* water

Article

Exploring the Viability of Utilizing Treated Wastewater as a
Sustainable Water Resource for Green Hydrogen Generation
Using Solid Oxide Electrolysis Cells (SOECs)

Marina Maddaloni -3, Matteo Marchionni %, Alessandro Abba 2(2, Michele Mascia 4, Vittorio Tola ?,

Maria Paola Carpanese °

check for
updates

Citation: Maddaloni, M.; Marchionni,
M.; Abb4, A.; Mascia, M.; Tola, V.;
Carpanese, M.P; Bertanza, G.; Artioli,
N. Exploring the Viability of Utilizing
Treated Wastewater as a Sustainable
Water Resource for Green Hydrogen
Generation Using Solid Oxide
Electrolysis Cells (SOECs). Water
2023, 15, 2569. https://doi.org/
10.3390/w15142569

Academic Editor: William
Frederick Ritter

Received: 20 June 2023
Revised: 9 July 2023

Accepted: 11 July 2023
Published: 13 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Giorgio Bertanza

2 1,2,%

and Nancy Artioli

CEEP Laboratory, Department of Civil Engineering, Architecture, Territory, Environment and Mathematics,

University of Brescia, via Branze 38, 25123 Brescia, Italy; marina.maddaloni@unibs.it

Department of Civil, Environmental, Architectural Engineering and Mathematics, University of Brescia,

via Branze, 43, 25123 Brescia, Italy; alessandro.abba@unibs.it (A.A.); giorgio.bertanza@unibs.it (G.B.)

Consorzio Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali (INSTM),

University of Brescia, via Branze 38, 25123 Brescia, Italy

Department of Mechanical, Chemical and Materials Engineering, University of Cagliari, via Marengo 2,

09123 Cagliari, Italy; matteo.marchionni@unica.it (M.M.); michele.mascia@unica.it (M.M.);

vittorio.tola@unica.it (V.T.)

5 Department of Civil, Chemical and Environmental Engineering, University of Genova (UNIGE-DICCA),
via Montallegro 1, 16145 Genoa, Italy; maria.paola.carpanese@unige.it

*  Correspondence: nancy.artioli@unibs.it

Abstract: In response to the European Union’s initiative toward achieving carbon neutrality, the
utilization of water electrolysis for hydrogen production has emerged as a promising avenue for
decarbonizing current energy systems. Among the various approaches, Solid Oxide Electrolysis Cell
(SOEC) presents an attractive solution, especially due to its potential to utilize impure water sources.
This study focuses on modeling a SOEC supplied with four distinct streams of treated municipal
wastewaters, using the Aspen Plus software. Through the simulation analysis, it was determined that
two of the wastewater streams could be effectively evaporated and treated within the cell, without
generating waste liquids containing excessive pollutant concentrations. Specifically, by evaporating
27% of the first current and 10% of the second, it was estimated that 26.2 kg/m? and 9.7 kg/m?3 of
green hydrogen could be produced, respectively. Considering the EU’s target for Italy is to have 5 GW
of installed power capacity by 2030 and the mass flowrate of the analyzed wastewater streams, this
hydrogen production could meet anywhere from 0.4% to 20% of Italy’s projected electricity demand.

Keywords: green hydrogen; wastewater; renewable energy sources

1. Introduction

The European Union is taking on climate change through an ambitious energy transi-
tion program to achieve carbon neutrality by 2050. The aim is to reduce emissions by over
85% by adopting Renewable Energy Sources (RESs) [1].

By transitioning to RESs, the aim is to decrease the current heavy dependence on fossil
fuels and energy imports by over 70%, thereby benefiting the environment and the economy.
This includes adopting sustainable heating in buildings through RESs like electro-fuels,
green Hj, and biogas [2-4].

In the transportation sector, the automotive industry is investing in low-emission
technologies such as electric vehicles [5,6]. However, current batteries do not meet the
requirements for long-haul transport, limiting their use in areas like air and maritime
transportation [7-10].

To address this challenge, biofuels offer a promising option for achieving substantial
emission reduction [11,12]. Within this context, Hy-based technologies can play a crucial
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role as medium- and long-term solutions [13]. However, transitioning to a hydrogen-based
economy, alongside the electrification of a growing share of the energy sector and the
utilization of bio-based carbon sources, may not be sufficient to attain carbon neutrality.
Many industrial processes use fossil sources as carbon feedstocks and release significant
CO, emissions that are challenging to mitigate. Consequently, alongside emission reduction
efforts [14-16], it becomes necessary to capture, store, and utilize emitted CO,.

The development of technologies for Carbon Capture and Utilization (CCU) will
play an increasingly vital role in this endeavor. Among these technologies, Power-to-X
(P2X) approaches have emerged as prominent methods to convert electrical energy into
synthetic liquids or gases (such as hydrogen, methanol, and methane) [17-19], utilizing
captured CO; as a feedstock. Notably, the Power-to-Methanol technology stands out as it
captures CO; emissions, combines CO, with H; to produce methanol, and reintroduces
them into industrial processes as a renewable energy source, aligning with the principles of
a circular economy [20-23].

