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Current  density in an industrial electrosynthesis process carried out in a single flow electrolyser with 
planar electrodes has been optimized using a model which includes the main electrochemical and eco- 
nomic parameters, as well as process kinetics. Results obtained using different optimization criteria 
have been compared. Sample calculations have been made for the cathodic reduction of  oxalic acid. 

Nomenclature kf, k w 
kA,kB,kH 

C 

CA~CB~CH 

CAs ~ CBs ~ CHs 

A ~  
i 

imin,/max 

A total working electrode area, mono- 
polar connection (m 2) 

a proportionality factor considering 
depreciation, interest on capital etc. 
(yr -1) 

total concentration of glyoxylic and 
oxalic acids (kmol m -3) 
concentration of oxalic acid, glyoxylic 
acid and hydrogen ions respectively 
(kmol m -3) 
surface concentration of oxalic acid, 
glyoxylic acid and hydrogen ions 
respectively (kmol m -3) 

Cf fixed part of the investment cost ($) 
Ci total investment ($) 
c w investment cost per 1 A of current load 

( $ A  -1) 

C1 labour cost ($ yr -1) 
Co operating cost ($ yr-1) 
Cs constant part of the operating cost, 

fixed cost ($yr 1) 
D total profit ($ yr-l) 
E electrode potential (V vs SCE) 
F Faraday constant (F = 96485 C tool -1) 
f factor given in Equation 17 (dimen- 

sionless) 
the enthalpy of rth reaction (Jmo1-1) 
total current density (Am -2) 
limiting values of current density, given 
in Equation 31 (Am 2) 

/opt optimal value of current density 
(A m -2) 

ip effective current density of product 
generation (Am 2) 

ir partial current density of rth reaction 
(Am -2) 

it effective current density of reactant con- 
sumption (A m -2) 

iv symbol for current density used in 
Table 1 (A m -2) 
parameters given in Equations 33 and 
34 (A m -2) 

parameters given in Equation 39 (W) 
mass transport coefficients of reactant 
A, product B and hydrogen ions respec- 
tively (m s -1) 

m' a proportionality factor in Equation 15 
(W m -2) 

m factor given in Equation 20 (W m -2) 
N return on investment, ROI (yr -I) 

N '  incremental return on investment (yr -1) 
P production rate (kmolyr-1) 
p parameter given in Equation 31 (A m -2) 
q parameter given in Equation 31 (A: m -4) 
R total resistance of electrolytic cell, 

including both ohmic and polarization 
components (f~) 

r maintenance cost as a fraction of total 
investment (yr -1) 

s e cost of energy ($kWh -1) 
Sm cost of raw materials ($ kmo1-1) 
Sp selling price of a product ($ kmol -I) 
U total cell voltage (V) 

U0 a part of cell voltage independent of 
current density (V) 

Ul voltage parameter given in Equation 19 
(v) 

U: voltage parameter given in Equation 29 
(v) 

Uf voltage parameter given in Equation 43 
(v) 

uf parameter used in Equation 47 (dimen- 
sionless) 

U w voltage parameter given in Equation 42 
(v) 

Uw parameter used in Equation 46 (dimen- 
sionless) 

U N voltage parameter given in Table 1 (V) 
Up parameter given in Equation 23, repre- 

sents the relation between the prices of 
product and of energy (V) 

Us parameter given in Equation 24, repre- 
sents the relation between the prices of 
raw materials and of energy (V) 

Ut thermoneutral voltage (V) 
V value of a product ($yr -1) 
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, 
v proportionality factor in Equation 6 

($ m -2) 

v parameter given in Equation 25, repre- 
sents the relation between the investment 
cost and the price of energy (W m -2) 

W total amount  of energy required 
(kWh yr - 1) 

We1 energy of direct current (kWh yr -1) 
Wm energy required for circulation or stir- 

ring of the electrolyte (kWh yr -1) 
Wt energy required to maintain constant 

temperature of  electrolyte and elec- 
trodes (kWh yr -1) 

