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Abstract. This paper explores the possibility of using a solid oxide fuel cell as part of an energy system
with an internal combustion engine running on bioethanol, incorporating thermochemical waste gas heat
recovery. The main goal of the research is to determine the efficiency of energy conversion in energy
systems with deep waste gas heat recovery. To achieve this goal, the following tasks were set: based on
experimental studies of a spark-ignition engine running on bioethanol, determine the parameters of the
process for synthesizing gas through thermochemical conversion; theoretically investigate the efficiency
of using a solid oxide fuel cell in combination with a bioethanol thermochemical conversion reactor.
The most significant result is the determination of the volt-ampere characteristic of the solid oxide fuel
cell and the identification of the potential heat recovery capacity of the internal combustion engine ex-
haust gases through deep heat recovery. The significance of the obtained results lies in the theoretical
and experimental validation of efficient energy conversion of synthesis gas in a solid oxide fuel cell,
achieving a high thermodynamic efficiency of the cell (0.95-0.75). The proposed energy system con-
figuration, based on an internal combustion engine running on bioethanol with thermochemical waste
heat recovery, allows for a 6.5% increase in the overall system power output. This contributes to reduced
fuel consumption and improved environmental performance. The research findings can be applied in
the design and development of highly efficient energy systems with internal combustion engines for
various applications.
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Rezumat. Aceasta lucrare exploreaza posibilitatea utilizarii unei celule de combustibil cu oxid solid ca parte a unui
sistem energetic cu un motor cu ardere interna care functioneaza pe bioetanol, care incorporeazd recuperarea
termochimica a caldurii gazelor reziduale. Scopul principal al cercetarii este de a determina eficienta conversiei
energiei in sistemele energetice cu recuperare adanca a caldurii gazelor reziduale. Pentru atingerea acestui scop,
au fost stabilite urmétoarele sarcini: pe baza studiilor experimentale ale unui motor cu aprindere prin scanteie care
functioneazd pe bioetanol, determinarea parametrilor procesului de sintetizare a gazului prin conversie
termochimica; teoretic investigati eficienta utilizarii unei celule de combustie cu oxid solid in combinatie cu un
reactor de conversie termochimica a bioetanolului. Rezultatul cel mai semnificativ este determinarea caracteristicii
volt-amperi a celulei de combustie cu oxid solid si identificarea capacitatii potentiale de recuperare a caldurii a
gazelor de esapament ale motorului cu ardere interna prin recuperarea profunda a caldurii. Semnificatia rezultatelor
obtinute constd in validarea teoretica si experimentald a conversiei eficiente a energiei gazului de sinteza intr-0
pild de combustie cu oxid solid, realizdnd o eficienta termodinamica ridicata a celulei (0,95-0,75). Configuratia
propusa a sistemului energetic, bazatd pe un motor cu ardere interna care functioneaza cu bioetanol cu recuperare
termochimica a céldurii reziduale, permite o crestere cu 6,5% a puterii totale a sistemului. Acest lucru contribuie
la reducerea consumului de combustibil si la Tmbunétatirea performantei de mediu. Rezultatele cercetarii pot fi
aplicate in proiectarea si dezvoltarea de sisteme energetice extrem de eficiente cu motoare cu ardere interna pentru
diverse aplicatii.
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Cuvinte-cheie: celula de combustie cu oxid solid, motor cu ardere internd, centrala electricd, combustibil alternativ,
gaz de sinteza, utilizarea caldurii.

IToBbienne 3)(peKTHBHOCTH FHEPrOyYCTAHOBKH C ABUIaTe1eM BHYTPEHHEr0o CropaHusi myTeM
NpUMEeHEHHUs TBePAOOKCHAHOI0 TOIUIMBHOIO 3JIeMeHTa
Murpoganos A. C., ‘Tpockypun A. 0., 2Konr B.
'HanuoHanbHbli yHHBEpCHTET KOpabaecTpoeHus MMeHH aaMupana Makaposa, Hukonaes, Ykpauna,
2V HuBepcuTeT HAyKU U TexHojoruit Lzancy Uxonsizan, Lzaucy, KuTait

