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1 Executive Summary 

This deliverable sets out the Economic Assessment of the D-Factory biorefinery.  The report sets out to 

define the approach taken in the Economic Assessment, to define the revenue and expenditure model 

used and to review the results shown for six defined scenario designs.  The detailed definition of the 

scenarios, the rational of their design and the technologies utilised are all dealt with in other parts of 

this report. 

The D-Factory seeks to set out a sustainable algal biorefinery as an alternative to convert CO2 into high 

added-value products.  The economic assessment has been performed on six scenario designs based 

upon data available and estimates made.  The high value target products of the D-Factory are still to be 

produced in commercially viable quantities 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 cycle costing 

and the assessment is not location specific.  The data have been obtained from D-Factory 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 partners. A limitation of these data is that no material 

and energy consumption of the solvent extraction processes was available from partners or literature.   

The capital expenditure consists of investment in fixed assets and working capital.  The capital 

expenditure for the algae ǇǊƻŘǳŎǘƛƻƴ ǳƴƛǘ ƻǊ ΨfarmΩ includes the construction of raceways and 

inoculation systems together with harvesting and biomass drying equipment.  The Down Stream 

Processes (DSPs) include heptane/ethanol extraction, high performance countercurrent 

chromatography (HPCCC) units and high performance liquid chromatography (HPLC) units. The DSP 

infrastructure cost estimates have been determined based upon a scaled up laboratory design and 

operation.  Working capital includes debtor, creditor and raw material costs. 

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

general expenses.  Direct production costs are the cost of inputs, which increase in usage as 

production increases.  Fixed production costs are 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 potential products that might be targeted by the 

D-Factory biorefinery using Dunaliella salina algae including a range of lipophilic antioxidant 

carotenoids and water-soluble enzymes.  It has not been possible to demonstrate the solvent 

extraction of all these target products at commercial scale and consequentially an estimate of the 

composition of the Dunaliella salina algal powders has been used to determine the product output of 

the D-Factory.  Once commercial quantities are available the market demand and market value can be 

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 the revenue generated through product sales 

and the cost of producing these products.  The economic performance indicators used are the Net 
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Present Value, the Internal Rate of Return, the Breakeven Revenue and the product contribution 

margin. 

The economic assessment has been conducted for 6 design scenarios.  Scenarios 1 to 4 are full design 

scenarios incorporating complete solvent extraction of the algal biomass into the identified constituent 

products.  Scenario 5 is a design scenario in which the fractionation of an extract prepared using scCO2 

does not include HPLC separation and purification steps, but does include HPCCC separation and 

purification. Scenario 6 is a design scenario in which there is no solvent extraction apart from use of 

supercritical CO2 (scCO2). In scenarios 5 and 6 the -̡carotene extract is not fully refined into its 

constituent products and an extract product is sold.  Sensitivities have been run based upon 

άŎƻƴǎŜǊǾŀǘƛǾŜέ ŀƴŘ άƻǇǘƛƳƛǎǘƛŎέ ǇǊƻŘǳŎǘƛǾƛǘȅ ŜǎǘƛƳŀǘŜǎΦ 

The capital expenditure estimates for the full process desigƴ ƻŦ ǎŎŜƴŀǊƛƻǎ м ǘƻ п ǊŀƴƎŜ ōŜǘǿŜŜƴ ϵрм - 

ϵро ƳƛƭƭƛƻƴΦ  ¢ƘŜ ƭŀǊƎŜǎǘ ǎƛƴƎƭŜ ŜƭŜƳŜƴǘ ƻŦ ǘƘƛǎ ŎŀǇƛǘŀƭ ŜȄǇŜƴŘƛǘǳǊŜ ŀǊƛǎŜǎ ŘǳŜ ǘƻ ǘƘŜ ŎŀǇƛǘŀƭ ŜȄǇŜƴŘƛǘǳǊŜ 

requirement of the HPLC carotene separation steps ƻŦ ϵпф ƳƛƭƭƛƻƴΦ  {ŎŜƴŀǊƛƻǎ р ŀƴŘ с ǿŜǊŜ Ǌǳƴ ƛƴ ƻǊŘŜǊ 

to assess the impact of excluding this expenditure. 

The product revenue in the άƻǇǘƛƳƛǎǘƛŎέ design scenarios 1 to 4 ǊŀƴƎŜ ōŜǘǿŜŜƴ ϵооΦр - ϵплΦт Ƴƛƭƭƛƻƴ 

per annum and is anticipated to predominantly arise from all-trans -̡carotene (approx. 50%) and 9-cis 

-̡carotene (approx. 38%) revenue. The product revenue in άƻǇǘƛƳƛǎǘƛŎέ scenario 5 is ϵооΦс Ƴƛƭƭƛƻƴ ǇŜǊ 

annum and is anticipated to predominantly arise from all-trans -̡carotene (approx. 63%) and the 9-cis 

& -h carotene extract (approx. 33%).   99% of the product revenue in scenario 6 is estimated to come 

from the supercritical CO2 ̡ - carotene extract. 

Upstream pond - ƘŀǊǾŜǎǘƛƴƎ ǇǊƻŘǳŎǘƛƻƴ Ŏƻǎǘǎ ǊŀƴƎŜ ōŜǘǿŜŜƴ ϵоΦл - ϵоΦт Ƴƛƭƭƛƻƴ ǇŜǊ ŀƴƴǳƳ ŦƻǊ ŀƭƭ 

scenarios apart from scenario 1, where they ǊŀƴƎŜ ōŜǘǿŜŜƴ ϵуΦс - ϵфΦр million per annum: this latter 

cost is due to harvesting without a membrane pre-concentration step, which increases costs because 

culture medium is not as easily recycled and consequently higher volumes of brine, water and 

magnesium need to be purchased each year and culture medium needs to be treated before 

discharge.  Downstream sƻƭǾŜƴǘ ŜȄǘǊŀŎǘƛƻƴ Ŏƻǎǘǎ ǊŀƴƎŜ ōŜǘǿŜŜƴ ϵмсΦо - ϵнрΦо Ƴƛƭƭƛƻƴ ǇŜǊ ŀƴƴǳƳ ŦƻǊ 

the άƻǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛƻǎ м ǘƻ рΦ ¢ƘŜǎŜ Ŏƻǎǘǎ ŀǊƛǎŜ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ŘǳŜ ǘƻ ǘƘŜ Ŏƻǎǘ ƻŦ ƛƻƴƛŎ ƭƛǉǳƛŘ ƛƴ ǘhe 

Heptane/Ethanol separation and recycle step after solvent extraction of algal biomass and the power 

costs of running the HPLC carotene separation steps.  No solvent extraction is performed in scenario 6 

apart from the use of scCO2.   

bƻƴŜ ƻŦ ǘƘŜ άŎƻƴǎŜǊǾŀǘƛǾŜέ ǎŎŜƴŀǊƛƻǎ ƎŜƴŜǊŀǘŜ ŀ ǇǊƻŦƛǘΦ  ¢ƘŜ άƻǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛƻǎ ŀƭƭ ǎƘƻǿ ǇǊƻŦƛǘǎ 

apart from scenario 6 (processing up to and including scCO2 only)Φ  ¢ƘŜ ǇǊƻŦƛǘŀōƛƭƛǘȅ ƻŦ ǘƘŜ άƻǇǘƛƳƛǎǘƛŎέ 

ǎŎŜƴŀǊƛƻǎ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ άŎƻƴǎŜǊǾŀǘƛǾŜέ ǎŎŜƴŀǊƛƻǎ ǊŜŦƭŜŎǘǎ the fact that the growth productivity 

ƻŦ ǘƘŜ άƻǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛƻǎ is estimated as 83% higher than ǘƘŀǘ ƻŦ ǘƘŜ άŎƻƴǎŜǊǾŀǘƛǾŜέ scenarios.  

