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Key messages 
1. In 2009, the chemical industry consumes 19% of the total energy in Europe with 40-

60% of the total energy used in the chemical industry is for thermal separations. 
Around 95% of thermal energy necessary for separation is used by distillation. 

2. While many types of energy resources from coal, to biomass, oil and gas are used, 
indeed shale gas is increasingly being adopted by traditional chemical and 
petrochemical industries. 

3. The type of energy resource used is expected to affect the choice of separation 
technologies used in industry from distillation to pressure swing adsorption  

4. Change in raw materials (bio-based) for chemical productions may lead to more 
diluted systems hence likely resulting in increased heat waste. Technology 
development for the recovery of low temperature heat streams will be important. 

5.  Best practices for design and operation of separation systems are available. However 
advanced optimisation methods from modern chemical engineering toolbox used 
extensively in petrochemical industries are also recommended for other industrial 
sectors in particular food and biopharmaceutical industries 

6. Optimal design of separation technologies virtually means nothing if the 
implementation in practice is not properly done.  Regular review, maintenance and 
tuning of the control and automation system in operation are needed and highly 
recommended.  

7. A cross-sector network of technology providers and domain-specific benchmarking 
can contribute to identifying and adapting best separation technologies and their 
operation by various industries 

 

 

 
 
Disclaimer: Whilst the information in this publication is derived from reliable sources and 
reasonable care has been taken in the compilation, IEA IETS and the authors of the 
publication cannot make any representation or warranty, expressed or implied, regarding the 
verity, accuracy, adequacy or completeness of the information contained herein. IEA IETS 
and the authors do not accept any liability towards the readers and users of the publication for 
any inaccuracy, error, or omission, regardless of the cause, or any damages resulting 
therefrom. In no event shall IEA IETS or the authors have any liability for lost profits and/or 
indirect, special, punitive, or consequential damages 
  



 
 

2013 TECHNICAL REPORT: Annex IX Energy Efficient Separation Systems 2 

 

Table of Contents  
Executive summary .................................................................................................................... 3 

Background ................................................................................................................................ 3 

1. Market overview and barriers for application .................................................................... 4 

1.1 Overview of energy use in segments of industries ...................................................... 4 

1.2 Separation systems & technologies in industry ........................................................... 7 

1.3 Main market overview of separation systems ........................................................... 21 

1.4 Application cases in industrial sectors ....................................................................... 26 

References ............................................................................................................................ 29 

2. Design and operation methodologies for separation systems .......................................... 32 

2.1 Separation systems design and best practice operation ............................................. 32 

References ............................................................................................................................ 37 

2.2 Model-based methodology for analysis of operation of separation systems ............. 38 

References ............................................................................................................................ 47 

3 Selected Application Technologies and Areas ................................................................. 50 

3.1 Integration of reaction and separation ............................................................................ 50 

3.2 Energy-Efficient Separation Technologies .................................................................... 54 

3.3 Hybrid Separations ......................................................................................................... 59 

References ............................................................................................................................ 64 

4. Conclusions ...................................................................................................................... 66 

5. Acknowledgements and IETS Annex IX on Energy Efficient Separation Systems ........ 68 

 

 
  



 
 

2013 TECHNICAL REPORT: Annex IX Energy Efficient Separation Systems 3 

Executive summary 

Background  
Separation systems can represent 40-70 % of both capital and operating costs in industry. 
They also account for 45 % of all the process energy used by the chemical and petroleum 
refining industries every year. More efficient separation technologies and systems are critical 
factors for industries’ long-term sustainability; they reduce waste and greenhouse gas 
emissions, improve energy efficiency and increase throughput. This has led IETS to initiate 
the project Energy Efficient Separation Systems – Annex IX. 

The scope of the Annex IX activities reported in this technical reported is concerned with 
processes that use one or more forms of energy such as thermal, chemical or electrical to 
isolate and/or recombine selected constituents from an initial ensemble of materials or 
mixtures to produce a useful and improved end-product with an acceptable environmental 
footprint. In particular, the work scope of the annex is outlined in Table 1 , which includes 
separation techniques that employs the following principles: (a) separation by phase creation 
or addition, (b) separation by solid agent, (c) separation by force field or gradient. As 
industrial  applications, examples from the following sectors will be highlighted: chemical, 
petrochemical, oil refineries, food and pharmaceutical.  
 

Table 1 Defining the scope of Annex-IX: Separation technologies versus industry sector 
(x indicate which technology is included in the study) 

Industry sector  

separation technology↓ 

Chemical Petrochemical Oil  
refineries 

Food  Pharmac
eutical  

Separation by phase 
creation and/or 
addition (Distillation, 
flash, crystallization, 
extractive distillation,  
liquid-liquid extraction, 
azeotropic distillation, 
reactive distillation, 
absorption,  …)  

x x x x x 

Separation by solid 
agent (adsorption, ion-
exchange, …) 

x   x x 

Separation by field or 
gradient (centrifugation, 
electrodialysis, 
electrophoresis…) 

x   x x 
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1. Market overview and barriers for application 
Henrique Matos (ISP, Portugal), Il Moon 
The most important barrier to increased energy efficiency is probably a lack of information 
(on costs and availability of new technology) as regards separation systems. In this section, a 
state of the art in separation technologies and systems employed across a number of industrial 
sectors set out in the scope of the annex are reviewed from many angles to identify barriers 
and opportunities. To this end, a comprehensive literature review, market overview and 
industry survey is performed and the results are analyzed and discussed.  

1.1 Overview of energy use in segments of industries 
General overview 
According to the International Energy Outlook 2011, world energy consumption grows by 
53% from 2008 to 2035. This trend is mainly due to the economic growth and expanding 
populations in the developing countries (non-OECD nations) [1]. On Figure 1 is presented the 
world energy consumption of different sources by the main sectors, in 2011. 

 

 
Figure 1 – Primary energy consumption (quadrillion BTU) by source and sector, 2011 [2]. 

 
The industrial sector is the third largest consumer of energy (21% of the total energy 
consumed). Moreover, in this sector 89% of the energy consumed came from fossil fuels such 
as petroleum, natural gas and coal. Energy requirements may be not the same among different 
industrial sectors. The total energy consumed by some industrial sectors of interest is 
presented on Figure 2.  
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Figure 2 – Energy consumed per industrial sector, 2010 [3]. 

 
From the sectors reported, chemical and petrochemical is the sector with the highest energy 
requirements. In Europe the remaining sectors have the same energy needs, whereas North 
America reports high energy needs in paper, pulp and printing sector. In OECD Asia 
Oceania1 iron and steel sector is the largest energy consumer. 
 
Following this analysis, it is of interest to observe the forms of energy used to fulfil the needs 
of each industrial sector (Figure 3). 
 

 

Figure 3 – Forms of energy used per industrial sector, 2010 [3]. 

                                                      
1 OECD Asia Oceania includes the following countries: Japan, Korea, Israel, Australia and New Zealand. 
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From Figure 3, one may note that electricity and natural gas are the forms of energy widely 
used by all industrial sectors. Not surprisingly coal and peat is less used than these types of 
energy, probably due to the pollution associated to its combustion. Nevertheless, iron and 
steel sector consumes the largest quantity of this fossil fuel. 
Regarding the paper related sector, it is interesting to note that this sector incorporates a 
considerable amount of biofuels and waste in its energy needs. Besides, OECD Asia Oceania 
use renewable energy as part of their energy needs such as geothermal and solar (0,15 Mtoe). 
As expected, chemical and petrochemical sector is the one which consumes the higher 
quantity of oil products, as well the heat produced for its purpose. 
Each industrial sector accounts for an environmental impact. Currently, the extent of this 
impact is mainly addressed to CO2 emissions since they are indicative of their labor activity 
and energy consumed, regarding environmental quality. 

 

 
Figure 4 – Direct CO2 emissions in industry by sector, 2007 [4] 

Iron and steel, cement and chemicals account for 73% of total emissions in industry. CO2 
emissions reductions will be needed across all industry sectors [4]. 
Given this scenario, energy efficiency has become a desirable tool for achieving a sustainable 
energy future, because its implementation reduces energy consumption and has environmental 
benefits (e.g. reduction of greenhouse gases emissions) [5]. As a matter of fact, several 
opportunities of energy efficiency improvement can be found in industrial sector, where 
improved technology can be applied to the production system to reduce energy losses (thus 
energy costs). 

 

Barriers to Energy Efficiency Investment 
The development and deployment of more efficient industrial technologies and practices is 
impeded by a range of barriers that affect industries across the world [6]. Among the most 
significant barriers, the following are listed [7]: 

• Good Manufacturing Practices (GMP): Facilities with validated status to respect the 
principles of GMP are not flexible to process changes (e.g. pharmaceuticals subjected to FDA 
regulations).  
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• Production concerns: Sometimes energy costs are typically a small portion of total 
production costs, so other cost considerations related to production have greater importance. 

• Limited staff time: Very few facilities have a dedicated energy manager on staff, and 
all respondents indicate that their staff was spread thin. 

• Information: Industrial customer knowledge is mostly directed towards the big-ticket 
equipment that are the primary energy users, and the customers indicated that they did not feel 
like they were familiar with the utilities’ program offerings. 

• Cost effectiveness: The recent economic recession has had a significant impact on 
acceptable payback period for projects that are designed to save costs. 

• Environmental costs and concerns: Many industrial facilities must comply with 
stringent environmental regulations, but requirements to minimize air and waste emissions 
can require additional process energy use. 

• Proprietary technology: Proprietary technology and processes from certain 
companies can hamper information sharing of energy efficient opportunities. 
 
 

1.2 Separation systems & technologies in industry 
Separation processes are an important and fundamental activity for the chemical industry and 
involve the separation of a mixture of substances into two or more distinct components [7]. 
The separation process will exploit the differences in molecular, thermodynamic and transport 
properties of the species present in the feed mixture. Nowadays, there are several industrial 
techniques to accomplish the separation process, which can be grouped according to the 
classification shown below [8]. 
 
Separation by phase creation and addition 
Separation by phase creation involves the creation of a second phase (vapor, liquid or solid) 
that is immiscible with the feed phase. The creation is accomplished by energy transfer to (or 
from) the process or by pressure reduction. Another common technique is to introduce a 
second phase (i.e. phase addition) in the form of a solvent that has more affinity with some of 
the species in the feed mixture [8]. A brief description of some separation processes included 
in this group is presented below. 
 
Absorption/Stripping: In absorption components are transferred from the gas phase to the 
liquid phase. In stripping the reverse is true, where the transfer is from the liquid to the gas 
phase. The contact between the phases is done countercurrently in a column of trays or 
packings [9]. 
 
Structured packings are less common, but compared to trays, random packings have the 
advantages of availability in low-cost, corrosion-resistant materials (such as plastics and 
ceramics), low pressure drop, easy and economic adaptability to small-diameter (< 0.6 m) 
columns, and excellent handling of foams. Trays are much better for handling fouling 
applications, offer greater residence time for slow absorption reactions, can better handle high 
L/G ratios and intermediate cooling, give better liquid turndown, and are more robust and less 
prone to reliability issues such as those resulting from poor distribution [10]. 
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Some current applications for absorption are ammonia removal from air (using water), 
hydrogen sulfide removal from natural gas (with monodiethanolamine). Stripping applications 
include volatile organic compounds (VOC) removal from water (using air), benzene removal 
from water (using steam or natural gas), and so on [9]. 
 
Absorption and stripping processes operates continuously and have important applications in 
environment, like wastewater and polluted air treatment [9]. The energy required is mainly 
associated with the fluid circulation, provided by blowers and pumps (electrical energy). 
Nevertheless, in absorption heat effects can be an important factor, regarding the heat of 
solution or the heat of vaporization/condensation of the solvent. So, whenever necessary heat-
exchange equipment should be installed resulting in “extra” consumption of utilities [10]. 
 
Crystallization: In crystallization occurs the precipitation of the desired component(s), being 
simultaneous separated from the contaminants present in the feed mixture. Crystallization is 
essentially a purification step, and is carried out in many organic and almost inorganic 
chemical manufacturing plants where the desired product is a finely divided solid [8]. 
The mechanism involved in crystallization is the nucleation and growth of the molecules (or 
atoms), which then precipitate and form two phases corresponding to the final mother liquor 
and the crystal/solid [11]. Crystallization is particularly interesting when substances to be 
separated have large difference in melting points. 
  
Crystallizers should have a suitable sizing to obtain the proper product size. Several 
equipments are available to accomplish crystallization, such as forced-circulation, draft-tube, 
draft-tube-baffle, surface-cooled, direct-contact-refrigeration and Oslo crystallizers [11]. 
 
Crystallization is in general the last chemical purification step in the production of 
ingredients. Regarding crystallization applications, it should be noted that more than 80% of 
the substances used in pharmaceuticals, fine chemicals, agrochemicals, food and cosmetics 
are isolated or formulated in their solid form [12]. 
 
Crystallization process can be operated in continuous or batch mode. The energy required for 
this process is essentially thermal and electrical due to the need of lowering the solution 
temperature or evaporate the solution to re-concentrate itself. 
 
Distillation: Distillation is used to make 90-95% of all separations in chemical process 
industry. This is a column-type process that separates components of a liquid mixture by their 
different boiling points. Vapor and liquid phases flow countercurrently within the mass 
transfer zone of the column where trays or packings are used to maximize interfacial contact 
between the phases [9]. 
 
When the components to be separated have a high relative volatility (higher than 1,2), 
separation by distillation is easy and thus becomes the preferred separation process [9]. 
 
Distillation can operate in continuous or batch mode. The continuous mode is preferred when 
dealing with high flow rates (higher than 5000-10.000 lb/day) like in chemical and 
petrochemical industries, whereas batch mode is preferred for small amounts of product like 
in food and pharmaceutical industries [9].  
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Distillation is driven by the heat produced in the reboiler of distillation column, by using 
steam or another thermal fluid suitable for the application. For example, estimated reboiler 
energy can range from 235 kJ/kg (0,065 kWh/kg) for propylene/butane separation, to 31.585 
kJ/kg (8,77 kWh/kg) for ethylbenzene/p-xylene separation [9]. 
 
Distillation improvements have been made, giving rise to extractive distillation, reactive 
distillation and azeotropic distillation processes. In extractive distillation, a solvent is added 
to increase relative volatility of key components. Reactive distillation combines reaction and 
distillation in the same column. Azeotropic distillation (as the name implies) is used to 
separate mixtures forming an azeotrope by adding a solvent, which will form an azeotrope 
with the feed component(s) leaving behind component(s) which can be recovered in the pure 
state [9]. 
 
Drying: Drying operation is a multiphase mass transfer process which involves removal of a 
liquid from a solid by vaporization of the liquid. The only basic requirement for this operation 
is that the vapor pressure of the liquid to be evaporated has to be higher than its partial 
pressure in the gas stream, although design and operation of dryers represents a complex 
problem in heat transfer, fluid mechanics and mass transfer. Normally, to overcome the 
design problem of a typical dryer, representative wet sample material is sent to pilot-plant 
tests of one or more reliable manufacturers to purchase satisfactory equipment at the lowest 
cost [8]. 
 
Drying equipment can be classified according to the way that heat transfer is done. Therefore 
they can be classified as direct/convection dryers (hot gases for solids heating and vapor 
removal), indirect dryers (heat transferred by conduction) and miscellaneous dryers (e.g. 
infrared and dielectric dryers). Currently, depending on the purpose, there are several 
equipments available to accomplish the drying task, such as: rotary dryers, drum dryers, 
spray dryers, tunnel dryers, fluid beds, and so on [10]. 
 
Dryers can operate in continuous or batch mode, covering several industries applications such 
as chemical industry (e.g. paper and catalysts drying), food industry (several foodstuffs) and 
pharmaceutical industry (applied to several products) [10].  Energy required for this process 
can be in the form of electrical (blowers/fans, electrical heaters, belt conveyor) or thermal 
(steam, fuel combustion as source of heating). Minimizing the moisture content of the dryer 
feed (e.g. dewatering equipment) is crucial for reducing the energy consumption [10]. 
 
Evaporation: In evaporation occurs the volatilization of components present in a liquid to a 
gas caused by heat transfer [8]. Heat is required to raise the feed from its initial temperature to 
the boiling temperature, to provide the minimum thermodynamic energy to separate liquid 
solvent from the feed, and to vaporize the solvent [11]. 
 
Evaporators are grouped according to the heat transfer, such as: heating medium by tubular 
heating surfaces, heating medium confined by coils, jackets, etc and heating medium brought 
into direct contact with evaporating liquid. Available evaporators can be of the type: forced-
circulation, long-tube vertical, short-tube, horizontal-tube or falling film [11]. 
 
