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Abstract: Climate concerns require immediate actions to reduce the global average temperature
increase. Renewable electricity and renewable energy-based fuels and chemicals are crucial for
progressive de-fossilization. Hydrogen will be part of the solution. The main issues to be considered
are the growing market for H, and the “green” feedstock and energy that should be used to produce
Hp. The electrolysis of water using surplus renewable energy is considered an important development.
Alternative Hp production routes should be using “green” feedstock to replace fossil fuels. We firstly
investigated these alternative routes through using bio-based methanol or ethanol or ammonia from
digesting agro-industrial or domestic waste. The catalytic conversion of CHy to C and H; was
examined as a possible option for decarbonizing the natural gas grid. Secondly, water splitting
by reversible redox reactions was examined, but using a renewable energy supply was deemed
necessary. The application of renewable heat or power was therefore investigated, with a special
focus on using concentrated solar tower (CST) technology. We finally assessed valorization data to
provide a tentative view of the scale-up potential and economic aspects of the systems and determine
the needs for future research and developments.

Keywords: hydrogen production; “green” systems; solar power; catalytic steam reforming; water
splitting; valorization

1. Introduction
1.1. Reviewing the Current Hy Production Routes

The current energy systems are environmentally unsustainable with reduced resources,
increasing the world’s population and increasing energy use, hampering the energy future.
Future energy supplies will need to apply clean and CO;-lean renewable sources whilst
partly decarbonizing the energy sector. Regarding the target objectives, the major energy
consumers will be the building, industry, and transportation sectors. The intermittent
nature of some renewables (wind, solar) will result in the use of energy storage techniques.
Novel techniques will need to be developed to manufacture environmentally friendly
energy carriers that can be easily stored and transported [1].

Producing Hj has a high potential to either decarbonize the natural gas grid [2], to directly
drive fuel cells, to reduce iron ore [3], or to fire cement, ceramic, or limestone kilns [4,5]. The
current methods used for the production of Hy, namely the reforming of fossil feedstock or Hp
production by “renewable” routes of biomass gasification and carbohydrate fermentation, still
release CO,. These routes have been previously assessed [6]. Novel approaches will deal with
“green” feedstock such as CHy (digester biogas), NHj (stripping of digestate), methanol, and
ethanol (fermentations), and even their fossil fuel-based equivalents can be considered. These
feedstock materials can mostly be catalytically steam reformed into H,. The decomposition of
CH4 and NH3 does not require H,O addition. Thermal water decomposition by oxidation
reduction reactions has been investigated but is not fully proven yet [6].
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To reduce CO, emissions, Abdin et al. estimate that approximately 1 billion tons
of non-fossil-based Hj is required, 10 times more than the current amount of Hy pro-
duced [7]. Although electrolysis using renewable energy is promoted, the current supplies
are insufficient to meet this goal [8].

H, is currently mainly (~50%) produced by the steam reforming of natural gas/oil /naphtha.
About 30% is covered by the refinery/chemical industry, and coal gasification produces about
18%. Water electrolysis (3.9%) and other minor sources make up the rest of the annual Hp
production. In the future, “green” H, processes will need to supply Hj for traditional and new
applications [9,10].

The current H; applications are mainly in oil refineries and in chemicals’ syntheses,
from the hydrogenation of fats/oils to the manufacturing of pharmaceuticals, among others.
The future is expected to enhance the demand for H; for both chemical processes and for
transportation fuel.

The different current ways to produce Hj have limitations and advantages, as summa-
rized in Table 1 [11,12]. The tentative cost of H; varies among the processes, which have
different levels of maturity. The specific case of electrolysis is illustrated in Table 2.

Table 1. Characteristics of H, generation methods.

H; Production Methods Egg/olf; H, Advantages Drawbacks
~ . >  Low operating temperature. > Air is required.

Auto-thermal reforming 15 > Limited methane slip. > Op/CO;—byproducts.
> No catalyst needed. > Low H,/CO ratio.

Partial oxidation 15 > Requires a lower d.egr?e of > Sqot formati'on.

feedstock desulfurization. > High operating
> Limited methane slip. temperature.
> Mature technology.

Steam reforming 3.5 > No O; needed. > High production of CO.
> Lower operating temperature. > High production of CO;.
> Highest H, /CO ratio.
> Nearly CO,-neutral. . .

Gasification/pyrolysis 1.6-2.1 > Abungant. : ;]Z;:lgi?ol;\hv}glﬂies
> Cheap biomass feedstock. )
> Zero emission. .

Electrolysis 5-7 = O,—byproduct. > fCullrr}e)ntl}zi usles f(.)S.Sll
> Existing infrastructure. uel-based electricity.
> Clean and sustainable. > Elements toxicity.

Water thermolysis 8 > Op—byproduct. > Corrosion problems.
> Abundant feedstock. > High capital costs.

> Lower Hj yields.
> CO;, consumed. > O, sensitivity.

Bio photolysis 1 > Op—byproduct. > Sunlight needed.
> Mild operation conditions. > Requires large reactor

volumes.
> Abundant feedstock. >  Low efficienc

Photolysis 8-10 >  O,—byproduct. ~ Reet o

= No emission. equires sunlight.

