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18  Abstract: A novel SOFC-HCCI engine hybrid power generation system fueled with
19  alternative fuels is proposed and modeled in this paper. The steady-state modelling
20  shows that it is feasible to use SOFC anode off-gas as the downstream HCCI engine
21 fuel for additional power generation under certain fuel utilization and operating
22 temperature. Through parametric and exergy analyses, it is found that the hybrid
23 system without additional H> can achieve a net electrical efficiency of approximately
24 59% and an exergy efficiency of 57%, slightly higher than the SOFC-GT hybrid
25  system. In this hybrid system, the components of HCCI engine and its exhaust gas
26  dominate the exergy destruction, which contributes nearly 75% but has a relatively
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low contribution to the total power. Based on this, the methods of recycling exhaust
gas waste heat to drive hydrogen desorption of metal hydride as H, addition for HCCI
engine and H: recirculation for SOFC anode off-gas are suggested to significantly
improve the system overall efficiency due to the consideration of thermal efficiency.
The high overall efficiency up to 79.54% and fuel flexibility demonstrate that the

novel hybrid system is a promising energy conversion system.
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Nomenclature
Abbreviation
CLHP chemical looping hydrogen production

DC/AC direct current to alternating current

DIR direct internal reforming
FC fuel cell

GT gas turbine

HCCI homogeneous charge compression ignition
HEX heat exchanger

HyT H> storage tank

IC internal combustion
LHV lower heat value

MH metal hydride

MHR metal hydride reactor
NG natural gas

R-PEMFC reform-PEMFC
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37

38

Sl
SOFC

WGS

Symbols
Acell

=

Ex

F

spark ignition
solid oxide fuel cell

water gas shift

fuel cell area, m?

standard reversible voltage for Hz, V
exergy, KW

Faraday constant, C mol*

specific enthalpy, J mol*

current, A

current density, A m

reaction equilibrium constant
hydrogen molar mass, kmol s
power, KW

pressure, bar

heat loss of the fuel cell, kW
universal gas constant, J K** mol*
temperature, K

irreversible voltage of the fuel cell, V
component concentration, mol L
mass flow, kg s*
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40

[fuel fuel utilization

n energy efficiency

¢ exergy efficiency

AH reaction enthalpy, J mol*
Subscript

a anode

as ash

C cathode

cell fuel cell

comb combustion

comp compressor

DC direct current

EN energy

exh exhaust gas

fu fuel gas

in inlet

ISC isentropy of compressor

IST isentropy of turbine

MEC mechanical efficiency of compressor
MET mechanical efficiency of turbine
n-rec non-reacting gas
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(o) oxidant

out outlet

Pre-re pre-reforming
ref reference

reform reforming

1. Introduction

Sustainable development of human society has reached consensus all over the
world. In the energy field, an efficient and clean energy conversion way is viewed to
be effective and crucial for achieving sustainable development [1-3]. With the rapid
development of modern countries, the energy consumption increases dramatically, and
the environmental issues such as global warming and pollutant emissions become
serious. In this context, innovative technologies for energy conversion are in urgent
demand for conventional conversions of fossil fuels to meet the requirements of
ultra-high conversion efficiency and ultra-low environmental impact in the meanwhile
[4,5].

As is well known, internal combustion (IC) engine is still the most important
energy utilization pathway to convert fossil fuels into power. Actually, the technology
of IC engine generally brings about exhaust emission pollution to the environment
and also has relatively low energy conversion efficiency (30%~40%) [6-8]. In order to
improve efficiency and simultaneously reduce emission, extensive efforts have been
carried out in recent decades. For example, our previous study [9,10] reported that the
addition of Ha helps to improve the brake thermal efficiency and simultaneously leads
to lower hydrocarbon (HC), CO, and NOx emission from spark ignition (SI) engine
fueled by natural gas (NG) or biogas. However, the maximum efficiency (30.2%) is
still low and needs further improvement for practical applications. Generally, the low
thermal efficiency is attributed to the exhaust and loss of waste heat produced from

the combustion process. Thus, the waste heat recovery is an effective approach to

5/ 38



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

improve the thermal efficiency of the IC engine. Accordingly, innovative technologies
which can achieve both power generation and waste heat recovery, have been
attracting increasing attention.

Among various innovative technologies, fuel cells (FCs) usually have ultra-high
conversion efficiency and near-zero emissions as the fuel is oxidized by
electrochemistry to generate electricity and heat without combustion [11-15]. Because
of the unique characteristic, the FC power technology is regarded as a high-efficiency
energy conversion system. Moreover, the electrochemical reaction occurred in FCs is
highly exothermic with the reaction heat of 242 kJ/mol [16], indicating that a large
amount of heat is released and can be utilized to drive bottomed thermodynamic
cycles such as Rankine, Brayton, and Otto cycles at high operating temperatures. In
this case, the combination of FCs and engines into hybrid power systems can not only
adequately utilize waste heat to improve the energy conversion efficiency, but also
extend the power range to facilitate practical applications. Especially, coupling solid
oxide fuel cell (SOFC) can achieve the theoretical conversion efficiency up to more
than 70% [17,18], nearly twice larger than the standalone IC engine due to the high
operating temperature of SOFC. In addition, the high operating temperature enables
the hybrid power system to use a variety of fuels, such as CHa4, biogas, NG, and
petroleum gas, which are cheaper and easier to manage than pure Hz. This is because
that the direct internal reforming (DIR) and water gas shift (WGS) reactions can take
place inside the SOFC anode to convert the hydrocarbon fuel and CO into hydrogen
in the presence of water and high temperature.

