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SUMMARY: Under the background of the digital transformation of water resources asset
management, the traditional supervision model faces the problems of multi-source data
fragmentation, lagging accounting verification, and difficulty in coordinating economic
benefits and ecological constraints. This paper constructs a collaborative optimization model
of accounting supervision of water resources assets and water conservancy economy powered
by digital twin technology, and forms an overall framework around "physical basin system-—
digital twin virtual mirror—data-driven decision-making layer". The model integrates
hydrological monitoring, project operation, accounting books, tax payment and water quality
ecological data, and realizes the dynamic mapping of water resources assets through
standardized processing, spatio-temporal fusion and virtual mirror status update. At the
regulatory level, the accounting deviation calculation, dynamic threshold, isolated forest
anomaly score and comprehensive risk index were introduced to complete the intelligent

identification of water withdrawal, water charges, taxes, water quality and asset amortization.

At the optimization level, NSGA-II and reinforcement learning are combined to construct a
collaborative decision-making model that takes into account economic net benefits,
ecological health, water balance, water quality constraints and accounting compliance. The
experimental results show that the accuracy of model supervision reaches 83.3%, which is
12.1 percentage points higher than that of manual auditing, and the false negative rate is
reduced to 6.7%. The collaborative optimization scheme achieved 112.7 billion CNY
cumulative net economic benefits, the ecological health index remained at 0.83, and the
collaborative score remained stable in sensitivity analysis. The research can provide technical
support for the fine supervision of water resources assets, the optimization of water
conservancy economy and the collaborative management of basin ecology.

KEYWORDS: Water Resources Assets; Digital Twin; Accounting Supervision; Synergistic
Optimization

1 Introduction

Water resources are not only basic natural resources that support the operation of economy
and society, but also important assets with scarcity, publicity and value attributes. With the
intensification of basin development, the continuous change of water use structure and the
increasing constraints of ecological protection, the traditional water resources management is
facing obvious pressure[1]. On the one hand, the data of hydrological monitoring, project
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operation, water intake measurement, financial accounting and ecological supervision are
scattered in different departments and systems, and the data format, update frequency and
management caliber are inconsistent, which makes it difficult to reflect the state of water
resources assets in a timely and accurate manner[2, 3]. On the other hand, the existing
accounting supervision still relies more on manual filling, regular verification and post-audit,
and it is difficult to find problems such as water measurement deviation, abnormal fee
payment, distortion of asset value changes and insufficient implementation of ecological
compensation responsibility in time[4]. It is also difficult to coordinate the economic
development of water conservancy and ecological protection. If the income of water supply,
irrigation benefit and project operation income are overemphasized, the space of ecological
water use may be compressed and the risk of water quality will increase[5]. If the ecological
constraint is too rigid, it may affect the rational production and living water use and the
comprehensive benefit release of water conservancy projects[6, 7]. Therefore, how to realize
intelligent accounting supervision, optimization of water economic benefits and coordination
of ecological security constraints on the basis of dynamically sensing the state of water
resources assets has become an important problem to be solved urgently in water resources
asset management.

Digital twin technology provides a new technical path for the transformation of water
resource asset management mode. By constructing the real-time mapping relationship
between the physical watershed and the virtual model, the technology unifies the hydrological
process, project operation state, water use behavior, asset value change and ecological
environment indicators into a visual, computable and deducable digital space. Compared with
traditional static management methods, digital twin can not only realize the dynamic tracking
of water resource asset stock, flow and value magnitude, but also support multi-source
heterogeneous data fusion, abnormal state recognition, scenario simulation and optimization
decision-making[8]. Applying it to the accounting supervision of water resources assets, it
can open up the association relationship between hydrological monitoring data, project
scheduling data, water measurement data, financial account book data and tax collection data,
and make the account verification turn to real-time comparison and automatic early warning
after random check[9]. By applying it to the collaborative optimization of water conservancy
economy and ecological protection, the effects of different water pricing strategies, ecological
water supply schemes, project investment plans and water withdrawal regulation routes on
economic benefits and ecological status can be simulated in the virtual environment, and more
forward-looking decision-making basis can be provided for managers[10].

Focusing on the digital transformation of water resources asset management, existing
studies have explored digital twin water conservancy, project operation supervision, water
resources asset accounting, natural resources auditing, optimal allocation of water resources,
and ecological constraint scheduling. These studies provide an important basis for intelligent
perception of water conservancy projects, simulation analysis of river basins, asset value
assessment and water resource scheduling optimization. However, from the perspective of
existing research, there is still a certain dispersion of related results. Some studies focus on
the construction of digital twin platform and the reconstruction of engineering scenes, and the
embedding of accounting supervision business logic is insufficient. Some studies focus on
water resources asset accounting and audit index system, but lack real-time data-driven
intelligent identification mechanism. Some other studies focus on the optimal allocation of
water resources, but the unified modeling of asset value changes, compliance regulation and
ecological constraints is insufficient. It can be seen that there is still room for further research
on the integration of digital twin technology, accounting regulatory mechanism and
economic-ecological collaborative optimization method into the same model framework.
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Based on the above problems, this paper constructs a collaborative optimization model of
water resource asset accounting supervision and water conservancy economy powered by
digital twin technology. Based on the basic framework of "physical system-digital twin
virtual mirror—data-driven decision-making", this paper integrates multi-source data such as
hydrology, engineering, economics, accounting and ecology, and constructs a digital twin
virtual mirror that can reflect the dynamic changes of water resources assets. On this basis, an
intelligent accounting supervision model for account-real comparison, deviation identification,
abnormal early warning and audit traceability is designed to improve the real-time
performance and accuracy of water resources asset supervision. A collaborative optimization
model integrating economic benefits, ecological water demand, water quality constraints and
engineering capabilities is further constructed, and a balance scheme between water economic
development and ecological protection is sought through multi-objective optimization and
dynamic simulation. The results can provide technical support for the fine supervision of
water resources assets, the high-quality development of water conservancy economy and the
collaborative management of basin ecological security.

