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This study applies a system dynamics model to assess how alternative water-supply strategies, recycled water and
seawater desalination, shape the viability of large-scale green hydrogen production in Ceara. Simulations from
2026 to 2050 show that water architecture is a strategic determinant of hydrogen output and operational bur-
dens. Desalination-based scenarios produce moderate hydrogen volumes, reaching ~397 kt/year and ~509 kt/
year, but impose the highest energy demand and brine loads, reinforcing pressures on coastal ecosystems and
communities. A transitional configuration with gradually increasing recycled water yields the lowest output,
~252 kt/year, due to the misaligned timing of desalination decline and recycled water expansion, a transition
penalty relevant for incremental or poorly coordinated policy approaches. In contrast, a fully circular scenario
based on recycled water delivers the highest production, ~862 kt/year, eliminates brine discharge and lowers
energy intensity while strengthening wastewater infrastructure and generating broader territorial co-benefits.
Although ecological and social impacts are not modelled directly, the magnitude of brine and sludge flows
identifies where regulatory oversight and multi-sectoral coordination are most urgently required. The findings
send a clear message to policymakers: water choices are not operational details but structural decisions that can
lock Ceara into an extractive, marine-burdening model or enable a regenerative pathway that expands pro-
ductive capacity while distributing benefits across urban and industrial systems. Aligning hydrogen development
with sanitation expansion, water governance and long-term environmental safeguards is therefore essential to
prevent new inequalities and ensure that the emerging hydrogen economy contributes to a just and resilient
future for semi-arid regions.

as oil, coal, biomass, and natural gas [3]. Nevertheless, the effectiveness
of hydrogen in reducing emissions remains under debate, as current

1. Introduction

Hydrogen (H2) is increasingly regarded as a strategic solution in
global energy transition efforts, with the potential to decarbonize hard-
to-abate sectors, modernize energy infrastructure, and accelerate the
shift toward low-carbon economies [1,2]. Unlike conventional energy
carriers, hydrogen acts as a chemical energy carrier in molecular form,
enabling storage and transportation in ways that differ fundamentally
from the movement of electrons in electrical systems. This property al-
lows hydrogen to be integrated into existing supply chains for fuels such

production methods are still largely dependent on fossil fuels, thereby
limiting its potential climate benefits [4].

Technological advances have enabled hydrogen’s integration into
renewable energy systems, and the international community is mobi-
lizing to unlock its full potential [5]. When derived from renewables,
hydrogen offers applications without greenhouse gas emissions or air
pollutants [6]. Yet, the expansion of hydrogen, particularly green
hydrogen produced from renewable electricity, faces substantial
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challenges regarding water use and environmental sustainability [7].

The global race to deploy green hydrogen hubs is intensifying, and
Brazil stands out due to its renewable-dominated electrical grid, with
over 80 % of electricity generated from renewables in 2022 [8]. Brazil’s
competitive costs for renewable generation and its business environ-
ment have fostered interest in positioning the country as one of the
major producers and exporters of green hydrogen [9,10].

As the green hydrogen agenda accelerates in Brazil, particular
attention is being given to the country’s semi-arid regions, where large-
scale renewable energy and green hydrogen projects intersect with
environmental, social, and regulatory challenges. Ceara, a state with
roughly 95 % of its territory classified as semi-arid, has emerged as a
focal point for major hydrogen investments [11]. Plans include the
installation of an 11-gigawatt electrolyser hub in the Fortaleza Metro-
politan Region, within the Industrial and Port Complex of Pecém. While
the region offers significant potential for harnessing wind and solar
energy, it faces persistent freshwater scarcity, historical droughts, and
ongoing conflicts over water allocation among private companies,
communities, and urban centres [12,13]. These constraints intensify the
challenge of supplying both the local population and incoming green
hydrogen projects with adequate water resources.

In this context, finding sustainable alternatives to conventional
freshwater supplies is crucial for the future of green hydrogen produc-
tion in Ceard. The main initiatives are evaluating the use of recycled
water from wastewater treatment plants and seawater desalination [11,
12,14]. Each alternative entails different degrees of technological
complexity, infrastructure requirements, environmental impacts, and
social implications. Seawater desalination, for example, is
energy-intensive and generates significant brine waste, which can
adversely affect coastal ecosystems [15,16]. In contrast, recycled water
aligns with circular economy principles and has the potential to reduce
environmental pressures and promote resource efficiency, but its
adoption depends on expanded sewage collection infrastructure, regu-
latory adjustments, and public acceptance [17,18].

Despite increasing attention to green hydrogen, there remains a
notable gap in the literature regarding environmental and social impli-
cations of water supply strategies in semi-arid contexts [19]. Most
existing studies emphasize technical and economic aspects, often using
optimization or static models, and do not fully consider long-term
environmental feedback, systemic interactions, or distributive effects
[20-22]. For instance, Santana [23] analysed multiple water source
alternatives for hydrogen production in Camacari, Bahia, also a state
located on Brazil’s semiarid, highlighting cost impacts of transport dis-
tances but not assessing the use of recycled water or integrating cumu-
lative environmental and social pressures.

Water supply emerges as a critical issue in the deployment of
hydrogen hubs, especially as water demand extends beyond process
feedstock and influences cooling and downstream uses [24,25].
Depending on electrolyser technology and system design,
water-to-hydrogen ratios can vary significantly [21] and cumulative
demands may put further stress on already fragile local resources. Given
this scenario, there is a clear need to move beyond traditional techno-
cratic and static perspectives that frame water supply as a purely tech-
nical or economic issue. It is essential to understand not only how
hydrogen is produced, but also which socio-environmental logics,
extractive and linear versus circular and regenerative, are being rein-
forced [26-28].

In this context, this study investigates the systemic impacts associ-
ated with alternative water supply strategies, specifically, recycled
water versus seawater desalination, for green hydrogen production in
semi-arid regions such as Ceard. To address this issue, a system dynamics
approach is employed, drawing on literature, stakeholder interviews,
and document analysis to simulate four scenarios with different shares
of recycled water and seawater desalination between 2026 and 2050.

Therefore, the key methodological distinction of this study is the use
of system dynamics modelling, which allows the analysis of complex,
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long-term feedback among infrastructure, water availability, energy
demand, waste generation, and potential social and environmental im-
pacts. Unlike optimization or static models, system dynamics provides a
framework to capture cumulative, indirect, and feedback effects of
policy and investment decisions, offering a more comprehensive basis
for planning in highly interconnected socio-environmental systems
[29-32]. By modelling these dynamics for Ceard, the study aims to
contribute to more just and sustainable infrastructure planning. The
results move beyond narrow techno-economic frameworks, providing
actionable insights for public policy and stakeholder decision-making in
the context of green hydrogen deployment in semi-arid regions.

2. Theoretical background

This section presents the theoretical foundations that frame the
analysis of water supply strategies. It contrasts the principles of linear
and circular economy, highlighting how seawater desalination and
recycled water reflect different logics of resource use, waste generation,
and environmental and social integration.

2.1. Linear economy and seawater desalination

Linear economy is the traditional system of producing and
consuming which raw materials are converted into goods and services
and then are disposed [33]. Its logic is known as “take, make, and
disposal” [34]. This historical system is marked by resource inefficiency
and negligence under the waste and emissions generation, jeopardizing
the balance within the environmental system and putting the economic
system under pressure, since more finite raw materials are needed to be
taken in order to maintain manufacturer activities [35,36]. The most
common disposal methods are land-filling and open burning [37]. This
linear pattern can be observed in water supply strategies implemented
under conditions of scarcity. A clear example is seawater desalination,
which relies on the continuous extraction of saline water,
energy-intensive processing, and discharge of residual waste, without
incorporating regenerative or circular mechanisms.

Seawater desalination has been adopted to expand freshwater
availability in arid and semi-arid regions [38,39], especially considering
that about 66 % of the Earth's surface is covered by saline water [40].
Currently, 60 % of desalinated water is used for human supply and 30 %
for industrial activities [41]. Among existing technologies, reverse
osmosis is the most widespread. In this process, high-pressure pumps
force seawater through a semipermeable membrane, separating fresh-
water from brine. The average recovery rate is 42 %, depending on
salinity levels and system configuration [41,42].

A major concern in desalination is brine management. Table 1
summarizes the general characteristics of brine from the reverse osmosis
process. These properties contribute to its persistence and potential

Table 1

General characteristics of brine from the reverse osmosis process.
Parameter Characterization
Salinity 65 to 85 g of salt per 1 litter of brine.

Anti-scalant
Flocculants/coagulants

2 ppm.

Coagulant dosage between 1 and 30 mg/L (generally iron
(III) salts); auxiliary coagulant dosage between 0.1 and 5
mg/L.

Metallic equipment made of corrosion-resistant stainless
steel; the concentrate may contain low levels of iron,
chromium, nickel, and molybdenum if low-quality steel

Heavy metals

is used.
Total Dissolved Solids < 70 mg/L.
(TDS) mg/L
Chemical cleaning Alkaline (pH 11-12) or acidic (pH 2-3) solutions
products containing additives such as detergents, complexing

agents, oxidants, and biocides.

Source: Gomes et al. (2023).
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toxicity when discharged into natural ecosystems without prior treat-
ment [43,44].

The environmental impacts of brine discharge are evident in several
regions. Approximately 142 million cubic meters of brine are generated
daily, with 55 % of this volume concentrated in Saudi Arabia, Kuwait,
Qatar, and the United Arab Emirates [41]. In the Persian Gulf, a region
with climatic similarities to Ceara [13], field and laboratory studies
report adverse effects on benthic organisms, macroalgae, and coral reefs
[45]. Brine discharge contributes to reductions in plankton and epifauna
abundance and favours salinity-tolerant species [45,46].

When combined with climate change, these impacts can intensify.
For instance, the release of heated brine in the Persian Gulf may raise
coastal sea temperatures by at least 3 °C, affecting fisheries and local
livelihoods [47]. At a smaller scale, studies in rural communities in Rio
Grande do Norte, bordering Ceard, show that brine from groundwater
desalination units, when discharged directly onto the soil, increases pH,
base saturation, and electrical conductivity [48]. Although such systems
serve limited populations, they illustrate the potential for localized
environmental degradation in the absence of proper brine handling.

Depending on the discharge method, the affected marine area can
extend up to 23 square kilometres [44]. To assess these cumulative
impacts, an integrated analytical framework is required. The structure of
current desalination practices reflects a linear use of resources based on
extraction, use, and disposal [49]. According to Moon et al. [43], the
environmental consequences of high-salinity seawater desalination are
often underestimated due to limited modelling approaches. Existing
tools emphasize physical dispersion and overlook chemical toxicity,
thermal effects, and long-term ecological interactions. Moreover, they
rarely account for cumulative impacts from multiple plants operating in
shared ecosystems.

A comprehensive assessment should combine different techniques to
assess the environmental impacts from the operation of a reverse
osmosis seawater desalination plant. Tools such as CORMIX and Delft3D
support the modelling of brine dispersion and concentration, while
exergo-environmental analysis helps identify energy inefficiencies
across the system, and life cycle assessment captures resource use,
emissions, and environmental impacts such as global warming potential,
abiotic depletion potential, and marine aquatic ecotoxicity potential
[43].

Seawater desalination exemplifies how infrastructure solutions can
reproduce linear dynamics by prioritizing extraction and disposal over
regeneration. Its widespread adoption in water-scarce regions highlights
the need to critically assess not only technical performance, but also the
broader implications for sustainability, and long-term resource
governance.

2.2. Circular economy and recycled water

Circular economy is a regenerative system that reduces resource
input, waste, emissions, and energy leakage by slowing, closing, or
narrowing material and energy loops through maintenance, repair,
reuse, remanufacturing, recycling, and long-lasting design [35]. It con-
trasts with the linear economy, which follows the “take, make, and
dispose” logic, leading to inefficiencies and resource depletion [50].

Although both circular economy and sustainability involve collabo-
ration among stakeholders, interdisciplinarity, and opportunities for
value co-creation, circular economy focuses more explicitly on waste
elimination and resource circularity, while sustainability addresses a
broader range of environmental, social, and economic objectives [51,
52]. In this context, the circular economy is considered a promising
strategy to reduce carbon emissions and mitigate climate change by
lowering energy and resource demand [53].

Water is particularly relevant to the circular economy since it is a
non-substitutable resource under pressure from climate change, popu-
lation growth, and economic development [17,18]. In the water sector,
circular economy principles promote sustainable resource management
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and rational wastewater treatment. Table 2 summarizes circular econ-
omy principles and its corresponding actions, with water reuse and
recycling combined under a single principle due to their functional
overlap.

Recycled water reduces pressure on surface and groundwater sources
by reintegrating treated effluents into productive cycles [54]. Waste-
water treatment plants enable environmental restoration and support
water reuse strategies when effluents are redirected to new uses [55]. As
illustrated in Table 3, wastewater treatment follows a multi-stage
structure that includes pre-treatment, primary, secondary, and tertiary
treatments, disinfection, and sludge processing [55].

Recycled water can be directed to industrial processes, including
hydrogen production, when its quality meets technical standards [56,
57]. To produce high-purity water suitable for electrolysis, the effluent
must undergo additional purification stages [56]. The treatment process
must address a wide range of contaminants, including salts, pathogens,
heavy metals, and persistent micropollutants such as pharmaceuticals
and personal care products, which are not easily removed by conven-
tional technologies [55,58]. Advanced purification methods, such as
membrane filtration, oxidation processes, reverse osmosis, and
ion-exchange resins, are therefore required to achieve the high-water
quality standards needed for hydrogen production [56].

Nonetheless, even after these treatments, residual traces of contam-
inants may persist and pose operational challenges, particularly by
affecting the stability of electrolyser membranes or triggering unwanted
chemical reactions. These considerations highlight the importance of
stringent monitoring and robust treatment protocols to ensure the safe
and stable use of recycled water in green hydrogen applications. The
complexity of the treatment depends on the origin of the effluent and the
intended end use of the recycled water (e.g., agriculture, industrial use,
hydrogen production) [59,60].

Wastewater treatment plants reduce pollution and mitigate health
risks by preventing the direct discharge of contaminated water into the
environment [61]. In addition to supplying recycled water, these sys-
tems can also recover energy and nutrients from sludge through pro-
cesses like anaerobic digestion and nutrient extraction [62]. These
recovery strategies enhance the alignment of water infrastructure with
circular economy principles.

Despite these benefits, wastewater treatment has its own environ-
mental impacts. Greenhouse gas emissions occur during biological and
tertiary treatment stages, and endocrine-disrupting compounds may
persist in treated effluents. Moreover, excess concentrations of heavy
metals, such as mercury, are often detected in sludge, requiring careful
disposal [63]. The sustainability of wastewater treatment systems also
depends on their scale. A study conducted in Spain demonstrated that
larger plants, serving populations over 50,000, achieved higher
pollutant removal efficiency and lower operational costs per unit of
treatment, especially in energy use [64]. Similar findings were observed
in industrial reuse scenarios. In Taiwan, combined ultrafiltration and
reverse osmosis systems were found to be economically and techno-
logically viable, treating more water and at lower cost than conventional
processes [65].

By integrating circular economy principles into wastewater treat-
ment, recycled water becomes a strategy for minimizing freshwater

Table 2
Circular economy principles applied to the water sector.
Principle Actions
Reduction Reduce water use and pollution at the source.
Restoration Apply technologies to remove pollutants from water and sludge.
Reuse/ Recover treated effluent for non-potable or potable uses.
Recycle
Recovery Extract nutrients and energy from wastewater and sludge.
Rethink Redesign systems to support a waste-free and emission-free circular

water economy.

Source: Smol, Adam, and Preisner (2020).
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Table 3
Stages and process of wastewater treatment.

Stage Processes

Pre-treatment Screening, grit removal

Primary Filtration, sedimentation, coagulation, flotation
treatment

Secondary Aerobic and anaerobic biological processes
treatment

Tertiary Membrane separation, distillation, ion exchange, oxidation,
treatment irradiation

Disinfection Chlorination, ozonation, UV radiation

Sludge processing ~ Thickening, stabilization (e.g., digestion), dewatering, final

disposition (e.g., landfill, reuse)

Source: Salgot and Folch (2018).

extraction and improving system resilience. Its use in green hydrogen
hubs can reduce environmental burdens while promoting water reuse
within the same territory [66]. Fig. 1 illustrates the systemic differences
between seawater desalination and recycled water pathways. While the
former follows a linear flow with limited reintegration, the latter sup-
ports a circular logic by enabling resource recovery and reuse of treated
effluents.

As technological and institutional capacities evolve, the role of
recycled water may expand beyond its current applications, fostering
new synergies between infrastructure and environmental policy. This
potential reinforces the importance of aligning water management with
circular economy strategies, especially in regions facing increasing
pressure on freshwater availability.

