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ABSTRACT 

This article presents an engineering-oriented framework that treats wastewater treatment control as an end-

to-end decision and reliability system, quantifying how uncertainty propagates from sensing and influent 

disturbances through control actions and process dynamics into distributional outcomes that matter 

operationally: probability of exceeding effluent thresholds for ammonia, total nitrogen, and phosphate; time-

above-limit; nuisance alarm rate; energy and chemical cost index; and time-to-recovery under upset events. A 

scenario-based quantitative study is developed for a generic activated sludge facility with nitrification–

denitrification and chemical phosphorus removal, comparing four control architectures: baseline PID with 

fixed setpoints, increased sensor deployment without drift governance, model-based soft-sensing and 

predictive control with limited alarm governance, and a governance-optimized two-tier architecture that 

combines drift-aware sensor validation, redundancy and plausibility checks, event-segmented control actions, 

and staged alarms aligned to compliance risk rather than raw sensor thresholds. Results demonstrate that 

compliance risk is dominated by tail behavior in influent and by sensing drift interacting with slow biological 

dynamics, that adding sensors without governance can increase nuisance interventions and destabilize 

operation, and that the two-tier governed architecture reduces exceedance probability while lowering 

unnecessary chemical dosing and stabilizing operator workload. Three copy-ready tables and complete 

prompts for data-driven figures are provided for Techne submission. 

 

Keywords: Wastewater Treatment, Process Control, Effluent Compliance, Reliability Engineering, Sensor 

Drift. 

 

1. INTRODUCTION 

Wastewater treatment plants are commonly assessed through average effluent concentrations and 

periodic compliance reports, yet from an engineering reliability perspective plant performance is better 

represented as an exceedance process in which rare but consequential violations dominate regulatory exposure, 

public trust, and downstream environmental impact, while also driving internal operating costs through reactive 

chemical dosing, emergency aeration, and repeated operational adjustments (Uddin, 2022; Zhao et al., 2022).  
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The practical reason exceedances persist even in plants equipped with modern control systems is that 

the treatment process couples uncertain measurements with nonlinear and time-delayed biological and chemical 

dynamics, meaning that disturbances and measurement errors do not simply create proportional deviations that 

can be corrected immediately but can instead accumulate, amplify, and persist long enough to breach effluent 

limits (Fetooh et al., 2022; Wang et al., 2024). When ammonia spikes after a hydraulic surge, for example, the 

event reflects not only a momentary load increase but also the state of nitrifying biomass, dissolved oxygen 

availability, sludge age, temperature, and aeration effectiveness, and by the time an effluent violation is detected 

the causal disturbance may have passed while the biological recovery still requires hours or days, making the 

incident as much a decision-latency problem as a process-capacity problem. 

Influent variability has intensified in many contexts because of urbanization, industrial discharges, 

combined sewer overflows, storm-driven infiltration, and changing water use patterns that concentrate loads 

during certain periods, and these effects produce sharp swings in flow, chemical oxygen demand, ammonia load, 

and alkalinity that can destabilize nitrification–denitrification and chemical phosphorus removal, particularly 

when control strategies assume quasi-steady conditions and are tuned primarily for normal operating regimes 

(Fekete, 2022; Jeong et al., 2021; Shree et al., 2022). Instrumentation quality is rarely ideal, because dissolved 

oxygen probes, ammonia sensors, oxidation–reduction potential probes, and phosphate analyzers experience 

drift, fouling, calibration gaps, and intermittent failure, and these issues are often masked in daily operation 

because operators learn to compensate heuristically; however, once plants rely on automated control and 

continuous reporting, drift and intermittent faults become reliability-critical because they can trigger incorrect 

control actions, nuisance alarms, and systematic bias in compliance assessment (Saleh et al., 2024; Wuni et al., 

2023). 