Annomayun. B cratbe paccMOTpeHa BO3MOXKHOCTh NPHUMEHEHHS TBEPJOOKCHIHOTO TOIUIMBHOTO JJIEMEHTA B
COCTaBE DHEPreTUUECKON YCTaHOBKM C JIBUTATE]IEM BHYTPEHHEro CropaHus, padoTaloluM Ha OHO3TaHOJE C
TEPMOXMMHYECKON YTHIM3alMed Temia OTXOAAmMX Ta3oB. OCHOBHOW LENbIO HCCIECJOBAHMS SIBISICTCS
ornpezeneHue 3pPEKTUBHOCTH SHEProNpeoOpa3oBaHus B SHEPIETHIECKUX YCTAHOBKAX C IIIyOOKOW yTHIIM3aluen
TeIIa OTXOASIINX Ta30B. JJI JOCTH)KEHHMS 1IeH TIOCTaBJICHBI CIEAYIOIINE 3aa4n: Ha 0a3e IKCIIepUMEHTaIbHBIX
WCCIIEJIOBAaHUI IBUTATEIs] C MCKPOBBIM 3aKHTAaHMEM, PabOTAIOIIEro Ha OMO3TAHOJE ONPENENIUTH MapaMeTphI
mpouecca IMOMy4EHHE CHHTE3-Ta3a TEPMOXUMHYECKAM IPeoOpa3oBaHHEM; TEOPETHIECKH HCCIIEI0BATh
3¢ PEeKTUBHOCTE TNPHUMEHEHHS TBEPJOOKCHAHOTO TOIUIMBHOTO JJIEMEHTa B KOMIUIEKCE C PEaKTOpOM
TEPMOXHMHYECKOH KOHBepcHH OmosTaHona. B mpomecce wccienoBaHuii ObIIM MOJAPOOHO PacCMOTPEHBI
pas3IYHbIC PEKUMBI PaOOTHI ABUTATENS, a TAK)KE MPOBENICH CTANBHBIN aHAIN3 TEMIEPATYPhl OTXOSIINX Ta30B
W CHHTE3-Ta3a, IOJIyYEHHOTO B peakTope KOoHBepcuH. Hambonee CyIIECTBEHHBIM pE3YJIbTATOM SBISIETCS
MOJIyYeHHE BOJIBTAMIICPHONH XapaKTEPHUCTHKH TBEPAOOKCHIHOIO TOILIMBHOTO DJJEMEHTAa M YCTaHOBJICHHE
BO3MOJKHOH BEJTMYMHBI YTHIM3ALMH TEIlJIa OTXOSIINX Ta30B IBUTraTeN s BHYTPEHHEr0 CropaHus 3a CUéT riry0oKoi
YTUIN3alMU. Y CTAaHOBIIEHO, YTO TEMIIEpaTypa CHHTE3-Ta3a JOCTaTOYHA Uist S(QEKTUBHON pabOThl TOIUIMBHOTO
anieMeHTa 0e3 HeoOXOIUMOCTH JIOMOJIHUTEIBHOTO TIO/I0TPEBa, YTO SIBISETCS Ba)KHBIM (PaKTOPOM HOBBIIICHHS
o0Imeil sHepreTHueckoil A(PQPEKTUBHOCTH CUCTEMBI. 3HAYMMOCTh MOJYYEHHBIX pPE3yJIbTaTOB COCTOMT B
TEOPETHYECKOM M 3KCIICPUMEHTAIBHOM 00OCHOBAaHMH 3((EKTHBHOTO 3HEPronpeoOpa3oBaHHs CHHTE3-Ta3a B
TBEPAOOKCHIHOM TOIUIMBHOM O3JIEMEHTE C JOCTHXXEHHEM BbICOKOro TepMmoamHamuueckoro KIIJ[ »memenra
(0,95...0,75). IlpennoxeHHas cxema 3HepreTHueckoit ycranoBku Ha 6ase JIBC, paboTarorieii Ha GHosTaHoIE C
TEPMOXMMHYECKON YTHIM3alMel Temia OTXOAAIIMX Ta30B, I[O3BOJIIET YBEIWYHUTh OOIIYI0 MOIIHOCTh
9HEProyCTaHOBKH Ha 6,5 %, 4TO CIOCOOCTBYET CHID)KEHHMIO PAacXo/a TOIUIMBA U MOBBIIICHHIO 3KOJOTHYHOCTH.
[NomydeHHBIE pe3ynbTaThl HCCIEIOBAHUN MOTYT OBITh HCIIOIB30BAHBI P MIPOESKTUPOBAHUN M KOHCTPYHPOBAHUH
BBICOKOA(D(hEeKTHBHBIX YHEPIeTUUECKHX YCTAHOBOK C JIBUTATESIMUA BHYTPEHHETO CrOPaHHs Pa3InYHOIO LIEJIEBOI0
Ha3HA4YeHMs, BKIIIOYAsh CTAlMOHAPHbIE M TPAHCHOPTHBIE HPUMEHEHHS, 4YTO JEMOHCTPUPYET LIMPOKHUE
MEePCIEKTHBBI X UCTIOIb30BAHMSI.