.ƻǘƘ άƻǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛƻ н ŀƴŘ р ƘŀǾŜ ǘƘŜ ƘƛƎƘŜǎǘ ƎǊƻǎǎ ƳŀǊƎƛƴ ƻŦ пм҈ ŜŀŎƘΣ ƘƻǿŜǾŜǊΣ ǎŎŜƴŀǊƛƻ р Ƙŀǎ 

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 separation steps being excluded. 

An IRR is calculated for the profitable scenarios; however, all but one of these scenarios achieves an 

IRR of less than 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 prices for the production sold.  The price increases 

required to achieve the benchmark return of 25% are between 7% and 25%.   

¢ƘŜ Lww ƻŦ ǘƘŜ άƻǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛƻ р ƛǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜr than the benchmark return and reflects the 

return that could be achieved if the plant production could be optimized and the HPLC carotene 

separation steps are not performed as, based upon current estimates, they do not add value to the 

process. 

The conclusions reached from the economic assessment are as follows; 

¶ The best estimate of the D-Factory partners anticipates that through optimisation the 

productivity of the D-Factory plant could be improved by 83%.   

¶ The scenario assessment shows that the recycling of the cultivation medium and the use of 

pre-concentration membranes (scenario 2) can give rise to a 12% increase in profit margin in 

comparison to scenario 1 where this is not in place.   

¶ The use of the Westfalia centrifuge (scenario 2) is more profitable than the use of the Evodos 

centrifuge (scenario 3) although higher levels of biomass material recovery are achieved by the 

Evodos centrifuge coupled with lower cultivation medium treatment costs and therefore scope 

would appear to exist to improve the profitability of this scenario.   

¶ The recovery of glycerol as a by-product (scenario 4) can give rise to a marginal 0.4% 

improvement in profit margin over scenario 3 when there is no recovery.   

¶ Scenario 5 demonstrates that significant returns could be achieved with the separation of 

target carotenoids and the optimisation of the D-Factory production. 

¶ The HPLC solvent processing step provides no added value to the production of 9-cis and h -

carotene based upon the price estimates anticipated.  Further research is required to 

determine a commercially viable extraction process to isolate 9-cis-b- and h -carotene. 

2 Background  

The objective of the D-Factory is to set a world benchmark for a sustainable algal biorefinery as an 

alternative technology-based approach to convert CO2 into high added-value products.  The D-Factory 

is based upon the cultivation and processing of the algae Dunaliella salina to manufacture a range of 

potential products with multiple markets.  Dunaliella salina is currently cultivated to produce a -̡

carotene-enriched powder.  The D-Factory objective is to demonstrate that through the further 

processing of the ̡ -carotene-enriched powder, individual carotenoids and their isomers can be 

isolated and that it can be demonstrated that there is the potential for a high value market for these 

products.  

This report sets out the economic assessment of the D-Factory as part of an integrated sustainability 

assessment. This is used to assess the economic impact of six alternative production design scenarios 

based 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 the estimates of the D-Factory partners. The products to be 

manufactured by the D-Factory 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 data, which has been used 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; 

1. What is the economic performance of the project? 

2. What contributions do single cost items have on the project costs? 

3. What are the total costs of the main process steps? 

4. What is the economic performance of specific products? 

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. These data have not been available for the economic assessment and therefore it focuses on 

the assessment of each biorefinery scheme as a whole. 

3 Methodological Approach  

The D-Factory integrated sustainability assessment is based upon common goal, scope, definitions and 

settings for the technological, environmental, economic and social assessments (including the SWOT 

analysis on strengths, weaknesses, opportunities and threats). These are a prerequisite to ensure a 

comprehensive and coherent sustainability assessment and to determine the assessment results. 

These are described in chapter 3.1. Specific definitions and settings that are only relevant to the 

economic assessment are set out in chapter 3.2. 

3.1 Common definitions and settings 

The analysis of the life cycles within D-Factory follows the ILCSA methodology [Keller et al. 2015]. It is 

based on international standards such as [ISO 2006a; b], the International Reference Life Cycle Data 

System (ILCD) guidelines [JRC-IES 2012], the SETAC code of practice for life cycle costing [Swarr et al. 

2011] and the UNEP / SETAC guidelines for social life cycle assessment [Andrews et al. 2009]. The 

common definitions and settings, which apply to all parts of the integrated sustainability assessment, 

are set out in Deliverable 7.3 

3.2 Specific definitions and settings for Economic Assessment 

The economic assessment methodology incorporates the 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, installation, operation, maintenance and disposal.   

The objective is to assess the 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 instance due to the intensity and 

duration of light available to grow the algae, temperature and other factors including presence of 

predators. 

3.2.1 Data Sources 

The economic assessment sets out to determine the economic performance of the design scenarios 

assuming mature technologies have been developed.  This 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 processes. The data estimations used include estimates of capital 

investment required, revenue potential and operating costs from which profitability and economic 

indicators have been derived.  These data have been obtained from D-Factory 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 partners.  This has been supplemented by literature data searches. 

An important limitation of these data are that no material and energy consumption of processing steps 

after the supercritical CO2 extraction of dry algae biomass i.e. use of solvents to separate carotenoids, 

lipids and chlorophyll using High Performance CounterCurrent Chromatography (HPCCC) was available 

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

lack of these data. 

The process inputs and capital requirements have been costed based upon Eurostat data for EU 28 for 

the period 2014-16 where available. Prices are derived using Eurostat EU28 production value and 

quantities.  The revenue generated by each scenario is derived from the output of the processes using 

assessed prices.  The prices used have been assessed through market research on equivalent or 

substitute products after consideration of product purity.  

As previously outlined the D-Factory processes consists of two distinct operations as follows; 

1. The άAlgae Farmέ, consisting of cultivation, harvesting and stabilization, incorporating pond 

raceways and inoculator systems, pipework, harvesting and drying equipment. 

2. Fractionation and Formulation in downstream processing (DSP) consisting of Supercritical 

CO2 Extraction incorporating extraction equipment, and solvent fractionation incorporating 

heptane/ethanol extraction, and use of HPCCC and HPLC separation and purification 

processes. 

4 Outline of the D-Factory Capital Expenditure Model 

The investment required to establish a project consists of expenditure on fixed assets or fixed capital 

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 for start-up. It includes 

the cost of: 
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1. Design, and other engineering and construction supervision,  

2. All items of equipment and their installation, 

3. All piping, instrumentation and control systems, 

4. Buildings and structures, 

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

The FCI is depreciated over the life of the 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 non-process structures and equipment. 

The land on which the plant is built is part of the FCI, however, it is not included in the D-Factory FCI 

costs as the economic assessment requires to be location neutral and the cost of land will vary 

between locations. The D-Factory can be established on marginal land which has no or limited 

agricultural value. 

The FCI for the Algae Farm incorporates the complete construction cost of the raceway and inoculation 

systems together with pumps and pipework, the harvesting and drying equipment as well as its ground 

preparation and non-process structures.   

The Down Stream Processes (DSP) FCI incorporates tanks, cooling units, decanter centrifuges, 

membranes, evaporators and distillation columns for the heptane/ethanol extraction, the high 

performance countercurrent chromatography (HPCCC) units and the high performance liquid 

chromatography (HPLC) units. The supercritical CO2 extraction plant of the DSP would involve 

significant investment in a high-pressure unit together with building infrastructure costs.  The capacity 

requirements of the D-Factory are small in comparison to the minimum size of such a plant and 

consequently the supercritical CO2 extraction is purchased by the D-Factory as a service.  