Zr the number of electrons exchanged in 
rth reaction, subscript 1 refers to the 
main reaction (dimensionless) 

o~ the mole fraction of  glyoxylic acid in 
acid mixture (dimensionless) 

/JAr~/TBr 

ei current efficiency (dimensionless) 
em efficiency of circulation pumps or stir- 

rers, dimensionless 
e r efficiency of transformer-rectifier system 

including transmission losses (dimen- 
sionless) 

es chemical yield (dimensionless) 
e t efficiency of heating/cooling system, 

dimensionless 
n specific conductivity of oxalic and 

glyoxylic acid solution (fU l m -1) 
a stoichiometric number of  a reactant A 
or a product B, respectively in the rth 
reaction (dimensionless) 

p parameter (= RA), characterizing total 
resistance of the electrolyser (gt m 2) 

~- working time in a year (103 h yr -1) 
parameter given in Equation 22 (W m -2) 

1. Introduction 

Before a new synthetic method, tested on the labora- 
tory scale, can be utilized in industry economic analy- 
sis is necessary to evaluate costs and gains and to 
determine optimal reactor size and the most eco- 
nomic mode of operation. In the present study, a 
methodology for such an analysis, regarding specific 
features of electrochemical processes is presented. 
The most critical parameter is current density and 
this variable must be optimized in the first place. 

2. Selection of optimization criteria 

As a basic optimization criterion the total profit, D, 
can be adopted; this is the difference between product 
value, V, and total product  cost, consisting of  operat- 
ing cost, Co, and investment related cost, aCi, [1]: 

D = V -  Co - aCi (1) 

Most general criteria used for optimization of  com- 
plex systems in chemical technology are of an eco- 
nomic nature rather than purely technological. 
Instead of profit, comparative criteria can be used, 
for example [2]: 

(i) return on investment (ROI) 

D 
N = - -  (2) 

G 
(ii) incremental return on investment 

dD 
N '  -- (3) 

dCi 

The choice between those criteria is to an extent arbi- 
trary. This is because different methods can be used to 
estimate the effectiveness of  investment. Comparison 
of  literature from different countries shows that cri- 
teria similar to D have been used in Russia [1] and 
those like N and N '  are considered to be more appro- 
priate in the West [2]. 

3. Simple cost model 

Optimization criteria consist of  components which 
can be related to process parameters by a simple 
cost model as introduced by Ibl [3, 5]. 

Assuming, for simplicity, that there is only one 
commercial electrolysis product 

V = spP (4) 

the operating cost, Co, can be represented as a sum of 
four components 

smP 
Co - + seW+ rCi + Cw (5) 

C s 

The first term includes the cost of  raw and auxiliary 
materials, as well as the indirect cost, and is propor- 
tional to the production rate P. The second term 
represents the cost of energy W. The next term is a 
maintenance cost approximately proportional to the 
plant size and, thus, to the investment cost Ci. The 
last term, the labour cost Cw, is assumed to be con- 
stant over a fairly wide range of production rate. 

The investment cost, Ci, is represented by a linear 
function of electrochemical reactor size and, thus, 
electrode area, A [3] 

C i = Cf + v t A  (6) 

4. Current density and energy consumption 

A main electrochemical process 

tJA1A q - z l e  > uB1B (7) 

is considered with k -  1 side reactions, in which the 
reactant A and the product B may also be involved. 
The overall process takes place in a flow electrolyser 
with planar electrodes. There is one pair of  electrodes 
or electrodes of  the same kind are connected in paral- 
lel. The electrolyte solution is well mixed. 

