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Abstract

To achieve energy savings, reduce consumption, and support the “dual-carbon” strat-
egy in China, this study applies digital twin technology to investigate the centralized
air-conditioning water system of a metro-station HVAC installation and develops a high-
fidelity digital twin model to reveal the thermal delay and thermal attenuation character-
istics of the pipeline network. Using the noncausal modeling approach of the Modelica
language, a full digital twin representation of the centralized air-conditioning water net-
work is constructed by covering chillers, cooling towers, pumps, terminal units, the pipeline
network, etc. The model is validated against real operation data to ensure high fidelity.
Validation shows the predicted chilled water flow rate of the digital twin model agrees
well with the measured chilled water flow rate with an RMSE of 0.27 kg/s. Validation
also shows the difference is about 0.3 °C between the digital twin prediction and the
measurement in the main pipe. Based on the validation digital twin model, the thermal
delay and thermal attenuation characteristics of the centralized air-conditioning water
system are seriously evaluated. The results indicate that branch K3, due to its longest
transport distance, exhibits a delay of 227 s. The overall thermal delay of the system reaches
7.5 min. The temperature attenuation of this water system is about 0.2 °C due to heat loss
through pipe walls. The findings may offer theoretical support for the optimal regulation
and control, fault detection, and anomaly identification of this centralized air-conditioning
water system.

Keywords: centralized water system; digital twin system; multi-domain physical modeling;
thermal delay; thermal attenuation

1. Introduction

China’s metro has experienced rapid development, and central air-conditioning water
systems are typically adopted in metro stations to regulate the internal environment [1,2].
As the carrier of the cooling energy, the pipeline network of a centralized air-conditioning
water system exhibits obvious dynamic characteristics that directly affect system efficiency
and the matching accuracy of the cooling supply and cooling demand [3,4]. In a long and
complex pipeline network in particular, energy transport experiences significant delays
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due to the limitation of the fluid velocity and the thermal inertia of the pipe material. This
delay may cause the cooling source regulation to respond sluggishly and undermine the
rigid requirement of real-time load balance [4]. Meanwhile, the heat exchange driven by
the temperature difference between the pipe interior and exterior induces an irreversible
temperature drop along the pipeline, which is known as the attenuation characteristic of
the network. The magnitude of this attenuation is jointly influenced by many factors such
as the transport distance, the ambient temperature, and the overall pipe heat-transfer coef-
ficient. If these dynamic behaviors are not accurately assessed, the system may suffer from
over-designed capacities, mismatched control strategies, and unnecessary energy waste.
Exploration of digital technologies for real-time equipment-state mapping, operational
optimization, and energy-consumption management of metro-station air-conditioning
systems is therefore of great significance.

On the other hand, the development of digital twin technology provides an effective
solution for efficient management and application in engineering projects [5]. Digital
twin is a cutting-edge technological concept aimed at creating a virtual representation
or model of physical entities in the real world [6]. The concept was first proposed by
Grieves [7] and has since been widely applied in aerospace, aviation, and other precision
industrial fields [8]. Although some researchers have begun to explore the application
of digital twin technology in the HVAC field, its current scope of use remains relatively
limited. Most existing studies focus on a single subsystem or specific component, such
as digital twin models of pumps [9] or cooling plants [10]. Digital twin technology en-
ables the efficient design and operational supervision of the centralized air-conditioning
water systems of metro stations for improving energy efficiency and reducing carbon
emissions [11]. Therefore, developing a digital twin-enabled centralized air-conditioning
water system can not only enhance the interaction between the digital model and physical
environment but also leverage this technology to achieve energy savings and reduce overall
energy consumption.

Modelica is a unified modeling language for multi-physics systems. In recent years,
commercial software tools such as Dymola (Dymola 2026x) and MWorks (MWORKS 2025b)
have been developed based on the Modelica language. In the fields of electronic sys-
tems [12,13] and electromechanical systems [14], extensive experiments and applications
have been conducted using the Modelica language. These tools support integrated model-
ing across multiple physical domains and offer efficient simulation and strong cross-domain
collaboration capabilities, making them well-suited for simulating thermal and hydraulic
behaviors [15]. Over the past two decades, Modelica has also been applied in the building
sector, particularly in research related to HVAC systems and energy applications. Appel-
haus et al. [16] implemented in Modelica a model describing how fluid dynamics affects
residence time distribution in a thin-film evaporator. Owing to Modelica’s modular struc-
ture, the approach facilitates the estimation of the influence of system variables and process
parameters. Lu et al. [17], in order to evaluate three high-performance HVAC controllers in
a VAV cooling system, integrated these controllers with a medium-sized office building
model in Modelica. They compared their performance in terms of operational energy
efficiency and indoor thermal comfort, thereby investigating the effectiveness of intelligent
controllers. Zhu et al. [18] developed a dynamic simulation model of a metro chilled water
system using the Dymola/Modelica platform and applied a genetic algorithm optimization
implemented in MATLAB (via a Python (Python 3.14.2) interface). System-level energy
consumption was simulated in Dymola, while MATLAB (R2025b)-GA was used to optimize
chiller sequencing, pump flow rates, and temperature setpoints, enabling a comparative
evaluation of four control strategies. Liu et al. [19] built a leakage-simulation hydraulic
model of an air-conditioning chilled water system using the Dymola/Modelica platform
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and developed a two-stage leakage-fault diagnosis method based on an Adam-optimized
BP neural network implemented in Python. Leakage scenarios were generated through
Dymola simulation, and the improved neural network model was then used to identify
the leaking pipe section and pinpoint the exact leakage location, enabling high-accuracy
leakage diagnosis for ACWS pipe networks.

