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A procedure is described for computer-assisted optimization of  an electrolytic process flowsheet. 
Material, energy, and economic balances for all process units were incorporated in a nonlinear opti- 
mization routine for predicting the minimum selling price based on a discounted cash flow rate of  
return on investment. The optimization utilized a simultaneous-modular approach which was incor- 
porated into the public version of  the Aspen flowsheeting package, and used an infeasible path con- 
vergence method based on successive quadratic programming procedures. Electrolyte vapour- l iquid  
equilibrium data were estimated by the 'non-random two-liquid' model. The Lagrangian multipliers 
of  the constraint equations were used to determine the sensitivity of  the opt imum to key process vari- 
ables. The method was illustrated by evaluation of  two process flowsheets for electrosynthesis of  
methyl ethyl ketone (MEK) from 1-butene based on pilot-plant performance reported in the patent 
literature. 
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1. Introduction 

During early stages of process development, the 
evaluation of various pathways for transforming feed- 
stocks into desired products [1] represents an optim- 
ization problem since one seeks the best possible 
path. For electrochemical routes, efficient methods 
for early screening of process alternatives are impor- 
tant since pilot-scale laboratory data can be system- 
specific and thus inflexible to major changes in pro- 
cess concept once development activities are under 
way. In the present work, a method is described for 
linking preliminary electrochemical data (which 
demonstrate technical feasibility) to engineering 
models of process units in order to optimize the pro- 
cess flowsheet [2]. 

* Present address: Cray Research, Eagan, MN 55121, USA. 

total current to all cells (A) 
Lang factor for auxiliaries 
Lang factor for cells 
Lang factor for,rectifiers 
number of cells in plant 
heat removal load (kJ h -1) 
production rate (kg h -1) 
cooling water temperature rise (°C) 
cooler log mean temperature difference 
(°C) 
heat transfer coefficient for cooler 
(kWm -2 oC-1 ) 

electrolyte flow to each cell (l s -1) 
cell voltage (V) 
rectifier efficiency 
cooling water density (kgm -3) 
surge tank residence time (s) 

Optimization of individual electrolytic cells can be 
accomplished by several methods [3, 4]. In many 
cases operation is influenced by process units 
upstream and/or downstream from the cell [5]. Opti- 
mization of the entire process flowsheet is thus gener- 
ally to be preferred [6]. Typical considerations include 
product separation from the cell effluent as well as 
recovery and recycle of electrolyte, solvent, uncon- 
verted reactants, and byproducts [7]. Flowsheet simu- 
lation methods require mathematical models of 
process units along with physical property data; their 
use in electrochemical applications has recently been 
described [8-10]. Examples of commercially avail- 
able software with electrochemical capabilities 
include Aspen Plus (Aspen Technology, Inc.), 
Aspen/SP (Simulation Sciences, Inc.), and PRO/II 
(Simulation Sciences, Inc.). Physical property data 
for such applications may be estimated for pure 
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Fig. 1. Liquor recovery process flowsheet for electrosynthesis of 
methyl ethyl ketone. 
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Fig. 2. Gas recovery process flowsheet for electrosynthesis of methyl 
ethyl ketone. 

components by methods described by Reid et al. [11], 
and for liquid mixtures by the electrolyte nonrandom 
two-liquid (NRTL) model [12]. 

An electrochemical route to methyl ethyl ketone 
(MEK), outlined in patents by Worsham and 
coworkers [13, 14], has been identified as having the 
potential for achieving an overall reduction in energy 
requirements by comparison with conventional 
chemical routes [15]. Such a proposal is typical of 
over 2500 process concepts, usually fragmentary and 
only partially documented, that are available in the 
electrochemical patent literature [16]. A rational and 
efficient generic procedure for the engineering evalua- 
tion of such concepts is needed. 

The purpose of this study was to establish a meth- 
odology for computer-aided design and optimization 
of electrolytic processes. The test cases used below 
to demonstrate the method were based on the patent 
literature and thus provided a zero-order base case. 

2. Process modelling 

The MEK patents [13, 14] represent a typical starting 
point for process evaluation. In this example, butanol 
is obtained by indirect hydration of 1-butene to 
2-butanol, a fast second-order chemical reaction that 
proceeds quickly to equilibrium in an absorber [17]. 

