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Abstract

This paper presents a conceptual and thermodynamic assessment of an innovative co-
generation system based on the aluminium-water reaction, designed to simultaneously
produce hydrogen and electricity. The proposed layout integrates a liquid aluminium
combustion chamber with a dual-stage heat recovery section and a steam turbine cycle,
enabling the valorisation of industrial aluminium scraps within a circular-economy frame-
work. A steady-state thermodynamic model was developed in Aspen Plus to evaluate
system performance under different operating conditions, with a sensitivity analysis on key
parameters such as the aluminium-to-water ratio (2.4—4), combustion efficiency, and steam
generation cycle parameters. The system performance is investigated in terms of useful out-
put (i.e., hydrogen and electricity production), including a simplified economic evaluation
for the assessment of sustainability. Results indicate that, for equivalence ratios ensuring
acceptable peak temperatures (<1700 °C), the system can deliver 2-3 MW of electric power
per kg/s of aluminium and achieve cogeneration efficiencies up to 83-87%, assuming a
high conversion rate of water into hydrogen (roughly 0.106 kg of produced H; per kg of
inlet Al, if 95% of mole conversion is considered). The minimum break-even levelized cost
of hydrogen is estimated to be 15.7 EUR/kg under current economic conditions.

Keywords: aluminium; hydrogen; waste heat recovery; cogeneration; electrofuels; circular
economy; environmental impact; energy conversion

1. Introduction

The global energy crisis and the continuous growth in energy demand have intensi-
fied the search for renewable and sustainable energy sources. In the EU, primary energy
consumption still relies heavily on fossil fuels such as natural gas, oil, and coal, which con-
tribute to air pollution and greenhouse gas emissions [1]. Although renewable sources such
as solar and wind power are expanding, they remain costly and subject to intermittency, as
highlighted in several reviews [2,3].

Hydrogen has emerged as a promising energy carrier thanks to its high gravimetric
energy density—an important advantage for mobile applications, as noted by Verhelst
and Wallner [4]—and its low pollutant emissions during combustion. Nevertheless, its
widespread adoption is limited by challenges related to storage, transport, safety, and
the environmental impact of current production pathways. In particular, the low density
of compressed hydrogen makes storage and transportation technically demanding and
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energy-intensive [5], while its inherent fire and explosion hazards pose additional safety
concerns [6]. Furthermore, well-to-tank emissions can vary significantly depending on the
production technology employed, potentially reducing the overall environmental benefits
of hydrogen [7]. Currently, fossil fuel-based methods remain dominant for industrial-scale
hydrogen production, such as gasification and steam reforming of natural gas, which
represents the principal technology accounting for more than 50% of the world’s hydrogen
production [8]. Whether the fuel is natural gas or coal, the main byproducts of the process
consist mainly of CO, Hj, and CO,, which significantly contribute to the greenhouse effect
and global warming. Hydrogen production from carbon-lean and carbon-free energy
sources, including renewable electricity, biomass, and metal fuels [9], still faces challenges
and methods are under development. In particular, water electrolysis, when fuelled by
sustainable energy, can be crucial for achieving carbon neutrality; however, further technical
progress and cost reductions are needed to attain scalability and economic feasibility for
current technologies. Cogeneration of hydrogen plus other energy harvesting, such as heat,
electricity, cold energy, or other fuels from waste materials or residual industrial energy
flows in general, can be a promising strategy for energy conversion and storage systems
applied in energy-intensive sectors, as in the metal, glass, concrete, and ceramic industries,
seeking more sustainable solutions (see some examples of advanced concepts investigated
in previous studies by the authors [10-12]).

Since the low environmental impact of hydrogen depends strongly on the source
used to produce it, it is undeniable the importance of developing alternative and green
paths for obtaining hydrogen. In this perspective, scientific research has moved towards
non-organic energy carriers with great interest, looking to use them in the reaction of metals
with water as a possible means of achieving zero-carbon hydrogen production. Metals
can be reacted with water to release their chemical energy at various power-generation
scales and produce hydrogen, which could be utilised in internal combustion engines and
fuel cells [5,13]. In these systems the metals are used as electrofuels [9,14,15] and they
represent a way to produce energy that overcomes the limits and environmental impacts of
common renewable sources, such as high efficiency, ability to be stored for longer periods of
time, transportability over long distances, and availability in large quantities. In particular,
aluminium exhibits significant potential as an energy carrier due to its high-energy content
per unit of mass and volume and its potential to release heat at high-temperature levels,
which is compatible with high-performance thermodynamic cycles. Aluminium also has
the following features: relatively low-cost, as scrap material; well-established production
process; high recyclability; the possibility of pollutant-free combustion; and an intrinsic
safety that would allow on-site hydrogen production with a combustion reaction. In more
detail, the combustion of aluminium (Al) with water (H,O) is a very attractive process
both for an energy conversion system and for a hydrogen production method due to the
low environmental impact and the release of a large amount of energy. When referring to
1 kg of aluminium consumed, the heat released is approximately 17.5 MJ and the amount
of hydrogen produced is 0.112 kg. In the process, 1.002 kg of water is needed for the
stoichiometric reaction and 1.890 kg of alumina is formed, according to Pini et al. [14].
Thus, the reaction produces hydrogen along with a significant amount of heat and alumina,
which can be recycled and retransformed into aluminium in a closed cycle. The residual
heat can be valorised through the use of heat recovery systems to also generate electricity.

