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Abstract

Globally, winery wastewaters (WWWs) are estimated to account for about 62.5 billion L
annually (2021), with COD levels up to 300,000 mg O, /L primarily attributed to residual
ethanol, posing serious environmental concerns. Conventional treatments are effective
in COD removal, but they often miss opportunities for energy recovery and resource
valorization. This study investigates the aqueous phase reforming (APR) of ethanol-rich
wastewater as an alternative treatment for both COD reduction and energy generation.
Two scenarios were assessed: electricity and heat cogeneration (S1) and hydrogen produc-
tion (52). Process simulations in Aspen Plus® V14, based on lab-scale APR data, provided
upscaled material and energy flows for techno-economic analysis, life cycle assessment, and
energy sustainability analysis of a 2.5 m?/h plant. At 75% ethanol conversion, the minimum
selling price (MSP) was USD0.80/kWh with a carbon footprint of 0.08 kg CO,-eq/kWh
for 51 and USD7.00/kg with 2.57 kg CO;-eq/kg H; for S2. Interestingly, S1 revealed a
non-linear trade-off between APR performance and energy integration, with higher ethanol
conversion leading to a higher electricity selling price because of the increased heat reactor
duty. In both cases, the main contributors to global warming potential (GWP) were plat-
inum extraction/recovery and residual COD treatment. Both scenarios achieved a positive
energy balance, with an energy return on investment (EROI) of 1.57 for S1 and 2.71 for
52. This study demonstrates the potential of APR as a strategy for self-sufficient energy
valorization and additional revenue generation in wine-producing regions.

Keywords: aqueous phase reforming; energy recovery; techno-economic assessment; life
cycle assessment; hydrogen production; winery wastewater valorization

1. Introduction

In response to the urgent climate goals set by international agreements, starting from
the Paris Agreement [1] and being reinforced by the European Green Deal [2], a rapid and
widespread transition toward renewable energy sources is imperative to achieve net-zero
CO; emissions by 2050. Simultaneously, the growing global population, projected to reach
9.8 billion by 2050 [3], drives increasing water demand, making universal access to water
and sanitation crucial.

Efficient wastewaters treatment plays a significant role not only in improving wa-
ter resource management but also in reducing greenhouse gas emissions and recovering
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valuable products and energy [4-6]. It is estimated that in 2010, emissions from municipal
wastewaters treatment reached approximately 0.77 Gt of CO,-equivalent (CO,eq), account-
ing for around 1.6% of total anthropogenic GHG emissions [7], with an estimated increase
up to 84 million t CO, by 2030 [6]. To address these challenges, implementing low-emission
technologies is essential.

In this context, aqueous phase reforming (APR) emerges as a potential solution to meet
both objectives [8-10]: on one hand, achieving COD abatement and, on the other, producing
a Hp-rich combustible gas stream suitable either for cogeneration or as a specific energy
vector, i.e., hydrogen. APR is a mild thermo-catalytic process, first studied by Dumesic
etal. [11,12], designed to convert biomass-derived oxygenated hydrocarbons into hydrogen
using a heterogeneous catalyst, according to the following stoichiometric relation:

CnHz, Oy + nHy0 < nCOz + (y+n)H; (1)

The above equation is the sum of the carbohydrates reforming with a C:O ratio of
1:1, such as methanol, ethylene glycol, glycerol, etc. (2) and the water gas shift reaction
(WGS) (3), to reduce CO content and promote additional Hy formation [13].

CnszOn < nCO+ Hp 2
CO + H0 < CO; + Hy (3)

The APR reaction typically occurs at temperatures between 200 °C and 280 °C and
under autogenous pressure (15-65 bar). H, production by APR represents a milder alter-
native compared to traditional thermochemical processes, such as steam reforming and
gasification, which operate at temperatures from 600 to 1000 °C [14,15]. Numerous studies
have investigated single model compounds, suggesting that short-chain alcohols are highly
selective towards hydrogen production [16]. Specifically, experimental studies on ethanol
APR have been performed [17-19], showing up to 99% conversion and a molar gas com-
position of up to 55 vol% Hy. Several studies on APR have highlighted that wastewaters
from breweries [20,21], lignocellulosic biomass [8,10,22,23], starch-based processes [24],
and cheese whey [25] could serve as potential feedstock for energetic valorization strategies,
as they contain compounds that are not fully oxidized and thus retain chemical energy,
which could still be exploited.

An innovative approach involves using bioethanol commonly found in wastewaters
from wineries, breweries, and distilleries [26,27]. In 2021, global wine production was
estimated at approximately 25 billion L [28]. Considering that winery wastewater (WWW)
generation ranges from 1 to 4 L per liter of wine, this corresponds to an average estimated
62.5 billion L of WWW produced worldwide in the same year [29]. Moreover, WWW
contains high COD values ranging from 800 to 300,000 mg O, /L [30], with ethanol alone
contributing up to 70 wt.% of the total organic carbon (TOC). Other components include
organic acids (e.g., acetic acid and tartaric acid), soluble sugars (e.g., glucose and fructose),
high molecular weight compounds (e.g., lignin and tannins), inorganic salts, and traces of
heavy metals [30]. Conventionally, ethanol remaining in WWW is recovered at distilleries
for purification into high-alcohol-grade beverages (e.g., grappa and brandy). The remaining
effluent is then treated using conventional biological processes [31]. However, ethanol
concentration in wastewater varies greatly with the processing stage, winery size, and
product diversity [29], posing challenges for distillation-based recovery [32]. Additionally,
distilleries themselves have a significant environmental impact; it was estimated that the
production of 1 hectoliter of pure alcohol in a distillery generates approximately 900 kg
of COy-equivalent emissions [33]. Alternative biological processes for WWW treatment
include constructed wetlands and microbial fuel cells (MFCs). Wetlands can achieve up
to 88% COD removal, while MECs reach around 42% but they offer the added benefit of



Sustainability 2025, 17, 7856

30f34

energy recovery [34]. Conventional biological treatments, widely used for winery effluents,
typically achieve 80-97% COD removal [35,36] yet often fail to meet discharge limits and
do not aim to recover energy. In addition, they have long retention times (24—48 h) and
require large storage volumes, lowering overall process efficiency [37].

Even with research efforts, APR development remains largely confined to laboratory-
scale studies. This highlights the need for a comprehensive evaluation of the process,
both from the economic and environmental point of view, via techno-economic analy-
sis (TEA) and life cycle assessment (LCA), respectively [38—41]. Specifically, TEA helps
identify the major cost drivers of the process, offering opportunities for optimization
and guiding research efforts toward more economically viable configurations. In parallel,
LCA extends the assessment by providing a system-level overview of the environmental
impacts associated with the technology, allowing the identification and prioritization of
environmental hotspots that then could be addressed to ensure the overall sustainabil-
ity. Additionally, to complement the techno-economic and environmental assessments,
an energy sustainability analysis (ESA) can provide a structured method to evaluate the
ability of an energy-producing process to provide surplus useful energy to the society after
accounting for the energy required for its operation and supporting activities, including
material and energy supply, decommissioning, and waste treatment [42].

Therefore, the present work aims to advance the understanding of wastewater-based
APR by evaluating the feasibility of implementing this technology at an industrial scale
for ethanol-rich wastewater from an energetic, economic, and environmental perspective.
While the combined use of TEA and its integration with LCA has already been applied to
other APR feedstocks, the novelty of this study lies in extending the approach to winery
wastewater. In fact, with ethanol as the primary organic component, it could be potentially
converted into different energetic carriers (electricity /hydrogen) according to previous
published works [17,18]. Furthermore, the integration with ESA, scarcely employed in
the APR field, broadens the analysis towards the long-term energetic sustainability of the
technology. In this work, winery wastewater was simplified to an ethanol-rich aqueous so-
lution. This choice was motivated by two reasons. First, our aim was to derive preliminary
insights under ideal conditions, following a “boundary-limit” approach: if the sustain-
ability indicators are not satisfied even in this simplified case, more complex scenarios
would be even less feasible. Second, based on our previous experience with complex APR
feedstocks [16,25], ethanol can be considered a reasonable proxy, as other components (e.g.,
acetic acid and sugars) either play a minor role or introduce additional trade-offs, such as
promoting hydrogen formation while accelerating catalyst deactivation. This assumption,
while simplifying, allows us to highlight the main sustainability challenges and bottlenecks
while setting the stage for future studies on more realistic wastewater streams. The scaled-
up process is subdivided into three main sections: pretreatment; the APR reaction section;
and downstream processing. Since the APR gaseous product is a mixture of hydrogen and
methane (in addition to CO,), two downstream configurations were evaluated taking into
account two possible valorization pathways: (i) an energy valorization chain, where heat
and electricity are produced exploiting the calorific value of the total gas mixture and (ii) a
material valorization chain, where hydrogen is sold as main product, while additional
energy is obtained exploiting the methane-rich residual gas mixture. In both scenarios,
energy integration strategies are adopted to improve overall energy efficiency and move
toward process self-sufficiency, as observed in similar works [43]. Finally, optimized sce-
narios were investigated to minimize the environmental impact and to identify the key
economic parameters that could enhance the profitability of the process
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2. Materials and Methods

This study adopts a multi-stage methodological framework to evaluate the energetic
performance, technical feasibility, and sustainability of APR applied to ethanol-rich wastew-
ater. Firstly, the feedstock was characterized, and subsequently, lab-scale APR tests were
performed to determine product distribution and referential yields. Results from bench-
scale experiments served as input values for process simulations conducted at an upscaled
flow rate of 2.5 m3/h. Specifically, two energy recovery strategies were explored:

- Scenario 1 (S1): The produced gas phase is entirely valorized through cogeneration,
supplying both the thermal and electrical demands of the plant. The surplus electricity
is sold.

- Scenario 2 (52): Hydrogen is first separated and purified via pressure swing adsorption
(PSA) for external sale, while the remaining combustible gases are used in cogeneration
to meet the plant’s energy needs. Any excess electricity is also sold.

ESA was applied to quantify the net energy balance (Section 2.4), followed by TEA
(Section 2.5) and LCA (Section 2.6) to evaluate the process in view of their economic and
environmental performances. Finally, a sensitivity analysis was performed to evaluate how
optimized scenarios affected energetic, economic, and environmental parameters. These
include increasing ethanol conversion to 95% (referred to as S1-95 and 52-95) and/or
modifying accordingly process configurations. Specifically, an additional flash unit was
introduced in S1 (S1-95+), while S2 was enhanced with both an additional flash and a
compressor (52-95+), aiming to enhance both energy recovery and wastewater treatment
efficiency. Table 51, in Supporting Information, summarizes the different scenarios analyzed
and their corresponding abbreviations.

2.1. Wastewater Characterization

A comprehensive investigation was conducted on the characteristics of WWW to eval-
uate its properties and the issues related to its disposal. This included direct discussions
with winery producers and wastewater treatment operators, as well as the collection of
real wastewater samples from a local winery (Frescobaldi, Florence, Italy). The sample was
analyzed by high-performance liquid chromatography (HPLC) (Prominence Shimadzu, Ky-
oto, Japan) equipped with a refractive index detector (RID-10A Shimadzu, Kyoto, Japan)
and a 300 mm-7.8 mm ROA-Organic Acid H* (8%) column (Rezex Phenomenex, Torrance,
CA, USA). The mobile phase consisted of 5 mM H;50, in water, operated at a flow rate of
0.7 mL/min and a column temperature of 50 °C. Total organic carbon (TOC) was measured
using a TOC-VCSH analyzer (Shimadzu, Kyoto, Japan) equipped with a non-dispersive
infrared detector. The main component was found to be ethanol, with final concentrations
ranging from 1 to 5 wt.%, in line with literature references [31,35]. Table S2 reports the pri-
mary compounds identified. For the sake of this preliminary assessment, only ethanol APR
was considered for the process simulation, given its predominance in the wastewater.