To achieve the widespread adoption of green hydrogen as part of the global energy
transition, electrolysis has emerged as a key process for hydrogen production, which
utilizes only water and electricity, with the sole by-product being oxygen according to the
reaction shown in Equation (1) [24]:

1
H,O =H, + 5 O, (1)

The two well-established low-temperature processes, alkaline and Polymer Electrolyte
Membrane (PEM) electrolysis, are the main industrial electrolysis processes. An alkaline
electrolyzer (AE) generally uses nickel-based electrodes, porous separators such as Zirfon©
from Agfa which is composed of a polysulfone matrix and ZrO, powder [25], and concen-
trated KOH solution as the electrolyte. A cell of this type generally operates under mild
conditions, with temperatures in the range between 30 and 80 °C and current densities
below 1 A cm~2. Anion-Exchange Membranes (AEMs) are expected to replace separators,
thus increasing the performance to values similar to PEM electrolyzers [26]. A PEM elec-
trolyzer also works in the temperature range between 20 and 80 °C. Its high activity in the
production of H, from water is ensured by the high current densities (well above 1 A cm™~2),
but PEM uses noble metals at the cathode (generally Pt/Pd) and at the anode (usually
constituted by IrO, /RuO;) [27]. Both technologies produce hydrogen at low temperatures,
with relatively high energy demands. Both PEM electrolysis and AEM electrolysis operate
at cold startup times with very low temperatures and could be effectively powered with
renewable energy sources for storage or use in transport applications.

However, high-temperature processes can be exploited to supply green hydrogen,
including methanol synthesis, allowing the thermal integration between electrolyzers
and reactors [28].

Solid Oxide Electrolysis Cells (SOECs) are electrolytic cells capable of operating in
harsh conditions of high pressure and high temperature until reaching a range between
500 and 850 °C. This allows the use of incoming water in the gaseous form [29]. The struc-
ture of these cells is characterized by a solid cathode and a solid anode, which are separated
by a solid porous electrolyte that is capable of conducting O*~ ions generated at the cath-
ode [28]. The most commonly used electrolytes are yttria—zirconia-based materials (YSZ)
due to their high stability, low toxicity, and high abundance [30,31], but in recent years, elec-
trolytes based on ceria, such as Gadolinium-Doped Ceria (GDC) or Samarium-Doped Ceria
(SDC), are replacing conventional YSZ electrolytes due to their higher conductivity [32].
Recently, these materials have also been often employed as cathodes as an alternative to
the most common Ni-cements, especially in the case of cells with YSZ electrolytes [33], for
which they show good compatibility. In an SOEC, the O%~ ions generated at the cathode
and transported by the electrolyte are used at the anode to form O,(g) and electrons; thus, a
good anode for these cells must be characterized by high ionic and electronic conductivities.
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Perovskites and perovskite-based materials have been proven to be particularly suitable
for the role [28].

Both PEMs and AEs require a high purity of the inlet water to produce hydrogen [27],
and this could be a problem since fresh water is a scarce and precious resource that is
destined to become even more scarce due to the increase in world population, global
warming, and widespread pollution of water bodies [2,34,35]. For this reason, it is essential
to study alternatives that allow the exploitation of the abundance of different high-salinity
concentrated seawaters, rainwaters, and industrial or urban wastewaters, thereby keeping
a high efficiency in water conversion.

In this context, SOECs could represent a concrete possibility to spread the use of
Power-to-Methanol technologies on a global scale for the production of green hydrogen,
but without tapping into clean water sources that are already rare on the planet. Moreover,
their high efficiency (~90-100%), the possibility to use high pressure, and the high purity of
the obtained hydrogen make these electrolytic cells competitive both in PEMs and AEs for
industrial purposes [36,37].

The main advantage of SOECs is that this type of high-temperature electrolyzers uses
evaporated water flows and, therefore, unlike AEs and PEMs, pure water is not required. In
fact, if wastewater is evaporated, the impurities and salts present in the starting batch can
be mostly separated from the inlet vapor, thereby avoiding adverse effects on solid oxide
electrolysis cells but still using wastewater without further treatment. This is a fundamental
aspect because it opens the door to the use of impure water to obtain high-quality level of
green hydrogen, not only in highly industrialized areas, where industrial wastewaters can
be used by maintaining the principles of a circular economy, but also in areas of the world
where clean water is scarce even for the needs of the population.

However, at present, SOECs are still in an experimental phase, and despite the avail-
ability of some studies on the use of these cells to directly split seawater [35,37-40], there
is no application that involves the use of wastewater. There are two main concerns about
direct wastewater electrolysis in SOECs: (i) the value of energy consumption due to a pos-
sible wastewater pre-treatment and its evaporation, and (ii) the heterogenic composition
of wastewater.

In particular, the management of municipal and industrial wastewaters is described in
Figure 1. Industrial wastewater can be discharged into the environment (such as surface
water) after its treatment in a complete industrial WasteWater Treatment Plant (WWTP);
alternatively, and most commonly, as shown in Figure 1, it can be pre-treated in an industrial
WWTP and discharged in a public sewer (for this, specific standards must be complied
with the Limit PS), together with domestic wastewater. This means that urban wastewater
(the mixture of industrial and domestic flows) quality could also vary according to the
percentage and type of industrial wastewater [41]. In Italy, treated municipal wastewater
to be discharged into surface water must comply with the limits imposed by the country, or
with more restrictive limits provided by regional regulations (Limit SW) [42,43].