Regarding electrolysis, Table 2 refers to mature alkaline electrolysis [13]. The proton
exchange [H*] polymer electrolyte membrane (H*-PEM) is ready for commercial appli-
cation for operation at 20 to 200 °C, with an estimated efficiency of 65 to 82% [14-16].
Solid oxide electrolysis (SOE) processes can reach a 100% efficiency while operating at
high temperatures [17]. While the H*-SOE type is close to the demonstration scale, the
O?~-SOE is still at a laboratory scale. The H, production costs associated with H*-PEM and
SOE have not yet been fully determined, but cheap photovoltaic or curtailed wind energy
(<0.02 USD/kWh) will be required to achieve costs between 1.4 and 1.7 USD/kg Hy. The
required 0.02 USD/kWh is far below the current cost.
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Table 2. Characteristics of electrolysis systems for H, generation.

Technology Alkaline [13] PEM [14] SOE [18]
Technology Maturity Mature Demonstration R&D
Temperature, °C 60-80 50-80 500-1000
Pressure, bar <30 <30 <30
Energy consumption, kWh/Nm3  4.5-7.0 4.5-7.5 2.5-3.5
Surface area of the cells, m? <4 <300 -

H; yield, Nm3/h <760 <30 -
Tentative lifetime, yr 20-30 10-20 -
Hydrogen quality, % >99.8 >99.99 -

1.2. The Current Development of Electrolysis

Although only responsible for ~4% of the current amount of H, produced, electrolysis
developments are important. Whatever developments are selected, the process will require
cheap electricity and should hence be considered in conjunction with nuclear power,
curtailed PV or wind power, or concentrated solar power. The construction of the process
electrodes is a major research topic. De-ionized water is required before electrolysis,
and catalysts (e.g., platinum) will be required. The reaction is straightforward and will
decompose water (liquid) into H (g) and O, (g) at an Eg value of —1.229 V.

The current cost of Hy production through electrolysis largely exceeds the cost of
the reforming production methods, and future progress is only guaranteed if the electrol-
ysis process applies cheap renewable electricity. Table 2 summarizes water electrolysis
developments.

The immediate future of green electrolytic H; relies mostly on wind or photovoltaic
electricity despite the high specific energy required [8]. The further growth of electrolysis
will not be capable of meeting the expected 1-billion-ton H; goal. Fossil-based feedstock
will hence remain the dominant Hj source despite the CO, emissions of about 10 kg of
CO,/kg Hj for steam methane reforming (“gray hydrogen”) [19]. The technology could
be “cleaner” if carbon capture and storage were applied. This would, however, involve
significant costs, nearly double the produced Hj; costs [20].

2. Current Hot-Topic Hy Production Methods
2.1. Thermal Single-Step Water Splitting

Water can be thermally dissociated (water thermolysis) in H, (g) and 0.5 O, (g).
To achieve a fair water dissociation, high temperatures above 2500 K are required [21].
Moreover, the process requires the efficient separation of Hy and O, to avoid explosion
hazards. Membranes with, e.g., ZrO; can be used up to 2500 K. Separation can also be
achieved at low temperatures after quickly (millisecond level) quenching the product gas
mixture to below 500 K, where Palladium membranes can be efficiently used. Only nuclear
or concentrated solar towers can meet the required high temperatures, but the selection of
usable high-temperature construction materials remains a major bottleneck [22].

2.2. Thermo-Chemical Redox Water Splitting

Most of the thermo-chemical redox cycles published to date belong to one of five
generic cycles shown in Table 3 and Figure 1 [23,24]. M is either in pure metal form or its
lower valency cation in an oxide or halide pair.
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Table 3. Thermo-chemical redox H; cycles.

Types Number of Steps in the Complete Cycle
Type 1: Metal-metal oxide Two

Type 2: Metal oxide—metal oxide Four

Type 3: Metal oxide-metal hydroxide Three

Type 4: Metal oxide—metal sulfate Three

Type 5: Metal-metal halide Three

Type 6: Metal oxide—metal halides Four

a) (b)
O, M H,0 0, MO H,0 Y \\
( >\H2 ( )\Hz M(OH),
MO MO,,,

H20>—/

Metal oxide-metal hydroxide cycles

Metal-metal oxide cycles  Metal oxide-metal oxide cycles

M H,O

e (f)
(e) M
H,0 0O, \‘ H,
soa S0, JH.0 X2 Hx Xzﬁoz MO
HX
MSO; MX, H sz,//<Hzo

Metal oxide-metal sulfate cycles Metal-metal halide cycles Metal oxide-metal halide cycles

Figure 1. Current thermo-chemical H, production cycles according to the types of Table 1. (a)
metal-metal oxide; (b) metal oxide-metal oxide cycles; (c) metal oxide-metal hydroxide cycles; (d)
metal oxide-metal sulfate cycles; (e) metal-metal halide cycles; (f) metal oxide-metal halide cycles.

The simpler schemes are desirable in terms of efficiency and capital cost. Only a few
redox cycles can operate below a temperature of 1000 K. Many compounds form multi-step
cycles and require a high operating temperature. Moreover, the incomplete reversibility
reduces the process efficiency [23,24]. Possible developments are further discussed in
subsequent sections.

