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In 2024, 4 national-scale heatwaves On July 4, 2025, national electricity

occurred. Power shortages in many demand reached a record high.
Erovnlces exceeded 1 trillion kWh AC accounted for 37% of total power
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From 2018-2023, electricity
consumption kept increasing

Building energy demand must
be urgently reduced!
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® Traditional methods overlook real-

time demand

® End-point thermal transfer is not

fully analyzed

® Urgent need for a human-centered
theory considering partial time and

partial space!
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Information Input: Based on
computer vision (YOLO), real-time
occupant detection is conducted,

Qnd a movement model is buiItJ
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A data- drlven predlctlon model
is developed to realize rapid

Spatial Layer
. pat y

s

CFD simulations and real-world
validation are used to explore
how occupant movement affects
the environment under different

scenarios.

Multi-round field measurements
in densely populated scenes are

performed to explore correlations

forecasting and optimization of

\ environmental parameters. /

3 Temporal Layer

between occupant distribution
d environmental changes.
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Dynamic Perception and Movement Modeling of
Occupants

O Dynamic information acquisition in densely populated spaces

O Movement modeling — Social Force Model

O Movement prediction CFD coupled simulation
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Dynamic Information Acquisition in Crowded Spaces o5

YOLO-based Detection

Implemented in Python

Primary network

integration

‘ Human head detection

Fusing layers...
Model Summary:
2 5l: person
: person
: person
: person
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This method is well-suited for complex and dynamic
human flow environments,

providing accurate input data for subsequent
environmental prediction models.
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Model Logic : | Simulation & Export in MATLAB i
1 1
[ !
The model is built on three core forces: i | Supports multi-agent trajectory simulation i
Self-driving force (toward goal) i i Exports trajectory data, including position and directional speed .
Repulsive force i '\ Enables coupled simulation with other platforms (e.g., CFD) ,:'
Contact force (from physical interaction) : L7 A 3By A
/
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Impact of Occupant Movement on Key

Environmental Parameters
O Simulation Setup and Validation

O Analysis of Environmental Parameters
O Impact and Interaction of Human Flow on the Environment
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d) Physical Model and Pedestrian Flow Path Map (Scenarios 1-4)

¢) Physical Model and Pedestrian Flow Path Map (scenanos 5-8)
Elght Typical Movement Scenarios

Exitigate

Model: Side-supply,
bottom-return room
Room size: 10 m X 10 m X 5 m (L X

W x H)
Supply vent: 3 m above floor

Complex motion scenarios are decomposed into 8 typlcal types
Focus is placed on the first 3, with the remaining 5 used for comparative

o \_ analysis i GAK jEs K .
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Return vent: 800 mm X 500 mm
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\-_________________________________________________,

s1ngle-layer louver, 0.3 m above floor
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,  BoundayType | ParameterSettngs

i i Supply vent Velocity inlet, 4 m/s, 18°C, CO,: 0.04%

: : Return vent Pressure outlet

i i Pedestrian nose 2~2 m/s velocity, 36°C, CO,: 5%

i i Pedestrian speed 1 m/s (constant), movement force not modeled

! : Pedestrian surface Wall boundary, 100.2 W/m? heat flux

i i Other walls Adiabatic no-slip surface

i i Initial condition 26°C, CO,: 0.05%

: [ Aerosol particles Diameter: 1 pm, Temp: 36°C, exhaled at 5000 particles/s

i i CO, Diffusivity: 1.64E-5, Schmidt number: 0.94

1 1
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: PP ————— :’ ] Simulated realistic pulsed |

i i i : : breathing i

i Upright posture, height: i i P ey otk eachiinhale i

: g ] By N exhale ranges 0-2 m/s, i

t Nose: two circles, | | i i S i

. radius 0.005 m P Shanuarzamp i

i Mouth: elliptical, axes i i st s qicrpliase. i

i 0.03 m and 0.02 m i i : . smooth transition (zero i

L} 1 1 i
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Average Wind Speed
at 1.5 m Height §

