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Supplementary Note 1. History and projection of food protein consumption until 2050
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Supplementary Figure 1 | History and projections of global population and food protein consumption until 2050 by the
Food and Agriculture Organization of the United Nations. In the past six decades, the global average daily protein
consumption per capita has increased by about 35% from 61 g to 82.8 g and is projected to remain within 82.3—82.7 g until 2050.
However, the global annual food protein consumption is affected by the increasing population and is projected to increase to
288-305 Mt by 2050*. Source data are provided as a Source Data file.



Supplementary Note 2. Techno-economics data on Solar Foods’ first small-scale and large-scale SCP core

plant

Throughout this study, the following naming style is
used: The carbon-hydrogen-oxygen-nitrogen content of
the desired biomass is called CHON content. The total
mass of biomass, including CHON and additional mass
originated from the consumed minerals, is defined as
cell dry weight (CDW). The CDW produced in the
fermentation tanks is referred to as CDWgress. The total

mass of CDW leaving the factory is less than CDWgoss
due to losses in the separation of CDW from broth in
the cell separation unit. The product leaving the factory
is not fully dried and includes 5% moisture. The product
leaving the factory (95% CDW and 5% moisture) is
referred to as single cell protein or SCP.

Supplementary Table 1. Investment costs of the first small-scale and full-scale SCP core plant?.

Unit Small-scale Full-scale
Number of 200 m3 fermentation tanks 12 120
Fermentation tanks total working capacity m3 2000 20,000
Productivity gcow L1 h1 1.0 1.0
Plant’s net capacity tscp h1 2.0526 20.526
Investment costs Scaling Factor
Media preparation, salt intake, CIP station M€ 7.7 54.5 0.85
Fermentation tank station M€ 355 251.3 0.85
Incubation and cell separation station M€ 15.2 107.6 0.85
Homogenizer, drum drying, packing station M€ 15.5 109.7 0.85
RO-ROP unit for water recovery M€ 2.2 15.6 0.85
Utilities M€ 13.2 93.4 0.85
Engineering, automation, commissioning M€ 11.7 23.3 0.30
Building and civil works M€ 12.6 107.2 0.93
Total direct and indirect costs (TD&IC) M€ 113.6 762.6
Contingency (% of TD&IC) M€ 30 15
Total Capital Investment M€ 147.7 877.0
Capex €tlscpa 8995 5341
Capex €kglscph 71,960 42,728
Capex €tpoteina 14,567 8649
Capex € kgLprotein h 116,534 69,195

Cost values in 2019 Euro. Abbreviations: Clean-in-Place (CIP), reverse osmosis and reverse osmosis polishing (RO-ROP).

@ Land cost not included.



Supplementary Table 2. Annual fixed operational costs of the first small-scale and full-scale SCP core plant.

Unit Small-scale Full-scale

Fermentation tanks total working capacity m3 2000 20,000

Plant’s net capacity tscp h1 2.0526 20.526

Annual fixed operational costs Scaling Factor

Maintenance (3% of TCI per year) k€ al 4431 26,310

Insurance (1% of TCl per year) k€ a? 1477 8770

Personnel k€ al 1855 5563 0.477

Other (outsourced services) k€ al 502 2177
cleaning k€ at 14 70 0.70
legal consultation k€ at 36 72 0.30
waste handling k€ at 36 180 0.70
accounting k€ at 36 109 0.48
laboratory analyses k€ at 300 1504 0.70
education, training k€ al 80 242 0.48

Total annual fixed opex k€ a1 8265 26,310

Total annual fixed opex % of TCI 5.6 4.9

Total annual fixed opex €tlpa 503 261

Abbreviation: Total Capital Investment (TCI).

Supplementary Table 3. Energy and mass balance of the first small-scale and full-scale SCP core plant and outsourced variable
operational costs.

Demand Price Cost

kg kglscp kWh kglscp  kWhin kgisce €ttt € tlsep
Onsite production
H, 0.4281
0; 1.989
Co, 1.824 2
NHs 0.148 5
power — agitation 3.897 @
power — auxiliary 4.577 '§
steam (10 bar) — drum dryer 5.25 3.354 a
steam (4 bar) — pasteurisation and sterilisation 3.61 2.303
chilled water 1686
Outsourced
minerals?2 0.0543 270 14.65
process water 2 10.6 3 31.88
wastewater b 14.0 2 28.05
exhaust gas management ¢ 0.0425 10 0.43
Total outsourced variable operational cost 75.0

@ For media preparation, steam boiler, and ammonia solution. The water required for Hz production is separately accounted for in variable
opex of water electrolyser.

b From dryer, cell separation, and steam consumption in pasteurisation and sterilisation.

¢ Including 10% Hz, 37% Oz, 50% COz2, and 3% H:O.



Supplementary Note 3. Techno-economic comparison of Solar Foods’ e-SCP plant and literature

3.1. Stoichiometric mass balance

Ishizaki and Tanaka (1990)° performed a lab-scale
experiment on the production of Cupriavidus necator,
Alcaligenes eutrophus ATCC 17697'. The overall
stoichiometry of this biomass production by hydrogen
oxidisation in a closed looped batch culture (500 ml
reactor with 100 ml working volume) is provided in
supplementary equation (1).

This equation could be normalised per mole of carbon,
as shown in supplementary equation (2). The molar
mass of CH17400.4sNo.19 is 23.74 g mol™.

Another similar study by Bongers (1970)* reported the
stoichiometry provided in supplementary equation (3)
considering only C, H and O atoms in the biomass. The
stoichiometry provided by Bongers (1970)% requires
about 15% less H, and 20% less O, for fixation of 1
mole of CO,, compared to the stoichiometry provided
by Ishizaki and Tanaka (1990)*.

Ishizaki and Tanaka (1990)° reported nearly 100%
utilisation of feed gases through recirculation of
unreacted feed gases. The study also concluded that the
conversion rate of feed gases is affected by the applied
nutrients,  culture  environment, and  oxygen
concentration. While a lower concentration of oxygen
increases the growth rate, it simultaneously reduces the
cell mass concentration?,

As discussed by both Bongers (1970)* and Ishizaki and
Tanaka (1990)°, the energy efficiency of the CO»
fixation may vary within the same organism due to
environmental factors. For example, a limitation in CO,
supply would result in excess H, oxidation without
corresponding CO; fixation resulting in less efficient
growth stoichiometry.

The literature on the techno-economic assessment of e-
SCP production®® is mainly based on the Cupriavidus
necator (CH1.740046No.1g) formation stoichiometry by
Ishizaki and Tanaka (1990)%.

4.09 CO; (g) + 21.36 H2 (g) + 6.21 O, (g) + 0.76 NH3 (aq) — Ca00H7.1301.86No.76 (S) + 18.70 H20
CO; (g) +5.22 H2 (g) + 1.52 O, (g) + 0.19 NHs (aq) — CH1.7400.46No.16 (5) + 4.56 H20 (1)

CO2 (g) + 4.44 H; (g) + 1.22 O, (g) — CH20 (s) + 3.44 H,0 (I)

CO2 (g) +5.165 Hz (g) + 1.5 02 (g) + 0.21 NH3 (aq) — CH1.700.37No.21 (s) + 4.63 H20 (1)
electricity + CO2 (g) + 0.525 H,0 (I) + 0.24 NH3 (aq) — CH1.7700.49No .24 (s) + 1.02 O2 (g)

5

Here we also adapt the stoichiometry from Ishizaki and
Tanaka (1990)° for the CHON composition of Solar
Foods’ product microbe. The microbe is Xanthobacter
sp. SoF1 as described in Klinzing et al. (2024)° and
Holmstrom and Pitkanen (2021)°. Approximation of
the stoichiometry of the reaction is presented in
supplementary equation (4).

The CHON composition of the biomass considered by
Solar Foods (CH1700.37No21) has a molar mass of 22.56
gram per mol g mol™. In addition, the consumed
minerals make up 5% of the CDW, increasing the
biomass molecular weight to about 23.75 g mol™. The
overall stoichiometric demands per 1 mole of carbon
remain very close to the values presented in
supplementary equation (2). Only ammonia demand is
13% higher due to higher protein content whereas the
difference for hydrogen and oxygen is negligible.
However, given the differences in the molar mass of
CHON contents, the overall stoichiometric demand of
COs, Haz, Oz, and NH; per 1 kg of CHON content in
Solar Foods system are respectively 5.2, 4.1, 4.0, and
18.9% higher than those in Ishizaki and Tanaka (1990)°.

Liu et al. (2016)'* developed lab-scale hybrid water
splitting—biosynthetic systems with 100- and 1000-ml
batch reactors for production of Cupriavidus necator.
The reported stoichiometry is provided in
supplementary equation (5), which has higher
hydrogen, oxygen, and nitrogen content per mole of
assimilated carbon in the produced biomass, compared
to the two previously mentioned studies. The molar
mass of CH17700.49No24 is 24.97 g mol™. The values
reported by Liu et al. (2016)* are used by Sillman et al.
(2019)'? and Sillman et al. (2020)* for life cycle
assessment of Power-to-SCP system with in-situ water
electrolysis. The same biomass composition was also
considered earlier in a techno-economic assessment of
e-SCP by Leger et al. (2021)%.
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Liu et al. (2016)*! did not specify the overall hydrogen
production and its efficiency. However, they reported
on an average electricity-to-biomass efficiency of 54%
and 47% for the systems with 100- and 1000-mL
bioreactor volume, respectively. Leger et al. (2021)%,
on the other hand, considered a range of 0.43—0.47 kgn»
demand per kgcron.

The respective stochiometric and empirical feed gases
required per kg of CHON formation and delivered SCP
for the above-mentioned systems are provided in
Supplementary Table 4. The empirical demand for
gaseous feedstock per kg of delivered SCP or its protein
content are affected by the utilisation rate of gaseous
feedstock, minerals content of CDW, CDW loss in the
post-processing system, and the moisture content of the
delivered SCP, which are mostly not accounted for in
the available literature.

3.2. Empirical mass balance

In 2015, the Belgian institute InnovationNetwork
published a report'® on the feasibility of farm-scale
Power-to-Protein in collaboration with Avecom, a
company with experience in production of
microbiomes. The study is based on the stoichiometry

by Ishizaki and Tanaka (1990)° and a conservative 80%
assimilation of feed gases, leading to production of 0.23
kg of CDWyss per kg of chemical oxygen demand
(COD). However, the study acknowledges that the yield
rate could be increased to 0.25—0.3 by improving the
culture environment. A yield of 0.3 kgcow per kKgcop is
not achievable even with 100% utilisation rate of feed
gases based on the referenced stoichiometry. This
reflects the impact of the bioreactor environment and
oxygen factor in improving the stoichiometry of CDW
production.

In 2016, Matassa et al.® (affiliated with Avecom)
reported on a series of lab-scale experiments for
autotrophic hydrogen-oxidizing bacteria production.
The experiments considered open culture by use of
aerobic sludge as the source of nitrogen, and
compressed air as the source of oxygen. The study was
performed in 3-litre sequence batch and continuous
reactors. According to this study, the average
productivity of the system with continuous reactor
(0.375 gecow L' h?' Sulfuricurvum spp.) was
significantly higher than that with sequence batch
reactor (0.078 gcow L™ h™ mixed culture).

Supplementary Table 4. Comparison of stochiometric and empirical mass balance of feed gases from literature

and this study.

Feed gases CHON content Feed gases  Protein Comment Reference
of dry matter  utilisation  content
rate
CO, H, 0, NH3 % % of CDW
stoichiometric balance
kg kglchon 1.854 0.440 2.047 0.133 CiH1.7400.46No.19 100 closed cycle Ishizaki and Tanaka3
kg kglchon 1.950 0.458 2.128 0.158 CiH1.7000.37No21 closed cycle this study (Solar Foods)
kg kglcwon 1.762  0.378 kgnao  0.163  CiH17700.49No.24 in-situ water electrolysis  Liu et al.1”
empirical balance

kg kglscp  5.710 1.712 air batch open culture Matassa et al.1®
kg kglsce  2.046 0.446 air continuous open culture Matassa et al.16
kg kglscp 2.316 0.550 2.047 0.134 80 open system InnNet'> — reported
kg kglscp 2.317 0.550 2.558 0.166 80 open system InnNet'> — recal.
kg kglscp 1.824 0.428 1.989 0.148 99 65 closed cycle Solar Foods
kg kgprotein 9.361 2.807 61 batch open culture Matassa et al.16
kg kgprotein 2.882 0.628 71 continuous open culture  Matassa et al.16
kg kglprotein 3.309 0.786 2.924 0.238 80 70 open system InnNet'> — reported
kg kg lprotein  3.296 0.782 3.639 0.246 80 70 open system InnNet!> — recal.
kg kglprotein  2.954 0.693 3.221 0.240 99 65 closed cycle this study (Solar Foods)

Abbreviations: carbon-hydrogen-oxygen-nitrogen (CHON), recalculated (recal.), and InnovationNetwork (InnNet).



