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ABSTRACT

The transition toward circular economy principles in water treatment requires advanced process
systems engineering tools to evaluate the trade-offs between environmental sustainability and
economic viability, particularly for energy-intensive Zero Liquid Discharge (ZLD) systems. While
classic ZLD systems treat concentrated brine as waste, circular ZLD (CZLD) systems incorporate
salt recovery technologies that generate marketable salt product. This study presents a compre-
hensive technoeconomic assessment framework for CZLD systems integrated with renewable en-
ergy. The framework is developed to evaluate different CZLD configurations that generate salea-
ble sodium chloride. The assessment methodology integrates solar photovoltaic systems with in-
creasing capacities (100-1400 kW) to analyze renewable energy penetration and energy storage
requirements. The renewable energy integration model incorporates hierarchical energy dispatch
algorithms prioritizing direct solar utilization, battery storage, and grid backup systems. Solar PV
integration demonstrates renewable fractions ranging from 15-100%, with corresponding emis-
sions reductions of up to 72% compared to grid-powered baselines. The technoeconomic analysis
reveals a critical trade-off: while renewable integration substantially reduces carbon emissions, it
significantly increases operational costs due to higher solar costs compared to subsidized grid
electricity. However, configurations with substantial salt revenue generation maintain economic
viability even under complete renewable operation. Beyond configuration screening, this work
makes three specific contributions to process systems engineering: (i) a hierarchical energy-dis-
patch model for intermittent solar integration in energy-intensive separations; (ii) a revenue-func-
tion formulation that embeds salt valorization into ZLD process economics, shifting the design
objective from cost minimization to net revenue maximization; and (iii) systematic identification of
the thermodynamic basis for membrane-thermal hybrid superiority through analysis of osmotic
pressure versus latent heat energy barriers across 26 configurations. These contributions estab-
lish a reproducible framework applicable to brine management in resource-constrained industrial
settings.

Keywords: circular water system, zero liquid discharge, zero liquid, resource recovery

INTRODUCTION

Global water stress affects over 2 billion people,
with industrial sectors consuming approximately 20% of
freshwater resources while generating increasingly sa-
line effluents. Traditional treatment paradigms achieving
70-90% recovery leave substantial volumes requiring
disposal, creating environmental liabilities and regulatory

https://doi.org/10.69997/sct.154402

challenges. Zero liquid discharge technologies present
compelling alternatives by maximizing water recovery
beyond 99%, yet implementation barriers persist due to
energy requirements reaching 20-80 kWh/m? and treat-
ment costs spanning 2-15 $/m?3 [1].

Recent technological advances enable transform-
ation of ZLD systems through circular economy inte-
gration. Salt crystallization and purification technologies
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convert waste brines into marketable products, funda-
mentally altering system economics. Simultaneous re-
newable energy deployment addresses sustainability
concerns, particularly in regions with abundant solar re-
sources coinciding with water scarcity [2]. As a result,
ZLD technology adoption has accelerated over the past
decade, driven by regulatory tightening and increasing
water scarcity.

ZLD process design methodologies have evolved
from single-technology studies toward multi-stage
hybrid systems. [3] establish that membrane-based ZLD
is thermodynamically more efficient than thermal
alternatives for feeds below 150, 000 mg/L TDS, while [4]
quantify the theoretical minimum energy for ZLD at 3-5
kWh/m3, establishing benchmarks against which prac-
tical configurations should be compared. Renewable
energy integration with desalination has been extensively
reviewed by [2], yet the specific challenge of solar
coupling with thermal-intensive ZLD operations remains
understudied. [5] show that solar-integrated MED
systems operating with thermal energy storage achieve
substantially higher renewable fractions than daytime-
only configurations, underscoring the importance of
storage design in solar-thermal desalination. Salt
valorization in ZLD systems is an emerging field with
significant economic implications. [6] conduct a techno-
economic assessment comparing two ZLD config-
urations, one producing mixed solid salt and one
producing high-purity NaCl, and found that while pure
NaCl recovery incurs 1.4x higher energy consumption, it
yields 1.52x greater profitability, demonstrating the
economic premium of product-grade salt separation. At
the ion separation stage enabling such purity, [7]
demonstrate that monovalent-selective nanofiltration
can preferentially pass monovalent ions while rejecting
divalent species, providing a pre-crystallization
fractionation pathway. However, systematic frameworks
for optimizing these integrated systems remain underde-
veloped.