2.2. Bench-Scale APR Tests

APR tests were performed in duplicates in a continuous-flow fixed-bed reactor (Mi-
croactivity Effi, Micromeritics, Norcross, GA, USA) made of SS5316 stainless steel (ID:
9.1 mm, length: 305 mm), loaded with 1.0 g of 5.0 wt.% Pt/C catalyst. The reactor was
heated at 270 °C, measured through a thermocouple in the catalyst bed, while 100 °C was
set in the external oven. A 5 wt.% ethanol aqueous solution was fed at 1 mL/min using a
Gilson HPLC pump, corresponding to a residence time of ~3 min.

Ethanol conversion was monitored through HPLC analysis of the liquid phase (using
the same equipment described in Section 2.1). External calibration curves were prepared
to ensure that the concentrations of all compounds remained within the calibrated range.
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The gas composition was analyzed using a micro-gas chromatograph (SRA Instruments,
Milano, Italy) equipped with two columns (Agilent Technologies, Santa Clara, CA, USA)
and a thermal conductivity detector (TCD). A Molsieve 5A column (Agilent Technologies,
Santa Clara, CA, USA) was used for the detection of H,, O,, N,, CHy, and CO with Ar as
the carrier. The column operating temperature was 85 °C with a head pressure of 28 psi,
while the injection temperature was 100 °C. The second column, a PoraPLOT U column,
was employed for the separation of CO,, CoHy, CoHg, C3Hjp, and HyO, using He as the
carrier. The operating temperature was set at 80 °C and a head pressure of 30 psi, while the
injection temperature was equal to 90 °C. The concentration of the specific component in
the gas phase was measured following an external calibration methodology.

2.3. Process Simulation

These bench-scale experimental results were then used for simulating an upscaled
process at a reference plant capacity of 2.5 m3/h of ethanol-rich wastewater, typical for
medium to large production wineries [44], operating during 8 months for 24 h/day. Regard-
ing the composition of winery wastewater, the concentrations of glucose and fructose were
far below the ~1 wt.% C threshold identified in our previous work for significant humin
formation [25]. Under such diluted conditions, the theoretical hydrogen contribution from
these sugars would be negligible compared to that from ethanol while also not expected
to negatively affect catalyst stability. Acetic acid, although frequently reported in winery
effluents, was not detected in our sample; moreover, our earlier studies have shown that it
behaves essentially as an inert species in APR, with no detrimental impact on hydrogen
yield or catalyst durability [16]. The process flows were optimized through simulations
conducted on AspenONE Performance Engineering (Aspen Plus® V14.0.1, Burlington, VT,
USA), enabling a detailed analysis of related mass and energy flows. The Peng—Robinson
(PR) equation of state and the Non-Random Two-Liquid (NRTL) activity coefficient model
were chosen for the simulation, based on the characteristics of the systems [45]. Both sce-
narios share the same upstream configuration aimed at meeting the specific APR input
requirements. As shown in the process flow diagrams for each scenario (Figures 1 and 2),
since WWW typically contains a 0.5-1.5 wt.% solids fraction [46,47], the feedstock is firstly
stored (STR in Figure 1) and allowed to clarify and remove suspended solids (clarifier,
CLR). The clarified inflow water stream is subsequently pressurized at 80 bar using a
high-pressure pump (PMP1), and it is heated up using two different heat exchangers. In
the first one (HE1), the liquid stream recovers the thermal energy from the APR reactor
effluent. This step raises the temperature of the feed up to 250 °C. In the second stage,
a second heater (HE2) is used to provide the additional thermal duty required in order
to reach the final operating temperature of 270 °C prior to the APR reactor (REAC). The
reactor is modeled assuming isothermal plug flow conditions at 270 °C and 80 bar in both
scenarios, using a rstoic reactor in the process simulation software. A baseline conversion
rate of 75% for ethanol was set based on the experimental data. Subsequent to the APR
reactor, the two scenarios differ then in their downstream configurations.
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Figure 1. Scenario 1—Process flow diagram for the cogeneration of electricity and heat. Thermal
energy, shown in red, is entirely used to meet the plant’s internal heat demands, while net electricity,
after covering the plant’s electrical needs (shown in grey), exits the system. Abbreviation: STR:
storage tank. CLR: clarifier. PUMP1: pumpl. HE1-HE2: heat exchanger 1-2. REAC: APR reactor.
FLHI: flash 1. COND1-COND2: condenser1-2. MIX1-MIX2: mixer1-2. BLR: blower. TURB: turbine.
GEN: generator.

»Hud:
—— Main flow W 'E"“'va"
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Steam turbine cycle
- - - - Exchanged heat

Internal electricity

170bar
600 C
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Figure 2. Scenario 2—Process flow diagram for hydrogen separation and purification. Heat inte-
gration (red dashed lines) and internal electricity use (grey dashed lines) are illustrated. Thermal
energy is entirely used to meet the plant’s heating demands, while the net electricity, after covering
internal requirements, is exported for external sale. Abbreviation: STR: storage tank. CLR: clar-
ifier. PUMP1: pumpl. HE1-HE2: heat exchanger 1-2. REAC: APR reactor. FLH1-FLH2: flash
1-2. COND1-COND2: condenser1-2. MIX1-MIX2: mixer1-2. BLR: blower. TURB: turbine. GEN:
generator.

Figure 1 illustrates the process flow diagram for S1, showing the energy recovery
configuration aimed at achieving plant energy self-sufficiency and maximizing electricity
export to the grid.

In S1, the effluent from the APR reactor after exchanging part of its heat with the
first HE1 is expanded to 1.1 bar to maximize the phase separation, resulting in a temperature
drop from 118 °C to 86 °C. An L-G separation is performed, then in the subsequent
flash unit (FLH1). The resulting gas phase (primarily composed of Hy, CHy4, and COy, see
Section 3.1.2) is directed to a condenser (COND1) and cooled to 36 °C to remove residual
steam using cooling water. The dry gas stream then enters the combined heat and power
(CHP) unit which generates high-pressure steam, serving a dual purpose: A fraction is
used to satisfy the thermal requirements of the process, including feed preheating (HE2)
and heat reactor duty, while the excess is expanded through a steam turbine (TURB) to
generate electricity (electrical efficiency = 36%). The CHP is shown in a simplified form
in the process flow diagram, while a more detailed explanation and representation (and
modeling in the process simulation software) is provided in Section 3.1.3 and Figure S1,
accordingly. Lastly, the liquid phase separated in the flash unit is further cooled to room
temperature and exits the system as wastewater with a reduced COD content. Depending
on the configuration adopted (see Section 3.4), at this point, the wastewater may undergo
additional treatment.
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In Figure 2, the S2 process flow diagram is shown, where the focus shifts to the pro-
duction of hydrogen (the detailed process simulation flowsheet can be found in Figure S5).
In this configuration, the reactor effluent is firstly depressurized to 25 bar, matching the
PSA operating pressure, before entering a flash separator, for a first L-G separation. The
resulting gas stream is then further cooled down to ambient temperature before entering
the additional PSA unit for the hydrogen purification. Furthermore, the liquid stream from
the first flash undergoes a second flash separation, exploiting the pressure drop from 25 to
1 bar to further enhance ethanol removal from the liquid phase and reduce the liquid COD
content while contributing to the cogeneration. In fact, the tail gas from the PSA, together
with the recovered ethanol from the second flash, is sent to the CHP unit. As in S1, the CHP
thermal and electric outputs are firstly evaluated for the feasibility to match the internal
energy demand of the plant. The surplus electricity is externally sold, contributing to the
plant’s revenues.

2.4. Energy Sustainability Analysis (ESA)

To evaluate the energy efficiency and sustainability of the process, an ESA was carried
out. Mass and energy flows were derived from process simulations, which were extrapo-
lated to assess the energy performance of both scenarios. The energy flows that characterize
the process and are identified in the analysis are defined as follows:

- Available energy, E,,siape, MJ: This refers to the energy content of the material inputs
to the process. In this study, ethanol is the main available source of energy, and its
lower heating value (LHV) is used to quantify the input energy. Although not directly
used in the ESA calculation, E .00 is reported to establish a consistent reference
point across both scenarios.

- Produced energy, Epoiuced, MJ: This represents the total energy output generated by
the system. For 51, it is calculated as the sum of the thermal and electrical energy
produced. For S2, it includes the same contributions, along with the intrinsic chemical
energy (i.e., LHV) of the recovered hydrogen.

- Direct energy, Ejjrct, MJ: This includes the energy directly required to operate the
plant, such as the thermal energy needed by the APR reactor and heat exchangers, as
well as the electrical duties required by pumps and compressors.

- Indirect energy, E;, irect, MJ: This accounts for all additional energy contributions asso-
ciated with each component considered in the analysis, including catalyst synthesis,
equipment manufacturing, and waste treatments.

Figure 3 illustrates the schematic energy flows involved in the processes under investigation.

Indirect energy

e.g. equipment and material
manufacturing, waste

management
COHA | o0
P ; )
O\ ooq <«
Available energy Produced energy Direct energy - 4 S J
Energy to operate the plant _—

Energy content of
material inputs
[LHV of EtOH] S2: Heat/Electricity/Hz2

S1: Heat/Electricity

Energy flow

Figure 3. Energy flow diagram of the process. The available energy—ethanol content in winery
wastewater—is identical in both scenarios. In S1, heat and electricity are cogenerated, with sur-
plus electricity sold. In 52, hydrogen is recovered and sold first, while residual energy supports
cogeneration and additional electricity sales.
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All energy flows were normalized for the ESA to one hour of plant operation and are
expressed in MJ /h. The key indicators employed in the ESA include the Energy Sustainability
Index (ESI) and the Energy Return on Investment (EROI) [42]. The ESI provides preliminary
insight into the short-term self-sufficiency of a technology from an energetic point of view. It
is calculated according to the following equation (Equation (4)), which represents a simplified
form of the original formulation reported by Gémez-Camacho [48]:

Eproduced

ESI = (4)

Edirect

An ESI value greater than 1 is indicative of an energy self-sustaining system at the
short-term level since there is a surplus—during operation—of produced energy compared
to the required energy by the plant. The EROI, on the other hand, aims at evaluating the
long-term energy sustainability by considering also the indirect energy that society must
divert for the plant construction/demolition and the required chemicals/materials. The
EROI metric is calculated as the ratio between the net energy output and the indirect energy,
as expressed in Equation (5):

Eproduced — Edirect
2x (Eindirect)
To calculate the indirect energy, the cumulative energy demand (CED) metric from the

EROI = (5)

CED LCA methodology is used, following the inventory compilation as suggested in the
work from Ruggeri et al. [49], here conservatively approximated as multiplying the CED by
two. This correction for the EROI allows to estimate the total indirect energy, as it accounts
for maintenance, decommissioning, plant construction, and the amortization of the next
plant, in order to guarantee that the energy surplus, after direct energy expenditures, is
sufficient not only to repay the construction/decommissioning of the current facility but
also to support the development of the next generation of infrastructure.