In 2019, the Dutch KWR Water Research Institute in
cooperation with Avecom and others reported on a pilot
design for an aerobic hydrogenotrophic fermentation
bioreactor with 580 litres volume and a potential SCP
production capacity of 1.7 kg per day®. However, the
intended volumetric production capacity was not
achieved due to insufficient hydrogen mass transfer in
the new reactor system. The new reactor design was
open at the top for discharge of unabsorbed hydrogen to
the environment for safety considerations?®.

3.3. Economic data

Economic data on electricity-driven SCP is scarce. A
recent (2023) review article on SCP pathways
concluded that unavailability of economic data on novel
SCP pathways, such as e-SCP, has stalled their detail
techno-economic analysis'®. To the best of our
knowledge, there exists five scientific articles covering
the economics of e-SCP, which we explain below.
Table 1 provides a summary of the techno-economic
data from the reviewed literature, and Supplementary
Fig. 2 visualises the comparison of key values for
techno-economic evaluations. The text below mainly
uses the reported values in their original unit, while the
respective values in the table are adjusted to unified
units.

Pikaar et al. (2018)8 investigated the economics of e-
SCP production by a 25,000 tcow a* plant, by assuming
a capital investment of 75 mUSD, 25 years technical
and financial lifetime, as well as 5% interest rate. They
considered 80% utilisation rate of feed gases based on
the stoichiometry of SCP formation by Ishizaki and
Tanaka (1990)3. However, the reported H, demand of
0.46 kg2 kglcow compared to stoichiometric demand
of kgnz kglchon represents an H; utilisation rate of
95.7%. The reported O, demand of 2.05 kgo2 kg™*cow
also matches the respective stoichiometric demand.
Pikaar et al. (2018)® considered electricity requirement
for mixing and pumping of stirred fermentation
reactors, as well as the energy demand for dewatering
and drying of the broth from the fermentation step at
100 USD MWh™. The study considered CO, supply
from a point source and three scenarios for the cost of
H, supply (5, 3, and 0.7 USD kg?') by water
electrolysers, leading to a total cost of 1460—3845
USD tcow. The study concluded that Hz supply is the
main contributor to the total cost, followed by annuity
of capital cost of SCP core plant, while the cost of
process electricity and CO, and NHs; supply would be
marginal.

Nappa et al. (2020)" studied the production cost of
10,000 tcpw year! e-SCP production from electrolytic
H, and point source CO; in Finland and Morocco. The
study estimates a capex of about 11,1000 € t?*cpw a for
the fermentation and downstream processing based on
the installed equipment cost and 60% additional costs.
However, no references are provided. Two scenarios are
considered for electricity supply at each location. In the
first scenario, PV with a capex of 999 € kW, is the only
source of power without consideration of balancing
technologies. As such, water electrolyser and SCP core
plant are forced to operate whenever PV electricity is
available, which leads to over installation of
electrolyser and SCP plant to maintain a certain annual
SCP production. As a result, a SCP production cost of
24,000 and 10,700 € ticpw are reported for Finland and
Morocco, respectively, for 10% rate of return. In the
second scenario, grid electricity is used as a
complementary source of power whenever PV
electricity is not directly available. This leads to full-
time operation of water electrolyser and SCP core plant,
which in return lowers their installed capacity and
impact of capital cost on the final product. Under this
scenario, SCP production costs of 5300 and 5600
€ tlcow are reported for Finland and Morocco,
respectively. However, this scenario forces the use of
potentially more expensive grid electricity for hydrogen
production. The study considered a best scenario with
an increased volumetric productivity of fermentation
from 0.13 to 0.28 gcow L' h?, extended project
technical lifetime from 20 to 30 years, and lowered grid
electricity cost from 100 to 25 € MWh in Morocco,
leading to a SCP production cost of 2100 € tcpw.
However, as the authors point out, none of these
scenarios is ideal, as H, could be generated at the times
low-cost electricity is available and balanced by
relatively low-cost H, storage for a steady H. supply to
the fermentation tanks. In addition, the study applies a
capex of 1500 € KW for PEM electrolysers in reference
to the provided capex range by IEA. While such capex
value is justified for medium-scale PEM electrolysers,
we believe that cheaper and scalable alkaline
electrolysers are better suited for large-scale projects.

Garcia Martinez et al. (2021)° primarily studied the cost
of e-SCP production for global protein supply in
catastrophic conditions, such as such as nuclear winter,
supervolcanic eruptions, or asteroid impacts. In this
scenario, a 46% higher capital cost compared to normal
conditions is considered for non-stop construction
condition and a financial lifetime of 6 years. The authors



also investigated the production cost of e-SCP under
normal condition and a financial lifetime of 20 years,
which is further discussed here. The capital cost of SCP
core plant is based on industrial estimations by Unibio
AJS and NovoNutrients for a 108,000 t a* methane-
based SCP plant at 251 mUSD?. The authors argue that
this would be a conservative assumption due to slower
growth rate of methane-oxidizing bacteria. The study
considered a low-cost scenario wherein a grid electricity
cost of 30 USD MWh, an electrolyser capex of 440
USD kW, free point source CO2, and 80% protein
content are considered. In the high-cost scenario, an
electricity cost of 130 USD MWh?, an electrolyser
capex of 888 USD kW, atmospheric CO, supply by
DAC, and 50% protein content are considered. Both
scenarios are based on baseload grid electricity supply
for all components, and a total electricity consumption
of 8.2 MWh tlcpw in the core SCP plant for
fermentation, dewatering and drying steps. As such, the
study reports on a respective minimum selling price of
4040—-12,140 USD tcpw for a net present value range
of zero. The financial assumptions include 70% equity
financing with a 10% return on investment and the
remaining 30% financed by a loan at 8% interest with a
10-year repayment term, as well as 35% revenue tax.
Based on these assumptions, and the fact that the loan
repayment time is half of the project lifetime, we
calculated an average WACC of 9.28% to be used in
cost recalculation based on the levelised cost method.

Leger et al. (2021)** performed a techno-economic
assessment of e-SCP production by use of high-
temperature aqueous solution CO, DAC and water
electrolyser for Hz and O, supply in a baseload system.
The study considers a best-worst scenario approach
based on 0.43—0.47 kgnz kglcow, 2.5-4 kg t 1z, 94-232
USD tcoz, 450—718 USD tyns, 50-100 USD MWh
baseload electricity supply, 75—55% protein content,
2000—2300 USD tcpow a SCP core plant capex, 3—8%
WACC, and 20 years lifetime. In addition, the total
process energy requirement of SCP core plant is
reported at 5.8—8.7 and 6.4—12 MWh t"*cpw for SCP for
SCP as feed and food, respectively. Accordingly, e-SCP
production costs of 1900—-3400 and 1900—3800
USD tcow are respectively reported for feed and food
consumptions. The study also reports on an annual food
protein production of 15 tonne per hectare, equivalent
to a land usage of 667 m? per tyoein a*, for PV-based
systems in sunny regions with 2000 kWh m2 annual
irradiance and 75% protein content of the CDW. In our

study, comparable regions have a land usage of
400—450 m? per torotein @ in 2030.

Jean and Brown (2024)° studied techno-economics of a
45,000 t at SCP plant based on 11.1 USD MWh?!
baseload wind electricity, 988 USD kW' capex of water
electrolyser for H, and O supply, free CO, from corn
ethanol plant, and point source NHs supply. The capital
cost of SCP core plant is based on the earlier discussed
industrial ~ estimations by Unibio A/S and
NovoNutrients for a 108,000 t a* methane-based SCP
plants adjusted with a 0.6 scaling factor and
consideration of 15% working capital, leading to an
overall capex of 4600 USD t'cpw a. Consequently,
minimum selling price of 2070 USD tcpw is reported
for a net present value of zero based on 50% loan at 6%
interest and 20 years of project lifetime. Based on these
assumptions, we calculated a WACC of 14.45% for the
levelised cost approach. The study also considers a
+20% deviation from reference values in a series of
sensitivity analyses. The reported results show that, at
144 USD tcpw, a 20% change in the capital cost of the
SCP core plant has the highest impact on SCP
production cost, followed by capex of electrolyser, cost
of electricity and maintenance at 87, 49 and 45
USD tlcpw, respectively. In this study, the average
wholesale market price of wind in the Midcontinent
Independent System Operator (MISO) region of USA in
2020, at 11.1 USD MWh', is considered as the cost of
baseload electricity supply to the system. In our view,
such assumption may underestimate the cost of
baseload electricity supply, as average price of wind
electricity represents the price at the time of wind
electricity generation, which is not comparable to the
price of baseload electricity supply that would impose
additional costs for electricity balancing technologies.
In addition, the study considers electricity consumption
by other processes negligible compared to electrolyser.
However, as shown in our study and earlier studies®",
the total additional electricity demand in the system is
significant and could be up to 70% of the electricity
demand by electrolysers. Such underestimation of the
total electricity demand will further underestimate the
impact of electricity cost on SCP production cost. Jean
and Brown (2024)° also report on an annual protein
production of 276 tonne per hectare, equivalent to a land
usage of 36 m? per tpowein a2, for a wind-based power
system and 65% protein content of the CDW. However,
we found such land use rate at least an order of
magnitude too low.
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Supplementary Figure 2 | Comparision of this study with literature. a Feed gases. b Energy demand of core plant. ¢ Capex
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Supplementary Note 4. Long-term development and techno-economics data on Solar Foods SCP core plant

Supplementary Table 5. Development of SCP plants installation and costs, based on SCP content. Abbreviation: learning rate

(LR).
Unit 2028 2030 2035 2040 2045 2050 2055 2060 2065 2070
Reference Scenario
operational capacity Mtscp a1 0.01642 0.181 1.66 6 18 48 93 127.5 142.5 150
historical cumulative capacity Mtscp at 0.0164 0.181 1.66 6 18 48 93.2 129.4 150.4 175.9
doublings between periods  [-] - 3.46 3.2 1.86 1.58 1.42 0.96 0.47 0.22 0.23
capex - 10% LR € kglscp h 71,960 42,728 30,504 25,088 21,232 18,288 16,536 15,736 15,384 15,024
opex fixed
maintenance & insurance % of capex 4 4 4 4 4 4 4 4 4 4
personnel - 5% LR €tlscpa 113 33.9 28.8 26.1 24.1 22.4 213 20.8 20.6 20.4
others - 5% LR €tlscpa 30.6 133 11.3 10.2 9.4 8.8 8.4 8.2 8.1 8
OpeX var € tlscp 75 75 73 70 69 67 67 67 67 67
Advanced Scenario
operational capacity Mtscp a1 0.01642 0.181 3.32 12 36 96 186 255 285 300
historical cumulative capacity Mtscp at 0.016  0.181 3.32 12 36 96 186 259 301 352
doublings between periods [-] - 3.46 4.2 1.86 1.58 1.42 0.96 0.47 0.22 0.23
capex - 15% LR €kglscp h 71,960 42,728 21,592 15,968 12,344 9808 8400 7776 7504 7232
opex fixed
maintenance & insurance % of capex 4 4 4 4 4 4 4 4 4 4
personnel —7.5% LR €tlscpa 113 33.9 24.4 21.1 18.7 16.7 15.5 15 14.7 14.5
others —7.5% LR €tlscpa 30.6 133 9.6 8.3 7.3 6.6 6.1 5.9 5.8 5.7
OpeX var € tlscp 75 75 73 70 69 67 67 67 67 67
Abbreviation: learning rate (LR).
Supplementary Table 6. Development of SCP plants installation and costs, based on protein content.
Unit 2028 2030 2035 2040 2045 2050 2055 2060 2065 2070
operational capacity - Ref. Scenario Mtprotein @t 0.0101 0.112 1.02 3.71 111 296 574 787 88.0 926
operational capacity - Adv. Scenario Mtprotein @t 0.01010.112 2.05 7.41 22.2 593 1149 1575 176.0 185.3
historical cumulative capacity - Ref. Scenario Mtprotein a1 0.01010.112 1.02 3.71 11.1 29.7 575 799 92.8 108.6
historical cumulative capacity - Adv. Mtprotein @1 0.01010.112 2.05 7.41 222 593 115.0 159.6 185.6 217.1
Scenario
installed capacity - Ref. Scenario Mtprotein timestep? 0.0101 0.101 0.91 2.68 7.4 185 279 223 13.0 157
installed capacity - Adv. Scenario Mtprotein timestep? 0.01010.101 1.83 5.36 14.8 37.1 558 447 259 315
capex - Ref. Scenario € tprotein @ 14567 8649 6175 5079 4298 3702 3347 3185 3114 3041
capex - Adv. Scenario € t1hrotein @ 14567 8649 4371 3232 2499 1985 1700 1574 1519 1464

Abbreviations: reference (Ref.), advanced (Adv.).
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Supplementary Note 5. Cost projection of alkaline water electrolyser

5.5. This study

The cost of a cluster of alkaline water electrolysers in
2020 is provided in Supplementary Table 7. The total
cost and efficiency of the 28 MW electrolyser system at
5 bar is based on a quote from a European original
equipment manufacturer (OEM), with additional costs
on the buyer’s side evaluated by an engineering
consulting company. Due to modularity of electrolyser
units, the impact of economies of scale diminishes for
larger systems. The cost of the 50 and 250 MW
electrolyser systems at 5 bar are based on a scaling

factor of 0.93 for expansion from 28 to 50 MW, and a
scaling factor of 0.95 for expansion from 50 to 250 MW.
We consider an output pressure of 30 bar common for
future electrolysers. Thus, for hydrogen delivery at 30
bar, additional cost of H, compressor units at similar
hydrogen throughput as the respective electrolyser
system are included. The additional power consumption
by the H, compressor is not included in the overall
efficiency, as standard high-pressure alkaline
electrolysers already have similar or higher system
efficiencies?.

