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Abstract: Non-abatable emissions are one of the decarbonization challenges that could be addressed
with carbon-neutral fuels. One promising production pathway is the direct air capture (DAC) of
carbon dioxide, followed by a solar thermochemical cycle and liquid fuel synthesis. In this study,
we explore different combinations of these technologies to produce methanol from an economic
perspective in order to determine the most efficient one. For this purpose, a model is built and
simulated in Aspen Plus®, and a solar field is designed and sized with HFLCAL®. The inherent
dynamics of solar irradiation were considered with the meteorological data from Meteonorm® at
the chosen location (Riyadh, Saudi Arabia). Four different integration strategies are assessed by
determining the minimum selling price of methanol for each technology combination. These values
were compared against a baseline with no synergies between the DAC and the solar fuels production.
The results show that the most economical methanol is produced with a central low-temperature
DAC unit that consumes the low-quality waste heat of the downstream process. Additionally, it is
determined with a sensitivity analysis that the optimal annual production of methanol is 11.8 kt/y
for a solar field with a design thermal output of 280 MW.

Keywords: thermochemical cycle; direct air capture; methanol; process integration; solar energy;
techno-economic assessment

1. Introduction

Climate change caused by anthropogenic emissions is considered to be one of the
most challenging issues that humanity will face in the current century: according to the
available literature, a global warming of 2.7 ◦C could be reached by 2100 if no measures
are taken [1–3], and this warming would have significant impacts on the ecosystems in
the short and long term [4–7]. This threat, combined with the predicted depletion of oil
and natural gas reserves in the following 50 years, [8–10] and the increasing need of a
more resilient energy supply chain [11,12], requires taking a technological leap towards
renewable energies.

Many authors have outlined the key role of synthetic fuels in the energy transition.
These fuels can become a valuable energy-carrier for storing energy surpluses and transport-
ing them between regions [13–15]. In addition, synthetic fuels could solve the challenges of
the industries with non-abatable emissions [16–18]. Solar energy is often deemed to be the
most suitable source for fuel production, thanks to its massive availability and the maturity
of the solar thermal and photovoltaic infrastructure [19,20].

Fuels produced with solar energy are commonly referred to as solar fuels. A well-
known example of a solar fuel is hydrogen, which is expected to become a key enabler of
the energy transition and its production and consumption are already escalating world-
wide [21–23]. Nevertheless, the availability of efficient pathways to produce liquid solar
fuels still remains of great importance and some of the intrinsic hydrogen disadvantages
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related to their storage, transportation and safety need to be addressed [24,25]. Since liquid
solar fuels are essentially hydrocarbons, their production requires both water and carbon
dioxide as raw materials. As mentioned above, the carbon-neutrality of these fuels is
fundamental and, therefore, atmospheric CO2 is preferred over other options that would
cause positive net emissions after the fuel consumption [26,27].

Both the capture of atmospheric carbon dioxide (hereinafter referred to as direct air
capture or DAC) and the production of solar fuels are thermodynamically non-favorable
and consequently, energy-intensive processes [28–30]. Nonetheless, at the current state-of-
the-art of both technologies, efficiencies can still be significantly improved and, as a result,
solar fuels produced by this pathway can also become economically attractive.

There are manifold possibilities to produce solar fuels: some rely on the conversion
of electricity produced with photovoltaic panels (e.g., electrolysis), others combine this
electricity with heat from solar thermal technologies (e.g., high temperature electrolysis
and hybrid sulfur cycle) and some processes solely require heat for this purpose (e.g., ther-
mochemical cycle and sulfur-iodine cycle). Additionally, other innovative technologies
use the solar light to power photochemical reactions [31]. The present work focuses on
the solar thermochemical cycle, which consists of a metal oxide that is reduced at a high
temperature to create oxygen vacancies in its lattice. Subsequently, the metal oxide is
re-oxidized by steam or carbon dioxide at a lower temperature, producing hydrogen or
carbon monoxide, respectively. After this second step, the cycle starts over again without
any loss of metal oxide. A prominent advantage of this technology is the possibility of
directly producing synthesis gas (i.e., a mixture of carbon monoxide and hydrogen) [32–35],
from which the obtention of liquid fuels is a well-established technology with decades of
commercialization [24,36,37]. In this study methanol was selected as the final product, but
it is also possible to synthesize other hydrocarbons such as DME or synthetic kerosene [36].

