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ABSTRACT

This article aim is to evaluate the performances of an adsorption system driven thanks to the
heat rejected by the post-combustion exhaust gases of a reformer/fuel cell system for residential
air-conditioning application. Three adsorption pairs were compared: activated carbon/methanol,
silica gel/water and zeolite/water. Taking into account both cooling power and sensitivity to

performances of the heat rejection and recovery exchangers, it appears that zeolite 13X/water is
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the adsorption pair giving the best performance for this application. Nevertheless, a more

detailed model would be of interest to better quantify the heat transfer impact on performance.

Keywords: adsorption, residential air-conditioning, fuel cell, combined heat and power (CCHP)

NOMENCLATURE

C G specific heat capacity (J.kgt.K™h
COP Coefficient of Performance )

D Coefficient in Dubinin Astakov eq. (1) (Kh

AH heat of adsorption (J.kg™)

L heat of vaporization (J.kg™h

M mass (kg)

m mass flow rate (kg.s™)

n Coefficient in Dubinin Astakov eq. (1) )

P pressure (Pa)

q adsorption capacity (kg-kGass )
0 heat flux (W)

T temperature (K)

UA overall heat transfer coefficient (W.K™
Greek

A thermal conductivity (W.m*.K?h
P density (kg.m?)
subscripts

0 saturation

a adsorber

ads adsorbent



cd condenser

Ccw chilled water

d desorber

ev evaporator

fl adsorbate

gas fuel cell exhaust gases
HW hot water

I liquid

met metal

% volumic

% vapor

Wrej heat rejection unit fluid

1 INTRODUCTION

Compared to classical cogeneration systems, fuel cells can prevail from various advantages for
residential applications: low noise level, potential for low maintenance, excellent part load
management, low emissions and a potential to achieve an overall efficiency of 85-90% even
with small units (Onovwiona and Ugursal, 2006). However, only electricity/heating
cogeneration has been considered most of the time although few studies can be found on

electricity/heat/cold production using absorption units (Weber et al., 2006).

The aim of this paper is to explore the theoretical performances of natural gas fired fuel cell
systems using adsorption-based systems for cooling. In the reformer/fuel cell system, various
heat fluxes are available at different temperature levels (more than 300 °C for the reformer

exhaust gases to 80°C for the PEMFC cooling loop for example). Hence, various options are



available to drive the adsorption system. The adsorption system is designed as simple as
possible (no heat/mass recovery) in order to minimize the capital cost and the complexity

because of residential application.

This study presents a numerical investigation of the potential performance of such a system in
terms of cooling capacity and COP but also in terms of volumic and specific cooling capacity.
Three different adsorption pairs are considered (water/zeolite, water/silica gel,

methanol/activated carbon).

2 MODEL DESCRIPTION

2.1 Fuel Cell System

The fuel cell system consists of the fuel cell coupled to the reformer where natural gas (NG) is
converted to hydrogen. The energy inputs and outputs are represented on Figure 1 for a system
tested at N-GHY facilities:

As it can be seen on figure 1, two heat sources can be used to drive an adsorption unit:

e The first one comes from the cooling loop of the fuel cell stack. However, the available
power is limited (3.7 kW) and the temperature rather low (65 °C). Hence, this source
will not be considered but it has to be pointed out that it could be used for hot water
production in residential applications.

e The exhaust gases are the second available heat source. The temperature is high
(1026 °C) as they come form the post-combustion unit where the remaining hydrogen,

which was not used in the fuel cell, is burned. The gases composition is (% volume



basis): N, (71.4), CO, (11.2), H,O (17.2) and various trace gases (CO, O,, etc.) and the

pressure is close to atmospheric.

The heat will be recovered from the exhaust gases by means of an intermediate heat exchanger

(HX) between the adsorbers and the gas stream.

