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ABSTRACT

Liquid hydrocarbons are considered as an option to store renewable energy while decoupling the supply
and demand of renewable resources. They can also be used as transportation fuel or as feedstock for the
chemical industry and are characterized by a high energy density. A process concept using renewable
energy from fluctuating wind power and CO, to produce liquid hydrocarbons was modeled by a
flowsheet simulation in Aspen Plus®. The capacity of the plant was set to 1 GW;yy of hydrogen input,
using water electrolysis, reverse-water-gas-shift reaction (RWGS) and Fischer-Tropsch (FT) synthesis.
A feed of 30 t/h of H, generated 56.3 t/h (12,856 bbl/d) of liquid hydrocarbons. A Power-to-Liquid
efficiency of 44.6 % was calculated for the base case scenario. Net production cost ranged from
12.41 $/GGE to 21.35 $/GGE for a system powered by a wind power plant with a full load fraction of
about 47 %, depending on the assumed electricity feedstock price and electrolyzer capital cost. For

systems with full load fractions between 70 % and 90 %, the production cost was in the range of

5.48 $/GGE t0 8.03 $/GGE.
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1. Introduction

In 2012, a total of 1,133 TWh of renewable power was generated worldwide, corresponding to 5.0 % of
the total electricity generated [1]. Depleting, finite fossil fuel reserves and the goal to reduce CO,
emissions led to a transition to alternative power generation technologies. Therefore, an increasing

number of renewable energy installations is now being observed. It is predicted that from 2014 to 2035,
the renewable generation capacity will double to about 3,930 GW of installed capacity [2]. Over the past
decade, conventional power plants accounted for about 68 % of the investment in the power sector. By

2035, however, about 62 % of the investment is predicted to be in renewable technologies [2].

In conventional energy systems, power generation follows the energy demand [3]. In contrast, wind and
solar power generation follows natural conditions, with hourly, daily, weekly or seasonal fluctuations
[4]. Hence, long-term seasonal storage applications with a high capacity, low storage losses, well-
established and safe storage tanks and low space requirements are required. Liquid hydrocarbons are
considered an option to store renewable energy while decoupling supply and demand. They are
characterized by a high energy density, are used in the transportation sector and exhibit little to no loss
during long-term storage. Additionally, liquid hydrocarbons have an existing infrastructure, can be

easily transported and also be used as transportation fuel or as feedstock for the chemical industry.

The generation of liquid hydrocarbons was investigated by several studies [5], [6], [7], [8] and [9].
Current research focuses on the optimization of the generation of fuels and olefins from biomass and
natural gas [10]. On the other hand, the use of CO, for the production of synthetic fuels demonstrates a
real greenhouse gas sink. This technology combines CO,/steam-mixed reforming and CO,-active iron
catalysts in Fischer-Tropsch synthesis in Gas-to-Liquid processes [11]. The generation of liquid
transportation fuels by combining a solid oxide electrolyzer cell and Fischer-Tropsch (FT) synthesis was
investigated by [6] and [7]. Mignard et al. investigated the generation of alcohols from marine energy
and CO, [5]. Jess et al. suggest generating liquid fuels from solar energy and CO, [8]. A rating of
several Power-to-Liquid (PtL) technologies was proposed by Tremel et al [9]. The aforementioned

references assume a continuous supply of energy and reactant to the fuel production plant.
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The present work investigates the techno-economic effect of an option to couple continuous fuel
production with fluctuating energy sources, considering present realistic assumptions and future

technological developments.

The economic potential of storing fluctuating renewable energy in liquid hydrocarbons is of special
interest for renewable power station operators and for the prediction of future energy scenarios.
Renewable liquid hydrocarbons may contribute to the fuel supply for aviation as well [12]. A techno-
economic study was carried out, starting with a detailed process model of the generation of liquid
hydrocarbons by FT synthesis. The model was analyzed by pinch point analysis and the economic

performance was estimated on the basis of capital and operation cost estimations.

