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Abstract: Hydrogen produced from renewable energy has the potential to decarbonize parts of
the transport sector and many other industries. For a sustainable replacement of fossil energy
carriers, both the environmental and economic performance of its production are important. Here,
the solar thermochemical hydrogen pathway is characterized with a techno-economic and life-cycle
analysis. Assuming a further increase of conversion efficiency and a reduction of investment costs, it
is found that hydrogen can be produced in the United States of America at costs of 2.1–3.2 EUR/kg
(2.4–3.6 USD/kg) at specific greenhouse gas emissions of 1.4 kg CO2-eq/kg. A geographical potential
analysis shows that a maximum of 8.4 × 1011 kg per year can be produced, which corresponds to
about twelve times the current global and about 80 times the current US hydrogen production. The
best locations are found in the Southwest of the US, which have a high solar irradiation and short
distances to the sea, which is beneficial for access to desalinated water. Unlike for petrochemical
products, the transport of hydrogen could potentially present an obstacle in terms of cost and
emissions under unfavorable circumstances. Given a large-scale deployment, low-cost transport
seems, however, feasible.

Keywords: hydrogen; solar thermochemistry; fuel; TEA; LCA; geographical potential

1. Introduction

Hydrogen is an energy carrier that has a wide range of applications, e.g., in industry,
residential heating, energy storage, and transportation. Its widespread economical produc-
tion from renewable energy could help to decarbonize the economy and thus to contain the
risk of progressing climate change. By replacing carbon-based reducing agents in chemical
processes, natural gas and oil in residential heating, and fossil fuels in the transportation
sector, the emissions of carbon dioxide as a greenhouse gas (GHG) can be significantly
reduced. The European strategy to contain global warming to well below two Kelvin [1]
therefore comprises the use of hydrogen in different sectors [2]. Japan and Germany, among
other countries, have announced large investments into a hydrogen infrastructure [3,4].

Today, most of the hydrogen used is produced by the reforming of natural gas and
coal [5], which is intrinsically tied to the eventual emission of GHGs. To reach the climate
goals, a pathway has to be developed for the production of renewable hydrogen. Among
the suggested options are water electrolysis, using renewable electricity, or the dissociation
of biomass [6]. Electrolysis especially appears to be a viable option given the foreseeable
large additions of renewable electricity generation capacity and the maturation of the
involved processes. However, from a thermodynamic point of view, the solar thermochem-
ical pathway is interesting because it has the potential for very high energy conversion
efficiencies [7,8], which may allow low production costs in the future. This pathway is
therefore analyzed here. Concentrated solar energy drives a two-step thermochemical
cycle based on, e.g., cerium oxide to split water into hydrogen and oxygen. The hydrogen
is then captured and stored on the site of the production plant before being transported to
the final customer.
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The costs of solar hydrogen production using water electrolysis with photovoltaic
electricity (PV-E) has been analyzed in [9–15]. The cost estimates vary over a large range,
which is due in part to the date of the estimate and the large price reductions of PV
electricity since. Emissions of GHGs from water electrolysis are discussed, i.a., in [16–19]
and from hydrogen transport in [17,19–21]. Regarding the cost of hydrogen produced via
solar thermochemical cycles, not many assessments have been performed. In [22], a cost
range of 3.5–12.8 €/kg was estimated, while in [23], electrolysis with PV electricity was
compared to the solar thermochemical pathway. In a sensitivity assessment, it was claimed
that different learning rates and policy supports are investigated, and it was found that the
costs of the solar thermochemical pathway drop more quickly than those of electrolysis [23].
Nevertheless, due to the comparably low maturity level of solar thermochemical hydrogen
production and the rapid development of cost reductions of PV, this result should be re-
evaluated over time with continuously updated data. The solar thermochemical pathway
for the production of jet fuel has been assessed with respect to production costs and
environmental performance in [24], and recently while further including a social life cycle
analysis [25]. The geographical potential of the same pathway was assessed in [26] for most
of the sunny regions of the earth, identifying production potentials for jet fuel production
that exceed the global demand by more than an order of magnitude.