Supplementary Table 7. Cost of a cluster of alkaline water electrolysers in 2020.

Electrolyser capacity MwW 28 50 250 reference

MW, HHy 20.5 36.7 183.3
stack and balance of stack (5 bar) M€ 11.83 a 2019 quote from a European OEM
additional services by supplier 2 M€ 2.32 a 2019 quote from a European OEM
additional costs by buyer ® M€ 3.71 SWECO Finland
installed system (5 bar) - capital cost M€ 17.86 30.62 141.28 50 and 250 MW systems based on scaling factor
installed system (5 bar) - capex € kw1 638 612 565
H, compressor capacity MW 0.57 1.02 5.08 based on 28 kWhef MWh 1y, yuy from 22
H, compressor cost M€ 2.64 3.43 8.66 based on 3
installed system (30 bar) - capital cost M€ 20.5 34.05 149.94
installed system (30 bar) - capex € kw1 732 681 600

€KWl uny 999 929 818

Abbreviation: original equipment manufacturer (OEM).
@ freight, installation, commissioning, and training.

b project management, engineering, permits, civil work, building, HVAC, foundation, utilities, and spare parts.

The projected capex development of 250 MW alkaline
water electrolyser systems by 2050 is provided in
Supplementary Table 8. It is based on the impact of the
learning rate?*?" for increasing the total operational
capacity of water and chlor-alkali electrolysers from 30
GW in 2020 to ~10 TW by mid-century in an S-curve
development pattern. The projected increase in the
operational capacity of electrolysers is mostly related to
water electrolyser for supply of 50% of required
hydrogen for e-fuels® and e-chemicals®® in a 100%
renewable energy system by 2050.

For comparison, the projected total chlor-alkali and
water electrolyser operational capacity of 499 GW by
2030 is less than the 600 GW water electrolyser
capacity required by 2030 in the IEA scenario for net
zero emissions by 2050%. In terms of achievability, our
target capacity is in line with the 420 GW of water
electrolyser announced projects (final investment
decision, feasibility, or early stage) by 2030, according

11

to the IEA¥. In the coming years, more projects could
be expected to be announced for this timeframe.

Chlor-alkali electrolysers are included due to their
similarities to water electrolysers and the spillover
effect on the learning rate. The inclusion of chlor-alkali
electrolysers increases the cumulative installed capacity
of electrolysers in 2020 from ~14 GW to 52 GW.
Accordingly, the number of doublings of cumulative
installed capacity and consequently the impact of the
learning rate on capex reduction by new installations
declines. It is likely that the operational capacity and
cumulative installed capacity of electrolysers in 2020
are overestimated in this study, which leads to even
smaller impact of learning rate on capex reduction by
new installations. Moreover, we consider a declining
learning rate over time (Supplementary Table 8).



Supplementary Table 8. Capex development of alkaline water electrolyser (250 MW system at 30 bar).

Unit 2020 2025 2030 2035 2040 2045 2050
Water and chlor-alkali electrolyser
operational capacity GWe 30 124 499 1558 3658 6668 9980
newly installed capacity GWq 6.6 93 375 1060 2099 3011 3319
cumulative installed capacity GWq 52 145 520 1580 3679 6689 10,008
Water electrolyser - 250 MW, at 30 bar
learning rate % 18 18 17 17 16 16 15
capex € kW 600 446 316 234 189 163 148

5.2. Comparison with the literature

The cost of electrolyser plants at capacities below 10
MW is sharply affected by economies of scale3l%,
Thus, for comparison to other references, electrolysers
of comparable size should be considered. A cost
comparison with recent and log-term large-scale
electrolyser systems is provided in Supplementary
Table 9. The table includes a list of recent publicly
announced large-scale purchase orders (PO) from NEL
Hydrogen®, academic literature, as well as short-term
and long-term capex estimations by the IEA and
BloombergNEF.

The NEL’s POs mainly report on the stack cost and do
not present the full cost of the electrolyser system.
Nevertheless, they provide an up-to-date industry
insight on the cost of main component, as well as the
impact of time and scale. NEL aims to reduce the cost
of stack by 70% from 2022 to 2026°, equivalent to a
compound annual reduction of 26%. In addition, NEL
estimates the cost of balance of stack (BoS) at the same
level as the cost of the stack®*. According to the data by
OEM quote and SWECO Finland in Supplementary
Table 7, the additional costs of electrolyser plant full
installation are about 50% of the cost of stack and
balance of stack. Thus, the full installation cost for a 28
MW in 2020 could be estimated at about 3 times the
stack cost. As a rough estimation, assuming the same
ratio holds for larger projects in future, the reported PO
for 200 MW stack in 2023 at 225 € kW is equivalent
to a system-level capex of about 675 € kWL, This capex
is about 19% higher than our 2020 capex of 565 € kW
for a 250 MW system at 5 bar. The capex of 40 MW
stack systems to be delivered in 2025 is about 275-300
€ kW, equivalent to 825-900 € kW for the overall
system. For comparison, we project a capex of 612
€ kW for a 50 MW electrolyser system at 5 bar in 2025.
However, the European economy experienced
significant inflation in the early 2020s due to the global
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pandemic and the war in Ukraine. For a better
comparison, the capex values are compared for a 250
MW system in 2019 € value based on Chemical
Engineering Plant Cost Index (CEPI: 2019 (607.5),
2020 (596.2), 2021 (708.8), 2022 (816.0), 2023
(797.9)). As such, the capex values become mostly at
the same ballpark as our chosen capex for 2020.

Chinese electrolysers, on the other hand, reportedly
have lower costs. According to electrolyser industry
insights® as of end of 2023, the price of electrolysers in
China is about 200 USD kW™ (~167 € kW™1). Such price
level is reported to have been achieved by several
technology providers, including the two largest solar
PV manufacturers and a fully owned subsidiary of the
largest European manufacturer. However, such cost
does not include balance of plant, and it is not clear if it
includes balance of stack either. In addition, these
electrolysers have reportedly under delivered and faced
challenges with safety, efficiency and flexibility. The
electrolysers from prominent Chinese manufacturers
have had only 30% availability in Sinopec’s 260 MW
green hydrogen project in China, due to the choice of
material. According to BloombergNEF, these problems
are expected to be resolved in the next 5 years as the
industry matures. However, it is yet to be seen whether
overcoming such challenges would lead to an increase
in the cost of Chinese electrolysers.

According to a BloombergNEF's 2024 survey?®, in the
past two years, the total system cost of electrolysers has
increased to 480-720 USD kW-! (400-600 € kW) in
China and 2000-3000 kW (1667-2500 € kW) in
Europe and the US, due to inflation and larger scope of
cost coverage. In addition, the installed system cost of
Chinese electrolysers in Europe could be expected to be
higher than their installed system cost in China, due to
shipping and higher labour and installation costs.
Assuming 100 € kW additional cost for shipping and
installation of the electrolysers in Western countries



would increase the total cost of Chinese electrolysers
installed in Europe to 500 € kW-! for large-scale projects
in 2023, equivalent to 381 €,010 KW, Respectively, the
2000 € kW capex for large-scale projects in Europe is
equivalent to about 1500 €219 KW?. Such cost
differences may lead to more market consolidation
towards the lower range of the cost level, as projected
in a 2019 report by BloombergNEF?°.

A 2023 report by IEA® also acknowledges the lower
cost of Chinese electrolysers and a general cost increase
in the early 2020s. According to this report, the installed
cost of alkaline electrolysers increased by 15% in 2021-
2023 to 1700 USD kW due to inflation and labour cost.
However, they conclude that the costs could be reduced
to ~850 and 600—700 USD kW in 2025 and 2030,
respectively. According to this IEA report, the cost of
Chinese electrolyser in 2023 was 350—1300 USD kW,
higher than the cost estimation by BNEF, yet
significantly lower than the electrolyser cost in
Europe®.

Our 2020 capex of 600 €319 kW? for 250 MW
electrolyser systems in 2020 is within the capex range

provided by BloombergNEF. Nevertheless, as a
sensitivity analysis, an 800 €019 KW for 250 MW
electrolyser systems in 2020 is considered as the
starting point capex development and e-protein
production cost in 2030 and 2050.

In terms of levelised cost, in 2023, BloombergNEF
projected that the cost of green hydrogen declines from
2.5-11 USD kg? (53-233 € MWh ', 4nv) in 2023, to
1-4 USD kgl (21—85 € MWh'le,HHv) in 2030, and
below 2 USD kg* (42 € MWh;11v) beyond 2035 at
different countries around the world®’. Our results in
Fig. 6 shows an electricity generation cost of 2023 €
MWh and an electrolyser FLh of 3000—3300 hours at
best solar sites in 2030. As such, based on the
specifications of water electrolyser in this study, the
cost of hydrogen generation in 2030 would be 1.9-2.2
USD kg?. While such hydrogen generation costs are
within the projected range by BloombergNEF in 2030,
it could be argued that the results of this study are
relatively conservative as they represent some of the
least cost locations in the world that does not come close
to the lower limit projected by BloombergNEF.

Supplementary Table 9. Literature review on capex of large-scale alkaline electrolyser.

Yearof Year >  Total Unitcapex Estimated Estimated Estimated Location Scope/Comment ref.
PO or § capex system capex at capex at
report 8 capex 250 MW 250 MW

MW M€ € kw1 € kw1 €KW €050 kW1
2019.05 2020 28 17.86 638 638 565 565 installed system cost — 5 bar European OEM
2020.12 2021 20 7.2 360 1080 935 953 Denmark stack NEL PO
2021.11 2022 20 11 550 825 714 612 Sweden stack and BoS - greenfield NEL PO
2022.07 2023 200 45 225 675 668 497 USA stack NEL PO
2023.07 2023 20 9 450 675 584 445 France stack and BoS (?) NEL PO
2022.11 2023 40 12 300 900 818 609 Norway stack NEL PO
2024.03 2023 N.A. 1667 1667 1269 Europe & US installed system cost BNEF (2024)36
2024.03 2023 N.A. 400 400 305 China installed system cost BNEF (2024)3¢
2024.03 2023 N.A. 500 500 381  Europe & US Chinese electrolyser + 100 based on BNEF

€ kW higher installation 2024

2023 2023 N.A. 1700 1700 1700 1294 installed system IEA (2023)30
2023 2023 N.A. 300-1100 300-1100 300-1100 228-838 installed system - China IEA (2023)30
2023.12 2024 N.A. 167 167 127 China Ha Insight (2023)3°
2023.07 2025 40 11 275 825 749 570  Portugal stack NEL PO
2023.02 2025 40 12 300 900 818 623  Netherlands stack (?) NEL PO
2023 2025 N.A. 700 700 700 533 installed system IEA (2023)30
Long-term
2023 2030 372-564 372-564 372-564 283-429 bottom-up results Krishnan et al. 38
2023 2030 524-1166 524-1166 524-1166 399-888 learning rate Krishnan et al.38
2023 2030 972 972 972 740 Glenk and Reichelstein3?
2023 2030 N.A. 500-580 500-580 500-580 381-442 installed system IEA (2023)30
2020 2050 N.A. 130-200 130-200 installed system IRENA (2020)40

Abbreviations: purchase order (PO), original equipment manufacturer (OEM), and balance of plant (BoP).
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https://nelhydrogen.com/press-release/awarded-everfuel-contract-for-fredericia-hydrogen-project/
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https://nelhydrogen.com/press-release/nel-asa-receives-record-size-purchase-order-for-200-mw-of-alkaline-electrolyser-equipment/
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https://nelhydrogen.com/press-release/nel-asa-receives-purchase-order-for-40-mw-electrolyser-equipment-from-bondalti/
https://nelhydrogen.com/press-release/nel-asa-receives-purchase-order-for-40-mw-electrolyser-equipment-from-hycc/

Supplementary Note 6. Energy and cost projection of solid sorbent Direct Air Capture

The current and projected electrical and thermal energy
demand of low temperature solid sorbent DAC
technologies varies significantly in the literature, as
shown in Supplementary Table 10. The list includes
data published over time by Climeworks (the only

company with commercial scale solid sorbent DAC
plants), recent academic literature, and a potential range
of energetic demands by the National Academies of
Sciences, Engineering, and Medicine.

