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Introduction 

1 Introduction 

TransBIB aims to boost the German bio-economy to decrease the German environmental 

footprint and to become more economically independent from imports [1]. To build and 

strengthen the German bio-economy, commonly used products must be produced in Ger-

many from German-produced biomass and wastes in a sustainable manner [2]. 

In this report, bio-processing plants are described for the production of three bio-com-

pounds that are globally traded as fuel and/or chemicals in large scale. These are ethanol, 

isobutanol and lactic acid. All three of these compounds can be produced from fossil re-

sources or from bio-based resources and for all three, the fermentation step in the bio-

process requires sugars that can be sourced as a pure crystalline sugar or as a liquid that 

contains sugars, such as hydrolysate or molasses. Hydrolysate may also be produced on 

site from agricultural residues to further improve the environmental impact and costs. 

For each model process, a process flow diagram (PFD), process description, mass bal-

ance and energy balance are given. The descriptions in this report do not include equip-

ment sizing, auxiliary equipment, control philosophies, heat integration for process optimi-

zation, etc. The model processes are meant to enable users to draw analogies to their own 

processes or to adopt process steps for their own planning. 

2 Bio-processing 

Most bio-processing plants can be separated into a fermentation section and a down-

stream section. The fermentation section is where the production micro-organism is grown 

and then used for the conversion of a carbon source to a valuable product. In the down-

stream processing section, the product is isolated from the fermentation broth. [3] In some 

cases the two sections may overlap to a small degree and in most, optimized processing 

plants, many side-streams from the downstream processing side may be recycled to the 

fermentation side. 

For all three processes described in this report, the description of the fermentation side is 

very similar, consuming the same carbon source and growing the production organism in 

a similar seed train. Therefore, the feedstock and seed train will be described in general 

before describing each of the three processes individually. 

2.1 Feedstock 

For the production processes described here, the feedstock is hydrolysate, which is a so-

lution of fermentable sugars, produced through enzymatic hydrolysis of lignocellulosic bi-

omass. It is therefore a second-generation feedstock [4]. This feedstock may be purchased 

from a producer of hydrolysate or it may be produced on site (recommended). 
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Depending on the composition of the hydrolysate, it may be necessary to provide nutri-

tional supplements to the fermenter for the proper metabolic health of the production or-

ganism. This may include nitrogen, phosphorous and trace elements as well as vitamins. 

2.2 Seed train/cell growth 

Live cells such as Saccharomyces cerevisiae yeast (for ethanol), Clostridium acetobutyli-

cum (for isobutanol) and Lactobacillus strains (for lactic acid) are responsible for turning 

sugars in the raw material into the final product. Therefore, the rate of conversion is de-

pendent on (among others) the number of cells in the fermenter. A bio-production plant 

does not buy several tons of cells for this purpose. Instead, a starter culture of a few grams 

or kilograms is purchased and the production cultures are grown from the starter culture 

in seed fermenters of increasing volume. 

Usually, the first culture is prepared using laboratory equipment such as shaking flasks 

and an incubator, followed by growth in aerobic bioreactors called seed fermenters of in-

creasing volume until a suitable amount of cell mass have been generated. Most produc-

tion organisms require oxygen to grow and it produces alcohols or organic acids when 

oxygen is not available. For this reason, the seed fermenters are aerated to supply the 

needed oxygen for growth. The same substrate is used in the seed fermenters as in the 

production fermenter in order to prepare the cell metabolism for consumption of the avail-

able sugars in the production fermenter. In the seed fermenters, more supplements are 

required than in the production fermenter because the supplements are consumed in the 

generation of new cells, but (usually) not in the production of alcohols or organic acids. 

After fermentation, the cells are recovered from the broth using a disk stack centrifuge. 

These cells are normally viable for another two to four batches. Therefore, it is not neces-

sary to operate the entire seed train for each new batch of product fermentation. 

