes of scenarios 4 - 6.

Dry algae
biomass

* by disk-stack centrifuge; 3 by spiral-plate centrifuge; amounts and organic loads of wastewater are delineated
by symbol +/0/-. Source i D-Factory

In each of these scenarios it is assumed that production biorefinery pond surface area is 14 hectares.
The biomass feedstock entering the harvesting and processing dtage cda&ervativé I YR
G2 LJG A YA &G A Geonsedugndyrpingigdlly irivéh y the assumed algae growth productivity
of 3.0 g/nt/day and 5.5 g/n¥/day respectively andhe days of plant operationf 300 days and 330

days respectively The scenarios also reflectetluse of two types of centrifuge (Evodos and Westfalia)

in the harvesting of the algae biomass. The product composition of the algal powder varies dependent
on the centrifug that is utilized as per Table 1 above.

6 Economic AssessmentResults

The resultof the economic assessment for the six design scenarios are set out below. Table 5 sets out
0KS 1Se& LISNF2N)YI ycanServatiyéR AZ03 VIRANBA GFA2INS GHKYS fG@aAa |y
LISNF 2NXIF yOS AYyRAOIG2NAR @bl KS a2LIiAYAaltAOE &Sy

A detailed description of each scenario is set out in the Technological Assessment. In outline,
however, scenarios 1 to 4 are full design scenarios incorporating complete solvent extraction of the
biomass extract into the identified constituentquucts. Scenario 5 is a design scenario in which the
scCQ extract is fractionated usingPCCC but further separation of carotertgses not include HPLC
Scenario 6 is a design scenario in which there is no solvent extragtem from the use of scGO
Under scenarios 5 and 6 thecaroteneextract is not fully refined into its constituent products and
consequently the extract product sold incorporates a number of these constituent carotenoids and
isomers within it. In scenario 5 the-carotene extract product includes -is i -caotene andh-
carotene and in scenario 6 thecaroteneextract is the output from the supercritical @€xtraction
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and incorporates €is & alitransi -carotene,h -carotene, lutein, zeaxanthin and chlorophyll.

D-Factory scenario
Indicator Unit Scenario 1|  Scenario 2| Scenario 3| Scenario4| Scenario 5| Scenario 6
Total Revenue £m 11.47 11.47 13.85 13.85 12.49 193
Labour Costs £m 1.00 1.00 1.00 1.00 1.00 1.00
Cultivation Medium £€m 585 117 117 117 117 117
Chemical Inputs £€m 0.78 0.09 0.09 0.09 0.09 0.09
Power £m 0.28 0.26 0.28 0.28 0.28 0.28
scCO, Contract Extraction £m 068 068 1.02 1.02 1.02 1.02
Opex Costs - Pond Harvesting £m 8.58 320 3.56 3.56 3.56 3.56
Labour Costs £m 0.25 0.25 0.25 0.25 0.25 0.00
Heptane/Ethanol Solvents £€m 455 455 6.82 6.82 6.82 0.00
HPCCC Solvents £m 017 0.10 0.25 0.15 0.15 0.00
HPLC Solvents £m 0.03 0.03 0.04 0.04 0.00 0.00
Power £m 2.80 2.80 4.20 4.20 0.27 0.00
Opex Costs - Solvent Extraction £m 7.79 773 11.56 11.47 7.49 0.00
Production Expenditure £€m 16.37 1093 1512 15.03 11.05 3.56
Gross Margin £m (4.90) 0.55 (1.27) (1.17) 1.44 (1.63)
Gross Margin % (43%) 5% (9%) (8%) 12% (85%)
Admin & Depreciation Costs £€m 6.09 6.70 6.79 6.79 2.02 1.84
Profit / (Loss) €m (10.98) (6.16) (8.07) (7.97) (0.58) (3.47)
Breakeven Revenue £m n/a 53.0 n/a nla 95 n/a
Capital Expenditure £€m 51.05 5221 53.01 53.01 4.01 351
Internal Rate of Return (10 years) % n/a n/a n/a nia n/a n/a
Price increase to achieve 25% IRR % 174% 135% 125% 125% 8% 196%
Net Present Value (10 years, 5%
discount) £m (119.42) (50.62) (77.05) (75.64) (2.67) (44.73)
Product Contribution Margin
Beta-carotene - 9-cis % (87%) (39%) (61%) (59%) 0% 0%
Beta-carotene - all trans % (17 %) 30% 23% 23% 14% 0%
Alpha Carotene % (87%) (39%) (61%) (59%) 0% 0%
Lutein % (24%) 25% 15% 17% 6% 0%
Zeaxanthin % (24%) 25% 15% 17% 6% 0%
Chlorophyll % (24%) 25% 15% 17% 6% 0%
Beta-carotene scCO, extract % 0% 0% 0% 0% 0% (85%)
Beta carotene 9-cis & alpha extract] % 0% 0% 0% 0% 6% 0%
Glycerol % 0% 0% 0% 82% 0% 0%
Lipids % (17%) 30% 23% 23% 14% 0%
Proteins % 25% 72% 74% 74% 71% (85%)
Carbohydrates % 25% 72% 74% 74% 71% (85%)