2.5. Techno-Economic Analysis (TEA)

Cost estimations were carried out following mainly the methodology proposed by
Towler and Sinnott [50], commonly applied in techno-economic evaluations of industrial
processes, including APR processes from different sources [51,52]. The economic assumptions
adopted in this work are referenced to the European context, integrating country-specific
data where available. In particular, labor costs were taken from Italy, wastewater treatment
costs from Spain, and interest rates from the European Central Bank.

All reported costs have been adjusted to monetary 2024 values and are expressed in
USDy(p4 (from hereafter, USD for simplicity). The total cost of production (TCOP, USD/y)
on an annual basis was estimated according to the following equation:

TCOP = VCOP + FCOP + ACC (6)

VCOP are the variable costs of production (USD/y) and refer to costs that depend on
the annual plant’s production rate. Regarding VCODP, it should be noted that two different
COD treatment costs are considered, as wastewaters with COD levels above 500 ppm
typically must be treated in a dedicated facility, with an average cost of ~USD1.05 per kg
of COD removed [53]. In contrast, wastewaters with COD below this threshold can be
discharged into public sewage systems (e.g., in Italy, in compliance with Legislative Decree
152/2006 [54] and the EU Urban Wastewater Treatment Directive [55]). In this case, disposal
costs are significantly lower and usually depend on discharged volume. For the estimation,
a cost of ~USD0.53/m> was adopted, based on a study of municipal wastewater treatment
plants in Europe (Jaén, Spain [56]). Catalyst cost was calculated assuming the use of 5 wt.%
Pt/C with a 1-month lifespan and 99% recycling. Only 1 wt.% fresh catalyst replacement
per month was considered in the cost estimation, a conservative assumption compared to
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the common TEA practice of omitting catalyst cost entirely [51], or assuming longer catalyst
lifespan as reported in similar works [52]. Detailed assumed costs are reported in Table 1.

FCOP refers to the annual fixed costs of production (USD/y), and it includes those
costs that are independent of the production rate. Main cost drivers are listed in Table 1,
generally estimated as fixed percentages based on the process’s technological readiness,
novelty, and other relevant economic parameters [50].

The ACC (USD/y) term corresponds to the annualized capital charge, and it is defined
in Equation (9) as follows:

ACC =FCI x CRF 7)

FCl refers to the fixed capital investment (USD), and consists of four main components:
(i) ISBL—inside battery limits—representing the cost of all the core plant equipment,
including installation costs; (ii) OSBL—outside battery limits—which covers costs related
to additional infrastructure and supporting facilities required for the plant construction;
(iii) engineering costs, which account for project design and consulting services; and
(iv) contingency charges, which account for unexpected costs that may arise, especially in
first-time plant construction as in this case.

CREF is the capital recovery factor (-), which annualizes the fixed capital investment
over the expected equipment lifetime (1, years) and discount rate (i, %), and it is expressed
as follows:

i(14+1)"
1+1)" -1

where the discount rate (i) accounts for the real interest rate, adjusted to reflect inflation

CRF = (8)

rates (ca. 0.7%/year) [57]. To clearly present the economic structure of the system under
study, Table 1 summarizes the items and corresponding values considered in the VCOP,
FCOP, and ACC calculations.

Table 1. Cost parameters and unit costs adopted for the TEA analysis, including raw materials,
operating, and capital-related costs (VCOP, FCOP, and ACC).

Category Parameter Value Unit Reference
Raw materials Fresh Pt 30.70 USD/g [58]
Fresh activated carbon 2.75 USD/kg [59]
Solids transport 0.02 % USD/kg [60]
COD treatment > 500 ppm 1.05 USD/kg [53]
COD treatment < 500 ppm 0.53 USD/m? [56]
Fixed operation costs Labor 24 588.0 USD/year/shift position [61]
Supervision 25.0 % labor [50]
Maintenance 4.0 % ISBL [50]
Insurance 1.5 % ISBL + OSBL [50]
Overhead charges 50.0 % labor + supervision [50]
Land rent 1.5 % ISBL + OSBL [50]

Economic
parameters in ACC ISBL ) ) [50,62]

OSBL 40.0 % ISBL [50]
Engineering cost 25.0 % ISBL + OSBL [50]
Contingency 10.0 % ISBL + OSBL [50]
CRF 6.5 % [50]

Plant life 20.0 years assumed
Nominal interest rate 34 Yo [63]
Inflation 0.7 % [57]

Real interest rate 2.6 % calculated

* Assumptions: 50 km distance with a 2000 kg capacity diesel truck, diesel efficiency: 3.5 km/L, driver wage of
20 USD/h.



Sustainability 2025, 17, 7856

10 of 34

For ISBL cost estimation, equipment sizes and capacities were first determined based
on the mass and energy flows obtained from the scaled-up process simulation. These flows
were used to define the technical specifications of each unit operation required for the
equipment purchase cost calculations. Details on the equipment specifications and the
capacity units adopted are provided in Sections 3.1.4 and 3.2. Equipment purchase costs
were estimated using two different approaches, depending on data availability. Specifically,
two databases were employed: the carbon capture usage and storage (CCUS) database [62]
and the Towler and Sinnott database, while the costs for the CHP unit and the APR reactor
were derived from literature works [51,64]. The two cost estimation equations adopted
from these sources are as follows [50,62]:

Ceg. =a + (bxS") 9)
g
Ceq. = Ciin + (5 ] ) (10)
min

where a and b are cost constants, S is the size or capacity of the equipment (e.g., flow rate,
power, and volume),  is the size-scaling exponent, and C,,;, is the cost of the equipment at
a reference minimum size (S,,;,,). Once the purchase costs were determined, four correction
factors were applied to obtain the final (or bare module) equipment costs: the installation
factors from Wroth [65], the material factor [50], the pressure factor from Allen [65], and a
cost updated to the 2024 Chemical Engineering Plant Cost Index (CEPCI) [66]. All factors
are summarized in Table S3.

The economic viability was assessed by determining the minimum selling price (MSP)
of electricity (in USD/kWh) and hydrogen (in USD/kg H,). The MSP was calculated as the
ratio of the annualized cost of each scenario (i.e., USDTCOP/year) to the annual expected
production of electricity (i.e., kWh/year) in S1 and hydrogen (i.e., kgH;/year) in S2. In
52, the annual surplus electricity generated from the combustion of tail gases after Hp
separation was assumed to be sold at the current market price (USD0.36/kWh) [67], and
the corresponding annual revenue was subtracted from the TCOP/year.

2.6. Life Cycle Assessment (LCA)

The LCA was carried out in order to evaluate, in a prospective manner, the potential
environmental impacts associated with the application of APR to WWW. The impacts
were benchmarked against similar technologies focused on the same type of energy vector
produced from each scenario. For S1, electricity was compared with that generated from
different national energy mixes, as well as with key renewable technologies, including
photovoltaic, geothermal, and hydropower. For S2, hydrogen production was compared
with conventional steam methane reforming and water electrolysis.

The assessment was carried out following the International Organization for Standard-
ization (ISO) 14040-14044 standards [68,69]. The system boundary includes all relevant
processes from cradle to grave for the treatment of residual WWW, as shown in Figure S2.
The considered life cycle stages are (i) the supply of raw material and the construction of the
facility (i.e., using the proxy dataset of “chemical plant construction, organics unit”), (ii) the
operative phase (for which the process simulations data is used), and (iii) the end-of-life
(including decommissioning and materials post-use). For a proportional allocation of the
“chemical plant construction, organics unit”, the quota was prorated based on plant’s capac-
ity according to each scenario. The scaling approach was based primarily on S2, where
the construction quota was allocated proportionally to the kg of H, produced, using as
reference the quota adopted in the dataset for “steam reforming”, since the scaling was
straightforwardly given the same functional unit (i.e., 1 kg of hydrogen produced). In S1,
the construction share was distributed proportionally to the treated wastewater volume,
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using the volume treated in S2 (0.36 m?) as a reference, and scaling it accordingly for
S1,1.29-10~2 m>. This method ensures consistency across scenarios while reflecting their
different functional outputs (1 kWh of electricity in S1 and 1 kg of hydrogen in 52). Specific
assumptions and estimates are reported in Table S4.

The background model used the ecoinvent v3.9.1 cut-off life cycle inventory database [70]
due to its comprehensive coverage and wide applicability, and the LCA calculations were
performed using the brightway?2 framework in python, via the Activity Browser (AB) in-
terface [71], chosen for its ease of use, flexibility, and open-source nature. The life cycle
impact assessment (LCIA) step was carried out using the Environmental Footprint (EF)
v3.1 no LT method, with particular attention to the global warming potential (GWP100)
category. Regarding CO, emissions, both direct and indirect emissions are accounted for.
The characterization factors of the EF method consider non-fossil direct CO, emissions as 0,
while fossil emissions are accounted for as +1. The summarized cornerstone of the LCA of
the present study is reported in Table 2.

Table 2. Summary of the cornerstones for the present LCA study:.

LCA Step

Details

I—Goal and scope definition

[I—Inventory analysis

Evaluate the environmental footprint of ethanol APR from WWW for electricity
(51) and/or Hj (S2) production through attributional LCA
Benchmarking against alternative technologies
Functional units (FUs): 1 kWh of electricity (S1), 1 kg H; (S2)
Boundaries of analysis: cradle-to-gate approach, including raw material
extraction, end-of-life treatment of the infrastructure and of the WWW.
Foreground: based on data provided from the (upscaled) process simulations,
basic equipment sizing for materials
Background: ecoinvent 3.9, system model: cutoff
Calculation implementation: python brightway?2 framework in Activity Browser
Selected indicators from Environmental Footprint (EF) methodology v3.1 no LT

III—Impact assessment were used for impact assessment, GWP100 (with +1/0 CFs for fossil/non fossil

IV—Interpretation

carbon), and total aggregated single score impact (i.e., through EF normalization)
Compare the LCA results for each scenario and benchmark against
alternative technologies

Note: Italics are used only for proper nouns such as software and database names.

Furthermore, a comparative assessment was performed between S1 and S2 based on
overall environmental impacts, using a single-score approach following the EF methodol-
ogy [72]. To enable a fair comparison from an energy perspective, hydrogen production
was converted into its energy equivalent using the LHV of hydrogen. Single-score results
were calculated by first normalizing the midpoint impact category results using global
normalization factors [73] and then applying the official weighting factors proposed by
Sala et al. [74] in accordance with the EF v3.1 no LT method. The final single score for each
scenario was obtained by summing the weighted normalized values across all impact cate-
gories, thus providing a referential metric for directly comparing the overall environmental
burden of the two configurations.

3. Results and Discussion

3.1. Process Simulations for Material and Energy Balances
3.1.1. Upstream Configuration

In the upstream configuration, common to both scenarios, a 78 m? storage tank was
selected, sized for one day of operation plus a 30% margin, based on a wastewater input
flow of 2.5 m3/h. The subsequent clarifier was designed with a surface overflow rate (SOR)
of 0.3 m3/h-m?, chosen as a conservative value compared to typical SORs for biologically
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treated municipal wastewater [75], in order to maximize the settling efficiency of particles
of all sizes, including degradation products of leaves and other organic residues from wine
production, present in winery wastewater (here referred as solids). The clarified effluent
is firstly pressured and then heated at APR operating conditions. The common upstream
equipment and its characteristics are reported in Table 3.