3 Bio-ethanol production process 

Ethanol is most commonly produced by fermenting sugars using microbes such as yeast 

or bacteria under anaerobic conditions [5]. After fermentation, ethanol must be isolated 

from the fermentation broth. This is normally done in a two-step process of first distillation, 

followed by dehydration [5]. The process flow diagram of a standard second-generation 

ethanol production plant is shown in Figure 1. The feedstocks and seed train are as de-

scribed in section 2.1 and 2.2. 
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Figure 1: Process flow diagram for the production of Bio-ethanol 

3.1 Production fermenter 

In the production fermenter, cell growth is unwanted because it competes with the produc-

tion of ethanol. The production fermenter is operated anaerobically to minimize the for-

mation of new cells and to force the existing cells to generate ethanol to survive. [6] 

Saccharomyces cerevisiae is the strain of yeast that has been used for brewing beer and 

baking breads since before the time that we knew of the existence of micro-organisms and 

it is still used for this purpose today. This yeast, as well as some engineered strains with 

higher production capacity, lower sensitivity to ethanol or organisms that are capable of 

consuming a wide range of different sugars for ethanol production are available for use in 

industrial bio-ethanol production. Depending on the strain and the operating conditions, an 

ethanol concentration of between 5% and 20% may be expected in the final broth. Yields 

in excess of 90% can be expected for glucose. For other sugars, the yields vary signifi-

cantly between strains. [7] 

The state-of-the-art fermentation method for ethanol production is in a batch process due 

to the simplicity and ease of sterilizing the equipment. Other configurations such as fed 
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batch or continuous operation or production with in-situ product removal may also be ap-

plied and result in higher productivity and yield, but with higher capital investment cost and 

an increased risk of contamination. 

3.2 Downstream processing 

After the sugars had been converted to ethanol, the cells must be harvested for re-use and 

the ethanol should be isolated from the rest of the broth as pure product. This is done using 

a centrifuge, a distillation column and a molecular sieve. 

Firstly, a simple solid-liquid separation is conducted using a disk stack centrifuge. This is 

the state-of-the-art device used for cell recovery and is commercially available in different 

sizes from several suppliers. The cells are recovered in the centrifuge as an intermittently 

released slurry. The cell-free liquid fraction (centrate) is recovered from the top of the cen-

trifuge and contains the ethanol product. 

Distillation is the first step in isolating ethanol from the broth. By iterative steps of evapo-

ration and condensation in a distillation column, ethanol of up to 96% purity can be ob-

tained in the distillate. Ethanol and water form an azeotrope at 96%, therefore it is not 

possible to achieve a higher concentration of ethanol through conventional distillation [8]. 

The distillation column bottoms would contain mostly water, unconverted sugars and other 

broth components. This stream may be recycled or further processed depending on the 

stream composition and other processing facilities at or near the ethanol production plant. 

In order to further purify the ethanol to >99% purity, the azeotropic distillate mixture is sent 

through a zeolite molecular sieve in gas phase. Water is trapped in the zeolite pores and 

ethanol passes through the molecular sieve, resulting in a pure ethanol product. The zeo-

lite is regenerated by subjecting it to a vacuum. 

Auxiliary equipment such as pumps, conveyors, instrumentation, sterilization equipment, 

vehicles, utilities, multiples of certain equipment types, laboratories, offices, storage and 

buildings are not shown in the process flow diagram for simplicity, but these cannot be 

omitted from the capital investment cost calculations. 

3.3 Mass and energy balance 

Table 1 shows the required flows of feed into and out of a bio-ethanol plant for the produc-

tion of ethanol on a per-kilogram-ethanol basis. This is done on the assumption that one 

batch of cells from the seed train remains viable and productive for 4 production fermen-

tation batches. For each kilogram of ethanol, 5.3 kg of hydrolysate (2.5 kg monosaccha-

rides) and a few grams of supplements are required, 1.2 kg of CO2 is emitted, 300 grams 

of yeast is generated and a side stream of 3.1 kg waste water is produced.  

A summary of the most significant energy needs for the production of bio-ethanol is given 

in Table 2. The production of one kilogram of ethanol requires 1 kWh of electrical power, 
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1.3 kWh of steam and 1.5 kWh of cooling water. Most of the electrical power (98%) is for 

agitation of the production fermenter and most of the steam (98%) is consumed in the 

distillation column reboiler. Cooling water is used mostly for temperature control in the 

production fermenter (58%) and for condensation in the distillation column (41%). This 

total energy requirement is calculated before optimizing energy flows through heat inte-

gration and on the assumption that one batch of cells from the seed train remains viable 

and productive for four production fermentation batches. It also does not consider energy 

consumption for auxiliary equipment and administrative services. With that in mind, the 

calculated total energy consumption for the production of bio-ethanol is only 46% of the 

energy contained within ethanol as a fuel [9]. 
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Table 1: Mass balance for bio-ethanol production 