In this scenario, the current paper focuses on an innovative hydrogen and power
production system based on the Al-H,O reaction, as introduced in previous studies (see
Refs. [16,17]), but with a new layout proposed with a particular emphasis on the additional
electrical production and the heat recovery optimisation added to the hydrogen generation
device. Furthermore, the thermodynamic investigation is accompanied by the first sensitiv-
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ity analysis on the economic feasibility of the system. Moreover, compared to the referenced
studies, the system considers liquefied aluminium instead of solid particulate. This study
starts from and further investigates in depth one of the two configurations presented by
Merecati et al. in [18] to convert the heat produced, as consequence of the reaction of Al-
H,O, into useful electrical energy. The process analysed in this study exploits the released
combustion heat in the exhaust to generate steam for a power turbine, in the framework
of a hydrogen-power cogeneration arrangement. This approach enables the recycling of
industrial aluminium scraps, enhancing material and energy recovery, supporting a circular
economy, and reducing production and disposal costs.

In particular, the proposed plant layout introduces a further employment of the
residual thermal power to pre-heat the reacting water, which was not considered in previous
studies compared to the proposed arrangement.

The layout of the proposed system is investigated and evaluated in terms of different
operating parameters, by means of simulations modelled through commercial software.
The parametric study aims to predict the performance of the innovative aluminium-water
system in terms of electrical power output, electrical efficiency, total cogeneration efficiency,
and economic feasibility under different operating conditions, with particular focus on the
exploitation of heat recovery and minimization of water consumption.

Indeed, the novelty of this work lies in the integration of liquid aluminium combustion
with a dual-stage heat recovery configuration, enabling the simultaneous production of
hydrogen and electricity within a single thermodynamic framework. Unlike previous
studies, which investigated these processes separately or relied on solid aluminium pow-
ders, the present system employs liquid aluminium as the reactant and incorporates a
dedicated water pre-heating section, thereby enhancing energy recovery and improving
overall cogeneration performance. In summary, the main contributions of this study with
respect to the existing literature are: (i) the proposal of a novel cogeneration layout based
on liquid aluminium combustion coupled with a two-stage heat recovery section; (ii) the
development of a thermodynamic model that accounts for realistic non-adiabatic operating
conditions; (iii) the combined assessment of hydrogen production, electric power output,
and preliminary economic feasibility. These features collectively distinguish the proposed
concept from previously investigated aluminium-water systems.

2. Materials and Methods
2.1. Description of the Conceived Process

A conceptual schematic diagram of the considered process is presented in Figure 1,
showing the main blocks along with material and energy streams. Both aluminium and
water reactants are pre-heated before entering the combustion chamber where the main Al-
H,O reaction occurs, which mainly produces hydrogen and alumina (and residual steam
in case of uncompleted reaction). The product stream then proceeds to a heat recovery
section where the combustion products are cooled down. This section can be in principle
used to produce useful heat or both heat and power. In fact, although the main product
of this plant is hydrogen, a predominant role is covered by the profitable usage of the
heat released during the combustion process. As described in [18], two different solutions
have been proposed to convert the heat produced into useful electrical energy: the first
directly using the gaseous combustion products (hydrogen and superheated steam) in a
gas turbine; the second exploiting the combustion exhaust thermal power to heat up water
in a steam turbine cycle. The proposed system will focus on the second option since it
allows one to adopt a combustion chamber working at atmospheric pressure, which is
much lower than the pressure values required for a gas turbine configuration. Furthermore,
in the steam cycle configuration, the combustion products (in which solid particles are
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present) are used in a heat recovery section to superheat a separate steam stream, which
subsequently expands in the turbine, not affected by the solid residuals of combustion. A
separation section is eventually collocated downstream of the plant, where the hydrogen
produced is separated from the solid alumina and the water, which can be recycled back
to the combustion chamber in order to minimise the overall water consumption. The
separation section is not analysed in detail in this study, while particular focus is put on the
thermodynamic aspect of the system.

T H: (9)

Al (s—> Alf) )
. . H, ()+H,0 Cooling and heat H +H,0 )
Pre-heating Combustion 2 (9)+H20 (g) recovery 2(9)+H20(9)|  Separation
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HZ0 () —>] >
Pell l Qout H,0 (g)l lA/QO3 (s)
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R — —
Figure 1. Schematic diagram of the cogenerative process key sections, with the main material and
energy flows.
2.2. Energy System Layout
The overall system layout is shown in Figure 2, where the main flow streams are
numbered and components are highlighted. It consists of four main sections, namely:
o  The aluminium reaction section (section A in Figure 2);
e  The gas cooling section for power generation (section B);
e The internal water pre-heating section (section C);
e  The gas separation section with the water recycling unit (section D).
B Pump C
A
Reactor SG1
SEP1
]
1 2 3 4
——O )+ 1 >
PR
20
13 i Alunbumed v
Mixer Turbine
12 H20 H20
! 10
}

Figure 2. Plant layout of the energy system.

Each section is briefly described below to clarify the flow of material and energy
throughout the system. This arrangement allows us to develop a thermodynamic lumped-
parameter model of the system, with the main focus on the energy demand and heat
exchange of each section.