In this paper, solar thermochemical hydrogen production is analyzed from a techno-
economic, an ecological, and a geographical point of view, where the United States of
America are taken as the region of interest due to their attractive solar irradiation in
the Southwest and large available areas. To this end, the production costs of a baseline
case plant with a capacity of 100 tons per day and the emissions of greenhouse gases
(GHGs) are estimated. For the baseline case, a location with a direct normal irradiation of
2700 kWh/(m2 y) and with a distance of 250 km to the sea is chosen, which can be found,
e.g., northeast of Los Angeles. In a geographical analysis, available areas are identified
through the exclusion of unsuitable ones, following a list of sustainability criteria. With the
information provided through this analysis, it is then possible to determine the possible
GHG reductions from solar thermochemical hydrogen according to its production potential,
costs, and specific GHG emissions.

2. The Solar Thermochemical Pathway

Fresh water is provided to the plant through seawater desalination at the seaside
and subsequent pipeline transport to the plant location. The water is then split into
hydrogen and oxygen via a two-step solar thermochemical redox cycle at temperatures of
1000–1900 K driven by concentrated solar radiation. The concentration of solar energy can
be performed either by a field of heliostats that reflect onto a common target on top of a
tower or through an array of dishes. For the latter, each dish has its own reactor, which
has implications for the maximum reactor size and thus also for the plant layout, which
requires a completely different gas distribution system than a centralized tower system. In
this paper, only the tower system is discussed, due to more data being available. In the
thermochemical reactors, a metal oxide reactant is cyclically heated to the upper process
temperature, where at reduced oxygen partial pressure, the reactant releases a part of its
oxygen content. At reduced temperature, water is injected and subsequently split into
hydrogen and oxygen, whereas the latter is re-incorporated into the lattice of the reactant.
Oxygen and hydrogen are produced in different process steps and are therefore separated,
inherently preventing dangerous operating conditions. The hydrogen is captured, stored at
an intermediate pressure of 16 bar on site, and can then be transported to the final customer.
Not included in the costs in this analysis is the transportation cost of hydrogen. Depending
on the location of the final customer, transport via pipeline (in a pressurized gaseous state)
or via truck (either gaseous, liquefied or via other storage options such as liquid organic
hydrogen carriers or metal organic frameworks) can be established. At large production
volumes and longer distances, gaseous truck transport incurs high transport costs.
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Most of the process steps have already been commercially established, i.e., the desali-
nation of seawater, the pipeline transport of water and (to a lesser degree) hydrogen, the
concentration of solar energy in concentrated solar power (CSP) plants, and the storage
and distribution of hydrogen. The main innovation potential in this production pathway
is therefore with the thermochemical splitting of water into hydrogen and oxygen. Solar
thermochemistry has been an active field of research for several decades. In recent years, a
significant increase of experimentally demonstrated energy conversion efficiencies has been
achieved. In 2010, an experiment with ceria bricks at the solar research facility of the Paul
Scherrer Institute in Switzerland delivered an efficiency of 0.8% [27]. In the following years,
the material structure of ceria was enhanced to a reticulated porous ceramic with improved
heat transfer, which enabled efficiencies of 1.73% [28]. The introduction of vacuum pump-
ing enabled another step up in efficiencies to more than 5.25% [29]. These efficiencies were
demonstrated with reactants made of pure cerium oxide, while the theoretical efficiency
potential exceeded 50% [8]. The establishment of an economically promising production
pathway for combined water and CO2 splitting is expected to require efficiencies approach-
ing 20% [24,25,30], and is therefore well within the thermodynamic limits of the process.
With respect to economic viability, solar thermochemical H2 can be delivered without the
penalty of CO2 capture and fuel synthesis, but with the addition of transportation, storage,
and liquefaction. Further process enhancements are expected from material development
(morphological structures [31] and redox potential [32]) and the recuperation of thermal
energy of the cyclic heating and cooling of the reactant [33]. Heat recuperation is especially
desirable for non-volatile redox materials that show relatively small nonstoichiometries
of oxygen and which thus require a large amount of thermal energy input per mol of
produced hydrogen. Apart from cerium oxide, other materials have been researched that
promise higher specific productivities and lower specific energy inputs, such as doped
cerium oxide [8,34] and perovskites [35–39].

