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Figure S1. Comparison of solar energy storing capabilities of different technologies.

Data S1. Microalgae: estimation of photosynthetic efficiency (PE)
Weyer et al' assess a total photosynthetic efficiency (PE) of 2.9% in their theoretical

evaluation of a best-case scenario for microalgae cultivation, while other studies claim PEs

of 4% and 5% 7. The PE is affected by various terms, such as suboptimal conditions

(temperature, light amount) and losses caused by construction or geometry (e.g., light
reflection). PE values for other scenarios and cases are lower than 2.9% and estimated
based on Weyer et al !. The PE of biomass production by open-cultivation of microalgae is

estimated to be 20% lower than the PE of the production process using PBRs. The lower

PE of the latter is likely due to the prolonged light path and increased light reflection at the

liquid surface, which result in energy transfer losses. In addition, the PE for the scenario

Finland is assumed to be 10% lower than the PE for the scenario Morocco due to its lower

photon transmission efficiency caused by low angle of incident light and the resulting
increased light reflection.! Based on these assumptions, the following PEs are obtained:

Morocco PBR 2.9%, open pond 2.3%; Finland PBR 2.6% and open pond 2.0%.
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Data S2. Precipitation and evaporation estimates for Finland and Morocco
Evaporation E [m s™'] in open ponds is evaluated based on this previously published

equation *:
E =184+ (0.37 +0.22V) * (5T — 51T + 1282)%88 « (1 — F)*88  (¢q. SI)

, where V is wind speed [m s7!], T is temperature [°C] and F is relative humidity. Monthly
values are calculated for both locations. The rate at which fresh water needs to be added to
balance compensate for evaporation is determined based on the monthly difference between

evaporation and precipitation.

Table S1. Estimated monthly average precipitation and evaporation amounts.

Average Average Average difference

precipitation Evaporation

mm month! mm month! mm month!
Month Helsinki | Agadir | Helsinki | Agadir | Helsinki | Agadir
January 44.0 234 52.2 104.3 80.9
February 33.0 34.8 49.1 113.4 78.6
March 33.0 27.9 73.7 128.0 100.1
April 37.0 18.7 75.2 122.4 38.2 103.7
May 36.0 8.2 116.7 156.0 80.7 147.8
June 47.0 0.1 140.1 133.4 93.1 1333
July 72.0 0.0 140.4 142.5 68.4 142.5
August 78.0 3.3 103.9 142.5 25.9 139.2
September 71.0 7.3 543 137.4 -16.7 130.1
October 72.0 21.8 37.8 139.7 117.9
November 70.0 48.2 40.4 120.5 72.3
December 57.0 493 423 109.0 59.7

The weather data from following sources are used:

¢ Wind Agadir and Helsinki; precipitation Agadir (accessed 11 Nov 2019):
https://www.weatheronline.co.uk/weather/maps/city?FMM=1&FY Y=2000&[LMM=12
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&LYY=2019&WMO=60252&CONT=afri& REGION=0011&LAND=MC&ART=WS
T&R=0&NOREGION=0&LEVEL=162&LANG=en&MOD=tab

e Humidity Agadir: http://www.agadir.climatemps.com/humidity.php (accessed 11 Nov
2019)
e Humidity Helsiki (accessed 11 Nov 2019):

http://www.helsinki.climatemps.com/humidity.php

e Precipitation Helsinki (accessed 11 Nov 2019): https://en.climate-

data.org/europe/finland/helsinki/helsinki-5971/#climate-table

Data S3. Technology consideration, capital expenses and additional input parameters
The cost of fermentation, downstream processing and CO> delivery were estimated from
installed equipment costs while the fixed capital costs for all other processing steps were
estimated directly from literature when available. The fixed capital cost (FCI) of these
processing steps is the sum of direct costs and indirect costs. In addition to installed
equipment costs, direct costs include the costs for buildings, service facilities and yard
improvements, estimated here to be 20% of installed equipment costs equaling 11% of FCL
Indirect costs (contingency 10%, engineering & supervision 10%, legal expenses and
construction expense 13%) is estimated 60% of installed equipment costs equaling 33% of

fixed capital costs.