3. Materials and methods

Our study employs the system dynamics (SD) approach using the
Stella Professional and Stella Architecture software. This approach was
chosen due to its suitability for analysing intricate and interconnected
systems [32]. The SD model's capacity to incorporate causal feedback
loops makes it particularly well-suited for investigating the dynamic

Seawater Extraction

—

Desalinated Water Brine Generation
Production
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relationships between societal, environmental, and technological fac-
tors. Moreover, the model's flexibility in handling data scarcity and its
ability to simulate long-term trends make it a valuable tool for exploring
and evaluating complex system behaviour processes [67,68].

According to Sterman[32], SD approach comprises five phases: (i)
problem articulation, which involves identifying and defining the sys-
tem's critical issues hindering objective achievement; (ii) dynamic hy-
pothesis formulation, which involves developing causal loop diagrams
(CLD) to elucidate the system behaviour, including reinforcing and
balancing feedback loops; (iii) stock and flow diagram (SFD) formula-
tion, which entails transforming conceptual diagrams into a quantitative
model with clear boundaries; (iv) testing and validation, comparing
model outputs with empirical data and conducting sensitivity analysis;
and (v) scenarios development, proposing scenarios and identifying
leverage points to optimise system performance.

3.1. Problem articulation phase

The “problem articulation” phase identified critical factors influ-
encing the Ceara state's water supply system and green hydrogen pro-
duction. A mixed-methods strategy was developed encompassing both
in-depth interviews and document analysis, as shown in Table 4. The
interviews explored strategies for green hydrogen production hub
implementation in the Industrial and Port Complex of Pecém in the
Ceara state. The first goal was to identify who were the actors respon-
sible for developing the green hydrogen production hub.

Then, identify what were the technological routes adopted for the
Industrial and Port Complex’s green hydrogen production hub, as well
as their respective operational challenges. Furthermore, as it became
clear that water electrolysis would be the primary technology adopted,
interviews examined water management in Ceard, highlighting the re-
gion’s specific soil and climate characteristics. Finally, interviewees
were asked about the planned use of recycled water and seawater
desalination, focusing on their potential environmental impacts and
how each approach reflects a broader development model based on
either circular or linear logic. In all, 11 interviews were conducted,

Freshwater Extraction

Water Treatment

! Use
Use Brine Discharge
A Effluent
Effluent Generation
Generation
1 EfMluent

Effluent
Treatment

Environmental
discharge

Treatment

|

Resource

Recovery
Nutrient Recyeled Encrgy _
Recovery Water Recovery

Fig. 1. Comparative water flow in general linear and circular systems.
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Table 4
Data source overview.
Type of data Subject Sector Acronym Profile
Interview Political and Technological GH development group El Energy Coordinator of State of Ceara
Issues in GH Production Industrial and Port Complex E4 Chief Executive Officer
Electrolyzers company E7 Engineering specialist
Water Resources Management Academia E2 Professor and Researcher in Hydrology
E3 Professor and Researcher in Wastewater treatment
Water & Sewage Company E5 Chemical engineer for innovation
Technological Issues from Water ~ Sanitary and Environmental Engineering E6 Coordinator of the desalination and recycled water
Supply Association chamber
Recycled water company E9 Operations and engineering coordinator
Water and industrial effluent treatment El1 Industrial wastewater treatment manager
company
Environmental impacts Academia E8 Professor and Researcher in Marine Ecology
Civil Society E10 Indigenous leader
Document Recycled water applications in Ceard’s State Law No 16.033/2016 Regulation Establishes a policy for the reuse of non-potable
Analysis Ceara water in the state of Ceara
GH production projection State of Ceara Official Gazettes Communication Official actions about green hydrogen development
reports in Ceara
GH production projection Website companies Communication Information on memorandum of understanding
reports signed by companies and Ceara Government
Water resources planning in Water infrastructure interventions, Guidelines Strategic action plan for water resources in Ceara
Ceara management and governance planning (2018 - 2027)
Water supply State company strategic Guidelines CAGECE's strategic management and business plan
planning (2023 - 2027)
Technical data of GH production ~ GH production projects and environmental Technical Environmental impact assessment for GH hub at CIPP
and water supply impacts document
Technical Environmental impact assessment for GH production
document by Fortescue industries

totalling 628 min of material.

The document analysis was centred on official gazettes, government
agencies and companies’ websites, as well as reports on green hydrogen
production in Pecém Industrial And Port Complex. The Gazettes were
available on the State Government’s Civil House website, in which the
term "green hydrogen" was searched from 01,/01/2020 to 05/06/2023,
yielding 20 relevant issues.

Key documents included the CAGECE's strategic management and
business plan (2023 — 2027) [69], the Strategic Action Plan for Water
Resources of Ceara [14] and Law No 16,033 on the Reuse of Non-Potable
Water [70]. Additionally, the Environmental Impact Assessment (EIA) of
Fortescue Future Industries [11], which aim to be the first green
hydrogen production company to operate in the Industrial and Port

Seawater Desalination Plants
Installed Capacity

Complex of Pecém, and the EIA of the green hydrogen production hub at
Industrial and Port Complex of Pecém [71] were examined to gather
operational data.

Taken together, the interviews and documentary evidence provide a
coherent foundation for the subsequent modelling stages. They clarify
the institutional configurations, technical constraints and environ-
mental trade-offs that shape water supply routes for green hydrogen in
Ceard, and they illuminate how recycled water and seawater desalina-
tion are embedded in distinct development logics. This combined evi-
dence base substantiates the problem definition adopted in the model
and ensures that the dynamic structure reflects the operational, regu-
latory, social and ecological realities of the Pecém context.

Brine Water disposal
into the sea

\ Increment in Salt

e Levels in Seawater

R1

Seawater (Water &
Salt Concentration)

Growth in Seawater

Demineralized
Seawater B1 Desalination Marine Biota
N Installed Capacnty _\ Unballance
Ecological Impacts
due to Brine
Disposal in the Sea
Water Available Growth in Effluent
for Green —no0% Gri?g:gg:ggen Treatment

Hydrogen Hub
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Reuse Water Infrastructure of
3 Effluent Collection

L —

Wastewater Treatment Plants
Installed Capacity
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Sludge ,_/
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Fig. 2. Causal loop diagram of water supply.
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3.2. Dynamic hypothesis formulation phase

During the “dynamic hypothesis formulation” phase, the CLD was
developed with two complementary perspectives, one considering a
multifaceted interaction among technological, environmental and social
factors, and the other comparing circular and linear economy ap-
proaches. Fig. 2 elucidates the system’s variables and the identified
feedback loops, where B is for a balancing loop and R is for a reinforcing
loop. From the first perspective, structurally, loops B1 and B3 are con-
cerned with technological factors, encompassing variables related to
installed capacity and its growth, as well as green hydrogen production.
The loops B2 and B4 involve the environmental effects, encompassing
variables related to the byproducts from both water supply technologies.

The loop R1 is pertinent to the environmental and technological
factors, considering variables related to increment of salt concentrations
in the seawater and the subsequent growth in desalination installed
capacity. The loop R2 relates to socio-technological factors, encom-
passing the effluent collection increment and growth of recycled water
installed capacity.

The second perspective in Fig. 2 compares the upper and lower parts
of the CLD. It considers the linear economy approach, featuring loops B1
and B2, along with loop R1. Subsequently, it considers the circular
economy approach, incorporating loops B3 and B4, and loop R2. At last,
loop B5 highlights water supply sources’ selection preferences.

Loop B1 outlines the positive feedback between seawater desalina-
tion installed capacity and green hydrogen production. However, loop
B1 is counteracted by loop R1, wherein elevated brine discharge from
desalination raises seawater salinity. This increase in salinity necessi-
tates higher energy consumption and membrane replacement for the
desalination process, hindering growth in desalination installed capac-
ity. Moreover, loop B2 highlights the negative ecological consequences
of increased salinity, including disruptions in marine ecosystems and
reduced fishery yields, which may further discourage growth in
seawater desalination installed capacity.

CR

TR

0, otherwise

The circular economy approach initiates with loop B3, showing the
installed capacity of the wastewater treatment plant. This loop in-
fluences the supply of demineralized recycled water, enhancing green
hydrogen production while reducing recycled water installed capacity
growth due to a limited supply of sewage. The loop R2 begins with the
same logic as B3, however, the green hydrogen production leads to an
increase in the effluent collection infrastructure, which raises the recy-
cled water installed capacity.

Loop B4 begins with the positive impact of green hydrogen pro-
duction on the infrastructure of effluent collection, which increases the
capacity of wastewater treatment plant, thereby raising sludge produc-
tion and its delivery to landfill. Increasing the number of landfill sites
exacerbates sludge management challenges due to potential ecological
effects, such as leachate leakage and greenhouse gas emission. The CLD
behaviour is driven by the magnitude of circular versus linear economy
approaches, which is settled via loop B5. This loop demonstrates the
policy preferences about the growth in the seawater desalination ca-
pacity, which would lead to a reduction in the growth in sewage treat-
ment capacity, and vice versa.

3.3. Stock and flow diagram formulation phase

The stock and flow diagram (SFD) formulation phase’s objective is to

DELAYN(WTX (1 - WL) x FY, TR, 5, —>7 if CR<0.9 x WT x (1—WL)
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build the model to represent the green hydrogen production in Ceara,
Brazil, under different scenarios for water supply. The simulation period
starts in 2026, when the first hydrogen plant is expected to begin the
operation in Ceara [11], and ends in 2050, the target year for net-zero
emissions in the energy sector [72]. The SFD developed is unpacked
between figures three to nine, being composed of seven sectors.

Sector 1, entitled “Recycled Water Installed Capacity”, represents the
expansion and retirement of recycled water treatment infrastructure
that can supply water to the hydrogen hub. The central stock in this
sector is the recycled water installed capacity, denoted CR. Its evolution
over time follows the standard stock-flow formulation in Eq. (S1.01),
where NR, New Recycled Water Installed Capacity per Year, is the inflow
and DR, Decommissioning of Recycled Water Installed Capacity per
Year, is the outflow, both expressed in water cubic metres per second
and converted internally to yearly values by the integration step, set at
0.25:

CR(t) = CR(t—dt) + [NR(t) — DR(t)]dt (81.01)

The model uses scenario-dependent initial conditions imported from
Sector 7. The parameter Initial Recycled Water Installed Capacity, CR,
defines the starting value of CR, ensuring that the recycled-water system
begins the simulation aligned with the baseline water-supply configu-
ration. Eq. (§1.01) states that the installed capacity in any period equals
the previous capacity plus net additions over the time step. A positive
difference between NR and DR yields expansion of water treatment
capacity, whereas a negative difference leads to gradual decline. The
inflow NR is governed by a conditional structure that reflects both (i) the
availability of secondary effluent and (ii) the losses on the water dis-
tribution system. NR is activated only when CR is lower than ninety per
cent of the effective secondary effluent available for recycled water
treatment plant, which is the product of WT, Treated Water Available for
Recycled Water Plant, and the conveyance factor 1 — WL, where WL
represents Water Losses during Distribution in Northeast Brazil. Vari-
able WT is defined in Sector 2.

(S1.02)

In this formulation, FY is Fix Year Unit (#ﬂr ), and TR is the Time to
Increase Recycled Water Installed Capacity. The delay order is set to five
to reflect the gradual adjustment typical of infrastructure development.
The final argument of the DELAYN function, %, defines the initial
outflow of the delay chain. Using X therefore produces realistic early-
simulation behaviour by recognising that recycled water infrastructure
already embeds a development pipeline that influences the pace of new
capacity additions. The retirement of recycled water infrastructure is
modelled through a parallel DELAYN structure that mirrors the ageing
process of reverse osmosis treatment systems. The outflow DR is speci-
fied as:

DR:DELAYN<NR¢ YD, 5, Q) (S1.03)

YD
Where YD represents Years for Reverse Osmosis Recycled Water
Decommissioning. This reflects the fact that every batch of NR eventu-

ally becomes DR after its technical and regulatory lifetime elapses. The

initial value (& ensures that the pre-existing infrastructure begins

retiring at a rate consistent with its assumed remaining lifespan. The
effective flow of recycled water supplied to the green hydrogen hub is
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represented by RW, Recycled Water for Green Hydrogen Hub. It is
constrained by both the installed capacity of the recycled water system
and the effluent supply available upstream, depicted in sector 2. The
variable OR, Operational Capacity of Recycled Water Plant, is derived
from the scenario variable P, Percentage of Recycled Water. Equations
below presents the calculation for RW and OR.

|

OR =P

(1—WL) x WT x OR xRR, if CR > WT

(S1.04)
(1-WL) x RR x OR x CR, otherwise

(S1.05)

The volumetric flow of recycled water supplied to the hub is limited
by installed recycled water capacity, CR, or by upstream effluent
availability, represented by WT and by the variable Treated Water
Available for Recycled Water Plant in the model. Water Losses during
Distribution in Northeast Brazil is represented by WL, while RR is
Recycled Water Recovery Rate. In hydraulic terms, the model assumes
that the effective feed to the recycled water plant corresponds to the
minimum between WT and CR, reduced by distribution losses (1 — WL),
and then adjusted by plant utilisation OR and recovery rate RR. When
CR exceeds WT, the system is effluent-limited; when CR is lower than or
equal to WT, the bottleneck is the recycled water plant capacity. This
structure ensures that recycled-water deliveries cannot exceed either the
upstream effluent supply or the treatment capacity at any point in time,
and that all flows are consistently exposed to the same distribution
losses.

The recycled water system also entails an energy requirement asso-
ciated with advanced treatment processes. The annual energy con-
sumption of recycled water, denoted EE (Recycled Water Energy
Consumption per Year), is calculated in Eq. (51.06). EE depends directly
on the volumetric flow of recycled water sent to the hydrogen hub, RW,
multiplied by the specific energy consumption per cubic metre of
recycled water, EW (Recycled Water Energy per Water Cubic Metres),
and scaled by the number of seconds per year, SY:

EE=RW X EW xSY (S1.06)

The parameter EW represents the average electricity demand of
treatment involving ultrafiltration, reverse osmosis and post-treatment
conditioning. This value remains constant throughout the simulation,
reflecting the assumption that no major technological shifts in energy
intensity occur over the evaluated period. In addition to energy use,
water treatment generates waste streams that must be managed. This
effect is represented by SL, Sludge to Landfill, defined in Eq. (S1.07). SL
depends on the volume of effluent effectively processed by the recycled
water plant, which is limited either by upstream effluent availability or
by the installed recycled water capacity, the same logic used in Eq.

New Recycled Water
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(S1.04). When the system is effluent-limited (CR > WT), sludge pro-
duction is proportional to the treated effluent that reaches the plant after
distribution losses. When the system is capacity-limited (CR < WT),
sludge is determined by the operated recycled water plant capacity, CR,
also adjusted by the same distribution-loss factor (1—WL). In both cases,
the resulting flow is multiplied by the complement of the recovery rate
(1-RR), by SE and by SY (Seconds per Year):

o

This formulation ensures that sludge generation is always tied to the
actual volume of effluent processed by the recycled water system, while
preserving the same bottleneck logic used to define recycled water de-
liveries to the hydrogen hub. Because SE is a pure unit-conversion factor
equal to one, it does not affect magnitudes and serves only to maintain
dimensional consistency in the model. The Fig. 3 presents the SFD for
sector 1. The variables in orange (HTML = #fb8500) are the parameters
from recycled water.

Sector 2, entitled “Effluent Collection System”, represents the
collection infrastructure that supplies effluent to recycled water treat-
ment in Sector 1. This sector governs how the sewerage system expands
in response to growing hydrogen production, how this infrastructure
retires over its lifetime, and how much treated effluent becomes avail-
able for the recycled water treatment plant. The central stock in this
sector is the effluent collection capacity, denoted EC, Infrastructure of
Effluent Collection Capacity. Its evolution follows the standard stock—-
flow formulation shown in Eq. (S2.01), where NC, New Collection Ca-
pacity, is the inflow and RC, Retirement of Collection Capacity, is the
outflow:

OR x (1 — WL) x WT x (1 — RR) x SE x SY, if CR > WT
(1—WL) x OR x CR x (1 —RR) x SE x SY, otherwise
(51.07)

EC(t) = EC(t — dt) + [NC(t) — RC(t)]dt (52.01)

The initial value of the effluent collection infrastructure is set to 1
m?/s, representing a normalised baseline that allows expansion and
retirement dynamics to be captured relative to an established collection
network. Following the interviews, the maximum value for EC is 3 m®/s.
This value is better explained in the section 3.4, Validation Phase. The
inflow NC represents the rate at which new collection capacity is added.
It depends on the existing level of effluent collection capacity, EC, and
on the effective drivers of expansion. A key variable in this determina-
tion is RI, the Real Increment in Effluent Collection Capacity, defined as
the product of the incremental driver derived from hydrogen production
and the operational capacity of the recycled water treatment system,
shown in Eq. (52.04). Eq. (52.02) specifies NC using a nested conditional
formulation that distinguishes between an active expansion regime and
a saturation regime:

Decommissioning of Recycled
Water Installed

Installed Capacity per Year
Recycled Water
OX% > Installed Capacity

Capacity per Year

>—\9

DO

Fix Year unit

Recycled Water for

.