Aluminium reaction section (A)
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In this section, an input stream of aluminium (stream 1 in Figure 2) is fed by an
external source of solid material. The solid material at ambient temperature is heated by an
external heat source in a heat exchanger (HX1) up to the melting temperature required for
entering the combustion section according to the combustor concept analysed by Milani
et al. in [19]. The use of liquid aluminium, rather than solid microparticles, avoids the
complexities associated with powder production and enables the recycling of industrial
aluminium waste, which can reduce the environmental impact of the product life cycle.
Moreover, this option prevents the formation of an oxide layer on the aluminium surface
and the subsequent activation process [20-22]. The melted aluminium (2) reacts with the
slightly superheated water steam (13) in the “Reactor” component, as shown in Figure 2,
which represents the combustion chamber. At equilibrium, the stoichiometric reaction
equation for solid aluminium and gaseous water reads as follows:

K
2Al(s)+3H,0(g) — AlbO3(s)+3Ha(g) — 954.8m—ol (T=25°C; p=1bar) (1)
The total amount of reacting water entering the combustor per unit of input aluminium
can be varied, and it is given by the sum of the input external water flow (11-12) and the
recirculated water flow rate (10) from the separation section. Downstream of the reactor,
the unburned aluminium (20) is then separated from the products (4) in a separation
unit (SEP1).

Gas cooling section for power generation (B)

In this section, the high enthalpy content of the combustion products is converted into
mechanical power using a steam turbine cycle, which can operate an electric generator.
The product stream (PR) exiting the reactor (4) is conveyed to a high-pressure steam
generator (5G1) where superheated steam (16) is produced and expands in a steam turbine.
Downstream of the turbine, a condenser is used to condensate the exhaust vapour (17)
into liquid water (18), and finally a circulating pump is used to obtain the turbine inlet
working pressure (19). The water steam mass flow rate produced in SG1 and the generated
power are calculated as a function of the combustion conditions (i.e., temperature of
combustion products).

Water pre-heating section (C)

In this section, a further exploitation of the residual heat of the products (5) is realised
in a second steam generator (SG2). This heat exchanger vaporises an external water stream
(11), which is subsequently mixed with the recirculated superheated steam (10) before
entering the combustion chamber (13). Thus, the SG2 component produces the make-up
steam consumed by the aluminium combustion process, utilising the residual heat content
of the combustion products after the SG1 unit.

Separation section (D)

In the final section of the system, two separation steps are considered. At first the
alumina (14) is separated from the gaseous phase products (7) in order to remove the
residual solid phase. Then the hydrogen (8) is separated from the excess water result-
ing from combustion (10). The separated water flow rate (10) mixed with the external
flow (12) is recirculated to the combustion chamber. The separated alumina (14) and hy-
drogen (8) streams are subsequently cooled to ambient temperature by additional heat
exchangers (HX3 and HX2), and the residual heat can be further utilised. The output
hydrogen stream (9) could eventually be conveyed to a storage system or to other direct
valorisation processes.
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2.3. Operating Conditions

The performance assessment of the entire system was addressed, considering the
influence of key size and operating parameters of the main components. Concerning the
combustion chamber, the main characteristic parameter is represented by the reacting
temperature, which is mainly affected by the inlet aluminium-water ratio. In particular, in
order to characterise the combustion process, in this study the following equivalence ratio
(A) definition, reporting the normalised oxidizer/fuel ratio, is considered:

N ) o
)
mar J stoic

where i1 is the combustor inlet mass flow rate, 7i14; the aluminium mass flow rate, and
(r2o/Mal) soic 1S the reaction stoichiometric ratio (based on Equation (1)). Despite the
lack of a large dataset of experimental data on the aluminium-water combustion process,
Figure 3 depicts the influence of the equivalence ratio on the temperature developed during
the reaction (T¢c), as reported in some of the available literature references [17,23,24]
and mainly obtained through flame modelling with reduced chemistry mechanisms. It is
interesting to notice that, in the range of A close to the stoichiometric value, the expected
combustion flame temperature values are extremely high (close or above 3000 K) and
not compatible with conventional combustor materials. Values of A above 2.4-2.5 are
considered reasonably acceptable (temperature drops below 2400 K) for the combustor
and the downstream components. If indeed A is too high, the water excess can cause a
significant temperature drop, while values of A <1 resultin a lack of water and unacceptable
rates of unburned aluminium. For this reason, the value of A considered in the current
analysis has been limited to the range of 2.4 to 4.
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Figure 3. Adiabatic flame temperature value as a function of the normalised oxidizer/fuel ratio
according to different sources: Tec from Franzoni et al. (2009) [24], from Mercati et al. (2013) [23], and
from Franzoni et al. (2010) [17].

It is important to clarify that the temperatures displayed in Figure 3 result from a
comparison between those presented in different studies. The temperature values reported
in [17] were calculated for different AI-H,O mass flow ratios, using the EQUIL code
of the Chemkin-2 library [25], while temperature values in [23] were obtained through
a numerical model created with the LMS Imagine LabAMESim code [26]. Finally, the
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analysis carried out in [24] consisted of the construction of a detailed kinetic mechanism
for Al-H,O reactions (based on data from different sources, for example, [27]) which was
used in the simulations based on the SENKIN code. Figure 3 also includes a mean trend
line representing the linear trend (obtained through least-squares linear regression).