Cost, i.e. the cost of a certain equipment or processing step in design size of the study was
calculated from reference costs according to equation S2. The scale factor F reflects the
dependency of economy of scale and depends on the type of equipment. F ranges from 0.2

to 1 depending on the equipment, being on average 0.6. >

(eq. S2)

new size F
cost = reference cost | ————————
reference size

Biomass production systems

Open-pond cultivation of microalgae for the production of edible biomass is attractive for

its simple nature and the ability of the photosynthetic organisms to assimilate CO, °.
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However, the open-pond process is considered to be particularly vulnerable to
contamination by air-borne particulate matter with adverse effects on the food safety (e.g.,
photosynthetic toxin-producing microorganisms)’. The safety of the photosynthetically
produced biomass can be increased by performing the microalgae cultivation in closed
photobioreactors which however increases the process costs. When comparing the
microalgal and HOB systems, it can be stated that the prior suffers from a lower volumetric
product yield and cultivation concentration that is due to the low penetration depth of light
and results in a comparably large production area. HOB's, on the other hand, require
hydrogen, which in discussed HOB cultivation concepts is produced through energy-
intensive water electrolysis. However, water electrolysis is an attractive alternative to
supply from external reservoirs because storage of large quantities of flammable gas can be
avoided, zero-emission energy sources can be utilized and in situ production of gaseous
substrates may result in more efficient utilization as found for other hydrogenotrophic
microorganisms. However, in situ water electrolysis releases reactive oxygen species, has
been shown to adversely affect growth of some HOB species®® and is thereby restricted to

HOB species that tolerate oxidative stress.

CO> supply system

Capital expenses for the CO» supply system were calcultated using reference data published
by !9, and included a CO» storage sphere, immersion heaters and piping to the cultivation
area. The used reference cost for storage sphere and immersion heaters is 1.7 M€ with the
scaling size of 1100 t of COz per day. The used scaling exponent F is 0.6. The size of
piping is estimated based on a constant CO> volumetric flow. However, the cultivation
concentration affects to the area needed for biomass production, further which affects the
length of needed piping. This is considered in CO; supply system cost estimate. The cost

is based on reference cost of 4.3 M€. Used scaling exponent F is 1.

COz purified from fluegas was selected as COz supply strategy in this study. However,
several CO; supply strategies can be used for the considered concepts including the use of

unpurified flue gas, the utilization of industrial flue gas streams from which CO; can be
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purified and the use of other industrial sources like COz-rich fermentation gas. In addition,
atmospheric CO2 can be used as such or accessed by direct air capture (DAC) technology.
However, the CO> concentration in air is too low to sustain a high productivity of the
considered processes. Moreover, according to Davis et al.!? the use of flue gas as CO,
source without purification in algae cultivation, is more expensive than the use of CO>
purified from flue gas, and also highly uncertain in cost. In addition, in case of
hydrogenotrophic fermentation, the use of unpurified flue gas would increase the gas
amount fed to the fermenter and probably cause (i) challenges in gas circulation due to
voluminous amount of N> or (ii) H» loss if the system does not have a gas circulator.
Furthermore, DAC would remove restrictions with respect to the location of the concept as
it would be independent of existing infrastructure providing COz, i.e., CO; emitting
industries. However, currently DAC technology faces both, energetic and financial
constraints ', which have to be overcome for DAC to be considered as a viable CO;

source.

Algae cultivation

Comprehensive but highly variable estimates for capital costs of CO> conversion into
organic matter by microalgae in open raceway ponds can be found from literature %1215,
with the lowest being 0.089 M€ ha! !* and the highest being 0.612 M€ ha™! '*. Fixed
capital cost of 0.136 M€ ha™' (including CO delivery inside the pond area, water

circulation and cultivation) and an additional 6 € m for pond lining is used '°.

There are only few studies reporting capital costs for closed pond algal cultivation systems
of >100 ha in size. Therein, capital costs of 0.519 M€ ha™! are stated for horizontal tubular
systems ¢ and capital costs of 0.262 M€ ha™! for tubular reactors with airlift columns 3.

The higher cost was taken as an estimate for photobioreactor (PBR) capital cost, because

the lower one appeared too optimistic.

The cost of inoculum system in both algae concepts was estimated to be 10% of the open
pond capital costs. This may vary a lot, depending, among the others, on how easily and

often system contaminate cause a need for a fresh algae inoculum.
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A study of de Godos et al.!” found that, when COx was delivered as flue gas, 66% of the
incoming CO- was fixed to biomass. Bao et al.'® have measured a utilization efficiency of
79% with direct injection of pure CO.. However, the definition of representative process
parameters is complicated by the fact that a wide range of CO- utilization efficiencies is
utilized and that, in some cases, outgassed CO; is left unaccounted for. According to review
of Collet et al.', only 44% of assessments take these losses into account among which the
average CO; utilization efficiency is stated to be as high as 82%. The utilization efficiency

values used in this study are 75% in an open system and 90% in closed systems.