Table 3. Lists of common upstream equipment for Scenario 1 and Scenario 2, reported with de-
sign specifications.

Unit

Sizing Reference Specification

Storage tank

Clarifier
High-pressure pump
Heat exchanger 1 (HE1)
Heat exchanger 2 (HE2)

APR reactor

Volume: 78.0 m3 One day inflow + 30% of capacity
3 h retention time, SOR: 0.3 m3 /h-m?
Volume: 8.0 m?
Discharge pressure: 5.00 bar
Flow rate: 0.7 L/s

Shell and tube, net energy exchanged: 741.0 kW

U: 1250.0 W/m? K, fouling effect considered
Shell and tube, net energy exchanged: 84.0 kW

U: 2750.0 W/m? K, fouling effect considered

Volume: 0.14 m3, 3.3 min retention time
Catalyst loading: 70.0 kg

Flow rate: 2.5 m3/h
Power rating: 19.0 kW
Surface: 13.0 m?
Surface: 3.0 m?

Input flow: 2525.0 kg/h

3.1.2. The APR Reactor

Under the studied conditions, the theoretical APR stoichiometry for ethanol—(i.e.,
1 mol EtOH/6 mol Hy) (4)—was not fully evinced. Instead, the observed product compo-
sition followed a different experimental stoichiometry, with roughly 2 mol H, and 1 mol
CH,4 produced per mol of converted ethanol. The observed conversion trend and main
gas product composition over time are reported in Figure S3. Under the selected operating
conditions, ethanol conversion reached approximately 75%. The two stoichiometries are
outlined below:

Theoretical CH3;CH,OH + 3H,0O — 6H, +2CO, 11
Experimental CH3CH,OH + HyO — 2Hp + CHy + CO;, (12)

The observed stoichiometry from the experimental bench-scale tests was used for
the subsequent calculations and process simulations to ensure a conservative estimate
compared to the ideal performance. These values served as the basis for the preliminary
mass and energy balance evaluation, supporting the process simulations and the economic
and environmental assessments. The Aspen Plus process simulation flowsheets, along with
the corresponding mass flows and operating conditions (pressure and temperature) of
each stream, are reported in Figures S4 and S5 and Tables S5 and S6 for Scenarios 1 and
2, respectively. The APR reactor operating pressure was established based on sensitivity
analyses, scanning conditions between 60 and 110 bar, and observing the resulting steam
fraction together with the APR duty. These values were chosen on one side to ensure
a minimum overpressure with respect to the vapor pressure at the set temperature (ca.
55 bar at 270 °C) to guarantee the liquid phase and, on the other side, to avoid the use
of higher pressures, which may be challenging for the materials used and the design
of the reactor itself. At lower APR pressure conditions, an increase in energy demand
was observed, consistent with findings from other studies [76]. This increase in the reac-
tor’s thermal duty is associated with greater vapor fraction formation, as illustrated in
Figure 4. The reactor duty is primarily driven by the latent heat of water vaporization
(AHyap=1604.5 k] /kgHO at 55 bar), along with the endothermic nature of the ethanol
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APR reaction (AHo = +95.1 k] /molEtOH), resulting in additional heat required during
hydrogen production. Therefore, increasing the reactor’s pressure reduces the vapor frac-
tion in the output, which consequently lowers the reactor duty, because less energy is lost
due to vaporization (see Figure 4). To some extent, operating at high pressure would be
ideal to minimize this effect by further reducing the vapor fraction. However, excessively
high reactor pressures were observed to reduce gas productivity and lower overall APR
performance [77]. The simulations showed that above 75 bar, the vapor fraction is already
significantly reduced—falling below 30%—and begins to level off, indicating the onset of a
plateau. This suggests that a favorable trade-off can be achieved between operating pres-
sure and vaporization extent, optimizing process efficiency under high-pressure conditions.
Therefore, 80 bar was selected as the operating pressure to minimize energy consumption
while maintaining satisfactory process performance.

r 1200

\ 1000

800
600

\ 400

—_— 200

Reactor duty (kW)

T T T T

T T
60 70 80 90 100 110
Reactor pressure (bar)

Figure 4. Influence of APR operating pressure on the thermal reactor duty and vapor fraction in the
outlet stream.

Besides the same upstream processing and core reaction section (APR), the down-
stream phase is distinct among the two scenarios, with each equipment designed according
to the specific requirements and products.

3.1.3. Downstream Scenario 1—Electricity Production

For S1, the downstream processing included a flash stage to separate the gas and
liquid phases. According to Towler and Sinnott, the inlet gas velocity should be below
30 m/s; under the studied conditions, a velocity of 0.05 m/s was calculated using gas
and liquid densities from the Aspen simulation. A retention time of 10 min was selected
to ensure complete settling of liquid droplets, resulting in a minimum vessel diameter
of 1.3 m [78]. The final flash volume was set at 0.55 m3, including a 25% safety margin
above the minimum, as suggested by Towler and Sinnot [78]. The separated gas phase was
further cooled to 36 °C and mixed with a slightly pressurized (1.1 bar) air stream containing
10% excess oxygen relative to the stoichiometric requirement for the combustion of the
APR gas products. The mixture was assumed to be combusted in a boiler, generating a
high-temperature flue gas stream at 1665 °C, starting from an initial temperature of 26 °C,
with a Cp of 1.5 kJ/kg-K, estimated from process simulations. Adiabatic conditions were
assumed, and a conservative temperature value was adopted by excluding the heat released
through water condensation. This calculated temperature is consistent with typical flue
gas temperatures from hydrocarbon combustion [79,80]. This flue gas was used to produce
high-pressure steam for cogeneration. Specifically, a total thermal power of 319 kW and
electric power of 195 kW are produced by the CHP. The recovered heat could potentially
cover the APR reactor duty at 270 °C (235 kW) and the secondary heat exchanger, HE2
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(84 kW), used for the final feed preheating from 250 to 270 °C. After covering the total
319 kW of thermal power required by the process, the remaining heat is used to generate
high-pressure steam (HPS) at 170 bar and 620 °C, with a mass flow rate of c. 550 kg/h,
through a Rankine cycle, where the flue gas flows counter-currently through four successive
heat exchangers (see Figure S1): (1) a superheater, which raises the steam temperature
from 352 °C to 620 °C; (2) a reboiler, providing the latent heat of vaporization at 170 bar;
and (3) two economizers. The first economizer heats liquid water at 170 bar from ambient
conditions to 275 °C (729 kg/h flow directed to process units), while the second raises
the temperature of the remaining water flow (550 kg/h) from 275 °C to 352 °C. Finally,
the HPS expands in a steam turbine, where its pressure is reduced to 0.1 bar, enabling
a maximum electricity generation of 195 kW. The exhaust gases are released from the
system at temperatures between 100 and 110 °C to prevent condensation and any related
operational issues. After subtracting the internal electricity consumption—mainly due to
pumps and compressors (30 kW)— the net surplus electricity (165 kW) remains available
to be exported to the grid. In this configuration, the wastewater leaving the plant must
be sent to wastewater treatment, as its COD level (1268 ppm) remains above the limits set
by national regulations for discharge into the sewage system (500 ppm) or surface waters
(150 ppm) [54]. To reduce the residual COD below 150 ppm, further modifications should
be implemented, as discussed in Sections 3.4.1 and 3.4.2.

3.1.4. Downstream Scenario 2—Hydrogen Production

The S2 configuration shares certain similarities with S1; however, the downstream
process configuration is specifically adapted for hydrogen production. After the heat
recovery in HEI, the stream is expanded to 25 bar before entering Flash 1. At this point, a
first gas-liquid separation occurred. The gas phase output of Flash 1 was at 117 °C, and
it was then cooled to 26 °C by a condenser before entering the PSA unit. The PSA unit
was modeled to operate at 25 bar and 26 °C, consistent with literature references, which
reported hydrogen purities of 99% and recovery efficiencies around 85% for feed streams
containing approximately 10 mol% H, [81]. From an energy perspective, the PSA energy
duty was assumed negligible by exploiting the high pressure of the APR output stream
since compression is typically the main energy-intensive step [82].

The liquid phase exiting Flash 1 was mixed with the liquid separated at the condenser
(before the PSA unit), and it was fed to a second flash, where the pressure drops to 1 bar.
This caused the temperature to drop from 117 °C to 98 °C and enabled the recovery of
89 wt% of the residual ethanol in the liquid phase, originating from unconverted ethanol in
the APR effluent. This step effectively reduced the COD of the remaining water, which was
subsequently cooled to room temperature and, if needed—depending on the configuration,
if implemented or not (see Sections 3.4.1 and 3.4.2)—sent to a wastewater treatment plant.
The generated gas phase, along with the PSA tail gases, was directed to the boiler for
cogeneration. Specifically, treating 2.5 m3/h of winery wastewater yielded a total thermal
power of 319 kW and 115 kW of gross electricity. Due to the additional hydrogen sepa-
ration step in S2, the overall LHV of the gas stream sent to the CHP system decreased
by 26% compared to S1, resulting in a flue gas temperature of approximately 1462 °C.
Nonetheless, following the methodology previously described, the entire thermal output
was used to meet the plant’s internal heat requirements, while 87 kW of net electricity
remained available for external sale after covering internal demands. The specifications
for the downstream equipment employed in the two scenarios are detailed in Table 4. The
flowsheets, along with the stream tables (phase, temperature, and pressure) obtained from
Aspen for S1 and S2, are presented in Figures 54 and S5 and Tables S5 and S6, respectively.
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bold used for cost estimation.

Table 4. Downstream equipment specification for Scenarios 1 and 2, with equipment capacities in

Equipment Scenario 1 Scenario 2
P:1.1 bar P: 25 bar
Tin: 118 °C Tin: 118 °C
Tout: 86 °C Tout: 117 °C
Flash 1 Duty: 0 kW Duty: 0 kW
RT: 10 min RT: 10 min
Settling velocity: 0.1 m/s Settling velocity: 0.1 m/s
Vol: 0.55 m3 Vol: 0.49 m?
Double pipe Double pipe
Condenser 1 Net heat exchanged: 114 kW Net heat exchanged: 20 kW
Area: 6.08 m? Area: 1.12 m?