Evaporators are widely used in food, beverage and chemical industry, where the goal is to 
vaporize most of the water contained in the product of interest [13]. 
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Evaporation process can operate in continuous and batch mode. Energy required for 
evaporation is mainly thermal, due to the required heat that is provided by steam (or another 
thermal fluid suitable for the application). Multiple-effect evaporators can reduce steam 
consumption by reusing vaporized solvent [11].  
 
Extraction: In liquid-liquid extraction, components of a liquid mixture are separated based on 
their different solubilities in a solvent, where the species intended to be removed from the 
feed have more affinity with the solvent. The choice of the solvent is crucial because the feed 
mixture and solvent phases must be substancially immiscible [9]. 
 
During the separation process, two phases are generated corresponding to the extract and 
raffinate stream. The extract stream contains the solvent and the solute, whereas the raffinate 
stream contains the carrier and a small amount of remaining solute. The phase which is fed at 
the lowest rate is the dispersed phase (normally solvent), whereas the other phase is called the 
continuous phase [9]. 
 
Examples of extraction equipments include simple extractors (spray, sieve and packed 
columns) and mechanical extractors (mixer-settlers, reciprocating-plate column and 
centrifugal). Besides the extractor, the separation system must have another separation 
process (usually one distillation column) for recovery of solvent and subsequent recycling. It 
should be noted, if solvent has some degree of miscibility in the carrier, then a second 
separation equipment will be needed to recover solvent from raffinate [9]. 
 
Liquid-liquid extraction is able to operate in continuous or batch mode, and can offer energy 
savings since can be operated at low to moderate temperatures for recovery of thermally 
sensitive products in the food and pharmaceutical industries. A well known application is the 
extraction of caffeine from coffee beans with supercritical CO2 [9]. 
 
Energy requirements are both electrical and thermal, due to the pumping of liquids and the 
heat required in the distillation column for solvent recovery. Normally, the operating cost of 
an extractor is generally quite low, but the operating cost for a solvent recovery distillation 
tower can be quite high [10]. 
 
Liquid-liquid extraction is a more complex system than distillation, but it can sometimes offer 
advantages over distillation when components have low relative volatilities, exhibit 
azeotropes or the components are thermally sensitive [9]. 
 
Separation by barrier 
Separation by using a barrier restricts and/or enhances the movement of certain chemical 
species with respect to other species. The barriers used are microporous or nonporous 
membranes and they can lead to highly selective separations [8].  
 
In practice, membranes are contained in a vessel to form what is called a module. The stream 
passing through the membrane is called the permeate, and the stream retained by the 
membrane is called the retentate. The percentage of the feed stream which passes through the 
membrane is called the stage cut [9]. 
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The flow patterns in modules can be cocurrent, countercurrent and cross-flow type. Cross-
flow is less common than the other two flow patterns in almost separation processes, but it is 
the most common in membrane processes, since the permeate crossing the membrane at any 
point is immediately removed from any further contact with any other part of the membrane 
[9]. 
 
Configuration of membrane processes includes single-pass, batch, fed-batch, and 
continuousOver time, permeate flux decline by fouling mechanisms, plugging (i.e. static cake 
formation on the membrane surface), or polarization (fluid region of high component 
concentration) [10]. A brief description of some separation processes included in this group is 
presented below. 
 
Filtration: Filtration is the separation of a fluid-solids mixture involving passage of most of 
the fluid through a porous barrier which retains most of the solid particulates contained in the 
mixture. The filter is a piece of unit-operations equipment by which filtration is performed. 
The filter medium or septum is the barrier that lets the liquid pass while retaining most of the 
solids; it may be a screen, cloth, paper, or bed of solids. The liquid that passes through the 
filter medium is called the filtrate [10]. 
 
When solids are stopped at the surface of a filter medium and pile upon one another to form a 
cake of increasing thickness, the separation is called cake filtration. When solids are trapped 
within the pores or body of the medium, it is termed depth, filter-medium, or clarifying 
filtration [10]. 
 
The vast majority of all continuous filters use vacuum to provide the driving force for 
filtration. However, in some cases the use of pressure for the driving force may be required 
(e.g. feed slurry contains a highly volatile liquid phase) [10]. The objective of most 
continuous filters is to produce a dry or handleable cake. So, for any filter application to be 
practical, it must be possible to produce a cake thick enough to discharge. Therefore, a 
minimum acceptable cake thickness is required for discharge depending on the various types 
of filters [10]. 
 
Sometimes, filter aids are used to overcome problems related to slow filtration rate, rapid 
medium blinding, or unsatisfactory filtrate clarity arise. The two most popular commercial 
filter aids are diatomaceous earth (or diatomite) and expanded perlite [10]. Filters available 
for filtration process include the following types: drum, horizontal belt, horizontal table, 
tilting pan and disc [10]. 
 
Filtration process can operate in continuous and batch mode. Filter station cost will include 
the cost of filter itself and the cost of accessories dedicated to the filtration operation such as 
feed pumps, storage facilities, precoat tanks, vacuum systems (often a major cost factor for 
such cases) and compressed-air systems [10]. 
 
Microfiltration: Microfiltration (MF) separates particles from true solutions, be they liquid 
or gas phase. Alone among the membrane processes, microfiltration may be accomplished 
without the use of a membrane. The usual materials retained by a microfiltration membrane 
range in size from 0,2 to 10 µm. At the low end of this spectrum, very large soluble 
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macromolecules are retained by a microfilter. Among membrane processes, dead-end 
filtration is uniquely common to MF, but cross-flow configurations are often used [10]. 
 
Microfiltration is a mature field that has proliferated and subdivided. MF membranes can be 
produced in ceramic or polymeric material, and they may be classified according in those with 
tortuous pores or those with capillary pores. Tortuous-pore membranes are far more common, 
and are spongelike structures. The pore openings in MF are much larger than those in any 
other membrane [10]. 
 
Regarding MF modules they are available in plate-and-frame type devices, capillary bundles 
with tube-side feed, tubular membranes, spiral-wound and belt filters [10]. Some MF 
membranes applications include stream sterilization in pharmaceutical industry, fluids 
purification in semiconductor industry, concentration of fine solids and potable-water 
treatment (in large-scale) [9][10]. In large plants, microfiltration units can cost about $106 and 
considering an optimum cost scenario, energy consumption can be as much as 10 kWh/m3 
(using ceramic membranes) [10]. 
 
Nanofiltration: Nanofiltration (NF) is a process similar to reverse osmosis but it is less 
effective at removing dissolved solids[14]. NF processes employ pressure driving forces of 3 
to 105 bar to drive liquid solvents (primarily water) through membranes while retaining small 
solutes. Nanofiltration membranes (sometimes called low-pressure Reverse Osmosis) have 20 
to 80 % NaCl retention and can retain components in the size range from 9 to ~65 Å [10]. 
 
NF membranes are negatively charged and reject multivalent anions at a much higher level 
than monovalent anions, an effect described as Donnan exclusion. Nanofiltration membranes 
have MgSO4 retention and water permeability claims [10]. Nanofiltration have the same 
applications as reverse osmosis, like wastewater treatment, products concentration in food 
industry and pretreatmnet of boiler feed water [9][10]. 
 
The choice between nanofiltration and reverse osmosis (for the applications aforementioned) 
comes down to economics. Nanofilters require less pumping pressure but would require a 
greater percentage of the total flow compared to reverse osmosis systems (which require 
greater feed water pressure) but could be blended with the raw water due to the lower total 
dissolved solids (TDS) level of the reverse osmosis permeate [14]. 
 
Pervaporation: Pervaporation involves the use of a liquid feed to produce a vapor permeate 
and a liquid retentate. Vaporization occurs as the permeating species pass through the 
membrane. The feed is normally supplied at an elevated temperature (usually slightly > 110 
ºC) and at a pressure just above atmospheric. The permeate pressure is maintained at a 
vacuum well below atmospheric. The separation capability of the membrane can be amplified 
in some cases if the relative volatility of the primary permeating material is greater than one. 
The permeate side normally includes a condenser before the vacuum pump to recover the 
permeate as a liquid [9]. 
 
Pervaporation membranes are of two general types. Hydrophilic membranes are used to 
remove water from organic solutions, often from azeotropes. Hydrophobic membranes are 
used to remove organic compounds from water. Regarding operating characteristics, 
hydrophobic membranes (e.g. silicone rubber) are usually used where the solvent 
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concentration is lower or equal than 6% - above this value other separation methods are 
usually cheaper unless the flow rate is small. Hydrophilic membranes operate such that the 
upstream portion is usually swollen with water, while the downstream face is low in water 
concentration because it is being depleted by vaporization [10]. 
 
Almost every membrane module design have been used in pervaporation, but the more 
common modules are plate-and-frame (for large installations) and spiral-wound modules (for 
smaller plants). One unique requirement is for low hydraulic resistance on the permeate side, 
since permeate pressure is very low (0.1–1 Pa). The rule for near-vacuum operation is the 
bigger the channel, the better the transport. Another unique need is for heat input, since the 
heat of evaporation comes from the liquid, and intermediate heating is usually necessary 
(economic factor to be considerate) [10]. 
 
In industrial use pervaporation operates in continuous mode [10]. Pervaporation applications 
include alcohol dehydration (e.g. drying of isopropanol/water azeotrope), drying of organic 
liquids (flavors, fragrances, and essential oils) and aqueous-waste-stream cleanup (removal of 
relatively hydrophobic species) [9][10]. 
 
Reverse Osmosis: In reverse osmosis (RO) a solvent from a mixture (solute and solvent) is 
transported through a membrane into the other side containing only solvent, by imposing a 
pressure, higher than the osmotic pressure, on the feed side [8]. Osmosis by itself is a mixing 
process (and not a separation process), since the natural process (without applying an external 
pressure) is to the solutions equalize their chemical potentials by the transfer of the solvent 
through the membrane to the solute-containing side. 
 
RO membranes can retain components in the size range from 1 to ~12 Å, corresponding to the 
range of metal and salt ions.  Hence large-scale applications of RO is found in seawater 
desalination, but other applications can be found such as wastewater treatment (removal of 
dyes, virus, bacteria, etc), pretreatmnet of boiler feed water and concentration of products in 
food industry (milk, tomato, citrus and apple juice) [9][10]. 
 
RO modules are available in spiral, hollow fiber, tubular, and plate-frame formats. Although, 
spirals modules are the most used since they are compact, easy-to-use modules, have low 
feed-side pressure drops, are less prone to clogging and are easily cleaned, mechanically 
robust, and economical. The standard spiral module has an 8-in diameter, is 40 in long with 
about 30 m2 area [10]. The predominant RO membranes used in water applications include 
cellulose polymers, thin film composites (TFCs) consisting of aromatic polyamides, and 
crosslinked polyether urea [10]. Regarding energy consumption, RO can consume from 2.47 
kWh/m3 in softening applications to 9.16 kWh/m3 in seawater desalination [10]. 
 
Ultrafiltration: Ultrafiltration membrane processes (UF) employ pressure driving forces of 2 
to 10 bar to drive liquid solvents (primarily water) and small solutes through membranes. UF 
membranes can retain components in the size range from 1 to 100 nm [10]. UF membranes 
consist primarily of polymeric structures (polyethersulfone, regenerated cellulose, 
polysulfone, polyamide, polyacrylonitrile, or various fluoropolymers) formed by immersion 
casting on a web or as a composite on a microfiltration membrane. Some inorganic UF 
membranes (alumina, glass, zirconia) are available but they should only use in corrosive 
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applications due to their high cost. UF modules include cassettes, spirals, hollow fibers, tubes, 
flat sheets, and inorganic monoliths [10]. 
 
UF membranes are assigned a nominal molecular weight limit (NMWL) corresponding 
roughly to their ability to retain a solute of a particular molecular weight. While tight 
membranes provide high retention, they have corresponding low flow rates requiring greater 
membrane area to do the job. This leads to larger pumps with large holdup volumes and 
potential negative impact on product quality. A rule of thumb for selecting membrane NMWL 
is to take 0.2 to 0.3 of the solute molecular weight that is to be retained by the membrane 
(NMWL values should only be used as a very rough guide) [10]. 
 
UF membranes can be used for biopharmaceutical purification (proteins, viral/bacterial 
vaccines, nucleic acids), beverages clarification (wine, fruit juices), separation of oil-water 
emulsions and wastewater treatment (to reduce colloids and viruses) [10]. Important 
performance considerations for UF applications involve product purity and/or concentration, 
product yield, and cost/sizing for a given production rate [10]. 
 
Separation by solid agent 
Separation involving the addition of solid particles is another industrial technique, where the 
solid can adsorb selective the substance present in the feed mixture or simply by carrying the 
substance as an inert support. Normally, the solids used are in the form of a granular material 
or packing [8]. A brief description of some separation processes included in this group is 
presented below. 
 
Adsorption: When liquid or gas molecules are in contact with a solid surface there is a 
natural tendency for those molecules to collect (i.e. adsorb) as mono- or multilayer at that 
surface [9]. This phenomenon is called adsorption and its natural tendency can be easily 
interpreted considering that entropy of the molecules in the adsorbed state is lower than the 
entropy of the molecules in the gas or liquid phase (thus ∆S<0, which means spontaneous 
process). 
 
The adsorbed components in the solid surface are called adsorbates and that solid surface 
being part of microporous solid is called adsorbent. The adsorption becomes a separation 
process when the selective adsorption (of one or more desired components) is followed by 
regeneration. For this reason, the pair adsorbate-adsorbent should be selected to avoid weak 
adsorption (then little material will adsorb) or strong adsorption (whose desorption will be 
difficult) – Sabatier principle [9]. 
 
Adsorption process can be performed in three basic ways in order to influence the loading of 
an adsorbate on an adsorbent: temperature-swing adsorption (TSA), pressure-swing 
adsorption (PSA) and purge/concentration-swing adsorption. TSA process cycle is one in 
which desorption takes place at a temperature much higher than adsorption; the elevation of 
temperature is used to shift the adsorption equilibrium and affect regeneration of the 
adsorbent. A pressure-swing adsorption (PSA) process cycle is one in which desorption takes 
place at a pressure much lower than adsorption; reduction of pressure is used to shift the 
adsorption equilibrium and affect regeneration of the adsorbent. A purge/concentration-swing 
adsorption cycle is usually considered to be one in which desorption takes place at the same 
temperature and total pressure as adsorption. Desorption is accomplished either by partial 
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pressure reduction using an inert gas purge or by adsorbate displacement with another 
adsorbable component. Purge cycles operate adiabatically at nearly constant inlet temperature 
and require no heating or cooling steps [10]. 
 
When handling with bulk liquid separations in purge/concentration-swing adsorption 
processes, sometimes adsorbent bed cannot offer more than one bed volume of liquid, thus 
adsorbent circulation between an adsorbing zone and a regeneration zone would be required 
(in which adsorbent flows countercurrently with solvent). Since moving solids can cause 
several problems (namely particles attrition and equipment erosion), an innovative process 
which simulates the moving of solids came up: the simulated moving-bed [9]. This process 
has been commercialized by UOP (Sorbex technology) and the main concept is addressed to a 
rotary valve which shunts four streams to various points in the adsorbent bed in a 
programmed manner, changing the composition profile of components present in the liquid 
along the bed (i.e. gradient or adsorption wave front) like if the adsorbent and solvent were 
flowing countercurrently [9] [10]. 
 
Common adsorbents are available in inorganic and organic class materials with high surface 
area. Inorganic adsorbents include aluminas (200 to 400 m2/g), silicas (300 to 900 m2/g), 
zeolites (pore diameter as small as 3 Å), and organic adsorbents include activated carbon (300 
to 1500 m2/g) and polymeric adsorbents (5 to 800 m2/g)[15]. 
 
Adsorption processes cover a several range of applications related to gases and liquids 
purifications, such as desiccation using inorganic adsorbents, removing oxygen or nitrogen 
from air by PSA, aliphatic hydrocarbons separation (e.g. n- and iso-parafins) and aromatic 
hydrocarbons separation (p-xylene and o/m-xylenes) [10]. 
 
Adsorption process is more easy to carry than distillation (and thus more advantageous) when 
selectivity components (gas-phase and adsorbed-phase system) is greater than 2 for PSA, or 
greater than 5 for TSA separation [9]. Basic adsorption processes in fixed-bed columns are by 
itself batch operations, but industrial adsorption can be carried in a continuous way by having 
a pair of columns performing adsorption and regeneration steps in an alternate way. Energy 
requirements in adsorption operation are primarily thermal (either for heating or restoring 
cooled adsorbent bed) and electrical (auxiliary equipment such as blowers and pumps for 
pressurized or vacuum systems). 
 
