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ELECTROLYTIC HYDROGEN PRODUCTION -~ AN ANALYSIS AND REVIEW

I. JINTRODUCTION

The potential advantages of hydrogen encrgpy storage systems for
electrical power generation is currently being assessed and recog-
nized by many independent utilities, institutions, and agencies.
These energy storage systems consist of three major subsystems:
production, storage/transmission, and utilization. _éﬁe current
hydrogen scenarious agree that thorough understanding of a high
efficieucy, low cost production subsystem is first priority for
this energy storage system. The favored near-term approach is
the electrolytic production of hydrogen. An initial attempt to
understand and model the characteristics of electrolysis cells is

the subject of this report.

This report attempts to analayze the inefficiencies encountered
in electrolyzer operation. Following a discussion of the thermo-
dynamics of electrolysis cell operation, current and necar future
technology of commercial units is reviewed. Information from
manufacturers is then combined with some recent research efforts
to form the basis of a mathematical representation of cell in-

efficiency. The model so constructed is tested and thus is used

to predict cell performance characteristics under various conditions.
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1I. THERMODYNAMICS

In the electrolysis of water, a current is passed through

an aqueous solution to produce hydrogen and oxygen:

Eo0 + elec, energy ——3- Hy + 1/2 0q (1)

The electrical energy is thereby converted into chemical energy

as hydrogen with a change in enthalpy at 25°C and 1 atm of

AH = 68,320 cal./g-mole

The first law of thermodynamics for a steady-flow system is

in which

For the electrolysis unit, the work term is the electrical energy

Q -

Q
W

it

]

s

Ws = AH 2)

heat added to the system

useful work dome by the system

input to the cell, and is given by

in which

Ws =-—n¢E (3)

¥ =

2, the number of electroms transferred, _
The Faraday constant = 96,500 cau!oml:s/gm equiv, . .
23,074 cal/volt - gm equiv.

the electric potential applied to the cell, volts

3
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Combining equations (2) and (3) gives

E = AH-Q "
. rEsa | {4)

For the present, interest lies in the reversible case (i.e., cell
operation at thermodynamic equilibrium) for which equation (4)
becomes

E= AH - Qrev (5)
ny

Since an electrolysis cell operates isothermally, from thermodynamics,

Qrev = THS (5)
So that
E » AH-TAS (7
rev ¥ ?

The numerator of equation (7) is simply the change in the Gibbs

free energy for the reaction, and at 25°C, 1 atm

AG = AH-TDS = 56,690 cal/gmole

The reversible cell potential is then

rev neE .

and at 25°C, 1 atm

Erev = 56,690 = 1.229 volts
2(23,074)

Equation (8) may be combined with the Gibbs-Helmholtz equation

-AG+ Al =-T__‘{A6 &)
AT
to give
- B + AH = - T d Erev (10)
rev n7{ AT
3
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Ia order to integrate this equation, the variation of AH with
temperature is needed. Since AH is also a function of pressure,

this equation is first written in terms of a standard state defined _
&3 pure compopents at 1 atm pressure. -Denéting the standard reversible

cell potential as Eo and the standard enthalpy change as AH® gives
Fo %__ AH® =7 dE, - _for p=1 atm {il)
:;5;—— T . ‘ _

The dependence of Eo on temperature tan be formulated thermo-
dynamically based on the observed heat of reaction, AHU’. For the

electrolysis reaction, the observed heat of reaction expressed

as a voltage is

( AB/n¥F ) = 1.480V @ 25°C

If the heat capacity of water is taken as 1 cal/gm - °C and that of
the gases H, and 03 as 7 cal/g-mole %C (the value for an ideal diatomic
gas) then the value of AI°/nF can be expressed as

AR /aT = 1.449 + 1,625 x 107F T 12)

in which the temperature, T, is to be expressed in °K.
Combining equations (11) and (12), integrating and using the value
of Eo at 25°C (1.229 volts) gives a relationship between Eo and
temperature

Eo = 1,449 + (1.877 - 1.625 1n T) x 10" T

adin with T in °k and (p = 1 atm) (13)
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"~ For an electrolysis cell using a KOH solutiom as®the electrolyte

the reversible ecell potential varies with pressure and KOH concentration

according to the Nergst equation

- | 1/2
Eey = Eg +(R'I!In F) im _PHZ (PO2) (14)
Qp,0

where

= reversible cell potential, wvolts

*

rev

By = standard reversible cell potential, volts,

®as given in equation (13)

R = gas constant

yo = Pressure of Hz produced, atm

02 = pressure of 0, produced, atm

8hog = activity of water in solution

The activity and pressure contributions to the reversible cell

potential in equation (14) may be separated and simplified to

E,,=Fo+ 3BT _ 1inP - RT In (‘HZO (15}
2n¥ ni
5
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'since the oxygen and hydrogen are generated at the same pressure
(the cell operating pressure, P atm}. With R=1.987 cal/gmole,~ K

this becomes

E oy = 1o449 + (.646 in P + 1.877 - 1.625 1n T -

b

0.431 1n QO H,0) x 10 (16)

it remains to express the activity of water, CIHZO, in terms of
KOH concentration, Usiang'the data of Costa 'and Grimes (ref. 1)
with x equal to the weight fraction KOH in solution,

2

E__ = 1.449 + [ .646 InP + 1,877 + 2.7 %
rev .

- 1.6251nT | = 0% T (17

Bquation (17) is the desired expression for the reversible cell
potential in terms of pressure, temperature and electrolyte con-
centraticn. An actual electrolysis cell must operate at a cell
potential of at least this value. It is instructive to return at
this point to equations {(2) and (3) to consider actual (not
reversible) operation,

Combining equations (2) and (3) gives

Q= AH-nTFE (18)

For any set of conditions (¥, T, X), the enthalpy change is fixed

since enthalpy is a state property. The cell potential,

R

o

M,
%
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E, however, depends upon cell design parameters, approaching Erev
for a well-designed system. The actual cell potential required

is always greater than the reversible cell potentiai corresponding
to the same conditions of pressure, temperature and electrolyte
concentration. ' For reversible operation, Q is a positive quantity
over the range of interest since the enthalpy change is greater
than the Gibb's free energy change, 4G , which by equation (8)
is the.same as NF E. As the operation becomes more irreversible,
the cell potential increases thereby decreasing Q. Eventually,

a point is reached where d vanishes and no heat need be added

to the systems This is called thermoneutral operation, and by

equation (18), corresponds to a cell potential

E, = AH (19)
t nT

in which Et iz the thermomeutral cell potential. For even greater

irreversibility of operation, Q becomes negative. That is, in

. reversible operation heat is required, but cell inefficiency leads

eventually to operation requiring cooling.

Electrolysis cell thermal efficiency is always calculated
based on a comparison of the actual cell potential with the cell

potential for thermoneutral operation:

e ————

4( = Er x 100 (20)
=

e o e
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The thermoneutral cell potential, Et, is used in ﬁreferegce to the
reversible cell potential, E rev? since the former rep::esents the
total energy requirement of the cell (AH), whereas the latter

corresponds to on v chat portion of the energy requirement which

must be supplied as electrical work and not as heat { AG). This

is evident from equations (8), (18) and (19).

Since water enters the system pure and not in combination
with the potassium hydroxide, the AH value is not dependent upon
KbH concenfration. The effect of pressure on AH for this operation
is rather small and neglecting this leads to the conclusion that
AHand AH° are equal. Usin;g this in combination with equations
(12) and (19) leads to |
4

E, = 1.449 + 1.625 x 107 T (21)

Equations (20) and (21) may be used to calculate the efficiency of
an electrolysis cell. Since E can be less than Et, the efficiency
can be greater than 100% but operation in this range has yet te

be demonstrated.
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ITI. REVIEW OF CURRENT AND FUTURE TECHNOLOGY | 7

IIT A. INTRODUCTION

An electrolysis cell for the production of hydrogen ]
from water consists of an electrolyte, usually an aqueous basic é
solution, circulating between two electrodes. A membrane prevents | é
the generated hydrogen and oxygen gases from mixing, and separates
the ceil into anolyte and catholyte chambers, while allowing ion q

transfer between the two. In a basic solution, the cathode reaction

is | ‘ i

21{20+2‘é — Hz+2on"

and oxygen is produced at the anode

L e L

L 208 —> 1/20, +H0+2¢

The above expressions are overall reactions with no attempt being j

made to describe the still unsettled question of intermediates,

i The anode and cathode reactions combine to give a production of
one mole of hydrogen plus ome-half mole of oxygen from ome mole
of water. A basic solution is used in preference to pure water
s0 as to increase the conductivity of the solution. This could
also be accomplished using an acidic solution but the corrosion

"

problems would be more sevevre.