Sludge to Landfill \

—> Green Hydrogen Hub i\q /
I Operational Capacity
Recycled Water Energy
consumption per Year

of Recycled Water Plant

/ Solid Effluent in Water

Fig. 3. Recycled water installed capacity.
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0.01, if EC >3, else

NC = 0.01, if RI=0.9, (S2.02)
{DELAYN(RI, TI, 5, I,), otherwise
Where the initial value of the delay, Iy, is defined as:
0, if RI=0
L= % FRI>0 (52.02.01)

The formulation for variable NC incorporates two levels of decision-
making: a structural limit and an operational response. When the
existing collection capacity reaches or exceeds 3 m>/s, the system enters
a saturation regime in which only marginal annual increases are
admitted. When EC < 3, expansion is governed by a second condition
based on the real increment signal RI. If RI = 0.9, the upper bound of the
incremental function, NC is likewise constrained to 0.01, reflecting that
no further acceleration is justified once the system reaches its maximum
incremental threshold. In all other cases, NC is determined by an nth-
order delay that represents the multi-year pipeline associated with
planning, permitting and constructing sewerage infrastructure.

The initial value of the delay, Iy, incorporates a safeguard: when RI =
0, the pipeline is initialised at zero to prevent artificial propagation of
capacity additions; when RI > 0, the initial value becomes £, repre-
senting the effective throughput implied by the existing infrastructure
and its implementation time. This structure ensures that expansion of
the effluent collection network responds coherently to system conditions
while preserving the temporal inertia characteristic of large wastewater
systems. The incremental driver of effluent collection expansion is the
Increment in Effluent Collection Capacity, denoted IN It is defined as a
graphical function of HP, Green Hydrogen Production per Year:

IN = GRAPH(HP) (52.03)

The GRAPH function is implemented as a piecewise-linear relation-
ship, starting from IN = 0.10 at lower hydrogen production levels and
reaching IN = 1.00 at 2000,000 tonnes of green hydrogen per year. The
intermediate breakpoints are modeller assumptions that specify how
quickly expansion incentives grow as hydrogen production increases. In
contrast to the analogous function used in the seawater desalination
sector, which will be presented later, the slope of this curve is more
gradual. This reflects interview evidence indicating that desalination
plants are easier for companies to expand autonomously, whereas
effluent collection infrastructure depends on public coordination, inte-
gration with existing networks and more complex regulatory proced-
ures. The Real Increment in Effluent Collection Capacity, denoted RI,
translates this incremental driver into an effective expansion signal by
adjusting for the operational status of the recycled water treatment
system. It is calculated as the product of IN and the Operational Capacity
of the Recycled Water Plant, OR, which is defined in Sector 1:

RI=IN x OR (S2.04)

This formulation implies that even if hydrogen production creates
strong incentives for expansion, high IN, effluent collection will only be
expanded when the recycled water plant is expected to operate. When
OR is low, RI decreases, signalling that there is limited value in
increasing collection capacity if recycled water treatment is not being
fully utilised. Conversely, when OR approaches one, RI converges to-
wards IN, meaning that the collection system responds more directly to
the hydrogen-driven demand for effluent.

Retirement of sewerage infrastructure is represented by the outflow
RC. Effluent collection networks are known by its long-lived assets that
retire gradually. This process is modelled using a DELAYN structure:

EC
RC :DELAYN(NC, IS, 5, —) (52.05)

LS

Where LS denotes the Life Span of Effluent Collection Infrastructure
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and the initial value % ensures that, at the start of the simulation, the
existing collection system begins to retire at a rate consistent with its
remaining lifetime. Eq. (S2.05) therefore captures the gradual, cohort-
based turnover of infrastructure, in which each tranche of NC eventu-
ally becomes RC once it reaches the end of its service life. Finally, Sector
2 determines the volume of effluent that becomes available for recycled
water treatment in Sector 1, being represented by WT, Treated Water
Available for Recycled Water Plant:

WT =EC xFT (S2.06)

The parameter FT represents the proportion of collected effluent that
is treated to the quality required for subsequent recycled water pro-
cessing. By linking WT directly to EC, Eq. (S2.06) couples the perfor-
mance of the effluent collection system to the recycled water system in
Sector 1. Increases in EC raise WT proportionally, enabling higher
recycled water production, whereas limited EC constrains WT and, in
turn, the amount of recycled water that can be supplied to the hydrogen
hub. Fig. 4 presents the sector 2. The variables in brown (HTML =
#bd7e00) are the parameters, which will be defined in section 3.4,
Validation Phase.

Sector 3, entitled “Seawater Desalination Installed Capacity”, rep-
resents the infrastructure responsible for supplying desalinated seawater
to the hydrogen hub. The central stock in this sector is denoted as CS,
Seawater Desalination Installed Capacity, whose evolution over time
follows the standard stock—flow relationship:

CS(t) = CS(t — dt) + [NS(t) — RS(t)]dt (Ss3.01)

Where NS is New Desalination Installed Capacity per Year and RS is
Retirement of Desalination Capacity per Year. When NS exceeds RS,
installed desalination capacity expands; when RS exceeds NS, capacity
declines gradually. The initial value of CS is imported directly from the
parameter Initial Seawater Desalination Installed Capacity, defined in
Sector 7 and based on project-level engineering data for the Industrial
and Port Complex of Pecém. Expansion of desalination capacity re-
sponds to increment driven by hydrogen production and is defined using
an nth-order delay to represent the multi-year cycle of planning,
permitting, procurement and construction associated with large-scale
seawater desalination facilities:

(&

NS(¢) :DELAYN<RS, TS, 5, 7) (S3.02)

TS

Where RSI is the Real Increment in Seawater Desalination Installed
Capacity and TS is the Time to Implement Seawater Desalination
Expansion. The delay order is set to five to represent the multi-year cycle
of planning, permitting, procurement and construction of large-scale
seawater desalination facilities. The initial value % ensures that, at the
start of the simulation, the delay pipeline contains an increment flow
consistent with the existing installed capacity, avoiding artificial sup-
pression of NS in the early years. The Real Increment in Seawater
Desalination Installed Capacity converts the incremental driver ID into
an effective increment signal by accounting for the operational status of
the desalination system, being RSI defined as:

RSI=ID x OS (S3.03)

The Increment in Seawater Desalination Installed Capacity, denoted
ID, represents the increment incentive generated by hydrogen produc-
tion while OS, Operational Capacity of the Seawater Desalination Sys-
tem, depends on the scenario variable P, Percentage of Recycled Water.
The equations are defined as follows:

ID = GRAPH(HP) (S3.04)

0S=1-P (S3.05)

At Eq. (S3.04), the GRAPH function maps hydrogen production be-
tween 10,000 and 2000,000 tonnes per year onto a monotonic increase
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in ID from 0.50 to 1.0. Interviewees consistently explained that desali-
nation is institutionally easier to expand than recycled water because the
infrastructure is privately owned, modular, and less dependent on
integration with urban sanitation networks. As a result, the slope of the
desalination GRAPH is steeper than the analogous function used in
Sector 2. Retirement of desalination capacity is governed by a parallel
DELAYN function representing the ageing of reverse osmosis mem-
branes and associated high-pressure equipment:
(&

RS(t) :DELAYN(NS, YS, 5, —)

$3.06
s ( )

Where YS denotes Years for Reverse Osmosis Seawater Decom-
missioning. Each tranche of NS is thus transferred to RS once it reaches
the end of its assumed lifetime YS. The initial value CS/YS ensures that
the pre-existing desalination capacity begins to retire at a rate consistent
with its remaining lifetime at the start of the simulation. The volumetric
flow of desalinated water delivered to the hydrogen hub is denoted SW,
Seawater for Green Hydrogen Hub. It depends on the installed desali-
nation capacity, its operational utilisation and the effective recovery
rate:

SW=CS x0S xSR (83.07)

Where SR is Seawater Recovery Rate. For a given CS, increases in OS
or SR raise SW proportionally, while reductions in either variable lower
the product water available for hydrogen production. The total volu-
metric flow processed by the desalination system, WD (Water Processed
in Desalination), is the sum of the product water SW and the BF:

WD = SW + BF (S3.08)

BF represents the Brine Water Discharge Flow. Brine discharge arises
as the complement of the recovery process, denoted by SR. The BF, Brine
Water Discharge Flow, is given by:

BF=CS x0S x (1—SR) (S3.09)

This expression uses the same CS and OS terms as Eq. (S3.07), but
scales them by the fraction of feedwater that is not recovered as
permeate. Any increase in desalination capacity or utilisation therefore
generates a proportional increase in brine discharge, given the recovery
rate SR. The annual brine volume discharged to the sea is represented BY
(Brine Water in the Sea per Year):

BY =BF xSY (83.10)

Where SY denotes Seconds per Year. BY provides an annualised
measure of brine discharge that can be used to support longer-term as-
sessments of brine volumes, but it does not directly participate in the
near-field salinity feedback described below, which is based on instan-
taneous mixing, following equations from Khangaonkar et al. [73]..
Near-field salinity dynamics are represented through a steady-state
mixing relationship between the brine plume and the surrounding
seawater in the immediate vicinity of the outfall. The mixed salinity in
the near field, SM (Salinity Mix Near-Field), is given by:

BF x SB)+ ((ND — 1) x BF x SN)

_(
SM= BF + ((ND — 1) x BF)

(S3.11)

Where SB is Salinity of Brine Water, SN is Salinity Near Field
(ambient), BF is Brine Water Discharge Flow, and ND is Near-Field
Dilution. The term (ND—1) x BF represents the volume of ambient
seawater entrained by the brine jet, so Eq. (S4.03) expresses SM as the
flow-weighted average of brine and entrained seawater salinities

Regarding to energy consumption, the Eq. (S3.12) ensures that all
seawater drawn into the plant is accounted for as either useful fresh-
water or concentrate brine. For a given SW, lower SR implies a larger BF
and hence a larger WD, consistent with the need to process more feed-
water to obtain the same volume of permeate when recovery is reduced.
The total energy consumption required to operate the seawater
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desalination system is represented by EY (Seawater Desalination Energy
Consumption per Year), calculated as:

EY =DW x WD x SY (83.12)

Where DW is Seawater Desalination Energy per Water Cubic Metre,
WD is Water Processed in Desalination, defined at Eq. (S3.08), and SY is
Seconds per Year. This formulation ensures that any change in
throughput WD, whether driven by expansion of CS, variations in OS or
changes in recovery SR, is translated consistently into annual electricity
demand. The model incorporates a feedback between near-field salinity
around the outfall and desalination performance. The term ER, Expected
Decrements in Recovery Rate Efficiency, is defined as a graphical
function of SN, Salinity Near Field, which belongs to sector 4 and will be
explained later in this subsection:

ER = GRAPH(SN) ($3.13)

The GRAPH function maps SN, defined in Eq. (54.02), values be-
tween 35 and 45 kg/m® onto a gradual decrease in ER from 1.00 to 0.75,
with intermediate points defined by the modeller to match hydrody-
namic and desalination studies. The effective seawater recovery rate SR
is obtained by scaling the initial design recovery rate SI (Seawater Initial
Recovery Rate) by ER:

SR =ER xSI (S3.14)

When SN remains at baseline levels, ER equals one and SR coincides
with SI. As SN increases above baseline, ER falls below one and SR de-
clines proportionally, reducing both SW at Eq. (53.07) and increasing BF
at Eq. (53.09) for a given CS and OS. Fig. 5 presents the sector 3. The
variables in blue (HTML = #0091 da) represent the parameters.

Sector 4, entitled “Salinity Near Field”, represents how local
seawater salinity in the vicinity of the desalination outfall evolves over
time in response to brine discharge and subsequent dispersion. The
salinity increment in the near field, DS (ASalinity Near Field), is then
defined as the difference between the mixed salinity SM and the ambient
salinity SN:

DS =SM — SN (S4.01)

DS quantifies the localised salinity elevation resulting from brine
discharge in the immediate mixing zone, driving input for the near-field
salinity accumulation mechanism and subsequent dispersion. This al-
lows the model to capture how changes in desalination operations
propagate into coastal salinity conditions. The central stock in this sector
is SN (Salinity Near Field), which tracks the average salt concentration
in the near-field mixing zone. Its dynamics follow a standard stock—flow
relationship:

Sector 3 -

Green Hydrogen Seconds per Year

Production per Year

Seawater D Energy

Seawater Desalination
Installed Capacity
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SN(t) = SN(t — dt) + [SA(t) — WS(8)] x dt (54.02)

Where SA is Salinity in Surrounding Areas, the net annualised inflow
of salt to the near field, and WS is Water Spreading, the outflow asso-
ciated with dispersive processes. The model links the salinity increment
to the evolution of SN through a dimensionless measure of relative
change. The Expected Salinity Level Increment, denoted EL is defined as
the ratio between the near-field salinity increment DS and the current
near-field salinity SN:

DS

El= — S$4.03
SN ( )
EI therefore quantifies how large the brine-induced salinity incre-
ment is in proportion to the ambient near-field salinity. When DS is small
relative to SN, EI remains close to zero; when DS becomes large relative
to SN, EI approaches or exceeds unity, signalling a strong localised

increase.

SA_{

Where FY is Fix Year Unit (equal to 1 year™') used to express SA in
kg/m?/year. The explicit formulation in Eq. (S4.04) incorporates a
safeguard that prevents numerical failure when no seawater desalina-
tion is operating. In scenarios where desalination is not used, brine
discharge BF equals zero, which implies that the salinity increment DS
also becomes zero. Because EI is defined as DS divided by SN, this
produces an indeterminate 3 expression that Stella evaluates as “not-a-

0, if EI x SN x FY = NAN

(S4.04)
EI x SN x FY, otherwish

number”. When this occurs, the model may crash due to propagation of
undefined values. To avoid this, the conditional-structure forces SA to
zero, maintaining numerical stability throughout the simulation.
Salinity reduction due to dispersion and mixing with surrounding waters
is represented by the outflow WS, Water Spreading, being activated only
when near-field salinity exceeds the baseline ambient value of 36.03 kg/
m?:

Where SS is Salt Spreading, a parameter with units of kg/m?/year. SS
is set to 0.94 kg/m?/year, based on the limited but convergent evidence
that basin-scale salinity changes from current desalination discharges
are small. Paparella et al. [74]. and Ibrahim et al. [75]. report salinity
increases below about 0.5-1.0 kg/m® in comparable coastal systems,
while interview E8 stresses that strong coastal currents along Ceara

favour rapid dispersion. The chosen value of SS provides a conservative
representation of annual salinity relaxation that keeps SN within ranges

SS, if SN > 36.03

0, otherwish

ws

(54.05)
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consistent with the hydrodynamic results of Pereira et al. [76]., while
still allowing localised elevation when brine discharge grows. Fig. 6
presents the sector 4. The variables in dark blue (HTML = #00007f)
represent the parameters.

Sector 5, entitled “Green Hydrogen Hub — Water Supply”, aggregates
all water delivered from the recycled water system (Sector 1) and the
seawater desalination system (Sector 3) to determine the volumes
available for cooling and electrolysis. The sector does not include a
stock; instead, it defines a set of algebraic relationships that partition the
total incoming water into its cooling and production components. The
total amount of water delivered to the hydrogen hub, denoted WH
(Water for Green Hydrogen Hub), RW and SW:

WH = RW+SW (85.01)

The variable Fraction of Water for Cooling, FC, partitions WH into its
evaporative cooling component WC, Water for Green Hydrogen Cooling,
while FP, Fraction of Water for Green Hydrogen Production, partitions
WH for effective green hydrogen production, WP, Water for Green
Hydrogen Production, as depicted in the following equations:

WP = WH x FP (S5.04)

The variable Total Installed Capacity of Water, TC, is the sum of
desalination capacity CS and recycled water capacity CR:

TC= CS+CR (S5.05)

The Fig. 7 presents the sector 5. The variable in royal blue (HTML =
#2519d9) represents a parameter.