For large-scale pipe network systems, many researchers have conducted related studies
on simulation and prediction. Cox et al. [20] developed an ice storage system on the
energy station side using the Jmodelica (JModelica 2.14) [21] platform and formulated
demand-response control strategies under time-of-use and real-time electricity pricing.
Tang et al. [22] considered the thermal storage characteristics of the pipeline network and
optimized the chiller operation strategy for the early start-up of building cooling systems in
summer. Ali et al. [23] used Modelica to build a dynamic system model, which was coupled
with the GenOpt optimization program through Dymola dynamic modeling to determine
the optimal configuration of chilled water system equipment. This optimal configuration
may reduce system energy consumption by 17-43%. Tian et al. [24] integrated an HVAC
system model with multi-zone airflow and CFD simulations, addressing the gap in airflow
representation between multi-zone models and CFD analysis. Hinkelman et al. [25] used
Modelica’s graphical modeling capabilities to develop a real campus district cooling model,
and by implementing different energy-saving measures, achieved an annual electricity cost
reduction of 8.9% for the campus.

The modeling of large-scale pipe network systems by considering the thermal pro-
cess, hydraulic process, and control simultaneously is a typical multiple domain physical
modeling process. Conventionally, TRNSYS provides HVAC component models that focus
mainly on thermodynamic characteristics while neglecting hydraulic behavior; therefore,
if TRNSYS is to be used, the required modules must be custom-developed [26,27]. Flo-
Master is widely used for modeling pipe network topology and is commonly applied to
simulate complex real-world piping systems. However, its components are primarily based
on pressure—flow relationships, which often overlook the influence of thermodynamic
characteristics on hydraulic behavior [28]. Similarly, IDA ICE (Indoor Climate and En-
ergy), as a building performance simulation platform developed on the basis of the IDA
methodology, is highly mature in building energy analysis, indoor thermal environment
assessment, and system-level control strategy studies [29,30]. However, its pipe network
models typically rely on simplified hydraulic descriptions or quasi-steady assumptions
and thus remain limited in their ability to accurately capture transient thermohydraulic
coupling processes in complex piping systems. Therefore, when studying the hydraulic
and thermal characteristics of large-scale pipeline networks, it is not appropriate to use
the aforementioned simulation software. In contrast, the Modelica language is based on
multi-domain physical modeling, allowing simultaneous representation of both hydraulic
and thermodynamic characteristics in large-scale pipeline networks, thereby avoiding the
need to develop intermediate modules. Modelica can automatically transform complex
pipeline network topologies involving thermal processes and hydraulic processes, etc., into
systems of differential-algebraic equations (DAEs) and solve their transient responses using
numerical algorithms. This capability provides a high-fidelity simulation foundation for
the development of digital twins, energy-efficiency optimization, and real-time control of
complex pipe network systems.

In this study, a digital twin model of the centralized air-conditioning water system
of a metro station with a complex pipe network is developed for evaluating the thermal
delay and thermal attenuation characteristics of this water system. This digital twin model
is established on the MWorks platform using the Modelica modeling language and a
noncausal modeling approach. This modeling paradigm directly describes physical laws
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such as mass conservation, energy transfer, and heat conduction by capturing their dynamic
characteristics. It supports bidirectional dynamic interaction and multi-domain coupling.
The model is validated by using field measurements. Based on this validated model, the
thermal delay and thermal attenuation characteristics of this centralized air-conditioning
water system with a complex pipe network are evaluated and analyzed. The main objective
of this study is to develop and validate a digital twin model of a centralized air-conditioning
water system with a complex pipeline network. Based on the validated digital twin model,
the thermal delay and attenuation characteristics of the system are systematically evaluated
and analyzed, providing a scientific basis for system optimization and control. In addition,
the development of the digital twin model using MWorks in a multi-domain physical
modeling environment offers a methodological reference for the simulation and analysis of
other water systems.

There is no existing literature to present the evaluation of thermal delay and thermal
attenuation simultaneously since the thermal process and hydraulic process need to be
simulated simultaneously, while there are no appropriate simulation tools such as TRNSYS
and FloMaster. This study develops the water system digital twin model in MWorks, a
multi-physics modeling environment based on the Modelica language. This model allows
simultaneous representation of both hydraulic and thermodynamic characteristics in large-
scale pipe networks, thereby avoiding the need to develop intermediate modules. The
main contribution of this study is to evaluate the thermal delay and thermal attenuation
characteristics of a complex water system in a multi-physics modeling environment, and
this study provides a methodological reference for the simulation and analysis of other
types of water systems. The technical roadmap of this paper is shown in Figure 1.

Study of the Thermal Delay and Thermal Attenuation Characteristics of a Centralized Air-
Conditioning Water System Based on a Multi-Domain Physical Modeling Environment
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Figure 1. The technical roadmap of this paper.

2. Thermal Delay and Thermal Attenuation

This time lag stems from factors such as pipe length, fluid inertia, and frictional
resistance. Since the medium connected to the source is separated by a significant distance,
it reaches the delivery end only after a certain time delay during the heating or cooling
transfer process. Notably, pressure changes can be considered nearly instantaneous, so the
pressure delay within the pipeline network is generally not taken into account. The thermal
delay of a pipe refers to the duration for water to flow from the pipe’s inlet to its outlet
as shown in Equation (1), which describes the delay characteristics of an individual pipe
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section. The thermal attenuation of a pipeline network is represented by the temperature
rise or drop of the fluid during transport, which is reflected in the temperature difference
between the pipe inlet and its outlet. This phenomenon occurs due to the heat exchange
driven by the temperature difference between the fluid inside the pipe and its ambient
environment. Even with insulation measures in place, the fluid still undergoes irreversible
heat transfer through the pipe wall to the ambient environment (air or soil) during transport.
Equation (2) describes the thermal attenuation of an individual pipe section.

