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Abstract

Road vertical alignment has a significant impact on vehicle energy consumption. However, most
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existing studies rely on commercial simulation software, and there is a lack of analytical models suit-
able for rapid engineering estimation. This paper develops an analytical energy consumption model
for vehicles that explicitly incorporates road vertical alignment parameters, based on the principles
of vehicle longitudinal dynamics. First, a fundamental energy consumption expression including lon-
gitudinal grade is derived from Newton’s second law. Second, closed-form analytical solutions are
respectively derived for single-grade sections, combined grade sections, and sections with vertical
curves. Third, a parametric sensitivity analysis is conducted to reveal the influence patterns of lon-
gitudinal grade, speed, and vehicle mass on energy consumption. Finally, a typical 3 km road section
is used as a case study to validate the model. The results show that for each 1% increase in longitu-
dinal grade, the additional energy consumption per kilometer is approximately 42% of the baseline
energy consumption on alevel road. Under the same starting and ending total elevation difference,
a gently undulating grade scheme saves about 14% energy compared with a steep-grade scheme. The
proposed model is concise in form, physically clear, and requires only arithmetic operations without
any professional software, making it a practical tool for rapid energy consumption comparison of al-
ternative road vertical alignment schemes.
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Table 1. Reference values of rolling resistance coefficient for different pavement types
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s A BHJTRERE d LERR S, BB N RERE A AR o Eb AR B BRI .

EHEPFM: FEi=3%, % mM 5000 kg A 25,000 kg. ENBH I EERH 71395 m A IE L,
AR E I M I REFEZ K TR A . X R BT 5 555 R 0% 4 Du A 3 T B B
4.2. BLFYETEE G

BWRBBL K 3km, H=A 1km BWEALN, A SEZEME, BiHEE 60 km/h. X ELF R\
VES

TEA: +1%. 0% —1% (B TTH);

TEB: 4% 2% —1% (BEW T ).

HHSHE 4.1 F5: m=8000 kg, v=60km/h (16.67 m/s), L=1000m. HIFj ORI IEHERE
Ao = 1841 J/m.

B BLREFE A N

E=(A4,+mg-i)xL
N mg =8000 x 9.8 =78,400 N, L=1000 m:
TRAFE1B(+1%):
E =(1841+78,400x0.01)x1000 = (1841+784)x1000 = 2.625x10°J
HE AL 2 B(0%):
E =(1841+0)x1000=1.841x10°J
TR AFE3B(-1%):
E =(1841-784)x1000=1.057x10°J
TR A A
2.625%x10° +1.841x10° +1.057x10° =5.523%x10°J
LE T JEEN
THRESE TN B3 BeReFe, 454 3 .

Table 3. Comparison of energy consumption for each section under two schemes (x10° J)

3. AR RBWEREFEXTEL(x100 )

Wi B FEA Ji%EB
% 1 B(1 km) 2.625 4.977
%5 2 Bt(1 km) 1.841 0.273
%5 3 B(1 km) 1.057 1.057
At 5.523 6.307

TTEBRBEFELL TR A & 6.307—-5.523=0.784 x 10°], IMIEZ) 14.2%. REW T EZREA SEHZEME
(BBHELN 0 m), HHZE BESE 1 B L% T TR E R EERARY, BIESE 2 BiE Fi(—2%) K
B8 T ek, SRR E T HE A. ZEF: WIS E 4B 5 RE R B8 RE, K3
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FLUAE, igsR

BEth. BRI EKEL, AR TR EWiEE et
4.3. i

SRS T BB A AT S, REMS DGR SE R T R R, JE . AR
IR 2 R P MR i R . TS RO RIS S, T (T it SE At
S B 7 5 VT B 125 e T B

TE VLTI, A SO T SEA0 S R VR, SIS BRI BE S L FEE 7 % FE B ) RO . e s
R RS R . (X T R RN 7 50T M Hk i B, R 44t 24 1 B
BB, 1A, ABURIZ B0 A E R A YIS S, W SR, (T TRA S
R

TRt I, AR H 0 7 A 1 BT O UNDD B4 R O R L, TSR
R RE R o KM FE BB SEBRIATI S AR HE, 75 31 N30 RGEHO TR R K. T Gl 7,
R AL MR I 25%~40%, L1530 RGE T A5 55 RO LI N 20%~30% [7]: K 4L shiA 4.
Pl L I B R R % £ BRI R T3 85%~93% 307 A2 510l L 35 77 B sh H B HL 2R SRR A
BUPRLE TN, Wiz B S HL R ST 80% MKk 5 M MR R 77.1%, BT E R B 0 1
AR89 3.9%, BE T HUHL R G BRI 2 SEBRARIIRE BT 1 RS0 v, = Ef(p, m,)
Forh B AACSCHUR BOBLIRAEC), o, FHR RGN 44 MIKg), 0, NEN ) RGER AR, bRt
REWEER I E, = Efn, . n, WMEN RSt 20k . ARER . AR U FRNE RUE RER, 50
I P AR5 B 2475 8 ) 7 6 SO T 2 RO A

B4 S SRR At PR B 1 A . BRI E B SR AS B « I S ) et
HIREN . T 2B BT AN S IR A B, B B BB B T M 0 2 RS, 8 H9 40t S
BFE P — SR SSBYOAR A5 UL 50 90 4 13 P A6 RS RO KT o B0 S AT 7 A SRR AT
HEARRIERY 1, 31T 1 2 G0 1F R BRI A E 2 B (T 1 % S B DI SO, 2
AeTHH I B LY - A - RERER AR

5. ZR5RE
5.1. TR

AR Z) 12 R B A, ST T 5 R TE AN BT T 26 T ) R RE AR AR AT A, HES TR
(5T AR ) A 3B b R i e B REAE P 5 A 3, IRl I S BRI 5 IR S S0 e 1R
el e, EELRIT:

ASCHE T REREMATZOR AL . K i, FEESHEAPANF-RERX, BAfn. W
I, TR A Bl b7 SR B AT e i E 2 B T 7 S A REFEAL 5

SHRURTE DN R Y DRI 1%, 52 EININREARL 9 T IR HEREFE T 42%; 2 <IH I RERE
SR, AR e B DN RERE AT o BB, R R AET m TREAW, 9
U I B T I B ST BT AR IEAT I B

AP EBFHIR Y] AL S M RS T, RS SRR K 5 S HE BT AT REL) 14%.
SN T PR35 B2 73 BE O O I8 T REAE A R0, T RE VT BOR SR B4k L 8 S BE R B

5.2. RE
ASCRR R T HARC I T2 s, AAAELL N RER, AR Ja SRR AT AL :
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ML, Palgds

1) ASCRANEIEE M (sina ~ i), R FHREHIL A0 BIRES B, G UHRET = f FSOR W T 2l 17
i1

2) A T T AR HE B, SCRRIE P2 1 RAERE . pofEns . 7
SRR ME NI, JFT 5 AL SR BRI At

3) BURAS G BB ARG, AT AR TR0 IR RIZ 5 R, T 450 6
I,

4) A IR BUAEIIC L, SBRI FE A FE 465 & AL A0 ) RGUBRIATHSE, 5
ﬁ?%ﬁ@#%@%@$5ﬁﬂ$%ﬁ%%ﬁo
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