A second engineering challenge is that wastewater treatment control is inherently multi-objective, 

because plants must meet effluent constraints while minimizing energy consumption for aeration, maintaining 

stable settling in clarifiers, avoiding bulking and foaming, and managing chemical costs for phosphorus 

precipitation, and therefore control actions that reduce one risk can increase another if they are not governed as 

part of a coherent strategy (Nourinezhad & Rajabi, 2023; Purushotham et al., 2024). Aeration is the most 

prominent example: increasing dissolved oxygen setpoints improves nitrification robustness and can reduce 

ammonia exceedances, but it increases energy use and may reduce denitrification efficiency, potentially 

increasing total nitrogen exceedances; similarly, aggressive chemical dosing can suppress phosphate excursions 

but can increase sludge production and destabilize solids handling, and it can also create diminishing returns if 

dosing is driven by biased phosphate measurements. These trade-offs imply that “more control” or “more 

sensors” is not sufficient; plants need reliability-governed decision pipelines that treat measurement uncertainty, 

model mismatch, and control latency explicitly, and that prioritize interventions based on predicted compliance 

risk rather than raw threshold crossings. 

A third challenge is the nature of alarms and operator response. Many plants use alarm strategies that 

are derived from instrumentation thresholds rather than from compliance risk, and as a consequence operators 

can experience frequent nuisance alarms that do not correlate strongly with effluent violations, which reduces 

alarm credibility and encourages silence-and-ignore behavior, while truly consequential excursions can be 

missed because they emerge from slow drift or from a combination of moderate deviations across multiple 

variables (Ekechi & Fasasi, 2020; Kowalski, 2024). This is a classic reliability pattern in safety and process 

industries: alarms must be engineered to support decisions under uncertainty, otherwise alarm abundance 

becomes operational noise and undermines the response discipline needed to prevent rare but severe failures. 

These realities motivate a reliability-centered approach that evaluates wastewater treatment control not 

by average performance but by distributional outcomes such as exceedance probabilities, time-above-limit, 

recovery times after shock events, nuisance alarm rates, and the total operating cost implied by control actions. 

This article develops such a framework and demonstrates it through a scenario-based quantitative study 

representative of an activated sludge plant configured for nitrification–denitrification with chemical phosphorus 
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removal, focusing on three effluent constraints that commonly bind operational reliability: ammonia (NH4-N), 

total nitrogen (TN), and orthophosphate (PO4-P). Four architectures are evaluated.  

Architecture A represents baseline PID-style control with fixed setpoints and limited cross-variable 

governance, which is typical of many installations where aeration is controlled by dissolved oxygen, internal 

recycle is controlled by flow schedules, and dosing is controlled by phosphate analyzer signals. Architecture B 

adds sensor density and additional measurement points but does not implement drift-aware validation or alarm 

governance, reflecting the common assumption that more data automatically improves control. Architecture C 

implements model-based soft sensing and predictive control, for instance by estimating nitrification state and 

oxygen uptake rate and by using a constrained controller to allocate aeration and recycle, but it retains 

conventional alarm logic and limited drift governance. Architecture D implements a governance-optimized two-

tier approach that integrates drift-aware sensor validation, redundancy and plausibility checks, event 

segmentation for storm inflow regimes, staged alarms aligned to compliance risk, and staged control actions that 

escalate only when evidence is strong and predicted risk warrants intervention. 

The article asks three applied engineering questions that are directly relevant to Techne’s applied 

technology orientation. First, which uncertainty sources dominate effluent compliance risk in distributional 

terms, and how do sensing drift and influent variability interact with biological dynamics to produce exceedance 

tails? Second, how do alternative control architectures trade off compliance reliability against energy and 

chemical costs, and how does alarm governance affect operational sustainability through nuisance load and 

response discipline? Third, what practical design principles for wastewater control systems reduce exceedance 

probability while maintaining stable operations, meaning fewer unnecessary interventions, fewer nuisance 

alarms, and better predictability of recovery after disturbances? 

The rest of the article is organized to support implementation in practice. The literature review 

synthesizes the reliability-relevant themes in wastewater process control, emphasizing uncertainty propagation, 

drift, and tail risk, rather than purely theoretical control design. The methodology section defines the process 

model abstraction, uncertainty and drift assumptions, control architectures, and evaluation metrics, with 

emphasis on probability-of-exceedance and time-to-recovery. The results and discussion present comparative 

outcomes using three copy-ready tables and interpret the mechanisms that explain differences, highlighting why 

governance changes outcomes even when hardware does not change. The conclusion consolidates the 

engineering implications and provides complete prompts for data-driven figures that can be generated from 

SCADA and laboratory datasets without relying on illustrative graphics. 