2.3. Conversion of Methane (or Hydrocarbons)

Commercial bulk Hj is commonly produced from methane or hydrocarbons. These
processes have a long history (>50 years). Steam methane reforming (SMR) operates at 700
to 1100 °C over a metal-based catalyst (nickel). Steam reacts with methane to produce CO
and H,.

CHy + H,O — CO + 3H,

CO +H,O — CO, + Hy

Both reactions are reversible [25], and the process efficiency is between 65 and 75%. The
CO, must be abated. The alternative, the direct conversion of CHy, requires temperatures
above 1500 K. The occurring reactions are given below.

2.4. Methanol to Hydrogen

Due to the difficulties in transporting and handling Hy, methanol, containing 12.6 wt%
of H, is considered as a cheap and abundant feedstock. Although methanol is mostly
produced by chemical synthesis, new “green” production methods have emerged through
biochemical methods.
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2.5. NHj3 to Hydrogen

The reversible decomposition reaction of ammonia follows the below-listed equation:
NH; <+ 0.5 Ny + 1.5 H, AHp = 46.2 k] /mol

The decomposition reaction is mildly endothermic and needs a catalyst to lower
the activation energy. Many possible catalysts can be used for this reaction. Several
catalysts were investigated in the present study, and we will report the function of different
temperatures and reaction times. Details are reported in Section 4.

2.6. Objectives of the Research

Further reported research will also demonstrate that fairly low-temperature catalytic
steam reforming is possible, as initially proposed in [25,26].

The results of our research demonstrate that decentralized H; production from trans-
portable and cheap CH3OH is possible in a low T, P process using durable and selective
nanoparticle-based catalysis, with low-to-no CO being produced. This method has poten-
tial applicability in the transportation of fuel cells. Finally, redox-driven water splitting will
be illustrated, together with some recent developments in using concentrated solar heat to
meet endothermic reaction requirements.

3. Solar H, Production
3.1. Near-Term Options

Since all conversion processes are endothermic, a cheap energy source is required, with
wind and solar energy being used in the energy supply of endothermic reactions. Figure 2
and Table 4 illustrate the different routes for producing Hj by thermolysis, electrolysis, and
photonic dissociation. Concentrated solar power (CSP) systems can be applied in the solar
production of Hy. Figure 2 illustrates how concentrated solar radiation can be used in the
solar production of Hy from water or carbonaceous materials.

Water, as an abundant and cheap reactant, should be the ultimate H; feedstock. It
is carbon-free and can be decomposed through solar-driven water splitting by thermo-
chemical redox cycles. Its large-scale application will depend upon the achievement of
a fairly low temperature and multi-cycle reversibility [18,27]. Since solar-driven systems
still suffer from a low cost-effectiveness and intermittency, novel solutions are required
to increase their efficiency and provide a considerable cost reduction [28]. Even in solar—
thermal applications, the catalytic steam reforming of low-cost biochemicals such as bio-
ethanol has a high potential, with a H, production efficiency exceeding 95%.

Table 4 summarizes the characteristics of different reported solar Hy processes. Al-
though full data have not yet been given, a positive appraisal emerges from the comparison.
These processes can foster the future production of “green” hydrogen.

Moreover, it should not be forgotten that hybrid solar PV and on/offshore wind
systems are currently being investigated, demonstrating that the cost in USD/kg Hj will
exceed the current petrochemical production costs, except in parts of the world with a high
PV and wind electricity potential. This is illustrated in Figure 3.
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Figure 2. Solar-aided routes to produce Hy, with (a) from water and fossil fuels; and (b) carbonaceous
gases or solid feedstock.
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Figure 3. Expected Hj costs from hybrid solar PV and onshore wind systems. Reproduced by IEA;
2019; The Future of Hydrogen—Seizing today’s opportunities; https://www.iea.org/reports/ the-
future-of-hydrogen, accessed on 4 January 2024, License: [CC BY 4.0] [43].

3.2. The Concentrated Solar Tower Solution

Concentrated solar energy is of increasing interest in power and industrial heat gen-
eration. The intermittency of solar energy necessitates the integration of a heat storage
system to operate on a continuous basis. The applications of different CSP technologies
are mainly a function of the targeted temperature ranges and the intended applications, as
illustrated in Figure 4.
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Table 4. Characteristics of developed solar H, production techniques.
System Capacity, H, Price,
Solar System Reqd. T Type Feed CO; Product Efficiency (%) (ton Hyid)  (USD/kg)
Concentrated solar thermal
Low g}gﬁ)"ly“ Water No 21 3835 5.1
Solar tower [29-31] High Thermolysis Coal CCS-integrated 3840 - -
Solar dish [32] High Steam Water No 20 1.36 105
electrolysis
Parabolic trough [32] High Steam Water No 20 62.95 65
electrolysis
High ;l"}l]lcelremochemical Hydrocarbons No - 6 8.0
Concentrated solar tower [33-35] High ;F}}]lcelremochemical Water/CO, No 41 - -
High Thermochemical .o /O, No 22.8-39.6 - -
cycle
High Thermolysis Water No 299 3320L/h
High Gasification Solid carbonaceous Yes - - -
(e.g., coal)
. . NG, oil, and
Concentrated solar tower [4,36] High Pyrolysis hydrocarbons Yes B B B
. . NG, oil, and
High Steam reforming hydrocarbons Yes - - -
High Thermolysis Water No 5.6 - -
PV [28] Low g};ﬁ)"lysm Water No 98 10 121
Photo-electrochemical [37] High Photo-catalysis Water No - - -
Solar power plant [38] High Solar power Water No 249 - -
Hybrid systems [31,38-41]
. Electrolysis
Solar thermal [42] High (PEM) Y Water No 10 71 6.3
) Electrolysis
PV-grid [28] Low (PEM) Water No 9.8 10 6.1
) High Thermolysis Water No - - -
PV-thermal [39,41] High Thermolysis Various Limited - - -
PV-CSP [30] High Thermolysis Water No - - 2.7
Solar and wind [40] High Electrolysis Various Limited - - -
Chemical production, energy carrier production,
e . s Central Tower
electricity/steam production, metal production
600 °C
Chemical production, energy carrier production, Fresnel, Parabolic Trough
as reforming, electricity/steam production Parabolic Dish,
9 9 y P Central Tower
300 °C
[ Food and textile processing, chemical production ] Fresnel, Parabolic Trough
100 °C

