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Abstract: SOFC-Engine hybrid power system is a promising energy conversion technology with
high efficiency. However, its dynamic behaviors are still unclear. Herein, the dynamic modeling of
this hybrid system is performed. Besides, the control strategies of hydrogen addition and power
distribution are further investigated to enhance the system performance. The results show that the
relatively slow dynamics of the SOFC component is dominating in the hybrid system. The reason is
mainly attributed to that the autonomy of the engine with fast dynamics is partly restricted without
hydrogen addition. When hydrogen is fed to the engine as a part of inlet fuel by metal hydride and
waste heat recovery unit, the dynamics of the hybrid system can be improved. Moreover, the

efficiency can also be improved to 67.6% with the hydrogen addition ratio y=2.0. After that, the
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control strategy for power distribution is proposed to achieve the optimal overall performance for the
hybrid system. The SOFC provides most of the output power as a stable power baseline and the
engine copes with the dynamic part. In such a strategy, the hybrid system enables to respond to the
change of power load within 1 s and to achieve the overall energy conversion efficiency up to 75%,
which is promising for the vehicle applications. In brief, this work can provide an insight into the
dynamic behaviors of the SOFC-Engine hybrid energy conversion system to obtain the feasible

operation strategy for its vehicle applications.
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Nomenclature
Abbreviation

DC/AC Direct current to alternating current

DIR Direct internal reforming

FC Fuel cell

GT Gas turbine

HCCI Homogeneous charge compression ignition
HE Heat exchanger

HyT Hydrogen tank

LHV Lower heating value

MHR Metal hydride reactor

MSR Methane steam reforming

NG Natural gas

SOFC Solid oxide fuel cell

WGS Water gas shift
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Symbols

A fuel cell area, m?

C, hydrogen desorption reaction rate constant, 1/s
Cp specific heat capacity, J/(kg K)
C_p average specific heat capacity, J/(kg K)
D effective diffusion coefficient, m/s
E.« activation energy, J/mol

F Faraday constant, C/mol

h specific enthalpy, J/mol

I current, A

J current density, A/m?

K reaction equilibrium constant

k reaction rate constant

I thickness, m

mH2 hydrogen molar mass, mol/s

P power, KW

p pressure, bar

Q heat, kW

r reaction rate, mol/s

R resistance, Q

Ry universal gas constant, J/(K mol)

t time, s
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Greek

Xo,

p

X

Subscript

act

as

conc
comb
comp

CDL

€q

temperature, K

cell voltage, V

oxygen percent in the fuel

mass or molar flow, kg/s or mol/s
time constant, s

energy efficiency

compression ratio

equivalent ratio
density, kg/m®

H, addition

anode

activation

ash

cathode
concentration
combustion
compressor

charge double layer
electrolyte

equilibrium
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ex expansion
exh exhaust gas

ex-ref external reforming

fu fuel gas

ign ignition

in inlet

ISC isentropy of compressor

IST isentropy of turbine

MEC mechanical efficiency of compressor
MET mechanical efficiency of turbine
ohm ohmic polarization

OX oxidant

out outlet

reform reforming

turb turbine

1. Introduction

An efficient and clean energy conversion and utilization way is crucial for sustainable
development of human society. So far, traditional fossil fuels including coal, petroleum, and natural
gas (NG), are still the main energy sources for human beings [1,2]. In such a context, how to use the
NG fuel more efficiently and cleanly is always attracting attention in the energy field. The
technology of internal combustion (IC) engines using compressed NG as the fuel to generate power
is viewed as a clean energy conversion pathway for vehicles. However, its energy conversion

efficiency is always less than 40% due to the thermodynamic limitation, mechanical loss and thermal
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loss [3,4]. Thus, innovative technologies for improving the energy conversion efficiency of the
NG-fueled IC engine are in urgent demand.

As an innovative power generation technology, fuel cell (FC) has become one of the most
promising power sources due to its high electrical efficiency and no emission of pollutants [5].
Considering these merits, FC presents a good potential to replace the IC engine [6,7]. As the
electricity is generated by the electrochemical reaction of hydrogen and oxygen rather than a
combustion process, the energy conversion efficiency is not limited by the Carnot thermodynamic
cycle [8]. Solid oxide fuel cell (SOFC) usually operates at high temperatures of more than 873 K,
which enables the use of various hydrocarbon fuels, such as NG, biogas, petroleum gas, and methane
through high-temperature reforming and water gas shift (WGS) reactions [9]. Accordingly, a mass of
heat is released along with the exhaust gas at such high temperatures, which can be reused by a waste
heat recovery unit to drive bottoming thermodynamic cycles (e.g., Rankine, Brayton, and Otto cycles)
for additional power generation [10-12]. Although the external combustion engine (such as Stirling
engine) can also utilize the waste heat of the SOFC to drive the piston for power stroke to generate
additional power [13,14], the effective power is low in practice, resulting in the low power density.
In contrast to the external combustion engine utilizing waste heat, the 1C engine can additionally
utilize the combustible compositions (H2, CO and hydrocarbon) of unconsumed fuel from the SOFC
off-gas for additional power generation. It is confirmed that the heating value of the off-gas produced
from the SOFC are higher than the generated waste heat from the electrochemical reactions [15]. On
the other hand, the external combustion engine usually requires some auxiliary devices such as boiler
and condenser, which significantly increases the system size and complexity. For the above reasons,
the IC engine is introduced to integrate with the SOFC for utilizing both the SOFC waste heat and
unconsumed fuel, which not only improves the overall energy conversion efficiency but also extends
the power range to facilitate the practical applications.

More research has focused on the novel SOFC-IC engine hybrid system recently. Kang and Ahn
[16] developed a dynamic model of an SOFC-engine hybrid system to evaluate dynamic behaviors.
The report lays out a theoretical foundation for the operating strategies of the SOFC-engine hybrid
system under different transient conditions. Lee et al. [17] evaluated an SOFC-Engine hybrid power

generation system by using exergetic and exergoeconomic analysis methods. The results showed that
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the largest exergy destruction takes place within the IC engine and the highest exergoeconomic factor
of 93% is observed in the SOFC stack. Chuahy et al. [18] adopted the method of computational
system optimization to explore the efficiency potential of an electrochemical combustion combined
system for distributed power generation. They concluded that the system is capable of achieving
electrical efficiency over 70%. Oh et al. [19] investigated the feasibility of reducing the exergy
destruction in the reforming process of a fuel cell system by using an HCCI engine as a replacement
of existing reforming subsystems. The simulation results showed that the HCCI-SOFC system had
the highest exergy efficiency compared to other reforming subsystems. Choi et al. [20]
experimentally confirmed the feasibility of an SOFC-IC engine hybrid system by using the SOFC
anode off-gas as the engine fuel. The burning anode off-gas in the engine could generate power with
the efficiency of 25%~30% in a very low NOx emission. Besides, the SOFC-IC engine hybrid system
could achieve the overall energy conversion efficiency of 59.5% and the levelized cost of electricity
(LCOE) was $0.23/kWh, both of which were better than the standalone SOFC and SOFC-GT hybrid
systems [21]. They further investigated the SOFC operation and the design point of system operation
for the SOFC-Engine hybrid system [22]. The SOFC component was suggested to utilize anode inlet
gas with a low external reforming rate (30%~40%) and temperature (750~800 K). In a 5-kW
SOFC-IC engine hybrid system [23], the exergy efficiency of about 37% and the efficiency of about
62% are achieved using a spark-assisted ignition for the 1C engine. However, an additional heater
instead of a waste heat recovery unit was installed to heat the external reformer in their studies.
Meanwhile, the output power and energy conversion efficiency of the IC engine were a little small
due to the lean combustion in the engine. To further improve the power and the efficiency, coupling a
metal hydride reactor (MHR) for H, addition by a waste heat recovery unit was introduced into the
SOFC-IC engine hybrid system in our previous study [24]. The overall efficiency was found to be
increased to 79.54% by H, addition from the MHR for the IC engine and H; recirculation for the
SOFC anode off-gas suggesting that the SOFC-Engine hybrid system is a promising energy
conversion system. The fuel flexibility and extended output power demonstrate the potential of the
hybrid SOFC-IC engine system for vehicle applications, especially the heavy bus, truck and marine
ship. Since the dynamic behaviors of the power generation system are important for vehicles in