The novelty of this study lies in its emphasis on the potential of SOECs that could
operate effectively using treated wastewaters as the water sources by exploiting the pos-
sibility of operating in high-temperature conditions and using water in its gas form as
the inlet source. In pursuit of this objective, the focus begins with real wastewaters that
have undergone treatment in a municipal wastewater treatment plant (represented as
streams A, B, C, and D in Figure 1). To assess the energy balance of the system under
investigation, detailed models of the main sections of the SOEC plant, which receives steam
from wastewater, were developed and implemented using the commercial software Aspen
Plus by AspenTech. These models were employed to analyze and evaluate the energy
requirements and overall efficiency of the proposed system.
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Figure 1. Schematic representation of the destiny of domestic and industrial wastewaters. Industrial
wastewater can be discharged in public sewers if it respects the limits reported in the Materials and
Methods section (Limit PS). Urban wastewaters (industrial + domestic wastewaters) conveyed by
public sewers are sent to a municipal wastewater treatment plant (WWTP). The treated wastewater
(streams A, B, C, and D) can be discharged into surface water if they respect the Limit SW, or they can
be sent to a SOEC for the conversion of H,O into Hj. The liquid that remains after the evaporation of
the streams can be discharged into surface water (Scenario 1) if it respects the Limit SW or, if it does
not, it can be re-discharged into public sewers for another cycle (Scenario 2).

2. Materials and Methods
2.1. Treated Wastewater Stream Description

Four different treated wastewaters were selected for the purpose of this study. These
wastewaters, referred to as streams A, B, C, and D, originated from four municipal wastew-
ater treatment plants (WWTPs) located in Northern Italy. Each stream had distinct charac-
teristics in terms of capacity (expressed as population equivalent, PE.), industrial load, and
treatment scheme. The main features of these WWTPs are provided in Table 1.

Table 1. Main features of the analyzed WWTPs.

WWTP A WWTP B WWTP C WWTP D
Capacity [P.E.] 620,600 160,000 120,500 52,000
Average flow rate [m3/d] 155,300 50,400 27,500 23,300
Industrial load [%] 15 19 11 25
LTSS FIO 5 vl [ Membrane bioreactor Activated sludge with .
and post- . . . . . Activated sludge;
WWTP scheme S (MBR) with alternating oxic/anoxic cycles; . : .
denitrification; OB g 2 A tertiary filtration
pre-denitrification tertiary filtration

tertiary filtration

The compositions of the four wastewater streams are shown in Table 2. The values
presented in the table represent the average measurements obtained from the samples
collected over a one-year period (2022), with a minimum sampling frequency of once
per month. The gas chromatography/mass spectrometry (GC/MS) analyses revealed
that the main components contributing to the chemical oxygen demand (COD) include
proteins (17%), volatile fatty acids (13%), and sugars (20%). The remaining 50% consists of
high-molecular-weight soluble organics, such as humic acids and nucleic acids.
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Table 2. Description of the compositions of the four real treated wastewater streams under cons. n.a.: not available; n = number of data; E.C.: electrical conductivity
at 25 °C; COD: chemical oxygen demand; BODs5: biological oxygen demand at 5 days; TSS: total suspended solid; TN: total nitrogen; TP: total phosphorus; HCs:
hydrocarbons; CFU: Colony-Forming Units.