However, some continuous countercurrent and cross-flows systems are available, but operates 
at more severe conditions. Regarding cross-flow systems, three implementations of moving-
bed adsorption can be provided in panel beds, adsorbent wheels or rotating annular beds [10]. 
Pressure drop associated with the fixed-bed column is a crucial factor, since operating costs 
(or utility costs) are directly proportional with the increasing pressure drop experienced by 
liquid/gas stream through that bed [10]. 
 
Chromatography: Chromatography is a sorptive separation process where a portion of a 
solute mixture (feed) is introduced at the inlet of a column containing a selective adsorbent 
(stationary phase) and separated over the length of the column by the action of a carrier fluid 
(mobile phase) that is continually supplied to the column following introduction of the feed 
[10].  
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The mobile phase is generally free of the feed components, but may contain various other 
species introduced to modulate the chromatographic separation. The separation occurs as a 
result of the different partitioning of the feed solutes between the stationary phase; the 
separated solutes are recovered at different times in the effluent from the column [10].  
 
Chromatography is used both in analysis of mixtures and in preparative and process-scale 
applications. It can be used for both trace-level and for bulk separations both in the gas and 
the liquid phase [10]. 
 
Ion Exchange: Ion exchange usually occurs throughout a polymeric solid, the solid being of 
gel-type, which dissolves some fluid-phase solvent. In ion exchange, ions of positive charge 
(cations) and negative charge (anions) from the fluid (usually an aqueous solution) replace 
dissimilar ions of the same charge initially in the solid [10]. 
 
The ion exchanger contains permanently bound functional groups of opposite charge-type. 
Cation-exchange resins generally contain bound sulfonic acid groups (or other types). Anionic 
resins involve quaternary ammonium groups (strongly basic) or other amino groups (weakly 
basic). Most ion exchangers in large-scale use are based on synthetic resins, either preformed 
and then chemically reacted, as for polystyrene, or formed from active monomers (olefinic 
acids, amines, or phenols). Natural zeolites were the first ion exchangers, and both natural and 
synthetic zeolites are in use today [10]. 
 
Polymer-based, synthetic ion-exchangers known as resins are available commercially in gel 
type or truly porous forms. Gel-type resins are not porous in the usual sense of the word, since 
their structure depends upon swelling in the solvent in which they are immersed. Truly porous 
forms retain their porosity even after removal of the solvent and have measurable surface 
areas and pore size [10]. 
 
A typical fixed-bed ion exchanger consists of a vertical cylindrical vessel of lined steel or 
stainless steel. The resin bed, consisting of 1m or more of ion-exchange particles, is supported 
by the screen of the bottom distributor. Externally, the unit is provided with a valve manifold 
to permit downflow loading, upflow backwash, regeneration, and rinsing. For deionization, a 
two exchanger assembly comprising a cation and an anion exchanger, is a common 
configuration [10]. Ion exchange applications comprises water softening, deionization, rare 
earth separations, and recovery/separation of pharmaceuticals (e.g. amino acids, proteins) 
[10]. 
 
For larger-scale applications, a number of continuous or semicontinuous ion exchange units 
are available. Ion exchange can handle high feed flow rates, such as 1590 m3/h for treating 
uranium-bearing copper leach liquor in columns with 3.7 m in diameter [10]. Energy 
requirements are related with liquid pumping, so electrical energy is the mainly form used. 
 
Separation by force field or gradient 
Sometimes, certain operations are conducted by the application of external fields or gradients. 
The applied field can be centrifugal or electrical force, whereas the applied gradient can be 
thermal [8]. A brief description of some separation processes included in this group is 
presented below. 
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Centrifugation: Centrifugation is a process that involves the use of the centrifugal force for 
the sedimentation of mixtures with a centrifuge. Under centrifugal force, the solid phase 
assumed to be denser than the liquid phase settles out to the bowl wall (i.e. sedimentation). 
Concurrently, the lighter, more buoyant liquid phase is displaced toward the smaller diameter 
(i.e. flotation) [10].  
 
Centrifuges for the separation of solids from liquids are of two general types: sedimentation 
centrifuges, which require a difference in density between the two or three phases present 
(solid-liquid, liquid-liquid, liquid-liquid-solid or solid-liquid-solid), and filtering centrifuges 
(for solid-liquid separation), in which the solid phase is retained by the filter medium through 
which the liquid phase is free to pass [10]. 
 
In a sedimenting centrifuge, the separation can be in the form of clarification, wherein solids 
are separated from the liquid phase in which clarity of the liquid phase is of prime concern. 
Separation can also be in the form of classification and degritting at which separation is 
effected by means of particle size and density. Typically, the finer solids are separated in the 
centrate stream as product, whereas the larger and/or denser solids are captured in cake as 
reject. Furthermore, separation can be in the form of thickening, where solids settle under 
centrifugal force to form a stream with concentrated solids. In dewatering or deliquoring, the 
objective is to produce dry cake with high solids consistency by centrifugation [10]. 
 
In a filtering centrifuge, separating solids from liquid does not require a density difference 
between the two phases. The solids are retained by the filter medium, while the liquid flows 
through the cake solids and the filter [10]. Sedimentation is usually at a much more rapid rate 
compared to filtration. In both cases, the solid and liquid phases move toward the bowl under 
centrifugal force [10].  
 
Centrifuges have a rotor type, which geometry and type may vary whether if it is a 
sedimenting centrifuge (tubular, disc, scroll conveyor) or a filtering centrifuge (conical or 
cylindrical screen) [10]. The use of centrifuges covers a broad range of applications, involving 
the following industries: food, beverage including dairy, chemical, pharmaceutical, oil, edible 
oil, industrial and municipal wastewater. Some representative examples are coal dewatering, 
classification of kaolin clay particles, washing of terephthalic acid crystals, dewaxing of lube 
oils, biological sludge dewatering in WWTP, and so on [10]. 
 
Indeed, centrifugation can perform separation handling with solids from a size range of lower 
than 10µm (e.g. fine CaCO3 particles) to 1,3 cm (e.g. coarse coal) [10]. Centrifugation can 
operate in continuous or batch mode. Energy requirements associated with this operation unit 
are essentially electrical due to the motor/gear equipments, which power consumption can be 
as high as 171 kWh/dry ton [16]. 
 
Cyclone: The most widely used type of dust collection equipment is the cyclone, in which 
dust-laden gas enters a cylindrical or conical chamber tangentially at one or more points and 
leaves through a central opening. The dust particles, by virtue of their inertia, will tend to 
move toward the outside separator wall, from which they are led into a receiver. A cyclone is 
essentially a settling chamber in which gravitational acceleration is replaced by centrifugal 
acceleration. At operating conditions commonly employed, the centrifugal separating force or 
acceleration may range from 5 times gravity in very large diameter, low-resistance cyclones, 
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to 2500 times gravity in very small, high-resistance units. The immediate entrance to a 
cyclone is usually rectangular. 
 
Simple cyclones are available in a wide variety of shapes ranging from long, slender units to 
short, large-diameter units. The body may be conical or cylindrical, and entrances may be 
involute or tangential, and round or rectangular.  In addition to the conventional reverse-flow 
cyclones, some use is made of uniflow, or straight-through, cyclones, in which the gas and 
solids discharge at the same end. Most processes operate at high temperatures and/or high 
pressures. 
 
Cyclones can collect solids over a wide range of loadings. At ambient conditions, cyclones 
have been operated at solids loadings as low as 0.02 kg/m3 (0.0125 kgs/kgg) and as high as 64 
kg/m3 (50 kgs/kgg) or more. In general, cyclone efficiency increases with increasing solids 
loading. This is simply because at higher loadings, very fine particles are trapped in the 
interstices of the larger particles, and this entrapment increases the collection efficiency of the 
small particles. Even though collection efficiencies are increased with increased loading, 
cyclone loss rates are also increased as loading is increased. This is so because the cyclone 
efficiency increase is almost always less than the increase in the solids loading. 
 
Cyclone applications cover important industrial areas, such as emission control and air 
dedusting for coal and fuel oil boilers, steel and ferrous alloys, clinker cooler air dedusting, 
pyrolysis, incineration and gasification, calcinations processes, glass and ceramic furnaces, 
and high temperature separation processes. Also cyclones are widely used to recover powder 
of pharmaceutical ingredients, chemicals, food ingredients, nanoparticles, minerals, fertilizers, 
catalysts, and in milling and drying processes [17]. 
 
Cyclones operate in continuous mode. Mainly auxiliary equipments of cyclones are fans and 
blowers which are crucial to assure the required inlet pressure and gas velocity. Therefore, 
operating costs are related with the power consumption by those equipments. 
 
Electrodialysis: Electrodialysis (ED) is a membrane separation process in which ionic 
species are separated from water, macrosolutes, and all uncharged solutes, by applying an 
electrical potential (i.e. external field). Ions are induced to move by an electrical potential, and 
separation is facilitated by ion-exchange membranes. Membranes are highly selective, passing 
either anions or cations and very little else [10]. 
 
The feed solution containing ions enters a compartment whose walls are a cation-exchange 
and an anion-exchange membrane. If the anion-exchange membrane is in the direction of the 
anode, anions may pass through that membrane in response to an electrical potential. The 
cations can likewise move toward the cathode. When the ions arrive in the adjacent 
compartments, their further progress toward the electrodes is prevented by a membrane 
having the same electrical charge as the ion. The two feed compartments to the left and right 
of the central compartment are concentrate compartments. Ions entering these two 
compartments, either in the feed or by passing through a membrane, are retained, either by a 
same-charged membrane or by the electromotive force (EMF) driving the operation. The feed 
solution leaving its compartment is called the diluate [10]. 
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Cation-exchange membranes are made from polystyrene copolymerized with divinylbenzene 
and then sulfonated. Anion-exchange membranes are quaternary amines carried in 
polystyrene-divinylbenzene polymers (besides amines, other positive groups like P and S can 
be used) [10]. 
 
Two basic operating modes for ED are used in large-scale installations. Unidirectional 
operation is the mode described above in the general explanation of the process, in which the 
electrodes maintain their polarity and the ions always move in a constant direction. ED 
reversal is an intermittent process in which the polarity in the stack is reversed periodically 
(several minutes to several hours). When the polarity is reversed, the identity of compartments 
is also reversed, and diluate compartments become concentrate compartments and vice versa 
[10]. 
 
As seen in barrier-type separations, polarization of concentration can also occur in ED due to 
higher transport number of counter-ions in the membrane rather than in the solution (causing 
high concentration of ions at the membrane surface. Furthermore, another phenomena can 
occur when the concentration in the diluate becomes so small, that there are insufficient ions 
to carry additional current, so the cell reaches the limiting current (i.e. limiting current 
density). Forcing a higher voltage will cause water dissociation, giving rise to a dramatic 
increase in pH due to OH− ions emerging from the anion-exchange membrane [10]. 
 
Electrodialysis applications include desalination of brackish water, production of ultrapure 
water, electrocoating of automobile bodies and resolution of salts into acids and bases (bipolar 
membranes) [9]. Electrodialysis can be operated both in continuous mode (one feed-passage 
through a sufficient number of stacks) or in batch mode (by re-circulating diluate and/or 
concentrate). 
 
A very large electrodialysis plant would produce 0,500 m3/s of desalted water. Furthermore, a 
rule of thumb for a modern ED stack is that the pumping energy is roughly 0.5 kWh/m3, 
about the same as is required to remove 1,7 g/dm3 dissolved salts [10]. 
 
Screening: Screening is the separation of a mixture of various sizes of grains into two or 
more classes by means of a screening surface, the screening surface acting as a multiple go-
no-go gauge and the final portions consisting of grains of more uniform size than those of the 
original mixture. Material that remains on a given screening surface is the oversize or plus 
material, material passing through the screening surface is the undersize or minus material, 
and material passing one screening surface and retained on a subsequent surface is the 
intermediate material [11]. 
 
In screening field there are concepts frequently used; Mesh is referred to wire cloth, which is 
the number of openings per linear inch counting from the center of any wire to a certain 
distant point. Aperture designates the minimum clear space between the edges of the opening 
in the screening surface. Open area is the percentage of actual openings versus total screen 
area. Particle-size distribution is the relative percentage (by weight) of grains of each of the 
different size fractions represented in the sample. Sieve scale is a series of testing sieves 
having openings in a fixed succession (e.g. Tyler standard scale – successive openings have a 
constant ratio of √2) [11]. The screening surface may consist of woven-wire, silk, or plastic 
cloth, perforated or punched plate, grizzly bars, or wedge wire sections [11]. 
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Screening machines may be divided into five main classes: grizzlies, revolving screens, 
shaking screens, vibrating screens, and oscillating screens. Grizzlies are used primarily for 
scalping at 0,05 m (2 in) and coarser, while revolving screens and shaking screens are 
generally used for separations above 0,013 m (1/2 in). Vibrating screens cover this coarse 
range and also down into the fine meshes. Oscillating screens are confined in general to the 
finer meshes below 4 mesh [11]. 
 
Screening operations are essential for several industries such as in mining and mineral 
processing (sand, roofing granules, limestone, soda ash and salt), agriculture (fertilizers), 
pharmaceutical, food (sugar, flour, milk powder, coffee, etc), plastics (several plastic pellets), 
and recycling (PET, drywall scrap, ground rubber) [18]. 
 
Industrial screeners operates in continuous mode. Since screeners are mechanical equipments, 
energy requirements are (primarily) electrical in order to perform vibration and/or rotation to 
achieve the separation by particle size. 
 



1.3 Main market overview of separation systems 
Some manufacturers, vendors and suppliers of several equipment’s to perform separation processes are provided in Table 2. 
 

Table 2 – List of manufacturers, vendor and suppliers of several separation equipments. 

Separation Equipment Manufacturer/Vendor/Supplier Country Capacity/Size Website 

Distillation columns 
 

J.D. Cousins, Inc. USA Columns up to 
12' Diameter http://www.jdcousins.com/about.html 

Artisan Industries Inc. USA Columns from 3' 
to 84' diameter http://www.artisanind.com/ps/equipment/dualflo_features.html 

Kalina Engineering Private 
Limited India Columns from 5' 

to 39' diameter 
http://www.chemicalequipmentindia.com/distillation-
column.html#mild-steel-columns 

CARL Germany NA http://www.brewing-distilling.com/page2/ccarl-stills.html 
GEA Wiegand GmbH Germany A http://www.gea-

wiegand.com/geawiegand/cmsdoc.nsf/WebDoc/ndkw73fbtp 

Evaporators 

Anhydro Denmark A http://www.spx.com/en/anhydro/pc-evaporators/ 

Buflovak LLC USA NA http://www.buflovak.com/DistillationEvaporation 

ENCON Evaporators USA 8 to 400 gal/hr http://www.evaporator.com/thermal-evaporator 
Comp. Engineering and Exports India NA http://www.compevaporators.com/falling-film-evaporators.html 

Absorbers 

Boardman LLC USA Columns up to 
16' Diameter 

http://boardmaninc.rtrk.com/?scid=1891380&rl_alt=http%253A
%252F%252Fwww.boardmaninc.com&rl_path=/trayed-
towers.html 

Kennedy Tank & Manufacturing 
Co., Inc. USA 

Columns up to 
14 ft diameter 

and 200 ft length 
http://tanks.kennedytank.com/item/all-categories/asme-
columns/item-1004?&forward=1 

Laxmi Scientific Works India NA http://www.indiamart.com/laxmi-scientific-
works/profile.html#product-portfolio 

Dryers 
FARCK Italy A http://www.farck.com/uk/torri-spray.php 

Boardman LLC USA 
Columns up to 

16' diameter and 
100' length 

http://boardmaninc.rtrk.com/?scid=1891380&rl_alt=http%253A
%252F%252Fwww.boardmaninc.com&rl_path=/trayed-
towers.html 
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Simon Dryers England NA http://www.simon-dryers.co.uk/machines.html 

Extractors 
Spintek Filtration Inc USA Flow rates up to 

750 m3/hr http://www.spintek.com/solvent-extraction.html 
Koch Modular Process Systems, 

LLC USA Highest capacity 
of 30-60 m3/m2hr http://www.liquid-extraction.com/extraction-columns.htm 

Crystallizers 
Omniatex Italy NA http://www.omniatex.com/gb/imp_cris/imp_cris_principale.html 

GE Water & Process 
Technologies Worldwide A http://www.gewater.com/products/equipment/thermal_evaporativ

e/crystallization.jsp 
GEA Process Engineering S.p.A. Italy A http://www.gea-pe.it/gpeit/cmsdoc.nsf/webdoc/webb86pkje 