2. Scope of Evaluation and Process Description

The evaluation focuses on the production of liquid hydrocarbons from renewable excess power and CO,.
The system boundary and the block flow diagram of the process concept are shown in Fehler!

Verweisquelle konnte nicht gefunden werden..

The focus on fluctuating renewable energy requires a highly flexible electrolyzer unit. A proton
exchange membrane (PEM) electrolyzer can be operated at high current densities (above 2 A/cm?) and
cover a nominal power density range from 10 % to 100 % [13]. A storage cavern acts as the link
between the highly fluctuating source, the electrolyzer unit and the continuous chemical synthesis.
Hydrogen is stored if excess power is available and used when the hydrogen demand exceeds its
generation. The liquid product is stored in tanks for later use. The economic analysis comprises the cost
estimation for the electrolyzer unit, the hydrogen storage cavern and the chemical plant, including

auxiliary units and utilities.

Fehler! Verweisquelle konnte nicht gefunden werden. illustrates a more detailed flowsheet of the
process concept. The PEM electrolysis and the cavern are not modeled in the flowsheet. The capacity of
the plant is set to 1 GW of hydrogen input based on its lower heating value (LHV). H, from electrolysis
and CO,, which is delivered by a pipeline, are fed to the plant. CO, and H, are converted in the reverse-

water-gas-shift (RWGS) reactor to syngas, which is composed of H, and CO. The syngas is then further
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converted to hydrocarbons in the FT synthesis. The hydrocarbon syncrude is upgraded and separated

from unreacted feed and gaseous hydrocarbons to make the final product.

3. Simulation Model

A flowsheet simulation model was developed in Aspen Plus®. Heat losses of reactors, heat exchangers
and piping were neglected. Furthermore, the electrolyzer and the storage cavern are not included in the
flowsheet model. The pressure losses in the process are lumped in the recycle stream and are assumed to

be 0.2 MPa [14].

3.1. Components and thermodynamic model

The model is based on the pure components H,, CO,, CO, and H,O and the n-alkanes CH,4 through to
C3oHgp, which were selected from the Aspen database. Coke is represented by solid carbon.
Hydrocarbon products are represented only by n-alkanes, since the main products of cobalt based low
temperature FT synthesis are n-alkanes [15]. CH4 through to C4H;, are gases, CsH,, through to CyoHy,
are liquids and hydrocarbons with a chain length longer than C,, are waxes. In this work, the Peng-
Robinson equation of state in combination with the Boston-Mathias alpha function is used to describe
the phase behavior in the process [16], [17]. The Peng-Robinson equation of state is widely applied in

gas processes, refining and FT modeling studies [14], [18], [19].

3.2. Reverse water-gas-shift reactor

The reverse water-gas-shift (RWGS) reaction (1) is the endothermic hydrogenation of CO, to CO [20].

CO, + H, = CO + H,0 AHQ = 41.2 kj /mol (1)

The RWGS reactor model comprises a Gibbs energy minimization reactor model and an adiabatic
burner model. The Gibbs energy minimization reactor model assumes thermodynamic equilibrium for
the RWGS, which is a reasonable assumption at high temperatures [8], [20]. The operation temperature
and pressure are assumed to be 900 °C and 2.5 MPa, respectively [21]. In addition to the fresh feed, the

external recycle (see Fehler! Verweisquelle konnte nicht gefunden werden.) is fed to the RWGS



110
111
112
113

114

115

116

117

118

119

120

121

122

123

124

125

126

reactor. The external recycle contains unreacted reactants and gaseous hydrocarbons from the FT
synthesis. Hence, steam reforming of the gaseous hydrocarbons occurs as a side reaction in the RWGS
reactor. The external recycle is a split of the total recycle (from flash F-5, see Fehler! Verweisquelle
konnte nicht gefunden werden.), whose split fraction is determined by the fuel demand of the burner

(FG-1). The adiabatic burner model supplies heat to the RWGS reactor.

To reduce coking in the reformer, the carbon safety factor (CSF) was introduced [14], [22]. The CSF
determines the amount of steam required to achieve a constant distance from the coking equilibrium.