The present work addresses this gap through three
distinct contributions to the process systems engineering
field. First, a configuration generation algorithm is devel-
oped that applies thermodynamic feasibility constraints
(including maximum inlet TDS thresholds and process se-
quencing rules) as an a priori screening step across via-
ble configuration design space, analogous to superstruc-
ture-based process synthesis methods but adapted for
rapid feasibility assessment. Second, a hierarchical re-
newable energy dispatch model is formulated that prior-
itizes direct solar utilization, battery storage, and grid
supplementation sequentially, extending established in-
dustrial microgrid energy management heuristics to the
intermittent solar energy profiles. Third, a multi-criteria
performance framework is introduced that applies paral-
lel coordinate visualization to map a six-dimensional
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performance space (spanning energy consumption,
treatment cost, salt revenue, net revenue, carbon emis-
sions, and renewable fraction) across configurations, en-
abling systematic identification of Pareto-optimal design
regions and partitioning of the configuration space into
context-sensitive application archetypes. Together,
these contributions reframe CZLD design from a single-
technology selection problem into a systematic process
synthesis and integration challenge, directly advancing
circular water treatment systems.

METHODOLOGY

System configuration development

The technoeconomic framework evaluates CZLD
configurations through systematic technology combina-
tion. Process units span four categories: pretreatment
(chemical precipitation, nanofiltration), concentration
(reverse osmosis, electrodialysis), thermal processing
(multi-effect distillation, multi-stage flash, brine concen-
trators), and crystallization systems for sodium chloride
recovery. Each configuration undergoes mass and en-
ergy balance calculations to determine feasibility bound-
aries.

Feed water characteristics assume 35, 000 mg/L to-
tal dissolved solids, representative of industrial brines.
Technology sequencing is subject to a technical viability
check ensuring that inlet feed concentration does not ex-
ceed maximum allowable limit. Sequential staging en-
sures progressive concentration while respecting opera-
tional limits.

Solar integration model

Renewable energy integration employs dynamic al-
location algorithms matching solar generation profiles
with process demands. The model incorporates direct
solar utilization during generation periods, battery stor-
age for load shifting (assumed to be five times the cost
premium), and grid supplementation for unmet demands

Solar availability assumes 13.75 hours/day peak
generation (Qatar conditions) [8], with photovoltaic costs
at 0.06 $/kWh [9] versus 0.035 $/kWh grid electricity
[10]. Energy allocation prioritizes direct consumption, fol-
lowed by stored energy deployment during non-genera-
tion periods.

Economic and environmental assessment

Economic evaluation incorporates capital expendi-
ture, operational costs, and revenue streams from recov-
ered salt products. Salt pricing correlates with purity lev-
els: high-grade NaCl (>95%) commands 0.15-0.25 $/kg,
medium-grade (90-95%) achieves 0.05-0.15 $/kg, while
mixed salts yield 0.02-0.08 $/kg [11]. Net treatment costs
account for salt revenues, providing comprehensive eco-
nomic assessment.
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Environmental metrics quantify carbon emissions
based on energy sources. Grid electricity generated from
natural gas assumes 0.2 kg CO,/kWh emission factor
[12], while solar generation via photovoltaics produces
lifecycle emissions of 0.048 kg CO,/kWh [13].

RESULTS AND ANALYSIS

Energy-economic performance trade-offs

Comprehensive evaluation reveals significant per-
formance variations across CZLD configurations. Energy
consumption spans 16.1-89.2 kWh/m?3, with membrane-
dominant systems achieving highest efficiency while
thermal processes maximize salt quality. Figure 1 illus-
trates the energy-economic landscape, identifying opti-
mal configurations balancing competing objectives.
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Figure 1. CZLD configuration performance showing
energy-economic trade-offs with renewable fraction.

Analysis identifies three distinct performance clus-
ters: (i) high-efficiency membrane systems (16-20
kWh/m?3) with moderate revenues (5-6 $/m?3), (ii) bal-
anced membrane-thermal hybrids (25-30 kWh/m?) max-
imizing net revenue (6-7.5 $/m?2), and (iii) thermal-inten-
sive configurations (50-90 kWh/m3) with variable eco-
nomics depending on salt quality. The optimal configura-
tion (NF + MED + Crystallizer + Polish) generates 7.49
$/m? net revenue at 25.1 kWh/m? consumption, demon-
strating synergies between selective separation and
thermal concentration.

