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1 | INTRODUCTION AND LITERATURE REVIEW

The transformation of the electricity sector is in full swing toward renewable energies. Other sectors, such as industry, heating, agriculture, and

transportation, need to increase their share of renewable energy to defossilize. While electrification of processes provides suitable, cost-effective,
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and efficient solutions for many processes, not all processes can be electrified. Especially if the energy carriers are used as feedstock, for example,

in ammonia production, electrification is not an alternative (International Energy Agency [IEA], 2021, 2023).

Offering an option of indirect electrification, power-to-X (PtX) processes help to increase the share of renewable energy beyond the supply of
renewable electricity by transforming electrical energy into chemical energy (Oyewo et al., 2024). Stand-alone PtX facilities are of particular inter-
est, since favorable locations regarding land availability and capacity factors of the renewable generators, without the limitation of grid availability,
can be chosen to produce large quantities of PtX products at low costs. Not relying on grid electricity avoids additional costs like taxes and levies,
and avoids grid electricity with a potential high share of conventional energy carriers, which is necessary to comply with the European regulation of
grid electricity supply to produce renewable electricity-based PtX products (European Union, 2023).

The coupling element between electric energy and chemical energy carriers in PtX facilities is mainly based on electrolysis processes, with water
electrolysis as the most common technology (Rego de Vasconcelos & Lavoie, 2019). In combination with renewable electricity, power-to-gas (PtG)
technologies produce green hydrogen. Hydrogen can be used directly or as an intermediate product, transported, or stored in a gaseous or lig-
uid state. A potential large-scale off-taker of green hydrogen might be the steel industry, where the direct reduction of iron ore offers a future
low-carbon alternative to blast furnace ovens (Jacobasch et al., 2021). Other PtG applications include the production of gaseous fuels and energy
carriers based on hydrogen, like synthetic natural gas (SNG) (Gétz et al., 2016; Tremel, 2018).

In power-to-liquid applications, green hydrogen is used as an intermediate to generate liquid fuels and energy carriers, like synthetic methanol
(MeOH) or Fischer-Tropsch (FT) synthesis-based sustainable aviation fuels (SAF) (Schmidt et al., 2018; Schorn et al., 2021). Power-to-liquid and
advanced PtG applications rely on the supply of additional input streams besides green hydrogen. Carbon sources, mainly CO,, are needed to gen-
erate synthetic hydrocarbons (SNG, SAF, e-Diesel, and MeOH), while renewable ammonia production relies on nitrogen supply (Tremel, 2018). FT
synthesis-based hydrocarbons offer a broad range of applications where fuels with high energy densities are needed, such as aviation, sea shipping,
and chemical industries (De Klerk, 2008; Dry, 1999). MeOH is required primarily in today’s chemical industries as a base chemical but can be used
as an intermediate for many products in the future by applying processes like methanol-to-olefins, methanol-to-gasoline, or methanol-to-jet, or as
amarine fuel (Schemme et al., 2020).

In summary, PtX concepts are as broad as their application areas. Still, even though they enable the increase of renewable energy in manifold sec-
tors, only a few have been commercialized so far since low-cost and renewable production faces manifold challenges (IEA, 2024). PtX technologies
require multidisciplinary research to investigate their potential from technological, economic, and environmental dimensions, while the interaction
of different technologies also needs to be addressed. Renewable electricity generation (RES-E) volatility and region-specific renewable availability
are especially new challenges for operators of conventional synthesis systems, which prevent the application of off-the-shelf solutions.

We have identified and compared studies investigating PtX plants (see Table 2 in Section A1 of Supporting Information S1). The research on
PtX plants is characterized by several dimensions that can be assessed using different methodologies, approaches to consider RES-E generation,
and objectives. Looking at methods, life cycle assessments (LCA) calculate the life cycle impact of defined systems to investigate criteria, such as
the environmental or social impact of the system (Campos-Guzman et al., 2019; Hoppe et al., 2018; Koj et al., 2019; Werker et al., 2019). Process
simulations aim to create realistic models of chemical plants to assess technical feasibility and scalability while improving processes. They are often
combined with techno-economic assessments (TEA) to estimate costs and evaluate economic feasibility using spreadsheet calculations (Albrecht
et al.,, 2017; Heinzmann et al., 2021; Runge et al., 2020). TEAs can also be conducted solely based on literature values (Armijo & Philibert, 2020;
Morgan et al., 2017) and integrated into optimization approaches like linear programming (LP) or mixed-integer linear programming (Berger et al.,
2021; Maggi et al., 2020).