L 7T 2
ot = (dh)?- 1
fout tzn mflaw 4 (d ) Y ( )
o fout — tin
Tout = Tb + (Tm - Tb)'eXP RC (2)

where t,,; is the time when the water flows out of the individual pipe (s); t;, is the time
when the water flows into the individual pipe (s); L is the pipe length (m); gy, is the
flow rate (m3/s); dh is the pipe diameter (m); p is the fluid density (kg/m?3); T,y is the
temperature of the fluid flowing out of the individual pipe (°C); T}, is the temperature
of the fluid flowing into the individual pipe (°C); T} is the temperature of the external
ambient medium around the pipe (°C); C is the thermal capacity of the pipe per unit length
(J/(m-°C)); and R is the thermal resistance of the pipe ((m-°C)/W).

Equations (1) and (2) describe the thermal delay and thermal attenuation characteristics
of the fluid transport within an individual pipe section, respectively. For evaluating the
thermal delay and thermal attenuation of a complex water pipe network, a digital twin
model of the water system is necessary for considering the thermal transfer process and
hydraulic process. For each individual pipe, a pipe module is used by simply inputting
a set of parameters, i.e., pipe diameter (dh), pipe length (L), thermal conductivity of the
insulation material, insulation thickness, and ambient temperature. In the digital twin
model of the water system, equations for fluid flow rate, pipe wall heat capacity, and
environmental heat dissipation of all the pipe sections can be integrated, and thereby the
combined effects of the thermal delay and thermal attenuation can be quantified.

3. System Overview

This study focuses on the centralized air-conditioning water system of a subway
station in Wuhan serving specialized functional areas such as some equipment rooms. The
station is an underground two-level island-type station, with multiple entrances, exits,
and transfer passages connecting the concourse and platforms. The total design load of
the system is about 700 kW, which includes the calculated cooling load for the equipment
management rooms as well as the entrances, exits, and transfer passages. This system is
equipped with two screw chillers, two chilled water pumps, two cooling water pumps, and
two cooling towers. Each chiller has a cooling capacity of 387 kW, a power consumption of
71 kW, an evaporator flow rate of 66.6 m3/h, and a condenser flow rate of 79 m3/h. Each
cooling tower has a water flow rate of 100 m®/h and a fan power of 3.0 kW. The rated
power of each pump is 15 kW. The design flow rates of the chilled water pump and cooling
water pump are 67 m3/h and 90 m® /h with heads of 36 mH,O and 33 mH,O, respectively.

The chilled water from the central air-conditioning plant is distributed via a manifold
to three areas: the long-distance terminals, the entrances and transfer passages, and the
short-distance terminals. The short-distance terminal branch supplies the air-handling
unit, K1, for conditioning all the A-end equipment management rooms. The long-distance
terminal branch supplies two air-handling units, i.e., K2 and K3, for conditioning the B-end
equipment management rooms. Fan coil units are installed at the entrances, exits, and
transfer passages.
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The schematic topology of the system pipeline network is shown in Figure 2, where the
pipeline routes, diameters, and lengths of the three branches downstream of the manifold
are roughly shown. The far end of the system is supplied by the long-distance terminal
branch, while the near end is supplied by the short-distance terminal branch. In this
centralized air-conditioning water system, the total pipeline length from the chiller to the
far end of the long-distance terminal is approximately 450 m, and the extra-long pipeline
network is shown to have a significant impact on thermal performance during both the
design and operation of the system. Solid lines indicate the supply piping for each branch,
while dashed lines indicate the return piping for each branch.
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Figure 2. The topology of the chilled water piping network.

The design load includes a portion of reserved capacity. Therefore, for actual operation,
the cooling demand of the system is lower than the design capacity, and generally only one
chiller needs to be in operation to meet the system’s cooling demand. The cooling season is
from June 1 to October 1. For the remaining period, this system is not operated. During
operation, the chillers, pumps, and cooling towers are controlled in an integrated start-stop
sequence. The chiller outlet water temperature is set at 9 °C. One chiller dedicated to one
chilled water pump, one cooling water pump, and one cooling tower is operated with
the pumps and the cooling tower running at a fixed frequency of 45 Hz. This system
is equipped with a centralized energy management and control system. Operation data
collected by the centralized system mainly include the temperature and pressure of the
supply and return mains, flow rates, valve openings and supply air temperatures at each
equipment terminal, the start-stop frequency of the chiller, and the operating frequency of
the pumps and fans. Environmental parameters such as temperature and humidity inside
and outside the station are also recorded.

4. Development of a Digital Twin Model of the Water System

Digital twin was developed in 2002 by Michael Grieves, and a more detailed and
widely recognized research definition is given by Glaessgen, Stargel (2012) [31]: “digital
twin is an integrated multi-physics, multi-scale, probabilistic simulation of a complex
product and uses the best available physical models, sensor updates, etc., to mirror the
life of its corresponding twin”. Based on technical maturity, functional completeness, and
application depth, a digital twin (DT) may be classified into three development stages. The
premilitary stage is the digital mapping or basic simulation stage; the main objective is
to achieve a geometric and data mirroring of physical entities such as the 3D structural
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model of a building. The intermediate stage is the digital simulation or analysis and
optimization stage; its core objective is to endow the model with dynamic simulation and
decision support capabilities, such as the simulation of a building’s HVAC system for
energy or control analysis [32]. The advanced stage is the digital twin entity or autonomous
interaction stage; it can realize bidirectional closed-loop interactions between physical
entities and digital models. These three stages are also referred to as the digital model,
digital shadow, and digital twin [33]. In this study, the digital twin model of the centralized
air-conditioning water system is developed based on the field pipeline topology as well as
the real configuration of the chillers, pumps, and terminals. It is also validated by using
real system operation data although it is not related to the real system and may be referred
to as the digital shadow.

The digital twin model of the centralized air-conditioning water system (the water
system) has many digital twin modules, and all of these should be developed in advance.
Each module requires a mathematical model. Based on the mathematical equations, the
module is programmed to construct the relevant parameters, variables, and equations in
MWorks (MWORKS 2025b, China) with the Modelica language. The equations written have
no sequential order during the solution process. Once constructed, interfaces are added
to the module so that it can be organically connected with other modules facilitating the
construction of the digital twin model of the centralized air-conditioning water system. This
section briefs the development process of digital twin modules and the MWorks modeling
method. Thereafter, the digital twin modules of the pipeline and chiller are presented as
examples to illustrate the modeling process, also including the validation of the digital
twin chiller module.

