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Abstract

Industrial deployment of photocatalysis for recalcitrant wastewater treatment remains
constrained by economic uncertainty and scale-up limitations. This study first reviews the
current technological routes and application status of photocatalytic processes and then
addresses the key obstacles through a quantitative techno-economic assessment (TEA) of a
full-scale (10,000 m3/d) photocatalytic wastewater treatment plant. A process-level model
integrating mass- and energy-balance calculations with equipment sizing was developed
for a 280 kW UVA-LED reactor using Pt/TiO2 as the benchmark catalyst. The framework
quantifies capital (CAPEX) and operating (OPEX) expenditures and evaluates the overall
economic performance of the photocatalytic treatment system. Sensitivity analysis reveals
that the catalyst replacement interval and electricity tariffs are the principal economic
bottlenecks, whereas improvements in catalyst performance alone provide limited cost
leverage. Furthermore, the analysis indicates that supportive policy mechanisms such as
carbon-credit incentives and electricity subsidies could substantially enhance economic
feasibility. Overall, this work establishes a comprehensive integrated TEA framework for
industrial-scale photocatalytic wastewater treatment, offering actionable design parameters
and cost benchmarks to guide future commercialization.

Keywords: photocatalysis; techno-economic analysis; industrial wastewater treatment;
cost benchmarking

1. Introduction
Water pollution control is a key issue on the global sustainable development agenda.

It involves technology pathways crucial for ecological safety and the stability and resilience
of economic systems [1]. The acceleration of industrialization and the emergence of new
pollutants such as antibiotics, endocrine disruptors, and per- and polyfluoroalkyl sub-
stances [2,3], pose challenges to traditional wastewater treatment technologies in terms
of efficiency limits and environmental risks. There is an urgent need for technological
innovation to disrupt the detrimental cycle of pollution transfer.

Biological methods, such as the activated sludge process and the Anaerobic–Anoxic–
Oxic (A2/O) process, are fundamental in current wastewater treatment systems due to
their microbial degradation capabilities and cost-effectiveness for low- to medium-strength
wastewater [3]. However, these methods exhibit limited resilience to fluctuations in influent
quality and shock loads, hindering long-term maintenance of consistently low total nitrogen
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effluent concentrations [4]. Moreover, the substantial production of excess sludge poses a
significant environmental challenge [5], as this sludge, which contains heavy metals and
pathogens, can emit methane when landfilled and poses a risk of dioxin formation when
incinerated without adequate emission controls [6]. While advanced anaerobic digestion
can facilitate biogas recovery, it requires a substantial capital investment and may lead to
the concentration of heavy metals and recalcitrant organic pollutants, thereby exacerbating
pollution transfer [7].

Photocatalysis exhibits significant disruptive potential in wastewater treatment com-
pared to conventional technologies due to its unique free-radical-driven mineralization
mechanism [8–11]. This technology can efficiently degrade organic matter into CO2 and
H2O through chain oxidation by photogenerated free radicals (·OH,·O2

−) [12], as illus-
trated in Figure 1. Theoretically, this approach overcomes the challenges associated with
traditional methods, such as sludge disposal and the generation of toxic by-products [13,14].
In the treatment of refractory industrial wastewater, particularly with complex pollutants
like polycyclic aromatic hydrocarbons and azo dyes, solar-driven photocatalysis allows for
reduced energy costs and thorough mineralization [15].

Figure 1. The photogenerated carriers and reactive oxygen species formation process [12].

However, practical implementation faces obstacles, including rapid recombination
of photogenerated electron–hole pairs, low quantum efficiency (QE), a limited catalyst
replacement interval, and reliance on noble metal catalysts. These factors result in high
energy costs that hinder economic feasibility and widespread adoption [16]. Against this
backdrop, a critical knowledge gap persists: the lack of a rigorous techno-economic bench-
mark for standalone photocatalytic treatment systems. While recent reviews highlight
promising hybrid configurations (e.g., photocatalysis coupled with biological or mem-
brane processes) [17,18], such integrations often obscure the intrinsic cost drivers and
performance limits of the photocatalytic core itself. To enable transparent evaluation and
targeted innovation, this study establishes a comprehensive techno-economic baseline for
an industrial-scale, standalone Pt/TiO2 photocatalytic system, focusing exclusively on its
direct treatment capability without auxiliary processes.

This granular assessment is critical because the persistent gap between photocatalysis’s
theoretical promise and its real-world deployment stems not only from a scarcity of novel
materials, but also from an insufficient understanding of its intrinsic economic viability
under true industrial operating conditions.

This discrepancy between the technology’s potential and its practical application
underscores a crucial yet often neglected aspect of environmental technology innovation:
the imperative to concurrently enhance photocatalytic efficiency and control life-cycle
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costs to facilitate the transition of photocatalytic technologies from laboratory concept to
industrial implementation.

2. Photocatalytic Technology and Economic Bottlenecks
Photocatalytic water treatment has progressed from laboratory proof-of-concept to

engineering-scale pilots, yet its industrialization trajectory varies significantly across appli-
cations due to persistent technical and economic challenges [9]. This section reviews the
primary application domains and analyzes the key limitations that constrain commercial
deployment. These insights form the technological basis for the techno-economic model
developed in this study.

2.1. Application Domains: From Broad Potential to Context-Specific Challenges
2.1.1. Industrial Wastewater: The Core Battleground and the Efficacy Gap

Industrial wastewater is a major global source of water pollution, with annual dis-
charges reaching approximately 380 trillion liters, containing an estimated 300–400 million
tons of untreated hazardous contaminants, such as persistent organic pollutants, toxic dyes,
and heavy metals, posing serious threats to ecosystems and human health [19,20]. Com-
pared with conventional treatment methods like chlorination and adsorption, photocataly-
sis is increasingly recognized as a promising alternative due to its operation under ambient
conditions, low energy requirements, and minimal generation of secondary pollution [21].
Recent research has focused on developing advanced photocatalysts to enhance activity
and stability. For example, platinum-decorated TiO2 (Pt/TiO2) improves charge separation,
enabling rapid degradation of organic dyes under UV and visible light [22]. Polymeric
carbon nitride (g-C3N4), defective polymeric carbon nitride, and g-C3N4/metal oxide com-
posites have emerged as promising materials for enhancing photocatalytic performance due
to their advantages in improving charge separation efficiency and extending the absorption
range of visible light to longer wavelengths [8,11,23]. Transition metal dichalcogenides,
such as MoS2/WS2 heterostructures, show strong reusability and resistance to deactivation
over multiple cycles [24]. Although these materials demonstrate significant laboratory-scale
potential, their real-world applicability in complex industrial effluents remains constrained
by cost, scalability, and long-term stability challenges. Crucially, the efficacy gap stems
not only from economic factors but also from fundamental incompatibilities between raw
industrial wastewater matrices and photocatalytic reaction requirements [25]. The practical
deployment of standalone solar photocatalysis is inherently constrained by feedwater
quality. High organic loads diminish treatment efficiency through excessive scavenging of
photogenerated radicals [26], while suspended solids and colored compounds significantly
attenuate light penetration due to absorption and scattering [27], collectively necessitating
influent streams with moderate organic content and low turbidity. Furthermore, common
inorganic anions (e.g., Cl−, HCO3

−, PO4
3−) can interfere with reactive oxygen species or

compete for active sites on the catalyst surface, thereby reducing degradation kinetics [27].
Critically, wastewaters containing interfering cations and compounds such as heavy metals
(e.g., Hg2+, Pb2+) and other catalyst poisons may induce deactivation of photocatalysts, sub-
stantially shortening operational lifetime [26]. Consequently, effective application typically
requires pre-treated effluents rather than raw industrial discharges. This necessity also
applies to organic loading: recent reviews indicate that influent COD above approximately
300–400 mg/L leads to excessive scavenging of photogenerated radicals and markedly re-
duced degradation efficiency [26], while successful pilot-scale solar photocatalytic systems
commonly precondition wastewater to COD levels below 400 mg/L to maintain practical
reaction rates and catalyst stability [28]. Accordingly, this study adopts a baseline scenario
with COD ≈ 300 mg/L, low turbidity, and absence of strong catalyst poisons, which is a
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water quality profile that defines a technically feasible operating window for Pt/TiO2-based
solar photocatalysis under current engineering constraints [26,28].