STREAM A (n = 54) STREAM B (n = 75) STREAM C (n = 54) STREAM D (n = 61)
Composition A 95th A 95th A 95th A 95th
verage Percentile verage Percentile verage Percentile verage Percentile
pH [-1 7.6 7.7 7.7 8.0 7.6 7.8 7.6 7.9
E.C. [uS/cm] 780 889 637 788.8 606 741 672.1 874.2
COD [mg/L] 19 22 15.2 15 15.3 16.8 11585) 18
BODs [mg/L] 5.4 7 5.4 9.3 5.7 9.0 5.5 8.0
TSS [mg/L] 6.6 5.0 6.4 9.3 5.7 8.8 5.7 11
N [mg/L] 7.3 9.6 6.4 10.3 3.9 6.8 9.0 19
TP [mg/L] 0.7 1.0 0.9 1.5 0.7 1.0 0.5 0.8
Al [mg/L] 0.20 0.25 0.11 0.20 0.1 0.1 0.1 0.1
As [mg/L] 0.03 0.03 0.014 0.030 0.02 0.03 0.018 0.030
Ba [mg/L] n.a. n.a. 0.1 0.1 n.a. n.a. 0.1 0.1
Bo [mg/L] n.a. n.a. 0.11 0.17 n.a. n.a. 0.22 0.63
Cd [mg/L] 0.01 0.01 0.003 0.010 0.005 0.01 0.005 0.01
Cr tor [mg/L] 0.1 0.1 0.033 0.1 0.05 0.1 0.045 0.100
Cr(VI) [mg/L] n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Fe [mg/L] 0.12 0.25 0.2 0.4 0.1 0.1 0.098 0.100
Mn [mg/L] 0.17 0.20 0.20 0.10 0.06 0.10 0.063 0.100
Hg [mg/L] n.a. na. 0.0005 0.0005 na. n.a. 0.005 0.005
Ni [mg/L] 0.1 0.1 0.036 0.10 0.05 0.1 0.046 0.100
Pb [mg/L] 0.1 0.1 0.051 0.100 0.07 0.1 0.058 0.100
Cu [mg/L] 0.013 0.025 0.011 0.020 0.013 0.026 0.010 0.010
Zn [mg/L] 0.08 0.24 0.11 0.28 0.09 0.11 0.08 0.13
Chloride (CI7) [mg/L] 100.7 121.1 59.0 89.2 484 76.2 60.2 102.4
Sulphate (SO4%7) [mg/L] 51 54 38.4 52.1 27 38 37.4 43.0
Sulphite (SO37) [mg/L] n.a. n.a. 0.2 0.2 n.a. n.a. 0.5 0.5
Sulphide (S%7) [mg/L] n.a. n.a. 0.1 0.1 n.a. n.a. 0.1 0.1
Cyanide (CN7) [mg/L] n.a. n.a. 0.01 0.01 n.a. n.a. 0.01 0.01
Fluoride (F7) [mg/L] n.a. n.a. 0.25 0.25 n.a. n.a. 0.25 0.25
Phenols [mg/L] n.a. n.a. 0.1 0.1 n.a. n.a. 0.1 0.1
Total HCs [mg/L] n.a. n.a. 0.05 0.05 n.a. n.a. 0.5 0.5
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Table 2. Cont.
STREAM A (n = 54) STREAM B (n = 75) STREAM C (n = 54) STREAM D (n = 61)
Composition A 95th A 95th A 95th A 95th
verage Percentile verage Percentile verage Percentile verage Percentile
Vegetable oils and fats [mg/L] n.a. n.a. 10 10 n.a. n.a. 10 10
Anionic
[mg/L] 0.22 0.28 0.22 0.30 0.2 0.2 0.25 0.44
surfactants
Non-ionic [mg/L] 0.218 0.283 0.20 0.20 0.25 043 02 03
surfactants
Total
[mg/L] 0.27 0.45 0.25 0.46 0.28 0.48 0.35 0.74
surfactants
E. coli [CFU/100 mL] n.a. n.a. 19.5 75.1 1 1 6.6 224
Salmonella [CFU/100 mL] n.a. n.a. n.a. n.a. n.a n.a n.a. n.a.
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Pump

2.2. Balance of the Plant for H) Production through Electrolysis

The balance of the plant (BOP) for the wastewater-feed SOEC electrolyzer was per-
formed using the Aspen Plus software (AspenTech). The first unit in the process is the
evaporator/steam generator, which generates the SOEC feed from the wastewaters. The
evaporator produces two streams: a concentrated liquid stream and a vapor stream. The
pollutant concentration of the liquid stream after evaporation was determined through
mass balances as follows:

Wxw = Lxg. (2)

W=L+V 3)

where W and xyy are the flow rate and concentration of pollutants in the wastewater, L and
xr, the corresponding values in the liquid outlet, and V is the flow rate of vapor. The vapor
fraction was calculated as follows:

LV w
V== (1-2) @

To simulate the organic content of wastewaters, key components were used for repre-
sentation in the simulation. Glutamine, glucose, and acetic acid were selected to represent
the three main fractions of the organic content. Curcumin was chosen as the key component
to represent the remaining organic load. These components were utilized in the simulation
for accurate representation and analysis of wastewater composition.

2.3. SOEC
2.3.1. System Description

SOEC-based electrolyzers offer the advantages of reduction in electricity consumption
required for water splitting and hydrogen production by utilizing thermal energy. Unlike
low-temperature electrolyzers, a portion of the energy is supplied as heat in the high-
temperature reaction, which is achieved by vaporizing and heating the water and air used
in the process.

Figure 2 illustrates the scheme of the electrolysis stack. The wastewater feed is divided
into two sub-streams, with one sub-stream facilitating the recovery of residual heat from the
cell products, thereby minimizing the thermal input needed from external energy sources.

Air/0,

@ oI 15 19

17 HX2

24 FEHXZ o3 22
EHX2

To Amb

wv

|

|
6amb | EV1
2 split 3 pux | 4
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Fr| 8
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Electricity
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Figure 2. Layout of the SOEC stack, where numbers identify the several streams in the layout whose
temperature and mass flow are reported in Table 4.

Both sub-streams (node 3 and node 3') undergo vaporization in the evaporators
EV1 and EV2, respectively, until reaching the maximum allowable concentration limits of
pollutants in the residual liquid. In the flash tank (FT), the saturated steam is separated from
the more concentrated wastewater, which remains in a saturated liquid state before being
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discharged into surface water. The concentrated wastewater (node 6L) is used to pre-heat
the first sub-stream in the heat exchanger PHX before being released into the environment.

The saturated stream (node 6V) is then heated in the heat exchanger HX1 using the
residual heat from the cathodic exhaust gases (a mixture of hydrogen and steam) exiting
the electrolyzer (node 13). Subsequently, the stream is further heated to the operating
temperature of the SOEC using the electric heater EHX1 and combined with a mixture
of hydrogen and steam (10%/90% composition, node 12) to prevent electrode oxidation.
After cooling in the heat exchangers HX1 and CHXI, the hydrogen and water mixture
is separated, with the condensed water carrying only a fraction of the pollutants present
in the original stream. This condensed water can undergo moderate chemical treatment
processes and be utilized for domestic or industrial applications.