The total current density, i, is equal to the sum of 
the current densities, ir, of  all reactions occurring. 
For  the convenience of further considerations the 
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current densities ip and is refer to the generation of 
product and to the consumption of reactant 

k 

~ r__~l yBr ir - -  ( 8 )  
iP= 1 Zr 

k 
= 2"1 i /JAr (9) 

is ~A1 r=~l r Zr 

Current efficiency e i and chemical yield es may be 
expressed as 

ei = ip/i  and e s = ip/is (10) 

Energy consumption is vital in all electrochemical 
processes. Energy is used not only immediately as 
direct current driving the electrode reactions (Wel) 
but also to maintain constant temperature of electro- 
lyte and electrodes (most often by cooling -Wt)  and 
for circulation or stirring of the electrolyte (Wm). 
The total amount of energy, W, carried by alternat- 
ing current is 

W =  Wel/Cr + lWtl /e t  + Wm/ern (11) 

The amount of d.c. energy involved can be written 
as 

Wel = (Uoi + Ri2A)A'r (12) 

The energy, Wt, which should be supplied to, or 
withdrawn from, the system to maintain a constant 
electrolyte temperature may be calculated from the 
thermal balance on the electrochemical reactor [4]. 
Assuming that electrolysis is carried out at ambient 
temperature: 

W t = Wel-  UtiA~ - (13) 

where 

l x - ~  k AHr 
U t 1Fr__2~l l r Zr (14) 

is sometimes called the thermoneutral voltage. If 
enthalpies A H r / z  r (per 1 mole of electrons) for each 
reaction do not differ much, then Ut hardly depends 
on the current density and will be considered constant. 

By assuming constant flow velocity, following Ibl 
and Adam [5], the power required for pumping, Wm, 
is proportional to the electrode area: 

W m = rn'A~- (15) 

m' being a proportionality factor. 
The total energy requirement for the electrolytic 

process is 

W =  A~-f(pi 2 + Ufi  + m) (16) 

The following symbols have been used: 

f =  1/er + 1/et 

p = R A  

U 1 = U 0 

! 
m 

m - -  
e m f  

ut 
1 + et/e r 

(17) 

(18) 

(19) 

(20) 

The parameter characterizing the resistance of the 
electrolyser, p, remains nearly constant for electroly- 
tic cells with cross-sectional geometry independent 
of length (providing that the polarization component 
is small compared to ohmic drop). 

Considering all the previous relations the total 
profit, D, is given by 

D = sefArq~ - C~ (21) 

where 

= U p i p  - Usi s - pi 2 - U l i -  m - v (22) 

New symbols used in this equation have the following 
meaning: 

SpUrn (in V) (23) 
up - seFfzl 

SmlUMI (in V) (24) 
us = serfzl" 

_ (a + r ) v '  (in W m -2) (25) 
V Se ~ 

Other components of the operating cost are fairly con- 
stant over a relatively narrow range of current density 
and can be regarded as a fixed cost C~ 

C s = (a + r)Cf  + Cw (in $ yr -1) (26) 

5. Profit as an optimization criterion: additional 
conditions 

The total profit D defined by Equation 1 increases 
without limits with growing production rate P. To 
use it as an optimization criterion some limiting con- 
ditions must be added in accordance with the actual 
problem. There are three typical situations when opti- 
mization is necessary. For each of them profit, D, can 
be expressed in a form clearly exhibiting its depen- 
dence on current density, the main controlled vari- 
able of each electrochemical process, which is 
responsible for the intensity of the process and, on 
the other hand, for the amount of energy used: 

(i) optimal design for limited rate of production, 

D = s e f F P ~ -  Cs (27) 
tp 

(ii) optimal design for limited consumption of 
energy, 

q5 
D = SeWpi2  + Uli  + rn Cs (28) 

(iii) adaptive procedure for existing electrolyser. 

D = sefA~-O - Cs (21) 

For a constant rate of production current density 
determines the size of the electrolyser. If  there is a lim- 
itation for energy usage, this condition imposes an 
interrelation between production rate and electrode 
area. Finally, if optimization is based on an existing 
electrolyser, current density determines the rate of 
production. 
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6. The range of acceptable solutions of optimization 
problems 

The obvious requirement for  any practical process is a 
positive value o f  the profit, D. This also requires a 
positive value o f  55 (Equat ion 18). To determine an 
interval o f  current  density in which 55 > 0 the follow- 
ing abbreviat ion is used: 

U2 -- V p i p -  Vsis 
i -- (Up - Us/es)e i (29) 

I f  it is assumed that  efficiencies ei and es do not  depend 
on current  density, i, 55 is a square trinomial. Equat ion  
55 = 0 has two positive solutions when 

U 2 - U 1 
> 1 (30a) 

2 ff[p(v + m)] 

I f  this condi t ion is not  fulfilled the profit, D, always 
has a negative value and a given process is econo- 
mically unacceptable.  