U: 1000 W/m?2-K

U: 1000 W/m?2-K

PSA

P: 25 bar
T:26 °C
99% H purity
85% Hj recovery
7 kg/h Hp

Flash 2

P: 1 bar
T:97.5°C
Duty: —9.15 kW
RT: 10 min
Settling velocity: 0.1 m/s
Vol: 0.55 m3

Condenser 2

Plate and frame
Net heat exchanged: 171 kW
Area: 13 m?
U: 1150 W/m?-K

Plate and frame
Net heat exchanged: 210 kW
Area: 16 m?
U: 1150 W/m?-K

Air blower

Flow rate: 1230 kg/h
Power rating: 2.8 kW
P:1.1 bar
Isentropic compression

Flow rate: 952 kg/h
Power rating: 2.2 kW
P:1.1 bar
Isentropic compression

CHP

(Boiler + turbine + generator)

Fuel LHV: 956 kW
Fumes T: 1665 °C
Electricity capacity: 195 kW
0.6 wt.% water content

Fuel LHV: 712 kW
Fumes T: 1462 °C
Electricity capacity: 115 kW
6 wt.% water content

MNel* 20%

Thermal capacity: 319 kW
Nthermic: 33%
TMisentropic* 85%
TMmechanical: 100%
Discharge pressure: 0.1 bar

MNel* 16%

Thermal capacity: 319 kW
Nthermic: 44%
Tisentropic* 85%
Tmechanical: 100%
Discharge pressure: 0.1 bar

6% heat loss (LHV) 6% heat loss (LHV)
Discharge pressure: 170 bar Discharge pressure: 170 bar
AP: 110 bar AP: 110 bar

Flow rate: 0.2 L/s

Pump CHP 1 Flow rate: 0.2 L/s
Power rating: 3.4 kW Power rating: 3.4 kW
n: 95% n: 95%
Discharge pressure: 170 bar Discharge pressure: 170 bar
AP: 171 bar AP: 171 bar
Pump CHP 2 Flow rate: 0.15L/s Flow rate: 0.09 L/s

Power rating: 2.8 kW
1n: 95%

Power rating: 1.9 kW
n: 95%
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Table 4. Cont.
Equipment Scenario 1 Scenario 2
Double pipe Double pipe
. Net heat exchanged: 170 kW Net heat exchanged: 100 kW
Economizer CHP 1 Area: 1.95 m? Area: 1.82 m?
U: 769 W/m? K U: 769 W/m? K
Double pipe Double pipe
. Net heat exchanged: 215 kW Net heat exchanged: 177 kW
Economizer CHP 2 Area: 0.83 m? Area: 1.10 m?
U: 769 W/m? K U: 769 W/m? K
Double pipe Double pipe
. Net heat exchanged: 298 kW Net heat exchanged: 244 kW
Reboiler CHP Area: 0.5 m2 Area: 0.5 m?2
U: 769 W/m? K U: 769 W/m? K
Double pipe Double pipe
Net heat exchanged: 137 kW Net heat exchanged: 82 kW
Heater CHP Area: 0.17 m? Area: 0.12 m?
U: 769 W/m? K U: 769 W/m? K
2540 °C 2540 °C

Cooling water

Total plant flow rate: 36 m3/h Total plant flow rate: 27 m3/h

Note: Bold text indicates the equipment specifications adopted as cost-scaling parameters.

3.2. Energy Sustainability Assessment (ESA) Results

The energy sustainability of S1 and S2 was assessed using the ESA methodology
described in Section 2.4. The most relevant energy flows for the scenarios under study,
expressed in MJ/h and the ESI and EROI terms for 75 and 95% conversion of each scenario,
are summarized in Table 5. Scenarios assuming 95% ethanol conversion were evaluated
for both S1 and S2 (51-95 and S2-95) to examine how enhanced conversion influences the
overall energy performance of the process.

Table 5. Detailed energy flows included for the ESA evaluation as previously shown in Figure 3.

Scenario S1 S1-95 S2 S2-95
Ethanol conversion (%) 75 95 75 95

Available energy (MJ/h) 3384 3384 3384 3384
Produced energy (M]/h) 1850 1990 2409 2725
Direct energy (MJ/h) 1254 1442 1247 1436
Indirect energy (M] /h) 380 346 428 371
Net energy (M]/h) 596 549 1162 1288
ESI 1.48 1.38 1.93 1.90

EROI 1.57 1.59 2.71 3.47

Starting from the same available energy content in ethanol, the two scenarios lead to
different outputs in terms of produced energy and quality types. At 75% ethanol conver-
sion, 52 delivers 2409 M] /h, corresponding to a 30% increase compared to S1. Differences
in the produced energy also account for the different thermodynamic efficiencies for each
quality conversion. The difference between S1 and S2 slightly increases at 95% ethanol
conversion, where the energy output of S2 is 36% higher than S1. Despite these differ-
ences in the produced energy, the direct energy requirements for plant operability remain
similar across scenarios at similar conversion levels. However, a 15% increase in direct
energy consumption is observed at higher ethanol conversion rates (95%), primarily due
to the intensified extent of the APR reaction. This results in greater vaporization effects
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(see Section 3.1.2), which in turn increases the energy duty of the APR reactor. In contrast,
indirect energy consumption (associated with materials supply, catalysts, infrastructure
construction/dismantling, and waste treatments) behaves inversely. Increasing ethanol
conversion results in a 9% decrease in indirect energy demand for S1 and a 13% reduction
for S2. This trend reflects improved energy process efficiency, enabled by higher produc-
tivity and enhanced COD removal. Together with platinum supply burdens, these factors
represent the most impactful contributors to the total indirect energy invested.

Regarding the energy metrics, all ESI values are above unity, indicating that both
configurations can be considered energy sustainable in the short term (i.e., able to cover
their direct energy inputs and provide surplus energy in the evaluated quality forms). In
both S1 and S2, the ESI undergoes a minimal decrease with increasing conversion. This
could be counterintuitive, but it is explained mainly by the higher thermal duty of the APR
reactor at higher ethanol conversion, leading to a reduction in the net produced energy from
195 kWh to 182 kWh. Further discussion on how reactor thermal duty is linked to the net
electricity sent to the grid is reported in Section 3.1.3. Since the ESI is directly influenced by
the plant’s net energy output, these additional energy requirements (and reduced output)
also lead to a slight decline in short-term energetic sustainability. These limited variations
in ESI passing from 75% to 95% conversion highlight the importance of improving the APR
reactor duty and optimizing pressure conditions, thereby improving reaction kinetics using
advanced catalysts capable of lowering the activation energy of the reforming reactions or
enabling similar APR performances at lower temperatures.

In terms of long-term energy sustainability, EROI values confirm a positive energy re-
turn for each scenario, albeit more energy profitable for S2. When increasing the conversion
to 95%, S2 resulted in EROI rising to 3.47, a gain of over 30%, while for S1, no significant
changes were observed. These differences arise primarily from the quality of the produced
energy: Hydrogen in S2 is credited with its full calorific value (LHV), whereas electricity
in S1 inherently includes losses due to thermodynamics. Although both systems produce
similar syngas compositions (mainly H, and CHy), the final energy quality and recovery
pathway (including downstream configurations) ultimately drive the divergence in net
energy returns.

Alternative studies on Hy-producing technologies have also adopted the ESA method-
ology [42]. In particular, steam methane reforming (SMR) and two-stage anaerobic digestion
(TSAD) reported ESI values of 3.63 and 3.00 and EROI values of 2.47 and 2.24, respectively.
Comparing them with S2, we can observe an ESI around 2-fold lower than SMR and
1.6-fold lower than TSAD, but its EROI exceeds that of SMR by 10% and TSAD by 21%.
This suggests that although the technology may exhibit higher direct energy consumption
during operation compared to the produced one, it ultimately reduces the indirect energy
required over the long term, resulting in a higher EROL The obtained ESI and EROI values,
although relatively low compared to other energy-producing processes, remain at least
above 1 (but are consistent in the range of energy recovery processes). Overall, the obtained
metrics suggest that the process could theoretically cover its own direct/indirect energy
needs, even with surplus useful energy that can be employed for societal purposes in
both the short and long term. However, their values being close to 1 highlight the narrow
margin of the APR for energy recovery. While these values theoretically indicate that energy
sustainability could be attainable, the correct operation of the process is crucial to achieve it.
In particular, given that the EROI values approach unity (e.g., EROI ~ 1.90 depending on
the scenario), the system’s tolerance for inefficiencies or operational deviations is rather low.
Small disruptions—such as reduced conversion efficiency, suboptimal heat integration, or
increased auxiliaries energy demands—could easily drive the EROI below 1, rendering the
system energetically unsustainable. Therefore, precise control of key parameters, including
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reactor temperature, pressure, and feedstock composition, as well as reliable heat recovery
and integration systems, is essential to ensure that the process consistently yields a net
positive energy output and contributes meaningfully to long-term energy sustainability.

3.3. Techno-Economic Assessment (TEA) Results
Minimum Selling Prices

TCOP for the two scenarios was estimated at USD14.9 M and USD14.16 M, respectively,
for S1 and S2. These values were annualized over a 20-year plant lifetime, resulting in
annualized costs of USD823 k/year for S1 and USD805 k/year for S2. As illustrated in
Figures 5 and 6, VCOP accounts for only ~4% of annualized TCOP in S1, compared to
7% in S2. The dominant VCOP component is COD treatment, which in S1 amounts to
USD18 k/year—over 53% lower than in S2—and represents 57% of S1’s VCOP. In contrast,
COD treatment in S2 rises to USD38 k/year, accounting for 77% of VCOP (see Figure 6).
The higher COD treatment cost in S2 stems primarily from its process configuration. Since
the PSA unit operates at 25 bar, the first flash separator in S2 experiences a lower pressure
drop compared to S1 (i.e., 1.1 bar pressure drop), limiting ethanol separation to only 50%.
In contrast, S1 achieves 98% ethanol recovery in the first flash. As a result, a second flash is
required in S2 to increase total ethanol recovery up to 90%.

Despite this improvement, the liquid effluent in S2 still contains a higher residual COD,
driving up treatment costs and underscoring the strong dependency of COD treatment
costs on incomplete ethanol conversion.

As explored in Section 3.4.1, enhancing APR performance to reach 95% ethanol conver-
sion in both scenarios could significantly reduce these costs—by as much as 60%. Building
on this, Section 3.4.2 examines how the integration of additional equipment could further
lower COD levels while also influencing the MSP. Finally, the broader economic implica-
tions of adopting APR as an alternative to conventional wastewater treatment are discussed
in Section 3.4.3, with a focus on the potential for avoided treatment costs.
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Figure 5. Cost breakdown of the APR-based system under Scenario 1.
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Figure 6. Cost breakdown of the APR-based system under Scenario 2.

Both scenarios exhibit low VCOP due to their self-sufficient operation, which elim-
inates utility costs. Moreover, the feedstock—WWW—is a waste stream, resulting in no
associated feedstock expenses. In some cases, wastewaters represent a revenue for those
facilities that must treat them (see Section 3.4.3). All remaining VCOP components are
equivalent between the two cases. FCOP represents 43% and 40% of annualized TCOP in
S1 and S2, respectively. As observed in similar studies on APR of glycerol [51], the largest
share of FCOP in both scenarios is attributable to equipment maintenance (40%), followed
by land rent and insurance.

Within the third cost term, ACC, the main contributor for both scenarios is the ISBL
component, whose breakdown is illustrated in Figure 7 (6a for S1, 6b for S2). In both S1
and S2, the CHP unit is the most expensive component, accounting for 37% of ISBL in S1
(USD1.3 M) and 27% in S2 (USD901 k). The higher CHP cost in S1 is linked to the greater
required generation capacity in S1, given that CHP cost scales with electric capacity [83,84].
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Figure 7. Breakdown of Inside Battery Limits Costs (ISBL) for the two process configurations:
(a) Scenario 1—electricity production and (b) Scenario 2—hydrogen recovery.
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The APR reactor is the second-highest ISBL item, representing 20% of ISBL in S1 and
21% in S2, with comparable costs for both scenarios. Stainless steel was selected as the
construction material for the APR reactor, and a correction factor was applied accordingly
(Table S3). This choice is consistent with previous APR TEAs, and the resulting reactor costs
per unit of treated feed are in line with literature values. In 52, the PSA unit constitutes
the third major cost driver, representing 9% of ISBL (USD313 k/year). In contrast, in S1,
the third-largest cost component is HE1, representing 8% of ISBL. A detailed list of all
equipment costs—both as-purchased and after applying correction factors (see Section 2.5
and Table 53)—contributing to the ISBL is provided in Table S7.