practical, the two different power generation components have different transient responses and
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interact with each other. Thus, it is essential to investigate the dynamic behaviors of the proposed
SOFC-Engine hybrid system for achieving the optimal operation and control strategies for vehicles.
However, to our knowledge, no works have been reported on the dynamic modeling and operation
strategy of the hybrid system yet.

In the present study, the dynamic modeling of the novel NG fueled SOFC-Engine hybrid energy
conversion system is conducted. Then, the dynamic behaviors of the hybrid system are investigated
under different operating conditions. The composition structure of this paper is set as follow: In
Section 2, the system description and working principle are introduced. The system modeling
including the thermodynamics model of the key components is also presented. Then the
computational details are given and model validation is conducted. In Section 3, the system dynamic
performance is evaluated firstly. Then the overall energy conversion efficiency of the hybrid system
at different H> addition ratios is investigated. The dynamic characteristic of the hybrid system with
different H> addition ratios and addition modes is further analyzed. Finally, the power distribution
and control strategy in different SOFC fuel utilization and power ratios are discussed in detail. In
short, this work can provide an insight into the dynamic behaviors of the SOFC-Engine hybrid
energy conversion system to obtain the feasible operation strategy for its practical applications such

as ships and heavy truck.

2. System modeling
2.1. System description

The proposed SOFC-Engine hybrid system is mainly comprised of the SOFC and IC engine
subsystems, as illustrated in Fig. 1. In the SOFC subsystem, the fuel source NG (CHs: 85%, CzHe:
7%, CsHs: 2%, CO2: 5%, N2: 1%) passes through the external reformer in the first place and is
partially converted into CO and Hz. The outlet gas (CHa: 27.75%, CoHe: 2.28%, C3Hs: 0.65%, CO2:
11.49%, N2: 0.54%, CO: 10.27%, H.: 26.77%, H>O: 20.25%) of the external reformer is first
preheated by the SOFC anode off-gas using a heat exchanger and then injected into the SOFC as fuel
for power generation. Similarly, the air is also first preheated to the same temperature by the cathode
off-gas before entering the SOFC cathode. For the main component SOFC, the transient responses of

electrochemistry and fuel processor are modeled to predict the dynamic behaviors of SOFC. In the
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IC engine subsystem, the SOFC off-gas enters the downstream engine as the fuel and goes through
the processes of compression, combustion, expansion and exhaust strokes in sequence for additional
power generation. Since the SOFC off-gas is a lean fuel (a few combustible constituents), the
combustion method of homogeneous charge compression ignition (HCCI) [25] is chosen for the
engine to preferably burn the lean fuel. To improve the thermal efficiency, the waste heat of the
exhaust gas of the HCCI engine is recycled to heat the fuel source and water from room temperature
to the ex-reforming temperature and also serve as heat sources for the ex-reforming reaction and H:
desorption reaction of MHR. As the engine operating speed is generally more than 1500 rpm [26],
the time scale for the engine reaction is much shorter than that for the SOFC. Therefore, only the
auto-ignition modeling is considered for the engine without the dynamics of intake fuel gas and

combustion reaction.

Dynamic modelling

— Gas flow — = > Steam flow : > Heat flow -~ Electric current

Fig. 1. Schematic diagram of the SOFC-Engine hybrid power system with H, addition for vehicles

2.2. System modeling
To simplify the system model, the following assumptions are employed.

1) All gases are approximated as ideal gases.
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2)

3)

4)

5)

6)

7)

The system is completely insulated. No heat transfer takes place between the system and the
environment [27,28].

Pressure drops in the system are neglected because of the small pressure loss for the main
SOFC and engine as the main components [29-31]. The pressure drops of the main
components SOFC, heat exchanger and compressor were reported to be lower than 5% even
in the pressurized SOFC-engine hybrid system [32].

No carbon deposition occurs due to the high ratio of steam to carbon S/C [33].

The internal reforming and electrochemical reactions are separately modeled in the SOFC.
Although the reformed gas component CO can be also consumed by an electrochemical
reaction, the WGS reaction converting CO into H> always preferentially occurs in the
presence of H>O. Thus, only H. participates in the electrochemical reaction inside the
SOFC.

Since the time required for temperature changes in SOFC is much longer than the time scale
of electrochemical dynamics and fuel processing, the dynamic effects of temperature
changes in SOFC can be ignored in such a short scale time (the response time of
electrochemistry and fuel processor) [34]. Hence, the temperature of the fuel cell is assumed
to be stable in this dynamic simulation.

The reforming and WGS reactions are assumed to be in equilibrium due to the rather fast H

production rates (~3500 mol/s/kgcat at 823 K and ~1.8x10" mol/s/kgcat at 1073 K). Since

this work focuses on dynamic modeling and operational strategy for SOFC-Engine hybrid
systems, the spatial distribution and structure of catalysts are not been fully considered. Fig.
2 shows the effects of ignoring the reforming dynamics on the SOFC power and H>
production variations under the conditions of 823 K and 101.3 kPa. No remarkable effect
appears in the SOFC power due to slow FC response time (>1 s time scale) even though H>

production changes in the initial few seconds.
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Fig. 2. The effects of ignoring the dynamics of reforming reactions on SOFC performance. (a) SOFC power;
(b) Hz production.
8) The hysteresis effect between the hydrogen absorption and desorption process is neglected

due to the small hysteresis factor In(peq,a/Peq,a)=0.13 [35].

2.2.1 SOFC electrochemical modeling

The electrochemical reaction between Hz and Oz occurring in the SOFC can be expressed in Eq.
(1). It should be noticed that only H> is assumed as the fuel for electrochemical oxidation in the
SOFC anode. Although CO can also be electrochemically oxidized in the anode, its reaction rate is

lower than that of the H» fuel. Moreover, the WGS reaction converting CO into Hx always
preferentially occurs in the presence of water.
H2+%o2 —H,0(g) AH =-242kJ/mol (1)
Egs. (2-3) show the SOFC electrochemical model, which describes the relationship between cell
voltage V., and irreversible overvoltage [36,37]. E, is the thermodynamic potential of the fuel
cell. Generally, three kinds of irreversible overvoltage are considered, including the activation
overvoltage V,,, ohmic overvoltage V., and concentration overvoltage V..