4.1. Introduction to the Digital Twin Module and the Development Process

The centralized air-conditioning water system is a coupled system in which com-
ponents mutually influence each other. The digital twin model of the centralized air-
conditioning water system includes modules of various equipment and components. When
developing this digital twin model, it is necessary not only to simulate the thermal char-
acteristics of the system but also its hydraulic characteristics. First, digital twin modules
for each piece of equipment and component must be established based on the underlying
model principles and validated. These modules are then organically connected to form the
digital twin model of the entire system. The digital twin modules simulate the characteris-
tics of equipment or components to verify the accuracy and validity of each module. The
validation of a certain module is performed to check whether the module outputs match
those of the actual physical object to ensure that the simulation requirements are met. This
prevents errors or incorrect parameters in individual digital twin modules propagating
from upstream to downstream equipment when the modules are combined into the final
model, which could affect the accuracy of the overall system model.

The digital twin model of the centralized air-conditioning water system mainly in-
cludes modules of chillers, cooling towers, pumps, pipes, terminal equipment, valves,
temperature sensors, pressure sensors, flow sensors, and other auxiliary components.
In this study, the cooling tower module is developed by using the YorkCalc calculation
method [34], which analyzes the heat dissipation performance of the cooling tower under
different air and cooling water flow rates. It describes the impact of these parameters on
heat dissipation performance under off-design conditions based on empirical calculation
formulas. The pump module determines the operating head and power of the pump by
fitting the flow-head and flow-power curves [35]. The chiller uses a chiller model based on
DOE-2.1 [36]. The module of the terminal equipment is developed by directly using simple
heat transfer equations to calculate the outlet temperature of the equipment based on the
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load, inlet temperature, and flow rate. In the following section, as an example to illustrated
the modeling process, the development of the digital twin modules of the pipeline and
chiller are presented, and the validation of the digital twin chiller module is also included.

4.2. Modelica Language and MWorks Modeling Method

In the field of engineering system modeling, the Modelica language offers two typ-
ical paradigms: causal block-diagram modeling and acausal physical modeling. Causal
block-diagram modeling decomposes a system into representations of known and un-
known variables. A block diagram consists of multiple components, and each component
computes the unknown quantities based on the known ones. Acausal physical modeling
uses conservation laws to describe the behavior and performance of a system or compo-
nent, without explicitly defining system inputs and outputs. The complete set of system
equations is obtained by combining the constitutive equations of the components with the
conservation equations.

In this study, an acausal modeling approach based on conservation laws is adopted
to construct the digital twin modules of the centralized air-conditioning water system on
the MWorks simulation platform, which is developed using the Modelica language. This
method is driven by physical principles and is particularly suitable for the simulation and
analysis of complex fluid networks (i.e., the water system). To construct an acausal model,
it is necessary to identify the “flow variables” and “potential variables” of the system
being modeled. “Potential variables” represent the driving forces of a system while “flow
variables” represent the flow induced by those potentials. For example, in electrical systems,
voltage (V) is the potential variable and current (I) is the flow variable; in heat transfer,
temperature (K) is the potential variable and heat flow (W) is the flow variable; and in fluid
flow, pressure (P) is the potential variable and mass flow rate (kg/s) is the flow variable.
Flow variables are defined using the flow keyword and represent conserved quantities, such
as electric current or heat flow. When connected, all flow variables at the connected ports
follow the conservation law, with their algebraic sum equal to zero. Potential variables
are generally defined using the stream keyword and represent the driving force of the flow
such as pressure or temperature. When connected, the potential variables at the connected
ports are equal.

To achieve the physical interconnection of fluid components, a dedicated fluid con-
nector, FluidPort, is used. Its core includes three types of variables: potential variables,
flow variables, and flow property variables. Its potential variable, pressure, represents the
driving force of the flow. When connected, all port potential variables are automatically
equal, directly reflecting the physical constraint of pressure balance. The mass flow in
the flow variables is defined using the flow keyword, representing a conserved extensive
quantity. When connected, the algebraic sum of all port flow variables is zero, strictly
satisfying the law of mass conservation. Flow property variables, such as specific enthalpy,
represent intensive quantities related to the direction of transfer and flow. They are effective
only when the fluid flows out, ensuring the directionality of energy and component transfer.
This design allows component interfaces to inherently incorporate physical conservation
laws. For example, when three pipes converge, the compiler automatically generates mass
flow conservation and pressure balance equations, significantly reducing modeling com-
plexity. Using the potential variable (pressure) and flow variable (mass flow) of the fluid
connector, the pressure balance equations and flow conservation constraints at network
nodes can be automatically generated.
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4.3. Development of the Pipeline Module

The digital twin pipeline module needs to be able to describe the thermal delay,
thermal attenuation (i.e., temperature attenuation), and energy storage (cooling capacity)
characteristics of the water flowing inside the centralized air-conditioning water pipe
network. Constructing the mathematical model of the pipe involves establishing equations
that reflect these three dynamic characteristics, thereby forming the dynamic module
of the pipeline. This study adopts a thermohydraulic pipe model based on dynamic
equations [37,38]. The flow and heat transfer characteristics of the fluid are described using
mathematical equations derived from the Reynolds transport theorem. For long pipelines,
temperature variations are mainly governed by radial heat losses to the environment. The
gradient of the pipe temperature along the pipeline is very small, and the effects of axial
heat conduction and frictional heating on the temperature field can be neglected. This point
is also presented in the Refs. [37,38]. Therefore, the above assumptions are adopted in this
study to simplify the model and facilitate a more efficient analysis of the results. The axial
heat conduction and viscous dissipation due to frictional pressure losses are neglected. The
flow equations of the pipeline are simplified based on the following assumptions: (1) The
pipe is assumed to be made of homogeneous material with a uniform wall temperature
and a uniform temperature distribution along the pipe diameter. Axial heat conduction
in the pipe wall is neglected, and the pipe wall is assumed to be a constant-temperature
boundary; (2) The insulation layer is assumed to be homogeneous, and variations in the
pipe heat transfer coefficient along the radial direction are not considered; (3) Pipe friction
generates heat which is neglected since its impact on the system is small.