Table 5: D-Factory Economic Assessment Performancelndi cat or Re&ensdrvatévedf or

Scenarios.
Ggm: million Euros
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Optimistic performance
D-Factory scenario

Indicator Unit Scenario 1 Scenario 2| Scenario3| Scenario4| Scenario 5| Scenario 6
Total Revenue £m 3346 33.46 4065 40.66 33.61 410
Labour Costs £m 1.00 1.00 1.00 1.00 1.00 1.00
Cultivation Medium £m 6.43 0.32 0.32 0.32 0.32 0.32
Chemical Inputs £m 0.44 0.04 0.04 0.04 0.04 0.04
Power £m 0.31 0.24 0.25 0.25 0.25 0.25
scCO, Contract Extraction £m 1.37 1.37 2.06 2.06 2.06 2.06
Opex Costs - Pond Harvesting £m 955 297 3.67 3.67 3.67 367
Labour Costs £m 0.25 0.25 0.25 0.25 0.25 0.00
Heptane/Ethanol Solvents £m 10.09 10.09 1514 15.14 15.14 0.00
HPCCC Solvents £m 0.37 022 0.55 0.33 0.33 0.00
HPLC Solvents £m 0.06 0.06 0.08 0.08 0.00 0.00
Power £m 6.22 6.22 9.33 9.33 0.59 0.00
Opex Costs - Solvent Extraction £m 16.98 16.84 2535 2513 16.31 0.00
Production Expenditure £m 2653 19.81 2902 28.80 19.98 367
Gross Margin £m 6.93 13.65 11.64 11.86 13.63 043
Gross Margin % 21% 41% 29% 29% 41% 1%
Admin & Depreciation Costs £m 6.20 883 8.42 8.47 4.49 1.85
Profit / (Loss) £m 073 482 3.22 3.39 9.14 (1.42)
Breakeven Revenue £m 12.57 6.47 9.43 9.25 294 9.81
Capital Expenditure £m 51.05 5221 53.01 53.01 4.01 351
Internal Rate of Return (10 years) % 3% 20% 15% 15% 296% n/a
Price increase to achieve 25% IRR % 25% 7% 1% 1% 0% 41%
Net Present Value (10 years, 5%
discount) £m 4557 111.29 90.53 92.77 123.59 (14.78)
Product Contribution Margin
Beta-carotene - 9-cis % (4%) 17% 1% 2% 0% 0%
Beta-carotene - all trans % 40% 60% 53% 53% 43% 0%
Alpha Carotene % (4%) 17% 1% 2% 0% 0%
Lutein % 36% 57% 48% 49% 37% 0%
Zeaxanthin % 36% 57% 48% 49% 37% 0%
Chlorophyll % 36% 57% 48% 49% 37% 0%
Beta-carotene scCO, extract % 0% 0% 0% 0% 0% 11%
Beta carotene 9-cis & alpha extract] % 0% 0% 0% 0% 37% 0%
Glycerol % 0% 0% 0% 96% 0% 0%
Lipids % 40% 60% 53% 53% 43% 0%
Proteins % 71% 91% 91% 91% 89% 11%
Carbohydrates % 71% 91% 91% 91% 89% 11%

Table6:D-Fact ory Economic Assessment Perf OptimstcoeStaedacnbdsr

uam: million Euros

6.1 Capital Expenditure Assessment

The basis for estimating the cégd expenditure requirements of the design scenarios is set out in
section 4.