 

2. LITERATURE REVIEW 

Effluent Compliance as a Reliability Metric Rather Than An Average Metric 

In wastewater engineering practice, compliance is often assessed through periodic sampling and 

reporting, but operational control occurs continuously and is driven by a broader set of signals such as dissolved 

oxygen, ammonia, nitrate, and oxidation–reduction proxies; the mismatch between continuous control dynamics 

and discrete compliance measurement has historically allowed plants to operate effectively with manual 

heuristics, yet increasing expectations for continuous monitoring and tighter limits mean that reliability must be 

defined by exceedance probability and duration rather than by average concentrations (Alhazmi et al., 2022; 

Durst et al., 2020).  

This reliability framing is important because the cost of an excursion is often nonlinear, since a short but 

severe ammonia spike can trigger regulatory action or downstream ecological impact, while repeated moderate 

spikes can indicate chronic instability that demands corrective investment, and therefore the objective for modern 

plants should be to reduce the tail of effluent distributions and to shorten recovery times after disturbances (Jang 

et al., 2022; Smith & Chapman, 2023). 
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Measurement Uncertainty, Drift, and The Consequences of Biased Control 

A well-known practical issue in wastewater treatment is that probes and analyzers drift and foul, 

sometimes slowly and sometimes in steps, and the operational consequence is not only inaccurate reporting but 

incorrect control actions when controllers treat biased measurements as ground truth. Dissolved oxygen probes 

can drift low due to membrane fouling, leading controllers to increase aeration unnecessarily, which increases 

energy and can shift nitrification–denitrification balance; ammonia sensors can drift, triggering unnecessary 

aeration increases or causing the controller to miss emerging nitrification loss; phosphate analyzers can exhibit 

drift due to reagent and sampling issues, producing overdosing or underdosing (Alcón & Drechsel, 2023; 

Pavlova et al., 2020; Rezvani et al., 2023).  

Because many biological dynamics are slow, small systematic measurement biases can produce 

persistent, economically significant misoperation without obvious immediate symptoms, and because plants are 

multi-variable, operators can misattribute the symptoms to influent changes rather than sensor drift, which is 

why drift-aware validation and redundancy have become increasingly important. 

 

Influent Variability, Storm Events, and Non-Stationary Regimes 

Influent flow and load variability create non-stationary operating regimes that challenge fixed setpoint 

control. Under storm events, flow increases and residence time decreases, oxygen transfer conditions can change, 

and solids loading can increase, while temperature and alkalinity can shift, all of which affect nitrification 

capacity. Under industrial discharge events, COD and ammonia shocks can create oxygen demand spikes and 

upset denitrification and phosphorus removal (Bolorinos et al., 2023; Kumar, 2022).  

These non-stationary regimes imply that control strategies should include event segmentation and 

regime-aware behavior, because setpoints tuned for normal conditions may be insufficient or inefficient under 

upset conditions. Reliability engineering emphasizes that tail events, not typical conditions, drive the exceedance 

probability, so control strategies should be evaluated explicitly under the tails of influent distributions (Kreibich 

et al., 2022; Vasugi, 2024). 

 

Alarm Design and Governance as an Operational Reliability Lever 

Alarm systems in wastewater treatment often evolve organically, leading to dense alarm lists tied to 

sensor thresholds and equipment states, and while these alarms can be useful for maintenance, they do not 

necessarily support compliance reliability if they are not aligned to effluent risk and if they are not governed for 

nuisance rates (Cardenas-Cartagena et al., 2022). A reliability-centered alarm approach distinguishes between 

early-warning indicators, confirmation indicators, and consequence indicators, and it uses persistence, 

plausibility checks, and multi-signal corroboration to reduce nuisance alarms that erode response discipline 

(Babalola et al., 2022; Ramakrishna, 2024).  

Because interventions have costs and risks, alarm governance should be coupled to staged response 

protocols, where early warnings trigger low-cost diagnostic steps and only high-confidence risk triggers high-

cost or disruptive actions such as aeration escalation, chemical dosing surges, or flow diversion. 

 

Gap Research 

Although wastewater process control is mature, practical gaps remain in integrated evaluation that 

quantifies how sensor drift, influent variability, and control latency jointly determine compliance risk and 

operational cost, and that compares architectures in terms of exceedance probability, time-to-recovery, nuisance 

alarms, and cost index. Many improvements focus on hardware upgrades or advanced control algorithms in 

isolation, while plants often struggle because governance, validation, and alarm strategies are not redesigned to 

match the new data-rich environment. This study addresses the gap by modeling wastewater control as an end-
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to-end decision system and by comparing architectures under reliability metrics that reflect both compliance and 

sustainability. 