In the SOEC, oxygen produced during the electrolysis reaction passes through the
SOEC membrane and is removed from the anode using a sweep gas stream (in this case,
air). Air is heated to the cell’s operating temperature in the heat exchanger HX2 and the
electric heater EHX2. The residual heat from the anodic exhausts (a mixture of air and
oxygen) is used to heat the incoming air stream downstream of the compressor C and to
vaporize the second sub-stream of wastewater in the evaporator EV2 before being released
into the environment.

2.3.2. Modeling Approach

The stack model was incorporated into Aspen Plus [44], utilizing an electrochemical
model for the cell based on the approach described in [45-47]. This model is specifically
designed for planar cells. The calculation of the cell voltage is determined based on
Equation (5), taking into account various factors. The overpotential caused by the ohmic
resistance in the cell is represented by #,,,,,, while 774t and #¢onc correspond to the activation
and concentration overpotentials at both the anode and the cathode. These overpotentials
are influenced by the reaction kinetics and electrode geometry [45,48].

Esoec = Eeq + (Wohm + (Wuct + Wconc)m, + (Wact + Uconc)cat ®)

The cell potential, E,;, is determined using the Nernst equation, as shown in
Equation (6). The reversible voltage, Eo, is a function of the operating temperature of
the cell, T, as defined in Equation (7) [49]. In these equations, F represents the Faraday
constant, R is the gas constant, and p; denotes the partial pressure of the i-th chemical
species involved in the cell’s reaction.

RT:. PH,PO
E.,, = Eg + ln(“) 6
eq 0T SF PH20 (6)
Ey = 1.253 — 2.4516 x 10~4T, )

The electric power consumption of the electrolyzer, denoted as PSOEC, can be de-
termined using Equation (8). In this equation, | represents the cell current density, and A
corresponds to the electrode area of the planar cell:

Psoec = Esoec]A 8)

The efficiency of the SOEC can be calculated using Equation (9), where P, ppyx repre-
sents the electrical power supplied to the electric heaters:

titg, LHV 1,
Psoec + P, EHxX

©)

1SOEC =
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The thermal model incorporates the energy and mass balance equations for the heat
exchangers, valves, and split junctions, as shown in Equations (10) and (11):

min = mout (10)

mcs(h in — hout) = mhs (h in — hout) (11)

where ¢s and hs stand for the cold side and the hot side, respectively, while in and out stand
for the inlet and the outlet

The equations assume negligible pressure drops along the heat exchangers, pipes,
valves, split junctions, as well as within the cell electrodes. Thermal losses to the envi-
ronment are also disregarded, considering the system as being insulated. Additionally,
the calculations do not consider the thermal inertia of metals and materials, employ-
ing a lumped modeling approach. For a comprehensive understanding of the SOEC
model, see [50].

3. Results and Discussions

As mentioned earlier, depending on the situation considered, the reference concentra-
tions of pollutants in the liquid streams can be either those meeting the requirements for
discharge into surface water (Limit SW) or, alternatively, into public sewers (Limit PS). The
potential vapor flow rate that can be obtained from each wastewater stream was calculated
using Equation (2), with xL representing the limits specified in Table 3.

Table 3. Composition of the treated wastewaters considered (original liquid stream), and maximum
evaporation percentage to fulfil the limits for surface water (Scenario 1) and public sewers (Scenario 2).
The components that limit evaporation are in red. n.a.: not available.

Original Liquid Stream (mg/L) Scenario 1 Scenario 2
V (%) V (%)
Limits Limits
A B ¢ b Asw  Bsw  Gw  Dsw (rigL) Aps  Bpg Cps  Dps (nI:gS/L)
COD 22 15 16.8 18 63.3 75 72 70 60 95.8 97 96.6 96.4 500
BODs 7 9.3 9 8 30 7 10 20 10 97.2 96.3 96.4 96.8 250
TSS 5 9.3 8.8 11 66.7 38 41.3 26.7 15 97.5 95.4 95.6 94.5 200
N 7.3 6.4 3.9 9 27 36 61 10 10 86.5 88.1 92.8 83.3 53.9
TP 0.7 0.9 0.7 0.5 30 10 30 50 1 93 91 93 95 10
Al 0.245 0.2 0.1 0.1 75.5 80 90 90 1 87.8 90 95 95 2
As 0.03 0.003 0.03 0.03 94 94 94 94 0.5 94 94 94 94 0.5
Ba n.a. 0.1 n.a. 0.1 = 99.5 = 99.5 20 = = = = 1000
Bo na. 0.17 na. 0.63 - 91.5 - 68.5 2 - 95.8 - 84.3 4
Cd 0.01 0.01 0.01 0.01 50 50 50 50 0.02 50 50 50 50 0.02
Fe 0.25 0.4 0.1 0.1 87.5 80 95 95 2 93.8 90 97.5 97.5 4
Mn 0.2 0.1 0.1 0.1 90 95 95 95 2 95 97.5 97.5 97.5 4
Ni 0.1 0.1 0.1 0.1 95 95 95 95 2 97.5 97.5 97.5 97.5 4
Pb 0.1 0.1 0.1 0.1 50 50 50 50 0.2 66.7 66.7 66.7 66.7 0.3
Cu 0.025 002 0.025 0.01 75 80 75 90 0.1 93.8 95 93.8 97.5 0.4
Zn 0.24 0.28 0.11 0.13 52 44 78 74 0.5 76 72 89 87 1
Hg na. 00005 na. 0.005 - 90 - 0 0.005 = 90 = 0 0.005

Table 3 displays the values of V: the minimum value in each column indicates the
maximum percentage of vapor that can be generated from each stream. Higher evapora-
tion would result in at least one concentration value exceeding the relevant limits set by
Italy’s national (Legislative Decree No. 152/2006 and subsequent modifications, known
as the “Environmental Code”) [51] and Lombardy’s (Regional Regulation No. 6/2019)
regulations [52].