Vet = EN _Vact _Vohm _Vconc (2)

cell

R,T. p;
Ey =1.253-2.4516x107" Ty, ————2C . In| 22 (3)
4F pH2 : poZ
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where T is the SOFC temperature; R, is the ideal gas constant; F is the Faraday constant
(96485 C/mol); p, , po,, and p,, stand for the partial pressure of Hz, O and water vapor,
respectively.

The activation overvoltage Vv, is caused by the necessary activation of charge transfer for
electrodes, which is determined by the Butler-Volmer equation. The SOFC activation overvoltage is
given by Eq. (4), among which the exchange current density J, is related to the electrode

microstructure and the operating conditions [38]. The corresponding anode and cathode exchange

Eacla
p p R
current density Jo, and J,. can be calculated by Jo, =1-3448X1010'[$)'[$)'e o Teore

0.25 Eactc
p 2 - 'SVOFC
and Jo. = 2.051x10° (p—oj e ¥ 3g].

V., =V.

act act,a

2 2
=R Toore T A (R YA Ry Tsore an| g 2] 1 (4)
F 2\]&a 2\]&a F 2‘]o,c 2Jo,c

where J is the current density; E.i. and E.ic represent the activation energy of anode and

+V

act,c

cathode electrode, respectively.
The ohmic overvoltage V., =1-R,,, is caused by the ohmic resistance Ronm. Generally, the
resistance to the oxygen ion transfer through the electrolyte mainly contributes to Ronm for the SOFC.

Generally, V,,, can be simplified in the following equation [38].

10300

Vi = 29910131, g™ (5)
where |, is the electrolyte thickness.

The concentration overvoltage V.. of the SOFC is given in Eq. (6) [38]. It should be noted

that the concentration overvoltage is ignored at the low current density region to avoid the
non-convergence of the dynamic modeling. This treatment is valid as the gas transport is not a

limiting factor at a low current density.
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conc =VCOI‘IC‘5 +Vc0nc‘c

Rg 'TSOFC 'Ia -J

it
_R-Toore In 2F -D;” - Pi,0 + R-Tsorc In Po, (6)
- R T - Ry Tsorc I3+
2F 1- R Tsorela-d 1 4F o. [p e
2F.Daeff,pHZ X— o, —Po, |'€

where I, and |, stand for the anode and cathode thickness, respectively; D and D are the

e . _ _ Dy 110D
effective diffusion coefficients of anode and cathode, respectively, which are Def =£. —Hetho ik
0 DHZ»HZO +DH2,k
D _ . .
for the anode and D¢" =§-D°2'NZ %% for the cathode; & is the electrode porosity; € is the

o,N, T 0,k

electrode tortuosity; D, , ., stands for the binary diffusion coefficient of Hz and H:O, and D, ,,
for O2 and N2; D, , and D, , are Knudsen diffusion coefficient of Hz and O, respectively. do,

£. Do, «
equalsto —¢ =~

DS +g- Do, «

The transient response of electrochemistry and fuel processor inside the SOFC (Fig. 1) is
modeled to predict the SOFC dynamic behaviors. As is shown in Eq. (7), the corresponding time

constant zc is reported to be 0.8 s [39].
_t
VCDL :Vact +Vconc = IFC .(Ract + RconC)‘(l_e ’ J (7)

The fuel processor modeling including Hz, Oz, and H20 can be described in Egs. (8-10). The
response time constant z for Hz, Oz, and H,O flow is 26.1, 2.91 and 78.3 s, respectively [40,41].

t

Py, = KlHZ (B0~ 2K, Ny )| 1 ™ (8)
1 _t
Po. =i (00,0 = Ki -lec )| 1-& ™ ©)
. B
Pro = (2K, - 'Fc)-[l—e J (10)

2.2.2 HCCI engine modeling
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Generally, the HCCI engine generates power through Otto-cycle via compression, combustion,
expansion and exhaust strokes in sequence [42]. In our model, the compression and expansion
strokes are assumed to be without gas exchange. During the working process of the HCCI engine, the
SOFC anode off-gas and oxygen are first mixed to form a homogeneous mixture as the intake fuel,
which is compressed for high-efficiency combustion.

The energy balance equations for the components compressor and turbine are written as

follows:
F)comp “Msc “Mvec = ¢ : (hout - hin ) (ll)
P “Thst et = ¢’(hout - hin) (12)

where P and P

comp turb

stand for the power of compressor and turbine, respectively; n.. and n
are the isentropic efficiency of compressor and turbine, and 5,.. IS the mechanical efficiency,

respectively. ¢ is the molar flow; h, and h are the specific enthalpy of outlet and inlet,

out

respectively.

The energy equation over the combustor can be described in Eq. (13).
¢fu ' hfu +¢ox : hox = ¢as ' has +¢exh : hexh (13)

The relationship between combustion reaction heat and outlet temperature of the combustor

during the combustion process can be expressed by Eq. (14).
Tout ' ¢fu : C_p = ¢a,in : ha,in + ¢c,in : hc,in _Qcomb (14)

where T is the combustion reaction heat.

out

is the outlet temperature of the combustor and Q

comb

The net power output Pengine Can be calculated in Eq. (15) according to the thermodynamic

cycle:
PEngine = ¢fu : |:(hcomb - hex )_ (hcomp - hin ):| (15)

where P

Engine

is the engine power; h and h_ represent the specific enthalpy of inlet fuel and

exhaust gas, respectively; h,, and h,, are the specific enthalpy of the fuel gas after the

comp omb

isentropic compression and the isochoric combustion, respectively, which can be calculated by

h, =h, +jcp(T)dT at certain temperature. Herein, h, is the standard enthalpy of formation of the
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. . T T Y T Y T Y
as; C s the function C =A+B-—+C:|—— | +D-|—— | +E/| —— | of temperature,
g ()1 p(T)=A+ 1000 (1000) " (1000} " (1000) P

among which the polynomial coefficients varying with gas type can be found in NIST Chemistry
Webbook.

Since the isochoric combustion process is very fast [43], the engine model does not consider the
combustion dynamics but only the ignition model for syngas. The modified Knock-integral-approach
[44] is used to predict the auto-ignition time of the HCCI engine. The detailed ignition delay time of
the engine can be predicted by Eq. (16) [45]:

52325
R,T

g

Ty =3.7x10° - p*° %% x4 exp(

) (16)

2.2.3 Reforming process modeling
The reforming reactions converting CH4 into H are usually expressed in the following Eqgs.

(17) and (18), which represent the endothermic MSR and exothermic WGS reactions, respectively.
CH,+H,0 - CO+3H, AH=206kJ/mol 17)
CO+H,0—»CO,+H, AH=-41kJ/mol (18)

For the reforming reactions, the Kinetic rate equations listed in Egs. (19) and (20) are usually
derived from the Langmuir-Hinshelwood model [46]. In this model, the surface reaction is assumed

to be the rate-determining step among adsorption, surface reaction, and desorption.