[ Food processing, solar cooking, house heating, etc. ] Solar Heater, Parabolic Trough

Figure 4. Temperature ranges and application areas of various CSP technologies.

For solar power applications, both parabolic trough and central tower concepts are
mostly used, with parabolic troughs being responsible for most of the moderate temperature
thermodynamic cycles. Central tower concepts, however, have gained importance as
Peaker solutions since new heat transfer media (i.e., particle suspensions) enable a higher
temperature application, hence fostering the use of high-efficiency thermodynamic cycles.
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Such a particle-driven concept has been developed over the past few years with a
particle loop operation at a temperature around 800 °C. A vertical multi-tube (40) solar
receiver reached a capture yield of >2 MWy,. The future scale-up to between 10 and
50 MWy, will apply the same multi-tube layout with taller tubes of >6 m.

4. Experimental Investigation of H, Production from “Gray” or “Green” Feedstock

Four experimental set-ups were used, each of which are depicted in Figure 5. The reactors
contained fixed or vibro-fluidized beds of the appropriate catalyst particles (15 cm bed depth
for the fixed bed mode in the electrical furnaces and 25 cm in the sun-heated fluidized bed
reactor). The general layout of the experiments is given in Figure 5a, while equipment details
are given in Figure 5b—e. Details of the rigs are presented in Deng et al. [2,44].

(a) Flow regulator

Reactor

(b), (c), (d) or (e)

Cooling and
dehumidification GC-MS
(absorption)

Syringe pump

(b) 26 mm 1.D. vertical reactor within an electric furnace (c) 9.6 mm I.D. vertical reactor within an electric furnace
Thermocouple -
[bB -Gas outlet

()
W),

reactor PR A AN AN N NN AN ASAAAN
Mixed
Tubular fumnace | T f;ed M\W (?atal.yst bed ‘
, | . Lo .
@D y
- Steel fleece Steel fleece
B Ceramic Ceramic
TH ¥ fibre fibre

Stainless steel
sintered plate

Preheating [
section

Spiral wound gaskets

H,0 + ethanol
Np

(d) 50 mm I.D. vertical reactor within concentrated solar cavity

To gas purification
_ -+ andanalysis
Reactor o~ (F ™

(e) Solar furnace

“o=—H,0 + ethanol

Insulated Cavity

~

<} Solartowelt\’{
~ || - structure
I |

Figure 5. Experiments: (a) overall layout, (b) 26 mm L.D. vertical electrically heated reactor, (c) 9.6 mm
L.D. horizontal electrically heated reactor, (d) fluidized bed reactor (50 mm I.D.) in the solar cavity, and
(e) illustration of the reactor depicted in (d).

The first “gray” feedstock, CHg, was investigated mostly for its hydrogen-enhanced
natural gas (HENG) potential. Our experimental investigation applied wet-impregnated
Fe/x-Al,O3 and Ni/MgO catalysts. The 20 wt% Fe/ x-Al,O3 catalyst yields nearly com-
plete CHy conversion at 700 °C and is preferred for CH4 conversion. Ni/MgO catalysis
leads to lower conversions at similar operating conditions (Figure 6). The decomposition
carbon accumulates on and within the catalyst, progressively reducing the Hj yield. A
periodic regeneration (burning off the coke deposit) is required after 20 to 30 h of produc-
tion. At temperatures below 635 °C, the reaction kinetics are dominated by the reaction
rate. Mass transfer limitations are increasingly important at higher temperatures. Figure 6
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depicts the conversion effects of reaction time and temperature. The use of the Fe catalyst
is recommended.

1.0 ——— =
0.8 4
c
S
g 0.6
2o
8
9 Fe/ALO,
§ 044 923 K
§ - --973K
Ni/MgO
0.2 1 —— 923K
- - -973K
0.0 T T T T T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Residence time (s)

Figure 6. Methane conversion for different residence times at 650 and 700 °C.