A baseline case of a solar thermochemical plant is defined with a production capacity
of 100 tons per day of hydrogen. The energy and mass balance per kilogram of hydrogen
is shown in Figure 1. A location with a direct normal irradiation of 2700 kWh/(m2 y)
at a distance of 250 km to the sea is chosen. The produced oxygen is assumed to be
vented to the atmosphere; while having an economic value, e.g., for medical applications,
the implementation potential depends on the proximity to the market and the cost for
storage and transport. If the production plant is close to a customer, the oxygen could be
valorized. However, due to the most attractive locations being rather remote, the baseline
case assumes venting of the oxygen. The freshwater requirements of the plant of 19.4 L/kg
H2 (1.94 × 106 L/d) are covered by seawater desalination and pipeline transport to the
plant location. The energy demand of seawater desalination is 3 kWh/m3 [40,41], and the
energy demand for the transport of the water to the plant site is 0.1 kWh/kg H2. As the
seawater desalination plant is located at the seaside, the required electricity to obtain fresh
water and to transport it to the plant location via pipeline is assumed to be taken from
the grid. The water demand is comprised of 9 L/kg H2 for thermochemical conversion
(assuming ideal recovery of unconverted water during oxidation), 9.8 L/kg H2 for mirror
cleaning [42] (assuming no recycling), and 0.6 L/kg H2 for CSP electricity [42]. Solar
energy is concentrated to produce heat and electricity on site to run the process. The plant
requires mostly thermal energy (1630.1 MJ/kg H2), which is provided by concentrated
solar energy from a heliostat field that reflects onto a tower. The mirror area of the heliostat
field is 6.2 million m2 and the optical efficiency of the field is 51.6% [43]. Electrical energy
requirements for hydrogen storage (5.6 MJ/kg H2) are met through an on-site solar plant.
Electricity may be required for 24 h in the future, considering plant layouts with 24 h
operation [33]. Solar electricity is assumed to have a unit cost of 0.04 EUR/kWhel, which
is higher than the costs of new PV plants in favorable locations [44] and lower than the
costs of CSP plants [45]. Considering that such a thermochemical plant could be built in
10–15 years, the assumption of 0.04 EUR/kWhel represents a realistic estimate for a hybrid
PV/CSP plant in the future. All of the costs are included in the unit cost of electricity.
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Figure 1. Energy and mass balance of the baseline case plant for solar thermochemical hydrogen
production. The distance between seawater desalination and the thermochemical plant is 250 km.
Transport of the hydrogen to the final customer is not yet included.

By far the largest energy demand occurs for the thermochemical splitting of water,
where the energy conversion efficiency is 18.4%, excluding the energy required for vacuum
pumping (14.3% including vacuum pumping). A dedicated Matlab model is used to
calculate the reactor efficiency for water splitting, which is based on a model in [25]. A
reduced oxygen partial pressure during reduction is required for enhanced reaction rates.
The pressure is chosen to minimize the levelized costs of hydrogen and is found as a
trade-off between enhanced hydrogen productivity and increased energy demand towards
lower pressures. The establishment of the reduction pressure of 1200 Pa is achieved by
jet vacuum pumps that require the input of 188 MJ/kg H2. Hydrogen is then stored at
an intermediate pressure of 16 bar on site to enable short-term buffer storage for further
transport to the place of its final use. The energy required for pressurizing hydrogen to the
storage pressure is calculated assuming a polytropic compression from 1 to 16 bar with a
polytropic exponent of 1.4.

3. Methodology
3.1. Techno-Economic Assessment

The techno-economic assessment derives the production costs of solar thermochemical
hydrogen using the levelized costs of energy [46], which sum all costs over the lifetime of
the plant while taking into account the time value of money. From the total life cycle costs
(TLCC), an annualized value is derived using the annuity method, and finally the costs per
kilogram of hydrogen are found by referring to the annual production volume. The TLCC
are calculated with Equation (1) [46]. The Equation calculates the amount of revenue that is
required if a tax rate of has to be paid to the state. It consists of a part that is tax deductible
(depreciation of the plant investment) and a second part of the operational costs that is not
deductible. By dividing by (1 − T), the before-tax revenue is calculated.