The CSF is calculated by equations (2) and (3).

1 2
CSF =292 . = k(T) ()
Yeo P
AGR(Ty) AHR(To) (1 1) (3)
K(T)=e RTo R \T'T,

Yco, and y¢o are the molar fraction of CO, and CO, respectively. P is the overall pressure and K (T) the

temperature dependent equilibrium constant. K (T) is calculated by the Gibbs reaction enthalpy (AGR),
the reaction enthalpy (AHJD), the ideal gas constant R, the temperature T and the standard temperature

Ty = 25°C. To achieve an O/C ratio greater than 2, the criterion CSF = 3 must be met.

3.3. Fischer-Tropsch synthesis

In FT synthesis, CO and H, are polymerized to long chain hydrocarbons over a catalyst (4).

i-CO+2i-H, > (—CH, =); +i-H,0 AHY = —152 kj/mol (4)

The chain growth probability, «, is a measure if whether chain propagation or termination occurs (5)
and is connected to the weight fraction, w,, by the Anderson-Schulz-Flory distribution [15], which

determines the product distribution.

1—«a
Wn=( P )'a"-n

)
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The reaction scheme of a cobalt-based catalyst at low temperatures was selected for this work, since the
yield of n-alkanes is high for this kind of catalyst [15], [23]. The FT synthesis was modeled by a
stoichiometric reactor model. The model comprises 30 reactions for the generation of hydrocarbons
from CH,4 to C;9Hg,. The molar fractional conversion of each reaction is determined by «, the corrected
methane yield and the per-pass conversion of CO as displayed in the supplementary information (SI)
Table S1. The H,-to-CO ratio, the molar fraction of the reactants and the operation temperature and
pressure are fixed and also reported in Table S1 (of the SI). The ratio of H, feed to CO, feed is adjusted
to meet the H,-to-CO ratio criteria. The molar fraction of the reactants is adjusted by the internal recycle,

which is determined by the amount of gaseous product taken from the fourth flash (F-4).

3.3. Product separation and upgrading section

The targeted products of the plant are liquid hydrocarbons with a chain length ranging from Cs to Cy.
Therefore, hydrocracking is required to crack the waxes into shorter chain hydrocarbons in the desired
range. The hydrocracker model is based on a yield distribution [24]. It operates at 6.0 MPa and Ty, =
350 °C. A five step product separation section is modeled to represent the separation of liquid products
from the gaseous byproducts, reaction water, unreacted gases and inserts [15]. The separation
temperatures are: Tp_; = 145°C, Tr_, = 100°C, Tr_3 = 100°C, Tp_4 = 10°C and Tr_5 = —30°C. The
liquid products of the separation stages F-2 through to F-5 are collected and brought together with the
product of the hydrocracker to ambient conditions in the flash drum F-6. The gaseous byproduct is

additional fuel for the burner.

4. Model Results and Process Performance

4.1. Model results

The operation parameters of the 1 GW, 5, H, input plant are described in the simulation model section.
About 270t/h of H,O and 236t/h of CO, are required to generate about 56 t/h of liquid
hydrocarbons. The mass flow block diagram is displayed in Figure S1 of the supplementary information
(SI). The main share of the liquid hydrocarbon product is in the range of Cs to Cyo. The detailed product

distribution is shown in Figure S2 in the SI.
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4.2. Heat integration

The cooling and heating requirements are determined by pinch point analysis. The composite curves are
shown in Fehler! Verweisquelle konnte nicht gefunden werden. and indicate that the heating demand
of the process can be satisfied by internal heat exchange. A total cooling demand of 431.5 MW must be
realized to cool down the remaining hot streams of the process. Refrigeration, chilling and cooling water
are selected as cooling utilities. A detailed record of the selected utility types, their characteristics and

thermal loads is listed in Table S2 of the SI.