Similarly, there is a wide portfolio of negative emissions technologies [38–40], but
only two are considered in this study: high- and low-temperature DAC (often referred
to as HT-DAC and LT-DAC, respectively). The former uses a liquid solvent that reacts
with the atmospheric CO2 and requires high temperatures for its regeneration, whereas
the latter employs a solid sorbent that binds with carbon dioxide molecules and can be
regenerated at low temperatures. The rationale behind choosing these two technologies
was evaluating the most mature technologies that are not based on biomass processing,
as the cultivation of bioenergy crops could be especially challenging in the areas with the
highest solar irradiation [26,41]. The point source carbon capture is not considered, since
the CO2 from most industries (e.g., cement production) cannot be considered as a negative
emission [39].

The connection of the DAC with the liquid solar fuels production is the basis of this
study, which can be understood as a continuation of a previous work published by the
authors [42]. In the first article, different process and energy integrations were identified,
grouped in five different scenarios and evaluated from a thermodynamic point of view.
The results showed that the integration was beneficial in all five cases and two of them
were highlighted as the most promising. The present study builds on these findings and
assesses the different suggested synergies from an economic perspective, thus providing
more realistic recommendations. The fact that the focus of this work is on the integration of
the technologies, rather than on the technologies themselves, sets it apart from the available
literature in this field. Therefore, this study aims to highlight the opportunities offered
by a comprehensive process design, even at an early stage, and narrow the uncertainties
towards the eventual deployment of the technology on a commercial scale.

2. Materials and Methods

Figure 1 illustrates the main differences between the scenarios and the baseline. The
common aspects in all scenarios are shown in gray. As the reader will notice, the thermo-
chemical cycle (TCC) is powered by high temperature heat collected by the concentrated
solar power (CSP) unit to produce H2 and CO, which are the feedstocks for the methanol
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synthesis (MS). The waste heat from the thermochemical cycle is used for both vacuum
and electricity production in the vacuum system (VS) and Rankine cycle (RC), respectively.
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Figure 1. Simplified graphical overview of the different scenarios and the baseline. The abbreviations
in the figure stand for: “HT-DAC” = high temperature direct air capture; “LT-DAC” = low temperature
direct air capture; “HVAC” = heating, ventilation and air conditioning; “CSP” = concentrated solar
power; “TCC” = thermochemical cycle; “MS” = methanol synthesis; “VS” = vacuum system and
“RC” = Rankine cycle.

Hereupon the scenarios differ: in the baseline, the direct air capture is a fully inde-
pendent unit powered by the grid. Scenarios A and B rely on high temperature direct air
capture. The former is powered by a solar approach (sHT-DAC) and the latter by an oxyfuel
mixture using the oxygen recovered from the thermochemical cycle. Similarly, scenarios
C and D use the low temperature direct air capture technology. In scenario C, this unit is
centralized and powered by waste heat from the vacuum system and the Rankine cycle.
Oppositely, in scenario D, the carbon capture is decentralized and the CO2 is extracted
from the heating, ventilation and air conditioning systems (HVAC) of skyscrapers located
near the plant [43].

In order to guarantee a meaningful comparison between these synergies, scenario
E, described in a previous publication by the authors, is discarded [42]. This decision
is justified by the fact that the scale of this scenario was limited by the power output of
the solar dishes, which is traditionally in the kW-range [19]. This size differs by several
orders of magnitude from the other scenarios and, therefore, the assumptions upon which
this study is based are not compatible with it. A possible solution could be installing an
array of several hundred solar dishes, but since scenario E was also integrated with the
HVAC system of a building, this approach is challenged by the land availability in an
urban landscape.

