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ABSTRACT

In existing buildings, the efficiency of air-condition-
ing water systems is frequently constrained by flaws in
design, installation, and control, resulting in substantial
energy waste and poor operational performance. This re-
search centers on the severe hydraulic imbalance in the
main branches of such systems within an industrial sys-
tem. It usually causes inadequate cooling capacity in the
coils located upstream of AHUs. Additionally, the lack of
permanent sensors complicates on-site hydraulic bal-
ance adjustments. To resolve these challenges, a hydrau-
lic balancing method based on simulation technology is
proposed. Specifically, a physics-based simulation model
is constructed in MWorks using the Modelica language.
Validated against historical operational data, the model
exhibits relative errors of less than 3% for flow rate and
6% for pressure drop, thereby showing excellent con-
sistency with the actual hydraulic characteristics of the
system. A PID-based control strategy is integrated into
the simulation model to calculate target valve openings
for key branches. These computed values offer direct,
guantitative guidance for on-site manual adjustments,
eliminating the need for a permanent sensor network.
Moreover, AHUs continue to operate normally even
when the pump frequency is reduced by 2 Hz, which in-
dicates enhanced overall system performance and en-
ergy efficiency. This study presents a practical, low-cost
digital twin approach for retrofitting existing HVAC sys-
tems, underscoring the effectiveness of Modelica-based
physical modeling in the analysis and control of intelli-
gent energy systems.
Keywords: Commissioning; Industrial systems; Hydrau-
licimbalance; MWorks

NOMENCLATURE
Abbreviations
AHU Air Handling Unit
ATU Air-side Terminal Unit

DHU Dehumidifier Unit

FCU Fan Coil Unit

PID Proportional-Integral-Derivative

HVAC I-!eapng, Ventilation and Air Condi-
tioning

MPC Model Predictive Control

BIM Building Information Modeling
Artificial Neural Network — Multi-

ANN-MOGA Objective Genetic Algorithm

MAE Mean absolute error

1. INTRODUCTION

The rapid growth of lithium-ion battery manufactur-
ing has intensified energy concerns, with dehumidifica-
tion systems alone accounting for about 53% of total
consumption™3!. Production environments demand ul-
tra-low dew points, making efficient and reliable cooling
systems critical for product quality and energy perfor-
mance!®. Traditional hydraulic balancing usually relies on
static or dynamic balancing valves together with termi-
nal-level flow measurements, which becomes cumber-
some in large-scale networks®®7\. Advanced control
methods like model predictive control (MPC)® or data-
driven digital twins®® ° improve performance but re-
quire dense sensor feedback or extensive training data,
which are often unavailable in retrofit scenarios®® . Few
studies address branch-level cooling mismatch in sensor-
sparse industrial water systems using physics-based sim-
ulation alone.

The emergence of physics-based simulation method-
ologies has opened a complementary path. Grahovac et
al. presented a model-based co-design framework for
data center cooling controls using the Modelica Buildings
Library, achieving 18% summer and 25% annual energy
savings through simulation - driven control optimiza-
tion™Y. In Yuan et al.’s work, physics-based models,
whose parameters are determined from manufacturer
documentation or estimation techniques based on
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Fig. 1 Schematic diagram of the chilled water system in Workshop 1

measured data, have been developed for HVAC compo-
nents, and used within MPC frameworks to achieve dy-
namic hydraulic balance®®. Liu et al. developed a multi-
variate coupled full-case physical model for large chilled
water systems by simultaneously solving pressure drop
balance, flow conservation, and heat balance®?. Data-
driven approaches, such as broad learning systems ap-
plied to industrial HVAC digital twins and BIM-integrated
ANN-MOGA optimization frameworks, have also shown
promise, but generally require substantial historical sen-
sor data for training—a resource that may be limited in
retrofit scenarios!® 13,

This study proposes a low-cost commissioning strat-
egy in which a Modelica-based digital twin is used to de-
termine valve-opening adjustments by minimizing
branch-level return-water temperature deviations. The
computed valve openings guide manual on-site adjust-
ments without permanent sensors. The main contribu-
tions of this work are summarized as follows. (1) A prac-
tical digital-twin-based commissioning method is devel-
oped for sparse-sensing chilled water systems, using a
simplified Modelica model to derive valve-opening ad-
justments from return-water-temperature-based bal-
ancing. (2) Field application in an intelligent lithium-ion
battery factory demonstrates the effectiveness of the

method in mitigating hydraulic imbalance and enabling
lower pump-frequency operation.