2.2 Adsorption unit

The adsorption unit is made of two adsorbers alternately connected to the evaporator or the
condenser. The heat is recovered from the post-combustion exhaust gases thanks to the heat
recovery heat exchanger (HX.c) while the heat rejection heat exchanger (HXy;) is used to reject
the heat to the ambient. The basic cycle for refrigeration by adsorption with no mass or heat
recovery is used to keep the system as simple and robust as possible. Hence, the adsorption
cycle is divided into four steps: pre-heating, desorption, pre-cooling and adsorption. Whatever
the adsorption pair, the components of the adsorption unit are the same (given geometry). They

are presented on Figure 2 and their mathematical model described hereafter:

adsorption pair

Three adsorption pairs are tested (adsobent/adsorbate-refirgerant): activated carbon
AC35/methanol, zeolithe 13X/water and silica gel RD/water. For the activated carbon
AC35/methanol the Dubinin-Astakhov model is used (Passos, 1986 cited by Leite and

Daguenet, 2000):

p n
qg=0q -p;(T) exp —D{T-In( ?t H 1)



where g is equal to 0.407 dm°/kgags, D t0 3.22 107 K™ and n to 2.195.

For the silica gel RD/water, the data given by Chua et al. (2002) are used. The authors used

Toth model to predict the adsorption equilibrium:

q= ' @)

where K is equal to 7.30 10™%° kg.kgags*.kPa™, AH to 48474 J.mol™ (isosteric heat of

adsorption), go to 0.45 kg.kg.g " and t to 12.

For the 13X/water pair, a three term Langmuir equation is used (Ben Amar, 1993):

do1-bg-P dgp-bp-P qgz-b3-P
= + +

= 3
a 1+b1P 1+b2P 1+b3P ®)
3 3
a; C: E.
where o1 = ZT_Ii;qOIZ = ZT_Ii;qOB =0.374—q0,1 —dg.2 by = bO,i exp(?'J
i=1 i=1

The value of the parameters a;, C;, by, and E; are given in Table 1.
The sorption isosteres of the three pairs are plotted together on Figure 3.

adsorber

The heat exchanger of the adsorber consists of fins (aluminum) and tubes (copper). The outer
dimensions are: height 0.27 m, width 0.33 m and length 0.65 m. The fin pitch is 7 mm

corresponding with a total number of 78 fins. The total heat exchange area is 13 m?and the



inner volume is equal to 0.058 m®. The tube total mass is equal to 11.47 kg while it is 2.49 kg
for the fins which corresponds to an overall Mc. equal to 6630 J.K™ per adsorber. The themal
inertia of the adsorber shell is not taken into account as usually its temperature cycling is quite

smaller than that of the heat exchanger and the adsorbent.

The temperature inside the adsorber is assumed homogeneous so that the energy balance during

the desorption step is given by:

| -
—MC et + MCyys + Madsqdcp,ﬂ Tgq = AH{ - Mygs -
dt dt 4)

MHw Cp, HW (THW,in = Thw, out )

The outlet temperature of rejection fluid is calculated thanks to the following equation:

“UA _I(m. ¢
Tuw,in = Td + (Thw,out ~Tg)-¢ = (1) (5)

During the adsorption step, the sensible heat to increase the vapour from the evaporation
temperature to the adsorption temperature is taken into account. The mass flow rate of the heat

rejection unit is assumed to be equally distributed between the condenser and the adsorber.

| Ir.) e
— \MC et + MCygs + Madsqacpl,fl Ta = AHg - Mygs =
dt dt
] " (6)
d; Wrej ( )
Mcadscpv,fl d (Tev o Ta )+ Cp,Wrej TWrej,out - TWrej,in
t

The outlet temperature of rejection fluid is calculated thanks to the following equation:



mWrej
_UAads / Cp,Wrej
_ 2
TWrej,in =Ty + (TWrej,out - Ta) "€ )

where

e
1 ! + ads + 1 (10)

UA ads h WrejAWrej A ads A ads h ads A ads

The values of heat transfer coefficient for the adsorbent can be found in the literature (Meunier,
1998, Poyelle et al., 1999, Chua et al., 2002) while the values for the cooling medium side were
calculated. The different parameter values are reported for the different configurations in Table
2. The heating fluid is pressurized glycol-water for AC35/MeOH and RD/H,0 systems, while
oil (Therminol 66, SwanTek) is used for 13X/H,O when the aim is to heat up the adsorber

above 170 °C.