Supplementary Table 10. Energy demand of solid sorbent direct air capture plants in the literature.

Reference Electricity Heat Comment
demand demand
kWhel tlco2 kWhin tlcoz
Climeworks factsheet (2018)*! 700 2200 including electricity demand for carbon storage process
Beuttler et al. (2019)42 400 1600 long-term projections by Climeworks for DACCS
Climeworks website FAQ (2021)*3 650 2000 accessible via https://archive.org/web/
Deutz and Bardow (2021)%4 700 3300 based on Climeworks’ Artic Fox unit in Iceland
500 1500 future target values

Climeworks (2023)45 direct numbers not

Climeworks’ next generation technology is expected to halve the energy

available demand compared to the Orca plant

National Academies of Sciences, 22 514 best scenario — a scenario that may be unachievable
Engineering, and Medicine 156 944 low scenario
(2019) 315 1333 high scenario
Sabatino et al. (2021)47 80-160  1000-2500 based on various sorbents and isotopes of CO, and water (excl. outliers)
Sendi et al. (2022)48 250 1930 CO; capture at 20 °C and 50% relative humidity and compression to 150 bar

160 1930 excluding approximate electricity demand for CO, compression to 150 bar
Wiegner et al. (2022)%° 329-347 1704-1820 CO; capture at 20 °C and 75% relative humidity (excluding outlying data)

Reliable data on investment cost of solid sorbent DAC
plants based on actual plants is scarce. In this study, the
current and near future energy demand and capex of
low-temperature solid sorbent DAC are based on
Climeworks’ current and next generation plants
(Supplementary Table 11). With 4000 tco; per year
capacity, the Orca plant in Iceland is Climeworks’
largest solid sorbent DAC plant operational since 2021.
The capex of the Orca plant for carbon capture and
sequestration is reported at 10—-15 muUSD®. We
consider an average of 12.5 mUSD for carbon capture
only (excluding the sequestration process) with a long-
term USD €* exchange rate of 1.2. So far, the average
energy consumption of the Orca plant has not been
disclosed. However, it has been mentioned that the Orca
plant has not been optimised for energy efficiency.
Thus, we estimate its electricity demand to be same as
earlier plants at 700 kWh t?co,, and its heat demand at
3000 kWhy tlcop, considering some improvements
compared to the heat demand of the Artic Fox DAC
unit. Climeworks next project (Mammoth) is based on
the same technology as the Orca plant and is expected
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to become operational in 2024. Regardless of 9 times
larger capacity compared to Orca, Climeworks expects
similar capex for the Mammoth plant. This is because
addressing the problems identified during the operation
of the Orca plant increases the capex of the Mammoth
plant that offsets the benefit of the economy of scale. In
the Direct Air Capture Summit 2023, Climeworks
revealed that their next project after Mammoth would
be based on their next generation technology and about
10 times larger. The next generation technology is
reported to have two times higher output density,
leading to a scaling factor of 0.7 for a 10 times larger
plant compared to the Mammoth plant. The next
generation technology is also reported to reduce the
energy demand by 50% compared to the Orca and
Mammoth plants®. Since Climeworks has not
distinguished the electrical and thermal efficiency
gains, we consider the same reduction rate for both.
Nevertheless, both electrical and thermal energy
demand remain within the feasible range in the
literature.


https://archive/

Supplementary Table 11. Specifications of Climeworks’ current and near future direct air capture plants.

Project name Unit Orca Mammoth Next generation comment
technology
Year 2021 2024 ~2027
Capacity ktcoz at 4 36 360
Full load hours h 8000 8000 8000 self-assumption
Capital cost M€ 10.4 93.7 564
Capex €t a 2378 2378 1192
€kglcoz h 20,833 20,833 10,441
Electricity demand kWhe tcoz 700 700 350 self-estimation
Low-temperature heat demand  kWh tco2 3000 3000 1500 self-estimation
According to the International Energy Agency (IEA), a to 10% are often considered for modular low-

total of 1.85 Mtco2 a of solid sorbent DAC projects are
already at different stages for deployment by 20275
We then consider a S-curve development of the
operational capacity of solid sorbent DAC to 2.5
Gtcoz at by 2050 (Supplementary Table 12), well below
estimations for required DAC capacity by mid-
century®2, The capex and energy demand of DAC in
2028—2050 are then calculated based on the cumulative
installed capacity of DAC at each time-step and the
respective learning rates. A capex learning rate of
10—18% and an energy consumption learning rate of up

temperature solid sorbent DAC plants*>®3, In this study,
a learning rate of 12% and 4% are considered for capex
and energy demand of low-temperature DAC,
respectively. As such, the projected electricity and heat
demand of DAC plants in 2050 (Supplementary Table
12) remain well above the “low scenario” by the
National Academies of Sciences, Engineering, and
Medicine provided in the Supplementary Table 10.
Young et al.> report on a sorbent cost or 37 USD t?coz
and a learning rate of 10—18% learning rate. A learning
rate of 10% for the sorbent is used in this study.

Supplementary Table 12. Projected long-term specifications of DAC plants.

Unit 2020/21 2024/25 2027 2028 2030 2035 2040 2045 2050
Cumulative capacity Mtco, at 0.5 1.85 3.7 15 110 550 1375 2500
Unit capacity ktcoz a? 4 36 360 360 360 360 360 360 360
Capex €tlcoa 2378 2378 1192 10492 810 561 417 352 315

€kglcoz h 20,833 20,833 10,441 9189 7096 4914 3653 3084 2759
Electricity demand kWhej tcoz 700 700 350 336 309 275 250 237 229
Low-temperature heat demand kWhy, t1co 3000 3000 1500 1440 1326 1179 1072 1016 981
Sorbent cost € tlcor 31 31 254 22.9 18.5 13.7 10.7 9.3 8.5

& For the small-scale Power-to-SCP plant in 2028, a 10 times smaller DAC plant (36 ktcoz a™*) would be sufficient. Considering a scaling
factor of 0.9 for modular DAC plants, the capex of the small-scale DAC plant increases by 26% to 1321 € t™'co2 a in 2028.
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Supplementary Note 7. Supplementary results

Scenarios for deployment and capex development of e-SCP core plant
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Supplementary Figure 3 | Potential capex decline of e-SCP core plant based on deployment, learning rate, and
scenarios. Source data are provided as a Source Data file.

a Levelised cost of e-SCP onsite, in 2028 b Levelised cost of e-SCP onsite, in 2030
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Supplementary Figure 4 | Levelised cost of RE-based Single-Cell Protein from 2028 to 2050. a in 2028. b in 2030. ¢ in
2035. d in 2040. e in 2045. f in 2050. Source data are provided as a Source Data file.
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a Levelised cost of e-protein onsite, in 2028
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Supplementary Figure 5 | Levelised cost of e-protein from 2028 to 2050. a in 2028. b in 2030. ¢ in 2035. d in 2040. e in
2045. fin 2050. Source data are provided as a Source Data file.
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Cost distribution of e-protein
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Supplementary Figure 6| Cost distribution of e-protein by components in 7 nominated sites in 2030 and 2050.
Abbreviations: open cycle gas turbine (OCGT), closed cycle gas turbine (CCGT), low temperature (LT), high temperature (HT),
and very high temperature (VHT). Source data are provided as a Source Data file.

Supplementary Table 13. Location of the seven nominated sites for e-SCP plants.

Abbreviation CHL-PAT AUS US-CA CHL-ATA DEU FIN OMN
Chile -

Location Patagonia Australia US - California  Chile - Atacama Germany Finland Oman

[Lat, Lon] [-52.65, -72.45] [-18.9, 123.75] [35.1,-117] [-23.85, -69.3] [54, 12.6] [63.45, 22.5] [22.5, 58.95]
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Supplementary Table 14. Electricity consumption by sub-units for e-protein supply via hybrid PV-wind Power-to-SCP supply
chain in 2030.

Iltem Unit CHL-PAT AUS US-CA CHL-ATA DEU FIN OMN
Electrolyser kWh torotein 40,910 38,091 38,081 38,089 39,549 38,935 38,081
H, compressor kWh tprotein 242 399 399 407 265 258 408
O, compressor kWh torotein 0 62 64 67 0 0 68
0, liquefaction kWh tprotein 170 23 19 9 208 223 4
Direct air capture kWh torotein 1031 1031 1031 1031 1031 1031 1031
CO, compressor kWh tprotein 4 1 1 0 1 1 0
CO; liquefaction kWh torotein 6 4 1 0 3 17 1
Heat pump kWh torotein 1109 1089 730 851 1116 1117 994
Electric water boiler kWh torotein 35 109 1386 954 10 9 446
Electric steam boiler kWh torotein 1743 1144 675 969 1564 1190 1101
Electric rod kWh tprotein 8071 8676 9147 8851 8222 8665 8713
Chiller kWh t-15r0tein 5461 5461 5461 5461 5461 5461 5461
NH3 plant kWh torotein 177 177 177 177 177 177 177
SCP core plant kWh tLcotein 13,725 13,725 13,725 13,725 13,725 13,725 13,725
Battery loss kWh torotein 24 972 780 882 172 172 869
Curtailed electricity kWh tprotein 1839 2410 5296 3591 2557 7928 4161
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Supplementary Table 15. Installed capacities of Power-to-SCP subunits for 100 kt a* e-protein supply in 2030.

Item Unit CHL-PAT AUS US-CA CHL-ATA DEU FIN OMN
PV fixed tilted MW 378.8 1215.2 4297.8 3061.6 2751.5 1255.4 2167.6
PV single-axis MW 0.0 2524.0 0.0 568.0 0.0 1328.3 1932.5
Wind power plant MW 1398.4 31.3 84.0 0.0 1354.1 1582.8 0.0
H,-CCGT MW 74.0 0.1 0.0 0.0 0.1 35.9 0.0
H,-OCGT MW 30.7 0.6 0.0 0.7 76.5 9.4 0.0
Battery interface MW 70.6 902.5 770.1 836.1 227.7 189.4 741.9
Battery storage MWh 219.6 3869.8 3357.2 3510.1 1171.3 1328.2 3495.6
Electrolyser MW 2, Hiv 615.9 900.3 949.3 877.8 702.0 695.9 861.0
H, compressor MW 2,11y 312.0 613.6 716.5 619.0 391.1 472.6 596.4
H, salt cavern MW 2, Hiv 0.0 124,468.2 0.0 0.0 131,816.9 0.0 0.0
H, rock cavern MW 2,11y 111,582.4 306.1 0.0 0.0 0.0 0.0 0.0
H> underground pipe MW 2, Hhv 738.7 412.1 8002.5 5143.5 1.3 41,485.6 5367.1
0O, processing unit toz ht 55.8 92.3 93.5 92.4 57.3 61.6 91.0
0O, compressor toz ht 0.0 56.8 58.1 59.1 0.1 0.2 59.3
0; liquefaction toz ht 16.1 3.2 2.6 1.4 20.2 23.1 0.6
0; (g) storage to2 0.4 480.7 501.3 507.6 0.6 24 524.3
0, (I) storage to2 4151.3 763.0 288.2 175.1 3317.7 3809.7 72.8
Direct air capture tcoz ht 41.1 38.3 42.3 39.5 39.0 40.4 39.1
CO, compressor tcoz ht 3.8 0.6 0.4 0.1 1.8 0.5 0.2
CO;, liquefaction tcoz ht 1.5 0.4 0.2 0.1 0.8 5.1 0.2
CO; (g) storage tco2 150.1 23.8 16.0 2.2 55.0 23.1 4.8
CO;, (l) storage tco2 281.2 314.0 58.8 10.9 147.0 2737.8 51.5
Heat pump MW 50.2 46.1 38.0 39.6 48.1 49.8 42.8
Electric water boiler MW 0.7 5.5 41.6 24.0 0.7 0.3 14.8
LT (78 °C) heat storage MWh¢, 264.2 2715 193.7 233.9 262.3 288.3 251.2
HT (100 °C) heat storage MWhg, 7.1 354 224.3 125.8 7.7 4.9 83.7
Electric steam boiler MW 73.2 62.1 77.2 84.3 98.5 101.9 77.1
Decoupled steam generator MWin 115.0 109.9 121.8 113.6 112.8 117.7 113.1
Electric rod MW 134.3 302.6 364.1 310.6 256.1 259.0 292.8
VHT (300 °C) heat storage MWhg, 2218.3 1837.5 2015.4 1874.3 1729.1 2795.0 1831.1
Chiller tchw h? 40,635.1 35,379.4 39,988.1 36,514.0 43,180.9 43,710.4 36,267.0
Chilled water storage tw 319,745.4 17,633.9 52,048.0 12,219.6  320,330.0 368,563.0 10,126.8
NH3 plant tnws ht 3.8 33 4.1 3.9 33 39 3.9
NH3 storage tNH3 1435.7 796.6 1500.8 2731.6 548.7 1184.1 1651.7
SCP core plant tscp h? 22.6 20.8 23.2 21.6 21.4 224 21.5
SCP storage tscp 6265.5 2789.5 10,997.8 4928.8 3591.9 6996.2 4509.6

Abbreviations: open cycle gas turbine (OCGT), closed cycle gas turbine (CCGT), low temperature (LT), and high temperature (HT).
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Supplementary Table 16. Annual flows of Power-to-SCP plants for 100 kt a** e-protein supply in 2030.