The D-Factory design scenarios are at a preliminary stage.  FCI estimates have been made based upon 

the infrastructure design inputs.  It is assumed that the D-Factory operations will optimize the pilot 

plant operation and that apart from use of scCO2, DSP using chemical petroleum solvents can be scaled 

to commercial operation.  These latter DSP 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 to the point when income is earned.  The net costs include; 

1. Stocks of raw materials including chemical inputs 

2. Finished product inventories 

3. Funds to cover outstanding amounts due from debtors. 

4. Less funds due to creditors for outstanding payments. 

WCI have been calculated 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 stock.  It is assumed that 30 days raw 

material chemical stocks are maintained.  The WCI calculated represent between 4-5% of the FCI costs 

and is comparable with biorefinery studies.  Humbird et al. 2011 chose an estimate of 5% of the FCI for 
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their lignocellulosic biomass to ethanol production plant (Humbird et al. 2011, p. 68). 

5 Outline of the D-Factory Operating Expenditure Model 

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

general expenses.   

Direct production costs are the cost of inputs which increase in usage as production increases.  These 

costs include the costs of raw materials, utilities, repairs and maintenance, laboratory charges and 

operating labour costs.  Not all such costs increase in proportion with the 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 only 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 D-Factory include the following: 

5.1.1 Raw materials 

These are the inputs to the biorefinery ΨǳǇǎǘǊŜŀƳΩ ǇǊƻŎŜǎǎŜǎ ƛΦŜΦ ŀƭƎŀŜ cultivation and harvesting and 

ōƛƻǊŜŦƛƴŜǊȅ ΨŘƻǿƴǎǘǊŜŀƳΩ extraction processes used to produce the plant products.  The biorefinery 

culture predominantly consists of the brine and water medium in which the Dunaliella salina biomass 

is cultured with the addition of chemical nutrient inputs including carbon dioxide, nitrogen, 

phosphates and magnesium.  The harvesting of the Dunaliella salina requires the use of chitosan and 

hydrochloric acid as flocculation agents and sodium hydroxide as occasional preservative. Sodium 

hydroxide is also used for CIP (Clean in Place) along with nitric acid. The DSP steps using chemical 

petroleum solvents require the use of solvents to isolate the product outputs and ionic liquid to 

separate and recycle solvents. 

The requirements for these inputs have been determined for each of the design scenarios and these 

have been priced based on Eurostat average 2014-2016 EU-28 data for the inputs where available.  

Where not available, prices have been determined through market research or D-Factory partner 

estimates. 

5.1.2 Utilities 

Utilities costs are the energy costs used within production.  These include the electricity power 

associated with running the production equipment and the natural gas used to heat the production 

processes.  The requirements for these inputs have been determined for each of the design scenarios.  
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The energy requirement in kilowatt hours (kWh) is priced using Eurostat EU28 average 2014-16 price 

per kWh of electricity and natural gas. 

5.1.3 Operating Labour 

Operating labour includes the production management, plant operators, and maintenance staff.  The 

staff requirements are based on the staff utilisation at the Monzon pilot cultivation 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 was estimated at EUR 25.40 in the EU-28 and the 

share of non-wage 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 type of products being processed and the equipment used.  Concrete 

constructions are both static and corrosion-resistant requiring minimal maintenance.  The 

maintenance requirements of such assets will therefore be lower than for production process 

equipment.  In 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 0.02-0.10 linked to FCI and according to Chauvel et al. 2003, 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 proposed the economic assessment assumes maintenance and repair 

costs are valued at 2% of the FCI. 

5.1.5 Laboratory charges 

The annual cost of the downstream laboratory analyses required for process monitoring and quality 

control is a significant item in most modern chemical plants. Sinott 1999 propose as a rough estimate 

of laboratory charges 20-30% of operating labour cost or 2-4% of the total production cost. Turton et 

al. 2012 use a factor of (0.1-0.2) of operating labour costs.  The economic assessment assumes 

laboratory charges of 15% of operating labour costs. 

5.2 Fixed production costs and general expenses 

Fixed production costs and general expenses for the D-Factory include the following; 

5.2.1  Depreciation 

The capital cost of project is recovered over the life of the assets acquired through a depreciation 

charge.  Depreciation is charged over the deemed useful life of the asset in equal parts.  This is 

referred to as the straight-line depreciation method.  The life of the asset is dependent on the wear 

and tear on the assets 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 plant 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 based on the value of the assets 

insured.  The economic assessment assumes 1% of FCI as 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 resources 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 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 employerΩs labour 

cost per hour. The average hourly labour cost in 2016 was estimated at EUR 25.40 in the EU-28 and the 

share of non-wage 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 products produced by 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 non-productive components or its ancillary services.  These 

typically include office costs, communication and information technology costs, and costs not directly 

associated with and charged to a particular operating area. Overhead costs can be expected to rise 

with the scale of the manufacturing facilities. The economic 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 using Dunaliella salina algae including lipophilic antioxidant carotenoids and 

ǇƻƭȅǳƴǎŀǘǳǊŀǘŜŘ Ŧŀǘǘȅ ŀŎƛŘǎ όt¦C!Ωǎύ and water-soluble enzymes.  Problems arose in the initial delivery 

on enzymes due to incompatibility of processes i.e. it is not possible to process algal biomass for 

enzymes if it has been stabilized with either sodium hydroxide or spray-dried, however, resulting in 

focusing on processing biomass for lipophilic targets.   

An estimate of the composition of Dunaliella salina algal powders has been used to provide an 

estimation of the amounts of each product that may be produced in the D-Factory.  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. 

 

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

Source ς University of Greenwich, (Harvey et al, 2017) 

It is proposed that on the maturity of the D-Factory it will sustainably process Dunaliella salina into a 

number of different products each with different beneficial properties serving different markets.  The 

properties of the identified products are as follows; 

5.3.1 Lutein, Zeaxanthin and Chlorophyll 

As previously stated in this report the human macula uniquely concentrates three carotenoids: lutein, 

zeaxanthin, and meso-zeaxanthin. Lutein and zeaxanthin must be obtained from dietary sources while 

meso-zeaxanthin is believed to be formed at the macula by metabolic transformations of ingested 

carotenoids. Clinical trials using lutein and zeaxanthin supplements results in augmentation of macular 

pigment and consequential benefits in visual performance whilst consumption of lutein- and 

zeaxanthin-rich products is associated with lower incidence of cancer, cardiovascular disease, Age-

related Macular Degeneration and cataract formation. Lutein is clinically proven to prevent cataract 

and macular degeneration and may function as an anti-oxidant to decrease around 60 chronic disease 

risks. (Bernstein et al., 2016). 

These products are currently available as nutraceuticals within the market.  Nonetheless the pricing of 

these products range widely depending on their source and levels of purity.  Lutein and Zeaxanthin are 

currently purified from Marigold and are available in tablet form in health food shops and the internet.  

Enquiries that have been made of Lutein distributors and over the internet have ascertained the 

following Lutein prices: 

Westfal ia-

type powder 

Evodos 

powder

glycerol % 0 6

lipid % 9 18

protein equivalents % 3 18

carbohydrate % 72 44

total carotene % 8 7

9cis ɓ-carotene % 3.2 2.6

all tr ans ɓ-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

Organic matter (ash free matter) analysis normalised to 100%



 

 

 

 

Del 7.6  Economic Assessment: Final Report  15 

 

 

Table 2: Lutein Distributor prices.  