Pch, * Phyo / pif “Peo- p:j I Kysr

sk = kMSR : DEN? (19)
. / - /K
Twes = kWGS : Poo " Pruo I;)lHEZN 2pco2 — (20)

among which, the reaction constant (k), reaction equilibrium constant (K), and the non-dimensional

coefficient (DEN) are calculated as below [47-50]:

E
K = A-exp(-—
exp( RT) (21)

g
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log Kz =f (T)

=-2.63121x10™" . T* +1.24065x10~ - T* —2.25232x10™* - T? +0.195028- T — 66.1395 (22)
log Kyes = f(T)

=5.47301x1072 . T* - 2.57479x10® - T® + 4.63742x107° - T? -0.03915- T +13.2097

1+ Lco “Peo I-H2 ’ pH2 + I-cH4 ’ pCH4 + LHZO ’ szo
Py,

DEN =

(23)

where the adsorption constant Liis L = A -exp(-AH, /(R,-T)).
2.2.4 Compressor and heat exchanger modeling

The power consumption of the compressor (Wcomp) and the corresponding outlet temperature of

the compressed gas (Tout) are calculated in Egs. (24) and (25), respectively.

e 1
Tout :Tin +Tin }/Cp -1 — (24)
Thsc “vec
a2 1
Wcomp =¢'Cp 'Tin ]/Cp -1} (25)
Thsc “Mvec

The energy equation over the heat exchanger can be described in Eq. (26):
¢hotcp,hot (Th _TI) = ¢cooICp,cooI (Th _TI) (26)

Finally, the overall energy conversion efficiency of the SOFC-HCCI engine hybrid energy
conversion system can be calculated by Eq. (27):

7] — PFC + PEngine
&, - LHV,,

(27)
2.3. Computational details and model validation

Since the feedback effect of the output power on the input signal is not considered in this work,
the overall dynamic response of the hybrid system is a kind of open-loop response. In the present
study, MATLAB/SIMULINK is used to perform the dynamic modeling of the hybrid system. The
acceptable relative tolerance is set as 0.001. The SIMULINK model solver chooses ode45 algorithm

with variable step size. The simulation start time is 0 s and the stop time is 10 s. Besides, some
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important parameters [21,51-53] used in the overall dynamic model of the hybrid system are listed in

Table 1.

Table 1 Some important parameters used for modeling the hybrid system [21,51-53].

Parameter Value
Operating pressure of the SOFC, pec (bar) 1.013
Equilibrium pressure of the DIR reaction, preform (bar) 1.013
Anode thickness, |, (mm) 1
Electrolyte thickness, I, (mm) 8x107°
Cathode thickness, |, (mm) 20x1073
Electrode porosity, & 0.48
Electrode tortuosity, 5.4
Cell active area A, cm? 144
SOFC fuel utilization, urc 0.50
Steam to carbon ratio, S/C 2.5
Valve molar constant for Hz, K, (mol/(s atm)) 0.843
Valve molar constant for Oz, Ko~ (mol/(s atm)) 2.52
Valve molar constant for H20, K, o, (mol/(s atm)) 0.281
Constant K, = N/4F | (mol/(s A)) 0.00529
DC/AC conversion efficiency, npciac 0.96
Isentropic efficiency of compressor, #isc 0.8
Mechanical efficiency of compressor, #mec 0.90
Isentropic efficiency of turbine, nist 0.80
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Mechanical efficiency of turbine, nwver 0.90

Generator efficiency, 7cen 0.90
Ex-reforming temperature, Tex-ret (K) 823
SOFC-DIR operating temperature, Tsorc (K) 1073
Compression ratio in the engine, y 4.4
Equivalence ratio, ¢ 0.9
Operating rotate speed, @ (rpm) 1800
Molar flow of NG, ¢, (mol/s) 0.50

Due to the lack of experimental data of system level in the current literature, it is hard to
directly validate the dynamic behaviors of the SOFC-Engine hybrid system. Since the hybrid system
is mainly composed of the SOFC and the engine, the model validation is performed on the
components level of SOFC and engine by comparing the simulation results with experimental data.
For the SOFC component, the performance of the fuel cell is closely associated with the polarization
curve normally. Therefore, the validation of polarization curves at different operating conditions by
experimental data is widely used for the SOFC model validation [22,23]. Fig. 3a displays the
comparison of polarization curves between the simulation results and the experimental data [53] at
different temperatures, which shows good agreement, validating the present SOFC model. Compared
with the SOFC, the internal combustion engine usually has faster dynamic behavior, which mainly
depends on the ignition delay time. Therefore, the ignition delay time at different temperatures is
also validated for the HCCI engine model by experimental data [45] in this work. The good
consistency between simulation and experiment also appears in the HCCI engine component, as
shown in Fig. 3b. Therefore, it can be concluded that the established dynamic model in this work is

accurate enough to predict the SOFC-Engine hybrid system performance.
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Fig. 3. The model validation. (a) SOFC component; (b) Engine component

3. Results and discussion

3.1. System performance evaluation

As shown in Fig. 4, the SOFC exhibits an inertia effect response, while the HCCI engine

presents a delay effect response with the ignition delay time constant zigh=0.192 s in the model. For

the SOFC, it takes about 1.31 s to reach 63.2% of the maximum power. So, the inertia time constant

is 71=1.31 s, much longer than the time constant of the engine. By comparison, it can be found that

the dynamics of the engine is faster than that of the SOFC. Actually, the previous report has indicated

that the internal combustion engine generally has fast dynamics due to high operating rotational

speed and instantaneous combustion [54]. On the contrary, the dynamic responses of the SOFC are

usually slow due to high operating temperatures [55].
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Fig. 4 Dynamic behaviors of the individual SOFC and HCCI engine. (a) SOFC; (b) HCCI engine

19 / 46

1.0



However, the engine component in the hybrid system has different dynamic behaviors
compared with an individual engine. Fig. 5 shows the dynamic behaviors of the SOFC-Engine hybrid
system and the HCCI engine component. The ignition delay time constant of the engine component
is reduced to 0.05 s, but an obvious overshoot with the value of 6=66.3% appears after the ignition
delay. It needs more than 5 s to reach the stable power output from the engine. The change in the
dynamics is mainly attributed to the engine fuel coming directly from the SOFC off-gas in the hybrid
system. Namely, the dynamics of the engine depends on the fuel consumption inside the SOFC,
especially Hz. It is found that the molar flow of H> production for the engine reduces from the
maximum to the stable value in more than 5 s, which is determined by the H> consumption in the
SOFC, as shown in Fig. 5b. The dynamic of H> consumption in the SOFC accounts for the overshoot
(o) of the engine power. Therefore, the autonomy of the dynamics for the engine is partly restricted
in the hybrid system. In such a situation, the SOFC-Engine hybrid system can output the maximum
power of ~210 kW with the energy conversion efficiency of 52.5% after over 5 s. When the hybrid
system reaches the stable output, the fuel compositions of the engine are calculated to be 4.74% Ho,
0.08% CHa, 2.02% CO, 0.85% COa, 74.79% N>, and 17.52% O>. The corresponding power ratio of
the engine to the hybrid system is approximately 34%.
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Fig. 5 Dynamic behaviors of the SOFC-Engine hybrid system. (a) Power and efficiency; (b) molar flow of H;
Fig. 6 displays the effects of SOFC-DIR operating temperatures (873~1073 K) on the hybrid
system performance. The power and dynamic are significantly improved at higher operating
temperatures. Moreover, a higher temperature usually leads to a larger power output for the engine. A

higher SOFC operating temperature also means a higher DIR temperature and more combustible fuel
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compositions for the engine. As indicated in Fig. 6b, the whole reforming ratio including external
and internal reforming reactions is remarkably increased from 55.2% to 97.1% with the operating
temperature increasing from 873 to 1073 K. Accordingly, the molar flow of the combustible fuel
compositions increases from 0.82 to 1.16 mol/s. Especially, at 1073 K, the amount of CH4 in the
SOFC anode off-gas remains about 0.014 mol/s, indicating that CH4 has been almost consumed in
the SOFC. More combustible fuel compositions account for larger engine power. Consequently, a

higher SOFC operating temperature leads to larger SOFC and engine power outputs.