— 3880267
5179049
8562463

Mesh and Independence Verification

Average Temperature
at 1.5 m Height

26.860 4

—=— 3880267
—e— 5179049
—a— 8562463

26.855
—=—(.15s

26.850
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Mesh Model

52 26840
wy

All parameter errors are within 10%
Grid Convergence Index (GCI): 1.36%

26.835 4

26.835

T T T T 6.830 T T T T T T
6

Indicates that using a time step of 0.1 s and ‘
5,179,049 cells yields reliable results Ty NI TS, [EV S RTE Sre ek Vil 8
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Human movement has negligible E
impact on overall air temperature i
(less than 0.01°C) !
However, thermal plumes from the i
body raise temperatures behind the |
person by 0.1-0.2°C i

SG le p|al4
ainjeladwsa |

___________________________________ Velocity: Magnitude (m/sy~ ~
1.5 2.0 2.5

‘2 Walking creates a wake zone extending
3—4 m behind the person and 1 m to
each side

With a 0.1 m/s threshold, the wake
extends 3.2 m

Maximum wake velocity: 1.87 m/s
After stopping, airflow recovers in 3—4

seconds
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i
| iWithln seconds, a single pedestrian produces a !
e | teardrop-shaped CO: plume near the breathing zone i
- i Affected area: 20 m?, concentration difference: 5-15
1 9
g { As the plume spreads, CO: gradient decreases i
1 . . . . . . .
=2 i Horizontal diffusion is 20% faster than vertical diffusior
() 1 ‘ @ Horizontal diffusion dislance' 1
O : @ Vertical diffusion distance | :
> I G e e A A DL R e e T TRy H
> | =
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8 : 0.0 : 7 T : ; r T ~ 0.0 :
3 H 0 1 2 3 4 5 6 7 8 i
% l diffusion time (s) ,:
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i A strong correlation was found between occupant density and CO: i5 / o SR
| 2 = // 0‘ r.‘unr.:emlr‘mlun
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1 . . / " =47
' Regression equation: R? = 0.997 1o S e o
o 1 | Residual Sum of Squa 2408.05161
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Aerosol Particles | 199 m—Stationar [ Jrime
- = 53 Cros‘:win)t; Walking . \@“;ﬁ
—A— Walking against the wind A i At )
A & —w— Tilt witi t]fe wind //; 7 69 47
3 ./ v 2" 1's
g 4 // // .E 7 15 8
z o = g
|
,,,‘E(f 1 A ~ €3 28 3 :7';
s /:;-/ NG 2
] ./ | 1.2 2
0-%'/ : ’
. . . . s : . . \ Crosswind Walking Walking against the wind  Tilt with the wind
g e UL M P B S AN ol A s S
B Aerosol diffusion rate over time @ Inhalation Time and Distance |
:’ Aerosol dispersion speed is closely related to the relative E
. . . . I
i direction between walking and airflow I
. . . I
i Upwind walking leads to the fastest spread, much faster thanin a !
A 1
i static case :
1
s E After 6s, upwind walking can spread up to 3.2 m, while shape '
N 1
! i boundary expansion slows down afterward i
1 Z 1
! Safe distance ranges from 1.2 mt0 3.4 M- eg 3=y =k E
\
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Data-Driven Model on Air Quality Prediction in

Large Spaces
O Selection of Prediction Methods

O Environment Prediction Using the ARX Model
O Comparison and Optimization of Prediction Results
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Data Collection
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Nov & Dec 2022: Lingxi Library

Sep 2023, Nov 2023, Jun 2024: Qinyuan
 Lingxi Library Measurements

Dates: Nov 30 & Dec 11, 2022

Locations: Rooms 502 & 401

Measured items: Temperature, Humidity,

PM10, PM2.5, PM1.0, PMO0.3, CO-, Air
Velocity, Occupant Count, and Bioaerosol

Qinyuan Canteen Measurements

Dates:Sep 23, 24, 27, 2023 (16:50-18:50)

Nov 22,2023 & Jun 21, 2024 (17:00-19:00)
Location: 2nd Floor, Qinyuan Canteen
Measured items:

Temperature, Humidity, PM10, PM2.5, PM1.0,
Nanoparticle Size Composition, CO2, Air
Velocity, Occupant Count

o - —

A ————————

3.Wireless CO, momtor =)
4.Particle mass. numben&ncentraﬁon momtm

5.Impeller A‘omeg‘i
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PMO.3

PM1.0

PM2.5

PM10.0

Delayed Count
Live Count
Cumulative Count
Temp(°C)
CO:(10ppm)
Humidity(%%)

Data Analysis
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10

0
Humidity(%)
COx(10ppm)
Temp(°C)
Cumulative Count
Live Count
Delayed Count
PM10.0

PM2.5

16:48 17:16 17:45

18:14 18:43 19:12

Particulate matter concentration (ug/m?)