4.3. Process performance

Five parameters are used to assess the process performance: three process efficiencies, a chemical
conversion and a recycle ratio (see Fehler! Verweisquelle konnte nicht gefunden werden.). The
chemical conversion efficiency, n¢ccg, accounts for losses when converting H, and CO, into liquid
hydrocarbons. The plant efficiency, 1p;ane, considers the in-plant losses due to compression, pumping
and utilities (Py). The Power-to-Liquid efficiency, np;, relates the total energy input to the chemical
energy content of the liquid products and considers the energy demand for electrolysis and AC/DC
conversion. The carbon conversion, 7., is a measure of the overall conversion of carbon atoms into
hydrocarbons. The recycle ratio allows the evaluation of the size of the recycle streams. Fehler!
Verweisquelle konnte nicht gefunden werden. summarizes the five process performance parameters

and their respective calculation formulae.

The energy demand of electrolyzing water to hydrogen is predicted to be 4.3 kWh/Nm? for large-scale
electrolyzer systems [25]. Thereby, the power demand for electrolysis is calculated as 1,450 MW/
Assuming a conversion efficiency of 96 % for the AC/DC conversion, the power input to the process is
calculated as 1,512 MW. The electrical demand for chilling and refrigeration results from the respective
thermal loads and coefficients of performance. Fehler! Verweisquelle konnte nicht gefunden werden.
summarizes the results of the flowsheet simulation. Additionally, the results of the performance

parameters are shown.
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The plant efficiency npjgne of 65.9 % is lower than the reported value of 69.3 % [9], which was
calculated based on an idealized reaction scheme of 100 % conversion. The Power-to-Liquid efficiency
Npe, of 44.6 % is lower than the reported value of 51 % [6], where instead of a PEM electrolyzer a solid
oxide electrolyzer is applied, which uses excess heat directly to decrease the energy losses due to
electrolysis. Apart from the liquid hydrocarbons, about 431.6 t/h (184 MW) of steam is produced as a

byproduct.

5. Economic Analysis

A cost estimation was carried out for the proposed concept. The cost basis is the US dollar ($, December

2014).

5.1. Methodology and results

Methodology and accuracy comply with classes three and four of the Association for the Advancement

of Cost Engineering for cost estimation in the process industry [26].

The component prices are estimated by equation (6) according to [27] and [28]. Scaling factors account

for the economies of scale. Prices from previous years are updated via the Chemical Engineering Plant

Cost Index (CEPCI).
s \> (CEPCI
PC =PC,,;- : 2014 ). F (S 6
ref <Sref> (CEPCI—ref Z( max) ( )

The equation gives the purchased cost (PC) of equipment at the scale (S) required for the proposed
capacity in the year 2014. PC,y is the purchased cost in the reference year at the reference scale (Sy¢f).
The scaling factor (D) accounts for scaling effects. CEPCl,p14 = 576.1 and CEPCl,f are the cost
indices for the year 2014 and the reference year, respectively [27], [29]. F is a factor accounting for high
pressure and special materials, where applicable. The quantity (z) is the number of parallel trains

dependent on the maximum scale S, .
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The installed capacity of the electrolyzer and the H, cavern depends on the fluctuating renewable power
production pattern. Therefore, the electrolyzer capacity is calculated based on the amount of H, required
per year and the full-load fraction of the fluctuating renewable energy source. An offshore wind power
plant in the North Sea is selected as the fluctuating renewable energy scenario [30]. The wind pattern
shows short-term and seasonal fluctuations from 0.03 GW to 3.2 GW (see Figure S3 of the SI). Based
on the generation pattern, an annual full-load fraction of 46.8 % is calculated, which leads to a required
electrolyzer capacity of 3.2 GW; the capacity of the cavern is calculated to 29.1 kt, or equivalent to
11 % of the annual H, consumption. The filling level of the cavern is shown in Figure S3 of the SI. Due
to the fluctuating pattern of power generation, the cavern must be partially filled for the start-up.
Assuming that the same wind pattern applies each year, the required start-up amount of hydrogen is

determined to be 22.5 kt.