In fact, SOFC-GT (gas turbine) hybrid power system has been primarily
investigated in recent years [19]. It has been successfully proven that the combination
of SOFC and GT facilitates the improvement of electrical efficiency and the reduction
of capital costs [20-23]. The optimized SOFC-GT hybrid system was reported to have
an electrical efficiency of about 66%, which is significantly higher than the initial GT
power plant, and reduce approximately 30% of the capital costs [24]. Consequently,
SOFC-GT hybrid power systems are considered as potential next-generation

high-efficiency energy conversion devices. However, the capacity of SOFC power
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generation is currently less than the order of magnitude of MWs (the general power
capacity of GT). Compared with GT, IC engine usually has much lower power
generation capacity, which is in the order of magnitude of kWs. Consequently, a
SOFC-IC engine hybrid power system is more efficient and economical than a
SOFC-GT system. Recently, Choi et al. [25] experimentally investigated the
feasibility of using SOFC anode off-gas as the fuel of IC engine to generate power.
They found that the engine can yield a significant amount of power with 25%-30%
gross indicated efficiency while emit very low NOy emissions. The experimental
results confirmed that it is feasible to use IC engine as the bottoming cycle in a
SOFC-IC engine hybrid power system. Park et al. [26] carried out a comparison study
on the performance between a SOFC-IC engine and a SOFC-GT hybrid power system.
They concluded that the SOFC-IC engine hybrid power system has a 0.9% efficiency
improvement and a 7.6% LCOE (levelized cost of energy) reduction compared with
the SOFC-GT system. It is worth noting that the external reformer prior to SOFC is
heated by an additional heat exchanger rather than an internal waste heat recovery in
the reported SOFC-IC engine layouts. Kang et al. [27] further integrated the
components of SOFC, reformer, heat exchanger, engine, and blower together into a
SOFC-engine hybrid system and established the dynamic model considering the
anode off-gas variation. With an increase of the SOFC power, besides the large
overshoot behavior of SOFC itself, small overshoot behavior appears in the engine
power generation. In the latest report, Lee et al. [28] evaluated the exergetic and
exergoeconomic performance of a SOFC-engine hybrid power system. They found
that the IC engine component dominates the largest exergy destruction and the SOFC
stack has the highest exergoeconomic factor of 93% in the hybrid system.

These research results indicate that the SOFC-IC engine hybrid power generation
system is a potential conversion device with high efficiency and low cost. However,
the power ratio of IC engine in the above-mentioned SOFC-engine hybrid systems is
still too low (~10%). Therefore, the operating strategy of power distribution between
SOFC and IC engine for performance optimization has not yet been reported so far.

Actually, the power distribution is crucial for the performance optimization of the
7/ 38



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

hybrid power system [29]. Additionally, the high degree of system complication
indicates that an elaborated operation strategy is required for the SOFC-IC engine
hybrid power generation system. Therefore, it is essential to study the effect of power
distribution between SOFC and engine on the performance for achieving optimal
operation strategy for the SOFC-IC engine hybrid power generation system, which
has not been reported in the previous studies.

In the present study, the steady-state model of the NG fueled SOFC-engine
hybrid system is first established. Then, the parametric and exergy analyses of the
hybrid system are performed to find out the optimization strategy. Herein, three cases,
including no Hy addition, H2 addition by H. storage tank (HyT), and H addition by
metal hydride reactor (MHR), are considered for the engine fuel and compared to
regulate the power distribution between SOFC and engine for performance
optimization. Besides, the effect of SOFC anode H recirculation on the system
performance is also discussed. The results contribute to the development of
optimization rule and operation strategy for the SOFC-IC engine hybrid power
generation system, which is significant and valuable for motivating the practical

applications of hybrid power technology.

2. System description

The NG fueled SOFC-HCCI engine hybrid power generation system consists of
two main subsystems, which are Pre-reforming-SOFC and HCCI-engine, as shown in
Fig. 1. Herein, we take NG as input fuel for an example. The reason for choosing
HCCIl-engine is that the fuel of engine, which is in fact a lean fuel, directly comes
from SOFC anode off-gas. As for the lean fuel, the best method to make the fuel
burning in the engine is using the technology of homogeneous charge compression
ignition (HCCI) which synergistically combines spark ignition (for gasoline) and
compression ignition (for diesel) [26]. In the Pre-reforming-SOFC subsystem, the
reformer first converts the preheated methane (the main composition of NG whose
standard composition: 85% CHa, 7% CzHs, 2% Cs3Hg, 5% CO; and 1% N) into CO

and H2 as anode fuel of SOFC. The SOFC consumes the anode fuel and oxygen by
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electrochemical reaction to generate electricity. Then, the SOFC anode off-gas (main
compositions: CO, CO2, Hz, N2, and H20) and cathode off-gas (air) after preheating
pristine NG fuel enter into the downstream HCCI-engine subsystem as the fuel of the
engine. In the HCCl-engine subsystem, the SOFC anode and cathode off-gas
sequentially go through the processes of compression, combustion, and expansion
stroke for additional power generation. The engine off-gas, which generally has a high
temperature, is used to sequentially provide the thermal source for driving the
pre-reforming reaction and heat the water into steam as the reactant of the

pre-reforming reaction.

as ' o — Water flow —  — >Steam flow

-------- > Heat flow = == Electric current

I—NG source  2—H,0 tank 3—Pump 4 —Heat exchanger
5—Adder 6= Pre-reformer 7 SOFC-DIR  8— Compressor

9— Engine 10— Stack 11— DC/AC converter 12— Vehicle

Fig. 1. The layout of the proposed NG fueled SOFC-HCCI engine hybrid power generation

system
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3. Steady-state thermodynamic modelling of the hybrid system

3.1. Model assumptions

The following assumptions are made for simplifying the system model.

1)
2)

3)

4)

5)

6)

7)

The system is in a steady-state operation.

The NG source is desulfurized.

Pressure drops in the hybrid system are neglected. That’s because that the
pressure drops of the main components in the system were reported to be
small [30-32].