Taking all associated costs into account, the minimum selling prices for electricity
and hydrogen are estimated at USD0.86/kWh and USD15.5/kg Hj, respectively—both
significantly above current market benchmarks (USD0.36/kWh for electricity [67] and
USD 2-7/kg Hj [85]). To address this gap, optimization scenarios were evaluated through
sensitivity analysis for both S1 and S2.

3.4. Sensitivity Analysis
3.4.1. Ethanol Conversion Effect

To explore opportunities for cost reduction, additional scenarios were modeled in
which ethanol conversion was increased from 75% to 95% in both cases (i.e., S1-95 and
52-95).

In 51-95, TCOP slightly decreased from USD824 k/year to USD811 k/year, mainly
due to lower operating costs for COD removal and CHP, which scale with the electricity
generated. A schematic representation of the main cost drivers is shown in Figure S6,
while Table S8 specifically compares the overall energy flows for S1 and S1-95. Despite the
TCOP reduction, the MSP of electricity increased from USD0.86/kWh to USD0.92/kWh, a
counterintuitive result driven by several interacting factors. First, at 95% conversion, more
ethanol is transformed into reaction products, resulting in a +14.5% higher LHV in the
produced gas mixture (i.e., rising from 956 to 1095 kW) with an increased flue gas flow rate
from combustion (from 1400 to 1533 kg/h). The recovered heat from this stream is used to
generate high-pressure steam in the CHP unit. However, the higher conversion also means
higher endothermic duties of reaction together with the vaporization effect, raising the
APR reactor’s thermal demand by 22% (from 235 kW to 287 kW). To meet this demand, a
larger portion of the generated steam is diverted to the reactor (848 kg/h vs. 729 kg/h),
leaving less steam available for turbine expansion and electricity generation. Consequently,
net power output from the CHP unit decreases from 195 kW to 182 kW. Since the MSP is
calculated as a ratio of the TCOP and energy output, the result is an increased MSP (the
numerator decreases by only 1.2%, while the denominator drops by 8.0%). Since the rise
in MSP at higher ethanol conversion is largely driven by the increased reactor heat duty,
mainly from water vaporization, operating at higher pressure could reduce this effect by
limiting vaporization, a strategy that should be explored in future work.

In summary, higher ethanol conversion improves COD removal and fuel quality but
also raises internal heat demand, shifting the utilities balance, and ultimately increasing
electricity production costs. Similarly, in the S2-95 case, TCOP decreased by 5%, from
USD805 k/year to USD769 k/year, more than in S1-95. While modest in absolute terms, in
this case, this drop translates into a substantial 20% decrease in the hydrogen MSP, from
USD15.5 to USD12.5 per kg Hy. This is driven by the combined effect of (i) the lower TCOP
and (ii) a marked 27% increase in annual hydrogen production (from 40.3 to 51.2 tons/year).
Within TCOP, the improved COD removal efficiency (from 97.5% to 99.6%) is particularly
important, as COD treatment represents a larger share of variable costs in 52 (see Figure 6).
As in S1, higher ethanol conversion increased the reactor’s heat demand. However, since
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hydrogen is separated in S2, the energy available for electricity generation via CHP is
lower, reducing the net power output from 115 kW to 87 kW (—24%). This, in turn, slightly
decreases CHP-related costs, which are tied to the electricity production scale (see Figure S7
for further details). Ultimately, the higher hydrogen yields more than offset the reduction in
sold electricity (and associated revenues), making S2 more positively sensitive to improved
APR performance. A more detailed comparison of the energy flows underlying the different
behaviors observed when increasing conversion in S1 and S2 is provided in Table S8.

3.4.2. Configuration Effect

Increasing ethanol conversion to 95% enhanced only the S2 process economics. Regard-
ing COD removal efficiency, it improved from 97.5% to 99.6% in S2 and from 98.0% to 99.9%
in S1. Despite this, the resulting COD concentrations, 357 ppm for S2 and 226 ppm for S1,
still exceeded the 150 ppm regulatory limit for surface discharge, necessitating additional
treatment. To meet this requirement, a revised process configuration was implemented for
both scenarios by introducing an additional flash unit.

In S1-95+, COD was reduced up to 105 ppm, hence allowing direct discharge. This
result was achieved because, in the first flash stage, the pressure was sharply lowered to
6 bar, unlike in S2-95, where it was maintained at 25 bar to meet PSA feed requirements. The
lower pressure enabled a more efficient G-L separation, with 80% of the ethanol removed
from the liquid stream, compared with 57% in scenario S2-95. In this configuration, we also
assessed the effect of recompressing the gas up to 25 bars needed for PSA feeding; however,
it increased the MSP due to the added equipment cost and higher internal electricity
consumption, which reduced the net power exported to the grid and consequently lowered
the revenues.

The MSP of electricity reached USD0.93/kWh, which is comparable to the USD0.92 /kWh
of the single-flash configuration at 95% conversion (51-95). The benefit of generating a
wastewater that requires no further treatment comes at a modest cost, as the MSP increases
from USD0.86/kWh at 75% ethanol conversion to USD0.92/kWh at 95% conversion. This
suggests the existence of a trade-off threshold between a higher COD removal and eco-
nomic efficiency.

In S2+, the revised configuration includes an initial G-L separation at 6 bar (instead of
25 bar used in S1), followed by a second flash at reduced temperature prior to PSA, and a
compressor to restore inlet pressure. A third flash at atmospheric pressure is applied to the
liquid stream exiting the two previous separators, improving ethanol recovery and reducing
the final COD to 124 ppm, thereby fully eliminating the need for external treatment. This
setup lowers the hydrogen MSP by 12% compared to the base 75% conversion, although it
remains 13% higher than the two-flash 95% case (USD 13.7/kg H3), indicating a solution
optimized more for COD abatement than for economic performance (see Table 6).

Table 6. Summary of key techno-economic and environmental indicators across different APR
configurations for S1 and S2.

Scenario Conversion  Turbine APR Revenue COD Removal COD MSP (USD/kWh,
(%) (kWh) (USD0.315/kgcop) Efficiency (%) (ppm) USD/kgH,)
S1 75 195 0 98.8 1268 0.86
S1* 75 195 629,350 98.8 1268 0.20
S51-95 95 182 0 99.9 226 0.92
S1-95+ 95 176 0 100 105 0.93
S2 75 115 0 97.5 2809 15.52
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Table 6. Cont.
Scenario Conversion Turbine APR Revenue COD Removal COD MSP (USD/kWh,
(%) (kWh) (USD0.315/kgcop) Efficiency (%) (ppm) USD/kgH5)
S2* 75 115 620,988 97.5 2809 4.62
S2-95 95 87 0 99.6 357 12.59
S52-95+ 95 94 0 100 124 12.59

The symbols S1* and S2* indicate scenarios where COD abatement fees are included in the cost structure.

3.4.3. Economic Benefits from Avoided Wastewater Treatment Costs

To further assess the economic viability of the APR system, a hypothetical scenario was
considered in which APR is implemented as an alternative wastewater treatment process
with integrated energy recovery. It was assumed that, under this perspective, APR could
offer competitive market prices for electricity and hydrogen, whose average price was set
at USD0.20/kWh and USD4.5/kg H,, respectively, based on the data reported in Section
Minimum Selling Prices. To achieve such targets, the facility would need to charge a service
fee of USDO0.42 per kg of COD removed—representing only 40% of the average cost of
conventional treatment (USD1.05/kg COD)—making it a realistic and competitive value.
Under these conditions, the APR system would generate service revenues of approximately
USD629 k/year for S1 and USD620 k/year for S2, which can be directly subtracted from the
respective annual TCOP. By contrast, if the same quantity of COD removed by APR—i.e,,
1.49 kt/year for S1 and 1.48 kt/year for S2—were treated through a conventional wastew-
ater treatment plant, the associated annual cost would be approximately USD1.5 million
for both scenarios. This corresponds to an avoided cost of about 48% when compared to
the annual TCOP of APR-based treatment for S1 and S2 (see Section Minimum Selling
Prices), suggesting a potentially favorable economic benefit for the APR option. If the COD
service fee is increased to 50% of the conventional cost (i.e., USD0.53/kg COD), the process
could potentially achieve net-positive margins, making APR an economically attractive
alternative to conventional treatment. The notations S1* and 52* refer to scenarios in which
COD abatement fees are incorporated into the cost structure, assuming USD0.42 per kg of
COD removed (see Table 6).

3.4.4. Minimum Selling Prices Variability

A sensitivity analysis was conducted on the base configuration by varying key cost
drivers (APR reactor, CHP, PSA, COD treatment, Pt loading, and plant lifetime) by £20%
and +40% in order to identify the main drivers to MSP and understand in which direction
improvements are more important for the MSP to become more competitive. Figure 8
illustrates the resulting variation in electricity price for S1, where the reference value of
USDO0.86/kWh is used as the baseline (zero axis). Each bar represents the difference to
the reference price associated with variation in individual cost items, including capital
expenditures (i.e., APR reactor, heat exchanger HE1, CHP unit, and ISBL), operating costs
(i.e., COD treatment, fresh Pt supply, and VCOP), and plant lifetime.

The same sensitivity analysis was conducted for S2. The cost variables modified and
their respective impact on the reference value for hydrogen, i.e., USD15.5/kg, are presented
in Figure 9.
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Figure 8. Variation in electricity production cost (USD/kWh) for Scenario 1 under sensitivity anal-
ysis of key techno-economic parameters, considering estimated cost fluctuations of £20% (a) and
£40% (b). The reference electricity price is USD0.86/kWh.

a -20% b = B -40%
APR reactor - -o.7za| P.ns [ 1+20% APR reactor - -1.451 1.451 [ ]+40%
HE1 4 -o.JwDDLMQ HE1 4 -o.s)&DD.sa'l
CHP 1 -oAm[:]D.m CHP -1.834 h.s3s
1sBL{  -3.44 haa I1SBL 16,88 688
COD - -oA193UDL193 €OoD - -osaﬂﬂmn
Pt fresh _vo4:4|nAm Pt fresh - -0.086J0.086
VCOP - -0.251DD).251 VCOP -o.sozDU).soz
" ] . ]
Plant life 4 -1.3 |1_gsa Plant life - -211# FAZH
T T T T T T T ] T T T T T T
-5 -4 -3 -2 - 0 1 2 3 4 -8 -6 -4 -2 0 2 4 6
Base price 15.5 $/kg, difference $/kgH, Base price 15.5 $/kg, difference $/kgH,

Figure 9. Variation in hydrogen production cost (USD/kg) for Scenario 2 under sensitivity analysis of
key techno-economic parameters, considering estimated cost fluctuations of +20% (a) and £40% (b).
The reference hydrogen price is USD15/kg.