TLCC =
I− (T× PVDEP) + (1− T)PVO&M

1− T
(1)

where I denotes the investment costs, T the tax rate, PVDEP the present value of the series of
occurring depreciation, and PVO&M the present value of operation and maintenance costs
(see also Equation (2)). The present value of recurring costs C over a time period is found
with Equation (2). In case of constant annual payments, the Equation can be simplified



Sustainability 2021, 13, 7804 5 of 15

using the annuity factor A = i
(

1− (1 + i)−n
)−1

, where i denotes the interest rate and n
the lifetime of the plant.

PVx ={DEP,O&M} =
n

∑
j=1

Cj

(1 + i)j = Cj ×A (2)

The production costs, or levelized costs per kilogram of hydrogen (LCOH), are then
determined by dividing the TLCC by the annuity factor times the annual production rate
Q [kg H2 per year]: LCOH = TLCC

Q × A [46]. The LCOH are then the total costs accumulated
over the lifetime of the plant, discounted to their present value at the start of the project
and annualized, and divided by the annual amount of produced hydrogen. It is further
assumed that the project is supported by the government and that no taxes have to be paid.
Equation (1) then is simplified to TLCC = I + PVO&M.

For the derivation of LCOH, it is therefore required to determine the investment costs
and operational costs of the plant. The energy and mass balance (Figure 1) is the basis
for the cost estimates, and specific data from manufacturers and the literature are used.
Furthermore, the lifetime of the plant and the interest rate have to be assumed, where
the former is chosen to be 25 years and the latter is found through the financing of 60%
through debt and 40% through equity [47]. As the technology does not exist today, the
task of determining an interest rate is a rather difficult one. The methodology as described
in [25] is followed here, which uses economy-wide proxy indicators (here, for the USA)
to determine suitable estimates for the interest rates of debt and equity. Official statistics
of the IMF [48] for bank prime lending rates are used to derive debt interest rates, where
the debt interest rate is taken to be the bank lending rate. The equity interest rate, on the
other hand, is defined to be the sum of government bond yields and equity risk premiums
(ERP). Bond yields can be found in publicly accessible databases [49,50] and the ERP is
determined following [51], where country risk premiums are derived from mature market
premiums that are increased by specific country risk premiums. With this method, the US
debt interest is 4.1% and the equity interest rate is 8.2%. The value used for inflation is
taken to be the average of the years 2013–2017 to avoid short-term distorting effects [52].

3.2. Life Cycle Assessment

A life cycle assessment is performed on the identical baseline case of the plant located
in the USA with a direct normal irradiation (DNI) of 2700 kWh/(m2 y) at a distance of
250 km from the sea. The impact of GHGs is expressed in the metric of CO2-equivalents,
and a system boundary of well-to-tank is chosen (including all upstream processes required
for the production and transport of hydrogen to the customer but excluding its final use). If
the hydrogen is combusted near the surface of the earth, little to no further climate impact
is taken into account. However, if the hydrogen is combusted in an airplane, there may
be a significant impact on the climate through the emission of water vapor in the higher
atmosphere and non-CO2 effects such as the emission of NOx. With non-CO2 effects still
being the subject of ongoing research efforts, it appears difficult to determine their climate
impact with a high degree of confidence. Nevertheless, published numbers can be taken
from the literature to, e.g., compare the climate impact of a hydrogen-powered airplane to
that of a conventionally-operated airplane. The analysis is limited here to the production
of hydrogen, while its transport is discussed further below.

The impact analysis is performed based on the energy and mass balance shown in
Figure 1, where one kilogram of hydrogen is chosen to be the functional unit of the analysis.
The assessment is carried out using the software GaBi Professional [53] in combination
with the ecoinvent database V3.5 [54]. The electrical energy required for the production of
one kilogram of hydrogen is taken from the grid for seawater desalination and the pipeline
transport of fresh water to the plant site, and from solar energy for on-site requirements.
The environmental impacts of the latter are modelled using a CSP plant process. Trans-
port of water (and eventually hydrogen) is modelled with a steel pipeline. The material
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demand of the thermochemical reactors is modelled using the 50-kWth-reactor size of the
experimental campaign in the SUN-to-LIQUID project [55], resulting in 720 kg of steel,
615 kg of aluminum oxide, 301 kg of ceria, 5 kg of glass, and 45 kg of aluminum per unit.