To enable an accurate techno-economic assessment, the location of the system had to
be specified, and for this purpose an extensive tract of land nearby Riyadh (Saudi Arabia)
was chosen. Riyadh offers an interesting combination of remarkably high direct normal
irradiation (DNI) and large buildings with powerful air conditioning systems.

2.1. Model Modifications

The models of the thermochemical cycle and the methanol synthesis are built in Aspen
Plus® V10. Although these models are already available after the previous study [42], some
modifications are introduced:

1. The reduction reactors are unified in a single reduction reactor;
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2. A closed circuit of supercritical CO2 is introduced for the high temperature heat
transfer units;

3. The pressure in the reduction reactor is increased from 0.5 to 1 mbar;
4. The liquid ring pump in the vacuum system is replaced by two stages of steam jets;
5. A heat pump is added to the vacuum system to allow steam condensation at tempera-

tures below the ambient temperature;
6. The CO separation technology is changed from absorption to VPSA (Vacuum Pressure

Swing Adsorption).

Modification 1 does not impact the thermodynamic analysis in the first paper, but it
reduces the total number of units required and simplifies the solar field design. Modification
2 is introduced after consultations with a company specialized in heat transfer of solids at
high temperature in order to improve the technical feasibility of the process. Modifications
3, 4 and 5 reduce the energy demand of the vacuum system to allow the operation with only
the waste heat of the thermochemical cycle. This energy demand had previously increased
when the higher environmental temperatures of Riyadh are considered in the vacuum
system simulation. Finally, modification 6 addresses the concerns about the intermittent
operation of the absorption.

2.2. Methods for Cost Estimation

The cost estimation of each unit is performed based on the literature as described
in Table 1. All the available data are converted into USD2021 with the average exchange
rate and the CEPCI index. The correlations include material and pressure factors, and if
their upper limits are surpassed, an additional parallel unit is added. The “seven-tenths
rule” estimates the cost of a plant from existing cost and size data (Equation (1)) [44]. The
value of K depends on the equipment class, but since the rule is only applied to processes
involving many different units (e.g., DAC), the recommended value of 0.68 is used.

cost2

cost1
=

(
size2

size1

)K
(1)

Table 1. Overview of methods used for the cost estimation of each equipment category. The term
“HX” stands for heat exchanger.

Equipment Class Design Parameter Estimation Method Source

Compressors Power Correlation [45]
HX: Shell & Tube Area Correlation [45]
HX: Air-cooled Area Correlation [45]

HX: Furnace Power Correlation [45]
Reactors (non-solar) Area (heat exchange) Correlation [45]

Flash separators Volume Correlation [45]
VPSA Volume Correlation [45,46]

Storage tanks Metal mass Correlation [45]
Steam jets Gas flowrate Correlation [45]

Power blocks Energy input Seven-tenths rule [47]
Heat pump Energy output Linear [48]

CO2 Pipeline Length & Diameter Linear [49]
HT-DAC 1 Annual CO2 output Seven-tenths rule [50]
LT-DAC 1 Annual CO2 output Seven-tenths rule [51]

Solar reactors Thermal power input Power Law [52]
Heliostat field Heliostat area Linear [52]

Solar tower Thermal power input Linear [52]
1 Additionally, some unit operations of the DAC system are removed, depending on each scenario.

2.3. Sizing Constraints

The sizing of the individual sections of the plant is non-trivial, as it depends on the
operational regime of the individual steps (intermittent or continuous). Additionally, the
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solar irradiation changes significantly daily and seasonally. As a consequence, an optimally
sized thermochemical cycle may not always be able to process all the heat captured by
the solar field. To determine the nominal capacity of each step that leads to the lowest
production costs of methanol, the following boundary conditions are defined:

1. The solar field is designed to produce 280 MWth at noon on solar equinox;
2. Ten percent of the daily heat is lost to sensible heating of the plant;
3. If operated in continuous, the annual CO2 outputs of the DAC unit are oversized

by 10%;
4. If operated intermittently, the nominal CO2 outputs of the DAC unit are oversized

by 10%;
5. The intermediate storage of synthesis gas is set to 48 h;
6. When required, the intermediate storage of CO2 is set to 1 week;
7. The methanol plant is operated continuously and at a maximum of 90% of its capacity.