The modeling of SOFC-DIR fully considered the reforming and the
electrochemical reactions. The gas fuel after the reforming reaction
equilibrium is the input fuel of the subsequent electrochemical reaction. The
local isothermal model is applied to fuel cell for calculating electrochemical
balance based on the constant cell temperature [33].

The hydrocarbon component in the NG is completely converted into H: in
the SOFC-DIR due to the high temperature. The necessary heat required for
the internal reforming reaction is taken from the electrochemical reaction in
the SOFC.

The reforming and water gas shift (WGS) reactions in the system occur at the
equilibrium temperature [34].

The system is well thermally insulated and the heat loss is negligible from
the equipments (heat exchangers and reactors including the reformer, WGS,

and MHR) to the environment.
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3.2. Modelling methane reforming process

In the Pre-reformer and SOFC-DIR, the reforming reactions converting CH4 into
H> can be described in the following Egs. (1) and (2), which represent the methane
reforming and WGS reactions, respectively.

CH,+H,0 -»CO+3H, AH =206 kJ/mol (1)

CO+H,0 —»>CO,+H, AH=-41kJ/mol (2)

For the reforming reactions, the components of the reaction products (gas
mixture) and their concentrations closely depend on the reaction equilibrium constant
K, which is the function of reaction temperature only. Accordingly, the mathematical
relationship between components and reaction temperature can be expressed in Eq.

(3) [35, 36].

3

_ PeoPa, ( )

reform — - reform
ch4 ) pHZO

=-2.63121x10" - T* +1.24065x 107 -T* —2.25232x10™* - T> +0.195028-T —66.1395 for reforming reaction (3)
Peo, * Pu
Kies =——= = (Tues)
Pco * Phyo
=5.47301x107" . T* —2.57479x10® - T® +4.63742x10° - T> - 0.03915-T +13.2097 for WGS reaction

3.3. Modelling SOFC-DIR subsystem

Besides the methane reforming and WGS reactions, the electrochemical reaction
between H; and O- also takes place in the SOFC-DIR, which can be expressed by Eq.
(4). Herein, it should be noticed that only H> is assumed as the fuel for
electrochemical oxidation in the SOFC anode. Although the gas CO, the main mixture
component after the methane reforming process, 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 H: always preferentially occurs in the presence of

water.
H2+%Oz > H,0(g) AH =-242 kJ/mol (4)
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In the SOFC-DIR model, the H> consumption is determined by the FC fuel
utilization g as written in Eq. (5), among which mHz,in is the molar flow sum of
the effective components that can be converted into H> by reforming or WGS
reactions.

_ rTIHZ ,consumption
Heye = . (5)
rnHz ,in

The overall mass balance of SOFC and the mass exchange between anode and
cathode are described in Egs. (6) and (7), respectively.

¢a,in +¢c,in - ¢a,out _¢c,0ut =0 (6)

|
% 4F

¢c»a:¢a,out _¢a,in =M (7)

The overall energy balance equation of SOFC is written as below.

¢a,in ’ ha,in +¢c,in ' hc,in _¢a,out ’ ha,out _¢c,out : hc,out = I:)DC +Qloss (8)
The relationship between anode mass flow ¢, and FC power output P.. can

be described in the following equation.
PFC
¢a,in “Hgel M uel - LHVfueI = = PDC = A:ell -J 'Uir (9)
Tocrac
Equation (10) gives the expression of current density J. Herein, VY,;; stands

for the concentration of the effective components involved with Hz during the

reforming and electrochemical reactions.

Z ya,in,i

_ I _ :ufuel . ¢a,in L
Aell Aell Ma 2F

(10)

Through the combination of Egs. (9) and (10), the FC power output Prc can be

expressed in the following function f(uwel) of fuel utilization yser.
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Pee =7oc/ac -1 Ui = la 'ﬂ'l—'nDC/AC Uy (11)
In Eq. (11), the irreversible cell voltage U, mainly depends on cell equilibrium
conditions (cell pressure p., and temperature T ), fuel compositions and current

density. The corresponding relationship is written in Eqg. (12), among which the

overvoltage caused by the polarization is written in U, =1-R,, with the assumption

loss
that the polarization overvoltage can be estimated by Ohm’s law. The equivalent

resistance Req is calculated and determined under the design conditions of cell voltage

U, and current density J at the initial stage.

R ‘T y1/2 . y
_ g cell c,0, a,H, /
Uir - E'Ic') + = -In li[ ’ péelzl -1 Req (12)

ya,HZO

The energy conversion efficiency of SOFC can be evaluated by the following

expression:

P

FC

¢NG ' LHVNG

Nee =

(13)

3.4. Modelling HCCI-engine subsystem

The thermodynamic cycle of the HCCI engine is generally an Otto-cycle, which
can be described into the sequential processes of compression, combustion, expansion
stroke and exhaust blow-down, as illustrated in Fig. 2. In our model, the compression
and expansion strokes are assumed to be without gas exchange. During the engine
working process, 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. An isentropic model with the isentropic efficiency of 0.75 is usually
applied to model the compression process. It was reported that the optimal
compression ratio is about 4.4 for the micro gas turbine to achieve the maximum

electrical power [26]. Therefore, the compression ratio in this work is also set as 4.4.
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In the second stroke, the combustion process is typically isochoric due to a very fast
volumetric combustion [37]. Then, the expansion stroke is considered as an isentropic
process for external work. Finally, the exhaust blow-down to atmospheric pressure

makes the Otto-cycle back to the thermodynamic state.

pu

Isaochoric
Combustion

y
Fig. 2. The P-V diagram of the Otto-cycle and the corresponding schematic diagram for
HCCI-engine working process

The energy balance equations for the components compressor and turbine are

written in the following:
Peamo “TTisc *Thiee = ¢ (Nou =) (14)
P st *Ther = 8+ (o =iy (15)
The energy equation over the combustor can be described in Eq. (16).
b Do+, N, =d -ho+d, -h, (16)
The relationship between reaction enthalpy and mass flux during the combustion
process can be expressed by Eq. (17).