A second “gray” feedstock (with the potential to become “green” through future
developments in the bio-synthesis of methanol feedstock), CH3;OH, was examined. The
experimental results in Figure 7 show that the yield of the catalytic steam reforming of
methanol is almost 2.5 mol Hy /mol CH3OH (slightly lower than the stoichiometric yield
of 3 mol H, /mol CH3OH). The CH3OH—-carbon is mostly detected as CO and CO,, as
illustrated in Table 5. No coke deposits were detected after long-duration experiments. The
catalysts maintained their selectivity and activity. The kinetics demonstrated a high reaction
rate. The MnFe,Oy catalyst is four times slower and also requires a higher conversion
temperature (400 °C).

3.0 3.0
Co-Al,03 - 300 °C (a) Ball milled MnFe,O, — 400 °C (b)
(:g 25{2 uw m = " s g = om = 25
[0]
= 0 20{ = m
g " H, = " o = = = = m
= 15 ® CO 15 . H,
g = CH, e CO
B 1o M 1.0 CH,
S v CO,
g os Y v v vy 05 v vy
3 ° - n [T WA S SRR S 4 PR x ; 3 - N N A
0.0 : . . : . . 00 ———+— — ——r .
0 50 100 150 200 250 300 0 50 100 150 200 250 300 350 400
t/ min t/ min
Figure 7. Conversion of methanol with Co/«-Al,O3 (a) and MnFe, Oy (b) catalysts.
Table 5. Carbon selectivity of steam methanol reforming.
MnFe204 CO-A1203
Selectivity (%) 573 K 673 K 573 K
CcO 38.12 27.85 29.24
CHy 5.76 20.54 25.88
CO, 56.11 51.61 44.88

Using the Co/ a-Al,O3 catalyst is recommended for scale-up and fuel cell application
due to the higher H; yield and lower CO formation.

Thirdly, the production of H, from “green” or industrial NH3 was studied in the
present research using non-noble metal catalysts. “Green” ammonia sources were investi-
gated, such as ammonia produced by stripping from manure and digestate. Three catalysts
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6.00

5.00

4.00

3.00

2.00

Yield (mol product / mol EtOH)

1.00

0.00

were tested: wet-impregnated Fe-Al,O3, dry-milled Fe-Al,O3, and wet-impregnated Ni-
AlyOs. The results are illustrated in Figure 8. The mildly endothermic decomposition of
NHj; into Hy and Ny is achieved with a 100% yield at 500 °C using a Fe/«-Al,Oj3 catalyst.
The alternative and more expensive Ni/«-Al,O3 catalyst scores significantly lower. The
experimental results were converted into reaction kinetics. The reaction is very fast, with a
rate constant of 7.5/s at 500 °C. Full conversion is obtained within 0.4 s. Very pure (>95%)
H; can be produced and stored using several techniques. It is proven that the production
of Hy from NHj has a high potential and merits pilot-scale consideration.

1.0 1

0.8 1
f —&— wet-impregnated Fe/Al,O, - 723K

i{

Conversion
o
[0)}
1

©
IS
1

—0O— 798K
—A— 873K
3 ball milled Fe/Al,O, - 723K

/

—_—

798K
873K
wet-impregnated Ni/Al,O, - 723K
798K
873K

o
N
1

~

0.0 T T T T T T T T T T 1
00 05 10 15 20 25 3.0 35 40
Residence time (s)

Figure 8. Effect of residence time and temperature on the conversion of NHj.

For the Catalytic steam reforming of ethanol (CSRE), the most promising catalysts were
selected from an in-depth literature review and tested in the present research using all the
equipment alternatives in Figure 9, and this test was carried out for more than 30 successive
hours. The H; production efficiencies (5.5 mol H, /mol ethanol) were close to the expected
stoichiometric values. CO and CO, were the main carbon-bearing reaction products. The
results are illustrated in Figure 9. A kinetic analysis defined the reaction rate expressions, and
the reaction rate per unit catalyst weight was established at 0.58 mol H; /gcat h. Abundant
bio-ethanol can be obtained from first- and second-generation fermentation.

(a) 9%Cola-Al,0;  (max. 6 mol/mol) (b) 4.5%Co0-4.5%Nila-Al,0,
600
° o o ° ° T
0%g © o o o
= o o
i 500 |5° o o o o o
S
€ 400
£
OH, ©CO 0CH, 0CO; | 3 300 OH, ©CO 0CH, 00,
[e]
a
5 200
3
©c0p00 © o o o o o 5 100 [p©©0 © o o o o o
coo© ©° o ° o o o 2 )0 .
o0 o P Py Py PN ~ -~ e 000 leoo—vo fa) fa) o oy o a
0 10 15 20 25 20 0 5 10 15 20 25 30
time (h) t’h

Figure 9. Results for the 9% Co/«-Al,O3 and 4.5% Co-4.5%Ni/ «-Al;O5 catalysts (a,b).