Source ς lutein distributors and the internet 

 There is a 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 remove competitioƴΦ  ! ǊƻǳƴŘŜŘ ǇǊƛŎŜ ƻŦ ϵмΣпфл for 100% 

Lutein obtained from Lycored has been assumed for the economic assessment as the quality of supply 

from the other sources is not considered satisfactory. 

5.3.2 9-cis and all-trans ̡ -Carotene ŀƴŘ ʰ-Carotene 

-̡Carotene, one of the most common dietary carotenoids, is found in high concentrations in many 

ŦǊŜǎƘ ȅŜƭƭƻǿ ŀƴŘ ƻǊŀƴƎŜ ŦǊǳƛǘǎ ŀƴŘ ǾŜƎŜǘŀōƭŜǎΣ ŀǎ ǿŜƭƭ ŀǎ ƭŜŀŦȅ ǾŜƎŜǘŀōƭŜǎΦ  ʲ-Carotene is a very 

powerful quencher of singlet oxygen and also inhibits lipid peroxidation, presumably acting as a chain 

ōǊŜŀƪƛƴƎ ŀƴǘƛƻȄƛŘŀƴǘΦ  ʲ-Carotene can exist as several different geometric isomers in nature, including 

all-trans, 9-cis, 13-cis and 15-cis isomers and these are found in both dietary components and human 

plasma.  

As previously stated in this report Cis-ǎǘŜǊŜƻƛǎƻƳŜǊǎ ŀǊŜ ƻŦ ǇŀǊǘƛŎǳƭŀǊ ƳŜŘƛŎŀƭ ƛƴǘŜǊŜǎǘΦ фΩ-Ŏƛǎ ʲ-

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 food supplements enriched with 

ƴŀǘǳǊŀƭ ǎƻǳǊŎŜǎ ƻŦ ʲ-carotene which contain both cis- and trans- ǎǘŜǊŜƻƛǎƻƳŜǊǎΣ ŎƻƴǘŀƛƴƛƴƎ с҈ ǿκǿ ʲ-

carotene made up of 50:50 9-Ŏƛǎ ʲ-carotene and all-ǘǊŀƴǎ ʲ-carotene, has linked their intake with 

mitigation of a range of diseases including atherosclerosis, diabetes, psoriasis and ophthalmologic 

diseases (Greenberger et al., 2012; Rotenstreich et al., 2013; Bechor et al., 2016). By contrast 

administration of synthetic all-ǘǊŀƴǎ ʲ- carotene in mice was found to have no effect on cardiovascular 

disease (Levy et al., 2000). 

ʰ -carotene has proven anti-metastatic action, which is not associated with provitamin A activity. ʰ -

ŎŀǊƻǘŜƴŜ Ƙŀǎ ƭƻǿŜǊ ŎƻƴǾŜǊǎƛƻƴ ǊŀǘŜ ǘƻ ǾƛǘŀƳƛƴ ! ǘƘŀƴ ʲ-carotene and may involve the mediation of 

gene expression and signaling pathway related to invasion and migration. (Liu et al 2015) 

These carotenoids are not currently available in commercial quantities although they are available in 

laboratory scale production in small quantities for laboratory experiments.  It is only once these 
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compounds are produced in commercial quantities that it will be possible to ascertain their 

therapeutic impact and develop a market for them.  Once this has been achieved the potential 

demand and pricing of these products can be determined.  For the purposes of this economic 

assessment prices have been derived using the laboratory scale pricing for these compounds available 

from Sigma-Aldrich Merck and adjusting these prices using the difference between Sigma-Aldrich 

Merck laboratory price for lutein and the commercial market value for lutein obtained from Lycored. 

The derived prices for these compounds are as follows; 

 

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

Source ς Sigma Aldrich Merck 

5.3.3 -̡carotene extract products 

In the integrated sustainability assessment, two scenarios (Scenario 5 & 6) have been considered 

where the ̡ -carotene extract is not fully processed into its constituent products but sold as an extract 

product.  In Scenario 5 the ̡-carotene extract from scCO2 processing is further processed up to and 

including the HPCCC step but does not include the HPLC step and the extract product contains 

compounds of a mixture of 9-cis, and h  ςcarotene; a mixture of lutein, zeaxanthin and chlorophyll and 

all-trans b-carotene in non-polar lipid. In Scenario 6 the extract is not processed beyond the 

supercritical CO2 step.  Note: the defatted powder may have unusual positive effects as an animal feed 

(Harvey, pers. commun.) or food ingredient (RISE, pers. commun.) and these aspects of the defatted 

powder are not considered here.  

It is anticipated that these extract products contain the benefits of its constituent carotenoids and 

isomers. These extract products are therefore priced based upon the percentage of each constituent 

product within the extract 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 products ς Glycerol, Lipids, Protein and Carbohydrates 

The other products are by-products of the process and of low value.  Glycerol and Lipids are used in 

oleochemistry in the food and cosmetics industry.  The price of glycerol is derived from the Eurostat 

EU28 2014-16 average production value and quantity of glycerol.  The price of lipids has been 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 Soya and Cereal prices respectively as 

substitute products.  The prices used for these substitute products are derived from the Eurostat EU28 

2014-16 average production value and quantity of these products. 

5.3.5 Product prices 

Product prices used in the economic assessment are as follows; 

 

Table 4: D-Factory product prices.  

Source ς D-Factory 

The prices of these products may change over time as a result of many factors.  These include changes 

in the policy frameworks for developing a green bioeconomy; consumer preference for natural 

products instead of synthetic; increasing popularity of microalgal food supplements or nutraceuticals; 

proven health benefits; new development such as personalised nutrition; volume/price of competitive 

products and legislation pertaining to acceptance of products as novel foods, 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 measure to allow for a comparison of different 

biorefinery concepts and processes. 

The economic performance indicators used are the Net Present Value, the Internal Rate of Return, the 
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Breakeven Revenue and the product contribution margin. 

An investment is typically characterised 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 15-25 years and for the economic assessment 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 the plant is then 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 economic assessment 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 

ōŜŎƻƳŜ ȊŜǊƻΦ  !ƴ Lww ƻŦ нр҈ ƛǎ ƎŜƴŜǊŀƭƭȅ ŎƻƴǎƛŘŜǊŜŘ άŀǎ the threshold for securing capital investment 

ƛƴ ƴŜǿ ǇǊƻŎŜǎǎƛƴƎ ǘŜŎƘƴƻƭƻƎȅέ ό.Ǌƻǿƴ Ŝǘ ŀƭΦ нлмнΣ ǇΦ унύΦ ¢Ƙƛǎ threshold will therefore be used as a 

benchmark which D-Factory will have to achieve in order to become attractive for investors. If the 

scenario assessed fails to achieve this threshold return the increase in the product prices required to 

achieve this threshold return have been calculated. 

The breakeven revenue is the revenue required for the business to cover its costs.  Breakeven revenue 

equals the 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 breakeven revenue. 

The product contribution margin has been calculated to assess the profitability of the individual D-

Factory products.  The product contribution margin reflects the product revenue less the variable costs 

allocated to the production of this product divided by the product revenue.  In the absence of data on 

the cost allocation to specific products it has been determined that the most appropriate way of 

allocating the variable costs of production to each product is to allocate the total cost of each process 

of production to the products based on 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).  The IFEU dataset provides the mass and energy inputs and outputs 

for six design scenarios and assume άconservativeέ ŀƴŘ άƻǇǘƛƳƛǎǘƛŎέ ǎŜƴǎƛǘƛǾƛǘƛŜǎ ŦƻǊ ǘƘŜǎŜ sub-

scenarios.   