Condition 1 is calculated by adapting the circular solar field of the Cerro Dominador
solar thermal plant to a cavity receiver (thus reducing the heliostat field to approximately
one third) [53]. Condition 5 is determined after analyzing the solar irradiation in Riyadh
(Saudi Arabia), where days without high direct normal irradiation are outliers throughout
the year and, therefore, there is no need for a large intermediate storage.

2.4. Dynamics

The software HFLCAL® is used for the calculation of the optimal solar field shape and
size [54]. Considering the location of the plant, the software also provides a matrix with the
hourly field efficiency for the average day of each month of the year. A dataset of the direct
normal irradiation in Riyadh during a year is obtained from the software Meteonorm® and
is processed into a second matrix with the hourly irradiation for the average day of each
month of the year. After combining the efficiency and the irradiation matrices with the
optimal field size, the hourly capacity of the solar field over the year is plotted in Figure 2.

Energies 2022, 15, 5017 6 of 15 
 

 

 
Figure 2. Hourly capacity of the solar field in Riyadh over the year based on real meteorological 
data of the location. 

These data are combined with the results of the Aspen Plus® models to calculate the 
average daily production for each month of the year, as well as the annual output of the 
plant. Similarly, the heat and electricity flows between the units are also calculated at each 
hour of the day. The software HFLCAL® is also used to determine the size of the solar 
field required for the HT-DAC in Scenario A, which is a unique feature of this scenario. 

2.5. Economic Evaluation 
The minimum selling price of methanol is the criterion used to compare the scenarios 

with each other. Since it determines the revenue of the plant, it is calculated by forcing the 
net present value (NPV) of the investment in Equation (2) to 0 with an interest rate (r) of 
10% [55]. As shown in Equation (3) [55], the following factors are considered in the 
calculation of the annual cash flow (CF): capital investment (CI), working capital (WC), 
revenue (R), expenditures (E) and an income tax (T) of 20%. The assets depreciation (D) is 
linearly calculated for 20 years and the lifetime of the plant is set to 25 years without 
salvage value. The capital investment is split equally between years 1 and 2, during which 
no production is expected due to the construction and commissioning of the plant. The 
working capital is paid in year 2 and reimbursed in year 27. NPV = CF1 r = 0 (2)CF = CI WC E R D 1 T D . (3)

As shown in Table 1, correlations are used as an estimation method for some 
equipment categories. These correlations only provide the purchased cost (PC), which 
must be corrected before it is added to the costs obtained with the other methods. The 
capital investment (CI) is calculated with Equation (4) [45]. The first term of this equation 
represents the direct costs (installation, instrumentation, piping, electrical works, 
buildings and land) and the second term represents the indirect costs (engineering, 

Figure 2. Hourly capacity of the solar field in Riyadh over the year based on real meteorological data
of the location.



Energies 2022, 15, 5017 6 of 14

These data are combined with the results of the Aspen Plus® models to calculate the
average daily production for each month of the year, as well as the annual output of the
plant. Similarly, the heat and electricity flows between the units are also calculated at each
hour of the day. The software HFLCAL® is also used to determine the size of the solar field
required for the HT-DAC in Scenario A, which is a unique feature of this scenario.

2.5. Economic Evaluation

The minimum selling price of methanol is the criterion used to compare the scenarios
with each other. Since it determines the revenue of the plant, it is calculated by forcing
the net present value (NPV) of the investment in Equation (2) to 0 with an interest rate
(r) of 10% [55]. As shown in Equation (3) [55], the following factors are considered in the
calculation of the annual cash flow (CF): capital investment (CI), working capital (WC),
revenue (R), expenditures (E) and an income tax (T) of 20%. The assets depreciation (D)
is linearly calculated for 20 years and the lifetime of the plant is set to 25 years without
salvage value. The capital investment is split equally between years 1 and 2, during which
no production is expected due to the construction and commissioning of the plant. The
working capital is paid in year 2 and reimbursed in year 27.