The average yields, expressed as mol products/mol EtOH, for 30 h of continuous operation
were 5.463 £ 0.306 for Hp, 0.670 £ 0.103 for CO, 0.038 £ 0.012 for CHy, and 1.196 £ 0.063 for
CO; in the operation mode of Figure 9a. For the operation mode of Figure 9b, the results were
5.149 £ 0.276 for Hy, 0.579 £ 0.073 for CO, 0.047 £ 0.024 for CHy, and 1.123 £ 0.100 for CO,.
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5. Water Splitting by Redox Reactants

While water splitting by thermolysis occurs at very high temperatures, redox-driven
water splitting cycles can operate at moderate temperatures. Based on previous studies in
the literature, 24 investigated cycles, mostly investigated by small-scale experiments, were
examined by a multi-criteria decision-making exercise [18]. From the objective screening,
the priority redox systems selected used MnOy /Na;CO3 and MnFe,O,/Nay;COs3. These
systems were those further investigated for short- and long-duration cycling [18].

The thermochemical cycle of MnFe;O4/NayCOjs is generally described by the follow-
ing reactions:

2MHF€204(S) + 3Na2CO3(s) + HzO(g) — 6Na(Ml‘11/3F82/3)02 (S) + 3C02(g> +H2(g)

6Na(Mn1/3Fe2/3)Oz (S) + 3C02(g) — 2MnFe,Oy (S) + 3NayCO3 (S) + O.SOz(g)

The thermochemical cycle of MnOy/NayCOj is generally described by the follow-
ing reactions:

3NayCOs3(s) 4+ 2Mn304(s) — 4NaMnO;(s) + 2CO,(g) 4+ 2MnO(s) + NayCO3(s)

2MnO(s) + Na,CO3(s) + H,O(v) — Hy(g) + CO,(g) + 2NaMnO,(s)

6NaMnO; (s) + ayH,O(v) + (3 +b)CO,(g) — 3Nap,CO;3(s) + aHMnO,-yH,O(s) + bMnCO3(s) 4+ cMn3zO4(s)

aH,MnO,-yH;O(s) +bMnCO3(s) — (2 — ¢)Mn3O4(s) + ayH,O(v) +bCO,(g) + 0.50,(g)

For the MnO4/Na;COj3 redox water splitting system, tests were carried out in the
electrical furnace (Figure 5b) and in the solar furnace (Figure 5d) at 775 and 825 °C, with
10 and 250 g of redox reactant, respectively. Solar results are illustrated in Figure 10.
Milled particles (<1 pm) with a large surface area provide better results. Ten complete
oxidation/reduction cycles were tested. The cumulative H, production achieved 78% at
825 °C. Milled Mn304/NayCO3 reached a yield of over 80% in the first cycle and over 77%
after 10 cycles. The Mn30O4/NayCO3 system obtained an efficiency of >95% at 775 °C in the
solar furnace despite the high T required, but provided that cheap thermal energy could be
supplied, over 100 cycles are needed to reach H, production costs below 2 EUR/kg. The
separation and reused of CO; in the multi-step reaction system remain a major drawback.

0.5

\®
\

0.4+

/
0.2 1 /’ —m— cold mix Mn,O,/Na,CO,- cycle 1
/ —0O— cold mix Mn,0O,/Na,CO,- cycle 2
—A— milled Mn,0,/Na,CO,(825°C)

014/ —v— Mn,0,/Na,CO, (825°C)

|/ — milled MnO/Na,CO,(775°C)

y —X—MnO/Na,CO, (775°C)

0.0 T T T T T T T T T T T T T
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accumulative H, (mol H,/mol reactant)

Figure 10. H; yields using the MnOy /NayCO3 cycle in the solar furnace.

The MnFe;04/Na;CO3 cycles were isothermally tested for more than 200 successive
cycles by thermogravimetry in the electric furnace and in the solar reactor. A H, production
efficiency in excess of 85% was obtained with the co-precipitated reactant after multiple
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cycles. The results are presented in Figure 11. Our solar tests confirmed >95% Hj efficiency.
The reverse CO, reaction time should exceed 4.5 h; 6 h is preferable. The CO; for the
regeneration step was introduced after each oxidation (Hj release) step. CO, was not
recovered in the experiments, and bottled CO;, was used. The preliminary results with
a reduction step of 3 h [45] demonstrated that the regeneration was incomplete. Only a
regeneration duration of 4.5 (preferably 6) hours could nearly regenerate the redox reactant
and achieve a high H; yield after multi-cycle reactions. Tentative economic calculations
revealed that 120 consecutive cycles would produce H; at 1 EUR/kg Hy. However, this is
only possible if a cheap energy supply is available and if CO; can be fully reused in the
reduction reaction. The 30% cheaper ball-milled reactant will proportionally reduce costs.
The obtained results demonstrate that the further improvement of the system is important.
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Figure 11. Redox cycle experiments (reproduced from [45], courtesy of RSC Advances). (a) Weight
changes in the oxidation (3 h) and reduction cycles (4.5 h), respectively. (b) Weight changes in the
oxidation (3 h) and reduction cycles (6 h), respectively.

The H; production efficiency can largely exceed 90% when appropriate oxidation and
reduction times are applied. Co-precipitated MnFe,O4 costs ~500 EUR/ton, as opposed to
~350 USD/ton for the ball-milled alternative.

Both the use of renewable energy and good heat management amongst the cycles of the
system are important for limiting heating costs. Since CO, is required in the reverse reaction,
it should be fully recovered. The proposed MnFe,O4/NayCO5 cycle needs further testing
at pilot scale to really prove its competitiveness with other H, production methods with
the electrolysis of water using solar-based electricity or heat. Pilot- and commercial-scale
experiments are required to confirm lab-scale results.

