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Bury, D. and Jelen, P. 2000. Lactose hydrolysis using a disrupted
dairy culture: Evaluation of technical and economical feasibility.
Can. Agric. Eng. 42:075-080. The feasibility of producing partially
lactose-hydrolyzed (PLH) milk or syrup using a crude source of p
galactosidase from a disrupted dairy culture (L. delbrueckii subsp.
bulgaricus 11842) was examined. Ascertaining that the disrupted
biomass from a 1000 L fermentation is capable of producing at least
1000 L of PLH milk (60% hydrolysis), production of one or two 2000
L batches per week would be economically feasible provided the
processing facility already owns a suitable bactofuge. The hydrolysis
ofa 50,000 L batch of milk at least two days per week appears feasible
despite the need for a $7.5 million capital investment. Production of
sweetening syrup (65% solids, 60% hydrolysis) from whey or
permeate does not appear economically feasible based on the
hydrolysis of 500,000 L of whey or permeate per day (85% operating
factor). Partially-lactose-hydrolyzed milk is a high-value added
product, but syrups produced from hydrolyzed whey or permeate
would have to compete with other inexpensive sweetenercommodities.

La faisabilite de produire du lail ou du sirop au lactose
partiellement hydrolyse (LPH) par utilisation d'extrait brut de p
galactosidase obtenue par rupture de culture laitiere (L. delbruckii
subsp. bulgaricus 11842) fut examinee. Apres s'ctre assure que la
rupture de 1000 L de biomasse fermentee est capable de produire au
moins 1000 L de LPH (60% d'hydrolyse), la production de un ou deux
lots de 2000 L par semaine devient economiquement faisable autant
que la facilite d'operation possCde deja un bactofuge adequat.
L'hydrolyse de lots de 50 OOOL de lait un minimum de deux fois par
semaine apparait faisable en depit d'un investissement capital de $7,5
million. La production de sirop edulcorant (65% solides, 60%
hydrolyse) a partir de permeat de lactoserum n'apparait pas
econorniquement faisable sur une base d'hydrolyse de 500 000 L de
penneat par jour (facteur d'operation de 85%). Le lait au lactose
partieUement hydrolyse est un produit aforte valeur ajoutee alors que
les sirops obtenus a partir de permeat de lactoserum sont en
competition avec d'autres edulcorants peu chers.

INTRODUCTION

Traditionally, cheese whey has been considered a waste and the
dairy industry tended to focus on its disposal. Current trends
aim at the recovery of valuable components from whey or seek
to utilize whey by other means. For example, the protein
fraction can be removed and concentrated by ultrafiltration (UF)
to produce whey protein concentrates and a lactose rich UF
permeate. Addition of f3-galactosidase would hydrolyze the
lactose in the whey or permeate to a mixture of the
monosaccharides galactose and glucose which are sweeter and
more soluble. Use of lactose-hydrolyzed whey in ice cream

would help to minimize the potential problems of sandy texture
caused by the formation of lactose crystals while contributing
to the sweetness. The low solubility of lactose limits the
concentration of whey or permeate for transport. Lactose
hydrolysis prior to the concentration process would allow for a
higher degree of water removal thus lowering the cost of
transportation. The resulting syrup could then be used to
supplement or replace conventional sweeteners such as sucrose.
Finally, the hydrolysis of lactose in many dairy products could
make them available to consumers suffering from lactose
intolerance. A potential market of some 50 million persons was
estimated to exist in the USA alone (Sloan 1999). Since the cost
of purified f3-galactosidase is prohibitive in most instances,
Jelen (1993) proposed the use of sonicated dairy cultures to
produce a relatively impure source of f3-galactosidase for a
potentially more economical process of lactose hydrolysis.

Growth media based on whey or whey permeate have been
used for the production of lactic acid, ethanol, biomass, and the
propagation of dairy starter cultures. We propose to supplement
sweet cheese whey with 0.6% yeast extract (Bury, 2000) to
culture the microorganism of interest. In this instance,
Lactobacillus delbrueckii subsp. bulgaricus 11842, a bacterium
used in the production of yogurt, is capable of producing
relatively high levels of intracellular f3-galactosidase in
comparison to other dairy cultures (Friend et al 1983; Shah and
Jelen 1990, 1991). Once the fermentation is complete, the cells
would be concentrated by centrifugation and disrupted. The
suspension could then be clarified for use in products such as
milk or used as is in the case of ice cream, yogurt, pudding, or
other products. The objective of this investigation was to verify
the effectiveness of the proposed approach and to examine its
general economic feasibility.