NPV = ∑
CFi

(1 + r)i = 0 (2)

CFi = CIi + WCi + (Ei + Ri − Di)(1 − T) + Di. (3)

As shown in Table 1, correlations are used as an estimation method for some equip-
ment categories. These correlations only provide the purchased cost (PC), which must
be corrected before it is added to the costs obtained with the other methods. The capital
investment (CI) is calculated with Equation (4) [45]. The first term of this equation repre-
sents the direct costs (installation, instrumentation, piping, electrical works, buildings and
land) and the second term represents the indirect costs (engineering, construction, fees and
contingencies). Finally, when calculating the plant CI, the working capital (WC) and the
annual maintenance expenses are estimated as 10% and 2% of it, respectively [45].

CI = 1.474PC + 0.281PC. (4)

The plant revenue is mostly dominated by the methanol sales, but it also considers
marketable by-products obtained in some scenarios, namely pure oxygen and electricity.
The operational expenses include labor and maintenance as well as purified water to
produce hydrogen, desalinated water for mirrors and, if required in the respective scenario,
grid electricity, natural gas and additional desalinated water for the HT-DAC. Due to the
nature of the process, no significant contaminant streams are released during its operation
and therefore no expenses are associated with their treatment. However, some purges are
burnt in a gas flare and, potentially, air contactors may release small amounts of solvent
and sorbents into the nearby environment. Although these pollutants are presumably not
to have a meaningful impact on the techno-economic assessment, they should and will be
considered in future work to assess the sustainability of the process. Further details on the
calculation of the revenue and expenses can be found in the Supplementary Materials.

3. Results and Discussion

The first result obtained with the model is the size of the thermochemical cycle that
minimizes the methanol selling price for the given 280 MW solar field. For this purpose,
the price of methanol for all scenarios is equally set to an arbitrary cost of 5000 USD2021/t
and the NPV is plotted against the design power input for the thermochemical cycle.

As can be seen in Figure 3, the net present value reaches a maximum value at 235 MW
for all scenarios, which translates to an annual methanol production of 11.8 kt/y. Therefore,
this value is considered as the optimal trade-off between the extra costs associated with
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the oversizing of the plant and the loss of annual capacity caused by an undersized design.
The small steps observed in the curves are caused by the addition of units in parallel when
the limits of the correlations used are reached.
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After the definition of the system size, the energy and mass balances between the units
are also determined. To illustrate these results, a Sankey diagram for the energy flow is
drawn for each scenario. For simplicity, only scenario C is shown in the main text, but
the other Sankey diagrams can be found in the Appendix A. As the reader will observe in
Figure 4, the intermediate storage (represented by the block labelled “TANK”) is not in a
steady state. The reason for this is that the methanol synthesis downstream is operated in a
continuous regime and, therefore, there are variations in hold-up during normal operation.
For scenario C, the process is energetically autonomous (with the possibility of selling a
small surplus to the electricity grid). In the absence of irradiation, all units in this scenario
are stopped except for the methanol synthesis.