C4H8(g) + H20 --+ C4H100(aq) 

The butanol is fed to an undivided electrolytic cell 
where i t  is oxidized to MEK at 350K and atmos- 
pheric pressure. 

Anodic :  C4H100(aq) ---* C4H80(aq) + 2H + + 2e- 

Cathodic: 2H + + 2e- --* H 2 

The remainder of this section is segmented into two 
principal categories: 'process synthesis' (conception of 
promising process routes) and 'process flowsheeting' 
(simulation and optimization of process flowsheets). 

2.1. Process synthesis 

Figure 1 illustrates one possible processing route for 

the synthesis of MEK, referred to as the 'liquor 
recovery process'. This diagram represents the simple 
level which is typical of the patent literature; more 
complex flow Sheets could also be analysed. Feed- 
stock n-butene is absorbed in sulphuric acid and 
hydrated to 2-butanol which is fed to the electrolytic 
cell area. The effluent cell liquor (MEK and 
unreacted 2-butanol in concentrated sulphuric acid) 
passes to a product recovery section where MEK is 
separated by a distillation system. All other streams 
are recycled to the butene absorber. The effluent cell 
gas, which contains hydrogen, is scrubbed of volatiles 
which are returned to the absorber. 

Figure 2 illustrates a second possible processing 
route, the 'gas recovery process', which takes advan- 
tage of the volatility of MEK. In this process, MEK 
is recovered via condensation of the cell gas in a refri- 
gerated water cooler; liquid from the cooler proceeds 
to an azeotropic distillation to remove water, and then 
to a finishing column to achieve 99% product. The 
effluent hydrogen stream passes through a refriger- 
ated water absorber to recover trace amounts of 
MEK and 2-butanol for recycling. The relatively 
pure hydrogen stream was credited as a byproduct 
fuel gas. This process route has the advantage of a 
simplified recovery section. The 'gas recovery pro- 
cess' would require a high partial pressure of MEK, 
to be achieved by operating with a high MEK concen- 
tration in the liquid recycle stream. It had been noted 
in the patent literature [13, 14] that MEK concen- 
trations up to 22wt % did not adversely affect the 
electrochemical reaction. 

A summary of commercial processes for the manu- 
facture of MEK is provided by Baiel et al. [18]. 
Manufacture of MEK is currently carried out by 
vapour phase catalytic dehydrogenation of 2-butanol 
produced from 1-b~atene either by indirect hydration 
in sulphuric acid or by direct hydration over an acidic 
ion-exchange resin or a solution of tungsten. 

C4Hs(g) + H20(1) ---+ C4H100(1 ) 

MEK is subsequently obtained by catalytic dehydro- 
genation of 2-butanol in the vapour phase over ZnO 
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or brass at elevated temperature (616-755K) and 
pressure (103-310 kPa). At the time of this analysis, 
the selling price of commercial commodity MEK in 
the US was $63 kmo1-1. 

2.2. Processflowsheeting 

At the inception of this study, no general-purpose 
commercial flowsheeting package was available 
for handling electrolytes and for optimization; 
packages with these capabilities are now available 
as mentioned above. The present investigation 
employed the Aspen flowsheeting package [19], 
enhanced by the use of electrolytic modelling proce- 
dures developed by Cera [20] and La Roche [2] 
and simultaneous-modular optimization techniques 
developed by Chen and Stadtherr [21-23]. 

Figures 3 and 4 illustrate Aspen flowsheets for the 
liquor recovery and gas recovery processes, respect- 
ively. The butene absorber (ABSR1) was modelled 
by an equilibrium reactor module since the overall 
reaction was reported to be a second order reaction 
that went very rapidly to equilibrium [17]. The heat 
of reaction was used to preheat the cell feed. The 
Aspen program contained unit modules for simulat- 
ing an equilibrium reactor (REQUIL), multistage dis- 
tillation (RADFRC), vapour-liquid equilibrium flash 
separator (FLASH2), liquid flow splitter (FSPLIT), 

Fig. 3. Aspen flowsheet module representation 
for MEK liquor recovery process. 