Sector 6, Green Hydrogen Production, translates the water actually
available for electrolysis, from Sector 5, into green hydrogen output. The
core of this sector is the relationship between water mass flow, elec-
trolyser efficiency and hydrogen production. The variable Electrolyser
Efficiency for GH2 Production, denoted EF, is defined as the ratio be-
tween the theoretical and real specific energy consumption of
electrolysis:

TE

RE (S6.01)

EF =

Where TE is the Theoretical Energy Consumption for GHz Production
(HHYV basis) and RE is the Real Energy Consumption for GHz Production

WC= WH xFC (85.02) (HHV basis). Both TE and RE are treated as constant parameters. The
mass flow of water available for electrolysis, TW (Tonnes of Water),
=(1-FC) (85.03) depends on the volumetric flow WP (Water for Green Hydrogen
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Fig. 7. Green hydrogen hub (water supply).
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Production, defined in Sector 5) and the density of water, p, (Water
Density):

TW= p, x WP (56.02)

Hydrogen production per unit of time is then derived from the mass
ratio between water and hydrogen. Green hydrogen production per
second, denoted HS, is given by:

HS = (M) x EF

WM (S6.03)

Where WM is Water per Hydrogen (Mass), expressed as tonnes of
water per tonne of hydrogen. Eq. (S6.03) states that hydrogen output per
second equals the water mass flow divided by the water requirement per
tonne of hydrogen, adjusted by the electrolyser efficiency EF. To obtain
the annual hydrogen output, HS is scaled by the number of seconds per
year, SY (Seconds per Year). Green hydrogen production per year,
denoted HP, is therefore:

HP = HS xSY (S6.04)

Finally, the share of recycled water in the hub’s water portfolio, P
(Percentage of Recycled Water), is treated in the model as an exogenous
scenario parameter that directly influences the operational shares of
recycled water and desalinated water in Sectors 1 and 3:

P = Percentage of Recycled Water (S6.05)

This parameter links the water-supply configuration to both the
hydrogen production sector and the infrastructure expansion sectors and
is better described on section 3.5 Scenario Development Phase. Fig. 8
presents the sector 6. The variables in green (HTML = #005,500) rep-
resents the parameters, while the variable in red (HTML = #aa0000),
represents the scenarios decision rule.

Sector 7 defines the initial values of the two main water-supply in-
frastructures: recycled water treatment and seawater desalination.
These initial conditions are scenario-dependent and provide the starting
point for the capacity dynamics described in Sectors 1 and 3. The initial
installed capacity of recycled water, denoted CRo (Initial Recycled Water
Installed Capacity), is specified as a conditional function of the recycled-
water share P (Percentage of Recycled Water):

0,ifP=0
0.206, if P=1
0.0206, otherwise

CRy = (87.01)

This formulation captures three configurations: no recycled water
use (P = 0), full reliance on circular economy (P = 1), and an
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intermediate configuration in which recycled water accounts for other
percentages of total supply, represented by 0.0206 m3/s. The initial
installed desalination capacity, denoted CSo (Initial Seawater Desalina-
tion Installed Capacity), is defined analogously:

0,ifP=1

CSo = {0.206, otherwise (57.02)

The Fig. 9 presents the sector 7. The variable in red (HTML =
#aa0000), represents the scenarios decision rule.

To facilitate transparency and reproducibility, each of the seven
sectors is presented separately in Figs. 3-9, allowing readers to trace
how specific physical, operational and institutional processes were
represented in the stock—flow architecture. Taken together, these sectors
form an integrated system in which water collection, treatment, desa-
lination, salinity dynamics, allocation to the hydrogen hub and
electrolysis-driven hydrogen output evolve endogenously through
interconnected feedbacks and delays. By decomposing the model into
modular components, the formulation phase provides a clear visual and
mathematical foundation for the subsequent validation procedures,
where the structural assumptions, parameter choices and behavioural
properties of the model are examined in detail. This completes the

Sector 6 - Green
Hydrogen Production [

Theoretical energy
consumption for GH2
preduction (HHV)

’ Tonnes of Water

I

Water Density

Percentage of
Recycled Water

Electrolyzer efficiency I
for GH2 production

!

Green Hydrogen
Production per Second

!

Water per Hydrogen (Mass)

Seconds per Year

Real energy
consumption for
GH2 production (HHV)

Green Hydrogen

> £roduction per Year

Fig. 8. Green hydrogen production.
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construction of the stock-flow representation that underpins all simu-
lations reported in the following sections.

3.4. Validation phase

This section encompasses the collection of tests used to validate the
proposed model. The conducted tests were dimensional consistency test,
structure confirmation test, parameter confirmation test, and sensitivity
test.

3.4.1. Dimensional consistency test

A dimensional consistency check is performed in Stella Architect
using the automated unit-verification tool. All stocks, flows, auxiliaries,
and parameters in the model were assigned explicit units, allowing the
software to evaluate the dimensional coherence of every equation. The
model returned no unit warnings, indicating that all mathematical ex-
pressions comply with the required dimensional relationships between
mass, volume, time, energy, and concentration variables. This outcome
confirms that the internal structure of the model is dimensionally
consistent [77].

3.4.2. Structure confirmation test

Following Barlas[77] and Forrester and Senge[78], a structure
confirmation test was conducted to assess whether the model’s causal
structure, route distinctions and decision rules are consistent with
empirical evidence. Insights were obtained from interviews. The profile
of each interviewee was already presented on Table 4, section 3.1
Problem Articulation Phase.

Most of interviewees consistently emphasise that Ceard’s water
challenge stems from the management of highly variable flows rather
than absolute scarcity. Interviewee E2 explains that “for eight months of
the year, river flows fall to zero... the only way to have water in the dry
season is by building reservoirs,” adding that “no country faces water-
management challenges like the northeastern semi-arid in Brazil”
because supply fluctuates sharply while demand remains relatively
steady. Interviewee E6 argues that diversification of water sources is
essential to avoid dependence on any single route.

Even under ambitious hydrogen development projects, interviewee
E1 notes that 8 GW of electrolysers would require “<1 m® s-1” of dem-
ineralised water and he stated that the initial capacity of treated
effluent, already available on the region, is sufficient to start the green
hydrogen production process. Interviewee E4 reinforces this point by
emphasising that the infrastructure required to transport recycled water
to the Pecém Green Hydrogen Hub currently exists, with the capacity to
transport up to 4.5 m3/s of water. However, interviewee E11 notes that
project developers often underestimate total water requirements by
considering only the stoichiometric 9 Liters of water for each Kilogram
of green hydrogen ratio rather than the full cooling demand: “what you
spend to produce hydrogen, you spend almost four times to cool the
hub,” implying that four large projects with pre-contract signed to
produce green hydrogen at Pecém could reach >3 m?®/s. Interviewee E11
adds that just one major construction licence authorises up to 1.6 m?®/s of
seawater desalination plant.

Across interviews, raw surface water and reservoirs are described as
unsuitable structural route for green hydrogen. Interviewee E2 states
that “it is unlikely that reservoirs will be the water source for green
hydrogen” because they are “already heavily committed to human
supply, irrigation and industrial uses,” and because high hydrological
uncertainty makes them unreliable for long-term planning. Most of the
time, the hydrological balance in the State of Ceara is negative. Annu-
ally, precipitation in Ceara is around 800 mm and evapotranspiration is
around 2,000 mm [13].

Interviewee E3 argues that recycled water for green hydrogen pro-
duction should be treated as a dedicated route to preserve higher-quality
raw water for households, while Interviewee E4 remarks that raw water
can be considered only as a contingency supply to cover short
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interruptions in the recycled water pipeline. Interviewee E5 adds that a
study conducted in the State of Ceara concluded that raw water “cannot
reliably supply the Industrial and Port Complex of Pecém during
droughts season.” Interviewee E8 is categorical in stating that “ using
raw water to produce green hydrogen makes no sense... there is nothing
to discuss” given competing human and agricultural uses. These
convergent assessments justify the model’s exclusion of a long-term raw-
water-to-hydrogen pathway.

Most of interviewees also converge that recycling urban effluent is
the preferred route but is volumetrically and logistically bounded.
Interviewee E2 reports that Fortaleza’s water supply averages “10 m®/s”
and that approximately “3 m3®/s” of the urban effluent is treated before
being discharged into water bodies; diverting this flow to the industrial
zone would recover a resource currently “wasted,” reducing pressure on
the hydrology matrix. Interviewee E3 underscores that urban effluent is
“99.9 % water,” and its treatment has negligible losses, however, he
states that the average losses during the distribution phase in Brazil is 50
%.

Interviewees E4 and E5 describes that the recycled water project
consisting of lifting aggregated secondary effluent to a treatment facility
and conveying it via the Axes 5 to a recycled-water plant. At the first-
stage, the initial treatment effluent capacity is up to 1 m®/s and at the
second-stage, this capacity can be expanded up to 3 m®/s. Interviewee
E11 details that the effluents from eleven lagoon-based plants in For-
taleza, Caucaia and Maracanat will be centralised for biological, phys-
ical and tertiary treatment and subsequently polished at the industrial
site. Interviewee E6 stresses that aggregation from multiple wastewater
treatment plant is essential for hydrogen-scale volumes, and interviewee
E9 illustrates the systemic importance of aggregation by citing Barueri
plant, in Sao Paulo, which treats “16 m>/s” that could be kept on the
system instead of being discharged into the Tieté river.

Interviewees also confirm the causal drivers of infrastructure
expansion. Interviewee E1 stresses that investment depends on “firm
demand and firm commitment.” Interviewee E4 describes a mutually
dependent dynamic in which both the recycled water company and
hydrogen developers wait for long-term off-take contracts, asking “why
would the recycled water company invest if no one will buy the water?”
Interviewee E3 adds that relying exclusively on recycled water would
require expansion of the effluent collection capacity because “our
effluent network is very limited... much of it is open drains.”

Interviewees further confirm that final water quality for electrolysis
is a plant-level responsibility and does not differentiate bulk routes.
Interviewee E4 states that recycled water, and reservoir water arrive at
similar bulk quality and that users will perform the necessary polishing,
noting that “recycled water may even be better in terms of quality than
raw water.” Interviewee E6 emphasises that purity levels are techno-
logically achievable for recycled water and seawater desalination. These
elements support the model’s representation of hydrogen water demand
as a near-linear function of output, with route differences arising from
feed salinity, energy use and residue generation.

Interviewee E5 recalls that the major recycled water initiative started
to be designed during the last long drought season, during from 2012 to
2020, as stated by E2. Interviewee E9 highlights that long-term anchor
contracts with fixed flows and prices underpin project finance, closing
the financial loop. These institutional and operational characteristics
align with the model’s treatment of recycled capacity as a concession-
based subsystem whose growth and decline follow the time-dependent
dynamics of infrastructure delivery and asset ageing. These statements
align with the model’s representation of recycled water as constrained
by effluent collection volumes, aggregation requirements and the hy-
draulic capacity of regional conveyance infrastructure.

Interviewee E6 points out that aggregating flows from multiple
wastewater treatment plants implies “ten pipelines crossing several
areas,” creating significant logistical complexity. Interviewee E11 em-
phasises that tariff levels, contractual duration and ramp-up paths (e.g.
0.1 to 0.5 m®/s over years) are central to viability, adding that
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regulatory obligations may be required because “voluntary uptake will
remain low” unless industries are compelled by law to replace part of
their raw-water consumption with recycled water. She adds that much
of Fortaleza’s secondary effluent is discharged into rivers under stan-
dards that do not require nutrient removal, contributing to eutrophi-
cation and health risks. These observations support the model’s decision
rules in which commissioning flows respond to industrial demand and
institutional arrangements, while adjustments occur only after delays.

In the model, recycled water capacity and infrastructure of effluent
collection capacity are represented as stocks whose expansion occurs
through commissioning flows subject to planning—construction delays,
and whose decline follows lifetime-based decommissioning through an
ageing chain. Interviewee E3 and E11 describe recycled water provision
as a specialised industrial subsystem that reflects these dynamics.

Regarding to seawater desalination, interviewees describe that this
source as a higher-OPEX route, yet one that offers greater autonomy to
hydrogen producers because its deployment depends almost exclusively
on private decision-making. Interviewee E3 notes that recycled water
can be “much more attractive than desalination” from a technical and
economic standpoint, since effluent contains far fewer salts, a point
reinforced by interviewee E6. Interviewee E7 estimates costs of roughly
USD 2/m? for recycled water and USD 5-6/m?® for seawater, while
interviewee E9 contrasts reverse osmosis pressures of “about 8 bar” for
recycled water with “30 bar” for seawater.

Despite this higher-operating costs, interviewee E7 notes that com-
panies will avoid recycled water due to “legal uncertainty,” “contractual
risk,” and exposure to the “Brazil cost,” since participating in public
infrastructure or Public and Private Partnerships may entail long-term
liabilities. By contrast, desalination units can be developed autono-
mously—-“each hydrogen plant would have its own desalination unit,”
as highlighted by interviewee E6—allowing firms to expand water
supply whenever they decide to scale hydrogen output, without
depending on effluent collection expansion, effluent aggregation, inter-
agency agreements or municipal infrastructure. Interviewee E8 adds
that, although desalination requires hydrodynamic studies and careful
intake design due to underwater sandbanks, these engineering tasks lie
entirely within the developer’s scope, unlike the multi-actor coordina-
tion required for recycled water. As a result, desalination capacity tends
to follow firm-driven investment cycles: when electrolysers need to
expand, companies can directly reinvest in additional desalination
modules, accelerating capacity growth relative to routes constrained by
public infrastructure. This dynamic supports modelling desalination
capacity as a stock governed by commissioning delays and an ageing-
chain retirement structure, where reinvestment is autonomous, incre-
mental and aligned with private expansion decisions rather than
dependent on multi-agency coordination.

These accounts show that, although desalination is more expensive,
its institutional simplicity and private-sector autonomy allow capacity
to expand based on firm-level decisions rather than inter-agency nego-
tiation. This justifies representing desalination capacity in the model as a
stock governed by commissioning delays and lifetime-based ageing-
chain decommissioning: expansion occurs when firms individually
decide to invest, but capacity still becomes available only after multi-
year permitting and construction, making supply constraints emerge
through delayed expansion rather than instantaneous adjustment.

Interviewees also corroborate the model’s environmental feedbacks
associated with residual streams and near-field salinity. Interviewee E2
describes desalination as “not without controversy solution,” citing
uncertainty about brine impacts. Interviewee E5 recalls that the For-
taleza seawater desalination project required extensive marine studies
and one-year monitoring of marine ecosystem. Interviewee E6 stresses
that both recycled and desalination generate residuals that can only be
concentrated, not eliminated, and that seawater brine must be released
through engineered diffusers. Interviewee E8 provides ecological
mechanisms by which dense saline plumes can settle over benthic
habitats, potentially altering community composition even when far-
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field salinity later recovers.

Broader long-term dynamics described by interviewees are consis-
tent with the model’s feedback structure. Interviewee E9 expects green
hydrogen to expand similarly to wind and solar, arguing that viable
recycled water projects depend on sanitation universalisation and long-
term anchor contracts. Interviewee E11 sees hydrogen as the “main
utility” for recycled water but notes that industries have not yet
committed substantial volumes due to cost, risk perception and the lack
of regulatory obligations. She also emphasises that Ceara is structurally
advantaged because the Axes 5 directly links sewage-generating regions
to the industrial zone, a configuration that “does not exist elsewhere.” In
the model, recycled water capacity therefore evolves through commis-
sioning delays and lifetime-based decommissioning, reflecting realistic
infrastructure turnover.

In sum, the interviews collectively confirm that hydrogen’s water
demand can be constrained by infrastructure, governance and business
models; that reservoirs are unsuitable as a long-term structural route;
that recycle water is bounded by effluent availability, aggregation re-
quirements and conveyance capacity; that seawater desalination is
easier for companies; and that infrastructure expansion depends on firm
demand, long-term contracts and coordination among agencies. In-
terviewees also validate the model’s structural choices thereby satis-
fying the criteria for a structure confirmation test in the sense of Barlas
[771 and Forrester and Senge [78].

3.4.3. Parameter confirmation test

Following Barlas [77] and Forrester and Senge [78], a parameter
confirmation test was used as a direct structure test to assess whether
constant parameters and initial values are conceptually meaningful and
numerically plausible. For this model, all parameters were systemati-
cally checked against the sources cited on the supplementary material A,
and their values were fixed accordingly. The complete list of equations,
parameters, and documentation is available on the supplementary ma-
terial A.

Regarding to the sector 1, the initial installed recycled-water ca-
pacity is contained in the stock Recycled Water Installed Capacity(t).
The baseline capacities were derived from the EIA for the Pecém Green
Hydrogen Hub [71], which estimates an annual demand of 6.5 million
m?® of seawater and 650,000 m® of recycled water, with reuse repre-
senting up to 10 % of total water use. These values were converted to
flow units, yielding initial capacities of 0.206 m® s™' for seawater desa-
lination and 0.026 m? s™! for recycled water.

The construction and commissioning delay for recycled water ca-
pacity, Time to Increase Recycled Water Installed Capacity, is fixed at 4
years. This is based on Apex Water[79], Brown & Caldwell and Carollo
[80], and Lakeside Equipment Corporation[81], who describes planning
and construction of permanent land-based recycled water plants within
1.5-8 years. The electricity consumption on this sector, Recycled Water
Energy per Water Cubic Meters, is set to 0.000594 MWh per m?, the
value reported Kehrein et al. [82]., and based on interview E6, which
stresses that the much lower salinity of wastewater relative to seawater
translates into lower pressure and energy requirements. The recovery
parameter Recycled Water Recovery Rate is fixed at 0.99 (dimension-
less). This choice is backed by Khangaonkar et al. [73]., Sperling[83],
Yang et al. [84]., and interviewer E3, all of which state that domestic
wastewater typically contains about 98-99.9 % water by weight, with
only 0.1-2 % solids; adopting 0.99 is therefore consistent with the order
of magnitude indicated for municipal effluent.