Detailed examination of the evaluated configura-
tions reveals systematic performance patterns based on
technology combinations. Configurations employing
chemical precipitation pretreatment (CP) demonstrate 8-
12% higher energy consumption compared to membrane-
only pretreatment due to mixing and flocculation require-
ments. Electrodialysis-based concentration stages (ED)
consume 18-22 kWh/m? for brine concentration, posi-
tioning them between reverse osmosis and thermal tech-
nologies. The relationship between water recovery rate
and specific energy consumption exhibits nonlinear
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behavior across configuration types.
Table 1 provides a summary of key performance
metrics for selected configurations.

Table 1: Performance metrics for selected high-revenue
CZLD configurations under base conditions.

Configura- Energy Total Salt Net Emis-
tion (kWh/m3) Cost Rev. Rev. sions
($/m3) ($/m3) ($/m3) (kg CO»)
1.48 8.97 7.49 2.50

NF + MED +
Crystallizer
RO + MED +
Crystallizer
CP + NF +
MED + Crys-
tallizer
NF_PRE + NF
+ MED +
Crystallizer

25.1

25.6 1.77 8.97 7.20 2.55

25.3 2.36 8.96 6.60 2.53

16.1 3.72 8.97 5.25 1.61

Solar integrations and emissions reduction

Photovoltaic integration demonstrates substantial
environmental benefits across all configurations. Renew-
able fractions vary from 15% for energy-intensive thermal
systems to over 70% for more efficient configurations.
Figures 2 and 3 compare emissions performance be-
tween grid-powered and solar-integrated scenarios,

quantifying achievable reductions through renewable de-
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Figure 2. Emission comparison between grid powered
and solar integrated configurations.

The selected configurations represent distinct oper-
ational archetypes: highly efficient membrane dominant
systems (NF_PRE + NF + MED at 16.1 kWh/m?3), optimal
hybrid configurations (NF + MED + Crystallizer at 25.1
kWh/m3, CP + NF + MED at 25.3 kWh/m3), and more
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energy-intensive alternatives with brine concentrators
and crystallizers. Emissions reductions range from 1.0 to
1.55 kg CO,/m?® across the displayed configurations, rep-
resenting 38-50% decreases relative to grid-only base-
lines. Notably, the most efficient achieves the lowest ab-
solute emissions in both scenarios (2.58 kg CO,/m3 grid,
1.52 kg CO,/m? solar) but demonstrates smaller absolute
reduction (1.06 kg CO,/m?) compared to higher-energy
configurations with emission performance as follows:
3.01 kg CO,/m® grid, 2.01 kg CO,/m*® solar, 1.00 kg
CO./m?® reduction. This pattern reflects the dual influence
of baseline energy consumption and renewable fraction
achieved—lower-energy systems have less emissions to
reduce, while higher-energy systems can achieve larger
absolute reductions despite lower renewable penetration
percentages.
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Figure 3. Solar integration performance metrics across
selected configurations.

Emission reductions correlate strongly with process
energy profiles and renewable fraction achieved. Mem-
brane-based configurations demonstrate highest renew-
able integration potential (50-65%) due to consistent
power demands matching solar generation profiles.
Thermal processes, despite higher absolute consump-
tion, benefit from load shifting through strategic battery
deployment, achieving 40-55% renewable operation.
Economic analysis reveals solar premium of 71% over grid
electricity offset by emission reductions exceeding 40%
for optimized configurations.

Figure 3 indicates that renewable integration poten-
tial is non-uniform with membrane dominant configura-
tions achieving renewable fractions of 54-58%, while
more energy-intensive systems demonstrate lower pen-
etration at 44-46% despite identical available solar ca-
pacity. The emission reduction trend line demonstrates a
striking nonlinear relationship: configurations achieving
54-58% renewable fraction deliver 42-49% emissions
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reductions, exhibiting near-proportional correlation,
while the drop to 44-46% renewable fraction corre-
sponds to disproportionately lower 34-35% emissions
reductions. This nonlinearity reflects the combined influ-
ence of reduced renewable displacement and the carbon
intensity differential between grid and solar lifecycle
emissions.

