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Abstract

Improving the energy efficiency of hybrid vehicles requires a comprehensive approach to the
use of available onboard energy flows. This study analyzes parallel, series, plug-in hybrid, and
range-extender architectures and proposes a multi-source energy system based on a series-hybrid
configuration. In the proposed system, the internal combustion engine operates mainly as a
generator drive in a stable and efficient mode, while the traction battery functions as a central
energy buffer and storage unit. Regenerative braking, exhaust-gas energy recovery, cooling-system
heat recovery, thermoelectric generation, and solar energy are considered additional energy sources.
The analysis indicates that 30—35 % of fuel energy may be lost with exhaust gases and 25-30 %
through the cooling system. Regenerative braking can recover approximately 10-25 % of energy in
urban operation, while turbocompounding and thermoelectric conversion provide additional
efficiency potential. The proposed concept enables coordinated management of primary and
secondary energy flows and represents a promising direction for improving overall fuel utilization
in hybrid vehicles under real operating conditions. The aim of this study is to analyze the energy
recovery potential of hybrid vehicle powertrain architectures and to develop a conceptual multi-
source energy system based on a series-hybrid configuration that integrates primary and secondary
energy flows to improve overall energy utilization.

AHHOTaUA

[MToBbiiieHWe 3HepPro3dheKTUBHOCTH TUOPUIHBIX aBTOMOOW/IEH TpeOyeT KOMITJIEKCHOTO
WCIOJIb30BaHUs BCEX [OCTYITHBIX SHEpreTUUeCKUX IOTOKOB TPAaHCIOPTHOrO CpeficTBa. B crarbe
MpoaHa/IM3MpOBaHbl TlapasuiesibHasi, TI0C/e[oBaTe/bHasl, TOJK/IoUaemMass TUOpHAHAsi CXeMbl U
apxurekTypa Range Extender, a Takxe rpe/jio)keHa MHOTOMCTOYHUKOBAsI SHepreTuyeckasi CUCTeMa
Ha 0ase mocrefoBaTe/bHONM THOPWAHOM KOMITOHOBKM. B TipejjiaraeMoil cucteme JBUraresib
BHYTPEHHEr0 CropaHusi MPeUMYI[eCTBeHHO paboTaeT Kak IPHUBOJ reHepaTopa B yCTOWYMBOM U
3¢ heKTUBHOM peXKrMe, a TSIroBasi akKKyMy/IsiITOPHasi OaTtapesi BBITIO/IHSET (PYHKIUM I{eHTpaTbHOTO
Hakorurens W dHepretuueckoro Oydepa. B  KauecTBe /IOTIOJHUTE/BHBIX  HWCTOYHWKOB
pacCMaTpUBAIOTCS peKyriepaTUBHOEe TOPMOXKeHHe, MCIIO0/b30BaHWe Heprvu OTpabOTaBIIIMX Ta30B,
Tervla CUCTEeMbl OXJIaXKIEeHHWsl, TEPMO3JIeKTpUUeCKasi reHepalysi U COJIHeUHas SHeprusi. AHaau3
roka3sbiBaeT, uto 30—35 % 3Hepruu TOIUIMBA MOXKET TepAThCs C OTpaboTaBIMMU razamMu u 25-30 %
yepe3 CUCTeMy OXJIaKJeHUs. PeKyrepaTUBHOe TOPMO)KEHHe TI03BOJIsseT BO3BpalaTb npumepHo 10—
25 % >3Heprud B TOPOJCKOM IMK/Ie, a TypOOKOMIlayHAHasi CHUCTeMa U TepMO3JIeKTpUuecKoe
rpeoOpa3oBaHre  CO3[AIOT  JIOTIOJTHUTE/NbHBIM  TIOTEHI[Ma/  TIOBBILIEHUS  3(PPEeKTUBHOCTHU.
[TpeniaraemMasi KOHLETII[MSI 00eCTieurBaeT COrJIaCOBaHHOE YTIpaB/ieHHe TIePBUUHBIMU U BTOPUYHBIMU
SHEePreTMYeCKUMU TIOTOKaMU W SIBJISIeTCSl  MEePCIeKTUBHBIM  HarlpaB/ieHWEM  MOBBILIEHUS
3¢ heKTUBHOCTH UCIT0/Ib30BaHUs TOTI/IMBA B TMOPUAHBIX aBTOMOOW/IsAX. Takol TOAXOA MO3BOJSIET
CHU3UTh [0M0 6e3BO3BPATHBIX JHEPreTUUECKUX TIOTePb, CTAOW/IM3UPOBATh PEXUM PabOThI
JIBUTaTe/Is1 U TOBLICUTh 3(h(eKTHBHOCTh IHEPreTHUeCcKoro OasaHca aBTOMOOW/IS B KCILTyaTal[UH.
Lesibto KMCC/IeJOBaHUS SIBJISIETCS aHA/IM3 MOTeHLMajla peKyrepaluy SHePruy B CUJIOBBbIX YCTAHOBKAX
rubpUAHbIX aBTOMOOUM/Ie M pa3paboTKa KOHIIENTya/JbHOM MHOTOMCTOYHMKOBOM SHepreThueCKOu
CUCTeMbl Ha OCHOBe TMOC/e[oBaTe/bHONW THMOpPUIHON cxeMbl, obecrieunBatoileli oObeJuHeHVe
MEepPBUYHBIX W BTOPUUHBIX SHEPreTUUeCKWX TIOTOKOB [I/i1 TIOBBIIEHUS 3(PGeKTUBHOCTU
WCI0/Ib30BaHKUs SHEPrUH.
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Introduction