The calculation of the capital and operational expenses for each scenario follow these
results, which are shown in Figure 5. The capital expenses associated with the solar input
and the chemical process dominate the final price and are almost constant for all scenarios.
Thus, scenario C leads as the most economical investment thanks to its cost-effective DAC
technology. This scenario also shows the cheapest operational expense because of the
savings in energy and process water, and the advantage of a lower maintenance expense
as a consequence of a more economical capital investment. It is worth to mention that
scenarios A, C and D are energetically autonomous and, therefore, do not require utilities.
As the reader will notice, the HT-DAC based scenarios (i.e., baseline, A and B) require a
higher input of process water due to the significant evaporation under the harsh conditions
in the sunbelt.
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Figure 6 provides a closer look into the composition of the capital expenses of the
solar input and the chemical process. While the former is dominated by the heliostat fields,
the latter is mainly determined by a combination of the power block, the heat exchangers
and the intermediate storage of synthesis gas. These results are in line with other techno-
economic assessments as they show that the solar field is the largest contributor to the total
capital investment [52,56,57].
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Figure 7 allows a better understanding of the cost reduction in the DAC units that
can be achieved with the suggested synergies. In the HT-DAC, significant savings are
expected for scenarios A and B due to the elimination of the CO2 compression and the air
separation unit. Scenario A uses the sHT-DAC approach, where the natural gas combustion
is replaced by a solar calciner. Although this change slightly increases the cost of the air
contactor and adds an additional small solar field, this scenario is the most cost-effective
HT-DAC approach. However, the lowest cost for the DAC equipment is in scenario C,
which relies on a central LT-DAC that consumes very low-quality heat from the chemical
plant. Although the same technology is used, scenario D is penalized by the compression
and distribution of CO2 from two large buildings in Riyadh. The fact that two smaller
LT-DAC units are required also increases the investment for this scenario.
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Finally, the minimum selling price of methanol for each scenario is shown in Figure 8.
It is safe to state that the strategies deployed in scenario C lead to the most cost-effective
process. The individual contribution of the different factors can also be observed in Figure 8.
Not surprisingly, the low cost of this scenario is directly connected to the low share of
capital expenses for the direct air capture unit. Comparing this result with other available
techno-economic assessments, it can be seen that the minimum selling price in the present
work is similar to the value reported in another recent work [52], but significantly higher
than in other studies [56–58]. However, the proportional contributions of the chemical and
solar sections are in a similar range. Therefore, the difference can be attributed to the choice
of more conservative assumptions in the present study. Moreover, in the above works,
CO2 is considered as a raw material (thus included in the OPEX) and it is purchased at
a relatively low price under the assumption that the costs of DAC would be reduced in
the short and medium term. While this difference does not have a major impact, it also
contributes to a decrease in the minimum selling price of methanol in the other studies.
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It must also be mentioned that the obtained result is highly sensitive to parameters
such as the cost, the lifetime or the CO2 capacity of the solid sorbent used in the LT-DAC.
Due to the novelty of this technology, it is still not possible to guarantee the stability of
the sorbents under extreme conditions (e.g., harsh temperatures). Regarding the HT-DAC,
the most economical option is scenario A. Thanks to the higher technological maturity of
the HT-DAC, the cost estimation of this scenario may be subjected to fewer uncertainties.
Therefore, it is also worth considering this approach in future works and further investigat-
ing its challenges, such as the significant evaporative water losses in arid regions or the
performance of the solar calciner.

4. Conclusions

Following the authors’ previous work in the field, scenarios A, B, C and D are analyzed
with a techno-economic assessment and arecompared to a baseline. The results show
that the technologies and integrations applied in scenario C lead to the most economical
methanol. This result is justified by the fact that this scenario has both the lowest capital
and operational expenses. The capital expenses are comparatively lower thanks to the
cheapest DAC technology (LT-DAC) and the avoidance of the CO2 distribution and storage,
which penalize scenario D. Concerning the operational expenses, scenario C, alongside
with scenarios A and D, benefits from being energetically autonomous. Moreover, this
is the scenario that requires the lowest water input thanks to the unavoidable moisture
capture in the LT-DAC.

To achieve a lower production costs of methanol, the capital expenses of the thermo-
chemical cycle must be reduced. Some of the critical parameters that could reduce them
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are, on the one hand, the improvement of metal oxides to achieve higher reduction extends
and, on the other hand, the development of more efficient vacuum production systems.
The conversion of the solar energy that cannot be processed by the thermochemical cycle
(i.e., when the thermal output of the solar field surpasses the nominal capacity of the
cycle) could also contribute to a lower methanol minimum selling price, even if this is
only marginal.

To complete the current study, further work will focus on conducting a life-cycle assess-
ment of the methanol produced in each scenario to ensure that the above recommendations
do not compromise the carbon-neutrality of the fuel.
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supplementary materials.