Thefixed asseexpenditure requirements of thpond infrastructurehave been estimated basegan
the weight of material neededo fabricate the ponds and the surrounding indteucture. These
material requirements have been costed based upon the Eurostat EU281%0&4derage production
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value and quantities of the material inputs. Tiharvesting guipment requirements for pre
concentration membrane systems, centrifuges, angets have beenestimated based upon the
production flowsfor each scenario. These have been costed based on inputs from-HaetDry
partners.

D-Factory partners based on scaling up the laboratory processes have estimated the fixed asset
expenditure regirements of theDown Stream Processes using solvenBFactory partners have
estimated the capital costs of these assets

The working capital requirementsave been calculated assuming debtors pay on a 30 day credit on
the sales revenudhat creditorsare paid on a 30 day edit on the raw material costs ariiat 30 days

raw material chemical stockee maintained. Theorking capitakalculated represent between-3%

of thefixed assetosts whichis compaable with otherbiorefinerystudies.

The caital expenditure results are shown kigure3 below.

Capital Expenditure Estimates

Scenario 6 - Optimistic
Scenario 6 - Conservative

Scenario 5 - Optimistic

Scenario 5 - Conservative

Scenario 4 - Optimistic

Scenario 4 - Conservative

Scenario 3 - Optimistic

Scenario 3 - Conservative

Scenario 2 - Optimistic

Scenario 2 - Conservative

Scenario 1 - Optimistic

Scenario 1 - Conservative e T e
0.0 10.0 20.0 30.0 40.0 50.0 60.0

€ millions

Figure 3: Scenario Capital Expenditure Estimates

Source: D-Factory

As highlighted in Figurgthe capital expenditure estimates for the full process design of scenarios 1 to

4 range betweer p-M po YAt f A2y ® ¢KS fFrNBSaAG aay3atsS StSy
the capital expenditure ragrement of the HPL@urification2 ¥ miliiodp The capital expenditure of
scenarios5and 6l y3S 0SGeé 6Oy wsmiiepuloRthe scenariodesign stopping prior to

the HPLC extraction stagelhese scenarios were run in order to determine the economic impact of
omitting this high capital expenditure processing stage.
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6.2 Operating Expenditure Assessment

6.2.1 Cultivation Medium

Thesource of brine for algae cultivation varies from location to location as doesalt and impurities
content. In most instances theultivation brineis sourced fromeither the sea or from salt mining
operations as in the case of the Monzon pildhis wil affect the proportions of brine to water used,

the chemical inputs used to grow the algae and the growing cycle that can be achieved without
contamination. For the purposes of the economic assessment the estimates have been based upon
the Monzon plantequirements. In this plant the proportion of brine to water used in the cultivation
medium is two thirds to one third brine to wateiThe brine price used i T ® H whiclf isbased on

the salt mining source used at Monzon.

The water requirement is extracted direcfipm the public water supply.The price of water useih
the economic assessmeig the average European Union price of water in 2007 (Jils&ga et al
HAMHU 2% €0®HpPKY

6.2.2 Chemical Inputs

In order to optimize the growth of thBunaliella salinalgae various chemical inputs aadded to the
cultivation medium during the harvesting cycle these are;

Carbonation (Carbon Dioxid€€Q)
Nitrogen (Potassium Nitrate KNQ)
Phosphate (Phosphoric AcitPQ)
Magnesium (Magnesium Sulphat®gSQ)

=4 =4 =4 =2

CQ is used in theprocess ofphotosynthesisby the algae. In order to maximize the growth of the
algae C@is bubbled through the cultivation medium iorder to maximize the CCfixation and
consequently growth productivity. In order to optimize thestainabilityimpact of the BFactory it is
proposed that theD-Factory plant is built utilizing the waste &§@nerated from power plants. As the
source @ the CQis a waste product no cost has been attributed to this input.

Nitrogen, Phosphate and Magnesium are fertilisers for the algae and assist in optimizing its growth.
The proportions of each of these compounds used in the cultivation have beenaéstirby the D

Facbry partners. The pricof these compounds have been derived fréime EurostatEU282014-16

average production value and quantity of these compounds or comparable compounds syeaiéc

prices are not availableThe price obtained &m the Eurostat database for Potassium Nitrate was
endOPMpk 1 I FRANR t K238 LIKR2NENDp k] T P ¢CKSNBE Aa y2 LN
9dzNR &l d RIFEGFIOF&AS FYR ' O2YLINIo6otS LINAOAY3I F2NJ

The harvesting qocess also involves the use of chemicals to assist in the flocculation of the algae
biomass. The chemicals used are;