heater (HEATER), and mixer (MIXER). A user-sup- 
plied module (USER) was developed for the electroly- 
tic cell based on the best cell operating conditions 
described by Worsham and coworkers. The first distil- 
lation separates a MEK/2-butanol/water mixture near 
the MEK/water azeotrope (66% MEK) from the sul- 
phuric acid. The second distillation serves to dry the 
mixture by addition of sulphuric acid at the top of 
the column. A MEK/2-butanol stream with trace 
water is taken overhead to the third column which 
removes a MEK/water azeotrope from the MEK/ 
2-butanol. The finishing column achieves 99% 
MEK product by removing 2-butanoL 

The Aspen module specifications for the flowsheets 
given in Figs 3 and 4 are provided in Tables 1 and 2. 
Additional process details along with the tempera- 
ture and composition of all streams are available else- 
where [2]. The tables also indicate decision variables 
(conversion and boil-up ratios) which are to be deter- 
mined by the optimization. 

3. Physical property modelling 

An auxiliary data bank was created within the Aspen 
code for the properties of ionic species present in the 
MEK flowsheets. These included aqueous heat 
of formation, aqueous free energy of formation, 
ionic charge, molecular weight, and standard state 

recycle 
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DIST1, DIST2 

to MIX1 
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I I to MIX1 I I 
/ 

n-C4H 8 

MEK 

to MIX1 
Fig. 4. Aspen flowsheet module representation for MEK 
gas recovery process. 
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Table 1. Aspen module specifications for MEK cell liquor recovery Table 2. Aspen module specifications for MEK cell gas recovery 

Temperature Pressure Decision Temperature Pressure Decision 
K kPa variable K kPa variable 

Electrolytic reactor 350 206.8 Convers ion  Electrolytic reactor 350 206.8 Conversion 
ECELL ECELL 

Cell gas absorber 278 101.3 Cell gas condenser 278 101.3 
(ammonia refrigerant) (ammonia refrigerant) 

ABSR2 COOL1 
Distillation 1 101.3 Boil-up ratio Cell gas absorber 278 101.3 

DIST1 ABSR2 
Flow splitter Split fraction Distillation 1 101.3 Boil-up ratio 

SPLIT1 DIST1 
Distillation 2 101.3 Boil-up ratio Distillation 2 101.3 Boil-up ratio 

DIST2 DIST2 
Distillation 3 101.3 Boil-up ratio Mixer 101.3 

DIST3 MIX1 
Distillation 4 101.3 Boil-up ratio 1-Butene absorber 333 689.3 

DIST4 ABSR1 
Mixer 101.3 Cell feed heater 350 482.5 

MIX1 HEAT1 
1-Butene absorber 333 689.3 

ABSR1 
Cell feed heater 350 482.5 the cell liquid. These constraints were also used in the 

HEAT1 optimization of both flowsheets. 

entropy. Nat ional  Bureau of Standards compilations 
of  data [24] and bibliography of data sources [25] 
were used. 

The Redl ich-Kwong equation of  state was chosen 
for predicting the vapour  properties of  both flow- 
sheets. The n o n - r a n d o m  two-liquid (NRTL)  model 
was used for liquid mixture properties in areas of  
the flowsheets that did not contain electrolytes. 

The electrolyte N R T L  model [12] was used to pre- 
dict activity coefficients for the vapour- l iquid  equi- 
librium calculations in flowsheet sections that 
involved electrolytic solutions. Long-range ionic 
forces were predicted with the Debye-Hucke l -P i t ze r  
method, and short-range forces were modelled by 
the local composition approach of  the N R T L  model 
[26]. The binary parameters  for each solvent- ion 
and solvent-solvent  pair in the M E K  system 
were obtained by regression of  vapour- l iquid  equi- 
librium data [8] f rom which activity coefficients 
were predicted and used to determine vapour- l iquid  
equilibria. 

4. Flowsheet specifications 

Product purity was set at 99 tool % MEK,  a typical 
commercial product  specification. Electrochemical 
cell performance was based on the best operating con- 
ditions with respect to current density: 1292 A m  -2 at 
350 K. High current efficiency (100%) was reported at 
1.65 V and up to 20% conversion per pass. The cur- 
rent density dependence was not reported in the 
patents. As suggested in the patents, the cell feed 
acid concentration was set at 65wt % H2SO4, and 
the mole ratio of  H + to butanol in the cell feed was 
maintained at 1 : 1. In addition, the M E K  concentra- 
tion was constrained to be no more than 22 mol % in 

5. Process optimization 

The optimization study was formulated as a nonlinear 
programming (NLP) problem where one seeks to 
minimize an objective function subject to a set of  
inequality and equality constraints. The objective 
function in the present study was to minimize the 
M E K  selling price required to achieve a 20% dis- 
counted cash f o w  rate of  return (DCFRR).  