@) | 2o ()
140 4 il (PP 14 |HMHz | —— Reforming ratio
e 1 H. molar flow
120 4 r l1eo 1.2/ EECO :
gl / e =t [ ICH4
1004 b & e 1602 3 104
il Nar - e L140 X E
A ) o —— . e 120 § § 0.81
2604 [ F_— 100 & T
3 Y < 5086
& 40- " i 5=
i LeD = 0.44
20 . ;" |— —SOFC power at 873 K —=— SOFC pawer a1 973 K L 40
£ - SOFC power at 1073 K — — Engmne power at 873 K 0.2
04 —=— Engine power at 873 K —.— Engine power at 1073 K |- 20
] —— B73K. B73K - 1073K 5 0.0
0 5 10 15 20 873 K 973 K 1073 K
Time (s) SOFC-DIR temperature

Fig. 6 Effects of SOFC-DIR operating temperatures on the performance of the hybrid system. (a) Power; (b) Molar
flow of fuel compositions and reforming ratio

The SOFC-DIR operating temperature also has an impact on the dynamics of the hybrid system.
Table 2 lists the dynamic time constants of the SOFC and engine components at different
temperatures. The SOFC dynamics is significantly improved at higher temperatures (3.21 s reducing
to 1.31 s), while the engine dynamics becomes a little worse (0.0104 s increasing to 0.192 s). Since
the temperature effect on the SOFC is much larger than that on the engine, the overall dynamic of the
hybrid system is still improved, as illustrated in Fig 6a. The hybrid system can reach a stable power
output within about 5 s at 1073 K. By comparison, the system at 873 K needs more than 10 s, which

is twice longer.

21 / 46



Table 2 Comparison of dynamics time constant of the SOFC and HCCI engine components at

different SOFC-DIR operating temperatures

SOFC-DIR temperature (K) 873 973 1073

Inertia time constant of SOFC (s) 3.21 1.77 1.31
Ignition delay time constant of HCCI engine (s) 0.0104 0.0339 0.192

3.2. H2 addition optimization
3.2.1 Thermodynamic evaluation of the hybrid system with hydrogen addition

As shown in Fig. 5b, the amount of Hz, which is the major combustible component in the engine
fuel, is only 4.74% in volume. The low concentration means the considerably lean fuel for the engine,
which is hard to ignite and may cause no combustion in the chamber. Besides, the low H:
concentration also results in the small power generation for the engine, indicating the relatively small
power ratio and low efficiency of the engine in the hybrid system. The power ratio of the engine to
the hybrid system in the stable output stage is approximately 34%, and the conversion efficiency of
the engine is as low as 24%. This explains why the conversion efficiency of the hybrid system with a
high-efficiency SOFC is still less than 60%. On the other hand, the whole fuel of the engine
component comes from the SOFC off-gas, indicating that the autonomy of the dynamics for the
engine is partly restricted in the hybrid system. Although the engine has fast dynamic behaviors, it is
somewhere dominated by the SOFC with the relatively slow dynamic, leading to the dissatisfactory
dynamic behaviors of the hybrid system.

To improve the energy conversion efficiency and the dynamic of the hybrid system, the strategy
of H addition into the engine by metal hydride reactor (MHR) and waste heat recovery (WHR) unit
is introduced. The H> addition y (x=0, 0.5, 1.0, 1.5 and 2.0), defined as the ratio of the additive H>
amount to the pristine H, amount of the engine fuel, is considered in this work. The working
principle of MHR and WHR unit is that metal hydrides can reversibly absorb and desorb H; at a
certain temperature heated by the waste heat of the exhaust gas. Herein, the typical ABs-type metal
hydrides, which have been widely commercialized, are used as the H, addition medium. This kind of
metal hydride has a high hydrogen absorption/desorption cycles up to 18180 times due to the

relatively small lattice expansion/shrinkage in the hydrogen storage process [56]. The cycle life is

22 / 46



much higher than the value (1500 cycle/5000 h) for the on-board hydrogen storage goal (U.S.
Department of Energy [57]). That is to say, this kind of metal hydride has a long life duration as H>
addition medium can be a promising candidate from the point of cycle life. The reversible hydrogen

absorption/desorption reaction of ABs-type metal hydride can be written in Eq. (28) [58]:
LaNi;+3H, = LaNi;H,+AH (28)

Actually, the waste heat value of the engine exhaust gas is large enough to support the MHR
releasing H> via endothermic reaction for the engine, which is found to be 228.8 kW, while the
largest reaction heat required for the H> desorption from the MHR is 48.2 kW at x=2.0, as listed in
Table 3. Moreover, the temperature of the exhaust gas under the condition of a fixed stack gas
temperature of 333 K is calculated to be ~562 K, much higher than the required MHR reaction
temperature (less than 373 K). Therefore, it is feasible to achieve the H addition into the engine by
recycling the engine waste heat to drive the H> desorption from the MHR. In addition, it is found that
the H. addition helps to improve the overall conversion efficiency of the hybrid system. As
illustrated in Fig. 7, the overall energy conversion efficiency asymptotically increases from 52.5 % to
67.6% with the H addition y increasing from 0 to 2.0. It should be noted that the heat value of H>
addition by the typical ABs-type MH was reported to account for around 12% of the LHV of
hydrogen [59]. The LHV of the new fuel after H. addition varies with different values of the H:
addition y. When the y is set as 1.38, the HCCI engine has the same power output as the SOFC with
the power of 138 kW. In this case, the efficiency of the hybrid system reaches up to 63.7%. Although
the H, addition directly for the SOFC fuel can also increase the efficiency, there is still a large
amount of waste heat accompanying the SOFC off-gas. Thus, the H, addition into the SOFC has few
impacts on improving the thermal efficiency, causing the relatively low efficiency of the standalone
SOFC. In contrast, the HCCI engine subsystem is to make full use of the SOFC waste heat and
unconsumed fuel for additional power generation. The Hz addition into the HCCI engine was found
to effectively improve the efficiency of waste heat converting to power. The overall efficiency
(~61%) of H» addition for the ICE in the hybrid system is a little higher than the value (~59%) for
the SOFC at the same H> addition y=1.0. Compared with the way of using the waste heat of SOFC
off-gas to drive MHR to desorb hydrogen for SOFC, the method of H, addition into the engine by

recycling the waste heat from the engine to drive the H> desorption from the MHR has a preferable
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energy conversion efficiency. This is because that the fuel utilization ratio of engine is higher than
that of SOFC. The hydrogen added into the engine can be almost completely burned and thermal
energy can be fully released when the engine is running smoothly.