The energy transfer through the pipeline and the associated heat loss to the ambient
environment are caused by the combination of the energy and continuity equations with
internal energy. Minor influencing factors, such as thermal diffusion, pressure loss, and
pipe friction, are neglected in the energy equation. The internal energy is expressed as a
function of the axial position x and time ¢ in the pipeline as shown in Equation (3). By
changing the partial differential on the left-hand side of Equation (3) to a total differential,
Equation (4) is obtained. Integrating both sides then yields Equation (5). Rearranging gives
Equation (6), which can be used to calculate the outlet temperature of the pipeline module
based on the inlet temperature and determine the heat loss within the pipeline module.
The thermal capacity and thermal resistance of the pipeline are calculated as shown in
Equations (7) and (8).

d(pcy, TA) n d(pvAc,T)

ot o e ©)
CdT(t) _ T(t)—T,
at R @
Tout dT(t) 1 tout
= dt 5
/Tin T— Th RC Jtin ( )
tout — t;

Tout = Th + (Tin - Tb)exp(%cm) (6)
C = pc,A (7)

1 % + dlns
" klns x 27'(1g< dzi‘ ) ®

where p is the fluid density (kg/m?3); c, is the specific heat capacity of the fluid (J/(kg-K));
A is the cross-sectional area of the pipe (the water flow area) (m?); v is the fluid velocity
(m/s); ge is the heat exchange between the system interior and the pipe wall representing
the system heat source; klns is the thermal conductivity of the insulation layer (W/(m-°C));
dIns is the thickness of the insulation layer (m); and dh is the pipe diameter (m).
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Based on the above mathematical model, the digital twin pipeline module can be
developed in the MWorks platform. The module icon is shown in Figure 3: the fluid
medium passes through the blue port, flows through the pipe model, and exits via the
white port; the red port connects to the ambient environment to simulate heat exchange
between the pipeline and its surroundings. The module parameters are listed in Table 1.

L = length
d = sqrt(4*m_flow_nominal/rho_default/
v_nominal/Modelica.Constants.pi)

Figure 3. The icon of the digital twin pipeline module.

Table 1. Module parameters of the digital twin pipeline module.

No. Parameter Description Unit
1 dh Pipe diameter m
2 L Pipe length m
3 dlns Thickness of the pipe insulation layer m
4 kins Thermal conductivity of the pipe insulation layer W/(m-°C)
5 Ty Ambient temperature outside the pipe °C

4.4. Development and Validation of the Chiller Module

The digital twin chiller module captures both the hydraulic resistance character-
istics and thermodynamic characteristics. The thermodynamic model is formulated
using the capacity multiplier of the chiller, CAPFT (i.e., maximum capacity or cool-
ing capacity), the full-load efficiency, EIRFT, and the part-load efficiency, EIRPLR, to-
gether with the temperature curves of the evaporator and condenser as shown in
Equations (9)—(13). The part-load ratio, PLR, and chiller power consumption, P,;, are
computed using Equations (12) and (13).

2 2
CAPFT = a + a2Tchw,out +as chw,out + a4TCW,Out +as Tcw,out + aéTchw,outTcw,out (9)

EIRFT = bl + bZTchw,out + b3T,:2hw,out + b4Tcw,out + b5TcZw,out + b6Tchw,outTcw,0ut (10)
EIRPLR = ¢ + 2 Tewout + €32 out + c4PLR 4 csPLR? 4 c6PLR® + 7T 0t PLR (1)

Qavail
CAPFT-Q,f

Peni = Pepiref-CAPFT-EIRFT-EIRPLR (13)

PLR = (12)

where Qg is the cooling load that the chiller is required to meet (W); Q,qf is the reference
cooling capacity of the chiller (W); Ppirer is the reference power of the chiller (W); Ty, out i8
the chilled water outlet temperature (°C); Tcw,out is the cooling water outlet temperature (°C);
[a1, a2, a3, a4, as, ag] are the polynomial coefficients of the chiller’s available capacity factor;
[b1, by, b3, by, bs, bg] are the polynomial coefficients of the chiller’s full-load efficiency; and
[c1, c2, €3, C4, C5, g, C7] are the polynomial coefficients of the chiller’s part-load efficiency.
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Based on the above mathematical model, the digital twin chiller module can be
developed in the MWorks platform. The module icon is shown in Figure 4, and the model
parameters are listed in Table 2.

name

> on
> TSet

Figure 4. The icon of the digital twin chiller module.

Table 2. The module parameters of the digital twin chiller module.

No. Parameter Description Unit

1 PLRMax Maximum load ratio of the chiller /

2 PLRMin Minimum load ratio of the chiller /

3 PLRMinUnl Minimum load ratio when the chiller cannot operate /

4 QEvanominal Reference cooling capacity of the chiller A%

5 COPpominal Reference COP of the chiller /

6 MEya nominal Reference flow rate of the evaporator kg/s

7 MCon,nominal Reference flow rate of the condenser kg/s

8 TEvalvgnominal Reference chilled water outlet temperature °C

9 T ConEnt,nominal Reference cooling water return temperature °C

10 TEvalvgMin Minimum chilled water outlet temperature °C

11 TEvalvgMax Maximum chilled water outlet temperature °C

12 T ConEntMin Minimum cooling water return temperature °C

13 T ConEntMax Maximum cooling water return temperature °C

14 capFunT Polynomial coefficients of the chiller’s available capacity factor /
[all as, as, aa, as, a6]