The condi t ion (Relation 30a) m a y  be difficult to 
check as it requires a lot o f  process data.  For tu-  
nately, it is possible to simplify this condit ion.  The 
resulting approximate  inequality reads as follows: 

(Sp -- Sm/~s)~ i 
> 1 (30b) 

33.4z 1 ( gse( a -1- r)ci) 1/2 

This relation permits the elimination o f  some pro- 
cesses at an early stage o f  investigation. For  a process 
which fulfils Condi t ion  30a there is an interval imin < 
i </max, in which 55 > 0. Limiting values are 

i m i n = P - V / ( p 2 - q )  i m a x = P + v / ( p 2 - - q )  (31) 

where p = (U2 - U1)/2p and q = (v + m)/p.  
As the fixed cost, Cs, exceeds zero the condi t ion 

55 > 0 is not  sufficient to ensure that  D > 0. A suffi- 
ciently large p roduc t ion  rate is also necessary. Figure 1 
illustrates this graphically. This plot is made for the 

case o f  constant  product ion  rate; however  in other  
cases the plots are similar. 

7. Optimization equations 

By differentiating Equat ions  21, 27 or 28 with respect 
to the current  density, i, and equating the derivative to 
zero we obtain  opt imizat ion equations for appropri-  
ate situations and, thus, the optimal current density. 

7.1. Constant rate o f  production 

The opt imizat ion equat ion takes the form: 

pi2(1 - 2ip/Jp) + Uli(1 - ip/Jp) 

+ v  + m + Us(is - Jsip/Jp) = 0 (32) 

The parameters  Jp and Js in this equat ion are given by 

Jp = i dip (33) 
di 

Js = i dims (34) 
di 

7.2. Limited amount o f  energy 

Differentiating expression 28: 

(UpJp - UsJs)(pi 2 + Uli + m ) 

- (Upip  - Usis - v)(2pi 2 + Uli)  = 0 (35) 

7.3. Constant size of  the electrolytic cell 

In this case the opt imizat ion equat ion reads: 

UpJp - UsJ s - U l i -  2pi 2 = 0 (36) 

In the simplest case that  efficiencies ei and es are inde- 
pendent  o f  the current density, analytical solutions o f  

P m i n  . . . . .  

(a) 

Imin ioD1 t /max 

i 0' 

-C, 

(b) 

Fig. 1. The area of acceptable solutions of optimization problems with total profit, D, taken as a criterion. (a) Lines of equal profit in terms of 
current density, i, against production rate, P. (b) Profit, D, as a function of production rate, P, for different values of current density,/. 
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Table 1. Optimal current densities calculated with the assumption that efficiencies ei and e s were independent o f  the current density 

Limiting condition Optimization criteria 

Profit Return on investment 

C o n s t a n t  r a t e  o f  p r o d u c t i o n  

p =  1 3 5 0 k m o l y r  -1 

.DI 
topt = ~/E(v + m)/p] 

.DI /opt = 9 6 3 A m  2, A = 1 5 . 7 m  2 

• NI = 
Zopt --iv + x/[iv 2 + (ivUN + m)lp] 

where  

i v = 7)/Urc i U N = U 2 - U 1 - Uw6 i 

.N1 
l o p  t = l 1 7 4 A m  a A = 1 2 . 8 m  2 

L imi t ed  a m o u n t  o f  ene rgy  

W 1 x 1 0 6 k W h y r  I 

/opt'D2 = iv + ~/[i 2 + (iv UI + m)/p] 