The development of road transport is accompanied by increasingly strict requirements for fuel
economy and rational use of energy resources. Even when the internal combustion engine is
improved, a considerable part of fuel energy is not converted into useful mechanical work.
According to the sources reviewed in the initial material, approximately 30-35 % of the fuel energy
leaves the engine with exhaust gases and another 25-30 % is removed through the cooling system
[1-3]. These losses form a substantial reserve that can potentially be used in an electrified
powertrain. At the same time, modern hybrid vehicles increasingly rely on traction batteries and
external charging. In plug-in hybrids and range-extender vehicles, long periods of electric-only
operation can reduce the operating time of the engine-generator unit, even though its mass remains
part of the vehicle. From the standpoint of onboard fuel-energy utilization, this makes it important
to consider a hybrid power plant as a single energy system rather than as a simple combination of an
engine and a battery [4-8]. In such a system, the internal combustion engine should operate as close
as possible to its efficient operating range, the battery should accumulate and redistribute energy,
and secondary energy flows should be returned to the electrical system whenever technically
possible [9-10].

The objective of this study is to evaluate the potential for utilizing primary and secondary
energy flows in hybrid vehicles and to propose a multi-source energy system based on a series-
hybrid architecture. To achieve this objective, the main hybrid powertrain configurations are
compared, the principal energy-loss and recovery pathways are analyzed, and a conceptual
architecture for integrating regenerative braking, exhaust-gas energy recovery, engine waste-heat
recovery, and supplementary renewable energy sources into a common electrical system is
developed.

Materials and methods

The study compares four hybrid powertrain architectures: parallel, series, plug-in hybrid, and
range extender. The series-hybrid configuration was selected as the basis of the proposed multi-
source system because the internal combustion engine operates independently of wheel speed and
drives only the generator. The analysis considered the main vehicle energy-loss and recovery
channels.
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Figure 1. Proposed multi-source energy-flow architecture for a series-hybrid vehicle

According to the reviewed sources, approximately 30-35 % of fuel energy is lost through
exhaust gases and 25-30 % through the cooling system. Regenerative braking can recover about
10-25 % of energy during urban operation, while turbocompounding can improve fuel efficiency by
approximately 5 %. Thermoelectric generators convert waste heat into electricity with an efficiency
of about 5-8 %. Based on these quantitative indicators, the proposed architecture integrates
regenerative braking, exhaust-gas thermoelectric

recovery, cooling-system heat recovery,

generation, and other auxiliary sources through a common battery buffer.