2.1.2. Municipal and Agricultural Wastewater: Targeted Removal and the Need for
System Integration

Municipal wastewater, derived from domestic sewage, industrial discharges, and
stormwater runoff, contains complex mixtures of pollutants. Agricultural wastewater often
includes high levels of organic compounds, pathogens, and antibiotic residues. Pharma-
ceuticals and pesticides in both streams raise concerns regarding disease transmission and
broader environmental and public health risks [21,29]. In this context, photocatalysis offers
unique advantages by simultaneously degrading antibiotic residues and inactivating mi-
croorganisms. While standalone systems show moderate activity, their efficiency improves
significantly when integrated with biological processes. For instance, integration with a
moving bed biofilm reactor (MBBR) has been shown to enhance pharmaceutical removal
to ~96% in municipal and ~99% in industrial wastewater [21]. Similarly, BiOBr/TiO2

nanotubes achieve 88.1% degradation of tetracycline hydrochloride (outperforming pure
TiO2) due to improved charge separation and adsorption capacity [10].

2.2. Technology Pathways: Balancing Material Performance and Process Economics

Despite the inherent benefits of utilizing solar energy directly (consuming low en-
ergy and producing minimal secondary pollution), photocatalysis encounters two primary
obstacles: inadequate light absorption, especially in the visible spectrum, and rapid recom-
bination of electron–hole pairs generated during the process. Current industrial efforts
predominantly revolve around catalysts based on TiO2, employing a variety of methods to
overcome these hurdles.

2.2.1. The Modified TiO2 Route: High Activity at the Expense of Cost and Complexity

The modification of TiO2 through non-metal doping (e.g., C, N, F) [30–32], or noble
metal deposition (e.g., Pt, Au, Ag) [33], illustrated in Figure 2, is the most widely used
approach to improve visible-light absorption and QE. To facilitate catalyst recovery, im-
mobilization on supports such as ceramics, zeolites, or bentonite is commonly employed,
though this may reduce the active surface area and hinder mass transfer. For example,
a Pt-doped TiO2/MIL-125 composite achieved 98.97% degradation of Rhodamine B at a
concentration of 5 mg/L under a 40 W UV lamp (wavelength 254 nm) after 30 min [34].
The Schottky barrier formed by Pt nanoparticles on the surface of the M-Pt-TiO2 catalyst
greatly enhances the photocatalytic reaction efficiency by inhibiting the recombination of
photogenerated electron–hole pairs. Despite its high activity, the use of noble metals and
complex synthesis routes raises concerns regarding cost and scalability.

This approach encounters a structural economic paradox: performance improvements
achieved via noble metals and complex modifications substantially increase the initial
and production costs. Whether these enhancements yield net economic benefits hinges
on system integration, operational lifetime, and catalyst recyclability. In practice, the
value of higher activity must be assessed not merely by energy savings, but by its ability
to offset greater capital intensity, operational complexity, and challenges in end-of-life
catalyst recovery.

2.2.2. The Non-Noble-Metal Catalyst Route: A Cost-Oriented, Sustainable Pathway

To overcome cost limitations, alternative pathways utilizing g-C3N4 and carbonaceous
materials have emerged [35,36]. Due to its stable physicochemical properties, suitable
bandgap (~2.7 eV), and ease of preparation, g-C3N4 exhibits favorable visible-light absorp-
tion [37]. Constructing Z-scheme TiO2/g-C3N4 heterojunctions promotes charge separation
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and boosts activity. For example, Z-scheme composites achieved up to 95% degradation
of rhodamine B, significantly outperforming the single components. The mechanism is
illustrated in Figure 3 [38].

Figure 2. (a) Schematic representation and suggested mechanism for the photocatalytic degradation
of RhB by M-Pt-TiO2 [34]; (b) Schematic diagram of the photocatalytic mechanism of the NT/TiO2

photocatalyst [32]; (c) Schematic diagram and scheme of the proposed photocatalytic mechanism of
the Au-Ag@TiO2 ternary core–shell nanostructure [33].

Figure 3. Possible mechanism of Z-scheme TiO2/g-C3N4 heterojunction under irradiation [38].

The primary advantage of this approach lies in its ability to reduce reliance on noble
metals, addressing the issue of high material costs. However, a significant challenge arises
in balancing stability with long-term operational costs. Non-metal catalysts, particularly g-
C3N4, are susceptible to photocorrosion and structural degradation in practical wastewater
settings, necessitating frequent replacement. Consequently, the elevated operational and
maintenance costs (e.g., material replacement, downtime) may negate the initial cost savings
over the system’s lifetime. Therefore, for these materials to be commercially feasible, they
must exhibit enhanced long-term stability while preserving their cost-effectiveness.

2.2.3. The Multi-Technology Integration Route: A System-Engineering Approach to
Single-Route Constraints

Building on the observation in Section 2.1.2 that photocatalytic efficiency improves
markedly when coupled with biological processes, multi-technology integration has been
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proposed as a potential system-engineering strategy to address the inherent trade-offs
between performance, cost, and stability in standalone photocatalytic systems.

Rather than pursuing a single optimal catalyst, this approach leverages the complemen-
tary strengths of distinct unit processes to address refractory pollutants more holistically.
Typical configurations couple photocatalysis with biological treatment systems such as
membrane bioreactors (MBRs) or MBBRs [39–42] (illustrated in Figure 4). For instance,
López et al. [43] demonstrated that solar photocatalytic pretreatment of pesticide-laden
wastewater increased the BOD5/COD ratio from less than 0.1 to greater than 0.4, enabling
subsequent biological units to achieve over 90% COD removal while mitigating membrane
fouling, which represents a clear pathway to reduce aeration energy consumption and
maintenance. Similarly, Zhang et al. [42] reported a simultaneous photocatalysis-activated
sludge system in which microbial degradation of photocatalytic intermediates suppressed
electron–hole recombination, thereby enhancing decontamination efficiency by 30–50% and
improving apparent quantum efficiency, ultimately reducing reliance on chemical oxidants.
This integration route enables a structural shift in operating costs: photocatalytic pretreat-
ment can lower aeration demand, minimize membrane-fouling-related expenditures, and
avoid reagent costs associated with other advanced oxidation processes (e.g., Fenton oxida-
tion, ozonation). In essence, it substitutes a higher upfront capital investment for additional
reactors, a larger footprint, and advanced control systems in exchange for long-term opera-
tional savings. However, as Lu et al. [44] emphasized, such coupling introduces significant
complexity and operational risks. Fluctuations in the quality of photocatalytic effluent and
the transient toxicity of intermediate byproducts (e.g., aldehydes, short-chain carboxylic
acids) may inhibit microbial activity and destabilize biological performance. These un-
certainties necessitate more rigorous design, commissioning, and real-time monitoring
compared to single-technology systems. Consequently, while promising high-strength
industrial wastewater applications, the economic feasibility of integrated routes remains
highly site-specific and warrants pilot-scale validation prior to full-scale deployment.

2.3. Research Gap and This Study’s Focus

Although substantial progress has been achieved in photocatalyst design and pro-
cess integration, systematic techno-economic evaluations that quantitatively examine the
financial viability of industrial-scale photocatalytic systems and pinpoint the dominant
cost drivers under realistic operating conditions remain limited [45].