Table 3 indicates the values of  principal parameters 
used in the economic analysis. For  the electrolytic sec- 
tion, procedures for estimating capital and operating 
costs were based on the factored approach to electro- 
organic plant cost estimation [27] as summarized in 
Table 4. For  remaining units in the flowsheet, 
ASPEN cost routines were used for estimating the 
capital cost of  pumps, heat exchangers, absorber, 
and distillation columns. 

For  each flow configuration, the decision variables 
were chosen to be the cell feed stream variables, 1- 
butene feed flow, water feed flow, plant size, electro- 
lytic cell conversion per pass, and distillation boil-up 
ratios (the mole ratio of  reboiler vapour  rate to the 
bot toms liquid rate). In addition, the liquor recovery 
fowsheet  had the split fraction (from unit SPLIT1) 
as a decision variable. The current density was not 
selected as a decision variable because data were not 
available for the relation between current density 
and current efficiency. 

As a f ramework for the optimization, a simul- 
taneous-modular  [21-23] interface was written for 
an Aspen-based flowsheeting system. This allowed 
tear stream and design specification equations to be 
considered simultaneously at the flowsheet level. 
This set of  equations became part  of  a nonlinear pro- 
gramming (NLP) problem for which the independent 
variables were chosen to be the tear stream and 
decision variables of  the flowsheet. The constraints 
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Table 3. Economic parameters used for optimization 

Plant life 10 years 
Plant availability 8000 h y-1 
Construction period 2 years 
Tax rate 46% 
Electricity 0.035 $ kWh -1 
Steam (100 psig) 0.0138 $ kWh-I  
Cooling water 0.00222 $ kWh-1 
Ammonia refrigeration 0.0190 $kWh -I 
N-butene 0.573 $ kg -1 
Process water 0.283 $ kton -~ 
Hydrogen 0.308 $ kg -1 

consisted of the tear stream and design specification 
equations along with any independent variable 
bounds. Full documentation of the input file is avail- 
able in Appendix C of [2]. 

The cell feed was chosen as the tear stream for both 
configurations. For the liquor recovery flowsheet, the 
order in which calculations were carried out was 
ECELL, ABSR2, DIST1, SPLIT1, DIST2, DIST3, 
DIST4, MIX1, ABSR1, and HEAT1. For the gas 
recovery process, the order of calculations was 
ECELL, COOL1, ABSR2, DIST1, DIST2, MIX1, 
ABSR1, and HEAT1. The flowsheet Jacobian was 
calculated by the full-block perturbation method for 
the direct difference approximation [21]. 

A modified Han-Powell successive quadratic pro- 
gramming algorithm, SQPHP [21-23], was used to 
solve the optimization problem. The interface 
between SQPHP and Aspen was accomplished 
through use of Aspen Fortran blocks and Fortran 
subroutines. These interface subroutines were written 
in a general manner to allow optimization capability 
for any Aspen-based flowsheeting system [2]. Success- 
ive quadratic programming (SQP) methods [28, 29] 
were used to conserve computation time by following 
an infeasible path approach to the optimum. When 
reliability problems surfaced during the compu- 
tation, usually appearing as line search failures, the 
alternative line search strategy method of Chen and 
Stadtherr [29] was used; the program also incor- 
porated as an option the partial Broyden conver- 
gence scheme [30]. The optimum was considered to 
have been identified when the weighted sum of the 
possible objective function improvement and con- 
straint violations was less than a specified tolerance. 
Lagrangian multipliers obtained as a result of the 
optimization were used to identify key process vari- 
ables to which the optimum was most sensitive. 

5.1. Computation requirements 

Calculations were performed in an IBM 3081-GX 
mainframe. For both flowsheets, two sequential- 
modular initialization iterations with Aspen were used 
before proceeding to the simultaneous-modular 
SQPHP optimization phase. 