Adsorption columns 
Novasep France NA http://www.novasep.com/technologies/Adsorption.asp 

Air Products and Chemicals, Inc. Worldwide A http://www.airproducts.co.uk/Gas_Generation/pdf/N2_PSA.pdf 
Munters New Zealand NA http://www.munters.com/en/nz/products--services/Air-

Treatment-Division/ 

Adsorbents 

Haycarb PLC Sri Lanka 10-20 grades of 
activated coal http://www.haycarb.com/products/products 

Datong Green Source CO.,LTD. China Activated carbon http://www.cngreensource.com/products.asp 

Grace Worldwide 
Zeolite and 
silica-based 
adsorbents 

http://www.grace.com/EngineeredMaterials/MaterialSciences/De
fault.aspx 

Chromatography 
Columns 

Agilent Technologies Worldwide A http://www.home.agilent.com/agilent/home.jspx?cc=US&lc=eng 

Siemens Worldwide A 
http://www.automation.siemens.com/mcms/industrial-
maintenance/en/diagnostics-process-
instrumentation_analytics/process-gas-
chromatography/pages/default.aspx 

Avantor Performance Materials USA NA 
http://www.avantormaterials.com/Laboratory-
Europe/Products/Europe-Chroma-Columns-Media-and-
Consumables.aspx 

Ion Exchangers 
CalgonCarbon USA A http://www.calgoncarbon.com/products/ion_exchange_technolog

ies/continuous_ion_exchange_systems 
REMCO Engineering USA A http://www.remco.com/ixidx.htm 

Berkefeld Germany NA http://www.berkefeld.com/en/Product/ 
Ion Exchange resins Aldex Chemical Company, Ltd Canada Cation exchange http://www.aldexchemical.com/products/ 
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resins 
Resintech, Inc USA Several exchange 

resins types http://www.resintech.com/products/Products.aspx?qPrntCatId=1 

Membranes (Reverse 
Osmosis, nanofiltration, 

microfiltration and 
ultrafiltrarion) 

Spintek Filtration Inc USA 
6 elements of 

tubular systems 
up to 2100 gal/hr 

http://www.spintek.com/membrane-filtration.html 

Alfa Laval Sweden A http://www.alfalaval.com/solution-
finder/products/pages/default.aspx?type=ProductCategory 

Berkefeld Germany NA http://www.berkefeld.com/en/Product/ 
Permeare Italy NA http://www.permeare.com/index.php?option=com_content&view

=article&id=5&lang=english 
Pentair X-Flow 's The Netherlands A http://www.x-flow.com/EngineeredProducts.aspx 
GEA Filtration USA A http://www.geafiltration.com/technology/membrane_types.asp 

Pervaporation 

IBMEM - Ing.-Büro für 
Membrantechnik Germany NA http://www.pervaporation.de/ 

ECN The Netherlands NA http://www.hybsi.com/products-services/ 
PERVATECH The Netherlands A http://www.pervaporation-membranes.com/Pervaporation-

Module-Program.html 

Filtration Donaldson Worldwide NA http://www.emea.donaldson.com/en/contactus/index.html 
Della Toffola Italy NA http://www.azharco.com/companies/DF.html 

Cyclones 
Camfil Worldwide A http://www.farrapc.com/products/cyclone/ 

Rees-Memphis, Inc. USA A http://www.reesmemphis.com/material_and_air_handling_equip
ment/cyclone_separators.aspx 

Lorenz Canada NA http://www.lorenz.ca/2011-08-09-18-51-33/cyclones 

Screeners 

Paul O. Abbe USA 9 to 3,000 gallon http://www.pauloabbe.com/size-reduction/ceramic-lined-ball-
mills 

Cosmos Construction 
Machineries 

and Equipments Pvt. ltd 
India A http://www.cosmosconstructionequipment.com/screening.html 

ROTEX UK A http://www.rotexscreeners.co.uk/screeners_separators.html 

Centrifuges Rousselet Robatel France A http://www.robatel.com/products/food.php 
Kine-Spin USA A http://www.kinespin-barrett.com/ 
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Legend: 
NA - Not Available 
A - Available information on website for several applications and/or systems

Flottweg Worldwide A http://www.flottweg.de/global/home/home.html 

Electrodialysis 
equipment 

GE Water & Process 
Technologies Worldwide A http://www.gewater.com/products/equipment/ed_edr_edi/edr.jsp 
MEGA a.s. Czech Republic A http://www.mega.cz/electrodialysis.html 

EET Corporation USA A http://www.eetcorp.com/lts/heednew.htm 
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1.4 Application cases in industrial sectors 
 
A mini survey of separation technologies by industrial sectors 
A survey was been implemented online (also a printout version in appendix to this report) 
and it was open to the industrial community during several months. Unfortunately a very 
short amount of answers were received, as a total of eleven due to perceived confidentiality 
issues by the industrial sectors. The following distribution by sector is received: Four from 
Chemical, two from Food, one from Pharmaceutical, one from Petrochemical and three not 
specified. 
 
Due to a scarcity of responses, analysis of this survey was done using a simple data 
organization  and interpretation as follows: 

1.  Energy Source usage (in relative %) in each identified sector 
2.  Separation Technology usage (in relative %) in each identified sector 
3.  Separation Technology usage frequency (in number of times mentioned) in all 

answers 
The data obtained for the Energy Source usage (in relative %) in each identified sector it 
could be show in Figure 5.  
 

 
Figure 5 – Relative Energy Source usage from the Survey by identified sector 

 
Even inside of the Chemical sector a large spread in the types of primary energy is observed. 
For the Separation Technology usage (in relative %) in each identified sector the data were 
organized in Figure 6. 
 

http://iets.formees.com/f/annex9
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Figure 6 – Share of  Separation Tecnhology usage from the Survey by identified sector 

D- Distillation; EX- Extraction; DR- Drying; ST- Stripping;  IE- Ion Exchange; ED- 
Electrodialysis; EV- Evaporation; PV- Pervaporation; CH- Chromatography; RO- Reverse 
Osmosis ; SC- Scrubbing; CR- Crystallization; UF- Ultrafiltration; AB- Absorption; NF- 
Nanofiltration; CY- Cyclone; AD- Adsorption; GS- Gravity Settling; C- Centrifugation 
 
The main separation technologies observed for this set of data are the Distillation and 
Evaporation, Crystallization is also an important one. 
For the Separation Technology usage frequency (in number of times mentioned) in all 
answers the data were organized in Figure 7, that shows the relative importance of each 
Technology. 
 

 
Figure 7 –  Separation Technology usage frequency obtained from the Survey  
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 Open source information on some separation technologies used in industry 
Some application cases of industrial sectors are available as open source information (e.g. 
internet). The following examples are worthwhile to see how some separation processes offer 
attractive solutions regarding energy consumption and ecological footprint. 

 
Case 1: Company: Metso, Separation Process: Distillation, Website Reference: [19] 
Description: Crude feed enters to the distillation column at 2-5 bars and about 380 °C. Light 
vapors rise to the top of the column and heavier liquid hydrocarbons fall to the bottom. 
Hydrocarbon fractions are drawn from the tower according to the specific boiling 
temperatures. Stripping steam at the column bottom improves the separation of lighter boiling 
components. The vapors are condensed at the overhead cooling and recycled back to the 
column as reflux. Circulating reflu (pumparound) and side stripping with steam improve the 
separation of different fractions. Column bottom heavy residue is sent to vacuum unit to 
recover more distillates. 
 
The capacity of the presented crude distillation is 200 000 bbl/day (~10 million tons/year) 
with fuel consumption of about 10 000 MMBtu/day. 
 
Case 2: Company: Chevron Phillips Chemical Company LP (Cedar Bayou Plant), 
Separation Process: Pressure-swing adsorption (PSA), Website Reference: [20] 
Description: A new polyethylene plant was constructed in 2003, with the capacity to produce 
320,000 metric tons per year (MTA). The Polyethylene Unit incorporates a combined partial 
condensation and pressure swing adsorption (PSA) recovery process that will enable the 
complete recovery and reuse of nitrogen gas, which is used to remove hydrocarbons from the 
polyethylene. Hydrocarbons, such as unreacted monomer, additives, and solvents, are 
recovered and recycled back into the polymerization process. Integration of this recovery 
system into the Polyethylene Unit provides substantial cost savings and eliminates the 
emissions associated with partial or no recovery of the hydrocarbons and nitrogen gas. 
 

Table 3 – Annual cost of degassion, and degassing emissions 
Annual Cost of Degassing 

 No Recovery Incomplete Recovery Recovery System with 
PSA 

Lost Propylene ($1.000) 2.034 610 0 
Purchased N2 ($1.000) 366 363 2 
Electric Power ($1.000) 0 136 256 
Cost per Metric Ton 
Polypropylene ($) 9,60 6,64 1,03 

Degassing Emissions 

 No Recovery Incomplete Recovery Recovery System with 
PSA 

CO2 (Metric Tons per Year) 13.930 12.970 0 
NOx (Metric Tons per Year) 5,6 6,2 0 
CO (Metric Tons per Year) 47,9 53,2 0 
VOC (Metric Tons per Year) 45 13,5 0 

 
The recovery process enables essentially 100% recovery of both the nitrogen and 
hydrocarbons. Emissions generate through flaring of the vent gas stream are eliminated, and 
nitrogen and hydrocarbons are recovered separately for reuse. This translates into significant 
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cost savings and reduced environmental impacts. The only additional utilities required by the 
recovery process are cooling water and electric power for the compressor. 
 
In this plant the recovery system with PSA technology is projected to recover nitrogen and 
hydrocarbons worth more than $18 million annually. By integrating the recovery system the 
company both minimized emissions and facilitated the permitting process with the state 
environmental agency. It is estimated that the permitted emissions from the plant were 
reduced by 3,750 metric tons of CO2, 1.7 metric tons of NOx, 15 metric tons of CO, and 20 
metric tons of VOC annually. Summarized information is provided in Table 2. 
 
Case 3: Company: North & South Sinai Company for Water and Wastewater (Nuweiba - 
Egypt), Separation Process: Reverse Osmosis, Website Reference: [21] 
 
Description: A desalination plant was installed in Nuweiba city, and it started the actual 
production on August 2001. The saline water (44 gNaCl / kg saline water) is supplied from 8 
beach wells near the coast of Aqaba Gulf. The plant consists of 5 units, each having a 
capacity of 1000 m3/day. 
This plant contains five main systems: intake, raw water pre-treatment unit, RO membrane 
units and post-treatment system. The plant have a pressure-exchanger (PX), which is an 
isobaric energy recovery device that transfers pressure from the membrane reject stream to a 
seawater membrane feed stream with extremely high efficiency. In Table 4 is summarized the 
information related to the power consumption. 

Table 4– Power Consumption 

Pump Without PX With PX 
kW kWh/m3 kW kWh/m3 

Sea Water Pump  18  0.432  18  0.432  
Filter Pump  18  0.432  18  0.432  
Additive Pump  1  0.024  1  0.024  
Product Pump  3  0.072  3  0.072  
RO H.P. Pump  285  6.84  84.85  2.036  
Circulation Pump  -  -  8.5  0.204  
Total - 7,80 - 3,20 

 
The pressure required to operate Nuweiba RO plant is 60-70 bar, and it is done by using a 
high-pressure pump (315 kW). The following results were possible to collect from the 
operation of the unit: 

- The productivity increases from 7,2 to 124,8% corresponding to an increase in the 
feed pressure from 41,37 to 72,4 bar respectively; 

- The productivity increases from 74,4 to 112,8% corresponding to an increase in the 
feed temperature from 10 to 32°C respectively; 

- The product salinity decreases from 1500 to 300 ppm corresponding to an increase in 
the feed pressure from 41,37 to 72,4 bar respectively; 

- The plant productivity decreases from 120 to 100,8% as the feed water salinity 
increases from 15 to 45 gNaCl / kg saline water respectively. 

-  
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2.  Design and operation methodologies for separation systems 
This task aims to extend/combine previously developed methods and tools to address 
advanced separation systems design, control, and retrofit and provide guidelines for design 
and retrofitting of separation systems identified in Table 1.  
 
2.1 Separation systems design and best practice operation   
Henrique Matos (ISP, Portugal) 
Experience-based rules of chemical engineering are useful guides for equipment design, or 
even for operation good practices. They should not be seen as “truths maximum” but will 
help saving hours of analysis. 
The purpose of this section is to mention some important rules of thumb related to separation 
processes, avoiding being overly extensive since information on this field is well 
documented. 
Rule of thumbs for equipment design 
Distillation and gas absorption: 

1.  For quick estimates, a relative volatility can be estimated as follows: 
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where: K - the equilibrium vaporization constant; yi – mole fraction of component i in the 
vapor phase; xi – mole fraction of component i in the liquid [22]. 

2. A shortcut design of minimum reflux of distillation column is given by the following 
relationship (assuming flash separation of feed into vapor and liquid): 
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where: d – portion of the overhead product composition; r – portion of the flash liquid 
composition; a – fraction high volatile component in overhead specification; b - fraction high 
volatile component in flash vapor; c - fraction high volatile component in flash liquid [22]. 

3. The economically optimum reflux ratio is about 1,2 times the minimum ratio [23]. 
4. Minimum theoretical stages at total reflux (Nm) can be estimated by the Fenske 

method: 
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where: B – bottom; D – distillate; HK – heavy key; LK – light key; XHK – mol fraction of 
heavy key component; XLK – mol fraction of light key component; αLK/HK – relative volatility 
of light component vs the heavy key component [22]. 

5. For a rough estimate of global efficiency of distillation column (EG), the O’Connel 
correlation can be used: 

( ) 245,0
/

06,9

FHKLK
GE

µα
=     (4) 

where: αLK/HK – relative volatility of light component vs the heavy key component; µF – feed 
viscosity (Pa.s). 

6. The most common types of reboilers are forced circulation, natural circulation, 
vertical thermosyphon, horizontal thermosyphon, kettle (i.e. flooded bundle) and 
recirculating – baffled bottom [22]. 

7. Packed columns are gaining ground on trayed columns. A properly designed packed 
tower can have 20-40% more capacity than a trayed tower with an equal number of 
fractionation stages. Structured packings are being applied in high-pressure distillation [22]. 

8. For simple applications use Pall Rings for studies as a “tried and true” packing (give 
conservative results) [22]. 

9. The flood pressure drop (Pflood), for random or structure packings, is given by: 

 
7,0115,0 FPflood =      (5) 

where F is the packing factor [22]. 

10. Mass-transfer efficiency (HETP – height equivalent to a theoretical plate) of some 
type of packings are: trays (24-48 in), random packing (18-60 in) and structured packings (4-
30 in) [22]. 

11. The optimum value of the Kremser-Brown absorption factor is 1,25-2,0 [23]. 
12. Limit tower height to about 175 ft because of wind load and foundation considerations 

[23]. 

Drying of solids: 
 

1. Drying times range from a few seconds, in spray dryers, to one hour or less, in rotary 
dryers, and up to several hours (or even days) in tunnel-shelf or belt units [23]. 

2. Continuous tray or belt dryers for granular material of natural size or pelleted to 3-15 
mm have 10-200 min drying times [23]. 

3. Drum dryers for pastes and slurries have contact times of 3-12 s and evaporation rates 
of 15-30 kg/m2h. Diameters are 1,5-5,0 ft and rotation rates are 2-10 rpm. The greatest 
commercial evaporative capacity is around 3,000 lb/h per dryer [23]. 

4. Spray dryers generally remove surface moisture in about 5 s, and most drying is 
completed in less than 60 s. Atomizing nozzles have openings of 0,012-0,15 in and operates 
at pressures of 300-4.000 psi [23]. 
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Liquid-liquid Extraction: 
 

1. Dispersed phase is the phase that wets the material of construction less well. 
Continuous phase should be the less expensive or less-hazardous material [23]. 

2. There are no known commercial applications of reflux in extraction processes, 
although the theory is favorable [23]. 

3. Mixed-settlers are limited to five stages. Extraction stage-efficiencies commonly are 
taken as 80% [23]. 

4. Packed towers are employed when 5-10 stages will suffice. Pall rings of 1-1,5 in are 
best [23]. 

5. Sieve-tray towers have holes of 3-8 mm diameter. Hole velocities are kept below 0,8 
ft/s to avoid formation of small drops. Tray spacings are 6-24 in; efficiencies are 20-30% 
[23]. 
 