MATERIALS and METHODS

The proposed process

L. delbrueckii subsp. bulgaricus 11842 would be grown on
sweet whey containing 0.4-0.6 % (w/v) yeast extract. The pH
would be controlled by addition of 12N NaOH, KOH, or ION
NH40H. Seed cultures would be grown in sterile broth or direct
to vat inoculation could be used. The fermentation broth would
be pasteurized by heating to 70°C for 10 min and cooled to
43°C for fermentation. The fermentation would take
approximately 14 - 18 h at which point the culture would be
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Fig. 1. An overview of lactose hydrolysis processes using a
disrupted dairy culture as considered in this study.

concentrated using a disk stack centrifuge (Fig. 1). The
concentrated cell slurry would be cooled in a jacketed holding
vessel and adjusted to 50% solids (wet weight) for disruption.
Two passes through a high pressure homogenizer or a pass
through a bead mill would be required for disruption and
subsequent release of p-galactosidase. The suspension could
then be added to whey, permeate, concentrated permeate, milk
or clarified by centrifugation or filtration prior to use. This
procedure was followed in a small scale laboratory verification
experiment providing a basis for the economic evaluation.

Experimental procedures

The basic experimental setup was as described by Bury (2000).
L. delbrueckii subsp. bulgaricus 11842 was maintained in MRS
broth (Difco, Detroit, MI) containing 1% a-lactose (Fisher
Scientific Co., Springfield, NJ). The culture was grown in 150
mL broth containing 3% w/v sweet whey powder (Kraft, Mont
real, QC) and 0.8% MRS powder. The culture was incubated for
12-14 h in an incubator shaker (New Brunswick Scientific Co.,
New Brunswick, NJ) maintained at 40 - 43°C and 100 RPM.
About 50 mL of this culture was used to inoculate a two liter
fermentor (New Brunswick Scientific Co., New Brunswick, NJ)
filled with 1560 mL of broth containing 5.8% whey power and
0.6% yeast extract (Fermtech, BDH Inc., Toronto, ON). The
temperature was maintained at 43 ± 0.2°C by placing the two
liter fermentor in a circulating water bath. When the culture
reached pH 5.0 ± 0.1, it was maintained at this level for the
remainder of the fermentation by addition of 2 N NaOH (Fisher
Scientific Co., Springfield, NJ) using a peristaltic pump (Wat
son-Marlow Bredal Pumps Inc., Wilmington, MA) controlled by
an Omega pH controller (Omega Engineering Inc., Stamford,
CT). Growth was monitored by recording the amount of NaOH
added and by direct microscopic enumeration of the cells.

Whey or
permeate

Partially lactose
hydrolyzed milk

Yeast
extract

NaOH or
NH40H

Hydrolyzed
lactose syrup

The fermentation broth was cooled to approximately
10°C by placing the fermentor in an ice water bath once
the consumption of NaOH began to slow down (about
16 h). The biomass was recovered by centrifuging 200
mL aliquots of culture at 4000 x g for 10 min. Two
pellets, representing 400 mL of culture, were pooled and
resuspended in 70 mL ofcold 2% milk in preparation for
the disruption in a Dyno-Mill KDL Special (WAB
Maschinenfabrik, Basel, Switzerland; Glen Mills, Inc.,
Maywood, NJ). The cell suspension was introduced to
the 150 mL grinding chamber followed by 130 mL of
lead-free glass beads (0.2 - 0.3 mm diameter).
Approximately 15 mL of cold 2% milk was added to fill
the chamber. The cells were milled for two minutes
using an agitator tip speed of 10 mls. The suspension of
cells and glass beads was drained from the chamber.
Cold 2% milk was used to rinse the chamber and dilute
the suspension to 400 mL of 2% milk. The milk was
decanted to remove the glass beads and placed at 4°C for
hydrolysis. The amount of lactose hydrolyzed was
determined by measuring the freezing point depression
as a function of time (Zarb and Hourigan 1979).

Economic analysis

Whey was assumed to be readily available for the
fermentation. The cost of processing the spent
fermentation broth was not taken into consideration.
Capital and operating costs were based on estimates
from manufacturers, suppliers, Kalk and Langlykke

(1986), and Ulrich (1984). Costs were adjusted to reflect their
current value using the Chemical Engineering Plant Cost Index
(Anonymous 1999). Estimates are shown in terms of Canadian
dollars ($CDN). A discounted cash flow analysis (Ulrich 1984)
based on a project lifetime of 10 years with straight line
depreciation was used to estimate the discounted cash flow rate
of return (DCFRR). The DCFRR can be used to compare
alternative investments. Since the DCFRR is not a true interest
rate, a high DCFRR does not necessarily result in high returns.
Errors and variability in the estimation of capital and operating
expenses result in uncertainty, so a DCFRR of 30% will be used
in this instance to determine if the project might be
economically feasible and therefore warrant a more detailed
(pilot scale) study.

The commercial price of the product, partially-lactose
hydrolyzed (PLH) milk with 60% of the lactose hydrolyzed, was
estimated by adding the cost of production to the local price of
aiL container of 2% milk. The income was estimated by
subtracting the price of the current commercial lactose
hydrolyzed milk product (99% hydrolyzed lactose) found in the
marketplace from the estimated price of PLH milk (60%
hydrolyzed lactose). For example, ifa competitor's product sells
for $1.79 per L and the price of.PLH milk is $1.64 per L, the
income would be $0.15 per L assuming a similar markup.