1 Hydrochloric acid
1 Sodium Hydroxide (NaOFy preservation after flocculation and for CIP
1 Nitric Acid (HNg) for CIP
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The proportions ofeach of these compounds used the upstreamcultivation phase have been
estimated by the Bractory partners. The pris®f these compounds have been derived frahe

Eurostat EU28201416 average production value and quantity of these compoundshe prce

200 AYSR FTNRY (GKS 9dzNRPaidld RFGFEolFasS A& endndyki
and similar for hydrochloric acid

6.2.3 Labour

The PondCultivation andHarvesting staffequirementshavebeen estimated based thataff utilisation

at the Monzon pilot plant taking into account shift working and scaled up to the proposed plant
capacity Basedn this the operating labour requirement is assumed as@0f. The Solvent Extraction
processingis assumed to be highly automated with a requirement5 staff. The administration
labour requirement estimate is also based upon the Monzon pilot plant and the plant site
requirements It is estimated the administration requirements are 14 staff. Labour costs have been
based upon theveragegross emplogrs labour cost of H [ far hour for the EU28

CKSNBE Aa y2 RAFFSNBYOS kofisevekive fl lydR2 dzNd SN2 dzad MBA St
since there is no differenca the plant requirements. The difference in operation only arising due to
the level of productivity achieved.

6.2.4 Power

The power requirement comes in the form of electricity or natural gkids anticipated that the b
Factory would be ctpcated with a source of GO This will, in many instances, be a power plant
which also ca be a source of power otherwise sold onto the grid.

It is assumed that thelectricity requirement is met by purchasing power from the public grid. The
electricity price used is the average electricity prfoe industrial users in the EUZ8 201416 of
EnPMMYy K12 KD

The DFactory also has a regiament for heat which is et from combustion othe natural gas supply.
The price of natural gas used is the average natural gas price for industrial users in the EU28.th 2014
2F¥ endnonkll?2K®

6.2.5 Supercritical CQExtraction

The supercritical GQextraction process is purchased as a serwigethe DFactory as the capacity
requirements of the BFactory are lesshan the minimum capacity of a supercritical £@ant. In
addition there are a number of plants offerisgipercritical C®extraction who can offer competitive
pricing based upon their economies sfale. The price estimate used was obtained from NATICO
based upon a 100t biomass extraction peranr@im € pPnk | I P

6.2.6 Solvents

In Down Stream Processing with chemical petroleum solventsmber of solvents are used in order
to extract the high value products anticipated. These are

! Heptane
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Ethanol

lonic Liquid
Ethyl acetate
Methanol

= =4 4 =2

The proportions of eacbf these solvents used in the extraction process have been estimated based
upon laboratoryscale extraction The price of these solvents have been derived ftbenEurostat
EU28201416 average production value and quantity of thesaelventsor, where these are not

available estimates made by {Bactory partners The price obtained from the Eurostat database for

g Ket ! OSI/ky%ndiblaaS (eKi @2y ¢ £kd. &Thepricedoi ptiser solvents were
estimated by EFactory partnersas SLJGF yYS en dnpuk {1 3IZ 9GKIYy2f endo by

6.2.7 Pond Harvesting Production Costs

The pond harvesting productiaosts are shown in Figudgbelow;

Pond Harvesting Production Costs

Scenario 6 - Optimistic S

Scenario 6 - Conservative ——r -

Scenario 5 - Optimistic

Scenario 5 - Conservative ﬁ—

Scenario 4 - Optimistic S B Labour Costs

Scenario 4 - Conservative -ﬁ - ¥ Cultivation Medium

Scenario 3 - Optimistic R
b [ Chemical Inputs

Scenario 3 - Conservative ﬁ—

Scenario 2 - Optimistic  [RES— | “ Power
Scenario 2 - Conservative -ﬁ — scC0O?2 Contract Extracton
Scenario 1 - Optimistic
) o [ [ [ T
Scenario 1 - Conservative . . . -
0.0 2.0 4.0 6.0 8.0 10.0 12.0

€ millions

Figure 4: Scenario Pond Harvesting Production Costs Source: BFactory

Pond harvesting pdzOG A 2y O2a (& N o/dEin peSainardds gl scermdapart
fromtheda OSY I NA2 M GKAOK -eNbHE SHA {0fSAI2ySSsBBiddd ythere ySdnY d
recycling of the cultivation medium and consequently in this scenario brine and wateracestggher
since these both need to beplaced after each harvest. In addition there are higher magnesiurs cost
as the magnesium content is retainémlsome extentn the recycled mediugwhile the nitrogen and
phosphateare utilised in biomass