2 Theoretical Foundation and Key Technologies

2.1 Digital Twin Architecture for Water Resources Asset Management

The core of digital twin technology applied to water resource asset management is to map the
basin physical space, project operation process, water use behavior change and asset value
information into a computable virtual environment. The water resources system has the
characteristics of strong spatiotemporal fluctuation and multi-objective constraint, and there
are complex coupling relationships between surface water and groundwater allocation, project
scheduling, ecological protection and economic benefits. Naghdi et al. pointed out that the
joint allocation of surface water and groundwater needs to deal with the balance of supply and
demand, resource utilization efficiency and multi-objective trade-off problems at the same
time, and the multi-objective optimization method can provide strong scheme search ability
for complex water resources system [11]. Banadkooki et al. believe that the optimal allocation
of regional water resources cannot be separated from the framework of integrated water
resources management, and it is necessary to integrate basin water supply capacity, industrial
demand, ecological constraints and management policies into the analysis process, so as to
improve the adaptability and implementation effect of allocation schemes [12]. These studies
show that digital twin is not only a 3D visualization display tool, but also a comprehensive
technical environment connecting real-time perception, dynamic modeling and intelligent
decision-making.

In the digital twin architecture, the physical layer is mainly responsible for the collection
of water level, flow, water quality, engineering equipment status and water metering data,
forming a real-time perception of the operating status of the basin. The data layer completed
multi-source data cleaning, spatio-temporal alignment and standardization processing to solve
the data caliber differences between different departments and different systems. The model
layer integrates hydrological simulation, project scheduling, asset measurement and
economic-ecological optimization models, so that the state of water resources assets can be
dynamically deduced and quantitatively analyzed. The application layer is for regulatory early
warning, asset tracking, scenario deduction and decision support. Through the closed-loop
operation of "perception-modeling-simulation-feedback™, the digital twin platform can
provide continuous, dynamic and traceable data support for the accounting supervision and
collaborative optimization of water resources and assets. Figure 1 illustrates the multi-layered
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architecture of digital twin technology in water resources management and its data flow,
clearly presenting the functional boundaries and data interaction paths of each layer.

Application Asset Visual Intelligent Accounting Collaborative Decision Support
Layer Tracking Supervision Optimization Simulation System
Hydrological and Water Conservancy Accounting Economic-Ecological
Model Layer Hydraulic Model Engineering Model Supervision Model Optimization Model
Data Collection and Multi-source Data Real-time Database Historical Database
[Data Layer Cleaning Fusion
. ; ; Water Metering Environmental
Physical . Engineering e . . .
[ Layer Hydrological Sensor Monitoring Bquipment Device Monitoring Station

Figure 1: Multi-layered Architecture of Digital Twin Technology for Water Resources
Management

2.2 The Connotation of Water Resources Asset Accounting Supervision

Water resource asset accounting supervision is a management activity that continuously
confirms, measures, records and checks the water resource stock, flow, value, income change
and usage compliance. Different from the traditional supervision methods which mainly focus
on account book verification and stage audit, the accounting supervision under the digital
environment emphasizes more on the real-time comparison of accounting data, the automatic
identification of abnormal states and the traceability of the supervision process. Moudi et al.
pointed out that under uncertain environment, there is an obvious trade-off relationship among
water supply satisfaction, operation cost and resource allocation efficiency, and dynamic
multi-objective programming can provide a more flexible optimization path for the operation
decision of water supply system [13]. Moudi et al. further proposed that runoff uncertainty
would directly affect water allocation and user satisfaction of urban water supply systems, and
the allocation framework based on hydrological models could help improve the
responsiveness of water supply decision-making to natural fluctuations [14]. These studies
show that water resources regulation cannot rely only on static accounting books or phased
verification, but should incorporate hydrological changes, project operation and water use
results into a unified judgment.

Therefore, the accounting supervision of water resources assets should not only stay at the
financial book level, but also include data such as water intake monitoring, project operation,
water quality change, tax payment and asset amortization into the same index system. The
indicators listed in Table 1 form the regulatory basis from the four dimensions of physical
quantity, value quantity, efficiency and compliance. Among them, the total water resources,
water withdrawal and storage reflect the physical changes of assets. The value of water
resource asset, water fee income and water resource tax reflect the economic attribute of water
resource asset. The GDP output per unit of water use and the utilization efficiency of
irrigation water reflect the level of resource utilization. The number of illegal water
withdrawals and the water quality compliance rate are used to identify compliance risks.
Through the comprehensive application of these indicators, the natural attributes, economic

4



INGEGNERIA SISMICA — INTERNATIONAL JOURNAL OF EARTHQUAKE ENGINEERING

attributes and regulatory attributes of water resources assets can be unified into the same data
chain, which provides an indicator basis for the subsequent construction of intelligent
accounting supervision model.

Table 1 :Water Resources Asset Accounting Supervision Indicator System

Category Indicator Name Unit of Data Source
Measurement

Hydrological Monitoring,

Total Water Resources 100 million m=3 .
Remote Sensing

Physical Quantity Water Withdrawal 10,000 m= Water Metering Devices

Indicators \Volume
Water Storage Volume 10,000 m= Reservoir Monitoring
Systems
Water Resources Asset 10,000 Yuan Accounting Ledgers,
Value (RMB) Valuation Models
Value Quantity
Indicators Water Fee Revenue 10’(?&\8(;@” Billing System
Water Resources Tax lokﬁ)&g?an Tax Data
GDP Output per Unit of Yuan/m3 Fusion of Economic and
Efficiency Water Water Usage Data
Indicators Irrigation Water Use Dimensionless Agricultural Monitoring
Efficiency Coefficient Systems
Number of Unauthorized Times Monitoring and Audit
Compliance Water Withdrawals Records
Indicators Water Quality o Environmental
Compliance Rate 0 Monitoring Data

2.3 Synergistic Mechanism between Water Conservancy Economy and
Ecological Protection

The synergy of water economics and ecological protection is essentially a dynamic balance
between the relationship between economic benefits, engineering capabilities, ecological
bottom line and regulatory compliance. Water economy focuses on water supply, irrigation,
power generation and project operation income, while ecological protection emphasizes river
base flow, wetland water supply, water quality standards and habitat stability. Mahdi et al.
pointed out that under the condition of the coexistence of inflow fluctuations, demand
changes and operation risks, the water resource allocation scheme should not only pursue the
optimal target value, but also have the robust adaptability to uncertain scenarios [15].
According to Ahmadianfar et al., the operation rules of multi-reservoir hydropower system
can significantly affect the revenue of power generation, the security of water supply and the
stability of the system, and the long-term operation reliability can be easily weakened if the
system relies too much on a single economic target [16].