Among the available options, Pt/TiO2-based systems stand out as one of the most
technologically mature and well-studied platforms for industrial wastewater treatment [46].
Their well-defined performance characteristics, standardized synthesis procedures, and
demonstrated scalability make them an ideal benchmark for techno-economic analysis.
Assessing this reference system not only clarifies its current economic feasibility but also
enables meaningful comparison with emerging, lower-cost alternatives, thereby guiding
long-term R&D priorities.

To fill this gap, the present study develops a process-based cost model integrated with
a dynamic net present value (NPV) framework, using the Pt/TiO2 system as a represen-
tative high-performance pathway. Unlike conventional life-cycle cost analysis (LCCA) or
static NPV approaches that often rely on aggregated cost categories and fixed component
lifetimes [47], our dynamic NPV framework explicitly embeds time-resolved engineer-
ing realities into a discounted cash flow model calibrated with real-world market data
(Section 3.1). Specifically, it accounts for (i) discrete equipment and catalyst replacement
events at defined intervals (e.g., Year 4 and Year 8); (ii) catalyst lifetime as a function
of feedwater quality constraints (COD ≈ 300 mg/L, low turbidity, absence of poisons;
Section 2.1.1); and (iii) end-of-life platinum recovery as a creditable revenue stream. By
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directly linking technical performance boundaries to financial outcomes, the model enables
rigorous sensitivity and break-even analyses that reflect actual operational risks and eco-
nomic trade-offs. To our knowledge, this is among the first techno-economic assessments
of photocatalytic wastewater treatment to integrate such granular, time-dependent cost
drivers within an NPV framework under explicitly defined feasibility limits. This approach
extends conventional LCCA practice by embedding operational realism into financial eval-
uation, as further contextualized against typical LCA/LCCA methodologies in Appendix C
(Table A7).

Figure 4. (a) Schematic diagram of an integrated photocatalysis and MBBR system in treating
synthetic wastewater [39]; (b) Schematic diagram illustrating the principle of intimately coupling
photocatalysis and biological (ICPB) system [41].

The model quantitatively evaluates the economic feasibility under current technologi-
cal and market conditions, analyzes the sensitivity of profitability to key parameters such
as catalyst cost, replacement interval, and electricity price, and provides actionable insights
for strategic development, including both incremental improvements to existing systems
and potential transitions toward non-noble-metal catalysts.

3. Cost–Benefit Analysis
3.1. NPV Analysis of the Modified TiO2 Technology

This study focuses on evaluating the financial feasibility of the Pt/TiO2-based photo-
catalytic pathway by developing a dynamic NPV model to assess project viability under
specific techno-economic constraints.
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3.1.1. Model Framework and Key Parameter Assumptions

To establish a realistic and transparent techno-economic model, the system design
is based on a full-scale Pt/TiO2-based photocatalytic wastewater treatment process. The
economic analysis is based on a pre-treated industrial effluent stream with a moderate
organic load (COD ≈ 300 mg/L), low turbidity, and the absence of known platinum
poisons (e.g., sulfides, cyanides, or heavy metals). All financial projections in Tables 1–5,
including treatment capacity, revenue, operating costs, and catalyst replacement schedules,
are strictly conditional on this influent quality profile. The process flow diagram (PFD)
and defined system boundaries are illustrated in Figure 5. The system is divided into four
major subsystems: (1) Pretreatment, (2) Core Photocatalytic Reaction, (3) Post-treatment,
and (4) Utilities. The boundary encompasses all material and energy flows relevant to cost
analysis, including chemical inputs, electricity consumption, catalyst replacement, and
platinum (Pt) recovery.

 

Figure 5. PFD and system boundaries of the Pt/TiO2-based photocatalytic wastewater treatment
system used for techno-economic analysis.

The project evaluation period is set at 10 years with a wastewater treatment capacity
of 10,000 m3/d. Key parameter assumptions for constructing the NPV model are estab-
lished based on market research, vendor consultations, engineering cost estimates, and
governmental regulations. Full details of the base-case parameters and data sources are
provided in Appendix A (Table A5). All monetary values are expressed in the constant of
2024 Chinese yuan (CNY) without inflation adjustment. The key parameters for the annual
cost–benefit calculation are summarized in Table 1.

Table 1. Annual Cost–Benefit Calculation for the Pt/TiO2 Technology under the Base Scenario. (Unit:
million CNY).

Items Calculation Basis/Formula Amount
(Million CNY)

Operating Revenue 10,000 m3/d × 365 d × 3.0 CNY/m3 10.95
Less: Operating Costs

Annual Electricity Cost Based on time-of-use tariff calculation 1.56
Annual Labor Cost Project-specific estimation 0.48

Annual Maintenance Cost Project-specific estimation 0.30
Total Operating Costs 2.34
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Table 1. Cont.

Items Calculation Basis/Formula Amount
(Million CNY)

Less: Annual Depreciation and
Amortization (D&A)

Prorated from fixed assets over useful life
(updated for lower Pt CAPEX) 3.37

Earnings Before Tax (EBT) Operating Revenue—Operating Costs—D&A 5.24
Less: Corporate Income Tax (25%) EBT × 25% 1.31

Net Profit After Tax EBT—Income Tax 3.93
Plus: Annual Depreciation (D&A) Add-back of non-cash expense 3.37
Net Operating Cash Flow (NCF) Net Profit After Tax + D&A 7.30

Note: The treatment fee of 3.00 CNY/m3 assumes consistent compliance with discharge standards (e.g.,
COD < 50 mg/L [48]).

3.1.2. Life-Cycle Cash Flow Modeling and NPV Analysis Considering Equipment
Replacement and Salvage Values

While the annual cost–benefit calculation in Table 1 provides a snapshot of operational
profitability, a comprehensive assessment of the project’s financial viability requires a
dynamic analysis that accounts for major capital expenditures and recoveries throughout
its entire lifetime. To accurately depict this, we construct a detailed annual cash flow model
that explicitly factors in planned capital replacements, the final salvage value of fixed assets,
and the recovery of working capital. These considerations are integrated into a discounted
cash flow framework to calculate the base-case NPV. The resulting cash flow schedule is
outlined in Table 2.

Table 2. Calculation of Net Cash Flows at Key Points in the Project Life-cycle (Unit: million CNY).

Year Category Calculation Items Amount
(Million CNY)

0 Total Initial
Investment

Reactor (8.0) + LED (8.0) + Carrier (6.0) + Catalyst (4.43)
+ Working Capital (4.0) –30.43

1–3, 5–7, 9 Normal Year NCF Net Profit After Tax (3.93) + D&A (3.37) 7.30

4 Year 4 NCF Normal Year NCF (7.30) − Catalyst Replacement (4.43)
+ Pt Recovery (1.56) 4.43

8 Year 8 NCF Normal Year NCF (7.30) − Catalyst Replacement
(4.43)—LED Replacement (8.0) + Pt Recovery (1.56) –3.57

10 Terminal Year NCF Normal Year NCF (7.30) + Working Capital Recovery
(4.0) + Salvage Value (1.40) + Pt Recovery (1.56) 14.26

Note: Conservatively, the catalyst replacement cost was assumed to equal the full catalyst system investment
(4.43 million CNY) every four years, although in practice only a portion of the modules may require renewal. For
the calculation of Pt recovery, refer to Appendix B.

Based on the cash flow timeline above, the NPV is calculated using the formula:

NPV =
n

∑
t=0

CFt

(1 + i)t =
CF0

(1 + i)0 +
CF1

(1 + i)1 +
CF2

(1 + i)2 + . . . +
CF10

(1 + i)10 (1)

Where CFt is the net cash flow in year t, i is the discount rate (10%), and n is the total
project duration (10 years). The present value of cash flows for each year and the summary
calculation are shown in Table 3.