Item Unit CHL-PAT AUS US-CA CHL-ATA DEU FIN OMN
PV fixed tilted GWh 263.1 2093.4 7479.1 6168.0 2661.5 1230.5 3666.2
PV single-axis GWh 0.0 5174.9 0.0 1338.1 0.0 1472.7 3857.8
Wind power plant GWh 7084.5 68.8 218.2 0.0 4701.3 5154.9 0.0
H,-CCGT GWh 91.7 0.1 0.0 0.0 0.1 29.6 0.0
H,-OCGT GWh 15.5 0.2 0.0 0.2 43.2 3.2 0.0
Battery interface GWhi, 34.9 1388.1 1114.5 1260.5 245.3 245.7 1242.0
Battery storage GWhout 32.5 1290.9 1036.5 1172.2 228.1 228.5 1155.0
Curtailed electricity GWh 183.9 241.0 529.6 359.1 255.7 792.8 416.1
Electrolyser GWh,HHy 3117.3 2902.5 2901.8 2902.4 3013.6 2966.8 2901.8
Replaced stack GWhpz hhv 1146.3 21.7 0.1 935 767.4 740.0 146.7
H, compressor GWhuz, hhv 969.1 1598.0 1594.9 1626.3 1058.2 1033.6 1632.4
H, salt cavern GWhiz,HHy 0.0 1449.1 0.0 0.0 1057.8 0.0 0.0
H, rock cavern GWhuz, hhv 902.3 4.7 0.0 0.0 0.0 0.0 0.0
H> underground pipe GWhuz, hhv 66.8 144.2 1594.9 1626.3 0.4 1033.6 1632.4
O, processing unit ktoz 3221 3221 322.1 322.1 322.1 322.1 322.1
0, compressor ktoz 0.1 160.1 163.6 172.8 0.2 0.6 174.2
0 liquefaction ktoz 68.2 9.3 7.4 3.4 83.1 89.3 1.7
0, (g) storage ktos 0.1 160.1 163.6 172.8 0.2 0.6 174.2
0; (1) storage ktoa 68.2 9.3 7.4 3.4 83.1 89.3 1.7
Direct air capture ktcoz 295.4 295.4 295.4 295.4 295.4 295.4 295.4
CO; compressor ktcoz 7.1 2.4 0.9 0.2 2.6 1.7 0.4
CO; liquefaction ktcoz 4.2 2.4 0.9 0.2 2.1 11.4 0.8
CO; (g) storage ktcoz 7.1 2.4 0.9 0.2 2.6 1.7 0.4
CO; (I) storage ktcoz 4.2 2.4 0.9 0.2 2.1 11.4 0.8
Heat pump GWhh 388.3 381.2 255.5 297.8 390.7 390.8 348.0
Electric water boiler GWhy, 35 10.8 137.2 94.5 1.0 0.9 44.2
LT (78 °C) heat storage GWhh,in 283.1 277.9 186.3 217.1 284.8 284.9 253.7
HT (100 °C) heat storage GWhih in 1.5 16.0 49.3 27.7 1.6 2.0 22.9
Electric steam boiler GWhh 165.3 108.5 64.0 91.9 148.3 112.8 104.3
Decoupled steam generator GWh¢h 750.9 807.7 852.1 824.2 767.8 803.3 811.8
Electric rod GWhh 807.1 867.6 914.7 885.1 822.2 866.5 871.3
VHT (300 °C) heat storage GWhh,in 807.1 867.6 914.7 885.1 822.2 866.5 871.3
Chiller Ktchw 273,037 273,051 273,037 273,039 273,038 273,043 273,037
Chilled Water storage Ktchw 19,941.6 1878.7 7110.9 1507.8 26,105.2 30,294.2 1,091.7
NH3 plant Ktnuz 24.0 24.0 24.0 24.0 24.0 24.0 24.0
NH; storage ktnnz 8.9 13.9 12.5 14.6 7.2 14.2 12.6
SCP core plant ktscp 161.9 161.9 161.9 161.9 161.9 161.9 161.9
SCP storage ktscp 10.8 5.1 11.9 5.6 6.4 10.4 53

Abbreviations: open cycle gas turbine (OCGT), closed cycle gas turbine (CCGT), low temperature (LT), high temperature (HT), and very high

temperature (VHT).
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Supplementary Table 17. Full load hours of components in Power-to-SCP plants for 100 kt a* e-protein supply in 2030.

CHL-PAT AUS US-CA CHL-ATA DEU FIN OMN
PV fixed tilted 695 1723 1740 2015 967 980 1691
PV single-axis - 2050 - 2356 1041 1109 1996
Wind power plant 5066 2201 2598 460 3472 3257 -
H,-CCGT 1239 1044 1559 1735 1098 823 1888
H,-OCGT 503 264 708 368 565 347 1002
Electrolyser 5061 3224 3057 3306 4293 4263 3370
H, compressor 3106 2604 2226 2627 2706 2187 2737
0, processing unit 5776 3490 3446 3485 5618 5226 3539
0O, compressor 3398 2821 2818 2921 3051 3365 2935
0, liquefaction 4228 2939 2865 2535 4119 3873 2569
Direct air capture 7194 7720 6979 7483 7569 7317 7546
CO, compressor 1887 4026 2120 3319 1430 3422 2512
CO;, liquefaction 2843 5784 3595 4348 2580 2215 4105
Heat pump 7741 8262 6732 7511 8121 7846 8136
Electric water boiler 4794 1961 3299 3938 1410 2672 2976
Electric steam boiler 2259 1748 830 1090 1506 1107 1354
Decoupled steam generator 6526 7347 6998 7256 6807 6824 7177
Electric rod 6011 2867 2512 2849 3210 3346 2976
Chiller 6719 7718 6828 7478 6323 6247 7529
NH; plant 6244 7284 5881 6092 7292 6103 6123
SCP core plant 7164 7769 6966 7483 7559 7242 7538

Abbreviations: open cycle gas turbine (OCGT) and closed cycle gas turbine (CCGT).

22



Supplementary Table 18. Capital cost of Power-to-SCP subunits for 100 kt a* e-protein supply in 2030.

Item Unit CHL-PAT AUS US-CA CHL-ATA DEU FIN OMN
PV fixed tilted M€ 115.9 371.8 1315.1 936.9 842.0 384.1 663.3
PV single-axis M€ 0.0 850.6 0.0 191.4 0.0 447.6 651.3
Wind power plant M€ 1398.4 31.3 84.0 0.0 1354.1 1582.8 0.0
H,-CCGT M€ 71.6 0.1 0.0 0.0 0.1 34.7 0.0
H,-OCGT M€ 16.1 0.3 0.0 0.3 40.0 4.9 0.0
Battery interface M€ 3.9 49.6 42.4 46.0 12.5 104 40.8
Battery storage M€ 24.2 425.7 369.3 386.1 128.8 146.1 384.5
Electrolyser M€ 255.6 373.6 394.0 364.3 291.3 288.8 357.3
H, compressor M€ 16.5 32.5 38.0 32.8 20.7 25.0 31.6
H, salt cavern M€ 0.0 54.3 0.0 0.0 57.5 0.0 0.0
H, rock cavern M€ 161.6 0.4 0.0 0.0 0.0 0.0 0.0
H, underground pipe M€ 8.6 4.8 92.8 59.7 0.0 481.2 62.3
O, processing unit M€ 20.7 34.3 34.8 34.4 21.3 22.9 33.9
0, compressor M€ 0.0 12.9 13.2 13.5 0.0 0.0 13.5
0; liquefaction M€ 11.8 2.3 1.9 1.0 14.7 16.8 0.5
0> (g) storage M€ 0.0 23.1 24.1 24.4 0.0 0.1 25.2
0; (l) storage M€ 19.9 3.7 14 0.8 15.9 18.3 0.3
Direct air capture M€ 300.7 280.2 310.0 289.1 285.8 295.7 286.7
CO; compressor M€ 1.5 0.2 0.2 0.0 0.8 0.2 0.1
CO;, liquefaction M€ 1.7 0.5 0.3 0.1 1.0 6.0 0.2
CO; (g) storage M€ 33 0.5 0.4 0.0 1.2 0.5 0.1
CO (I) storage M€ 2.0 2.2 0.4 0.1 1.0 19.5 0.4
Heat pump M€ 326 30.0 24.7 25.8 31.3 324 27.8
Electric water boiler M€ 0.1 0.9 6.7 3.8 0.1 0.1 24
LT (78 °C) heat storage M€ 3.9 4.0 2.8 34 3.9 4.2 3.7
HT (100 °C) heat storage M€ 0.3 1.3 8.4 4.7 0.3 0.2 31
Electric steam boiler M€ 6.1 5.2 6.5 7.1 8.3 8.6 6.5
Decoupled steam generator M€ 8.7 8.4 9.3 8.6 8.6 8.9 8.6
Electric rod M€ 12.4 27.8 335 28.6 23.6 23.8 26.9
VHT (300 °C) heat storage M€ 88.7 73.5 80.6 75.0 69.2 111.8 73.2
Chiller M€ 40.6 354 40.0 36.5 43.2 43.7 36.3
Chilled water storage M€ 45.7 2.5 7.4 1.7 45.8 52.7 1.4
NH3 plant M€ 30.0 25.7 31.8 30.7 25.7 30.7 30.6
NH3 storage M€ 1.6 0.9 1.6 3.0 0.6 13 1.8
SCP core plant M€ 965.8 890.7 993.4 924.8 915.4 955.4 918.0
SCP storage M€ 2.2 1.0 3.8 1.7 13 24 1.6
Total M€ 3673 3662 3973 3536 4266 5062 3694

Abbreviations: open cycle gas turbine (OCGT), closed cycle gas turbine (CCGT), low temperature (LT), high temperature (HT), and very high
temperature heat (VHT).
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Supplementary Table 19. Cost distribution of e-protein in 2030.

Iltem Unit CHL-PAT AUS US-CA  CHL-ATA DEU FIN OMN
PV fixed tilted € tprotein 113.1 362.9 12835 914.3 821.7 374.9 647.3
PV single-axis € tprotein 0.0 830.1 0.0 186.8 0.0 436.8 635.6
Wind power plant € tprotein 1479.6 331 88.8 0.0 1432.8 1674.8 0.0
H,-CCGT € tprotein 75.0 0.1 0.0 0.0 0.1 36.1 0.0
H>-OCGT € tprotein 18.9 0.3 0.0 0.4 47.7 5.6 0.0
Battery interface € tprotein 4.4 56.8 48.5 52.6 14.3 11.9 46.7
Battery storage € tprotein 27.7 489.5 424.5 444.0 147.8 167.6 442.2
Electrolyser € tprotein 329.7 463.8 487.3 453.0 369.9 366.4 444.9
Stack replacement € tprotein 12.6 0.2 0.0 1.0 8.4 8.1 1.6
H> compressor € tprotein 23.2 45.3 52.6 45.7 28.9 34.7 44.1
H, salt cavern € tprotein 0.0 68.3 0.0 0.0 71.4 0.0 0.0
H, rock cavern € tprotein 179.6 0.5 0.0 0.0 0.0 0.0 0.0
H, underground pipe € tprotein 7.8 4.5 85.7 55.7 0.0 437.0 58.0
0O, processing unit € tprotein 23.3 38.3 38.8 38.3 23.9 25.7 37.8
0, compressor € tprotein 0.0 17.6 18.0 18.3 0.0 0.1 18.4
0; liquefaction € tprotein 14.9 2.9 2.4 13 18.6 213 0.6
03 (g) storage € tprotein 0.0 22.2 23.2 23.5 0.0 0.1 24.2
03 (I) storage € tprotein 19.1 3.5 1.3 0.8 15.3 17.6 0.3
Direct air capture € tprotein 435.9 410.1 447.6 421.3 417.2 429.6 418.3
CO, compressor € tprotein 2.1 0.3 0.2 0.0 1.0 0.3 0.1
CO; liquefaction € tprotein 2.3 0.6 0.4 0.1 1.3 8.0 0.3
CO; (g) storage € throtein 31 0.5 0.3 0.0 1.1 0.5 0.1
CO;, (l) storage € throtein 1.9 2.1 0.4 0.1 1.0 18.7 0.4
Heat pump € tprotein 35.6 331 26.3 28.0 344 354 30.6
Electric water boiler € throtein 0.1 0.9 7.4 43 0.1 0.1 2.6
LT (78 °C) heat storage € throtein 3.7 3.8 2.7 3.2 3.7 4.0 3.5
HT (100 °C) heat storage € tprotein 0.2 1.2 7.4 4.2 0.3 0.2 2.8
Electric steam boiler € tprotein 6.5 5.4 6.4 7.0 8.4 8.5 6.5
Decoupled steam generator € throtein 9.7 9.2 10.2 9.5 9.5 9.9 9.5
Electric rod € tprotein 11.2 25.2 30.3 25.9 21.3 21.6 24.4
VHT (300 °C) heat storage € tprotein 81.2 67.4 73.9 68.8 63.5 102.1 67.2
Chiller € throtein 56.8 49.5 55.9 51.0 60.4 61.1 50.7
Chilled water storage € tprotein 42.0 24 7.2 1.7 42.7 49.2 1.4
NHs plant € tprotein 38.8 33.6 41.0 39.7 33.6 39.6 39.5
NH3 storage € throtein 1.9 11 2.0 3.6 0.7 1.6 2.2
SCP core plant € tprotein 1426.6 13254 1463.7 13713 1358.7 1412.6 1362.2
SCP storage € tprotein 2.8 1.3 4.6 2.1 1.6 31 1.9
Ramp up/down cost € throtein 0.8 0.7 1.0 0.8 0.6 0.7 0.7
Total € throtein 4492 4414 4743 4278 5062 5825 4427
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Supplementary Table 20. Required capacities of PV, wind power, battery, electrolyser, and DAC based on average of values
for Power-to-SCP plants in Australia, Chile (Atacama Desert), and Germany.