Losses in the water distribution system between Infrastructure of
Effluent Collection Capacity(t) and the Recycled Water Installed Ca-
pacity(t) are represented by Water Losses During Distribution in
Northeast Brazil and set to 0.463. The is based on the annual report from
the Brazilian National System of Information about Basic Sanitation
[85], which affirms that 46.3 % of water is wasted during the distribu-
tion phase in the North-East of Brazil, region where the State of Cear4 is
located. The national values often around 40 % and sometimes above 60
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%. The losses are confirmed also by interview E3, which also emphasised
that the losses in wastewater treatment are negligible compared to those
in drinking-water networks.

Membrane replacement in the recycled-water RO (reverse osmosis)
units is governed by Years for Reverse Osmosis Recycled Water
Decommissioning, fixed at 3 years. The documentation combines two
sources. Yokogawa[86] reports a typical RO membrane life expectancy
of roughly three years and Munoz et al. [87]. report annual replacement
rates up to 33 % in tertiary wastewater treatment. Setting a decom-
missioning time of three years is therefore consistent the reported for RO
membranes in tertiary wastewater applications.

The parameter fraction of treated water available for recycled water
plant is set to 0.085, corresponding to the midpoint of the 5-12 % reuse
range reported for Greece, Italy and Spain [88]. This anchors the model
in current European practice, while remaining well below the higher
reuse levels observed in Cyprus (above 90 %) and Malta (around 60 %)
[88].

Regarding to sector 2, Green Hydrogen Hub - Water Supply, to define
a single parameter representing how total water availability is divided
between hydrogen production and the cooling system, we drew on the
estimates developed by Arup [24] for large-scale green hydrogen
deployment in dry regions of Australia, as these conditions closely
resemble those of Ceara, Brazil, as confirmed in interview E2. Arup [24]
provides detailed values for both process water and total water re-
quirements with evaporative cooling under dry-zone conditions for PEM
electrolysers at the beginning and end of life, and for both recycled
water and seawater feedstocks. For each dry-zone scenario, we calcu-
lated the ratio between process water and total water demand. These
ratios ranged across the different combinations of asset condition
(beginning/end of life) and asset performance (high/low end).

To obtain a single, representative value suitable for model imple-
mentation, we computed the arithmetic mean of all ratios for dry-zone
scenarios using recycled water and seawater, resulting in an average
fraction of 0.26, meaning that roughly 26 % of total water use is asso-
ciated with hydrogen production and 74 % with the evaporative cooling
system. This value are even more optimistic than the values assumed by
Fortescue[11]. In the EIA, the company states that 9216 tonnes of water
per day will being use for green hydrogen production and 41,624 tonnes
of water per day for cooling system, being 0.18 the ratio between water
for green hydrogen and water for cooling.

The sector 3, which encompasses variables related to green hydrogen
production, assume the values of electrolyser energy performance are
represented by Theoretical energy consumption for GH2 production
(HHV) and Real energy consumption for GH2 production (HHV). The
theoretical parameter is set to 39.4 kWh kg™ Ha, following Jang et al.
[89]. The real parameter is fixed at 50 kWh kg™ Hz, based on Samsatli
et al. [90]. The documentation explicitly interprets this as representative
of current PEM technology under practical conditions, and the 39.4/50
ratio is consistent with efficiency gaps highlighted in the electrolysis
literature. The water requirement per unit of hydrogen is represented by
Water per Hydrogen (Mass), set to 10 tonnes of water per tonne of
hydrogen. We use the value assumed by Simoes et al. [21]. and For-
tescue[11], who report that electrolysers require 10 litres of water per
kilogram of hydrogen.

On Sector 4, the stock Seawater Desalination Installed Capacity(t)
shares the same documentation as the recycled-water capacity stock. As
noted above, the initial capacity of 0.206 m® s™! is drawn directly from
the annual seawater consumption of 6.5 million m® reported by the
Complexo do Pecém[71]. Membrane lifetime in seawater RO units is
represented by Years for Reverse Osmosis Seawater Decommissioning,
set to 3 years. The documentation combines Yokogawa[86], Somrani
et al. [91]. and Munoz et al. [87]., which together indicate membrane
lifetimes in the range of 3-5 years and annual replacement rates of
10-33 % depending on feedwater and application. Adopting a
three-year decommissioning time is therefore consistent with both the
average lifespan and higher replacement rates reported for seawater
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applications.

The construction and commissioning delay for desalination capacity,
Time to implant seawater desalination, is fixed at 3 years. The docu-
mentation references Voutchkov et al. [92]., who describe planning and
construction of permanent land-based desalination plants within 2-3
years, as well as Piedra et al. [93]. and Acciona[94], which report en-
gineering, procurement and construction periods on the order of two
years for large SWRO expansions. Taken together, these sources justify
modelling a three-year implementation time as a central estimate for
large coastal RO plants.

Regarding to specific electricity consumption of seawater desalina-
tion, Seawater Desalination Energy per Water Cubic Meters, to 0.004
MWh per m?® (4 kWh m™3). This values are based on Xevgenos et al. [95],
which report a typical range of 2-5 kWh m™ for reverse-osmosis desa-
lination depending on feed-water salinity, while Silva et al. [96]. find a
consumption of approximately 4 kWh m™ for Brazilian RO seawater
desalination plants. Interview E6 further confirms that high salinity
drives high osmotic pressure and energy demand. The chosen value of 4
kWh m™ thus lies squarely within empirically observed ranges for
modern SWRO plants.

The initial recovery ratio of seawater RO, Seawater Initial Recovery
Rate, is set to 0.45. Panagopoulos et al. [42]. describe recovery as the
ratio between freshwater produced and total feedwater, and Kim and
Hong[97] report that real SWRO facilities typically operate between 40
% and 50 % recovery. We therefore adopt 45 % as a representative
upper-middle value in this empirical range. This value is consistent with
Fortescue[11], which states that the daily estimated flow of tonnes of
water for green hydrogen production is 9216 and for cooling the system
is 41,624, while 55,318 is brine water, representing 52 % of the water
daily captured.

The effective recovery used in the model, Seawater Recovery Rate, is
computed as Expected decreasement in Recovery Rate efficiency and
Seawater Initial Recovery Rate. Missimer and Maliva[15] show that
increases in local seawater salinity reduce plant recovery and raise
production costs. In the model, this relationship is implemented through
the graphical function Expected Decreasement In Recovery Rate Effi-
ciency, which monotonically decreases recovery as near-field salinity
rises, while keeping recovery within the physically plausible band
implied by the 40-50 % range.

On Sector 5, Salinity near-field parameters, the Near Field Dilution,
defined as the dilution of brine immediately after discharge for For-
taleza, is set to 31.8 (dimensionless). According to the documentation,
this value is taken from hydrodynamic simulations by Pereira et al.
[76]., who model diffuser performance for the seawater desalination
plant of Fortaleza, aimed to supply the south region of the capital with
potable water. Fortaleza is the capital of Ceara and is located next to the
cities where the green hydrogen hub will be installed, Sao Goncalo do
Amarante and Caucaia. The model therefore adopts this value as the
volumetric dilution in the first tens of metres downstream of the outfall.
The salinity of the brine stream, Salinity of Brine Water, is fixed at 67.33
kg m™, and the background salinity stock, Salinity Near Field(t), is
initialised at 36.03 kg m™, again based on Pereira et al. [76]..

Longer-term dispersion of salt away from the near field is captured
by the parameter Salt Spreading, set to 0.94 kg m™ year™'. The docu-
mentation notes that basin-scale salinity effects of desalination are
small: Paparella et al. [74]. estimate changes below 0.5-1.0 psu, and
Ibrahim et al. [75]. find that current brine discharge does not destabilise
regional salinity equilibria. Interview E8 further indicates that strong
coastal currents in Ceara promote rapid dispersion, although local
ecological impacts may still occur. Given this evidence and the simpli-
fied purpose of the model, the chosen coefficient is framed as a con-
servative annualised leakage term which, when combined with the
near-field dilution, reproduces salinity ranges consistent with Pereira
et al. [76]..

On sector 6, Effluent-collection infrastructure, for the effluent
network, the structural lifetime parameter Life span of Effluent
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Collection Infrastructure is set to 62.5 years. We draw on Younis and
Knight[98], who show that many Canadian buried water and waste-
water pipes have design lives between 50 and 75 years. The adopted
value is simply the mid-point of this range and reflects the long-lived
nature of buried sewer infrastructure.

The implementation delay for new collection infrastructure, Time to
implant effluent collection, is fixed at 4 years. The documentation as-
sembles several sources: the Apex Water[79] design report for the Del-
more Wastewater Treatment Plant, which estimates around 18 months
for design and construction phases; Brown and Caldwell & Carollo[80],
who show that complex wastewater projects requiring detailed envi-
ronmental review can take “almost four years”; and guidance from
Lakeside Equipment[81], which note that pre-construction stages can
take up to three years and that total construction durations can extend to
five years for large plants. Placing the model parameter at four years
therefore lies within the reported 2-5-year window and is particularly
consistent with the upper bound identified for complex projects. The
Table 5 shown the list of parameters and initial values from the Stock
and Flow Diagram.

Taken together, the sources reviewed above establish that all con-
stant parameters and initial conditions used in the model fall within
empirically documented or technically justified ranges. Table 5 con-
solidates these values and their respective units, providing a transparent
reference for all variables used in the stock—flow formulation. With the
parameters validated, the next step is to examine the robustness of
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model behaviour through a structured sensitivity analysis.

3.4.4. Sensitivity test

A behaviour sensitivity test was conducted to assess the robustness of
the model under uncertainty in the most influential parameters.
Following Barlas[77], the objective was to evaluate whether the quali-
tative behaviour of the system remains stable when key parameters are
varied within wide, yet still conceptually defensible, ranges. Seven pa-
rameters were selected based on their structural role in the model: the
fraction of treated water available for recycled water plant (FT), water
losses along the distribution system (WL), the implementation delay for
recycled-water capacity (TR), the fraction of total water demand allo-
cated to cooling (FC), the implementation delay for effluent-collection
infrastructure (TI), the recovery rate of seawater reverse osmosis (SI),
the implementation delay for seawater desalination capacity (TS), and
the Percentage of recycled water into the system (P). These parameters
influence the main stocks and feedback loops associated with water
supply, infrastructure expansion and hydrogen production, and are
therefore suitable candidates for behavioural sensitivity testing. To ac-
count for uncertainty and operational variability, each parameter was
varied within a broad but technically coherent interval. Table 6 shows
the parameters and sensitivity ranges.

A Sobol low-discrepancy sequence was used to generate one hundred
simulations across the multidimensional parameter space as indicated in
Borges et al. [99].. The outputs were examined to determine the extent

Table 5
Parameter and initial values of the stock and flow diagram.
Parameter name (full) Abbreviation  Unit Value Short reference
Initial Recycled Water Installed Capacity CRo m®/s 0; 0.0206; 0.206 (scenario- Complexo do Pecém 2023
dependent)

Initial Seawater Desalination Installed CSo m®/s 0; 0.206 Complexo do Pecém 2023
Capacity (scenario-dependent)

Initial Infrastructure of Effluent Collection ECy m®/s 1 Interviews E1, E2, E5, and Secretaria dos
Capacity Recursos Hidricos (2018)

Time to Increase Recycled Water Installed TR years 4 Apex Water 2025; Brown & Caldwell 2011
Capacity

Time to Implement Effluent Collection TI years 4 Apex Water 2025; Brown & Caldwell 2011

Time to Implement Seawater Desalination TS years 3 Voutchkov et al. 2017

Years for Reverse Osmosis Recycled Water YD years 3 Yokogawa 2015; Munoz et al. 2014
Decommissioning

Years for Reverse Osmosis Seawater YS years 3 Yokogawa 2015; Somrani et al. 2025
Decommissioning

Recycled Water Energy per Water Cubic EwW MWh/m? 0.000594 Kehrein et al. 2021
Metre

Water Losses During Distribution in WL dimensionless 0.463 SNIS 2024
Northeast Brazil

Recycled Water Recovery Rate RR dimensionless 0.99 EPA 2004; Yang et al. 2020

Solid Effluent in Water SE Effluent Cubic Meter/Water 1 Standard assumption for unit conversion

Cubic Meters

Fraction of Treated Water Available for FT dimensionless 0.085 Malinauskaite et al. 2024
Recycled Water Plant

Fix Year Unit FY 1/year 1 Model definition

Life Span of Effluent Collection LS years 62.5 Younis & Knight 2010
Infrastructure

Near-Field Dilution ND dimensionless 31.8 Pereira et al. 2024

Brine Salinity SB kg/m? 67.33 Pereira et al. 2024

Initial Near-Field Salinity SNo kg/m® 36.03 Pereira et al. 2024

Salt Spreading SS kg/m®/year 0.94 Assumption based on Paparella (2022) and

Ibrahim (2020)

Seawater Desalination Energy per Water SD MWh/m? 0.004 Xevgenos et al. 2014; Silva et al. 2018
Cubic Metre

Seawater Initial Recovery Rate SI dimensionless 0.45 Panagopoulos et al. 2019

Seconds per Year Sy Seconds/Year 31,536,000 Constant

Fraction of Water for Cooling FC dimensionless 0.74 Arup 2022

Fraction of Water for GHz Production FP dimensionless 0.26 Arup 2022

Theoretical Energy Consumption for GHz TE kWh/kg Ha 39.4 Jang et al. 2022
(HHV)

Real Energy Consumption for GH. (HHV) RE kWh/kg Ha 50 Samsatli et al. 2016

Water per Hydrogen WM tonnes water / tonne Hz 10 Simoes et al. 2021; Fortescue 2023

Water Density pw tonnes/m? 0.998 Physical constant

Percentage of Recycled Water P dimensionless Scenario variable Scenario design
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Table 6
Parameters included in the sensitivity analysis and tested ranges.
Parameter name Abbreviation  Baseline Sensitivity Justification
value range
Fraction of Treated Water Available for FT 0.085 0-1 Represents operational uncertainty in the proportion of secondary effluent
Recycled Water Plant that can be routed to tertiary treatment.
Water losses during distribution WL 0.463 0-1 Captures the entire possible spectrum from no losses to full loss.
Time to expand recycled-water capacity TR 4 2-8 Reflects feasible variation in project delivery times for recycled-water
(years) infrastructure.
Fraction of total water allocated to cooling FC 0.74 0.3-0.8 Encompasses differences in cooling-system configurations in hydrogen
projects.
Time to expand effluent-collection TI 4 2-8 Represents variability observed in sanitation-network expansion timelines.
infrastructure (years)
Seawater recovery rate SI 0.45 0.40 - 0.60 Reflects the documented operational range of seawater RO systems.
Time to expand seawater desalination TS 3 2-4 Reflects feasible variation in project delivery times for private initiative.
capacity (years)
Percentage of Recycled Water P 0.1 0.0-1.0 Reflects different compositions of Recycled Water into the system.

to which parameter uncertainty affects long-term trajectories of
hydrogen production, water supply composition and infrastructure
expansion. The results, presented in Section 4.1, demonstrate that
although variations in these parameters affect the magnitude of out-
comes, the qualitative behaviour of the model remains stable across all
runs.

3.5. Scenarios development phase

Four scenarios were proposed based on the percentage participation
of recycled water in the system, represented by the variable P. The first
scenario (S1) took into consideration the EIA of the green hydrogen hub
at Industrial and Port Complex of Pecém [71], which proposes that the P
participation on green hydrogen production will be 10 %. In this sce-
nario, the CSy starts at 0.206 m® per second, and the CRg starts at 0.0206
m?® per second. The second scenario (S2) considered that the P variable
will be of 0 %, meaning that only seawater desalination will be utilised.
This scenario is based on the EIA for the green hydrogen plant of For-
tescue Future Industries [11] and interviews E5, E7, E8, E9, and E11. In
this scenario, the CS starts at 0.206 m® per second, and the CRg is 0 m®
per second.

The third scenario (S3) proposed that variable P would start at 10 %,
the same baseline value adopted in scenario S1, and gradually increase
until it reached 50 % of the water in the system by the end of the
simulation, in the year 2050. This scenario is based on the Strategic
Action Plan for Water Resources of Ceara [14], CAGECE's strategic
management and business plan (2023-2027) [69], and interviews E1,
E3, E4, E7, E9, and E11. In this scenario, the CSy starts at 0.206 m?® per
second, and the CRy starts at 0.0206 m® per second. This scenario is
marked by the competition between linear economy and circular
economy approaches. In addition, the variable Fraction of Treated
Water Available for Recycled Water Plants assumed to increase from
0.085 in 2026 to 0.58 by 2050. This projection is inspired by the case of
Kuwait, where 58 % of the effluent becomes available for reuse [100].