6.2.8 Solvent Extraction Production Costs

The solvent extraction production costs are shown in Figure 3 below;
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Solvent Extraction Production Costs

Scenario 6 - Optimistic
Scenario 6 - Conservative

Scenario 5 - Optimistic

Scenario 5 - Conservative *, |
[
[
[
[

Scenario 4 - Optimistic I ¥ Labour Costs

Scenario 4 - Conservative

H Heptane/Ethanol Solvents
Scenario 3 - Optimistic

HPCCC Solvents

Scenario 3 - Conservative
A B HPLC Solvents

Scenario 2 - Optimistic
Scenario 2 - Conservative _I— Power
Scenario 1 - Optimistic I
Scenario 1 - Conservative _:—
0.0 5.0 10.0 15.0 20.0 25.0 30.0
€ millions

Figure 5: Scenario Solvent Extraction Production Costs Source: EFactory

{2t @Syld SEGNI OGA2Y LINPRAOGXx2Y d®O2 &hd t N2 y 35IS RIS
G 2 LIWOMYOéE a OSy | NR 2 & € Imyirid@lioon ediapris §or 4 casprvativé a8 OSy | NR 2
No petroleum chemicalsolvent extraction is performed in scenaBponly use of scGO These costs

arise predominantly due to the cost of ionic liquidractyclingthe Heptane/Ethanglwhich is 53% of

the total solvent extraction production cost and the power costs of running the HPLC extradtich
is 34% of the ttal solent extraction production cost.

6.3 ScenarioEconomic Assessmemesults

This section sets out the results for the scenarios assessed.

6.3.1 Product Revenue

Section 5.3 sets out the market analysis of thEdatory products and the basis upon which theyéha
been priced. Figurésets out the product revenue for each of the scenarios broken down by product.
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Product Revenue

Scenario 6 - Optimistic
Scenario 6 - Conservative

. - ry Cale
Scenario 5 - Optimistic B-carotene - 9-cis

Scenario 5 - Conservative W B-carotene - all trans
Scenario 4 - Optimistic M g-carotene

Scenario 4 - Conservative ;
B Lutein

Scenario 3 - Optimistic
_ W Zeaxanthin
Scenario 3 - Conservative

Scenario 2 - Optimistic & Chlorophyll
Scenario 2 - Conservative [ B-carotene scCO2 extract
Scenario 1 - Optimistic [ B-carotene 9-cis & a-carotene extract
Scenario 1 - Conservative
By products

0.0 5.0 10.0 15.0 20.0 250 30.0 35.0 40.0 45.0

€ millions

Figure 6: Scenario Product Revenue Source: D-Factory

Scenariosh = KI @S ALINBRM2ONE (NBAZES y dzS - € 2nFndikiod ped &nSuyhwith o 0 ® p
around 50% coming from &Hans i -caroteneand 38% from fisi -carotene Thedconservativé

LINE RdzOi NB DSy dzSe Ma® g SYiAstStShyish virouimiRBi ¢oniiggdeym atansi -
caroteneand 31% from @isi -carotene Scenario 5 haprodudi NB @Sy dzS 2 F-coDidxSSy
million per annumwith around 63% coming from ahlansi -caroteneand 33% from the @is &h-

carotene extract. Scenario 6 habJN2 RdzOli NB O3Sy dzSe 2 ®dm 0 BANBEEYY ¢ MO NI
around 99% coming from the gercritical CQi - carotene extract.

6.3.2 Operating Expenditure

Figure7 sets out the total operating expenditure for tlseenarios.

Operating Expenditure Estimates

Scenario 6 - Optimistic
Scenario 6 - Conservative
Scenario 5 - Optimistic
Scenario 5 - Conservative

Scenario 4 - Optimistic

Scenario 4 - Conservative u Pond Harvesting Costs

Scenario 3 - Optimistic

. ) M Solvent Extraction Costs
Scenario 3 - Conservative

Scenario 2 - Optimistic — . Admin & Depreciation Costs

Scenario 2 - Conservative

Scenario 1 - Optimistic )

Scenario 1 - Conservative

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

€ millions

Figure 7: Scenario Operating Expenditure Estimates
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Source: BFactory

Scenarios1 = Kl @S a2LIAYAAGADE @EBNEEVY @D PEARIS § R 2 i dzi
| y Rongervativé 2 LISNJ Ay 3 SELISY R4 iHaNIBN p2riannond BdeSaficfas € MT D
2LISNI GAy3 SELISYRA(GdeNGn 0T YOS G A2FY LISWG dhmy v dzY @ {
expenditure of betw& y e@pbdip YA T f A2y LISNI | yydzyo

6.3.3 Profitability

Figure8 sets out the profitability for each of the scenarios.