A synopsis of the analysed scenarios is as follows: 
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No. Scenario Short description 

1 Initial configuration: 

¶ Disruptive algae harvesting with disc-stack centrifuge without membrane pre-
concentration including wash to remove salt 

¶ Biomass is dried - drying step uses spray drying 

¶ Supercritical CO2 and organic solvents to fractionate extracts into increasingly pure 

preparations of high- value compounds. 

2 Membrane pre-concentration: Scenario 1 with membrane technology as a pre-concentration 
step for harvesting cells to lower energy costs and permit effluent recycle 

3 Whole cell harvesting: Scenario 2 with Evodos-type spiral plate centrifuge for harvesting 
intact whole cells and controlled cell rupture using water, which also washes biomass to 
remove salt 

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

5 {ƘƻǊǘŜǊ ŘƻǿƴǎǘǊŜŀƳ ǇǊƻŎŜǎǎƛƴƎΥ ǎŎŜƴŀǊƛƻ о ǿƛǘƘƻǳǘ ǎŜǇŀǊŀǘƛƻƴ ƻŦ ŎŀǊƻǘŜƴŜǎ ƛƴǘƻ ʰ-carotene 
and 9-cis ̡ -carotene or separation of lutein, zeaxanthin and chlorophyll. 

6 No carotenoid separation: scenario 3 without separation of carotenoid extract into seven 
products including 9-cis ̡ -carotene 

 
The Figures 1 and 2 below give an overview of the scenarios analysed in this study.  Detailed process 

schemes for each scenario can be found in Appendix 9.3.  These scenarios were selected for 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.  

 

Figure 1: Overview schemes of scenarios 1 ï 3.   

* by disk-stack centrifuge;  ʒby spiral-plate centrifuge; amounts and organic loads of wastewater are delineated 

by symbol +/0/-.  Source ï D-Factory 
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Figure 2: Overview schemes of scenarios 4 - 6.   

* by disk-stack centrifuge;  ʒby spiral-plate centrifuge; amounts and organic loads of wastewater are delineated 

by symbol +/0/-.  Source ï 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 stage ƛƴ ǘƘŜ άconservativeέ ŀƴŘ 

άƻǇǘƛƳƛǎǘƛŎέ ǎŜƴǎƛǘƛǾƛǘƛŜǎ is consequently principally driven by the assumed algae growth productivity 

of 3.0 g/m2/day and 5.5 g/m2/day respectively and the days of plant operation of 300 days and 330 

days respectively.  The scenarios also reflect the use 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 centrifuge that is utilized as per Table 1 above. 

6 Economic Assessment ς Results 

The results of the economic assessment for the six design scenarios are set out below.  Table 5 sets out 

ǘƘŜ ƪŜȅ ǇŜǊŦƻǊƳŀƴŎŜ ƛƴŘƛŎŀǘƻǊǎ ŦƻǊ ǘƘŜ άconservativeέ ǎŜƴǎƛǘƛǾƛǘȅ ŀƴŀƭȅǎƛǎ ŀƴŘ ¢ŀōƭŜ с ǎŜǘǎ ƻǳǘ ǘƘŜ ƪŜȅ 

ǇŜǊŦƻǊƳŀƴŎŜ ƛƴŘƛŎŀǘƻǊǎ ŦƻǊ ǘƘŜ άƻǇǘƛƳƛǎǘƛŎέ ǎŜƴǎƛǘƛǾƛǘȅ ŀƴalysis. 

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 constituent products.  Scenario 5 is a design scenario in which the 

scCO2 extract is fractionated using HPCCC but further separation of carotenes does not include HPLC. 

Scenario 6 is a design scenario in which there is no solvent extraction apart from the use of scCO2. 

Under scenarios 5 and 6 the ̡-carotene extract 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 9-cis -̡carotene and h -

carotene and in scenario 6 the ̡-carotene extract is the output from the supercritical CO2 extraction 
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and incorporates 9-cis & all-trans ̡ -carotene, h -carotene, lutein, zeaxanthin and chlorophyll. 

 

 

Table 5: D-Factory Economic Assessment Performance Indicator Results for ñConservativeò 
Scenarios.  

úm: million Euros 
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Table 6: D-Factory Economic Assessment Performance Indicator Results for ñOptimisticò Scenarios.  

úm: million Euros 

 

6.1 Capital Expenditure Assessment 

The basis for estimating the capital expenditure requirements of the design scenarios is set out in 

section 4. 

The fixed asset expenditure requirements of the pond infrastructure have been estimated based upon 

the weight of material needed to fabricate the ponds and the surrounding infrastructure.  These 

material requirements have been costed based upon the Eurostat EU28 2014-16 average production 
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value and quantities of the material inputs.  The harvesting equipment requirements for pre-

concentration membrane systems, centrifuges, and dryers have been estimated based upon the 

production flows for each scenario.  These have been costed based on inputs from the D-Factory 

partners. 

 D-Factory partners based on scaling up the laboratory processes have estimated the fixed asset 

expenditure requirements of the Down Stream Processes using solvents.  D-Factory partners have 

estimated the capital costs of these assets. 

The working capital requirements have been calculated assuming debtors pay on a 30 day credit on 

the sales revenue; that creditors are paid on a 30 day credit on the raw material costs and that 30 days 

raw material chemical stocks are maintained.  The working capital calculated represent between 4-5% 

of the fixed asset costs, which is comparable with other biorefinery studies.  

The capital expenditure results are shown in Figure 3 below. 

 

Figure 3: Scenario Capital Expenditure Estimates  

Source: D-Factory 

As highlighted in Figure 3 the capital expenditure estimates for the full process design of scenarios 1 to 

4 range between ϵрм - ϵро ƳƛƭƭƛƻƴΦ  ¢ƘŜ ƭŀǊƎŜǎǘ ǎƛƴƎƭŜ ŜƭŜƳŜƴǘ ƻŦ ǘƘƛǎ ŎŀǇƛǘŀƭ ŜȄǇŜƴŘƛǘǳǊŜ ŀǊƛǎŜǎ ŘǳŜ ǘƻ 

the capital expenditure requirement of the HPLC purification ƻŦ ϵпф million.  The capital expenditure of 

scenarios 5 and 6 ǊŀƴƎŜ ōŜǘǿŜŜƴ ϵоΦр - ϵпΦл Ƴƛƭƭƛƻƴ as a result of the scenario design stopping prior to 

the HPLC extraction stage.  These 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 

The source of brine for algae cultivation varies from location to location as does the salt and impurities 

content. In most instances the cultivation brine is sourced from either the sea or from salt mining 

operations as in the case of the Monzon pilot. This will 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 plant requirements.  In this plant the proportion of brine to water used in the cultivation 

medium is two thirds to one third brine to water.  The brine price used is ϵтΦнлκƳ3 which is based on 

the salt mining source used at Monzon.   

The water requirement is extracted directly from the public water supply.  The price of water used in 

the economic assessment is the average European Union price of water in 2007 (Jill Kjellsson et al 

нлмнύ ƻŦ ϵоΦнрκƳ3.   

