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Abstract. In PEM fuel cells pure hydrogen is used as a fidek to its low density, the density of its stoestergy is low, too.

One of the possible solutions to the problem isdpotion of hydrogen from the energy-reach materafj. methanol.

Conversion of methanol to hydrogen is made withrraér in a steam reforming process in which besmethanol there is also
water needed. On the other hand, water is oneeoptbducts in the reaction between hydrogen andeaxyn fuel cells. The

guestion we wanted to answer was what is the tedédr balance in a system consisting of a methafofmer and a fuel-cell-

based generator set and should water be supplisghmved from the system. The paper presents alroapable of assessing
the water balance using some simple assumptionscantmercial data from suppliers of fuel-cell systeand methanol

reformers. The model shows that in normal statesbgnusing a commercial reformer and a fuel-ceditem, there is always a
surplus of water present. With an example of aesgstonsisting of the Genesis 20 LE Methanol Reformer Nexa™ Fuel-cell

Power Module it is shown how the parameters fovthter-balance model can be assessed.
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1 INTRODUCTION 2 WATER BALANCE ASSESSMENT

PEM fuel cells use hydrogen as a fuel. Being a ve

light element, its energy density is small despgédigh

burning temperature. This means, that hydrogeragéor |n order to obtain an insight into the topic, wen dast

requires a lot of space. One possible solutionh® tyse a simplified reformer/fuel-cell system.

problem is a simultaneous production of hydrogemifr

higher-density materials, such as methanol. As seen from the above equations, to transform one
methanol molecule, we need one water molecule and

Transformation from methanol to hydrogen takes @laahe reaction yields tree hydrogen molecules. Inside

in a fuel reformer on the basis of steam reforniin®].  fuel cells, one water molecule is produced for each
The following reaction takes place: hydrogen molecule.

Y1 Simple assessment

CH,OH +H,0 - CO, +3H,. (1) One can see that in this simplified model, wates tta
be constantly removed from the system, as morerwate

The reaction inside the PEM fuel cells is as folow molecules are produced in fuel cells than usedhén t
reformer.

H2+%02 . H,0. @)

o _ 2.2 Detailed assessment
We can see that inside the fuel cells water is peed, N ]
while in a fuel reformer it is used. The actual conditions are not as simple. T output

of the reformer also contains some water and wiater

The aim of this work is to analyze the water batainca  &/S0 present in air supplied to the fuel cellsiginot
reformer/fuel-cell system, or to find out if the tehas Pure oxygen that is used but the air is taken fthen

partially in the form of liquid and partially in ¢hform

of steam (from which water can still be extracteipt

all of the hydrogen is used in the fuel cells; wtls
hydrogen is removed through the anode exhaushisn t
assessment, water losses through the exhaust on the
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may diffuse through the PEM membrane and exit the

system together with unused hydrogen). . Maryairt M0
I’]HZO (alrl) = [Rv (renvironmen) ' (7)
co, + Ho INPUT AIR H,0 mdryair
ﬂu NOT DRY)
FUEL = m
ke — — 2 _ H,0
REFORMER FUEL CELLS it Myjry = mdryairl + mdryairl [(Rv (renvironmen) ) (8)
T dryair
e where Rv represents humidity in the environmental air
H.0 AR ~HVU€ (steam)
. My 0 . : .
(airl), (T) describes the maximum ratio
WATER 5 STEAM ryair
MANAGEMENT i CONDENSER . ; .
DEVICE between the mass of water in air and the massyodidr
l M at a given temperature (i. e. whé&v=1). As usually,
EXHAUST AIR
1,0 supins (not ey dry) m denotes the mass amdl the molecular mass. From

equations (7) and (8) it follows:
Figure 1: Schematic diagram of the system and dssnflows g (7) (®)

-1
For the inputs and outputs of the fuel-cell sysi&ig.