The definition of the system precedes the actual LCA. The same applies to TEAs based on process simulations, where the process simulation
defines the system. The consumption of feedstocks is assumed to be steady and often integrated into calculations by applying constants. When
studying RES-E generation, such constants are usually the levelized electricity costs and yearly capacity factors (Kadam & Yadav, 2024; Schack et al.,
2016). A first approach to address the limitations of such a simplification is to consider RES-E generation in separate models. Osman et al. (2020)
model hydrogen supply as an LP. Fasihi et al. (2016) overlay the RES-E generation profiles to calculate the levelized costs of electricity generation
and yearly capacity factors. Both works use the results of their RES-E modeling in subsequent, separate models. However, even though the RES-E
generation is considered, it is reduced to a single parameter in the main model. More advanced approaches model the RES-E generation with the
PtX plant by integrating capacity factor profiles of renewable generators with a resolution of up to 1 h (Berger et al., 2021; Sherwin, 2021). Such
approaches consider the volatility and availability of RES-E generation and allow for more realistic decisions.

The above-mentioned literature focuses on single objectives, like calculating production costs or environmental or social life cycle impacts. How-
ever, single objectives might ignore potential trade-offs between different objectives. Studies increasingly use multi-criteria assessment to close
this research gap. In Lee et al. (2022) and Terlouw et al. (2024), production costs and greenhouse gas (GHG) emissions are considered. However,
their approach assesses both objectives independently. Multi-objective optimization (MOO) is applied to consider both objectives simultaneously.
For instance, whereas Farajiamiri et al. (2023) use MOO to calculate the trade-off between production costs, land use, and water use, Kenkel et al.
(2021) investigate the trade-off between production costs and GHG emissions.

The review of existing literature shows a clear gap in the systematic evaluation of the entire PtX chain. Steady-state methods like LCA, process

simulations, and spreadsheet-based TEAs can provide detailed information on the plant. However, the volatility of RES-E generationis reduced to a
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constant. In addition, LCA and spreadsheet-based TEAs are only applicable to defined systems and cannot be used to derive optimal facility design
regarding environmental or economic objectives. Conversely, approaches with more sophisticated methods of integrating RES-E generation often
simplify the technical, economic, and ecological characteristics of PtX plants. Finally, most approaches concentrate on single objectives, ignoring
potential inconsistencies and trade-offs of multiple objectives like production costs and GHG emissions. The identified research gap leads to the
following research questions:

1. How can a systematic evaluation of the entire PtX plant be implemented?

2. How is the trade-off between production costs and GHG emissions characterized, and how can it provide decision support for PtX plant
investments?

3. What are the key decisions to reduce production costs and GHG emissions of PtX products?

4. How do different technologies and locations perform compared to each other, and what are the key drivers of these performances?

Our research aims to overcome the mentioned limitations by systematically developing a holistic methodology to evaluate the entire PtX process
chain. First, we use process simulation to gain in-depth information on feedstocks, auxiliary materials, chemical conversions, and plant capacity
dimensions. We combine the derived information with TEA and LCA to understand the economic and environmental impact of each process chain’s
components. Second, we enrich the information with temporally and geographically highly resolved RES-E profiles within a multi-objective mixed-
integer linear optimization to investigate each process performance in the context of volatile renewable generation. The combination of TEA, LCA,
and optimization allows the calculation of optimal capacities concerning economic and environmental objectives based on the location-specific
RES-E generation. With this approach, the limitations of individual methods are addressed and synergies exploited (see Figure 1 in Section A2
of Supporting Information S1). For example, the limitation of LCA regarding the necessary predefinition of the plant design and simplified RES-E
consideration can be addressed, and the environmental assessment can be scaled to numerous individual locations. Similar holds for the process
simulation methodology in combination with spreadsheet-based TEA. To our knowledge, such a holistic approach has not been conducted yet. This
approach allows for decision support in the context of PtX investments by providing detailed insights into developing optimal production costs,
greenhouse gas emissions, capacities, and operations at a high temporal and geographical resolution. Based on individual preferences, strategic
decisions can be made on optimal locations, capacities, and operations while quantifying production costs and GHG emissions. The developed multi-
method approach is showcased using green hydrogen, FT crude, and MeOH production. This manuscript’s results and discussion section will focus
mainly on the MOO, and the results and discussion of the process simulation, LCA, and TEA will be presented in Sections A3.3, A3.5, and A4.3 of
Supporting Information S1.

2 | METHODOLOGY

The following chapter describes the developed method of this work, which is further depicted in the graphical abstract in Figure 1. While we apply
the complete methodology to fully understand the underlying technology and derive technical, economic, and environmental parameters, while
ensuring consistency, users can use only parts of the method to reduce the complexity if suitable data exists.