Table 3 The required MHR reaction heat and temperature under different H, addition y and the waste

heat of the exhaust gas

H> addition x=0 x=05 =10 »=15 x=2.0
H> molar flow (mol/s) 0 0.40045 0.8009 1.20135 1.6018
MHR reaction heat (kW) 0 12.05 24.10 36.15 48.20
Exhaust gas heat value (kW) 228.8
MHR reaction temperature (K) >303
Exhaust gas temperature (K) ~562
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Fig. 7 The overall energy conversion efficiency of the hybrid system at different H addition y

3.2.2 Dynamic analysis of the hybrid system with hydrogen addition
Fig. 8 shows the effect of H, addition y on the dynamic properties of the HCCI engine. As more
H> is added into the engine, the stable output power of the engine varies from 81.7 to 165.6 kW. This

is because the H, amount in the engine fuel increases from 4.74% to 12.97%, as listed in Table 4.
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Accordingly, the amount of combustible gas compositions increases from 6.84% to 14.89%,

indicating more combustion heat is generated in the engine and leads to more power output.

Moreover, the overshoot and the ignition delay time gradually decrease from 68.3% to 56.2% and

from 0.162 to 0.0594 s, respectively. These results suggest that the addition of H» fuel contributes to

enhancing the dynamic behaviors of the engine.
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Table 4 Fuel compositions of HCCI engine with different H, addition y

Compositions H2 02 CHs4 CO CO; N2
x=0 4.74% 17.52% 0.08% 2.02% 0.85% 74.79%
x=0.5 6.94% 17.11% 0.08% 1.97% 0.83% 73.07%
x=1.0 9.04% 16.73% 0.08% 1.92% 0.82% 71.41%
x=1.5 11.05% 16.35% 0.08% 1.88% 0.80% 69.84%
x=2.0 12.97% 16.00% 0.08% 1.84% 0.78% 68.33%

Fig. 9a shows the effect of H> addition on the dynamic behaviors of the hybrid system. The

response of the hybrid system becomes slower after the H, addition by the MHR. It takes more than

100 s to reach the stable power output for both the hybrid system and the engine component, which

is far longer than that without H. addition (5 s). This is mainly because the H> desorption reaction

occurring in the MHR is a gas-solid reaction with generally slow reaction kinetics. Even at a high
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temperature of 373 K, the time constant of the MHR hydrogen desorption reaction still reaches 38.6 s.
The gas-solid reaction dynamics of the LaNis3Alo7 metal hydride for hydrogen desorption can be
described in Eq. (29) [58]. For the MHR simulation, the governing equations of mass and energy
conservation are written in Egs. (30-33). The values of the main parameters used in the dynamic

model of the MHR are also summarized in Table 5.

: E Py — P
m =C. . -exp(— act . 9 eq |. _
H, a *€Xp( RgTMHR) { . J (pMH pHSA) (29)
Mass conservation equations:
op .
ga—tg =m, forH, (30)
1-¢) 88/; S = —m.HZ for porous MH bed (31)

where ¢ is the porosity of the MH bed; p, and p, are densities of hydrogen gas and the MH,

respectively; m,  stands for hydrogen desorption rate.

Energy conservation equations [60,61]:

(0C. ) T =2, vT)+m2 for MH bed (32)
GNP M,
Q=h-A.-(T,—Ty) forheatexchange tube (33)

where  (oC ) = 0,C,+(1-8)puComy I8 the  effective  volumetric  heat  capacity;

At = &4, +(L—&) Ay, Is the effective thermal conductivity; M, is the molar mass of hydrogen gas;

9
AH stands for the reaction heat; T, is the temperature of heat transfer fluid; h; is the coefficient

of heat transfer between the MHR and the heat transfer fluid; A, is the heat transfer area.
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Table 5 The thermal-physical parameters used in the MH dynamic model [58,62—64]

Parameters

Values

Rate constant for desorption, C,

Activation energy for desorption, E,

Reaction enthalpy, AH

Density of saturated MH, Py

Density of hydrogen-free MH, 0,54

Thermal conductivity of MH with expanded graphite, A,
Specific heat of MH, C,

Porosity of MH, ¢
Desorption temperature, T, ..
Hydrogen pressure, p,

Molar mass of hydrogen, M,
Density of hydrogen, p,

Thermal conductivity of hydrogen, 4,

Specific heat of hydrogen, C,,

Desorption equilibrium pressure, p,,
Temperature of heat transfer fluid, T,

Coefficient of heat transfer, h;

9.57 st
16473.59 J mol*
+30100 J mol™
8527 kg m™3
8400 kg m™
10.00 W (m K)*
419 (kg K)*
0.5

353~373 K
0.085 bar

0.002 kg (mol)*
0.32 kg (m)3
0.167 W (m K)™:

14890 J (kg K).

3704.6

Peq = €Xp(10.570—
353~373 K

1652 W (m? K)™.
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Fig. 9 The dynamics of the hybrid system in different H, addition modes. (a) Power of engine component and
hybrid system; (b) H2 desorption kinetics of the MHR at different temperatures

Based on the hydrogen desorption dynamic model of the MHR, the desorption kinetics of the
MHR loaded with ABs-type metal hydride at 353, 363 and 373 K for H: release is obtained, as
shown in Fig. 9b. Although increasing the hydrogen desorption temperature can improve the
hydrogen desorption kinetics, it is very difficult for the MHR to complete desorption process in a
short time due to the intrinsic dynamic characteristics of the gas-solid reaction [65,66]. For example,
the MHR still needs about 400 s to release most of H; at the temperature of 373 K with considering
of the superior heat management, as illustrated in the inset graph of Fig. 9b. Therefore, a hydrogen
tank (HyT) is incorporated between the MHR and the engine as H» buffer to improve the H» addition
dynamics in this work. In the MHR+HyT mode, the slow H> desorption dynamic of the MHR caused
by the intrinsic kinetics of the gas-solid reaction is replaced by the fuel intake dynamics of the HyT,
which is generally viewed to be fast in fact. In such a case, the dynamics of the hybrid system can be
remarkably improved, as illustrated in Fig. 9a. Therefore, the MHR+HyT mode is suggested for Hy
addition in the hybrid system.