It is worth noting that not all cost variables exert the same influence on the MSP. VCOP
variations have only a marginal effect on both hydrogen and electricity prices. In contrast,
plant lifetime proves to be a highly influential parameter in both scenarios: Extending it
to 28 years (the case in which plant lifetime was varied by 40% in a positive direction)
alone can reduce the electricity price to USD0.63/kWh and hydrogen production cost to
USD10.2/kg. Moreover, capital investment (primarily the ISBL) was found to have the
greatest influence on the reduction of MSP of the technology outputs, with CHP and APR
reactor being the most impactful components within the ISBL. Electricity and hydrogen
prices could decrease to as low as USD0.55/kWh and USD8.6/kg, respectively, following
a 40% reduction in the ISBL cost estimate. Although lowering APR reactor costs remains
challenging, the development of more active catalysts could enable shorter residence
times and, in turn, smaller reactor volumes. Advancing catalyst design is therefore a key
research direction, as novel formulations could be crucial to achieving economically and
environmentally sustainable operation of APR plants. For the sake of example, according
to Zhao et al. [86], the use of a bimetallic Ru-Pt catalyst could enable the same ethanol
conversion in less than half the reaction time compared to monometallic systems. This
implies that retention time could be reduced from 3.3 min to 1.65 min, potentially halving
the reactor volume and reducing the reactor costs. Alternative catalyst lifespans were
evaluated to account for potential faster deactivation phenomena, which may occur with
real WWW (see Table S9). Reducing only the lifespan from one month to one week had
a modest effect on the MSP, increasing from USD0.86/kWh to USD0.89/kWh in S1 and
from USD15.40/kg to USD16.12/kg in S2 (i.e., c. 4.8-5.0% increase). However, a more
pronounced rise to USD1.00/kWh (S1) and USD19.74/kg (S2) (i.e., c. 12.8-28.1% increase)
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was observed when a second reactor was added in parallel to avoid weekly shutdowns for
catalyst replacement. The effect of increasing the fraction of fresh Pt on the replaced catalyst
per cycle from 1% (baseline) to 5%, 10%, 25%, 50%, and 100% was also assessed, showing a
strong influence of fresh metal content on the final MSP. Specifically, increasing from 5% to
100% fresh Pt replacement raised the MSP from USD0.90 to USD1.76/kWh in S1 and from
USD16 to USD36/kg in S2 (Figure S8). In this low-recycling rate scenario, replacing noble
metal catalysts with more economic alternatives offering comparable performance could
significantly reduce MSP impacts.

The ISBL cost burden could be significantly reduced if the size of the plant is increased.
However, it is worth noting that the potential for exploiting economies of scale in this
process is inherently limited, as the present analysis already considers wastewater vol-
umes representative of medium-to-large wineries. Greater scale benefits could, however,
be achieved within a district-scale approach, where a centralized APR facility treats ef-
fluents from multiple producers (e.g., wineries, breweries, or other industries generating
ethanol-containing wastewater), which have already been suggested by the literature as
possible feedstocks [8]. In such a configuration, the larger combined flow could justify
higher-capacity equipment, thereby lowering specific capital costs and improving overall
economic feasibility, as proposed in similar studies [87]. Furthermore, the conservative
assumptions adopted in this study—such as installation factors, equipment sizing, and
material choices—provide a basis for future optimization and potential MSP reductions
through ISBL adjustments. For example, a contingency factor of 10% was applied in this
study, consistent with the assumption of an nth plant rather than for a FOAK (first of
a kind) system. This choice avoided artificially overestimating long-term sustainability
indicators, particularly since the process considered here is relatively simple and closer in
configuration to a (conventional) wastewater treatment plant than to a complex chemical
process with multiple conversion and separation steps. To assess the robustness of this
assumption, a sensitivity analysis was also performed by varying the contingency factor
from 10% to 40%. The results, reported in Figure S9, show that for 51, the MSP of electricity
increases from USD0.86/kWh to USD0.97 /kWh, while for S2, the MSP of hydrogen rises
from USD15.48/kg to USD17.70/kg.

3.5. Life Cycle Assessment (LCA) Results

The life cycle inventories and datasets for both S1 and S2 scenarios are detailed
in Tables S10 and S11, while Figures 10 and 11 compare the obtained carbon footprint
(GWP100) values against selected benchmark technologies. Results are expressed in kg
CO;y-eq per functional unit—per kWh for S1 and per kg H; for S2. To contextualize the
environmental performance of the APR process in terms of GWDP, three reference categories
were selected for direct comparison: (i) studied APR scenarios, (ii) national electricity mixes,
represented by “market for electricity, medium voltage” datasets (from the background
database), which account for the country-specific electricity generation mix and average
distribution impacts; and (iii) electricity generated from renewable sources in Italy.

The carbon footprint is reported for four APR configurations: APR at 75% ethanol
conversion with one flash (S1) and two flashes (51+) and the same setups for 95% conversion
(51-95 and S1-95+). The lowest GWP value was achieved by the S1+ scenario, with 0.074 kg
CO, eq./kWh, closely followed by the optimized 95% conversion scenario (51-95+) at
0.078 kg CO; eq./kWh, reflecting only a 4% difference. When compared with national
electricity mixes, the GWP of the best-performing APR scenario is approximately 4.8-, 5.4-,
and 6.3-fold lower than the average electricity generation in Europe, Italy, and Germany,
respectively. It is comparable to the French electricity mix and 2.3-fold higher than that
of Switzerland. These low-carbon profiles are largely due to France’s strong reliance on
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nuclear power and Switzerland’s predominant use of hydroelectricity, which substantially
reduces their associated CO, emissions compared to other national mixes [88,89].
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Figure 10. Comparison of APR with alternative technologies for electricity production on their GWP
impact in terms of kg CO; eq./kWh. Referential nomenclature for APR configurations is reported in
Table S1.

In relation to renewable electricity technologies in Italy, the APR process shows similar
GWP to photovoltaic electricity (0.075 kg CO, eq./kWh), while performing 3-fold better
than electricity from biogas cogeneration (0.228 kg CO, eq./kWh). However, APR remains
less favorable than hydroelectricity, wind power, and wood chip cogeneration, all of which
exhibit lower GWP values.

To evaluate the environmental performance of APR-based hydrogen production as
well, three technology categories were considered for comparison in terms of GWP: (i) the
studied APR scenarios, (ii) conventional hydrogen production technologies, and (iii) re-
newable hydrogen production technologies via water electrolysis, including both proton
exchange membrane (PEM) and solid oxide electrolysis cell (SOEC) systems under different
electricity supply conditions.
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Figure 11. Comparison of APR with alternative technologies for hydrogen production on their GWP
impact in terms of kg CO, eq./kgHj. Referential nomenclature for APR configurations is reported in
Table S1.

Among the APR scenarios, the lowest GWP was achieved with APR at 95% conversion
and two flashes (52-95), yielding 1.67 kg CO; eq./kg Hy, closely followed by APR at 95%
conversion with three flashes (52-95+) at 1.68 kg CO, eq./kg H;. Conversely, APR at 75%
conversion with two flashes (52) showed the highest GWP, reaching 2.57 kg CO, eq./kg
H,. When compared with established fossil-based hydrogen production technologies, the
best-performing APR scenario is approximately 7.2-fold lower in GWP than steam methane
reforming (12.06 kg CO, eq./kg Hj) and 1.7-fold lower than hydrogen from petroleum
refineries (2.88 kg CO, eq./kg Hj). The lower GWP is also due to the avoided burden
associated with the feedstock provision for the APR process, whose production is not
linked to any emissions because the environmental impacts are allocated to the primary
product (wine) (i.e., no transport is considered for it). In contrast, for steam reforming
and petroleum refinery processes, the feedstock includes the impacts from the extraction,
processing, and transport of natural gas.

In relation to renewable hydrogen production, APR exhibits a 3.2-fold higher GWP
than PEM electrolysis powered by hydroelectricity in Italy (0.52 kg CO; eq./kg Hj) and
2.5-fold higher than SOEC electrolysis powered by the same source (0.66 kg CO; eq./kg Hy).
However, APR shows significantly better performance compared to electrolysis systems
powered by photovoltaic electricity (3.54-3.78 kg CO, eq./kg H;) and especially compared
to EU grid-powered electrolysis, which could potentially reach 15.74-17.63 kg CO, eq./kg
Hy, resulting in a 9.4-10.6-fold improvement for APR. These findings demonstrate that the
source of electricity can significantly influence the GWP of electrolysis-based hydrogen
production, underlining that the environmental impact of each technology is highly context
dependent. The same is evident for electricity generation technologies themselves: for
instance, in Switzerland—where over 90% of electricity is produced from nuclear and
renewable sources—the GWP of electricity production is more than 2 times lower than
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in Italy, where renewables represent only ~40% of the electricity mix [89]. Similar carbon
footprints for hydrogen technologies have also been reported in previous studies [90].

Both scenarios could potentially achieve emissions reductions of approximately 80% in
S1 (versus the Italian electricity mix) and 79% in S2 (versus conventional steam reforming).
These lower carbon footprints can be integrated into techno-economic assessments by
incorporating reduced GWP and lower externalities into cost schemes and comparative
evaluations, thereby strengthening the overall value proposition (e.g., through access
to carbon credits, water quality trading programs, reduced discharge fees, or eligibility
for environmental subsidies). These relatively low APR impacts are mainly due to the
self-sufficiency of the APR plant, which requires no external electricity or heat (and in
situ carbon emissions are considered biogenic, derived from ethanol). The energy self-
sufficiency of the process directly lowers environmental burdens. Furthermore, using waste
as a feedstock further contributes to the reduced GWP compared to other technologies
that rely on other feedstocks (including fossil sources) with higher costs linked to purity or
limited availability.

A process contribution analysis was conducted to identify the main contributors to
GWP under the 75% ethanol conversion scenarios with standard configurations (i.e., case
with no additional flash), with cut-off values of 0.001%. Results are shown in Figure 12.
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Figure 12. Main contributors to GWP are reported for S1 and S2.

The combined contributions of platinum recovery and extraction to the GWP are
significant, accounting for 70% and 60% of the total impact in S1 and S2, respectively.

Although 99% of the catalyst is assumed to be recovered, the remaining 1% of fresh
platinum still contributes 30% and 26% of the total GWP in S1 and S2. If the entire catalyst
were sourced from primary platinum, the GWP would increase by 28-fold in S1 and
33-fold in S2. These findings underscore the high environmental burden of platinum
production, even in small quantities, and highlight the critical importance of recovery
strategies. Moreover, given that platinum is classified as a critical raw material by the EU,
the development of more sustainable recovery processes and alternative catalysts remains
a pressing priority [91]. Since the catalyst accounts for over 50% of the total GWP footprint,
a sensitivity analysis on catalyst lifespan, Pt content, and Ni substitution was conducted to
assess their impact. To capture potential deactivation phenomena with real wastewaters,
catalyst lifespan was also varied down to 1 week, which implied installing a parallel APR
reactor and resulted in a threefold GWP increase for both scenarios (for further discussion
see Table 512). In addition, increasing the share of fresh Pt from 5 to 100% caused a sharp
rise in the GWP, reaching 2.18 kg CO, eq./kWh for S1 and 60.55 kg CO; eq./kg Hj for S2
(Table S13). Anyway, since Pt has a well-established recovery process, recovery rates of
95-99% can still be considered feasible, as confirmed by similar works [52,87]. This is not
the case for alternative catalysts such as nickel, which is widely investigated in APR [92,93].
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A key limitation for Ni and other non-precious metals is the lack of comprehensive life cycle
assessments, which restricts the availability of reliable data on their supply chain impacts
and prevents fair benchmarking with Pt. Addressing this gap should be a priority for future
research, especially considering that Ni already shows a significantly lower environmental
impact than Pt (Table 514). If Ni recovery were also found to be less impactful than Pt
recovery, substituting Pt with Ni could represent a promising strategy for reducing the GWP.
Based on the data currently available, we could only assess the substitution of 100% Pt
with an equivalent atomic amount of Ni, without accounting for recovery and assuming
identical ethanol APR performance. Under these assumptions, the GWP was reduced by
approximately a factor of 72 in S1 and 56 in S2 (see Table S15).