Scenario Profitability

Scenario 6 - Optimistic

Scenario 6 - Conservative

Scenario 5 - Optimistic

Scenario 5 - Conservative

Scenario 4 - Optimistic

Scenario 4 - Conservative Profit / (Loss)

Scenario 3 - Optimistic

B Operating Costs

Scenario 3 - Conservative
& Revenue

Scenario 2 - Optimistic

Scenario 2 - Conservative

Scenario 1 - Optimistic

[[[FLEL]

Scenario 1 - Conservative |

(20.0) (10.0) 0.0 10.0 20.0 30.0 40.0 50.0

€ millions

Figure 8: Scenario Profitability

Source: EFactory

As shown irFigure 8y 2 y S dnseivéti® 632 OSy I NA24& 3ISy S Ndndii®2 ahd 5LINE F )
AK2gAY3 | LINRPFAG G0 (GKS ZNdrados afl Ishél profits apSrdfem o
scenario 6. ¢ KS LINRPFAGIOATAGE 2F GKS a2 L kcondevaive O¢ & (
scenarios reflectthat the growth productik 1 & 2 F GKS G2LIWGAYAAGAOE aoSyl
higher than that of (i K $onsérvativé. Both @ 2 LJ0 A ‘¥ckriarip 22 Quéds have the highest gross

margin of 41%each however, scenario 5 has the higher profit margin of 27%. This arises as under
scenario 5 the level of capital expenditure is significantly lower due to the HPLC solvent extraction
OFLIAGIE SELSYRAGAINBE 2F end YAftA2Yy y20 6SAy3 Ay

6.3.4 Economic sustainability

Thelnternal Rate of ReturRR) is the main profitability indicator fdre comparison of all scenarios.
An IRRof at least 25% is the benchmark to determine whether it is appropriate to proceed with an
investment.

Asshown above none dfK Scorservativé & OS y | NARRas thiyl-a@ $osslmgking proposals.
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AnlRRhas b&y OF f Odzf F ISR F2NJ p 2dzi 2F (GKS ¢ a2LIWAYA
scenarios has aliRRof greater than 25%. In order to achieve themchmarkreturn there would need

to be an improvementn the realisations made under these scenaribaproved realisations could be
obtained by achieving higher sales prices for the production sold. F@uselow shows the
percentage increase in product prices that would need to be achieved in order to haveckantemk

return of 25%.

% Price increase to achieve 25% IRR

Scenario 6 - Optimistic

Scenario 6 - Conservative

Scenario 5 - Optimistic
Scenario 5 - Conservative &
Scenario 4 - Optimistic Wl

Scenario 4 - Conservative

Scenario 3 - Optimistic a8 o
1 = % Price increase
Scenario 3 - Conservative

Scenario 2 - Optimistic &

Scenario 2 - Conservative

Scenario 1 - Optimistic [

Scenario 1 - Conservative

1 1 1
0% 50% 100% 150% 200% 250%

% Increase

Figure 9: % Price Increase to achieve 25% IRR

Source: BFactory

The price increases required to achieve the benchmark return of 25% for thé Ji A Y-A sEdindri@s ¢

is between 7% and 25%This reflects thateven if optimization an be achieved based upon the
proposed scenario design the benchmark return cannot be achieved. As a consequence scenario 5 and
6 were prepared to assess the impact of the solvent extraction designs in order to improve returns.

GhLIGAYA&GA Obased GnSaytesgdh Lenario il &hich there is no solvent extracioart
from use of scC£ This scenario is loss making alwes not achieve a positive IRR. The price increase
required to achieve the benchmark return of 25% is 41%.