In the “Scenario 1” section of the table, the maximum evaporation percentages for
each stream (ASW, BSW, CSW, and DSW) are provided to achieve a residual liquid fraction
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in which the concentration of each component adheres to the limits specified for discharge
into surface water (Limits SW). In the “Scenario 2” section, the maximum evaporation
percentages for each stream (APS, BPS, CPS, and DPS) are given to obtain a residual liquid
where the concentration of each component meets the limits set for discharge into public
sewers (Limits PS).

As shown in Table 3, the concentration values in Scenario 2 do not significantly
limit the vapor fraction since the minimum value of 50% (set to match the limit of Cd) is
relatively high for most industrial steam generators and reboilers. However, the limits
of Scenario 2 will not be considered in the simulations because the outlet stream from
the SOEC should be recycled back to the wastewater treatment plant (WWTP) for further
processing before being discharged into surface water, in accordance with the information
provided in Figure 1.

Based on the values in Scenario 1, stream D cannot be considered due to one parameter
(specifically Hg) reaching the relevant limit. Streams B and C could provide similar
percentages of steam, but only stream C was selected for further analysis. The energy
analysis was subsequently conducted using streams A and C.

SOEC Simulation

The electrochemical model of the SOEC electrolyzer underwent validation using ex-
perimental data from the literature [47]. Figure 3 illustrates the results of this validation
process. The continuous lines in the figure represent the relationship between cell potential
and the electrolyzer’s current density, while varying the operating temperature of the
stack. The cell’s operating temperature range is from 900 °C to 1000 °C. The experimental
data points are depicted using different symbols corresponding to the respective oper-
ating temperatures. The simulation results demonstrate a favorable agreement with the
experimental data, with an absolute maximum error of only 2.7%. The experimental study
involved potential and frequency measurements conducted with an accuracy of 1 uV and
0.1°, respectively [53]. Overall, the model effectively replicates the behavior and perfor-
mance of the SOEC as observed in the experimental observations. It also indicates a linear
proportional trend that closely approximates the relationship between current density and
cell potential, with the slope being dependent on the cell’s operating temperature.

In this study, the validated model was employed to evaluate the hydrogen production
and performance of the electrolyzer using different wastewater streams. Among the
considered streams (A, B, and C), only three met the concentration limits for pollutants,
making them suitable for supplying the electrolyzer. Stream B, however, was excluded
due to its low vaporization rate of 7%, which would result in concentrations of pollutants
exceeding the allowable limits, as shown in Table 3.

The simulation results, presented in Table 4, provide insights into the temperature
levels, phase states, and fluid qualities within the stack (referencing node numbers in
Figure 2). To minimize heat consumption, each wastewater stream is divided into sub-
streams within the electrolyzer. Table 4 also presents the relative mass flow rates at different
nodes of the stack, which were calculated as the ratio of the fluid’s mass flow rate at a
specific node to the nominal mass flow rate of wastewater processed in the electrolyzer.
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Figure 3. Model validation using experimental (exp) data reported in [47].

For comparison purposes, an equal nominal mass flow rate of wastewater was set
for both streams. To minimize the thermal input required from external energy sources,
a mass flow rate split ratio of four was chosen, as determined by dividing the mass
flow rate of the sub-stream at node 3 by the mass flow rate of the sub-stream at node 3’
(Figure 2). This optimized split ratio helps to achieve efficient operation while maintaining
hydrogen tproduction.

Overall, the utilization of the validated model allows us to analyze the hydrogen
production potential and assess the performance of the electrolyzer when operating with
different wastewater streams. The results highlight the importance of selecting appropriate
streams that comply with concentration limits and optimizing the mass flow rate split ratio
to minimize energy consumption during the electrolysis process.

By analyzing the values presented in Table 4, we observe that although the temperature
levels across the stack remain the same in both cases, there are differences in the relative
mass flow rate and water stream quality due to the distinct vaporization rates permitted
for stream A (27%) and stream C (10%). The operating temperature of the SOEC was set at
839 °C, enabling thermoneutral voltage operation. This condition enhances efficiency as
the cell can operate without any thermal energy inflow or outflow, thus simplifying the
stack operation and thermal management [54].

