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Abstract: Besides electricity generation, solid oxide fuel cells (SOFCs) produce a significant amount
of waste heat, which needs to be immediately removed to ensure durable operation of SOFCs.
However, the removal of waste heat greatly decreases the efficiency of SOFCs. In this study, a new
hybrid system mainly consisting of a thermoelectric generator, a thermoelectric cooler and an SOFC
is proposed to recover the waste heat from SOFC for performance enhancement. The thermodynamic
and electrochemical irreversible losses in each component are fully considered. An analytical
relationship between the SOFC operating current density and the thermoelectric devices
dimensionless electric current is derived, from which the range of SOFC operating current density
that permits the thermoelectric devices to effectively work is determined. The equivalent power
output and efficiency for the hybrid system are specified under different operating current density
regions. The feasibility and effectiveness are illustrated by comparing the proposed hybrid system
with the stand-alone SOFC. It is found that the power density and efficiency of the proposed system
allow 2.3% and 4.6% larger than that of the stand-alone SOFC, respectively. Finally, various
parametric analyses are performed to discuss the effects of some design and operation parameters on

the hybrid system performance.
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1. Introduction

The worldwide energy and environment crisis raise a strong demand for development of
efficient and clean energy technologies [1]. Fuel cells are promising power sources as they can
efficiently and environmental-friendly convert the fuel chemical energy into electricity without
intermediary complicated energy conversion processes [2]. Among various fuel cells, SOFCs have
attracted considerable interests due to their low emissions, fuel flexibility, inexpensive metal catalyst
and high electrochemical reaction rate [3-5]. In literatures, a great number of studies have focused
attention on aspects such as new electrode material fabrication [6, 7], lowering operating temperature
[8, 9], durability improvement [10, 11], new cell prototype development [12, 13], and single cell
theoretical modeling [14-16].

The high operating temperature of SOFCs also produces substantial amounts of high-grade heat
that are capable of powering a wide range of bottoming thermodynamic devices [17-21]. By
developing cogeneration or trigeneration systems, the energy and exergy efficiencies of SOFC-based
hybrid systems could reach 80% and 60%, respectively [22-24]. Extensive studies have been
conducted on SOFC-based hybrid systems fueled with various kinds of fuels [25-27] and integrated
with different bottom cycles [28-32] by means of various analysis approaches [33-35]. Liao et al.
proposed thermophotovoltaic cells to efficiently exploit the waste heat from SOFCs and compared
the proposed hybrid system with some other SOFC based hybrid systems [28]. Mehrpooya et al. [29]
introduced a combined system containing SOFC-GT (SOFC-gas turbine) system, steam Rankine
cycle and absorption refrigeration system. They used energy and exergy as well as economic factors
to discriminate optimum operation points of the combined system. Ma et al. [30] carried out

thermodynamic analyses of a trigeneration system by employing an ammonia-water mixture
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thermodynamic cycle to harvest the waste heat from a natural gas fueled SOFC-GT. They examined
the dependence of system performance on several important thermodynamic parameters. Ebrahimi et
al. [31] proposed a novel cycle combining SOFC, micro gas turbine (MGT), and organic Rankine
cycle (ORC) for power production. They evaluated the cycle behavior and investigated the effects of
ten design parameters on the overall cycle electrical efficiency. Eveloy et al. [32] integrated a hybrid
SOFC-GT system and a reverse osmosis plant to enhance power generation and desalinate seawater.
Compared with existing standard gas turbine cycle, the proposed system could improve the exergy
efficiency by approximately 29% and simultaneously produce additional 494 m3/h fresh water.
Rokni et al. [33] performed thermodynamic and thermoeconomic analyses of a biomass gasified
SOFCI/Stirling heat engine hybrid system. It was found that a thermal efficiency of 0.424 LHV and a
net electric capacity of 120 kWe were obtained when the feedstock was 89.4 kg/h. Lee et al. [34]
evaluated the environmental impacts associated with a SOFC-based combined heat and power (CHP)
generation system. It was showed that in the total environmental impact of manufacturing, the SOFC
stack accounted for 72% and the remaining balance-of-plant were responsible for the rest 28%.
Aminyavari et al. [35] implemented exergetic, economic and environmental analyses on an
internal-reforming SOFC-GT hybrid system integrated with a steam Rankine cycle. After
multi-objective optimization procedures, the final optimum results demonstrated that the exergy
efficiency and total cost rate were 65.11% and 0.1374 €/s, respectively.