1
)
;!‘
=2
T

The earliest electrolysis cells were unipolar tank-type cells

b T
VRN SERINTY

wherein a single cell could contain several electrodes, each of a
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_tion of matermals for electraafs;and_e

- fixed polariﬁy;ﬁfihe*aﬁedeewanddcetﬁddeeﬂof-tHEﬁeeilfare;seﬁerated;

by one or more membranes 50 as to prevent m1x1ng of the hydrogen .

and oxygen gasea produced. The mest common present-dey cell 1s s
>¢ of the blpolar type. In thms arrangement, eech.electrode serves

a dual role as enode end cathode., hat 15, the plate thet serves ;:_;ftﬁi;f

__cathode for the ad;acent cell.: The cells are JOlned together to

- form a pack and pressed together ﬁetween end electrodes Whlch

are charged by a dmrect current source.: The result 1s a de51gn

_physzcally resembllng a. fllter press and these units are commonly

re:erred,to as blpolar fslter press electrolyzers.' Both tenk~type L

aud fllter press des;gns are descrlbed by'Mentell (ref. 2)

Con51derab1e research was performed 1n the 1960’s on deflnlng

- the cperatlng charactermsties of water electrolyzere. The Allmson

a tzon of the effects of current densmty, pressure and EIEGtrolth""””‘

'veloclty on cell perfbrmence usrng GN KOH electlolyte at 75°C mn ai

which encompassed ail aspects of the dESlgn of an: energy depot
'electrqu515“system, Welght.and.moblllty'were establlshed as

:important,criterie in thls desxgn. In contract, the study perfbrmed

Vrefl 3)lconducted a detalled 1nvest1ga- l o

mbranes, -as. part.of a. study nr

.88 . the anode for one cell also constltutee the cell wall and 1s the fjf«H_ff

' bipolar fllﬁer—press deslgn. They-alsu conducted testlng and evalua~ L

»




by Allis-Chalmers (ref. 4) considered low capital investment as
the primary goal, This latter study was more restrictive but
resulted in technology later applied commercially by Teledyne
Isotopes. The thermodynamics and economics of the: Allis-Chalmers
investigation was presented in the classic work by Costa and

~ Grimes (ref. 1).

The design and construction of industrial water electrolyzers
was reviewed by Chapman (ref. 5).in 1965. More recently, Stuart
(ref. 6) surveyed current operating performance of commercial
units., Gregory's treatise on the hydrogen economy (ref. 7) provides
a good review of current and advanced concepts and a more thorough
review by the same author appears as part of an ONR project report
(vef. 8). Another recent review of water electrolysis was motivated
by the need for an energy storage device (ref, 9). The latter is a
particularly good source for a discussion of the maﬁy ways in which
efficiency is defined in describing electrolyzer performance. A
survey of water electrolyzers for oxygen generation has also been
performed (ref., 10) for their importance in spacecrait life-support

systems.
The present summary of currently available and future generation

electrolyzers has been compiled based on material found in the afore-

mentioned reviews together with information received directly from a

11
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few commercial manufacturers of large-scale electrolytic hydrogen

equipment (refs. 11, 12, 13, 14, 15),

Yi¥ B. -ELECTROLYSIS CELL OPERATING PARAMETERS

The thermodynamic reversible cell potential of an
electrolysis cell using KOH electrolyte is given in equation (17)

as a function of pressure, temperature and KOH concentration.

Actual electrolysis cells require a greater cell potential {over voltage)

due to the losses which occur in the cell. These losses consist of
polarization at the electrodes, concentration polarization in the
electrolyte solution, and ohmic losses in the cell. The losses in
the cell depend upon the above mentioned operating paraméters to-
gether with such cell design parameters as electrode spacing and
electrolyte velocity. The cell design parameters will be considered

in a later section of this report.

Electrolyzers are usually operated in the range 70-85°C with
operation at the upper end of this range requiring somewhat higher
pressures in order to minimize vaporization of the electrolyte,
Both from a thermodynamic and kinetic viewpoint, higher operating
temperatures are beneficial in reducing cell voltage requirements,

and at least one manufacturer (ref. 12) is actively engaged in

12
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developing new materials which will allow operation at temperatures

L]

above 120°C while maintaining cell integrity.

The effect of pressure on cell performance has been investigated
(refs. 2, 3, 4, 16) with somewhat varying results. The reversible
thermodynamic cell potential increases slightly as pressure is
increased, but due to the reduction in bubble volume, there is a
compensating reduction in the over-voltage. This point will be
discussed in more detail later for the case of solid electrodes.

The use of porous electrodes to some extent offsets the effect of
bubbles on cell performance but tﬁere are structural problems
associated with using them at high pressure. It is to be noted
that Teledyne Isotopes uses porous electrodes successfully at

70 psig.

An important operating parameter which dces not appear in
equation (17) is the current demsity. Basically, the greater the
current density, the more inefficient the cell. A typical plot of

cell efficiency vs current demsity appeiars below:

Volts

%5 _current density

13
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The first steep portion of this curve is due to activation polar-
ization at the electrodes; the steady climbing is a r;sult of
ohmic losses in the cell; the éecond steep section indicates the
approach to the limiting current demnsity, that is, the current

density corresponding to the maximum mass transfer rate consistent

with the given cell configuration and operating conditions.

The magnitude of the activation polarization term is dependent
upon electrode material, *¥For large industriai réquirements, noble
metals are too expensive. WNickel or nickel-plated steel is commonly
used for the anode due to its availability, low cost, corrosion-
resistance in KOH solution and low activation over-potential char-
acteristics. Electrode performance is improved by increasing the
effective surface area)thereby reducing the effective current

density while maintaining cell size and current, All commercial

manufacturers make use of this phenomenon in their design.

The predominant effect of electrolyte concentration on c.l1l
potential occurs due to the ohmic resistance of the electrolyte
solution. Therefore, the cells using KOH solution as the electrolyte
generally use 25-30% by weight KOH, thereby maximizing the conductivity
of the solution, Electrolyte concentration also effects the rate of
corrosion of cell components as well as the vapor pressure of the
solution. This latter fact is exploited in a static feedwater

design (ref. 17).
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All of the operating parameters discussed above affect

cost and in each case, a variation to increase the efficiency (and 5
-4 g

hence decrease the operating cost) of an electrolysis cell also ki

increases the capital cost (and therefore the fixed cost). De-

e

pending upon cell configuration and design as well as economic

factors, there is then an optimum choice of the operating para-

i meters which minimizes the sum of operating and fixed costs.

The manner in which’the operating parameters affect cost
has been fairly well established, Higher temperatures increase
efficiency thereby decreasing operating cosé but the increased
corrosion rate results in an increased maintenance and replacement

! cost. As previously described, increasing the.cell pressure
increases the efficiency but again at the expense of increasing
the capital cost because of the thicker wall construction and

safety apparatus required.

In order to discuss the relationship between current density
and cost, it must be made explicit as to whether one is concerned
with cost on an annual basis or cost per unit quantity of hydrogen
produced, Consider, first of all, cost on an annual basis. As é
current density is increased, operating costs also increase due

to a combination of increased current and increased cell potential,

15




Capital costs don't éhange and the resulting sum of fixed and
operating costs increases momotonically with increasing current
density. However, if cost per unit quantity of hydroéen produced
is considered, an increase in current density still causes an
increase in the operating costs due to reduced efficiency, but
since the hydrogen generation rate is proportional to the currcent
{and hence to the current density) the fixed cost is inversely

proportional to current density., There is some value of current

density which minimizes the sum of these costs,

IiI €, ELECTROLYSER CORPORATION LTD,

The Stuart Cell manufactured by the Electrolyser
Corporation is a tank type unit with steel electrodes, the anode
being nickel plated., It operates at about 160°F and a pressure
just exceeding atmospheric (1L0"WG) using a 287 KOH solution as the
electrolyte. The cell voltage is 2,04 v and the power consumption
128 kwhr DC per thousand cubic feet of hydrogen. The size of an
individual cell varies from the 4000 amp unit which produces 63.6
£t3 Hz/hr to a 22,000 amp unit producing 349.8 £e2 Hzlhr. Larger
requirements are handled by comnecting individual cells in series.
Electrolyser also markets packaged hydrogen generators producing

anywhere from 20 to 1000 cubic feet of hydrogen per hour,

The tank type clectrolyzer has several advantages over the

bipolar filter press design. 1t uses fewer, less expensive parts

16
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and since construction is modular, repair or replacement of a single
-

cell can be accomplished by simply removing the defective cell via
electrical connections., In a filter press type unit, the whole unit

must be disassembled if a single cell diaphragm requires replacement,

The tank type cell of course also has its disadvantages. Due to
construction, it operates at rather low current densities. and generally
requires greater floor space than a bipeolar filter press unit. Tank
type cells are also restricted with regard to operating temperature
because of their size.
szThelceli potential of 2.04 veolts at an operating temperature of
70°C for the Stuart cell can be converted into a thermal efficiency

rating with the aid of equations (20) and (21). TFirst, using equaton (21)

So that

4? = 1.505 x 100 = 747%
2.04

The cell potential may also be compared to the thermodynamic reversible

cell potential given by equation (17):

Ere‘r = 10196 v

calculated using an electrolyte concentration of 287 KOIl. The variation

of cell potential with current density for the Stuart cell is shown in Fig. 1.