Since the temperatures in the combustion must remain within a range of values
that can be realistically tolerated by the combustor, the values in [24] have been taken as
references for setting the temperatures in the subsequent simulations. The variation of A
affects the temperatures of the products (T4), which in turn determine the steam flow rates
in the steam generator and consequently the electrical power produced.

Concerning the power generation section (B) in Figure 2, a superheated steam turbine
cycle has been considered, imposing the steam thermodynamic properties at the turbine
inlet according to the state of the art of conventional steam cycles. The steam production
at SG1 is regulated by the exhaust gas conditions in (4) and the outlet temperature (5) set
in SG1. These temperature boundary conditions affect the water pre-heating section (C)
steam production. Eventually, the separation section (D) operating conditions are designed
by assuming a fixed temperature and separation yield for each stage of separation.

The system has been modelled using a lumped-parameter approach to assess its
potential energy performance and optimise its design through a parametric investigation.
In particular, the conceived integrated system can be considered as a cogeneration energy
system, producing both hydrogen and power (plus possibly residual heat) from the initial
aluminium feedstock.

3. Numerical Analysis
3.1. Software Implementation

An energy model of the thermodynamic system was implemented in ASPEN
Plus™ [28], a commercial tool for numerical lumped-parameter modelling of complex en-
ergy systems. The model is aimed to predict, in a steady-state condition, the performance of
the system, taking into account the main chemical reactions and mass and energy balances.
The implementation of the system layout in the software graphical interface is portrayed in
Figure 4, using standard components such as chemical reactor, heat exchangers, pumps and
turbine units, and other auxiliary components (separators, mixers, etc.). In particular, the
combustion chamber is modelled with a conversion reactor, a separator which simulates
the removal of the unconverted fuel, and a downstream heat exchanger (HX4 in Figure 4) in
order to take into account the heat loss due to combustor cooling and non-adiabatic effects.
The liquid aluminium preparation for combustion from the solid material is emulated
with a heat adder (HX1 in Figure 4). Both steam generators SG1 and SG2 are simulated
with water—gas heat exchangers, thermally designed by setting the hot fluid outlet state
(SG1 in Figure 4) and cold fluid outlet state (5G2). The turbines and pumps are designed
by setting the related isentropic efficiency parameters. For simplicity, all separation units
(SEP1, SEP2, SEP3) were assumed to operate with an ideal 100% removal efficiency, in order
to estimate the maximum hydrogen production at the outlet. This assumption does not
significantly affect the power generation, while hydrogen output can be affected. Actual
separation efficiency values depend on different aspects, including the admitted cost for
separation, the implemented sections of separation, and the type of available technology,
not analysed in this study. A further analysis could focus on a more realistic data for
gas—water—solid separation systems, where the reduced separation efficiency (e.g., values
ranging between 90% and 95% could represent a target for the filter design) could result in
a proportional lowering of the hydrogen production and could imply the need to consider
alumina residuals.
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O Temperature (C)
() Pressure(bar)
Z Mass Fow Rate (g/sec)
Q  Duty (kW)

W Mechanial Power (kW)

Figure 4. Aspen Plus system model including numerical results (mass flow, temperature, pressure,
and power quantity values) obtained corresponding to the design-point operating conditions A = 2.4.

Figure 4 shows numerical results in terms of temperature, pressure, mass flow rate,
exchanged heat, and mechanical power values for each system section, identified by the
numbers within the boxes. The values correspond to the operating conditions evaluated at
an equivalence ratio of A =2.4.