The liquor recovery process required 8 SQPHP 
optimization iterations for a total of 18.4CPU 
minutes. It was found that this was 5.8 times the 

Table 4. Economic relationships used for synthesis plants 

Capital items 
Cells At = 3750 $ cell -1 
Rectifiers AR = 0.07 $ W -I 
Heat exchangers *AH = 4500 $ m -2 
Pumps *Ap = 90 $ s l-1 

a =  1.0 
Tanks *AT : 200 $ l - °5  

0 T = 4 0 S  

Electrolysis Lc = 4.0 
Capital LR = 2.5 

LA = 5.0 
Operating costs 
Electricity 

Cooling water 
Cell maintenance Cc~ = AcmlTOT 
Other maintenance Co~a = Aom(CToT -- Cc) 
Cell labour Col = AclN 

Ae = 0.035 $ kWh -l  
H = 8000hy -I 

eR = 0.98 
Acw = 0.023 $m -3 
Am = 0.25A -1 y-1 

Aom = 0.04 y-I 
At1 = 700 $cell -~ y-1 

* Equipment based on 304 stainless steel. 

computer time required to do a simulation (non- 
optimization) calculation with the same initial 
guesses for the decision variables. The gas recovery 
process optimization run took 3.1 CPU minutes with 
8 SQPHP iterations, and was 2.4 times the com- 
parable simulation run time. The computational time 
associated with the liquor recovery process was longer 
owing to the complexities associated with the electro- 
lyte distillations. 

6. Results and discussion 

6.1. Liquor recovery process 

Table 5 summarizes results for the liquor recovery 
process flowsheet. The optimal plant size for this pro- 
cess was found to be 34.0 kton y-1 for which the mini- 
mum selling price was $85.9 kmo1-1. An increase in 
plant size toward the upper bound of 45ktony -1 
was found to be counterproductive owing to 
increased distillation costs. Table 5 also illustrates 
the breakdown of capital costs for the optimal liquor 
recovery flowsheet. Nearly two-thirds of the capital 
was invested in the product recovery section of 
which the first two distillations, which handle large 
electrolyte streams, accounted for the most signifi- 
cant portion. 

Annual operating costs, shown in Table 5, were 
$18.4 × 106 y-1 of which the electrolytic section con- 
sumed about three-fourths owing primarily to power 
costs. It may be seen that two of the distillation units 
were energy intensive because of the need to vapour- 
ize and condense large aqueous streams. The finish- 
ing column was energy intensive because of the need 
to boost column refux to achieve 99 tool % product 
purity. 

The optimal values for the design variables 
are indicated on the lower left side of Table 5. Sensi- 
tivity results, shown in the lower right side of 
Table 5, provided quantitative information on the 
relative importance of the operating parameters. For 
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Table 5. Gas recovery process 

Capacity 34 kton y-1 
Selling price $86 kmo1-1 

Capital cost Operating costs 
Total $15.6 x 106 $18,4 × 106 y-1 

Breakdown by process unit 
Electrolyte cell 36.3% 77.7% 
Distillation l 31.4 7.7 
Distillation 2 21.3 5.0 
Distillation 3 3.6 0.6 
Distillation 4 5.1 7.0 
Absorbers 2.3 2.0 

Design variables Optimal value Limits Sensitivity 
($/kmol % change) 

n-Butene feed flow 0.017 kmol s -1 0.0001-0.0250 -0.453 
Reactor conversion 0.20 0.01-0.20 -0.063 
Waterfeed flow 0.016 kmol s -1 0.0001-0.030 -0.33 
DIST1 boil-up ratio 0.55 0.1-100 +0.027 
SPLIT1 split fraction 0.50 0.1-0.50 +0.034 
DIST2 boil-up ratio 0.68 0.1-100 +2.02 
DIST3 boil-up ratio 0.62 0.1-100 -0.31 
DIST4 boil-up ratio 4.4 0.1-100 +0.57 

example, holding other decision variables constant, an 
incremental increase in butene flow rate extrapolated 
to 1% would decrease the MEK price by 
$0.453 kmo1-1 . The results indicated that useful direc- 
tions for further process improvement would be to 
increase butene feed flow, the water feed flow, and 
the boilup ratio of distillation column 3; and to 
decrease the boilup ratios in columns 2 and 4. The 
results provided in Table 5 also suggest that research 
directed toward releasing the need for high sulphuric 
acid concentration and a 1 : 1 feedstock ratio could 
improve process economics. 