-1
) i my
1) and water flow from the fuel cells to the refemthe M o(airD) =% 1+{RV £ (Tenvironmen)jl . (9)
following equations apply: H20 ryair
Ny, (used +ny o (airl) = ny o (steam + 3) and symmetrically

+ Ny o (liquid) o

-1
MH,0
Ny,o(exhaust= Mexhaust 1+ |:RVe><haust—2 (rexhaus):| (10)

Ny o (excesp=ny o(steam) —ny o(exhaus)+ @) H,0 ryair

+ny o (liquid) —ny o(reformen) ’
. ~We wish to establish the relation between
where nHz(usea) is the amount of hydrogen used in Ny, o (reformen and n,, (all ) relative to neyop (@l )
2 2 5

reactions inside the fuel cells. According to (2Bquals  (the amount of methanol supplied to the reformer).
the amount ofH,O in the fuel cells;n, ¢ (air 1)is the

amount of H,0 in the air entering the fuel cells; M, (@ll) = 3oy o (Used (11)
Ny,o(stean) is the amount ofH,0 in the air exiting

n used =C[h all 12
the fuel cells; ny o (liquid )is the amount of liquid oryon (Used cryon (all) (12)

H,O exiting the fuel cellsp o (exhaus} is the amount g [nHzo(reformer) - nHZO(reactionreformer) -
of water in the exhaust (output of the dehumidjfier -n (used (13)
Ny o(excesy is the amount of newly formed excess CHAOH

water; and ny ,(reformer) is the amount of water, C
supplied to the reformer. nHzo(reformeo - EnCH3OH (all) (14)
Inserting equation (3) in (4) gives: Equations (12) and (13) define constants B and €revh

Nenon (Used is the amount of methanol and
Ny o(excesy=n, (used +ny, o(airl) - i i )
2 2 2 (5) Nu,o(reactionrdformer) is the amount of water used in

=Ny o (exhaus} —ny o (reformer) the reaction (1)

Define A as:
Ny, (used = Alhy, (all), (6)

where n,;_(all )is the amount oH, supplied to the fuel From the above it follows:

cells. Thus A is the ratio betweéty, used in the fuel
cells andH, supplied to the fuel cells.
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Ny o (excesp

Newon (all)

-1
Mehon my H0 (T,
+ ST Al Mm1+| Ry 2 environmen)

1
C(SA_E) + And similarly for the exhaust:

-1
(15) Mexhaust™

. MH,0
M H,0 Mehon Maryair v M 1+ RVxhaust 2 (Texhaus) (20)
_ VexhausPMaryair2 Mdryair
=) =
-1 RT. M 4rvai m,
exhaust dryair2 H,0
_ MCHSOH Meaxhaust 1+| Ry MH,0 (T 1+ M RVexhaust (Texhausb
M ‘exhaust exhausg H,0 mdryair
H,0 Meh,oH ryair

For Mgyairz the approximate value of 29 kg/kmol can

be used. As the fuel cells consume oxygen, theageer
molecular mass of dry air changesvi@,ir2 - M gryair2

can be estimated on the basis of the known coniposit

m, R . . .
Meynause The values of H20 (T ) can be found in the Of dry air that is approximately 75.5 % of nitroge
Myryair (molecular mass of approximately 28 kg/kmol), 2302

tables, Rvis measured RV, ., €an in some cases beOf oxygen (32 kg/kmol) and 1.3 % of argon (40
kg/kmol). From this it follows that the molecularass

determined from the way dehumidification of the.will not change significantly. Assuming that allygen

(cathode_)_ exhaust is performed (e. g. if the ah the fuel cells is used, the molecular mass will
dehumidifier cools the air to the exhaust tempeeatu decrease to approximately 28 kg/kmol. To allow dor

Constants A, B and C can be estimated either fioen t
data supplied by the manufacturer [3,4], eithemfithe
measurements. The same holds true foy;, and