Although the Metropolitan Region of Fortaleza has a different
climate from Kuwait, the broader state of Ceara shares important simi-
larities: around 90 % of its territory lies within Brazil’s semi-arid region,
and, according to interviewee E2, most of the water consumed in the
Metropolitan Region of Fortaleza is sourced from these semi-arid zones.
Furthermore, the population of Metropolitan Region of Fortaleza
—3903,946 in 2022 [101] — is comparable to Kuwait’s population of
4973,861 in 2024 [102], reinforcing the demographic relevance of this
international reference. Taken together, these climatic and demographic
parallels support the technical plausibility of reaching a reuse fraction of
0.58 by 2050 in the context of Ceard.

The fourth and final scenario (S4) assumes that 100 % of the water
used in the green hydrogen hub will come from recycled sources, i.e., P
= 1.0. In this case, the water supply will rely entirely on treated
wastewater, with CRy starting at 0.206 m®/s and no contribution from
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seawater desalination. This scenario is grounded in recommendations
from interviewees E1, E3, E4, E7, and E11.

Also, this scenario assumes that all the sewage collected will be
treated and made available to the recycled water company. This
assumption is grounded in the case of Orange County, a region in Cali-
fornia (USA), where the Water and Sanitation Districts have successfully
implemented an advanced water reuse program. Since 2023, they have
been able to purify and recycle 100 % of the reclaimable wastewater
[103]. This example was chosen not only because Orange County had a
population similar to that of the Metropolitan Region of Fortaleza in
2022—3,151,184 and 3,903,946 inhabitants, respectively [101,104]
—but also because California shares important environmental similar-
ities with Brazil’s semi-arid Northeast, such as water scarcity, seasonal
droughts, and high evapotranspiration rates [13]. These commonalities
strengthen the relevance and applicability of this precedent to the sce-
nario being proposed.

This scenario also accounts for a slightly better water distribution
system. We assume that the losses in Northeast Brazil will be 34.1 %, the
same level of losses in the Centre-West region of Brazil, and the lowest
level among all the Brazilian regions [85]. Thus, the parameter Water
losses during distribution in Northeast Brazil for this scenario will be
34.1 %. Besides, based on the available literature and insights from in-
terviews E3, E5, E6, E9, and E11, we assume that the technological
processes for wastewater treatment and recycled water production will
efficiently remove pollutants and ensure high water quality [105,106].

4. Results

This section presents the outcomes of the modelling process in three
parts. Subsection 4.1 reports the validation results, summarising the
tests that confirm the model’s dimensional coherence, structural
soundness, parameter plausibility and behavioural robustness. Subsec-
tion 4.2 then examines the simulated behaviour of the system under the
four water-supply scenarios, describing how hydrogen output, water
flows, energy use and waste generation evolve over time. Subsection 4.3
provides an integrated comparison of these scenarios, highlighting their
broader technological, environmental and infrastructural implications
within linear and circular water-use frameworks.

4.1. Validation results

The validation phase combined structural and behavioural tests to
examine whether the model is internally coherent, empirically grounded
and robust to uncertainty in key parameters. The set of tests performed
follows the standard procedure proposed by Barlas [77] and Forrester
and Senge [78], covering dimensional consistency, structure confirma-
tion, parameter confirmation and behaviour sensitivity. The dimen-
sional consistency test confirmed the correctness of all unit assignments.
Stella Architect’s automated unit-checking returned no warnings,
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indicating that all equations respect dimensional balance across stocks,
flows, auxiliary variables and parameters.

The structure confirmation test compared the model’s causal routes
and decision rules with the evidence obtained from the interviews. This
qualitative validation examined whether the direction and logic of the
model’s feedback loops match the operational realities described by
practitioners. Statements from interviewees consistently highlighted (i)
the bounded nature of recycled water supply due to effluent availability
and aggregation constraints, (ii) the autonomy and modularity of
seawater desalination as a private investment route, (iii) the long con-
struction delays of wastewater infrastructure, and (iv) the predominance
of cooling demand relative to electrolytic water use. These observations
directly correspond to the model’s structural decisions, such as the use of
commissioning delays in all infrastructure stocks, the ageing-chain
structure for decommissioning, the functional link between effluent
collection and recycled water capacity, and the representation of desa-
lination as firm-driven.

The parameter confirmation test examined whether all numerical
values assigned to constant parameters and initial conditions were
supported by literature and interview-based evidence. Each parameter
was cross-checked against empirical estimates, engineering reports or
hydrological studies. Overall, all parameter values fall within empiri-
cally observed ranges, satisfying the conditions for parameter
confirmation.

Across all variables included in the sensitivity experiment, the
ensemble of one hundred Sobol-generated simulations displays behav-
iour that is qualitatively robust and consistent with the reference run.
The 50 %, 75 %, 95 % and 100 % envelopes expand gradually from 2026
onwards, with the most substantial dispersion occurring during the
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build-out phase between 2030 and 2045. This pattern is expected for
infrastructure-dependent systems, in which implementation delays and
recovery efficiencies determine the pace at which water supply expands
to support hydrogen production. By 2050, the mean trajectories for all
variables remain in the 50 % probability band, indicating that the model
behaves smoothly across the tested parameter space and does not exhibit
structural instabilities.

Green hydrogen production shows a widening of uncertainty during
the expansion period, consistent with the sensitivity ranges applied to
parameters that directly affect water availability and the timing of ca-
pacity additions. All simulations follow the same qualitative pattern:
production rises rapidly between 2026 and the mid-2030s and then
moves into a gentler stabilisation phase. In 2050, the 100 % envelope
spans 1.11 thousand to 2.14 million tonnes per year, and the central
trajectories remain close to the mean of approximately 599 thousand
tonnes. The shape of the upper envelopes resembles the curves of
recycled-water supply because, in the simulations where production
reaches higher levels, the recycled-water route scales more rapidly,
supplying a larger share of total water.

The effluent-collection capacity exhibits a smooth and monotonic
increase across all sensitivity ranges. Because this stock is influenced
only by the parameters FT, WL and TI, and not by multiplicative de-
pendencies, its envelopes are relatively narrow and maintain similar
shapes across percentiles. All trajectories converge gradually toward 3
m?3/s, with 2050 values ranging from 2.27 to 3.0 m®/s. The curves show
early divergence followed by steady convergence as the expansion delay
becomes less influential over time.

Recycled-water installed capacity shows wider dispersion and a
characteristic convex shape in the outer envelopes. This arises because
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the stock depends simultaneously on effluent availability (FT, WL), its
own implementation delay (TR), and upstream collection capacity.
Variations in these parameters alter the timing at which recycled-water
expansion becomes active. As a result, the upper percentiles increase
more quickly and exhibit a temporary “hump” before levelling off. By
2050, the 50 % band lies between 0.139 and 0.975 m?/s, and the 100 %
envelope ranges from 0.0087 to 2.6 m®/s. The similarity between the
upper recycled-water curves and the upper hydrogen-production curves
reflects the direct dependence of hydrogen production on available
water.

The seawater-desalination installed capacity displays a smoother,
more symmetric profile across all sensitivity bands. Because this stock
depends on a single delay parameter (TS) and is not constrained by
upstream availability, the envelopes rise steadily and stabilise without
the convexity seen in the recycled-water case. In 2050, desalination
capacity ranges from 0.0274 to 2.62 m>/s in the 100 % envelope, with
the 50 % band spanning 0.449 to 1.44 m®/s. The consistent S-shaped
form across percentiles reflects the model structure, where desalination
responds directly to hydrogen-production requirements and changes
only in pace, not in sequence, under parameter variation. Fig. 10 shown
the results from the variables depicted above.

The supply-side variables, total water for the hydrogen hub, recycled
water, seawater supply and brine discharge, exhibit distinct behavioural
patterns that arise from the structure of the model’s capacity-expansion
mechanisms. In all cases, the envelopes widen sharply during the early
expansion period, when infrastructure constraints and parameter un-
certainty interact most strongly, and then gradually narrow or stabilise
as the system approaches its long-term operating regime.

Total water demand grows rapidly in the first decade, producing a
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steep and smooth rise across all percentile envelopes. This shape reflects
the fact that demand scales directly with hydrogen production, a driver
largely unaffected by upstream uncertainties. As desalination and
recycled-water capacities approach their effective operating levels, the
envelopes flatten and stabilise. By 2050, the 50 % interval spans 6.59 to
19.4 million m?/year, while the 100 % band extends from 636 thousand
to 22.5 million m®/year, but the important feature is the convergence in
curvature: the system transitions from a regime dominated by infra-
structure build-out to one governed by steady-state delivery rates.

Recycled-water trajectories show a markedly different shape: all
envelopes exhibit an early convex “hump” as the simultaneous expan-
sion of effluent-collection and tertiary-treatment capacity introduces
compounding delays. During this period, the sensitivity ranges widen
abruptly because small changes in parameter values, particularly FT,
WL, TR and TI, alter how quickly upstream constraints relax. The ir-
regularity and amplitude of the envelopes between roughly 2032 and
2042 arise from this multi-layer dependency: the recycled-water route is
only fully operational once two separate capacity stocks and a high-loss
conveyance pathway have aligned. As a result, the outer envelopes tend
to diverge before gradually reconverging once installation and retire-
ment cycles dominate the dynamics. In 2050, recycled-water supply
ranges from 292 thousand to 9.38 million m*/year in the 50 % band and
234 thousand to 15.3 million m3/year in the 100 % band, but the
defining feature remains the nonlinear rise-and-flatten behaviour driven
by sequential bottlenecks.

Seawater supply exhibits a far smoother and more monotonic
pattern. Because desalination depends on a single dominant capacity
stock, and because seawater availability is effectively unconstrained, the
trajectories form clean S-shaped curves, with early acceleration followed
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by gradual stabilisation. Parameter uncertainty generates variation in
slope rather than in curvature: envelopes shift upward or downward but
maintain similar shapes. By 2050, seawater supply falls within 1.47 to
13.2 million m®/year in the 50 % interval and 343 thousand to 19.2
million m3/year in the 100 % interval. The behavioural signature here is
the symmetry and stability of the bands relative to the recycled-water
case.

Brine discharge inherits the shape of the seawater trajectory almost
exactly, producing broad but smooth envelopes that expand as desali-
nation capacity grows and stabilise once the system reaches its long-
term throughput. In 2050, brine flows fall within 2.46 to 15.7 million
m?/year in the 50 % band and from 494 thousand to 30.5 million m?/
year in the 100 % band. The defining characteristic of these curves is the
proportionality between freshwater output and concentrate generation,
which preserves the stability and symmetry seen in the seawater tra-
jectories. Fig. 11 exhibit the supply-side variables resulting from the
sensitivity test.

Taken together, these results reveal a structural asymmetry: the
recycled-water route produces wider, more irregular envelopes because
it is contingent on the joint evolution of multiple upstream capacities
and conveyance losses, whereas the seawater route generates smoother
and more predictable behaviour because its performance depends pri-
marily on a single capacity stock. This asymmetry explains the contrast
between the hump-shaped recycled-water envelopes and the S-shaped
seawater envelopes, and why the latter stabilise earlier and with less
dispersion.

Sustainable Futures 11 (2026) 101721
4.2. Results from scenarios simulations

This section compares the variables behaviour in four different sce-
narios over 2026 to 2050 comparing the utilisation of water sources
under circular and linear economy frameworks, represented by the
recycled water and seawater desalination, respectively. The yearly green
hydrogen production differs markedly across the four scenarios, while
the trajectories reflect the way each water-supply configuration con-
strains or enables the hub. In Scenario S1 (P = 10 %), green hydrogen
production increases from 52.5 thousand tonnes in 2026 to approxi-
mately 397 thousand tonnes in 2050. The curve exhibits a rapid rise
during the first decade followed by a long stabilisation phase, with
production remaining close to a plateau after the mid-2030s. This
pattern reflects the modelled interaction between the fixed recycled-
water share and the evolution of desalination capacity, which together
determine the water availability feeding hydrogen production in this
scenario.

Scenario S2 (P = 0 %) shows a smooth, monotonic trajectory, rising
from 57.5 thousand tonnes to approximately 509 thousand tonnes by
2050. Because this scenario relies exclusively on seawater desalination,
its curve maintains a consistent S-shaped form, with early acceleration
and gradual convergence toward a stable level. The absence of oscilla-
tions in this case reflects the steady nature of the desalination-capacity
pathway as represented in the model.

Scenario S3, in which the recycled-water share increases over the
simulation horizon, grows from 52.5 thousand tonnes to approximately
252 thousand tonnes in 2050. Its curve rises rapidly in the early years
and then becomes flatter, with mild oscillations around the mid- and
late-period values. These features correspond to the timing effects
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generated by the water-supply components in this scenario, where both
desalination and recycled-water supply contribute to hydrogen pro-
duction with different temporal profiles. The resulting trajectory shows
a slower approach to its long-run level compared with S1 and S2.

Scenario S4 (P = 100 %) presents the most distinct shape among the
four trajectories. Production rises from 89.7 thousand tonnes in 2026 to
approximately 862 thousand tonnes in 2050, and the curve displays two
visible growth phases: a first acceleration around 2030 and a second,
more pronounced increase from roughly 2032 to 2036. After these two
periods of expansion, production fluctuates slightly around a high
plateau. Because this scenario relies fully on recycled water, the tra-
jectory reflects the timing and interaction of the variables governing
water availability in the model, producing the multi-phase growth
pattern seen in the simulation results. Fig. 12 shows how the green
hydrogen production varies across the scenarios.

The evolution of installed capacities for effluent collection, seawater
desalination and recycled water reflects how each scenario structures
the water-supply backbone of the hub. In Scenario S1, the infrastructure
of effluent collection capacity increases from 1.00 to 1.98 m?/s, dis-
playing a steep rise during the early 2030s and stabilising close to its
upper bound thereafter. Seawater desalination installed capacity grows
from 0.206 to 1.61 m®/s, following a smooth S-shaped trajectory with
rapid early expansion and slower gains toward the end of the period.
Recycled water installed capacity remains small, increasing only from
0.0206 to 0.0837 m?/s, and its curve stays nearly flat after the mid-
2030s. The resulting configuration shows a system in which desalina-
tion becomes progressively more dominant, while recycled water re-
mains a marginal supply route. The effluent-collection network grows
substantially despite the low reliance on recycled water, suggesting that,
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in this scenario, its evolution is driven by the model’s structural dy-
namics rather than by recycled-water uptake.

Scenario S2 relies entirely on seawater desalination, and this is
clearly reflected in the behaviour of the installed capacities. Seawater
desalination capacity increases from 0.206 to 1.88 m?®/s, exhibiting a
smooth and continuous rise similar to S1 but reaching higher long-run
values. Recycled water installed capacity remains at zero throughout
the simulation. In contrast, effluent-collection capacity declines from
1.00 to 0.62 m?/s, following a gently downward trajectory. The diver-
gence between the two capacities, growth in desalination and contrac-
tion in effluent collection, illustrates the structural shift that occurs
when recycled water is excluded from the supply portfolio: all expansion
concentrates in desalination, while the collection network is gradually
phased down.

Scenario S3 produces a more balanced configuration between the
two water routes. Effluent-collection capacity increases from 1.00 to
2.50 m®/s, rising quickly in the early years and then continuing on a
slower upward trend until the end of the horizon. Recycled water
installed capacity grows substantially, from 0.0206 to 0.698 m?/s, with
its steepest rise around the early 2030s. Seawater desalination installed
capacity increases from 0.206 to 0.978 m?/s, but its curve begins to level
off earlier than in S1 and S2. By 2050, the recycled-water capacity ap-
proaches, but does not surpass, the desalination capacity, and both
remain well below the effluent-collection capacity. The simultaneous
presence of both expanding sources characterises S3 as a transitional
configuration between linear and circular supply structures.

In Scenario S4, the system evolves toward full dependence on recy-
cled water. Effluent-collection capacity increases sharply from 1.00 to
3.00 m?/s, with most of the growth occurring before the mid-2030s,
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after which the curve stabilises close to its maximum level. Recycled
water installed capacity rises from 0.206 to 1.98 m?/s, showing two
clearly identifiable growth phases: an initial acceleration around 2030,
followed by a second, more pronounced expansion between approxi-
mately 2032 and 2036. After this dual expansion, recycled-water ca-
pacity fluctuates slightly around a high plateau. Seawater desalination
remains at zero throughout the period. The combination of a high and
stable collection capacity with a rapidly expanding recycled-water plant
produces the most circular water-supply configuration among the four
scenarios. Fig. 13 shows the pattern behaviour of the four scenarios for
these variables.