Filtration: 
 

1. Continuous filtration should not be attempted if 1/8-in cake thickness cannot be 
formed in less than 5 min [23]. 

2. Rapid filtration is accomplished with  belts, top-feed drums or pusher-type centrifuges 
[23]. 

3. Packed towers are employed when 5-10 stages will suffice. Pall rings of 1-1,5 in are 
best [23]. 

4. Laboratory tests are advisable when the filtering surface is expected to be more than a 
few square meters, when cake washing is critical, when cake drying may be a problem, or 
when precoating may be needed [23]. 

5. For finely ground ores or minerals, rotary-drum filtration rates may be 1,500 
lb/day.ft2, at 20 rev/h and 18-25 in Hg vaccum [23]. 

6. Coarse solids and crystals may be filtered at rates of 6,000 lb/day.ft2, at 20 rev/h and 
18-25 in Hg vaccum [23]. 
 
Size separation of particles: 
 

1. Revolving cylindrical screens rotate at 15-20 rpm and below the critical velocity; 
these are suitable for wet or dry screening for 10-60 mm diameter particles [23]. 

2. Rotary sifters operate at 500-600 rpm and are suited to a range of 12 mm to 50 µm 
[23]. 

3. Air classification is preferred for fine sizes, because screens of 150 mesh and finer are 
fragile and slow [23]. 

4. Wet classifiers are mostly used to yield two product-size ranges, oversize and 
undersize, with a break commonly in the range between 28 and 200 mesh. Solids content is 
not critical, and content of the overflow may be 2-20% or more [23]. 

5. Hydrocyclones handle up to 600 ft3/min and can remove particles of 5-300 µm from 
dilute suspensions [23]. 
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Operation best practices 
As discussed so far, one should be interested in performing a separation process at the lowest 
energy consumption and reduced pollution, whose factors are directly associated with the 
operation of the unit. Thus, some best practices from the Guidebook to Energy-Related 
Resources for the Chemical Industry will then be presented [24]. 
 
Process Heat Best Practices 
Best Practices—Reducing Exhaust Gas Losses 
• Monitor and maintain the proper level of O2 concentration, 2-3%, by operating at the 
correct air/fuel ratio for the burner. 
• Wherever possible, use heat recovery of flue gas to preheat incoming combustion air. 
• Eliminate or reduce all sources of undesired air infiltration into the furnace. 
• Perform proper maintenance on a regular schedule to reduce soot and other deposits on heat 
transfer surfaces, thus ensuring efficient transfer of heat to the process. 
 
Best Practices—Check Burner Air/Fuel Ratio 
• Regularly monitor airflow rate or exhaust gas composition. 
• Determine the optimum level of excess air for operating your equipment. 
• Set combustion ratio controls to maintain that amount of excess air. 
• Maintain excess air in the 10-20% range. 
• Maintain a 2-3% O2 concentration in exhaust gas. 
• Maintain a CO concentration of no more than 350 ppm. 
 
Best Practices—Preheating of Combustion Air 
• Consider various options for recovering heat from flue gases. 
• Rule of thumb for beginning analysis: Processes operating at or above 1600ºF are good 
candidates for air preheating, while process operating near or below 1000ºF may not be 
justified. Those operating within the range of 1000 to 1600º may still be good candidates but 
should be considered on a case-by-case basis. 
 
Best Practices—Insulation for Heat Transfer Components 
• Insulate all heat transfer units and ancillary components 
 
Best Practices—General Insulation Needs 
• Use proper insulation on all exposed piping, fittings, fixtures, traps, and process use 
equipment. Use the proper type of insulation for the application. Safety issues, temperature, 
and ambient environment can affect the choice of insulating materials. 
• Fiber insulation, which is less costly and easier to install, should be used wherever possible. 
 
Process Steam Best Practices 
Best Practices—Waste Heat Boiler Steam Generation 
• The addition of waste heat boilers to any process heating system is encouraged, especially if 
additional steam capacity is required or would be beneficial. The boiler can use the waste 
heat in hot gases as well as liquids from the flue gas of process furnaces or from hot process 
streams to produce steam. The additional steam capacity maybe sufficient enough to shut 
down or reduce the load on existing high-energy consuming boilers. 
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• Check the steam demand schedule against the furnace-operating schedule, as steam from a 
waste heat boiler can be produced only when a source of waste heat is present. 
 
Best Practices—Use of Heat Recovery 
The addition of waste heat boilers to any process heating system is encouraged, especially if 
additional steam capacity is required or would be beneficial. The boiler can use the waste 
heat in hot gases and/or liquids from the flue gas of process furnaces or from hot process 
streams to produce steam. The additional steam capacity maybe sufficient enough to shut 
down or reduce the load on existing high energy consuming boilers. 
 
Best Practices—Ensure Steam Quality 
• Steam should be delivered to the end-use operation in the desired condition. Normally 
100% saturate steam vapor is used. 
• Always connect the branch line to the top of the main steam line. This will ensure dry, 
saturated steam to the process. 
• Use proper drip-pocket steam traps, correct branch connections, and installation procedures. 
• Install and maintain proper insulation on all steam and condensate return lines. 
• Ensure proper pipe sizing is used to maintain correct velocities in steam line based on 
specifications of operation. 
• Install and maintain coalescing mechanical separators where applicable. 
• Implement the use of steam filters throughout the process steam system. 
 
Chiller Best Practices 
 
Best Practice—System Logs 
• Maintain an accurate log of the primary indications of system operations. This should 
include condenser and evaporator entering and leaving temperatures, chiller load, various 
pressures (oil, refrigerant, etc) depending on chiller type, equipment in operation, motor 
voltage and amperage, weather conditions, and any other important factors. 
 
Best Practice—Monitor for Refrigerant and Air Leaks 
• Periodically check low-pressure systems for excess air and high-pressure systems for proper 
refrigerant levels. Maintain a log of the results 15 Best Practice—Refrigerant Level 
Monitoring 
• For centrifugal chillers, monitor and log the sight glass levels in the evaporator shell. Check 
for bubbles in the liquid line sight glass on reciprocating units, which indicate low level and 
high discharge pressure or low refrigerant temperature leaving the condenser for high levels. 
Maintain the level according to the manufacturer’s instructions. 
 
Pump and Motor Best Practices 
Best Practice—Consider and Apply the Best Control System and Pump 
• Consider the divergence of system curves based on the frictional and static head 
distributions of the pumping system in order to select/modify pumps and their control 
systems. 
• Adjust the control system to fit the most appropriate system curve. 
 
Best Practices—Adjustable Speed Drive or Multiple Parallel Pump Controls 
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• Installing a variable speed drive on the motor will adjust the pump operation to meet a 
variable demand system. 
• In cases with high static head, parallel pumps may be a more effective alternative. 
 
Best Practice—Minimize the Use of Throttling and Bypass Controls 
• Use only the optimum number of throttling and bypass valves to reduce frictional losses in 
the system. 
• Be aware that installing a control valve or bypass valve may be a better alternative to other 
control methods, such as using adjustable speed drives. 
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2.2 Model-based methodology for analysis of operation of separation 
systems  

Miguel Iglesias and Gürkan Sin. CAPEC – Department of Chemical and Biochemical 
Engineering, Technical University of Denmark, 2800 Lyngby, Denmark 

 

The methodology developed (figure 2.1) aims at describing at a general level the steps 
leading to a systematic assessment and improvement of a plantwide control system 
(Mauricio-Iglesias and Sin, 2014). A detailed description is given below, illustrated with 
some of the available tools to carry out the assessment and improvement of the system.  

 
Figure 2.1. Flowchart for evaluation of the control structure (Mauricio-Iglesias and Sin, 

2014). 

The steps described here are based in some assumptions about the available knowledge on the 
operation and the process, namely: 

• Valves, transmitters, sensors and any other elements (mechanical, electric, 
pneumatical…) of the controllers have been checked and work properly. This is an 
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indeed essential requirement that should not be overlooked and from here onwards we 
consider it as granted. 

• If the controller design is to be assessed, there are available data about the plant in 
order to develop an accurate first-principle model or enough operation data exist so 
that a plant model can be numerically identified, at least for the expected range of 
operation.  

 
Step 0. Specification of project objectives, needs and constraints 
As a previous step to start the evaluation and improvement of the control structure, it is 
essential to establish the objective or objectives of the process operation. This step, which 
may seem trivial, must be clearly stated, since the entire effectiveness control strategy 
depends on it and it is the basis for the evaluation of the control structure. The targets can be 
mathematically expressed as objective functions to be optimized (e.g. minimization of 
operation cost) and constraints represented by equalities/inequalities (e.g. minimum purity or 
yield). Likewise, in an existing process there may be constraints on to what extend 
improvements can be done, i.e. is it possible to carry out modifications on the process 
equipment or they have to be limited to the control commanding.    

 
Step 1. Review. 
The goal of the review step is to acquire a deep understanding of the process, the operation 
and the control structure. With this aim all the information about the process must be 
gathered, including: 

- Available documentation on equipments, instrumentation and inputs to the plant 
(feedstock, utilities)  

- The piping and instrumentation diagram (P&ID) 
- Historical data of operation, in order to assess either qualitatively or quantitatively the 

problematic outputs in the process. Operation data also leads to an establishment of 
the range of operation that will set the region where the assessment will take place.  

The information gathered will be used in the subsequent stages of this methodology and leads 
to an insight on the process, how it is operated and what are the main problems of its 
operation and/or control. 

Step 2. Assessment of the process operation and control. 
In this step the control performance is assessed and how this influences the process operation. 
The objective of the step is to provide the elements needed to diagnose the problems in 
operation as to characterise the effect of the disturbances on the process. However, such 
assessment can be very demanding since the whole control system of a plant is often 
formidably complex. To date, the main approaches for troubleshooting a control system are i) 
control performance assessment (CPA), based on the analysis of operation data and ii) the 
process oriented approach, where the control structure is decomposed in a hierarchy of layers 
that can be assessed stepwise.     

 
Step2.1 Process oriented approach  
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The control structure of a plant can be large and interconnected, making the assessment 
extremely complex. The process oriented approach is based on the decomposition of the 
control structure in several layers according to master/slave relations (upper layers compute 
the setpoints of lower layers). Then, tools based on process control can be used to assess the 
performance of the whole structure and each of the layers, in order to diagnose issues in the 
control structure.   

The optimizing layer would act on an hourly-daily basis recomputing the optimal setpoints 
whereas the lower layers operate in a practically continuous mode. The supervisory layer 
links the optimized operation with the regulation of the system. From a structural point of 
view, there are two main types of controller at this stage: multivariable and decentralized (or 
distributed). In the first case it must be established whether the multivariable controller acts 
directly on the system (i.e. manipulates directly the valves) or is a layer that sets the setpoints 
for the regulatory layer. The latter is by far the most common because in case of failure of the 
supervisory layer a lower regulatory layer can keep the plant stable (Darby et al., 2009). The 
standard approach to multivariable control is a model predictive controller (MPC) that 
manipulates the setpoints of PID controllers. A decentralized system in the supervisory layer 
does not consider the interaction between loops and therefore is not suitable for highly 
interacting systems. It may be composed of controllers of different complexity cascaded on 
the regulatory layer controllers.  

The regulatory control is the lowest layer of all the control structure. It consists on fast 
controllers (often PID) that stabilize the plant, reject the disturbances and track the setpoints 
established by the upper layers. It is composed by all the integrator loops and the inner loops 
of the cascade controllers. The analysis of this layer consists in ensuring that the performance 
of each loop is satisfactory since their interactions are assessed in the supervisory layer: i.e. 
closed loops are stable, and performant at disturbance rejection and setpoint tracking for the 
entire range of operation. It also should be checked whether there are saturated manipulated 
variables and, in that case, to go to propose a new pairing or an equipment modification.  

 
Step2.1.1 Model development  
A number of tools in the process oriented approach require knowledge about the process and 
its dynamics. Therefore, the first step consists on a mathematic representation of project 
operation. A first principle-model, even if the equipment parameters are not available, can be 
enough to make a general evaluation of the plant in terms of the top layers (operation points, 
supervisory and some aspects of the regulatory control). On the contrary, accurate parameter 
values or estimations are needed to be able to analyse the disturbance rejection, setpoint 
tracking and the controller design. If a first-principle model cannot be obtained, a plant model 
can be numerically identified, at least for the expected range of operation, provided that 
enough operation data exist (time series analysis) 

 
Step2.1.2  Degrees of freedom analysis and identification of the throughput manipulator 

The number of degrees of freedom for process control is defined as “the number of process 
variables that can be independently controlled” (Seborg et al., 2004), which are consequently 
fewer than the degrees of freedom of the model. Alternatively, the number of DOF for 
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process control will be equal to the number of valves (or other device which allows 
manipulating a variable) which we can adjust. Out of the control DOF, these can be: 

1) Integrating variables. Some variables are the result of integrating processes 
(especially level in tanks but also pressure in the columns). As such they have no steady-state 
gain related to any variable and they must be controlled to be bounded. Two important facts 
must be borne in mind: i) the regulation of each integrator consumes one DOF and ii) in order 
to avoid saturation, the integrators should be controlled with the inflow if they are located 
after the TPM or with the outflow otherwise (Buckley, 1979). Since the TPM location may 
vary with the operating point, this may be a reason of poor regulation.     

2) Identify manipulated/controlled variables In a decentralized control system, a 
manipulated variable only responds to the variations in a single controlled variable. 
Therefore, it must be investigated whether the system is truly decentralized or, on the 
contrary, any multivariable controller exists in the system.  
In the DOF analysis, it is important to check whether all the manipulated variables can be 
actually manipulated in all the operating points. With this aim, a steady state analysis of the 
system must be used to identify the throughput manipulator (TPM) if its location is not 
known with the operation data of the process. In practice, the TPM acts as a constraint of the 
plant production rate, and determines how the inventories must be controlled in the plant. As 
a consequence, the TPM set at operating conditions will also indicate which loops are close to 
saturation (and may be saturated in the dynamic operation). Note that saturated variable is 
lost as a DOF and cannot be used for control while saturated. As the TPM may change its 
location for several operating points, this analysis has to be carried out in all the range of 
operation. Controller saturation can also be checked from operation data.  

In this step the disturbances to the operation must also be characterized determining their 
range according to operation data. The disturbances are not control DOF since they cannot be 
manipulated but they are DOF of the system that are specified by external inputs. Among all 
the disturbances (mainly temperature, composition, pressure and flow rate), only some of 
them will have a relevant effect on the process. If the modeller has good insight of the 
process, some of them can be discarded. However, the best way to be sure that no disturbance 
has been wrongly discarded is to analyze the effect of each of them, e.g. simulating a step in 
the input of each disturbance and check the effect on the controlled variables.  

Step2.1.3 Analysis of controllability and interactions between loops 
The analysis of controllability is understood here as the ability of the controller to track 
setpoints and reject disturbances (despite noise and model uncertainty) with the available 
inputs and measurements. First, it must be established how the operating points are 
established: is there an optimization layer (e.g. a real time optimization system) that sets the 
setpoints of all the controllers? Or are they set manually, either constant or updated according 
to feedstock changes? In both cases the optimization will be based on a steady state model 
unless there are batch units in the process. Therefore it must be ensured that the results of the 
optimization are feasible in the process (i.e. that no constraint is violated). The expected 
range of operating points must be considered to assess the controllability of the plant, which 
may vary severely depending on the operating point (especially for nonlinear process). This is 
particularly important for nonlinear processes since a control system can work perfectly fine 
at a certain point of operation but fail if the disturbances drive the process to different 
conditions (plant modifications but also day/night, summer/winter, changes in feedstock). 
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Thus, a controller can be able to reject the disturbances around the point of operation of the 
original design, but fail when the conditions have changed. 

Once the variables are identified and the operating points are identified, the open loop 
transfer functions can be obtained to assess the effect of disturbances and manipulated 
variables on controlled variables and, therefore, to check whether the control system is 
suitable in terms of structure of the controllers, pairing and tuning. Given that a model is 
available, two procedures can be followed to obtain the transfer functions:  

1) Linearise the system around the operating points (e.g. with Matlab command linmod), 
obtaining the state-space representation and the linear transfer functions thereof. If 
need be, the state-space system obtained can be simplified by model reduction.   

2) Perform step inputs experiments and identify the corresponding transfer functions 
using Auto-regresive Exogenous (ARX) models with the Matlab Systems 
Identification Toolbox. It is important that the linearity of the responses is checked in 
respect to the size and direction of the step (Luyben, 1987) 

In both cases, it is important to correctly scale the variables so that their values are close. The 
flows can be scaled over their steady state values and the output variables over the maximum 
expected value span (Skogestad, 1992). 