Description Hydrolysate  Ammonium 

sulphate 

CO2 emissions 

from 

fermentations 

Yeast cell recycle 

stream from 

centrifuge 

Aqueous waste 

(Distillation 

bottoms) 

Ethanol 

Total Mass Flow (kg/kg EtOH) 5.3 0.004 1.2 0.3 3.1 1 

Temperature (°C) 25 25 39 39 97.5 25 

Pressure (bar) 1.013 1.013 1.013 1.013 1.013 1.013        

Amm. Sulfate - 100% - 0.05% 0.1% - 

Cellulose 0.06% - - 1% - - 

CO2 - - 100% - - - 

Ethyl Alcohol - - - 13% 2% 100.00% 

Glucose 28% - - 0.8% 2% - 

Lignin 0.2% - - 4% - - 

Proteins 0.3% - - 0.2% 0.3% - 

Sodium Acetate 0.2% - - 0.1% 0.3% - 

Water 53% - - 49% 94% - 

Xylose 19% - - 0.5% 1% - 

Yeast - - - 31% - - 

 

Table 2: Energy requirements for bio-ethanol production 

Energy flow 

per kg ethanol 

 
1000L 

seed 

fermenter 

25m3 

production 

fermenter 

Centrifuge Distillation  Molecular 

sieve 

Ethanol 

condenser 

Electrical power kWh/kg 0.003 0.958 0.023 - - - 

Heating kWh/kg - - - 1.283 0.022 - 

Cooling kWh/kg 0.002 0.878 - 0.622 - 0.010 
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4 Isobutanol production 

Isobutanol can be produced by fermenting sugars using naturally occurring or engineered 

microbes such as yeast or bacteria under anaerobic conditions. Unlike ethanol, however, 

isobutanol negatively affects the metabolism of the cells from around 1,2% and kills most 

cells at a concentration of only 2%. It is therefore necessary to conduct in-situ product 

removal in order to achieve an economically viable titer without poisoning the production 

organism. There are several possibilities for in-situ product removal. [10] The process de-

scribed here and depicted in Figure 2, makes use of liquid-liquid extraction to remove iso-

butanol from the fermentation broth during fermentation. The feedstocks and seed train 

are as described in section 2.1 and 2.2. 

 

Figure 2: Process flow diagram for isobutanol production 
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4.1 Production fermenter 

In the production fermenter, cell growth is unwanted because it competes with the produc-

tion of isobutanol. The production fermenter is operated anaerobically to limit the formation 

of new cells and to force the existing cells to generate isobutanol to survive.  

Clostridium acetobutylicum is the organism used for acetone–butanol–ethanol (ABE) fer-

mentations during the first world war in order to manufacture explosives. This Clostridium 

strain, as well as some other engineered strains of yeasts and bacteria with higher pro-

duction capacity and specifity, lower sensitivity to isobutanol or organisms that are capable 

of consuming a wide range of different sugars for isobutanol production exist and are being 

developed for use in industrial isobutanol production. [11] 

Depending on the strain and the operating conditions, an isobutanol concentration of up 

to 2% can be achieved before the cells die off. This is a very low titer, which is unlikely to 

result in an economically viable production process unless the product is constantly re-

moved from the fermentation broth during fermentation in order to maintain a low concen-

tration in the fermenter. 

The in-situ product removal method shown in Figure 2 is a liquid-liquid extraction system, 

using an organic solvent to continuously extract isobutanol from the aqueous broth. 

4.2 Downstream processing 

Due to the toxicity of isobutanol to the production organism, it must be continually removed 

from the fermenter as it is being produced. In the process described here, liquid-liquid 

extraction (LLE) is used for this purpose. An immiscible and non-toxic organic solvent, 

such as oleyl alcohol, is brought into close contact with the aqueous broth, which causes 

the isobutanol to diffuse out of the aqueous broth into the organic solvent, from where it 

can be recovered by flash evaporation. 

Many different configurations of equipment are available for LLE. In this case, a 3-stage 

counter-current configuration with centrifugal extractors is used. Counter-current operation 

allows recovery of more product from the broth than a single stage LLE setup and does so 

using less solvent than a cross-current configuration. Oleyl alcohol is used because it is 

immiscible in water, non-toxic, relatively inexpensive and has a high partition coefficient 

for recovering butanol from an aqueous solution [12]. It is therefore assumed to have a 

similar partition coefficient for isobutanol. 