Kniouegvie cnosa: TBepIOOKCHIHBIN TOTIMBHBIN JJIEMEHT, JIBUTATEIb BHYTPEHHETO CrOPaHHs, SHEpPreTuiecKast
YCTaHOBKa, aJIbTEPHATHBHOE TOILIMBO, CHHTE3-T'a3, YTHIIM3aLHUs Tera.

I. INTRODUCTION Notably, SOFCs do not require an expensive
platinum-based catalyst and can utilize any
hydrocarbon fuel that has undergone gasification
(conversion into a combustible hydrogen-
containing gas) [4-7].

Recently, there has been a growing trend
toward integrating fuel cells into energy systems
with heat engines. Since SOFCs operate at high
temperatures and their exhaust gases have
significant energy potential, several researchers
have proposed developing combined power
systems based on gas and steam turbines [8-10].
Such combined energy systems can achieve
relatively high efficiency levels of 58-68% [11-
13].

Research is also being conducted on the use of
SOFCs in energy systems with internal
combustion engines (ICEs) [14-18]. These
combined energy systems with ICEs can also

Currently, there is a strong global trend toward
research in the development and application of
fuel cells [1-3].

Fuel cells enable the conversion of the energy
contained in fuel into electrical and, partially,
thermal energy, bypassing the combustion
process.

The interest in fuel cells is primarily driven by
several advantages, including high energy
conversion  efficiency and  environmental
friendliness, the ability to use various types of fuel
(methane, hydrogen, synthesis gas, alcohols),
modular design, silent operation, and more.
Among the wide variety of existing fuel cells,
solid oxide fuel cells (SOFCs) stand out as
particularly promising.

This type of fuel cell offers several advantages
over other types.
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achieve high efficiency levels of up to 60% or
more [19-22].

One of the promising directions for SOFC
application is their use in marine power systems
[5, 17, 23]. In particular, study [17] proposes
employing SOFCs for electricity generation on
large ocean-going vessels, with the anode gas (the
gas exiting the fuel cell) being utilized in a spark-
ignition gas engine for additional power
generation. The study demonstrated that this
energy system configuration increases efficiency
by 8.3% compared to a conventional marine
engine running on natural gas [17]. Furthermore,
integrating SOFCs into marine power systems
significantly reduces emissions of harmful
pollutants and greenhouse gases from ICE

exhaust gases, with NOx emissions reduced by 30%

and CO, emissions by 12% [17].

Methanol [14] and methane [17] are the
primary feedstocks used for fuel cells in energy
systems with internal combustion engines. Thus,
there is particular interest in research focused on
the use of alternative fuels, specifically bioethanol,
which has a widely available raw material base
and is considered a promising alternative fuel for
spark-ignition internal combustion engines.

Based on this, research on the application of
fuel cells in energy systems with internal
combustion engines running on bioethanol,
incorporating  thermochemical waste heat
recovery, is both relevant and promising. The
objective of this study is to analyze the efficiency
of energy conversion in such systems.