Environmental burdens associated with wastewater and solids treatments increase
proportionally with their respective volumes. This highlights the necessity of implementing
efficient technologies capable of reducing the COD in wastewaters, thereby minimizing
the need for additional treatment prior to environmental discharge. In S1, the adoption of
an advanced configuration—achieving 95% ethanol conversion with the inclusion of an
additional flash unit—eliminated the wastewater treatment requirement, hence resulting in
a 40% reduction in total GWP. This improvement is primarily attributed to the mitigation
of the wastewater treatment burden. In S2, the materials footprint is more significant; for
example, stainless steel contributed 8% to the overall GWP, a direct result of the increased
equipment requirements and associated materials used in this scenario. A Monte Carlo
simulation was carried out to assess the sensitivity of the GWP results to uncertainties
in the life cycle inventory, considering both the standard case (75% ethanol conversion,
1% fresh Pt) and the nickel substitution case. Assuming normally distributed variations,
all input parameters were simultaneously perturbed with a standard deviation of £10%
around their nominal values. The resulting probability distributions (Figure S10) show
mean GWPs of ~0.094 kg CO; eq./kWh for the standard case, ~0.039 kg CO, eq./kWh for
100% Ni substitution in S1, and ~2.86 kg CO; eq./kg H; (standard) vs. ~1.07 kg CO; eq./kg
H; (Ni) in S2. In both scenarios, the distributions are clearly separated, confirming that the
reduction in GWP remains robust under considered inventory uncertainties. The mean
values also fall within the most probable ranges and are consistent with the deterministic
estimates. These results suggest that, if comparable catalytic performance can be achieved,
replacing Pt with Ni has the potential to deliver a substantial and reliable reduction in
environmental impacts.

Although GWP100 is a key metric in assessing environmental impacts, it overlooks
other impact categories that may be equally important for a comprehensive evaluation.
This limitation is particularly relevant, as identifying trade-offs, where improvements in
one impact category may lead to deterioration in another, is a critical step in environmental
analysis. To capture a more holistic picture of the process’s environmental burden, this study
also adopts the aggregated impact score from the EF method, which combines multiple
impact categories into a single, weighted indicator. The overall environmental impacts of
the two scenarios were therefore calculated by summing the weighted contributions of
each EF impact category (as detailed in Section 2.6) and comparing the results on an energy-
normalized basis (i.e., per kWh). The findings reveal that S1 has an overall environmental
burden approximately 12% higher than 52, underscoring the importance of going beyond
climate change alone when evaluating the sustainability of a system.

4. Conclusions

The present study investigated the potential implementation of APR as a treatment and
valorization strategy for winery wastewaters, applying integrated energy, environmental,
and economic assessment methods to two process scenarios aimed at electricity (S51) and
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hydrogen (S2) production. Upscaled process simulations, based on laboratory data, suggest
that processing 2.5 m?/h of winery wastewater (ca. 5 wt. % EtOH) could generate 195 kWh
in 51 and 182 kWh plus 7 kg of Hp in S2. From an energy perspective, APR demonstrated
strong integration potential, with the system being energetically self-sufficient in both
scenarios, as confirmed by ESI values greater than 1. This energy self-sufficiency had
positive implications for both the TEA and LCA. From an economic point of view, the
variable cost of production (VCOP) accounted for the smallest share of the total cost of
production (TCOP). In both scenarios, the main contributors to VCOP were COD treatment
and (fresh) platinum usage, while the APR reactor and CHP units were the most capital-
intensive components, consistent with their role as the key conversion units of the system.
The resulting MSPs were USD0.86/kWh for S1 and USD15.5/kg Hj for S2. Nonetheless,
substantial opportunities for further MSP reduction exist. For example, a 40% reduction in
ISBL costs could lower the MSP to approximately USD0.55/kWh for S1 and USD8.6/kg
H, for S2—figures that, while still above current market levels, could be further improved
by extending the plant lifetime from 20 to 30 years or by valorizing carbon offsets. In
Scenario 1, a counterintuitive effect was also observed: as ethanol conversion increased
(from 75% to 95%), the selling price of electricity also rose. This outcome stemmed from
the higher thermal demand of the APR reactor at elevated conversions, which reduced
the fraction of heat available for cogeneration and thus penalized electricity production,
which decreased by 8%. From an environmental perspective, both scenarios could attain
substantial climate benefits, with S1 reducing GWP by up to 80% compared to the Italian
electricity mix, and S2 achieving a similar 80% reduction relative to conventional hydrogen
production via steam methane reforming. Finally, the contribution analysis revealed that
platinum extraction and catalyst treatment were the dominant drivers of environmental
impact, highlighting the importance of developing durable (i.e., one month or longer),
high-performance catalytic systems as a key strategy for further improving the process
sustainability. Overall, APR offers a compelling circular solution that combines waste
valorization, climate impact mitigation, and renewable energy generation in a single
integrated approach. Future studies will focus on validating the reaction performance
of APR with real winery wastewater conditions, with particular attention to long-term
performance, catalyst stability, and potential process integration within existing treatment
infrastructures, for the sake of assessing possible synergies and exploiting economies of
scale. Furthermore, the employment of alternative catalysts will be important to evaluate
techno-economic and environmental implications against Pt-based systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/sul7177856/s1, Table S1: List of all scenarios that were evaluated
by the TEA analysis and their main assumptions differences in terms of ethanol conversion and
downstream configuration adopted. Table S2: Main winery wastewater organic and inorganic
components detected in the sample. Figure S1: Schematic representation of the combined heat and
power (CHP) unit modeled in Scenario 1. The diagram illustrates how post-APR gas products are
burned with air in the boiler, and the heat from the resulting hot flue gases is exchanged with water
from the water tower for electricity and heat generation. Four successive heat exchangers (I-1V)
provide the heat required to meet plant thermal duties, vaporize the water, and superheat the steam to
620 °C at 170 bar for electricity production via the turbine. The reported temperatures and pressures
are based on the process simulations (Aspen Plus). Table S3: Cost factors used for the calculation of
the final equipment cost. Figure S2: System boundaries considered for the life cycle assessment (LCA)
of the APR process for winery wastewaters valorization for Scenario 1 (a) and Scenario 2 (b). Table S4:
Assumptions and estimates used for the allocation of the plant construction quota for the LCA model
using the “chemical plant construction, organic” proxy from ecoinvent 3.9.1. Scaling is based on
kg of H; in S2 first and from S2 as reference, while the quota for S1 was calculated based on the
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treated wastewaters volumes instead. Figure S3: Experimental results of aqueous phase reforming
of 5 wt.% ethanol solution in a continuous-flow fixed-bed reactor with Pt/C at 60 bar and 270 °C.
Ethanol conversion (black line) is reported, together with the 95% gas products composition in vol%:
H; (red), CHy (blue), and CO, (green). Figure S4: Scenario 1 simulation diagram extracted from
Aspen plus v14. Table S5: Stream table for Scenario 1 from the Aspen plus simulation. Figure S5:
Scenario 2 simulation diagram extracted from Aspen plus v14. Table S6: Stream table for Scenario 2
from the Aspen plus simulation. Table S7: Purchasing and final installed costs of each equipment
item for Scenario 1 and Scenario 2. Figure S6: Bridge chart illustrating the variation in total cost
of production (TCOP) for Scenario 1 as ethanol conversion increases from 75% to 95%. The bars
represent the annual change in cost (USDk/year) for the main cost drivers. Green bars indicate
cost reductions: COD treatment and CHP equipment decrease by USD11k/year and USD3k/year,
respectively. However, these savings are partially offset by an increase of USD4k/year in other
equipment costs (red bar), including the addition of Condenser 2 (COND?2, see Figure 54). As a
result, the overall TCOP decreases from USD823k/year to USD813k/year. Table S8: Energy balance
for S1, S1-95, S2, and 52-95, with focus on those energy flows involved in the increased electricity
MSP. Figure S7: Bridge chart illustrating the variation in total cost of production (TCOP) for Scenario
2 as ethanol conversion increases from 75% to 95%. The bars represent the annual change in cost
(USDk/year) for the main cost drivers. Green bars indicate cost reductions: COD treatment and
CHP equipment decrease by USD11k/year and USD3k/year, respectively. However, these savings
are partially offset by an increase of USD4k/year in other equipment costs (red bar), including the
addition of PSA. As a result, the overall TCOP decreases from USD805k/year to USD769k/year.
Table S9: Impact of catalyst lifespan on the MSP for Scenario 1 (S1, USD/kWh) and Scenario 2 (52,
USD/kgHy), respect to the baseline scenario (1 month catalyst lifespan). Figure S8: Sensitivity of the
MSP for electricity (a) and hydrogen (b) to variations in the percentage of fresh Pt used relative to the
recovered Pt. The base MSP for electricity is USD0.86/kWh under standard conditions, with 1% fresh
Pt replacement and a catalyst lifespan of one month. The base MSP for hydrogen is USD15.4/kg
under the same conditions. Figure S9: Sensitivity of the MSP for electricity (a) and hydrogen (b) to
variations in the percentage of contingency (10% to 40%). Table S10: LCA dataset for Scenario 1, for
1 kWh of electricity produced from WWW APR. Table S11: LCA dataset for Scenario 2, for 1 kg H,
produced from WWW APR. Table S12: Impact of catalyst lifespan on the global warming potential
(GWP, kg CO, eq) for Scenario 1 (S1) and Scenario 2 (S2), respect to standard scenarios (0.08 kg CO,
eq. per S1 and 2.57 kg CO, eq. for S2). Table S13: Impact of fresh platinum content in the catalysts on
the global warming potential (GWP, kg CO; eq.) for Scenario 1 (S1) and Scenario 2 (S2), with respect
to standard scenarios (0.08 kg CO; eq. per S1 and 2.57 kg CO; eq. for S2). Table S14: Global warming
potential (GWP) of platinum and nickel production, expressed per functional unit (1 kg) and based
on cradle-to-gate system boundaries, including the extraction and the refining processes. Table S15:
Global warming potential (GWP) per functional unit (FU) for Scenarios 1 (S1: kg CO, eq./kWh)
and 2 (S2: kg CO; eq./kgH>) using 100% fresh Pt- and Ni-based catalysts. Figure S10: Monte Carlo
simulation results for the global warming potential (GWP) considering +10% standard deviation on
all life cycle inventory parameters: (a) Scenario 1: GWP expressed in kg CO, eq./kWh in blue for the
standard case (1% fresh Pt and 75% ethanol conversion), in orange for the 100% nickel substitution
case; (b) Scenario 2: GWP expressed in kg CO; eq./kg Hj in blue for the standard case (1% fresh
Pt and 75% ethanol conversion). Each histogram shows the probability distribution of results from
200 iterations, with the vertical line indicating the mean value.
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