With the development of intelligent optimization methods, reinforcement learning has
begun to be used in dynamic water resource scheduling scenarios. Xu et al. pointed out that
deep reinforcement learning can learn scheduling strategies under different water regimes
through continuous interaction with the reservoir operating environment, so as to improve the
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dynamic decision-making ability of complex water resources systems [17]. Kage et al.
believe that the application advantages of reinforcement learning in water resources
management are mainly reflected in continuous decision-making, real-time feedback and
adaptation to uncertain scenarios, which is suitable for dealing with complex operating
conditions that are difficult to be covered by traditional rule scheduling [18]. It can be seen
that the cooperation between water economy and ecological protection cannot rely on static
threshold or single objective evaluation, but should continuously adjust the scheduling
strategy through dynamic simulation and intelligent optimization methods.

Therefore, this paper summarizes the coordination mechanism of water conservancy
economy and ecological protection as a closed-loop process of “state perception -- risk
identification -- scenario deduction -- optimal regulation”. The front-end uses monitoring data
to identify water quantity, water quality, engineering and accounting status. The middle end
uses the digital twin model to deduce the impact of different scheduling schemes on economic
benefits and ecological status. The mechanism can bring the realization of water resource
asset value, ecological protection bottom line and regulatory responsibility into the same
decision-making chain, and provide theoretical basis for subsequent model construction.

3 Construction of the Tripartite Supervision and
Optimization Model Based on Digital Twin Technology

3.1 Dynamic Mapping and Data Fusion Method for the Digital Twin
Virtual Mirror

The basic framework of the model constructed in this paper is "physical watershed system—
digital twin virtual mirror—data-driven decision-making layer". The physical watershed
system includes reservoirs, river channels, channels, pumping stations, water intakes, water
terminals, water quality monitoring sections and ecological control nodes, which are realistic
carriers of the formation, utilization and change of water resources assets. Through terrain
data, remote sensing images, BIM engineering models, Internet of Things monitoring data,
accounting book data and ecological monitoring data, the digital twin virtual mirror
dynamically maps the running state of the physical basin. The data-driven decision-making
layer completes accounting supervision, anomaly identification, scenario deduction and
collaborative optimization on the basis of virtual mirror, and finally outputs decision-making
results such as audit tasks, water price adjustment, ecological water supply, project investment
and scheduling control. Through this framework, water resources assets are no longer just
static accounting objects, but transformed into composite assets that can be perceived in real
time, continuously measured, dynamically regulated and optimized configured.

The core of the digital twin virtual mirror is to establish a dynamic mapping relationship
between physical entities, monitoring data and model parameters. The mapping process can
be expressed as follows:

T, = @(m, vy, @) (1)

where, T, represents the virtual mirror state at time t, m, represents the physical basin state,
v represents the multi-source observation data, w, represents the set of model parameters,
®(-) is the physical-virtual mapping function. This formula illustrates that the digital twin is
not a simple 3D display, but a dynamic system driven by the physical state, real-time data, and
model parameters.

Because hydrological, engineering, accounting and ecological data have different
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dimensions and update frequencies, they need to be standardized before entering the model.
The normalization result of the LTH data feature at time t is as follows:

M
max min (2)

min ax

m
where, x;; is the original observation value, x, and x, are the minimum and

maximum values of this feature, respectively, and €, is a tiny constant to prevent the
denominator from being zero. This process can make different types of data such as water
level, flow, water quality concentration, water withdrawal, asset value and water fee income
enter the same calculation scale.

In order to solve the problem of inconsistent monitoring point location, administrative unit
and accounting caliber, it is necessary to further integrate time and space. The fused feature
values are defined as follows:

G
Ze = z PgtZigt (3)
g=1

where, 7, is the feature value after fusion, z,,. represents the standardized feature value in
the g-th data source or spatial grid, pg; is the dynamic fusion weight, and g is the number of

data sources or spatial units involved in fusion. The weights can be adjusted according to
sensor reliability, spatial distance, time delay and data integrity, so as to improve the
expression ability of the fusion results to the true watershed state.

After normalization and fusion, the model forms a unified multi-source data vector:

$e = [zu' zz,t: "-'ZL,t]T (4)

where, & represents the integrated data vector at time t and L is the number of features. The
vector contains information such as water level, runoff, storage capacity, water withdrawal,
water fee revenue, asset value, water quality indicators and ecological flow, which provides a
unified input for the subsequent accounting supervision model and collaborative optimization
model.

The state of the digital twin virtual mirror is continuously updated under the action of
real-time data and model simulation results, and its state evolution can be expressed as
follows:

Ty =Tt + P w) — (5)

where T.,; is the virtual mirror state at the next time, W(-) represents the state evolution
function, and (; represents the correction term caused by data noise, model error and feedback
delay. Through continuous updating, the digital twin virtual mirror can synchronously reflect
the physical quantity of water resources, project operation status, asset value and ecological
environment changes.