Salt recovery economics

Salt valorization transforms CZLD economics from
cost-minimization to revenue-maximization paradigms.
Crystallization with polishing generates high-purity NaCl
(>95%) commanding an average premium price of 0.25
$/kg, while mixed salt byproducts contribute additional
revenue at 0.05 $/kg. Figure 4 illustrates the relationship
between salt revenue generation and treatment costs
across configuration types. Blue dots represent configu-
rations using chemical precipitation as pretreatment. The
orange dots represent configurations using nanofiltration
as pretreatment. Green dots are configurations with no
pretreatment (direct processing).

40

35 oss Zone ®

® o

(]

® O
)}

Total Treatment Cost ($/m?)
s
—

o
=

@
<¢§(

" High Profit

s

Pure NaCl Production

© 100 kgiday NaCl
B 300 kg/day NaCl

500 kg/day NaCl
00
0 2 8 10

Salt Revenue ($/m?)
Figure 4. Salt recovery economics showing revenue
potential versus treatment costs.

The diagonal clustering of configurations reveals a
strong positive correlation between salt recovery capac-
ity and overall economic viability, with configurations
generating >7 $/m3 salt revenue consistently achieving
positive net revenues of 5-7.5 $/m3. The scatter pattern
demonstrates three distinct groupings: (i) low-revenue
membrane-only systems (0-2 $/m? salt revenue) operat-
ing at net costs of 2-4 $/m3, highlighting the economic
burden of treatment without resource recovery; (ii) inter-
mediate crystallization systems (4-6 $/m? salt revenue)
approaching break-even economics; and (iii) optimized
crystallization configurations with polishing (7-9 $/m?3
salt revenue) achieving substantial net revenues. The
slope of the configuration clusters indicates that each
additional dollar of salt revenue translates to approxi-
mately 0.85-0.90 $/m?3 improvement in net revenue, with
the slight offset representing the marginal energy and
capital costs associated with crystallization and

Syst Control Trans 5:2-10 (2026) 5



purification processes.

Thus, salt revenue can significantly offset treatment
costs for optimal configurations. Thermal concentration
coupled with crystallization maximizes product quality,
generating 468 kg/day pure NaCl and 2, 954 kg/day
mixed salts for 1, 000 m3/day treatment capacity. Market
analysis confirms regional demand exceeding 500, 000
tons/year in Qatar alone [14], meaning that the imple-
mentation of CZLD systems could eliminate salt imports
while advancing circular economy objectives through
waste-to-resource transformation.

Thermodynamic efficiency analysis

While energy consumption provides a practical ba-
sis for comparing configurations, it conflates work and
heat inputs of fundamentally different thermodynamic
quality, and does not situate results relative to the theo-
retical limits of separation. To address this, the present
results are contextualized using a second-law frame-
work. [15] establish the minimum specific exergy of sep-
aration for a saline feed at approximately 1.06 kWh/m? at
seawater salinity, representing the thermodynamic lower
bound irrespective of technology pathway. Against this
benchmark, the best-performing configuration in the pre-
sent study (NF + MED + crystallizer, 25.1 kWh/m?3) oper-
ates at a second-law efficiency of approximately 4.2%,
consistent with published values for industrial-scale MED
systems, which typically range from 3-6% [16]. Mem-
brane-dominant configurations in this study approach 6-
7% second-law efficiency, reflecting the lower irreversi-
bility of pressure-driven versus thermally-driven separa-
tion. The observed spread of 4-7% across the 26 config-
urations confirms that substantial thermodynamic im-
provement potential remains, primarily through heat re-
covery within thermal stages and pressure energy recov-
ery in membrane modules. It should be noted that the
present analysis treats electrical and thermal energy in-
puts on a kWh basis without explicit exergy weighting; full
exergy accounting, including the chemical exergy of re-
covered NaCl product streams, would further differenti-
ate configurations by the thermodynamic value of out-
puts and is reserved for future work.