Fig. 10a illustrates the dynamic performance of the hybrid system under different H> addition y.
After the H, addition, the total output power increases from ~220 to ~300 kW due to the increased
engine power. When the value of y is more than 1.0, the total power first increases and then decreases
within the initial 1 s and then gradually increases to a stable value. The difference in the dynamics
indicates that the overshoot that usually occurs in the engine component starts to appear in the Ha

addition over 1.0. That is to say, the engine component begins to take effect in the dynamic of the
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hybrid system owing to the promoted autonomy caused by more H; addition. Meanwhile, the power
ratio of the HCCI engine also increases to 46.7%~54.5% with y of 1.0~2.0, as shown in Fig. 10b.
Consequently, the engine component has more impact on the dynamic performance of the hybrid
system with the increase of H addition by the MHR+HyT. Herein, it should be noted that the range
of Hy addition is not limited to y=0~2.0, but a higher H, addition can also cause the higher
component cost, the heavier, the larger, and the more complex power system in the practical
applications.
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Fig. 10 The dynamics of the hybrid system in different H, addition y. (a) Power; (b) Power ratio

3.2.3 Cost prediction of hydrogen addition system

When the amount of H, addition y is 1.0, the ABs-type metal hydride of about 70 kg is
required to supply the H for the engine. Accordingly, the reactor with a weight of ~40 kg and a
volume of ~8 L is employed to load the metal hydride. The volume of the reactor is much smaller
than that of a high-pressure H; tank, which is usually over 120 L. The total metal hydride reactor as
H> additional device weighs about 110 kg, which accounts for a small portion of the weight of the
vehicles (usually over 1500 kg). The additional cost caused by the H, addition is preliminarily
estimated in this study. Table 6 lists the cost equations of the main components, including the SOFC,
HCCI engine, MHR and the corresponding parameters used in the cost equations for economic
estimation [21,67—70]. The estimated component cost and cost ratio are summarized in Table 7. The
additional cost (the MHR cost) caused by the H. addition increases from 1439 to 5507 $ with an

increase of H addition y from 0.5 to 2.0. Herein, the MHR is composed of stainless steel 316L. The
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corresponding ratio of the increased additional cost to the total component cost is in the small range
of 1.0%~3.9%. However, the energy conversion efficiency is accordingly improved from 52.45% to
67.63%. Therefore, it is worth spending the additional cost of the MHR to supply additional H. for
the HCCI engine, thus significantly improve the energy conversion efficiency of the SOFC-HCCI
engine hybrid power system. Besides, the unit power generation cost of the SOFC reaches up to
about 900 $/kW, which is much higher than the value (~110 $/kW) of the HCCI engine. Therefore,
compared to increasing the SOFC power by H. addition, increasing the power of the engine by H>
addition helps to cut down the cost of power generation.

Table 6 The cost equations of the three main components and the corresponding parameters used in

the cost equations [21,67—70]

Component Cost equation Parameters

CSOFC = CStack + CINV + CAux

Active cell area: A, =60.70 m?
FC stack: Couge = Ay *(2.96 Tgore —1907) A m

SOFC W 070 Temperature: T, =1073 K
Inverter: Cyy, =10° (%j
Power: W, =138 kW
Auxiliary: C,  =0.1-Cg
_ 53 Engine cylinder volume:
HCCI engine Cicar =Vica *1.5:9293- (Ve )
Viea =20L
Hz mass: m,
H. capacity of MH: y,,, =1.39 wt%
CHZadd = CMH +CMHR .
MH price: a,,, =37.82 $/kg
m,,
MHR Com = —" Oy Reactor volume: V,,
Y

Density of reactor material 316L:
CMHR :V316L 'pSlGL .C316L y

P, = 7980 kg/m®

316L price: C,, =3.368 $/kg
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Table 7 The estimated component cost and its ratio to the total component cost under different H»

addition y
Component cost ($) MHR cost

H addition  Efficiency _
SOFC HCCI engine MHR ratio

=0 52.45% 0 0
x=0.5 56.93% 1439 1.0%
x=1.0 60.92% 125347 15328 2795 2.0%
x=1.5 64.46% 4151 2.9%
2=2.0 67.63% 5507 3.9%

3.3. Power distribution and control strategy

The SOFC fuel utilization urc is set as 0.5 only for ascertaining enough unconsumed fuel for the
downstream engine. When the H» addition y is 2.0, the engine fuel and diluent ratio become 23.8%
and 76.2%, respectively. According to the fuel compositions of the engine listed in Table 4, the
air-fuel ratio is reduced to approximately 7:1 (mass ratio), which is much lower than the value
10~23:1 commonly used for the lean burning engine [71]. Therefore, the SOFC anode off-gas at
urc=0.5 with the Hy addition is sufficient to support the HCCI engine for power generation. As an
SOFC generally has larger conversion efficiency than an IC engine, increasing the efficiency of the
SOFC has larger influences than that of the engine on the overall efficiency improvement of the
hybrid system. Considering that the anode off-gas at urc=0.5 contains enough combustible gas
compositions, the approach of increasing the SOFC fuel utilization is proposed to further improve
the overall efficiency of the hybrid system. Herein, the increase of urc should take the normal
operation of the downstream engine as a prerequisite, since the increased urc inevitably causes the
reduction in the amount of the combustible gas compositions for the HCCI engine.

The effect of the SOFC fuel utilization (urc) on the dynamic performance of the hybrid system
is shown in Fig. 11. A higher urc value causes the higher overall efficiency. When the urc is more
than 0.8, the overall energy conversion efficiency almost keeps the same, which is over 71% at y
=1.5. Thus, the overall efficiency of the hybrid system can increase by about 7% by adjusting the
fuel utilization. It can be observed from Fig. 11b that the effect of urc on the dynamics of the hybrid
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system is small. Table 8 lists the important dynamics parameters of the SOFC and engine
components at different urc values. When the urc increases from 0.5 to 0.8, the inertia time constant
of the SOFC and the delay time constant of the engine increase from 1.31 to 1.33 s and from 0.0681
to 0.0975 s, respectively. The results reveal that the higher value urc easily results in the worse

dynamics for the hybrid system, but the variation in the time constant is small.
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Fig. 11 The performance of the hybrid system in different SOFC fuel utilization urc. (a) Overall efficiency and

power ratio of HCCI engine; (b) Dynamics response

Table 8 Comparison of dynamics time constant of the SOFC and HCCI engine components at

different SOFC fuel utilization urc

SOFC fuel utilization urc=0.5  urc=0.6  wurc=0.7  urc=0.8 urc=0.9
Inertia time constant of
SOFC 7 (5) 1.31 1.32 1.33 1.33 1.29
Ignition delay time constant
0.0681 0.0753 0.0848 0.0975 0.115
of HCCI engine zign (S)
Overshoot of HCCl engine o 26.7% 36.3% 48.8% 64.2% 54.6%

As shown in Fig. 11a, the power ratio of the HCCI engine decreases with an increase of urc due
to the improved SOFC efficiency. The improved efficiency of the hybrid system is attributed to the

larger power ratio of the SOFC with high efficiency, while the worse dynamic is because of less
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power contribution of the engine with fast dynamics. Therefore, the power distribution is crucial for
the performance optimization of the hybrid power system [72]. Additionally, the high degree of
system complexity indicates that an elaborated control strategy is required for the SOFC-Engine
hybrid energy conversion system, which is proposed as follows. First, the fuel utilization is used to
regulate the SOFC power according to the required power distribution. Secondly, H> addition is used

to regulate the remaining engine power. The corresponding schematic diagram is shown in Fig. 12.
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Fig. 12 Schematic diagram of power distribution control strategy
In the present study, the hybrid system with different power distributions between the SOFC and
the engine in such a control strategy is modeled to investigate the dynamics. The dynamic of the
hybrid system and its main components under the SOFC power ratio varying from 40% to 80% is
demonstrated in Fig. 13. The corresponding time constant, required fuel utilization and H> addition
are also listed in Table 9. The higher SOFC power ratio usually results in the worse engine

performance. When the SOFC power ratio increases from 40% to 80%, the delay time constant
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increases from 0.0636 to 0.403 s and from 15.8% to 134.7% for the overshoot. Accordingly, the
response of the hybrid system becomes a little slower. However, the lower power ratio of the SOFC
requires more H addition, indicating that more metal hydrides are needed. The cost and complexity
degree of the power system will increase accordingly. Therefore, the moderate power distribution of
50%~60% for the SOFC is recommend for the SOFC-Engine hybrid system to achieve a preferable
overall performance when the dynamic performance of the system against the effects of the MHR on
the system is considered.
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Fig. 13 The dynamics of the hybrid system in different SOFC power ratio y. (&) SOFC; (b) HCCI engine; (c)