The performance of the SOEC per kilogram of hydrogen produced is summarized in
Table 5. The electric energy required to split water at a high temperature is 34.3 kWh/kgHo,,
with an additional 1.3 kWh/kgH; needed to heat up water vapor from 673 °C to 839 °C and
air stream from 789 °C to 839 °C using the electric heaters (EHX1 and EHX2 in Figure 2). In
general, the total heat consumption of the cell is 14.6 kWh/kgHj, of which 6.4 kWh/kgH,
is provided by external sources (including 1.3 kWh/kgH; through the electric heaters), and
8.2 kWh/kgHj; is recovered from the residual heat of the anodic and cathodic exhausts.
This recovery accounts for 56% of the total consumption, thus enhancing the efficiency of
the electrolyzer.
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Table 4. Results of the simulations performed using the Aspen model of the SOEC and considering
two treated wastewater streams, A and C (nodes refer to Figure 2). Temperature levels, mass flow
rates (MFR), phase and quality of the different sub-streams are reported. When water is in two-phase
(TP) conditions, the quality column indicates the mass percentage of vapor present in the mixture.
Otherwise, the notations, sub-cooled (SC) and super-heated (SH), are used to indicate that water is in
an unsaturated liquid or vapor conditions, respectively. At node 15, the notation, mixed (M), is used
to indicate the presence of water in the liquid (L) phase and hydrogen in the gaseous (G) phase.

STREAM A STREAM C
Node Temperature 5 Temperature 3
[°C] MFR Phase Quality [°C] MFR Phase Quality
Wastewater
1 25 1.000 L SC 25 1.000 L SC
2 25 1.000 L SC 25 1.000 L SC
3 25 0.800 L SC 25 0.800 L SC
3 25 0.200 L SC 25 0.200 L SC
4 72 0.800 L SC 72 0.800 L SC
4 100 0.200 TP 0.27 100 0.200 TP 0.10
5 100 0.800 TP 0.27 100 0.800 TP 0.10
6L 100 0.730 L 0 100 0.900 L 0
6 amb 35 0.730 L SC 35 0.900 L SC
Water
6V 100 0.270 G 1 100 0.100 G 1
7 673 0.270 G SH 673 0.100 G SH
8 839 0.270 G SH 839 0.100 G SH
9 25 0.040 L SC 25 0.013 L SC
Water/Hydrogen
10 839 0.276 G SH 839 0.103 G SH
11 839 0.070 G SH 839 0.026 G SH
12 839 0.005 G SH 839 0.003 G SH
13 839 0.065 G SH 839 0.023 G SH
14 150 0.065 G SH 150 0.023 G SH
15 25 0.065 M SC/SH 25 0.023 M SC/SH
Hydrogen
16 25 0.026 G SH 25 0.010 G SH
Air
17 25 0.292 G SH 25 0.109 G SH
18 25 0.292 G SH 25 0.109 G SH
19 789 0.292 G SH 789 0.109 G SH
20 839 0.292 G SH 839 0.109 G SH
Air/Oxygen
21 839 0.503 G SH 839 0.186 G SH
22 400 0.503 G SH 400 0.186 G SH
23 79 0.503 G SH 79 0.186 G SH
24 25 0.503 G SH 25 0.186 G SH

Table 5. SOEC performance and consumption per kg of hydrogen produced.

Unit Value
Electricity [kWh/kgH,] 34.5
Heat duty [kWh/kgH,] 14.6
Heat recovered [kWh/ kgHj] 8.2
Heat from external sources [kWh/ kgH,] 6.4
Heat share recovered [%] 56
SOEC efficiency [%] 85

The efficiency of the SOEC, as detailed in Equation (9), was calculated by dividing
the chemical energy of hydrogen produced from the wastewater stream by the electricity
consumption required to produce it. The obtained value of 85% indicates that 15% of



Water 2023, 15, 2569

13 of 17

energy consumption is lost during the hydrogen production process. This value aligns
with the efficiency values of SOEC cells reported in the literature [46] and exceeds those of
low-temperature PEM and alkaline electrolyzers due to the higher temperature at which
the water splitting reaction occurs.

Table 6 presents the values of hydrogen produced and heat input into the SOEC system
per cubic meter of wastewater processed. For stream A, the electrolyzer enables the produc-
tion of 26.2 kg of hydrogen per m? of wastewater processed. In the case of stream C, with a
lower vaporization rate, the hydrogen production decreases to 9.7 kg/m3. The electricity
consumption for hydrogen production is 0.90 MWh/m? for stream A and 0.33 MWh/m?
for stream C. The required thermal energy is lower, amounting to 0.38 MWh/m?3 for stream
A and 0.22 MWh/m? for stream C. A significant portion of this thermal energy can be
recovered by regenerating the exhaust gases from both the anode and the cathode, with
0.21 MWh/m? and 0.14 MWh/m? recovered for stream A and stream C, respectively.
Stream C allows a higher recovery share (64%) compared to stream A (55%) due to its
lower vaporization rate. Water evaporation represents the second most energy-intensive
process in a plant, and the largest sub-stream (node 3 in Figure 2) that requires external

energy supply.

Table 6. SOEC heat consumption and hydrogen production per m3 of wastewater stream processed
(considering the two cases of stream A and stream C).

