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 Paula Losa Zapico 

RESUMEN 

El objetivo de este proyecto es la mejora del proceso de destilación de la mezcla de 
acetona, butanol y etanol (ABE) para que sea más eficiente energéticamente. Esto se 
llevará a cabo mediante el estudio de diferentes métodos para aprovechar el calor residual 
liberado en el proceso. 

Destilación ABE 

ABE es una mezcla acuosa de acetona, butanol y etanol, que son sustancias ampliamente 
utilizadas en la industria química. El etanol y el butanol también son biocombustibles. La 
mezcla ABE se obtiene a partir de la fermentación de biomasa y otros residuos agrícolas y 
se necesita un proceso de separación para obtener los componentes individualmente. 

La destilación es una de las técnicas de separación más desarrolladas para este caso y es 
la que se ha estudiado a lo largo de este proyecto. Esta técnica se basa en la diferencia de 
volatilidad de los componentes de una mezcla acuosa, que permite que algunos sean 
extraídos a través de ebullición selectiva y condensación. 

Cuando una mezcla que contiene sustancias de diversas volatilidades se lleva a ebullición, 
la composición del vapor liberado es diferente de la del líquido en ebullición. A una 
temperatura dada, el vapor tiene una mayor cantidad del componente más volátil.  Algunas 
excepciones a esto son las mezclas azeotrópicas, en las cuales la composición de vapor y 
líquido son iguales.  En el caso de la mezcla ABE, se forma un azeótropo entre el agua y el 
etanol.  

La destilación puede tener una o varias etapas. Para la destilación ABE, se requiere un 
proceso de múltiples etapas. En este tipo de destilación, hay una serie de platos dispuestos 
verticalmente en el interior de una columna, por lo que el líquido fluye a la etapa inferior y el 
vapor se eleva hacia la etapa superior.  Por cada etapa a través de la cual pasa el vapor, 
crece la concentración del componente más volátil.  En el líquido, la concentración de este 
componente disminuye a medida que desciende. El vapor final obtenido en la parte de arriba 
se condensa y parte del líquido se devuelve a la columna como reflujo. El líquido obtenido 
en el fondo va a un hervidor de agua donde se vaporiza parcialmente y el vapor producido 
también es devuelto a la columna. El líquido restante es el producto. 

En una destilación ABE convencional, se utilizan una serie de cuatro columnas de 
destilación.  En la primera se obtiene acetona casi pura. En la segunda, se obtiene en su 
parte superior etanol y el producto del fondo se envía a un decantador donde se separan el 
agua y el n-butanol.  La fase acuosa obtenida en este decantador tiene un bajo porcentaje 
de n-butanol, por lo que se requieren otras dos columnas para obtener butanol de alta 
pureza. 

Este método convencional presenta varias desventajas, la más importante es la gran 
cantidad de energía que se necesita para recuperar los productos de una mezcla acuosa de 
baja concentración en ABE.  Esta es la razón por la que se implementan tratamientos 
previos para concentrar el butanol en la corriente de alimentación a la unidad de destilación. 

Una buena alternativa es el uso de la pervaporación como tratamiento previo: se instala una 
unidad de pervaporación para tratar los productos de fermentación y lograr una 
concentración de ABE lo suficientemente alta como para permitir una separación líquido-
líquido de la mezcla al comienzo del proceso. Debido a la separación líquido-líquido, el 
butanol se puede recuperar de la fase orgánica rica con una sola columna de destilación. La 
recuperación de la acetona y el etanol se realiza con otras tres columnas de destilación: la 
primera para la eliminación de agua, la segunda recupera la acetona en la parte superior y la 
última obtiene el azeótropo etanol-agua también en la parte superior. 
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Métodos de ahorro de energía en procesos químicos 

La industria química es un sector que consume mucha energía, por lo que encontrar formas 
de aprovechar al máximo los recursos es especialmente importante. Debido a las 
temperaturas extremas que a menudo se necesitan en los procesos químicos, las 
tecnologías de recuperación de energía y calor ofrecen un gran potencial para mejorar la 
eficiencia energética. 

En el estudio del proceso de destilación ABE, para conseguir reducir el consumo de energía 
nos hemos centrado en las diferentes formas de aprovechar el calor residual. Las más 
destacadas son: 

• Integración de calor con una red de intercambiadores de calor 

• Aplicación de una bomba de calor 

• Aplicación de un ciclo de absorción-refrigeración 

• Producción de electricidad con un ciclo orgánico de Rankine 

Estudio del sistema básico de destilación ABE 

Hemos utilizado como punto de partida del proyecto una estructura de destilación que utiliza 

pervaporación como tratamiento previo para proporcionar una alta concentración de butanol 

en la alimentación. Por lo tanto, la recuperación de butanol se realiza con una columna de 

destilación y la recuperación de etanol necesita tres (Figura I).  La optimización de esta 

estructura se estudió en un Proyecto de Fin de Grado anterior (Csoma, 2018). 

 

Figura I Estructura básica para la destilación ABE 

Las simulaciones se realizaron para una planta con una capacidad de 40000 t de butanol al 

año, suponiendo que está en funcionamiento 8000 horas al año. La energía requerida por la 

estructura inicial es de 21419 kW para refrigeración y 19029 kW de calor. 
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Aplicación de los diferentes métodos de ahorro de energía 

Integración de calor mediante red de intercambiadores de calor 

El primer método de ahorro de energía que estudiamos es la implementación de una red de 

intercambiadores de calor.  En ella, se utilizan los flujos que necesitan ser enfriados como 

fuente de energía para los que necesitan aporte de calor. 

El diseño de la red se realizó mediante el método de intervalos de temperatura, que es una 

técnica para calcular la mínima energía externa requerida por el sistema y cómo se pueden 

emparejar los flujos en la red para lograrla.  

Un paso importante en este método es la determinación del “pinch”, que es un valor de 

temperatura caracterizado porque no hay calentamiento externo por debajo de él ni 

refrigeración externa por encima.  En este punto, la diferencia de temperatura entre los flujos 

de la red es igual a la que hayamos elegido como mínima, que en nuestro caso es 10 ºC. 

El diseño de la red se aborda mediante el emparejamiento por separado de los flujos por 

encima y por debajo del “pinch”. Además, el diseño debe cumplir con dos reglas: 

• El número de flujos saliendo del “pinch” debe ser mayor que el número que entra. 

• Si la diferencia de temperatura entre dos corrientes es igual a la mínima, los valores 

de capacidad calorífica de las corrientes caliente y fría deben seguir las condiciones 

de la Tabla I. 

Encima del 
“pinch” 

Debajo del “pinch” 

�̇�𝐂 <  �̇�𝐅  �̇�𝐂 >  �̇�𝐅  

Tabla I Reglas para el emparejamiento de flujos en un intercambiador de calor 

Siguiendo este método, se obtuvo una red de intercambiadores de calor que proporciona 

una disminución en la demanda de calor y refrigeración de 2.26% y 2.01%, respectivamente. 

Aplicación de una bomba de calor 

El diseño de una red de intercambiadores de calor proporciona unos valores muy pequeños 

de ahorro de energía. Esto es debido a que la diferencia de temperatura entre las corrientes 

que proporcionan calor y los líquidos que necesitan vaporización no permite una extensa red 

de integración de calor.  Para resolver este problema, se ha elevado la temperatura de las 

corrientes de vapor a través de un compresor, creando una estructura similar a una bomba 

de calor.   

Las corrientes de vapor obtenidas en la parte superior de las columnas se comprimen y 

luego se emparejan en intercambiadores de calor con uno de los líquidos que necesita ser 

evaporado.  Después, la corriente comprimida se expande y se condensa por completo, y la 

corriente líquida va a un calentador adicional si necesita una fracción de vapor más alta de 

la obtenida en el intercambiador. 

Para llevar a cabo este diseño, simulamos todos los posibles emparejamientos líquido-vapor 

y comparamos la demanda de energía de cada caso con la que tenemos en los 

calentadores y condensadores de cada columna en la estructura inicial. Consideramos la 

demanda de calor como la más importante de reducir, ya que se necesitan grandes 

cantidades de combustible para satisfacerla. 
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Después de las simulaciones, llegamos a la conclusión de que, para el calentamiento del 

líquido del fondo de la columna de butanol, no es beneficioso utilizar ninguna de las 

corrientes de vapor comprimido.  Para el resto de los líquidos, sí se obtuvieron resultados 

beneficiosos, siendo la combinación más favorable el emparejamiento de cada líquido con el 

vapor comprimido de la misma columna (Figura II). Esta estructura proporciona una 

disminución de 79.8% en la demanda de calor y 62% en la de refrigeración. 

 

Figura II Aplicación de la bomba de calor para líquido y vapor de la misma columna 

 

Para que incluir la columna de butanol en nuestra estructura también resulte rentable, 

elevamos la presión del flujo de vapor de 3 a 5 bar, consiguiendo así una temperatura más 

alta, suficiente para calentar el líquido del fondo de la columna.  Al agregar este 

emparejamiento a los otros tres, la demanda energética externa se reduce en un 95.1% 

para el caso del calor y en un 73.6% para la refrigeración. 

Para completar este diseño, estudiamos la posibilidad de un mayor grado de integración del 

calor. Después del emparejamiento de los vapores comprimido con los líquidos en 

intercambiadores de calor, estas corrientes comprimidas aún están calientes y se pueden 

utilizar como fuentes de calor. Por lo tanto, se han usado para reducir la cantidad de calor 

externo requerido en las columnas de agua y acetona y para eliminar la necesidad de un 

evaporador para el etanol (Figura III).  Sumando esto, los ahorros de energía se 

incrementan en un 2%. 

 

Figura III Estructura con aplicación de bomba de calor y tres intercambiadores de calor adicionales 
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Para esta estructura final, hemos realizado una aproximación del coste.  El calentamiento 

con gas natural tiene un precio de aproximadamente 180505 €/año y el gasto de electricidad 

es de 1,87 millones €/año.  El alto consumo eléctrico se debe a la potencia de los 

compresores, por lo que estudiamos la posibilidad de reducirlo disminuyendo la presión.  

Con una reducción en la presión del tercer compresor de 5 bar a 3.8 bar, se obtuvo un 

5.38% menos de coste eléctrico.  Esto significa una disminución de 4.90% en el precio total.  

El coste final de nuestro proceso es de 1,95 millones €/año, que es 3.6 veces menor que 

el obtenido con la estructura original. 

Ciclo de absorción-refrigeración 

Se ha considerado la utilización de alguno de los flujos calientes que no se han usado en la 

integración de calor de la Figura III como fuente de energía para un ciclo de absorción-

refrigeración.  Simulando el enfriamiento de las diferentes corrientes calientes disponibles, 

obtuvimos que la que proporciona una mayor cantidad de calor es el producto de la columna 

de agua. Por lo tanto, lo vamos a utilizar como fuente de calor para nuestro ciclo. 

Utilizamos para las simulaciones un modelo de ciclo diseñado en un Proyecto de Fin de 

Grado anterior (Csoma, 2018). Cambiando ciertos parámetros para hacer el ciclo más 

realista, obtuvimos una energía de refrigeración de 647 kW.  Esta potencia de refrigeración 

podría utilizarse para aplicaciones como el acondicionamiento de diferentes espacios o la 

eliminación de calor de alguna parte del proceso de producción de ABE. 

Producción de electricidad 

Se ha considerado también el uso del calor residual para la generación de energía mediante 

un ciclo orgánico de Rankine. Teniendo en cuenta que la mayoría de las corrientes calientes 

ya se han utilizado en otras partes de la integración de calor, la única interesante para esta 

aplicación es la corriente de producto de butanol. 

La corriente de butanol necesita un enfriamiento hasta 30 ºC. Suponiendo que todo el calor 

residual producido puede aprovecharse en el ciclo orgánico de Rankine para producir 

energía y que éste tiene una eficiencia del 15%, la producción de electricidad sería de 52.63 

kW. Esto representa solo el 2.4% de la potencia de los compresores.  Dado que la energía 

generada es muy baja incluso con supuestos muy optimistas, concluimos que la producción 

de electricidad no es rentable para nuestro caso. 

Resultado final y conclusiones 

Después del estudio de los diferentes métodos, se ha observado que la técnica más 

beneficiosa es la aplicación de una bomba de calor en cada columna para emparejar en un 

intercambiador de calor el vapor y el líquido obtenidos en ella. A esto se añaden tres 

intercambiadores de calor adicionales para una mayor integración del calor.  Además de 

esta estructura, también tenemos el uso de la corriente de producto de butanol como fuente 

de calor para un ciclo de absorción-refrigeración.  

Con estas técnicas, obtuvimos una disminución en la demanda de energía del 97.4% 

para el calor y del 83.4% para la refrigeración. 
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SUMMARY 

The aim of this project is to achieve a more energetically efficient distillation process for the 

acetone, butanol and ethanol (ABE) mixture. This will be carried out by studying the different 

methods in which we can use the waste heat of the process.  

ABE distillation 

ABE is an aqueous mixture of acetone, butanol and ethanol, which are widely used 

substances in the chemical industry. Ethanol and butanol are also biofuels. Biomass or other 

agricultural residues are usually the raw materials for ABE production. The ABE mixture is 

obtained from the fermentation of these materials and a separation process is needed to get 

them individually.  

Distillation is one of the most developed separation techniques for ABE separation and it is 

the one that has been studied along this project. The principle which this technique in based 

on is the different values of volatility of the components of an aqueous mixture, selective 

boiling and condensation are used to extract some components of the mixture.  

When a mixture containing substances of various volatilities is brought to boiling, the 

composition of the vapour released is different from the composition of the boiling liquid. At a 

given temperature, the vapour has a higher quantity of the most volatile component. Some 

exceptions to this are the mixtures with azeotropic points, in which the composition of vapour 

and liquid are equal. In the case of the ABE mixture, an azeotrope is formed between water 

and ethanol.  

Distillation can be applied in single stage or in several stages. For ABE distillation, a multi-

stage process is required. In this kind f distillation, there are a series of stages arranged 

vertically in the interior of a column, so the liquid from a stage flows to the stage below and 

the vapor flows upward to the stage above. For each stage through which the vapor rises, 

the concentration of the more volatile component grows. In the liquid, the concentration of 

this component decreases as it goes downwards. The final vapor obtained overhead is 

condensed and part of the liquid is returned to the column as a reflux. The liquid obtained at 

the bottom goes to a reboiler where is partially vaporized and the vapor produced is refluxed 

into the column. The remaining liquid the product. 

In a conventional ABE distillation, a series of four distillation columns are used. The first 

obtains almost pure acetone, the second obtains at its top ethanol and the bottom product is 

sent to a decanter where water and n-butanol are separated. The water phase obtained in 

this decanter has a low percentage of n-butanol, so two other columns are required to obtain 

a high purity butanol product.  

This conventional method presents several disadvantages, the most important is the 

unattractive economics, which is due to the large energy consumption that is needed to 

recover the products from a dilute fermentation broth. This is the reason why pre-treatments 

to concentrate butanol in the feed stream to the distillation unit are implemented.  

A good alternative is the use of pervaporation as a pre-treatment step: a pervaporation 

unit is installed to treat the fermentation products and achieve an ABE concentration high 

enough to allow a liquid-liquid phase separation of the permeate at the beginning of the 
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separation train. Because of the liquid-liquid separation, the butanol can be recovered from 

the organic rich phase with one distillation column. The acetone and ethanol recovery is 

performed with three distillation columns: the first one for water removal, the second recovers 

acetone at the top and the last one obtains the ethanol-water azeotrope at the top. 

Energy saving methods in chemical processes 

The chemical industry is an energy-intensive sector, so finding ways of make the most of the 

resources is especially important. Due to the extreme temperatures often needed in the 

chemical industry, heat and power recovery technologies offer significant potential to 

improve the energy efficiency. 

In the study of the ABE distillation process to reduce the energy consumption, we have 

focused on the many ways in which the waste heat can be use. The most important 

possibilities for this goal are: 

● Heat integration with a heat exchanger network 

● Application of a heat pump 

● Application of an absorption refrigeration cycle 

● Electricity production with an Organic Rankine Cycles 

Study of the basic ABE distillation system 

We have used as our starting point a distillation structure that has a pervaporation unit as a 

pre-treatment to provide a high butanol concentration in the feed. Therefore, the butanol 

recovery is done with one distillation column and the downstream distillation needs three 

columns (Figure I). The optimization of this structure was studied in a previous Bachelor 

Final Project (Csoma, 2018).  

 

Figure I Basic ABE distillation structure 
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The simulations were done for a plant capacity of 40000 t of butanol per year, assuming we 
are dealing with a plant which operates 8000 hours per year. The initial energy requirement is 
21419 kW for cooling and 19029 kW for heating. 

Application of the different energy saving methods  

Heat integration using heat exchanger network 

The first energy saving method that we have studied is the implementation of a heat 

exchanger network (HEN). We are going to use the streams that need cooling as heat 

supplies for the ones that require heating. 

The design of the network has been done with the temperature interval method, which is a 

technique to calculate the minimum energy requirement that we can accomplished and how 

the streams could be paired in the HEN. An important step in this method is the 

determination of the pinch point, which is a temperature value characterized because there 

is no external heating below it and no external cooling above it. In this point, the temperature 

difference between the streams of the network is equal to the minimum approach 

temperature chosen, which in our case is 10 ºC.  

The design of the network is approach by pairing separately the streams above and below 

the pinch temperature. The design must comply with two rules: 

● The number of streams coming from the pinch point must be higher than the number 

coming into the pinch point.  

● If the temperature difference between two streams is equal to the minimum approach 

temperature, the values of their heat capacity must follow the conditions on the Table 

I. 

Above the pinch Below de pinch 

�̇�𝐂 <  �̇�𝐅  �̇�𝐂 >  �̇�𝐅  

Table I Rules for the pairing of hot and cold streams 

Following this methodology, we have obtained a HEN with a decrease in the heating and 

cooling demand of 2.26% and 2.01%, respectively.  

Application of a heat pump 

The heat integration by designing a HEN resulted in very small values of energy saving. This 

is because the temperature difference between the streams that provide heat and the liquid 

streams that need vaporization does not allow for an extensive heat integration structure.  To 

solve this problem, we raise the too vapor temperature through compression, creating a 

structure similar to a heat pump. A vapor stream is compressed and then paired in a heat 

exchanger with a liquid stream. After, the compressed stream is expanded and condensed 

completely, and the liquid stream goes to an additional boiler if it needs a higher vapor 

fraction. 

To carry out this design, we simulated the all the possible liquid-vapor pairings and 

compared the energy demand of each case with the original energy duty in the reboilers and 

condensers of each column. We considered the heating demand as the most important value 

to reduce because we need to use significant amounts of fuel to satisfy it.  
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After the simulations, we concluded that for the heating of the bottom liquid of the butanol 

column was not beneficial to use any of the compressed vapor streams. For the rest of the 

bottom liquids, we obtained beneficial results, being the most favourable combination the 

pairing of each bottom liquid with the compressed vapor from the same column (Figure II). 