In the specific construction process, the system first uses DEM data, remote sensing
images and terrain data to form the basin spatial base map, and then imports the BIM model
of reservoirs, channels, pumping stations, gates and water facilities to reconstruct the project
structure attributes and operating parameters. Then the Internet of things monitoring data,
including water level, flow rate, flow rate, pH, dissolved oxygen, gate opening and pump
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station power and other indicators; At the same time, accounting data such as water user
registration, classified water price, water fee collection, water resource tax payment and asset
depreciation and amortization are accessed through the interface. Figure 2 shows the technical
flow of the digital twin virtual mirror from data acquisition and model coupling to mirror

generation.

| Multi-source Data Collection |

4{ Yes bata Quality Qualified? L2 ‘lf
[ Data Cleaning and Standardization | | Data Repair or Removal |
\ )L J

. <
’Y‘
e '\
| Spatio-temporal Data Fusion |
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[ 3D Geographic Scene Construction |
[ Hydraulic Engineering BIM Integration |
|/ ¢ \u
| Real-time Monitoring Data Access |
|/- ¢ -\u
| Socio-economic Data Association |
|,- ¢ -\u
| Model Coupling and Validation |

| Digital Twin Virtual Mirror Generation |

e vy

®

Figure 2: Digital Twin Virtual Mirror Construction Process

3.2 Accounting verification and risk identification method of water
resources asset accounting supervision

The intelligent accounting supervision model of water resources assets is mainly used to solve
the problems in traditional supervision, such as accounting verification lag, data dispersion,
abnormal identification relying on manual judgment, and difficult traceability of audit process.
Relying on the real-time data provided by the digital twin virtual mirror, the model integrates
physical monitoring values, accounting book values, tax payment records, project operation
status and water quality monitoring results into the unified supervision chain. Its operation
process includes five links: accounting comparison, deviation calculation, dynamic threshold
judgment, machine learning anomaly identification and audit traceability. Compared with the
manual spot-check supervision, the model can detect risks in time when the state of water
resources assets is abnormal, and generate corresponding verification or audit tasks according
to the risk level.
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For each type of supervision object, the model first matched the monitoring value with the
account book value. The accounting deviation rate of type a supervision item at time t is
defined as follows:

|:uat _Vat|
0,y = ———— %1009 6
o = L (©)

where, 8, represents the rate of deviation from the actual accounts, p,. represents the
value of physical monitoring, v, represents the value of accounting books, &1 is the
adjustment coefficient to prevent the denominator from being zero. Regulatory matters may
include water withdrawal, water storage, water discharge concentration, water fee receivable,
water resource tax payment and asset amortization, etc. This formula provides a direct
quantitative basis for accounting verification.

Considering the differences of different water use types and seasonal cycles, the model
does not adopt a fixed threshold, but sets a dynamic threshold. The dynamic threshold of type
a regulatory matter at time t is as follows:

7-9a,t = 19((1) + Afzo-a,t + /nlnka,t (7)

Here, 9., represents the dynamic threshold, 93 is the benchmark threshold, o,
represents the historical fluctuation intensity, k,. represents the main management regulation
factor, and A3 and AJ' are the weight coefficients. For example, water withdrawals during
agricultural irrigation fluctuate greatly, and the threshold can be relaxed appropriately.
Industrial water metering is relatively stable, and the threshold should be strictly maintained
at a low level.

On the basis of deviation rate and dynamic threshold, the model forms preliminary
abnormal discrimination results:

Yop = {1, Sar > Ugr 8)
' 0,80 < Vgt
where, x,:=1 means that the regulatory matter is judged as abnormal, and x,.=0 means that
the deviation is in the acceptable range. This rule can quickly screen high-risk records, but it
may still confuse equipment failures and short-term fluctuations with real violations, so it is
necessary to introduce machine learning methods to further identify abnormal types.

In this paper, the isolation forest algorithm is used to calculate the anomaly score of
regulatory records, which is expressed as follows:

_E[h(rq,)]
((rge) =2 <M )

where, r,, represents the feature vector of regulatory records,E[h(r,,)] represents the
average path length of the sample in the isolation tree, and c(n) is the normalized coefficient
related to the sample size n. The higher the anomaly score, the more likely the sample is to be
isolated and the more likely it is to be abnormal. This method is suitable for identifying
problems such as abnormal water intake, abnormal asset amortization, inconsistent water
quality declaration and delayed tax payment.

In order to support risk classification and audit task generation, the model further
constructs a comprehensive regulatory risk index:
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Qat = a16a,t + az‘(ra,t) T A3Xar T Aylat (10)

where, @, represents the comprehensive regulatory risk index, n,; represents the asset
value influence coefficient of regulatory matters, and a1, a2, a3 and a4 are weight parameters.
When the risk index is low, the system only generates general verification reminders. When
the risk index is high, the system automatically generates an audit task sheet with deviation
values, data sources, suspected causes, evidence chains and treatment suggestions. Figure 3

shows the intelligent accounting supervision process of water resources assets.
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Figure 3: Water Resources Accounting Intelligent Supervision Process
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Table 2 presents examples of the main rule set for the intelligent accounting supervision
model.

Table 2: Examples of Rules for the Intelligent Accounting Supervision Model

Rule

ID Rule Description Trigger Condition Action

Water withdrawal deviation
exceeds the dynamic threshold Generate a water use
and the actual paid water fee is audit task sheet

lower than the calculated amount

Mismatch between water
R0O01 | withdrawal volume and
water fee payment

Initiate leakage or

RO02 Abnormal decrease in Daily decrease rate is higher than illegal water
reservoir storage the historical threshold withdrawal
investigation
Inconsistency between Triqaer ecoloaical
water quality data and Deviation of key indicators ger g
RO03 . : . and environmental
pollution discharge exceeds the standard limit o .
. violation warning
declaration
Abnormal amortization | Amortization rate deviates from Prompt accounting
R004 A ;
of water resources assets | the prescribed institutional range review

3.3 Constraint modeling and decision-making method for collaborative
optimization of water conservancy economy and ecology

The collaborative optimization model of water conservancy economy and ecological
protection is used to coordinate the relationship between economic benefits, ecological
security, engineering capacity and accounting compliance. Different from traditional
optimization models that simply pursue water supply revenue or project operation efficiency,
this paper takes the change of water resource asset value, ecological water demand constraint,
water quality standard requirements and accounting and actual deviation boundary into the
optimization process at the same time. The decision variables of the model include classified
water supply, ecological discharge, water price adjustment range, project investment intensity
and environmental governance expenditure. The optimization results can be used to support
water pricing strategies, ecological water replenishment plans, reservoir scheduling, channel
maintenance, and water resource asset regulation.

