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ARTICLE INFO ABSTRACT

Urban rail systems face the challenge of high energy consumption and the inability
of fixed schedules to adapt to real-time demand changes (especially under variable
weather conditions). This study presents an integrated framework comprising a
demand prediction model and a multi-objective optimization engine to develop
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1. Introduction

Urban Railway Transit (URT) systems are recognized as the cornerstone of sustainable passenger
mobility, distinguished by high capacity, operational efficiency, and low energy consumption per unit
of distance. By the end of 2022, URT infrastructures were operating in 541 cities across 79 countries,
with a total network length of 36,854 kilometers [1]. Given the growing challenges of energy
consumption and urban pollution, optimizing the energy performance of URT systems has become a
vital necessity for sustainable urban development. Efforts to achieve energy efficiency in urban
railway systems have evolved through various research phases. Early approaches focused on
diagnosing system-level inefficiencies and establishing foundational optimization principles. For
instance, studies analyzed energy consumption anomalies using time-based methods to identify
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unusual patterns [1], while other research investigated the synergistic integration of URT systems with
urban energy systems to reduce carbon emissions [2].

2. Materials and methods

The present study introduces an integrated, multi-stage framework for modeling and optimizing
energy consumption and CO, emissions in a URT system. This methodology is structured into three
main phases: (1) passenger demand modeling and scenario generation, (2) physics-based modeling of
train energy consumption, and (3) multi-objective optimization of train scheduling and speed profiles.

3. Results and discussion

This section presents the empirical results obtained from applying the proposed integrated framework.
An effective optimization framework requires realistic demand scenarios. The performance of the
developed Random Forest model, used to generate these scenarios, was evaluated against a baseline
model. The Random Forest model achieved an R? value of 0.996, indicating it successfully explains
99.6% of the variance in the synthetic passenger demand data. This exceptional level of accuracy,
alongside an MSE value more than 200 times smaller than the baseline model, confirms the model’s
robustness and suitability as a reliable foundation for generating realistic, weather-sensitive
operational scenarios.

The study successfully established a comprehensive methodology linking a weather-sensitive scenario
generation model to an advanced multi-objective optimization engine. Key findings are threefold:

First, the study demonstrated the feasibility of generating high-fidelity operational scenarios
incorporating significant external variables, with feature importance analysis confirming that adverse
weather (snow mass) is a dominant driver of passenger load.

Second, when tested against a challenging adverse weather scenario, the optimization framework
achieved a significant 11.46% reduction in total energy consumption and associated CO, emissions,
proving that substantial efficiency gains are possible solely through dynamic operational adjustments.

Third, the study proved that energy efficiency and service quality are not conflicting objectives.
The optimized schedule led to a remarkable 12.51% reduction in average passenger travel time,
achieving a “win-win” outcome through intelligent reallocation of speed resources in response to
dynamic demand.

4. Conclusion

The integrated framework presented provides a powerful and robust methodology for the scenario-
based design and evaluation of train schedules. It offers a clear path for transportation authorities to
enhance system resilience, reduce operational costs, and minimize environmental impacts. The
findings strongly support a paradigm shift from static, rule-based scheduling toward data-driven,
dynamic optimization resilient to external uncertainties. The main limitation of this work—the use of
synthetic data—dictates the most critical direction for future research: validating this framework using
high-resolution, real-world passenger flow data to transform it into a practical decision-support tool.
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1. Bias-corrected

2. Islamic Republic of Iran Meteorological Organization (IRIMO)
3. Tehran Urban & Suburban Railway Operation Co. (TUSROC)
4. Baseline Profile Generation

5. Random Forest Regressor (RF)

6. Demand Multiplier



Fry Ol g Wl | o plojod sl sl 4z )b (595555 5 ed ity Mg o> (s 5 jluweingy

@ il SIS Baea Ll o8 D9 0 VL Gapd & prie i Sy 1L Jle plgis & ey e SialS
el (ooges Jiig Jo
dc gone S ()b wu‘% 033 de gome S (69, oJ.g)ui})'yT Jae opl Jesl b :9.1,&,.» o3> AL g0 byl LI
Owe 5555 | dilingdly Lioles o3y degerme (pl b Wy Celwacels § pols ( cguan Blue (lolE o3l
oslel (o3l = (5590l) Yo A 35l (gismamnis o 3l o3linal b Lalg) ol b ) (Bolas JSin Jae 3 Sloe
3)S 2ol Lolis ailingdly (slagyyliw i (sl 1y 2539) cunlio o) s g 5

ows¥T JLiit g 5591 B pae Jovo F—F
2 Eerip) yo So slp IS 6551 a8 (i Jg0)8 )BT jhuw 320 )3 (635l Bpae duwlne sl j5omecSusid Jao S
A 3 LS jep g ol G b &S S Oll) <8 o ol B aw (b oadyas slags) il ggerne b cul
Sl a5l oas il 55 5 (Seslidgpl Coglin (53,5

ool 03 B1Y Dsles 5 (KWH) sl @lsglS oo 51 550 IS
1

Etrip = W( Ekinetic + Ecruise + Edrag - Eregen) (\)