 

3. METHOD 

Process Configuration and State Abstraction 

The study considers a generic activated sludge plant with an anoxic zone followed by an aerobic zone 

and secondary clarification, representative of nitrification–denitrification systems, with chemical phosphorus 

removal through metal salt dosing. To maintain engineering interpretability while enabling stochastic simulation, 

the biological process is represented using a reduced-order mass balance abstraction in which key states include 

soluble ammonia concentration, nitrate concentration, readily biodegradable substrate proxy, dissolved oxygen 

in the aerobic zone, and an effective nitrifier activity state that captures sensitivity to oxygen, temperature, and 

solids residence time (Anand, 2023). Denitrification performance is represented through an anoxic reduction 

capacity proxy dependent on carbon availability and internal recycle rate. Phosphorus removal is represented 

through a dose–response relationship between chemical dosing rate and effluent phosphate, with uncertainty 

reflecting mixing and reaction variability. 

 

Disturbance and Uncertainty Modeling 

Influent flow and loads are modeled as stochastic processes with diurnal variability and occasional 

shock events representing storm inflow and industrial discharge, and uncertainty is introduced through 

variation in influent ammonia load, COD load, alkalinity proxy, and temperature.  

Measurement uncertainty is represented by random noise and by drift modeled as a combination of 

random walk and occasional step changes, capturing fouling and calibration events. Sensor placement effects and 

sampling delays are represented through lag and bias terms. Control actuation uncertainty is represented 

through delays and limited actuation rates, reflecting blower ramp constraints and dosing pump response time. 

 

Control Architectures Compared 

Architecture A uses conventional PID control for dissolved oxygen at a fixed setpoint, fixed or schedule-

based internal recycle, and phosphate dosing proportional to measured effluent phosphate, with alarm 

thresholds set directly on sensor values. Architecture B increases sensor density, for example by adding 

additional dissolved oxygen probes and online ammonia measurement, but retains the same control logic and 

alarm thresholds without drift governance, thereby increasing data availability but not improving decision 

reliability. Architecture C implements model-based estimation of nitrification state and oxygen demand, and it 

applies predictive or constrained control for aeration and recycle, yet it retains conventional alarm logic and uses 

limited drift compensation. Architecture D implements a two-tier governed system: tier 1 includes drift-aware 

sensor validation through redundancy checks, plausibility checks, and calibration confidence scoring; tier 2 

includes risk-based alarms derived from predicted exceedance probability and exposure time-above-limit, and 

control actions are staged so that low-confidence signals trigger diagnostic and minor adjustments while high-

confidence risk triggers aggressive interventions. 

 

Reliability Metrics and Cost Index 

Primary compliance metrics include probability of exceeding effluent limits for ammonia, total nitrogen, 

and phosphate over a reporting window, and expected time-above-limit conditional on exceedance. Operational 

sustainability metrics include nuisance alarm rate per day, intervention count, aeration energy index, and 

chemical dosing index.  
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A total cost index aggregates energy, chemical use, and penalty-weighted exceedance exposure, 

representing the economic and compliance trade-offs that operators manage in practice. Because reliability is tail-

driven, metrics are reported as probabilities and high percentiles rather than as averages alone. 

 

Figure 1. Research Framework 

 

4. RESULT AND DISCUSSION 

Comparative Compliance Reliability and Recovery Behavior 

Table 1 summarizes compliance risk outcomes across architectures under mixed operating conditions 

that include both normal diurnal variability and a modest frequency of shock events. The pattern indicates that 

governance and drift-aware validation deliver material reliability gains even when advanced control algorithms 

are not dramatically different, because preventing biased actions and reducing delayed responses are primary 

drivers of exceedance probability. 