This structure provides a decrease in the external energy demand of 79.8% for heating and 

62% for cooling. 

 

Figure II Application of heat pump in each column 

To include the butanol column in our structure, we are going to raise the pressure of the 

vapor stream up to 5 bar, so we have a temperature high enough to heat the bottom liquid. 

Adding the new pairing to the other three, the total external energy required is reduced 

by 95.1% for heating and 73.6% for cooling.  

To complete this structure, we studied the possibility of further heat integration. After the 

pairing of the compressed top vapor with the bottom liquids in heat exchangers, these 

streams are still hot. Therefore, we used them as heat sources to reduce the additional 

heating needed in the water and acetone columns and to eliminate the need of an evaporator 

for the ethanol product stream. With this final structure (Figure III), the energy savings are 

increased by 2%. 

 

Figure III Heat pump structure with additional heat integration 
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For this final structure, we have done an approximation of the cost. We have a heating cost 

(using natural gas) of 180505 €/year and an electricity spending of 1.87 million €/year. 

The high electricity spending is due to the compressors power, so we studied the possibility 

of reducing the outlet pressure. This resulted in a reduction in the pressure of the third 

compressor from 5 bar to 3.8 bar, obtaining a decrease of 5.38% in the cost of the 

compressor power. This means a decrease of 4.90% in the total price. The final cost of 

our process is 1.95 million €/year, which is 3.6 times smaller than the one obtained with the 

original structure.  

Absorption-refrigeration cycle 

We are going to use a stream that is not used in the heat pump scheme as a heat source for 

an ARC. Simulating the cooling down of the different hot streams available, we obtained that 

the one that provides a higher value of heat is the water product stream. So, we are going to 

use it as a heat source for our cycle.  

We used an ARC model designed in a previous Bachelor Final Project (Csoma, 2018). 

Changing certain parameters to make the cycle more realistic, we obtained a refrigeration 

performance of 647 kW. This refrigeration power could be used for the conditioning of 

different spaces or to remove heat from some part of the ABE production process.  

Electricity production 

We considered the use of the waste heat for power generation with an Organic Rankine 

Cycle. Considering that most of the hot streams have already been used in other parts of the 

heat integration, the only interesting one for this application is the butanol product stream.  

The butanol stream needs cooling until 30 ºC. Assuming that all the waste heat produced can 

be used in the ORC to produce power and it had a 15% efficiency, the electricity production 

would be 52.63 kW, which is only 2.4% of the compressors power. Since the power 

generated is very low even with very optimistic assumptions, we concluded that the electricity 

production is not profitable in this case. 

Final structure and conclusions 

After the study of the different methods, we have concluded that the most beneficial 

technique is the application of a heat pump in each column for the pairing of the top vapor 

and the bottom liquid. And adding three additional heat exchangers for further heat 

integration is also beneficial. In addition to this structure, we have the use of the butanol 

product stream as the heat source for an absorption-refrigeration cycle. 

With all these techniques, we finally obtained a decrease in the energy demand of 97.4% 

for heating and 83.4% for cooling. 
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1 OBJECTIVES, SCOPE AND METHODOLOGY 

This project has as main goal the study of the different methods in which we can use the 

waste heat of the ABE distillation and the analysis and suggestion of the best ones. 

Therefore, we want to achieve a more energetically efficient production process for acetone, 

butanol and ethanol separation. 

The process followed in this project starts with the literature study of the properties of the 

ABE mixture, its obtention and distillation methods; as well as the most important energy 

saving methods used in the chemical processes and that can be applied for the process we 

are studying. 

Once the general studies have been carried out, we proceed to do the data collection of the 

ABE distillation. We will get this information from an ABE distillation structure designed in the 

context of a previous Bachelor Project (Csoma, 2018). This basic distillation system is going 

to be the starting point of our project. 

In the data collection step, we need to identify the heat supplies and demands of the ABE 

distillation process, since these are the parameters which are going to be study in order to 

reduce the energy requirement. 

Knowing the energy required and wasted in the basic ABE distillation, we will simulate the 

different energy saving methods studied previously. Considering the obtained results, we can 

evaluate its benefits and suggest the best one. 

In addition, we will also consider the economical facet of the suggested methods, comparing 

the operating cost of our final ABE distillation structure with the original one. 
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2 INTRODUCTION 

ABE is an aqueous mixture that has as its main components acetone, butanol and ethanol. 

These three substances are widely used as solvents in the chemical industry or as part of 

different chemical or manufacturing processes. Ethanol and butanol are also used as fuels. 

Nowadays, due to the growing awareness of the need of more environmentally friendly 

energy sources, the use of these fuels is becoming more and more important. Ethanol and 

butanol produce lower pollutant emissions and they can be obtained from organic residues, 

so they are considered biofuels. 

Biomass or other agricultural residues mainly constituted by organic material with cellulose, 

lignin, hemicellulose and pectin, are usually the raw materials used in the ABE production. 

The main steps of the ABE production process can be seen in the following diagram. 

 

Figure 2.1 Main steps of the ABE production process 

This process starts with the treatment of the biomass to eliminate or decrease the presence 

of substances that can interfere with the hydrolysis.  Then, the material is summited to the 

enzymatic hydrolysis to accomplish the liberation of the glucose from the cellulose. Finally, 

this glucose is used to produce ABE through a fermentation process. The bacterial 

fermentation turns the carbohydrates like starch and glucose into the mixture of acetone, 

ethanol and n-butanol. 

The product of the fermentation is made usually with the proportion 3:6:1 of acetone, butanol 

and ethanol, respectively. Therefore, a separation process is needed to obtain these 

components individually. For acetone, butanol and ethanol recovery from fermentation broth, 

the main techniques that can be used are: 

• Distillation 

• Adsorption 

• Gas stripping 

• Liquid–liquid extraction 

• Pertraction 

• Reverse osmosis 

• Membrane distillation 

• Pervaporation 

Adsorption is a process in which some particles are extracted from a fluid through 

preferential attachment to a solid surface. In its application to ABE separation, adsorbents 

possess high selectivity towards butanol over water. Despite of this, there are some 

problems with this technique, the most remarkable one is the difficult desorption of the 

organic compounds, needing several separation methods. Also, it is possible that bacteria 

adhere to the adsorbent and decrease its efficiency, especially if the adsorbent is recycled. 
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Gas stripping is a separation technique which consist on the removal of the volatile 

components from ABE fermentation broth by sparging gas into the fermenter. When this 

happens, volatiles are condensed and then recovered from the condenser. This is a simple 

and low-cost recovery technique with high efficiency. Its main disadvantage is the excessive 

amount of foam created by the gas in a bioreactor. Therefore, antifoam agents need to be 

added, these substances can be toxic to bacteria and detrimental to the fermentation 

process. 

Liquid–liquid extraction is a method which uses a liquid solvent to extract a dissolved 

substance from liquid mixture. This separation technique provides high capacity of the 

extractant and high selectivity of n-butanol/water separation comparing with other methods. 

On the other hand, it has as an important disadvantage the creation of emulsions and the 

extractant fouling. This can cause problems with phase separation and consequently 

contamination of aqueous streams with chemicals. 

Pertraction or membrane extraction is a liquid–liquid extraction technique which consists 

in placing a porous membrane between the two phases. It requires the installation of a 

membrane area separating the extracting liquid from the extractant. With this separation 

method, both extraction and stripping of the solute are realized in one unit. 

Pertraction technique has some limitation in its use on an industrial scale, there may be 

problems with extraction of membrane solvent because of the relatively high viscosity of 

extractants. These difficulties cause pressure losses and mass transfer limitations in the 

solvent phase. Other methods like liquid–liquid extraction have higher mass transfer 

coefficients. 

Its major advantage is that the extractant does not need to be dispersed in the solvent 

phase. Also, this method makes possible the combining of selective membrane properties 

with the capacity of extractant. Using pertraction, the passage of the extractant into the 

aqueous phase is minimal and the problem of the toxicity of the extractant to the cells that 

happens tin the liquid–liquid extraction does not occur in this process. 

Reverse osmosis is also a membrane-based technology in which a semi-permeable 

membrane separates a feed solution into two streams: permeate, which is purified water, and 

concentrate, which is a solution with salts and other retained compounds. Polyamide 

membranes have been described as good materials for butanol recovery, but this method is 

not extended on an industrial scale.  

Membrane distillation is a process in which a microporous, hydrophobic membrane is 

applied to separate aqueous solutions at different temperatures. The process is similar to 

conventional distillation: it requires heating of the feed solution in order to obtain the 

necessary latent heat of vaporization and it is based on the vapour/liquid equilibrium. The 

temperature difference between both sides of microporous membrane results in a vapour 

pressure difference. Thanks to that vapour molecules are transported through the membrane 

from higher vapour pressure to lower vapour pressure side of the membrane. Membrane 

used in membrane distillation process should be highly porous (of porosity higher than 70%). 

Moreover, membrane wetting cannot occur, and only vapours should be transported through 

the pores.  
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Pervaporation is another membrane separation technique for separation of binary or 

multicomponent liquid mixtures. In this technique the transport through membrane occurs 

due to the different chemical potentials between both sides of it. This difference can be 

created by temperature difference (thermopervaporation), application of a sweep gas on the 

permeate side (sweep gas pervaporation) or pressure difference (vacuum pervaporation) 

between both sides of the membrane. 

Distillation is a separation process used to extract some components or substances from a 

liquid mixture by using selective boiling and condensation. It is one of the most developed 

techniques for ABE separation. This is the separation technique that will be studied along 

this project.  
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3 ACETONE-BUTANOL-ETHANOL DISTILLATION  

3.1 DEFINITION OF DISTILLATION  

Distillation is one of the most commonly used separation methods. As it was previously 

mentioned, the principle which this technique in based on is the different values of volatility of 

the components of an aqueous mixture. When a mixture containing substances of various 

volatilities is brought to boiling, the composition of the vapour released is different from the 

composition of the boiling liquid. At a given temperature, the vapour has a higher quantity of 

the most volatile component. 

The ideal liquid-vapour equilibrium curve can be seen in the Figure 3.1, where we can 

observe the different composition of the vapour (y1) and the liquid (x1) at the same 

temperature. 

 

Figure 3.1 Bubble and dew point curves of an ideal binary mixture 

Reprinted from Vapor-liquid equilibrium, by Revolvy., 2009, retrieved from www.revolvy.com 

In this diagram, the dew point curve contains the temperatures at which the saturated vapor 

starts condensing and space above it is the vapor region. The bubble point curve contains 

the temperatures at which the liquid starts boiling and the space under it is the liquid region. 

Meanwhile, the space between the dew point curve and the bubble curve is the liquid-vapor 

mixture region. 

The laws that rule the liquid-vapor equilibrium are: 

• Raoult’s Law 

p1 =  P1
0 x1                 p2 =  P2

0 x2 
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Where p1 and p2 are the partial pressures of the two components, P1
0 and P2

0 are the 

vapor pressure of the pure components and x1, x2 are the mole fractions in the liquid. 

 

• Dalton’s Law 

P =  P1 +  P2 

 

P1 = P y1             P2 = P y2 

 

Where P is the total pressure, P1 and P2 are the partial pressures and y1, y2 are the mole 

fractions in the vapor. 

The same information as in the Figure 3.1 can also be represented in a x-y diagram (Figure 

3.2): 

 

Figure 3.2 Vapor-liquid equilibrium diagram of an ideal binary mixture  

Reprinted from Vapor-liquid equilibrium, by Revolvy., 2009, retrieved from www.revolvy.com 

The non-ideal mixtures usually do not have this kind of equilibrium curves, they have 

azeotropic points.  

An azeotropic mixture of two or more components is a solution in which the components 

have nearly the same volatility, they have nearly equal boiling points. In these solutions, the 

composition of vapour and liquid are equal. This is the reason why this kind of mixture cannot 

be separated by simple distillation because when it boils the vapor has the same ratio of 

constituents as the original mixture. Therefore, it requires a special type of distillation: 

(azeotropic distillation). 

The liquid-vapor equilibrium curves follow the structure that can be seen in the Figures 3.3 

and 3.4. 
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Figure 3.3 Bubble and dew point curves of a binary azeotropic mixture 

Reprinted from Distillation, by S. Tambe, 2015, retrieved from www.slideshare.net 

 

Figure 3.4 Vapor-liquid equilibrium diagram of a binary azeotropic mixtures 

Reprinted from Distillation. An introduction: vapor-liquid equilibrium, by M.T. Tham and R.C. Costello, 2018, retrieved from 

http://www.rccostello.com 

In the case of the ABE mixture, a minimum boiling point azeotrope is formed between water 

and ethanol and a minimum and heterogeneous azeotrope is formed in the water and 

ethanol mixture. This will have an impact in the distillation process, that is why we will talk 

about it deeper when we study the equilibrium of the different binary mixtures that are 

relevant to the ABE distillation. 

3.1.1 Types of distillation 

Distillation has two main modes of being applied: with a single stage or with several stages. 

 Single stage distillation 

In the single stage distillation, the liquid mixture is boiled to be separated in just one step 

and the condensation and recovering of the liquid takes place without returning any liquid to 

the pot. 
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The most important type of distillation that occur on a single stage are: 

• Equilibrium or flash distillation 

• Simple batch or differential distillation 

• Simple steam distillation 

The flash distillation consists of the partial vaporization of a fluid inside a recipient at 

constant pressure and temperature. The Figure 3.5 shows a diagram of this one step 

distillation. 

 

Figure 3.5 Diagram of the flash distillation 

Reprinted from Multicomponent flash, by M. Mazzotti, 2017, retrieved from http://www.hyper-tvt.ethz.ch 

The liquid mixture is pumped through a heater to raise its temperature and then it goes 

through a valve to decrease its pressure, causing the liquid to partially vaporize. Then the 

mixture enters the flash drum, where the separation of liquid and vapour takes place. The 

product obtained approaches equilibrium because the liquid and vapor are in very close 

contact up until the flash occurs. 

With this one-stepped distillation, it is not possible to obtain pure components. To get that, 

multi-stage distillation is needed. 

In the simple batch or differential distillation, the liquid mixture is introduced in a pot 

where it is heated. The most volatile component is recovered through the condensation of 

the vapor, as we can see in the Figure 3.6. 

 

Figure 3.6 Diagram of the simple batch distillation 

Reprinted from Ingeniería química, by Howling Pixel, 2014, retrieved from https://howlingpixel.com/i-es/Ingenieria_quimica 
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In this method, nothing is added or withdrawn from the still until the process has been 

completed. 

Simple steam distillation is a type of distillation used specifically for temperature sensitive 

materials. An example of this is its use to purify many organic compounds that are not 

soluble in water.  These fluids tend to decompose at high sustained temperatures but 

introducing water or steam into the distillation apparatus they can be purified at a 

temperature well below the decomposition point.  

 

Figure 3.7 Diagram of the simple steam distillation 

Reprinted from Immiscible Liquid Pairs: Steam Distillation, by QS Study, 2019, retrieved from 

https://www.qsstudy.com/chemistry 

The principle in which this distillation mode is based is the following: when a mixture of two 

practically immiscible liquids is heated while being agitated to expose the surface of the 

liquids to the vapor phase, each constituent independently exerts independently its own 

vapor pressure as a function of temperature. Therefore, there is an increase of the vapor 

pressure of the whole system. So, the boiling of this mixture begins when the sum of the 

vapour pressures exceeds the atmospheric pressure. 

 Multi-stage distillation 

In a multi-stage distillation process, the vapor rises through a series of stages (usually every 

stage is a plate or tray) and part of the condensate obtained is returned to the still. This is 

known as rectification. 

In this mode of distillation, there are a series of flash-vaporization stages arranged vertically 

in the interior of a column, so the liquid from a stage flows to the stage below and the vapor 

flows upward to the stage above, as we can see in the Figure 3.8. For each stage through 

which the vapor rises, the concentration of the more volatile component grows. In a similar 

way, the concentration of this component in the liquid decreases as it goes downwards.  

Consecutive condensations and evaporations take place in each stage of the column of 

distillation. In every tray of the column there is a liquid-vapor equilibrium.  
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Figure 3.8 Section of an industrial distillation tower showing 

Reprinted from Introduction and theory of bubble cap distillation column, by Nur Assyafa, 2016, retrieved from 

https://www.academia.edu 

The differential distillation mentioned previously can also have multiple stages, as we can 

observe in the Figure 3.9. In this case, the vapor produced in the boiler flows upwards 

through a column and the condensate is obtained at the top. Part of this liquid obtained is 

returned to the column as a reflux and the rest is the distillate.  

 

Figure 3.9 Diagram of a multi-stage differential distillation 

Reprinted from Esterification: the essential processes and what they entail, by Brian Tarbit, 2017, retrieved from 

http://www.engineersjournal.ie 

Nevertheless, the most common multi-stage distillation structure is the one that works in a 

continuous way. Its typical components can be seen in the Figure 3.10. 



Methods for the utilization of waste heat of acetone-butanol-ethanol distillation 

Paula Losa Zapico     15 

 

 

Figure 3.10 Main components of a multi-stage distillation process 

Reprinted from Fractionating column, by Revolvy., 2005, retrieved from www.revolvy.com 

In this case, the feed enters the column somewhere in the middle. The final vapor obtained 

overhead is condensed and part of the liquid is returned to the column as a reflux. As for the 

liquid obtained at the bottom, it goes to a reboiler where is partially vaporized. The remaining 

liquid is rich in the less volatile component and it is the liquid product. The vapor produced in 

the reboiler is also refluxed into the column. 

 

3.2 ABE DISTILLATION 

As we have mentioned before, aqueous acetone–butanol–ethanol is a complex system in 

which water–organic azeotropic mixtures can be formed during distillation. 

System Azeotrope 
Temperature of 
azeotrope [ºC] 

Water content of 
azeotrope [wt%] 

Water-n-butanol Heterogeneous 91.7 - 92.4 38.0 

Water-ethanol Heterogeneous 78.1 4.4 

Table 3.1 Azeotropic mixtures formed during ABE distillation 

Data from ABE fermentation products recovery methods (2015), retrieved from www.researchgate.net 

 

In the Figure 3.11 we can see the parts of a conventional distillation for recovery of ABE 

fermentation products from batch fermenter.  
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Figure 3.11 Conventional distillation for recovery of ABE fermentation products from batch fermentor 

Reprinted from Extractive fermentation of acetone and butanol: process design and economic evaluation, by S. Roffer, H. W. 