Thanks to its higher density, the silica gel RD loaded mass (40.2 kg) is 50 % and 28 % higher
than that of the AC35 (26.7 kg) and that of the 13X (34.2 kg), respectively. This is of course a
good point as the refrigerant mass depends directly on the adsorbent mass. However, this extra
amount of adsorbent mass will increase the thermal inertia of the adsorbers: +97 % for the RD
and +52 % for the 13X compared to the AC35.

As it can be seen as well, silica gel RD exhibits an overall heat transfer coefficient close to that
of AC35 whereas it is about twice lower for the 13X. This will impact directly the time to heat
up or cool down the adsorber and hence the achievable cooling power. However, using oil
instead of glycol water as secondary fluid has nearly no impact, which confirms that the heat

transfer is limited by the adsorbate side in all cases.

heat recovery heat exchanger (HXrec)




In order to avoid hot spots in the adsorbers (which could be deleterious with the use of methanol
as working fluid) it was chosen to use a gas/liquid heat exchanger to connect the adsorbers to
the warm heat source. As the temperature on the gas side is high, it will be of parallel flow type.
Considering the composition of the exhaust gas, the dew point temperature is about 58 °C so
that water condensation could not occur, Tg.sou Staying above this value thanks to the parallel

flow configuration. The outlet gas temperature Ty o4t IS Calculated thanks to the following

equation:
T Tinn
gas,in HW,,in
Tgas,out = Tgas,in * . “Wrec (11)
where
riL—e™™ M gas Cp,gas UA o (1-1)
Viec = r=-m=—"" (12)
r-1 MpwCp, HW MgasCp,gas

Three values for UA. will be used: 25, 50, 100 W.K™, which could be converted to heat
transfer areas of 0.5, 1 and 2 m? assuming an overall gas/liquid heat transfer coefficient of

50 W.m2.K™,

heat rejection heat exchanger (HX;)

The heat rejection unit is of air coil type, with no fan in order to minimize the electricity
consumption of the unit. Hence, on the airside, free convection dominates the heat transfer with

heat transfer area of 130 m? The outlet temperature for the liquid is given by:

_UAre' /(mWre'c Wrs')
Twrej,out = Tair * (TWrej,in —Tair) - © : e (13)



The coefficient UA . is determined thanks to usual correlations for forced and free convection.
Assuming a temperature pinch of 10 K and a temperature between 30 and 40 °C for the air, the

average UA,; is 1066 W.K™ if secondary fluid is glycol-water and only 900 W.K™ if oil is used.

condenser

For the condensation a plate heat exchanger is used. The plate height is 0.46 m with a width of

0.2 m and fourteen plates are used. The energy balance is written as:

d
i(I\/Iccd-rcd )+ L-Mags o =
dt dt a5)
dggy M \wrej ( )
+ I\/ladscpv,fl g (Tcd _Td )+ Cp,Wrej TWrej,out _Tch,out
t

For the thermal inertia, only the metal mass is taken into account, all the fluid being stored in

the evaporator (M = 14 kg and Mc = 5443 J.kg™). The temperature Twedout 1S given by:

mWre
-UA [ ¢
¢ 2 p,Wrej
Twed,out = Ted + (Twrej,out = Ted) - © (16)

UA.q is calculated thanks to the correlations given by Wrfel and Ostrowski (2004) for the
determination of the heat transfer coefficient on condensing and secondary fluid sides. Values
for the different fluids are reported in Table 3 for a flow rate of 0.5 kg.s™ for the secondary fluid

and a condensing temperature of 40 °C.



Using methanol instead of water results in a heat transfer coefficient decrease of about 46-50 %,
depending on the flow rate. As it will be seen in section 3, as the condenser geometry is given,
the condensing temperature will be higher for MeOH than for water.