3.3. Geographical Potential

The geographical potential is determined by firstly identifying the available areas in
the USA for solar thermochemical hydrogen production. In a second step, the production
potential and costs on the suitable areas are calculated as a function of DNI and distance
to the sea (for supplying fresh water from the desalination plant). The software QGIS
[QGIS Development Team (2017). QGIS Geographic Information System. Open Source
Geospatial Foundation Project, http://qgis.osgeo.org, accessed on 1 March 2021] was used
as a GIS-based tool for the net area calculations. Similar to the calculations performed
in the MED CSP study [8] for the determination of suitable areas for CSP plants in the
Mediterranean, the following areas were excluded: areas with existing ground structures,
water bodies, shifting sands, slopes ≥ 5%, and protected areas, as well as areas covered
by forest, closed shrublands, woody savannas, wetlands, croplands, urban settlements, or
snow/ice. Consequently, allowed land types are open shrubland, savannas, and barren
or sparsely vegetated land, for which the restrictions listed above do not apply. More
information on the methodology and the data sources used for the analysis can be found
in [25].

4. Results
4.1. Techno-Economic Assessment

In the following section, the investment costs and the operational costs of the baseline
case plant in the USA are described. A list of the investment costs is shown in Table 1 and
their distribution in Figure 2. The O&M costs are shown in Table 1 and Figure 3. Costs
are converted from USD to EUR with an exchange rate of 1.13 representative of the year
2017 [56], unless otherwise indicated.

Table 1. Overview of investment and O&M costs of the baseline case plant.

Subsystem Investment Costs [106 €] O&M Costs [106 €/y]

Heliostats 308 12.3
Thermochemical reactors 117 0.729

H2 storage 98.1 2.94
Solar tower 63.5 -

Water pipeline 59.8 2.99
Vacuum pumps 52.6 1.58

Buildings 10.0 -
Seawater desalination 1.58 0.148

Water pump and storage 0.766 0.015
Labor - 18.4

Electricity - 2.51

Total 710 41.6

http://qgis.osgeo.org
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Figure 2. Distribution of investment costs of baseline case plant.

Figure 3. Distribution of O&M costs of the baseline case plant.

4.1.1. Investment Costs of the Baseline Case Plant

The largest cost item is the heliostat field, which consists of mirrors at a specific cost
of 50 EUR/m2, corresponding to the Sunshot target value for 2030 [57] for a baseload CSP
plant delivering electricity at 0.05 USD/kWhel. The tower costs are assumed to be 20 EUR
per kWth [58] and the thermochemical reactors are assumed to cost 12 EUR per kWth based
on an estimate in [25] that assumes mass production of 50 kWth-reactor units. For the plant
with a production of 100 t/d, approximately 45,000 of these reactor units would be required.
Ceria is added with a unit cost of 5 EUR/kg, which at the required amount of 16 kt results
in 80 million EUR, while the thermochemical reactors have a cost of 36.4 million EUR.
Current market prices for ceria are lower at 1.5 EUR2021 per kg and are expected to decline
in the near future [56,59]. Ultimately, ceria may be replaced by another material with lower
energy inputs per mol of hydrogen produced. Additionally, the limitations of ceria mining
that could theoretically limit the deployment of the technology on a very large scale can be
circumvented by alternative materials in the perovskite class that offer a very large range
of possible material combinations. The unit cost of the water pipeline is 239 EUR/m, using
a pipeline diameter of 0.17 m and unit costs of 56 EUR/m for welded carbon steel pipes
from [60]. This value is augmented by a factor of 4.24 according to the cost breakdown
of product pipelines in the oil and gas industries in [61], which shows that the costs of
pipeline materials account for 23.6% of the total costs of a pipeline. The investment costs
for jet vacuum pumps are taken from [62] and are a function of reduction pressures with
strongly increasing costs towards low pressures. At the chosen baseline reduction pressure
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of 1200 Pa and the required oxygen flow rate of 870 mol s−1 (assuming an operation of
eight hours per day), the vacuum pumps cost 52.6 million EUR. Included in the final cost
are factors of 0.2 for installation and 0.23 for additional costs, which are added to the bare
component costs. Hydrogen is stored at a pressure of 16 bar on site as a buffer for further
transport to the final customer. The cost for the hydrogen storage system is assumed to be
15 EUR per kWh [63].