Author Contributions: Conceptualization, E.P.-S. and N.M.; funding acquisition, C.S.; investigation,
E.P.-S.; project administration, N.M.; software, E.P.-S.; supervision, N.M.; writing—original draft,
E.P.-S.; writing—review and editing, E.P.-S. and N.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the German Helmholtz Gemeinschaft research centers (HGF)
Klimainitiative (HI-CAM: Helmholtz-Initiative Climate Adaptation and Mitigation).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Energies 2022, 15, 5017 12 of 15 
 

 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/en15145017/s1, Table S1: Cost data used to determine the op-
erational expenses, Figure S1: Flowsheet of the Aspen Plus® simulation of synthetic fuel production, 
Table S2: Stream information of the Aspen Plus® simulation of synthetic fuel production, Figure S2: 
Flowsheet of the Aspen Plus® simulation of the vacuum system, Table S3: Stream information of the 
Aspen Plus® simulation of the steam Rankine cycle. Reference [59] is cited in the supplementary 
materials. 

Author Contributions: Conceptualization, E.P.-S. and N.M.; funding acquisition, C.S.; investiga-
tion, E.P.-S.; project administration, N.M.; software, E.P.-S.; supervision, N.M.; writing—original 
draft, E.P.-S.; writing—review and editing, E.P.-S. and N.M. All authors have read and agreed to 
the published version of the manuscript.  

Funding: This research was funded by the German Helmholtz Gemeinschaft research centers (HGF) 
Klimainitiative (HI-CAM: Helmholtz-Initiative Climate Adaptation and Mitigation). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest.  

Appendix A 

 
Figure A1. Sankey diagram for the energy flow in scenario A. In the legend, the terms “HT”, “MT” 
and “LT” stand for high, medium and low temperature, respectively. Without solar irradiation, all 
the equipment is shut down except for the methanol synthesis (MS) and the fans of the HT-DAC, 
which are powered with a small Rankine cycle that consumes the waste heat of the methanol syn-
thesis. 

Figure A1. Sankey diagram for the energy flow in scenario A. In the legend, the terms “HT”, “MT”
and “LT” stand for high, medium and low temperature, respectively. Without solar irradiation, all the
equipment is shut down except for the methanol synthesis (MS) and the fans of the HT-DAC, which
are powered with a small Rankine cycle that consumes the waste heat of the methanol synthesis.
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Figure A2. Sankey diagram for the energy flow in scenario B. In the legend, the terms “HT”, “MT” 
and “LT” stand for high, medium and low temperature, respectively. Without solar irradiation, all 
the equipment is shut down except for the methanol synthesis (MS) and the HT-DAC. The heat for 
the HT-DAC is provided by natural gas and the electricity is supplied by a small Rankine cycle that 
consumes the waste heat of the methanol synthesis. 
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and “LT” stand for high, medium and low temperature, respectively. Without solar irradiation, all 
the equipment is shut down except for the methanol synthesis (MS). All the electricity output of the 
plant is supplied to the buildings from which the CO2 is obtained to compensate additional energy 
expenses of the HVAC system. 

References 
1. The Emissions Gap Report 2020; United Nations Environment Programme: Nairobi, Kenya, 2020; ISBN 978-92-807-3812-4. 
2. United Nations Environment Programme. Emissions Gap Report 2021: The Heat Is On—A World of Climate Promises Not Yet Deliv-

ered; United Nations Environment Programme: Nairobi, Kenya, 2021. 
3. Blunden, J.; Arndt, D.S. State of the Climate in 2019. Bull. Am. Meteorol. Soc. 2020, 101, S1–S429. 

https://doi.org/10.1175/2020BAMSStateoftheClimate.1. 
4. Aresta, M. Carbon Dioxide as Chemical Feedstock; Wiley-VCH: Weinheim, Germany, 2010; ISBN:9783527324750. 

Figure A2. Sankey diagram for the energy flow in scenario B. In the legend, the terms “HT”, “MT”
and “LT” stand for high, medium and low temperature, respectively. Without solar irradiation, all
the equipment is shut down except for the methanol synthesis (MS) and the HT-DAC. The heat for
the HT-DAC is provided by natural gas and the electricity is supplied by a small Rankine cycle that
consumes the waste heat of the methanol synthesis.
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