2. THE CHILLED WATER SYSTEM FOR A SMART

BATTERY ECO-FACTORY

This study focuses on chilled water balancing in the
large branch pipes of Workshop 1 at a smart battery eco-
factory in Guangzhou, China. As shown in Fig 1, the
DN1000 main pipe splits into four main branches upon
entering the battery production factory, supplying cool-
ing to the four sections of the battery production line.
There are several ATUs (Air-side terminal units, including
air handling units, dehumidifier units and fan coil units)
installed along each of the main branches.

For clarity, the four production sections are denoted
as section-1 through section-4, corresponding to the
northside, cathode, southside, and anode production ar-
eas, respectively.

Among the four sections, Section 4 exhibits the
most pronounced flow deficiency, evidenced by both el-
evated post-cooling air temperature and a return-water
temperature reaching 11.2 °C.

To balance these main branches, adjustable static
balancing valves are installed, including one on each
main branch. Because these valves are manually oper-



ated and located in hard-to-access positions, on-site ad-
justment is difficult, and only one valve can be adjusted
at a time during commissioning.

3. MODELLING BASED ON MWORKS PLATFORM AND

VALIDATION

This section presents the development and valida-
tion of the Modelica-based digital twin model for the
chilled water system. The modeling approach, including
key component sub-models and the overall system archi-
tecture, is first described. The model is then validated
against historical operational data and on-site measure-
ments to establish its accuracy for subsequent commis-
sioning simulations.

3.1 Modeling

The modelling work was carried out on the MWorks
platform, which supports the Modelica language for

multi - domain physical system simulation. The equip-
ment and piping models employed were mainly sourced
from the Modelica Standard Library and the open-source
Modelica Buildings Library. The balancing valve used in
this factory to balance the flow characteristics of the
main branches is equal-percentage valve.

Based on the overall on-site topology and structure
of the lithium-ion battery plant, a model framework for
the chilled water system of the entire factory were con-
structed as shown in Fig 2. The overall framework com-
prises the chiller plant sub-model, the battery cell work-
shop sub-model, and the controller sub-model.

As shown in Fig 2, the workshop sub-model as a
whole is divided into section sub-models according to the
sections of the battery production line and the topology
of the piping network branches.

Fig 4 illustrates the modelling of the Section-4 sub-
model. The sub-models for the four main branches have
a similar structure, each consisting of a single main
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Fig. 2 Model framework for the chilled water system of the factory
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Fig. 3 Terminal branch sub-models for the dehumidifier
(left: single-wheel; right: double-wheel)
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Fig. 4 Modelling of the Section-4 sub-model

branch connected to multiple terminal branches. Differ-
ent types of terminal branches were modelled, including
AHU branches, DHU branches and FCU branches. Models
can be reused for terminal branches of the same type but
with different parameters.

During the modelling phase, the chilled water coils
within the dehumidifiers and air handling units were rep-
resented as pipe resistance elements, while the thermal
processes on the air side were not explicitly modelled.
The terminal branch sub-models for the single-wheel de-
humidifier and the double-wheel dehumidifier are
shown in Fig 3.

There are sensors and valves installed within the bat-
tery cell workshop, which are connected via input and
output signal interfaces (Real-type interface).

3.2 Model Validation

Once the model of the chilled water system for the
entire lithium-ion battery plant were completed, it was
necessary to validate the model to demonstrate both its
accuracy and usability. In practice, the following valida-
tion tests were carried out, taking into account actual
site conditions.