Blanch and C. R. Wilke, 1987 

In this process, the ABE mixture is heated to 100oC by heat exchange and it is removed from 

the broth by stream of vapours. Obtained vapours contain about 70 wt% of water. A series of 

four distillation columns is used to separate the three components of these vapours.  

The first one is the acetone column, which operates at 0.7 atm pressure and it allows the 

removal of almost pure acetone (99.5 wt%). The residual bottoms products of this column 

are sent to the ethanol column, which operates at 0.3 atm pressure. In the distillation of the 

mixture of ethanol and water, the concentration of ethanol steadily increases until reaching 

95.6 wt%, because at this point the azeotropic mixture is obtained.  

The bottom products of this second column are redirected to a decanter, where water and n-

butanol are separated. The water phase obtained in this decanter has about 9.5% of n-

butanol, so this stream is transported to a water stripper in which it is purified. In that 

process, the n-butanol rich phase (with 23% water content) is redirected to a n-butanol 

stripper. In this final stage, a product with 99.7 % n-butanol is obtained. 

This conventional method presents several disadvantages such as high investment costs, 

high energy consumption and low selectivity. The most important limitation is the unattractive 

economics due to the large energy consumption during recovery of the products from a dilute 

fermentation broth. The mayor energy consumption comes from the evaporation of the water 

in the feed: to produce 1 t of solvents, about 12 t of steam is necessary. In the obtention of a 

product with 99.9 wt% of n-butanol from a stream with a concentration of 0.5 wt%, the energy 

requirement is near 79.5 MJ per kilogram of butanol.  
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Another possible design for the ABE distillation can be the pressure-swing azeotropic 

distillation (PSD) for the separation and purification of ethanol from the ethanol-water 

mixture. This technique is based on the pressure sensitivity of the binary azeotropic point: 

when the pressure is increased, the azeotropic point shifts to lower concentrations of the low 

boiling component. So, the ethanol-water azeotrope can be separated with two columns 

operating at various pressures (Figure 3.12). The low-pressure column operates at 1 atm 

and from its bottom we obtain a flux with 99.5 mol% water. Meanwhile, from the high-

pressure one, which operates at 10 atm, we obtain 99.7 mol% ethanol. 

These high-purity product streams are removed and the streams which are near to the 

azeotropic composition were recycled. 

 

Figure 3.12 Pressure-swing azeotropic distillation for the separation of the ethanol-water azeotrope 

Reprinted from Azeotropic pressure swing distillation, by A. Klein, 2008 

There are several variations of the distillation structure and different pre-treatments that can 

be done to the feed stream and can vary the energy requirement of the separation process. 

Depending on these variations, ABE distillation requires from 18 to 80 MJ to recover 1 Kg of 

Butanol. The lowest number of this range is already 50% of the heating value of butanol (36 

MJ/Kg), so it is important to look for methods to decrease the energy consumption. 

The high recovery costs of the ABE products are partly due to the low ABE concentration in 

the fermentation products. This is the reason why pre-treatments to concentrate butanol in 

feed stream to the distillation unit are implemented. A good alternative to achieve this goal is 

the use of pervaporation as a pre-treatment step.  

In this case, a pervaporation unit is installed to treat the fermentation products. Pervaporation 

is a favourable method because it can be integrated with the fermentation so that the 

inhibitory products can be removed continuously, thereby enhancing the productivity of the 

fermentation process.  
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With a continuous fermentation process, the feed concentration to the pervaporation unit 

(and consequently the feed to the distillation process) is kept more constant; as oppose to 

batch fermentation, where the concentration of ABE decreases in time, leading to a decrease 

in the butanol concentration and a higher energy requirement. 

Pervaporation has a high separation factor (the specific number depends on the material of 

the membrane), so the butanol concentration in the feed stream can be intensified to a point 

where the separation sequence can be modified. If the ABE concentration is high enough, a 

liquid-liquid phase separation of the permeate can be performed at the beginning of the 

separation train. 

In the Figure 3.13, we can see the modification done in the ABE recovery process due to the 

implementation of pervaporation before distillation. In both schemes, there is an integration 

of the downstream recovery process with the fermentation unit, but in the one with 

pervaporation we have a decanter to perform a simple liquid-liquid separation. 

The start of the two processes is the same: water, nutrients and carbohydrates are fed to the 

fermentation unit. Then, in the conventional distillation the cells are removed in an 

ultrafiltration unit before the ABE distillation. After that, the excess water is removed as a first 

step in the separation process. The bottoms of this column are sent for further processing to 

purify the water and the concentrated ABE goes to the distillation. 

 

 

Figure 3.13 Integration of downstream recovery with fermentation unit: 

a) conventional distillation scheme b) pervaporation-distillation 

Reprinted from Pervorative separation and intensification of downstream recovery of acetone-butanol-ethanol (ABE), by S. Van 

Wyk, A. G. Van Der Ham and S. R. Kerstem, 2018, retrieved from https://www.sciencedirect.com 
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The distillation in this case consist of five distillation columns, as we can see in the Figure 

3.14. The data shown corresponds to the production of 5 t/h butanol with a purity of 99.9 

wt.%. In this simulation, the overall recovery of butanol relative to the feed stream was 

98.5%. 

 

Figure 3.14 Process flow diagram of conventional distillation simulation 

Reprinted from Pervorative separation and intensification of downstream recovery of acetone-butanol-ethanol (ABE), by S. Van 

Wyk, A. G. Van Der Ham and S. R. Kerstem, 2018, retrieved from https://www.sciencedirect.com 

The first column in this structure is used to remove the acetone and the second one removes 
the excess water. The distillate of the water removal column is a heterogeneous azeotrope of 
butanol/water, which after additional cooling is separated in a decanter. 

The aqueous stream is recycled, and the organic rich stream is sent to the ethanol removal 

column, where the ethanol/water azeotrope is recovered at the top. The distillate is once 

again separated in a decanter and the organic rich stream is sent to the butanol recovery 

unit.  

In the pervaporation scheme (Figure 3.15), the cells and water stay in the retentate and are 

directly recycle to the fermentation unit. The permeate stream coming from the pervaporation 

unit is concentrated enough to allow a liquid-liquid phase separation between a butanol rich 

phase and a water rich phase.  Because of this liquid-liquid separation, the butanol can be 

recovered from the organic rich phase with one distillation column.  

 

 

Figure 3.15 Process flow diagram with pervaporation as a pre-treatment 

Reprinted from Pervorative separation and intensification of downstream recovery of acetone-butanol-ethanol (ABE), by S. Van 

Wyk, A. G. Van Der Ham and S. R. Kerstem, 2018, retrieved from https://www.sciencedirect.com 
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The downstream recovery is be performed with a series of three distillation columns: the first 

one for water removal, the second recovers acetone at the top and the last one obtains the 

ethanol-water azeotrope at the top. 

For the same amount of butanol production (5 t/h butanol) process, the recovery with a 

pervaporation-distillation structure is 99.9 % relative to the feed stream. The pervaporation 

unit in this case only has a recovery factor of 18.8%, which means that a change in the 

membrane material (which in this simulation was PDMS) for one with higher separation 

factor could improve the results.  

Even though the pervaporation unit could be improved, the pervaporation-distillation process 

reduces 53% the energy consumption compared to the conventional distillation (from 33.3 

MJ/kg butanol to 15.7 MJ/kg). 

To get a higher ABE concentration after the fermentation, another possible pre-treatment is 

the gas stripping separation technique. The butanol distillation and downstream recovery 

would be like the ones we have just explained. 
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4 ENERGY SAVING METHODS IN CHEMICAL PROCESSES 

Nowadays, there is a pressing need to properly manage the available resources because of 

the growing energy demand and the rising prices of the fuels. There are several alternatives 

to battle these problems, but energy efficiency stands out as the most attractive and 

affordable way of securing energy supply while controlling climate change. 

In the short-term, the main reason for saving energy is to develop processes more 

economically viable. However, we must consider that decreasing the energy consumption 

also reduces environmental pollution and retards the depletion of non-renewable energy 

resources. 

The first step towards lowering energy cost is to reduce the amount of energy which is 

consumed, and the industrial sector is the economic sector that can offer the biggest scope 

for energy savings. The International Energy Agency has made a report which states that 

industrial plants throughout the world use 50% more energy than necessary. These numbers 

could be reduced by improving current operating practices and using more efficient 

technologies and equipment. 

About the chemical industry, we must point that it is an energy-intensive sector: it uses a big 

amount of energy in the form of heat and power supply for manufacturing processes and 

energy feedstocks to develop different products. In some chemical processes, the energy 

use can account for up to 85% of production cost.  

4.1 GENERAL CLASIFICATION OF ENERGY SAVING MEASURES 

There are a lot of different measures that can be put in place to save energy in chemical 

processes. Widely, these measurements can be classified according to the estimated 

payback period for the investment as: 

• Short-term measures 

• Medium-term measures 

• Long-term measures 

The short-term measures usually include working practices, regular maintenance, control 

and employment of good housekeeping techniques in order to reduce the energy 

consumption. Therefore, they can be implemented relatively easily and without the need of 

any big investment. The payback is generally less than a year. In these types of measures 

are included the optimisation of the different equipment with the choosing of the right 

parameters like working pressure or reflux ratio. 

These are the most common measures in which energy audits focus when trying to improve 

the energy use of an industrial plant. The reason for this is that it is usually easy to gather 

data to perform energy balances for the mentioned equipment. 

The medium-term measures include the minor modifications of the chemical plant 

installations and changes to existing processes to reduce the energy consumption or to 

implement heat recovery. The implementation of these measures requires higher investment 

than the short-term ones and the payback period is less than three years. 
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Some examples of these types of agencies are: 

• Utility or process heat recovery 

• Retrofit of heat recovery network 

• Installation of heat pumps 

• Vapor recompression schemes 

• Use of high-efficiency equipment and motors 

Long-term measures consist on moderate to major modifications in the chemical plant 

installations. They can be associated with capacity expansion, extensive process heat 

recovery and cogeneration (combined heat and power). 

Other possible agencies include process automation, changes from batch to continuous 

operations, changes of process stream interconnections and modification in processing 

technologies. These require high investment and usually have a payback period larger than 

three years. 

In the industrial sector, energy efficiency can be increased with short-term measures for 

energy conservation with little or no investment. Medium and long-term measures require a 

deeper research and considerable capital investments because changes in production 

processes and plant modifications may be needed to implement these types of measures. 

4.2 MAIN ENERGY SAVING MEASURES IN THE CHEMICAL INDUSTRY 

As the energy consumption in the chemical industry is so high, finding ways of make the 

most of the resources is especially important. The efforts for improving energy efficiency in 

the sector are mainly focused in five areas: 

• Improving existing processes 

• Recycling waste and reusing resources 

• Commercializing new processes 

• Investing in renewable raw materials 

• Creating products that enable energy savings 

4.2.1 Improving existing processes 

This is the widest area in the saving of energy in the chemical industry. There are a lot of 

measures that can be taken, we are going to talk about the main ones.  

 Advanced process control and optimization 

The implementation of advanced process control and optimization (APC&O) present an 

opportunity to minimise energy usage and maximise energy recovery in a complex system 

like a chemical plant. It is a systematic approach that enables dynamic optimisation of plant 

operations and it involves installing hardware and software for capturing process operating 

data, analysing trends and developing strategies to optimise control of all relevant variables. 
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With these systems, engineers can create a predictive model for a process instead of 

monitoring and manipulating parts of the chemical plant, like it is done in traditional process 

control. These models are closed-loop applications: they read in values from the plant, 

evaluate the operating conditions, calculate the conditions under which the plant will be more 

profitable and move the plant to the new adequate conditions. 

The typical measured inputs are temperatures, pressures, flow rates, and compositions. The 

models give output for adjusting conditions of the process and include built-in constraints to 

ensure the safety and operability of the target conditions.  

With APC&O applications, it is estimated an improvement on production capacity of 3 to 5% 

and a decrease of energy intensity of 4 to 6%. This is mostly due to the optimisation of the 

use of existing equipment with little cost. 

 Implementation of effective shut down procedures 

Most industrial plants have energy overheads like equipment that is consuming energy even 

when the plant is not producing anything. Industries carry out energy analysis to determine if 

the energy use per unit produced is consistent along time. If it is not, improving plant control 

can save energy. Simple measures like ensuring that all equipment is turned off when not in 

use are important to save energy.  

 Optimization of temperatures and pressures 

Reviewing the optimal values for temperature and pressure can lead to energy savings 

because of the high dependence which chemical reactions have with these parameters. For 

example, using catalysts can lower the activation energy barrier for some chemical reactions, 

reducing the temperatures and pressures needed. 

Decreasing processing temperature, optimising cooling temperature and setting thermostats 

to an appropriate temperature are also simple but important measures to save energy. Just 1 
oC drop in average space temperature can cut fuel consumption by about 8%.  

Monitoring and adjusting the pressure of the different equipment is also a significant 

measure, because having more pressure than the strictly necessary increases energy 

consumption. 

In the modelling of the distillation process we are studying; simulations will be carried out to 

find the optimum values for these parameters. Also, when it comes to distillation processes, 

we must assure that the products are not being over-purified. 

 Minimising heat loss 

Most of the chemical industries consume steam, that is why measures like thermal insulation 

of pipes and taps and replacement of defective steam traps are effective for saving energy in 

the distribution of steam.  

The measures to minimise heat loss are also important in boiler systems, some examples 

are:  

- Insulation of boiler steam lines with valves 

- Installation of steam and condensate return pipes 
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- Preheating of combustion air with waste heat 

- Optimize excess air by continuously monitoring 

- Installation of variable frequency drives (VFD) on large boiler combustion air fans 

having variable loads 

Also, energy and water loss can be minimised by using steam traps, which collect 

condensed water and return it to the boiler. This saves water and helps to conserve heat in 

the boiler, because the returned condensate is much hotter than feedwater and may not 

require treatment. 

In the Tables 4.1 and 4.2 we can see some of the energy saving measures which can be 

taken to minimise heat losses in the production and distribution of steam, as well as its 

benefits and payback period. 

Measure Fuel saved 
Payback period 

(years) 
Other benefits 

Improved process control 3% 0.6 Reduced emissions 

Reduced flue gas quantity 2% - 5% - 
Cheaper emission 

controls 

Reduced excess air 
1% improvement for 
each 15% less air 

- - 

Improved insulation 6% - 26% 7 Faster warm-up 

Boiler maintenance 10% 0 Reduced emissions 

Flue gas heat recovery 1% 2  

Blowdown steam heat 
recovery 

1.3% 1 – 2.7 
Reduced damage to 

structures (less corrosion) 

Table 4.1 Summary of energy efficiency measures in boilers 

Data from Energy conservation in chemical process industries (2015), retrieved from https://slideplayer.com 

 

Measure Fuel saved 
Payback period 

(years) 
Other benefits 

Improved insulation 3% - 13% 1.1 - 

Improved steam traps Unknown Unknown Greater reliability 

Steam trap maintenance 10% - 15% 0.5 - 

Automatic steam trap 
monitoring 

5% 1 - 

Leak Repair 3% - 5% 0.4 
Reduced requirement for 

major repairs 

Flue steam recovery 
condensate return 

83% Unknown 
Reduced water treatment 

costs 

Condensate return alone 10% 1.1 
Reduced water treatment 

costs 

Table 4.2 Summary of energy efficiency measures in stream distributions 

Data from Energy conservation in chemical process industries (2015), retrieved from https://slideplayer.com 
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The minimization of heat loss in the steam generation and distribution is essential in the case 

of distillation because of a significant amount of energy is needed to produce the large 

quantities of steam that need to be generated. A lot of energy can be lost as heat through the 

production and distribution of steam, requiring more energy to maintain boiler temperatures. 

Also, inefficient distillation and steam generation systems can also increase air-conditioning 

cooling loads. 

When it comes to minimising heat loss, other simple measures like cleaning the heat 

exchange surface can mean saving between 5 and 10% of energy. Also, the use of proper 

materials is very important, for example the use of ceramic coated tubes can improve heat 

transfer. 

 Reduction of flaring 

Another remarkable point in the saving of energy in the chemical industry is the reduction of 

flaring, the intermittent burning of flammable gases or liquids. Flaring occur in episodes 

when a plant is working outside its intended design conditions. Some examples are 

unplanned overpressure of plant equipment during a process upset or production of 

unusable “off-spec” material that has no other place to go and cannot be stored or purified, 

usually when there is a process upsets or when it is restarting after a shutdown.  

The ways of reducing the flaring are: maximizing the stability of the operations and finding 

practical opportunities for storing, purifying or reusing unwanted materials.  

One successful initiative to reduce flaring is to replace gas turbines with steam turbines to 

improve the reliability of a plant. Gas turbines are more complicated than steam turbines and 

they also cause more plant outages, which can result in large flaring events. One large 

flaring event can wipe out marginal savings from better turbine efficiency. After installing 

steam turbines, some plants have suffered an increase on the time between plant outages 

from approximately 250 days to several years. 

A second major initiative to reduce flaring is gas recycling. With different ways of recycling 

gas back into the system rather than sending it to the flare, the rate of gas flaring has been 

reduced by 20%. 

 Recycling waste and reusing resources 

For saving energy, the chemical industry needs to continue to find creative ways of recycling 

and reusing waste streams.  

A good example of these measures are systems for reusing local household wastewater in 

chemical plants to produce steam. After this steam is used in production processes, the 

water is used in cooling towers until it finally evaporates into the atmosphere. In this case, 

water is recycled for two more applications.  

Another recycling example is the use of landfill off-gas instead of using natural gas. The 

process consists in piping methane off-gas from the landfill to use in some manufacturing 

plant as fuel. This technique not only saves fuel but uses gas that would otherwise be 

emitted into the atmosphere. 
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Due to the extreme temperatures often needed in the chemical industry, heat and power 

recovery technologies offer significant potential to improve the energy efficiency of existing 

processes. One of the most important ways of recovering energy is through heat 

integration, which include measures like using waste heat to raise steam temperature. 

Reusing heat is also possible through a cogeneration system, which carries out combined 

electricity and steam generation, or a trigeneration system (combined electricity, steam and 

refrigeration). 

These alternatives are going to be studies deeply in the next points of this project as ways to 

make the ABE distillation a more energy efficient process.  

 Maintaining and renewing of equipment 

In a chemical plant, there needs to be good control and regular maintenance of the 

equipment to ensure its efficient use. This is especially important when it comes to elements 

like furnaces and boilers, because s large proportion of the energy used by chemical 

companies is related to its operation. 

Other important elements are motor systems, which are widely used in the chemicals sector 

to drive pumps, fans and air compressors. An opportunity for saving is the use of variable 

speed drives (VSD), which can result in up to 50% energy savings with a three-year 

payback. 

The maintenance of pumping and compressed air system is also important to maximizing 

their efficiency and performance. 