6. Valorization Potential

In this section, special attention is paid to the scale-up and Technology Readiness
Level of the investigated Hy production technologies, their costs, and associated process
requirements, such as H, upgrading, the potential solid oxide fuel cell applications, and
additional technical matters. Essential findings are summarized and used in scale-up
procedures for both the thermo-catalytic conversion of CHy, CH30H, C,H50H, and NH3
and for MnFe,0,/Na,CO3 redox water splitting. The additional topics of H, upgrading,
the safety issues associated with Hy production and its use, and high-temperature gas
filtration are discussed. A techno-economic assessment and a tentative discussion of the
Technology Readiness Level (TRL) will be presented. Finally, the solar receivers will be
briefly discussed according to their temperature classification.

Thermo-catalytic H, production: The experimental results provided design equations
and methods for these reaction systems. However, a distinction needs to be made between



Sustainability 2024, 16, 2883

13 of 18

the CH, feedstock and the CH30OH, NH3, and C,HsOH feedstock. In the case of CHy,
coking is a major issue, with the catalyst being progressively de-activated if not thermally
regenerated. The reaction temperatures are also moderate to high. The catalyst is an A-type
particle, meaning it is easily fluidized and conveyed. No H,O is required. In the other
cases, no coking is observed, and low (250 °C) to moderate (500 °C) temperatures are
required. The catalyst is, however, of pm grade. This results in very high reaction rates,
near-complete conversions at short contact times, and high gas hourly space velocities
(GHSVs), as listed in Table 6.

Table 6. Gas hourly space velocities (GHSVs) of different hydrogen production systems.

System GHSV
NH; 10LHy h™! kgeat ™!
CH;OH 900 L Hp h™! kgear ™!
C,Hs0H 13,000 L Hy h™! kgeat ™!

Small amounts of catalyst can generate significant amounts of Hy. These differences
will significantly affect the scale-up potential, as illustrated below. In view of the catalyst
size, a fluidized bed (CH4, NH3) or a fixed bed (methanol, ethanol) were proposed and
studied using different plant layouts. The main layout is depicted in Figure 12.

™ To product gas
upgrading

Figure 12. Layout of the experimental set-up. 1. Solar Cavity Receiver 1-a (with associated heliostats
1-b) and either vertical or horizontal fluidized bed particle carrier heating. 2. Hot particle carrier
storage with possibly supplementary heating from PV or wind turbine (or waste heat). 3. Free-bearing
screw conveyors. 4. Moving-bed indirect conversion reactor (multi-tubular catalyst bed). 5. Recycling
of carrier particles to 1.

H; upgrading: As experimentally demonstrated, a C-H-O feedstock will always lead to
the formation of reaction byproducts, mostly CO and CO,. The produced gas will need to be
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treated in a post-treatment for the separation and recovery of individual compounds. Figure 13
depicts a separation unit successively removing H,O vapor, removing CO,, and carrying out the
membrane recovery of Hy. Current membrane modules have a proven H; purity and recovery
>95%. The detailed design of the upgrading was presented by Deng et al. [44].

CO;

Membrane Separation

- - Hz, CO2/CO/CH4

Air/water <¢ e H

Twin-bed desiccator

CO, CHy(H2)
Twin-bed CO; capture To Boiler

Product gas

Air-cooled condenser

H.0

Figure 13. Purification cycles of Hj.

At such high recovery, minor amounts of H, will accompany the CO and CH, flows, and
these flows will be the potential heat source for the feedstock evaporation and preheating.

Safety issues of producing/using Hj: The literature on the safety issues associated
with producing and using hydrogen is extensive, and attention is specifically paid to the
selection of high-pressure durable materials to counter hydrogen attack, embrittlement,
and cracking. The proposed materials differ from high to low pressure storage. While
austenitic stainless steel, Al alloys, Cu, and Cu alloys are recommended for their high
tensile strength at high pressures, low density, and chemical H; inertness, low-pressure
vessels can be constructed in AISI 316, 304, 304 L, and 316 L steels. Cu alloys and Al alloys
can also withstand H, attack.

Redox-driven water splitting results demonstrate that MnFe, O, /NayCOs is the ideal
redox pair, with a recommended 3 h oxidation cycle (with H,O) and a 6 h reduction
cycle (with collected CO;). Efficiencies, even after 35 cycles, reach above 90% at 600 °C.
Although experiments with MnFe,O4 were only conducted for long durations at TGA scale,
preliminary solar-driven tests were performed during the oxidation cycle. The maximum
temperature of the reactor wall in the cavity must be limited to 900 °C (thermo-mechanical
strength limits of Incoloy); the bed temperature was kept uniform between 710 and 735 °C
by heliostat focusing. The solar H, yield at 735 °C was nearly the theoretical H; yield of
0.5 mol/mol, as shown in Figure 14. Since the operation requires a twin-reaction mode
(oxidation/reduction), both reactors were installed inside the CST cavity. The reactors will
be operated in a reversible mode during consecutive cycles (and probably consecutive
days). Since the reactor will be of a fixed-bed nature, either a concentrated solar tower or a
parabolic dish solar concept can be used.