4.1.2. Operation and Maintenance Costs of the Baseline Case Plant

Operation and maintenance of the heliostat field is taken into account with 2% of
the initial investment cost per year, which is based on an estimate for central receiver
systems [64]. Electricity generation is assumed to have unit costs of 0.04 EUR/kWhel both
for solar electricity generated on site and for grid electricity. We therefore assume a cost
reduction for both solar and grid electricity with respect to values achieved today. The
maintenance of all other systems is assumed to be 3% of the respective investment costs
per year, except for the thermochemical reactors, which are taken to require 2% per year
plus the labor costs associated with the refurbishing of ceria (see below for more detailed
assumptions). The largest O&M cost item is due to labor costs, which are determined based
on an estimate of the required workforce. Using published values for comparable CSP
plants [65–69], it is assumed that the baseline case plant requires 5 managers, 30 engineers,
15 clerks, 100 technicians, and 229 workers. The number of workers is comprised of
84 workers for the replacement of ceria (whereas the material can be refurbished and
reused in the reactors, and is not consumed), and 145 workers for the rest of the plant
(solar concentration, gas handling and storage). It is assumed that the redox material
ceria has to be replaced after 500 cycles, while 16 cycles can be performed on a single
reactor per day [25]. The replacement is assumed to require 15 min per reactor. The labor
associated with the plant construction is assumed to be included in the investment costs.
For the determination of country-specific labor costs (here, the USA), the methodology
used in [25] is used. Data from the International Labor Organisation (ILO) is gathered
and the harmonized series of mean nominal monthly earnings is used. A distribution of
respective occupations corresponding to the defined classes above is performed and the
estimated work hours are multiplied with the specific salaries to determine the labor costs.
For the USA, the labor costs are 18.4 million EUR. The second largest cost item is for the
operation and maintenance of the heliostat field, which requires 12.3 million EUR per year.

4.1.3. Production Costs

Using the investment costs and the O&M costs from above, the production costs are
2.43 EUR/kg in real 2017 currency. Taking into account an assumed inflation of 1.32% over
the project lifetime of 25 years, the nominal value of the production costs is 2.79 EUR/kg.
An overview of the cost items is shown in Figure 4. The investment costs contribute 53% of
the overall production costs, and the O&M costs contribute 47%. Building and maintaining
the solar concentrator has the largest influence on the costs, followed by the labor costs,
which are relatively high in the USA. Moving into a different country with lower labor
rates but still an excellent solar resource, such as Chile, could further reduce the production
costs of solar thermochemical hydrogen.
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Figure 4. Production costs of solar thermochemical hydrogen for the baseline case plant design.

4.1.4. Sensitivity of Production Costs with Respect to Solar Radiation, Reactor Efficiency
and Distance to the Sea

The production costs depend to a large degree on the size of the heliostat field, which
is determined by the solar radiation (DNI) at the plant site and the reactor efficiency. At
higher irradiation levels and constant output of the plant, a smaller heliostat field can
provide the required amount of concentrated energy to the thermochemical reactors and
thus lower the investment and O&M costs. At a less favorable site, the heliostat field
may need to be larger in order to deliver the specified power level, which will increase
the production costs. The reactor efficiency therefore scales the heliostat field and the
associated costs. As a second geographical variable, the distance to the sea has an impact
on the production costs because it determines the length of the water pipeline.

It is assumed that a direct connection to the sea can be made by the pipeline, neglecting
any possible altitude differences. The dependency of production costs on DNI, distance
from the sea, and reactor efficiency is shown in Figure 4, whereas all other parameters are
left constant.

From a solar radiation of 2000 kWh/(m2 y), as found in the South of Spain, to the best
locations with 3500 kWh/(m2 y), such as in the Andes, the production costs drop by about
20%. The influence of the reactor efficiency is also very strong, which causes production
costs to drop by over half when going from a value of 5% to 20%. The distance to the sea
finally causes costs to increase by 17% when moving from the seaside to a location at a
distance of 500 km.