Thermoelectric devices include three semiconductor thermoelectric systems that convert waste
heat into electric power (i.e., thermoelectric generator, TEG) or convert electricity into thermal
energy for heating (i.e., thermoelectric heat pump, THP) or cooling (i.e., thermoelectric cooler, TEC)

[36, 37]. As thermoelectric devices are compact, quiet, environmental-friendly and highly reliable,
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they are widely used in solar energy conversion [38], electronic cooling [39], residential air
conditioning [40], and waste heat recovery [41, 42]. As all-solid-state energy converters,
thermoelectric devices are natural good choices to recover the waste heat from SOFCs. To date,
some scholars have employed TEGs to harvest waste heat from high-temperature fuel cells such as
molten carbonate fuel cell [43], phosphoric acid fuel cell [44] and SOFC [45] for additional power
generation. However, no one has yet used thermoelectric devices to recover the waste heat from
SOFC:s for cooling production, which is usually needed in buildings.

In this work, we present a new hybrid system that uses cascading thermoelectric devices to
recover the waste heat from hydrogen-fueled SOFCs for cooling applications. Based on
electrochemistry and non-equilibrium thermodynamics, the primary irreversible losses of each
component with the hybrid system are described. The integration characteristics between the SOFC
and thermoelectric devices will be investigated. Analytical expressions for evaluating the hybrid
system performance will be given, through which the generic performance characteristics are
discussed in detail. The feasibility and effectiveness for the proposed system will be demonstrated by
comparing with the stand-alone SOFCs. Furthermore, extensive parametric studies will be employed
to reveal the sensitivity of the hybrid system performance to some design parameters and operating
conditions.

2. System description

The proposed hybrid system consists of an SOFC, two thermoelectric devices and a regenerator,
as shown in Fig. 1. The thermoelectric devices consist of a TEG and a TEC, and the regenerator
absorbs the heat in the outlet exhaust products to preheats the inlet reactants from ambient

temperature T, to the SOFC operating temperature T. The SOFC electrochemically converts the
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fuel chemical energy into electrical power and high-grade waste heat. One part of the waste heat,
Q, (I s, is transferred from the SOFC at temperature T to the TEG for additional electrical
power generation via the Seebeck effect, and the generated electricity is subsequently delivered to
power the TEC, which extract heat, Q. (J s), from the cooled space at temperature T. based on
the Peltier effect. Another part of the waste heat, Q, (J s*), is consumed to compensate the
regenerative losses in the regenerator. The rest part of the waste heat, Q, (J %), is directly rejected
to the environment. Q, and Q, are heat-transfer rates between the environment and the TEG and
TEC, respectively.
For simplification, following assumptions are adopted [46-50]:

e SOFC and thermoelectric devices are in steady states;

e Operating temperature and operating pressure of the SOFC are constants and uniform ;

e Reactants are completely consumed in the SOFC,;

e Newton’s law is used to describe the heat transfers within the system;

e Thermoelectric elements in TEG and TEC are identical;

e Geometric configurations of the thermoelectric devices are in the optimum form;

e Thermoelectric elements are insulated both electrically and thermally from their

surroundings, except at reservoir-junction contacts;
e Electric current flows along the arm of a thermoelectric element;
e External heat-transfer irreversibilities between the thermoelectric devices and the heat
reservoirs are neglected;
e Seebeck coefficient, thermal conductance, electrical resistance, and figure of merit of the

thermoelectric devices are independent of temperature;
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e Thompson effects in thermoelectric devices are neglected.
2.1. SOFC
The typical SOFC shown in Fig. 1 is made of Ni | YSZ | LSM with hydrogen as fuel and air as
oxidant. The SOFC electrochemical performance is deteriorated by activation, concentration and
ohmic overpotentials, which can be characterized by the Bulter-Volmer equation, dusty gas model
and Ohm’s law, respectively. Adopting the electrochemical model in previous papers [51, 52], the