The transfer functions contain essential information for the assessment of the structure. First 
of all, they give further insight and understanding on the system and provide information on 
the magnitude and sluggishness of the response (steady state gains, time constant and delays). 
In particular, the performance of a feedback controller is deteriorated when the response of 
the controlled to the manipulated variables show inverse response, long delays or low process 
gain. The linear transfer functions are also used to evaluate the pairing of variables and the 
tuning of the controller.  

The transfer functions of the disturbances allow discarding the disturbances which will not 
have a noticeable effect on the system, ensuring that no disturbance has been eliminated by 
mistake in the previous analysis.  

 
Step2.1.4 Evaluation of the pairing of variables 
The pairing of controlled and manipulated variables is one of the main points to evaluate 
since an incorrect pairing can result in a poor control system performance and reduced 
stability. From the information obtained of the last steps two powerful methods, relative gain 
array (RGA) and singular value analysis (SVA), can be applied to assess whether the pairing 
of variables is appropriate.   

These two methods, are often used for determine whether the pairing of controlled and 
manipulated variables is correct and what are the interactions between the different control 
loops. Both the RGA and the SVA can be obtained with the steady state gain matrix. A good 
pairing is characterized by RGA elements close to unity and by a low condition number, the 
ratio between the maximum and minimum singular values. On the other hand, a high 
condition number indicates that the steady state gain matrix is close to singularity and, as a 
consequence that the RGA calculated thereof is not reliable since it is very sensitive to 
uncertainty in the model.  
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Step2.2 Control performance assessment 
Control performance assessment (CPA) deals with error detection and diagnosis in plantwide 
control system using closed-loop operation data. The basis of CPA consists on the use of 
time-series analysis and statistical methods, such as principal component analysis (PCA), 
analysis of variance (ANOVA) and spectral density estimation, to evaluate the performance 
of controllers and detect failures in the actuators/sensors (Joe Qin, 1998). 

The main advantage of CPA compared to a process oriented approach is that it evaluates 
simultaneously the control structure and equipments. In principle, knowledge from the 
system is not needed a priori, although expert knowledge is frequently used to facilitate the 
assessment. As a drawback, CPA is well advanced in detection but the diagnosis of the 
causes is not so well understood, and depends highly on process knowledge. A second 
drawback is that most CPA methods are based on individual control loops. Some of the new 
techniques in CPA can address multivariable control but they do need a full system model or 
plant tests and their formulation is rather complicated (Yuan et al., 2009).  

 

Step2.2.1 Plantwide disturbance detection 
A number of methods have been used for detection of disturbances, depending on whether 
the disturbances are oscillating or non-oscillating (Thornhill and Horch, 2007). In both cases, 
the detection of the disturbance is the first step in the CPA. Through the characterization of 
the disturbances and their spectrum, Thornhill et al. (Thornhill and Hägglund, 1997) have 
developed a methodology to diagnose poor control performance due to process nonlinearity, 
tuning problems or existence of external disturbances. It must be considered that these 
methods are based on single-input single-output (SISO) structures and, therefore, an external 
disturbance can be originated in another controller.   

Step2.2.2 Root cause diagnosis 
The goal of the root cause diagnosis is to go a step forward in the plantwide disturbance 
detection and identify the root cause for each disturbance. With that aim, the first stage 
consists on distinguishing the cause of the root cause from the secondary propagated 
disturbance. The root causes that can be identified include control valves failure, sensor 
faults, process nonlinearities, hydrodynamic instabilities (e.g. slugging flows), poor tuning 
and controller interaction. Whereas CPA is well established for detection of poor tuning, the 
question of whether a disturbance is generated in the control loop or is external has not yet 
been solved, which limits this approach to loops with low or no interaction (Xia and Howell, 
2003) .  

Step2.2.3 Bechmarking methods 
In order to tackle multivariable control systems, CPA approaches are mainly based on 
benchmarking the performance of the controller with a selected reference controller. The 
main difference between the benchmarking methods is the selection of the benchmark, which 
can lead to complex assessment methods. The most often used benchmarks need a model of 
the plant and disturbances. These are the minimum variance control, the linear quadratic 
Gaussian and the model predictive controller benchmark. The complexity of these methods is 
the determination of the benchmark controller in each case. In particular, the determination of 
the minimum variance controller for a multivariable system is rather complex and 
computationally demanding. On the other hand, the advantage of these benchmarks is the 
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assessment of the performance of the control system, not only compared to a specified 
performance, but to the best possible in each case (Yuan et al., 2009). 

Other useful and simpler approach is the historical data benchmark, where the performance is 
compared to a past period of good operation. No knowledge of the plant model is needed 

Step 3. Improvement 
The main purpose of the improvement step is to be able to generate alternatives that will 
correct the issues diagnosed in the previous step, and to correct them in the evaluation stage 
(step 4). Two classes of methods are proposed based on mathematical programming 
approaches and on process oriented approaches to carry out the generation of alternatives. 
The methods for improvement can therefore use the information provided in the assessment 
(step 2), e.g. in both cases, a model of the plant (developed in step 2.1.1) is necessary.  

In particular, in the process oriented approach, we propose it to be carried out in a bottom-up 
approach so that the simplest alternatives are proposed first and only if these are not suitable, 
major modifications are considered.    

Step3.1 Process oriented approach  
As in the assessment step, a process oriented approach is also possible for the generation of 
alternatives to the control design. The advantage of the process oriented approach is that it 
combines more easily the expert knowledge on the system in the decision making. Besides, 
the alternatives can be generated taking only into account a layer of the control structure. We 
propose here that whereas the assessment step was carried out from the top layer to the 
bottom, the generation of alternatives is performed from the bottom to the top. Hence, 
alternatives that are simple to implement are proposed first and only if the control system 
cannot be improved, major modifications will be proposed. This is illustrated in the following 
substeps. 

Step3.1.1 Alternatives in tuning.  
It has been reported that a large fraction of industrial control loops were in manual mode or 
poorly tuned for a number of reasons such as different operating conditions, new feedstocks 
or products, large disturbances or changes in the throughput (Ender, 1993; Skogestad, 2003).  

Tuning and pairing are frequently treated as different steps in control design methodologies. 
However, for an already installed control system, it must be reminded that the tuning of the 
controller can increase or decrease the interaction between loops. Thus, two loops can be 
highly interactive according to the steady state indicators but be decoupled in the dynamic 
operation. In this context, a controller can be used to decrease the interactions between loops 
making a faster or slower response.   

Two frequency-dependent tools have been proven as very useful to foresee the needed 
structure of the controller and correct the tuning (Hovd and Skogestad, 1992), both in setpoint 
tracking and disturbance rejection: the frequency dependent RGA and the closed-loop 
disturbance gain (CLDG). The frequency dependent RGA extends the steady state analysis to 
all the frequency range of interest. As a consequence, loops that presented large interactions 
at steady state can be decoupled at different frequencies. As for the CLDG, it shows the effect 
of the expected external disturbances on the operation, and therefore, it allows to predict 
which loops has to be tuned faster or with a higher gain to reject the disturbance.  
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For example, in the case of a decentralised controller, the tuning of the decentralized 
controllers can be achieved satisfactorily using the biggest log-modulus tuning (BLT), which 
is based on the detuning of the Ziegler-Nichols settings (Luyben, 1986) or a sequential loop 
tuning method (Hovd and Skogestad, 1994), with the transfer functions obtained in step 3. 
Both methods ensure that the system will be stable with all the controllers on automatic and 
also if one or several controllers are on manual.  

 Step3.1.2 Alternatives in pairing. 
Tuning can improve the decoupling of an interacting system as a transitory solution, but it 
should not be used to correct poor decisions in design, pairing, etc. In general, improving the 
pairing of a control structure is a more robust and lasting.  

If new controllers or actuators are not implemented, the easiest way to generate pairing 
alternatives is evaluating the steady state RGA. The advantage of the RGA is that it only has 
to be determined once and therefore, all the pairing alternatives can be generated. However, 
that the elements appear as decoupled in the steady state RGA is a good indication but not a 
sufficient condition for a suitable pairing. Once a pairing has been proposed, the frequency 
dependent RGA elements should be determined to check that the level of interaction between 
loops at different frequencies, in particular close to the bandwidth. Besides, the RGA is a 
measure that can be very sensitive to uncertainty in the model. The SVA of the steady state 
gain matrix should be carried out in addition to evaluate the conditioning of the steady state 
gain matrix by means of the condition number to inversion ( ), which is t    
the maximum and minimum singular values. If the condition number is low, the RGA is 
robust and a suitable pairing of variables is likely to exist for the given sensor and actuators. 

On the contrary, a large condition number implies a steady state gain matrix close to 
singularity and, hence that the all the loops are not independent. Their control will be difficult 
due to severe interactions. The responsible loop can be tracked the following way: a 
manipulated and a controlled variable (not necessarily paired in the controlled structure) are 
eliminated and the condition number is determined for a (n-1)x(n-1) system, covering all the 
possible combinations. This method allows to generate alternatives for a (n-1)x(n-1). In a 
number of cases, it is acceptable to open a loop (one-point control distillation). Otherwise, 
severe interactions can be tackled (or mitigated) with the implementation of a MPC or any 
other multivariable controller.  

Step3.1.3 Alternatives in supervisory control 
In some processes, interactions between loops can be very large, whatever the pairing. In 
such cases, and notwithstanding the importance of a suitable pairing of variables, a 
multivariable controller in the supervisory layer may significantly improve the performance 
of the system. A model predictive controller (MPC) is currently the standard approach for 
implementing constrained, multivariable control in the process industries.  

Step3.1.4 Alternatives in the process configuration and operation.  
Any modification in the process configuration and operation goes beyond the control 
structure, but may have the most useful and lasting effect improving the dynamic operation of 
the process. A poor pairing can be improved through the installation of an additional 
sensor/actuator, providing an extra DOF to the plant. Major modifications can be related to 
the installation of bypasses (extra DOF) or buffer tanks (which act as low-pass filters), which 
increase the capital costs but may help reducing the operating cost of the plant. 
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To this respect, the link between operability with design has steadily received increasing 
attention in the last two decades and can be summarized with the idea that a good steady state 
design is worthless if the control system is unable to maintain the system in the desired state. 
As an illustration of a practical approach, the controllability of a distillation process has been 
related to the driving force of the process (Hamid et al., 2010), showing that disturbance 
rejection is easier if the column is fed at the maximum driving force. In a more general 
approach for every unit, controllability has been linked to the production of entropy caused 
by a departure of the steady state (Meeuse and Grievink, 2004), showing that the operating 
point that has the largest effect in the production of entropy has the best controllability.  

In particular, if there is a real time optimizer that sets the operating points, the controllability 
is in general not taken into account by the optimizer. If any of the states were found to be 
hardly controllable, the determination of the operating points should be done either 
considering a penalty in the objective function or setting decreasing the possible range of 
solution through a constraint. Hence, the operating point found by the optimizer may be 
suboptimal (in steady state considerations) but lead to a better dynamic operation.  

Step3.2 Mathematical programming approach  
The mathematical programming approach consists on finding the operating conditions and 
the controllers’ parameters that optimize an objective function, considering both operation 
costs and controllability. The general statement of the problem generally results on a mixed 
integer nonlinear programming (MINLP) problem, although in practice, the problem is 
usually simplified using heuristics, leading to a more or less hybrid approach (Downs and 
Skogestad, 2009). These methods can be very effective in the generation of alternatives for 
large systems although the optimization problem becomes quickly rather complex (Kookos 
and Perkins, 2002).     

Hybrid approaches to the generation of control systems may not lead to the optimal solution 
of the problem, but, in contrast, are suitable for the generation of alternatives for different 
layers of the control structure. Hence, McAvoy and co-workers (McAvoy, 1999; Wang and 
McAvoy, 2001)   propose splitting the control structure on safety, product quality and other 
controllers, and then proposing in the same order a control structure for each of these groups 
solving a mixed integer linear programming problem. Hence, the generation of alternatives 
for improvement in the product quality controllers does not need the safety controller to be 
recomputed whereas a modification on the safety controllers involves a modification of all 
the system.    

If it is feasible to carry out a complete modification of the process, including the operating 
points, the generation of alternatives can be done by integrated process and control system 
design methods. (Ricardez-Sandoval et al., 2010). These methods are rather complex and 
frequently leads to nonconvex MINLP problems, so that global optimization algorithms are 
needed. Recent contributions (Hamid et al., 2010) have provided a less complex framework 
to solve the process and control design problem and provide alternatives in control and 
operating points.   

Step 4. Evaluation of proposed alternatives 
The last step consists in the evaluation of the alternatives proposed with suitable indicators of 
performances. The operation data needed can be supplied either by model-based simulation 
of the operation or by experimental operation. The main problem of the experimental 
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evaluation is that it requires the modifications to be actually implemented, at least at pilot 
scale. As for the model-based simulation, it is customary to evaluate the control structure 
with respect to expected disturbances and setpoint changes in early stages of design. 
However, when evaluating an existing plant it is more advisable to ultimately carry out the 
evaluation on actual operation data, if available, or simulating the typical operation (changes 
in feedstock, temperature disturbances due to season, day/night, coming from other units). 
Indeed, the results obtained are only meaningful for the operation simulated but, as an 
advantage, the actual problems of the plant are directly addressed.  

The most spread indicators of plant regulation are the integrals of output error and the total 
variation of input, and derived indicators. The expression of the integral of the absolute error 
(IAE) is shown in eq. 12 although other similar formulae exist, e.g. the time weighted integral 
absolute error (ITAE) which evaluates more severely deviations that persist in time. The total 
variation (TV) of the inputs measures the changes the inputs undergo by the controller 
command and is normally desired to be minimised in order to avoid oscillating behaviour, 
valve upsetting and, in general large variations in the input streams.   

𝐼𝐼𝐼𝐼𝐼𝐼 = ∫ �𝑦𝑦 − 𝑦𝑦𝑠𝑠𝑠𝑠� 𝑑𝑑𝑑𝑑
∞
0         

 [14] 

𝑇𝑇𝑇𝑇 = ∑ |𝑢𝑢𝑖𝑖+1 − 𝑢𝑢𝑖𝑖|∞
𝑖𝑖=1      

 [15] 

As a final remark, the two indicators presented here are related to the assessment of the plant 
regulation. But is profitability is to the objective set, cost indicators (in general the difference 
between the income of the products and the cost of the utilities) can be easily applied with the 
results of the simulation of the operation. 

Successful examples of the application of the methodology for systematic review, 
maintenance and upgrade of industrial scale plantwide control were presented by Mauricio-
Iglesias et al (2013) for two column distillation plant for ethanol recovery and Mauricio-
Iglesias et al (2012) for benchmark wastewater treatment plant. 

Conclusion 
A stepwise methodology based on a dynamic model of the system is presented with the aim 
of facilitating troubleshooting of existing plant control structures, synthesizing some of the 
latest contributions in plantwide control. The main objective targeted is to present a simple, 
but rigorous, way to improve control structures for the control professional with corrective 
actions at different levels. This methodology was illustrated with an actual industrial case-
study where easy to implement proposed measures were simply based in a correction of the 
controller tuning and more long-lasting actions included a change in variable pairing and the 
installation of sensors and actuators in Mauricio-Iglesias and Sin, 2014..   
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3 Selected Application Technologies and Areas 
Philip Lutze, Department of Biochemical and Chemical Engineering, Laboratory of fluid 
separations, TU Dortmund, Germany.  
 

In general, a chemical process can be classified into upstream, reaction and downstream 
processing. In each task within the process energy need to be added and/or removed. 
Therefore, the first concept which will be discussed within this section is the possibility to 
integrate reaction and separation into one step for an efficient use of resources (section 3.1). 
19%  of the energy consumption of the industrial sector in Europe is consumed in the 
chemical industry (European Commission, 2011) and the thermal downstream processing 
accounts for around 40-60 % of the energy consumed within the chemical industry (Sattler, 
1995). Additionally, since 65-95% of the thermal energy is used for separation by distillation 
(US DOE 2007, Sattler, 1995), most detailed on energy-efficient technologies within this 
section are giving for technologies replacing or improving this unit operation. Besides the 
reactive separation concept, alternative separation technologies are highlighted incorporating 
different membrane technologies and energy-efficient distillation technologies (section 3.2). 
Another possibility to increase the energy-efficiency and, hence, the operating costs for the 
separation is the external integration of two different separations into so called hybrid 
separations which is highlighted in section 3.3.An excellent overview on current status and 
perspective of reactive and membrane-assisted distillation is given by Lutze and Gorak 
(2013) while for energy-efficient distillation technologies the work of Kiss (Kiss, 2013; Kiss 
et al., 2012a) is giving an excellent overview on the subject. Systems improving contacting 
such as mixers, special type of internals, micro technology and membrane contactors are also 
important building blocks in the development of energy-efficient processing but are not 
explained in details. For those technologies the database of the consortium of Europic 
provides an excellent overview (Europic, 2009). However, since this database is a member-
restricted database Lutze (2012) collected data of new, intensified technologies in a 
knowledge-base tool which also form the basis of the information and classification of the 
discussed technology in this section.  