AHcomb = ¢exh ’ hexh _¢n—rec : hn—rec (17)

Through the Otto-cycle, the HCCI engine generates a certain amount of power.
The net power output Pengine Can be calculated as the work subtraction between

expansion and compression strokes, as listed in Eq. (18). In other words, the value of
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276 Pengine 1S equivalent to the enclosed area of the P-V diagram in Fig. 2.

277 Pegire = #-[ (=0, )—(h,—h,) ] (18)
278 The energy conversion efficiency of HCCI-engine hybrid system can be
279  evaluated by Eq. (19).

P

Engine

280 Nengine = m (19)

281  3.5. Computational details

282 In the present study, Cycle-Tempo software developed by Delft University of
283  Technology (TU Delft) [38] is used to perform thermodynamic modeling and exergy
284  analysis for optimizing the SOFC-HCCI engine hybrid system. The software is an
285  elaborative simulation tool for thermodynamic modeling, which has been successfully
286  applied to the energy system optimization and been proven to be a feasible and
287  reliable simulator for the steady-state modeling [39-41]. The computational model of

288 the proposed NG fueled SOFC-HCCI engine hybrid system is established and

| Pre-reformer

(o1 [ —
)

289  demonstrated in Fig. 3.

Combustor
1% q 2 =
I { f II
) 1 1
— | 1) l i Turhine
T P—— Compressor 51 1 L N
N R ! 5-“.:'1 [ l::-: TR — G |
_’ (’ululnesx-;: 4| Generator
[ " (HCCI Englne)
——{ —— f_"f'—‘.; Q—ﬂ;‘.— "
1 l fHEX 13 Air

jn'-!I

SOFC-DIR|* £ |c| [
|_11.‘

290

291 Fig. 3. The computational model of the proposed NG fueled SOFC-HCCI engine hybrid system
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In the FC module, the counter flow between fuel and air is adopted. During the
calculations, the acceptable relative error for the iteration operation is set as 1.0x10™.
In addition, some important parameters used in the hybrid system modeling are
summarized and listed in Table 1.

Table 1 Values of some important parameters used in the model of the hybrid system.

Parameter Value
Operating pressure of the SOFC, psorc (bar) 1.013
Equilibrium pressure of the DIR reaction, preform (bar) 1.013
DC/AC conversion efficiency, #pciac 0.96
Cell voltage of SOFC, Uirsorc (V) 0.75
Isentropic efficiency of compressor, #7isc 0.75
Mechanical efficiency of compressor, #mec 0.90
Isentropic efficiency of turbine, 7ist 0.80
Mechanical efficiency of turbine, yver 0.90
Generator efficiency, ncen 0.90

The overall energy conversion efficiency of the SOFC-HCCI engine hybrid

power generation system can be calculated by Eq. (20).

Pec + P

ngine
¢

TN T G - LAV

(20)

fuel fuel
3.6. Model verification

As the proposed system is new, no relevant experimental data are available. In
view of steady-state modeling in this paper, the verification of the SOFC-HCCI

engine hybrid system model is performed by checking the model’s energy balance.
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Fig. 4 displays the energy input and output of the hybrid system. In our case, the
energy input into the hybrid system includes NG, air, and water sources, while the

energy going out of the system has stack gas besides the SOFC and engine power

output.
fom—— i — e —— e
NG source, - | Stack gas
l : 1 oS
H,0 _wum:‘; : HCCI-Engine subsystem | |
| Off-gas flow
Air source == _ﬂ__ = -H”— — _'

FC power Engine power

Fig. 4. The energy input and output of the NG fueled SOFC-HCCI engine hybrid
system.

Herein, we randomly chose an operating point of NG mass flux ¢, =0.05kg/s to

check the balance between input and output energy for verification. Table 2 lists the
simulation results of gas compositions, input and output energy for the hybrid system.
The error is only 0.01 kW between the input and output energy in the computational

model, indicating the accuracy of the model for the SOFC-HCCI engine hybrid

system.

Table 2 The energy balance verification of the SOFC-HCCI engine hybrid system.

Total
Components Energy energy Error
(kW) (kW) (kW)
NG CHa: 85%, CoHe: 7%, CsHs: o1
source 2%, CO2: 5%, N2: 1% '
. Ny: 77.29%, O2: 20.75%,
Input . OAu'rrce COy 0.03%, H,0: 1.01%, 45626 202583
Ar: 0.92%
H»O source 1985.94 0.01
Output SOFC power 650.72
power HCCI Engine power 510.39
Output -2623.82
utpu No: 73.31%, Oy 16.97%.
Stack gas  COg: 1.39%, H,0: 7.47%,  -3784.93

Ar: 0.87%
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4. Results and discussion
4.1. Parametric analysis

As shown in Fig. 1, the NG-fueled SOFC-HCCI engine hybrid system contains
three key components: pre-reformer, SOFC and HCCI engine. The operating
parameters of each component easily affect other components’ working conditions
and thus determine the hybrid system’s overall performance. For example, the SOFC
fuel utilization ratio has a significant impact on the anode off-gas composition, and
thus affects the combustion process of off-gas and oxygen in the HCCI engine.
Actually, the changes in the FC off-gas composition and the engine combustion
reaction indicate the variations of FC and engine power generation. In the present
study, the influences of the following operating parameters on the overall performance
of the hybrid system are investigated for further optimization, including the
steam-to-carbon (S/C) ratio, pre-reforming temperature Tpre-re, SOFC fuel utilization
ratio urc and operating temperature Trc.