The calculation yields an NPV of 9.08 million CNY under the base scenario (4-year cat-
alyst replacement interval, 10% discount rate). This positive result indicates that the project
is financially viable. It not only fully covers the initial investment and all reinvestments
throughout its life-cycle but also generates excess economic returns that exceed the cost of
capital (i.e., the 10% discount rate).
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Table 3. NPV Calculation under the Base Scenario (Unit: million CNY).

Year (t) Net Cash Flow (CFt)
Discount Factor

(1/(1 + 0.1)t)
Present Value
(Million CNY)

0 –30.43 1.000 –30.43
1 7.30 0.909 6.64
2 7.30 0.826 6.03
3 7.30 0.751 5.48
4 4.43 0.683 3.03
5 7.30 0.621 4.54
6 7.30 0.564 4.12
7 7.30 0.513 3.74
8 –3.57 0.467 –1.67
9 7.30 0.424 3.10

10 14.26 0.386 5.50
Total NPV 9.08

3.2. Integrated Interpretation of Economic Drivers

The base-case NPV of 9.08 million CNY establishes the financial viability of the Pt/TiO2

photocatalytic system under the stated assumptions. To assess the robustness of this
positive outcome and identify key project risks, we conduct a comprehensive sensitivity
analysis. This integrated interpretation combines insights from both sensitivity and break-
even evaluations to elucidate the interdependent dimensions of economic risk and their
implications for strategic technology development. Critically, this sensitivity analysis
presumes operation within the technically feasible window defined in Section 2.1.1.

Detailed sensitivity results are provided in Table 4, and the break-even thresholds for
key parameters are summarized in Table 5.

Table 4. Single-Factor Sensitivity Analysis of Key Parameters.

Parameter Scenario Factor Value/Impact NPV
(Million CNY)

NPV Change
(Million CNY)

NPV Change
Rate (%)

Base NPV – i = 10% 9.08 0 0

Catalyst Replacement
Interval

Pessimistic 3 years (replace at yr 3, 6, 9),
including Pt recovery revenue 3.43 –5.65 –62.2%

Extremely
Pessimistic

2 years (replace at yr 2, 4, 6, 8,
10), including Pt recovery

revenue *
–3.37 –12.45 –137.10%

Discount Rate (i)
+20% 12% 5.88 –3.20 –35.20%
+50% 15% 1.82 –7.26 –79.90%

Wastewater
Treatment Fee

−10% 2.70 CNY/m3 4.61 –4.47 –49.20%
+ 10% 3.30 CNY/m3 13.55 +4.47 +49.20%

Platinum (Pt) Price
+50% 362.85 CNY/g 6.84 –2.24 –24.70%
+104% 495 CNY/g 0 –9.08 –100%

QE
−10% 10% deviation from base QE 8.38 –0.70 –7.70%
+10% 10% deviation from base QE 9.78 0.70 7.70%

Influent COD
Concentration

−20% 240 mg/L 10.97 +1.89 +20.8%
+20% 360 mg/L 3.20 −5.88 –64.8%

LED Module
Post-Replacement

Efficiency

Pessimistic 90% of initial photon output
after each replacement 9.04 −0.04 –0.44%

Extremely
Pessimistic

80% of initial photon output
after each replacement 8.99 −0.09 –0.99%

Note: * The 2-year replacement scenario approximates operational conditions where Pt-based co-catalysts suffer
rapid deactivation from residual sulfides, cyanides, or heavy metals, common constituents in untreated or poorly
pretreated industrial streams. The COD sensitivity analysis assumes pseudo-first-order photocatalytic kinetics
with a fixed effluent target (COD < 50 mg/L), linking influent concentration variations to electricity consumption
via the logarithmic relationship between organic load and the required treatment time.
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Table 5. Break-even Analysis of Key Parameters (NPV = 0 at Break-even Point; Unit: million CNY).

Factor Base Value Break-Even Value Change from Base to Break-Even

Catalyst Replacement Interval 4 years 3.08 years 23.0% shorter
Discount Rate (i) 10% 15.9% 59.0% higher

Wastewater Treatment Fee 3.00 CNY/m3 2.71 CNY/m3 9.7% lower
Platinum (Pt) Price 241.92 CNY/g 495 CNY/g 104.5% higher

Note: QE was not included in the break-even analysis because a ±10% variation in QE only resulted in a ±5.58%
change in NPV (approximately ±0.68 million CNY), which is far less sensitive than the catalyst replacement
interval, discount rate, or wastewater treatment fee. Influent COD concentration was also excluded from
break-even calculations, as it represents an exogenous feedwater characteristic rather than a controllable project
parameter; its impact is instead evaluated through scenario-based sensitivity analysis.

The sensitivity analysis reveals that both catalyst durability and feedwater consis-
tency are critical determinants of economic viability. A reduction from 4.0 to 3.08 years
is sufficient to drive the NPV to zero (Table 5), primarily due to the compounding cost of
replacements and lost platinum recovery revenue. A tornado diagram (Figure 6) illustrates
the relative influence of key techno-economic parameters on project NPV, thereby high-
lighting the catalyst replacement interval as the most sensitive factor. This parameter is
directly threatened by irreversible Pt deactivation in the presence of industrial wastewater
poisoning species such as sulfides, cyanides, or heavy metals (Section 2.1.1).

Catalyst Replacement Interval (3years)

Catalyst Replacement Interval (2years)

Discount Rate (20%)

Discount Rate (50%)

Wastewater Treatment Fee(−10%)

Wastewater Treatment Fee(10%)

Platinum (Pt) Price(50%)

Platinum (Pt) Price(104%)

QE(−10%)
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COD Concentration(−20%)
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Change in NPV (CNY million)
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Figure 6. Tornado chart illustrating the relative influence of key techno-economic parameters on the
project NPV.

Additionally, variations in COD concentration significantly affect the NPV. For in-
stance, a 20% increase in influent COD concentration (to 360 mg/L), a plausible fluctuation
in industrial effluents, reduces the NPV by 64.8% (from 9.08 to 3.20 million CNY).

In contrast, a ±10% variation in QE alters the NPV by only 7.7%, indicating that
marginal gains in photocatalytic activity yield limited financial returns compared to im-
provements in operational stability or feedwater control. This insight shifts the R&D
priority from purely activity-driven catalyst design to integrated strategies that enhance
long-term robustness, such as optimizing Pt dispersion, surface passivation, or employing
hybrid support matrices. These strategies aim to extend the operational life beyond the
critical 3- to 4-year threshold. In parallel, this insight advocates for upstream wastewater
equalization in cases where influent variability is high. Similarly, the impact of LED effi-
ciency loss on NPV is relatively minor. Even under severe assumptions of post-replacement
LED efficiency loss (down to 80% of the original), the NPV declines by less than 1% (from
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9.08 to 8.99 million CNY). This indicates that the project’s economics are highly resilient to
moderate performance degradation in the light source, a common concern in long-term
operation of photocatalytic systems. The limited impact stems from two factors: (1) The
LED system accounts for only ~29% of total electricity demand; and (2) the degradation is
confined to the final two years of the 10-year horizon, minimizing its discounted effect.

In stark contrast, the sensitivity of the project to the discount rate highlights a critical
financing constraint. A modest increase in the discount rate from 10% to 12% reduces
the NPV by 35.2% (Table 4), while the break-even analysis indicates that the maximum
feasible discount rate is 15.9% (Figure 7). This narrow margin underscores the technology’s
dependence on access to low-cost capital, suggesting that economic viability is primarily
achievable in contexts with preferential financing mechanisms such as green bonds, low-
interest loans, or public–private partnerships. Given the high upfront CAPEX typical of
advanced oxidation processes, this sensitivity reinforces the need for policy-driven financial
de-risking to support early-stage deployment.
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Figure 7. Variation in project NPV with discount rate, highlighting the break-even point at 15.9%.