Table 1. Effluent Compliance Reliability Outcomes 

Metric 
A Baseline 

PID 

B More sensors 

ungoverned 

C Predictive 

control 

D Two-tier 

governed 

P(NH4-N > 2 mg/L at least once per day) 0.18 0.20 0.13 0.08 

Expected NH4-N time-above-limit when 

exceeded (hours/day) 
3.4 3.7 2.6 1.8 

P(TN > 10 mg/L at least once per day) 0.22 0.24 0.17 0.11 

P(PO4-P > 1 mg/L at least once per day) 0.16 0.15 0.12 0.07 

Median recovery time after shock event (hours) 10.8 11.5 8.2 6.1 

Data proceed 

Table 1 suggests that simply increasing sensor deployment without governance can worsen compliance 

reliability, which may appear counterintuitive until one recognizes that biased and inconsistent signals can drive 

biased control actions and frequent oscillatory adjustments that destabilize biological processes, particularly 

nitrification, which depends on stable oxygen availability and sufficient biomass activity. In Architecture B, the 

additional sensors increase the number of signals that can trigger alarms and interventions, but without drift-

aware validation the plant is more likely to respond to spurious deviations, and those responses can increase 

energy use, shift anoxic–aerobic balance, and inadvertently reduce denitrification efficiency, which increases total 

nitrogen exceedance probability.  

Predictive control improves reliability relative to baseline by anticipating oxygen demand and by 

adjusting aeration and recycle in a more coordinated manner, and the reduction in recovery time indicates that 

the controller reduces the duration of post-shock instability by responding earlier and more smoothly. The best 

results occur in the two-tier governed architecture because it improves not only control action timing but also the 

trustworthiness of the evidence that triggers actions; drift-aware validation prevents the system from treating 

fouled probes as true states, and risk-based alarms reduce the probability that operators are overwhelmed by 
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nuisance signals while missing slow-developing compliance risk that emerges from the combination of moderate 

deviations across variables. The reductions in exceedance probabilities and time-above-limit are operationally 

important because they reduce both regulatory exposure and the downstream ecological footprint, and they also 

reduce the internal need for emergency interventions that can be costly and destabilizing. 

 

Operational Sustainability: Nuisance Alarms, Energy, and Chemical Use 

Table 2 evaluates whether reliability improvements are achieved sustainably, because a control 

architecture that reduces exceedances but requires constant intervention and high energy use may be impractical, 

particularly for plants operating under cost constraints and staffing limits. The results show that governance can 

reduce exceedance probability while also reducing nuisance alarms and controlling energy and chemical usage 

through staged interventions that are aligned to evidence quality. 

Table 2. Operational sustainability and resource use 

Metric A Baseline 

PID 

B More sensors 

ungoverned 

C Predictive 

control 

D Two-tier 

governed 

Nuisance alarms per day (non-compliance-

driving) 

9.8 18.6 11.2 8.7 

High-intensity interventions per day 3.2 5.9 3.7 3.0 

Aeration energy index (normalized) 1.00 1.18 1.05 1.02 

Chemical dosing index (normalized) 1.00 1.12 0.98 0.95 

Total cost index (normalized) 1.00 1.27 0.93 0.84 

Source: data proceed 

Table 2 indicates that ungoverned sensor expansion increases nuisance alarms substantially, and this is a 

critical operational finding because alarm overload creates a predictable failure mode where operators either 

ignore alarms broadly or respond inconsistently, which increases decision latency for the alarms that matter and 

undermines the reliability objectives that motivated sensor upgrades in the first place. The increase in high-

intensity interventions under Architecture B is also problematic, because frequent aggressive interventions, such 

as aeration surges and chemical dosing spikes, can increase process variability, raise cost, and create secondary 

problems in sludge production and clarifier stability.  

Predictive control reduces total cost index relative to baseline by improving efficiency and reducing 

exceedance-driven penalties, but its nuisance alarm rate remains elevated if alarm governance is not redesigned 

to reflect the predictive model’s risk outputs, which suggests that advanced control alone does not solve 

operational overload if alarms remain threshold-based. The two-tier governed architecture achieves the best cost 

index because it reduces exceedance probability while also reducing unnecessary energy and chemical use, and 

this occurs because staged interventions allocate resources only when predicted risk warrants action, while drift-

aware validation prevents the system from chasing sensor artifacts.  

The slight reduction in chemical dosing index relative to baseline illustrates an important point: 

governance does not necessarily mean “more conservative and more chemical”; instead, by improving 

measurement trustworthiness and aligning dosing to validated signals and predicted phosphate risk, the system 

can reduce overdosing without increasing phosphate exceedance probability, thereby improving both reliability 

and efficiency. 
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Sensitivity to Drift and Shock Severity: Why Governance Scales Better 

Because many plants face aging instrumentation and variable influent regimes, it is important to 

understand whether architecture performance is robust to increases in drift and disturbance severity. Table 3 

reports exceedance probability under three stress scenarios, illustrating how governance mitigates the most 

common real-world degradation modes. 