power output P,,.. and efficiency 7. fora SOFC are given by

I:>SOFC =VI = jA(E_Vact,a _Vact,c _Vcon,a _Vcon,c _Vohm)’ (1)
and
P
Nsorc = SOF? ' (2)
~AH
where
- RT - - 2
Vo =Rl ginnt| I | SR 1 1) (I=a o), 3)
Y F 2Jo,l F 2Jo,l 2Jo,l
1+ jlj
Vcona:ﬂln ﬂ ) (4)
©2F 1=l
N -
e =Lin - , (5)
©AF |G 16, +(Co, ~C; 16, )exp (L, JAS,, / (4FC; D))
V., = (i+i+ij (6)
Ga O-C O-e
_ 72X[D, (D, +D,)sle( P, (P Ea
JO,azya 2 z : > e M0 eXp -2 y (7)
D Dp(l—\/l—X )\ Per J{ Pe RT
_ 72X[D, (D, +D,)ele (P \V*°  (-E,..
Joo =V = 22 | exp| 2|, ®)
D2D*(1-+1-X2) \Pu RT

and
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2.2. Thermoelectric devices

As shown in Fig. 1, the TEG and TEC are operated between the heat sink (i.e., the ambience)
and the SOFC and the cooled space, respectively. The number of thermoelectric elements in TEG
and TEC are m and n, respectively, and the thermoelectric elements are electrically connected in
serials. Each element consists of a P-type semiconductor leg and an N-type semiconductor leg which
are connected by a thin copper. Neglecting the Thomson effect, the internal irreversible losses inside
a thermoelectric element are mainly from the Joule heat and the heat-conduction losses between the
hot junction and cold junction. The Joule heat generates an amount of heat 1R, where I, is the
electrical current flowing through a thermoelectric element, and R, is the internal electrical
resistance of a thermoelectric element. The heat-conduction losses in TEG and TEC are, respectively,

mK (T -T,) and nK(T,-T.), where K is the thermal conductance of a thermoelectric element.

Based on the non-equilibrium thermodynamics, the heat balance equations can be expressed as [47]

Q. =aml T —05mI R, +mK (T -T,), (10)
Q =aml T,+05mI’R, +mK (T -T,), (11)
Q, =anl T, +0.5n1’R, —nK (T, - T,), (12)
and

Q. =anl T; —O.5nI§R[e —nK (T0 —Tc), (13)

where a,, «, and « =(ap —aN) are the Seebeck coefficients of a P-type semiconductor leg, an
N-type semiconductor leg and a thermoelectric element, respectively.

Based on Eqgs. (10) - (13), one may define an internal structure parameter x to describe the
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ratio of thermoelectric element numbers between the TEG and the TEC, i.e.,

1-7,+i/(ZT,)

Yz, -1-i/(ZT,)’

where 7, =T,/T, 7,=T;/T,, 7=77, =T, /T, i=al /K and Z=a?/(KR,) aredimensionless

Xx=m/n= (14)

electric current and figure of merit of a thermoelectric element, respectively.

From Egs. (10) — (14), the coefficient of performance (COP) y and the cooling rate (CR) @

of the cascading thermoelectric devices can be, respectively, expressed as

Qe iz, —i*/(22T,)~1+7, |[1-7,—iz, /(ZT,) ] | 5)

Q.  [i-i¥/(2zT,)+1-7, |[1-7,+i/(ZT,)]

and

[ie1%/(271) A+ 17,1/ (2T,)]

O =Q, = Km(1+1/x)T, -

(16)

When the thermoelectric devices begin to work, both the COP and the CR are larger than zero,
i.e, w>0 and ®>0. Solving the inequalities, the effective dimensionless electric current range is
given by

I <i<ly, (17)

where i, =ZTr,|1-,/1-2(1-7,)/(ZT,z2) | and i,=ZT,(}/z,—1). Substituting i, and i, into
1 0*2 2 2 0 1

Eq. (14), the corresponding internal structure parameters are

X1:(Tl—T\/l—Z(l—Z'Z)/(ZTOTZZ))/|:1—Tl—(1—\/1—2(1—’[2)/(21-0‘[22))T:l and X, —>»

respectively. To make the thermoelectric devices effective, the internal structure parameter of the

thermoelectric devices should be designed as
X> X (18)
Considering the exergy content difference between the cooling load and the electric power [53],

the equivalent power output P, and efficiency 7, for the cascading thermoelectric devices can be