Total particulate
matter concentration

There is a time lag between the peak in occupant count and the peak in particle concentration.
Possible Causes:

1.Different human activities have different response times
2.Time required for particle dispersion(Sensor location may not coincide with human activity location)
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Determ|n3t|0n “3 Bland-Altman Plot
of lag time »{ Marginal Plot
a +1.96 SD
9.23 Number of personnel B PMO-0.3 1 e 9.50712
70 ) T T T T T T T T L T T -’(] i 8 <’
Region | real-time headcount [l Region 2 real-time headcount 50 - PM0.3-1.0 6
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16:50 17:00 17:10 17:20 17:30 17:40 17:50 18:00 18:10 18:20 18:30 18:40 18:50 19:00 16:48 17:16 17:45 18:14 18:43 19:12

Time-Series Pie Chart of Occupant 33
Count vs Particle Concentration _:' ':_
E Due to the lag between occupant count and pollutant concentration, a E By é"
E "cumulative dwell count" is introduced for better correlation and : ;O A K 2 O";é
. prediction of pollutant levels : telereny ourt :
E Most values fall within the 95% confidence interval, indicating strong i
. agreement in trend i T e e wn | we | wn

_________________________________________________________________________ 4 B ——-e-e 3 LT SV R B £ 0
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SR F . 55 Ordinary buildin
Feasibility Analysis AN
LA ‘. . 1 ; 1 y : Source group Contribution to PM2.5
e SMmman activity intensteyis.c o o 0 S ~a\ el N\ buiding materials & farmitare T e
positively correlated with 7 W a@lN 0 <7 || e N V11X P ok Ry e
cooking 3-38%
particle concentration 00000 _ YR et tFT W | [T o e 1) = Nacop mi =i
a =52 ' consumerproducts SETT I
®  Over 80% of particles originate ﬂ 1| A e N = Y VYo, Ve v
L indoor generated secondary ' pollutants <10-45%
indoors S outdoor sources 100008 50 V<]
® Kitchen emissions significantly
affect VOCs in the dining area,
N P AR L Vgl e Crowded restaurants
but have limited impact on Ccoy
, Source group | Contribution to PM
and parthUIates | Breathing and coughing |
A gastronomic_ A
® In densely occupied canteens R 4
Y p 2 Personnel | pagyspension of particles |
Y density  __ __ ___________ J 65-95%
humans are the primary | Ay ot related | Diet and food waste !
TR Smoking
Lo omoxha

Although humans are not the only direct source of pollution, tl
contribution to pollution accounts for 65-95%, making enviro
oecupaney'bothfeasible and:effective - v/ 0 v = 0 T e § oL

pollution source

o B e K L S G RI B~ &
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After comparing multiple models and
conducting preliminary analysis, the ARX
model was selected.

It considers hidden influencing factors in
indoor environments, and is trained using
historical data to avoid the impact of
incomplete direct variables.

C(t):iaica—i)+njbjp(t-nk)+e(t)

Requires relatively little data

Offers fast prediction speed (suitable for
real-time prediction; computation speed is
in seconds)

Avoids missing variables through modeling
. hidden relationships 5 Environmental Prediction Flowchart

Output

Prediction of
environmental Validation: Is it accurate? Yesp
parameters

No

Adjustment

i S
S —————
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i The ARX model outperformed all other models across three key metrics. | =] hy
i . o 4o B < ARX
i It yielded the lowest prediction error:MAE = 0.83 pg/m? L 2w
I . P ook
I RMSE =1.21 pg/m* R? (Fit Accuracy) = 0.955 | =301
I ! &
i herefore, the ARX model is best suited for environmental prediction in kel
. . I -
' densely populated dining areas g
i A 0
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Comparison and Optimization of Prediction Results
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MAE: 3.9062, RMSE: 6.2631, MAPE: 11.34%, Fit: 44.78%