GhLIJGAYA A OB Ias an 3RA 65PI6Ms scenario is based upon a design scenario in which the
solvent extraction does not include HPLC extraction so saving the significant capital expenditure
associated with the HPLC extractidrhisreturn far exceed the benchmarkreturn and reflects the

return that might be achieved if the plant production could be optimized to realizealgae
productivity growth of 5gAFDW per m2 photosynthetic area per dayn addition thei -carotene

extract output from the HPCCC extraction process needs to achieve the price realisations associated
with its constituent carotenoids and isomers despite the fact that they have not been isolatezke

are targes that are being worked upon order to determine whether these significant returns are
achievable.
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7 Conclusions

This economic assessment has been prepabeded uponlimited availabledata Given these
limitations best estimates have been madkased upon the expertise and experiencelwd D-Factory
partners

Sixdesignscenarioshave been developed in order to assess the economic impact ofatiffelesigns
These designs have been determined in order to assess the impact of a number of factors on the
overall performance of the plantThese include

1 To assesthe use of preconcentration membranes to improve the efficiency of the centrifuge
harvesting of the algae biomass.

1 To assess the use of Evodos centrifuges for whole cell harvesting against the use of Westfalia
centrifuges for rupured cell harvesting

1 To assess thperformance of glycerol recovery

1 To assess the performance of downstream processing by excludingistaeof chemical
petroleum solvents irextraction completely.e. using only supercritical @@ extraction, and
excluing only the HPLC solvesgparation/purification steps

Each designis then assessedased upon twolevels of productio® toksBrvaiivée a4 OSy | NA 3
reflect the best estimate dahe D-Factory partners of whdevel ofproduction can be achievadithout
refinement or optimisation of the plant. It sets tminimum estimate of what can bexpected The
G2LIGAYAAUGAOE &O0OSY!Il NA2a NE®i Sainers of Wikt leved &f prod&ctioll A Y I
can be achieved with refinement and optimisatiohtlee plant. It sets out théarget estimate of what

might be achieved.

Market research identified several potential compounds that might be targeted by thacibry
biorefinery usingDunaliella salinaalgae Problems arose inemonstrating the solvenéxtraction of

these compoundsat commercial scaland consequentiallyan estimate of the composition ofthe
Dunaliella salinalgal powdershas been used tdetermine the product output of the Factory. lItis

only once commercial quantities are availatiat the market demand for the {Bactory products can

be assessment and their market value determined. For the purposes of this economic assessment
therefore product prices have been derived using the laboratory scale pricing for these compounds
using ldein, which is commercially available, as a benchmark product.

The economic assessment based upon dbenservativé production demonstrates thamnone of the
sixdesign scenarios can achigu®fitability. The reasons for this are predominantly the hebemical
petroleum solvent coss$ associated witithe DSP extractionf algal biomassspecifically that otising
ionic liquidprocesses to separate and recytleptaneand ethanol, and the higltapital expenditure
required for the HPLG&eparation stepsogether with their high power utilisation Scenario 5which
excludes the HPL€&parationpurification stepsprovides the besprofitability performance In order
to achieve the benchmatkternal rate ofreturn of 25%or these scenarios price increasdsetween
125% and 196% would need to be achieved apart ftbat in scenario 5 which could achieve this
return with only an 8% price increasé&uch an increaseould be completely feasible if the market
demand for these compounds prioles the expected baeficial impact. This also highlights that
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significant refinement is required to the HPp@ification procesgsin order forthemto demonstrate
the necessary value addition.

The economic assessmdrased uporii K S & 2 LJG A Y A &éniodtates IheRIRMizSiXide gyl
scenarios can be profitable apart from scenarjovich does not include any solvent extractiapart

from the use of supercritical GO Scenario &loes not isolateany of the targetcarotenoids and
isomers and the -carotene extract sold as the scenario producis of relatively lowvalue. The
remaining scenarios 1 to 5 all showpfit; however, only scenario 5 achieves the benchmark rate of
return of 25%. Scenarios 1 to 4 cachieve the benchmark return with a 7% to 25% priceciase,
which could be completely feasible if the market demand for these compounds proves the expected
benefigal impact.

¢ KS &2 Llicenafia 5 dhdwe® an indernal rate of return of 296% wekness of the benchmark
return and reflects the potendil that could be achievedhould commercial solvent extraction be
realised and throughhe optimisation of the EFactory plant. Scenario 5 only assumes downstream
processinghrough scCQ extractionand includingHPCCCand excludes HPLGeparation steps The
capital exenditure of the HPLC procesamake up 94% of the full design capital expenditure and by
their exclusion this expenditure is avoidedIin addition the high power consumption of éke
proces®s which constitutes 35% of the full design solvent extractiardpction cost, is avoidedThis
return, however, ispredicated on the -caroteneextract output fromHPCCC separatipachieving
prices that reflect the pricachieved by the isolated targptoducts.