9
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expressed as

*/(221,) -1+ 7, [[1-7, —in (2T,

iz, —
Pe =Qc |1—T0/Tc|: KTom(1+1/ X)|1_T0/TC|[ 2

, 19
1-7) (19)
and
ir, —i%/(2ZT,) -1+ 1—7,—it, /(2T
ntd=ﬁ=|<T0m(1+1/x)|1—T0/TC|[T2 [(22T,) Loz, Jl1-7 iy 0)1 (20)
Qu (1-7)Q,
2.3. Regenerator
The thermodynamic losses in the regenerator are often expressed as [54]:
Qe =K A Q=BT -Ty), (21)

where K., A. and g are the heat-transfer coefficient, heat-transfer area and the effectiveness of

the regenerator, respectively.
2.4. Performance of the hybrid system

The heat leakage rate Q, between the SOFC and the environment can be described by [54]
Q =KA-T,), (22)
where K, and A, are the heat leakage coefficient and area, respectively.

According to the energy conservation law, one has

. AAh .
Qu =—AH-Pyre —Qr QL :_F (1_7780FC) I=

23
—Ah —Ah (23)

2Fc,(T-T,) 2Fc,(T —TO)}
where ¢, =K A.1-¢)/A and c,=K_ A /A are temperature-independent composite constants
which are associated with the regenerative losses and the heat leakage, respectively.

Based on Egs. (10) and (23), the numerical relationship between the dimensionless electric

current of the thermoelectric devices, i, and the operating current density of SOFC, j, is

determined by Eq. (24)

10
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-z -\/zsz 22T -TO)_%{%‘“@_%FC) i=2(c,+,)(T —TO)} . (24)

Using Egs. (14) and (24) and the parameters given in Table 1 [43, 49, 51, 52, 55], one can
generate the curves of x~ j fordifferent T, and T,, as shown in Fig. 2 (a). Itis seen that x first
smoothly and then sharply increases with increasing j, and x increases as T. decreases or T,
increases. Compared with the variation of T., X is more sensitive to the variation of T,. Fig. 2 (b)
shows the equivalent power density varying with the equivalent efficiency of the thermoelectric

devices at different T, or T.. P P,

*
td,max ? ﬂtd,max !

and 74, move towards larger ones as T
decreases or T, increases. In a word, the thermoelectric devices display better performance under
the larger temperature gap (T,—T.) condition.

Replacing the symbol i in Eqg. (24) by the i, and i, in Eq. (17) respectively, one may
numerically determine the lower bound j, and upper bound j, between which the thermoelectric
devices enable to work. Thus, the effective operating current density interval is given by
Aj=J,— i (25)

Thus, the overall equivalent power output P and efficiency 7 for the proposed hybrid

system can be, respectively, given by

p_ = Poore + Py (Jl<J<JZ) (26)
:PSOFC (Jgh or 12]2)

and
~Sore Py (<i<i)

n= -AH (27)
= Msorc (ijl or jzjz)

3. Generic performance characteristics

11
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Figure 3 shows the generic performance characteristics and comparisons between the SOFC and
the thermoelectric devices and the proposed hybrid system. It is seen that P..., P, and P" first
increase and then decrease as j increases. Different from the trends of power densities, 75oqc
continuously decreases as j increases in the entire range, while 7, first increases and then
decreases in the region of j, < j< j,, and # first quickly decreases then somewhat increases and
finally drops as j increases. Outside the region of j < j< j,, the curves of P~ j and 7~ j

are respectively overlapped with that of Pl . ~j and 7se ~ j, and the values of P, and 7,

*

are equal to 0. It is also observed that P, is larger than both Pi.. . and Pj

td, max ?

and 7, is

*

larger than 7. . For the parameters in Table 1, P, is about 2.3% larger than P .., and

X

1, is about 4.6% larger than 7., .. Compared with the stand-alone SOFC, the performance

improvement of the proposed hybrid system is not adequately obvious. This is because the
heat-electricity efficiency of TEGs is relatively low and a large exergy destruction occurs in the
cooling processes. Moreover, j, is always different from j, ., because P,.. and B, achieve
their peak values at different operating current densities. Combining the power output and efficiency
criteria, the optimum operating ranges for current density, power density and efficiency are suggested
to be located in j<j,, P"<P__and n>1,, respectively.
4. Parametric studies
4.1. Effect of m