Unit 2035 2040 2045 2050
Operational capacity Mtprotein @t 1.02 3.71 11.1 29.7
SCP core plant's average FLh h 7544 7538 7508 7495
Annual supply Mtprotein @71 1.0 3.5 10.4 27.8
Newly added supply Mtprotein timestept 1.0 2.5 6.9 17.4
Required capacities for 1 Mt a? e-protein supply
PV GW 33.6 333 32.8 323
Wind GW 4.1 3.6 3.4 3.2
Battery interface GW 6.8 5.5 5.4 5.3
Battery Storage GWh 30.0 26.9 26.1 254
Electrolyser GWha,HHy 8.0 8.4 8.3 8.3
Direct air capture Mtcoz a1 3.4 3.4 3.5 3.5
Required capacities for meeting the newly added supply at each timestep total
PV GW 33.6 83.1 2263 5624 905
Wind GW 4.1 9.1 23.4 56.0 93
Battery interface GW 6.8 13.9 373 92.3 150
Battery Storage GWh 30.0 67.3 180.3 4426 720
Electrolyser GWha,HHy 8.0 20.9 57.6 144.1 231
Direct air capture Mtcoz a1 3.4 8.6 23.8 60.2 96
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Supplementary Figure 7 | Electricity generation for 100 kt a™* e-protein supply at a selected site in Finland, 2030. The
optimal power generation system at the site in Finland includes both PV and wind power. Lower wind power generation in
during the summer is balanced by higher PV generation.
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Supplementary Figure 8 | Electricity supply and major consumers for 100 kt a*! e-protein supply at a selected site in
Finland, 2030. The hourly electricity generation and consumption is shown for the first 400 hours of the year. Electrolysers and
electric rods follow electricity generation profile. The utilisation rates of SCP core plant and chiller are extended by use of
electricity from battery and H-fuelled gas turbines. In all hours, SCP core plant maintains a minimum operational load of 50%
as a predefined system constraint. Relatively smaller electricity such as ammonia synthesis unit, electric steam boiler, electric
water boiler, heat pump, DAC, and feed gases balancing units are not shown in the figure for better visualisation of key flows.
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Supplementary Note 8. Sensitivity analyses
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Supplementary Figure 9 | Impact of changes in WACC on e-protein production cost in 2030. a levelised cost of e-protein
based on a WACC of 5%. b levelised cost of e-protein based on a WACC of 9%. ¢ cost decline of e-protein by lowering WACC
from 7% to 5%. d cost decline of e-protein by increasing WACC from 7% to 9%. e cost ratio of e-protein based on 5% to 7%
WACC. f cost ratio of e-protein based on 9% to 7% WACC.
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a Levelised cost of e-protein based on high-cost electrolyser, in 2030
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Supplementary Figure 10 | Impact of the High-Cost Scenario for electrolyser capex and fixed opex on e-protein
production cost. a levelised cost of e-protein based on high-cost electrolyser in 2030. b levelised cost of e-protein based on
high-cost electrolyser in 2050. ¢ cost increase of e-protein based on high-cost electrolyser in 2030. d cost increase of e-protein
based on high-cost electrolyser in 2050. e cost ratio of e-protein based on high-cost to reference electrolyser in 2030. f cost ratio
of e-protein based on high-cost to reference electrolyser in 2030.
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Levelised cost of e-protein based on high-cost DAC, in 2030
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Supplementary Figure 11 | Impact of the High-Cost Scenario for direct air capture (DAC) capex and fixed opex, and
energy demand on e-protein production cost. a levelised cost of e-protein based on high-cost DAC in 2030. b levelised cost
of e-protein based on high-cost DAC in 2050. ¢ cost increase of e-protein based on high-cost DAC in 2030. d cost increase of e-
protein based on high-cost DAC in 2050. e cost ratio of e-protein based on high-cost to reference DAC in 2030. f cost ratio of e-
protein based on high-cost to reference electrolyser in 2030.
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Supplementary Figure 12 | Impact of 10% change in the capex and fixed opex of solar PV on e-protein production cost
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a Levelised cost of e-protein based on low-cost wind power plant, in 2030
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Supplementary Figure 13 | Impact of 10% change in the capex and fixed opex of wind power on e-protein production
cost in 2030. a levelised cost of e-protein based on low-cost wind power plant. b levelised cost of e-protein based on high-cost
wind power plant. ¢ cost decline of e-protein based on low-cost wind power plant. d cost increase of e-protein based on high-
cost wind power plant. e cost ratio of e-protein based on low-cost to reference wind power plant. f cost ratio of e-protein based

on high-cost to reference wind power plant.
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a Levelised cost of e-protein based on low-cost SCP core plant, in 2030
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Supplementary Figure 14 | Impact of 10% change in the capex and fixed opex of SCP core plant on e-protein production
cost in 2030. a levelised cost of e-protein based on low-cost SCP core plant. b levelised cost of e-protein based on high-cost
SCP core plant. ¢ cost decline of e-protein based on low-cost SCP core plant. d cost increase of e-protein based on high-cost
SCP core plant. e cost ratio of e-protein based on low-cost to reference SCP core plant. f cost ratio of e-protein based on high-

cost to reference SCP core plant.
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Supplementary Note 9. Input data for optimisation

a Global potential locations for salt cavern hydrogen storage onshore b Global potential locations for rock cavern hydrogen storage onshore

Supplementary Figure 15 | Global potential locations for onshore geological hydrogen storage. a salt cavern. b rock cavern.
Data adopted from 54,
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Supplementary Table 21. Technical and financial specifications of applied technologies. Abbreviations: weighted average cost of capital (WACC), capital expenditures per unit of capacity
(capex), annual operational expenditures per unit of capacity (opex rix), variable operational costs (opex var), efficiency (eff.), electricity (el.), learning rate (LR), working capacity (WC), full
load hour (FLh), per annum (p. a.), lower heating value (LHV), higher heating value (HHV), base cost scenario (BCS), and high-cost scenario (HCS).

Item Unit 2020/ref. 2025 2028 2030 2035 2040 2045 2050 Ref.
Globally uniform WACC % 7 7 7 7 7 7 7 7
PV fixed tilted power plant
Capex € kw1, 580 466 390 337 300 270 246 55

€ kw1, 432 336 278 237 207 184 166 56

€ kW, 475 370 326 306 237 207 184 166 this study
Opex fix € kw1, 13.2 10.6 8.8 7.4 55

€ kw1, 7.76 5.66 4.47 4.04 3.7 56

€ kw1, 8.53 7.17 6.53 6.23 5 4.47 4.04 3.7 this study
OpexX var € kWh1g 0 0 0 0 0 0 0 0
Installation density MW km-2 91 100 106 109 118 127 137 137 based on 36:57
Lifetime year 30 35 35 35 35 40 40 40 58
PV single-axis tracking power plant
Capex € kw1, 638 513 429 371 330 297 271 55,59

€ kw1, 475 370 306 261 228 202 183 56,59

€ kw1, 523 407 359 337 261 228 202 183 this study
Opex fix € kw1, 15 12 10 8 55,59

€ kw1, 8.54 6.23 4.92 4.07 56,59

€ kw1, 9.4 7.88 7.17 6.86 5.5 4.92 4.44 4.07 this study
Opex var € kWhg 0 0 0 0 0 0 0 0
Installation density MW km-2 62 69 72 75 81 87 94 94 based on 36:57
Lifetime year 30 35 35 35 35 40 40 40
Wind power plant (onshore)
Capex € kw1, 1150 1060 1030 1000 965 940 915 900 based on €0
Opex fix % of capex p.a. 2 2 2 2 2 2 2 2
Opex var € kWhg 0 0 0 0 0 0 0 0
Lifetime year 25 25 25 25 25 25 25 25
Installation density MW km-2 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 61
Disturbance factor % 8 8 8 8 8 8 8 8
Battery pack (storage) - lithium iron phosphate
Capacity MWh 80 80 80 80 80 80 80 80 56
Capex € kWh- 234 153 132 110 89 76 68 61 56
Opex fix € kWh- 3.28 2.6 2.40 2.2 2.05 1.9 1.77 1.71 56
Opex var € kwh1 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
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Item Unit 2020/ref. 2025 2028 2030 2035 2040 2045 2050 Ref.
Lifetime year 20 20 20 20 20 20 20 20 62
Cycle eff. % 91 92 92.5 93 94 95 95 95 63
Self-discharge % ht 0 0 0 0 0 0 0 0
Battery interface (inverter, etc.)
Capacity MW 20 20 20 20 20 20 20 20 56
Capex € kw- 117 76 66 55 44 37 33 30 56
Opex fix € kw-t 1.64 1.29 1.20 1.10 1.01 0.93 0.86 0.84 56
Opex yar € kwh1 0 0 0 0 0 0 0 0
Lifetime year 20 20 20 20 20 20 20 20 62
Combined cycle gas turbine
Capacity MW 580 580 25 250 250 250 250 250 64
Capex (conventional) — 0.85 LR € kw1 775 775 1242 879 879 879 879 879 64
Capex (Ha-fuelled) € kw-t 852.5 1366 967 967 967 967 967 10% higher
Opex fix % of capex p.a. 2.5 2.5 2.5 2.5 2.5 2.5 2.5 64
Opex var € kWh1 0.002 0.002 0.002 0.002 0.002 0.002 0.002 64
Lifetime year 35 35 35 35 35 35 35 65
Efficiency % - LHV 61.2 61.2 61.2 62.3 63.3 63.3 63.3 64
Efficiency % - HHV 52.2 52.2 52.2 53.1 54.0 54.0 54.0
Open cycle gas turbine
Capacity MW 250 250 25 250 250 250 250 250 64
Capex (conventional) — 0.85 LR € kw1 475 475 475 475 475 475 475 475 64
Capex (Ha-fuelled) € kw-t 523 738 523 523 523 523 523 10% higher
Opex fix % of capex p.a. 3.0 3.0 3.0 3.0 3.0 3.0 3.0 64
Opex var € kWh-1 0.011 0.011 0.011 0.011 0.011 0.011 0.011 64
Lifetime year 35 35 35 35 35 35 35 65
Efficiency % - LHV 43.8 44.47 45.4 45.9 46.5 47 47.5
Efficiency % - HHV 37.4 38.1 38.7 39.2 39.6 40.1 40.5 64
Alkaline water electrolyser 66,67 & LR
Capacity MW 28 250 100 250 250 250 250 250
Capex (BCS) € kW 638 446 377 316 234 189 163 148

€ kW52 1nv 597 498 415 301 239 202 180
Capex (HCS) € kW 666 583 500 377 306 264 240

€ KWy Hiy 891 771 656 485 387 327 292
Opex fix % of capex p.a. 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5
Opex var— incl. water cons., excl. stack replacement € kWh 4z iy 0.0011 0.0011 0.011 0.0011 0.0011 0.0011 0.0011 0.0011
Stack replacement cost 40% of the electrolyser full system cost 15 years after initial installation
Opex yar — stack replacement cost (BCS) € kWhy; pay 0.0019 0.0014 0.0013 0.0011 0.0009 0.0009 0.0009 0.0009