2.1 | Process simulation and techno-economic analysis

Next to designing new processes or modeling existing ones, process simulation in chemical engineering is used to generate mass and energy balance
data of the relevant streams and unit operations of a process design to perform TEA. The process designs to be considered and analyzed have to
be defined in the first stage and can be adjusted during process simulation iterations. While simple processes and flowsheets might be examined
by hand calculation, process simulation tools are necessary to solve more complex problems and to supply a sufficient database for comprehensive
analyses (Haydary, 2019).

Regarding potential applications, FT synthesis-based hydrocarbons and MeOH, besides the direct usage of green hydrogen, are seen as power-
to-liquid products with a high chance of commercialization due to the potential to replace fossil-based production of base chemicals and fuels.
FT synthesis products, MeOH, and their derivatives can substitute currently used products without or with minor application and infrastructure
changes and are often called “drop-in” solutions (Schemme et al., 2020).

The applied process simulations aim to create reliable data on the production of (A) FT synthesis raw products and (B) MeOH by using mature
technologies. The generated data is input for the subsequent techno-economic analysis, LCA, and the MOO. The techno-economic analysis aggre-
gates detailed process steps into modules, providing relevant input/output correlations. Both chemical processes (A) and (B) are based on the supply
of green hydrogen and gaseous CO,. In (A), three product fractions are produced (naphtha, middle distillate, and wax) but are then brunched as one
product. Further processing of the raw FT synthesis products could lead to higher-value products like SAF, diesel, and gasoline. Still, it would imply

the need for additional equipment and a deeper investigation into the demand markets to find the optimal flowsheet design. Therefore, upgrading
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FIGURE 1 Graphical abstract of the multi-method approach.
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FIGURE 2 Simplified block flowsheet of the two synthesis process configurations: (a) FT synthesis-based process and (b) synthetic
methanol-based process.

these raw products is outside the scope of this work. The same principle applies to process scheme (B), in which MeOH could be upgraded by apply-
ing further processes, but with the loss of generality of product application. Like in the current international structures, global trade will likely rely
on primary product streams (currently petrol oil), and the upgrading or processing will be near the potential demanders.

The process setup for (A) relies on the supply of synthesis gas, a stoichiometric mixture of carbon monoxide (CO) and H; since the low-
temperature FT synthesis applied in this work uses Cobalt (Co)-based catalysts that are not active for the conversion of CO, under relevant process

conditions. To generate a suitable synthesis gas stream, CO, and H, are converted into synthesis gas by the reverse water gas shift reaction:
CO, +Hy=CO + Hy,0 ARHC = 41 kJ/mol ()

The reverse water gas shift reaction is endothermic, so heat input is required. To prevent the formation of methane and carbon deposition (e.g.,
by the Boudouard reaction) while securing sufficient conversion, high-temperature levels of up to 1000°C are chosen. Due to the highest energy
efficiency in a power-to-liquid FT synthesis process, an electrically heated reverse water gas shift reaction reactor is assumed.

In low-temperature FT synthesis reactors, n-paraffins are the main product. The reaction equation for the generation of n-paraffins by low-
temperature FT synthesis can be simplified by assuming (CH,),, as a n-paraffin with the chain length n:

CO + 2H, — (CHy),, + H20 AgHO = —165 kJ/mol (I

The process simulation assumes a particular product distribution according to the Anderson-Schulz-Flory distribution, using an alpha value of
0.9, referring to typical product distributions of low-temperature FT synthesis processes based on Co catalysts (Van De Loosdrecht et al., 2013).

For MeOH synthesis (B), no pre-processing of the incoming CO, and H, is necessary. The CO,- and CO-based methanol synthesis reactions are
represented by Equations (I11) and (IV), with the consideration that the water gas shift reaction (V) and the reverse water gas shift reaction (l) is

likely to occur as well, based on reactor conditions and composition:

CO, + 3Hy — CH30H + HyOARHO = —49.2 kJ/mol ()
CO + 2H, — CH30H ARHO = —90.8 kJ/mol (V)
CO + H,0=CO, + HpARHO = —41 kJ/mol v)

Figure 2 shows a simplified flowsheet for both processes (A) and (B):

While the estimation of production costs is in the scope of the optimization in this work, the applied method demands techno-economic input
parameters derived from process simulations and the literature. The results of the process simulations provide the necessary data to estimate
equipment cost. This is done either by using the built-in Aspen Plus Economic Analyzer for most of the equipment needed or by applying cost
correlations and data from the literature, especially for specialized equipment. To update the cost estimation to a targeted reference time of 2023,
the Chemical Engineering Plant Cost Index (CEPCI) was used. The application of surcharge factors is chosen to derive the entire capital investment,
using the ratio factors from Peters et al. (2004) for fluid processing plants. Details about these cost calculations can be found in Section A3 of
Supporting Information S1.