MAE: 8.2038, RMSE: 13.9024, MAPE: 9.21%, Fit: 41.56%

MAE: 104362, RMSE: 20.3500, MAPE: 57.90%, Fit: 10.25% i .
sor—MAE: 32131, RMSE 60178, MAPE: 8.30%. Fit: 65.73% a0 . MAE: 5.6892, RMSE: 11,0036, MAPE: 14.35%, Fit: 54.76% 100 v v T T ‘ ﬁﬁ 65 — l——muan ‘
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gm 2 o P \ éas» ) NTEiL: o 14 -E 100 F ' |
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1
i The optimized ARX model was tested across various scenarios. :
I oge . l
i This demonstrates the stability and applicability of the ARX model after parameter optimization. ;
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Core Technology 1 Event-Pulse Dual-Layer Modeling for High-Accuracy and High-Speed Prediction

Event Layer Factor Category Pulse Layer EVENTEREDICTION ®

= (XGB Classifier) ONLINE UPDATE

y l
Real-time occupancy / crowd [\ Load occu pancy = Load trend and slope within

flow, zonal load estimation, 30 min before startup 1 P(on)=XGB
historical occupancy ratio \ PULSE REGRESSION
Svitch cntrol

(XGB Regressor) Feature Store

= uplift correction ’
External variation before

\_ _ viro nmental startup (solar spikes, strong | WORKFLOW

radiation, humidity, wind
' speed wind, rainfall)

4

Outdoor temperature,

Model size: 7 MB, memory
usage: <128 MB

Lightweight and
real-time
Event-Pulse Dual-Layer Model

Separates start/stop events and pulse power curves for independent modeling (XGB
classification + regression + uplift correction).

' 1
Current setpoints, valve g u i ment Pre-start setpoints, variation

position, pump frequency, rate, initial valve state,
' control mode frequency ramp curve |
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Core Technology2 Hybrid Multi-Layer Coordinated Control Strategy
Upper Layer: On/Off scheduling (MILP)
Cost Lower Layer: Continuous MPC + Surrogate Acceleration + Cost-Aware Sensing

Minimize

comfort, energy

saving, economy,
lifespan
Redundancy Availability

Hard-constraint Soft- Layered Accelerated Robust and practical
Supply/Return Water Temperature, protection constraint structure computatio implementation
Safety Limits & Minimum Cooling Load optimization n
. : 3 (o) 2
Total energy saving: 8-33% over 7 days Peak power reduction: 5-8% efficiency

5
g

&

2
g

120

RitiER (kWh)

BHRINE kW)
: u

RERTER (Wh)

AKHUERIE kW)
FitefE (kWh)
KRE (kW

= BMACETAR 223
— EERCET R R R
— RAEMREHRITER

o .
5000 5010 ED S0

o 20
BHiE (h) FeffE] (b
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Key Parameters and Meanings

@ LAMBDA PEAK

Peak penalty factor — higher
value enforces stronger peak
shaving

p_on th/p off th ‘
On/Off threshold —
opportunity trigger
‘ min_on / min_off

Minimum on/off duration
(steps)

@ rap

Peak capacity threshold —
defines peak penalty and
constraint

FREQ_CAND FALLBACK @

Candidate frequency set

LAMBDA SWITCH / ‘
LAMBDA JITTER
Switching & jitter penalty —
suppresses frequent switching and
oscillation to reduce wear & energy

Full-Chain Equipment Analysis
with Rolling MPC

Build analytical power models
for pumps and towers;

automatically recalibrate
parameters using historical
data.