The yearly water supplied to the hub from recycled water and
seawater desalination displays distinct and highly dynamic trajectories
across the four scenarios, reflecting how each water system responds to
changes in installed capacity, effluent availability and the percentage of
recycled water in the mix. In Scenario S1, seawater remains the domi-
nant source of supply. Seawater deliveries rise from 2.53 million m3/
year to 19.3 million m3/year, following a smooth upward trajectory that
stabilises after the mid-2030s. Recycled water contributes only
marginally, increasing from 34.6 thousand m?3/year to 140 thousand m®/
year, and its curve remains almost flat throughout the horizon. The vi-
sual separation between the two curves reflects the modest role that
recycled water plays under a fixed 10 % share, combined with the rapid
scaling of desalination capacity observed in this scenario. The overall
pattern is one in which seawater progressively takes on the full burden
of meeting the hub’s rising water demand.

In Scenario S2, the recycled-water pathway is entirely absent, and
seawater accounts for all supply. Deliveries grow from 2.81 million m3/
year to 24.9 million m3/year, forming a monotonic curve that rises
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sharply in the early years and then converges smoothly toward an upper
plateau. The absence of the recycled-water curve (flat at zero) highlights
the exclusive reliance on desalination, and the shape of the seawater
trajectory reflects the steady expansion of desalination capacity seen in
the installed-capacity results. The pattern resembles S1 but with higher
long-run values, consistent with the complete allocation of water-
infrastructure expansion to desalination.

Scenario S3 exhibits the most balanced pattern between the two
water sources. Seawater supply increases initially from 2.53 million m3/
year to a peak of approximately 13—-14 million m®/year, after which the
curve declines and settles around 6.49 million m?®/year by 2050.
Recycled-water supply shows the opposite profile: it starts at 34.6
thousand m®/year, grows steadily across the horizon, and reaches 5.85
million m?/year by 2050. The crossing of the two curves around the mid-
2030s indicates the point at which recycled water becomes the main
contributor. The combined pattern reflects the gradual transition from a
desalination-dominated configuration to one in which recycled water
supplies an increasingly larger share of the hub’s needs.

Scenario S4 displays the most distinct behaviour, with water sup-
plied exclusively from the recycled-water route. Deliveries rise from
4.39 million m?/year to 42.2 million m®/year, and the curve shows two
clearly identifiable growth phases: an initial acceleration around 2030,
and a second, more pronounced increase from approximately 2032 to
2036. After these phases, the trajectory stabilises at a high level but
exhibits small oscillations consistent with the fluctuations seen in
recycled-water capacity in this scenario. Because the model applies a
31.8 % distribution loss, the effective water delivered to the hub cor-
responds to the post-loss volume, meaning that the supply reaching the
electrolyser is substantially lower than the total treated and collected
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wastewater. Even under this loss rate, S4 achieves the highest long-run
flows due to the rapid expansion of both effluent-collection and
recycled-water capacities. Fig. 14 shows how the yearly water supplied
to the hub from seawater and recycled water evolves under each
scenario.

The yearly water required for green hydrogen production and cool-
ing exhibits distinct growth patterns across the scenarios, shaped by
differences in water availability, installed capacity expansion and the
scale of hydrogen generation. In Scenario S1, both cooling water and
electrolysis water follow smooth, monotonic trajectories that stabilise
early. Cooling demand rises from 1.9 million m3/year to around 14.4
million m?/year, while water for electrolysis increases from 667 thou-
sand m®/year to 5.05 million m®/year. The shape of both curves reflects
the gradual approach to a stable operating regime: after an initial phase
of rapid growth, the increments become progressively smaller, resulting
in long, flat plateaus. This is consistent with the broader behaviour of S1,
where total water supply expands relatively quickly but does not change
substantially after the mid-2030s.

Scenario S2, which relies exclusively on desalination, exhibits the
highest long-run cooling demand among the desalination-based con-
figurations. Cooling water increases from 2.08 million m?/year to 18.4
million m®/year, maintaining a smooth rise similar to S1 but reaching
higher values. Water for electrolysis grows from 731 thousand m®/year
to 6.48 million m?3/year, closely tracking the shape of hydrogen pro-
duction in this scenario. The absence of recycled water leads to a
monotonic and uninterrupted expansion pathway, reflected in the
consistent curvature of both cooling and electrolysis trajectories.

Scenario S3 shows a distinct turning-point pattern in both uses.
Cooling water increases from 1.9 million m?3/year to a peak of about
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11-12 million m®/year around 2034 and then gradually declines, sta-
bilising near 9.13 million m3/year by 2050. Water for electrolysis fol-
lows the same temporal structure: it rises from 667 thousand m?®/year to
just over 3.4 million m3/year before decreasing slightly to 3.21 million
m?®/year at the end of the horizon. These inflection points mirror the
evolution of total water supply in S3, where seawater availability begins
to decline while recycled-water supply continues to grow, yielding a
combined profile with early expansion followed by mild contraction.
The resulting curves highlight the transitional nature of this scenario.

Scenario S4 shows the highest water use for both cooling and elec-
trolysis, with trajectories marked by the two-phase growth pattern also
observed in other S4 variables. Cooling water increases from 3.25
million m®/year to 31.2 million m®/year, and water for electrolysis rises
from 1.14 million m3/year to 11 million m®/year. Both curves display
two accelerations: an initial rise in the early 2030s, followed by a second
expansion between roughly 2032 and 2036, after which the curves
stabilise with small fluctuations. These oscillations reflect the dynamic
adjustment of water supply within the model once recycled water be-
comes the sole source available to the hub. The sustained high levels at
the end of the horizon highlight the markedly different long-run
behaviour of S4 relative to the mixed and desalination-only scenarios.
Fig. 15 shows how the yearly water required for green hydrogen pro-
duction and cooling evolves across the four scenarios.

The near-field salinity exhibits only minimal variation across the
scenarios, remaining within a narrow range because the dilution ca-
pacity of the receiving marine environment is large relative to brine
volume. In Scenarios S1, S2 and S3, salinity starts at approximately 36
kg/m?® in 2026 and rises slightly to about 36.8 kg/m® by 2050. This
behaviour results from the limited magnitude of brine discharge relative
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to the large receiving marine volume and from the strong mixing and
dispersion, which constrains salinity increases even when desalination
output grows. In Scenario S4, salinity remains constant at 36 kg/m? over
the entire simulation horizon because no brine is discharged into the sea.
Fig. 16 shows this behaviour across the four scenarios. The curves
remain nearly flat, reflecting the strong dilution and dispersion pro-
cesses in the receiving environment, which yield small changes in
salinity over time. While desalination does increase brine discharge in
scenarios S1-S3, the resulting changes remain well below 1 kg/m?, and
therefore the trajectories display very little dynamical structure.

The yearly energy consumption associated with seawater desalina-
tion and recycled-water treatment follows distinct trajectories across the
four scenarios, reflecting differences in water-supply configurations and
in the scale of hydrogen production. In Scenario S1, seawater desali-
nation is the dominant contributor to energy use, with consumption
rising from 23.4 thousand MWh/year to 183 thousand MWh/year. The
curve shows a steep early increase followed by a gradual flattening,
closely matching the S-shaped expansion pattern of desalination supply
observed earlier. Recycled-water energy consumption remains minimal,
increasing from 20.5 to 83.4 MWh/year, and is almost invisible in the
Fig. 17 due to its scale. An important feature of S1 is the stability of the
desalination curve after the mid-2030s, indicating that once desalina-
tion capacity reaches its long-run level, yearly energy consumption be-
comes nearly constant.

Scenario S2 shows the highest desalination energy use among all
configurations. Seawater desalination energy consumption increases
from 26 thousand MWh/year to 237 thousand MWh/year, and the curve
maintains a smooth upward trajectory throughout the horizon. A
distinctive aspect of S2 is the wider vertical separation between the
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early-phase and late-phase values compared with S1, reflecting the
higher water throughput in this configuration. As recycled water is ab-
sent, recycled-water energy consumption stays at zero, and the resulting
energy profile is the most desalination-intensive of the four scenarios.
The curve also exhibits a clear stabilisation trend after the mid-2030s,
although at a higher level than in S1.

Scenario S3 presents a transitional energy pattern that is visible
directly in the shape of the curves. Seawater desalination energy con-
sumption rises early in the simulation, reaching approximately 125
thousand MWh/year around 2033, and then declines to 61.7 thousand
MWh/year by 2050. This decline mirrors the decreasing seawater supply
observed for this scenario. Recycled-water energy consumption, by
contrast, grows from 20.5 MWh/year to 3.48 thousand MWh/year,
reflecting the rise in recycled-water supply over time. The key visual
feature of S3 is the pivot between the two routes: desalination energy
declines while recycled-water energy increases, producing the only
scenario in which the two curves move in opposite directions.

Scenario S4 relies exclusively on recycled water, and its energy
profile is therefore fully determined by advanced wastewater treatment.
Recycled-water energy consumption increases from 2.61 thousand
MWh/year to 25 thousand MWh/year, with mild oscillations after the
mid-2030s. Compared with the desalination scenarios, the scale of en-
ergy use is considerably lower, even though S4 processes the largest
volumes of water. This contrast reflects the underlying parameterisation
of the model, in which recycled-water treatment has much lower specific
energy consumption than seawater desalination. Seawater desalination
energy remains at zero for the entire horizon. The Fig. 17 shows the
results for energy consumption in each scenarios.

In Scenario S1, sludge generation reflects the modest but steady use
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of recycled water permitted under the 10 % cap. Sludge to landfill begins
at 349 m®/year in 2026 and follows a brief initial dip, after which the
curve rises sharply during the early 2030s as the recycled-water
pathway reaches its stable operating scale. Once this adjustment phase
concludes, the trajectory settles into a narrow band between 1.3 and 1.4
thousand m?/year, showing only small oscillations. The long period of
near-constancy indicates that, after the early expansion of recycled-
water use, no further increases in recycled-water throughput occur,
and the associated waste stream stabilises accordingly. This generates a
behaviour profile in which sludge production is present but remains
structurally limited. Scenario S2 produces no sludge at any point in the
simulation, since recycled water is not used and the wastewater-
treatment route is never activated.

Scenario S3 presents a markedly different pattern, with sludge
increasing continuously throughout the horizon. Sludge to landfill starts
at around 650 m®/year, rises steadily through the 2030s, and reaches
110 thousand m?3/year by 2050. The curve shows a smooth upward trend
punctuated by mild oscillations, signalling sustained growth rather than
early stabilisation. This behaviour reflects the sustained increase in
recycled-water use in S3, in which recycled-water availability expands
year after year rather than levelling off early. As a result, sludge grows in
parallel with the increasing contribution of recycled water to the hub’s
supply. Among the mixed scenarios, S3 is the one in which sludge
continues to intensify through the entire period, without a mid-term
plateau.

Scenario S4 generates the highest sludge levels across all configu-
rations. Sludge production begins at 65 thousand m?®/year in 2026 and
increases rapidly during the early 2030s as recycled-water supply ex-
pands. By the mid-2030s, yearly sludge reaches values between 550 and
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600 thousand m?, after which the trajectory stabilises at a high plateau
with characteristic short-term fluctuations. Unlike S3, S4 shows a clear
transition: an initial acceleration phase followed by sustained operation
at large volumes. Because this scenario relies entirely on recycled water,
sludge becomes a structural feature of the system, matching the
magnitude of water flows processed for reuse. Fig. 18 shows how yearly
sludge to landfill evolves across the four scenarios.

The yearly volume of brine discharged into the sea presents distinct
structural behaviours across the scenarios, directly reflecting how much
seawater desalination each configuration relies upon. In Scenario S1,
brine discharge increases from 3.32 million m®/year in 2026 to 26.5
million m®/year in 2050. The curve rises steeply during the early
expansion of desalination capacity and then transitions into a long,
smooth upward path that gradually flattens as desalination approaches
its operating ceiling. Because recycled water remains limited throughout
the horizon, desalination continues to scale with hydrogen production,
generating a persistently increasing brine load that dominates S1’s
waste-stream profile.

Scenario S2 shows the highest brine volumes among the scenarios
that rely on desalination. Brine discharge grows from 3.69 million m?/
year to 34.3 million m®/year, following a smooth and strongly mono-
tonic curve. With no recycled water in operation, all additional water
required by the hub is supplied through desalination, and the brine
trajectory follows the same acceleration-stabilisation pattern seen in the
installed-capacity curve. The absence of any secondary supply route
results in a cleaner curve: the rise is continuous, and no mid-horizon
dampening occurs, making S2 the scenario in which marine brine
loading intensifies most sharply.

Scenario S3 displays a markedly different behaviour, characterised
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Fig. 18. Sludge production yearly across the four scenarios.

by an inverted-U trajectory. Brine discharge begins at 3.32 million m3/
year, climbs rapidly to a peak of 17.8 million m*/year in the early 2030s,
and then declines steadily to 8.93 million m®/year by 2050. This turning
point corresponds to the moment when recycled water becomes
increasingly important in the supply mix. As recycled-water availability
expands, desalination no longer scales in parallel with hydrogen pro-
duction, and brine generation gradually decreases. Among all scenarios,
S3 is the only one in which brine first accelerates and later recedes,
producing a distinctive rise-and-fall pattern. Scenario S4 yields zero
brine discharge over the entire simulation period. This produces a flat
line at zero, sharply contrasting with the brine-intensive trajectories
observed in S1-S3 and highlighting how the shift to a fully circular
water-supply configuration eliminates this waste stream entirely. Fig. 19
shows how yearly brine discharge to the sea evolves across the four
scenarios.

The integrated analysis of the simulated variables shows that each
water supply configuration reorganises water, energy and waste flows
differently over time, producing specific operating regimes for the
hydrogen hub. Scenarios based on desalination concentrate pressures on
energy consumption and brine discharge, while those that increase
recycled water increase sludge production and reduce dependence on
the sea as a source and destination. The comparison shows that the
structural choices made in the system design, especially the participa-
tion of recycled water, shape not only water availability but also the
potential environmental and social impacts associated with the hub's
operation.
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4.3. Overadll results of the four scenarios

The comparative assessment of the four scenarios shows how
different water-supply architectures shape hydrogen output, resource
allocation, environmental pressures and the co-benefits associated with
strengthening sanitation systems. Each scenario represents a distinct
configuration of linear and circular water use, and the results demon-
strate how these choices reverberate across technological, environ-
mental and social dimensions. Table 7 summarises these outcomes
qualitatively.

Scenarios S1 and S2 illustrate the implications of desalination-
centred strategies. In S1, the persistent 10 % ceiling on recycled water
keeps circularity marginal, and desalination becomes progressively
dominant as demand rises. This produces medium-high hydrogen
output, but at the cost of a continuously increasing brine load and a
sustained rise in energy use. Effluent-collection expansion is moderate,
and although some co-benefits emerge from improvements in collection
infrastructure, these remain limited and do not significantly reconfigure
the supply system. Overall, S1 reliably delivers hydrogen but accumu-
lates marine pressures over time, generating only moderate improve-
ments in sanitation.

Scenario S2 amplifies these characteristics. With recycled water fully
excluded, desalination becomes the sole operational pillar of the hub,
delivering high hydrogen production among the linear scenarios but
also the highest energy intensity and the largest brine discharge.
Effluent-collection capacity declines steadily, offering no sanitation co-
benefits, and the scenario aligns exclusively with a linear water-use
model. Its overall sustainability performance remains low because
environmental pressures concentrate in one dimension while no
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Fig. 19. Brine water production yearly across the four scenarios.

compensatory benefits arise elsewhere.

Scenario S3 stands apart not because it maximises or minimises any
single outcome, but because it represents a genuine transition between
two competing architectures. Hydrogen production is the lowest among
the scenarios, yet the trajectory that produces this result is structurally
meaningful. Desalination dependence declines over time, reducing brine
discharge after an initial inverted-U peak. Meanwhile, the recycled-
water chain expands: effluent collection increases, treatment capacity
grows, and sludge volumes become high and rising as more wastewater
is processed. Total water availability becomes increasing and balanced,
and moderate co-benefits for sanitation and public health accumulate as
circular infrastructure strengthens. S3 exemplifies a transitional regime
in which sustainability indicators improve, but technological output
remains constrained because the circular pathway matures slowly
within the time frame considered. Its overall sustainability performance
is medium.

Scenario S4 demonstrates the systemic implications of a fully circular
configuration. By relying exclusively on recycled water, the hub reor-
ients all expansion dynamics toward the terrestrial domain. Effluent
collection undergoes strong expansion and saturates early, recycled-
water capacity grows in two clear stages, and no brine is discharged at
any point. Hydrogen production becomes very high, and the system
achieves the lowest energy intensity per unit of water because it operates
without desalination. Sludge volumes are very high, reflecting the large
quantities of wastewater treated in this scenario, an impact concentrated
on land rather than offshore and consistent with a model that in-
ternalises and manages its own outputs. S4 therefore presents the
strongest alignment with circular-economy principles and reaches a
mature circular state within the simulated period, in which resource
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availability, infrastructure performance and environmental outcomes
reinforce each other. Its overall sustainability performance is very high.