Thanks to early estimation of the refrigerant flow rate, its impact on the heat transfer coefficient
was studied. Decreasing the refrigerant flow rate by a factor of 2.5 decreases the heat transfer
coefficient by 26 % for methanol and 19 % for water. To take into account this parameter while
keeping a rather simple model, a mean value will be used in the calculations.

Using oil instead of glycol water as secondary fluid lowers the performances by about 80 %.

Again, this will result in higher condensing temperature.

evaporator

A tube and shell heat exchanger is used as evaporator (length: 1.5 m, 34 tubes of 6 mm outer
diameter and an inner diameter of 90 mm for the shell). It is equipped with a pump to recirculate
the refrigerant. The chilled water return temperature Tcw in is assumed constant (12°C) while the
outlet temperature Tcw ot Will be determined thanks to an equation equivalent to eq. (16). The

evaporator energy balance is given by:

d dg,
d_{(MCev,M + IVICev,fI )Tev }+ L-Mags d_ -
t t
(17)
dggy )
+ I\/Iadscpl,fl d_(Tev B Tcd )+ rnCWCp,CW (TCW,in _TCW,out )
t

Thanks to a recirculation pump the evaporation can take place on falling film mode, so that the
correlations given by Liu et al. (2002) are used for the determination of UA,,. The recirculation

rate is taken equal to five and UA,, values are reported in Table 3.



The same behaviour than for the condenser is found, with heat transfer coefficient decreased
when using methanol instead of water. However, the decrease is only about 25-29 % compared
to nearly 50 % for the condenser. In the same way, the impact of the mass flow rate is rather
limited: between —10 and —14 %. Hence, as for the condenser, average values will be used

during the calculation.

3 RESULTS

The set of ODE/DAE is solved using DASPK 2.0 solver. Performances and operating
temperature as a function of the half cycle time for the three adsorption pairs are reported in
Figure 4 for the cooling power and COP and on Figure 5 for the chilled water and condensation
average temperature (cycle basis) and for the maximum temperature reached in the adsorber
(end of desorption step). For convenience, the reduced half-cycle time was used; it is equal to
the ratio of the half-cycle time to the maximum one (2000 s for RD/H,O and AC35/MeOH and

4000 s for 13X/H;0).

From the three pairs, the silica gel RD/H,0O one appears to be the less competitive one. The
maximum cooling power is 3.27 kW for a COP of 0.42 compared to 4 kW for COP = 0.51 and
3.78 kW for COP = 0.52 for AC35/MeOH and 13X/H,0, respectively. This could be explained
by the limited mass cycled because of isotherm characteristics. To highlight this point, the
theoretical cycles obtained at maximum cooling power (i.e., the condensing and evaporating
temperature are the averaged values given on figure 5) were plotted on figure 6. For RD the
amount adsorbed is equal to 38 g.kgags ™ at the end of the adsorption step and 8.8 g.kg.s ™ at the
end of the desorption step. So, the corresponding cycled mass is almost equal to 30 g.kgags . At
optimal operation, these values are equal to 348 ; 86 and 262 g.kgags ", respectively for 13X.
Hence, the ratio is about 8.7 in terms of cycle mass per kg of adsorbent. The higher density and

global heat transfer coefficient of RD over 13X are not sufficient to overcome this aspect. It has



to be noticed as well that RD is designed to work at low driving temperature (figure 6), which

could explain as well its rather poor performance in our case.

The AC35/MeOH exhibits the greatest performances. However, as the adsorbent temperature
should not exceed 130 °C because of component chemical stability, it is not possible to operate
at maximum cooling power. Referring to Figure 5, 130 °C is reached at the end of desorption
step for a reduced half-cycle time of 0.45 (900 s). The corresponding cooling power and COP
are 3.8 kW and 0.48, respectively, which is still competitive compared to 13X performances. It
should be noticed that the condensing temperatures are higher for AC35/MeOH compared to the
two others: about 44 °C compared to 41 °C. This is directly linked to lower condensing heat

transfer coefficient for methanol compared to water (cf. Table 3).