In the first stage of centrifugation, the cells are also centrifuged out of the broth and re-

turned to the fermenter along with the broth from the 3rd stage that has been stripped of 

isobutanol. 

After passing through the three stages of LLE, the organic solvent is loaded with isobuta-

nol. Isobutanol is recovered from the loaded organic solvent by means of flash evapora-
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tion. The vapour fraction from the flash drum contains pure isobutanol that must be con-

densed and stored or packaged for sale. The liquid fraction from the flash drum contains 

organic solvent with no- or insignificant amounts of isobutanol and can therefore be re-

used for further cycles of LLE.  

Auxiliary equipment such as pumps, conveyors, instrumentation, sterilization equipment, 

vehicles, utilities, multiples of certain equipment types, laboratories, offices, storage and 

buildings are not shown in the process flow diagram for simplicity, but these cannot be 

omitted from the capital investment cost calculations. 

4.3 Mass and energy balance 

Table 3 and Table 4 show the material flows in and out of the seed train and production 

sections of the isobutanol production process depicted in Figure 2 on a per-kilogram-iso-

butanol basis. In this case, it was assumed that each new batch of product requires a new 

batch of cells. For each kilogram of isobutanol, 9.2 kg hydrolysate (4.3 kg monosaccha-

rides) and a few grams of supplements are required, 1.4 kg CO2 is emitted, 60 grams of 

cells is generated and a side stream of 7 kg (including the cells) is produced. For in-situ 

LLE product removal, 8.2 kg of oleyl alcohol is circulated per kg of isobutanol per hour. 

Table 3: Mass balance for the seed train in the isobutanol production process 

Description Seed train 

hydrolysate 

Seed train 

supplements 

Seed train 

emissions 

Pre-culture 

Total Mass Flow (kg/kg) 0.44 0.0004 0.22 0.44 

Temperature (°C) 25 25 37 37 

Pressure (bar) 1.013 1.013 1.013 1.013      

Amm. Sulphate - 100% - 0.1% 

Cellulose 0.1% - - 0.1% 

CO2 - - 100% - 

Glucose 28% - - 1% 

Lignin 0.2% - - 0.2% 

Phenol 0.2% - 0.4% - 

Proteins 0.3% - - 0.3% 

Sodium Acetate 0.2% - - 0.2% 

Water 53% - - 73% 

Xylose 19% - - 12% 

Cells - - - 13% 

 

A summary of the most significant energy needs for the production of isobutanol is given 

in Table 5. The production of one kilogram of isobutanol requires 0.3 kWh of electrical 

power, 0.85 kWh of steam and 0.84 kWh of cooling water. Most of the electrical power 
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(93%) is for agitation of the production fermenter and all of the steam is consumed in sep-

aration of isobutanol from the oleyl alcohol solvent. Cooling water is used mostly for cooling 

the oleyl alcohol down for recycle (77%). 

The total energy requirement reported is calculated before optimizing energy flows through 

heat integration. It also does not consider energy consumption for auxiliary equipment and 

administrative services. With that in mind, the calculated total energy consumption for the 

production of isobutanol is only 2% of the energy contained within isobutanol as a fuel [13]. 
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Table 4: Material flows for the isobutanol fermenter with in-situ product removal 

Description Pre-

culture 

Production 

hydrolysate 

Production 

supplements 

 
Circulating 

oleyl 

alcohol 

 
Isobutanol 

product 

Production 

fermentation 

emissions 

Spent aqueous 

fermentation 

broth 

Total Mass Flow (kg/kg) 0.437 8.785 0.007 
 

8.195 
 

1.016 1.151 7.026 

Temperature (°C) 37 25 25 
 

37 
 

40 37 37 

Pressure (bar) 1.013 1.013 1.013 
 

1.013 
 

1.013 1.013 1.013           

Amm. Sulphate 0.1% - 100% 
 

- 
 

- - 0.1% 

Cellulose 0.1% 0.1% - 
 

- 
 

- - 0.1% 

CO2 - - - 
 

- 
 

- 99.96% - 

Glucose 1% 28% - 
 

- 
 

- - 1% 

Isobutanol - - - 
 

0.01% 
 

98% - 0.05% 

Lignin 0.2% 0.2% - 
 

- 
 

- - 0.3% 

Oleyl alcohol - - -  99.99% 
 

- - - 

Phenol - 0.2% -  - 
 

2% 0.04% - 

Proteins 0.3% 0.3% -  - 
 

- - 0.3% 

Sodium Acetate 0.2% 0.2% -  - 
 

- - 0.3% 

Water 73% 53% -  - 
 

- - 74% 

Xylose 12% 19% -  - 
 

- - 24% 

Cells 13% - -  - 
 

- - 1% 
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Table 5: Energy requirements for the isobutanol process per kg product 