15 FIRFunT Polynomial coefficients of the chiller’s full-load efficiency /
[b1, by, b3, by, bs, b]

16 EIRFunPLR Polynomial coefficients of the chiller’s part-load efficiency /

[Cll Cp, C3,C4, Cs5, Cg, C7]

The chiller module requires the input of the load ratio limits, reference cooling capacity
and reference COP, and the polynomial coefficients of three performance curves. It also
requires the inlet and outlet temperatures and flow rates on both the condenser and
evaporator sides. The load ratio limits are used to control the maximum and minimum
cooling capacity of the chiller, while the reference cooling capacity and reference COP are
used to calculate the reference power. The polynomial coefficients of the three curves are
obtained by the least-squares fitting of the full-load and part-load data. Limiting the inlet
and outlet temperatures and flow rates on the condenser and evaporator sides prevents the
model results from exceeding realistic ranges. On-site measured data are used as input to
simulate the digital twin chiller module to validate the performance of the chiller thermal
characteristic model.

This study identifies the parameters of the chiller mathematical model based on on-site
measured data. For existing systems, the performance of the chiller has typically degraded
compared to its original factory specifications, and the actual cooling capacity is generally
lower than the design value. Using actual full-load data, the current cooling capacity
and instantaneous power were averaged to serve as reference data. Based on the analysis
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of operational data, the selected reference cooling capacity of the chiller is 317 kW, with
a reference power of 60 kW. The accuracy of parameter calibration and validation data
was verified through simulation results, as shown in Figure 5. The Pearson correlation
coefficient (i.e., PCC) of the chiller mathematical model exceeds 0.766, indicating that the
simulation results show good trends and agreement with the actual values. The results
also show that the normalized mean bias error (i.e., NMBE) is generally within 5%, and the
average absolute error of power is small. Simulation of the chiller module demonstrates
that the fitted curve parameters can accurately predict the performance of the chiller.

- Actual measurement (calibration) Actual measurement (verification)

- —Prediction (calibration) — Prediction (validation)

L ﬂ%ﬂf’r\_

| | NMBE=2.95% NMBE=2.19%

+ | RMSE=1.51 RMSE=0.99

r PCC=0.766

0 40 60 80 100 120 140 160 180 200 0 20 40 60 80
Time (h) Time (h)

Figure 5. Validation of the chiller mathematical module.

4.5. Digital Twin Model of the Water System

The individual digital twin modules of the centralized air-conditioning water system
are organically connected to form the digital twin model of the centralized air-conditioning
water system as shown in Figure 6. The system mainly consists of the chiller, pumps, piping
network, and input data tables. On the right side of the chiller is the chilled water side of
the piping network. The solid red lines represent the chilled water supply pipeline, and the
solid blue lines represent the chilled water return pipeline. After the fluid (i.e., the water)
exchanges heat with the refrigerant in the evaporator, it flows through the supply mains to
three branches and then reaches each terminal before finally returning to the evaporator
inlet. Each terminal is equipped with a flow control balancing valve to adjust the flow
rate. On the left side of the chiller is the cooling water side of the piping network: dashed
red lines represent the cooling water supply pipes, and dashed blue lines represent the
cooling water return pipes. After exchanging heat with the refrigerant in the condenser, the
fluid temperature rises, and it is subsequently cooled by the cooling tower before being
pumped back to the condenser. On the indoor side, heat is transferred between the room
and outdoor air through the chiller, completing the indoor-outdoor heat transfer process.

Short-distance terminal K2 supply water K2 return water
‘ outl¢t temperature || outlet temperature

WP Temperature at the
outlet of the

Ay itersupply pipe

_ts
£

Figure 6. The digital twin model of the centralized air-conditioning water system of the metro station.
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In the figure, the green dashed lines connect the thermal interfaces of the pipeline
to the design temperatures of the equipment rooms, which are used to calculate the heat
exchange between the pipe insulation layers and pipe environment (T}). The parameters of
each piece of equipment can be modified either through the parameter tables or directly
within the components. The input parameter tables include parameters such as the speeds
of the pumps and cooling towers, chiller start/stop status and outlet temperature setpoints,
valve openings, and the cooling load.

5. Validation of the Digital Twin Model of the Water System

Based on the digital twin model, the hydraulic characteristics of the centralized air-
conditioning water system were first validated. In the study and application of hydraulic
characteristics, flow rate is a critical parameter. A comparison between the measured and
digital twin model-predicted flow rates in the chilled water main pipe and cooling water
main pipe is shown in Figure 7. At this time, the pump operating frequency was 45 Hz.
The measured average chilled water flow rate is 13.08 kg/s, and the measured cooling
water flow rate is 26.12 kg/s. These data were obtained through on-site flow sensors and
temperature sensors installed at the corresponding measurement points. The measurement
accuracy of the temperature sensor is +0.2 °C, and that of the flow sensor is £0.3%. For the
chilled water main pipe, the predicted flow rate showed a PCC of 0.995 with the measured
values, a normalized mean bias error (i.e., NMBE) of 1.84%, and a root mean square error
(i.e., RMSE) of 0.28 kg/s. For the cooling water main pipe, the predicted flow rate had a
PCC of 0.999, NMBE of —0.05%, and RMSE of 0.16 kg/s. The hydraulic characteristics of
the piping network show very good agreement with the actual measurements, with small
errors satisfying the system simulation requirements for hydraulic performance.

30
25 - Cooling water main pipe (measured)
Cooling water main pipe (predicted)
~ 20 r . L
Eﬁ ---Chilled water main pipe (measured)
\g 15 —Chilled water main pipe (predicted)
=
S et S SR S—
]
=
2 10 ¢
<
=
5 o
0
08-09 08-10 08-11 08-12 08-13 08-14 08-15 08-16

Date

Figure 7. Comparison of the measured flow rates and digital twin-predicted flow rates.