Dewatering and water circulation

Design and capital expenses of mechanical dewatering have been adopted from a research
report by Davis et al. '°. In accordance with this study, biomass settling is performed in
tanks, which are located next to each pond or pond module, and from which 10 g L! algae
slurry is pumped to a centralized dewatering station. Settling tanks were designed to have a
4 h residence time, and the capital cost is based on peak season flow in each concept and
scenario. Reference cost is 9 M€ with flow of 1.68 million m* d"!. After settling, water
content is further decreased using advanced membrane filtration for which a reference cost
is 13.5 M€ for flow of 76 266 m*d ™! '°. The final dewatering step is a centrifugation, which

is estimated to be based on a reference cost of 2.89 M€ and a liquid flow of 252 m* h™! 1°,

Make-up water pumping and water circulation are estimated to consume electric energy at
0.123 kWh m= 2% and 0.04 kWh m™, respectively, assuming a total pump efficiency of
67% and a pressure difference of 100 kPa.

Drying
The drying costs are estimated based on published reference capital cost of 2.48 M€
determined for an evaporation of 65 t water per day using a ring dryer. ' Fuel cost of 35

€ MWh'!, is used in both scenarios.
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PV and inverter
The capital cost of photovoltaic (PV) has been determined as being 945 € kW' DC 2. The

nominal power of 0.2 kW, m2 corresponds to an areal cost of 189 € m2.
The capital cost of inverters was estimated as 54 € kW' DC according to Fu et al.?!.

Polymer electrolyte membrane (PEM) electrolysis

Capital costs of PEM electrolysis were estimated to be 1500 € kW' based on a IEA study
stating costs that range from 1350 to 3400 € kW', 2

HOB cultivation

HOB cultivation is performed in 1000 m? stirred tank reactors (STR). Needed Hz and O are
generated by water electrolysis and then compressed while CO» is fed from a pressurized
storage. 10% of gas feed is assumed to be collected in the reactor headspace and circulated
back to the gas feed. In addition, the HOB cultivation system contains media preparation

tanks, fresh water and circulation water tanks and seed fermentation reactors.

The bioreactor cost is based on STR reactors with a size of 1000 m? including a 1000 kW
stirrer motor (reference cost of 2.07 M€ %). Filling degree 80% and installation factor 2.0
are used for bioreactors. The seed fermentation system is assumed to cost 10% of

fermentation reactors, similarly to algae concepts.

Inlet gas compressors are evaluated as air cooled two stage compressor, which cost is based

on equation C [$ 2003] = 302 000*S + 2500, where S is the inlet gas flow [m? s7!] .

Recirculation and feed water pump costs are calculated from equation C [$ 2006] = 3300 +

48 * S!2 where S is the water flow [1s7']. 2

The costs of media preparation tanks are calculated from equation C [$ 2006] = 5800 +

1600 * S%7, where S is the tank volume [m?].%*

Solar energy conversion using photoelectrochemical (PEC) fixed panel arrays
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The capital costs of solar energy conversion using PEC fixed panel arrays have been
reported to amount to 260 € m~ 2° and 200 € m™2 2 of which the latter value is used in the

present study.

Electric energy consumption of PEC panel arrays in the concept PV-e-HOB is estimated to

amount to 2.0 kW h kg! H, 2627,
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Table S2a. Capital costs of concepts in million euros [M€], scenario Morocco .

Scenario Morocco Algae-open Algae- PV-e- PVGrid- PEC-
closed biomass e- biomass
biomass
FCI of
Downstream + CO: delivery 14.9 13.7 23.6 9.6 23.6
HOB cultivation 388.8 110.2 388.8
Algae cultivation + inoculum 28.4 59.5
PV 1.0 3.8 142.7 43.7 56.9
PEC 109.7
Water electrolysis 141.2 38.8
FCI 443 77.0 696.3 202.3 579.0
Working capital, of FCI ! 2.2 3.9 34.8 10.1 29.0
Land cost? 1.1 0.9 0.6 0.2 0.7
TCI 47.7 81.8 731.7 212.6 608.6

1. 5% of FCI; 2. 6672 € ha™! 1

Table S2b. Capital costs of concepts in million euros [M€], scenario Finland .