Energy flux per kg 

isobutanol 

  1000L seed 

fermenter 

25m3 production 

fermenter 

Cell separation 

centrifuge 

Flash 

drum 

solvent 

cooler 

Isobutanol 

condenser 

Electrical power kWh/kg 0.036 0.255 0.015 - - - 

Heating kWh/kg - - - 0.851 - - 

Cooling kWh/kg 0.027 0.120 - - 0.646 0.050 
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5 Lactic acid production  

Lactic acid is produced from grass by naturally occurring lactic acid bacteria (LAB) in si-

lage. We, as humans, also produce lactic acid in our muscles when we work so hard that 

we consume energy faster than our blood stream can carry oxygen to burn sugar [14]. 

Lactic acid producing microbes can be sorted into two groups based on the products that 

they produce under anaerobic conditions. Homofermentative LAB produce only lactic acid 

and heterofermentative LAB produce lactic acid as well as other products such as acetic 

acid and ethanol. [15] 

The production of lactic acid in the fermenter inevitably causes a decrease in pH, which 

must be counteracted by the addition of an alkaline component or removal of the acid or 

both. The state-of-the-art method makes use of lime (CaO) to neutralize and precipitate 

the acid as calcium lactate. Sulphuric acid is then used downstream to recover lactic acid 

from the calcium lactate, thereby producing large quanities of solid gypsum waste. After 

recovery from the solid calcium lactate form, the lactic acid is purified through reactive 

distillation with an alcohol. In the process presented here and depicted in Figure3, lime is 

replaced with ammonia, which can be recycled, does not create a precipitate and allows 

purification through reactive distillation without producing any solid waste [15]. The feed-

stocks and seed train are as described in section 2.1 and 2.2. 

5.1 Production fermenter 

In the production fermenter, cell growth is unwanted because it competes with the produc-

tion of lactic acid. Homofermentative organisms are also preferred above heterofermenta-

tive organisms both for lactic acid yield as well as simplifying downstream processes. The 

production fermenter is operated anaerobically to inhibit the formation of new cells and to 

force the existing cells to generate lactic acid to survive.  

Bacteria from the genera Lactobacillus, Lactococcus, Enterococcus, Pediococcus, Leuco-

nostoc, Streptococcus, Carnobacterium, Fructobacillus, Oenococcus, and Weissella nat-

urally produce lactic acid efficiently. They are normally also resistant to low pH and high 

salt concentrations [16]. Some engineered strains of homofermentative yeasts and bacte-

ria with high productivity, lower sensitivity to changes in pH or organisms that are capable 

of consuming a wide range of different sugars for lactic acid production exist and are being 

developed for improving industrial lactic acid production [17]. 

Most LAB ferment well in a pH range between 5 and 6 [18]. Since the production of lactic 

acid changes the acidity in the broth, pH control is important for this process. In the process 

described here and depicted in Figure3, pH control and in-situ product removal are both 

achieved by passing the broth through an ion exchanger with anionic exchange resin. The 

resin captures the lactate anion from the broth and replaces it with hydroxide anions, 

thereby increasing the pH. 
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Figure3: Process flow diagram for lactic acid production 

5.2 Downstream processing 

Lactic acid is removed from the broth using ion exchange and then purified through reac-

tive distillation. 

5.2.1 Product recovery and pH control 

Ion exchange resin easily becomes blocked with solids, therefore cells and any other solid 

particles must be removed from the broth before passing it through the ion exchanger. A 

disk stack centrifuge is used for this step. The solid fraction is returned to the fermenter 

while the liquid fraction is passed through the ion exchanger. 