> Equipment classification and adaptive parameter settings

> Peak and limit adjustments

» Automatic state switching and penalty coordination for compatibility



From Model to Application P
B IESRAMPC - BRRULDERT :

Adaptatioi/p
___ Module

Baseline vs.
. = AR HEHEESH (MPC)
Optimized } .
Power Curves w
ane ..o 4 120 »_on_th (ON HBIHEME) 8.55
- 100
= = pin_on (BANEHSE) 3
100 =
2 \_peak (BEETNRH) 8.45
?0:33 17:33 18;53 19:33  20:33 21:33 22:33 23:33 00:33 01:33 02:33 03:33 04:33 2&3! 17:33 18:33 19:33 20:33 21:33 22:33 23:33 00:33 01:33 02:33 03:33 04:33
Accurate Power Prediction ge-S
-0~ B @ ik -0~ B -@- Rt

Significant Energy Savings
RuR Strong Model iet0ns
Interpretability

04:18 SHEEREE, RRBEHRIEH.

v\/\/«,\/&\ 0 03:03 BPEABBAMAR SninthEhs, MET

: i ERE. ;

% "M 92:33 WPCIl®: p_off_th -> 8.68 .
01:48 RUEBERS EHHRE.

00:33 RMVTFRSE, WERHHE.

T o
20:33 21:33 22:33 23:33 00:33 01:33  02:33 03:33 04:33 16:33 17:33  18:33 19:33  20:33 21:33 22:33 23:33 00:33 01:33 02:33 03:33 04:33

-8~ Bt @ Rt

|
SATHEE (%)

 17.2

| |
'| l ESETIEBIA (kW)

104.5
 \L =

Compatible with mainstream building energy management protocols (BMS); easily integrates into existing systems,
Deployment Time: 2-3 days
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R (kWh)
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Control Systuem InteEr

Subsystem Energy a

balian Uni\\}ersity of Techndf asurd 5;
Student Activity Center orecastina 3 .
Prediction Accuracy Engineering-Level Operational Compatibility and
Improvement Fast Response Energy Scene Adaptability
Optimization
Respons Energy Model
MAE e delay saving deployment

Key Metric

Industry

Pilot 34kW <1s 12% <3h

More reliable Control speed Peak power reduction up to 20 % Broad applicability
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1 e o 1
:Impact of Human Activity ; @ e: Dining Space Impact |
1 1
i Movement and breathing cause i ! PM and CO: levels vary greatly E
1 . . . 1 I
: local warming, but little impact on : i with occupancy. Pollutants can E
i overall temperature; airflow L i :
i . ; i linger up to 90 min. I
B e ; e A U AR e !
Ir_——-—————————__--__-_. _______ o ___-‘I I’ -------------------------------- \I
; CO: Dispersion | @ e! Model Accuracy :
1
i High occupant denSity raises CO: E . : ARX model has best PM2.5 i
| ; 3 sl Conclusion i :
i levels; 1.52 person/m* for 10 min | ! prediction (R? = 0.9549), fast and |
1 1 i
E can exceed limits. E 8§ <table i
Serencrorconnmasanazrssarrreooonr RS A LN RO S IA S e e O )
B L e ‘  rn e ATy
] Aerosol Spread ; @ e Adaptive Optimization |
1 1 r 1
i Aerosol transmission is related to . i AIC-based ARX model improves E
1 1 1
i wind direction.Follows wind E E accuracy by 25%-+, with better i
I I I 2K
E direction faster upwind spread. Safe E ! adaptability. E
1 1
E distance: 4 m, vertical max: 2.87 m. E i '
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i For densely populated environments,YOLQO + CFD + data-driven approach for fast online

prediction in dense environments

Real-time Data Acquisition

OLO-based method collects real-
time human data; builds social
force model to support continuous
environmental prediction.

i i ————————————————————————

Adaptive ARX
Optimization

Proposes AlC-based adaptive
tuning to address parameter
sensitivity and improve
model generalization and
accuracy.

gt

Innovations

:{ Human Turbulence & Risk
E Modeling

i Defines turbulence strength,

E safe distance, and empirical

E risk formulas based on human

E movement in dense spaces.

-----------------------------

Time-lag Correlation

1 .

I Modeling

Integrates multiple data sources

(
I
I

and considers human behavior
delay, building a
multidimensional feature

g ——————————

L EEEL L
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More Accurate Future Faster @
Predictions Outlook | Predictions

‘I

Database Construction ,./

¥

\ Coupling of Indoor and Outdoor

' Environments

| y
\ Multi-scale Occupant Prediction Multi-Method Integration //

\ Data-Physics Integration Higher Level of Automation /
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