I1. RESEARCH METHODS

The analysis of energy conversion efficiency
in a spark-ignition internal combustion engine
(ICE) system operating on bioethanol with
thermochemical waste heat recovery and an
SOFC is carried out using mathematical and
physical modeling methods.

The data used in this study, related to the
thermochemical waste heat recovery of ICE
exhaust gases and the production of hydrogen-
rich synthesis gas in a conversion reactor, are
based on the results of long-term experimental
research, which have been published in numerous
scientific  articles. (Examples include:
Characteristics of an Experimental Bioethanol
Conversion System for the 2Ch 7.2/6 ICE].
Dvigateli vnutrennego sgoraniya, 2013, Analysis
of the Piston Engine Operation on Ethanol with
Synthesis-Gas ~ Additives.  Eastern-European
Journal of Enterprise Technologies, 2018,

Determining the Influence of Synthesis Gas
Additives on the Environmental Performance of
an Internal Combustion Engine. Mathematical
modeling was used in this study to determine the
characteristics and operational parameters of the
SOFC.

Mathematical modeling is one of the key
components in the design of SOFCs.

The processes occurring in the fuel cell, taking
into account various factors (such as the geometry
of the fuel cell surface, flow directions, internal
transformations, etc.), are well described in the
existing literature [24-31]. Most of the studies
focus on steady-state models of SOFCs, though
some authors also address dynamic models [32—
36].

Conditionally, the mathematical model of an
SOFC can be represented as mass and energy
balances, as well as a model of electrochemical
processes that links the composition and
temperature of the fuel and oxidizer streams with
the output voltage and current density.

When using synthesis gas in an SOFC, the
main total current-generating reactions will be:

2H,+0,=2H,0;
2C0+0, =2C0,

The voltage generated by the SOFC can be
represented as [14, 32, 39]:

U=E _(nOhm +77conc +'7acl) ;

where E — is the electromotive force of the
reaction in the SOFC; 7, — is the ohmic losses;

. — 1S the concentration losses (resulting from

the formation of concentration gradients of
reactants in the reaction zone and supply
channels); »,,— is the activation losses (reflecting

the Kkinetics of the electrochemical reaction and
described by the Butler-Volmer equation).

The electromotive force of the reaction in the
fuel cell, taking into account the local temperature
and partial pressure, is determined through the
Nernst equation [32, 37-39]:

where E, — is the standard EMF, V; R, — is the

universal gas constant (8.314 J/(mol-K)); T — is
the reaction temperature, K; F —is Faraday's
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constant (F = 96 485 C-mol™ '); p.o , P’ Py,

— are the partial pressures, Pa; n — is the number
of electrons involved in the reaction.

Ohmic losses 7, in the fuel cell are
primarily related to the resistance of ion and
electron conductivity, as well as the contact
resistance of the fuel cell components.

Since the ion flow in the fuel cell electrolyte
and the electron flow in the electrodes essentially
obey Ohm's law, the ohmic losses of the SOFC
can be represented as [14, 32, 39]:

770hm = jROhm ’

where j — is the current density, A/m?; Ry, — IS
the internal resistance of the fuel cell (including
both ionic and electronic resistances), Q-m?.

The internal resistance can be determined by
measuring the resistance of the fuel cell or, with

certain  assumptions  (neglecting  contact
resistances), theoretically (by knowing the
distance between the elements and the

conductance values) using the following formula
[14, 32, 40]:

R _ Tanode + Telectrolyte + Tcathode -

Ohm 1

o Uelectrolyte o-cathode

anode

where T Taeroye  — are the

thicknesses of the cathode, anode, and electrolyte,
respectively; o — are the specific

cathode !
electronic conductivities of the cathode and anode,
respectively; o — is the ionic conductivity

electrolyte
of the electrolyte [40].

Concentration losses occur when the supply of
reactant components and the removal of products
from the reaction zone happen too slowly and do
not match the given current density.
Concentration losses can be estimated as follows
[14, 32, 41-43]:

cathode ! anode !