4.2.2 New processes and renewable material and products 

One of the ways in which the chemical industries can achieved great increases in efficiency 

is by introducing new processes. With the continuous checking and updating of the 

different processes used in a chemical plant, a reduction on the infrastructure requirements 

and the amount of materials and energy needed can be accomplished, as well as the 

decrease of the physical footprint of the plant. Also, significant improvements on the overall 

energy efficiency of chemical processes can be achieved through upgrading existing plant 

equipment. It is worth analysing if there have been innovations in the core equipment used 

because they can often mean a substantially improve in the efficiency. 

The same effects are accomplished with the introduction of renewable materials into the 

different processes, like natural-oil feedstock instead of petroleum-based fuels and raw 

materials. 

Another way energy can be saved throughout the chemical industry is by shaping the life 

cycle of its products. The chemical industry makes products that are part of 96% of all 

manufactured goods, so opportunities for energy savings go beyond internal consumption. 

Controlling the life cycle of its products, it can improve energy usage for the consumer. The 

creation of materials with unique properties and novel applications can mean energy savings 

for consumers. 
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4.3 POSIBLE ENERGY SAVING MEASURES FOR ABE DISTILLATION 

In the study of the acetone-butanol-ethanol distillation process to reduce the energy 

consumption, we are going to focus on the many ways in which the waste heat can be used. 

Big quantities of waste heat are generated as a by-product of the ABE distillation, so finding 

ways to recover this heat is an essential way to make the most of the energy resources. 

In the process we are studying, steam is used in direct operations like distillation and in 

cases where indirect heating is needed, like drying and evaporation. This operations have a 

high potential for energy recovery. The implementation of an extensive process heat 

recovery system can lead to substantial saving in both new and existing plants. The main 

benefits an industry can get from this recovered energy are: 

• Saving fuel 

• Generating electricity and mechanical work 

• Selling heat and electricity 

• Reducing cooling needs 

• Reducing capital investment costs 

• Increasing production 

• Reducing greenhouse gas emissions because of the fuel savings 

• Transforming the heat to useful forms of energy 

Recovering heat lower the need for production of new heat, so it reduces the load needed in 

boilers, direct fired heater and furnaces, reducing the fuel used in these processes.  

Heat recovery has also positive effects on the cooling system of a chemical plant. If the heat 

generated is recovered and reused in some type of way, the less it needs to be cooled off 

after the process, this means reducing the operating costs because the lower load of the 

cooling network saves electricity. Also, it lowers the environmental constraints, in terms of 

how much cooling water they can use or the water temperature of the returned water.  

Both circumstances help increase production because of the reduction of the limitations in 

boiler or cooling capacity: heat recovery is an easy way to resolve possible bottlenecks.  

The most appropriate way to recover waste heat in a specific process depends on its 

characteristic, the location where it is going to be develop and the energy prices. We are 

going to study some of the possibilities for heat recovery to determine which ones could be 

applied to the ABE distillation. 

4.3.1 Heat integration using heat exchanger network design 

Most of the process in the chemical industry require heat coming from fired heaters and 

streams, it can account up to 75% of process energy use. This heat is usually needed to 

raise the temperature of the feed flows to the necessary level. One of the most common 

sources of waste energy in a chemical industry is the rapid cooling of product stream using 

externally supplied cold utilities, like cooling water. When heat integration is implemented, 

the stream being cooled is used to raise the temperature of feed streams or other flows that 

need to be externally heated, avoiding this wastage.  
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With these techniques, the heat or steam consumption is reduced, resulting in fuel savings 

and reduced emissions. Also, the cooling needs decrease, which saves energy too. This can 

be easily implemented by installing heat exchangers. 

The pair of flows chosen for the heat exchange must be conveniently located for the heat 

integration to be physically and economically viable. Also, when designing the heat 

exchanger network, we must consider that the steam used needs to satisfy certain criteria to 

accomplish a practical and cost-effective heat recovery: 

• Large heat capacity flowrate 

• Reasonably high temperature: above 100 oC 

• Feasible by plant layout 

• Its use does not interfere in the process and product quality 

• Its use does not require any major modifications on the process 

Depending on which pair of flows are used in the heat integration, we can talk about direct or 

indirect process heat integration. 

Direct process heat integration means that heat is transferred directly from one process 

stream to another in a single heat exchanger. This system is commonly use in chemical 

plants, like in column integration in multistage distillation. 

In the indirect process heat integration, there is an intermediate circuit used for 

transferring heat between the two process streams. This approach is used for cases in 

which: 

• Direct contact between the heat source and heat sink fluid is dangerous 

• Long distance needs to be covered  

• Flexibility and reduced interdependence are required 

• One heat sink requires multiple heat sources 

 

Figure 4.1 Comparison between direct (a) and indirect (b) heat integration 

Reprinted from Profiting on waste heat, by ALFA LAVAL, retrieved from www.alfalaval.com 
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The payback of heat integration operations can be determined from the ratio between annual 

savings from utility reductions to the cost of the installation of the heat exchanger. In its 

designing, the layout of the chemical plan must be considered so the changes that must be 

done are minimum, so the capital investment is minimum as well.  

Considering that distillation separation is one of the most energy-intensive operations in the 

chemical industry and most of the external energy and heat loss occur in condensers, cooled 

by water or air, heat integration is a good to minimise these losses. 

Another interesting form of heat integration is the generation of stream from flue gases. 

High temperature waste heat can be reused to generate steam, reducing the load on process 

steam boilers and saving fuel. 

Waste heat recovery boilers can be easily added to the flue gas stream to extract heat from 

hot flue gases and generate steam or hot water, recovering heat that would normally be 

released into the air through the chimney. This recovered heat can be used in several 

applications like process heating, electricity generation or district heating. 

 

 

Figure 4.2 Addition of waste heat recovery boilers to the flue gas stream 

Reprinted from Profiting on waste heat, by ALFA LAVAL, retrieved from www.alfalaval.com 

 

4.3.2 Application of heat pump 

Another way of using the waste heat is with the use of a heat pump. The heat pump system 

(Figure 4.3) is a vapor compression system that has four main components: a compressor, a 

condenser, an expansion device and an evaporator. 
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Figure 4.3 Schematic of heat pump system 

Reprinted from Waste heat recovery in heat pump systems: solution to reduce global warming, by Y. Baradey, M. Hawlader and 

A. F. Hrairi, 2015, retrieved from IIUM Engineering Journal (Vol. 16, No. 2) 

 

Figure 4.4 P-h diagram for conventional heat pump systems 

Reprinted from Waste heat recovery in heat pump systems: solution to reduce global warming, by Y. Baradey, M. Hawlader and 

A. F. Hrairi, 2015, retrieved from IIUM Engineering Journal (Vol. 16, No. 2) 

These systems are installed with the objective of cooling down the interior space. Its 

mechanism consists on removing the heat from it and reject it into ambient air through the 

condenser.  

In a regular installation, heat rejection occurs directly to the ambient air, but a different design 

can be implemented in order to recover the waste heat to be used for different applications 

such as water heating, drying and desalination. This is especially in buildings that run air-

conditioners all day.  

In the Figure 4.5 we can see an example of a heat pump system with heat recovery used for 

water heating. 
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Figure 4.5 Example of heat pump system with heat recovery system for water heating 

Reprinted from Waste heat recovery in heat pump systems: solution to reduce global warming, by Y. Baradey, M. Hawlader and 

A. F. Hrairi, 2015, retrieved from IIUM Engineering Journal (Vol. 16, No. 2) 

 

In these systems the wasted heat from air conditioners or heat pumps can be partially or fully 

recovered economically. Some of the benefits achieved from recovering this wasted heat are 

reducing the cost of the process by increasing the energy productivity, reducing the pollution 

and the reduction of equipment size and auxiliary energy consumption. 

A disadvantage of the use of the heat pump is the difficult prediction of the amount of 

dissipated heat from the air conditioners. This is due to variation of space load and outside 

conditions from one day to another as well as during the different seasons of the year.  

Usually, when the temperature of wasted heat is high, the recovery system will be more cost 

effective and of higher quality.  

4.3.3 Absorption refrigeration system (ARS) 

It is possible to use waste heat as supply for an absorption refrigeration system (ARS). Using 

the heat energy for producing refrigeration effect gives high system performance compared 

with using work energy.  

Absorption refrigeration cycle is one of the oldest known cycles used for producing 

refrigeration effects. A simple absorption system has four basic components: an evaporator 

and absorber located on the low-pressure side of the system and a generator and a 

condenser located on the high-pressure side of the system. Two working fluids are 

employed: a refrigerant and an absorbent. 
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Figure 4.6 Schematic of absorption refrigeration system 

Reprinted from Module 10: Absorption refrigeration, by Terry Welch, 2009, retrieved from ttps://www.cibsejournal.com 

The cycle is very similar to the vapour compression cycle, but the process of suction and 

compression of the refrigerant is carried out by two different devices: the absorber and the 

generator, which replace the compressor in the vapor absorption cycle. 

The basic operation mode of this system is the following: 

- The refrigerant enters the condenser at high pressure and temperature, where it is cooled 

by the coolant and gets condensed, just like in the vapor compression cycle. In this step 

heat is liberated to the atmosphere. Then, the pressure and temperature are reduced 

through the expansion valve. 

 

- In the evaporator, the refrigerant produces the cooling effect and it flows to the absorber. 

When the refrigerant is absorbed its volume decreases, thus the compression of the 

refrigerant occurs: the absorber acts as the suction part of the refrigeration cycle. The 

heat of the absorption is released in the absorber and it is removed by the external 

coolant. 

 

- After the absorption takes place, a strong solution of refrigerant-absorbent is formed. This 

solution is pumped by the pump at high pressure to the generator, where it is heated by 

the external source of heat. This heating produces the vaporization of the refrigerant and it 

leaves the solution at high pressure. The high-pressure hot refrigerant then enters the 

condenser. 

 

- When the vaporized refrigerant leaves the generator, a weak solution is left in it. This 

solution goes to the pressure reducing valve and then back to the absorber, where it is 

ready to absorb fresh refrigerant.  

It is worth pointing out that a major difference of the absorption refrigeration cycle with the 

vapor compression cycle, is that in this cycle the energy input is given in the form of heat 

instead of using an electric motor to provide mechanical work from the electric motor. 
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Because the absorption cycle is a heat-operated cycle, it is a good option to use it with waste 

heat, given us an opportunity to use the excess steam from different processes. Compared 

to a conventional vapor compression of equal cooling capacity, the absorption system 

provides significant electrical energy saving. 

The major question in the design of an absorption cooling cycle is the choice of working 

fluids due to the long list of available fluid combinations. Both fluids must have certain 

physical properties for an efficient working system.  

For the choosing of the pair of fluids an important parameter is the cooling ratio, defined as 

the ratio of the energy removed from the surroundings during the refrigeration phase to that 

supplied to the generator during the regeneration phase. This ratio increases as the 

condenser and absorber temperature decreases, if the evaporator temperature is fixed.  

4.3.4 Electricity production 

Many chemical plants reduce its energy costs by generating their own power. The electricity 

production takes place by directing part of the steam generated in the plant from a process-

heat boiler to a turbine.  

Usually, steam cycles are the preferred solution when it comes to heat recovery for power 

generation. Organic Rankine Cycles (ORC) are the most technically and economically 

valuable solution available due to its high performance and flexibility and low capital costs. 

ORC systems are used with low to medium temperature heat sources (80 to 350oC) and for 

small-medium applications at any temperature level. With this technology, low-grade heat 

can be exploited. Because of the ability to convert thermal energy to electricity at low 

temperature, ORCs are suitable for a wide range of applications including power generation 

from waste heat in industrial processes. Commercially available ORC systems can produce 

power from waste heat with temperatures as low as 55oC. 

The working principle of ORC power generation is the Clausius-Rankine Cycle, same as a 

regular steam turbine. The main difference is the use of an organic fluid instead of water as a 

working fluid. Water has higher boiling point and lower vapour pressure than organic fluids, 

so these fluids can be vaporized with low temperature heat sources. The organic fluid is 

chosen to obtain the highest efficiency possible depending of the thermodynamic properties 

of each case. 

In the recovery of the waste heat to produce electricity (Figure 4.7), the waste heat is used to 

vaporize the organic fluid instead of using a boiler to heat water, like it is done in a regular 

steam turbine. 

The most important elements of an ORC system are turbine, heat exchangers, condenser 

and feed pump. 
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Figure 4.7 Diagram of an Organic Rankine Cycle fed with waste heat 

Reprinted from Profiting on waste heat, by ALFA LAVAL, retrieved from www.alfalaval.com 

So, in this process the waste heat produces the evaporation of the working fluid at high 

pressure. Then, the vapour goes to a low-pressure turbine where it suffers an expansion, 

generating mechanical work that is transformed into electricity through a generator. Finally, 

the vapour is condensed using cooling water and it is pumped back to the high-pressure 

side. 

What determines the potential power generated in the cycle is the difference between the 

outgoing waste heat temperature and the outgoing cooling water temperature. The 

conversion of waste heat into electricity has usually a 5-10% efficiency.  

The ORC system is usually profitable when we have the following circumstances: 

• Electricity price above 60 €/MWh 

• More than 7 MW waste heat available 

• Available cooling water 

• Temperature difference higher than 60 oC 

4.3.5 Mechanical applications 

In some industrial plants, the heated steam produce in certain process is redirect to turbines 

which drive directly the compressors or pumps needed in other plant operations. Therefore, 

the heat is recovered in the form of mechanical work, saving the energy which would be 

needed to put the mechanical elements in movement.  
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5 STUDY OF THE BASIC ABE DISTILLATION SYSTEM 

In this project, we are going to use as our starting point a pervaporation-distillation structure. 

As we have studied previously, we can get a higher concentration of butanol in the feed to 

the distillation process using pervaporation as a pre-treatment. This method reduces the 

energy requirements by more than half compared to the conventional distillation. 

In the Figure 5.1, we can see the whole ABE production structure. Our basic distillation 

scheme is going to be based on the remarked part of this diagram, which contains the steps 

of the separation process for an ABE concentrate permeate. So, we are going to simulate 

this structure with the software CHEMCAD to determine the energy requirements of the 

process. Then, we will study and simulate the different alternatives to recover the waste heat 

and make the separation process more efficient. 

 

 

Figure 5.1 Obtention of ABE from fermentation to pervaporation-distillation  

 

This basic arrangement is shown in the Figure 5.2. We can observe that the butanol recovery 

is done with one distillation column and the downstream distillation needs three columns. 

Each of these four columns have a reboiler at its top and a condenser at its bottom. 
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Figure 5.2 Basic ABE distillation structure 

 

The optimization of this structure was studied in a previous Bachelor Final Project (Csoma, 

2018) and the parameters obtained (such as temperature, pressure, number of stages in 

each column, etc.)  are the ones we are going to use for our simulation. This previous work is 

based on the studies reflected on the article Pervorative separation and intensification of 

downstream acetone-butanol-ethanol (Van Wyk, Van Der Ham & Kerstem, 2018) and the 

data belonging to them have been previously explained and can be seen in the Figure 3.14. 

The simulation and optimization of the basic distillation structure was done for a plant 

capacity of 40000 t of butanol per year, assuming we are dealing with a plant which operates 

8000 hours per year. 

 

The simulation of this basic structure in the CHEMCAD process simulator, as well as all the 

simulations that will be carry out throughout the project, follow the NRTL model (Non-random 

two-liquid model) for mixtures. The values of the parameters of this model are shown in the 

Table 5.1. 
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Mixture 
Parameters 

Bij Bji α 

Acetone-Ethanol 45.5161 171.575 0.3005 

Acetone-water 377.577 653.885 0.5856 

Acetone-butanol 472.618 -252.178 0.2967 

Ethanol-water -55.1681 670.441 0.3031 

Ethanol-butanol 19.1588 -16.5768 0.3038 

Water-butanol 1468.34 215.427 0.3634 

Table 5.1 Parameters of the NRTL model 

 

5.1 MODELLING OF VAPOR-LIQUID EQUILIBRIUM 

Before we start the modelling of the distillation process, we are going to carry out a brief 

study of the vapor-liquid equilibrium of the different mixtures at a pressure of 1 bar. 

In our system we have four components (acetone, butanol, ethanol and water), which can 

form six different binary mixtures. We have plotted the vapor-liquid equilibrium of these 

mixtures with the CHEMCAD software. In this section, we are going to focus our attention in 

the mixtures that are not ideal. 

In the Figure 5.3, we can see the liquid-vapor equilibrium curve for the mixture of ethanol and 

water. As we have mentioned previously in this project, ethanol and water form a minimum 

boiling azeotrope at a temperature of 78.1 ºC. This azeotropic mixture is obtained in the last 

column of the downstream distillation and it will need further purification for the ethanol to be 

used.  

 

Figure 5.3 Liquid-vapor equilibrium diagrams for the ethanol-water mixture 
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Another interesting case is the mixture of water and N-butanol (Figure 5.4). This system has 

a minimum boiling azeotrope at 94 oC and it also has the peculiarity of having two different 

liquid phases at temperatures under 94 oC. This characteristic is what makes possible the 

liquid-liquid separation which takes place at the decanter in the beginning of our process. 

 

Figure 5.4 Liquid-vapor equilibrium diagrams for the water/N-butanol mixture 

 

The mixture of acetone and water, even though it does not form any azeotrope, it is quite far 

from the ideal mixture. As we can see in the Figure 5.5, the shape of the dew point curve 

changes in the area where the acetone mole fraction is close to one. 

 

Figure 5.5 Liquid-vapor equilibrium diagrams for the acetone/water mixture 

 

Something similar but to a lesser extent happens in the mixture of acetone and ethanol, as 

we can observe in the Figure 5.6. 
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Figure 5.6 Liquid-vapor equilibrium diagrams for the acetone/ethanol mixture 

 

The mixtures of ethanol/N-butanol and acetone/N-butanol are ideal, their equilibrium 

diagrams are shown in the Appendix I. 

5.2 SIMULATION OF THE BASIC SYSTEM 

Using the CHEMCAD software, we are going to carry out the simulation of the basic ABE 

distillation structure described previously, and we are going to calculate its energy 

requirement. In the Table 5.2, we can see the specifications of the different distillation 

columns of our process that were studied and selected in the previous Bachelor Final Project 

(Csoma, 2018) we have mentioned before.  

Specifications                Column Butanol Water removal Acetone Ethanol 

Number of stages 7 20 40 17 

Feed stage 3 12 35 9 

Reflux ratio 0.27 - - - 

Mass flow rate of the distillate (kg/h) - 800 - - 

Mass fraction of the distillate - - 
0.998 

of acetone 
0.001 

of butanol 

Bottom component mass fraction 0.999 0.997 - - 

Bottom component mass flow rate (kg/h) - - 0.5 - 

Reboiler duty (MJ/h) - - - 15000 

Table 5.2 Specifications of the distillation columns 
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With these specifications, the products obtained have the characteristics shown in the Table 

5.3. 