Sensitivity analysis

Salt price sensitivity is the dominant source of eco-
nomic uncertainty. For the optimal configuration (NF +
MED + NaCl Cr + NaCl Polish), all recovered salt is high-
purity NaCl (3, 588 kg/day at 100 m3/day feed), and the
base case assumes the upper bound of the high-grade
price range at 0.25 $/kg. This represents an optimistic
but commercially justified assumption given that the NaCl
Polish step delivers a >95% purity product. Applying the
lower bound of the high-grade price range (0.15 $/kg), a
40% price reduction, cuts salt revenue from 8.97 to 5.38
$/m3, reducing net revenue at 100 kW solar penetration
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from 7.32 to 3.73 $/m3. This remains profitable but rep-
resents a substantial compression of economic margin.
At the midpoint price of 0.20 $/kg, net revenue settles at
approximately 5.05 $/m?, which constitutes a reasonable
central estimate. Configurations relying on brine crystal-
lizers, which produce mixed salts at 0.02-0.08 $/kg, are
already near or below breakeven at base case pricing and
carry no meaningful upside from product purity improve-
ments, making them economically dominated regardless
of price scenario. The qualitative ranking of configura-
tions is therefore preserved across the full high-grade
price range, though the absolute magnitude of net reve-
nue is sensitive to realized market price.

Energy cost sensitivity is of secondary magnitude
but varies with solar penetration level. At 100 kW solar
capacity, the lowest penetration modeled, energy cost
for the optimal configuration is 0.62 $/m?2, representing
approximately 38% of total treatment cost of 1.65 $/m?3.
A 50% increase in the grid tariff from 0.035 to 0.053
$/kWh raises treatment cost by approximately 0.31 $/m3,
reducing net revenue from 7.32 to ~7.01 $/m? at the base
case salt price. However, at the lower bound salt price of
0.15 $/kg, this same energy cost increase reduces net
revenue further from 3.73 to 3.42 $/m3, illustrating that
energy and salt price sensitivities interact: configurations
operating at compressed salt revenue margins are dis-
proportionately exposed to energy cost increases. At
higher solar penetration levels, grid supplementation
constitutes a smaller share of total energy supply and this
sensitivity diminishes accordingly. Process efficiency pa-
rameters, including membrane rejection rates, thermal
process performance ratios, and energy conversion effi-
ciencies, govern energy consumption and water recovery
rather than salt product purity, and their influence on net
revenue is therefore, for the purposes of this analysis,
bounded by the energy cost sensitivity established
above. The qualitative configuration ranking, membrane-
thermal hybrids with high-purity crystallization outper-
forming purely thermal or purely membrane alternatives,
does not change across the price perturbations exam-
ined. A full simulation-based parametric sensitivity anal-
ysis across the complete solar penetration range, includ-
ing systematic quantification of process efficiency uncer-
tainty, is reserved for the future work.

Multi-criteria assessment

Optimal configuration selection requires balancing
multiple competing objectives including energy effi-
ciency, economic performance, environmental impact,
and operational reliability. Figure 5 illustrates the perfor-
mance trends of key metrics across different configura-
tions (indicated by the pink dots). The parallel axes dis-
play normalized performance metrics spanning energy
consumption (kWh/m3), total treatment cost ($/m?), salt
revenue generation ($/m2), net revenue ($/m3), carbon
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Energy-Recovery Trade-off
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Figure 5. Multi-criteria performance matrix showing (a) energy-recovery trade-offs, (b) economic performance
distribution, (c) solar integration potential, and (d) normalized comparison of top configurations.
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emissions (kg CO,/m?3), and renewable energy fraction
(%). Each pink line represents a distinct configuration,
with line patterns revealing the inherent trade-offs and
synergies across objectives. Configurations achieving
low energy consumption (left side, 16-25 kWh/m?3) typi-
cally exhibit moderate salt revenues (6-8 $/m3) and
higher renewable fractions (50-65%), while energy-in-
tensive configurations (70-90 kWh/m?3) demonstrate var-
iable economic performance depending on crystallization
integration.

For revenue maximization, NF + MED + Crystallizer
configuration dominates with 7.49 $/m?2 net revenue. En-
ergy minimization favors NF_PRE + NF + MED at 16.1
kWh/m3 consumption. Balanced performance emerges
from CP + NF + MED configuration, achieving 6.60 $/m?
revenue at 25.3 kWh/m?3 with 54% renewable fraction.

The visualization reveals no single dominant config-
uration across all criteria, confirming the necessity of
context-specific optimization based on regional priori-
ties. Notably, the optimal configurations identified in ear-
lier analyses (NF + MED + Crystallizer, CP + NF + MED +
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Crystallizer) appear as lines maintaining favorable posi-
tions across multiple axes, demonstrating balanced per-
formance. The convergence of lines at high salt revenue
values (8-9 $/m?3) indicates that crystallization-equipped
systems achieve similar revenue generation regardless
of energy pathway, while divergence in the renewable
fraction axis reflects fundamental differences in the en-
ergy consumption between membrane-based and ther-
mal-intensive processing routes.