2.2 | Life cycle assessment

Heeding the ISO 14040 series, LCA is applied to evaluate the environmental burdens of the considered value chains. Since the global warming

potential is one of the most relevant impact categories in today’s cross-sectoral decision-making, this LCA focuses on identifying and quantifying
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GHG emissions. The “cradle-to-gate” approach considers GHG emissions along the process chain from mining raw materials to the produced energy

carrier (on the production site) and the end-of-life treatment of the waste flows.

The process chains for producing hydrogen, FT crude, and MeOH include RES-E, a battery, and proton exchange membrane (PEM) electrolysis.
In addition, next to the synthesis units (c.f. Figure 2), the pathways for producing FT crude and MeOH comprise a direct air capture (DAC) unit and
buffer tanks and compressors for the intermediates (H, and CO5). The LCA aims to provide the MOO model’s fixed and variable CO, emissions.
Due to the optimization of the single process steps, no functional units for the entire product system are defined. Instead, every process step is rep-
resented by one reference unit (i.e.,, 1 MWh of H, storage capacity is the reference unit for the H, storage tank). Excess heat/steam as a by-product
in the synthesis processes is used for internal heat demands in the DAC process. Since no additional by-products are generated, the consideration
of allocations in the product system is omitted.

The life cycle inventory data is primarily from the process simulations and comprises energy and mass flows and utilities like electricity and
cooling water (c.f. Section A4 of Supporting Information S1). Constructional data from LCA literature are used and extrapolated to the needed mag-
nitude. The characteristics of further flows, like operating materials and emissions, are also obtained from the literature. Correspondingly to their
importance in today’s energy transition approaches, LCA data on water electrolysis (Bareif3 et al., 2019; Gerloff, 2021; Palmer et al., 2021; Terlouw
et al., 2022) and on DAC (Chauvy & Dubois, 2022; Deutz & Bardow, 2021; Madhu et al., 2021; Terlouw et al., 2021) are detailed in the literature.
While numerous LCA studies on green MeOH production (Cordero-Lanzac et al., 2022; Hank et al., 2019; Sollai et al., 2023; Zhu et al., 2022) are
described in the literature, studies on FT synthesis are less abundant (Micheli et al., 2022; Rojas-Michaga et al., 2023). Completing the life cycle
inventory, the underlying supply chain and background data are drawn from the ecoinvent database 3.9.1 using the modeling software openLCA
2.0.2. The underlying supply chains are connected by market processes primarily for Europe, since interests and technical know-how surrounding
PtX processes are predominantly concentrated in Europe, even for global implementations. To avoid the controversial issue of allocating waste
flows, the system model “Allocation at the Point of Substitution” (APOS) was chosen (Wernet et al., 2016). Detailed information on data usage and
calculation for life cycle inventory is provided in Section A4.2 of Supporting Information S1.

The global warming potential is the most suitable impact category in the frame of this work regarding the relevance of the carbon footprint of
a product or process in today’s decision-making in the transformation and defossilization of the energy and transport sector. ReCiPe 2016 v1.03,
midpoint (H), as one of the state-of-the-art impact assessment methods, provides the climate change impact as defined by the Intergovernmental
Panel on Climate Change (2013), including the CO,-equivalent of the different GHGs with a residence time of 100 years (GWP100) (Huijbregts
etal.,2017).

2.3 | Multi-objective optimization

The developed mixed-integer linear program is an extension of the model of Langenmayr and Ruppert (2023) and considers multiple objectives to
obtain Pareto optimal solutions. These solutions contain optimal capacities and operation of PtX plants, allowing for a comprehensive assessment
of resulting production costs and GHG emissions of derived PtX products. Sets of modeling constraints based on process simulation data ensure the
appropriate implementation of technological processes. Economic and environmental data are incorporated into the model according to objective
functions. Finally, the model allows for considering local data (e.g., weather conditions) to customize the process for specific locations. Whereas
LCA and TEA define the system boundaries for the analysis, the optimization is performed for explicit case studies within the analysis scope. Such
an approach is challenging to scale to numerous locations with individual properties like RES-E capacity factors. MOO considers each location’s
properties and economic and environmental data simultaneously, and determines optimal capacities and operations for each location. This makes
MOO especially suitable for numerous locations with individual properties, as shown in the case studies presented in Section 3.3.