The comparison between measured and digital twin-predicted supply and return
water temperatures in the chilled water main pipe and cooling water main pipe is shown in
Figures 8 and 9. In the thermal characteristics of the air-conditioning chilled water system
of this digital twin model, temperature is a physical quantity describing the thermal state
of the fluid, which critically affects equipment status, energy conversion, and transfer
processes. For the chilled water side, the predicted supply temperature has a PCC of 0.664
with the measured values, an NMBE of 0.47%, and an RMSE of 0.3 °C. The predicted return
temperature has a PCC of 0.685, NMBE of 3.29%, and RMSE of 0.5 °C. As for the cooling
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water side, the predicted return temperature has a PCC of 0.993, NMBE of 1%, and RMSE
of 0.4 °C, while the predicted supply temperature has a PCC of 0.996, NMBE of 1%, and
RMSE of 0.2 °C. The predicted supply and return temperatures on both the chilled water
side and cooling water side fluctuate consistently with the measured values, showing a
very good correlation.

20
s Chilled water return temperature (measured)
@]
% Chilled water return temperature (predicted)
E 15 L —Chilled water supply temperature (measured)
=
'g ----- Chilled water supply temperature (predicted)
Q
S
2 10 f
=
g s
Q
!
[
o
g St
2
<
2
B
=0

08-09 08-10 08-11 08-12 08-13 08-14 08-15 08-16
Date

Figure 8. Comparison of measured water temperature and digital twin-predicted water temperature
in the chilled water main pipe.

40
Cooling water return temperature (measured)

—Cooling water return temperature (predicted)

35 ¢ ---Cooling water supply temperature (measured)

Cooling water supply temperature (predicted)

25 r

Temperature of the cooling side main pipe
(°C)
(08
(e

20
8/9 8/10 8/11 8/12 8/13 8/14 8/15 8/16
Date

Figure 9. Comparison of measured water temperature and digital twin-predicted water temperature
in the cooling water main pipe.

This study also compared and analyzed the measured total power of the central-
ized water system and the digital twin-predicted one. The total power of the system
includes the power of the chilled water pumps, cooling water pumps, cooling towers, and
chillers. The result is shown in Figure 10. The measured power fluctuated steadily between
59.0 kW and 67.7 kW, while the model-predicted values ranged from 55.7 kW to 76.3 kW.
The comparison results show a PCC of 0.939, indicating a moderate linear correlation
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between the predicted and measured power. The RMSE is 2.78 kW, demonstrating a good
accuracy for power prediction.

90
—Measured

Predicted

e}
(e
T

70 |
Aas f-..MMVMMV_'_\_\ ,\”\M N R L
60 T e

50
40

30

NMBE=2.93%
20 | RMSE=2.78
PCC=0.939

10 ¢

Total power of centralized water system (kW)

0
08-09 08-10 08-11 08-12 08-13 08-14 08-15 08-16
Date

Figure 10. Comparison of the measured total power of the chilled water system and the predicted
value using the digital twin model.

In addition to the model described above including the thermodynamic equations and
fluid dynamics modeling, the digital twin model’s virtual space also incorporates three-
dimensional visualization of the physical entities and data connections between the two
models. The support of virtual-physical mapping technology enhances the 3D visualization,
allowing users to more intuitively understand the equipment’s functions and performance
and optimize the control of the physical entities. Through data-driven approaches and
communication technologies, the physical entities, simulation models (digital twin models),
and 3D visualization models can be truly interconnected and interactive.

6. Analysis of the Thermal Delay and Thermal Attenuation Characteristics
of the Water System

The centralized air-conditioning water system of a subway station in Wuhan is consid-
ered in this study. The digital twin model of this water system is developed in Section 4,
Development of a Digital Twin Model of the Water System, and validated in Section 5,
Validation of the Digital Twin Model of the Water System. A simulation of this validated
digital twin model of the centralized air-conditioning water system was conducted to
obtain parameters such as temperature, flow rate, and velocity for each pipe segment in
the network. The pump was operated at a frequency of 45 Hz, with only Pump 1 in service.
The control valves were adjusted according to their actual openings to ensure that the flow
rates at the network terminals matched the measured values. The simulated flow rates at
terminals K1, K2, and K3 were 0.65 kg/s, 5.59 kg/s, and 7.56 kg/s, respectively, consistent
with their design flow rates. The pipeline network requires an initialization period. To
study thermal delay characteristics, a step signal was applied, which raised the chilled
water supply temperature from 7 °C to 10 °C at the 20th minute. During the thermal delay
analysis, the terminal loads were set to zero.

In the pipeline network, the outlet temperature of each upstream supply segment
equals the inlet temperature of the downstream segment. The outlet temperatures of all
chilled water system pipe segments were plotted. The outlet temperatures of the supply
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pipe segments in the network branches are shown in Figure 11, which correspond to the
inlet temperatures of the terminal coil units. As shown in this figure, the supply segment of
Chilled Water Pump 1 and the supply main responds rapidly. It begins within 10 s. Next to
respond are the KI and K2 supply pipe segments, while the K3 terminal, the farthest from
the pump, responds last: the K1 supply pipe begins to respond after 74 s from 7.2 °C, with
the inlet temperature stabilizing at 10.2 °C; the K2 supply pipe starts to respond after 216 s
from 7.2 °C, stabilizing at 10.2 °C at the inlet; and the K3 supply pipe responds after 227 s
from 7.2 °C, with the supply temperature eventually stabilizing at 10.2 °C.
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Figure 11. Outlet temperature of the chilled water supply pipe segments.