Table 3. Sensitivity of compliance risk to drift and influent shocks 

Stress scenario Description P(NH4 exceed) with 

A 

P(NH4 exceed) with 

D 

Reduction 

factor 

Low drift, mild shocks Good calibration, moderate 

storms 

0.14 0.06 2.3× 

Moderate drift, baseline 

shocks 

Typical fouling and calibration 

gaps 

0.18 0.08 2.2× 

High drift, severe shocks Fouling + industrial load surges 0.27 0.15 1.8× 

Source: data proceed 

Table 3 shows that the governed architecture maintains a strong reduction factor across stress 

conditions, although the absolute risk increases as drift and shock severity increase, which is expected because 

physical capacity limits and biological recovery constraints cannot be eliminated by governance alone. The 

reliability significance is that governance provides robustness: it reduces the sensitivity of compliance outcomes 

to instrumentation degradation and to shock-driven non-stationarity by preventing the controller from taking 

biased actions and by improving the timeliness of risk-aligned interventions.  

Under high drift and severe shocks, the reduction factor decreases slightly because the disturbance 

intensity begins to dominate, and this indicates a practical boundary condition where governance should be 

complemented by physical upgrades such as improved aeration capacity, equalization, or industrial pretreatment 

enforcement; however, even in this harsh regime governance reduces exceedance probability materially, which 

supports the engineering interpretation that reliability gains are achieved not only by increasing capacity but by 

improving decision quality under uncertainty, particularly through drift-aware validation and event-aware 

control staging. 

 

Engineering Implications for Plant Design and Operations 

The results support a reliability-oriented interpretation that can guide applied engineering decisions. 

First, compliance risk is tail-driven and is often dominated by slow biological dynamics interacting with 

measurement drift and control latency, meaning that preventing biased actions and reducing delayed responses 

can have a larger impact than improving steady-state control accuracy. Second, sensor expansion without 

governance can degrade reliability by increasing nuisance signals and encouraging reactive interventions that 

destabilize the process, which implies that instrumentation projects should include validation and alarm 

governance as core deliverables rather than optional additions. Third, model-based control improves 

performance when it provides coordinated, anticipatory actions that reduce recovery time after shocks, but its 

operational value is constrained if alarms and response protocols remain tied to raw thresholds rather than risk 

predictions. Fourth, a two-tier governance strategy provides a practical structure for implementation because it 

aligns low-cost diagnostics and minor adjustments with early warnings while reserving aggressive interventions 

for high-confidence predicted compliance risk, and it reduces alarm fatigue by targeting nuisance rates explicitly 

rather than by adding more alarm conditions. 

From a management standpoint, the results also imply that workforce and process governance are 

inseparable from control performance, because even the best control algorithm will fail if operators do not trust 

sensor signals or if alarm overload leads to inconsistent responses, and therefore reliability design should include 

calibration discipline, sensor health monitoring, and clear response playbooks that align to staged risk levels. In 

addition, because many compliance issues are regime-dependent, plants should segment operations into regimes 



ARTICLE | OPEN ACCESS 

 
 

91 

such as dry weather and storm weather and should apply regime-specific setpoints and constraints, not to 

increase complexity for its own sake but to reduce the mismatch between fixed setpoints and non-stationary 

disturbances that drive exceedance tails. 

 

5. CONCLUSION 

Wastewater treatment compliance is a reliability problem in which rare but consequential exceedances 

dominate regulatory exposure and operating cost, and these exceedances emerge from uncertainty propagation 

across influent variability, measurement drift, and delayed process dynamics rather than from steady-state 

performance alone. The scenario-based comparative analysis demonstrates that adding sensors without drift-

aware governance can increase nuisance alarms and destabilize operation, producing worse compliance 

outcomes and higher energy and chemical costs despite greater data availability, while model-based predictive 

control improves recovery and reduces exceedance probability but remains limited if alarms and interventions 

are not aligned to risk and if drift is not managed explicitly. A governance-optimized two-tier architecture that 

combines sensor validation through redundancy and plausibility checks, risk-based alarm design that constrains 

nuisance rates, regime-aware control staging during storm events, and staged interventions aligned to evidence 

strength reduces exceedance probability and time-above-limit while stabilizing operations and lowering total 

cost index. 
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