3.2. Input Parameters

The key numerical assumptions used in the simulations are summarised in Table 1. A
unit mass flow rate of aluminium at the combustion chamber inlet (1 kg/s) is considered in
all the simulations in order to obtain the system performance per unit of inlet feedstock.
The liquid aluminium combustor inlet temperature is set to 700 °C, while the inlet water is
considered in a slightly superheated state with temperature equal to 110 °C and pressure
equal to 1 bar. Parametric simulations were performed by varying the water feed conditions,
i.e., the fresh water consumption, calculated as a function of the equivalence ratio (A) and
varied within the range of 2.4 to 4. At the combustor chemical reactor, the one-step direct
reaction (1) has been imposed (thus involving only the main combustor products and
neglecting intermediate species). Adiabatic temperature is considered from [24] and, in
order to account for the non-idealities in the combustion process, two efficiency terms
are included, namely a chemical reaction conversion (nc) and a thermal efficiency (77,),
accounting for the heat dissipation through the combustor walls. This thermal efficiency
estimates the heat losses related to the non-adiabatic nature of the combustion device by
reducing the product temperature at the combustor outlet (T4). The overall efficiency of
aluminium combustion remains a design-dependent variable in the process, depending on
the actual design features of the innovative combustor. In this study, the thermal efficiency
term has been varied to account for different geometrical features of the chamber. Three
different values of combustor thermal efficiency (1) were evaluated, namely 100%, 95%,
and 90%, for the purpose of comparison, while a constant ¢ value equal to 95% has
been fixed for the sake of simplicity, in line with conventional liquid fuel combustors.
Furthermore, this study considers a mean value, accounting for the differences occurring
in actual combustion across the A range. The values of product temperature (T4) subject to
thermal efficiency (17,4) are shown in Table 2.
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Table 1. Operating parameters of the system.
Sections Parameters Values
Oxidizer/fuel ratio (A) range 2.4-4
Aluminium inlet pressure 1 bar
Aluminium inlet temperature, T, 25°C
busti Aluminium inlet flow rate 1kg/s
com (X)s ron Liquid aluminium inlet temperature, T 700 °C
Combustion chamber pressure 1 bar
Thermal efficiency, 774 100-90%
Chemical conversion efficiency, 1c 95%
Water inlet temperature, T3 110 °C
Steam turbine inlet temperature, T1¢ 480 °C
heat recovery and .
wer seneration Steam turbine inlet pressure 40 bar
powe g(;) eratio Steam turbine isentropic efficiency, njs 80%
Condensation pressure 0.2 bar
Water inlet temperature, T1; 25°C
water pre-heating Water inlet pressure, p11 1 bar
© Water inlet flow rate, mj; = my» 0.96 kg/s
Water outlet temperature, T1 110 °C
Temperature of products after o
. : . 110 °C
separation separation unit, T
(D) Hydrogen cooling temperature, Tg 25°C
Alumina cooling temperature, T35 25°C
Table 2. Adiabatic flame temperature and SG1 to SG2 inlet temperature.
TecI°Cl T, [°C] T4 [°C] T4 [°C] o
Al-] Mec=95%) (73=100%) (73=95%) (175 =90%) Ts [°Cl
2.4 1727 1545 1467 1390 495
2.6 1627 1473 1399 1326 479
2.8 1527 1401 1331 1261 463
3.0 1407 1311 1245 1180 441
3.2 1327 1258 1195 1132 432
34 1247 1198 1138 1078 417
3.6 1167 1135 1078 1021 401
3.8 1107 1092 1038 983 392
4.0 1027 1035 984 932 380

The combustor outlet temperature affects the produced steam in SG1. Moreover, the
temperature of the product stream at the SG1 outlet (stream 5 in Figure 2) has been set in
order to maintain the gas (6) at 110 °C at the separation entry (section D). The circulating
water flow rate in SG1 (19) has been varied to accomplish a turbine operating temperature
of 480 °C. The steam produced in SG1 expands at 40 bar (as suggested in [17,23]) in the
turbine, which is assumed to be working with an isentropic efficiency of 80%. These
values are in line with those commonly adopted for steam power units of waste-to-energy
facilities [29], where risks of fouling, inherent material compatibility, and cost issues could
emerge at higher steam temperature and pressure. Downstream of the expansion, the
condensation pressure has been set equal to 0.2 bar, as specified in [16]. The reacting water
in the combustion chamber is calculated according to the A value. It is important to note
that the reacting water (13) is the sum of an external renewal amount of water (stream 11)
and the recirculated excess water flow rate (stream 10) from SEP3, both flowing at 110 °C.
The renewal water (11) per unit of input aluminium flow is constant, and the recirculation
water flow rate (10) is varied as a function of A. The external water flow rate i results
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from the combustion efficiency setting. The operating parameters, temperatures, and mass
flow rate setup are summarised in Tables 1-3.

Table 3. Normalised water mass flow rates per unit of inlet Al flow.

Al myy [kg/s] ritg [kg/s] nig3 [kg/s] tit9 [kg/s]
24 0.96 1.47 243 3.01
2.6 0.96 1.63 2.59 291
2.8 0.96 1.81 2.77 2.82
3.0 0.96 2.08 3.04 2.72
3.2 0.96 2.20 3.16 2.61
3.4 0.96 241 3.37 2.54
3.6 0.96 2.67 3.63 2.48
3.8 0.96 2.82 3.78 241
4.0 0.96 3.04 4.0 2.32
4. Results

4.1. Thermodynamic Performance Parameters

To evaluate the system performance under variable operating conditions, the following
energy-related quantities were calculated:

- The hydrogen chemical power (Fy;), namely the primary output of the system, defined
as follows:

Frp = LHV g+t 3)
where 7ity; is the produced hydrogen mass flow rate value (stream 9 in Figure 2), which
depends on the aluminium flow (ri14;) and conversion efficiency (1c).

- The input aluminium energy contribution (F 4;), which is as follows:

Fap = LHV g - thp 4
where the aluminium lower heating value (LHV 4;) and aluminium mass flow (ri14;) are
included.

- The system net electrical power output (P,;), defined as follows:

Pel = mHZO,turb . Ahis' Nis* MO (5)

where 10, 1y i the steam turbine flow rate, Ah;; is the turbine isentropic specific work,
17is is the turbine isentropic efficiency, and #¢ is the steam cycle organic efficiency equal to
95%, in line with medium-size steam power plants [29]. This term accounts, with a holistic
approach, for the power used for auxiliaries, for the effect of the main pressure losses, and
for minor miscellaneous losses, as solid transportation.

- The associated electrical efficiency (7,;), calculated as follows:

Dy
. 6
el Fuf (6)
considering the aluminium energy conversion into electric power output.
- A cogeneration efficiency term (7,t) was also introduced to account for both hydrogen

and electricity production as follows:

P,;+ F
Htot = % (7)
Al
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It should be mentioned that this index quantifies the possibility to convert the aluminium

potential energy into two different forms, without accounting for differences in energy

quality (exergy).