Scenario Finland Algae-open Algae- PV-e- PVGrid- PEC-
closed biomass e- biomass
biomass
FCI of
Downstream + CO: delivery 23.4 213 424 9.6 42.4
HOB cultivation 898.8 110.2 898.8
Algae cultivation + inoculum 90.9 184.6
PV 2.5 11.3 330.4 43.7 131.8
PEC 254.1
Water electrolysis 327.0 38.8
FCI 116.8 217.2 1598.6 202.3 1327.0
Working capital, of FCI ! 5.8 10.9 79.9 10.1 66.3
Land cost? 3.7 2.9 14 0.2 1.6
TCI 126.3 230.9 1679.9 212.6 1394.9

1. 5% of FCI; 2. 6672 € ha™! 1
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Table S3. Estimate for labor amount [persons] for different concepts and scenarios.

Finland  Morocco

Algae-open 85 53
Algae-closed 65 42
PV-e-HOB 96 50
PVGrid-e-HOB 25 25
PEC-HOB 143 70

Data S4. Parameter rangess for sensitivity analysis
The ranges within the process parameters were varied during the sensitivity analysis were

chosen based on relevant cases described in literature.

The maximum PV efficiency depends, among other factors, on the type of used technology
with the current benchmark for an experimental device exceeding 40% energy conversion

efficiency 28. Here, 40% is used as upper 17.5% as lower limit.
PEC efficiency was varied between the lower limit of 5%’ and the upper limit of 25% % .

In the concept Algae-closed, PE was varied between 2% and 5% 2. Similarly to baseline
value in the Algae-open concept, the most and less favorable PE values in open-cultivation
of microalgae is estimated to be 20% lower than the PE of the production process using

PBRs, resulting the PE range varying from 1.6% to 4% in the concept Algae-open.

According to the International Energy Agency, the efficiency of current implementations of
the PEM electrolysis technology ranges between 65% and 78% 22, which were set as

minimum and maximum values in the sensitivity analysis.

The efficiency of hydrogenotrophic fermentation was varied between 31% and 55%, which
relates to H>~CO» ratios of 5.9°° and 3.3. A baseline figure of 4°! and a most favorable
value of 2.4 for this parameter is estimated, with the latter being based on the stated

thermodynamic limit for hydrogenotrophic CO; assimilation .
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The fermentation dry content and productivity variation are estimated based on a recent
study by Reed et al. *>. More favorable values are setto 41 gL'and 6.9 gL' d!' (0.29 g L-
U'h!), taken from high-concentration batch trial and less favorable values are set to 1.2 g L°
"and 0.11 g L' h! originally determined for a continuous cultivation process. It should be
noted that the higher concentration value is likely to be an overestimate because Yu and
Munasinghe have previously found that gas transfer becomes limiting at biomass densities

of >4.5 g L™! and atmospheric pressure and at >6.3 g L™! and 4 bars®.

The assumed PEC power range is based on a study by Pinaud et al. according to which the
power consumption of a tracking concentrator array PEC system is 0.16 kWh kg ! H»?’.
This figure is used here as more favorable value and the power consumption of single bed

particle suspension PEC is 3.29 kW h kg! H, used here as less favorable value.

The power consumption of the open pond system was estimated to lie within the range of 1
W m™ 2.4 W m?, The lower value is selected according to Acien Fernandez et al.** and
the higher value is estimated to be double the baseline and based on literature reporting
values between 1 W m™= and 2 W m™ %1434 The more favorable value for the PBR power
consumption is set to 0.0062 kW m™ and adopted from the PBR design'®'%. The less
favorable value of 0.5 kW/m? is an estimate for tubular photobioreactors **.The specific
energy consumption of bioreactor typically ranges between 0.2 kW m™ and 3 kW m= ¥

based on which 0.8 kW m™ and 2.5 kW m™ were selected as sensitivity limits including

mixing and gas inlet.

Biomass dewatering includes settling (Dewatering 1) as initial step, in which electricity
consumption in baseline is neglected while 0.1 kW h m ™ is selected as a less favourable
value to account for a possible alternative type of primary dewatering. The second
dewatering step (Dewatering 2) is performed using hollow-fiber membrane technology
with very low power consumptions and no more favourable value is considered here. A less
favorable value is selected according to less power efficient technology, centrifugation,

which is also used in the final dewatering step (Dewatering 3).
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Capital charge is studied within the range of +50% to —30% of the baseline values, which
are typical limits for concept level CAPEX estimates. The plant economic life time may
change depending on the studied concept and process unit, a range of 10-30 years is
assessed. In addition, the maintenance costs for different equipment types are studied

within a range of 1-4% of the total capital investment.