Beyond financing conditions, revenue stability is equally pivotal. The wastewater
treatment fee exhibits a near-linear relationship with NPV, with a 9.7% reduction (from
3.00 CNY/m3 to 2.71 CNY/m3) sufficient to drive the project to break-even (Table 5). This
limited operational margin indicates low resilience to tariff fluctuations or competitive
pricing pressures. Since treatment fees are often regulated or contractually negotiated with
industrial clients, long-term revenue stability is essential for financial sustainability. The
current fee of 3.00 CNY/m3 implies that the technology is economically viable only when
treating recalcitrant pollutants or meeting stringent effluent standards, positioning it for
niche, high-value applications rather than bulk municipal wastewater treatment.

Compounding these financial vulnerabilities, input cost volatility—particularly in
platinum—introduces further uncertainty. Although a 50% increase in platinum (Pt) price
(to 362.85 CNY/g) results in a manageable decline in NPV to 6.84 million CNY, a 104.5% rise
(to 495 CNY/g) eliminates all profitability (Tables 4 and 5). While this break-even threshold
was estimated under historical price trends, recent market dynamics have seen Pt prices
surge to approximately 387.56 CNY/g, representing a 60% increase over the base case. This
development underscores the growing financial pressure on Pt-dependent technologies
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and highlights the limitations of static cost assumptions in long-term techno-economic
analysis. The partial recovery of Pt during catalyst replacement (1.56 million CNY per cycle)
thus provides some mitigation but does not fully insulate the system from such volatility.
Therefore, the current market trajectory reinforces the study’s central conclusion: while
the Pt/TiO2 system may remain viable in the short term under favorable conditions, its
long-term sustainability is increasingly contingent upon strategic risk mitigation, including
supply chain diversification, investment in closed-loop Pt recycling, or a transition toward
non-noble-metal alternatives.

In summary, the economic performance of the industrial-scale Pt/TiO2 photocatalytic
system is governed by three interdependent factors: catalyst durability, cost of capital, and
market stability. Achieving scalable deployment will require not only technological inno-
vation but also alignment with supportive policy frameworks, including R&D incentives,
carbon pricing, and green financing mechanisms, to mitigate financial and market risks [49].

3.3. Strategic Directions for Technological Optimization

The sensitivity analysis in Section 3.2 reveals that the economic viability of the Pt/TiO2

system, while positive under baseline conditions, is highly sensitive to several key param-
eters. To enhance the technology’s financial resilience and broaden its applicability, we
evaluate three alternative optimization pathways: non-metallic catalysts, hybrid process
integration, and advanced reactor design.

It should be noted that our baseline techno-economic model assumes steady-state
influent conditions to ensure analytical tractability. However, real-world applications often
face significant feedwater variability. Recognizing this limitation, we explicitly address the
economic and operational risks posed by COD fluctuations in this section and advocate for
resilient design strategies, including hybrid process integration, modular reactor architec-
tures, and, where feasible, upstream equalization, to buffer against such uncertainties.

Non-metallic photocatalysts such as graphitic carbon nitride (g-C3N4) reduce capi-
tal expenditure and life-cycle cost volatility by eliminating reliance on noble metals [50].
However, their lower QE and limited operational stability often counteract initial cost
savings [51]. To achieve economic competitiveness with Pt/TiO2 under current condi-
tions, non-metallic catalysts must exhibit a service life exceeding 3.08 years, the break-even
threshold identified in Section 3.2. Shorter replacement intervals result in frequent replace-
ments and higher energy consumption, undermining cost advantages. Moreover, unlike
Pt/TiO2, these systems do not generate residual value from metal recovery, increasing the
net replacement cost. Therefore, research should focus on enhancing long-term durability
under realistic wastewater conditions, including resistance to fouling, photodegradation,
chemical poisoning, and consistent performance across variable organic loads rather than
short-term performance improvements under idealized laboratory settings [52].

While the economic potential of hybrid process integration (e.g., photocatalysis cou-
pled with biological treatment) has been established in Section 2.2.3, its successful imple-
mentation faces significant engineering challenges. The primary hurdle lies in managing
the increased system complexity, which introduces dual economic and operational risks.
Economically, higher initial investment for additional reactors and advanced control sys-
tems can extend payback periods. Technically, fluctuations in the quality of photocatalytic
effluent and the potential toxicity of reaction intermediates may destabilize downstream bi-
ological processes [42]. Importantly, hybrid configurations may also mitigate the economic
impact of influent COD variability by leveraging the buffering capacity of biological units,
thereby enhancing overall robustness of the system. Consequently, realizing the theoretical
OPEX savings requires rigorous design, robust process control, and skilled operation [53].
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Pilot-scale validation is therefore essential to quantify the true degree of process synergy,
assess long-term stability, and confirm energy savings before full-scale deployment.

In addition to catalyst composition, reactor design significantly influences process effi-
ciency and economic performance [54]. Advances in light distribution, modular scalability,
and in situ catalyst management can improve photon utilization and extend maintenance
intervals. For instance, enhanced irradiation uniformity may partially compensate for low
QE, while modular reactor designs facilitate staged capacity expansion and simplified
maintenance [55]. Such engineering improvements contribute to longer effective catalyst
lifetimes and higher system reliability, directly addressing the high sensitivity of NPV to
replacement frequency and energy demand under variable loading conditions observed in
previous analysis.

In conclusion, although the Pt/TiO2 system remains economically viable under fa-
vorable assumptions, increasing exposure to material and market risks underscores the
strategic importance of alternative pathways. Non-metallic catalysts, hybrid processes,
and advanced reactor designs each provide distinct opportunities to enhance cost re-
silience. Realizing their potential will require targeted advancements in durability, pro-
cess integration, and system engineering, supported by policies that promote sustainable
technological innovation.

4. Policy and Behavioral Interventions
4.1. Scope and Limitations

This study offers a strategic viewpoint on the industrialization of photocatalysis.
However, it is important to recognize certain boundary conditions and inherent limitations.

The model is tailored for a specific scale (10,000 m3/d) within the economic context
of industrial China. Due to the significant economies of scale linked with AOPs, the
findings may not be directly relevant to smaller-scale installations (<1000 m3/d), where cost
structures are impacted by varying levels of modularity and automation [56]. Additionally,
the model outputs are influenced by region-specific factors, such as electricity pricing and
the structure of carbon pricing mechanisms [57].

The analysis assumes a typical recalcitrant wastewater composition. In practical scenar-
ios, catalyst performance and replacement could be affected by specific effluent components
such as radical scavengers (e.g., carbonate, chloride), high salinity, and pH buffering capac-
ity, which were not explicitly considered in the model. Therefore, site-specific pilot testing
is crucial to validate the technical performance before full-scale implementation.

The techno-economic evaluation relies on current technological standards for pho-
tocatalysts and LED systems. However, advancements in non-noble-metal catalysts and
high-efficiency light sources could significantly enhance cost-effectiveness. These innova-
tions might expedite economic feasibility, thereby reducing both the projected payback
period and the expected necessity for policy interventions.

The financial model utilizes a simplified depreciation schedule and does not consider
intricate fiscal incentives beyond the standard corporate tax rate. The policy scenarios
presented are illustrative, aiming to showcase potential mechanisms rather than provide
precise recommendations for specific regulatory frameworks.

Future research should concentrate on validating the model with empirical data from
long-term pilot operations [25]. Improving the framework by dynamically linking QE
with reactor configuration, hydraulic retention time (HRT), and CAPEX would enhance its
predictive capability. Additionally, applying the model across various industrial sectors
and geographic regions is crucial for developing context-specific strategies to promote
wider adoption of photocatalytic wastewater treatment.
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4.2. Policy-Driven Mechanisms

The essence of successful policy formulation involves quantifying and internalizing
environmental externalities to create dynamic incentive and constraint mechanisms [58].
One key approach is to develop a subsidy model that is dynamically linked to technological
advancements and environmental advantages. This subsidy model can be expressed as

S = α(Cb − Ca) + β·EC (2)

where S is the subsidy amount per m3 of treated water, Ca is the actual treatment cost
per m3, Cb is the economic feasibility threshold (i.e., the break-even cost determined by
NPV = 0), and EC quantifies the technology’s carbon emission reduction contribution. The
coefficients α and β reflect the technology’s maturity level and the policy weight assigned
to national carbon neutrality goals, respectively.