- Finally, a first-law cogeneration efficiency (1;) was defined by including residual heat
recovery and aluminium pre-heating requirements, resulting in the following:

P,y +Fgp +Q
n = . 2 ®)
Far +Qua

where Qp, represents the available residual heat flow recovered by cooling the hydrogen

and alumina outlet streams (down to 25 °C) downstream of the gas separation section
(in HX3 and HX2), while Qy; is the heat demand to pre-heat the aluminium before the
combustion chamber. Since the residual heat is produced at a temperature of 110 °C, Qy,
could be provided to a low-/medium-grade heat user to produce an additional cogenerative
useful effect.

- Eventually, the heat power recovered at SG1 (Qsg1) and SG2 (Qsg2) is also analysed.

4.2. Thermodynamic Performance Results

The main results are plotted in Figures 5-8. In particular, Figure 5A shows the net
electrical power output and thermal power at steam generators SG1 and SG2 per unit of
inlet aluminium mass flow versus the oxidizer/fuel ratio for a constant 77; value of 100%
(no dispersion through the combustor wall, i.e., ideal case). The maximum specific power
production per unit of inlet aluminium flow is achieved at the lowest equivalence ratio and
it is equal to 2470 kW /kga;. The decreasing trend versus A of the recovered power Qg7 is
due to the reduction in the steam mass flow rate generated in SG1, due to the decreasing
temperature T, (while the value of the steam turbine inlet temperature is constant, equal to
480 °C).

A)

B Pel
B Qsct
B asc2 |-

| 0859 08541 08490 (45!
0.837 220833 220,628 :

0.841
0.8

21 . . 0.81
0.8 1 B

06

Efficiency [-]

04 [

Figure 5. Effect of the oxidizer/fuel ratio on the output electric power and on the heat flow at SG1
and SG2 per unit of inlet aluminium mass flow (A) and on the electric and cogeneration efficiency
terms (B) in the case of ¢ = 95% and 77; = 100%.
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Figure 6. Specific electric power (A) and electric efficiency of the steam cycle (B) effects of A and
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Figure 7. Cogeneration efficiency (A) and first-law efficiency (B) effects of A and #, values.

Figure 5B shows the effect of A on the obtained system efficiency values. In particular,
while the electric efficiency values of the steam cycle are not remarkable (ranging between
11% and 14%), the 7o+ values are significantly high (above 83%) due to the cogeneration
of hydrogen and electricity, and for the high contribution of the hydrogen production
rate occurring at high conversion efficiency. The first-law efficiency values are slightly
lower than the #,; values, due to the limited impact on performance of the aluminium pre-
heating and Qp,. It should be mentioned that the relatively low electric performance derives
from the conservative design assumptions adopted for the steam cycle. These values are
in line with cases of existing small-medium power plants, such as for the biomass and
waste-to-energy plant cases, if conventional materials are used [29].
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Figure 8. T-Q diagram at SG1 and SG2 for the case: A =4 and #; = 100% (A); A = 2.4 and 775 = 100%
(B); A=4and 175 =90% (C); A =2.4 and 14 = 90% (D).

To evaluate the influence of heat losses in the combustion chamber on the system
performance, a comparison of three different values of combustor thermal efficiency (17,),
namely 100%, 95%, and 90%, has been carried out. As expected, the system’s electric
production and the efficiency terms decline with decreasing combustion efficiency (see
Figures 6 and 7), since the product’s temperature decreases, affecting the generated steam
mass flow rate.

The heat exchange diagrams for SG1 and SG2 are presented in Figure 8 for two
opposite values of A and two cases of combustion efficiency. The plot shows that for the
adiabatic case (17; = 100%) the temperature and the heat exchanged are higher compared
to the 4 = 90% case, both for the maximum and the minimum A values (Figure 8). It is
noteworthy that the majority of heat exchange occurs in SG1, due to the higher temperature
of the combustion products.

In order to optimise the steam cycle in the case with A = 2.4, showing a large difference
between the hot and cold sides at SG1, a further parametric study was performed by
varying both the steam temperature (in the range 480-600 °C) and the steam pressure (from
40 bar to 180 bar).
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Figure 9 shows the obtained steam cycle performance in terms of specific power
per unit of aluminium flow. The steam cycle with a subcritical pressure value of 180 bar
and a temperature of 600 °C is the best performing, with an electric power increase of
23.04%. The variation of these parameters significantly improves performance but may
present some further implications regarding increases in capital costs, material constraints,
and operational safety that will not be discussed in this paper. The maximum value of
600 °C used here is in line, but not at the peak, with the current state-of-the-art steam
power plants, adopting advanced materials (nickel/chrome-based metal blends) for the
superheater section.

3000 T T T
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2600

specific electric power [kW / kg /s]
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2400 i : :
0 50 100 150 200
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Figure 9. Parametric analysis on steam turbine inlet temperature and pressure values (case of A = 2.4).

Furthermore, as shown by the T-Q exchange diagram in Figure 10, the AT between
the cold and hot streams was significantly reduced. It can also be noticed that, for the
same thermal power released by the hot stream, the contribution linked to economization
increases while the vaporisation decreases since the steam flow rate is reduced.