It is also seen in Table 5 that the optimum values 
(second column) of the reactor conversion (0.20) 
and the split fraction (0.50) are at the limit (third 
column) but that the sensitivity coefficients (fourth 
column) are low so that the limits would have to be 
changed significantly if they were to have a signifi- 
cant effect on the economics. 

Based on the commercial commodity MEK price at 
the time of this analysis ($63kmo1-1), the optimal 

Table 6. Liquor recovery process 

liquor recovery process described above was found 
(at $89.5 kmo1-1) to be not economically viable. 

6.2. Gas recovery process 

Table 6 provides capital costs, operating costs, and 
sensitivity analysis of the optimum gas recovery pro- 
cess. The MEK selling price of $58.1 kmo1-1 was mar- 
ginally competitive with the prevailing market price of 
$63 kmo1-1 . 

The capital investment for the gas recovery process 
was $12.1 × 106, a reduction by about 20% from the 
liquor recovery process. The optimal plant size was 
found to be 44.7 ktony -1, or about 30% higher than 
the liquor recovery process. It may be seen that the 
electrolytic section represented over 80% of the total 
capital costs. 

Table 6 indicates that the annual operating costs 
for the gas recovery process were $27.2 × 106y -1 
primarily for electrolytic power and for absorber 
refrigeration for condensing MEK product from the 

Capacity 45 kton y-i 
Selling price $58 kmol- 1 

Capital cost Operating costs 
Total $12.1 x 106 $27.2 × 106y -1 

Breakdown by process unit 
Electrolytic cell 83.5% 88.9% 
Distillation 1 5.0 0.5 
Distillation 2 7.5 1.8 
Absorbers 2.2 8.9 

Design variables Optimal value Limits Sensitivity 
($/kmol % change) 

n-Butene feed flow 0.022 kmol s -1 0.0001-0.0250 +0.033 
Reactor conversion 0.20 0.01-0.20 -0.20 
Waterfeed flow 0.023 kmol s -1 0.0001-0.030 -0.024 
D I S T  1 boil-up ratio 1.1 0.3-100 +0.54 
DIST2 boil-up ratio 8.0 3.0-100 +0.033 
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cell gas. Product recovery operating costs were only 
2.3% of the total. 

The lower portion of Table 6 provides sensitivity 
results for the gas recovery process. By comparison 
with the liquid recovery process, it may be recognized 
that the percent conversion in the electrolytic reaction 
was a more significant variable; a 1% increase in 
conversion would decrease MEK selling price by 
$0.20 kmo1-1. Since the optimum was found to coin- 
cide with the 20% conversion constraint indicated in 
the patents, and since the optimum was sensitive to 
this variable, it may be concluded that improvements 
in cell design that would increase conversion per pass 
should be explored. 

Evaluation of the role of the current density was not 
carried out owing to lack of pilot-plant data as noted 
previously. To do this would be straightforward once 
data were available. 

7. Conclusions 

Optimization of electrolytic process flowsheets was 
carried out by a simultaneous-modular method which 
utilized the public version of the Aspen flowsheeting 
package along with an algebraic model of the electro- 
lytic cell and electrolyte physical property data. The 
test cases included azeotropic distillation and distil- 
lation of electrolytic solutions. The optimizations 
were carried out by an infeasible path method based 
on successive quadratic programming methods. The 
optimization calculations took only two to six times 
longer than corresponding simulation runs. Compu- 
ter execution time depended strongly on the com- 
plexity of the distillation units. An analysis of 
sensitivity of the optimum to process variables was 
carried out by examination of the Lagrangian multi- 
pliers of the constraint equations. The method of 
evaluation is generic and could incorporate other 
process chemistries as well as more refined process 
data, more detailed process flowsheets, and more 
sophisticated mathematical models of electrolytic 
cells. 

Two case studies on etectrosynthesis of methyl ethyl 
ketone from 1-butene were investigated based on pro- 
cess information provided in the patent literature. In 
the liquor recovery process, MEK was separated 
from cell liquor by a series of four distillations which 
were made complicated by the presence of an azeo- 
trope. In the gas recovery process, MEK was sepa- 
rated by condensation of cell gas. Although neither 
of the case studies gave promising results from a com- 
mercial point of view, the method of evaluation was 
found to be robust. 
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