This model translates firms’ cost-reduction efforts (as reflected in a decreasing Ca) and
enhanced ecological performance (an increase in EC) into stronger subsidy intensity, thereby
creating incentives to continuously address key technical bottlenecks such as extending
catalyst replacement interval. Financial instruments such as green credit can be utilized
to provide low-interest loans and fast-tracked approval channels for manufacturers of
photocatalytic equipment [59–61]. This approach alleviates heavy capital-expenditure
pressures during the initial stages of large-scale production. Furthermore, promoting the
inclusion of photocatalytic technology in national green-technology catalogs would enable
its carbon-reduction benefits to be monetized through carbon credit trading markets [62,63].

The CO2 emission reduction can be estimated by comparing the life-cycle greenhouse
gas (GHG) emissions of photocatalytic treatment against a conventional baseline (e.g., ac-
tivated sludge combined with chemical oxidation). While no specific carbon accounting
methodology for photocatalytic wastewater treatment has yet been approved under ma-
jor carbon markets (e.g., China’s Certified Emission Reduction scheme [CCER] or the
UNFCCC Clean Development Mechanism [CDM]), the quantification can be conceptu-
ally grounded in established LCA principles and existing wastewater-related emission
factors from databases such as Ecoinvent or IPCC guidelines. Specifically, EC may be
approximated as

EC =
(
EFconv − EFphoto

)
× Q (3)

where EFconv and EFphoto represent the cradle-to-gate emission intensities (kg CO2-eq/m3)
of the conventional and photocatalytic systems, respectively, and Q is the treated volume
(m3). Key contributors to emission differentials include (i) avoided methane emissions
from reduced sludge generation, (ii) lower upstream emissions from eliminated or reduced
chemical consumption, and (iii) decreased grid electricity use due to solar-driven operation.

Although such reductions cannot currently be directly monetized through formal
carbon credit mechanisms, they represent verifiable co-benefits that could support future
eligibility [64]. Policy efforts to expedite the approval of accounting methodologies for
emerging water treatment technologies would thus be critical to unlock this revenue stream
and strengthen the economic case for disruptive innovations like photocatalysis [65].

These measures can establish a positive feedback loop where technological improve-
ment reduces costs, attracting greater subsidy support and financing access, thus fostering
continued innovation and market diffusion [66].

4.3. Behavioral Economics Interventions

To lower adoption barriers for end users, intervention tools grounded in behavioral
economics can be designed to manage risk perception and mitigate path dependence. First,
establishing government-led technology demonstration zones can provide public testing
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platforms and subsidies for first-of-a-kind (FOAK) equipment, enabling potential users
to adopt the technology on a trial basis rather than assuming immediate full procure-
ment responsibility [67]. This mechanism mitigates concerns about long-term stability by
generating site-specific empirical evidence and enhances investment confidence through
demonstration effects.

Second, a differentiated environmental taxation system can be implemented. Firms
continuing to use high-pollution processes, such as the Fenton method, would be subject to
a progressive environmental tax linked to pollutant toxicity and process carbon footprint,
whereas adopters of cleaner technologies like photocatalysis would be eligible for tax
credits or deductions [68,69]. This measure makes the implicit environmental costs of
legacy technologies explicit, reshapes corporate cost–benefit calculations, and creates strong
external pressure to upgrade [70].

Third, forming an industry-chain risk-sharing alliance is proposed. A consortium
comprising catalyst suppliers, water utilities, and insurance institutions would establish a
dedicated insurance fund for technology iteration and operational disruption [71]. This
fund would collectively hedge operational risks arising from unforeseen catalyst failures or
system malfunctions, thereby addressing end users’ reluctance to adopt new technologies
due to perceived operational risks [72].

5. Conclusions and Future Outlook
The industrialization of photocatalytic wastewater treatment presents a complex

engineering challenge that requires optimizing environmental chemistry mechanisms and
developing cost-effective models in tandem [73]. This study asserts that improving chemical
efficiency can only lead to widespread industrial adoption by effectively managing life-
cycle costs. Conversely, economic considerations can offer valuable insights for guiding
technological research and development. In the context of industrializing photocatalytic
wastewater treatment, the interaction between technology and economics is most evident
at three key levels.

Catalyst carrier immobilization techniques and stabilization strategies for non-noble-
metal active sites can prolong the material replacement interval and reduce dependence on
noble metals [74,75]. These advancements offer direct economic benefits, enhancing the
financial sustainability and risk resilience of projects [76]. System integration of photocatal-
ysis with units like membrane separation, while increasing the initial investment, generates
synergistic gains in energy consumption and anti-fouling through a degradation–separation
approach. This results in marginal cost advantages that can be quantified using an LCA
model and improves long-term operational stability. Furthermore, the substantial economic
value of environmental and social benefits, such as reducing sludge volume, cutting car-
bon emissions [77], and mitigating public health risks [78], should be quantified through
dynamic subsidies, carbon markets, and green financial instruments [79]. This is essential
to offset the competitive disadvantage stemming from the cost premium associated with
new technologies.

To overcome the industrialization bottlenecks in photocatalytic wastewater treat-
ment, comprehensive innovation in chemistry, economics, and methodology is essential.
In the chemical domain, improving catalytic performance by enhancing the separation
efficiency of photogenerated charges through surface chemical modification and micro-
structural control is crucial [80,81]. Addressing challenges such as low QE and reliance on
noble metals is necessary to advance material performance for practical applications [82].
Economically, establishing a multi-level environmental benefit accounting system that
considers implicit benefits such as reduced health risks and long-term ecosystem restora-
tion values is key [79,83]. Connecting carbon trading markets with water rights trading
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mechanisms can create compensation pathways for positive externalities, encouraging
green technology innovation [84,85]. Methodologically, developing an AI-driven, multi-
scale R&D platform that integrates molecular-level catalyst performance prediction with
engineering-level cost–benefit models can efficiently screen optimal solutions that meet
technical and economic requirements, thus accelerating R&D efficiency and technol-
ogy commercialization [86–88].

In the long term, photocatalytic technology should be deeply integrated with solar
energy utilization and resource recovery pathways, forming a cost-recovery system that
combines pollution control with energy production and helps evolve wastewater treat-
ment units into hubs for resource generation and carbon reduction [89,90]. Under the
synergistic effect of policy and digital transformation, this technology is poised to become
a cost-effective solution for treating high-toxicity, recalcitrant industrial wastewater and
serving regional carbon neutrality strategies [91–93]. Only when breakthroughs in chemical
mechanisms and innovations in economic models form a verifiable, tradable, and replicable
positive feedback loop can photocatalytic wastewater treatment technology cross the valley
of death from laboratory to industrialization and mature into a key technology supporting
sustainable development goals.
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Abbreviations
The following abbreviations are used in this manuscript:

Abbreviation Full Name
A2/O Anaerobic–Anoxic–Oxic
CAPEX Capital Expenditure
D&A Depreciation and Amortization
EBT Earnings Before Tax
MBBR Moving Bed Biofilm Reactor
MBR membrane bioreactor
NCF Net Cash Flow
NPV Net Present Value
OPEX Operating Expenses
PBCM Process-based cost model
QE Quantum efficiency
TOU Time of use

Appendix A
Appendix A.1. Operating Revenue

The project generates revenue solely from wastewater treatment service fees. The
unit charge is set at 3.00 CNY per m3, as stipulated by the Jiangsu Provincial Measures
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for the Collection and Use of Wastewater Treatment Fees. This rate is consistent with
the standard tariffs for industrial-scale treatment facilities in the region and reflects a
balance between cost recovery and regulatory affordability. With a design capacity of
10,000 m3/d and assuming full utilization, the annual operating revenue is estimated at
10.95 million CNY.