Results and discussion

The quantitative comparison identified exhaust-gas and cooling-system heat as the two largest
energy-loss channels of the internal combustion engine. Exhaust gases account for approximately
30-35 % of the fuel energy, while 25-30 % is rejected through the cooling system; together, these
losses represent about 55-65 % of the initial fuel-energy input. In addition, regenerative braking can
recover approximately 10-25 % of braking energy during urban operation and return it directly to
the electrical storage system. For exhaust-energy recovery, turbocompounding has demonstrated an
approximately 5 % improvement in fuel efficiency in heavy-duty diesel applications, whereas
thermoelectric generators convert available waste heat into electricity with an efficiency of about 5—
8 %.

As summarized in Table 1, these values represent different energy processes and must be
interpreted separately. The 30-35 % and 25-30 % values indicate available thermal-loss streams,
the 10-25 % value represents recoverable braking energy, the 5 % value reflects the reported fuel-
efficiency improvement from turbocompounding, and the 5-8 % value represents thermoelectric
conversion efficiency.

The results indicate substantial energy-recovery potential in a series-hybrid architecture.
Approximately 30-35 % of fuel energy is lost through exhaust gases and 25-30 % through the
cooling system, while regenerative braking can recover about 10-25 % of braking energy in urban
operation. Turbocompounding may improve fuel efficiency by about 5 %, whereas thermoelectric
generators provide approximately 5-8 % conversion efficiency. These values cannot be directly
summed because they represent different physical processes. A common DC bus and traction
battery enable recovered energy from multiple sources to be collected, stored, and redistributed
efficiently.
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Table 1. Secondary energy flows considered in the proposed multi-source system

Energy source or
loss channel

Recovery / conver-
sion method

Quantitative indicator stated in the re-
viewed material

Function in the proposed s
ystem

Vehicle kinetic
energy during
braking

Regenerative braking
through the traction
motor

Approximately 10-25% energy return in
urban driving [2, 3]

Recharge the battery and
reduce friction-brake
demand

Exhaust-gas

Turbocompound sys-

About 30-35% of fuel energy may leave

Convert part of exhaust-

erator (TEG)

ciency [5]

energy tem with electrical with exhaust gas; about 5% fuel-effi- stream energy into electrical
generation ciency improvement is reported for a power
heavy-duty Scania application [1, 4]
Exhaust heat Thermoelectric gen- | Approximately 5-8% conversion effi- Provide supplementary elec-

trical generation from tem-
perature difference

Cooling-system
heat

Thermal recovery /
additional steam
stage concept

About 25-30% of fuel energy is
removed through the cooling system [1];
the proposed recovery route is experi-
mental

Recover a portion of heat
otherwise rejected by the
radiator

Exhaust heat

Compact Stirling
engine concept

Experimental; no mass automotive
application or quantitative value is stated
in the source material

Generate additional power
from waste heat

External renew-
able input

Solar panels or other
external sources

No quantitative value stated in the source
material

Supplement the common
electrical energy bus

Regenerative braking is currently the most practical recovery method, while exhaust-gas,

thermoelectric, and cooling-system heat recovery offer additional potential. Further research should

evaluate the overall energy balance, component mass and cost, and system performance under

representative driving cycles.

Conclusion

The analysis confirms that a series-hybrid architecture is a suitable basis for a multi-source

energy system because it separates engine operation from wheel speed and allows the battery to
function as a common energy buffer. The main recoverable sources are braking energy, exhaust-gas
energy and engine waste heat. Regenerative braking is the most practical recovery method, while
turbocompounding, thermoelectric generation and cooling-heat recovery can provide additional
benefits. The main advantage of the proposed concept is the coordinated integration of several
recovery technologies within one electrical system. However, the available data do not allow the
total efficiency gain of the combined system to be quantified. Further research should therefore
focus on detailed energy-balance modelling and experimental validation of the overall fuel-saving
potential.
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