RESULTS and DISCUSSION

Laboratory scale verification of the process concept

A dilution of 1: 1 represents the amount of culture obtained from
the original volume of the batch fermentation and used to
hydrolyze the lactose in an equal volume of milk. For example,
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Opcrating eXIJcnses for the hydrolysis of lactose in milk using a
distrupted culture of L. delbrueckii ssp. bulgaricIIs 11842. Basis: 1000
2000 L of milk pet' batch with an operating factor of 0.85.

o ~ ~ n %

Time (d)

Fig. 2. Hydrolysis of lactose in 2% milk at 4°C by direct
addition of Lactobacilllls delbrueckii subsp. blllgar
iCIIs 11842 disrupted using a high speed bead mill.

Cost Ref
($CDN)

450000 a
42000 b
20000 e

512000

154000

Item

Indirect costs
Contingency and fee (30% 01'2)

Direct costs
[. Installed equipment

Bactofuge
Bead mill (IA L chamber)
Cooling unit

2. Total direct costs

Fixed capital investment 666 000
a) Personal communication (1998) Alfa Laval Inc.,

Scarborough, ON
b) Personal communication (1998) Glen Mills Inc., Clifton, NJ
c) Personal communication (1999) Neslab Instruments, Inc.,

Portsmouth, NH

Table I. Fixed capital investments for lhe hydrolysis of
lactose in milk using a disrupted culture of L.
delbrueckii ssp. blllgaricIIs 11842. Basis: 1000
2000 L of milk per batch.

at a I: I dilution, the biomass recovered from 400 mL of the
fermented broth was disrupted and resuspended in 400 mL of

2% milk. AfJer 24 h at 4'C. 37% of the
lactose in the milk was hydrolyzed
(Fig. 2). Increasing the dilution, thus
reducing the amount of p
galactosidase, resulted In a
corresponding increase in the time
required for hydrolysis.

The disrupted culturc contains
viable microorganisms capable of
growing in milk or whey, therefore, the
rate of lactose hydrolysis must be
greater than the rate of bacterial growth
during hydrolysis. For a target of 60%
hydrolysis, it would take approximately
80 h at 4 'c. The time could be reduced
substantially by increasing the
temperature but the growth of
microorganisms could become
significant. In their studies with
sonicated dairy cultures, Shah and
Jelen (1991) reported that the optimal
temperature for p-galactosidase from L.
delbmeckii subsp. b"lgaricIIs I 1842
was 55°C. This temperature is
considerably higher than the optimal
growth temperaturc so the effects from
continued fermentation by L.
defbrueckii subsp. bufgaric/ls I 1842
should be minimal with hydrolysis at
higher temperalures. Selcction of a
suitablc temperature and other
lechnological adjustments should allow
for the production of 60% hydrolyzed
lactose solulion within 24 h.

I 000 L batch ? 000 L balch
Quantity Cost Quantity Cost
per batch ($/batch) per balch ($/balch)

Unit cost

$ OAO/kg 57.0 kg 22.80 114.0 kg 45.61
$ 4.00/kg 5.7 kg 22.80 llA kg 45.61
$ OA2/L 11.8 L 5.02 23.6 L 10.04

$ 20/h 10 h 200.00 10 h 200.00
15% 30.00 30.00
15% 34.50 34.50

$ 0.015/kg 433 kg 6A9 865 kg 12.98
$ 0.929/m3 29 Ill' 27.09 58 m3 54.18

$ 0.019/kWh 21 kWh 0.39 40 kWh 0.74

72.94 72.94

105.80 105.80

70%

60%

<ii 50%
.S! 1:2
Q)
(; 40%
Q)

~
<fJ 30%·iii
>-e
u 20%>-
I

10%

0%

Basis

Repairs
Assume 4% of Iixed Capital

Raw Materials
Whey a
Ycast Extract b
12 N NaOH (-50%) c

Direct Labour
Process Operators
Supervision (15% Operators)
Benefits (15% of Labour)

Overhead (-40% of Direct Labour)

Utilities
Steam d
Cooling d
Electricity e

Table II.



Item Cost Ref
($CDN)

Table V. Fixed capital investment for the hydrolysis of lactose
in whey using a disupted culture of L. delbrueckii ssp.
bulgaricus 11842. Basis: 500000 L of whey per batch.

Direct costs
I. Installed equipment

250 000 L fennentor
4 000 L seed fennentor
100 L seed fennentor
20 L seed fermentors

2 x 2 612 000
2 x 250000
2 x 138000
4 x 37000

5224000 a
500000 a
277000 a
148000 a

. The production of whey or permeate syrup (65% solids,
60% hydrolysis) does not appear feasible based upon a 500
000 L fermentation. Whereas PLH milk is a high-value
added product, the syrup must compete against inexpensive
sweetener commodities. In this case, the hydrolyzed whey
syrup costs considerably more than other sweeteners such
as refined beet sugar.
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CONCLUSIONS

the existing facility would already have one). The permeate
(6.5% solids) was assumed to have zero value.