:Ul )) d,§

1
Ekinetic = E( erain +N pass X M pass ) X 192 S| )LJ 396 (i (.5))-"

Eorvise ol (S Cunglio plyy )0 ol gy Lad> (gl 008 2o (55

Eorag ol yiw Cdlus Jsbo 50 (Salipog pl Conslivo yr arle (sl ouddpan (35

Eregen = Mregen X Brineic Sl 0atiS Ll 505 G5k 5l ol 5L (55

&5y 88 il coys elel g s Jae SO 5 ookl b e yaw ol b bdpe )8 anSTe Ll e
ol 04 0003 LS Y Adlee jd &S Hob jlads g o dumslne e

Emissions, = E;, % Foissions )

Buan gjludng we2 s> F-Y
59531 9 Jowo it N —F—V
Cgme Sloj b w1y (LSTM 35be) Gaes (5530 slaJde &5 Jbs 5 i(RF) Bolai JKa bl
W & gl s Cbasl Kadin Oygo 4 g Sl Ly aw @ adllas cpl > Solal Ks a5y i
N5 Sy plp oS el WS o @rE 1) gt el b Sy Cueal Ll Gk I RF (as laasis
55y oo b duslio 13 RF o> .l e oy o) Bl a5y (B2 8355 Liile) ol lgmgiol (slo e b
a3 ol 393 (sl sl Sy b Jgie slaosls acgases (s5) ilpoie e 3 |y pin el ¢ las
035 S pde S eSS Sl Jto S 550 1y algmal 2ad clasligy 31 86 VL g el T g S Cunle cpge
[V ] a8 o e |y (g0loiel BB (o0 5liw Adg5 g 00,8

NP-hard 5 as i cosomepd (gjloaie slad o Sbles jlad suplej dlivs 3(DE) ol JolSS !

1. Regenerative Braking
2. Robustness

3. Overfitting

4. Ensemble
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1. Headway smoothness

2. Genetic Algorithms (GA)

3. Particle Swarm Optimization (PSO)
4. DE’s mutation strategies



Fr4

Ol g Wl | o plojod sl sl 4z )b (595555 5 ed ity Mg o> (s 5 jluweingy

N
Zhi ~ Toperation
i=1

)

Slasls Kaly S (Jasd Gygo 50 &S 9 0 Co e Siliwl dey > 2U gy 3l edlitwl b bacydgiome opl 2
&5 ) Joia > (o)osl g Slles (S5 S o el (oled S (oo L] Bun U 4 ) 2V e oy

L lodds
Do garo2 (o0 3981 g (Flbos (S 5a8 (g eyl ) Jgur
soly (gaadiund yalyly %o/ o Slade s ly
(&) s pn TRAIN_MASS Yoryeon kg
RN Sle p 2 5:50e PASSENGER_MASS va kg
Sealipdgpl Canglin cu pi AERO_DRAG_COEFFICIENT -¥ (32 092)
b olis £ ACCELERATION ) m/s?
b (305) Cpos 20§30 DECELERATION ) m/s?
JS st oy POWER_AC_KW \Rag kw
Sllas oxiSlal ja 3 033L REGEN_EFFICIENCY - ¥ (4 09)
L Jsb LINE_DISTANCE_KM 5 km
ol dlass STATION_COUNT ya -
ab e 1Sike AVG_SPEED_KMPH o km/h
ot YT Lzl bzl e sCO2C0O_2C02 EMISSIONS_FACTOR <¥vo  kgCO/kWh
)3 o5 2l (RF) ol S n_estimators Voo -
B Gos Sl ((RF) oolas i max_depth A -
omile (650L Jao . _
{(RF) ool S .
_ . min_samples_leaf Y -
Sy yp pd bdises Jolas
(DE) Lol Jolss )
popsize Y. -
Coxes 8100
(S i {DE) Lolis Liss _
maxiter Voo -
a5 ST
o Aoy (4 lsan dayy> HEADWAY_SMOOTHNESS_PENALTY  \o--- -
Sloj alold s (slios! dey > HEADWAY_CURVATURE_PENALTY YO« .- -
sy (5 g0 dog > SPEED_SMOOTHNESS_PENALTY A-e -
oy g b