The outlet temperatures of the return pipe segments in the network are shown in
Figure 12, which correspond to the inlet temperatures of the return mains or collectors.
The outlet temperature trends of the return pipes are generally consistent with those of the
supply pipes: for the K1 return pipe, the outlet begins to respond after 127 s from 7.3 °C,
stabilizing at 10.3 °C before entering the return main; the K2 return pipe starts to respond
after 220 s from 7.2 °C, with the temperature stabilizing at 10.2 °C at the inlet to the return
main; and the K3 return pipe responds after 242 s from 7.2 °C, stabilizing at 10.2 °C before
entering the return main. Since terminal K1 is closest to the return main, the return main
begins to respond at 142 s after the K1 return pipe starts to respond. The water in the
return main that has not yet warmed mixes with the already warmed water from the K1
terminal. After the more distant terminals contribute their return flow, the temperature in
the return main rises to a stable value. The outlet of Pump 1’s return pipe (i.e., the chiller
inlet) responds about 8 s later than the return main.

Based on the outlet temperature response times of the pipe segments, it can be seen
that the order in which the pipe segments respond is closely related to the structural
topology of the pipeline network. The closer a pipe is to the source, the earlier it responds,
with the temperature rising after a certain delay. The start time of each pipe segment’s
response is calculated by cumulatively summing the delay time in Equation (1), which
corresponds to the flow time of the water through the pipe segment. For the entire pipeline
network, the farthest terminal, K3, takes 227 s to respond to the chilled water supplied
by the chiller. At the present flow rate, it takes 455 s, approximately 7.5 min, for the
water to complete one circulation through the entire pipeline network. Since the present
flow rate matches the design flow rate, one full loop through the pipeline network takes

about 7.5 min.
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Figure 12. Outlet temperature of the chilled water return pipe segments.

The stabilized temperatures at all terminals are slightly higher than the supply temper-
ature of the main pipe of 7 °C. This is due to during the 20 min before the step signal change,
the water in the pipeline network experienced heat loss to the surrounding environment of
29 °C through the pipe insulation, which causes the water temperature inside the pipeline
to be noticeably higher than 7 °C, approximately 7.2 °C. Therefore, for long-term operation,
the actual supply temperature reaching the terminals will rise, resulting in obviously re-
duced cooling quality when the pipe insulation is not effective. The larger the network and
the longer the pipeline, the more pronounced the cooling quality reduction or energy waste.
When the step signal rises to 10 °C 20 min later, the terminal supply temperatures stabilize

at 10.2 °C, meaning that the temperature rise at the terminals is still 0.2 °C. This indicates a
temperature decay of approximately 0.2 °C. Based on the above analysis, thermal delay
is caused by the pipe length of large-scale networks and the flow velocity of the fluid
within the pipelines, whereas thermal attenuation results from the insulation material and

insulation thickness of the pipelines.

7. Conclusions
Thermal delay and thermal attenuation are fundamental hydraulic-thermal behaviors

in large air-conditioning water systems, especially in metro-station centralized water
networks where long pipelines and complex topologies make transient responses difficult
to capture. These characteristics directly influence the timing, stability, and efficiency of
cooling-capacity delivery. With the continuous advancement of digital twin technologies,
it has become possible to evaluate such dynamic behaviors with higher precision and
real-time insight. By integrating measurement data, physical modeling, and data-model
fusion, digital twins offer a powerful platform for revealing the mechanisms behind thermal
transport, enabling a more transparent and interpretable analysis of system dynamics in
actual engineering scenarios.
MWorks is used in this study as the simulation platform and applied to construct
a digital twin model of the air-conditioning centralized water system of a metro station
integrating thermodynamics and fluid dynamics, which is based on the configuration and
operation of the centralized water system and the distributed system control architecture
Model validation against measured operational data demonstrates high accuracy. Valida-
tion results indicate that the root mean square error (i.e., RMSE) between the predicted and
measured chilled water flow rates in the main pipe is 0.27 kg/s; the root mean square error
(i.e., RMSE) for supply temperature is 0.3 °C; and the root mean square error (i.e., RMSE) for
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return temperature is 0.5 °C. The NMBE between the predicted and measured total system
power is only 0.78%, showing good agreement between predictions and actual operation.
These results show that the constructed digital twin model successfully replicates the real
system’s physical and operational characteristics, providing a reliable basis for further
dynamic analysis.

Based on the validated digital twin model, the thermal delay and thermal attenuation
characteristics of the air-conditioning centralized water system are evaluated in detail. The
results show the thermal delay and thermal attenuation characteristics of the centralized
water network are determined by the pipeline network topology. In this study, the terminal
K1 responds after 74 s, K2 responds after 216 s, and the farthest terminal, K3, responds last
at 227 s. The total pipeline network thermal delay is approximately 7.5 min, and the thermal
attenuation in the pipeline network is about 0.2 °C. These quantitative findings may benefit
the practical implications of control strategies, fault detection, or energy savings. Take
branch K3 as an example, which represents the farthest circuit in this system: it takes
approximately 5 min for the chilled water discharged from the chiller to reach the inlet
of the terminal. To achieve more precise control, especially during the morning start-up
phase, the chiller should be activated at least 5 min in advance to satisfy the operational
requirements of the farthest terminal when compared to the original operation schedule. On
the other hand, every terminal exhibits a relative time delay in response to the chilled water
temperature supplied by the chiller. Therefore, this thermal delay should be incorporated
into the actual control strategy, particularly in predictive control schemes, to optimize
control performance. Regarding the fault detection and diagnosis of the pipe network, the
temperature difference between the inlet and outlet of a given pipe segment is monitored
and then compared with the predicted thermal attenuation by using the digital twin model.
This method enables a straightforward assessment of whether the pipe insulation has
deteriorated or become damp, both of which directly increase heat loss.

Compared with traditional modeling methods, this study introduces the core concept
of digital twins by establishing a unified linkage and collaborative analysis between the
physical model and the simulation model using the Modelica language within the MWorks
software environment. Although a complete three-dimensional visualization platform
has not yet been developed, and full-process interconnection between the physical space,
virtual space, and data space has not been achieved, this digital twin-oriented modeling
framework lays a foundation for the future realization of multi-dimensional interaction,
real-time mapping, and deep integration. The development of this digital twin model of
the water system using MWorks software may offer a methodological reference for the
simulation and analysis of other types of water systems.
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