Fig. 5 shows the overall performance of the SOFC-HCCI engine hybrid system
under different S/C ratios (2.0, 2.2, 2.5, 2.8 and 3.0). The other operating parameters
for the hybrid system are set as ¢ne=0.022 kg/s, Terere=540 C, Trc=800 C and
urc=0.5. It is found that the net electrical efficiency of the hybrid system decreases
with the S/C ratio, which is mainly attributed to the reduction in the HCCI engine
power generation. Actually, the SOFC power remains almost unchanged when the S/C
ratio increases from 2.0 to 3.0. Although more CHs is converted into H, and CO by
pre-reforming reaction at 540 °C under higher S/C ratio in the ex-reformer (Fig. 5b),
the high SOFC temperature up to 800 ‘C makes SOFC an internal-reformer to
almost completely convert the remaining CH4 into Hz. The complete conversion of
CH4 component of NG source by the combination of ex- and internal-reforming
reactions accounts for almost the same SOFC power generation. However, a higher
S/C ratio easily results in smaller CO and Hz> compositions exhausted from the SOFC
anode, as shown in Fig. 5b. The sum ratio of CO and H: in the anode off-gas reduces
from 36.31% to 29.93% with an increase of S/C ratio from 2.0 to 3.0. In the

SOFC-HCCI engine hybrid system, the anode off-gas is used as the engine fuel.
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Therefore, the reduction in the CO and H» effective compositions inevitably brings
about the reduction in the engine power generation, accordingly lowering the net
electrical efficiency of the hybrid system. In order to avoid the carbon formation and
deposition in the SOFC, keeping the S/C ratio more than 2.5 is generally
recommended [42]. Consequently, the optimal S/C ratio of 2.5 is chosen to achieve

high efficiency and simultaneously prevent carbon deposition in the hybrid system.
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Fig. 5. The influence of S/C ratio on hybrid system performance. (a) Net electrical
efficiency and power; (b) Main off-gas compositions of pre-reformer (Re) and SOFC
(FC) components

Like the S/C ratio, the pre-reforming temperature of the ex-reformer has a
similar impact on the electrical efficiency. The efficiency of the SOFC-HCCI engine
hybrid system decreases with an increase of the pre-reforming temperature. Fig. 6
shows the hybrid system performance under different pre-reforming temperatures at
¢ ne=0.022 kg/s, S/IC=2.5, Trc=800 ‘C and wurc=0.5. On the one hand, the
pre-reforming temperature shows little influence on the SOFC power generation since
SOFC can act as an internal-reformer to almost completely convert the remaining CHa
into Hz at Trc=800 C. On the other hand, the HCCI engine gross power, fuel and air
compression work increase (shown in Fig. 6a) when the pre-reforming temperature is
elevated from 540 to 600 °C. This is because that the heat source for heating
pre-reforming reaction comes from the exhaust gas of engine component by waste
heat recovery in this case. The elevated pre-reforming temperature indicates more

heat produced by the engine. Accordingly, more fuels are required for the engine to
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generate more power. Fig. 6b displays that the air mass flux input into the engine is
increased from 1.24 to 2.05 kg/s when the pre-reforming temperature increases, which
results in the significant increase of the air compression work. As a result, the net
power generation of HCCI engine is reduced at an elevated pre-reforming temperature
due to the remarkably increased fuels compression consumption. Therefore, the net
electrical efficiency of the hybrid system was found to decrease with the elevation of
the pre-reforming temperature. Considering that CH4 steam reforming reaction
generally takes place at a temperature higher than 500 °‘C [43,44], the optimal
pre-reforming temperature is set as 540 C for the SOFC-HCCI engine hybrid

system to achieve high efficiency.
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Fig. 6. The influence of pre-reforming temperature on hybrid system performance. (a)
Net electrical efficiency, power and compression work; (b) Air mass flux

The influences of SOFC temperature and fuel utilization on the SOFC-HCCI
engine hybrid system are further investigated. It is of importance to notice that the
SOFC-HCCI engine hybrid system can be divided into three sub-regions according to
the SOFC temperature and fuel utilization, as shown in Fig. 7. In the sub-region I
which has a relatively low temperature of no more than 600 °C, the SOFC generally
cannot work. Consequently, the sub-region I represents the not working region of
SOFC, which also indicates unavailability for the SOFC-HCCI engine hybrid system.
At a temperature higher than 600 °C, the region is separated into two sub-regions II
and III determined by the relationship between SOFC temperature and fuel

utilization. The blue dashed line including blue circle stands for the critical line
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determining whether the engine can generate power or not. In the sub-region III
which has a relatively high SOFC fuel utilization of more than 0.6, a majority of fuel
is consumed in the SOFC so that the amount of CO and H; effective components from
the SOFC anode off-gas are too low to support the power generation of engine. This is
because the downstream engine uses the SOFC anode off-gas as fuel for electricity
generation. Therefore, only SOFC works in the sub-region III without HCCI Engine
working. By contrast, both SOFC and HCCI engine work in the sub-region II due to
a relatively low fuel utilization. It was found that the limiting fuel utilization is about
0.59 for the hybrid system to simultaneously generate power by SOFC and engine.
The corresponding net electrical efficiency of the hybrid system at the limiting fuel

utilization is about 44%.
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Fig. 7. Sub-regions of SOFC-HCCI engine hybrid system determined by SOFC
temperature and fuel utilization: I SOFC no working; II SOFC and engine both
working ; III SOFC working and HCCI engine no working.