Parameter           
Stream Feed 

Products 

Butanol Water residue Acetone Ethanol 

Temperature (oC) 83.93 117.56 99.26 56.17 78,40 

Pressure (bar) 1.013 1.013 1.013 1.013 1.013 

Vapor fraction 0 0 0 0 0 

Mass flow (kg/h) 45751 4947 37397 2520 886 

C
o
m

p
o
s
it
io

n
 

(w
t.
%

) 

Acetone 5.50 
4.699E-

03 
4.043E-06 99.80 0.06 

Ethanol 1.80 
6.379E-

02 
6.099E-02 5.526E-02 89.86 

Water 81.70 
3.151E-

02 
99.70 1.447E-01 9.99 

N-butanol 11.00 99.90 2.389E-01 4.238E-19 0.10 

Table 5.3 Data of the feed and product stream 

 

5.3 DETERMINATION OF THE ENERGY DEMAND 

The energy required to carry out the ABE distillation is given by the heat duty of the reboilers 

and condensers in each column, as well as the condenser at the beginning of the process. In 

the Table 5.4 we can see the energy requirement of these elements. 

 

Element       Column Butanol Water Acetone Ethanol 

Condenser -2872 -7191 -3750 -4160 

Reboiler 2990 7828 3801 4167 

Condenser for feed -44 

Table 5.4 Energy duty of the distillation process (kW) 

 

The values reflected in the Table 5.4 are not the only values of energy requirement because 

we also need to consider the four products of the distillation columns, which are released at a 

relatively high temperature.  

Butanol and acetone are usually stored inside tanks for its later use, so they must be cooled 

down to decrease their volatility and flammability. Also, the residual water obtained in the first 

column needs to be cooled as well. The product of the ethanol column will need further 

purification for the ethanol to be useful and this process requires heating because this 

mixture must be evaporated. So, we have three products that need cooling and one that 

needs heating. 
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These new energy demand values have been calculated by adding a heat exchanger to each 

product and fixing the outlet temperature that we want to obtain. Taking 30oC as the target 

temperature for the three products that need cooling and a vapor fraction of 1 as the 

specification for the boiler of the ethanol stream, the energy demand of these operations is 

the one reflected in the Table 5.5. 

Product Butanol Water Acetone Ethanol 

Energy demand (kW) -351 -7828 -41 243 

Table 5.5 Energy required for product operations 

 

Considering the cooling of the products, the total heating and cooling energy demand values 

and the specific energy demand are shown the in the Tables 5.6 and 5.7, respectively. 

Cooling Heating 

-21419 kW 19029 kW 

Table 5.6 Total energy demand 

 

Stream     Operation Cooling Heating 

Permeate 1685 kJ/kg 1497 kJ/kg 

Products 9230 kJ/kg 8200 kJ/kg 

Table 5.7 Specific energy demand 

 

The values of energy demand of every operation of our distillation process are shown in the 

Figure 5.7. Throughout this project, the viability of different methods to recover the waste 

heat of the ABE distillation are going to be studied and modelled. We are going to implement 

these techniques and determine through calculations and simulation in CHEMCAD if they 

can reduce the energy requirements and improve the efficiency of our process. 
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Figure 5.7  Basic distillation structure with product operations 
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6 STUDY OF THE ENERGY SAVING METHODS 

6.1 HEAT INTEGRATION USING HEAT EXCHANGER NETWORK DESIGN 

The first energy saving method that we are going to study is the implementation of heat 

integration. As we have both hot and cold streams, we are going to use the streams that 

need cooling as heat supplies for the ones that require heating. Therefore, we are going to 

design a heat exchanger network to calculate how much energy we could save by 

implementing heat integration. 

The design of the heat exchanger network will be done with the temperature interval 

method. To apply this technique, the first step is to identify the different streams and recover 

the proper information about them. We need to know their initial and target temperatures, as 

well as their heat capacity.  

The streams that are going to be part of this heat integration are the top and bottom 

components of each column (because of the heat and cooling demand in the reboilers and 

the condensers, respectively) and the three products that are subjected to cooling. These 

streams are identified by number as we can see in the Figure 6.1. 

 

Figure 6.1 Numbering of the heat integration streams 
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Knowing the temperature variation of each stream and recovering the mass flow and the 

heat transfer data from the simulation, we can calculate their heat capacities with the 

following expression: 

�̇� = �̇� ·  𝐶𝑝 =  
𝑄

∆𝑇
 

 

In the cases of the streams of the reboilers and condensers the heat capacity is fictive, 

because in the reality most of the heat is use in the change of phase and not in the 

temperature change. In three of these cases (streams number 6, 8 and 12), we had to create 

a fictive temperature difference of 1 ºC, because in the simulation the initial and final 

temperature were almost the same. 

We have the summary of all the relevant information of each stream in the Table 6.1. 

 Stream 
T initial 

(oC) 
T target 

(oC) 
 �̇� (Kg/h) Q (MJ/h) Q(kW) �̇� (kW/oC) 

H
o

t 
s
tr

e
a
m

s
 

1 83.1575 83.0649 56582.6 -159.1 -44.2 477.2 

2 88.3196 77.3659 6853.9 -10339.8 -2872.2 262.2 

3 117.561 30 4947.3 -1263.1 -350.9 4.0 

4 84.9501 72.0122 7384.3 -25886.3 -7190.6 555.8 

5 99.2602 30 37397.1 -10838.6 -3010.7 43.5 

6 56.6659 55.6659 2520.6 -13501.2 -3750.3 3750.3 

7 56.1659 30 2520.6 -147.7 -41.0 1.7 

8 78.8942 77.8942 886.0 -14974.3 -4159.5 4159.5 

C
o

ld
 s

tr
e

a
m

s
 

9 115.903 117.561 4947.3 10764.0 2990.0 1803.4 

10 94.659 99.2602 37397.1 28181.1 7828.1 1701.3 

11 86.8585 88.3826 4863.6 13685.2 3801.4 2494.2 

12 91.6132 92.6132 3977.6 15000.0 4166.7 4166.7 

13 78.3942 78.5751 886.0 873.75 242.7 205.5 

Table 6.1 Stream data 

 

In these calculations, the temperature variations for the streams 6, 8, 12 and 13 are very 

close to 0 (condensation and evaporation occur nearly at constant temperature), so we have 

taken 1 ºC as an approximation to be able to calculate the heat capacities. 

The next step of the interval temperature method is to be to modify the temperatures 

according to the minimum approach temperature (MAT) chosen for our heat integration. This 

temperature is the minimum allowed difference between the process fluid leaving the heat 

exchanger and the service fluid entering it. In our case, MAT is going to be 10 oC.  
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The modification of the temperatures is the following: 

• For hot streams:   𝑇′ = 𝑇 −  
𝑀𝐴𝑇

2
 

 

• For cold streams:  𝑇′ = 𝑇 +  
𝑀𝐴𝑇

2
 

 

 Stream T’ initial (oC) T’ target (oC) �̇� (kW/oC) 

H
o

t 
s
tr

e
a
m

s
 

1 78.1575 78.0649 477.2 

2 83.3196 72.3659 262.2 

3 112.561 25 4.0 

4 79.9501 67.0122 555.8 

5 94.2602 25 43.5 

6 51.6659 50.6659 3750.3 

7 51.1659 25 1.7 

8 73.8942 72.8942 4159.5 

C
o

ld
 s

tr
e

a
m

s
 

9 120.903 122.561 1803.4 

10 99.659 104.2602 1701.3 

11 91.8585 93.3826 2494.2 

12 96.6132 97.6132 4166.7 

13 82.8942 84.0751 205.5 

Table 6.2 Temperatures modified according to the MAT 

 

 

These modified temperatures (Table 6.2) are the ones that we are going to use to elaborate 

the temperature interval diagram (Figure 6.2). The objective of creating this diagram is to 

divide our system into different intervals and to calculate the variation of enthalpy that occurs 

in each one. These values (shown in the Table 6.3) are calculated considering the streams 

that are a part of each interval and following the expression: 

∆𝐻 = ∆𝑇 (�̇�𝐻 − �̇�𝐶) 
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Figure 6.2 Temperature interval diagram 
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Interval Q (kW) 

A -1803.38 

B 0 

C 33.26 

D -7809.65 

E 8.20 

F -4162.66 

G 9.43 

H 41.67 

I -3729.09 

J 369.53 

K -119.41 

L 44.31 

M 911.75 

N 1551.44 

O 124.33 

P 3609.60 

Q 5025.00 

R 457.23 

S 3229.66 

T 728.59 

U 1898.91 

V 1899.69 

W 1258.77 

Table 6.3 Heat transfer in each interval 

Once we have these heat values, we elaborate the cascade diagram, as we can see in the 

Figure 6.3 (a). In this scheme we start with the value 0 and go down adding the variation of 

enthalpy that we have in each interval. When we are done, we look for the minimum value of 

energy transfer between two intervals, because this is the pinch point. This point is 

characterized because there is no external heating below it and there is no external cooling 

above it. There is no energy transfer across the pinch point. In this point, the temperature 

difference between the streams of the network is equal to the minimum, which in our case is 

10 ºC. The pinch temperature in our diagram is between intervals I and J.  

With the pinch analysis methodology, we will be able to calculate the minimum energy 

demand for the distillation process. Once we have the minimum heat transfer value, the next 

step is adding this value to every heat transfer number. The results we have obtained can be 

seen in the Figure 6.3 (b), from them we extract the minimum energy requirements of our 

process, which are the first and last value of this diagram and can be seen in the Table 6.4. 
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(a)             (b) 

Figure 6.3 Cascade diagrams (Heat values in kW) 
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Minimum 
cooling demand 

Minimum 
heating demand 

20989.33 kW 17412.22 kW 

Table 6.4 Minimum energy requirements 

To know how we can pair our streams in heat exchangers to achieve these savings, we first 

must determine the pinch temperature. This temperature is 91.8585 ºC for the modified 

temperatures. If we undo the modification, we will obtain two pinch temperatures: 

Hot streams Cold streams 

96.8585 oC 86.8585 oC 

Table 6.5 Pinch temperatures 

Once we have the pinch temperatures, we have all the data we need for the designing of our 

heat exchanger network. The design must comply with two rules: 

• The number of streams coming from the pinch point must be higher than the number 

of streams coming into the pinch point. If this condition is not fulfilled, we will need to 

divide some streams into two to increase the number of streams coming out of the 

pinch. 

 

• For the connection of two streams to be viable, if the temperature difference is equal 

to the minimum approach temperature (ΔT=10 ºC), the values of their heat capacity 

must follow the conditions on the Table 6.6. 

Above the pinch Below the pinch 

�̇�𝐇 <  �̇�𝐂   �̇�𝐇 >  �̇�𝐂  

Table 6.6 Rules for the pairing of hot and cold streams 

 

The way of approaching this design is looking into the streams above and below the pinch 

point separately.  

Above the pinch point, we have the hot streams number 3 and 5 and the cold streams 9, 

10, 11 and 12. The heat that can be obtained from cooling down the streams 3 and 5 until 

the pinch temperature 96.8585 oC are shown in the Table 6.7. 

Stream Q (kW) 

3 104.40 

5 82.95 

Table 6.7 Usable waste heat above the pinch 

We can pair these hot streams to any of the cold ones because in every case the heat 

capacity of the hot stream is lower. We have chosen to pair them with the stream number 11, 

as we can see in the Figure 6.4. 
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After doing this, we will still need external heating to get the stream 11 to its target 

temperature, as well as to heat the other cold streams. We can see the external heating 

needed in the Table 6.8. 

 

 

Figure 6.4 Heat exchanger network above the pinch 

 

Stream 
External heating 

(kW) 

9 2990.00 

10 7828.08 

11 3614.09 

12 4166.67 

Total 18598.84 

Table 6.8 External heating required for the HEN 

 

Below the pinch point, the only cold stream we have is the number 13. Because of the 

temperature range, we could try to pair it with the streams number 2, 3, 4 or 5. We have 

chosen to pair it with the number 5. The heat capacity of this stream is lower than the cold 

stream capacity, but the pairing is viable anyway because the temperature difference is 

higher than 10 ºC. 

The stream 5 still needs of external cooling after this pairing. The cooling required for every 

hot stream below the pinch is shown in the Table 6.9. 
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Stream 
External cooling 

(kW) 

1 44.19 

2 2872.17 

3 267.90 

4 7190.64 

5 2663.61 

6 3750.33 

7 41.02 

8 4159.53 

Total 20989.39 

Table 6.9 External cooling of the HEN 

 

We cannot add more heat exchangers to our network, so the final design is the one in the 

Figure 6.5. 

In the Table 6.10, we have the comparison of the energy demand of our heat exchanger 

network with the original values. We can see that the amount of energy saved is small, so 

this method is not very useful to improve the energy efficiency of the ABE distillation process. 

 

Total energy demand (kW)  
Energy savings 

(%) Original Heat exchanger network  

Heating Cooling Heating Cooling  Heating Cooling 

19029 -21419 18599 -20989  2.26 2.01 

Table 6.10 Energy saved 
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Figure 6.5 Heat exchanger network 
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6.2 APPLICATION OF A HEAT PUMP 

As it has been explained previously, the four columns in our distillation scheme provide a 

vapor stream that needs to be condensed at the top and a liquid stream which must be 

partially vaporized at the bottom. These processes are the main sources of energy 

consumption.  

As the heat integration using the products which need cooling resulted not suitable to 

considerably reduce the energy demand, we are going to consider other options.  

The bigger amount of waste heat in the ABE distillation comes from the condensation of the 

top vapor streams of each column (streams number 2, 4, 6 and 8 in Figure 6.7). The problem 

is that this heat cannot be used to satisfy the heating demand because of the temperature 

difference between these streams and the liquid streams that need vaporization (numbers 9-

13). So, to be able to apply the column top vapor streams as heating sources we need to 

raise their condensation temperatures. 

The solution to this issue is the column top vapor recompression because this will result in 

a higher condensation temperature. We are going to design a structure similar to a heat 

pump, using a compressor to raise the temperature of the column top vapor. After the 

compression, the vapor stream can be sent to a heat exchanger with one of the liquid 

streams, where the condensation and vaporization will take place without applying external 

energy. 

The top vapor streams must be condensed completely and, after the heat exchanger, a part 

of the condensed stream is going to be recirculated to its column and the rest will continue 

the process. Before this happen, it must be return to atmospheric pressure through an 

expansion valve. This valve also causes the partial evaporation of the stream, so in our 

structure (Figure 6.8) we need to add additional condensers.  

About the liquid stream, only a fraction is going to be evaporated. Obtaining in the simulation 

values of the liquid molar flow at bottom of the column and after the reboiler, we can 

calculate the fraction of the liquid that must be evaporated. In the Table 6.11 we can see the 

wanted vapor fraction for each of the columns (Figure 6.7).  
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Figure 6.6 Temperature differences between heat supply and heat demanding streams 
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Figure 6.7 Numbering of the columns in the basic distillation structure 

 

Column 
Vapor 

fraction 

1 0.78663 

2 0.24297 

3 0.68016 

4 0.72745 

Table 6.11 Fraction of the liquid streams vaporized in the reboilers 

The vapor obtained is returned to the corresponding column and the liquid continues the 

process. If we do not achieve the wanted vapor fraction with the heat exchanger, we must 

add an additional boiler. The whole heat pump scheme will be the one in the Figure 6.8. 

 

Figure 6.8 Heat pump structure 
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The first step in the design process of this scheme is the collection of the temperature data. 

We have chosen 3 bar as the exit pressure of our compressor for the vapor streams of the 

columns 1, 2 and 4.  

The stream from column 3 has a lower initial temperature value, so we are going to 

compress it up to 5 bar to increase it enough. We selected an 80% efficiency for the 

compressor, as it is a realistic value for this machine. The different temperatures of the vapor 

and liquid streams, as well as the saturation temperature at high pressure, can be seen in 

the Table 6.12. 

Column 

T vapor (oC) Tsat, 
high 

pressure 
(ºC) 

T liquid 
(oC) Atmospheric 

pressure 
High 

pressure 

1 88.32 158.66 119.62 115.90 

2 84.95 153.08 115.72 94.66 

3 56.17 126.56 111.66 86.86 

4 78.58 144.05 108.91 92.09 

Table 6.12 Temperature data 

To carry out this design, we are going to simulate the different liquid-vapor pairings in the 

CHEMCAD software and compare the energy demand of each case with the original values 

of heating demand in the reboilers and cooling demand in the condensers of each column. 

To evaluate the results, we need to consider that in the structure we are designing we have 

three different types of energy demand: 

• Electricity demand from the compressor 

• Heating demand from the additional boiler 

• Cooling demand from the additional condenser 

The cooling demand is usually satisfied using air or cooling water, which are very economical 

utilities. Meanwhile, to satisfy the heating demand we need to use significant amounts of fuel. 

Therefore, the production of steam is the main reason of the high cost of the distillation 

process. Also, the power demand of the compressor is small compared to the heating and 

cooling values in the boilers and condensers of the distillation columns. So, the most 

important value to reduce is the heating demand. 

6.2.1 Simulation of the different liquid-vapor heat exchanger pairings 

To determine which liquid and vapor streams would be beneficial to pair in a heat exchanger, 

we have taken each liquid and we have simulated the structure in the Figure 6.7 individually 

for the three possible vapor pairings. The specification for the heat exchanger is a minimum 

approach temperature of 10 ºC or the vapor fraction wanted in the cases when the 10 ºC 

difference provides too much vapor.  
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Also, after each simulation, we have plotted the heat curves of the heat exchanger to check 

that there is no intersection between the curves of the two streams, because there are cases 

in which the CHEMCAD software does not detect this problem. The different curves can be 

found in the Appendix II. 

 

As it can be seen in the Table 6.13, for the liquid coming from column 1, the heat pump 

structure is not beneficial: the heating energy saved is very small (its value is even lower 

than the power required by the compressor) and the cooling demand is higher than the 

original one. Therefore, the liquid 1 is not going to be a part of this heat integration 

scheme. 

Liquid 1 
Energy duty (MJ/h)  Original energy duty 

(MJ/h) 
 Energy savings 

(MJ/h) 

Compressor Heating Cooling  Heating Cooling  Heating Cooling 

V2 2712.1 9600.2 -27434.5  10764 -25886.3  1163.8 - 

V3 2545.3 10737.2 -16019.7  10764 -13501.2  26.8 - 

V4 1579.9 10265.3 -16055.4  10764 -14974.3  498.7 - 

Table 6.13 Energy duty for evaporation of liquid 1 with different vapor streams 

We can check that the calculations of the required vapor fraction and the amount of heat 

needed are correct because adding the additional heating and the heat duty of the heat 

exchanger we obtained the original value of heating demand of the reboiler of the column 1 

(Table 6.14). 