The first objective of the model is to maximize the discounted net income of water
economic activities, which is expressed as follows:

T Z$=17Tr,t ll}r,t - Cfg - Ci“g B ggv
t=1 (1+ )t

) = max (11)
where Qu represents the economic profit target, m., represents the unit water price of type r
water at time t, ., represents the corresponding water supply, C¢ represents the operation
cost of water supply, C’tg represents the ecological governance cost, 7 represents the
investment cost of water conservancy project, ¢ represents the discount rate. The target
reflects the economic value of water supply, irrigation, power generation and engineering
services after deducting operational and ecological governance costs.

The second objective is to maximize the ecological security level of the basin, which is
expressed as follows:
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T
0, = maxztzl (ﬁth + B29; + BsH; — ﬁ4£?) (12)

where, Q2 represents the ecological target, Ft represents the ecological flow satisfaction
degree, Q. represents the water quality standard level, 7, represents the habitat
maintenance state, L represents the pollution load pressure, and 1 to Bs are the ecological
index weights. This formulation transforms ecological conservation requirements from
qualitative descriptions to computable optimization objectives.

Water balance is the basic constraint of the model operation, and the storage capacity
evolution relationship of the water resources system is as follows.

R
Kiy1 = K¢ + ¢ — z 11/Jr,t —&— 1 (13)
r=

Where, Kt represents the storage capacity at time t, ¢t represents the inflow, ., represents the
water supply of type r, &t represents the ecological discharge, ¢t represents the total loss such
as evaporation, leakage and water transport loss. This constraint ensures that the optimization
scheme conforms to the basic law of water circulation in the basin and avoids the problem of
over-supply or over-storage operation.

Ecological discharge and water quality constraints together constitute the bottom line of
ecological safety, which is expressed as follows:

min max d
e, <&<eg , Yne<vi%h=12..,H (14)

min max

where, &, and g, represent the lower limit and upper limit of ecological discharge

respectively, y,. represents the concentration of class h pollutants, vt represents the
corresponding water quality standard limit, and H represents the number of pollutant types.
The constraint can ensure the base flow of the river, wetland water replenishment and water
quality up to the standard requirements.

Engineering capability and accounting compliance constraints can be expressed as
follows:

0< 1/)r,t < l[}r,tr |c/l?1 - cﬂ?| < A? (15)

where, . represents the maximum available water supply capacity of category r, A
represents the measured value of assets calculated based on monitoring and valuation data,
AP represents the book value of assets recorded by the accounting system, and A2
represents the allowable deviation boundary of asset accounting. This formula connects the
optimal allocation of water resources with asset accounting supervision, and avoids the model
from generating economically feasible but accounting inconsistent scheduling schemes.

The model is solved by combining NSGA-II with reinforcement learning. NSGA-I1I is
used to generate Pareto candidates under multi-objective and multi-constraint conditions,
while reinforcement learning is used to adjust scheduling actions under incoming water
changes, demand fluctuations, and ecological pressure changes. As a simulation environment,
the digital twin platform provides real-time status information such as inflow, storage capacity,
water demand, water quality, ecological offloading requirements, and accounting deviation.
The action space includes classified water supply adjustment, reservoir discharge adjustment,

12
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water price correction, ecological compensation intensity and project investment priority. The
reward function is jointly determined by economic gain, ecological health, and accounting
compliance. Through repeated interactions, the model can gradually learn collaborative
regulation strategies that are more suitable for dynamic scenarios, and output water resources
allocation schemes, ecological water replications plans, project investment priorities, and
accounting risk control suggestions.

4 Model Application Simulation and Empirical Analysis

4.1 Case Study Watershed and Data Preparation

To test the applicability and stability of the model in practical scenarios, we selected a typical
subtropical monsoon climate watershed in southern China as a case region. The basin covers
an area of about 12,000 km= covering 3 prefecty-level cities and 8 county-level
administrative regions. There are not only traditional agricultural areas, but also emerging
industrial parks and central urban areas in the region. The distribution of population and
industry is relatively concentrated, and the contradiction between supply and demand of water
resources has obvious regional superposition characteristics. In the basin, two large reservoirs
and five medium-sized reservoirs have been built, with a total storage capacity of 1.25 billion
m3the length of supporting trunk and branch channels is about 3200 km, the coverage rate of
urban water supply pipe network reaches 95%, and the total installed capacity of hydropower
stations is 180 MW, basically forming a hydraulic engineering system integrating water
storage, water diversion, water lifting, water supply and power generation. At the same time,
there are also problems in the basin, such as decentralized management subjects, difficult to
connect departmental data, and mutual constraints between economic water demand and
ecological protection goals. These conditions are common in water resources management of
many river basins in our country, so taking them as a case area can reflect the realistic basis of
the model application well.

In terms of data acquisition, we collate the multi-dimensional data of the basin from 2019
to 2023 to form a multi-source heterogeneous basic data set. Hydrological data mainly come
from 12 national hydrological stations and 35 rainfall monitoring stations in the basin,
including daily average runoff, precipitation, water level, evaporation, etc. The collection
frequency is hourly, and is unified and synchronized after quality control by the hydrological
department. The project operation data are provided by the water conservancy project
management unit, covering the reservoir operation log, gate opening, pumping station
operation parameters and channel water transmission loss, etc. Among them, the key
operation data of the main engineering facilities are recorded at the minute level, so as to
restore the project status more accurately. The economic water use data are obtained by
integrating the metering system of the water resources department and the national economic
accounting data of the statistical department, and are divided according to the agricultural,
industrial, domestic and ecological water use. For industrial water, we further distinguish
between high water consumption industries and general industries; For agricultural water use,
statistics are performed by crop type. Water resources accounting data mainly come from the
ledger materials of finance, taxation and water management departments, including water
resources asset ownership registration, water fee collection details, water resources tax
declaration and payment, as well as asset depreciation and amortization records, so as to
ensure that the follow-up accounting and regulatory analysis has a relatively complete data
support.