The hydrolyzed permeate (60% hydrolysis) would cost
about $0.40 per kg syrup (prior to concentration) with an
additional $0.20 per kg syrup for evaporation (Table IV). Total
cost of production would be $0.60 per kg of syrup which is
higher than the cost of competing sweeteners. For example, in
1998 raw sugar sold for $0.23-0.74 per kg depending on the
grade (electronic communication, New York historical data,
Coffee, Sugar, Cocoa Exchange, Inc, NY). To "break even" in
10 years, the hydrolyzed whey syrup (60% hydrolysis, 65%
solids) would have to be sold at $(CDN) 1.01 per kg syrup, a
very unfavorable price.

Experiments with Lactobacillus delbrueckii subsp. bulgaricus
11842 have shown that the disrupted biomass from 1 L of broth
could be capable of hydrolyzing 60% of the lactose in lL of
milk within 24 h given an appropriate process optimization. The
production ofpartially-lactose-hydrolyzed (PLH) milk using the
disrupted culture from 1000 to 2000 L of fermented whey-based
broth does not appear to be economically viable unless the
production facility already owns a bactofuge. If the facility only
has to purchase the equipment for cell disruption, one 2000 L
fermentation per week would result in a discounted cash flow
rate of return (DCFRR) greater than 30%.

The production of 50 000 L of PLH milk appears feasible
even though the facility would have to spend a minimum of $
7.5 million in fixed capital. The process should remain
profitable even if the selling price would fall by 23%. Demand
is the biggest uncertainty in this case. If there is little demand
for the product or the market is already saturated, the process
may not be economically viable.

Disk centrifuge lOx 800 000
Bead mill (275 L chamber) 4 x 300 000

2. Total direct costs

Indirect costs
Contingency and fee (30% of 2)

Fixed capital investment
a) Kalk and Langlykke (1986)
b) Sharma (1994)

8 000000 a
I 200000 b

15348 000

4652000

20000000
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154000

450000 a
42000 b
20000 c

512 000

Cost Ref
($CDN)

Fixed capital investment 666 000
a) Personal communication (1998) Alfa Laval Inc.,

Scarborough, ON
b) Personal communication (1998) Glen Mills Inc., Clifton, NJ
c) Personal communication (1999) Neslab Instruments, Inc.,

Portsmouth, NH

Indirect costs
Contingency and fee (30% of 2)

Item

Direct costs
I. Installed equipment

Bactofuge
Bead mill (1.4 L chamber)
Cooling unit

2. Total direct costs

865 kg
58 m3

40 kWh

I 14.0 kg
11.4 kg
23.6L

Table I. Fixed capital investments for the hydrolysis of
lactose in milk using a disrupted culture of L
delbrueckii ssp. bulgaricus 11842. Basis: 1000
2000 L of milk per batch.

at a I: I dilution, the biomass recovered from 400 mL of the
fermented broth was disrupted and resuspended in 400 mL of

2% milk. After 24 h at 4°C, 37% of the
lactose in the milk was hydrolyzed
(Fig. 2). Increasing the dilution, thus
reducing the amount of ~

galactosidase, resulted in a
corresponding increase in the time
required for hydrolysis.

The disrupted culture contains
45.61 viable microorganisms capable of
45.61 growing in milk or whey, therefore, the
10.04 rate of lactose hydrolysis must be

greater than the rate of bacterial growth
10 h 200.00 during hydrolysis. For a target of 60%

30.00 hydrolysis, it would take approximately
34.50 80 h at 4°C. The time could be reduced

substantially by increasing the
temperature but the growth of

12.98 microorganisms could become
54.18 significant. In their studies with
0.74 sonicated dairy cultures, Shah and

Jelen (1991) reported that the optimal
temperature for ~-galactosidasefrom L.

72.94 delbrueckii subsp. bulgaricus 11842
was 55°C. This temperature is

105.80 considerably higher than the optimal
growth temperature so the effects from
continued fermentation by L.
delbrueckii subsp. bulgaricus 11842
should be minimal with hydrolysis at
higher temperatures. Selection of a
suitable temperature and other
technological adjustments should allow
for the production of 60% hydrolyzed
lactose solution within 24 h.

96

I 000 L batch 2 000 L batch

72

Unit cost Quantity Cost Quantity Cost
per batch ($lbatch) per batch ($lbatch)

24o

Operating expenses for the hydrolysis of lactose in milk using a
distrupted culture of L. delbrueckii ssp. bulgaricus 11842. Basis: 1000
2000 L of milk per batch with an operating factor of 0.85.

48

Time (d)

Hydrolysis of lactose in 2% milk at 4°C by direct
addition of Lactobacillus delbrueckii subsp. bulgar
icus 11842 disrupted using a high speed bead mill.