Liquid 1 
Additional heating 

(MJ/h) 
HE heat duty 

(MJ/h) 
Addition 
(MJ/h) 

 Original reboiler 
heating (MJ/h) 

V2 9600.2 1163.9 10764.0  10764 

V3 10737.2 26.9 10764.1  10764 

V4 10265.3 498.8 10764.1  10764 

Table 6.14 Verification of the heat duty calculations with a heat pump scheme for liquid 1 

 

In the case of the liquid 2, we achieve a significant amount of energy saved with the three 

possible liquid-vapor pairings, as we can observe in the Table 6.15, the most favourable 

combination is L2-V4. 

Liquid 2 
Energy duty (MJ/h)  Original energy duty 

(MJ/h) 
 Energy savings 

(MJ/h) 

Compressor Heating Cooling  Heating Cooling  Heating Cooling 

V1 1064.2 17569 -791.9  28181.1 -10339.8  10612.1 9547.9 

V3 2545.3 15178.2 -3043.7  28181.1 -13501.2  13002.9 10457.5 

V4 1579.9 12937.3 -1310.5  28181.1 -14974.3  15243.8 13663.8 

Table 6.15 Energy duty for evaporation of liquid 2 with different vapor streams 

As well as we did for the liquid 1, we have checked the calculations comparing the new 

heating values obtained with the original ones. This table can be found in the Appendix III. 
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For the liquids 3 and 4, the results are not very different to the previous case, we saved 

energy with the three pairings (Tables 6.16-17).  The most favourable pairing for these 

liquids are L3-V4 and L4-V2. In both cases, there is no need for additional heating of the 

liquids. 

 

Liquid 3 
Energy duty (MJ/h)  Original energy duty 

(MJ/h) 
 Energy savings 

(MJ/h) 

Compressor Heating Cooling  Heating Cooling  Heating Cooling 

V1 851.3 2841.9 -560.6  13685.2 -10339.8  10843.3 9779.2 

V2 2169.6 0 -14913.1  13685.2 -25886.3  13685.2 10973.2 

V4 1264.0 0 -2869.1  13685.2 -14974.3  13685.2 12105.2 

Table 6.16 Energy duty for evaporation of liquid 3 with different vapor streams 

 

Liquid 4 
Energy duty (MJ/h)  Original energy duty 

(MJ/h) 
 Energy savings 

(MJ/h) 

Compressor Heating Cooling  Heating Cooling  Heating Cooling 

V1 1579.9 4310.7 -715.3  15000 -10339.8  10689.3 9624.5 

V2 2712.1 0 -13598.5  15000 -25886.3  15000 12287.8 

V3 2545.3 1827.3 -2874.6  15000 -13501.2  13172.7 10626.6 

Table 6.17 Energy duty for evaporation of liquid 4 with different vapor stream 

The tables elaborated for the verification of these calculations can be found in the Appendix 

III as well. 

 

 

Once we have the results for each case, we must evaluate them to select the best 

combination of pairings for the complete heat integration scheme. We also need to consider 

that we cannot use the same vapor stream to evaporate two liquid flows.  

Calculating the energy savings for every possible combination, we have seen that the 

pairings L2-V4, L3-V2 and L4-V3 provide the higher heating savings with. As we have 

explained previously, this kind of energy is the most important to reduce, so this is going to 

be our chosen combination. This heat integration scheme provides a decrease in the 

external energy demand by 61.5% in the heating and a 45.7% in the cooling (Table 

6.18).  

Total energy demand (MJ/h)  Energy savings  

Original Application of a heat pump 1 
Heating Cooling 

Heating Cooling Heating Cooling Compressors  

68504 -77109 25528 -29597 6837 

 42101 MJ/h 
61,5% 

35263 MJ/h 
45.7% 

 11695 kW 9795 kW 

Table 6.18 Total energy duty and savings for heat pump scheme  
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As we can see, this structure does not include the liquid or the vapor coming from column 1. 

Also, we have not considered the possibility of the integration of the liquid and the vapor 

coming from the same column (“self-heat integration”). We are going to study this possibility 

to evaluate if in this case we could integrate all the streams or get a better result for the ones 

we have already include in our structure. 

 

6.2.2 Study of “self heat integration” possibility 

Performing the simulation of the heat integration of the liquid and vapor streams from the 

same column, we have obtained the results shown in the Table 6.19. As we can see, the 

heat integration of liquid 1 is not beneficial in this case either. Nevertheless, the “self-heat 

integration” is interesting for columns 2, 3 and 4. 

Self 
pairings 

Energy duty (MJ/h)  Original energy duty 
(MJ/h) 

 Energy savings 
(MJ/h) 

Compressor Heating Cooling  Heating Cooling  Heating Cooling 

L1-V1 851,3 10235,7 -10875,6  10764 -10339,8  528,3 - 

L2-V2 2169,6 2039,9 -2457,2  28181,1 -25886,3  26141,2 23429,0 

L3-V3 2036.3 171,8 -2533,1  13685,2 -13501,2  13513,5 10968,1 

L4-V4 1264,0 0 -1554,9  15000 -14974,3  15000 13419,3 

Table 6.19 Energy duty “self-heat integration possibilities” 

 

Considering the “self-heat integration” cases as well as the results obtained for the other 

pairings, we have calculated the savings for the new possible combinations. The most 

favourable combination now is using three “self-pairings”: L2-V2, L3-V3 and L4-V4. This 

structure provides a decrease in the external energy demand of 79.8% for heating and 

62% for cooling (Table 6.20). 

Total energy demand (MJ/h)  Energy savings  

Original Application of a heat pump 1 
Heating Cooling 

Heating Cooling Heating Cooling Compressors  

68504 -77109 13850 -29293 6837 

 54654 MJ/h 
79.8% 

47816 MJ/h 
62.0% 

 15182 kW 13282 kW 

Table 6.20 Total energy duty and savings for heat pump scheme 

 

As it happened before, the streams from column 1 are not included in the selected structure. 

Because we want to design a heat integration structure as complete as possible, we are 

going to look for ways to include these streams in our design. To accomplish this goal 

without modifying the beneficial structure that we have already obtained, we are going to look 

for a way to pair the liquid and the vapor from column 1 in a heat exchanger. 
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6.2.3 Pairing of liquid 1 and vapor 1 

Initially, the results obtained when pairing the liquid and vapor from column 1 (Table 6.19) 

are not beneficial: the value of energy saved in heating is very small and we do not save any 

energy in cooling. We are going to study the heat exchange that takes place in this pairing to 

see if there is room for improvement.  

The liquid 1 has an initial temperature of 115.9 ºC. With a minimum delta temperature of 10 

ºC in the heat exchanger, we can only decrease the temperature of the vapor 1 to 125.9 ºC, 

as we can see in the heat exchanger curves (Figure 6.9). The saturation temperature of this 

vapor at 3 bar is 119.6 ºC, so the vapor is not condensed and we only profit from the sensible 

heat (heat released due to the temperature decrease). This heat value is very small, so we 

only achieve the evaporation of less than 4% of the liquid 1. 

 

 

Figure 6.9  Heat curves for L1-V1 heat exchanger. Vapor 1 at 3 bar 

What we can do to be able to evaporate more liquid is to increase the pressure of the vapor 

1, so we get a saturation temperature above 125.9 ºC. With a pressure of 5 bar, the 

saturation temperature is 136.7 ºC. In this case, as we can see in the new heat exchanger 

curves (Figure 6.10), there is condensation of the vapor 1 and 76% of liquid 1 is evaporated, 

so the amount of additional heating is small (Table 6.21). 
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Figure 6.10 Heat curves for L1-V1 heat exchanger. Vapor 1 at 5 bar 

 

L1 – V1 
Energy duty (MJ/h)  Original energy duty 

(MJ/h) 
 Energy savings 

(MJ/h) 

Compressor Heating Cooling  Heating Cooling  Heating Cooling 

3 bar 851.3 10235.7 -10875.6  10764 -10339.8  528.3 - 

5 bar 1291.3 254.3 -1444.2  10764 -10339.8  10509.7 8895.6 

Table 6.21 Energy duty for L1-V1 pairing 

As we can see in the Table 6.22, compressing the vapor 1 until 5 bar provides a 

considerable value of savings for the heating of liquid 1. The value of the compressor power 

is higher than in the previous considered structure, but the heating energy saved is much 

higher, so this configuration is favourable. In the Figure 6.11 we can see the application of a 

heat pump with self pairing for the column 1.  

 

Figure 6.11 Application of heat pump in column 1 
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Adding the new L1-V1 pairing to the L2-V2, L3-V3, L4-V4 structure previously calculated, 

the total external energy required is reduced by 95.1% for heating and 73.6% for 

cooling. In the Figure 6.12, we can see the complete heat integrated system. 

 

Total energy demand (MJ/h)  Energy savings  

Original Application of a heat pump 1 
Heating Cooling 

Heating Cooling Heating Cooling Compressors  

68504 -77109 3340 -20398 8452 

 65164 MJ/h 
95.1% 

56712 MJ/h 
73.6% 

 18101 kW 15753 kW 

Table 6.22 Total energy duty and savings for heat pump scheme with pairings L1-V1, L2-V2, L3-V3, L4-V4 

 

 

 

Figure 6.12 Complete structure of the application of a heat pump 

 

6.2.4 Possibility of further heat integration 

We can observe in the latest structure (Figure 6.12) that we need additional heaters, which 

means external heating energy, for the columns 1, 2 and 3. We also need external heating 

for the ethanol stream. We are going to study the possibility of further heat integration to 

eliminate the need of additional heating. 

After the pairing of the compressed top vapor and bottom liquid of each column in heat 

exchangers, these streams have the temperatures shown in the Figure 6.13. Written in blue 

we have the temperature of the streams that need further heating to achieve the desired 

vapor fraction. 
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The 117 ºC stream from column 1 cannot be pair with any other stream to be heated further 

because of its high temperature, but we can evaluate the heat integration of the 99 ºC stream 

(column 2) and 88 ºC stream (column 3). 

We have simulated a heat exchanger with the pairing of the 99 ºC stream (column 2) with the 

125 ºC stream (column 1). In this exchanger we do not achieve the wanted vapor fraction for 

the column 2 stream, but we reduce the energy needed in the additional heater by 143.1 kW, 

which is a 25.4% decrease. 

Also, the pairing of the 88 ºC stream (column 3) with the 108 ºC (column 4) is enough to 

provide the 0.68016 vapor fraction needed. In this case, we eliminate the need of an 

additional heater for the column 3 bottom stream, saving 48 kW.  

 

Figure 6.13 Heat pump structure with temperatures of the streams studied for further heat integration 

 

In addition, we have also paired the 104 ºC compressed stream from column 2 ethanol 

stream (product of column 4). In this heat exchanger we have achieved the complete 

vaporization of the product, saving 243 kW.  

 

Adding these three new heat integration cases to the application of the heat pump scheme 

we obtained the structure shown in the Figure 6.14. With this new scheme the energy 

savings are increased by 2% (Table 6.23). 
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Figure 6.14 Complete ABE distillation scheme applying a heat pump and additional heat integration 

Total energy demand (MJ/h)  Energy savings  

Original Application of a heat pump 1 
Heating Cooling 

Heating Cooling Heating Cooling Compressors  

68504 -77109 1776 -18878 8452 

 65854 MJ/h 
97.4% 

57358 MJ/h 
75.5% 

 18293 kW 15933 kW 

Table 6.23 Total energy duty and savings for final heat pump scheme and additional heat integration 

 

6.2.5 Evaluation of the power required by the compressors 

In the several calculations of the energy saved, we have not considered the power required 

by the compressors because of its different origin. The electric energy demand of the 

compressors constitutes 12.8% of the heating saved. 

There are many ways in which this energy demand could be satisfied, so we are going to 

study the least favourable case to see if the application of a heat pump would still be 

profitable. 

The most pessimistic possibility for satisfying the electricity demand would be its obtention in 

a thermal power plant with low efficiency. Considering a 20% efficiency, we have calculated 

the amount of heating required in the power plant to produce the power needed by the 

compressors. We have also carried out the same calculation with a less pessimistic 

assumption: electricity production with 30% efficiency. 

Adding the heating demand of the power plant to the additional heating required in the heat 

pump structure, we have calculated the total energy saved (Table 6.24). We can see that, 

even in the pessimistic scenario, we still have a decrease in the heating demand of 

35.7%. For the more optimistic case, the decreased obtained is 56.3%. 
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 Total energy demand (MJ/h)  
Energy savings for 

heating  

Original 
heating 

Electricity 
production 
efficiency 

(%) 

Application of a heat pump 1 

Compressors 
Power 
plant 

heating 

Total heating 
(Power plant + heat pump) 

 [MJ/h] [kW] % 

68504 
20 

8451 
42257 44907  24471 6798 35.7 

30 28172 29947  38557 10713 56.3 

Table 6.24 Heating duty and savings for heat pump scheme obtaining electricity from a thermal power plant 

 

6.2.6 Evaluation of energy demand and its cost 

Now that we have the values of cooling and heating demand after the heat integration, we 

are going to calculate the corresponding values of cooling water and steam required for 

heating. 

For the cooling, the water will be taken from the environment to be use as refrigerant. In our 

calculations we must consider that according to the European Union directives, the 

temperature of the water that is return to the environment can only be 5 ºC higher than its 

original temperature. Following this rule, we have determined that we need 892.6 t/h of 

cooling water (Table 6.25).  

We have made this calculation using the expression: 

𝑄 = �̇� ·  𝐶𝑝 ·  ∆𝑇 

 

Cooling demand  
(kW) 

Cp 
(kJ/kg K) 

ΔT  
(K) 

�̇�  
(kg/s) 

�̇�  
(t/h) 

5244 4.23 5 247.9 892.6 

Table 6.25 Cooling water calculation 

 

About the heating demand, we are going to calculate how much steam needs to be 

produced. The heating steam must be saturated, and its temperature must be 10 ºC higher 

than the temperature of the warmest stream that needs heating. The 117 ºC bottom liquid of 

the butanol column is the warmest one, so the temperature of the steam will be 127 ºC. The 

pressure is determined considering that it is a saturated vapor, it will be 2.51 bar. 

During the heat exchange between the saturated steam and the stream that needs heating, 

most of the heat comes from the condensation of the steam. Even if the saturated liquid 

obtained after the condensation is cooled down further, the sensible heat obtained would be 

small compare to the latent heat. Therefore, we have decided that it is enough to consider 

the heat of condensation. The expression used to calculate the required steam mass flow is:  

𝑄 = �̇� ·  𝐿 , where L is the latent heat of condensation 

The results of the steam calculations can be seen in the Table 6.26. 
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Heating cases Steam 

Streams T (ºC) 
Heating demand 

(kW) 
L 

(kJ/kg) 
�̇�  

(kg/h) 

Bottom liquid 1 117.5  70.7 
2180 

116.7 

Bottom liquid 2 99.2 422.6 698.0 

Total 493.3 kW 814.6 kg/h 

Table 6.26 Heating steam calculations 

Once we know the steam required, we are going to determine what would be the price of 

producing it. The steam is going to be produce in a boiler with and 85% efficiency. This value 

corresponds to a pessimistic case because this kind of operations have high efficiency 

values.  

We have chosen natural gas as fuel for the boiler. The heat capacity of this fuel depends of 

its composition, so we have taken a mean value. With these specifications, we have 

determined that 58.5 m3/h of natural gas is needed (Table 6.27). 

Vaporization  
heat (kW) 

Boiler 

Efficiency Heat (kW) Fuel comb. power (kJ/m3) �̇� fuel 

(m3/h) 

493 0,85 580 35731 58.5 

Table 6.27 Calculation of the fuel demand 

Once we know the amount of fuel we need, we will calculate the cost. For this calculation, we 

have considered a mean of the different natural gas selling prices for industrial use in Spain. 

We have also considered that the distillation process will be running for 8000 hours per year, 

obtaining a total heating cost of 180505 €/year (Table 6.28). 

Heat demand  
(kW) 

Running 
hours/year 

Power (kWh) 
Natural gas 
cost (€/kWh) 

Total cost (€/year) 

580 8000 4642614 0,03888 180505 

Table 6.28 Calculation of the heating cost per year 

Another important cost is the one derived from powering the compressors. As we have done 

with the fuel price, we have taken a mean value of the electricity price in Spain, obtaining an 

electricity spending of 1.87 million €/year (Table 6.29). 

Compressor demand  
(kW) 

Running 
hours/year 

Power  
(kWh) 

Electricity cost  
(€/kWh) 

Total cost  
(€/year) 

2347,5 8000 1.878E7 0,099704 1872441 

Table 6.29 Calculation of the electricity cost per year 

So, the total cost of this case would be 2.05 million €/year, which is 51.8701€ per ton of 

butanol.  

To see how beneficial our new structure is, we are going to calculate the cost of the process 

with the original heating demand (Tables 6.30 and 6.31). 
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Original vaporization  
heat (kW) 

Boiler 

Efficiency Heat (kW) Fuel comb. power (Kcal/m3) �̇� fuel 

(m3/h) 

19029 0,85 22387 35731 2255.5 

Table 6.30 Calculation of the fuel demand for the original structure 

Original heat demand  
(kW) 

Running 
hours/year 

Power (kWh) 
Natural gas 
cost (€/kWh) 

Total cost (€/year) 

22387 8000 1,7910E+08 0,03888 6,96E+06 

Table 6.31 Calculation of the heating cost per year for the original structure 

The cost of the ABE distillation with the original scheme is 3.4 times higher than the one we 

obtain with the heat integrated structure. Therefore, we can conclude that the structure we 

have created is more profitable, even though it has a higher electricity spending. 

Nevertheless, we are going to consider how we could reduce the electricity demand of the 

new structure. The only way of decreasing the power required by the condensers is to lower 

the output pressure. 

6.2.7 Adjustment of the compressors pressure 

As we have explained, the reason we need to compress the top vapor of each column is to 

increase the temperature of the stream, so we are able to design a favourable heat 

integration scheme. We decided the pressures because we wanted to obtain a considerable 

temperature increase and then we design the heat pump structure. 

With the chosen pressure values, in some of the heat exchanger of our final scheme the 

minimum temperature difference is higher than 10 ºC. To reduce the energy required by the 

compressors, we are going to adjust the outlet pressure, so our heat exchangers fulfil the 

condition ΔTmin = 10 ºC. 

The pressure of the top vapor of the column 2 is not going to be reduced. In this case, after 

the pairing of the liquid and vapor of the column in a heat exchanger, the vapor is going to be 

used to heat the product of column 4 and the liquid is going to be heated by the vapor of 

column 1. If we change the outlet pressures, the further heat integration will not be possible. 