17
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11l Dy TELEDYNE ISOTOPES

The Electra Cell manufactured by Teledyne is a bipolar filter
press type using porous nickel electrodes and 257 KOH 9lectrolyte at
180°F. Teledyne manufactures these in three sizes, the smallest being
hydrogen generators producing between 10.6 and 21.2 cubic feet of

hydrogen per hour., Their intermediate size systems produce between

- 10,6 and 4240 cubic feet of hydrogen per hour and their electrolysis

plants produce 250 pounds or more of hydrogen per day with a nominal
cell potential of 1.84 v and a current density of 400 amps per sguare
foot (or 4300 amps per square meter). Since the current density can
vary ~depending upon the particular use to be made of the electro-

lysis plant, Teledyne sizes their units using a computerized

routine, The variation of required cell potential with current density
for the Teledyne Electra Cell hydrogen plant is shown in Figure 1 along

with a similar curve for an advanced cell which Teledyne expects to be

commercial within the next three years.

The cell potential of 1.84 volts at 180°F corresponds to

a thermal efficiency of

= 1,507 x 100 = 82%
1.84

where the thermoneutral cell potential of 1.507 volts was calculated
using equation (21). This may be compared with the thermodynamic

reversible cell potential given by equation (17) with 25% KOH at 70 psig

B = 1,223 volts
Tev

18
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Since Teledyne builds hydrogen plants to order for a
specific application and optimizes these plants uging a computer
program, the current density of the plant will depend upon economic.
factors such as the cost of electricity and the utilization of the
plant., As an example, the cost of a 25 ton per day hydrogen plant
with a 100% utilization rate and a power cost of 10 mills per kilo-
watt-hour is optimized at $6 million with current technology and
84,5 million for the advanced cell, More expensive electricity would
mandate more efficient operation (i.e., lower curreat demsity) which
would tend to increase these figures. Electricity at 20 mills per

kilowatt hour would increase these cost figures about twenty percent,

IiT E. LURGI APPARATE - TECHNIK, GMBH

Lurgi manufactures a high pressure Zdansky-Lonza cell
which operates at 95°C and 30 atm pressure with an electrolyte con-
centration of 25% KOH. With a current density of 1900 emps per square
meter, the cell potential is 1.84 volts. The Zdansky-Lonza cell is of
the bipolar £ilter press type and uses nickel-plated wire gauze electrodes.
The variation of cell éotential with current density for the Lurgi cell
is shown in Figure 1. Lurgi is also developing a cell with a nominal
current rating of &OOOIamps per square meter in an effort to reduce
capital costs, ZLurgi estimates a cost reduction from 14.Z million dollars

ain

to 10,7 million dollars for a 25 ton per day hydrogen plant using the

19
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higher current density. These costs include the electrolyzer, sub-

sidiary units, and the electrical rectification equipment.

The thermal éfficiency of the Lurgi high-pressure cell is

7 = 1,509 x 100 = 82%
1.84

where once aga.n the thermoneutral cell potential was calculated using
equation (21). The thermodynamic reversible cell potential given by

equation (17) with 25% KOH at 30 atm and 95°C is

Erev = 14252 volts

IIT F. BAMAG VERFABRENSTECHNIK GMaH

The electrolysis unit marketed by Bamag is a bipolar unit
operating at 80°C with a current demsity of 2500 amps per square meter.
The pressure is essentially atmospheric with an electrolyte concentration
of 267 KOH. The cell potential for the Bamag cell at the nominal current
density is 1.92 volts and the variation of this quéntity with current
density is shown in Fig. 1. Bamag estimates an electrolysis plant

producing 7.6 tons per day of hydrogen to cost 2.67 million dollars.

The thermal efficiency of the Bamag electrolyzer is, with

20
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a thermoneutral cell potential of 1.506 volts,

?? =1,506 =x 100 = 78%

——iegr

1.92

and the thermodynamic reversible cell potential is

Erev = 1.186 volts

Bamag is currently conducting research with the aim of producing larger,

cheaper modules operating at a higher temperature,

III G, NORSK HYDRO VERKSTEDER A-S

This manufacturer supplies a bipolar filter-press electrolyzer
which uses a 25% KOH solution at 80°C and a pressure of about 15

£ LV e e L B s L 5ALE B £ S AL

inches WG, With a nominal current density of 1500 amps per square
meter, the cell potential is 1.87 volts. The variation cf this

quantity with current density is shown in Fig. 1.

The thermal efficiency of the Norsk Hydro electrolyzer is

P = 1.506 x 100 = 81%
1.87

ek e Y B ST AR b

and the thermodynamic reversible cell potential is :
E = 1.185 volts i

rev :
Norsk Hydro estimates the cost of a 95 ton per day hydrogen plant ﬁ
as $39 million. No research is currently being conducted to imprave :

efficiency or reduce costs.
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I1I H. LIFE SYSTEMS, INC.

»

The statiec feedwater concept developed by BLife Systems
under NASA sponsorship was designed as part of a spacecraft waste
reclamation system. According to Life Systems (ref. 17) this

concept has terrestrial applications.

Basically, static feedwater electrolysis is carried
out by transferring the water to the cell as a vapor produced as
a result of a vapor pressure difference between the electrolyte
solution and the feedwater, The electrolyte solution is supported
in a matrix between catalyzed porous electrodes. The electrolyte
is a 35% KOH solution, more concentrated than conventional cells
50 as to increase the vapor pressure difference which causes transfer
of water from the feed compartment to the electrolyte. At present,
the Life Systems cell is designed to withstand pressures up to
600 psi and temperatures up to 220°F at a current density of
600 amps per square foot (6460 amps per square meter) at a cell
potential of 1.84 volts with projections into the near future of
a cell operating at 2000 psi, 300°F with a current density of
1500 amps per square foot (16,200 amps per square meter) but an
increased cell potential of 2.02 volts,

e The thermal efficiency of the present technology Life

Systems cell is

’4’( = 1.510 x 100 = 82%

1.84

and the thermodynamic reversible cell potential is

E = 1.261 volts
rev

The variation in cell potential with current density for the Life

Systems cell is shown in Fig. 1.
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I1Y I. GENERAL ELECTRIC

"In contrast to the previous cells, -ach of which
uses a potassium hydruxide solution as the electrolyte, the
electrolysis cell developed by GE uses a. solid plastic sheet of
perfluorinated sulfonic acid polymer as the electrolyte. This
is coated on one side with a thin layer of platinum black to form
the cathode and a similar thin layer of proprietary alloy catalyst
is used for the anode, This system has been described ir some

recent papers by Titterington and others {ref. 18 and 19).

The advantagéé claimed for this system are, operation
at high pressure (up to 3000 psi), and high current density (greater
than 1000 amps per sgquare foot), and the elimination ¢f corrosive
electrolyvte which could carryover into downstream equipment. At a
current density of 1000 amps per square foot (10800 amps per square
meter) and a temperature of 180°F, the GE cell has a required cell
potential of 1.85 volts, The thermal efficiency is then

7 = 1.506 = 100 = 81%
1,85

and the thermodynamic reversible cell potential is

E = 1,176 volts
Trev
The variation of cell potential with current density for the GE solid

polymer electrolyte cell at 18G°F is shown in Fig. 1.

The capital cost of the GE solid polymer electrolyte
cell is currently rather high due to the high cost »f the solid
polymer electrolyte itself as well as the previous metals used for
the electrodes. GE is conducting rescarch to lower these costs by
developing a thinner electrolyte or an alternative solid to be used
as the electrolyte. GE is also attempting to increase the cell
efficiency through an increase in the operating temperature. The

problem here is one of preventing cell degradation at the elevated
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-teeueratures. By 1985 GE expeets o 1ncrease cell operatlng

temperature from the current 220°F up to 300°F¢ IR

Another factnr to be con51dered In cost comparlsons

is the operatlng pressure. The GE electroly51s cell is capable of '

'foperatlng aks pressures up to 3000 951 thereby ellmlnatlng the need'*'

for a- compressor when. hydrogen is requlred at pressures up to _this

value. On: the Jther hand, this reductmon 1n.cap1ta1 cost is not

: accompanled by a correspondlng decrease 1n operatlng eosts.. Unllke

“~ali the othexr: electroiy51s cells, the GE unit shows no increase in

-efficlency as’ the “pressure is inereased. Im fact, the. cell voltage'
increases’ w1th rlslug pressure due to the powver. requlred for com- -
'pre351ng the hydrogen. ' ' ' |

-

IIT J. SUMMARY AND COMPARISON OF ELECTROLYSIS CELLS -

7 The efflclency of the various electroly515 cells is

"fshown in'Fig. 1 in the form of a graph of the dependence of cell

potential on current density. Typical design conditions and ecapital
costs ere-Summsrized'in"Table 1.. The capital . costs represeut,ohly_
approximate.figures; Accurate comparisons can only'be'made by
establishing design criteria and requestlng blds from manufacturers.
Such items as degree of utilization, eff1c1ency des1red and:

hydrogen pressure required will affect these costs.