SOFC-HCCI engine hybrid system

Table 9 Comparison of the required fuel utilization urc, H2 addition y and the dynamics time

constant zr and zign at different power distribution y

SOFC power ratio y=0.4 y=0.5 y=0.6 y=0.7 y=0.8
SOFC fuel utilization urc 0.3413 0.4435 0.5547 0.680 0.843
H> addition y 0.9992 0.8738 0.7499 0.6425 0.3873
Inertia time constant of SOFC zr (S) 1.28 1.30 1.32 1.32 1.32

Ignition delay time constant of HCCI

0.0636 0.0797 0.111 0.181 0.403
engine ign (S)

Overshoot of HCCI engine o 15.8% 27.7% 48.5% 91.3%  134.7%

3.4. Dynamic response of the hybrid system to typical driving cycles
In practical mobile applications, besides the superior dynamics, the hybrid system should

quickly respond to the change of the power load. Considering of the SOFC with high efficiency but

34 / 46



slow dynamics, it can be used to provide most of the hybrid system power as the power baseline,
which keeps stable output during the load changes. On the other hand, the engine is used to cope
with most of the dynamics because of its fast response. On the basis of such an operation strategy,
the transient response of the hybrid power system at different typical driving cycles is further
investigated in this work. Herein, the power ratio of SOFC and HCCI engine is set as 60% and 40%,
whose output power is 150 kW and 100 kW, respectively. The following four kinds of driving cycles,
including start-up, cruise control, speed-up, and variable driving, are generally considered as typical
driving cycles. Equations (30-33) describe the expected input power signals to represent the four
kinds of driving cycles, respectively. To approximately describe the variable driving conditions, the
sine signal with the period of 2 s and the power baseline of 250 kW is employed as the load change
signal (input power signal) in this work. Why the period of the input power sine signal is 2 s is
selected to study the response characteristics of the system to the sinusoidal input power load is that

the period is close to the inertia time constant of SOFC.

Phan oo o (30)
- 250 t>0s
Pin_(:ruise = 250 (31)
250 t<l1s
I:)in speed-up =
Pin_variable =50- Sin(ﬂ: ’ t) +250

(33)

Fig. 14 shows the transient response of the hybrid power system to the four kind of typical
driving cycles in such operation strategy. For the start-up driving cycle, it takes about 6 s to achieve
the stable power output, as shown in Fig. 14a. The overshoot of 48.5% appears in the HCCI engine
component in the first 2 s. At the beginning of start-up cycle, the HCCI engine dominates the
dynamic behaviors while the SOFC gradually controls the dynamic response of the hybrid power
system after the first 2 s. When the vehicle comes into the cruise control for driving, the SOFC and
HCCI engine components consistently and steadily output 150 kW and 100 kW, as shown in Fig. 14b.
The corresponding power ratio of SOFC and HCCI engine is 60% and 40%, respectively. When the
vehicle needs to speed up, the required power is assumed to change from 250 kW to 300 kW, as

shown in Fig. 14c. In this case, the SOFC provides a stable power output of 150 kW, while the HCCI
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engine copes with the dynamics part. Actually, the input power load is a step signal. It can be seen
that the actual output signal of the hybrid system enables to quickly follow the load variation but
with a little delay. The delay time constant of the HCCI engine is found to be 0.0662 s and the whole
delay time 7 is approximately 0.1 s. By comparison, the whole delay time 7 increases to 0.16 s for the
sine signal at the variable driving cycle, as shown in Fig. 14d. Accordingly, the delay time constant
of the HCCI engine increases to be 0.0681 s. It is noted that the time difference between the input
and output power signals is different at the peak and trough. The time difference at the peak is A
t;=~0.1 s, smaller than the value At,=~0.32 s at the trough. The hybrid system can quickly follow
the load change at the peak while the response is not so good at the trough. It can be found that the
higher engine power facilitates the response. If the period of the input signal is greater than 2 s, the
output power can certainly meet the dynamic requirements of the system. On the contrary, if the
output is a higher step signal with a period less than 2 s, the output power may not follow the change
of the input signal. This means that the dynamic performance of the system cannot meet the
requirements when the load changes. Actually, for ships, heavy trucks and other large vehicles, the
requirements for dynamic characteristics are not very high. A signal with an input period of 2 s can
represent a typical operating condition. Besides, the hybrid system can achieve the overall energy
conversion efficiency (including thermal efficiency) up to 74.8% during the load change. Therefore,
in such an operation strategy, the proposed hybrid power system can achieve relatively fast response

and high energy conversion efficiency simultaneously.
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Fig. 14 Transient response of the main components and the hybrid power system at different typical driving cycles.
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4. Conclusions

In summary, the dynamic modeling of a novel SOFC-Engine hybrid energy conversion system

with hydrogen addition by the metal hydride and waste heat recovery unit is performed in this study.

This work provides an insight into the dynamic behaviors of the SOFC-Engine hybrid system for

practical applications in the large mobile vehicles. Specifically, the dynamic response characteristics

and operation strategy of the hybrid power system are discussed and provided. Besides, the operation

strategy is further investigated for the dynamic optimization. The following conclusions can be

drawn:

(1) Although the HCCI engine has faster dynamic behavior than the SOFC, its autonomy is
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partly restricted by the SOFC without H> addition. This is because that the engine fuel
directly comes from the SOFC off-gas. Therefore, the relatively slow dynamic of the SOFC
dominates the system dynamic in the case without H> addition.

(2) To enhance the engine autonomy, the method of using waste heat recovery to drive
hydrogen desorption of metal hydride for the engine is introduced into the hybrid system.
The hydrogen addition by a metal hydride reactor and hydrogen tank not only enhances the
dynamic behavior, but also improves the overall conversion efficiency of the hybrid system,
which can be improved to 67.6% with the hydrogen addition y=2.0.

(3) The power distribution between the SOFC and the engine plays an important role in the
performance optimization of the hybrid system. An effective control strategy is proposed:
the fuel utilization is used to regulate the SOFC power according to the required power
distribution, and the H. addition is used to regulate the remaining engine power. The
moderate power distribution of 50%~60% for the SOFC facilitates the optimal overall
performance for the hybrid system.

(4) Considering the SOFC with high efficiency and the engine with fast dynamics, the operation
strategy that the SOFC provides most of the output power as a power baseline while the
engine copes with the dynamics is suggested. In such an operation strategy, the hybrid
system enables to respond to the change of power load within 1 s and simultaneously has a
high overall energy conversion efficiency of 74.8%. Therefore, the proposed SOFC-Engine
hybrid system with H> addition by metal hydride and waste heat recovery unit is a potential

energy conversion system for mobile applications.
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