To improve data quality, we uniformly preprocess the original data. We first combined

13



Zhang

Z-score method and box plot method to identify outliers, and focused on eliminating extreme
abnormal records in hydrological monitoring, as well as obvious false alarm data caused by
engineering equipment failure, and deleted a total of 126 invalid records. For missing data,
different imputation methods were used according to data types: hydrological data were filled
by interpolation from adjacent sites, economic water use data were predicted and filled by
ARIMA time series model, and accounting data were supplemented by cross-departmental
account verification. Finally, 89 missing values were filled. Subsequently, we unified the time,
measurement units, and spatial coordinates, converting the date format to UTC timestamps,
unifying the water volume unit to 10000 m3unifying the currency unit to 10000 CNY (RMB),
and using the WGS84 coordinate system. Finally, we further carried out data association
verification to check whether there were logical conflicts between hydrological data and water
use data, accounting data and charging data, and eliminated 37 inconsistent records, and
finally formed a standardized data set that could be used for model simulation and empirical
analysis. The annual mean values of some core underlying data are shown in Table 3.

Table 3:Basic Data of the Case Study Watershed (Annual Average)

Data Category Data ltem Value Unit
Hydrology Average Annual R_urpff_ 25.6 Billion m3
Average Annual Precipitation 850 mm
Engineering Total Reservoir Capacity 12.5 Billion m3
Designed Water Supply Capacity 18.0 | Billion m$year
Agricultural Water Use Volume 14.2 Billion m=
Economic Water Use Industrial Water Use Volume 3.8 Billion m3
Domestic Water Use Volume 2.1 Billion m=3
. Book Value of Water Resources Assets 85.3 Billion CNY
Accounting TE
Annual Water Fee Revenue 7.2 Billion CNY

The data from 2019 to 2022 were used for model calibration and threshold learning, while
the data from 2023 were used for supervision simulation and performance validation. For the
synergistic optimization experiment, the calibrated digital twin environment was further
extended to the 2024-2033 planning period.

4.2  Simulation of the Intelligent Accounting Supervision Model

The simulation test of the intelligent accounting supervision model was completed relying on
the digital twin platform. In order to ensure that the model can run in an environment close to
the real supervision scenario, we configure a high performance computing cluster in the
platform to support multi-model parallel computing and real-time data interaction. The
simulation data covers the operation of the case basin for the whole year 2023, and is divided
into four monitoring periods according to the natural quarter. The operation parameters of the
model were mainly set according to the actual supervision business requirements, and the
frequency of real-time data comparison was set as once every 2 hours. The basic value of the
threshold 0 is calculated based on the historical data from 2019 to 2022 using the 36 principle.
Specifically, the baseline thresholds for agricultural, industrial and domestic water use are set
at 12%, 8% and 6%, respectively. Based on this, we further adjust the threshold dynamically
by combining the seasonal water use characteristics. April to June and September to October
belong to the concentrated period of irrigation water, and the agricultural water use fluctuates
greatly, so the threshold is appropriately relaxed to 15%. The non-irrigated period is tightened
to 10%. The production activity of industrial water was more concentrated in July and August,
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and the threshold was correspondingly adjusted to 10% to enhance the adaptability of the
model to phasic changes in water use.

In the simulation process, the model identifies multiple types of accounting regulatory
anomalies, and the overall performance is better risk capture ability. Taking the irrigation peak
period in the second quarter as an example, we found that there was a clear difference
between the physical monitoring water withdrawal and the accounting declaration water
withdrawal at the water intake of a large irrigation area. The actual measured daily average
water withdrawal of the water intake is 23000 m= while the accounting declaration daily
average water withdrawal is 20000 m3the deviation rate reaches 15.6%, which has exceeded
the dynamically adjusted regulatory threshold, so the system automatically triggers an
emergency warning. Subsequently, the platform generates an audit task list and pushes it to
the regulatory department, which contains the data comparison results, the time distribution of
the deviation and the possible cause analysis. Follow-up offline verification showed that the
water intake metering equipment failed to record part of the water in time due to long-term
flooding, and a small number of temporary illegal water withdrawals were also found on site.
This verification result is basically consistent with the judgment of the model, indicating that
the model can better grasp the direction and cause of abnormal occurrence. In addition, we
also identified three cases of delayed payment of water resource tax by industrial enterprises
and two cases of abnormal reduction of reservoir storage volume, the latter of which was
verified to be mainly related to channel leakage. At the same time, five cases of inconsistency
between water quality monitoring data and pollution discharge declaration were found,
indicating that the model has a certain coverage ability for multiple supervision objects such
as water intake, taxes and fees, storage capacity and water quality.

The annual monitoring results of the model simulation are shown in Table IV. From the
results, the recognition accuracy of various monitoring items is maintained at more than 77%,
and the overall accuracy is 83.3%. Among them, the recognition accuracy of water
withdrawal measurement deviation is the highest, reaching 85.7%, which is related to the
high-frequency comparison between physical monitoring data and accounting declaration data.
In contrast, the recognition accuracy of water quality data anomalies was 77.8%, which was
slightly lower than other monitoring matters, mainly because the pollutant concentration was
greatly affected by time, space and local emission behavior, and the distribution of monitoring
points still had certain restrictions. Compared with the traditional manual supervision method,
the model we constructed reduces the average time of problem discovery from about 3
months to less than 3 days, and some real-time monitoring indicators can even realize instant
warning, and the supervision efficiency is improved by more than 90%. At the same time, the
false negative rate is reduced from 28% to 6.7%, and the false positive rate is controlled
within 15%. It can be seen that the intelligent accounting supervision model can alleviate the
problems of traditional supervision lag, insufficient coverage and unstable artificial judgment
to a large extent, and provide more timely, detailed and traceable technical support for water
resources asset accounting supervision.

Table 4:Statistics of Intelligent Accounting Supervision Model Simulation Results

Monitoring Item Alarms Verified Accuracy
Triggered Issues Rate
Water Withdrawal Measurement Deviation 28 24 85.7%
Abnormal Reservoir Storage Decrease 12 10 83.3%
Water Quality Data Anomaly 9 7 77.8%
Abnormal Asset Amortization 5 4 80.0%
Total 54 45 83.3%
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The simulation indicates that the model can significantly improve the timeliness of
accounting supervision, reducing problem detection time from months under traditional
manual auditing to days or even real-time, while also enhancing supervision precision and
reducing omissions and false alarms.