6.2.2 Chemical Inputs 

In order to optimize the growth of the Dunaliella salina algae various chemical inputs are added to the 

cultivation medium during the harvesting cycle these are; 

¶ Carbonation (Carbon Dioxide - CO2) 

¶ Nitrogen (Potassium Nitrate - KNO3) 

¶ Phosphate (Phosphoric Acid - H3PO4) 

¶ Magnesium (Magnesium Sulphate - MgSO4) 

CO2 is used in the process of photosynthesis by the algae.  In order to maximize the growth of the 

algae CO2 is bubbled through the cultivation medium in order to maximize the CO2 fixation and 

consequently growth productivity.  In order to optimize the sustainability impact of the D-Factory it is 

proposed that the D-Factory plant is built utilizing the waste CO2 generated from power plants.  As the 

source of the CO2 is 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 been estimated by the D-

Factory partners.  The prices of these compounds have been derived from the Eurostat EU28 2014-16 

average production value and quantity of these compounds or comparable compounds where specific 

prices are not available.  The price obtained from the Eurostat database for Potassium Nitrate was 

ϵлΦфмфκƪƎΣ ŦƻǊ tƘƻǎǇƘƻǊƛŎ ŀŎƛŘ ǿŀǎ ϵлΦумрκƪƎΦ  ¢ƘŜǊŜ ƛǎ ƴƻ ǇǊƛŎŜ ŦƻǊ aŀƎƴŜǎƛǳƳ {ǳƭǇƘŀǘŜ ƻƴ ǘƘŜ 

9ǳǊƻǎǘŀǘ ŘŀǘŀōŀǎŜ ŀƴŘ ŀ ŎƻƳǇŀǊŀōƭŜ ǇǊƛŎƛƴƎ ŦƻǊ ƘȅŘǊƻȄƛŘŜǎ ƻŦ ƳŀƎƴŜǎƛǳƳ ǿŀǎ ǳǎŜŘ ƻŦ  ϵлΦсосκƪƎ 

The harvesting process also involves the use of chemicals to assist in the flocculation of the algae 

biomass.  The chemicals used are; 

¶ Hydrochloric acid 

¶ Sodium Hydroxide (NaOH) for preservation after flocculation and for CIP 

¶ Nitric Acid (HNO3) for CIP  
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The proportions of each of these compounds used in the upstream cultivation phase have been 

estimated by the D-Factory partners.  The prices of these compounds have been derived from the 

Eurostat EU28 2014-16 average production value and quantity of these compounds.  The price 

ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ 9ǳǊƻǎǘŀǘ ŘŀǘŀōŀǎŜ ƛǎ ϵлΦпфуκƪƎ ŦƻǊ {ƻŘƛǳƳ IȅŘǊƻȄƛŘŜ ŀƴŘ ϵлΦомнκƪƎ ŦƻǊ bƛǘǊƛŎ !ŎƛŘ 

and similar for hydrochloric acid. 

6.2.3 Labour 

The Pond Cultivation and Harvesting staff requirements have been estimated based the staff utilisation 

at the Monzon pilot plant taking into account shift working and scaled up to the proposed plant 

capacity. Based on this the operating labour requirement is assumed as 20 staff. The Solvent Extraction 

processing is assumed to be highly automated with a requirement of 5 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 the average gross employers labour cost of ϵнрΦп0 per hour for the EU28. 

¢ƘŜǊŜ ƛǎ ƴƻ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǘƘŜ ƭŀōƻǳǊ ǊŜǉǳƛǊŜƳŜƴǘ ƻŦ ǘƘŜ άconservativeέ ŀƴŘ ǘƘŜ άƻǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛƻǎ 

since there is no difference in 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 gas.  It is anticipated that the D-

Factory would be co-located with a source of CO2.  This will, in many instances, be a power plant, 

which also can be a source of power otherwise sold onto the grid. 

It is assumed that the electricity requirement is met by purchasing power from the public grid.  The 

electricity price used is the average electricity price for industrial users in the EU28 in 2014-16 of 

ϵлΦммуκƪ²ƘΦ 

The D-Factory also has a requirement for heat which is met from combustion of the natural gas supply.  

The price of natural gas used is the average natural gas price for industrial users in the EU28 in 2014-16 

ƻŦ ϵлΦлопκƪ²ƘΦ 

6.2.5 Supercritical CO2 Extraction 

The supercritical CO2 extraction process is purchased as a service by the D-Factory as the capacity 

requirements of the D-Factory are less than the minimum capacity of a supercritical CO2 plant.  In 

addition there are a number of plants offering supercritical CO2 extraction who can offer competitive 

pricing based upon their economies of scale.  The price estimate used was obtained from NATICO 

based upon a 100t biomass extraction per annum ƻŦ ϵфΦлκƪƎΦ 

6.2.6 Solvents 

In Down Stream Processing with chemical petroleum solvents a number of solvents are used in order 

to extract the high value products anticipated.  These are; 

¶ Heptane 
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¶ Ethanol  

¶ Ionic Liquid 

¶ Ethyl acetate 

¶ Methanol 

The proportions of each of these solvents used in the extraction process have been estimated based 

upon laboratory scale extraction.  The price of these solvents have been derived from the Eurostat 

EU28 2014-16 average production value and quantity of these solvents or, where these are not 

available, estimates made by D-Factory partners.  The price obtained from the Eurostat database for 

9ǘƘȅƭ !ŎŜǘŀǘŜ ǿŀǎ ϵлΦуус/kg and for aŜǘƘŀƴƻƭ ǿŀǎ ϵлΦмпс/kg.  The prices of other solvents were 

estimated by D-Factory partners as IŜǇǘŀƴŜ ϵнΦлрнκƪƎΣ 9ǘƘŀƴƻƭ ϵлΦофрκƪƎΣ LƻƴƛŎ [ƛǉǳƛŘ ϵооΦнрлκƪƎΣ 

6.2.7 Pond Harvesting Production Costs 

The pond harvesting production costs are shown in Figure 4 below; 

 

Figure 4: Scenario Pond Harvesting Production Costs Source: D-Factory 

Pond harvesting proŘǳŎǘƛƻƴ Ŏƻǎǘǎ ǊŀƴƎŜ ōŜǘǿŜŜƴ ϵоΦл - ϵоΦт million per annum for all scenarios apart 

from the ǎŎŜƴŀǊƛƻ м ǿƘƛŎƘ ǊŀƴƎŜǎ ōŜǘǿŜŜƴ ϵуΦс - ϵфΦр Ƴƛƭƭƛƻƴ ǇŜǊ ŀƴƴǳƳΦ  In scenario 1 there is no 

recycling of the cultivation medium and consequently in this scenario brine and water costs are higher 

since these both need to be replaced after each harvest.  In addition there are higher magnesium costs 

as the magnesium content is retained to some extent in the recycled medium, while the nitrogen and 

phosphate are 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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Figure 5: Scenario Solvent Extraction Production Costs Source: D-Factory 

{ƻƭǾŜƴǘ ŜȄǘǊŀŎǘƛƻƴ ǇǊƻŘǳŎǘƛƻƴ Ŏƻǎǘǎ ǊŀƴƎŜ ōŜǘǿŜŜƴ ϵмсΦо - ϵнрΦо Ƴƛƭƭƛƻƴ ǇŜǊ ŀƴƴǳƳ ŦƻǊ м-5 

άƻǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛƻǎ ŀƴŘ ōŜǘǿŜŜƴ ϵтΦр - ϵммΦс million per annum for 1-р άconservativeέ ǎŎŜƴŀǊƛƻǎΦ 

No petroleum chemical solvent extraction is performed in scenario 6, only use of scCO2.  These costs 

arise predominantly due to the cost of ionic liquid in recycling the Heptane/Ethanol, which is 53% of 

the total solvent extraction production cost and the power costs of running the HPLC extraction, which 

is 34% of the total solvent extraction production cost. 

6.3 Scenario Economic Assessment Results 

This section sets out the results for the scenarios assessed.   