3.1 Integration of reaction and separation 
In order to improve conventional processes, process intensification is often considered. One 
commonly cited example of process intensification is the external and internal integration of 
reaction and separation which may lead to promising enhancements in a given process (Lutze 
et al., 2010 a,b). The most prominent example in this area is reactive distillation (Harmsen, 
2007). Reactive distillation has been reported to show positive effects in equilibrium limited 
reactions, azeotropic separation tasks and close boiling separation tasks such as the separation 
of isomers. Reported case-based improvements have been economic, environmental and 
social (Harmsen, 2007).Other prominent example are the use of reactive solvents within 
reactive absorption and reactive extraction processes. Besides other things, those lead to 
increasing capacities of the solvents compared to non-reactive ones which leads to saving in 
capital and operating costs. An overview on reactive separations as energy-efficient 
technologies based on an analysis of open-source literature is given in Table 3.1.For example 
reactive distillation has been proven to reduce the energy consumption compared to a base-
case design drastically  

Table 3.1 Reactive separations as energy-efficient technologies (Lutze, 2012) 
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Technology Application Area Maturity Potential 
energy 
efficiency Chemical & 

petrochemical 
Biobased 
raw 
materials 

Food  Pharm
aceutic
al  

Reactive 
distillation  

x x limited limited Industrial 
implemented 

++ 

Reactive 
absorption 

x (x) limited limited Industrial 
implemented 

+ 

Reactive 
extraction 

(x) x x x Industrial 
implemented 

+ 

Reactive 
crystallization 

Only specialty 
chemicals 

(x) (x) x Only small-
scale realized 

+ 

Reactive 
adsorption 

Only specialty 
chemicals 

(x) (x) x Only small-
scale 
realized/ still 
in research 

+ 

Membrane 
reactors 

(x) (x) x x Still in 
research 

++ 

 

In order to highlight the potential, reactive distillation and some of ist processes is discussed 
in more detail in the following section.  

3.1.1 Reactive distillation 
Reactive distillation is one of the most promising technologies of the integrated reaction-
separation concept as it can increase efficiencies and economics and also enables the 
production of products in a simple arrangement (Harmsen, 2007). Depending on the chemical 
system savings in energy, operating and capitals costs by up to 80% have been reported 
(Harmsen, 2007). Reactive distillation is the integration of reaction and distillation within one 
apparatus (Sundmacher and Kienle, 2003). Hence, both phenomena occur at the same time 
and place. The difficulty is the identification of a common operating window between 
reaction and separation which achieves decent and controllable reaction rates but also 
appropriate volatilities to ensure high concentrations of reactants and low concentrations of 
products in the reactive zone. The motivation behind the application of this concept is 
manifold (Sundmacher and Kienle, 2003; Taylor and Krishna, 2000; Gorak et al., 2007): 

• Improved conversion: By the removal of products from the reactive section, the chemical 

equilibrium of equilibrium limited reactions is shifted towards the product side leading to 

improved conversions. 

• Circumventing/overcoming of azeotropes. In case of chemical systems that tend to form 

azeotropes, reactive distillation allows to circumvent azeotropic mixtures by “reacting 

away” participating components. 
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• Reduced side-product formation. Consecutive reactions are reduced by the removal of 

products from the liquid reaction phase and thereby maintaining low product 

concentrations in the reaction zone/phase. 

• Direct heat integration and avoidance of hot-spots. In case of exothermic reactions, the 

heat of reaction can directly be used to evaporate components, reducing the amount of 

total heat needed and avoiding the occurrence of hot-spots.  

• Capital savings: Removal of components due to reactions resulting in a simplified 

downstream processing of reactants and products. 

• Decreased catalyst amount. Reduced amount of catalyst for a comparable conversion of 

the reactants. 

The catalyst can be integrated into the column homogeneously and heterogeneously via 
immobilization within or on internals. Basically, the first one offers a better distribution in the 
liquid mixture and, hence, potentially faster reaction rates while the second allows creating 
sharp boundaries within reactive and non-reactive zones below the catalyst feed point. 
Detailed discussion on internals, operability, synthesis/design and modelling for reactive 
distillation is given in the book by Sundmacher and Kienle (2003) and in the excellent article 
about model approaches by Taylor and Krishna (2000). 

Reactive distillation has been mostly applied to esterification, etherification, hydrogenation 
and alkylation reactions, mostly with a small number of reactions and reactants and low 
carbon numbers (Lutze et al., 2010a). The application of reactive distillation has been 
reviewed in detail on commercial applications by Harmsen (2007), on reactions for reactive 
distillation within Sundmacher and Kienle (2003) and for patents on heterogeneous catalytic 
distillation by Lutze et al., (2010a). Investigated reaction systems for reactive distillation are 
manifold and include, besides others, esterifications and Trans-esterifications (e.g. MeAc, 
fatty acid ester,...), etherification (e.g. MTBE, TAME, ETBE,....), alkylations (e.g. cumol 
from benzene and propylene), aldol condensations (e.g. DAA from acetone) and hydrolysis 
of epoxydes (e.g. ethylene glycol from EO). The current interest into this the use of reactive 
distillation for the production of biochemical and biopolymers is exemplified by two large 
projects, one sponsored in the US, the other one in the European Union. From 2003-2006, the 
US Department of Energy sponsored a project (Award Number DE-FG36-04GO14249) 
which investigated the production of esters from different biobased organic acids (lactic acid, 
citric acid, succinic acid, and propionic acid) using reactive distillation processes. The 
European Union sponsored a project called EuroBioref in which as part of the project 
investigates the production of butyl-acrylate. In the last step of the process, butanol and 
acrylic acid which can both be produced from renewable resources, react in a reactive 
distillation column to form butyl acrylate (Niesbach et al., 2012). 

Esterifications: Production of isopropyl-acetate 
Esterifications are equlibirum-limited reactions. One of many is the production of isopropyl-
acetate from isopropanol and acetic acid. To quantify the potential of reactive distillation (Lai 
et al., 2007) for such chemical systems, it is benchmarked against data obtained for a 
conventional base-case design by Corrigan and Stichweh (1968). The base-case (Fig. 3.1) 
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contains of one reactor, six distillation systems, one extractor using water as a solvent and 
one decanter. Conversion and the amount of heat are known (Corrigan & Stichweh, 1968). 

 
Figure 3.1. Base-Case-Design for the production of IPAc (Corrigan and Stichweh, 1968). 

The reactive distillation system proposed by Lai et al. (2007) consists of one reactive 
distillation column with a decanter at the top of the column and an external stripping column 
(Figure 3.2). The product is obtained as the bottom product from the stripping column.  

 
Figure 3.2. Reactive-distillation-stripper configuration for the production of IPAc (Lai et al, 

2007). Colorized is the reactive zone containing Amberlyst-15. 

The conversion between both systems based on IPOH is comparable, around 94% for 
conventional as well as 93% for the reactive distillation system. The thermal heat requirement 
of the conventional process is twice as much as for the reactive distillation system. The 
amount of catalyst in the novel design can be reduced by 40% compared to the reactive 
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distillation system. The costs for equipment are drastically lower due to the simplification of 
the flowsheet. 

Esterifications: Production of butyl-acrylate 
Niesbach et al. (2012, 2013) performed pilot-scale experiments in a reactive distillation 
column (with a diameter of 50 mm) for the heterogeneously catalysed synthesis of n-butyl 
acrylate (BA) from acrylic acid (AA) and butanol with water as a side-product. The main 
challenge of this chemical system is the tendency of BA and AA to polymerize. Apart of that, 
the actual reactant and product decomposition by the polymerization the main operating 
challenges are the high exothermy and the formation of insolubles. They demonstrated a safe 
operation without any polymerization. In a subsequent optimization study using a non-
equilibrium reactive distillation model with effective diffusivities, they showed that a 
heteroazeotropic reactive distillation column is cheaper than a conventional production 
process for BA consisting of three distillation columns, two decanters and a reactor. While 
the industrial price of butyl-acrylate is assumed to be 1350 € /t (Bell, 2003), the total costs 
per product for a reactive distillation with a decanter on top achieving a conversion of the 
reactants > 96% and purity of the product of >99.9 mol.% was estimated to be around 850 € 
/t (Niesbach et al., 2013). 

3.2 Energy-Efficient Separation Technologies 
In distillation, the components are transferred through multiple and ongoing evaporation 
condensation over the phase boundaries which is energy consuming. Within membranes, the 
phase boundary which is a rigid membrane may often only passed once and, hence, energy 
can be saved using those examples.  However, in the production of chemicals distillation is 
the most dominant unit operation used for the separation of components. Hence, also energy 
efficient technologies for this system are discussed (section 3.2.3). 

Table 3.2 Energy efficient separation technologies (Lutze, 2012) 
Technology Application Area Maturity Potential 

energy 
efficiency Chemical & 

petrochemical 
Biobased 
raw 
materials 

Food  Pharmaceutical  

Organic 
solvent 
nanofiltration 

x x Solvent 
recycle 

limited Some industrial 
implementations 

++ 

Pervaporation (x) (x) (x) (x) Some industrial 
implementations 

+ 

Vapor 
permeation 

(x) (x) (x) (x) Some industrial 
implementations 

+ 

Energy-efficient distillation technologies 

Thermal 
coupling of 
distillation 

x x limited limited Industrial 
implemented 

+ 

Dividing wall 
column 

x x limited limited Industrial 
implemented 

++ 

Reactive x x limited limited Still in research ++ 
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Dividing wall 
column 

Heat pump 
assisted 
distillation 

x x limited limited Industrial 
implemented 

++ 

Higee 
distillation 

Special 
applications, 
e.g. floating 
methanol for 
offshore 
production 

(x) (x) (x) Still in research ++ 

 

3.2.1 Organic Solvent Nanofiltration 

OSN is a pressure-driven membrane separation process where a pressurized liquid feed is 
opposed to a polymeric or ceramic OSN membrane. The liquid flow passing the membrane is 
named as permeate while the non-passing liquid leaves the process as the retentate. Typical 
transmembrane pressure differences vary from 20-50 bar, where the feed pressure is supplied 
by a feed pump and the permeate pressure is around 1 bar. Nanofiltration membranes are able 
to separate components with molecular weights in the range of 200 - 1000 g/mol.  
The main characteristics of OSN are: 

• Rejection of molecules ~ 200 - 1000 Da 

• Pressure driven (10 – 60 bar) 

• No phase change during permeation 

• Low energy consumption 

• Gentle separation at moderate temperatures 

For selection of suitable membranes, the molecular weight cut-off (MWCO) is often used. 
The MWCO represents the average molecular weight of a component for which 90% 
rejection is achieved with a specific membrane. However, this value cannot be used solely 
because the flux is highly dependent on the interactions solute/membrane and 
solvent/membrane and therefore it should be carefully interpreted because very different 
values can be obtained when the same membrane is applied to different systems 
(solute/solvent). Within OSN using polymeric membranes (see Schmidt and Lutze et al., 
2013), the permeation mechanism is highly affected by mutual interactions between solvent, 
solute and membrane the following pure component properties need to be taken into account: 
solvent and membrane solubility parameter, solute size, solute and solvent polarity, surface 
tension and solvent viscosity, while the solute rejection is affected by molecular weight, 
Stokes diameter and viscosity.  
The main technical applications (Priske et al., 2010) of OSN are the separation of 
homogenous catalysts, dewaxing of lube oils, solvent recycle within the food industry and the 
isolation and concentration of pharmaceutical compounds from organic or aqueous media. An 
excellent review summarizing applications of OSN within organic synthesis for recycling of 
phase transfer catalysts has been published by Livingston et al. (2003). 
 
3.2.2 Pervaporation and Vapor permeation 
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The driving force behind the transport in pervaporation and vapour permeation is the 
difference in partial pressure. The separation mechanism between two components is the 
higher affinity of one component to (pass) the membrane and is based on different sorption 
and diffusion properties in dense or microporous membranes. In PV the feed is introduced 
onto the membrane in liquid state while the permeate is vaporized, the retentate remains 
liquid. That means that energy which is necessary for the phase transition at the permeate side 
of the membrane has to be introduced during the membrane process or is taken from the feed 
stream. The latter one would cool the feed which will lower the flux. In VP, all streams are in 
vapour state which means that no phase change takes place and an isothermal operation is 
possible. A key advantage of PV and VP against conventional thermal separation processes is 
the very selective separation not restricted by the thermodynamic vapour-liquid equilibrium 
(VLE). That allows overcoming azeotropes. For both membrane processes, the driving force 
difference is usually initiated or increased by lowering the chemical potential on the permeate 
side. This may be achieved by the generation vacuum on the permeate side by means of s of 
vacuum pumps or by using an inert sweep gas on the permeate side or by using a partial flow 
of the retentate stream as sweep gas on the permeate side. Dewatering of mixtures while 
breaking azeotropes in organic/aqueous systems is the broadest field of pervaporation/ vapour 
permeation, however, nowadays through the development of stable and selective membranes 
for organic components broadens by far the application of those technologies. Examples of 
organophilic separation by pervaporation is the separation of methanol and n-butyl acetate 
(Luis et al., 2013) or the separation of ethyl acetate and isooctane (Parvez et al., 2012) while 
by vapour permeation the separation of dimethyl carbonate and methanol is one example 
(Holtbruegge et al., 2012). A general overview on industrial implementations of PV and VP 
can be found in Lipnizki et al. (1999). 

 

3.2.3 Energy-efficient distillation technologies 

Several technologies to upgrade or improve the energy consumption of distillation columns 
have been developed. Those can be classified into technologies based on thermal coupling by 
external integration of columns, thermal coupling by the internal integration of columns into 
so called dividing wall columns, heat pump-based technologies and advanced distillation 
technologies.  

Thermal coupling 
By thermal coupling, two distillation columns two achieve three products are integrated 
externally by exchanging vapour and liquid flows with each other (Figure 3.3.). This 
integration can bring substantial energy savings of more than 20%. 

 
Figure 3.3. Thermal coupling of (reactive) distillation columns.  
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Instead of a classical reactive distillation column, Gomez-Castro et al.(2011) studied 
theoretically the use of a Petlyuk reactive distillation column and a reactive thermally 
coupled direct sequence (RTCDS) for the supercritical methanol biodiesel production process 
in which methanol at supercritical conditions (T = 350 °C, P = 20-50 MPa) is used as a 
catalyst (see Fig. 3.4). That circumvents the formation of side-products and expensive 
catalyst recycling. The reactive Petlyuk column (Fig. 3.4 left) consists of the side separation 
column coupled with the reactive distillation column between middle and top section. The 
fatty acid feed (here oleic acid) is introduced at the top while the methanol is fed to the 
reboiler of the reactive column. The reactive section is situated below the integration of the 
side-column and the side-draw removal of methanol (see Fig. 3.4 left). The product (methyl 
oleate) in a mixture with methanol is obtained at the bottom at the column and pumped for 
further purification to another distillation column. In the RTCDS arrangement (Fig. 3.4 right), 
the reactive distillation column looks the same. However, the methanol side-draw is now fed 
to a side distillation (rectifier) column to obtain methanol which may be recycled back to the 
column. Through simulation studies it was found that energy savings compared to a 
conventional biodiesel process using a conventional reactive distillation column are around 
18.2 %, for the Petlyuk reactive column around 30% and for the RTCDS around 54%. 
Additionally, the total costs have been reduced compared to a conventional biodiesel process 
using a conventional RD which is around 12 % while RD in a Petlyuk arrangement saves 
around 14% and a RD in a RTCDS arrangements saves around 17% of the total costs 
(Gomez-Castro et al., 2011). 

 
Figure 3.4. Thermally coupled reactive distillation systems: (left) Petlyuk arrangement; 
(right) direct sequence (RTCDS) (Gomez-Castro et al., 2011). 

Dividing Wall column 
In dividing wall columns, a rigid metal wall separates a zone within a column into two 
separate parts (Figure 3.5.). It allows savings in capital and energy costs, mainly because a 
three component system can be separated into pure products in one column and, hence, a 
second column and reboiler and condenser are not needed. 
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Figure 3.5. Dividing (reactive) dividing distillation columns.  