1600
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Figure 10. T-Q diagram of the steam generator SG1 for A =2.4 at T = 600 °C and p = 180 bar.

https://doi.org/10.3390/en19030715


https://doi.org/10.3390/en19030715

Energies 2026, 19, 715

15 of 20

Finally, the aluminium conversion efficiency (c) was reduced for the two extreme
cases of equivalence ratio (A = 2.4 and A = 4.0), to assess the effect of the aluminium reactor
technology on the system performance. The value of nc = 75% reported in the experimental
study by Barelli et al. [30] was adopted to evaluate the impact of this parameter on the
combustion chamber outlet products. The results indicate a proportional reduction in the
outlet hydrogen mass fraction and an increase in the water fraction of the same magnitude
in both scenarios.

4.3. Preliminary Economic Analysis

The economic performance of the system is primarily influenced by investment and
the values of both electricity and hydrogen generation. A preliminary economic evaluation
is performed to estimate the value of the electric energy produced by the proposed energy
system, primarily due to its fuel consumption, treating the system as an aluminium-fuelled
power plant. According to this simplified hypothesis, the cost of electricity (Ec) could be
evaluated as:

Ec = ME,, - SFC )

where ME 4 represents the market-specific metal price of primary aluminium [EUR/kg] and
SFC [kg/kWHh] is the specific fuel consumption of the system, which relates the aluminium
mass flow rate necessary per unit of generated electrical power and is calculated as follows:

sFc = 24l (10)
Py
The energy cost has been evaluated considering the primary aluminium price (ME4;)
equal to 2.61 EUR/kg [31]. Figure 11 illustrates a straightforward relationship between
A and the energy cost, which depends on decreasing electric power and subsequently
increasing SFC values.

SFC [kg/kWh]
[um/zl o3

Figure 11. Specific fuel consumption and cost of electricity versus equivalence ratio.

The values of the cost of electricity (in the range of 3.6-4.7 EUR/kWh) obtained with
this very simplified approach, which includes only the impact of the “fuel” cost as the main
driver of OPEX (i.e., even neglecting all other sources of cost, in the frame of a first rough
calculation), are extremely high and not competitive with the current electricity markets,
where prices can be one order of magnitude lower. Nevertheless, this approach does not
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include the CAPEX and the economic value due to the cogeneration of hydrogen in the
economic sustainability of the project.

Thus, a parametric economic analysis was developed to evaluate the profitability of
the system for the case A = 2.4, considering the initial investment (Iy), the operating costs
(OC), and the revenues (R) from both the hydrogen and electricity sales over a multi-year
time horizon (n). The net present value (NPV) was then calculated as follows, assuming an
appropriate financial discount rate (r) and maintaining all values constant each year:

n R—-0C
NPV =—Ih+) L (11)

The analysis enabled the identification of the break-even hydrogen price assumed
here as LCOH (levelized cost of hydrogen), which is defined as the specific selling price
(levelized over the time horizon) at which the NPV becomes zero. This value represents the
economic threshold above which the project becomes profitable, and it can be considered as
a central benchmark for assessing the economic viability of hydrogen production with the
proposed plant under the assumed market conditions. The values of the main parameters
assumed as reference in the analysis, which are mainly based on the Italian/European
market scenario and also following a previous techno-economic analysis by the authors
on hydrogen-related systems [32], are summarised in Table 4. In particular, the produced
electricity has been initially valorised with a constant electric energy price (EEP) value,
basically in line with the Italian national market price (PUN). A sensitivity analysis was
also conducted to assess the influence of the EEP value on the economic performance of the
system, comparing a current mean EEP value of 132 EUR/MWh in Italy [33] with reduced
EEPs (115 EUR/MWh and 0 EUR/MWh) and a raised EEP (150 EUR/MWh).

Table 4. Economic sustainability analysis parameters.

Parameters Values Unit
Aluminium (scraps)-specific cost [34] 1.76 EUR/kg
Electric energy reference selling price (PUN) [33] 132 EUR/MWh
Industrial water specific cost 0.002 EUR/kg
Discount rate (r) 3% -
Plant capacity factor 80% -
Time horizon (n) 20 years

Concerning the plant investment cost Iy and the LCOH, these two key and unknown
factors have been considered as variables in the break-even-point analysis. The link between
the initial investment Iy (normalised per unit of aluminium mass flow consumption) and
the hydrogen specific selling price in break-even conditions is shown in Figure 12.

Based on the performed NPV analysis, the minimum break-even levelized cost of
produced H (i.e., at zero investment cost) results equal to approximately 15.7 EUR/kg»
for the reference EEP case. This estimated break-even hydrogen price aligns with the
levelized cost ranges for green hydrogen production presented in the Italian National
Hydrogen Strategy [35], which identifies costs on the same order of magnitude (approxi-
mately 9-16 EUR/kg) across different production and transport scenarios. The break-even
Ip-LCOH line shows a steep slope, i.e., a rise in the specific investment cost equal to
10.000 EUR/kga;/h entails a rise in the levelized cost of hydrogen of almost +1 EUR/kgp.
The results also show a clear relationship between electricity remuneration and the hy-
drogen break-even price: decreasing the market electricity price leads to a higher value
for the break-even hydrogen price and vice versa. If the EEP is lowered to 0 EUR/kWh,
the calculated minimum break-even LCOH is equal to 16.7 EUR/kg,. The influence of
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fluctuations in the aluminium market on LCOH can also be highlighted, as shown in the
following example: if the price of aluminium scraps is set equal to the price of primary
aluminium (2.61 EUR/kga; [31]) then the break-even levelized cost of hydrogen increases
to 23.7 EUR/kgpp, showing a significant impact of the input metal cost on the actual eco-
nomic performance of the plant. Eventually, the assumed value of the water price within
an industrial scenario can vary between less than 1 EUR/t and 34 EUR/t, but the impact
on the calculated LCOH of the consumed water variation within this range results as less
significant than the other factors.