4.2. System performance and exergy analysis
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The performance of the NG fueled SOFC-HCCI engine hybrid system is
predicted under the fixed NG mass flux ¢ne=0.022 Kkg/s. According to the
above-mentioned parametric analyses, the optimal operating parameters were found to
be S/C ratio=2.5, Tere-re=540 C, and Trc=800 C. The SOFC fuel utilization is
mostly reported to be 0.85 for a single FC. However, it is very hard to maintain such a
high fuel utilization for SOFC stack and system due to their complexity. Actually, it
was reported that the real fuel utilization of SOFC system prototype is about 0.5 [45].
Thus, we also choose the real prototype fuel utilization urc=0.5 to evaluate the system
performance. Table 3 lists the NG-fueled SOFC-HCCI engine hybrid system
performance. The hybrid system could generate 491.12 kW power when consuming
0.022 kg/s of NG as the input fuel. The corresponding NG fuel energy is calculated to
be 835.98 kW (the LHV value). The total power consists of two parts, SOFC and
HCCI engine, which output 323.11 and 168.01 kW, respectively. Actually, the
expansion stroke of burning gas after the combustion reaction can generate 632.19
KW gross power. However, 445.51 kW of compression work is needed before the
combustion process in the HCCI engine. Based on the Otto cycle shown in Fig. 2, the
HCCI engine could generate the net power Pengine=168.01 kKW. According to Eq. (16),
the net electrical efficiency and exergy efficiency are 58.75% and 56.68%,
respectively. In this case, the energy conversion efficiency of individual SOFC and
HCCI engine is approximately 39% and 34%, respectively. The calculated efficiency
of the SOFC-HCCI engine hybrid system in our study is comparable to that of the
previously reported SOFC-HCCI engine hybrid system (59.5%) [26] as shown in Fig.
8. We also compare the energy conversion efficiency of the proposed hybrid system
with other fuel cell power systems, such as Reformer-PEMFC (R-PEMFC) [46],
SOFC-CLHP [47], simple SOFC and SOFC-GT [26,48]. It can be seen that the
SOFC-HCCI engine hybrid system has a higher efficiency than these FC power
systems. Especially, the SOFC-HCCI engine hybrid system has a slightly higher
efficiency than the SOFC-GT hybrid system, suggesting that the method of using
SOFC anode off-gas as HCCI engine fuel is feasible and effective to improve the

energy conversion efficiency of FC power systems.
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442  Table 3. The calculated power generation, energy and exergy efficiency of the

443  SOFC-HCCI engine hybrid system at ¢ng=0.022 kg/s.

Input energy (kW) Total power generation (kW) Efficiency
HCCl-engine
NG fuel SOFC Net Gross  Compression Energy Exergy
power  power work
Value 835.98 323.11 168.01 632.19 445,51 58.75% 56.68%
444
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446 Fig. 8. The comparison of energy conversion efficiency among different fuel cell
447 power generation systems [26, 46-48].
448 The exergy analysis in the SOFC-HCCI engine hybrid system is further

449  performed to identify which component of the system dominates the energy
450 irreversibility of the whole system, thus providing approaches to optimize the system
451  performance. Here, it should be noticed that the exergy analysis in this paper is
452  carried out under the same environment condition p=1.013 bar and T=15 C. In the

453 hybrid system, the exergy efficiency can be calculated by the following equation:
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The exergy efficiency of the SOFC-HCCI engine hybrid system under the
optimal operating conditions is calculated to be 56.68%, as listed in Table 3. The
corresponding exergy flow in the hybrid system is further investigated and shown in

Fig. 9. In the hybrid system, the exergy flow starts from the NG fuel source with

Ex, =866.49 kW as 100% exergy input, and then sequentially enters into

ex-reforming, SOFC, and HCCI engine subsystems. It was found that a total exergy
destruction of 43.32% appears in the hybrid system, among which the ex-reforming,
SOFC and HCCI engine subsystems contribute to 2.91%, 7.76%, and 18.86%,
respectively. Besides the three main parts, the exhaust gas out of the Engine also
delivers a large portion of exergy destruction (13.79%). It can be seen that the HCCI
engine subsystem has the largest exergy destruction and the exhaust gas has the
second largest one. These two parts contribute to approximately 75% exergy
destruction of the whole hybrid system, indicating the HCCI engine subsystem
dominates the exergy destruction. Fig. 10 presents the exergy loss of the components
and the corresponding ratio to the total exergy loss in the hybrid system. The relative
exergy loss of the engine subsystem reaches up to 43.54%, which is the largest. In the
HCCI engine subsystem, the exergy loss occurs in the components of compressors,
combustor, turbine and generator. The compressors with the relative exergy loss of
about 24% take up more than half of the exergy destruction of the engine subsystem.
The relative exergy loss of air compression is calculated to be 8.30%, which is nearly
four times as large as that of the fuel compression. The other components of the
engine subsystem contribute to the relative exergy loss of about 19%. Besides, the
exhaust gas out of the engine with the relative exergy loss of 31.83% also plays a
significant role in the system exergy destruction. Actually, the exhaust gas, whose
temperature is approximately 65 °C, contains a certain amount of waste heat. If this
part of waste heat could be effectively recycled with the aim of improving the thermal
efficiency, the overall efficiency of the hybrid system will be significantly improved.