6.3.1 Product Revenue 

Section 5.3 sets out the market analysis of the D-Factory products and the basis upon which they have 

been priced.  Figure 6 sets out the product revenue for each of the scenarios broken down by product. 
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Figure 6: Scenario Product Revenue Source: D-Factory 

Scenarios 1-пΣ ƘŀǾŜ άƻǇǘƛƳƛǎǘƛŎέ ǇǊƻŘǳŎǘ ǊŜǾŜƴǳŜ ƻŦ ōŜǘǿŜŜƴ ϵооΦр - ϵплΦт million per annum with 

around 50% coming from all-trans -̡carotene and 38% from 9-cis ̡ -carotene.  The άconservativeέ 

ǇǊƻŘǳŎǘ ǊŜǾŜƴǳŜ ƛǎ ōŜǘǿŜŜƴ ϵммΦр - ϵмоΦф Ƴƛƭƭƛƻƴ ǇŜǊ ŀƴƴǳƳ with around 60% coming from all-trans ̡ -

carotene and 31% from 9-cis ̡ -carotene. Scenario 5 has producǘ ǊŜǾŜƴǳŜ ƻŦ ōŜǘǿŜŜƴ ϵмнΦр - ϵооΦс 

million per annum with around 63% coming from all-trans ̡ -carotene and 33% from the 9-cis & h - 

carotene extract.   Scenario 6 has ǇǊƻŘǳŎǘ ǊŜǾŜƴǳŜ ƻŦ ōŜǘǿŜŜƴ ϵмΦф - ϵпΦм Ƴƛƭƭƛƻƴ ǇŜǊ ŀƴƴǳƳ ǿƛǘƘ 

around 99% coming from the supercritical CO2 ̡ - carotene extract. 

6.3.2 Operating Expenditure 

Figure 7 sets out the total operating expenditure for the scenarios.   

 

Figure 7: Scenario Operating Expenditure Estimates 
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Source: D-Factory 

Scenarios 1-пΣ ƘŀǾŜ άƻǇǘƛƳƛǎǘƛŎέ ƻǇŜǊŀǘƛƴƎ ŜȄǇŜƴŘƛǘǳǊŜ ƻŦ ōŜǘǿŜŜƴ ϵнуΦс - ϵотΦп Ƴƛƭƭƛƻƴ ǇŜǊ ŀƴƴǳƳ 

ŀƴŘ άconservativeέ ƻǇŜǊŀǘƛƴƎ ŜȄǇŜƴŘƛǘǳǊŜ ƻŦ ōŜǘǿŜŜƴ ϵмтΦс - ϵнн.5 million per annum.  Scenario 5 has 

ƻǇŜǊŀǘƛƴƎ ŜȄǇŜƴŘƛǘǳǊŜ ƻŦ ōŜǘǿŜŜƴ ϵмоΦм - ϵнпΦр Ƴƛƭƭƛƻƴ ǇŜǊ ŀƴƴǳƳΦ  {ŎŜƴŀǊƛƻ с Ƙŀǎ ƻǇŜǊŀǘƛƴƎ 

expenditure of betweŜƴ ϵрΦп - ϵрΦр Ƴƛƭƭƛƻƴ ǇŜǊ ŀƴƴǳƳΦ   

6.3.3 Profitability 

Figure 8 sets out the profitability for each of the scenarios.   

 

Figure 8: Scenario Profitability 

Source: D-Factory 

As shown in Figure 8 ƴƻƴŜ ƻŦ ǘƘŜ άconservativeέ ǎŎŜƴŀǊƛƻǎ ƎŜƴŜǊŀǘŜ ŀ ǇǊƻŦƛǘ ǿƛǘƘ ƻƴƭȅ ǎŎenario 2 and 5 

ǎƘƻǿƛƴƎ ŀ ǇǊƻŦƛǘ ŀǘ ǘƘŜ ƎǊƻǎǎ ƳŀǊƎƛƴ ƭŜǾŜƭΦ  ¢ƘŜ άƻǇǘƛƳƛǎǘƛŎέ scenarios all show profits apart from 

scenario 6.  ¢ƘŜ ǇǊƻŦƛǘŀōƛƭƛǘȅ ƻŦ ǘƘŜ άƻǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛƻǎ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ άconservativeέ 

scenarios reflects that the growth productivƛǘȅ ƻŦ ǘƘŜ άƻǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛƻǎ Ƙŀǎ ōŜŜƴ ŀǎǎǳƳŜŘ ŀǎ уо҈ 

higher than that of ǘƘŜ άconservativeέ.  Both άƻǇǘƛƳƛǎǘƛŎέ scenario 2 and 5 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 

ŎŀǇƛǘŀƭ ŜȄǇŜƴŘƛǘǳǊŜ ƻŦ ϵпф Ƴƛƭƭƛƻƴ ƴƻǘ ōŜƛƴƎ ƛƴŎǳǊǊŜŘΦ 

6.3.4 Economic sustainability 

The Internal Rate of Return (IRR) is the main profitability indicator for the comparison of all scenarios.  

An IRR of at least 25% is the benchmark to determine whether it is appropriate to proceed with an 

investment. 

As shown above none of tƘŜ άconservativeέ ǎŎŜƴŀǊƛƻǎ ƘŀǾŜ ŀƴ IRR as they are loss making proposals.  
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An IRR has beŜƴ ŎŀƭŎǳƭŀǘŜŘ ŦƻǊ р ƻǳǘ ƻŦ ǘƘŜ с άƻǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛƻǎΣ ƘƻǿŜǾŜǊΣ ŀƭƭ ōǳǘ ƻƴŜ ƻŦ ǘƘŜǎŜ 

scenarios has an IRR of greater than 25%.  In order to achieve this benchmark return there would need 

to be an improvement in the realisations made under these scenarios. Improved realisations could be 

obtained by achieving higher sales prices for the production sold.  Figure 9 below shows the 

percentage increase in product prices that would need to be achieved in order to have a benchmark 

return of 25%. 

 

Figure 9: % Price Increase to achieve 25% IRR 

Source: D-Factory 

The price increases required to achieve the benchmark return of 25% for the άƻǇǘƛƳƛǎǘƛŎέ 1-4 scenarios 

is between 7% and 25%.  This reflects that even if optimization can 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. 

άhǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛƻ с ƛǎ based on a design scenario in which there is no solvent extraction, apart 

from use of scCO2.  This scenario is loss making and does not achieve a positive IRR.  The price increase 

required to achieve the benchmark return of 25% is 41%. 

άhǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛo 5 has an IRR of 296%.  This 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 extraction. This return far exceeds the benchmark return and reflects the 

return that might be achieved if the plant production could be optimized to realize an algae 

productivity growth of 5g AFDW per m2 photosynthetic area per day.  In addition the ̡ -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 isolated.  These 

are targets that are being worked upon in order to determine whether these significant returns are 

achievable. 
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7 Conclusions 

This economic assessment has been prepared based upon limited available data. Given these 

limitations best estimates have been made based upon the expertise and experience of the D-Factory 

partners. 

Six design scenarios have been developed in order to assess the economic impact of different designs.  

These designs have been determined in order to assess the impact of a number of factors on the 

overall performance of the plant.  These include  

¶ To assess the use of pre-concentration membranes to improve the efficiency of the centrifuge 

harvesting of the algae biomass. 

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

centrifuges for ruptured cell harvesting 

¶ To assess the performance of glycerol recovery 

¶ To assess the performance of downstream processing by excluding the use of chemical 

petroleum solvents in extraction completely i.e. using only supercritical CO2 in extraction,  and 

excluding only the HPLC solvent separation/purification steps. 