In the case of the column 3, the top vapor is only use in the initial heat integration with the 

liquid of that same column and the liquid is also paired with the compressed stream of 

column 4 for its further heating. We have adjusted the outlet pressure to get a temperature of 

the bottom liquid that provides ΔTmin = 10 ºC in both heat exchangers. We have made a 

reduction in the pressure of the third compressor from 5 bar to 3.8 bar, obtaining a 

17.9% decrease of the compressor power.  

For the column 4, we achieved the wanted vapor fraction for the column bottom liquid with 

the pairing with its vapor. Then, we use the compressed flow to heat the bottom liquid of 

column 3. Because we have already adjusted the pressure in the column 3 to obtain a 10 ºC 

temperature difference in this latest pairing, decreasing the pressure in the column 4 vapor 

will provide a temperature difference smaller than our selected minimum. 
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For the first column, the reduction of the pressure brings a heavy increase of the additional 

heating needed: a 0.5 bar decrease makes this heat more than 4 times bigger and reduces 

the power of the compressor by only 7% (less than 100 kW). When evaluating this possibility, 

we realised that it would bring an increase of 30.93% on the heating demand. Considering 

the efficiency and cost of satisfying this demand, the increase of the cost of heating would be 

greater than the saving we can produce by reducing the compressor power. Therefore, we 

have decided to let the pressure at 5 bar. 

So, with only the modification of the outlet pressure of the third compressor, we achieve a 

decrease of 5.38% in the compressor demand and in its cost (Table 6.32). 

Compressor demand  
(kW) 

Running 
hours/year 

Power  
(kWh) 

Electricity cost  
(€/kWh) 

Total cost  
(€/year) 

2221.3 8000 1.878E7 0.099704 1771768 

Table 6.32 Calculation of the electricity cost per year with modified pressures 

This change means a decrease of 4.90% in the total price. The final cost of our process is 

1.95 million €/year, which is 3.6 times smaller than the one obtained with the original 

structure. The price of the production of butanol in this case would be 49.3265 €/t.  

 

Also, considering again the case of obtaining the electricity from a thermal power plant, the 

heating savings have increased when decreasing the power of the compressors (Table 

6.33). 

 Total energy demand (MJ/h)  
Energy savings for 

heating  

Original 
heating 

Electricity 
production 
efficiency 

(%) 

Application of a heat pump 1 

Compressors 
Power 
plant 

heating 

Total heating 
(Power plant + heat pump) 

 [MJ/h] [kW] % 

68504 
20 

7997 
39983 41759  26745 7429 39.0 

30 26655 28431  40072 11131 58.5 

Table 6.33 Heating duty and savings with modified pressure of V3 and obtaining electricity from a thermal power plant 

 

6.3 ABSORPTION-REFRIGERATION CYCLE 

As we have explained in the theoretical part of the project, waste heat can be used as a heat 

source for an absorption refrigeration system. In our process, we have different streams that 

can be used for this purpose. Because we have already obtained a profitable heat integration 

scheme applying a heat pump, we are going to have this structure as a starting point in our 

study of the absorption-refrigeration cycle. 

The design of the absorption-refrigeration cycle in CHEMCAD was done in the context of a 

Bachelor Final Project (Csoma, 2018). We are going to use this model (Figure 6.15) to carry 

out the study for our project. The fluid used as refrigerant in this system is a solution of water 

and lithium bromide. Water is the medium to be cooled.  
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Figure 6.15 Model for simulation of the absorption-refrigeration cycle  

In this cycle, starting it from the evaporator, the steam goes to the absorber where it absorbs 

the refrigerant. This absorption process releases heat so, in the absorber there is a heat 

exchanger to decrease the temperature of the outlet stream. Then, this stream is 

compressed with a pump and sent to another heat exchanger that works as a preheater.  

A heat exchanger and a separation unit act as the generator of the cycle: the stream is 

heated by our heat source and then the vapor and liquid phases are separated. The vapor 

stream goes to the condenser and the solution of lithium bromide goes back to the previous 

heat exchanger, where it is cooled down. This heat exchanger reduces the heating 

requirements in the generator and the cooling requirement in the absorber, improving the 

economy of the system. 

After the cooling, the refrigerant goes to the absorber through an expansion valve. Then, it is 

absorbed by the water stream again and the cycle is repeated. The water obtained in the 

condenser goes to the evaporator through an expansion valve for repeating the cycle. 

The first thing we need to do in the application of this cycle is to select the heat source. After 

this, we will evaluate how much refrigeration power we can obtain from it and how we can 

use it.  

6.3.1 Selection of the heat source 

In the application of a heat pump, we have obtained different hot vapor streams using 

compressors. After been paired with a liquid stream in a heat exchanger, these streams are 

partially or totally condensed, but their temperature is still high. Three of these high 

temperature streams have been used for further heat integration, but the one from column 3 

have not been applied, so it is possible to use it as heat source for the absorption-

refrigeration cycle.   
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Other possible heat sources are the products of the columns 1, 2 and 3, because they must 

be cooled down until 30 ºC. The most interesting of these streams are the ones from 

columns 1 and 2 because of their higher temperature: 117.5 ºC and 99.2 ºC, respectively. 

In the generator of the absorption cycle obtained in the Bachelor Project used as our starting 

point (Csoma, 2018), the refrigeration fluid arrives at a temperature of 51.8 ºC. We have 

decided to select 10 ºC as the minimum temperature difference in the heat exchanger, so we 

are going to select 61.8 ºC as the outlet temperature of the heat source stream (Figure 6.16). 

 

 

Figure 6.16 Heat exchange of the generator of the absorption-refrigeration cycle 

 

The amount of heat that can be transferred by the heat source to the cycle fluid does not only 

depend on the temperature difference, it also depends on the mass flow and the heat 

capacity, as we can see in the following expression: 

𝑄 = �̇� ·  𝐶𝑝 ·  ∆𝑇 

We are going to select as our heat source the stream that provides the bigger amount of heat 

when decreasing its temperature until 61.8 ºC. So, we have simulated with CHEMCAD the 

cooling of the compressed streams from column 3 (C3) and the two interesting products (P1 

and P2). The results of this simulation can be seen in the Table 6.34. 

Stream Tin (ºC) Q (MJ/h) Q(kW) 

C3 96.8583 -2195.05 610 

P1 117.561 -854.65 237 

P2 99.2602 -5877.78 1633 

Table 6.34 Heat released in the temperature decrease until 66.3 ºC 

As we can see, the bigger heat release is obtained with the cooling of the product of the 

column 2, so we have chosen it as our heat source. 

6.3.2 Refrigeration performance 

After we have selected a stream to use as heat source, we are going to simulate the cycle to 

determine the amount of refrigeration power we can obtain from it.  

Most of the operating parameters used for the simulation of the refrigeration cycle were 

obtained in the previous Bachelor Project (Csoma, 2018) and they can be seen in the Table 

6.35. 
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Element Operating parameters 

Generator Flash unit pressure  10.2 kPa 

Condenser Vapor fraction 0 

Compression 
valves 

Outlet pressure 0.872 kPa 

Evaporator Vapor fraction 1 

Absorber Vapor fraction 1 

Pump Outlet pressure 10.2 kPa 

Preheater Outlet temperature 51.7852 ºC 

Table 6.35 Operating parameters of the absorption-refrigeration cycle 

We have also changed certain parameters: the flowrate of the cooling water has been set as 

317.02 t/h and we have selected 20 ºC as the inlet temperature of the natural water. This 

value will be the initial temperature of both the cooling water and the medium to be cooled. 

Initially this temperature was lower than 20 ºC, but we have decided to increase it to simulate 

an unfavourable case, it would be easier to obtain cold water if the inlet stream has a lower 

temperature.  

We want to obtain an outlet temperature as low as possible of the medium to be cooled 

down. The limit to this temperature is given by the minimum temperature difference that we 

want in our heat exchanger. In this case, we have selected ΔTmin = 5 °C, which gives us a 

minimum outlet temperature of 10 ºC. 

 

Figure 6.17 Evaporator of absorption-refrigeration cycle 

With these temperature values we have a refrigeration performance of 647 kW for a 

refrigerated water flowrate of 55.44 t/h.  To accomplish this performance, we need to set the 

outlet temperature of the heat source to 63.3ºC, which means we have a heat input of 1569 

kW.  

The coefficient of performance (COP) of the absorption cycle is 0.412. This performance is 

low if we compare it to a mechanical chiller, but we must consider that absorption chillers can 

substantially reduce operating costs because they are powered by low-grade waste heat. In 

this case, the chiller load obtain corresponds to 19% of the total waste heat generated in the 

cooling of the products.  
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6.3.3 Applications of the absorption-refrigeration cycle 

Once we know the refrigeration power that we can achieve with our heat source, we are 

going to study the possible applications. A common application of the absorption-refrigeration 

cycle is the conditioning of different spaces. Also, in chemical reactions like fermentation, 

heat is generated and needs to be removed and the absorption refrigeration system can be 

used for that propose.  

We are going to analyse the structure of the chemical process we are studying to evaluate 

where the cycle can be applied. In the Figure 6.18 we can see a complete diagram of the 

ABE production structure (from fermentation to pervaporation-distillation), as well as a 

detailed structure of the process design that we have taken as our starting point.  

We can observe that there is a need for cooling after the pervaporation unit: the permeate 

leaves the unit at 40 ºC and it is cooled down until -33.4 ºC to accomplish its total 

condensation. So, the absorption-refrigeration cycle could be used for the partial cooling of 

the permeate. 

 

 

 

Figure 6.18 ABE production with pervaporation-distillation scheme 

 

We have performed the simulation of the cooling of the permeate with fluid obtained in the 

cycle (Figure 6.19). The specification set for this simulation was a minimum temperature 

difference of 5 ºC in the heat exchanger 

. 
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Figure 6.19 Permeate refrigeration 

 

As we can see in the Table 6.36, we can lower the permeate temperature until 15 ºC. 

Permeate Refrigeration water Heat duty  
(kW) Tin (ºC) Tout (ºC) m (Kg/s) Tin (ºC) Tout (ºC) 

40 15 15.4 10 18.75 566 

Table 6.36 Data of the permeate refrigeration 

 

6.4 ELECTRICITY PRODUCTION BY ORC 

As we have detailed previously, electricity production is a common way in which many 

chemical plants reduce its energy costs. In the case of our process, we are going to consider 

if we can use some of the waste heat for power generation. For this propose, Organic 

Rankine Cycles (ORC) are the preferred solution, because they allow the exploitation of low-

grade heat sources and they provide performance, flexibility and low capital costs. 

Before performing the simulation of the ORC system, we are going to evaluate which 

streams could serve us as energy sources. For this energy production method, a low to 

medium temperature heat source (80 to 350 oC) is required. 

Of the four hot vapor streams obtained using compressors, three of them have been used for 

further heat integration, so only the one from column 3 could be applied for the ORC cycle. 

This stream is at 88 ºC, which is not a high enough temperature to get a good performance. 

About the different products, the one obtained in column 2 have been selected for the 

absorption-refrigeration cycle and the column 3 product does not have enough temperature. 

So, the only interesting stream is the product from column 1 (butanol), which has a 

temperature of 117.5 ºC.  

The butanol stream is the most valuable heat source for the electricity production. As we 

have mentioned before, the butanol must be cooled down until an approximate temperature 

of 30 ºC for its safe storing, but it is difficult that we can get this temperature decrease in the 

heat exchanger of an ORC system. Therefore, to have a more realistic evaluation we have 

considered the cooling until 50 ºC. The heat exchange in this process is 281.1 kW. 
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Assuming we have an ORC system with 15% efficiency, which is a very optimistic scenario 

for this kind of cycles, the amount of electricity production would be 42.1 kW. This value is 

only 1.9% of the compressor’s energy requirement.  

Even considering the possibility of cooling down the stream until 30 ºC, the heat exchange is 

still low (350.85 kW) and the electricity production would be 52.63 kW, which only accounts 

for 2.4% of the compressors power. 

Since the power generation achieved is very low even with very optimistic assumptions, we 

are not going to continue with the study of the electricity production using waste heat. 

In addition, if we check our case with the theory studied in the chapter 4.3.4, we can see that 

some of the conditions which usually made the application of an ORC cycle profitable are not 

fulfil: the waste heat available is much lower than 7 MW and the difference between the 

output temperatures of the heat source and the cooling water is not going to be higher than 

60 ºC.  

With these results, we have concluded that the application of an ORC system is not 

profitable in the case of our ABE distillation structure. 
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7 SUGGESTION FOR THE APPLIED METHOD 

Through the study of the different methods of heat integration that we can be applied to the 

ABE distillation, we have concluded that the most beneficial one, in terms of energy saving, 

is the application of a heat pump. After the simulation of different combinations, we have 

obtained the final structure shown in the Figure 7.1, in which we have included further heat 

integration consisting on two more stream pairings in heat exchangers. 

 

Figure 7.1 Final ABE distillation structure 

The final parameters selected for the compressor of our heat pump structures are shown in 

the Table 7.1. 

Compressor   
Outlet  

pressure (bar) 

1 5 

2 3 

3 3.8 

4 3 

Table 7.1 Final pressure of the compressors 

 

In addition to this structure, we have the use of the butanol product stream as the heat 

source for an absorption-refrigeration cycle. This system provides a refrigeration power of 

647 kW and allows us to decrease the temperature of the butanol stream, decreasing the 

amount of cooling energy required by 1569 kW.  
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With this final structure and the application of the absorption-refrigeration cycle, the energy 

requirements obtained (Table 7.2) provide us with a decrease in the energy demand of 

97.4% in the heating and 83.4% in the cooling. 

Energy demand (kW) 

Compressors Heating Cooling 

2221.3 580  3549 

Table 7.2 Energy requirement of the final structure 

With these values, the amount of cooling water needed is 604 t/h for the condensers of our 

ABE distillation process and 317.02 t/h for the absorption-refrigeration cycle. 

More important, the price of the heating with natural gas would be approximately 180505 

€/year and the electricity for powering the compressor would cost around 1.77 million €/year. 

This means that the final cost of our process is 1.95 million €/year, which is 49.3265 €/t 

butanol. The cost obtained with the heating value of the original structure is 3.6 times bigger 

than the one of our design.  
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8 DISCUSSION OF THE RESULTS 

8.1 SOCIAL, PROFESIONAL AND LEGAL RESPONSIBILITIES  

In the design of any product or process, there are different levels of responsibility that must 
be considered. 

On one side, in the designing process we cannot forget about our social responsibilities. 
We must consider the impact that the implementation of the process would have in society, if 
it will improve the life quality of the persons involve, and not only if the result will be 
profitable. In the case of this project, we are striving to improve a process that contributes to 
a more economical and environmentally friendly fuel production.   

About the legal responsibility, in the design of any process we cannot just considered the 
technical and economical limitations, but also the legal aspects that will allow the project to 
become a reality in a safe way. For the design of a chemical process, the security and 
environmental normative must be follow during the design and adjustment of the parameters 
of the process. We must consider that in this kind of process, a negligent design would not 
only be harmful for the environment, but it could also be dangerous for the people working on 
it. Before the implementation of a process like this, several tries must be performed to 
evaluate its security and protocols must be put in place to maintain it. Also, security 
inspections must be performed frequently, and the proper security certificates must be 
achieved to prove that it is good enough to be functioning.  

Concerning the professional responsibility, when the process is put in place the 
responsible person must assure that every element complies with the design specifications. 
The quality of the elements, its materials and the execution must be assured in the 
implementation of the process. Also, making sure that the process is functioning with the 
correct parameters is essential, because even if the design and implementation are flawless, 
the results will not be good if there are changes in the operating parameters.  

When it comes to the professional responsibility, we cannot forget the labour conditions of 
the workers that will be needed to carry out the process in real life. The process design and 
its implementation should provide a safe working space. The design has an obvious impact 
in the security aspect, but also the security protocols that must be put in place to minimize 
the risks of working near a chemical process. 

8.2 ENVIROMENTAL RESPONSABILITY 

In the case of this project, the environmental responsibility is a very important element, 

because we are aiming to reduce the energy requirement of a process that involves the 

production of biofuels. Nowadays, with the growing environmental concern, the production of 

biofuels has become an important way of approaching the developing of a more sustainable 

economy.  

We are dealing with a process for butanol production. This substance is one of the most 

important biofuels and its use as a fuel enhancer has become more popular lately because of 

its advantages over others like methanol or ethanol: higher heating value, lower volatility, 

less ignition problems, higher viscosity and safer distribution.  
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The use of butanol as a fuel is also becoming more and more important because the NOx 

emission and soot creation in exhaust gases is lower than with other fuels. The great 

potential of butanol as an environmentally friendly fuel is why researches to improve the 

energy efficiency of its production methods are so important.  

Therefore, with the study to reduce the energy requirement of the ABE distillation process, 

we not only contribute to a lower energy spending in a chemical process, but also to promote 

the use of a fuel with lower pollutant emissions than fossil fuels. 

In the coming to reality of any process, the environmental responsibility must also be concern 

with the materials used for the manufacturing of the different elements, as well as the proper 

handling of the different types of waste that are formed in the development and 

implementation of the process. 
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9 CONCLUSIONS  

In this project, we have taken as our starting point a basic configuration of the acetone-
butanol-ethanol distillation process with a feed stream with a high butanol concentration.  

Analysing this basic structure, we have corroborated the fact that the ABE distillation process 
has a very high energy demand, which comes from the need to condense the top vapor of 
the distillation columns and to heat the bottom liquid.  

These energy requirements, specially the heating demand, are the main limitations to the 
implantation of the ABE distillation process, because of the high cost of producing the big 
amount of steam required. Knowing this, we have studied the different energy saving 
possibilities, focusing in the utilization of the waste heat of the process. 

Through different simulation and calculations, we have determined that the most beneficial 
technique would be the design of different heat pump structures to allow the heat integration 
of the different streams. The vapor of the distillation columns is compressed to elevate its 
temperature and make it usable to heat the liquid streams. 

Studying the different combinations that these structures allow us to create, we have gotten 
to the best one, which is the heat integration of the vapor of a distillation column with the 
bottom liquid from the same column. 

In addition to this, we have added two extra heat exchangers for further heat integration, 
using the streams that still have high temperature after the heat pump structures. Also, we 
have considered the possible use of another stream that is still hot as a heat source for an 
absorption refrigeration cycle. 

With the heat integration structure and the implantation of the absorption refrigeration cycle 

we have accomplished a decrease in the energy requirement of 97.4% in the heating 

and 83.4% in the cooling. Calculating the approximate heating cost using natural gas and 

considering the Spanish mean electricity cost, we have determined that our ABE distillation 

structure provides a price 3.6 times smaller than the original one. 