15,000 ‘

——— EEP = 150 €/MWh ‘
——— EEP = 132 €/MWh (PUN) |
10,000 | —— EEP = 115 €Mwh i
fffff EEP= 0 €/MWh

Al

5000

o [€/kg /h]

; /i
: : / /)
~5000 i i / /] I i i
14 14.5 15 15.5 16 16.5 17 175
LCOH [€/kg]

Figure 12. The system break-even specific investment cost vs. the H; levelized specific cost, calculated
for different electricity energy price values for n = 20 years.

5. Conclusions

This study presents a preliminary assessment of an innovative cogeneration system
based on the aluminium-water reaction, designed to simultaneously produce hydrogen
and electricity while enabling the valorisation of industrial aluminium scraps. The main
research results are as follows:

e  The thermodynamic modelling and parametric simulations carried out in this work
demonstrate that the proposed concept can operate effectively within a well-defined
equivalence ratio range of 2.4—4, ensuring combustion temperatures compatible with
conventional materials (<1700 °C). Within this operating window, the system achieves
stable and efficient energy conversion, delivering between 2.0 and 3.0 MW of electric
power per kg/s of aluminium, depending on the combustor thermal efficiency, while
hydrogen production reaches 0.106 kg of H, per kg of aluminium for a conversion
efficiency of 95%. As a result, overall cogeneration efficiencies in the range of 83-87%
are obtained, exceeding 90% when residual heat recovery is included.

e  From a sustainability perspective, the use of liquid aluminium—particularly when
sourced from recycled industrial scraps—enhances the circular-economy potential
of the proposed system. Nevertheless, several challenges must be addressed before
large-scale deployment can be considered. In particular, the scalability of the system
is currently limited by the technological maturity of aluminium combustion devices,
especially with regard to material resistance at high operating temperatures and the
management of reaction by-products.

e  The preliminary economic analysis, based on the net present value method, indicates
a minimum break-even levelized cost of hydrogen in the range of 15-17 EUR/kg. The
results highlight that the economic performance of the system is primarily driven
by the capital investment associated with the aluminium conversion unit and, to a
lesser extent, by the revenues generated from electricity production. These findings
underline the importance of jointly evaluating hydrogen and electricity markets when
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assessing the overall economic viability of aluminium-based cogeneration systems.
Moreover, the analysis is conducted per unit of input metal flow, in order to be
scaled to different plant sizes, but the investigation is performed considering the
steam cycle thermal parameters in line with small/medium-size electric power plants,
typical of biomass and waste-to-energy power plants. Among the limitations of the
presented study, it should also be mentioned that the actual economic performance
will be affected by other factors, such as the recovery cost and the market value of the
aluminium oxide by-product which are not included but act in opposite directions.

Future research should focus on the experimental validation of the thermodynamic
model, with particular emphasis on the verification of (i) combustion temperature, (ii) the
actual heat required to prepare liquid aluminium, and (iii) the dissipated heat and their
impact on hydrogen yield, in order to confirm the assumptions adopted in the present
numerical analysis. Further efforts should also address the optimisation of heat recovery
and separation stages, as well as advances in reactor design and high-temperature materials,
which will be crucial to fully unlock the potential of metal-water reactions as a viable
pathway toward low- and zero-carbon energy systems. In addition, future studies may
investigate the direct utilisation of the hydrogen produced by the proposed system in
fuel cell technologies (as reported in [36,37]), enabling an integrated power generation
configuration and further enhancing overall system efficiency.
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Nomenclature

Acronyms and subscripts

Al Aluminium
COND Condenser

H; Hydrogen

H,O Water

HX Heat exchanger
PR Product stream

PUN National electric energy selling price

SEP Separation unit
SG Steam generator
stoic Stoichiometric
turb Turbine
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Symbols
Ahjg Isentropic specific work [k] /kg] Q Thermal power [kW]
AT Temperature differential [°C] r Financial discount rate [-]
Ec Energy cost [EUR/kWh] R Revenue [EUR]
EEP Electric energy price [EUR/kWh] SFC Specific fuel consumption [kg/kWh]
F Chemical power [kW] T Temperature [°C]
Iy Initial investment [EUR] Tce Adjiabatic flame temperature [°C]
LCOH  Levelized cost of hydrogen [EUR/kg] A Equivalence ratio [-]
LHV Low heating value [k]/kg] nc Chemical conversion efficiency [%]
m Mass flow [kg/s] 14 Thermal efficiency [%]
ME Primary market price [EUR/kg] el Electric efficiency [%]
n Time horizon [years] 11 First-law conversion efficiency [%]
NPV Net present value [-] Tis Isentropic efficiency [%]
ocC Operating costs [EUR] no Organic efficiency [%]
p Pressure [bar] ot Cogeneration efficiency [%]
P, Electric power [kW]
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