In order to further compare the performance of different supervision methods, the
accuracy rate, false alarm rate and false negative rate are selected as evaluation indicators.
Under the same 2023 watershed data set, the manual audit, the fixed threshold method, the
isolated Forest method, and the digital twin driven regulation model proposed in this paper
are tested respectively, and the comparison results are visualized in 3D form, as shown in
Figure 4.
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Figure 4: 3D comparison of performance of different accounting supervision methods

As shown in Figure 4, the proposed model exhibits the best comprehensive regulatory
performance, with an accuracy of 83.3%, a false positive rate of 14.6%, and a false negative
rate of 6.7%. Compared with manual auditing, the accuracy rate is increased by 12.1
percentage points, and the false negative rate is reduced by 21.3 percentage points. Compared
with the fixed threshold method, the accuracy of the proposed model is improved by 6.5
percentage points, and the level of false positives and false negatives is further reduced. The
results show that the data fusion mechanism driven by digital twin and the intelligent anomaly
identification method can significantly enhance the reliability of water resources asset
accounting regulation.

Subsequently, ablation experiments were carried out to test the contribution of different
modules to the regulatory performance. In the experiment, the dynamic threshold module,
anomaly detection module, digital twin data fusion module and audit traceability module were
removed respectively, and the accuracy and risk identification stability were selected as
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evaluation indicators to reflect the effectiveness and operation reliability of the model. The
results are shown in Figure 5.
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Figure 5: Ablation analysis diagram of key modules of the proposed regulatory model

Figure 5 shows that after removing the digital twin data fusion module, the performance
of the model decreases most obviously, with the accuracy decreasing from 83.3% to 77.6%,
and the stability of risk identification decreasing from 92.5% to 82.9%. After removing the
anomaly detection module, the accuracy also drops to 78.4%, indicating that the ability of the
model to distinguish between normal operation fluctuations and abnormal regulatory risks is
significantly weakened. The complete model maintained the highest comprehensive
performance, indicating that dynamic threshold adjustment, anomaly detection, digital twin
data fusion and audit traceability jointly improved the robustness and recognition accuracy of
the regulatory process.

4.3 Simulation and Scenario Analysis of the Synergistic Optimization
Model

The simulation of the collaborative optimization model uses 2024 to 2033 as the 10-year
planning period. Based on the digital twin virtual image of the case basin, combined with
future water demand prediction and climate change scenarios, we set up three schemes with
different regulatory orientations for comparative analysis to test the applicability and
decision-making ability of the model in multi-objective optimization scenarios.
The core parameter Settings of each scenario mainly focus on the actual management
requirements:
e Scenario A is the economic priority program, and the goal is to increase the net
economic benefits of water conservancy as much as possible. In this scenario, the
ecological water consumption constraint is appropriately relaxed to 80% of the
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minimum ecological water demand, the water quality standard is controlled according
to the class IV water standard in GB 3838-2002, and the direction of water price
adjustment is mainly to stimulate water demand and expand water supply scale.
Among them, the price of industrial water will remain at the current level, and the
price of agricultural water will be cut by 5%.

e Scenario B is the ecological priority program, which focuses on ecological protection
and water environment quality improvement. In this scenario, the ecological water
demand is strictly guaranteed, the ecological water consumption is set at 120% of the
minimum ecological water demand, and the water quality control target is raised to the
Class Il water standard. The water price adjustment is mainly used to restrict high
water consumption behavior, in which the price of industrial water is increased by
30%, the price of agricultural water is increased by 10%, and the investment in
ecological restoration projects is increased.

e Scenario C is the collaborative optimization scheme, which adopts the collaborative
optimization model of water conservancy economy and ecological protection
constructed in this paper. The objective function of the scenario considers both
economic net benefits and ecological benefits, and the ecological discharge is
controlled within the range of dynamic ecological water demand set by the model, and
the water quality standard is maintained at the level of Class III water. According to
the water inflow conditions, water demand and ecological constraints in different
years, the model automatically optimizes the water price strategy, project investment
allocation and ecological drainage scheme, so as to form a relatively balanced
multi-objective regulation result between economic development and ecological
protection.

Model solving utilized the NSGA-I1 algorithm with parameters set as: population size 200,
iterations 500, crossover rate 0.8, mutation rate 0.1. Simulation computations for each
scenario were performed on the digital twin platform. During simulation, the model output
annual economic benefits, ecological indicators, and accounting data in real-time, forming
dynamic simulation results for the entire period. A comparison of core indicators for the three
scenarios is shown in Table 5.

Table 5: Comparison of Core Indicators for Three Scenarios

Cumulative Economic | Ecological Accounting

Scenario Net Benefit (Billion Health Revenue
CNY) Index (EHI) | (Billion CNY)
Scenario A (Economy Priority) 125.6 0.65 98.4
Scenario B (Ecology Priority) 89.3 0.92 72.1

Scenario C (Synergistic

Optimization) 112.7 0.83 88.9

To further illustrate the trade-off between economic gains and ecological security, the
Pareto front generated by the multi-objective optimization algorithm is used to compare the
candidate alternatives under different regulatory preferences. The distribution of net economic
benefits and ecological health index is shown in Figure 6.
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Figure 6: Pareto frontier plot of net economic returns and ecological health index

As shown in Figure 6, although the economic priority scheme brings the highest
cumulative net economic benefits, the ecological health index does not reach the ecological
security threshold. This indicates that in watershed management, excessive emphasis on
economic benefits may squeeze the ecological water space and further weaken the ecological
security of the watershed. The ecological health index of the ecological priority program is
significantly improved, but the corresponding decline in economic output is also more
prominent. In contrast, the collaborative optimization scheme constructed by us is located
near the turning point of the Pareto frontier, the cumulative net economic benefit reaches
112.7 billion CNY, and the ecological health index remains at 0.83, indicating that the scheme
achieves a relatively balanced compromise between the economic output of water
conservancy and the ecological stability of the basin.