The efflclency values shown in Flg. 1 and in Table 1 S

elso deserve comment. As p01nted out by Lurgl (ref. 11), the ecell.

potential cxhibits some fluctuatlon-(+-3V)-and according-to-ﬂorsk .

[

Hydro (ref. 13), there is a net increase in this quantlty w1th time
of about 1 or 2% per year. Some of the manufacturers quote cell

potentlal valucs ‘after onc ycar of opcratlon but thlS is not truc

‘ror all and conscquently, there is some degree of unccrtalnty‘pre-

sent nhen.maaing cell veltage compar;sons._




P = A
)

1V MODELING OF ELECTROLYSIS CELL EFFICIENCY

The difference hetween the actual cell voltage and the

reversible cell potential is due to three factors: !

a) chemical polarization at the electrodes,
b) concentration polarization in the electrolyte; and
c¢) ohmic losses in the electrolyte and across the

membrane.

Each of these terms will be explored in some depth.

IV A, CHEMICAL POLARIZATION

Chemical polarization results from charge transfer inhibi-
tion at the electrode and is determinmed by the catalytic activity of
the electrodes and the surface roughness. According to Eisenberg

(ref. 4), chemical polarization can be represented as

e, =@ <« 2F ) An %/cﬁc )y @)

where &

¢,
and @

The exchange current density is related to the height of the activation

i

transfer coefficient

1l

exchange current demsity

current density

1

energy barrier, ATF*

gé = kT exp( - A F*/[RT) (23)
where k is a constant which incorporates Avogadro's number, the Boltzman
and Planck constants, the Faraday equivalent and the electrolyte concuen-

tration.
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Equation (22) can be written in the more customary Tafel form

AE, _=a+bla (24)

in which the Tafel constants "a" and '"b" depend on temperature.

According to equation (24), the variation in cell potemtial with

temperature, d ( AE )/ dT, is dependent upon electrolyte concen-

chem
tration and current density.

An electrolysis cell gives rise to two chemical polar-
ization terms, one each at the anode and cathode. These are referred

to as the oxygen and hydrogen overvoltage respectively:

OEgy = 8y + By In ¢

AE =8, + by, In§ (25)

The values of the Tafel constants appearing in equation (25) have been
reported by a number of investigators {(ref. 20 to 23) with somewhat in-

conclusive results. The Tafel slope for hydrogen, b is fairly well

s
known at 25° C, and the constants for oxygen are gre§§er than those for
hydrogen. The influence of electrode material, electrolyte concentration
and temperature on the Tafel constants is not very well known at this time
although it is reporied that commercial manufacturers have considerably .
more proprietary information than what has been reported in the liter-

ature.

Based on informationm available at the present time, the following values

have been chosen as representative
AEy, = 6 + .055 In @ (26)

AE, = .3+ 04510 ¢
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at 25°C for modern electrolysis cells with tf in amperes per square
centimeter. The effect of temperature on cell performance has been

reported (ref. 23) as follows:

0; - N

g - N, =d ( AE)/dT = -,0033 V/°C

1l

H, - Fe =d ( A E)AT = - .0025 v/°C

2

n

at room temperature over a range of current density up to 2000 amperes

per square meter,

Combining this data with equations (22), (23}, (24) and (26), gives a

total chemical polarization loss as

AE, =519 + 0% ¢ — 0.8.647T (27)

chem

Iv B, OHMIC LOSSES

The Ohmic loss in an electrolysis cell is the sum of the
iR terms due to anolyte, membrane and catholyte resistances., The
conductivity of KOH and NaOH solutions exhibit maxima when plotted
versus concentration at constant temperature, and consequently, the
electrolyte concentration is often chosen to be at this value so as
to minimize the ohmic loss. For KOH solutions at 25°C, the maximum
conductivity occurs at 20% KOH, increasing to 35% KOH at 80°C. Im
cell designs where the gases produced bubble up through (or with)
the electrolyte, the bubbles contribute to the ohmic loss. Imn
addition, wvapor bubbles (HZO) will also be produced further incrégs-
ing the ohmic resistance., The volume rate of bubbles produced will
depend upon pressure, temperature, electrolyte concentration and
current density, and these factors together with electrolyte conduc-
tivity, membrane resistance and cell design considerations determine

the ohmic loss in the electrolysis celil.
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In order to determine the contributiens of the above .
factors to the ohmic loss of an electrolysis cell, consider the model

used by Funk and Thorpe (ref. 24):

The cell consists of electrodes of width W and height H
separated by chambers for armolyte and catholyte flow with an internal
membrane. Electrolyte enters the cell with an initial velocity V10 in
the cathode chamber and velocity V20 in the anode chamber. By the
stoichiometry of the electrolysis reaction, twice as much hydrogen
as oxygen is produced on a molal basis. Assuming ideal gas behavior,
this 2:1 ratio is true on a volume basis as well. 1f the bubble
velocities for 0, and H_  are the same, and if V.. =

2 2 10 = V20
membrane such that /(l = 2,f§ then gives the same gas-liquid ratio

s placing the

. in both chambers., The bubble volume, however, also includes the
volume of water vapor generated, but since the partial pressure of
H20 and the total gas pressure is the same on both sides of the
membrane (assuming the gases are saturated with water vapor at the
cell operating conditioms), this 2;1 ratio is unaffected. Under the
above assumptions, the resistivity of the electrolyte - gas mixture

will be the same in both chambers,

The ohmiec loss in the cell may now be writtem as

AE ohmic = (} Re (28)

28

.,



e AN = o g Y L O L S T I T 4

i s

where the effective cell resistance Re is given by
2 .
Re = & rf,ii’.?(di) + Rm (29)
i=1

. 2
where R membrane resistince, ohm-cm

= membrane resistivity (ohm-cm) * thickness (cm)

r. = electrolyte resistivity (ohm~cm)

f
of

$d)

Subscripts: 1 for cathdlyte chamber, 2 for anolyte chamber

volume fractiom of bubbles in the cell

multiplier to obtain gas-liquid mixture resistance

1

Equation (29) contains, in addition to the aforementioned assumptions,
the additional stipulation that the bubble boundary layer is formed
quickly and fills up the entire chamber. Funk and Thorpe found this
to be the case in their experimental investigation. Tobias (ref. 25)

suggests calculating the resistance multiplier f£( o¢ ) as

£ (X ) = (30)
1.5
(1 -)

whereas Mashovets' empirical equation (ref. 26) fits data in the range
0 < xX < 74

f( X )= 1
2 (1)
1 - 1178"’<+ o4

The value of ol will obviously vary in the direction of electrolyte
flow, being zere at the cell inlet and increasing monotomically until

the cell exit is reached. The value of <~ at the cell exit may be

29
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calculated by noting that the rate at which gas leaves the cell is
equal to the rate st which it is generated. Consequently,

e = AB RT /(@—EI*'GV"W;?)

——/ n¥F P
n¥F P

where c¥e is the volume fraction of bubbles in the electrolyte leaving ;
the cell,and @ is the slip ratio, defined as (gas velocity/liquid
velocity). The value oX e must be corrected in order to include the
vapor in the bubbles.

o
Assuming that the gas is saturated with vapor and letting PS represent
the vapor pressure of the solution at the cell operating temperature,
the modified equation for the volume fraction of bubbles in the exiting

electrolyte becomes

AERT -
AFRT + nF(P-P8) T Voidd

Equation (32) holds for both the anolyte and catholyte chambers, and

X~

in fact, with the previously stated assumptions, yields the same

value for each if the slip ratio is the same in each chamber. This

is easily seen since ¥ = 2 for the cathode chamber and VM= 4 for the

anolyte chamber and ’(1 = 2 /€2, all other values being the

same in the two chamhers. In terms of volumetric electrolyte flow

rate per unit area of electrode surface; v = .4?w VBIA, equation (32) \

becomes

= ! (33)
| + n?rpgf.’ TV

The value of the void fraction to be placed into equatijon (31) must

be some average over the electrode surface, For this one~-dimensional

problem, a simple arithmetic average gives

A= (1/2) X | (34)
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A better average is not easily obtained. The problem is that the
rurrent density varies in the flow direction, not the voltage. The
bubble generation rate is,:therefore, not uniform over the surface

and the makeup of the voltage across the cell will vary with positiom.
At the bottom (electrolyte inlet to the cell) the bubble resistance

is low. As bubbles are formed, the ohmic loss increases and the
current density lecreases, thereby also affecting the chemical polar-

ization contribution.