4.2. Life Cycle Emissions

The GHG emissions of solar thermochemical hydrogen production in the baseline
case, excluding transport, are 1.44 kg CO2-eq. per kg H2 (shown in Table 2). The largest
contribution to the emissions is found to be the solar concentration infrastructure consisting
mainly of steel, concrete, and glass, followed by the thermochemical reactors made of steel,
aluminum, aluminum oxide, and also glass. The generation of CSP electricity and seawater
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desalination has a contribution of about 0.1 kg CO2 eq. kg−1 H2 or about 8% of the total
emissions. The production of one kilogram of hydrogen with the solar thermochemical fuel
pathway therefore causes emissions that are about 90% less than the conventional pathway
of steam methane reforming (SMR) [70].

Table 2. GHG emissions of 1 kg gaseous H2 at standard conditions in the baseline case. Emissions of
ceria mining are included in “other”.

GHG Emissions of Subsystem [kgCO2-eq. kg−1 H2]

Solar concentration 0.85
Thermochemical conversion 0.25

Electricity 0.12
Seawater desalination 0.11

Other 0.06
Pipeline transport water 0.05

Total GHG emissions 1.44

GHG emissions of H2 from NG reforming 12.95 a

GHG emissions relative to conventional fuel 11%
a Ref. [70].

4.3. Geographical Potential

A map of the suitable areas with a color code for the excluded areas in the USA is
shown in [26] (Figure 5 therein). The production costs on suitable areas are shown in
Figure 6 below. The range of production costs is 2.1–3.2 EUR/kg (with a few values at
higher costs), with the best locations in the Southwest close to the sea, which prevents
elevated costs for water pipeline transport to the plant. The largest production costs are
found in locations far from the sea with a low level of solar irradiation. As the solar resource
is highest in the Southwest, where also the largest available areas are found, the production
potential is highest in California, Nevada, Arizona, New Mexico, Utah, and Texas.

In Figure 7, the cost-supply relationship of solar thermochemical hydrogen production
in the USA is shown. Due to the large areas with a favorable solar resource and moderate
distance to the sea, most of the production achieves costs between 2.1 and 3.2 EUR/kg,
which is a very competitive value for renewable hydrogen production. On all available
areas combined, a total of 8.4 × 1011 kg per year can be produced, which corresponds
to about twelve times the current global hydrogen production [5] and over 80 times the
annual US production.

Figure 5. Production costs as a function of solar irradiation (DNI, left), reactor efficiency (η, center), and distance to sea
(right), whereas the latter determines the length of the water pipeline.
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Figure 6. Production costs of solar thermochemical hydrogen in the USA. Only suitable areas are shown after the exclusion
of areas due to sustainability criteria following the methodology in [26].   
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Figure 7. Cost-supply curve for solar thermochemical hydrogen production in the USA.

5. Discussion

The solar thermochemical pathway could supply hydrogen at competitive costs and
low emissions in the future, assuming that technical advances towards higher efficiencies
and lower costs of the solar concentration and CO2 capture infrastructure are made. At
an estimated production cost of <2.50 EUR/kg and a global warming potential of 1.4 kg
CO2-eq./kg H2, the costs are about double that of conventional H2 from SMR, at 90%
reduced emissions (excluding transport of H2). This is a significant improvement of the
environmental performance at competitive costs. In principle, even higher efficiencies
and thus lower costs are achievable, considering also that better locations with higher
solar irradiation and/or lower labor costs exist such as Chile, Australia, and Namibia.
For comparison, for the production from electrolysis with renewable electricity, costs of
<2 EUR/kg for 0.018 EUR/kWh of electricity and 220–440 EUR/kg for the electrolyzer are
estimated [12], which could be reached in the future.