70%

60%

- 50%(ij
0
+::
Q)
'-
0 40%
Q)
.c
~

en 30%'00
>-
(5
'-
"0 20%>-
I

10%

0%

Raw Materials
Whey a $0.40/kg 57.0 kg 22.80
Yeast Extract b $ 4.00/kg 5.7 kg 22.80
12 N NaOH (-50%) c $0.42IL 11.8 L 5.02

Direct Labour
Process Operators $ 20th lOh 200.00
Supervision (15% Operators) 15% 30.00
Benefits (15% of Labour) 15% 34.50

Utilities
Steam d $ 0.0 I 5/kg 433 kg 6.49
Cooling d $ 0.929/m3 29 m3 27.09
Electricity e $ 0.019/kWh 21 kWh 0.39

Repairs
Assume 4% of fixed Capital 72.94

Overhead (-40% of Direct Labour) 105.80

Basis

Total Operating Expense $ 527.84 $ 612.40
Volume produced (L) I 000 L 2000 L
Cost per Volume ($11..) $ 0.53 $ 0.31
Cost of 2% milk per L (retail, 1999) $ 1.05 $ 1.05
Total cost per L $ 1.58 $ 1.36
a Personal communication (1999) P. Jelen, University of Alberta. Edmonton. AB, Canada
b Personal communication (1999) Alberta Research Council, Edmonton, AB, Canada
c Personal communication (1996) Prairie Chem Inc., Edmonton, AB, Canada
d Kalk and Langlykke (1986)
e Personal communication (1996) Edmonton Power, Edmonton, AB, Canada

Table II.

Fig. 2.
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Table V. Fixed capital investment for the hydrolysis of lactose
in whey using a disupted culture ofL delbrueckii ssp.
bulgaricus 11842. Basis: 500 000 L of whey per batch.

CONCLUSIONS

a) Kalk and Langlykke (1986)
b) Sharma (1994)

Item Cost Ref
($CDN)
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5224000 a
500000 a
277000 a
148000 a

8000000 a
1200000 b

15348000

4652000

20000000

2 x 2612000
2 x 250000
2x 138000
4 x 37000

Direct costs
I. Installed equipment

250 000 L fermentor
4 000 L seed fermentor
100 L seed fermentor
20 L seed fermentors

Experiments with Lactobacillus delbrueckii subsp. bulgaricus
11842 have shown that the disrupted biomass from 1 L of broth
could be capable of hydrolyzing 60% of the lactose in IL of
milk within 24 h given an appropriate process optimization. The
production ofpartially-lactose-hydrolyzed (PLH) milk using the
disrupted culture from 1000 to 2000 L offennented whey-based
broth does not appear to be economically viable unless the
production facility already owns a bactofuge. If the facility only
has to purchase the equipment for cell disruption, one 2000 L
fennentation per week would result in a discounted cash flow
rate of return (DCFRR) greater than 30%.

The production of 50 000 L of PLH milk appears feasible
even though the facility would have to spend a minimum of $
7.5 million in fixed capital. The process should remain
profitable even if the selling price would fall by 23%. Demand
is the biggest uncertainty in this case. If there is little demand
for the product or the market is already saturated, the process
may not be economically viable.

Fixed capital investment

Disk centrifuge lOx 800 000
Bead mill (275 L chamber) 4 x 300000

2. Total direct costs

Indirect costs
Contingency and fee (30% of 2)

the existing facility would already have one). The penneate
(6.5% solids) was assumed to have zero value.

The hydrolyzed penneate (60% hydrolysis) would cost
about $0.40 per kg syrup (prior to concentration) with an
additional $0.20 per kg syrup for evaporation (Table IV). Total
cost of production would be $0.60 per kg of syrup which is
higher than the cost of competing sweeteners. For example, in
1998 raw sugar sold for $0.23-0.74 per kg depending on the
grade (electronic communication, New York historical data,
Coffee, Sugar, Cocoa Exchange, Inc, NY). To "break even" in
10 years, the hydrolyzed whey syrup (60% hydrolysis, 65%
solids) would have to be sold at $(CDN) 1.01 per kg syrup, a
very unfavorable price.
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154000

450000 a
42 000 b
20000 c

512000

Cost Ref
($CDN)

IOh

Fixed capital investment 666 000

Direct costs
I. Installed equipment

Bactofuge
Bead mill (1.4 L chamber)
Cooling unit

2. Total direct costs

Item

Indirect costs
Contingency and fee (30% of 2)

a) Personal communication (1998) Alfa Laval Inc.,
Scarborough, ON

b) Personal communication (1998) Glen Mills Inc., Clifton, NJ
c) Personal communication (1999) Neslab Instruments. Inc.,

Portsmouth, NH

865 kg
58 m3

40 kWh

114.0 kg
11.4 kg
23.6L

Table I. Fixed capital investments for the hydrolysis of
lactose in milk using a disrupted culture of L.
delbrueckii ssp. bulgaricus 11842. Basis: 1000
2000 L of milk per batch.

at a 1: I dilution, the biomass recovered from 400 mL of the
fermented broth was disrupted and resuspended in 400 mL of

2% milk. After 24 h at 4°C, 37% of the
lactose in the milk was hydrolyzed
(Fig. 2). Increasing the dilution, thus
reducing the amount of ~

galactosidase, resulted in a
corresponding increase in the time
required for hydrolysis.