O-anode

__ ,.anode cathode .
ﬂconc - nconc +77c0nc 1

anode T Rﬂ pLF;g ) p':z .
Meone = In f TPB |’
n-F Pro P

HZ
a
ncathode - T R/J In poz .
‘conc B |’
n-F Po,

TPB TPB

f f a
Pro » Ph, » Ph, + Po, » Po,
are the partial pressures of the components at the
three-phase boundaries.

where pyo |

Activation losses are significantly influenced
by temperature. At high temperatures, the
electrode reactions occur quickly, resulting in
minimal activation losses, whereas lower
temperatures lead to an increase in these losses
and, consequently, a decrease in voltage.

Activation losses, reflecting the kinetics of the
electrochemical reaction, can be estimated using
the Butler-Volmer equation [14, 32, 39]:

a-n-F electrode
exp — —
TR
+ electrode H

j =Jo
exp _ (1_ a) -n-F nelectrode
T. R# act

: lectrod
jglecmde = —T R’ 1 | electrode exp - ;
n-F T-R

v

where j** —is the current exchange density; «

— is the charge transfer coefficient; n — is the
number of electrons transferred in one elementary
step of the reaction; k™™ — is the pre-
exponential factor of the current exchange density;
E** _ is the activation energy of the current
exchange density.

I11. RESEARCH RESULTS

To evaluate the efficiency of using a solid
oxide fuel cell in an energy system with an
internal combustion engine, experimental studies
were conducted on the operation of a 1Ch 6.8/5.4
engine (gasoline power station with the factory
marking TE 200) with spark ignition, operating on
bioethanol. This is a four-stroke gasoline engine
that drives an electric current generator. The main
characteristics of the engine are presented in
Table 1.

Table 1
Ne m/m Parameter Value
1 | Number of cylinders 1
2 | Displacement, cm® 196
3 | Cylinder diameter, mm 68
4 | Stroke length, mm 54
5 | Compression ratio 8,5
6 | Rotational speed, rpm 3000
7 | Effective power, kW 4,8
8 | Specific effective fuel 0,412
consumption, kg/(kW-h)

The experimental energy system is equipped
with a thermochemical conversion reactor
(Mytrofanov O., Poznanskyi A., Proskurin A.,
Shabalin Yu. Research into the Recovery of
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Exhaust Gases from ICE Using an Expansion
Machine and Fuel Conversion), which allows the
recovery of exhaust gas heat from the ICE to
produce synthesis gas for the fuel cell.

The average operating temperature of SOFCs is
800-1000 °C; however, recently there has been a
global trend towards lowering the operating
temperature to nearly 500 °C. These types of fuel
cells are called medium-temperature fuel cells

(operating range 500-700 °C) [14, 44]. This
temperature reduction allows the use of SOFCs in
energy systems with internal combustion engines
without additional heating of the components
before the fuel cell or with partial heating using
the exhaust gas from the fuel cell combustion (Fig.
1).

Groent P
P cooling water [ Electric
ener,
6. qy
Internal
combustion
engine
exhaust
Qur Q.z gases
Hi H: Qep !aegﬁ Hs H
Gruetz Qsgi Qsy2 z o
Fuel Reactor node
(CzHs0H) \ Electric energy
P: synthesis gas | Electrolyte afterburner
o n 02
Qoo Hz, CO, CH., ... p Qairs Catrode
! cp? S~
Qepr

‘. combustion
\ products

air /

Fig. 1. Schematic diagram of an energy system based on an internal combustion engine with spark ignition
and a deep exhaust gas heat recovery system.

Experimental studies showed that the exhaust
gas temperature at the outlet of the combustion
chamber of the internal combustion engine with
spark ignition, depending on the load, ranges from
688 to 800 °C, which is sufficient for bioethanol
conversion in the reactor (Fig. 2).

At the same time, the synthesis gas obtained
from the bioethanol conversion in the
thermochemical reactor has a sufficiently high
temperature of 552-673 °C (Fig. 3). This
temperature level is adequate for the effective
operation of medium-temperature SOFCs. If an
increase in the operating temperature of the fuel
cell is required, the energy system with the
internal combustion engine can be supplemented
with a post-combustion unit (Fig. 1), in which
additional energy will be generated through the
combustion of residual synthesis gas.
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Fig. 2. Dependence of exhaust gas temperature on
the load mode of the internal combustion engine.
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Fig. 3. Dependence of synthesis gas temperature at
the reactor outlet on the load mode of the internal
combustion engine.