Fehler! Verweisquelle konnte nicht gefunden werden. lists the capacities of the main components and
the respective parameters required to calculate the purchased cost. The prices of the other process

equipment are based on literature values [28].

The total purchased cost (TPC) of the plant is 3,150 M$. The TPC is multiplied by ratio factors to
account for installation, instrumentation, piping, electrical systems, buildings, yard improvements and
service facilities [28]. Adding engineering, construction, legal expenses and contractor’s fees, the fixed
capital investment (FCI) for the chemical plant can be calculated by (7). The reported cost for the
electrolyzer includes instrumentation, piping, electrical systems, service facilities, engineering and

construction. Hence, the FCI of the electrolyzer is calculated by (8).

FCIChemical plant = 4.60 - TPCChemical Plant (7)

FCIElectrolyzer =183 TPCElectrolyzer (8)

Including contingencies, working capital and the start-up expenses for the cavern, the total capital

investment (TCI) is 8,690 M$ (9). The start-up expenses for the cavern are 158 M$.
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TCl = 1.25 FClrotq + COStStart—up Cavern ©)

Assuming an interest rate of 7 % and a life time of 30 years for the electrolyzer unit and the chemical
plant, as well as 80 years for the cavern, the annualized capital cost (ACC) is calculated as 560 M$/a

by (10) [27].

IR - (1 + IR)PE
ACC = FCl - —————"— 10
(1+IR)PL -1 (19)

The operation costs are the costs for maintenance, insurance, taxes, reactants, materials, utilities and
revenues for byproducts. The maintenance cost for the chemical plant components is assumed to be 7 %
of FCI of the chemical plant [28]. The maintenance effort for the electrolyzer is calculated based on the
reconditioning period, which is reported to be 15 % of the FCI of the electrolyzer unit and must be
carried out every 60,000 hours of operation [31]. Insurance and taxes are 2 % of the overall FCI [28].

The prices for utilities, reactants and byproducts are listed in Table S3 in the SI.

The total operation cost (TOC) is 2,800 M$/a. The total annualized cost (TAC) is the sum of the TOC

and the ACC. The net production cost (NPC) is 18.62 $/GGE (6.83 $/kg,4.51 $/1). Water electrolysis

and intermediate storage in the cavern account for about 89 % of the NPC.

Fehler! Verweisquelle konnte nicht gefunden werden. depicts the distribution of the total capital
investment and the net production cost on the different cost categories. With all of the above mentioned

realistic assumptions for an 1 GW,y,, H, input PtL plant, the annual capital cost and the cost for

electricity to power the electrolysis account for about 85 % of the net production cost.

5.2. Sensitivity analysis

The effect of several economic parameters on the production cost of liquid hydrocarbons is shown in
Fehler! Verweisquelle konnte nicht gefunden werden.. The steeper the slope is, the larger the
parameter’s effect on the overall economics is. Fehler! Verweisquelle konnte nicht gefunden werden.
shows that both the capital cost of the electrolyzer and the cost of electricity have the highest slopes. As

shown in Fehler! Verweisquelle konnte nicht gefunden werden., these are the cost categories with the
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highest share of the production cost. If offshore wind power was available for half of the assumed
186 $/MWh, the NPC would shrink to 11.81 $/GGE. Assuming excess power free of charge, the NPC
drops to 5.00 $/GGE. The effect on the revenues due to selling O, has a larger impact on the production
cost than the purchase of CO,. The effect of changing the costs of the cavern is small compared to the O,
revenue. The critical factor for intermediate H, storage is therefore not its cost, but the local availability.
The sensitivity analysis proves that the cost of the electrolyzer and wind power are the main expenses in
this production process. The sensitivity analysis shows that NPC ranges from 15.90 $/GGE to 21.35 $/

GGE.

The effect of the interest rate, the maintenance cost, taxes, insurance expenses and the ratio factor for the
chemical plant is depicted in Fehler! Verweisquelle konnte nicht gefunden werden.. The interest rate
and the ratio factor selected for the chemical plant have the largest effect on the NPC. Depending on the

assumed economic parameters, the net production cost varies by about &+ 5.0 %.