A larger m indicates more thermoelectric elements are employed in TEG and TEC, which
facilitates the performance improvement of the thermoelectric devices. As shown in Fig. 4 (a),
P

td,max !

bapr Jay s Js J, and Aj increase while 7, . almost keeps invariant as m

12
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262

increases, and curves of P, ~ j and 7, ~ j move rightward with increasing m. For the hybrid
system, the effects of m are only in the region of j <j<]j,, as shown in Fig. 4 (b). It is
interesting to note that P, first increases and then decrease with the increasing m, and
consequently, there exists an optimum value for m at which P__ attains its maximum. This is

X

because the increase in P, is less significantly than the decrease in for a larger m at

I:)S*OFC
which j, . exceeds jo.. ,. For parameters in Table 1, an optimum value for m is located
between 8 and 12.
4.2. Effectof T

A higher operating temperature T not only improves the performances of the SOFC and the
thermoelectric devices but also leads to larger thermodynamic losses within the system. Because the
performance deterioration caused by the thermodynamic losses is less significant than the
performance improvements in the SOFC and thermoelectric devices, a higher operating temperature
is desired. As shown in Fig. 5, P* and 7 increase with increasing T, and the values of j,, j.,
i, J, and Aj increase with increasing T. The effect of T occurs in the whole range of j
and becomes more significantly at elevated T . However, a larger T would cause some problems
such as performance degradation, slow start-up and shutdown cycles and higher costs for balance of
plant (BOP). Lowing the operating temperature of SOFCs to the intermediate temperature range
(500-700°C) has become an important topic in SOFC community [56].
4.3. Effects of p

Operating pressure not only affects the SOFC performance (via open circuit potential and
overpotentials) but also influences the waste heat quantity transferred to the thermoelectric devices.

Similar to T, the effects of operating pressure p on the system performance is in the whole region

13
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of j. Figure 6 shows that both P” and 7 increase with increasing p, and the values of P, |,

Porcma: dp+ Js» Jiv J. @nd Aj are also increased with increasing p. The effect of p on

the system performance becomes more significantly at larger operating current densities. For
performance improvement, a larger p is always more preferable, but it also consumes some
additional electricity in the inlet reactants compression processes. The black solid lines in Fig. 6
represents the operating pressure is chosen as 1.0 atm, which is the usual choice in practice.
4.4. Effects of K

Thermal conductance K significantly affects the thermoelectric devices performance, as
shown in Fig. 7 (a). Similar to the effects of m, By ... jup Ju,  Ji» J, and Aj increase

while 7, ... almost keeps invariantas K increases, and the curves of B ~ j and 7, ~ j move
rightward with increasing m . Different from T and p, Figure 7 (b) shows that the effects of K
on the whole system performance are only in the region of j, < j< j,. Outside this region, the
curves of P'~j and 75~ j are overlapped with that of the P ~j and 7y ~j,

respectively. The value of P first increases and then decreases with increasing K, while the

value of j, continuously increases as K increases. At a small K, P, is much smaller than

*

Poore  Such that the whole system performance improvement is not obvious. As K increases, the

increase in P, is less significantly than the decrease in P..., especially for the cases of
Ju p > Jsorc p - FOI the parameters in Table 1, an optimum value for K is found to be between 0.04
and 0.08.

4.5. Effects of c,/c,

The integrated parameters ¢, and c, are closely related with the thermodynamic losses within

the hybrid system. As shown in Fig. 8, the value of P almost keeps invariant for small ¢, and

14
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c,, and the effects of ¢, and c, only occur in the regionof j, < j<j,.As ¢ and/or c, increase,

the value of P, drops evidently, especially for the cases of j, , It is also seen that the

> Jsorc,p -
values of J,, j, and j, are increased as c, and/or c, are increased. Numerical calculations
further show that the value of Aj slightly decreases as c, and/or c, increase. The black solid

lines in Fig. 8 represent a special case that both regenerative losses Q. and heat leakage Q, are

negligible. In such a situation, Egs. (23) and (24) can be, respectively, simplified into

jAAh
Q4 :_JZ—F(l_nSOFC)’ (28)
and
. ZA | —Ah .
'=ZT—\/ZZT2+ZZ(T —To)—W[?(l—USOFC)J] (29)