then Ryg,paus = 1), otherwise it is measured. more detailed calculation, we use the following
. Ny o(excesp. equation:
If the ratio —22"""js |ess than 0, water has to be q
Nch,on (all)
supplied to the system and if the ratio is gretitan O, ZMi”i M
water has to be removed from the system. M dryair2 =— = _dairz _
Z n; Ndryair2 (21)
Usually, only the data of the volumetric flows are i
available and not the mass flow measurements. air c _ MdryairNdryair = Mo, No,used
be approximated by a mixture of dry air and water Naryair ~ Noyused
steam. Therefore we can write
The following equations hold:
Vairt =Vdryair +VH,0 (16) ged
. . . = Mair1 1 22
where V,;; is the volume of air entering the fuel cells, Ndryair = el Moo ) (22)
ryair 2 )
Varyair IS the partial volume of dry air an\erzO is the 1+ RVimdryair (Tenvironmen)
partial volume of the water steam. Using the equati
(16) and the below equations: 1
No,used = 2 Ny, (used =
m 2 (23)
pv =, RT, 17) = ACncyop (all)
My o Now we only need to determine the volumetric flofv o
= RV——2 (T s ) the exhaust:
mHZO - mdryaerV ( environmeh/ | (18) :
dryair
Vexhaust:Vdryair _VOZused +VHZOexhaust! (24)
leads to:
where all the volumes are measured at the same
Mairy = temperature (exhaust temperature).
My,0
1+ Rv—=2" (Tenvironmen)
:VairlpMdryair mdryair environme (19)

RTenvi Mdryair . MH,0
environmen 1+ Y Ry z (Tenvironmen)

My 20 mdryair
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Ndryair ~No,used ™ 3 EXAMPLE
Voraust= Rexnaust| .. Narvai M dryair Mo e Mo, |(25) Performance of the developed model can be examined
exnaus p Y Mpo T My by using a real system. Due to the lack of measured
Mo data, this example relies on the data providedhey t
RVexhaust ’ 2_ (Texhaust) manufacturers.
ryair

_ _ _ A reformer of a 75 % efficiency rate is used.uhs on
Inserting equations (22) and (23) yields: a mixture of 65 % of methanol and 35 % of water, [3]
On the fuel-cell side there is a Nexa Power Module

1.4+ Meryair Rvexhausthzo (Toroe) plant__ mqnufactured by Ballard [4]. The exact
Vornousi= RTexhaust Mairn  MH,0 Mhryair specifications prob_ably differ from_the ones usﬁbto_,_
P Mayar gy g, MO @ ) (26) they vary depending on the environmental conditions
Miryair and load. However, the aim of this example is to
_ Rlesnaus3 g (all)<1+ Mo, o, Mo )> demonstrate that the model parameters can easily be
p 2 CHOH Mio o e o estimated thus enabling the water balance to be
computed.

All the above equations can be inserted into the
equation (15). The result is an equation descrittirg /'S S€€n from the report and papers [5,6,7], aidad,

number of excess water molecules (in averagd® fuel cells are supplied with 0.02771 g/s ofrogen
produced in the system for each supplied fuel magec oM which fuel cells consume 0.02651 g/s. So:

The above equations do not take into account thenw A — 0-02651= 096 (31)
there is a lack of oxygen, chemical reactions doran 0.02771

optimally. The estimated minimum air flow Assuming that the reformer has a 75 % efficienbg, t
guaranteeing the sufficient amount of oxygen fog thratio between the burning heat of the produced

reaction (2) is: hydrogen and the burning heat of methanol is Q/Fp
This helps us estimate parameter C. If all the amath
No, ngcncHSOH (all) (27) molecules reacted according to equation (1), there

would be three times more hydrogen molecules than t
number of the methanol molecules.
For oxygen in air the following applies:

N Mepon Meyon tHAVG, o4 = 0y, My, THHV,,, (32)

_ Xl]ndryairl _ X Mair1
n02 - M - M m ’ (28) . )
0o, 0 14 Ry M0 (Torui ) where HHV stands for specific burning heat. For
Maryair o hydrogen, this value is 141.9 MJ/kg and for methano
22.7 MJ/kg.
where X is the relative mass of oxygen in air. FI(@T)
and equation (28) it follows that the minimum mass Ny, _  HHVeuon Meuon
flow is: =n =1,92 (33)
. Nenon HHV,, M,
Mo My,0
Majry = =[J1+Rv : (Tenvironmen) D:EACQZHaoH (29) C DE 064. (34)
X Maryair 2 3 !
Inserting it in the below equation Knowing that the reformer used a mixture of 65 % of
Maryair _ MH,0 methanol ;) and 35 % of water X,) (volumetric
1+———Rv ) (Tenvironemn) .
V... = RlenvironemtMair1 Mu,0  Maryair (30) parts), the below parameters can be estimated:
airl pM dryair mHZO
1+Rv (Tenvironmen)
Mdryair _ pCH3OH v D(1
Nenon =, (35)
MCH3OH