sl slols Jao 3,8des Tl am o &1 1) (ool 4o LS Cgmyly 3,08 5l odelcunsd oyo0 @l ise o)l
Do oo By delusl (gon byl 5l oddiad gl (gouylin SO cov (glwaigg gl I A8 o cabd] )0 g 308 0 5
55 0 18 Eo 3590 35290 imghy Ly g oyl (00,8 (sladoly st )3 AL (g

luo Lo Juwo & Shos N —F
Sl & adbanng (Bolad IS Jao 5)Sles ol linglly Gloli glag )l diojls 3o siledinge conile S
i o lgan ylal Jpol obal 48 (ySolin B8 inr i) ol S 5o b dulie > b oolital Lags i cpl A3
b o) (anl o I RE 1 5 03,8 a1y Wodls (ks b ol 5 o

Jolos e odomy baily) Sy )0 1) (odleidey edle (650k 3)Sug) Fp ol iload ALY o 5 &S gl
i3 o LS (ol8le 31as3) y3luws 5L g (g



Pl 92,0 ddgi Jo 3,800 (2b5,1.Y Jga

Jro Olad SR Jse (0e55ke) 4l Jo
(MSE) s clayyo Sike VAT VVASE FYS VDAY - VD
(R?) Ly oo - A8

oobyly 5l 0o pd A/F Cuddge b Jde (pl amd o oL &S Bl cuwd /AR5 L plp R? jlade 4 Bolay S e

)gl)g Yoo )1 uw..: 4« MSE )‘AM )LS Po W8 )‘ L;:L.,u.wl éb.») U)] .LS‘_,’.A uw l) )BL««.A LSLoL&) us‘—y.m dlibc.)'.)
Sllas log )l gy 61 LB 4l S5 gyt 1) ol g caslio 5 Jao plSomtal il by Jo 5 5SS

S oo 30l (gm (giloaingy B (gl (g5 Ll yd 4 olus g &bl
Pluo SLOG 30 (5 319 Comond! Julni ¥ —F
o e ¥ S 15 plo] Sy el o (s c005g8 syl 3y 5Ll o] glacS e S5 (ol

A3 e oLt e )b Jhe 53 1) (639)9 yeate 2

Ala gLl ot ) WSy Cuad) Jilas

(hour) <els
(snowmass) i 2355

(is_weekend) i Al

la 83

i
(dayofweek) «ia 55, .
(temperature) L I
(precipitation) (8 ) o)) s I
(snowfall) < s ik

(cloudcover) sl s

I T T T T
0.0 0.2 0.4 0.6 0.8

Cuaal o)) e

Pl G Jio gl (S g Caodl Jilod Y UK

3590 soeSIl b a8 ol (1oyd YA/E) ule o 5)J38 150 ¢ amgi JB MBI L jg, el amd o L5 Julos 0yl
89y odbanilsl B p) By 0398 &S Cawl pl el Bl AT ) Sl (s JBg o ;3 399 zgl slole il
A Sl s Lulyd ans o olt5 a8l ol 930 ol (103 V1Y) wre (Shs o> Ol & (0w
V/¥) ais bl eMas wile Sloj Jelos )l LS g5 sbadligy 4 Cons JagJos gy QB! (i sl
g S o rwliel |y wlidlga slaodly b da iy cpl S8 o Wl 8 50 (Aoyd YIY) aidn joy g (Mo
53l Ay Sllae ($y80bp (gl LA (Glo e plSin 41y (b e oo I3l )5 s ) @9y

Olovd ol g Lows¥T JLH ¢ g5 91 2.5 3 lwaings O yShos V' —F
Sl S cov wlodd cudS bas pe 0 (65l Bpae (ials o (ool Coyls oUly obj)l (Lol Gus
Joss .cdl cuwd Yd.g.'.g: Glsgley Aol b duolie )0 (g pSeuin sladgns 4 (odliin Cojls e 1:Slp yills Slles

1. Feature importance analysis
2. Baseline schedule
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1. key performance indicators (KPIs)
2. Trade-off

3. onboard storage

4. one-size-fits-all

5. absolute regularity
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