4. Conclusions

A novel hybrid system consisting of SOFCs and cascading thermoelectric devices is proposed to
recover waste heat from SOFCs for simultaneous power generation and cooling applications. A
theoretical model is derived to evaluate the hybrid system performance, considering various
irreversible losses in the system. A numerical relationship for the output electric currents of the
SOFC and the cascading thermoelectric devices is derived, and the current density interval of SOFC
that allows the thermoelectric devices to work is determined. The internal structure parameter X
and equivalent power density and efficiency of the thermoelectric devices varying with the heat
reservoir temperatures are revealed. The performance parameters for the hybrid system are specified
under different operating conditions, and the generic performance characteristics are demonstrated.
Numerical calculations show that the power density and efficiency of the proposed system allow

2.3% and 4.6% larger than that of the stand-alone SOFC, respectively. Comprehensive parametric
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studies are conducted to discuss the effects of some design and operation parameters on the hybrid
system performance. It is found that there exist optimum values for the number of thermoelectric
elements in TEG and the thermal conductance of a thermoelectric element for maximizing the hybrid

system equivalent power density.
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Table captions:

Table 1. Parameters used in the modeling [43, 49, 51, 52, 55].

Figure captions:

Fig. 1. A conceptual diagram of an SOFC/ thermoelectric devices hybrid system.

Fig. 2.

Fig. 3.

Curves of (a) x~ j, and (b) P, ~n, at different T, or T., where P, =P, /A is the

equivalent power density of the thermoelectric devices, P,

td,max

and 774 . are respectively
the maximum power density and maximum efficiency of the thermoelectric devices, Py,

and 7, , arethe power densityat 7, .. and the efficiency at P . . respectively.

td,max !
Comparisons of (a) power densities and (b) efficiencies between the SOFC, thermoelectric

devices and hybrid system, where /A and P =P/A are, power densities for

*
PSOFC = PSOFC

SOFC and hybrid system, respectively; Pirc o Py

td,max

and P, are maximum power

X

densities of the SOFC, thermoelectric devices and hybrid system, respectively; is the

ntd ,max

maximum efficiency of the thermoelectric devices; j, and 7, are operating current

density and efficiency at P

max !

respectively; j., is the operating current density at

*

Poorc.maxs Jup @nd  j,, are operating current densities at P

td,max

and 74 o rESPECtively;
Js Is the stagnation current density from which the SOFC does not output electricity any

more.

Fig. 4. Effects of the number of thermoelectric elements in TEG on the hybrid system performance.

Fig. 5. Effects of the operating temperature on the hybrid system performance.

Fig. 6. Effects of the operating pressure on the hybrid system performance.

Fig. 7.

Effects of the thermal conductance of a thermoelectric element on the hybrid system

performance.
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469  Fig. 8. Effects of the thermodynamic losses related parameters on the hybrid system performance.
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Table 1

Parameter Value
Operating pressure, P (atm) 1.0
Operating temperature, T (K) 1073

Anode interface gas compositions
Cathode interface gas compositions
Activation energy for anode, Eacta (J mol™)
Activation energy for cathode, Eacic (J mol™)
Electrode porosity, ¢

Electrode tortuosity, ¢

Average pore diameter, Dy (m)

Average grain size, Ds (m)

Average length of grain contact, X

Anode thickness , La (m)

Anode electric conductivity, ca (1 m™)
Cathode thickness, L (M)

Cathode electric conductivity, oc (Q* m™)
Electrolyte thickness , Le (m)

Electrolyte ionic conductivity, ce (! m?)
Effective surface area of the SOFC, A (m?)

Sectional area of a thermoelectric element, (m?)

Heat conductivity of a thermoelectric element, K (W

Kim?)

Figure of merit of the thermoelectric materials, ZT,

Number of TEGs, m
Constants in Eq. (23), c,; ¢, (Wm?2K?)

Temperature of the ambience, To (K)

Temperature of cooled space , Tc (K)

95 % Hz +5 % H.0
79 % N2 +21% O3
1.0x105[51]
1.2x10° [51]

0.48 [51]

5.4 [51]

3.0 x10°°[51]

1.5 x10° [51]

0.7 [51]

5.0x10*
8.0x104[52]
5.0x10°

8.4x10° [52]
5.0x10°
3.34x10%xp(-1.03x10%/T) [52]
4.0x10%

0.005 [55]

0.04

1.0 [49]
8
0.1; 0.1 [43]

305
290
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