The disrupted culture contains
45.61 viable microorganisms capable of
45.61 growing in milk or whey, therefore, the
10.04 rate of lactose hydrolysis must be

greater than the rate of bacterial growth
200.00 during hydrolysis. For a target of 60%

30.00 hydrolysis, it would take approximately
34.50 80 h at 4°C. The time could be reduced

substantially by increasing the
temperature but the growth of

12.98 microorganisms could become
54.18 significant. In their studies with
0.74 sonicated dairy cultures, Shah and

Jelen (1991) reported that the optimal
temperature for ~-galactosidase from L

72.94 delbrueckii subsp. bulgaricus 11842
was 55°C. This temperature is

105.80 considerably higher than the optimal
growth temperature so the effects from
continued fermentation by L.
delbrueckii subsp. bulgaricus 11842
should be minimal with hydrolysis at
higher temperatures. Selection of a
suitable temperature and other
technological adjustments should allow
for the production of 60% hydrolyzed
lactose solution within 24 h.

72.94

6.49
27.09

0.39

105.80

96

I 000 L batch 2 000 L batch

433 kg
29 m3

21 kWh

72

Unit cost Quantity Cost Quantity Cost
per batch ($/batch) per batch ($/batch)

$ 0.015/kg
$ 0.929/m3

$0.019IkWh

24o

Operating expenses for the hydrolysis of lactose in milk using a
distrupted culture of L. delbrueckii ssp. bulgaricus 11842. Basis: 1000
2000 L of milk per batch with an operating factor of 0.85.

48

Time (d)

Hydrolysis of lactose in 2% milk at 4°C by direct
addition of Lactobacillus delbrueckii subsp. bulgar
icus 11842 disrupted using a high speed bead mill.

70%

60%
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Utilities
Steam d
Cooling d
Electricity e

Repairs
Assume 4% of fixed Capital

Basis

Overhead (-40% of Direct Labour)

Raw Materials
Whey a $ 0.401kg 57.0 kg 22.80
Yeast Extract b $ 4.001kg 5.7 kg 22.80
12 N NaOH (-50%) c $ 0.421L 11.8 L 5.02

Direct Labour
Process Operators $ 20th IOh 200.00
Supervision (15% Operators) 15% 30.00
Benefits (15% of Labour) 15% 34.50

Total Operating Expense $ 527.84 $ 612.40
Volume produced (L) I 000 L 2000 L
Cost per Volume ($IL) $ 0.53 $ 0.31
Cost of 2% milk per L (retail, 1999) $ 1.05 $ 1.05
Total cost per L $ 1.58 $ 1.36
a Personal communication (1999) P. Jelen, University of Alberta, Edmonton, AB, Canada
b Personal communication (1999) Alberta Research Council, Edmonton, AB, Canada
c Personal communication (1996) Prairie Chern Inc., Edmonton, AB, Canada
d Kalk and Langlykke (1986)
e Personal communication (1996) Edmonton Power, Edmonton, AB, Canada

Table II.

Fig. 2.
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Item Cost Ref
($CDN)

Direct costs
1. Installed equipment

50 000 L fermentor 900000 a
2000 L seed fermenter 230000 a
100 L seed fermenter 142000 a
20 L seed fermentors 2 x 35 000 70000 a
Heat exchanger for broth 360000 b

Disk centrifuges 4 x 800 000 320000 a
Bead mill (2 I5 L chamber) 271 000 c
50 000 L Holding vessel for 486000 a

hydrolysis 2 x 243 000
Pumps and Misc 90000 a

2. Total direct costs 5749000

Indirect costs
Contingency and fee (30% of 2) I 751 000

Fixed capital investment 7500000
a) Kalk and Langlykke (1986)
b) Ulrich (1984)
c) Sharma (1994)

homogenizer would be required with the option of placing the
two homogenizers in series. The bead mill is jacketed and
therefore able to maintain cooler product temperatures. The high
pressure homogenizer causes a significant temperature increase
of 0.26°C per MPa (Bury 2000) which requires a downstream
heat exchanger or jacketed vessel for cooling. However, the
capital cost of a small and simple heat exchanger required for
the small volume and low flow rate would be insignificant in
comparison to the total capital cost. Similarly, the cost of small
jacketed holding vessels (-20 L) and pumps were also
neglected. The total capital expenditure is estimated to be $666
000 for a 1000 - 2000 L fermentation.

If we assume that 1000 L of fermentation broth could be
used to produce 1000 L of milk in which 60% of the lactose is
hydrolyzed, there would be an additional cost of $0.53 per liter
of milk. Similarly, a 2000 L fermentation would produce 2000
L of product with an additional cost of $0.31 per liter of PLH
milk.

The cost of labour for a 1000 L fermentation was estimated
to be half (50%) of the total operating expenses (Table II).
When the batch size is doubled from 1000 L to 2000 L, the
labour requirements remain unchanged and the total operating
expenses would only increase by 16%. Fermentations larger
than 2000 L would likely require additional capital with the
possibility of a utilities upgrade.