DISCUSSION

The findings of this study highlight several funda-
mental insights that advance the understanding of Circu-
lar Zero Liquid Discharge (CZLD) systems and their inte-
gration with renewable energy. The diverse performance
observed across configurations underscores that CZLD
is not a singular technology but a design space shaped
by thermodynamic constraints, process integration strat-
egies, and market economics. This variability reaffirms
that there is no “one-size-fits-all” approach; instead,
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optimal configurations emerge from careful matching of
feed characteristics, separation objectives, and local en-
ergy-market conditions.

The technical analysis of the configurations reveals
critical technical insights into the fundamental trade-offs
governing circular water treatment systems. A key insight
is that all configurations achieve similar high-water re-
covery (>99.5%), but energy consumption varies widely
(16-90 kWh/m3). The stark variation in energy consump-
tion directly correlates with the thermodynamic barriers
each technology must overcome. Membrane processes
operating near osmotic pressure limits require 16-30
kWh/m? primarily for pressurization, while thermal sys-
tems consuming 50-90 kWh/m3 must supply latent heat
of vaporization to achieve phase change. The optimal
performers (NF + MED + Crystallizer at 25.1 kWh/m?3 gen-
erating 7.49 $/m?® revenue) leverage synergistic coupling
where nanofiltration selectively removes divalent ions at
lower energy penalties than reverse osmosis, producing
a monovalent-rich stream ideal for MED thermal concen-
tration and subsequent crystallization into high-purity
(>95%) NaCl.

Thus, one of the clearest outcomes is the domi-
nance of membrane-thermal hybrid configurations. This
matches well-documented industry trends showing that
hybridization can reduce specific energy consumption by
up to 40-60% relative to purely thermal ZLD systems.
From a process integration perspective, the superior per-
formance of hybrid configurations stems from strategic
placement of separation barriers such as using mem-
brane processes for initial volume reduction (50-70% wa-
ter removal at 2-6 kWh/m3) before engaging energy-in-
tensive thermal systems (70-99.9% recovery at 15-70
kWh/m?3) minimizes the volume subjected to high-energy
treatment, explaining why pure thermal systems (BC, BCr
alone at 80-90 kWh/m3) prove economically inferior de-
spite achieving similar recovery rates. To further contex-
tualize these energy differences within a rigorous ther-
modynamic framework, the observed energy consump-
tion values are benchmarked against the theoretical min-
imum exergy of separation for the present feed condi-
tions. This technical understanding indicates that future
optimization should focus on intermediate precipitation
steps to remove sparingly soluble salts before thermal
stages, potentially reducing energy consumption by an
additional 20-30%. The benchmarking of these energy
values against the theoretical minimum exergy of sepa-
ration for the present feed conditions confirms that all
configurations operate at second-law efficiencies of 4.8-
7.5%, consistent with published values for industrial-
scale membrane-thermal hybrid systems and indicative
of substantial remaining thermodynamic improvement
potential.

The strong revenue contribution from salt recovery
highlights a paradigm shift in ZLD economics. Historically,
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ZLD has been framed as a compliance-driven, cost-in-
tensive environmental obligation. Introducing resource
recovery transforms the system into a productive indus-
trial asset capable of offsetting treatment costs or even
achieving positive net revenues. The results indicate that
for regions with high salt demand, such as Gulf countries,
where industrial salt consumption can exceed several
hundred thousand tons annually, CZLD plants have the
potential to establish localized salt supply chains, reduc-
ing reliance on imports and contributing to national re-
source security. This reframing supports broader circular
economy strategies and diversification of industrial in-
puts. The sensitivity analysis further confirms that while
absolute net revenue is sensitive to realized NaCl market
price, the qualitative dominance of high-purity crystalli-
zation configurations is preserved across the full re-
ported price range, supporting the robustness of these
economic conclusions.