As mentioned before in Table 3, the output power of the SOFC and HCCI engine are
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323.11 and 168.01 kW, respectively. The ratio of engine to total power is about 0.34,
which is thought to be relatively low in the hybrid system. That’s to say, the engine
power ratio is generally low in the proposed SOFC-HCCI engine hybrid system.
Nevertheless, the engine takes up a major part of exergy destruction. Therefore, it
could be concluded that the HCCI engine has a small contribution to the power
generation but exhibits a large exergy destruction in the hybrid system.
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Fig. 9. Exergy flow diagram of the SOFC-HCCI engine hybrid system.
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Fig. 10. Absolute and relative exergy loss of the main components in the SOFC-HCCI
engine hybrid system.
4.3. Performance optimization and operating strategy

On the basis of the above-mentioned analyses, two features of the SOFC-HCCI
engine hybrid system are observed. One is the relatively low engine power ratio, and
the other is neglecting the waste heat recovery of the exhaust gas (T=64.99 C). The
potential approach for improving the efficiency is to effectively utilize the waste heat
of the exhaust gas to increase the engine power ratio. In this work, a small amount of
H> addition into SOFC anode off-gas is considered as the engine input fuel to increase
the engine power output. Herein, besides no Hz addition for Case 1 (shown in Fig. 1),
additional two cases for supplying H> to the engine are investigated, which are H>
storage tank (HyT) for Case 2 and metal hydride reaction (MHR) for Case 3.

For Case 2, the H. addition is provided by physical hydrogen storage. No
thermal effect occurs between HyT and engine. The role of Hz addition by HyT is to
increase the engine power ratio only, thus affecting the system overall efficiency. By
contrast, the MHR for H addition in Case 3 is completely a chemical hydrogen
storage. The working principle is that metal hydrides can reversibly absorb and desorb
H at certain temperatures. That’s to say, it requires heating of the MHR to drive the
hydrogen desorption reaction of metal hydrides, thus supplying H. addition for the
engine. Actually, the exhaust gas could generate the heat with the temperature of no
more than 70 °‘C, which is sufficient to drive the hydrogen desorption reaction of

ABs-type metal hydrides. The reversible hydrogen absorption/desorption reactions of
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ABs-type LaNis3Alo7 with a reaction enthalpy of 29.2 kJ/mol H. can be described by
Eq. (22) [49]. Therefore, recycling the waste heat of the exhaust gas for H> addition
by MHR in Case 3 not only increases the engine power ratio but also enhances the
thermal efficiency, and thus improves the system overall efficiency. The schematic
diagram of the modified SOFC-HCCI engine coupled with MHR for H» addition
(Case 3) is demonstrated in Fig. 11. The MHR reaction heat comes from the exhaust

gas out from the HCCI engine subsystem for waste heat recovery.

LaNi, Al . +3H, ﬁ LaNi,,Al,,H,+29.2 ki/mol H, (22)

— Gas flow —— Water flow — > Steam flow
~> Heat flow = ==+ Electric current == H; flow

1 —NG source  2—H;0 tank 3—Pump  4—Heat exchanger
5—Adder 6— Pre-reformer  7— SOFC-DIR  8— Compressor
9 —Engine 10—Stack 11— DC/AC converter 12— Vehicle 13—MHR
Fig. 11. The layout of the modified SOFC-HCCI Engine hybrid power generation
system coupled with MHR for additional H> supply
The overall efficiency of the hybrid system under the three cases, which are Case

1 without H> addition, Case 2 with HyT and Case 3 with MHR for H» addition, is first

compared under the same conditions. Fig. 12 displays the comparison of the overall
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efficiency between these three cases with different amounts of H> addition. It was
found that more H. addition results in higher efficiency of the hybrid system. When
the amount of H> addition is 5%, the efficiency of these three cases is 58.75%,
60.46%, and 65.98%, respectively, which is improved by 1.7% and 7.2 % for HyT and
MHR to achieve H, addition. When further increasing the H> addition, the hybrid
system coupled with MHR (Case 3) presents a much higher efficiency than the other
two cases. This is because the thermal efficiency is taken into consideration in Case 3
due to the waste heat recovery of engine exhaust gas. Therefore, the method of MHR
for H addition by chemisorption is regarded as an efficient approach for improving
the efficiency of the hybrid system. The detailed explanation is discussed in the

following sections.

100 -
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Fig. 12. The comparison of overall efficiency between the three cases with different
amounts of H addition.
Figs. 13a and 13b show the overall performance of Case 2 and Case 3 after H»
addition by HyT and MHR, respectively. It can be clearly seen from Fig. 13a that the

overall efficiency calculated by Eq. (23) increases with the amount of H, addition.
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When the amount of H, addition changes from 5% to 20%, the efficiency of the
hybrid system coupled with HyT for H, addition increases by 1.7% to 5.5%. This is
because the addition of H as fuel contributes to a significant increase in the HCCI
engine power. Considering few impacts of H addition on the SOFC power, the total
power of the hybrid system is remarkably increased. Although the additional H:
source LHV is input and also increases with the H. addition in a linear pattern, the
conversion efficiency of additional H> source is found to be higher than that of the
pristine NG source. Therefore, it can be concluded that the addition of H> into SOFC
anode off-gas as fresh fuel for the engine is conducive to the improvement of system

overall efficiency.

— PFC +PEngin(-:‘ 23
Ten = ( )
P - LHV6 +¢Hz ’ I-HVH2

In the same way, the overall efficiency of the SOFC-HCCI engine hybrid system
coupled with MHR for H» addition increases with the amount of H. addition. By
comparison, the improvement degree of Case 3 is much higher than that of Case 2. Up
to 7.2% ~ 28.2% increase appears in Case 3 when the amount of H addition increases
from 5% to 20%. The comparison illustrates that the method of MHR for H» addition
is more effective and efficient than that of HyT for NG-fueled SOFC-HCCI engine
hybrid system. The high efficiency is ascribed to the waste heat recovery of the
exhaust gas to achieve the hydrogen addition from MHR. On the one hand, the
utilization of waste heat helps to improve thermal efficiency. On the other hand, no
additional H. source is needed for the MHR supplying. As seen from the inset in Fig.
13D, the required heat for MHR to desorb 20% of H: is calculated to be approximately
38 kW, which can be completely covered by the exhaust gas energy (119.50 kW). It
strongly suggests that the waste heat of the exhaust gas is enough to drive ABs-type
metal hydrides supplying up to 20% H> for the engine. In addition, the addition of Hx
plays an important role in the regulation of the power distribution between the SOFC
and the engine for the SOFC-HCCI engine hybrid system. The H addition of up to
20% by the MHR in Case 3 can result in the reduction of power ratio of SOFC to