Concerning the 13X/H,0 pair, longer cycle times are needed in order to reach desorption
temperature high enough to allow cold production. Hence, for the first reported cycle (half-cycle
time of 800 s) the temperature at the end of desorption step is worth already 125 °C while the
maximum cooling power is achieved for a temperature of 226 °C. For such high temperature, it
is more suitable to use oil than pressurized glycol-water for secondary fluid. However, with oil,
the heat transfer coefficients are smaller as it can be seen in section 2. The results are presented

on Figures 7 and 8 for the three adsorption pairs for an external temperature of 40 °C.

The increase by 10 K of the air temperature has the following consequences:
¢ the installation with AC35/MeOH cannot operate because end of desorption
temperature above 130 °C
o for 13X and RD the maximum cooling power is decreased by 11% and 22%,

respectively for COP values of 0.5 and 0.34.



e using oil instead of pressurized glycol-water results in a diminution by 11% of
13X/H,0 system performances. This is directly linked to the worst heat transfer
coefficient for the condenser and the heat rejection unit: the condensation temperature

increases by 10 K reaching 60 °C.

The influence of the global heat transfer coefficient for the heat rejection and heat recovery
HXs’ were addressed. The results for the maximum cooling power are presented in Table 4. The
heat rejection unit appears to be the key element of the installation as it can severely limit the
system performances: for example an increase of 38% of UA; allows increasing by 11 to 20%
the cooling power for AC35/MeOH depending on UA.. value. At given UA, the interest of
increasing UA. remains limited as it can result in performance degradation for MeOH (because
of the maximum operating temperature at 130 °C) or limited increase: for 13X at

UA; = 820 W/K, multiplying UA. by four increases the cooling power by only 5%.

From these results, it can be concluded that if the AC32/MeOH delivers the highest cooling
power (3.96 kW for UA; = 1312 W/K and UA = 100 W/K) it is more sensitive to the heat
exchangers performances than the 13X/H,0O. Indeed, its cooling power ranges from 3.28 kW to
3.96 kW while it ranges only from 3.55 to 3.82 kW for the 13X. It means that the 13X/H,0
system will offer rather stable performances whatever the ambient outdoor temperature, which

will make easier to meet the specification.

4 CONCLUSION

A model of a poly-generation installation based on a fuel cell system was built. This model
takes into account the thermodynamic aspects but also heat transfer as they can easily limit the

performances of an adsorption system.



The AC35/MeOH offers the best performance in terms of cooling power and compactness.
However, a control system would have to control the maximum desorption temperature to avoid
rapid degradation of the unit because of methanol dissociation. In all cases, the performances
are highly sensitive to the performances of the heat rejection unit.

Hence, the best choice appears to be the 13X/H,0 system, which exhibits robust performances
whatever the heat exchanger performance. Furthermore, the control of such a system will be
easier than that of the AC35 one as there is no need to control precisely the adsorber

temperature.

To go further, taking into account more precisely the temperature dependency of the thermo-
physics properties could enhance the model. This can have a high impact on heat transfer
coefficient value. Furthermore, different strategies could be compared with the use of storage

tank between the heat recovery HX and the adsorber in order to lower the driving temperature.
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Figure Captions

Figure 1: Energy inputs and outputs of the fuel cell system

Figure 2: Description of the adsorption unit

Figure 3: Sorption isosteres of the three adorbent/adsorbate pairs: A Activated carbon
AC35/MeOH; & Silica Gel RD/H,O =» Zeolite 13X/H,0

Figure 4: Evolution of cooling power and COP for different half-cycle times

Figure 5: Evolution of the operating temperatures for different half-cycle times

Figure 6: RD/H,0 () and 13X/H,0 (=) theoretical cycles based on averaged condensing and
evaporating temperatures

Figure 7: Evolution of cooling power and COP for different half-cycle times with T, =40 °C

Figure 8: Evolution of the operating temperatures for different half-cycle times with T, = 40°C
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