Appendix A.2. Operating Costs

Appendix A.2.1. Annual Electricity Cost for the Project

Photocatalytic processes are inherently limited by low QE, necessitating high-power
irradiation to achieve target pollutant removal rates at scale. To address this, the system
employs a UVA-LED array (365 nm) selected for its energy efficiency and operational
durability. The total installed electrical load is 280 kW, comprising 80 kW for the photo-
catalytic unit and 200 kW for auxiliary systems (pumps, blowers, and control systems).
This power allocation is consistent with energy profiles observed in comparable A2/O-
MBR installations [94], adjusted for the enhanced photon utilization of the proposed
reactor design.

Electricity costs were calculated using the latest time-of-use (TOU) tariff structure
for industrial users, as stipulated in Document No. [2025] 426 issued by the Jiangsu
Provincial Development and Reform Commission. The facility operates under a two-
part tariff (energy + capacity charges) at the 1–10 kV voltage level, with a contracted
capacity of 400 kVA. The base electricity price during the flat period was calculated as
0.5497 CNY/kWh, comprising the grid access charge (0.3910 CNY/kWh), transmission
and distribution fee (0.1357 CNY/kWh), and additional surcharges (0.0230 CNY/kWh).
Time-of-use tariffs were applied according to seasonal operational profiles: during summer
and winter (181 days), the daily load was distributed across critical peak (3 h), peak (5 h),
flat (8 h), and off-peak (8 h) periods; during spring and autumn (184 days), the distribution
was peak (7 h), flat (8 h), and off-peak (9 h). Based on continuous operation at 280 kW, the
annual energy charge amounted to 1.4045 million CNY, with an additional 0.1536 million
CNY in capacity charges (400 kVA × 32 CNY/kVA/month × 12 months), yielding a total
annual electricity cost of 1.5581 million CNY, equivalent to an effective average electricity
rate of 0.636 CNY/kWh (Calculation steps are summarized in Tables A1–A4).

Table A1. Determination of Base Tariff and Price Fluctuation Ratios.

Parameter Basis/Source Value/Result

Voltage level Project design assumption 1–10 kV
Billing mechanism Determined by project scale Two-part tariff

Transmission and distribution price
Jiangsu Grid Transmission and

Distribution Price Table, 1–10 kV
two-part tariff

0.1357 CNY/kWh

Grid-connected electricity price Benchmark coal-fired power price in
Jiangsu Province 0.3910 CNY/kWh

Additional surcharge Capacity cost allocation for natural gas
power generation 0.0230 CNY/kWh

Base price (Flat period) Sum: Transmission + Grid-connected +
Surcharge 0.5497 CNY/kWh

Peak/Off-peak fluctuation ratio Two-part tariff system Peak: 80%; Off-peak: −65%
Critical peak/Deep off-peak ratio Applicable to industrial loads >315 kVA Critical peak: 20% above peak price

Notes: All prices are in CNY. The two-part tariff system includes both energy-based (kWh) and capacity-based
(kVA) charges. The critical peak pricing applies to industrial users with contracted capacity exceeding 315 kVA.
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Table A2. Calculation of Final Electricity Tariffs by Period.

Time-of-Use Period Calculation Formula Final Price (CNY/kWh)

Flat period 0.5497 (base) 0.5497
Off-peak period 0.5497 × (1 − 65%) 0.1924

Peak period 0.5497 × (1 + 80%) 0.9895
Critical peak period 0.9895 × (1 + 20%) 1.1874

Table A3. Seasonal and Time-of-Use-Based Annual Energy Charge Calculation.

Season Time Period Daily Duration
(h) Days Energy Charge Formula

(CNY)
Total Energy Charge

(Million CNY)

Summer/Winter Critical peak 3 181 3 h × 181 d × 280 kW ×
1.1874 CNY/kWh 0.18

Peak 5 181 5 h × 181 d × 280 kW ×
0.9895 CNY/kWh 0.25

Flat 8 181 8 h × 181 d × 280 kW ×
0.5497 CNY/kWh 0.22

Off-peak 8 181 8 h × 181 d × 280 kW ×
0.1924 CNY/kWh 0.08

Spring/Autumn Peak 7 184 7 h × 184 d × 280 kW ×
0.9895 CNY/kWh 0.36

Flat 8 184 8 h × 184 d × 280 kW ×
0.5497 CNY/kWh 0.23

Off-peak 9 184 9 h × 184 d × 280 kW ×
0.1924 CNY/kWh 0.09

Total 365 Sum of all periods charges 1.41

Notes: The year is divided into two seasonal regimes: summer/winter (181 days) and spring/autumn (184 days).

Table A4. Calculation of Total Annual Electricity Cost.

Cost Category Basis/Formula Annual Cost
(Million CNY)

Annual energy charge From Table A3 1.41
Annual capacity charge 400 kVA × 32.0 CNY/month × 12 months 0.15

Total annual electricity cost Energy + Capacity charge 1.56
Equivalent average electricity price 1.56 million CNY/(280 × 24 × 365) kWh 0.636 CNY/kWh

Notes: The total annual electricity cost comprises two components: energy charge and capacity charge.

Appendix A.2.2. Labor and Maintenance Costs

Annual labor costs are budgeted at 0.48 million CNY for a team of four. Annual
maintenance costs are set at 0.30 million CNY, covering both conventional equipment
(e.g., pumps and blowers) and the specialized photocatalytic system. The former is esti-
mated at approximately 0.24 million CNY, derived from a 3% annual maintenance rate
applied to the 8 million CNY investment in conventional equipment. The latter, which
includes periodic LED cleaning, control system inspections, and sensor calibration, involves
low labor intensity and is projected at 0.06 million CNY.

Appendix A.3. Investment

Appendix A.3.1. Supporting Carrier

For a 10,000 m3/d water treatment plant, a high specific surface area (>500 m2/m3)
is essential to ensure sufficient contact time and reaction efficiency. A carrier volume
of 500 m3 aligns with typical HRT (e.g., 1–1.5 h) in industrial-scale systems. The unit
price of CNY 1200/m3 represents a moderate-to-low estimate within the industrial market
range (typically CNY 1000–2500/m3), reflecting cost-effective, commercially available
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honeycomb ceramics or structured packing materials with adequate mechanical strength
and porosity [95]. Therefore, the total carrier cost is estimated at 6 million CNY.

Appendix A.3.2. UVA-LED Light Sources

Industrial UVA-LED modules (365–385 nm), including drivers, liquid cooling, and
optics, are estimated to cost 8 million CNY for 80 kW of installed power (CNY 100/W). This
conservative unit cost accounts for industrial-grade components, thermal management,
and long-term reliability under continuous operation. Notably, this power demand is
lower than that of conventional UV-AOP systems, which typically require 100–200 kW for
comparable treatment capacity [96]. The reduction stems from the high QE of the tailored
photocatalyst and optimized reactor geometry, enhancing photon utilization and yielding
lower Lighting CAPEX and operational energy costs.

Appendix A.3.3. Catalyst

The catalyst loading of 730 kg (1.75 kg/m3) is based on a design approach informed by
pilot-scale immobilized TiO2 systems, which have demonstrated effective pharmaceutical
removal and scalability for real-world wastewater treatment applications [97,98]. The
catalyst is platinum-based with a Pt loading of 1 wt%. Based on the platinum market price
of CNY 241.92/g (source: Shanghai Gold Exchange), the raw material cost for the initial
charge is calculated to be approximately 1.77 million CNY. Accounting for synthesis, im-
mobilization, quality control, and engineering overheads, the total project cost is estimated
as 2.5 times the raw material cost, leading to an initial engineering market quotation of
4.43 million CNY for the catalyst system [99].