The conclusions drawn are as follows;

1 The best estimtge of the DFactory partnersanticipates that through optimisation the
productivity of the DFactory plantould be improved by 83%

1 The scenario assessment shows tha recycling of the cultivation medium and the use of
pre-concentration membranegsenario 2) can give rise to a 12% increase in profit margin in
comparison to scenario 1 where this is not in place

1 The use of the Westfalia centrifugscenario 2)s more profitablethan the use of theEvodos
centrifuge (scenario 3) although higher legeof recovery are achieved by the Evodos
centrifuge and therefore scope would appear to exist to improve the profitability of this
scenario.

1 The recovery of glycerol as a-pyoduct (scenario 4)xan give rise to a marginal0.4%
improvement in profit maginover scenario 3 when there is no recovery.

1 Scenario 5 demonstrates that significant returns could be achieved with the isolation of target
carotenoids and isomers and the optimisation of th&&ctory production.

1 The HPLC solvent processstgpsprovide no added value to thproduction of 9cis and" -
carotene based upon the price estimates anticipatedFurther research is required to
determine a commercially viable extraction process to isolatés®- andh -carotene.
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9 Appendices

9.1 Appendix1 Technology readiness levels (TRL) used in this report

T TRL 17 basic principles observed

1 TRL 27 technology concept formulated
T TRL 31 experimental proof of concept
T TRL 47 technology validated in lab

T TRL 57 technology validated in relevant environment (industrially relevant environment in the
case of key enabling technologies)

1 TRL 67 technology demonstrated in relevant environment (industrially relevant environment in
the case of key enabling technologies)

T TRL 77 system prototype demonstration in operational environment
T TRL 87 system complete and qualified

T TRL 97 actual system proven in operational environment (competitive manufacturing in the case
of key enabling technologies; or in space)
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9.2 Appendix2: Possible Markets for Bractory Productérom Deliverable 5.3

Material

2. Carotenoid-rich
extract (oil or
powder)

Possible Target end products Role
market

Nutraceuticals Drinks, soft gel capsules Active
Food fortification | Functional drinks Active

3. Residue: Spent
biomass from CO.

Feed

Pellets/granulates for
animal feed

Protein & carbohydrate
source

extraction (powder) | Cosmetics Scrubs used for skin Abrasive powder
exfoliation
Food Gluten-free bread Protein source
3.1 Starch Nutraceuticals Tablets Excipient: tablet filler
(powder) Food Sauces, drinks, Functional ingredient:
Thickener, emulsifier,
dispersion stabilizer
4. Carotenoids Nutraceuticals Tablets, soft gel capsules, | Active
range (powder) effervescents
Cosmeceduticals | Tablets, soft gel capsules | Active
4.1. 9-cis b- Pharma Active Pharmaceutical Active with anti-
carotene Ingredient (API) inflammatory effect
4.2. Zeaxanthin + Cosmeceuticals, | Tablets, topical Active
lutein Nutraceuticals formulations
5. Specialty lipids range
Polyunsaturated Nutraceuticals Soft gel capsules Active
Fatty Acids Food E.g. Margarines, Ingredient
(PUFAS) functional drinks (low-fat,
dairy-type)
Galactolipids Cosmetics Gel, emulsions, cream Excipient: emulsion
formulations stabilizer, encapsulating
agent
Nutraceuticals Functional drinks Excipient: emulsion
stabilizer, encapsulating
agent
Pharma Gel, emulsions, cream- Excipient: emulsion
based formulations stabilizer, encapsulating
agent
Pharma Possible Active Possible immuno-
Pharmaceutical Ingredient | stimulatory properties
Feed Possible active ingredient | Possible immuno-
stimulatory properties
6. Fatty acids Chemicals Surfactants/emulsifiers Raw material for surfactant
synthesis
7. Chlorophyll Food Drinks, desserts, Food colourant
breakfast cereals,
confectionary
8. Peptides Nutraceuticals Active with therapeutics
properties
Pharma Active with therapeutics
properties
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9.3 Appendix 3: Detailed schemes of Scenarios
9.3.1 Scenario kWestfaliaharvesting without membrane preconcentration
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9.3.2 Scenario & Westfalia harvestingvith membrane preconcentration
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