The composition of the synthesis gas obtained
in the thermochemical conversion reactor is as
follows: 43 % H,, 34 % CO, 23 % CH, by
volume. Fig. 4 shows the experimentally obtained

flow rates of the synthesis gas components as a
function of the conversion degree.
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Fig. 4. Mass flow rate of synthesis gas components
as a function of the conversion degree in the
thermochemical reactor.

The main parameters of the solid oxide fuel
cell used in the analysis of energy conversion
efficiency were taken from existing literature
sources [26, 28, 29, 31, 32, 37].

Figure 5 shows the calculated volt-ampere
characteristic of the fuel cell at the maximum
hydrogen flow rate (G, = 1,798-10° kg/s), which

corresponds to the complete conversion of
bioethanol in the thermochemical reactor. The
operating temperature of the synthesis gas at the

fuel cell inlet was 923 K (without additional
heating). The maximum power of the SOFC under
these conditions is P,.. = 164,3 W at a voltage of

Usore = 0,955V (the EMF of the fuel cell is E =

0,966 V). The total voltage losses in the fuel cell
range from 0.0016 to 0.01157 V.

The theoretical dependence of the
thermodynamic efficiency of the SOFC on the
current is shown in Fig. 6. The thermodynamic
efficiency varies in the range of 0.95 to 0.75.

U, Vv T T T T T T T Psufc'W
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s L 140
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/’;E\}ﬁh_\— L 40
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,/
09 0
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——— — EMF (Electromotive Force); - - - - — Voltage
of the SOFC; -+ — Power of the SOFC

Fig. 5. Volt-ampere characteristic of the fuel cell.
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Fig. 6. Thermodynamic efficiency of the SOFC.

The power of the SOFC (Fig. 7, a) directly
depends on the efficiency of the thermochemical
conversion reactor of bioethanol (conversion
degree) and, accordingly, on the load of the
internal combustion engine (ICE) (Fig. 7, b). The
power range of the SOFC in such an energy
system varies from 10.2 to 164.3 W.

The data shown in Fig. 7 are the results of
mathematical modeling of the output power of the
SOFC for different experimentally obtained
modes of combined operation of the
thermochemical reactor and the ICE.
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Fig. 7. Output power of the SOFC.

The application of SOFCs in an energy system
based on ICEs running on bioethanol with
thermochemical heat recovery of exhaust gases
allows for an overall increase in electrical power
from 1.6% to 6.5%, depending on the load mode.
Unused components of the synthesis gas (methane
and carbon monoxide) that are not utilized in the
fuel cell are directed to the ICE, which also
contributes to the reduction of the specific
effective fuel consumption by the engine itself.

IV. CONCLUSION

The analysis of the potential application of a
solid oxide fuel cell (SOFC) in an energy system
based on an internal combustion engine (ICE)
running on bioethanol with thermochemical waste
heat recovery has allowed for the assessment of
changes in energy conversion and its efficiency.

Experimental studies and mathematical
modeling have established that:

— the temperature of the synthesis gas,
obtained through bioethanol conversion in the
thermochemical reactor, is sufficient for the
effective operation of medium-temperature
SOFCs and ranges from 825 to 946 K;

— the maximum power of the SOFC at a
hydrogen flow rate of 1.798:10" ¢ kg/s and a
working temperature of 923 K is 164.3 W;

— the EMF at maximum load of the SOFC is
0.966 V, while the voltage considering all losses
is 0.955 V;

— the increase in the total power of the energy
system due to deep waste heat recovery from the
ICE's exhaust gases is up to 6.5%.

Based on the obtained results, it can be
concluded that further in-depth theoretical and
experimental research into the application of fuel
cells in energy systems with internal combustion
engines (ICEs), running on both fossil and
alternative fuels, is promising.
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