The resistivity of the electrolyte solution, !E s 1s
obtained from equivalent conduetivity ( /L ) data as

Y . 1000
N AL

in which N is the normality of the solution. The quantity _/A_ 1is

a function of N as well as temperature. Data from Perry (ref. 27} at

18°C are corrected for temperature variations using
p g

Ce o s 18°¢ (36)
1+m (- 18)

where ¢t = temperature, °c
m = temperature coefficient, .02 - .025 for bases.,
v
Kirk and Othmer (ref. 28) suggest a value of .022 for m except for strong
bases (such as KOH), but this value correlates well the data for 28% KOH
(ref. 29). '

The final term in equation (29), the ohmic resistance of the membrane,

depends on the membrane construction. Modern electrolysis cells use
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" an asbestos membrane which may be similar to the fuel cell asbestos

studied by TRW (ref. 30) for which they report values as follows:

Re = .24 ohm—cm2 for 20 mil thickness
= 36 ohm~cm2 for 60 mil thickness

-,

D. Soltis (of Lewis) reports a value of .20 o'nm.—cm2 for 10 mil ashestos in
- 14NKOH.

In summary, the ohmic loss in a water electrolysis cell may
be ealculated if the following quantities are known: the electrolyte
concentration, pressure, temperature, electrolyte flow rate per unit
electrode area, cell width, gas bubble slip ratio in the anolyte and
catholyte chambers, current density and membrane resistance. The
temperature and electrolyte concentration together determine the vapor
pressure of the solutiom which has been correlated (ref. 31) for temp-

eratures less than 25°C as

Pg0

1 - 055N (37)

where PO = vapor pressure of the electrolyte solution, and

o
o
i}

vapor pressure of water at the same temperature.
Data at higher temperatures (ref. 32) are also well correlated by this
expression, Vapor presnsure data for water may be obtained from standard

sources,

I¥ C CONCENTRATION POLARTZATION

Concuntration polarization results from concentration gradients
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which exist in the ueighborhood of the electrode and is small for a
cell with circulating electrolyte. This contribution to the cell
voltage is usually either ignored or lumped with the chemical peolar-
ization terms. Since this term arises due to a resistance to mass
transfer, anything that tends to reduce mass transfer resistance

will reduce the effect of this termm. Thus, concentration polarization

may be reduced in any of the following ways:

1) increasing the temperature

2) increasing the electrolyte flow rate

3) increasing the concentration of the species being
transported; 'i.e., use greater strength KOH solutions

4} decreasing the spacing between electrodes

5) decreasing the current density

No data have been found in this area. Eisenberg (ref. 22) states that

AE, =R ¢
conc ~ = in £ (38)

$,~

where Q& is the limiting current density, a complex functioun of solution

properties and hydrodynamie factors. For fully developed Poiseuille flow,

Linton and Sherwood (rof. 33) give _
v d

;- o amps

g, = nes (B () z

s . 3
where C, = ionic concentration, g moles/cm

¥, = electrolyte velacity, cm/sec

Ny

thickness of electrolyte, cm

i~
|

. . . . 2
diffusion coefficicnt, cm’ /see

H = electrode Iongth, em,
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The diffusion cocfficient is given by Ibl (ref. 34) as

D = RT.A4
n.:;ar2

(40)

where _/\_ is the equivalent conductivity of the solutiomn.

The temperature dependence of /. can be obtained by combining equa-
tions (35) and (36). Equations (38) through (40) may now be combined
to estimate the concentration polarization. HNote that Vgxf /H in

equation (39) is the electrolyte flow rate per unit electrode area,
¥ in equation (33).

The above calculations do not account for the presence of gas

bubbles which hinder the diffusion of chemical species. This hindrance

may be estimated by assuming that the active electrode area is reduced

in proportion to the bubble fraction. The net result of this argument

is to introduce a factor (1 ~¢&) into the right hand portion of eq. (39).

IV D CELL VOLTACE SUMMARY

The actual cell voltage may now be evaluated as

E=E + aEchem + &Econe + Athmic (41)

The reversible cell potential, Erev’ is given by eq. (17); the chemical
polarization term, ZSEchem’ is shown in eq. (27). Ohmic loss is

obtained by a complex analysis leading eventually to eq. (28); con-

centration polarization is given by eq. {38).

The effects of operating variables and cell design on the

actual cell voltage may now be stated im a qualitative way. Operating
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temperature affects all the terms inm eq. (41). An increase in temp-
erature decreases all but the last tem in eq. {(4l). The ohmic loss
depends on temperature through the void fraction <X and the resis-
tivity oo The negative effect of increasing void fractioa due to
increased temperature can be offset by operating at higher pressure
and, possibly, with a higher strength KOH electrolyte solution to
minimize vaporization. In any event, it would appear that operation
at the maximum allowable temperature is desirable., Of course, there
are also energy losses associated with cooling the gaseous products
but the magnitude of these losses may be minimized by suitable heat
recovery systems, '
°

As mentioned above, increasing the pressure has at least one
positive impact for electrolysis cells; that is, it reduces the volume
of the gas bubbles produced and also reduces vdporization of the selution
which adds to the total gas flow for the system. There is, however, a
beneficial aspect of vaporizing the water in solution. Namely, this
vaporization process tends to maintain the cell operating temperature
without the use of high electiolyte circulation rates which can result
in the need for an appreciable amount of pumping power. In addition
to the above, increasing the pressure increases the reversible cell
potential and has an unknown effect on the chemical polarization and

concentration polarization terms.

The main effect of changing the concentration of the KOH

electrolyte is on the ohmic loss in the cell. The resistivity of the
solution passes through a minimum as KOH concentration is increased
thereby suggesting a concentration level for cell operation, although
the effect of KOH concentration on the concentration polarization has
prompted consideration of the use of somewhat higher concentrations

than those indicated by conductivity arguments (ref. 35). In addition
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to these effects, there is the aforementioned effect of KOH concentration
on vaporization of water from the electrolyte solution and the increase f
in Erev associated with increasing KOH concentration as ‘dictated by

thermodynamics and the Nernst equation.

An increase in current density will not affect Erev but will
increase each of the loss terms shown in eq. (41). The tradeoff be-
tween operating efficiency and capital cost that results from this

has already been discussed.

Electroivte velocity plays a role in the determination of

the ohmic resistance of the cell and also the concentration polarization.

Increasing the velocity reduces the void fraction due to bubbles, helps

-to maintain a more uniform temperature profile amd increases the limiting

current of the cell; consequently, both AE, . and £Lthmic are
reduced, Selection of the optimum velocity is then a tradeoff between
the above cell efficiency considerations and the power required for

electrolyte circulation.

Electrode design is a very important factor in the performance
of a water electrolysis cell. Such items as construction material,
surface preparation, elecirode spacing and cell dimensions play a major
role in the determination of polarization and ohmic losses in the cell.
Electrode material significantly influences the Tafel constants for
chemical polarization, particularly the "a" values, The choice of
nickel and nickel-plated steel for the anode is made based on con-
sideration of these Tafel constants vws, availability and ecost., I totic
materials such as platinum can reduce these losses somewhat but not
economically for large scale usage. For special situations, other

factors could make the use of these materials desirable.
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Treating the electrode surface so as to provide a greater
effective area also reduces chemical polarization losses. This can
be done by using porous electrodes (ref. 11), “dimpling" or activating
the electrode surface (ref. 13) or by employing finned electrodes
(ref. 16) or electrode strips (ref. 36). In any event, the increased area
acts to reduce the effective current demsity at the surface, therebhy re-

ducing the chemical polarization loss as given by the Tafel equation.

The effects of electrode spacing and cell size come directly
from the equations presented in the previous sections. Equations (38)
and (39) indicate thit concentration polarization decreases as the
electrode size increases ané the spacing between electrodes decreases,
Starting with widely spaced electrodes, decreasing the spacing at
first reduces ohmic losses due to the shorter distance as seen in
equation {29). At some point, however, as the electrodes become
closer, the effect of the gas bubbles becomes important and eventually
dominates, causing an increase in the ohmic loss. These effeects are
shown in equations (30) and (32). There is then an optimum electrade
spacing which will resuit in a minimum cell voltage. This optimum
spacing may turn out to be less than can be effected by modern con-
struction techniques (ref. 1).