Each design is then assessed based upon two levels of productionΦ  ¢ƘŜ άconservativeέ ǎŎŜƴŀǊƛƻǎ 

reflect the best estimate of the D-Factory partners of what level of production can be achieved without 

refinement or optimisation of the plant.  It sets the minimum estimate of what can be expected.  The 

άƻǇǘƛƳƛǎǘƛŎέ ǎŎŜƴŀǊƛƻǎ ǊŜŦƭŜŎǘ ǘƘŜ ōŜǎǘ ŜǎǘƛƳŀǘŜ ƻŦ ǘƘŜ 5-Factory partners of what level of production 

can be achieved with refinement and optimisation of the plant.  It sets out the target estimate of what 

might be achieved. 

Market research identified several potential compounds that might be targeted by the D-Factory 

biorefinery using Dunaliella salina algae.  Problems arose in demonstrating the solvent extraction of 

these compounds at commercial scale and consequentially an estimate of the composition of the 

Dunaliella salina algal powders has been used to determine the product output of the D-Factory.  It is 

only once commercial quantities are available that the market demand for the D-Factory 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 lutein, which is commercially available, as a benchmark product. 

The economic assessment based upon the άconservativeέ production demonstrates that none of the 

six design scenarios can achieve profitability.  The reasons for this are predominantly the high chemical 

petroleum solvent costs associated with the DSP extraction of algal biomass, specifically that of using 

ionic liquid processes to separate and recycle heptane and ethanol, and the high capital expenditure 

required for the HPLC separation steps together with their high power utilisation.  Scenario 5, which 

excludes the HPLC separation-purification steps, provides the best profitability performance.  In order 

to achieve the benchmark internal rate of return of 25% for these scenarios price increases of between 

125% and 196% would need to be achieved apart from that in scenario 5 which could achieve this 

return with only an 8% price increase.  Such an increase could be completely feasible if the market 

demand for these compounds provides the expected beneficial impact.  This also highlights that 
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significant refinement is required to the HPLC purification processes in order for them to demonstrate 

the necessary value addition. 

The economic assessment based upon ǘƘŜ άƻǇǘƛƳƛǎǘƛŎέ ǇǊƻŘǳŎǘƛƻƴ demonstrates that all the six design 

scenarios can be profitable apart from scenario 6, which does not include any solvent extraction apart 

from the use of supercritical CO2.  Scenario 6 does not isolate any of the target carotenoids and 

isomers and the ̡ -carotene extract sold as the scenario product is of relatively low value. The 

remaining scenarios 1 to 5 all show a profit; however, only scenario 5 achieves the benchmark rate of 

return of 25%.  Scenarios 1 to 4 can achieve the benchmark return with a 7% to 25% price increase, 

which could be completely feasible if the market demand for these compounds proves the expected 

beneficial impact.   

¢ƘŜ άƻǇǘƛƳƛǎǘƛŎέ ǎcenario 5 shows an internal rate of return of 296% well in excess of the benchmark 

return and reflects the potential that could be achieved should commercial solvent extraction be 

realised and through the optimisation of the D-Factory plant.  Scenario 5 only assumes downstream 

processing through scCO2 extraction and including HPCCC, and excludes HPLC separation steps.  The 

capital expenditure of the HPLC processes make up 94% of the full design capital expenditure and by 

their exclusion this expenditure is avoided.  In addition the high power consumption of these 

processes, which constitutes 35% of the full design solvent extraction production cost, is avoided.  This 

return, however, is predicated on the ̡ -carotene extract output from HPCCC separation, achieving 

prices that reflect the prices achieved by the isolated target products. 

The conclusions drawn are as follows; 

¶ The best estimate of the D-Factory partners anticipates that through optimisation the 

productivity of the D-Factory plant could be improved by 83%.   

¶ The scenario assessment shows that the recycling of the cultivation medium and the use of 

pre-concentration membranes (scenario 2) can give rise to a 12% increase in profit margin in 

comparison to scenario 1 where this is not in place.   

¶ The use of the Westfalia centrifuge (scenario 2) is more profitable than the use of the Evodos 

centrifuge (scenario 3) although higher levels of recovery are achieved by the Evodos 

centrifuge and therefore scope would appear to exist to improve the profitability of this 

scenario.   

¶ The recovery of glycerol as a by-product (scenario 4) can give rise to a marginal 0.4% 

improvement in profit margin over scenario 3 when there is no recovery.   

¶ Scenario 5 demonstrates that significant returns could be achieved with the isolation of target 

carotenoids and isomers and the optimisation of the D-Factory production. 

¶ The HPLC solvent processing steps provide no added value to the production of 9-cis and h -

carotene based upon the price estimates anticipated.  Further research is required to 

determine a commercially viable extraction process to isolate 9-cis-b- and h -carotene. 
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9 Appendices 

9.1 Appendix 1 Technology readiness levels (TRL) used in this report 

¶ TRL 1 ï basic principles observed  

¶ TRL 2 ï technology concept formulated  

¶ TRL 3 ï experimental proof of concept  

¶ TRL 4 ï technology validated in lab  

¶ TRL 5 ï technology validated in relevant environment (industrially relevant environment in the 

case of key enabling technologies)  

¶ TRL 6 ï technology demonstrated in relevant environment (industrially relevant environment in 

the case of key enabling technologies)  

¶ TRL 7 ï system prototype demonstration in operational environment  

¶ TRL 8 ï system complete and qualified  

¶ TRL 9 ï actual system proven in operational environment (competitive manufacturing in the case 

of key enabling technologies; or in space) 
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9.2 Appendix 2: Possible Markets for D-Factory Products from Deliverable 5.3 

Material Possible 
market 

Target end products Role  

2. Carotenoid-rich 
extract (oil or 
powder) 

Nutraceuticals Drinks, soft gel capsules Active 

Food fortification Functional drinks  Active 

3. Residue: Spent 
biomass from CO2 
extraction (powder) 

Feed Pellets/granulates for 
animal feed  

Protein & carbohydrate  
source 

Cosmetics Scrubs used for skin 
exfoliation  

Abrasive powder 

Food Gluten-free bread Protein source 

3.1 Starch 
(powder) 

Nutraceuticals Tablets Excipient: tablet filler 

Food Sauces, drinks,  Functional ingredient: 
Thickener, emulsifier, 
dispersion stabilizer  

4. Carotenoids 
range (powder) 

Nutraceuticals Tablets, soft gel capsules, 
effervescents  

Active 

Cosmeceuticals Tablets, soft gel capsules Active 

4.1. 9-cis ɓ-
carotene 

Pharma Active Pharmaceutical 
Ingredient (API)  

Active with  anti-
inflammatory effect 

4.2. Zeaxanthin + 
lutein 

Cosmeceuticals, 
Nutraceuticals 

Tablets, topical 
formulations 

Active 

5. Specialty lipids range 

Polyunsaturated 
Fatty Acids 
(PUFAS) 

Nutraceuticals Soft gel capsules Active 

Food E.g. Margarines, 
functional drinks (low-fat, 
dairy-type)   

Ingredient 

Galactolipids Cosmetics Gel, emulsions, cream 
formulations 

Excipient: emulsion 
stabilizer, encapsulating 
agent 

Nutraceuticals Functional drinks Excipient: emulsion 
stabilizer, encapsulating 
agent   

Pharma Gel, emulsions, cream-
based formulations 

Excipient: emulsion 
stabilizer, encapsulating 
agent   

Pharma 
 

Possible Active 
Pharmaceutical Ingredient  

Possible immuno-
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, 
breakfast cereals, 
confectionary  

Food colourant 

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 1 ςWestfalia harvesting without membrane pre-concentration  
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9.3.2 Scenario 2 ς Westfalia harvesting with membrane pre-concentration  

 