When evaluating the results, we must consider that the studies and simulations performed 

have certain limitations. For example, in the distillation process the feed is a stream that was 

initially subjected to fermentation. In this process, the non-condensable gases CO2 and H2 

are produced. The presence of this gases can change the efficiency of the pervaporation 

process, and with it the composition of our feed, and it also increases the energy requirement 

in elements like pumps or compressor. We have also not considered the energy requirement 

of the downstream processing of the water streams or the further purification that the ethanol 

requires to be used.  

Because of the high value of energy saved that we have accomplish with the designed 
structure, a continuation to get a more realistic value, considering the mentioned issues and 
more, would be interesting to carry out. Also, the non-condensable gasses that we have 
mentioned could be useful as a source of energy, which could be interesting to consider in a 
further study to improve the efficiency of the ABE production. 
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10 PLANNING OF THE PROJECT 

10.1 WORK BREAKDOWN STRUCTURE (WBS) 

In the Figure 10.1 we can see the Work Breakdown Structure or WBS of the project, which is 

an organized hierarchic decomposition of the different tasks that have been done along the 

project. 

 

Figure 10.1 Work Breakdown Structure of the Project 

 

10.2 TIME SCHEDULE 

For the developing of the time Schedule I have created a Gantt chart (Figure 10.2) using the 

software Project from Microsoft Office. 

The tasks shown in the chart correspond for the most part to the ones used for the WBS. 

Some tasks have been grouped in a different way, so the final chart obtained has a clearer 

and more approachable appearance. 
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Figure 10.2 Gantt chart  
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11 BUDGET OF THE PROJECT 

 

1. Personal    7804.00 €  

      

Item Concept Units Quantity  Unit cost Total (€) 

1.1 Engineering student h 380 14 5320 

1.2 Tutor h 54 46 2484 

      

  
 

   

2. Amortization        135.00 €  

      

Item Concept Units Quantity  Unit cost Total (€) 

3.1 Lenovo 330 computer years 0.5 180 90 

      

      

4. Intangible goods          1050.30 €  

      

Item Concept Units Quantity  Unit cost Total (€) 

4.1 Office package  ud 1 0 0 

4.2 CHEMCAD 7 years 0.5 2097 1048 

4.3 Electric consumption kWh 17 0.119893 1.798395 

      

      
 
        

Total without taxes    8944.30 €  

   Taxes (21% IVA)    1878.30 €  

Total    10822.60 €  

Table 11.1 Project budget 
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12 REGULATIONS 

About the regulations that must be followed in the design and implementation of a chemical 

process like the ABE distillation, European regulations must be complied by the countries 

that are members of the European Union. Each of them must have national laws that force 

the following of the European directives. The European Chemicals Agency (ECHA) is the 

driving force of the implementation of the EU’s chemicals legislation for the human and 

environmental wellbeing.  

Through this agency, several rules are implemented, the ones that affect the process studied 

along this project are: 

• REACH: Registration, Evaluation, Authorisation and Restriction of Chemicals 

(Regulation EC No 1907/2006). It is a regulation that applies to all chemical substances 

and has as goal the improvement of human and environmental health. It forces 

companies to identify and manage the risks linked to the substances they manufacture 

and market in the EU. They must demonstrate to ECHA how theses substance can be 

safely used, and they must communicate the risks to the users. ECHA’s scientific 

committees evaluates if the risks can be managed or not. 

 

• CLP: Classification, Labelling and Packaging regulation (EC No 1272/2008). Its goal is 

to ensure that the hazards presented by chemicals are clearly communicated to 

workers and consumers in the EU through classification and labelling of chemicals. It 

determines if a substance meets the hazardous classification and it details the criteria 

for labelling it. 

 

• Chemical Agents Directive (CAD) and Carcinogens and Mutagens Directive 

(CMD). These directives (numbers 98/24/EC and 2004/37/EC) set out the minimum 

requirements for the protection of workers from risks to their safety and health that 

could arise because of chemical agents in the workplace. 

 

• Waste Framework Directive (2008/98/EC): it contains the legislation addressing the 

impact of inappropriate waste management on greenhouse gas emissions, air pollution 

and littering. 

 

 

 

 

 

 

 

 

 

 

 



REGULATIONS 
 

86   Budapest University of Technology and Economics – Universidad Politécnica de Madrid 
 

  



Methods for the utilization of waste heat of acetone-butanol-ethanol distillation 

Paula Losa Zapico     87 

 

13 REFERENCES 

ALFA LAVAL. (n.d.). Profiting on waste heat. Retrieved from www.alfalaval.com: 

https://www.alfalaval.com/microsites/waste-heat-recovery/profiting-on-waste-heat/ 

Asma Iqbal, S. A. (2016, February 6). Pressure swing distillation of azeotropic mixture — A 

simulation study. Retrieved from Science Direct: 

https://www.sciencedirect.com/science/article/pii/S2213020916000021 

Assyafa, N. (2016). Introduction and theory buble cap distillation column. Retrieved from 

academia.edu: 

https://www.academia.edu/9251428/INTRODUCTION_AND_THEORY_BUBBLE_CA

P_DISTILLATION_COLUMN 

Aura Energía. (2019). Tarifas luz industria península. Retrieved from www.aura-energia.com: 

https://www.aura-energia.com/tarifas-luz-industria-peninsula/ 

Bairwa, M. (2018, September 5). How vapour absorption-refrigeration system works? 

Retrieved from mech4study: https://www.mech4study.com/2018/09/how-vapour-

absorption-refrigeration-system-works.html 

Banat, F. A., & Al-Shannag, M. (2000, December). Recovery of dilute acetone-butanol-

ethanol (ABE) solvents from aqueous. Retrieved from ResearchGate: 

https://www.researchgate.net/publication/225671576_Recovery_of_dilute_acetone-

butanol-ethanol_ABE_solvents_from_aqueous_solutions_via_membrane_distillation 

Banholzer, J. J. (2009). Improving Energy Efficiency. In The bridge. Linking engineering and 

society (pp. 15-21). National Academy of Engineering. 

Baradey, Y., Hawlader, M., & Hrairi, A. F. (2015). Waste heat recovery in heat pump 

systems: solution to reduce global warming. IIUM Engineering Journal, 16(2), 31-42. 

Retrieved from https://www.researchgate.net/publication/287195549 

Chemical Process Design, West Virginia University. (2012). Pinch technology for heat 

exchange networks. Retrieved from Slideshare: 

https://es.slideshare.net/muhammadhisyambinhashim/chapter-15-heat-exchanger-

networks-i 

Chen, H., Cai, D., Chen, C., Wang, J., Qin, P., & Tan, T. (2018). Novel distillation process for 

effective and stable separation of high-concentration acetone–butanol–ethanol 

mixture from fermentation–pervaporation integration process. Retrieved from 

Biotechnology for Biofuels: 

https://biotechnologyforbiofuels.biomedcentral.com/articles/10.1186/s13068-018-

1284-8#Abs1 

Costello, M. T. (2018). Distillation. An introduction: vapor-liquid equilibrium. Retrieved from 

www.rccostello.com: http://www.rccostello.com/distil/distilvle.htm 

Csoma, Z. (2018). Modelling of an absorption refrigeration cycle fitted with acetone, butanol 

and ethanol producing distillation technology by ChemCAD process simulator . BME 

Dept. of Energy Engineering. 



REFERENCES 
 

88   Budapest University of Technology and Economics – Universidad Politécnica de Madrid 
 

Howling Pixel. (n.d.). Ingeniería química. Retrieved from howlingpixel.com: 

https://howlingpixel.com/i-es/Ingenieria_quimica 

Khemani, H. (2001). Absorption Refrigeration System, Cycle, unit, how does it Work? 

Retrieved from www.brighthubengineering.com: 

https://www.brighthubengineering.com/hvac/65923-simple-vapor-absorption-

refrigeration-system/ 

Klein, A. (2008). Azeotropic pressure swing distillation. Berlin: Process Sciences Department 

of the Technical University Berlin. 

Kujawska, A., Kujawski, J., Bryjak, M., & Kujawski, W. (2015, Abril 29). ABE fermentation 

products recovery methods. Retrieved from ResearchGate: 

https://www.researchgate.net/publication/274637469_ABE_fermentation_products_re

covery_methods-A_review 

Manan, Z. A. (2003, June). Identifying energy saving opportunities in a process plant through 

preliminary energy audit. Jurnal Teknologi. Universiti Teknologi Malaysia, 38(A), 37-

48. 

Masry, O. E. (2002, December). Performance of waste heat absorption refrigeration system. 

Retrieved from ResearchGate: https://www.researchgate.net/publication/273832529 

Mazzotti, M. (2017). Multicomponent flash. Retrieved from http://www.hyper-tvt.ethz.ch: 

http://www.hyper-tvt.ethz.ch/flash-multicomponent.php 

Ponce-Rocha, J. D., Morales-Espinosa, N., Gómez-Castro, F. I., & Morales-Rodriguez, R. 

(2018). Evaluación y análisis del sistema de separación y purificación para la mezcla 

acetona-butanol-etanol (ABE). Jóvenes en la ciencia, 4(1), 686-690. Retrieved from 

http://www.jovenesenlaciencia.ugto.mx/ 

QS Study. (2019). Immiscible Liquid Pairs: Steam Distillation. Retrieved from 

www.qsstudy.com: https://www.qsstudy.com/chemistry/immiscible-liquid-pairs-steam-

distillation 

Revolvy. (2005). Fractionating column. Retrieved from Revolvy.: 

https://www.revolvy.com/page/Fractionating-column 

Revolvy. (n.d.). Vapor–liquid equilibrium. Retrieved from Revolvy.: 

https://www.revolvy.com/page/Vapor%E2%80%93liquid-equilibrium 

Roffer, S., Blanch, H. W., & Wilke, C. R. (1987). Extractive fermentation of acetone and 

butanol: process design and economic evaluation. Biotechnology Progress. 

Selectra. (2019). Tarifas 3.4 de gas natural. Retrieved from Preciogas: 

https://preciogas.com/tarifas/gas-natural/3-4 

Sivasubramanian, V. (2015). Energy conservation in chemical process industries. Retrieved 

from https://slideplayer.com/slide/6992205/ 

Tambe, S. (2015). Distillation. Retrieved from www.slideshare.net: 

https://www.slideshare.net/sujeet2685/distillation-46555534 



Methods for the utilization of waste heat of acetone-butanol-ethanol distillation 

Paula Losa Zapico     89 

 

Tarbit, B. (2017, June 6). Esterification: the essential processes and what they entail. 

Retrieved from Engineers Journal: 

http://www.engineersjournal.ie/2017/06/06/esterification-essential-processes-entail/ 

US Department of Energy. Advanced Manufacturing Office. (n.d.). Use Low-Grade Waste 

Steam to. Retrieved from energy.gov: 

https://www.energy.gov/sites/prod/files/2014/05/f16/steam14_chillers.pdf 

Van Wyk, S., Van Der Ham, A. G., & Kerstem, S. R. (2018). Pervorative separation and 

intensification of downstream recovery of acetone-butanol-ethanol (ABE). Retrieved 

from Science Direct: 

https://www.sciencedirect.com/science/article/pii/S0255270117311947?via%3Dihub 

Villasin, M., Obenza, K., Lanuza, M., & Nguyen, T. (n.d.). HEAT EXCHANGER NETWORKS. 

Orbit. 

Welch, T. (2009, November). Module 10: Absorption refrigeration. Retrieved from CIBSE 

Journal: https://www.cibsejournal.com/cpd/modules/2009-11/ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



REFERENCES 
 

90   Budapest University of Technology and Economics – Universidad Politécnica de Madrid 
 

 



Methods for the utilization of waste heat of acetone-butanol-ethanol distillation 

Paula Losa Zapico     91 

 

14 APPENDIX I: IDEAL VAPOR-LIQUID EQUILIBRIUM 

DIAGRAMS 

 

 

Figure 14.1 Liquid-vapor equilibrium diagrams for the ethanol-butanol mixture 

 

 

 

Figure 14.2 Liquid-vapor equilibrium diagrams for the acetone-butanol mixture 
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15 APPENDIX II: APPLICATION OF A HEAT PUMP.        

HEAT EXCHANGER CURVES  
 

 

Figure 15.1 Heat curves for the Liquid 1 – Vapor 2 heat exchanger   

 

 

Figure 15.2 Heat curves for the Liquid 1 – Vapor 3 heat exchanger   
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Figure 15.3 Heat curves for the Liquid 1 – Vapor 4 heat exchanger 

 

 

Figure 15.4 Heat curves for the Liquid 2 – Vapor 1 heat exchanger 
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Figure 15.5 Heat curves for the Liquid 2 – Vapor 3 heat exchanger 

 

 

Figure 15.6 Heat curves for the Liquid 2 – Vapor 4 heat exchanger 
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Figure 15.7 Heat curves for the Liquid 3 – Vapor 1 heat exchanger 

 

 

Figure 15.8 Heat curves for the Liquid 3 – Vapor 2 heat exchanger 
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Figure 15.9 Heat curves for the Liquid 3 – Vapor 4 heat exchanger 

 

 

Figure 15.10 Heat curves for the Liquid 4 – Vapor 1 heat exchanger 
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Figure 15.11 Heat curves for the Liquid 4 – Vapor 2 heat exchanger 

 

 

Figure 15.12 Heat curves for the Liquid 4 – Vapor 3 heat exchanger 
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15.1 PAIRINGS OF LIQUID-VAPOR FROM THE SAME COLUMN 

 

 

Figure 15.13 Heat curves for the Liquid 2 – Vapor 2 heat exchanger 

 

 

Figure 15.14 Heat curves for the Liquid 3 – Vapor 3 heat exchanger 



APPENDIX II: APPLICATION OF A HEAT PUMP. HEAT EXCHANGER CURVES  
 

100   Budapest University of Technology and Economics – Universidad Politécnica de Madrid 
 

 

 

Figure 15.15 Heat curves for the Liquid 4 – Vapor 4 heat exchanger 

 

15.2 PAIRINGS OF ADDITIONAL HEAT INTEGRATION 

 

 

Figure 15.16 Heat curves for the Liquid 2’ – Vapor 1’ heat exchanger 
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Figure 15.17 Heat curves for the Liquid 3’ – Vapor 4’ heat exchanger 
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16 APPENDIX III: APPLICATION OF A HEAT PUMP.        

TABLES FOR VERIFICATION OF HEAT CALCULATIONS  
 

Liquid 2 
Additional 

heating (MJ/h) 
HE heat duty 

(MJ/h) 
Addition 
(MJ/h) 

 Original reboiler 
heating (MJ/h) 

V1 17569,0 10612,1 28181,1  28181,1 

V3 15178,2 13002,9 28181,1  28181,1 

V4 12937,3 15243,8 28181,1  28181,1 

Table 16.1 Verification of the heat duty calculations with a heat pump for liquid 2 

 

Liquid 3 
Additional 

heating (MJ/h) 
HE heat duty 

(MJ/h) 
Addition 
(MJ/h) 

 Original reboiler 
heating (MJ/h) 

V1 2841,9 10843,4 13685,3  13685,2 

V2 0 13685,2 13685,2  13685,2 

V4 0 13685,2 13685,2  13685,2 

Table 16.2 Verification of the heat duty calculations with a heat pump for liquid 3 

 

Liquid 4 
Additional 

heating (MJ/h) 
HE heat duty 

(MJ/h) 
Addition 
(MJ/h) 

 Original reboiler 
heating (MJ/h) 

V1 4310,7 10688,7 14999,4  15000 

V2 0 14999,8 14999,8  15000 

V3 1827,3 13172,0 14999,3  15000 

Table 16.3 Verification of the heat duty calculations with a heat pump for liquid 4 

 

Self 
pairings 

Additional 
heating (MJ/h) 

HE heat duty 
(MJ/h) 

Addition 
(MJ/h) 

 Original reboiler 
heating (MJ/h) 

L1-V1 
(3bar) 

10235,7 528,3 10764,0  10764 

L1-V1 
(5bar) 

254,3 10509,7 10764,0  10764 

L2-V2 2039,9 26141,1 28181,0  28181,1 

L3-V3 171,7 13513,5 13685,2  13685,2 

L4-V4 0 14999,3 14999,3  15000 

Table 16.4 Verification of the heat duty calculations with a heat pump for “self pairing” cases 
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17 APPENDIX IV: ABSORPTION-REFRIGERATION CYCLE.        

HEAT EXCHANGER CURVES  
 

 

 

Figure 17.1 Heat curves for the generator 

 

 

Figure 17.2 Heat curves for the condenser 
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Figure 17.3 Heat curves for the evaporator 

 

 

Figure 17.4 Heat curves for the absorber 
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Figure 17.5 Heat curves for the preheater 

  

 

Figure 17.6  Heat curves for the permeate refrigeration 
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20 ACRONYMS 
 

ABE: Acetone-Butanol-Ethanol 

ARC: Absorption-refrigeration cycle 

CAD: Chemical Agents Directive 

CLP: Classification, Labelling and Packaging regulation 

CMD: Carcinogens and Mutagens Directive 

COP: Coefficient of performance 

EC: European Commission 

ECHA: European Chemicals Agency 

HE: Heat exchanger 

HEN: Heat exchanger network 

NRTL: Non-random two-liquid model 

ORC: Organic Rankine cycle 

REACH: Registration, Evaluation, Authorisation and Restriction of Chemicals 

WBS: work breakdown structure 
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21 GLOSSARY 

Bacterial fermentation: metabolic process that produces chemical changes in organic 

substrates through the action of enzymes. 

Biofuel: fuel that is produced from biomass. 

Biomass: plant or animal material used for energy production, heat production, or in various 

industrial processes as raw material. Some examples are: purposely grown energy crops, 

wood residues or waste from food crops. It is considered a renewable energy source. 

Chemical potential: energy absorbed or released due to a change of the particle number of 

a given species in a chemical reaction or phase transition. When referring to a species in a 

mixture, it is defined as the rate of change of free energy with respect to the change in the 

number of atoms or molecules of the species that are added to the system. 

Coefficient of performance (COP): in an absorption cycle, it is the relation between the 

chiller load and the heat input. 

Enzymatic hydrolysis: process in which enzymes facilitate the breaking of bonds in 

molecules with the addition of the elements of water. 

Fossil fuel: fuel formed by natural processes, such as anaerobic decomposition of organic 

materials because of the exposure to heat and pressure in the earth's crust over hundreds of 

millions of years. 

Hydrophobic: material property that means being repelled from a mass of water. It 

describes the phenomenon that non-polar substances cannot combine with water molecules. 

NOx: generic term used to refer to the nitrogen oxides that are most significant for air 

pollution. This group is composed by nitric oxide (NO) and nitrogen dioxide (NO2). 

Viscosity: measure of a fluids resistance to deformation when subjected to shear stress. 

Waste heat: heat produced as a by-product of a process that uses energy. It has lower utility 

than the original energy source. 
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