While the application of this concept for distillation columns is quite mature, the use of 
reactive dividing wall columns, even though, it may give even larger benefits, is not. Kiss et 
al. (2012b) propose a reactive dividing-wall column (see Fig. 3.6) for the production of fatty 
acid methyl esters (FAME). Their motivation has been that most biodiesel processes are 
using solid acid/base catalysts which need a stoichiometric ratio of reactants to allow 
complete conversion of the fatty acid raw materials and, hence, the production of two highly 
pure products (water as by-product and FAME). However, this stoichiometric ratio is difficult 
to maintain during operation leading to impure products and recycling of reactants which 
results in additional costs. Hence, their new reactive dividing wall column concept allows the 
use of only 15% excess of methanol to completely convert the fatty acids feedstock. FAMEs 
are produced as pure bottom product, water as side stream, while the methanol excess is 
recovered as top distillate and recycled. Their final processing scheme after optimization lead 
to energy savings of around 25%, a much simpler process flowsheet because only one 
column is necessary, a more flexible plant concerning concentration and kind of fatty acids as 
well as circumventing catalyst losses and neutralization steps. 

 
Figure 3.6. Reactive dividing wall column for the production of fatty acid methyl esters 

(FAME) by Kiss et al., (2012b). 

Heat-pump assisted distillation 
In distillation, the components are transferred through multiple and ongoing evaporation 
condensation over the phase boundaries which is energy consuming. The energy is added into 
the reboiler in which the highest temperature level is achieved while the energy is removed at 
the condenser where the lowest temperature level is situated. Heat pumps try to improve the 
situation by integrating the removal-addition of energy within one column. A very good 
overview on each of these concepts is given by Kiss et al. (2012a) discussing also the 
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potential operating windows of such systems by the development of a selection workflow. 
The concept behind vapor compression, thermal and mechanical vapor recompression is to 
bring the removed heat at the condensator to a higher level by compressing the distillate or a 
working fluid. This energy can be used in an external cycle to provide the energy for the 
reboiler. The internal integration id done by a heat integrated distillation column in which the 
temperature levels of rectifying and stripping section are reversed by operating at different 
pressures and in which the energy integration is realized within one column by a dividing 
wall column which allows the exchange of heat. While the maturity of the external cycles are 
generally high and implemented into industry, the internal integration via a heat integrated 
distillation column has not been implemented even though energy savings are potentially 
higher but the control gets more complex. Based on case-to-case investigation, potential 
energysavings may be up to 40%.  

Advanced distillation technologies 
Within this part, three different technologies are discussed briefly which are membrane 
distillation, cyclic (semi-continuous) distillation and Higee distillation. Membrane distillation 
(MD) is a thermally-driven separation process based on the vapor-liquid equilibrium in which 
the membrane holds one of the components partly away from the phase boundary between 
vapour and liquid and in which the membrane is used as a contactor between both phases. 
Examples can be found in the removal of water for example in desalination or in the 
production of temperature-sensitive components, however, up to now, only niche applications 
have been identified for this technology (Kiss et al., 2013). 

Rotating packed beds (RPB) provide the opportunity for mass transfer processes in high 
gravity fields as part of the HIGEE-technology (high “g” for high gravity). This 
intensification step reduces the required equipment volume and changes operating limits, 
such as flooding velocities or maximum pressure drops. Higee distillation claims HETP 
values as low as 1–2 cm, about 3–6 times higher throughput, and a volume reduction of 2–3 
orders of magnitude lower than that of conventional packed columns (Kiss, 2013). If this is 
true, Higee distillation may be interesting for separation of close boiling components in 
which normally large columns and high refluxes are necessary (Lutze and Gorak, 2013) or in 
offshore or flexible production units. The energy efficiency of the first application area is 
obvious while for the second and third area the energy savings are more indirect. For 
example, in offshore application, methanol and water are not separated because columns need 
space and a stable underground to work on. Hence, methanol is burnt or transported with 
water. In case methanol could be purified the potential for energy savings is large. However, 
although many commercial applications of HiGee are known in absorption, stripping, and 
reactive precipitation, very few commercial applications in distillation have been reported so 
far (Kiss et al., 2012a). 

Cyclic distillation is the periodic pseudo-continuous operation of one column based on 
separate phase movement. This periodic change of the separation task allows achieving 
separation efficiencies and higher purities within one column. This allows the reduction of 
the energy demand of up to 40% (Kiss et al., 2012a).  

3.3 Hybrid Separations 
Hybrid separations are the integration of two different unit operations which complement 
each other for solving a defined separation task (Franke et al., 2008). That enables using each 
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unit operation in the operating window in which it outperforms all others. Furthermore, those 
synergies enable the crossing of separation boundaries within one unit operation (for example 
azeotropes in distillation) by another unit operation which is based on a different separation 
principle. All of this may lead to savings in energy, operating and capital costs. Investigated 
hybrid separations include, besides others, melt crystallization-distillation or 
chromatography-distillation for close boiling mixtures (Franke et al., 2008; Micovic et al., 
2013) or isomeres (Hamm, 2003), distillation and extraction of systems forming 
(heterogeneous) azeotropes (Bek-Pedersen et al., 2004), chromatography-
(solution)crystallization-systems (Ströhlein et al., 2003) or chromatography-racemization-
nanofiltration for enantiomeric mixtures (Nimmig and Kaspereit, 2013). Another promising 
configurations is the integration of distillation with membranes (see Table 1) which are also 
referred to membrane-assisted distillation systems. While distillation brings in a large 
capacity and simple operation, membranes potentially offer a high selectivity, low energy 
consumption, compact and modular design (Lipnizki et al., 1999; Mitkowski et al., 2008) but 
also flexibility due to its modularity (Motelica et al., 2012). Within the investigation of 
membrane-assisted distillation systems for the chemical industry, three membrane separations 
namely pervaporation (PV), vapour permeation (VP) and nanofiltration have been in focus 
for dehydration of streams. The key of their contribution is that they are not restricted by 
thermodynamic equilibrium but rather on affinity of the components to the membrane and, 
hence, distillative separation boundaries can be crossed. The integration with distillation 
allowed energy and cost savings. The development of organophilic and organoselective 
membrane materials allows the extension of those membranes into organic chemistry driven 
processes. By the integration of membrane-assisted distillation and reactive distillation even 
higher benefits of both technologies are expected (Gorak and Stankiewicz, 2011) which has 
been proven e.g. by Holtbruegge et al (2012). Within this section, three examples are given to 
highlight the potential of integrations. Those are the integration of pervaporation/Vapor 
permeation with distillation (section 3.3.1), the integration of crystallization and distillation 
(section 3.3.2) and the integration of organic solvent naofiltration and distillation. 

Table 3.3 Hybrid separations as energy-efficient technology 
Technology Application Area Maturity Potential 

energy 
efficiency Chemical & 

petrochemical 
Biobased 
raw 
materials 

Food  Pharmaceutical  

Membrane-assisted distillation 

Pervaporation-
assisted 
distillation 

(x) (x) limited limited Little industrial 
implementations 

+ 

Vapor 
permeation-
assisted 
distillation 

(x) (x) limited limited Little industrial 
implementations 

+ 

Organic solvent 
nanofiltration-
assisted 
distillation 

x x limited 
(solvent 
recycle) 

limited (solvent 
recycle) 

Some industrial 
implementation 

++ 

Crystallization- (x) (x) (x) (x) Little industrial + 
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Distillation implementations 

Extraction-
Distillation 
(Extractive 
distillation) 

x x limited 
(solvent 
recycle) 

limited (solvent 
recycle) 

Industrial 
implmenetations 

+ 

Chromatography- 
assisted 
distillation 

(x) (x) (x) (x) Small scale  + 

Chromatography- 
crystallization 

limited limited x x Only small-
scale realized 

++ 

Chromatography- 
Membranes 

limited limited x x Still in research ++ 

 

3.3.1 Membrane-assisted distillation 
Membrane-assisted distillation integrates the advantages of distillation which are its 
robustness and its high capacity with the advantages of membrane separations which are the 
high selectivity and the separation beyond distillation boundaries (Lipnizki, 1999; Kreis and 
Gorak, 2006). Besides, the integration into new processes, membrane-assisted distillation can 
also be used for flexible capacity increases because of their modular nature they can easily be 
scaled-up and integrated into existing processes. 

In general, a large number of combinations to integrate membrane and distillation may 
potentially possible. Exemplary, four different configurations are explained in detail to 
motivate and discuss the potential of this integration (see Figure 2). In configuration A, in the 
separation of the feed mixture a separation boundary exists, e.g. a low boiling azeotrope 
which exits as distillate. The membrane is used to overcome this azeotrope and feeds back the 
permeate to the first column while the retentate is fed to a second for subsequent purification 
until product specifications are reached. In case the azeotropic top product is close to the 
product specification, a membrane may also be used to purify until this composition is 
achieved (configuration B). However, for purification of a component to very high purities 
large membrane areas are necessary which would lead to large membrane costs. In 
configuration A and B. the membrane may be also situated at the bottom in case a separation 
boundary may be overcome in the bottom stream. An example for a configuration B with a 
membrane at the bottom would be the case in which a homogenous catalyst together with 
some reactant would need to be recycled into a reactive distillation via retentate recycle. 
Another motivation example for membrane-assisted distillation is presented through 
configuration C, in which the high selectivity of the membrane is used to prefractionate the 
mixture which relieves the distillation column. That may lead to smaller distillation columns 
as well as lower reflux ratios and, hence, lower energy demand in the reboiler of the column. 
In configuration D, the membrane is used to separate a three component mixture. Similar 
configurations to C and D would be to pass a side stream from any stage of the column and 
let the feed mixture enter the column directly. One of those examples is the integration of 
pervaporation-distillation for the separation of a three component mixture of acetone, water 
and isopropanol in which a side-stream is fed to the pervaporation membrane (Kreis and 
Gorak, 2006; Koch et al., 2013). The permeate is water while the retentate is recycled back to 
the column which produces isopropanol as bottom and acetone as top product. It has been 
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shown that this configuration may economically replace a conventional three column 
arrangement (Kreis and Gorak, 2006; Koch et al., 2013). 

 
Figure 3.7 Configurations for membrane-assisted distillations (adapted from Lipnizki et al., 
1999) taken from Lutze and Gorak (2013) 

Application examples of PV/VP-assisted distillation are wide-spread. Mostly, it has been 
studied for the dewatering of streams to overcome azeotropic boundaries and, recently, also 
for the separation of organic components from organic mixtures. An excellent review on 
design, economics and applications of PV-assisted distillation is given by Lipnitzki et al. 
(1999). A more recent overview is given by Gorak et al. (2007). Besides, also the integration 
with reactive distillation has been reported for different applications which are besides others, 
the use of PV to break the low boiling methanol/methyl-acetate azeotrope in the 
transesterification of methyl-acetate with butanol (Steinigeweg & Gmehling, 2004) or within 
the production of cosmetic fatty acid esters (von Scala et al., 2005). One example of OSN 
assisted distillation is the separation of homogenous catalysts (see Figure 3.8) from the 
reaction solvent (Priske et al., 2010). 

 
Figure 3.8 Simplified sketch of OSN-assisted distillation process for the separation of 
homogenous catalyst and recycle of solvent (Priske et al., 2010; Schmidt et al., 2013) taken 
from Lutze and Gorak (2013) 

Pervaporation-assisted distillation 
Roth et al. (2013) investigated several different hybrid separation processes integrating more 
than two unit operation for the separation of ethanol and water and evaluated them using 
process costs and energy consumption as criteria. They defined the separation problem for a 
capacity of 25000 m³/year from a feed with a mass fraction of 80 wt.-% ethanol representing 
a potential outlet from a beer column after a fermenter. The product specification for ethanol 
has been defined to reach a product purity of 99.6 wt.-% ethanol. The following hybrid 
separations connected to the first distillation were incorporated in their search space: 
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distillation and adsorption; vapour permeation and adsorption; vapour permeation in 
cascades; distillation and vapour permeation; distillation, vapour permeation and adsorption. 
Each unit operation has been modelled using non-equilibrium models. Necessary model 
parameters have been fitted to own experimental data or experimental data taken from the 
literature (Roth et al., 2013). Each process has been optimized using an evolutionary 
algorithm with costs as objective function and operational and structural (binary) 
optimization variables as decisive variables enabling modules and streams. The benchmark 
process is the combination of distillation and adsorption. They found out that the operating 
costs of the membrane assisted configurations differ only in a small range of -3% to 6% from 
those of the benchmark while the energy consumption of the membrane assisted 
configurations without distillation is up to 30% lower compared to the benchmark. Especially 
the combination of vapour permeation and adsorption is a promising alternative allowing for 
producing ethanol with high purities at lower operating pressures compared to the vapour 
permeation cascade process. The best configuration  is represented by the four parallel vapor 
permeation membranes recycling the permeate back to the distillation column while the 
retantate is given to the adsorbers to reach the final concentration. 

Organic-solvent nanofiltration-distillation  
Micovic et al., (2012) developed a method for design of hybrid separations under uncertainty 
and showed its application for the integration of melt crystallization and distillation. 
Recently, they extended the method for the integration of OSN and distillation for the 
separation of wide boiling mixtures (published in Lutze and Gorak, 2013). Within their work, 
they investigated the influence on transport resistances as well as the selectivity’s of the OSN 
membrane as model parameter on the performance (namely energy and costs) of an OSN-
assisted distillation for the separation of hexacosane and decane. The result of an 
optimization study for different membrane selectivity’s is presented in Figure 9 in which the 
energy demand is plotted on the y-axis and the grayscale bar stands for total costs per ton 
(CPT) of product. Two configurations have been optimized, the stand-alone distillation and 
one OSN-assisted distillation. Two models for the OSN have been implemented, one 
considering concentration polarization (CP), the other one neglecting them which means that 
three graphs are shown in Figure 9. Each single point of the graph is an optimization of the 
CPT for a fixed selectivity of the membrane. For the optimization an evolutionary algorithm 
has been used. First of all, the results show that even with low selectivity membranes, energy 
and costs savings are possible. Furthermore it can be seen, that energy savings calculated 
with the ideal model cannot be reached when CP is taken into account. For example for the 
same selectivity of 25 the calculated energy savings decreased from 65% to 40%. For 
comparison: selectivity of 25 results in rejection of 75-79% in case when there is no CP and 
59-62% in case when CP is taken into account. Hence, it shows clearly the necessity to take 
these effects into account in order to give a trustful reasoning if a hybrid process is 
promising. 
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Figure 3.9. (left) Minimal energy demand in reboiler dependent on the membrane selectivity; 
comparison between stand-alone distillation and hybrid separation with and without taking 
concentration polarisation. The grayscale bar stands for total costs per ton of product [€/t]; 
(right) Integrated OSN-assisted distillation configuration taken from Lutze and Gorak (2013). 
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4. Conclusions 
In 2009, the chemical industry consumes 19% of the total energy in Europe with 40-60% of 
the total energy used in the chemical industry is for thermal separations. Around 95% of 
thermal energy necessary for separation is used by distillation. A mini-review of industrial 
sector performed for the content of this report revealed that different industry sectors employ 
a range of separation systems from chromatography and crystallisation, dry-freezers in 
biopharmaceutical industries to distillation, extractive distillation in petrochemical industries.  
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Worldwide need for energy will increase which is likely to push further increase in energy 
prices. While many types of energy resources from coal, to oil and gas are used by industries, 
indeed shale gas is increasingly being adopted by traditional chemical and petrochemical 
industries. This trend is set to continue and is expected to affect the choice of separation 
technologies used in industry from distillation to pressure swing adsorption. However energy 
efficiency is as important as before. Since large amount of energy is currently wasted in 
waste streams. Change in raw materials (bio-based) may lead to more diluted systems hence 
likely resulting in increased heat waste. 

All these challenges require optimal design and operation of separation systems employed in 
the industry.  Best practices for design and operation of separation systems are reviewed and 
provided in this report. Advanced optimisation methods and tools from modern chemical 
engineering toolbox is used in petrochemical industries are also recommended for other 
industrial sectors mainly food and biopharmaceutical industries. In addition, optimal design 
of separation technologies virtually means nothing if the implementation in practice that is if 
the control and automation system is not reviewed and maintained properly. To this end, a 
systematic methodology is provided to guide the operators for proper maintenance. With the 
increasing emphasis on transiting from traditional petroleum-based feedstock to bio-based 
feedstock, new best practices for operation and design of separation systems will be needed. 

An intra-sector network of technology providers and domain-specific benchmarking can 
contribute to identifying and adapting best separation technologies and their operation by 
various industries.  
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