A catalyst replacement interval of 4 years is adopted as a conservative baseline for
the immobilized Pt/TiO2 system. This estimate is consistent with engineering extrap-
olations from long-term solar photocatalytic trials, which demonstrate sustained activ-
ity of TiO2-based photocatalysts over hundreds of hours [99]. For instance, pilot-scale
compound parabolic collector studies have reported negligible deactivation after several
hundred hours of continuous solar treatment of organic pollutants under natural sun-
light [100], while a solar-driven disinfection study using immobilized TiO2 showed only
a ~0.5 percentage-point decline in bacterial inactivation efficiency (from 99.9% to 99.4%)
after 250 h of operation [101]. Although these references focus on unmodified TiO2, the
incorporation of Pt is well documented to improve charge separation and mitigate photo-
corrosion, suggesting that Pt/TiO2 systems may achieve comparable or superior stability
under analogous operating conditions [102,103].

Critically, the catalyst’s service life depends on both periodic maintenance (e.g., rinsing
to mitigate fouling) and the quality of pre-treated feedwater, specifically its content of
sulfides, heavy metals, and suspended solids [104]. Therefore, to reflect this uncertainty,
a sensitivity analysis considering catalyst lifetimes between 2 and 6 years is provided
in Section 3.3.

Appendix A.3.4. Reactor System

The reactor structure, including the vessel, internal flow distributors, supports, and
integration components, is estimated at 8 million CNY. This estimate follows established
cost correlations for large-scale chemical process equipment [105], adjusted for the use of
stainless steel and custom fabrication.

Appendix A.3.5. Working Capital Reserve

A working capital reserve of 4 million CNY is included to ensure operational conti-
nuity during commissioning, maintenance, and supply chain disruptions. This amount
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represents approximately 15% of the total fixed capital investment, within the typical range
(10–15%) for industrial process facilities [106]. Given the reliance on high-value catalysts
and scheduled replacements, a slightly higher allocation is justified.

Appendix A.3.6. Depreciation and Amortization (D&A)

Straight-line depreciation is applied to all capitalized components over service lives
consistent with engineering and operational expectations [107]: 8 years for UVA-LED
systems, 4 years for the photocatalyst, and 10 years for the reactor and carrier support.
These replacement intervals follow typical design and replacement cycles reported for
photocatalytic and UV-AOP systems [95]. A 10% salvage value is assigned exclusively to
the reactor–carrier system, reflecting its longer durability and residual material value [107].
The resulting annual D&A charge amounts to 3.37 million CNY. Major reinvestments,
specifically catalyst replacement in Year 4 and LED module renewal in Year 8, are modeled
as discrete cash outflows, with platinum recovery from spent catalysts treated as a concur-
rent cash inflow. This approach ensures stable D&A for financial reporting while accurately
capturing the timing of major expenditures in the cash flow analysis.

Appendix A.4. Discount Rate

A 10% discount rate is consistent with the weighted average cost of capital estimates
for emerging low-carbon technologies under moderate risk assumptions [108]. While
higher rates (e.g., 12–15%) may apply under elevated risk perceptions, this base-case
value reflects a balanced assessment of technological maturity and financing conditions for
demonstration-scale deployments.

Table A5. Base-Case Parameters and Sources.

Category Parameter Base Value Unit Basis/Source

Capacity Design throughput 10,000 m3/d Project design specification
Horizon Project lifetime 10 years Base case
Financial Discount rate 10% — (Appendix A.4) [108]

Electricity TOU blended tariff 0.636 CNY/kWh
(Appendix A.2.1)
Jiangsu Provincial

Measures for the Collection
and Use of Wastewater

Treatment Fees
OPEX Annual Electricity Cost 1.56 million CNY

OPEX Labor costs 0.48 million CNY (Appendix A.2.2)
OPEX Maintenance Cost 0.30 million CNY
OPEX Annual base OPEX 2.34 million CNY

CAPEX Reactor System Cost 8.00 million CNY (Appendix A.3.4) [105]
CAPEX UVA-LED Light Sources 8.00 million CNY (Appendix A.3.2) [96]
CAPEX Carrier Support 6 million CNY (Appendix A.3.1) [95]
CAPEX Catalyst system 4.43 million CNY (Appendix A.3.3) [99]

CAPEX Working Capital
Reserve 4 million CNY (Appendix A.3.3) [106]

CAPEX Total initial CAPEX 30.43 million CNY Project budget
Depreciation Method Straight-line — Accounting policy
Depreciation Reactor System 10 years

(Appendix A.3.6) [99,107]Depreciation LED 8 years
Depreciation Catalyst 4 years
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Table A5. Cont.

Category Parameter Base Value Unit Basis/Source

Depreciation
Annual Depreciation

And Amortization
(D&A)

3.37 million CNY

Salvage Reactor + Carrier 10% of initial CAPEX

Platinum Initial Pt mass 7.30 kg
Based on 730 kg catalyst
bed with 1% Pt loading

(Appendix A.3.3) [82,83]

Platinum Pt market price 241.92 CNY/g

The average of the
end-of-month closing prices

from the Shanghai Gold
Exchange over the past

three years
(Appendix A.3.3)

Platinum Physical recovery rate 98% —
Appendix B [109]Platinum Service fee rate 10% —

Terminal Net Pt recovery 1.56 million CNY
Note: The parameters detailed above form the basis for subsequent sensitivity and scenario analyses, with a
particular focus on the catalyst replacement interval, discount rate, wastewater treatment fee, and platinum price
volatility. These are identified as key drivers of project economics.

Appendix B
Platinum recovery constitutes the primary economic benefit of catalyst recycling. An

overall platinum recovery rate of 98% is assumed, which is well supported by experimental
studies reporting platinum leaching efficiencies of up to 98.1% under optimized mild
leaching conditions [109]. When coupled with efficient downstream refining processes,
such high leaching performance enables near-complete metal recovery. Furthermore, a
service fee of 10% of the recovered platinum’s market value is consistent with industry
practice, commonly applied in third-party precious metal recycling agreements to cover
processing, logistics, and operational overhead costs.

Table A6. Calculation of Net Platinum Recovery Revenue from Spent Catalyst.

Description Symbol Value/Formula Result (Million CNY)

Input Parameters
Initial Platinum Mass MPt,initial 7.30 kg —
Platinum Market Price PPt 241.92 CNY/g —
Physical Recovery Rate ηphysical 98% —
Service Fee Rate fservice 10% —

Calculation
Gross Market Value Vgross MPt,initial × ηphysical × PPt 1.73
Service Charge Cservice Vgross × fservice 0.17
Net Recovery Revenue Rnet,recovery Vgross-Cservice 1.56

Appendix C

Table A7. Comparison of Methodological Features Between Conventional LCA/LCCA approaches
and the Proposed Dynamic NPV Framework.

Feature Typical LCA/LCCA Studies This Study’s Dynamic NPV Framework

Time resolution Static or annual average Annual cash flows with explicit replacement
years (Y4, Y8)

Catalyst cost treatment Fixed OPEX or lumped CAPEX Dynamic replacement + Pt recovery credit
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Table A7. Cont.

Feature Typical LCA/LCCA Studies This Study’s Dynamic NPV Framework

Technical constraints Frequently simplified or assumed
within nominal operating ranges

Explicitly bounded by COD, turbidity, poison
limits (Section 2.1.1)

Revenue stream Rarely included Treatment fee + Pt salvage value
Decision output Environmental impact/total cost NPV, break-even thresholds, sensitivity rankings
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