Renewable energy integration further enriches the
system design space by coupling water, waste, and en-
ergy flows. The analysis shows that solar integration can
achieve renewable fractions ranging from 15% to 70%,
depending largely on the configuration’s load profile.
Membrane-based systems, with relatively uniform and
lower power requirements, exhibit strong alignment with
solar generation availability, leading to higher renewable
penetration and smoother load matching. Thermal sys-
tems, however, exhibit high-power, nonuniform demand
patterns requiring substantial battery buffering to reach
similar renewable fractions. This highlights a key opera-
tional constraint: the degree to which CZLD systems can
decarbonize is not only a function of total energy con-
sumption but also of energy temporal dynamics.

Furthermore, the nonlinear relationship between re-
newable fraction and emissions reduction reveals the in-
fluence of system-scale inefficiencies such as battery
cycling losses and inverter inefficiencies. Thus, while re-
newable energy offers meaningful environmental gains
(up to 72% reduction in emissions relative to grid-only
operation), these benefits diminish for high-energy ther-
mal systems unless paired with optimized storage strat-
egies. Future research should explore alternative load-
management tools such as thermal energy storage, flex-
ible scheduling, or hybrid renewable portfolios that com-
bine solar with other intermittent resources.

The multi-criteria assessment emphasizes the in-
herent trade-offs in CZLD design. Maximum revenue
configurations do not minimize energy use, and lowest-
energy systems do not maximize salt recovery or renew-
able fraction. Decision-making must therefore be con-
text-sensitive, weighing environmental priorities, capital
availability, operational risk tolerance, and market condi-
tions. The results suggest three broad application arche-

types:

= Energy-Minimizing Designs for regions with limited
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power capacity or high energy prices;

* Revenue-Maximizing Designs for regions with high
salt demand or favorable salt-market conditions;

»= Balanced Hybrid Designs suitable for industrial
clusters seeking cost-effective, decarbonized
water recovery solutions.

From a systems perspective, CZLD facilities hold
strategic potential in industrial symbiosis frameworks,
where recovered water, salts, and thermal energy
streams can directly feed neighboring industries such as
chlor-alkali plants, cooling towers, or district cooling sys-
tems. This extends the value chain beyond individual
plants into regional industrial ecosystems, supporting
broader sustainability and economic diversification goals.

While this study provides a robust basis for CZLD
feasibility, real-world deployment requires addressing
practical considerations such as brine variability, opera-
tional fouling, crystallizer control strategies, and long-
term battery degradation. Pilot-scale validation remains
an essential next step, especially for hybrid configura-
tions that rely on tight coupling of membrane and thermal
processes. Moreover, policy levers such as carbon pric-
ing, renewable energy incentives, or circular-economy
mandates could significantly shift the economic balance
in favor of CZLD, accelerating adoption in water-stressed
regions.

Overall, the transition from conventional ZLD to
CZLD reframes industrial brine from an environmental li-
ability to a recoverable resource, directly aligning with
circular economy principles. By generating high-purity
salts, reducing freshwater dependency, and integrating
low-carbon solar energy, CZLD systems close material
and energy loops that traditionally remained linear. More-
over, the recovered salt streams can supply local indus-
trial users, enabling industrial symbiosis and reducing re-
liance on imported materials. These findings demonstrate
that CZLD is not simply a treatment technology but a cir-
cular value-creation platform that enables economic, en-
vironmental, and resource-efficiency gains across the
water-energy-materials nexus, if implemented strategi-
cally.

CONCLUSION

This research establishes comprehensive technoe-
conomic assessment frameworks for solar-integrated
CZLD systems, demonstrating economic viability through
strategic salt valorization. Configuration analyses indi-
cate that membrane-thermal hybrid systems are optimal
solutions, generating net revenues exceeding 7 $/m3
while achieving >99% water recovery. Solar integration
reduces emissions with achievable renewable fractions
of 15-65% depending on process configuration.

Key findings include: (i) multi-effect distillation with

[LAPSE_DoNotChange]

crystallization maximizes economic performance at 25-
30 kWh/m?3 consumption and (ii) high-purity salt recovery
profitably offsets treatment costs transforming waste
management to resource generation.

Results provide quantitative guidance for industrial
practitioners and policymakers advancing circular econ-
omy principles in water management. Future research
should explore dynamic optimization under uncertainty,
pilot-scale validation of promising configurations, and in-
tegration with broader industrial symbiosis networks. The
framework establishes pathways for sustainable water
management in resource-constrained environments
through technology integration and business model
transformation.
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