Item Unit 2020/ref. 2025 2028 2030 2035 2040 2045 2050 Ref.
Opex var — stack replacement cost (HCS) € kWh 43wy 0.0031 0.0023 0.0021 0.0018 0.0015 0.0015 0.0015 0.0015
Lifetime - system year 30 30 30 30 30 30 30 30
Lifetime - stack hours 80 000 88 000 91 200 96 000 104 000 112 000 120 000 128 000
Availability (single stack) % 95 95 95 95 95 95 95 95
Availability (system level) % 100 100 100 100 100 100 100 100
PtH, eff. - overall % - LHV 62.5 63.8 64.3 65.0 66.3 67.5 68.8 70.0
PtH; eff. - overall % - HHV 73.3 74.8 75.3 76.2 77.7 79.1 80.6 82.1
PtHeat eff. % - utilisable 22.7 214 20.8 20.0 18.7 17.3 16.0 14.7
Heat temperature °C 75 75 75 75 75 75 75 75
H, pressure bar 5 30 30 30 30 30 30 30
H, compressor
Compression range bar 30->150 30->150 30->150 30->150 30->150 30->150 30->150 30-»150
Electricity consumption kWhel kWh 143 yiy 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 68
kWhel kg2 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
Capacity MW 1 1 1 3 3 3 3 3 69
MWH2, HHv 40 40 40 120 120 120 120 120
tyz ht 1.01 1.01 1.01 3.04 3.04 3.04 3.04 3.04
Capex € kw1 3400 3400 3400 2 100 2 100 2100 2100 2100 69
(scaling factor: 0.7) € kW15 1nv 85 85 85 53 53 53 53 53
€kgliz h 3350 3350 3350 2089 2089 2089 2089 2089 61
Opex fix % of capex p.a. 4.0 4.0 4.0 4.0 4.0 4.0 4.0 70
Opex var € kWh 12,11y 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Lifetime year 20 20 20 20 20 20 20
Mass eff. % 100 100 100 100 100 100 100
Hydrogen storage - man-made salt cavern
Working capacity (WC) tonne H; 500 500 500 2 000 2 000 2 000 2 000 2 000 69
GWhpuz nhv 20 20 20 79 79 79 79 79
Capex - excluding cushion gas cost € kglhza-we 24.9 24.9 24.9 16.4 16.4 16.4 16.4 16.4 69
(scaling factor: 0.7) € kWh Ly iy 0.631 0.632 0.632 0.417 0.417 0.417 0.417 0.417
Levelised cost of H, for cushion gas (global average) € KWh ™42 v - produced 0.071 0.053 0.046 0.042 0.031 0.027 0.023 0.020 based on 71
Cushion gas cost - (cushion/total capacity: 0.3) € kWh ™42 iy -we 0.032 0.024 0.021 0.019 0.015 0.012 0.011 0.009
Capex - including cushion gas cost €kghz-we 26.2 25.9 25.7 17.2 17.0 16.9 16.9 16.8
€ kWh1yz yuy 0.664 0.656 0.653 0.436 0.432 0.429 0.428 0.426
Opex fix % of capex p.a. 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 72
Opex yar € kWh1y; yny 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
Lifetime year 30 30 30 30 30 30 30 30 72
Cycle eff. % 100 100 100 100 100 100 100 100
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Item Unit 2020/ref. 2025 2028 2030 2035 2040 2045 2050 Ref.

Self-discharge % h1 0 0 0 0 0 0 0 0

Maximum charge rate % day? 10 10 10 10 10 10 10 10 73

Minimum Energy-to-Power ratio h 240 240 240 240 240 240 240 240

Pressure range bar 43-150 43-150 43-150 43-150 43-150 43-150 43-150 43-150 69

Hydrogen storage - lined rock cavern

Working capacity (WC) tonne H; 100 100 100 500 500 500 500 500 69
GWhpz nhv 3.9 3.9 3.9 20 20 20 20 20

Capex - excluding cushion gas - (scaling factor: 0.8) €kgln 79 79 79 57 57 57 57 57 69
€ kWh 4o iy 1.440 1.730 1.730 1.254 1.254 1.254 1.254 1.254

Levelised cost of H, for cushion gas (globally unified) € KWh Y2 iiv - produced~ 0.071 0.053 0.046 0.042 0.031 0.027 0.023 0.020 based on 71

Cushion gas cost - (cushion/total capacity: 0.144) € kWh ™42 iy -we 0.013 0.010 0.008 0.008 0.006 0.005 0.004 0.004

Capex - including cushion gas cost € kWh 42 iy 2.000 1.997 1.995 1.448 1.446 1.445 1.444 1.444

Opex fix % of capex p.a. 3.0% 3.0% 3.0% 3.0% 3.0% 3.0% 3.0% 3.0%

Opex var € kWh 12,11y 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Lifetime year 30 30 30 30 30 30 30 30

Cycle eff. % 100 100 100 100 100 100 100 100

Self-discharge % h1 0 0 0 0 0 0 0 0

Maximum charge rate % day! 10 10 10 10 10 10 10 10

Minimum Energy-to-Power ratio h 240 240 240 240 240 240 240 240

Pressure range bar 20-150 20-150 20-150 20-150 20-150 20-150 20-150 20-150 69

Hydrogen storage - underground pipe

Working capacity (WC) tonne H2 25 25 25 250 250 250 250 250 69
GWhi,Hhy 1.0 1.0 1.0 9.9 9.9 9.9 9.9 9.9

Capex € kgnz 492 492 492 459 459 459 459 459 69

(scaling factor: 0.97) € kWh s yay 12.5 12.5 125 11.6 11.6 11.6 11.6 11.6

Opex fix % of capex p.a. 1.0% 1.0% 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%

Opex var € kWh sy 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Lifetime year 30 30 30 30 30 30 30 30

Cycle eff. % 100 100 100 100 100 100 100 100

Self-discharge % ht 0 0 0 0 0 0 0 0

Minimum Energy-to-Power ratio h 6 6 6 6 6 6 6 6

Maximum charge rate % h1 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67

Pressure range bar 8-100 8-100 8-100 8-100 8-100 8-100 8-100 8-100 69

NH; Plant - including Air Separation Unit, N; & H, compressors, and ammonia synthesis unit 74-76

Capacity tans ht 2.3 0.3 0.3 3 3 3 3 3

Capex - (scaling factor: 0.78) € kgnns-h 8300 12 960 12 960 7 810 7 810 7 810 7 810 7 810

Opex fix % of capex p.a. 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
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Item Unit 2020/ref. 2025 2028 2030 2035 2040 2045 2050 Ref.
Opex var €tz 11 11 11 11 11 11 11 11
Lifetime year 30 30 30 30 30 30 30 30
Electricity consumption KWh t1yus 738 738 738 738 738 738 738 738
minimum load % of full capacity 25 25 25 25 25 25 25 25
Ramp-up time (min to max load) % h? 2 2 2 2 2 2 2 2
Ramp-down time (max to min load) % h1l 20 20 20 20 20 20 20 20
Ramp-up/down cost € tlyps h? 2 2 2 2 2 2 2 2
Availability h 8000 8000 8000 8000 8000 8000 8000 8000
pressure bar 150 150 150 150 150 150 150 150
H, & N conversion rate % 99 99 99 99 99 99 99 99
H> consumption kghnz tInmz 179.3 179.3 179.3 179.3 179.3 179.3 179.3 179.3
N2 consumption kg2 tinms 830.9 830.9 830.9 830.9 830.9 830.9 830.9 830.9
NH; storage 7%
Capacity tne3 3000 200 200 2000 2000 2000 2000 2000
Capex (via 0.8 scaling factor) €t s 990 1800 1800 1080 1080 1080 1080 1080
Opex fix % of capex p.a. 4 4 4 4 4 4 4 4
Opex var € tlvms 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Lifetime year 30 30 30 30 30 30 30 30
Minimum Energy-to-Power ratio h 168 168 168 168 168 168 168 168
Cycle eff. % 100 100 100 100 100 100 100 100
Self-discharge % ht 0 0 0 0 0 0 0 0
Low-Temperature CO; Direct Air Capture at 1 bar section 6 & 52
Capacity ktcoz a* — 8000 FLh 4 36 36 360 360 360 360 360
tcoz h? 0.5 4.5 4.5 45 45 45 45 45
Capex (BCS) €112 a—8760 FLh 2378 2378 1321 810 561 417 352 315
€kglcor h 20833 20833 11569 7 096 4914 3653 3084 2759
Capex (HCS) €112 a—8760 FLh 1594 563
Opex fix % of capex p.a. 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Opex var €t 32.0 32.0 23.9 19.5 14.7 11.7 10.3 9.5
of which sorbent €tlo 31 31 22.9 18.5 13.7 10.7 9.3 8.5
of which others €t 1 1 1 1 1 1 1 1
Lifetime year 20 25 25 25 30 30 30 30
Availability % 91.3 91.3 91.3 91.3 91.3 91.3 91.3 91.3
Output pressure bara 1 1 1 1 1 1 1 1
Electricity demand (BCS) kWhe| t1coz 700 700 336 309 275 250 237 229
Electricity demand (HCS) kWhe| t1coz 505 269
LT heat demand (BCS) kWhih t1co2 3000 3000 1440 1326 1179 1072 1016 981
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Item Unit 2020/ref. 2025 2028 2030 2035 2040 2045 2050 Ref.
LT heat demand (HCS) kWhih t1coz 2163 1154
Heat temperature °C 100 100 100 100 100 100 100 100
CO; compressor #1 (coupled to DAC)
Pressure range bar 155 155 155 155 155 1->5 1->5 1->5
Electricity consumption kWh t1coz 40 40 40 40 40 40 40 40 22
Unit capacity tcoz ht 0.5 4.5 4.5 10 10 10 10 10
kWej 20 180 180 400 400 400 400 400
Capex € kW 19 300 10 000 10 000 5800 5800 5800 5800 5800 23
€kglcoa h 772 400 400 232 232 232 232 232
Opex fix % of capex p.a. 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Opex var (excl. el.) €t 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Lifetime year 20 20 20 20 20 20 20 20
Low-Temperature DAC farm coupled to 1-5 bar CO, compressor this study
Capacity tcoz h? 0.5 4.5 4.5 45 45 45 45 45
Capex (BCS) € tlco2 a—8760 FLh 2 466 2424 1367 836 587 443 378 341
€kglco2 h 21 604 21236 11972 7323 5142 3881 3311 2987
Capex (HCS) €1tlco; a—8760 FLh 1620 589
€kglcoa h 14192 5155
Opex fix % of capex p.a. 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Opex var €t 32.0 32.0 23.9 19.5 14.7 11.7 10.3 9.5
Electricity demand (BCS) kWhe| t1co2 740 740 376 349 315 290 277 269
Electricity demand (HCS) kWhe| t1coz 545 309
LT heat demand (BCS) kWhih t1co2 3000 3000 1440 1326 1179 1072 1016 981
LT heat demand (HCS) kWhih t1co2 2163 1154
Availability % 91.3 91.3 91.3 91.3 91.3 91.3 91.3 91.3
Lifetime year 20 25 25 25 30 30 30 30
CO; compressor #2 (prior to CO; storage)
Pressure range bara 5->15 5->15 515 5->50 5->50 5->50 5->50 5->50
Electricity consumption kWh t1co, 27 27 27 56 56 56 56 56 22
Unit capacity tcoz 1 1 1 1 5 5 5 5 5
kWe 27 27 27 280 280 280 280 280
Capex € kW 397 397 397 409 409 409 409 409 2 and SF
€kglcoz h 45 45 45 47 47 47 47 47
Opex fix % of capex p.a. 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Opex var (excl. el.) € tlcon 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Lifetime year 20 20 20 20 20 20 20 20

CO; liquefaction plant

66
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Item Unit 2020/ref. 2025 2028 2030 2035 2040 2045 2050 Ref.
Unit capacity tcoz ht 1 1 1 5 5 5 5 5
Feed gas pressure bar 5 5 5 5 5 5 5 5
Capex €kglcoa h 1880 1880 1880 1160 1160 1160 1160 1160
€tloza 215 215 215 132 132 132 132 132
Opex fix % of capex p.a. 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
OpexX var (excl. el.) €1l 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Lifetime year 20 20 20 20 20 20 20 20
Electricity consumption kWh tlcoz 150 150 150 150 150 150 150 150
Ramp-up time % h1l 100 100 100 100 100 100 100 100
CO; (g) storage 66
Operating pressure range bar 5-15 5-15 5-15 20-50 20-50 20-50 20-50 20-50
Unit capacity tco2 160 160 160 1600 1600 1600 1600 1600
Capex €tlo 28 000 28 000 28 000 22 000 22 000 22 000 22 000 22 000
Opex fix % of capex p.a. 1.5 1.5 1.5 13 13 13 13 13
Opex var €11, 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Lifetime year 30 30 30 30 30 30 30 30
Minimum charge/discharge time h 6 6 6 6 6 6 6 6
Cycle eff. % 100 100 100 100 100 100 100 100
Self-discharge % h1 0 0 0 0 0 0 0 0
CO; (I) storage tank 66
Unit capacity tco2 560 560 560 560 560 560 560 560
Capex €tlo 7 120 7 120 7120 7120 7120 7 120 7 120 7 120
Opex fix % of capex p.a. 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Opex var €t 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Lifetime year 30 30 30 30 30 30 30 30
Minimum charge/discharge time h 6 6 6 6 6 6 6 6
Cycle eff. % 100 100 100 100 100 100 100 100
Self-discharge % ht 0 0 0 0 0 0 0 0
Heat pump - electrical compression 7
Unit capacity MWhyh 3 3 3 3 3 3 3 3
Capex € kW1, 730 682 661 650 620 600 588 580
Opex fix € kW, p.a. 2 2 2 2 2 2 2 2
Opex yar € kWhy, 0.00180 0.00174 0.00171 0.00170 0.00170 0.00170 0.00164 0.00160
Lifetime year 20 20 20 20 20 20 20 20
COP (soure@40C, sink@78-100C) - 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5
Availability % 98.1 98.1 98.1 98.1 98.1 98.1 98.1 98.1