The Technology Readiness Level (TRL) reflects the development level of a given
technology based upon various parameters determined for long-duration applications,
such as robustness, reliability, production costs, energy efficiency, and utilization con-
straints, among others. A hybrid operation mode, with curtailed wind /PV /concentrated
solar supplies, seems the obvious solution. Together with heat management within the
process, concentrated solar energy from the receiver should be stored and used in peri-
ods where cheaper PV electricity is not available (in non-sun periods). Whereas catalytic
conversions of appropriate feedstock operate at moderate temperatures, the significantly
higher temperatures needed in water splitting are more problematic. At the current stage
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of thermo-catalytic or thermo-redox H, production, it must be admitted that they only
achieve a TRL between 1 and 3.
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Figure 14. Solar H, production using the MnFe, O, /Nay;CO3; water splitting cycle at 735 °C (M) and
710 °C (s).

Future cost estimations are extremely challenging, subjective, and inaccurate, mostly
because of the low TRLs of the processes. Cost estimations are hence premature. While
no solar Hy production method has achieved a fair TRL so far, further research, preferably
pilot- or large-scale research, is urgently needed to help establish the ongoing hydrogen
revolution. At present, the state-of-the-art systems only achieve a TRL between 1 and 3.

Techno-economic assessment: Table 1 already included a cost comparison of the
different Hy production methods. A further comparison was made on the basis of the
levelized cost of hydrogen (LCOH) and the calculated GHG emissions. Table 7 illustrates
this comparison. Developed catalytic feedstock decomposition and redox water splitting
offer major advantages.

Table 7. Comparing H; production methods (from 2017 to 2023).

GHG Emission

LCOH (USD/kg H) (kg CO,-eq/kg Hy)
Methane steam reforming 1.25 8.5-11
Coal gasification 1.5 12.7-16.8
PEM electrolysis (renewable energy) 7.7 0

Biomass gasification

3 (for large scale)

55 (otherwise) 0 (if biomass is carbon neutral)

Pyrolysis 1.8-2.1 -
Methanol steam reforming 22 >3
Ethanol steam reforming 1-2.5 >3
Methane decomposition 0.4-15*% 0.85-1.05
Ammonia decomposition 1.5-2.5 0
Redox water splitting ~1.0 0

* Carbon black is sold at EUR 470 and EUR 1870 per ton.

Redox water splitting using the MnFe,O4 /Nay;CO3 system could achieve a low LCOH
(<1 USD/kg H,) for recyclability for over 120 cycles.

Solar energy as a heat source in particle-driven systems: The Next-CSP receiver is
of specific interest in the concentrated solar power technology. Its potential capacity up
to 50 MWy,, however, exceeds the needs of Hy production concepts where 100 kWy, to
1 MWy, would meet the required needs. It is hence important to stress the applicability
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of two cheaper concentration technologies: a crossflow fluidized bed receiver, which is
installed in the focusing cavity, and the improved solar dish technology, developed by
the Chinese Academy of Sciences. Both are currently being tested for water splitting and
catalytic ethanol conversions. The small-footprint solar dish system can reach very high
temperatures (dictated by the construction materials) and operates at a solar concentration
ratio of around 2000.

A 64 m? solar dish is depicted in Figure 15. Ongoing developments will help reach
500 m?, thus allowing for the capturing of 500 kWy, at a DNI of 1 kW/ m2. With a 790%
dish-to-cavity efficiency and a 75% receiver efficiency, up to ~260 kWy, can be used in the
ethanol or water splitting reactions.

Figure 15. Novel concentrated solar dish technology developed by the Chinese Academy of Sciences.

The 2025 UN sustainable development goals (SDGs) comprise 17 objectives to be
achieved by 2030. The above assessment of the “green” H, production methods demon-
strates that solar or curtailed renewable energy processes will significantly contribute to
meeting these goals [44].

7. Conclusions and Recommendations
The general conclusions of this research review are summarized below:

(i) Renewable energy-based H; production from “green” and “gray” feedstock in the presence
of steam: the reaction is fast; first-order kinetics and operation at T << 600 °C; near-
stoichiometric H; yields are achieved; CO, CO,, and CHy are closing the C balance.

(i) Two priority water splitting redox reactions are favored: MnOx/Na,COjs is possible
at high T, but recyclability is incomplete. MnFe;O4/Na;CO;3 has a high potential.
Recyclability for >35 cycles was proven. If >120 cycles can be achieved, the H, cost
will be <1 USD/kg H,.

(iii) Thermo-catalytic and thermo-chemical processes can work with heating by excess
wind/PV power, preferably with CST for continuous operation.

(iv) Bio-ethanol is attractive since we can accept crude bio-ethanol (after filtration), thus
avoiding two distillation steps and the final molecular sieve dewatering, so the price
reduction is about 30%.

(v)  Ammonia must be further developed since it may be a solution for on-car H, genera-
tion (ammonia is easy to store). This could also offer possibilities for methanol.

(vi) The design recommendations and tentative economic balances should be proven at
pilot scale. This experimental research study provides conclusions that are positive
enough to inspire other researchers and even R&D centers to continue this research.
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