where  

iv = v/U2 

• D2 
l o o t  = 6 4 9 A m - 2 ,  A =  1 3 . 9 m  2 

P =  811 k m o l y r  1 

topt-N2 _iv+x/[iv2 + ( i v U N + m ) / p ]  

where  

i~ = v(1 + Uw)/ufU 2 U N = U2/(1 + Uw) - U1 

• N2 /opt = 6 4 8 A m - 2 ,  A = 1 4 . 0 m  2 

P = 8 1 2 k m o l y r  -1 

C o n s t a n t  size o f  the  e lec t ro ly t ic  cell 

A = 1 0 m  2 

• D 3  . N3 U2 - U1 
/opt ~ / o p t  - 2p 

. D 3  • N3 
/opt = /opt = 1 7 5 5 A m  2 p = 1 5 7 2 k m o l y r - 1  

1 1 1 t 5 2 Sample  da ta :  Sm/S e = 1 . 9 7 k W h m o l -  , s , /se  = 6 . 9 4 k W h m o l -  a + r = 0 . 3 y r  , v / s e  = 3.12 x I0 k W h m -  f =  3 .1 l ,  
3 -1 -2 ~ -2 -3 2 r = 8 . 0 x l 0  h y r  , m = 2 5 7 W m  , v = 3 7 6 2 W m  , p = 4 . 3 3 x 1 0  f ~ m ,  U 0 = 2 . 1 5 V  , U1 1 .23V,  U s = l l . 8 V ,  U p = 4 1 . 6 V ,  

Ut = 1 .43V,  es = 0.83,  ei = 0.6, U2 = 16.43 V, Cf/s~ = 3.12 x 106 k W h ,  Cw/s e = 4.69 x 105 k W h y r  -1 

Equations 32, 35 and 36 can be obtained. These solu- 
tions have been collected in Table 1. 

Generally, however, numerical procedures must be 
applied. The flowchart for such a procedure is very 
simple; the only problem is to know how the total cur- 
rent density distributes between partial electrode reac- 
tions. In other words the dependence of ip and i s on i 
must be known and then dip/di and dis/di calculated. 

According to Condition 30a the following inequal- 
ity is valid: 

imin < io~t 2 < io~ < io~ < /max (37) 

Optimal current density for the case (i) does not 
depend on the price of product; for the case (ii) it is 
independent of the price of energy and for the case 
(iii) it is independent of the investment cost. 

8. Return on investment as an optimization criterion 

Return on investment can be expressed in terms of 
process data in the following way: 

N -  se f~-Ag? - C s 
Cf + v'A (38a) 

or after rearrangement 

Aq5 - k f -  k w 
U = (a + r) kf + vA (38b) 

New symbols used in this formula are: 

kf = (a + r)(Cf/sef~- ) (39a) 

kw = Cw/sef'r (39b) 

For  big and modern facilities, in which Cf and Cw 
are relatively small the following approximation can 
be used: 

a + r  
U ~ q~ (40) 

v 

Differentiation of this criterion leads to Equation 36 
as in the case of constant electrolyser size and criter- 
ion D. So the optimal current density is independent 
of the investment cost, determined by v, and of the 
electrode area A. If  Cf and Cw cannot be neglected, 
analysis should include three cases as before: 

8.1. Constant rate of  production 

Suitable rearrangement of  Equation 38a leads to 

N = (a + r) ~5 - (Uw + f f ) i p  (41) 
v +  U f i p  

where 

Cwum "rum kw (in V) (42) 
U1 = PseFfZl -- PFzl 

U f = ( a + r )  Cfu m _7-u m k f  ( inV) (43) 
PseFfzl PFzl 

Graphical representation of Equation 41 is shown in 
Fig. 2. Differentiation of Equation 41 results in an 
optimization equation. 