Cost reductions can be observed by taking the overload functionality of the PEM electrolyzer into
account. An assumed overload functionality of 5.0 % of the installed capacity leads to a capital cost

reduction of 3.6 %. Due to a high share of the electricity cost, the NPC is reduced by 0.9 % (18.45 $/
GGE). Further technology development is expected to reduce the energy demand of electrolysis to about
4.1 kWh/Nm? [25], which will cut the net production cost by 4.6 % (17.77 $/GGE). Additionally,
electrolyzer capital cost is predicted to drop to about 380 $/kW [32] and electricity generation cost of
offshore wind power plants may drop to 136 $/MWHh [33]. Taking higher efficiency, overload
capability and the predicted lower prices into account, the production cost could drop by 1/3 to about
12.41 $/GGE in an optimistic future scenario (see “Future Case”, Fehler! Verweisquelle konnte nicht

gefunden werden.).

The full load capacity of the electrolyzer is highly dependent on the chosen renewable power source and
its location. Hence, the outcome of the effect of the full load fraction on the net production cost is
presented in Fehler! Verweisquelle konnte nicht gefunden werden.. With rising full load hours, the

net production cost decreases due to lower expenses for the electrolyzer and the intermediate storage.



270

271

272

273

274
275
276
277
278
279
280
281
282
283

284

285

286

287

288

289

290

291

292

293

294

295

The share of the annual capital cost of total annual cost declines from 36 % at a full load fraction (FLF)
of 10 % to about 11 % at a continuous power input (100 % FLF). The net production cost curve shows

a high cost reduction potential when the FLF is increased up to 70 %.

5.3. Fields of application and substitution potentials

FT-based liquid hydrocarbons allow for a wide variety of applications. Fields of application include fuel
for stationary gas turbines for power generation, in the transportation sector, or as feedstock for the
chemical industry. FT-based syncrude does not fulfill the specifications for gasoline, kerosene or diesel
without upgrading. They may be sold to refineries that already operate units for further processing and
upgrading to transportation fuels. Alternatively, they could be used as renewable drop-in to conventional
fuels. In the chemical industry, a pure feedstock is mainly required; therefore, additional distillation
would be required to generate pure feedstock for further processing. Gas turbines allow for a wide
variety of liquid mixtures as fuel [34]. PtL hydrocarbons provide renewable generated sulfur and
nitrogen-free fuels for gas turbines. Fehler! Verweisquelle konnte nicht gefunden werden. compares
the market feedstock prices with the calculated net production cost for the base case and a future

predicted value.

Fehler! Verweisquelle konnte nicht gefunden werden. indicates that economic viability cannot be
achieved for the proposed process at present. The production cost for the base case is about 7 times
today’s market prices of fuels and chemicals; for the future case it is about 4 times. Generation of
electricity, when no renewable power is available, by using liquid hydrocarbons, which were produced
from renewable electricity, reveals prices of about 4.5 times today’s feedstock market prices. Taking the
optimistic future case, about 3 times today’s market price applies. Synthetic fuels can achieve crude oil
market prices (93 $/bbl) at power costs of 8.70 $/MW h if electrolyzer capital cost of 380 $/kW and a

full load fraction of 100 % are assumed.

The net production cost ranges from 12.41$/GGE to 21.35$/GGE, depending on the assumed
electricity feedstock price and electrolyzer capital cost. Strong dependence of the net production cost on