As indicated in the previous sections, rapid recirculation
of the electrolyte will reduce both ohmic and concentration polarization
losses. The ohmic resistance is decreased due to the sweeping away of
the gas bubbles., This same sweeping effect also reduces the concentration
gradients formed. The savings in cell voltage must be balanced against
the increased pumping power requirement in an overall efficiency optimi-

zation.
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Some of the methods for 1mprov1ng cell efflclency dlscussed
above W111 result in 1ncreased capital cost: requlrements necessltatxngj

the establmshment of tradeoffs batween the two. One obv10us area in

which this occurs is in the' selectlon of an operatzng pressure.,-A EER

hlgher preSSure generally results in zncreased cell afflcleucy, but

requires heavier and, hence, more costly- construct on, not only of the.f

electrolysis module, but for much of the auxlllary equipment as well, -
There is also the safety aspact of handling hot lye under. pressure B
Wthh may dlctate the use of more costly control systems. For these
reasons, an econamic study should consider the entire electrolysis.
plant, Similar arguments can'lead eventually to the adoptzon of'a‘vvl
systems study program which 1ntegrates the electrolysxs plant inta

the environment of its use. Minimum cost of hydrogen produced may

not be desirable, for example, when the hydrogen is being used as an
energy storage medium for a large electrical power gengrgtingLfacili;y,
In such cases, éléctrolysis cell efficiency may be an mvarriéing"fééﬁ&f
in producing electricity at the lowest possible price. B8uch considera-

tions, however, are beyond the 5cope-of”thisfrepdrt.

In summary, equations in che preceding sections allow the
caleulation of electrolysis cell voltage, which is inversely prbpdr?.
tional to the cell efficiency, when the following quantitiés are known:

Operating temperature

Cell pressure

Current density

Electrolyte (KOH) concentration

Tafel constants, oxygen and hydrogen sides
Electrode- to-membrane spacings

Membrane resistance

Electrode size (height or diameter)

Electrolyte flow rate per unit area of electrode
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From the above list, several quantities may be optimized, whereas
selection of some others is governed by comsiderations not related
to cell efficiency. The choice of an operating temperature, for
example, cannot be made based on cell voltage since the latter is
a monotonic fumction of temperature., Operation at the highest
temperature which still allows the maintemnance of cell integrity
is then .ndicated, There are, of course, tradeoffs in all comsid-

erations, and cell efficiency is just one consideration in electrolysis

cell design.

IV. E. Model Verification

The algorithm presented in the preceding sections has been
assembled as a computer simulation model for electrolysis cell poten-
tial. This model was tested against both commercial and research
cell data. Figure 3 shows the variation in cell potential with current
density for three manufacturers, along with predictions obtained using
the model. Although there are differences in slopes and intercepts
between the commercial data and the model predictions, the model does

show clearly the superiority of the Teledyne design.

The model also correctly indicates the effects of pressure and tempe

temperature on electrolysis cell potential as reported by investigators
at Oklahoma State University (ref. 37). The values shown in Figu-es

4 and 5 are in rather good agreement with the OSU data except at low
temperatures,
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The differences between the data and the values predicted using
the computer simulation model shown in Figures 3, 4 and 5 is most
probably largely due to the lack of information concerning electrolyte
flow rate. The cell potential is rather semsitive to variatioms in
this parameter whose value is not reported by either commercial manu-
facturers or academic researchers. 1In order to apply the simulation
model, a simple equation was developed based on some of the cell

potential data reported by investigators at Oklahoma State University;
.6
V = .07 (4-.003T) (.003+ 1) 1t (42)
P

in which V is the electrolyte flow rate per unit electrode area, whose
value is required in equation (33). Since the simulation model uses
this empirical relation, it can-be expected to give the greatest
agreement with data from which the equation was assembled. This is
indeed the case. The best agreement occurs for the high temperature
OSU data which was used to obtain equation (42). It is to be noted,
however; that the agreement with commercial cell data shown in Figure 3
is rather good when one considers that equation (42) was used in ob-
taining the model predictions and this equation was developed inde-

pendent of the commercial cell data,

The simulation model was used to descyribe the effects of variations
in pressure, temperature, current density and electrolyte concentration
on the cell potential and its various éomponents. For this purpose,

a base case was selected and variations about this base case were

examined. The base case operating parameters chosen were as follows:

temperature: 375°K
pressure: 30 atm
current densitys 0.6 amps/cm2
electrolyte; 6 N KOH
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The effect of pressure on cell potential is shown in Figure 6.

As the pressure is increased, the reversible cell potential increases
due to the work of compression of the genevrated gases. Un the other
hand, the ohmic resistance drops due to a reduction in the volume of
these gases. TFor the design shown in Figure 6, this$ results in a

decrease in the electrolysis cell potential over the range shown,

although in principle, an optimum pressure will be attained beyond which ;g
the increase in the reversible cell potential overshadows the re-

duction in the ohmic loss.

The corresponding picture for current density is shown in

Figure 7. TFor low current densities, the major cause of inefficiency

is seen to be due to chemical polarization at the electrodes. As the
current density is increased, the ohmic loss becomes increasingly

impertant,

The effect of temperature on cell performance is shown in
PFigure 8., Initially, increasing the temperature results in a decrease
in cell potential due mainly to a reduction in chemical polarization.
Eventually, a point is reached where the ohmic loss begins to increase.
This 1s due to vaporization of the electrolyte solution itself as shown
by the sharp increase noticed As the boiling point of the solution is

approached,

Figure 9 shows the effect of electrolyte concentration on the ohmic
resistance of the solution, The minimum cell potential occurs almost

exactly at the point of maximum conductivity,

V. Elactrolysis Cell Dynamics

Electrolyzers have been suggested for the storage of energy derived’
from either off-peak power, wind or solar energy through conversion into
hydrogen, In such applications, the woltage supplied to the electrolyzer

can be expected to vary over a rather wide range. Depending upon the
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time scale of the voltage variations, the electrolyzer dynamics may
be important, and in fact a favorable dynamic situation could be
exploited through the use of an intentionally-varying voltage imnput,
This has led to.suggestion of a pulsed mode of operation for elec-

trolyzers,

It is not clear that intentional eyclic operation (e.g., pulsed
operation) will improve the operating characteristics of an electrolyzer.
Alternate periods in which voltage is applied and removed may in fact
have a detrimental effect on the system in that it may cause control
problems for the gas removal system. The possibility of causing a
decrease in gas purity also exists. For these reasons, Norsk (ref. 13)
advises maintaining a base load equal to 25% of rated capacity at all
times and going above this up to rated capacity or more when power is

availatle,

In pulsed electrolysis (i.e., on-off operatiom), bubbles of gas
produced during the "on'" period have the opportunity to leave the
system during the "off" portion of the cycle, The benefit achieved
through the use of this pulsed electrical input lies then in the re-
duced resistance, and consequently increased efficiency, during the
Yoo period as a result of the reduction in bubble volume., As a
limiting case, the electrolysis cell model described earlier can be
executed assuning zero bubble volume. This would give the best im-
provement in performance that could be expected. The net reduction
in cell potential is shown parametrically in Figure 10 for a particular
cell design with operating parameters as listed. If the current density
for the pulsed cell is the same as that for the normally operating cell,
a reduction in cell potential of .2-.3 volts can be achieved. This is a
sizeable reduction but the comparison can be somewhat misleading., If
the pulsed unit is the same size as the normally operating unit, then
the pulsed cell will produce less hydrogen because it only operates

during a part of the cycle,
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The two modes of operation may also be compared under conditions
of equal hydrogen production rate. Since the pulsed electrolyzer only
operates for a fraction of the time, it must operate at a higher
current density during that time in order to compensate for the
renaining time. Let B represent the fraction of the cycle for pulsed

. operation during which the electrolyzer is operating. Then if @ is
the current density for normal operation and ﬁz the current density

for the pulsed mode, equal hydrogen production rates are obtained when

B 8y g1

or . (43)
-92 91

———

B

The higher current density during pulsed operation will result in a
decrease in cell efficiency. When this effect is combined with the
improvement in efficiency as a result of removal of the gas bubbles,

it is not clear whether or not pulsed operation is desirable.

Suppose that the pulsed electrolyzer operates with equal time
intervals for "on" and "off" so that B = 1/2. Then equation (43)
indicates that @y = 2 ¢1. Defining voltage reduction once again as
E pulsed - E normal, gives the voltage reduction curve labeled "equal T
hydrogen production rates' in Figure 10, 1In this case, the absciss;
is @1, the current density for the normally-operating cell and the
value of )] influences the choice between pulsed mode or normal operation.
For the particular case shown, pulsed operation is desirable if ﬁl is

less than 0.5 amps/cm2 but is undesirable if ¢1 is greater tham 0.5.