Electric water boiler

77
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Item Unit 2020/ref. 2025 2028 2030 2035 2040 2045 2050 Ref.
Unit capacity MWhyh 2 2 2 2 2 2 2 2
Capex € kW1, 186 170 163 160 160 160 160 160
Opex fix € kW, p.a. 1.070 1.040 1.027 1.020 0.990 0.970 0.940 0.920
Opex var € kWhy, 0.00050 0.00049 0.00048 0.00048 0.00046 0.00045 0.00044  0.00043
Lifetime year 25 25 25 25 25 25 25 25
Efficiency % 99 99 99 99 99 99 99 99
Availability h 8558 8558 8558 8558 8558 8558 8558 8558
Electric steam boiler (12 bar) 66
Unit capacity MWhtn 2 2 2 15 15 15 15 15
Capex € kW1, 213 197 190 84 84 84 84 84
Opex fix € kW, p.a. 1.221 1.192 1.179 1.056 1.025 1.004 0.973 0.952
Opex var € kWhy, 0.00058 0.00056 0.00055 0.00049 0.00048 0.00047 0.00045 0.00044
Lifetime year 25 25 25 25 25 25 25 25
Efficiency (power-to-heat) % 99 99 99 99 99 99 99 99
Efficiency (power-to-utilisable steam) - based on input water temp. % 94.8 94.8 95.0 95.2 95.4 95.6
Availability % 97.7 97.7 97.7 97.7 97.7 97.7 97.7 97.7
Low-Temperature Heat Storage (hot water storage tank, used for a temperature range of 20-78 °C)
Unit capacity tonne water 43 000 742 742 4 450 4 450 4 450 4 450 4 450
MWhin 50 50 300 300 300 300 300
Capex (via 0.8 Scaling Factor) €th0 628 1415 1415 989 989 989 989 989 78
€ kWh1y, 21.0 21.0 14.7 14.7 14.7 14.7 14.7
Opex fix % of capex p.a. 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 7
Opex var € kWhy, 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Lifetime year 30 30 30 30 30 30 30 30 79
Cycle eff. % 98.0 98.0 98.0 98.0 98.0 98.0 98.0 98.0 self-
assumption
Energy-to-Power ratio h 7 7 7 7 7 7 7 7 78
Self-discharge % day! 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 78
Self-discharge % h1 0.99995 0.99995 0.99995 0.99995 0.99995 0.99995 0.99995 0.99995
Medium-Temperature Heat Storage (hot water storage tank, used for a temperature range of 78-98 °C)
Unit capacity tonne water 43 000 2150 2150 8 600 8 600 8 600 8 600 8 600
MWhg, 50 50 200 200 200 200 200
Capex €t 628 1143 1143 866 866 866 866 866 78
€ kWhy, 49.2 49.2 37.3 37.3 37.3 37.3 37.3
Opex fix % of capex p.a. 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 7
Opex yar € kWhy, 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Lifetime year 30 30 30 30 30 30 30 30 7
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Item Unit 2020/ref. 2025 2028 2030 2035 2040 2045 2050 Ref.

Cycle efficiency % 98.0 98.0 98.0 98.0 98.0 98.0 98.0 98.0 self-
assumption

Energy-to-Power ratio - 7 7 7 7 7 7 7 7 78

Self-discharge % day? 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 78

Self-discharge % h1 0.99995 0.99995 0.99995 0.99995 0.99995 0.99995 0.99995 0.99995

Electric rods 80

Unit capacity MW 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2

Capex € kw1 123 114 101 92 83 77 73 71 based on LR

Opex fix % of capex p.a. 1 1 1 1 1 1 1 1

Opex var € kWh1y, 0 0 0 0 0

Lifetime year 30 30 30 30 30 30 30 30

Efficiency % 99.8 99.8 99.8 99.8 99.8 99.8 99.8 99.8

Availability % 100 100 100 100 100 100 100 100

Very High Temperature (VHT) heat storage in molten material 80

Capacity MWhin 5 6 6 6 6 6 6 6

Capex € kWh1y, 63 56 46 40 34 31 29 28

Opex fix % of capex p.a. 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Opex var € kWh1y, 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Lifetime year 30 30 30 30 30 30 30 30

Charge eff. % 100 100 100 100 100 100 100 100

Discharge eff. % 99.0 99.0 99.0 99.0 99.0 99.0 99.0 99.0

Self-discharge % h1 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17

Availability % 100 100 100 100 100 100 100 100

Decoupled steam generator 80

Unit capacity MW:h 6 6 8 8 8 8 8 8

Capex € kW, 137 117 91 76 61 53 48 45

Opex fix % of capex p.a. 3% 3% 3% 3% 3% 3% 3% 3%

Opex var € kWh1y, 0 0 0 0 0 0 0 0

Lifetime year 30 30 30 30 30 30 30 30

Heat to steam eff. % 99.7 99.7 99.7 99.7 99.7 99.7 99.7 99.7

Warm water to steam eff. % 94.8 94.8 94.8 94.8 95.0 95.2 95.4 95.6

Availability % 98.1 98.1 98.1 98.1 98.1 98.1 98.1 98.1

Chiller (10 °C to 4 °C) 66

Unit capacity thao h? 1700 1700 1700 1700 1700 1700 1700 1700

Capex €tlyoh 1176 1176 1176 1000 1000 1000 1000 1000

Opex fix % of capex p.a. 4 4 4 3 3 3 3 3

Opex yar €tl0 0 0 0 0 0 0 0 0
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Item Unit 2020/ref. 2025 2028 2030 2035 2040 2045 2050 Ref.
Electricity consumption kWh t 140 2 2 2 2 2 2 2 2
Lifetime year 15 15 15 15 15 15 15 15
Availability % 91.3 91.3 91.3 91.3 91.3 91.3 91.3 91.3
Integrated chilled-cold water tank 66
Capacity th2o 140 000 140 000 140 000 140 000 140 000 140 000 140 000 140 000
Capex €tly0o 143 143 143 143 143 143 143 143
Opex fix % of capex p.a. 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Opex yar €tly0o 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Lifetime year 30 30 30 30 30 30 30 30
Cycle efficiency % 100 100 100 100 100 100% 10 100
Energy-to-Power ratio h 12 12 12 12 12 12 12 12
Self-discharge % h1 0 0 0 0 0 0 0 0
Single-Cell Protein core plant - Reference scenario this study
Productivity gcow L'twe h 1.0 1.0 1.1 1.2 13 14
Unit capacity tsep Wt 2.053 20.526 20.526 20.526 20.526 20.526
ktscp @1 — 8000 FLh 16.42 164.2 164.2 164.2 164.2 164.2
Capex €tlscpa 8995 5341 3813 3136 2654 2286
€kglscp h 71960 42728 30504 25088 21232 18 288
Opex fix €tlcpa 503 261 193 162 140 123
€kglscp h 4027 2 086 1540 1294 1118 981
Opex var € tlsep 75 75 73 70 69 67
Lifetime year 25 25 25 25 25 25
H, consumption kgna kgtscp 0.4281 0.4281 0.4281 0.4281 0.4281 0.4281
kWhuz,nmv kglscp 16.872 16.872 16.872 16.872 16.872 16.872
CO; consumption kgcoz kg lscp 1.824 1.824 1.824 1.824 1.824 1.824
0, consumption kgoz kgtsce 1.989 1.989 1.989 1.989 1.989 1.989
Electricity consumption kWhe kglscp 8.475 8.475 7.810 7.255 6.786 6.384
Steam consumption kWhsteam kglscp 5.657 5.657 5.448 5.274 5.126 4,999
NH3 consumption kgnns kglscp 0.148 0.148 0.148 0.148 0.148 0.148
Chilled water consumption kgchw kglscp 1686 1686 1635 1593 1557 1526
Heat from dryer water vapour condensing to 70 °C kWhin kgscp 2.68 2.68 2.68 2.68 2.68 2.68
Dryer water vapour capture rate % 50 50 55 60 65 70
Dryer water vapour's utilisable heat kWhin kglscp 1.34 1.34 1.474 1.608 1.742 1.876
Minimum load % of full capacity 50 50 50 50 50 50
Ramp-up time % ht 1 1 1 1 1 1
Ramp-down time % ht 0.3 0.3 0.3 0.3 0.3 0.3
Ramp-up/down cost € tscp h2 200 200 200 200 200 200
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Item Unit 2020/ref. 2025 2028 2030 2035 2040 2045 2050 Ref.
Availability h 8000 8000 8000 8000 8000 8000
SCP storage Solar Foods
Capacity tscp 690 690 690 690 690 690
Capex € tlsep 350 350 350 350 350 350
Opex fix % of capex p.a. 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%
Opex yar €tlscp 5 5 5 5 5 5
Lifetime year 30 30 30 30 30 30
Cycle efficiency % 100 100 100 100 100 100
Energy-to-Power ratio h 168 168 168 168 168 168
Self-discharge % h1 0 0 0 0 0 0
0; initial handling (small tank and compressor coupled to 2 stacks) - reference scenario 66,67
Tank pressure bara 5 5 5 5 5 5 5 5
Capacity kgoz ht 692 692 692 692 692 692 692 692
Capex €kgloz h 526 526 526 372 316 287 265 246 based on LR
Opex fix % of capex p.a. 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
OpexX var €t 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Lifetime year 30 30 30 30 30 30 30 30
0, Compressor
Pressure range bara 515 515 515 515 515 515 515 515
Electricity consumption kWh t1o; 39 39 39 39 39 39 39 39 22
Capacity tcoz ht 4 4 4 10 10 10 10 10
KWei 156 156 156 390 390 390 390 390
Capex € kw-t 11 200 11 200 11 200 5850 5850 5850 5850 5850 23
€kglozh 437 437 437 228 228 228 228 228
Opex fix % of capex p.a. 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
€tlpa 0.91 0.91 0.91 1.44 1.44 1.44 1.44 1.44
Opex var - excl. electricity €tlo 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Lifetime year 20 20 20 20 20 20 20 20
0; liquefaction plant - receiving O, at 5 bar 66
Electricity consumption kWh t1o, 250 250 250 250 250 250 250 250
Capacity teoz ht 1.50 1.50 1.50 15 15 15 15 15
KWei 375 375 375 3750 3750 3750 3750 3750
Capex €kgloah 1000 1000 1000 730 730 730 730 730
€tlga 114 114 114 83 83 83 83 83
Opex fix % of capex p.a. 3.5 3.5 3.5 3.1 3.1 3.1 3.1 3.1
Opex var - excl. electricity €tlo 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Lifetime year 20 20 20 20 20 20 20 20
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Item Unit 2020/ref. 2025 2028 2030 2035 2040 2045 2050 Ref.
0> (g) storage — low pressure storage in spherical tanks 66
Maximum pressure bar 15 15 15 15 15 15 15 15
Unit capacity m3 4000 4000 4000 4000 4000 4000 4000 4000
to2 73 73 73 73 73 73 73 73
Capex €tlo 48 000 48 000 48 000 48 000 48 000 48 000 48 000 48 000
Opex fix % of capex p.a. 1.5 1.5 15 15 15 1.5 15 15
Opex var €tlo 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Lifetime year 30 30 30 30 30 30 30 30
Cycle eff. % 99 99 99 99 99 99 99 99
Self-discharge % ht 0.00014 0.00014 0.00014 0.00014 0.00014 0.00014 0.00014 0.00014
02 (I) storage tank — standard pressure vessel tanks for liquified oxygen with volumes up to 60 m3 and liquid oxygen storage for larger capacities 66
Capacity m3 60 60 60 600 600 600 600 600
to2 68 68 68 680 680 680 680 680
Capex €tlo; 5900 5900 5900 4800 4800 4800 4800 4800
Opex fix % of capex p.a. 1.7 1.7 1.7 1.5 1.5 15 15 15
Opex var €tlo 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Lifetime year 30 30 30 30 30 30 30 30
Cycle eff. % 99 99 99 99 99 99 99 99
Self-discharge % ht 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
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