Although near-field salinity remains almost constant across the sce-
narios, this indicator does not fully capture the environmental relevance
of brine discharge. In desalination systems, the magnitude of impacts is
influenced not only by changes in salinity concentration, but also by the
large volumes of effluent released, the formation of dense bottom-
hugging plumes, thermal contrasts with receiving waters and the pres-
ence of pre-treatment chemicals. These processes may generate pres-
sures on the marine environment even when salinity values in the water
column appear stable. As a result, scenarios with higher desalination use
(S1 and especially S2) still impose greater marine loading through brine
disposal, whereas S3 reduces this pressure as desalination becomes
progressively marginal, and S4 removes it entirely by relying exclusively
on recycled water.

Across the four scenarios, three insights become clear. First, higher
circularity consistently shifts environmental pressures from the marine
environment to the terrestrial wastewater system, while also reducing
energy intensity. Second, transition pathways such as S3 tend to produce
mixed outcomes when the maturity of competing supply chains diverges
over time. Third, fully circular architectures such as S4 offer the most
balanced configuration, achieving high hydrogen output while rein-
forcing sanitation infrastructure and avoiding marine degradation. In
semiarid regions, where water scarcity and environmental sensitivity
converge, the structural advantages of circular water systems become
particularly pronounced.
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Table 7
Qualitative comparison of the four scenarios.

Dimension S1 (10 % $2 (0% $3 (10 %-50 S4 (100 %

recycled) recycled) % recycled) recycled)

Green hydrogen Medium-high High Low (lowest Very high
production among

scenarios)

Water Moderate High (but Increasing and ~ Very high
availability for linear) balanced (fully
the hub circular)

Energy intensity Medium-high Highest Low-medium Lowest per
of the system unit of

water

Dependence on High Total Declining None
desalination

Brine discharge Medium and Highest Declining None
(marine rising (inverted-U)
impact)

Sludge Very low None High and Very high
generation rising
(urban
impact)

Effluent Moderate Declining Increasing Strong
collection expansion expansion
expansion

Co-benefits for Moderate None Medium Very High
sanitation and
public health

Alignment with Low None Medium High
circular-
economy
principles

Overall Moderate-low Low Medium Very high
sustainability
performance

5. Discussion

The simulation results demonstrate that water-supply choices shape
not only the technological feasibility of green hydrogen production in
semi-arid regions but also its long-term environmental and socio-
economic consequences [107]. Across all scenarios, the share of recy-
cled water restructures the energy footprint, waste profile and spatial
distribution of impacts. The findings support existing literature that
emphasises the need to frame hydrogen development not as a purely
technical optimisation problem, but as a socio-environmental decision
embedded in local resource constraints, institutional arrangements and
procedural justice [26,28,108,109].

Across the four scenarios, the dynamics of hydrogen production
follow the structure of the underlying water system. When desalination
dominates (Scenarios S1 and S2), hydrogen output grows steadily
because investments concentrate on a single technology that expands
predictably with installed capacity. These patterns align with broader
evidence showing that reverse osmosis systems exhibit stable recovery
rates around 40-45 % and scale linearly with capacity additions [41,42].
The updated simulations reinforce this behaviour: S1 and S2 both show
continuous increases in hydrogen production, but S2, relying exclusively
on seawater, achieves substantially higher output and considerably
larger environmental burdens than S1.

However, the transitional architecture of Scenario S3 reveals a dy-
namic rarely discussed in the hydrogen literature: a transition penalty.
As the share of recycled water increases, the expansion of desalination
slows; yet the recycled-water pathway, dependent on sequential im-
provements in effluent collection, treatment capacity and the avail-
ability of treated wastewater, matures only later in the horizon. During
this prolonged period of infrastructural asymmetry, total water avail-
ability remains structurally constrained, resulting in the lowest
hydrogen output among all scenarios. The updated results strengthen
this interpretation: brine discharge follows an inverted-U trajectory,
peaking near 17.8 million m®/year before falling to 8.93 million m3/

28

Sustainable Futures 11 (2026) 101721

year, while hydrogen output stabilises at relatively low levels without a
late-period acceleration. This behaviour mirrors transition dynamics
observed in other socio-technical systems, where hybrid regimes often
underperform until new infrastructures become fully consolidated.

In contrast, Scenario S4 demonstrates that a fully circular configu-
ration provides not only environmental benefits but also the highest
hydrogen production. This outcome is consistent with studies identi-
fying recycled water as a more advantageous feedstock than seawater,
both technologically and economically [22]. The 99 % recovery rate
assumed for recycled-water treatment systems [83,84,110] enables a
substantially larger effective water supply when wastewater volumes
are high. In the updated model, S4 exhibits two distinct expansion
phases, associated first with early improvements in effluent collection
and later with the consolidation of treatment capacity, before stabilising
at a high production plateau. Although sludge generation becomes
substantial (exceeding 624 thousand m®/year), this output aligns with
terrestrial circular-economy opportunities such as thermal valorisation
in cement kilns [111] and nutrient recovery [112,113], provided that
regulatory frameworks address contaminants including heavy metals
and emerging pollutants like microplastics [105,106].

Near-field salinity dynamics further illuminate differences between
linear and circular water architectures. Although modelled salinity in-
crements remain small (<1 kg/m?®), desalination-based scenarios
generate very large brine volumes, reaching 26.5 million m?®/year in S1
and 34.3 million m*/year in S2 by 2050. Literature shows that ecological
impacts often depend more on effluent volume, density-driven plume
behaviour and chemical additives than on changes in average salinity
[15,16,45]. These mechanisms can affect benthic communities, macro-
algae and sensitive habitats such as Posidonia oceanica, even when
salinity changes appear minimal. Similar impacts have been docu-
mented in the Red Sea and Cyprus, regions with climatic parallels to
Ceara [13,95,114]. The model therefore highlights that near-field
salinity is an insufficient proxy for environmental harm:
desalination-based scenarios externalise ecological pressures onto
coastal ecosystems and marine-dependent livelihoods, particularly
artisanal fishing communities [115,116].

Energy dynamics also diverge sharply. Desalination-based scenarios
maintain the highest energy burdens, consistent with the intensity of
reverse-osmosis systems [41]. Scenarios S1 and S2 show sustained rises
in desalination energy use over time, while S3 transitions toward greater
reliance on recycled water and stabilises at intermediate levels. Despite
processing the largest volumes of water, S4 exhibits the lowest energy
intensity per cubic metre due to the comparatively lower requirements
of recycled-water treatment [56], demonstrating that circularity can
simultaneously deliver high productivity and reduced energy impacts.

The feasibility of large-scale recycled-water supply remains condi-
tional on wastewater availability, which in Ceara is shaped by structural
advantages: (1) the sewage pipeline interconnecting Fortaleza and CIPP;
(2) mandatory sanitation expansion under Federal Law 14,026/2020;
and (3) projections in the State Strategic Water Plan indicating potential
effluent availability near 2.5 m®/s [14]. These conditions enhance the
plausibility of S4’s circular configuration. Nonetheless, interviewees
highlighted operational and institutional barriers, including slow public
investment, outdated regulatory frameworks and tariff structures that
disadvantage recycled water, as establish in Decision No 01,2022 [117].
These challenges echo those documented in Sao Paulo [118], such as
limited sludge valorisation, insufficient biogas volumes and spatial
mismatch between treatment facilities and industrial demand. Without
policy alignment and sustained investment, the benefits suggested by S4
remain constrained by institutional inertia.

The socio-environmental implications of these water-supply choices
are particularly significant. Previous large-scale infrastructure projects
in Ceara, including wind farms and the original construction of CIPP,
have generated land conflicts, displacement and heightened social
vulnerability [119-121]. Fishing communities near CIPP have faced
violence, land speculation and rising living costs as industrial expansion
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reshaped the territory [122,123]. Without deliberate governance stra-
tegies, hydrogen development risks reproducing these patterns, priori-
tising corporate interests over local communities [120,124]. These
dynamics resemble what Abreu & Andrade [125] describe as “wicked
industrial disasters,” where institutional weaknesses and environmental
degradation interact to magnify harm.

Water supply decisions are therefore not neutral. A linear water
system centred on desalination externalises ecological burdens onto
coastal communities, whereas a circular system rooted in sewage val-
orisation distributes benefits more widely and reduces exposure to
environmental risks. The absence of the National Water and Sanitation
Agency (ANA) and IBAMA from Brazil’s Legal Framework for Low-
Carbon Hydrogen underscores a regulatory gap in national planning,
one that mirrors broader tendencies toward licensing flexibilisation in
Brazil [126]. In Ceard, the misalignment is particularly stark: while the
state’s Strategic Water Plan recommends recycled water for CIPP,
Environmental Impact Assessments produced for hydrogen projects
have prioritised desalination [11,71].

This institutional asymmetry increases the risk of path dependency
on linear infrastructures, with long-term ecological and social conse-
quences. Incorporating circular-economy principles into hydrogen
governance, consistent with insights from Sauvé et al. [17]. and Miiller
& Pampus [23,66], would anchor hydrogen development within a
regenerative rather than extractive resource regime.

Our findings advance the literature in at least three ways. First, they
show that circular water systems can outperform linear systems not only
environmentally but technologically, challenging persistent assump-
tions about desalination as the only scalable option in semiarid regions.
Secondly, they reveal a novel dynamic, the transition penalty, demon-
strating how hybrid configurations can underperform for extended pe-
riods due to asynchronous infrastructure evolution. Thirdly, they
integrate environmental, technological and socio-political dimensions
within a long-term feedback model, addressing gaps identified by San-
tana et al. [23]. and others regarding cumulative impacts, territorial
inequalities and cross-sector feedbacks.

Finally, literature on energy justice warns that low-carbon in-
frastructures can reproduce historical inequalities when distributive,
procedural and recognition dimensions are ignored [2,108,109,
127-129]. Our results show that the choice of water system determines
where impacts fall: desalination shifts burdens to coastal ecosystems and
marine-dependent communities, while recycled water integrates bene-
fits into sanitation systems, industry and territorial health. This aligns
with analyses of past wind-energy conflicts in Ceara [119], where
inadequate participatory governance generated community resistance
and social fragmentation. If hydrogen development continues along a
linear pathway, Ceara risks entering a new cycle of resource extraction,
land pressure and community dispossession, contradicting the principles
of a just transition.

6. Conclusion and policy implications

This study examined how alternative water-supply strat-
egies—recycled water and seawater desalination—reshape the techno-
logical, environmental, and social outcomes of green hydrogen
production in a semi-arid region. The system dynamics simulations show
that fully circular configurations centred on recycled water offer the
most advantageous combination of high hydrogen output, low envi-
ronmental burdens, and indirect societal co-benefits. Because recycled
water has a higher recovery rate than seawater desalination and can
expand in tandem with sanitation infrastructure, it supports substan-
tially larger production volumes while eliminating brine discharge and
reducing energy intensity. These findings reinforce the relevance of
integrating circular economy principles into the hydrogen economy of
Ceara.

The results also echo longstanding governance patterns in the In-
dustrial and Port Complex of Pecém, where previous infrastructure
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expansions often advanced economic interests while overlooking
ecological impacts and local communities [120,122]. Similar dynamics
appear in ongoing hydrogen planning, where desalination has been
prioritised despite its energy intensity and marine pressures. This ten-
dency occurs amid regulatory gaps, including the absence of water and
environmental agencies in the Brazilian Legal Framework for
Low-Carbon Hydrogen and licensing processes that traditionally
emphasise economic feasibility over cumulative impacts [126,130].

The environmental concerns raised by desalination-based scenarios
are consistent with studies documenting biodiversity loss in regions
exposed to sustained brine discharge, such as the Egyptian Red Sea and
Cyprus [95,114]. Such pressures have direct implications for coastal
livelihoods in Ceard, where artisanal fishing remains economically and
culturally significant [115]. While the model does not simulate
ecological change, the brine volumes emerging from
desalination-dominated scenarios highlight the scale of potential pres-
sures on marine ecosystems and reinforce the need for precautionary
governance.

Conversely, scenarios prioritising recycled water generate broader
territorial co-benefits. Expanded wastewater collection reduces un-
treated discharges and supports the recovery of energy and nutrients
from sludge [111,112]. These pathways align with Ceard’s industrial
structure, where cement plants and agricultural sectors could absorb
processed sludge, provided that regulatory frameworks address con-
taminants such as heavy metals and emerging pollutants [64,105]. The
potential availability of treated effluent—reinforced by Brazil’s sanita-
tion expansion commitments under Law 14.026/2020—adds to the
feasibility of circular strategies for hydrogen production.

However, realising these benefits depends on institutional coordi-
nation. Interviews indicated that companies often favour desalination
due to perceived inertia in public investment in recycled water infra-
structure. Environmental Impact Assessments for hydrogen projects
have reinforced this bias by presenting desalination as the most feasible
supply option [11,71], despite the state’s Strategic Water Plan recom-
mending recycled water [14]. These asymmetries risk perpetuating so-
cial injustices observed in previous energy transitions in Ceard,
including land conflicts associated with wind power deployment [119].

To guide a just and sustainable hydrogen transition, policy measures
should integrate hydrogen planning with sanitation expansion,
strengthen participatory governance with local communities, modernise
sludge-valorisation regulation, account for cumulative marine impacts,
and diversify hydrogen production pathways. Crucially, the abundance
of solar and wind energy and the existing industrial infrastructure at
Pecém cannot be treated as decisive arguments for hydrogen deploy-
ment in Ceara. Long-term feedback loops in ecological and socio-
economic systems must be incorporated into decision-making if the
hydrogen economy is to avoid reproducing historical inequalities and
instead contribute to a genuinely just energy transition.

Ultimately, the model shows that water choices determine whether
Ceara’s hydrogen economy will reinforce extractive patterns or enable a
regenerative development pathway. Desalination-centred strategies
externalise impacts to coastal ecosystems and vulnerable fishing com-
munities, while circular configurations internalise flows, strengthen
sanitation, and expand productive capacity. As governments and in-
vestors rush to scale green hydrogen in semi-arid regions worldwide, the
Ceara case demonstrates that infrastructure lock-ins created in the first
decade will define environmental burdens and social outcomes for
generations. Ensuring that hydrogen development is aligned with cir-
cular water governance is therefore not an environmental add-on but a
structural condition for a just, resilient, and territorially grounded en-
ergy transition.

6.1. Study limitations and future research

Although this study provides new insights into how linear and cir-
cular water strategies shape the sustainability of hydrogen production in
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semi-arid regions, several limitations should be acknowledged. First,
because the green hydrogen hub at the Industrial and Port Complex of
Pecém is not yet operational, all simulations are based on projected
rather than observed conditions. The model draws on policy documents,
interviews and existing literature to estimate water availability, infra-
structure behaviour and technological performance. While system dy-
namics is well suited for exploring uncertainty in emerging sectors, the
absence of empirical operational data limits calibration and may affect
the precision of long-term trajectories.

Second, the model concentrates on the physical flows most relevant
to water-hydrogen interactions: water supply, energy use and waste
generation. It does not simulate ecological or socio-economic dynamics
such as marine biodiversity responses, fisheries productivity, ground-
water interactions, land-use change or labour-market transitions. Dis-
cussions of potential social and ecological consequences—such as risks
to coastal livelihoods or opportunities arising from sludge reuse—ther-
efore rely on external literature rather than on endogenous model
behaviour. Future work could embed these processes into coupled
ecological or socio-economic submodels to capture cumulative effects.

Third, infrastructure performance and wastewater availability were
represented using aggregated stocks and flows. In practice, processes
such as infiltration, stormwater dilution, illegal connections, seasonal
variability and operational failures can influence the volume of sewage
reaching treatment plants and the efficiency of collection networks.
While some of these processes are indirectly reflected in variables such
as distribution losses or recovery-rate functions, they are not explicitly
modelled. Enhanced spatial resolution or the integration of hydrological
subcomponents could help refine these dynamics.

Fourth, financial and institutional dimensions, such as capital costs,
tariff structures, financing constraints and investment sequencing, were
not included in the model. Because economic decisions strongly influ-
ence technology adoption and water-source selection, integrating
capital-allocation dynamics could improve understanding of how
financial feasibility interacts with circularity and long-term infrastruc-
ture trajectories. Similarly, regulatory factors were included qualita-
tively but not formally modelled; future versions could incorporate
policy levers, institutional inertia or incentive structures more explicitly.

Finally, although the model includes feedback loops between water
availability, installed capacities and hydrogen production, it does not
yet incorporate multi-criteria decision-support approaches capable of
evaluating trade-offs among environmental, social, economic and
operational criteria. Combining system dynamics with methods such as
AHP, ELECTRE, TOPSIS or robust decision-making could support
participatory planning and allow stakeholders to explore alternative
governance pathways under uncertainty.

Despite these limitations, the modelling framework provides a
foundation for integrated water-hydrogen planning in semi-arid con-
texts. As empirical data become available from real-world hydrogen
projects, the model can be calibrated, extended and coupled with
ecological, economic and governance modules. This evolution will
strengthen its contribution to strategic decision-making and to the
design of equitable and sustainable hydrogen transitions.
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