The fermentation cycle (start to end of CIP) should be about
24 h. It would, therefore, be convenient to carry out the
hydrolysis at an appropriate temperature, pasteurize, and
package the product such that the cycle time for the holding
tank is about 24 h as well. Based on this assumption, a facility
using a 1000 L fermentation should be able to produce 1000 L
of PLH milk per day.

Table m. Fixed capital investment for the hydrolysis of
lactose in milk using a disrupted culture of
L. delbrueckii ssp. bulgaricus 11842.
Basis: 50 000 L of milk per batch.
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Operating factor
Fig. 3. Discounted cash flow rate or return in regards to

the hydrolysis of lactose in milk using a disrupted
culture of L delbrueckii ssp. bulgaricus 11842.
Basis: 1000 - 50 000 L of milk per batch.
Operating factor =(days of production per
year/days per year) x 100%.

40%

ECONOMIC EVALUATION

1000 - 2000 L batch fermentation

It was assumed that the facility already has a 1000 L or 2000 L
vessel that can be utilized for the fermentation. In addition, the
pumps, heat exchangers, and holding vessels required for
pasteurization, fermentation, and cooling would also be
available for use. The capital cost estimation was based on the
assumption that the facility already has the capability to
maintain and culture the dairy organism for fermentation. The
centrifuge, required for concentration of the biomass, is the
largest single capital expense (Table I) having an estimated
installed cost of $450 000. Although the bactofuges in some
facilities would be capable of the concentration, it is likely they
would be too large to efficiently handle the small volume used
for this process.

The high pressure homogenizer and the high speed bead mill
are comparable in cost and disruptive ability. To maximize the
disruption, at least two passes through the high pressure

The efficiency of the process could likely be improved by
selecting a dairy organism that is capable of producing more
enzyme (~-galactosidase) with an optimum activity at the
desired temperature; genetic manipulation of a specific dairy
organism to increase the amount of enzyme produced several
fold; or by genetic modification of the enzyme to improve its
stability and activity at the desired temperature of hydrolysis.
Although an industrial process based on the results obtained
here would not be realistic, the data provided a useful
background for the economic evaluation of the proposed
approach.
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Table IV. Operating expenses for the hydrolysis of lactose in milk using a disrupted culture
of L delbrueckii ssp. bulgaricus 11842. Basis: 50000 L of milk or 500 000 L of
whey per day with an operating factor of 0.85.

The DCFRR for a process
based on a 2000 L
fermentation is about 30%
for an operating factor of
8% warranting a pilot scale
fermentation and hydrolysis
in order to confirm the
favorable economic
analysis.

698

667
782
400

1320
198
228

1644

$ 18584

$ 0.60 !kg

50000 kg
$ 0040 !kg
$ 0.20 /kg

500000 L
$0.04

3%

66 h

500 000 L whey

Whey
25 911 kg Assumed $0

2591 kg 10 364
5373 L 2283

Quantity per Cost ($/day)
day

440
66
76

233

822

50 000 L batch
fermentation for
hydrolysis of lactose in
milk
A fermentation of this size
would require the
installation of a 50 000 L
fermentor, seed tanks, heat
exchangers, centrifuges,
holding tanks, pumps,
piping, etc. The fixed capital
investment in this scenario
is estimated to be $7.5 M
(Table III). The utilities
required by the process may
be more than the existing
facility is able to provide, in
which case, additional
capital would be necessary
for upgrading or installing
equipment to meet the
demand. The cost of
equipment for packaging
was not included in the list
of fixed capital expenses.
Table IV shows the
operating expenses.

The cash flow analysis
(Fig. 3) shows that the
DCFRR is larger than 30%
for operating factors greater
than 28%. If an additional
$7.5 M is required for a

utilities upgrade or packaging system, an operating factor of
57% would be required for a DCFRR of 30%. Reducing the
price of PLH milk from $1.79 to $1.37 results in a DCFRR of
30% for an operating factor of 85%. Thus, the process should
remain profitable even if the anticipated selling price should
drop by 23%. As mentioned previously, the DCFRR, in this
instance, is based upon selling 100% of what is produced. In
this case, there would have to be a demand for 5 000 000 L of
PLH milk per year (30% operating factor) at a selling price of
$1.79. A detailed cost estimate would be highly recommended.