the applied assumptions of the electrolyzer capital cost and the electricity price complicates the
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comparison of the calculated costs with other studies. Becker et al. reports fuel production cost of
4.66 $/GGE to 18.30 $/GGE for FLFs in the range of 20 % to 100 % and electricity prices of 20 $/
MWh to 80 $/MWh [6]. Applying a FLF of 90 % and electricity cost of 20 $/MWh, net production
cost of 5.48 $/GGE is calculated (see “20 $/MWh Case”, Fehler! Verweisquelle konnte nicht
gefunden werden.), which is comparable to the reported value of 5.44 $/GGE [6]. The combination of
high full load fractions and low energy prices allows the generation of liquid fuels at about twice the
market prices of today (see Fehler! Verweisquelle konnte nicht gefunden werden.). The generation of
various liquid fuels from H, and CO, proposing the decoupling of the H, generation from the chemical
plant was investigated [9]. Tremel et al. reports syncrude production cost of 7.50 $/GGE for FLF of
70 % and a H, feedstock price of 4 $/kg. The model of the present study determines a production cost

of 8.06 $/GGE under these assumptions.

6. Conclusion

A process concept using renewable power from fluctuating wind power and CO, to produce liquid
hydrocarbons was modeled by a flowsheet simulation. The economic performance of the process was

evaluated. A Power-to-Liquid efficiency of 44.6 % was calculated for a 1 GW; yy H, input PtL plant.

The economic analysis indicates that economic viability of the process cannot be achieved under current
market prices for neither fuels nor chemicals. Net production cost ranges from 12.41 $/GGE to
21.35 $/GGE for a wind-powered system if electrolyzer cost vary in the range of 340 $/kW to 1275 $/
kW and the wind power cost from 136 $/MWh to 223 $/MW h. Systems with FLFs between 70 % and
90 % and low electricity feedstock cost yield production costs in the range of 5.48 $/GGE to 8.03 $/
GGE. The economic methodology underlays an inherent uncertainty of +30 %. Sensitivity analyses
show that the main effect on the production costs comes from the electrolyzer capital cost, the wind
power costs and the FLF. Therefore, reducing the costs for electrolyzer systems and electricity feedstock
are the key factors for creating an economically viable production scenario of liquid hydrocarbons from

renewable power and CO,. Additionally, economic viability is more realistic for systems operating at
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high FLFs, as they decrease the capital costs for high installed capacities of the electrolyzer and the
intermediate storage. Hence, a minimum FLF of 70 % is recommended for liquid hydrocarbon processes

based on renewable power.

The technical assessment revealed a large amount of excess heat, which is assumed to be sold. The
approach of the conversion of thermal energy into electricity by a steam cycle is proposed, but this
concept reveals only a small overall efficiency increase due to the low efficiency of the steam cycle. In a
subsequent study, the direct thermal use of the excess heat and its effect on the process efficiency and
economics will be investigated. The technical and economic potential of CO, sources will be examined
to evaluate the limitations of their availability. Additionally, the technical options and the cost of
upgrading products from liquid hydrocarbons to jet fuels is of special interest to the authors and will be

assessed.
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340 « Chain growth probability

341 CEPCI Chemical Engineering Plant Cost Index
342  COP Coefficient of performance

343 CSF Carbon safety factor

344 DC Direct current

345 EL Electrolysis

346 ¢ Carbon conversion

347 Neey Chemical conversion efficiency
348  Npant Chemical plant efficiency

349 npu Power-to-Liquid efficiency

350 fu,+co Molar fraction of H, and CO

351 FCI Fixed capital investment

352 FLF Full load fraction

353 FT Fischer-Tropsch

354 FTS Fischer-Tropsch synthesis reactor
355 GGH Gasoline gallon equivalent

356  AHP Standard enthalpy of reaction (kJ/mol)
357 LH Liquid hydrocarbons

358 LHV Lower heating value

359 LP Low pressure steam

360 m Mass flow (t/h)

361 MP Medium pressure steam

362 n Carbon number

363 NPC Net production cost

364 p Pressure (MPa)

365 P Power (MW)

366 PC Purchased cost

367 PEM Proton exchange membrane

368 PtL Power-to-Liquid

369 R Recycle ratio

370 Ry,/co H,-to-CO ratio

371 RWGS High temperature reformer, reverse water gas shift reaction
372 T Temperature (°C)

373  TAC Total annualized cost

374  TCI Total capital investment

375 TOC Total operation cost

376  TPC Total purchased cost

377 w Mass fraction
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