Engine from 1.92 to 0.79. When the amount of H, addition is 12.82%, the hybrid
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system exhibits half and half power for SOFC and HCCI engine components, both of
which are 323 kW. In such a situation when taking thermal efficiency into
consideration, the overall efficiency of the hybrid system coupled with MHR for both
waste heat recovery and H; addition can reach up to 77.3%, higher than those of the
SOFC-GT (70.6%) and SOFC-Engine (71.1%) hybrid systems coupled with HRSG

(heat recovery steam generator) for waste heat recovery [26].
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Fig. 13. System performance of the modified SOFC-HCCI engine hybrid system
coupled with H addition in different cases: (a) Case 2 H tank (HyT); (b) Case 3
metal hydride reactor (MHR).

The afore-mentioned results demonstrate that the method of MHR for H:
addition by waste heat recovery can significantly improve the overall efficiency of the
SOFC-HCCI engine hybrid system. As described before, this method focuses on the
HCCI engine subsystem and how to increase the engine power ratio and recycle the
waste heat of the exhaust gas. Besides the HCCI engine subsystem, the SOFC
subsystem is also an important component that affects the system efficiency. Actually,
the actual fuel utilization of SOFC is a little low in practice, resulting in insufficiently
high efficiency for the SOFC [50]. Therefore, H recirculation for SOFC anode is
considered to further improve the overall efficiency of the SOFC-HCCI engine hybrid
system. Herein, we investigated the H> recirculation range of 0 to 50% for improving
fuel utilization (the initial value is 0.5 in our work). Fig. 14 shows the effect of H>

recirculation ratio on the system efficiency of the SOFC-HCCI engine hybrid system
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coupled with MHR for H; addition. It can be seen that the efficiency increases with an
increase of the H> recirculation ratio. When the H: recirculation ratio is from 0 to 0.5,
the efficiency increases from 77.30% to 79.54% accordingly. The increase in
efficiency is mainly attributed to the increased SOFC output power caused by the
higher fuel utilization. Therefore, it can be concluded that the method of H:
recirculation for SOFC anode also helps to the improvement of the SOFC-HCCI
engine hybrid system besides using waste heat recovery to drive MHR for H» addition.
It is also noted that the proposed system is complex and it is crucial to carefully

control the operating conditions in order to achieve the predicted efficiency.
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Fig. 14. Effect of Ha recirculation ratio on the overall efficiency of the SOFC-HCCI
engine hybrid system.

In the practical application, the hydrogen safety should be considered for the
SOFC-HCCI engine hybrid system. The system discussed in this work mainly
consists of SOFC, metal hydride reactor and HCCI engine subsystems. For the SOFC,
the anode fuel is natural gas, indicating the SOFC is safe from the view of hydrogen
safety. The metal hydride reactor is a kind of solid-state hydrogen storage, whose
hydrogen plateau pressure is moderate (< 1 MPa for ABs-type metal hydride) and far

lower than that of compressed hydrogen storage (> 30 MPa). Therefore, compared
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with the compressed hydrogen storage, metal hydride solid-state hydrogen storage is
much safer. The metal hydride reactor is also safe for H> addition due to its moderate
plateau pressure and operating temperature (< 100 C). Although explosion of
hydrogen-air mixture can easily occur at extremely high temperatures, many technical
measures have been proposed to ensure the hydrogen safety of the engine, such as
variable valve timing technology, backfire arrestor and so on. Actually, the HCNG
(hydrogen and compressed natural gas) engine has been successfully developed and
achieved the commercial applications in recent years. Only in the case of high loads at
low speeds for the HCNG engine, the hydrogen explosion (also called combustion
knock) may take place. However, this case is hard to occur in practice because this
operating condition should be considered and avoided in the beginning of engine
design. Besides, the content of H. addition into the engine is not high, only up to 20
vol.% in this work. In a word, the hydrogen safety of SOFC-HCCI engine hybrid

system can be ensured in the practical application.

5. Conclusions

In summary, a novel SOFC-HCCI engine hybrid power generation system
coupled with MHR for H addition by waste heat recovery is proposed in the present
study. A steady-state model of the hybrid system is established, and parametric and
exergy analyses are performed and discussed for the performance optimization,
achieving the corresponding operating strategy for the hybrid system. The conclusions
are drawn as follows:

(1) The SOFC-HCCI engine hybrid power generation system exhibits a high net
electrical efficiency up to 58.75%, which is also more efficient than the
reported Reformer-PEMFC, simple SOFC, and SOFC-CLHP fuel cell
systems. In addition, the hybrid system has comparable efficiency to the
SOFC-GT hybrid system. The high energy conversion efficiency indicates
that the method of using SOFC anode off-gas as HCCI engine fuel is feasible
and effective to improve the FC system efficiency.

(2) In the hybrid system, the HCCI engine with a small contribution in the power
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generation dominates the exergy destruction, which has the relative exergy
loss of up to 43.54%. On the other hand, the SOFC component presents a
larger power contribution and less exergy destruction.

(3) The hybrid system coupled with MHR for H» addition by waste heat recovery
has a significantly improved overall efficiency compared to that with HyT for
H> addition or without H> addition. Besides, the H> recirculation is also
suggested for the SOFC anode off-gas to further increase the hybrid system
efficiency by 2.24%.

(4) The SOFC-HCCI engine hybrid system is a promising energy conversion
device due to high efficiency and fuel flexibility. The operation strategies of
H> addition by metal hydride for HCCI engine and H. recirculation for SOFC

are recommended for the hybrid system.
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