(Us/s + pi 2 + Uli + m)UfJp 

- ( U s J  s + 2pi 2 + Uli)(v + Ufip) 

+(Up - Uw)vJp = 0 (44) 
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(a) 

/ 
/ /  

I 
I 

i 

i 

I 

• . N 1  . D 3  " Imin /opt Iopt /max 

N 

(a + r) x- -~ - .N1 

-- rain 

(b) 

Fig. 2. The area of  acceptable solutions of optimization problems with return on investment (ROI) taken as a criterion. (a) Lines of  equal 
ROI in terms of  current density, i, against production rate, P. (b) ROI as a function of production rate, P, for different values of  current 
density, i. 

8.2. Constant energy consumption 

ROI can be expressed in this case by 

- (Uw + uf)(pi 2 + Uli + m) 
N = (a + r) 

v 4- uf(pi 2 4- U1 i 4- m) 

where 

and 

Cw f~- 
- ~ kw 

u 1 - Se E 1 5  

of the following additional conditions should be con- 
sidered: 

(i) the production rate, P, from the enlarged facility 
should remain unchanged, i.e. the current density 

(45) should be reduced; 
(ii) energy consumption should remain constant, 

this also requires reduction in the current density; 
(iii) current density remains unchanged: at opti- 

(46) mum level considering profit, D, the rate of produc- 
tion will be greater. 

uf = (a 4- r) - -  = kf (47) 
seE 

Graphical representation of  Equation 45 is similar to 
that of  Equation 41. The optimization equation takes 
the form: 

(UpJp - UsJs)(pi2 4- Uti 4- m + (~/uf) 

-[Upip - Usis - (1 4- Uw)(V/Uf)](Zpi 2 4- Ul i )  = 0 

(48) 

8.3. Constant size o f  the cell 

With a constant value of the investment cost Ci both 
criteria D and N lead to identical results. The optimi- 
zation equation takes the form of Equation 36. 

9. I n c r e m e n t a l  return on  i n v e s t m e n t  as  an o p t i m i z a t i o n  

cr i ter ion  

Adoption of the incremental ROI N '  as an optimiza- 
tion criterion is reasonable when an existing facility is 
to be modernized and enlarged. Reconstruction is 
advisable if N ~ is greater than the value of N obtain- 
able hitherto. With enlargement of  the facility one 

9.1. Constant rate o f  production 

Considering relations between production P and ip 
leads to 

- I ( dis ~t'p) 1 N '  a + r  ~ + i p  Us - U p + ( 2 p i + U l )  di 

(49) 

With £i and e s constant Equation 49 simplifies to 

N '  -- a 4- r (pi2 _ m -  v) (50) 
I) 

.D1 Criterion N ~ takes positive values for i > /opt and the 
.N1 condition N ~ > N is fulfilled for i > /opt- 

9.2. Constant energy consumption 

Suitable rearrangement of the Equation 3 leads, in 
this case, to 

N~ - a + r  [ v Upip - Usi s - v - (UpJp - UsSs) 

x \ 2 p i 2 + U l i  J J  
(51) 
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If efficiencies q and es do not depend on current den- 
sity Equation 51 simplifies to 

N '  = (a + r) - 2--~--~ ~ 1 (52) 

• D2 and The criterion N ~ takes positive values if i > /opt, 
• N 2  condition N ~ > Nis  met for i > /opt. 

9.3. C o n s t a n t  c u r r e n t  d e n s i t y  

For constant current density the criterion N ~ has a 
very simple form: 

N '  = a + r q~ (53) 
v 

In this case criterion N '  is independent of the cell size. 
The right-hand sides of  Equations 40 and 53 are iden- 
tical; this means that criterion N increases asymptoti- 
cally to the value of N '  with the cell size. Condition 
N '  > N is satisfied in the entire interval 
imi n < i < /max" ROI depends only slightly on the cell 
size, but distinctly on the current density. 

10. Sample optimization problem: oxalic acid reduction 

One of the methods of synthesis of  ethylvanilin 
includes the step of  coupling glyoxylic acid and 2- 
ethoxyphenol. Conveniently, in this reaction, 
glyoxylic acid may be used as ~ 0.8M solution, 
which can be prepared electrochemically by the reduc- 
tion of oxalic acid. Catholyte from the electrochemical 
reactor can be used without any further processing. In 
contrast to the manufacturing of  commercial 
glyoxylic acid, no evaporation is needed and the pro- 
cess to be optimized consists of the electrochemical 
step only. 