Unit STREAM A STREAM C

Heat duty [MWh/m?3] 0.38 0.22

Heat recovered [MWh/m?3] 0.21 0.14

Heat from external sources [MWh/m?3] 0.17 0.08
Heat share recovered [%] 56 64

Electricity consumption [MWh/m?] 0.90 0.33
Wastewater vaporization [%] 27 10

Clean water production [L/m?3] 36.2 134
Hydrogen production [kg/m?3] 26.2 9.7

In general, as shown in Table 7, the potential hydrogen production is 4067 tons per
day for WWTP A and 268 tons per day for WWTP C. To achieve this, the power capacity
required from the SOEC, considering a load factor of 50%, is 12.1 GW for stream A and
0.8 GW for stream C, respectively. As a byproduct, these plants could produce 5626 m3/d
and 368 m?/d of fresh water.

Table 7. Key performance and assumptions of the SOEC system coupled with wastewater plants A
and C on a daily basis.

Unit STREAM A STREAM C
Wastewater flow rate [m3/d] 155,347 27,500
SOEC load factor [%] 50 50
SOEC power capacity [GW] 12.1 0.8
Clean water production [m3/d] 5626 368
Hydrogen production [t/d] 4067 268

The production of hydrogen from WWTP A and WWTP C holds significant potential
within the national energy landscape. In line with the European Union’s energy transition
program, Italy aims to install electrolyzers with a power capacity of 5 GW by 2030 [55].
Considering a maximum of 7500 h of operation per year (Best Scenario—BS) for an elec-
trolyser with a moderate power of 2.12 V supported by wind and conventional energy,
the estimated hydrogen production would be 0.10 Mt/y for WWTP C and 1.46 Mt/y for
WWTP A. These figures correspond to approximately 15% (WWTP C) of and more than
double (WWTP A) the national target. However, if the electrolyzer relies solely on wind
energy, the operating time reduces to 2000 h per year (Worst Scenario—WS) [56]. In this
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case, the hydrogen production decreases to 0.39 Mt/y for WWTP A and 0.03 Mt/y for
WWTP C, while the contribution percentage to the national target remains the same.

Translating this hydrogen production into electricity contribution can be evaluated
by considering that in 2030, Italy’s national electricity demand is estimated to be around
366 TWh, with a renewable energy share of 75-84% [57]. This indicates that Italy needs
to add between 8.6 and 10.7 GW of capacity per year to meet the growing demand. The
solutions proposed in this article, utilizing wastewater from various WWTPs as sources of
renewable energy, could contribute to meeting this pace.

In fact, if we consider that 850,000 tons of hydrogen can generate 43,000 GWh of
electric power [58], the treated wastewater from WWTP A alone could cover 20% of the
general electricity demand in the Best Scenario and 5.4% in the Worst Scenario. Similarly,
the wastewater from the smaller WWTP C could cover 1.3% (BS) to 0.4% (WS) of the
electricity need. These figures highlight the significant potential of utilizing wastewater as
a renewable energy source and its contribution to meeting Italy’s electricity requirements
in a sustainable manner.

4. Conclusions

The urgent need to achieve “carbon neutrality” by 2050 has led the European Union to
invest extensively in research focusing on clean energy solutions derived from renewable
energy sources (RESs). In Italy, where the projected energy demand is estimated to reach
366 TWh by 2030, the EU target mandates that 75% to 84% of this demand must be met by
RESs. Consequently, the search for environmentally sustainable approaches to electricity
production is of paramount importance. Electrolysis of water for green hydrogen (Hj)
production emerges as a promising option to consider.

In 2030, Italy’s national electricity demand is estimated to be around 366 TWh, with
a renewable energy share of 75-84% [57]. This indicates that Italy needs to add between
8.6 and 10.7 GW of capacity per year to meet the growing demand. The high share of re-
newable sources of electricity will require a storage capacity that, in EU countries, will reach
24% of electricity demand in 2030, where green H; is expected to play a major role [59];
moreover, the reshoring of high-hydrogen-demanding processes, such as ammonia and
methanol production, will further increase the demand for green hydrogen and correspond-
ing water consumption. The solutions proposed in this article, utilizing wastewater from
various WWTPs as sources of renewable energy, could contribute to meeting this pace.

This study demonstrates that treated municipal wastewater obtained from wastewater
treatment plants (WWTPs) of varying capacities, industrial loads, and treatment schemes
can serve as an ideal water source for Solid Oxide Electrolysis Cells (SOECs) to produce
“clean” hydrogen. Hydrogen generated through this process could contribute anywhere
from 0.4% (worst-case scenario) to 20% (best-case scenario) of Italy’s projected energy
requirements for 2030. Moreover, when considering the widespread presence of WWTPs
across regional or national territories, the potential contribution of wastewater-based
hydrogen production becomes even more significant.

The primary objective of this study was to emphasize the possibility and energy
viability of using impure water sources, specifically wastewater, for electrolytic green
hydrogen production within the context of a circular economy. Future perspectives involve
exploring the utilization of untreated wastewater as an input and examining whether this
process could yield advantages from two perspectives: wastewater recovery, reuse, and in
situ treatment, alongside hydrogen production for electricity generation.

If this approach proves to be valid, energy-efficient, and cost-effective, it could revolu-
tionize the concept of clean energy production in regions where access to potable water is a
challenge even for meeting basic needs. The symbiotic integration of wastewater treatment
and hydrogen production has the potential to address multiple sustainability goals while
simultaneously driving progress toward a decarbonized future. By capitalizing on these
opportunities, countries not only can advance their renewable energy targets but also tackle
water-related challenges, paving the way for a more sustainable and resilient future.
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