The first objective function (Equations 1 and 2) minimizes the annual total costs of the PtX processes, which consist of the annualized investment
(ANN), yearly fixed maintenance and operation costs (FOM), variable maintenance and operation costs (VOM) of each component k, and dispatch
costs from the purchase, selling, and disposal of each commaodity ¢, and start-up costs of components (SU). Investment i also includes renewed

investments in components after their service life and residual values of components at the end of the PtX plant’s service life.

Total costs = ) <,k (ANN, + FOM,) + SU; + Z sz”fw e VOM ~WC> +y <i55 (ANNgs + FOMs) + »° szgj;ge -VOMs - WC>
k sS c t

generation purchase ppurchase xsell sell
+Z( (ANNg + FOM,) + Z Z X s VOM - wc> + ZC: ;( > K Poer 2%t PSQct> W, (1)
s’

S

f1 = min Total costs (2)
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The second objective function (Equations and 4) minimizes the annual total GHG emissions of the PtX processing plant. Carbon footprints are
considered in the installation of the components (GFnstallation) 'the fixed annual operation and maintenance (GFFOM), the variable operation and
maintenance (GFYOM), and the disposal of the components (GF9isPosal) ) |n addition, the GHG footprint of purchased (GFPUrchase) and sold (GFse!!)
commodities are also considered.

k,sMO(k).c.

Total emissions = Z <Capk (GFlnstaIIatnon n GFiISposal + GFf fixed O&M) i Z Z out Zanable 0&M 'Wc>
c t

S

tallati di | i ble O&M
<capss GFlsr;s allation GFsslsposa + GFZ'Sxed O&M) + Z z Xcharge GFvarla e Wc)
c t

|nsta|lat|on disposal fixed O&M generation var|ab|e 0&M
+ <Capg + GFgisPesal | Gpf ) + Z;‘ Zt:"gsc(g)cf Ficts Wc>

purchase purchase I sell
+; Zt“( > - GF? Zong,c,t -GF3g >~Wc (3)

S’ S

fo = min Total emissions (4)

In this work, MOO combines both objective functions simultaneously to investigate the relation between costs and GHG emissions. Based on
the work of Mavrotas (2009), the first step calculates the payoff table. In this payoff table, the result of f, when minimizing f, represents the GHG
emission utopia value, and the result of minimizing f, when first minimizing f4 represents the GHG emission nadir value approximation. We calculate
the range between utopia and nadir value approximation, and separate the range into 100 intervals. In the second step, we incorporate the intervals

in the optimization problem by adjusting f; and add a new constraint to consider the interval step.

f1 = min (Total costs — slack - €) (5)

Total emissions + slack —e; = 0 (6)

The constraint in Equation (6) ensures that the total emissions are lower than or equal to the precalculated interval value e;. Using the slack
variable in the objective function Equation (5) and in Equation (6), we ensure only efficient solutions are taken. The impact of the slack variable on
the objective function is minimal since the epsilon coefficient is an adequately small number.

The constraints of the MOO represent the technical properties of the conversion units, like ramping abilities, minimal and maximal loads, and
efficiencies. In addition, storage units are considered by defining their state of charge, minimal and maximal state of charge, charging and discharging
efficiencies, charging and discharging power, and power-to-capacity ratios. Finally, generator units use hourly capacity factors and the capacity
variable to calculate the hourly RES-E generation. Constraints concerning commodities define the option to buy, sell, emit, and obtain the individual
commodity or to set total yearly demand, which the optimized PtX plant must cover. Next to technical properties, economic and environmental
data are connected to the optimization problem, like scaling factors, CAPEX, and market data (purchase and selling prices and emissions). Since the
setup of components and utilized options, such as purchasing and selling commodities, can be individually adjusted, the model applies to manifold

processes and case studies. The complete model is presented in Section A5.1 of Supporting Information S1.

3 | RESULTS

The following section contains an excerpt of the process simulation, TEA, and LCA results. The main results stem from the MOO, which consists of
a global view of green hydrogen production, a location-specific analysis of the relationship between production costs and GHG emissions, and
investment decision support for the PtX production of hydrogen, FT, and MeOH. Comprehensive information and results on the other applied

methods can be found in Sections A3.3, A3.5, and A4.3 of Supporting Information S1.
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TABLE 1 Keyresults of the process simulations and the techno-economic analysis.