Hydrogen is used for different purposes, such as its use as a reacting agent in the
chemical industry for the production of fertilizers, pharmaceuticals, and plastics [71]. Its
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production volume in 2019 was 120 Mt (14 EJ) per year and this is expected to grow to
160 Mt (19 EJ) in 2050 [72] according to IRENA, or even to 670 Mt (80 EJ) according to the
Hydrogen Council [73]. Significant demand can also be seen for green steel production and
on a potentially very large scale for transportation in the hard-to-decarbonize sectors such
as aviation, shipping, and heavy-duty trucking. Depending on the size of the hydrogen
market, not all of the demand will be covered by local production, but it is a credible
scenario that large volumes of hydrogen will be produced at locations where cheap and
reliable renewable energy is available. This, however, requires the large-scale transport of
hydrogen from the production plant to the final consumer. The cost of the long-distance
shipping of hydrogen has been estimated in the literature to be in the range of 13 EUR/kg
today (including liquefaction) but to decline to 1.5 EUR/kg (0.5 EUR/kg excluding lique-
faction) by 2030, given that a large infrastructure can be put in place, leveraging economies
of scale [12]. In [19] 1.56 EUR/kg are derived for the pipeline transport over 100 km in a
transmission pipeline and further distribution in 122 2.4-km segments. Pipeline transport
over 250 km at a daily flow rate of 50 t is indicated to cost <2 EUR/kg in [21]. Yang and
Ogden develop a transport model that gives a cost of ~ 1 EUR/kg for transport via pipeline
over 500 km at a flow rate of 100 t/d [74]. At a lower flow rate of 50 t/d and a distance of
100 km, costs are below 0.5 EUR/kg. For liquid trucking of 50 t/d over a distance of 500 km,
the model gives a cost of 1.1 EUR/kg. The cost of trucking liquid H2 over a round-trip
distance of 80 km is found to be <0.1 EUR2008/kg in [20]. For liquefaction, costs of about
1–2 USD/kg are estimated based on a study of liquefier investment costs in [75].

The GWP of H2 transport in pipelines is estimated at 0.3 kg CO2-eq./kg H2 in [19] for
transport over transmission and distribution pipelines. For pipeline transport over 100 km,
0.16 kg CO2-eq./kg H2 are estimated in [17] using renewable electricity for compression.
The climate impacts of H2 transport depend on the source of electricity used, where
renewable electricity can give a very low impact while the use of grid electricity, partly
based on fossil energy in most countries, can significantly deteriorate the result.

Retail prices of H2 on a small scale of refilling cars are still very high, at an aver-
age of >13.5 EUR/kg in California [76], where the largest part of the cost is due to the
logistics of H2 transport, considering the production cost from steam methane reforming
of <1.3 EUR/kg [14], the by far largest source of H2 today. Of course, production from
renewable energy and large-scale logistics will show a different picture if implemented in
the future for a hydrogen economy. Considering the findings in the literature, an imple-
mentation to avoid excessive costs and GHG emissions for a large-scale H2 production and
distribution network seems feasible, which nevertheless will require large investments into
the infrastructure.

6. Conclusions

If technological advances are made and economies of scale for the production of the
components can be used, hydrogen could be produced in the US at costs of approximately
2.1–3.2 EUR/kg (2.4–3.6 USD/kg) with the solar thermochemical fuel pathway. While this
would still be about double the price of H2 from steam methane reforming today, the most
common pathway, the associated GHG emissions would be lower by about 90%. The solar
concentrator is the largest contributor to the GWP and production costs. For the latter,
labor costs represent another important factor considering the United States, the location
of interest, is a high-income country. The economic and environmental performance could
be further improved by moving to locations with higher solar irradiation and lower labor
costs (outside of the US). This and earlier work has shown that solar-thermochemical fuels
show a strong sensitivity to the energy conversion efficiency and cost of capital [24,25]. As
a consequence, commercialization is promoted by the low cost of capital, which suggests
that de-risking such investments with policy measures or strategic partnerships (off-take
agreements, etc.) is an important success factor for this technology as well.

A geographical potential analysis shows that 8.4 × 1011 kg per year can be produced
on all theoretically available areas in the US, which corresponds to about twelve times the
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current global hydrogen production and over 80 times the annual US production. Other
uses or not using these areas at all will decrease the technical potential. Nevertheless, this
large potential demonstrates that only a share of these areas would be required to cover
even large hydrogen demands.

Finally, the current literature reveals that, given a large-scale implementation, hy-
drogen transport costs and associated emissions may not be prohibitive in the future.
However, this requires large investments into the establishment of production and trans-
port capacities to enable economies of scale. A viable option for initial scale-up of the
solar thermochemical technology might be the introduction into existing (fossil) reforming
and conversion plants, which would reduce the initial investment costs by making use
of established technology at large scales and would in turn reduce the emissions of the
fossil plants. Further research is planned to be carried out regarding the quantification of
hydrogen transport costs and emissions in a dedicated model.
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