The model was validated against on-site measure-
ments under eight distinct pump operating conditions.

Condition1 (two pumps at 48.1 Hz): flow rate
MAE = 14.75 kg/s, relative error —2.8 % to 1.3 %; pres-
sure drop MAE = 1352 Pa, relative error =5.3 % to 2.9 %.

Condition 2 (three pumps at 35.2Hz): flow
MAE =16.41kg/s, —2.8% to 0.5%; pressure drop
MAE = 1516 Pa,-5.4 % to 1.1 %.

Condition 3 (two pumps at 36.2 Hz and one at
35.2 Hz): flow MAE =12.81 kg/s, —3.0 % to 1.3 %; pres-
sure drop MAE = 1148 Pa, —5.8 % to 2.8 %.

Condition4 (two pumps at 37.2Hz and one at
34.2 Hz): flow MAE = 14.86 kg/s, —2.7 % to 0.7 %, pres-
sure drop MAE = 1323 Pa,-5.1 % to 1.6 %.

Condition5 (one pump at 38.2Hz and two at
36.2 Hz): flow MAE = 14.27 kg/s, —1.6 % to 0.1 %; pres-
sure drop MAE = 1319 Pa, —3.1 % to 0.3 %.

Condition 6 (three pumps at 37.2Hz): flow
MAE =9.45kg/s, -2.0% to 1.2%; pressure drop
MAE =930 Pa, 3.7 % to 2.6 %.

Condition 7 (three pumps at 38.2Hz): flow
MAE =11.66 kg/s, —2.4% to 1.4%; pressure drop

MAE = 1213 Pa, —4.6 % to 3.0 %.

Condition 8 (one pump at 40.3Hz and two at
38.2 Hz): flow MAE = 14.69 kg/s, —1.2 % to 1.9 %; pres-
sure drop MAE = 1661 Pa, -2.2 % to 4.1 %.

Across all conditions, the flow rate relative error re-
mained within £3 %, and the pressure drop relative error
stayed within 6 %, demonstrating that the simulation

Table 1 Verification of supply and return flow rates in the main branches

Flow rate (m3/h) Design Measured Simulation
Branch for the section-2 (DN600) 1534 850 824
Branch for the section-4 (DN450) 856 420 452
Branch for the section-1 (DN700) 3318 1600 1634
Branch for the section-3 (DN700) 3339 1637 1631
Others (not for workshop) 708 714
Sum total 5215 5255
Total of the main pipe 5300 5255



model reliably reproduces the hydraulic characteristics
of the system under a wide range of realistic pump oper-
ation scenarios.

In addition, the model of the main branches in the
workshop has been validated. Table 1 compares simu-
lated vs. measured branch flows (measured using a port-
able ultrasonic flowmeter) at a specific timestamp. The
model shows good agreement at the system level.

4. COMMISSIONING BY USING THE VALIDATED

SIMULATION

In Section 3, a physics-based hydraulic model is built
in MWorks to solve the flow distribution of the chilled
water network. For each main branch, a virtual terminal
is created using the measured cooling load, so that the
return water temperature can be calculated via heat bal-
ance given the supply temperature. Adjusting the open-
ing of the balance valve may change the branch re-
sistance, which alters the flow rate and thus the return
water temperature. Instead of real-time control, a virtual
PID controller in the simulation, as shown in Fig 5, itera-
tively searches for valve openings that minimize the dif-
ferences among branch return water temperatures.
These computed openings are then used to guide manual
on-site valve adjustments for achieving hydraulic balanc-
ing without permanent sensors.

Due to the safety-related restrictions on the factory
production lines, only the flow rate of one main branch
can be adjusted at a time; adjustments across the entire
site must therefore be carried out in stages.

The balancing was performed branch - by - branch:
portable flow and temperature measurements first es-
tablished a baseline; a target branch was selected, and
its optimal valve opening was determined by the virtual
PID controller in the simulation. After on -site adjust-
ment, the updated measurements recalibrated the sim-
ulation for the next branch until all accessible branches
met the equilibrium criterion.