500 000 L fermentation for the production of UF permeate
syrup
It was assumed that the process was built on to an existing whey
processing facility capable of handling 1 million liters of whey
or UF permeate per day. The fermentation would use 500 000
L while the other 500 000 L would be used for hydrolysis. The
additional facility would cost approximately $20 million (Table
V) to build and equip (excluding multiple effect evaporator as

I 186
I 186

261

84 44 468 kg
I 354 13 129 m3

I 484 28 137 kWh

$ 5753
50000 L

$0.12
$ 1.05

$1.17/L

4%

22 h

50 000 L milk

Milk
2965 kg

296 kg
615 L

$ 20th
15%
15%

$ OAO!kg
$ 4.00!kg
$ OA2/L

Unit cost Quantity per Cost
day ($/day)

$ 0.015!kg 5 623 kg
$ 0.929/m3 I 459 m3

$ 0.019!kWh 2395 kWh

Final mass of syrup (65% solids)
Cost of syrup (65%) neglecting cost of evaporation f
Estimated cost of evaporation ($!kg of syrup) g

Basis

Raw Materials
Whey
Yeast Extract a
12 N NaOH (-50%) b

Direct Labour
Process Operators
Supervision (15% Operators)
Benefits (15% of Labour)

Utilities
Steam c
Cooling c, d
Electricity e

Repairs
Assume 4% of fixed Capital

Overhead (-40% of Direct Labour)

a Personal communication (1999) Alberta Research Council, Edmonton, AB, Canada
b Personal communication (1996) Prairie Chern Inc., Edmonton, AB, Canada
c Kalk and Lang1ykke (1986)
d Ulrich (1984)
e Personal communication (1996) Edmonton Power, Edmonton, AB, Canada
f Total operating expense I final mass of syrup
g Mahoney (1997)

Volume produced (L)
Cost per Volume ($/L)
Cost of 2% milk per L (retail, 1999)

Total cost ($)

Total Operating Expense

A cash flow analysis (Fig. 3) shows that the discounted cash
flow rate of return (DCFRR) is about 9% for an annual
production of 312 000 L PLH milk (1000 L per day with an
85% operating factor). A 2000 L fermentation has a DCFRR of
9% at a operating factor of 20% and a DCFRR of 36% at an
operating factor of 85%.

Based on the criterion of 30% DCFRR, a process based on
a 1000 L fermentation would not be advisable, while a 2000 L
fermentation appears more viable as long as the operating factor
is greater than 70%. In response to competition, the price would
probably be reduced thus lowering income. Consumer demand
must also be considered. For instance, although the process
might be capable of an annual production of 625 000 L, there is
no guarantee the marketplace will absorb all the product.

If the facility would have access to a bactofuge, the fixed
capital investment would be substantially lower. A cash flow
analysis in this case reveals a DCFRR of 30% for a facility
using a 1000 L fermentation at an operating factor around 27%.
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Table V. Fixed capital investment for the hydrolysis of lactose
in whey using a disupted culture of L delbrueckii ssp.
bulgaricus 11842. Basis: 500 000 L of whey per batch.

CONCLUSIONS

a) Kalk and Langlykke (1986)
b) Shanna (1994)

Item Cost Ref
($CDN)
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. The production of whey or permeate syrup (65% solids,
60% hydrolysis) does not appear feasible based upon a 500
000 L fermentation. Whereas PLH milk is a high-value
added product, the syrup must compete against inexpensive
sweetener commodities. In this case, the hydrolyzed whey
syrup costs considerably more than other sweeteners such
as refined beet sugar.
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5224 000 a
500 000 a
277 000 a
148 000 a

8000 000 a
I 200 000 b

15348 000

4652000

20 000 000

2x2612000
2 x 250000
2 x 138 000
4 x 37 000

Direct costs
I. Installed equipment

250 000 L fennentor
4 000 L seed fennentor
100 L seed fennentor
20 L seed fennentors

Indirect costs
Contingency and fee (30% of 2)

Disk centrifuge lax 800 000
Bead mill (275 L chamber) 4 x 300 000

2. Total direct costs

Fixed capital investment

the existing facility would already have one). The permeate
(6.5% solids) was assumed to have zero value.

The hydrolyzed permeate (60% hydrolysis) would cost
about $0.40 per kg syrup (prior to concentration) with an
additional $0.20 per kg syrup for evaporation (Table IV). Total
cost of production would be $0.60 per kg of syrup which is
higher than the cost of competing sweeteners. For example, in
1998 raw sugar sold for $0.23-0.74 per kg depending on the
grade (electronic communication, New York historical data,
Coffee, Sugar, Cocoa Exchange, Inc, NY). To "break even" in
I0 years, the hydrolyzed whey syrup (60% hydrolysis, 65%
solids) would have to be sold at $(CDN) 1.0 I per kg syrup, a
very unfavorable price.

Experiments with Lactobacillus delbrueckii subsp. bulgaricus
11842 have shown that the disrupted biomass from I L of broth
could be capable of hydrolyzing 60% of the lactose in IL of
milk within 24 h given an appropriate process optimization. The
production ofpartially-lactose-hydrolyzed (PLH) milk using the
disrupted culture from 1000 to 2000 L of fermented whey-based
broth does not appear to be economically viable unless the
production facility already owns a bactofuge. If the facility only
has to purchase the equipment for cell disruption, one 2000 L
fermentation per week would result in a discounted cash flow
rate of return (DCFRR) greater than 30%.

The production of 50 000 L of PLH milk appears feasible
even though the facility would have to spend a minimum of $
7.5 million in fixed capital. The process should remain
profitable even if the selling price would fall by 23%. Demand
is the biggest uncertainty in this case. If there is little demand
for the product or the market is already saturated, the process
may not be economically viable.
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