Parameter (A)FT (B) MeOH
Input 0.439 kg H, 0.191kgH,
3.138kg CO, 1.395 kg CO,
4.386 kWh electricity 0.314 kWh electricity
Output 1 kg FT crude 1 kg MeOH
lo 167,865,923€ 118,669,824€
Co 22,767 kger/h 52,312 kgpmeon/h
é 0.67 0.67

TABLE 2 Fixed and variable GHG emissions from life cycle assessment used in the optimization model.

Fixed emissions per capacity Variable emissions per output
Processes GFinstallation . GFFOM . Gdisposal GFVoM
Wind turbine 1,115 kg CO,eq per kW 0.19 kg CO,eq per MWh
PV system 2,398 kg CO,eq per kW 0.00002 kg COyeq per MWh
PEM electrolysis 114 kg COyeq per kW input 0.0009 kg COyeq per kWhinput
H, compressor 394 kg COyq per kg Hy/h 0 kg COxq per kg Hy
DAC unit 18.8 kg CO,¢q per kg CO,/h 0.0476 kg COyq per kg CO,
CO, compressor 2.7 kg CO,¢q per kg CO,/h 0 kg COy¢q per kg CO,
FT synthesis 6,146 kg CO,eq per kg FT 0.094 kg COy¢q per kg FT crude

crude/h

MeOH synthesis 2,685 kg CO,, per kg MeOH/h 0.028 kg COy¢q per kg MeOH
LFP battery 105,645 kg CO,eq per MWh 0 kg COyeq per MWh
H, storage vessel 69,270 kg COyeq per t H, 0 kg COyeq per t Hy
CO, storage vessel 1,598 kg COyeq pert CO, 0 kg COyeq per t CO,

3.1 | Results of process simulation

For the MOO, the normalized inputs and outputs are of interest, as well as the investment Iy needed for a base capacity Cy sized synthesis unit and,
if applicable, a scaling exponent &, which adjusts the investment [ to the actual capacity C by taking into account economies of scale, as displayed
in Equation (7). The investment | can be calculated based on different capacities C, resulting in an investment curve. This curve is linearized into

segments (c.f. Section A5.2 of Supporting Information S1) and integrated into the MOO to calculate the specific investment i, of each component

I C
(= (7)
lo Co
Table 1 sums up the process simulation and economic analysis results. The results are based on a steady-state simulation of a PtX plant with an
input of 10 t/h H,.

(Equation 1).

3.2 | Results of life cycle assessment

The MOO model needs the one-time emissions associated with the plant and site construction (GFinstallation GEFOM ‘5 GFdisposal) and the ongoing
emissions (GFYOM) (Equation 3). Thus, the results are divided into fixed and variable emissions, as shown in Table 2. Since disposal efforts per unit
occur only once, their resulting emissions are also included in the fixed emissions. Additional information on the results, their sensitivity, and the
validity of the LCA are discussed in Section A4.3 of Supporting Information S1.
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FIGURE 3 Interplay between components having green hydrogen as input or output and renewable electricity supply in the case of
environmental (a) and economic (b) optimization of FT production in Australia. Numerical data of the figure is given in Supporting Information S2.

3.3 | Results of the dynamic multi-objective optimization

We apply the MOO to the production of hydrogen, FT, and MeOH in five different locations (longitude and latitude): Chile (-71.00°, —53.00°),
Australia(127.75°,-30.75°), Germany (8.78°,53.75°), Kazakhstan (50.00°,48.50°), and Saudi Arabia (36.50°, 28.50°). These locations were chosen
to analyze the impact of different CFs: Chile has excellent wind conditions, Saudi Arabia has excellent PV conditions, and Germany, Australia, and
Kazakhstan have mixed CFs. In the case of hydrogen, we additionally supply a global view on minimal production costs and GHG emissions. Eleven
years of weather data for each location are obtained from the ERA 5 (Hersbach et al., 2020) dataset and processed with the open-source tool atlite
(Hofmannet al., 2021) to capacity factor profiles of the RES-E generators. The wind capacity factor profiles include losses from AC to DC conversion.
The clustering of the data is described in Langenmayr and Ruppert (2023). Next to synthesis and PEM electrolysis, we include battery, hydrogen,
and CO, storage, as well as necessary compressors. The CO, is obtained from a low-temperature DAC. Techno-economic assumptions, which the
process simulations have not covered, are provided in Tables 13-15 of Supporting Information S1.

The electricity supply of the PtX plants stems from using wind and solar PV electricity generation. Based on the hourly CF, the capacities of all
components are dimensioned to achieve a sufficient and secure supply of all conversion components in the plant. In addition, the operation of the
system is optimized. Figure 3 showcases an excerpt of the operation of FT production in Australia in the case of GHG emissions (A) and production
costs (B) minimization. The figure clearly shows how components interact with each other hourly and how different objectives affect the choice of
components and the operation.