The dynamics of electrolysis cells should not be dismissed based

on the preceding amalysis., That is, the electrical energy source for

R
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an electrolyzer may be generated by a varying power source such as !
photovoltaic or wind en wgy. Under such circumstances, the electrolyzer
may be operated directly with this varying input, or it may be operated
at a comnstant input through the use of a conventional power source when
needed to supplement the primary energy input. ?igure 10 indicates ]
that this choice is controlled by eléctrolysis cell dynamics together ]

with the dynamics of the energy source.

VI Summary and Cenclusions

The analysis presented in this paper haé led to a simple mathematical
description of electrolyzer performance. This model is not claimed to
be universally applicable and accurate - there are too many assumptions
and unknown parameters for that to be true. However, the model does
give a good representation of the effects of pressure, temperature and
current density es is seen in Figures 3, 4 and 3, and this in turn
endows the model with at least some credibility., As a next step, the
model could be integrated into a multiparameter, optimization routine
which would find the best designs and operating conditions subject to

constraints such as temperature and pressure maxima,

More importantly, the model indicates the relatiﬁe magnitudes of
each of the losses involved in electrolysis cell operation. Tor example,
it was found that concentration polarization effects were negligible
and for this reason, this term does not appear in Figures 6, 7, 8 and 9.
In addition, the model helps to create a better understanding of these
iosses, and is used to predict the possible advantage of operating an

electrolysis cell with a pulsed electrical input,

Based on the present study, it appears that further research is
needed to establish a more thorough understanding of the overvoltages
in an electrolysis cell. This research should combine theoretical as-

pects with experimental information. At the same time, research inte
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novel approaches to elect;olyzer design and/or operation should be
encouraged. Such research might include use of a pulsed eleckrical
input or use of sunlight to reduce the voltage requirement of the cell
through activation of the electrodes. Finally, a better understanding

of cell dynamics is requived in order to assess the feasibility of

coupling an electrolysis cell to an unsteady power source,
e
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APPENDIX

The Computer Simulation Model

This program calculates the cell potential for am electrolysis cell of
a given design with stated operating parameters. The design wvariables
and operating parameters are the following:

pressure = P, atm

temperature = T, °K

current density = PHI, amps/cm2

electrolyte (KOH) concentration = CONC, weight fraction, weight
percent or normality

slip ratio = BSRA, SRC - ratio of bubble velocity to electrolyte

velocity for anode and cathode chambers respentively

flow rate ratio = WR, ratio of electrolyte flow rate in cathode
chember to that in anode chamber

cell width ratio = LR, ratio of width of cathode chamber to that
of anode chamber

electrolyte flow rate = W, cc's per second per square centimeter
of electrode area

cell width = L, cm
cell height = H, cm
membrane resistance = RM, ohm-cmz, = membrane resistivity (ohm-cm)

*thickness (cm)

Since in a given analysis some of these parameters may be unknown, the
program uses Namelist input with a default option. In this type of in-
put, the variables are assigned to a Namelist. Tor this program, the
assignments are as follows:

Namelist/OPVAR/PHI, P, T, CONC

Namelist/RATIO/SRA, SRC, WR, IR
Namelist/CELL/W, L, H, RM
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The data stack is composed of 3n+l cards in which n is the number

of sets of data to be rum as specified on the first data card using

an 12 format. For each data set, there is one data card for each
Namelist parameter list, These cards are typed with a "$" in column

two followed immediately by the Namelist Name (OPVAR, CELL, or RATIO).
The data is then listed in equation assignment form (e.g., p = 5,

T = 400) with separating commas, Not all of the data need be specified.
Those items not specified will remain at the values used in the previous
data set, For the first data set, the default values are as follows:

P=1, T= 350, CONC =6, PHI = 0.2
SRA = SRC = 1, WR = LR = 2
L =0.3, H=100, RM= 0,1

If W is not included in the specification of the first data set, it is
calculated using equation (42) (V =W). If it is desired to use this
equation for subsequent data sets, a negative value must be assigned to W
in the CELL WNamelist, The program listing followed by a sample data set
and the corresponding output completes this Appendix,
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PROGRAM LISTING

Main Program
COMMOM 2447 a(12)
COMMOM /337 3tE)

L]

QUMOY /227 Ci8)
RZAT 15,11) N
20 10 I-1laN
CaLy TNTT
SALL PTNTL
CALL PRNTR
DCL10 CONTINUS
GCC11 FORMAT (12)
STC?

END

First Subroutine - Default Option

TL3nY DATA
TOMMON JAA/ FPeTelNNTWFHT RAC{G )Y ey oo DM

oraL L - -
JATA PoToZONCePHIw( 00 IT ) el T2 08 rmob oMM e o 38T arf erCacrlerlan

1 Par?ar=1letNe3el0%el .10 /

ENZ
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MEXE SUDIVULLUE — MNauLG supws

SYRRPOUTING INTY

TOMMCN 7847 PoTsCONCoPHI+SRB¢SACeRAILRwWeL sHePM
COMMON /7337 WAwsWCellelL2eXeN

RCAL LARsLeLLolL2¢XeN

NAMELTST /0PVAT/, PHT«PeToLON"

HAMZLIST /DATIO/ SREWSRCIWRILN

NAMTL ST /CELLYZ WeleHeRM

WRITE (Se1i21)

RIAT U3:0PVAR)

WRITZ (S.0PVARY

IF ICONT oLTe Oe o07. ZONC &fTe 1GGeY "D TD 130
IF {0PND o5Te 240 50 TS 118

X = °0ONC

OO0110 N = 1P.*¢Xe{Xel,)
GO0 YO 1735

PCil5 IF (CONC +4GZ. 15.) ZC Tn 12€
N = CONC .

00120 X = -Du5 + SORTIC.27+(N/18.1))
59 70 175

00125 X = B.GlsCTONC

50 YO 110
0170 WRITED (EBei3C)
M T §.
30 T0 12U
CE135 RTAD {SeRATIO)
WRITE (E9RATID)
RCAS (E.CZLL)
WRITE {ZeZ2ILLY

WA = W/ (WR+1,)
WC = WA*WR
L2 = L/ZILR+1.)
L1 = L2sLR

0G180 TOTMAT (a44H ILLTGAL VALUE FC7 CONCENTTATIONs TN ASSUMED )
GJ3191 TORVYAT (141)

RZTURN

IND
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Subroutine to Calculate cell,?qtential

N .

oYYy 0

30200

200

o O

8G21s5

o

SUNTOUTINE PTNTL .

COMMON 2887 PeTsC ﬂNCoPHIrSR&vSQCoHQ'L?-H'L:HoPH
COMMON /387 WAeWCelleL2eXeN :

COUMON /027 EsIDRIV2TCHMIE 3H"(u:.asccu

QEAL LoLleL2eLReNeL2MoLAMIN

THIS SUSNCUTING EVALUATES THE CELL POTTNTTAL
FOR \4E DESIGN SPECIFIFD

THE REVERSIBLE CELL POTENTTAL < NE BNST EQU&TTCN
CREV = 1,049 + ID.GQEFQLGGIP’42-?'?*‘2*1.87”;.52“'&‘OClTl)iT*lﬂ.
ls{-n)

CHEMICAL POLARIZATION VYA THE TAFEL E3UATICN

‘ MODIFIED FOR TTMOAZRATURE YAPDIATTION
JECHM = 5,18 + C.1*AL0G(PHI) ~ D.8«ALON(T}
IF {NTCHM JLT. Na) TECHM=O.

VAPOR PTESSURZ CCPRTLATIONS

Pil=1aws{7,117 - (~222.77)})

PSC = PHC*L1.=0.0%SeNIZ14,.7

IF (PS5 oiTe PY 30 TO 21F

WRITE (fe204) PSC

P s 1,2#B50

LF 4 0T, Do) GO Y 220

W T Del72(%e=0aNC T e, r93411./rs:ctvnr-=1.E;
U4 = H/(WR+1,)

WE = HWA*HR

EUBSL' VN M 3AL”ULATI?N

A8 T 2352.#SRCsWCe{P=PSL)/{TePHI}
OA = Powl7eSPAZISRIYR)

4,.PHC = 1,712C+1.)