Large differences of the grid electricity cost exist between different countries and in
addition, in the case of Morocco significant seasonal and daytime-dependent variations
exist. Anyhow, fixed unit cost for electricity is used in the evaluation and sensitivity
analysis evaluates the possible effect of cost change on biomass production costs. A more
favorable electricity cost of 25 € MW h! is adopted from a recent levelized cost report®,

while a 50% cost increase is assumed to define the less favourable value.

Data SS. H: Storage assumptions

There are seasonal and daily variations in solar irradiation and solar irridation is estimated
considering Ha storage capacity, which allows to balance daily production fluctuations but
does not compensate for seasonal variations of solar irradiation. To compensate for
seasonal variations, the storage capacity would need to be significantly increased because
solar irradiation in Morocco varies between 3.1 kWh m day ! and 7.4 kWh m2 day !
throughout the year. However, to be able to double the utility degree of bioreactors and
DSP, it is estimated that H> storage tanks, capable to store 6—8 h Hz production
(corresponding 14 t H> or 552 MWh), are needed. The evaluated cost for the storage is
4.418 M€, assumed based on an IEA report ?? according which the cost of Hx storage in
pressurized tanks is 5400-9000 € MWh™! (the figure of 8000 € MWh™! used in evaluation).
The decrease of 4% of electrolysis efficiency is introduced to this evaluation because H2 is
stored in a pressurized state *’. Further, doubling the utility degree of the bioreactor and
DSP reduces the needed size (and cost due to decrease in equipment amounts rather than
size) of this equipment roughly to the half of original. The usage of this kind of H> storage
will decrease the TCI, e.g. in the scenario Morocco for concepts PV-e-HOB and PEC-HOB
from 732 M€ to 520 M€ and from 609 M€ to 400 M€, respectively. Moreover the
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production costs would reduce from 10.7 € kg ' to 8.0 € kg™! and from 9.1 € kg ' to 6.2 €
kg !, respectively. This is however a rough estimate because it neither includes the cost of
grid electricity to sustain bioreactor operation and DSP at times when PV electricity is
unavailable nor the savings from possible lower need of PV electricity. However, these
considerations show a large potential for cost reduction by introducing of a H» storage

facility.

Data S6. State of the art of photoelectrochemical water splitting

A concept based on photoelectrochemical water-splitting (namely PEC-HOB) was included
in the present study in order to examine an emerging technology that has not yet been
assessed from a techno-economical 2>¢ point of view. However, they do not extend the
analysis to consequential technologies like fuel or food production, and the following

decade has seen a surge of interest and development in water-splitting research.

A PEC-cell in a single device * is the design of choice when maximizing the integrability
of the Hz production system. Currently, such design can be articulated into three kinds:
single photo-electrode (where the other electrode is a metal), double photo-electrode (anode
and cathode are both photoactive materials) and PEC/PV (PEC cell integrated with a
photovoltaic system), which in turn can be divided between semiconductor PV, dye-

sensitized PV and perovskite PV.

Single photo-electrode designs present the necessity for an external electrical bias and
stringent requirements on the band edges of the involved materials *°, making it a
disadvantageous choice in an industrial application such as the one contemplated in the
present study. Double photo-electrode designs overcome such flaws and present a higher
solar-to-hydrogen (STH) conversion efficiency *°. Furthermore, they offer a variety of
arrangements, with the two photoelectrodes either being separated or combined in a
monolithic cell, and either presenting themselves to sunlight as a stack, or side-by-side
(thus widening the choice of materials to include non-transparent ones). The materials
investigated for the double-electrode configuration range from expensive but efficient

semiconductors *!, to inexpensive and less efficient metal oxides and chalcogenides **. In
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this configuration, top STH efficiency is displayed by materials based on non-toxic and
eco-friendly bismuth vanadate (BiVOs), approaching 1% 3*. This efficiency is still well

below the theoretical limits estimated by 2° and presented in the main manuscript.

The third design (PEC/PV) reveals itself as the most efficient and the most versatile of the
three, attaining 10% for a CdS/Ti0O; photoanode matched with a perovskite solar cell, and a
platinum photocathode, with close runner-ups based on amorphous silicon, bismuth
vanadate and multijunction semiconductors. This is in line with the commercialization

requirements of a 10% STH, a 10-year lifetime, and a H> production cost of $2-4 per
kg.253643
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