Ion exchangers are operated in cycles of two to three operations. These are loading, elut-

ing and regenerating. In some cases, such as for the process described here, elution and 

regeneration can be achieved in one combined operation. During the loading operation, 
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the lactate anion is bound to the resin, which carries a positive charge. The lactate ions 

replace hydroxide ions that were bound to the resin before. The released hydroxide ions 

along with the rest of the broth is returned to the fermenter. Once the resin is saturated 

with lactate and has no more hydroxide to give, the lactate ions are and the resin is regen-

erated with hydroxide ions by running an ammonium hydroxide solution through it. In this 

operation lactate ions are released into the solution and hydroxide ions bind to the resin. 

Ammonium lactate in solution exits the ion exchanger. This operation is run until all the 

lactate ions on the resin have been replaced by hydroxides. Thereafter the cycle starts 

anew by feeding centrate through the ion exchanger to recover lactate. 

5.2.2 Purification through reactive distillation 

The ammonium lactate stream emerging from the ion exchanger during the elution opera-

tion is converted (esterified) to butyl lactate in a reactive distillation column with a catalyst. 

Sun et.al. successfully tested a catalyst for this purpose. The catalyst is a cationic ex-

change resin modified with stannous chloride [19]. In the esterification reactive distillation 

column, ammonium lactate is reacted with butanol in a 1:3 molar ratio in contact with the 

catalyst to produce butyl lactate. Ammonia is evolved from this reaction and collected from 

the top of the reactive distillation column [19]. This stream absorbed in water in an absorp-

tion column and re-used as the regeneration liquid for the ion exchanger. Distillate from 

the esterification reactive distillation column contains water and butanol, which are immis-

cible to a great extent and can therefore be separated by decanting. The two fractions, 

water and butanol, are returned to their respective holding tanks for re-use. The bottoms 

from the esterification reactive distillation column contains the produced butyl lactate as 

well as some unreacted ammonium lactate, butanol and water. Butanol is removed from 

this mixture through vacuum evaporation and returned to the butanol buffer tank. To isolate 

butyl lactate from the other components and potential contaminants in the stream, it is 

evaporated in a flash drum and recondensed as purified butyl lactate. 

A second reactive distillation column is used for hydrolysis of the butyl lactate to yield pure 

lactic acid. The catalyst used here is a cation exchange resin in the H+ form. To hydrolyze 

the butyl lactate, it is brought into contact with the catalyst and an excess of water (1:15 

molar ratio). [19] Hydrolysis of butyl lactate yields butanol and lactic acid. Butanol and 

water are recovered from the distillate of the hydrolysis reactive distillation column, de-

canted and returned to the butanol- and water buffer tanks for re-use. The hydrolysis re-

active distillation column bottoms contain >90% pure lactic acid product.  

Auxiliary equipment such as pumps, conveyors, instrumentation, sterilization equipment, 

vehicles, utilities, multiples of certain equipment types, laboratories, offices, storage and 

buildings are not shown in the process flow diagram for simplicity, but these cannot be 

omitted from the capital investment cost calculations. 
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5.3 Mass and energy balance 

on a per-kilogram-lactic acid basis. In this case, it was assumed that a batch of fresh cells 

from the seed train is sufficient for three production runs in the fermenter. For each kilo-

gram of lactic acid, 4.7 kg hydrolysate (1.3 kg monosaccharides) and a few grams of sup-

plements are required, 0.4 kg ammonium hydroxide (recycled) is used for pH control, 30 

grams of cells is generated, a side stream of 3.9 kg (including the cells) is produced and 

an intermediate ammonium lactate stream of 2.6 kg is produced in the fermentation sec-

tion. In the purification section, the intermediate ammonium lactate stream from the fer-

mentation section is esterified with butanol (2.6 kg/kg lactic acid recycled with 70 g/kg lactic 

acid topped up) and hydrolyzed with water (4.4 kg/kg lactic acid recycled). Ammonia from 

the esterification reaction is captured in water and returned to the fermentation section for 

pH control, and an aqueous waste stream of 160 g/kg lactic acid is produced.  

A summary of the most significant energy needs for the production of lactic acid is given 

in Table 8. The production of one kilogram of lactic acid requires 1.42 kWh of electrical 

power, 8.73 kWh of steam and 9.11 kWh of cooling water. Most of the electrical power 

(51%) is for agitation of the production fermenter. The remaining electrical power is mostly 

used for continually separating cells from the broth in the centrifuge. 97% of the steam is 

consumed in the reactive distillation columns for esterification and hydrolysis. 92% of the 

cooling water is used in the reactive distillation columns’ condensers. 