SLPHN T 1.,72(08+41,)

RESISTANCT MULTIPLITR CTPRRILA TON

FC T 1e/70Ye=ALPHE 21,5

TC = 11e+2.2F2)/3, ILITY OF'THE'
FA T laZlle=-a4LPHN)=e1,8 Rﬁnonvom

TA T (Le+24%7A)/3, ORIGINAL PAGB IS POOR

COREELATION FO9 ZRUIVALENT CONDUCTTIVITY
LAM = 22T 42i0e»*l-N/15e)

RISISTIVITY OF KOM %ITH TEMPTRATURE COYPECTION

RFA = 1DC0«/(iNeLAM]
RF = RF8/(1.+0.022817-221.1}
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Cell Potentiil Caleulation - Continued

[}
(B ]
o ]

CHMTC LOSS CALCULATIONS

TEOHMEY ) PHI#RM

DEOHME2) = L2«FasRFe2HT

JZ04ME3) L1e7CeRF »PHI _

T KRR DfJHMI”I ¢+ orcuvtti + Dfoualui

it H ¢ 01

CFQUITVALENT CONCUCTIVITY o e
AND DTFFUSTON COEFFICTENT caLcqurrcns
LAMIN T 1G0Ce/ (N*2F) S
o - “”*IC.ttt-l'ltTtL& LN

i~}
=
jen]

LIMITYNE JURRENT “ZNMSITY c?ﬂﬂELnfxows
PHILTM = 521, 4%NeMasn(1./3a)e{D7L2) s%(2,/32,)

CHECK ON ASSIENTD CURRENT SCRIITY
IF (PHT .uT, P4ILTY) Cn T2 7°Q
WRITE (fe28F) PHIWPHILIY

nTCON = O.

60 YO 290

CONZEMTRATION POLARIZATTON
N = c.l':' Dowx( =517
CIEON T QsALOSIPHILTM/{PHILIM-2HI)}

CELL POTENTIAL

00290 £ = EREV ¢+ DECHM + DEZOHMIEL) + DTCLON

c

00220 FORMAT {424 sssee TUPRENT JINSTTY TYCELDS L™

IT seses

1/ 54 OHT .z oF1C.4 /7 3H PHILIY = » T10.4)

0O02e4 TORMAY (T79+0TYZ VAP2R PPESSURE AF THE hL:CTROLYTE ~X”*?BS THE ASSI

LGNED OPEZRATING PRTISURE 7/ 64H PRESSUPT RUASSIGMID 45 1.26+P30 WHE
2RE PSD = o FlO.4e H4H ATM )

RETYOM

NI
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Subroutifie’ to Print Out Results vy OF THE
: RODUCIBILITY OF X
'ﬁggmmuu;!uuﬂiﬂsiﬂx”*

JUARQUTINZ PRNTR o

COMMON /7887 PeToTONCePHT9SR8SRT o wPoLRedeloHo TN
COMMON /357 WASHCrLI oL 29X N -
COMMON /C0/ SoIREVDIECHMIIIOHMIU e DICON

RTAL LRsLoLlel 20 XeN

c PRINT OUT DESISN SPICIFTCATIONS
00307 WRITE (Cet01) |
WRITE (7e4G2) PeTePHINN

PRIMT QUT CELL 24TAa
WRITEZ (5e432)
WRTYE (Sed4TH) WoelaHeIM

's Lk

3PIRIFICS

KRITE (o405

WRITE (G6240F) UCHUA
WRITE (Se4C7) Llel2
WRTITT (Se48) SACeS54

RCSVULTS
G220 WRITS (5+412) ¢
WRITEC (Se417) —REV
WRITE (Se%14) JEouM
HRITE (SeéalZ) (2EHAMI)IeIz=1e4)
WRITT {2.415) DI27N
RCY0L FORWAT {42H1sswsswess DESICH SPTCIFICATTOMS ¢esxssasnzs )
DOBC2 “ORMAY (L1Ll40PRISSURT = o F12439 4n 4TV /7 144 TIMFERATURS = 4 F10.1
1e 64 MNEC K 7 194 7UIIACHNT DCMTITY = o B1N.%y 3IH AMP/SIACM /
2214 KOH CONCENTRAYINOY = 5 710,27 7H NOOMAL )
DO4DT FORMAT {(2CHD#+es "{_' DATE erax }
00804 FORMAT (24ANCLICTROLYTE FLIKW RATE = ¢ FiOW49 1M C0/3TC-50CM 7
1134 CELL WIDTH = » 7107 7H ZM ¢ 208 TLECT2097E HTINHY T ¢ T1li ol
2 24 Cv /7 ZI4 MIM37AnE RESISTANCT = » T1i0e.™e 2H DHM=PMS3 ) '
00405 FORMAT (2UHOswes ZPICIFTCS sxas / 23Ny TTHCATHONE AMDOT )
OR436 TORMAT (174 ZLEZCTROLYTES RATI o 7Xs 2F1%.4)
aOD4N7T TORMAT (11H CELL WITTH ¢ 9%y 2r1C.4)
gourf SORMAT (114 SLIP ®ATIC » SXe 2F1C.L)
00412 FIMAY (14U /2 28HNsesssenrss TESULTS *esnnenen / 1HOw10OY
I2IHTHE CZLL POTENTIZL IS o T10.4e TH VCLTS /
22JHOCANSTRUCTED AT TALLSUHS )
0041~ FORMAT (1IHOs 10Xe Z ARCVERSYALE L£CLL TPOTINTIAL = ¢ TlUuby
1 54 ¥VOLTS )
CCY414 FORMAT (140 10Xe 2 HCHOMIZAL POLARITATTON = » FlCe%e BH VOLTS )
00415 FOPMAY (1HCe 1NMXe 20HOHMIC LOSS IN CELL = ¢ FlGe%e ZH VOLTS /
1194 MADT UP AS FOLLCOWS 7/ 114 ANCDF SIDE » FlC.4 7
~213H CATMODE SIDE oF1Ca4 7 94 MEMEIANE ¢ FiD.4)
DO41E FORMAY (1HD1CXs 7SHCONCENTRATION MOLACIZATION = o F1lOeleEH VOLTS)
ACTURN
TND

(v e )
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_ Sample Data Set

01
$oPVAR $ew
$RATIO  $END
$CELL  $EWD

Output for this Data
-y,

exsssasse DESTION SPECIFICATTONS sssressins

PRESSURE = 1.00C aTM

TEMPERATURE = 350.0 DEE K

CURRENT DENSITY = 20 AMPZSICM
KOH CONCINTRATION = T«0 NORMAL

esss CELL DATA soss

ELECTROLYTE FLOA RATZ = « G158 CC/SZS-SaLv
CELL WIDTH = « 30 CM
ELECTRODE HTIGHT = 100.0 o™
MEMBRANE RESISTANCE = 100 OHM~-2M35Q
sxss SPECTIFICS tesn
CATHONT ANDJE
ELECTROLYTE RATE «Q1CF wLGE3
CELL WTIOTH « 2000 « 1000
SLIP RATIO 1.00060 l1.G000

sz ss RESULTS sssonessee
THE CELL POTENTIAL IS 1.31a3 Y2LTYS

CONSTRUCTED A4S FOLLONS

REVETSIBLE CELL PCYENTIAL = 1.1381 voLTS
CHEMICAL POLARITAYYON = «3027 VOLTS
OHMIC L0OSS TN CCLL = «387C VYOLTS

MADT UP AS FOLLOWS

ANODE SIDE #1212

CATHODE SIO% o 2424

MEMBQANE 0200
CONCENTRATION POLARIZATION = L0003 VYOLYS
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A

Manufacturer

Electrolyser

Teledyne

Lurgi

Bamag

Norsk Hydro

Life Systems

G‘ E.

6.8

30

200

Summary of Electrolysis Cell Performance

70

82

95

93

82

Table I

amplcm2

A6

.19

«25

o135

£5

KOH cone

%

28

25

25

26

25

35

volts

2.04

1.8/

1.84

1.92

1.87

1.84

1.85

%

74

82

82

78

81

82

81

Size Cost
tons/day 100 $

25 6
35.7 4.2
.7E&5. 2.67




Figure |

EFFECT OF CURRENT DENSITY ON ELECTROLYSIS CELL POTENTIAL
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FIGURE 2
ELECTROLYSIS CELL MODEL
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Figure 3

MODEL VERIFICATION USING COMMERCIAL CELL DATA
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Figure 4
MODEL VERIFICATION USING RESEARCH CELL DATA i
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Figure 5

MODEL VERIFICATION USING RESEARCH CELL DATA
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Figure 6

EFFECT OF PRESSURE ON CELL POTENTIAL
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Figure 7

EFFECT OF CURRENT DENSITY ON CELL POTENTIAL
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Figure 8

EFFECT OF TEMPERATURE ON CELL POTENTIAL
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Figure 9

EFFECT OF ELECTROLYTE CONCENTRATION ON CELL POTENTIAL
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Figure 10 R .

EFFECT OF ELECTRICAL PULSING ON ELECTROLYSIS CELL OPERATION
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