In this context, the initial simulation state was ad-
justed to reflect the actual operating conditions prior to
the plant-wide adjustments.

Output the valve opening
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Return water setpoint/ adjustment
Simulated main pipe
return water T
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Fig 5 Virtual PID control loop for optimizing valve
opening in simulation

5. RESULTS AND ANALYSIS

The results of the entire commissioning process and
the relevant data are shown in Table 2, and were ob-
tained following the workflow shown in Section 4. Start-
ing from the initial measured state, the simulation first
predicted optimal openings for the branch of section-
3(S1), which guided the first round of on-site adjust-
ments (Al). Following the operation condition Al, the
frequency of the pumps was adjusted: the frequency of
these two chilled water pumps was reduced from 40 Hz
to 38 Hz. The flow rate in the main pipeline was reduced
from 5,100 + 100 m3/h to 4,800 + 100 m3/h, and the re-
turn water temperature rose from 9.9°C to 10.3°C. The
power savings achieved for the pumps amounted to ap-
proximately 15%, while there were no issues with the
main branches or no effects on the manufacturing pro-
cess.

Due to on-site constraints, there is a lack of online
sensors in the factory area. This means that only
handheld real-time sensors, such as patch thermometers
or handheld ultrasonic flowmeters, can be used. The in-
stallation and operation of these sensors require signifi-
cant manpower, their sampling frequency is limited, and
the uploading and organization of data are relatively
cumbersome. This also directly adds to the challenges of
automating and streamlining the method proposed in
this study.

6. CONCLUSIONS

This study has proposed and field-validated a digital
-twin-based commissioning method for addressing hy-
draulicimbalance in chilled water systems with sparse in-
strumentation. A physics-based simulation model was
developed on the MWorks platform by using the Model-
ica language, and its accuracy was confirmed through
comparisons with historical operating data—yielding rel-
ative errors within 3 % for flow rate and 6 % for pressure
drop across multiple pump operating conditions. By in-
corporating a virtual PID controller, the model was able
to compute target valve openings for key branches,
which were then used to direct manual on-site adjust-
ments in a step-wise manner. Following the commission-
ing process, the return-water temperatures of the main
branches converged from a scattered range of 9.2-
11.2 °C to a stable level of approximately 10 °C. Moreo-
ver, the terminal units remained fully operational after
the pump frequency was lowered by 2 Hz, translating to
an estimated 15 % reduction in pump power consump-
tion. The approach eliminates the need for installing per-
manent sensor networks and is well suited for retrofit ap-



Table 2 Commissioning results

Initial
Operating meas-
conditions ured S1 Al A2
Main pipe flow
rate (m3/h) 5146 5062 5143 4756

Opening of the balancing valves

Section-2 (DN600)  100%  100%  100%  100%
Section-4 (DN450)  100%  100%  100%  100%
Section-1 (DN700)  100%  100%  100%  100%
Section-3 (DN700)  100%  56% 55% 55%

Main branches flow rate (m3/h)

Section-2 (DN600) 743 855 850 780
Section-4 (DN450) 401 447 458 421
Section-1 (DN700) 1544 1670 1718 1585
Section-3 (DN700) 1465 1333 1343 1243

Return water T (°C)

Main pipe supply 6.1 6.1 6 6.1
Main pipe Return 9.7 10.2 9.9 10.6
Section-2 (DN600) - 10.8 - 10.8
Section-4 (DN450) 11.2 10.2 - 10.0
Section-1 (DN700) 10.8 10.6 - 11.1
Section-3 (DN700) 9.2 10.0 9.8 10.1

plications where accessibility and budget are con-
strained. Overall, this work demonstrates that Modelica
-based physical modelling, when combined with a struc-
tured commissioning procedure, offers an effective and
economical pathway to improving the energy perfor-
mance of existing industrial HVAC systems.
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