3.3.1 | A global view of green hydrogen production

Our approach allows for a two-fold analysis. First, large areas for PtX implementations can be considered based on high-resolution geographical
data. The maps in Figure 4 show the results of production costs and GHG emissions minimization on a global scale. This map can be used to get a
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FIGURE 4 Minimal hydrogen production costs (left) and minimal GHG emissions of hydrogen production (right). Production cost and GHG
emission outliers of the results are colored in red to reduce their impact on the scales. Numerical data of the figure is given in Supporting
Information S2.
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FIGURE 5 Pareto fronts for the chosen locations for producing renewable hydrogen. Numerical data of the figure is given in Supporting
Information S2.

general overview of suitable PtX regions concerning minimal costs and GHG emissions. When production costs are minimized, the costs range from
45.73 to 443.42€/MWHh, and in the case of GHG emission minimization, the emissions range from 3.45 to 76.68 g CO¢q./MJ.

3.3.2 | Detailed analysis of suitable PtX plant locations

Figure 5 shows the technology and location-specific Pareto fronts derived from the MOO. Looking at the hydrogen production Pareto fronts, it is
visible that the location of Chile (CF wind: 5,093 h; CF solar: 1,116 h) performs best concerning GHG emissions and costs compared to the other
locations in the case of hydrogen and MeOH production. The Pareto front in Chile is relatively narrow compared to different locations and tech-
nologies, showing that production costs and GHG emissions are predominantly aligned. As soon as locations increasingly use solar PV for electricity
generation, the Pareto fronts start steeply increasing GHG emissions when aiming for lower production costs. The LCA results show that solar PV
has higher GHG emissions per installed capacity than wind generation, and using solar PV to decrease production costs heavily increases GHG
emissions. However, locations with mixed capacity factors, Germany (CF wind: 3,532 h; CF solar: 1,084 h), Australia (CF wind: 3,447 h; CF solar:
1,752 h), and Kazakhstan (CF wind: 2,684 h; CF solar: 1,241 h), can replace the majority of GHG emissions without significant increase of costs since
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FIGURE 6 Capacities of all components of the Fischer-Tropsch production in different countries using the best trade-off capacities.
Numerical data of the figure is given in Supporting Information S2.

replacing solar PV with wind generation in combination with battery storage is sufficient to cover the electricity demand. The advantage of diver-
sification of electricity generation is less pronounced for the location of Saudi Arabia (CF wind: 1,026 h; CF solar: 1,956 h). Significant amounts of
wind generation must be installed to reduce solar PV generation, increasing production costs and shortening the steep increase of GHG emissions.

Several challenges accompany the synthesis of green hydrogen into hydrogen derivatives. First, other commodities like CO, or heat
are needed as input, next to electricity. Second, synthesis units are less flexible than PEM electrolysis, and a steady supply of inputs
is necessary, which contradicts the volatile character of renewable energy. Therefore, the integration of renewable electricity is more
demanding. The capital investment into the different synthesis technologies and the DAC units, in combination with overcapacities and
storage units, to allow for a steady supply of inputs, results in higher costs. Like costs, GHG emissions also increase for the same rea-
sons. The substantial cost increase is evident if the lowest possible GHG emissions are achieved. This circumstance emphasizes the need
to consider both objectives when investing in hydrogen and its derivatives to avoid costly GHG abatement strategies. Comparing the
course of the Pareto fronts of FT and MeOH shows an interesting aspect. While Chile’s hydrogen and MeOH fronts perform better
in terms of costs and emissions than all other countries, the FT front of Chile performs worse than the FT Pareto front in Australia.
The reduced flexibility of the FT synthesis challenges electricity generation mainly from wind, resulting in additional auxiliary component
capacities. Australia has good mixed capacity factors and can combine solar PV and wind generation capacities to supply more steady
electricity.

Regarding the production costs of hydrogen as a product, the best-performing scenario (Chile) is reaching minimum costs close to the often-
referred fossil reference threshold of 726/MWh (2$/kg) (IEA, 2024). Methanol and FT crude production costs in the economically best-performing
scenarios (Chile and Australia, respectively) are higher than their fossil references by a factor of three to four (Arnaiz Del Pozo et al., 2022; Hafner,
2022; IRENA and Methanol Institute, 2021; Oil & Energy Trends, 2024). The GHG emissions associated with fossil hydrogen production from
natural gas or coal far exceed those of green hydrogen, even when carbon capture and storage are included. However, comparing the renewable
hydrocarbon products MeOH and FT crude with their fossil references is difficult, as negative GHG emissions from DAC should be included. A more
detailed comparison of the results with their fossil reference products can be found in Section A6.3 of Supporting Information S1.