yields the minimumvy,4i. €. the minimum volumetric

flow which (at 100 % of the oxygen consumption)l sti
guarantees the optimal performance of the fuescell
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_ Puo V [k, (36) 1.5

Mhyo M
H,0

The water density is approximately 1000 and that ¢
methanol is 792 kilograms per cubic meter. So:

n M x.
HO _ CH,OHPH,0 X2 _ 121:1_ 37)

NcH,oH  Mu,00cH,0n B B

n(surplus water)/n{methanol)

By supplying 1.21, which would be 1 if there are nc . . . ‘ .
losses, we can estimate that: =0 0.2 0.4 0.6 0.8 1
Relative humidity of input air

1
—=121 38
- (38)

Figure 2. Excess water in the fuel cells and reforgystem as
) a function of the relative humidity of input air
The mass flow of methanol was estimated on thesbase

of the known mass flow of hydrogen supplied tofti  But on the other hand, it is not important weattier
cells. temperatures are the same or not and we can observe
lower relative humidity which is the same as if the
(39) temperature of the input air were lower). At a
temperature of 0 °C, the saturated humidity is
approximately 5 g of water vapor/kg, at 25 °C
1 Mcpon approximately 20 g/kg of dry air, at 35 °C
MeH,0H =35 B M, 10239/s. (40) approximately 40 g/kg of dry air and at 50 °C
H2 approximately 95 g/kg of dry air. From Figure 2 gan
Now we W|Sh to knOW What iS the I’atiO betWeen the asee that the amount Of produced water Wou|d be
flow and the minimum air flow. Based on equation%suﬁicient 0n|y at h|gher temperatures (above°m

(29) and (30), the minimum air flow was calculated and at a simultaneous high dryness of the envirotmhe
be 0.81 |I/s. According to the manufacturer;,.

specifications the maximum air flow to the fuellsab

1.5 I/s (which is approximately 1.6 I/s at 25 °Thus, | the air pressure is 1 bar, environmental ankaest

this air flow is up to two times greater than thgemperature is 25 °C and air volumetric flow is I
minimally allowed air flow at a full load that stil realistic conditions for operation of the fuel-cell
guarantees a sufficient amount of oxygen. generator Nexa are given. In such case, the water

produced by the fuel cells is sufficient for prapgrof a

Using the available data, the parameters for ostesy mixture of methanol and water required by the neter.
(at stationary conditions) at a full load were restied to

1
c DhCH30H = gnHz

be:
4 CONCLUSION
AL 096, The methanol reformer and the PEM fuel-cell systems
1_ are nowadays often used in practical applicatiosa a
—=121and . .
source of electric energy. The reformer providesepu
CLC 064 hydrogen that can be transformed into electric ggnby

an appropriate electrochemical reaction in the fedls.
with the mass flow of methanol beingByproducts of this reaction are heat and deionized
Men,on 0 0234/s. water. Based on relatively little information olotad

from technical documentations by the PEM fuel-cell
and methanol reformer manufacturers and on some
simple assumptions, this paper presents a modginigel
us to determine the actual water balance in thesys
Based on the example of the Methanol Reformer
20LE/Nexd" Power Module system, we can draw
conclusion that commercially available fuel-cell
systems with realistic water production (which is a
byproduct of generator operation) can be used @t fu
reforming purposes in the methanol reformer. We als

Fig. 2 shows the relative amount of the excess mase
a function of the relative humidity of the air eritg the
system. The parameter is the saturation humidigy (i
temperature) of the input and output air (the terajuee
of both is assumed to be equal, which is not cotaple
true.
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show that under normal operating condition and by
using commercially available devices, there is gan
excess of water produced by the system that carsda

for various other purposes.
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