From the comparison results of different scenarios, the differences in management effects
brought by various goal orientations are obvious. Scenario A has the highest cumulative
economic net income of 125.6 billion CNY and accounting income of 98.4 billion CNY, but
its ecological health index is only 0.65, which is lower than the ecological security threshold
of 0.70. In the long run, excessive relaxation of ecological constraints may cause insufficient
base flow in rivers, wetland degradation and water quality decline, and further affect the
quality of agricultural irrigation water and the stability of industrial production, which may
eventually bring greater economic risks. Scenario B gives priority to ecological protection,
and the ecological health index is increased to 0.92, indicating that the ecological state of the
basin is good, but its cumulative net economic income is 36.3 billion CNY lower than
scenario A, and its accounting income is also reduced by 26.7%. The high input of ecological
management and the upward pressure of water price will inhibit agricultural production and
industrial development to a certain extent, which will affect the long-term sustainability of the
program. In scenario C, the cumulative net economic benefit of 112.7 billion CNY was
achieved on the basis of the ecological health index reaching 0.83 and meeting the ecological
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security requirements through the collaborative optimization algorithm, which was about 89.7%
of scenario A. Accounting revenue reached CNY 88.9 billion, about 90.3% of scenario A. It
can be seen that our proposed collaborative optimization scheme is able to form a relatively
stable dynamic balance between economic development and ecological protection.

Further analyzing the optimization results of scenario C, it can be found that the scheme
not only gives the comprehensive evaluation results, but also forms a more clear
implementation path. In terms of water pricing strategy, we set industrial water prices to rise
by 15% over three years, and levied an additional 5% water tax on high-water consuming
industries. Water prices increased by 8%; Agricultural water prices will remain basically
stable, but a stepwise water price system will be introduced to balance agricultural
affordability and water-saving orientation. In terms of ecological discharge plan, we make
dynamic adjustment according to seasonal differences: from November to February of the
next year, the dry season is in, and the ecological discharge amount is implemented according
to 110% of the minimum ecological water demand. June to August is in the wet season, and
the ecological discharge amount is implemented according to 90% of the maximum
ecological water demand, so as to ensure that the ecological base flow of the river is
maintained at a relatively stable level. In terms of project investment, the model gives priority
to the dredging and expansion of the reservoir and the anti-sewerage treatment project of the
channel, with a total investment of 1.28 billion CNY. At the same time, three sewage
treatment plants are constructed, with a total investment of 450 million CNY, so as to respond
to the needs of water supply capacity improvement and environmental governance at the same
time.

To further test the stability of the model under uncertainty, we carried out a sensitivity
analysis, focusing on the effects of discount rate changes and incoming water fluctuations on
the optimization results. The discount rate is set to 4%, 5% and 6%, and the inflow fluctuation
IS set to #10% and *20%. The results show that when the discount rate changes in the range
of 4%-6%, the fluctuation range of the cumulative economic net benefit of scenario C does
not exceed 3.2%, and the ecological health index always remains between 0.81 and 0.85.
When the inflow fluctuation reaches #20%, the model can still make the ecological health
index not less than 0.80 and control the fluctuation of economic net income within 5% by
adjusting the ecological discharge and water resource allocation scheme. This shows that the
collaborative optimization model we constructed still has good robustness and adaptability in
the face of hydrological fluctuations and changes in economic parameters.

Considering that hydrological inflow and economic discount rate changes can affect the
long-term optimization results, this paper further uses heat maps to visualize the sensitivity
analysis results. The collaborative score is used to comprehensively reflect the stability of
economic returns, the ability to maintain ecological health and the consistency of accounting
income under different disturbance combinations, and the results are shown in Figure 7.
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Figure 7: Sensitivity analysis diagram under inflow disturbance and discount rate change

As shown in Figure 7, under different combinations of incoming water disturbance and
discount rate, the collaborative score remains in a relatively stable interval as a whole. Even
under the adverse condition that the inflow is reduced by 20% and the discount rate is 6%, the
synergy score remains at 0.792, which indicates that the model still has acceptable
coordination performance. When the inflow increased by 20% and the discount rate was 4%,
the synergy score reached 0.861, indicating that better hydrological conditions could further
expand the coordination space between economic benefits and ecological protection. The
results show that the collaborative optimization model constructed in this paper has strong
robustness under the condition of hydrological fluctuation and economic parameter
uncertainty.

The simulation and scenario analysis fully indicate that the synergistic optimization model
for water conservancy economy and ecological protection constructed in this paper can
effectively resolve the objective conflicts between them, providing a scientific and feasible
decision-making scheme for water resources asset management. Its optimization results
balance economic, ecological, and operational considerations, possessing broad application
and promotion value.

5 Conclusion

Focusing on the problem of lagging accounting regulation of water resources assets and
insufficient coordination of water conservancy economy and ecology, this paper constructed a
ternary regulation and optimization model driven by digital twin. The results show that the
digital twin virtual image can integrate the physical state of the basin, project operation,
accounting data and ecological indicators into the unified computing environment, and
enhance the dynamic expression ability of water resources asset stock, flow and value
changes. The intelligent accounting supervision model effectively improves the identification
efficiency of water deviation, water fee anomaly, tax delay, water quality declaration
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inconsistency and asset amortization anomaly through the comparison between accounts and
actual data, dynamic threshold and anomaly detection algorithm. The collaborative
optimization model further integrates economic benefits, ecological degradation, water
quality standards, engineering capacity and accounting compliance into the unified constraint
system, which improves the comprehensive adaptability of water resources allocation scheme.
Case simulation shows that the proposed model is superior to manual auditing, fixed threshold
and single isolation forest methods in terms of regulatory accuracy, false alarm control and
missed alarm reduction. Ablation results also prove that the digital twin data fusion and
anomaly detection module is the key to improve the performance of the model. Scenario
analysis shows that the collaborative optimization scheme achieves a balanced result between
economic priority and ecological priority, which not only maintains high net economic
benefits, but also meets the requirements of ecological security. In the future, the long-term
operation data of real river basins, climate change scenarios and cross-regional water rights
trading mechanisms can be further combined to improve the promotion value of the model in
complex water resource asset supervision scenarios.
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