The advantage of Pareto fronts is that trade-offs between production costs and GHG emissions are displayed, and investors can choose the
Pareto solution that best fits their preferences regarding costs and emissions. In addition, for each trade-off, the MOO provides optimal capacities
for all components and operational information to support the investment decision. Suppose a balanced relation between production costs and
GHG emissions is admired. In that case, the trade-off of the Pareto front closest to the origin of the normalized coordinate system presents an
appropriate choice. Using this balanced trade-off, Figure 6 shows the installed capacity, the primary decision in PtX investment, per location to
produce FT. It highlights how the different CFs affect the generation unit’s choice and all components’ capacities. For example, the location in Saudi
Arabia exploits high solar PV availability by installing large capacities of solar PV generation in combination with battery storage capacities, since
solar PV can only provide a steady electricity supply during the day when storages are charged, but nighttime needs to be covered without RES-E
generation. In contrast, Chile dismisses solar PV capacities since wind generation substitutes for all solar PV generation due to sufficient wind CFs.

Further results and a sensitivity analysis are given in Section A6 of Supporting Information S1.
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4 | SUMMARY, CONCLUSION, AND FUTURE WORK

PtX processes connect the electricity sector with other sectors like heating, transportation, and industry. This holds the opportunity to enable
the energy transition toward sectoral defossilization. In the presented multi-method approach, we combined process simulations with techno-
economic analysis and LCA to analyze different PtX products. The technology paths are modeled in detail by integrating necessary equipment, mass
and energy balances, and economic and environmental parameters. The derived comprehensive data on producing green hydrogen, FT crude, and
MeOH were applied in a dynamic MOO tool designed to model and optimize PtX pathways. The developed approach allows the determination
of location-specific production costs and emissions, enables the trade-off analysis between both objectives based on optimized capacities, and
successfully overcomes the limitations of the single-method approaches as commonly applied in the reviewed literature.

Our results show that wind generation is advantageous compared to solar PV generation for two reasons: First, wind electricity generation can
achieve higher capacity factors, resulting in low-cost electricity generation. Second, the LCA shows that wind generation has lower specific GHG
emissions per installed capacity, providing an environmental advantage compared to solar power generation. Therefore, regions with excellent wind
conditions, like Patagonia in southern Chile, enable low-cost and low-emission production of renewable hydrogen and hydrogen derivatives. From
a global perspective, locations with mixed renewable availability, such as Australia, Germany, and Kazakhstan, benefit from substituting wind with
solar PV generation or vice versa to achieve either low-emission or low-cost production. Locations with high solar PV but low wind availability,
like Saudi Arabia, show higher emissions in the production processes since large quantities of wind capacity have to be installed to reduce emis-
sions. Based on the obtained Pareto fronts, investment decisions can be taken, and optimal capacities and operations can be determined to allow
comparison of trade-off solutions. By comparing the different PtX energy carriers, we see that hydrogen performs best since auxiliary components
to support the inflexible synthesis operation, like storage units, have lower capacities, and additional feedstock like CO, is unnecessary. The per-
formance of FT and MeOH processes shows that individual characteristics like flexibility or heat demand derived from comprehensive process
simulations affect production costs and emissions at each location individually, emphasizing the necessity for in-depth analysis and consideration
of such parameters.

Even though we used an extensive multi-method approach to assess PtX processes, some methodological limitations exist. For example, uncer-
tainties from RES-E or the PtX processes are not considered. Stochastic or robust optimization could be applied to consider such parameter
uncertainties in future works. For the LCA, fixed capacities are assumed, which contradicts the variable capacities in the optimization model. Hence,
conducting the LCA for different capacities could help to consider scaling effects and provide better GHG emission results. In addition, other impact
categories could be included, such as water consumption or land use. Furthermore, the LCA heavily relies on life cycle inventory data, mainly affect-
ing solar PV emissions. Long-term developments, such as producing solar PV modules with renewable electricity, are not considered in the data
but could significantly reduce PV module production emissions. Furthermore, a more detailed process simulation of components could improve
the modeling in the optimization context. For example, PEM electrolysis efficiency depends on the current power level and can exceed its nomi-
nal capacities for the short term. Finally, the multi-model approach only assesses the production of PtX products. However, it does not consider
other important aspects such as transportation and infrastructure, water availability, or political conditions, which will further affect costs and

GHG emissions and provide investment decision support.
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