The total energy requirement reported is calculated before optimizing energy flows through 

heat integration. It also does not consider energy consumption for auxiliary equipment and 

administrative services. With that in mind, the calculated total energy cost for the produc-

tion of lactic acid equates to around 80% of the selling price for a racemic mix of lactic acid 

in Germany [20].  
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Table 6: Mass balance for the fermentation section with integrated pH control and product removal 

Stream flows (kg/kg 

lactic acid) 

Hydrolysate 

(incl. 1/3 

seed train) 

Supplements 

(1/3 seed 

train) 

Ammonia  

water eluent 

recycled 

 
Cells 

generated 

and recycled  

 
Ammonium 

lactate 

eluate 

Spent 

broth 

Temperature (°C) 25 25 25 
 

37 
 

25 37 

Pressure (bar) 1.013 1.013 1.013 
 

1.013 
 

1.013 1.013 
         

Total Contents (kg/kg) 4.74 0.00002 1.71 
 

0.03 
 

2.59 3.94 

Amm. Acetate - - - 
 

- 
 

0.01 - 

Amm. Hydroxide - - 0.42 
 

- 
 

- - 

Amm. Lactate - - - 
 

- 
 

1.29 - 

Amm. Sulphate - 0.00002 - 
 

- 
 

0.00007 - 

Cellulose 0.003 - - 
 

- 
 

- 0.003 

Glucose 1.32 - - 
 

- 
 

- 0.27 

Lactic Acid - - - 
 

- 
 

- 0.03 

Lignin 0.010 - - 
 

- 
 

- 0.01 

Phenol 0.009 - - 
 

- 
 

- 0.009 

Proteins 0.013 - - 
 

- 
 

0.01 0.001 

Sodium Acetate 0.011 - - 
 

- 
 

- - 

Water 2.50 - 1.29 
 

- 
 

1.29 2.78 

Xylose 0.88 - - 
 

- 
 

- 0.84 

Cells - - - 
 

0.03 
 

- 0.03 
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Lactic acid production 

Table 7: Mass balance stream flow for the downstream  

Stream flows (kg/kg 

lactic acid) 

Fresh 

butanol 

feed 

Ammonium 

lactate 

eluate 

 
Butanol 

recycle 

Water 

recycle 

 
Ammonia  

water eluent 

recycled 

Lactic 

acid 

Aqueous 

waste 

Temperature (°C) 25 25 
 

56.5 56.5 
 

25 142 56.5 

Pressure (bar) 1.013 1.013 
 

0.067 0.067 
 

1.013 0.067 0.067 
          

Total Contents (kg/kg) 0.07 2.59 
 

2.60 4.36 
 

1.71 1.05 0.16 

Amm. Acetate - 0.01 
 

- - 
 

- - - 

Amm. Hydroxide - - 
 

- - 
 

0.42 - - 

Amm. Lactate - 1.29 
 

- - 
 

- - - 

Amm. Sulphate - 0.00007 
 

- - 
 

- - - 

Butanol 0.07 - 
 

2.60 0.04 
 

- - 0.001 

Butyl lactate - - 
 

0.001 0.08 
 

- 0.05 0.004 

Lactic Acid - - 
 

- - 
 

- 1.00 - 

Proteins - 0.01 
 

- - 
 

- - - 

Water - 1.29 
 

- 4.24 
 

1.29 - 0.15 

 

Table 8: Energy requirements for the production of lactic acid per kg product 

Energy Production 

fermenter 

25m3 

Centrifuge Reactive 

distillation for 

esterification 

Butanol 

recovery 

column 

Butyl 

lactate flash 

rectifier 

Butanol 

condenser 

Reactive 

distillation for 

hydrolysis 

Electrical power (kWh/kg) 0.73 0.68 0.00 - - - 0.00 

Heating (kWh/kg) - - 2.72 0.13 0.09 - 5.80 

Cooling (kWh/kg) 0.52 - 2.47 0.14 - 0.05 5.92 
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Recommendations 

6 Recommendations 

Any person or entity wishing to use the information in this report for their own business 

plans free to do so and is advised to consult the One-stop-shop database on the TransBIB 

website to find additional information, expert consultants in the field, piloting facilities and 

equipment manufacturers that may assist in the process.  

Any person or entity wishing to contribute to the German bio-economy is also advised to 

contact TransBIB through any of the platforms mentioned on the website so that they may 

become integrated into the TransBIB network. 
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