Electrochemical reduction of oxalic to glyoxylic 
acid can be performed on lead or mercury cathodes. 
To demonstrate results of  a sample optimization the 
reduction of oxalic acid on a mercury cathode has 
been chosen as an example. Kinetic data have been 
taken from [6]. The main reaction is 

COOH CH(OH)2 
t + 2 H  + + 2e-  ~ ] 

COOH COOH (54) 

A B 

i l / 2 F =  1.31 x 10-13CAsC~sexp (--20E) 

Apart from the main Reaction 54 two side reactions 
occur, one involving reactant and product consump- 
tion (55) and the second (56) hydrogen evolution: 

A + B + 2 H  + + 2 e -  , by products (55) 

i 2 / 2 F  = 3.54 x IO-14CAsCBsC2Hs exp (--20E) 

H + + e -  , ½H 2 (56) 

i 3 / F =  6.82 x 10-10CHseXp ( - -12E)  

Mass transport has been considered by the equations 

is = il + i2 = 2 k A F ( C A  -- CAs) (57) 

ip = il -- i2 = 2kBF(CBs -- CB) (58) 

i3 = kHF(CH -- Cns) (59) 

For  the solution of optimization equations it is also 
necessary to know the concentration dependence of 
the resistance of the catholyte. Data were determined 
experimentally. For  the specific conductivity, t~, of 
oxalic and glyoxylic acid solution with total concen- 
tration of 0 .25-1 .0kmolm -3 at a temperature 
293 4-0 .2K the following regression equation was 
obtained [7]: 

= (13.359 - 11.652a + 8.126a 2 - 9.049ct3)(c) 1/3 

- 4.599 + 4.379a - 4.177a 2 + 4.229a 3 (60) 

where ~; is in fU 1 m -1 units. The standard deviation 
calculated with this formula was 0.031 fU 1 m -1. 

Sample data are collected in Table 1. Additionally 
CA = 0.64kmolm -3, CB = 0.30kmolm -3. Taking 
profit as the criterion and solving Equations 32, 35 
and 36 the following results are obtained: 

constant rate of production, P = 1350 kmol yr -1 
-D1 /opt = 1040Am-2, A = 14.4m 2 

limited amount of  energy, W =  1 x 106 kWh yr -1 
/opt'D2 = 746Am -2, A = l l . 2 m  2, P = 730 kmol yr -1 

size of the cell, A = 10m 2 
/opt'D3 = 1871 A m  -2, P = 1753 kmolyr  1. 

These values of optimal current density are higher 
than those from Table 1 calculated from simplified 
equations. 

Figure 3 shows the dependence of  optimal current 
density and energy consumption vs. conversion and 
parameter v + m. This graph has been plotted in 
dimensionless coordinates relating current density to 
the value of  io~, and energy consumption to the limit- 
ing value Z j  ° obtainable for Cs ~ 0. 

At low fractional conversion the optimum current 
density is approximately constant, only slightly 
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0.6 1 

0 0.2 0.4 0.6 0.8 1.0 

c jcX 
Fig. 3. The impact of  the fractional conversion and parameter v + m 
on optimum current density and specific energy consumption for 
oxalic acid reduction. (v+m) values: (a) 1.5, (b) 6, and (c) 
24 kW m-2. 
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.DI lower than lopt, the value expected for constant  cur- 
rent efficiency and chemical yield. In fact, in the pro-  
cess under  consideration,  this assumpt ion is satisfied 
with good  accuracy for  low produc t  concentrat ion.  
The higher the value o f  the parameter  v + m, defined 
by the relation o f  investment and energy costs, the 
more  visible is the effect o f  current  efficiency changes 
with fractional conversion on the opt imal  current  
density. A similar but  less distinct impact  o f  this 
parameter  can be observed in the case o f  energy 
consumpt ion.  
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