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ABOUT IEA, TCP IETS AND ANNEXES
The International Energy Agency (IEA) is an autonomous organisation which works to ensure
reliable, affordable and clean energy for its 29 member countries and beyond. The IEA has four
main areas of focus: energy security, economic development, environmental awareness and
engagement worldwide
There are no quick fixes to long-term energy challenges. To find solutions, governments and
industry benefit from sharing resources and accelerating results. For this reason the IEA enables
independent groups of experts - the IEA Technology Collaboration Programmes, or IEA TCPs
(formerly known as Implementing Agreements).
Through the Technology Collaboration Programme, the IEA provides a framework for more than
40 international collaborative energy research, development and demonstration projects. It enables
experts from different countries to work collectively and share results, which are usually published.
The programme deals with technologies for fossil fuels, renewable energy, efficient energy end-use
and fusion power, as well as electric power technologies and technology assessment
methodologies.
The IEA TCP on Industrial Energy-Related Technologies and Systems (IETS), founded in 2005, is
dealing with new industrial energy technologies and systems.
The mission of IETS is to foster international cooperation among OECD and non-OECD countries
for accelerated research and technology development of industrial energy-related technologies and
systems. In doing so, IETS seeks to enhance knowledge and facilitate deployment of cost-effective
new industrial technologies and system layouts that enable increased productivity and better
product quality while improving energy efficiency and sustainability.
Through its activities, IETS will increase awareness of technology and energy efficiency
opportunities in industry, contribute to synergy between different systems and technologies, and
enhance international cooperation related to sustainable development.
The principal work of IETS is about identifying, observing, following and sharing work among
countries and their organisations and industry clusters. This is done through defined projects, so
called Annexes, in which experts from countries who choose to take part form a working group
with an Annex Manager in charge of coordinating. For more information, please refer to the IETS
website.
This Executive Summary is based on the results from the IETS Annex No, Annex Name. For more
information, please refer to the IETS website.
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EXECUTIVE SUMMARY
Lignocellulosic biomass has been identified as an abundant and renewable resource within the
concept of biorefineries. The critical success factor for using lignocellulosic biomass in biorefineries
is its energy and cost efficient purification and concentration on industrial scale. Membrane processes
as high selective energy-saving separation processes have thus been identified as key units of
operation in future biorefineries. The goal of IETS Annex XVII on “Membrane filtration for energyefficient separation of lignocelllulosic biomass components” was therefore to support the integration
of membrane processes in lignocellulosic biorefineries by providing instructive guidelines how to
design and operate membrane plants and thus to optimize their energy-efficiency and to maximise
their fractionation ability in the concept of biorefineries. To achieve this a group of 12 industrial and
academic partners from 5 IETS countries was formed and four subtasks were defined focusing on
the recovery of biomass components, sustainable and energy-efficient separation methods in
biorefineries, design and optimization of membrane processes in biorefineries and fouling and
cleaning of membranes in biorefineries. For each of the subtasks, joint and individual projects were
conducted by Annex members. The results from the project work were shared among the Annex
members and in a public workshop/summer school organised by the Lund University together with
the European Membrane Society. The Annex XVII work resulted in creation of an initial cooperation platform between IETS members interested in membrane filtration for energy-efficient
separation of lignocellulosic biomass components and succeeded in widening and exchanging the
knowledge base of the Annex participants. Furthermore, the Annex work conducted provides an
excellent initial guidance how to optimise the energy-efficiency of biorefineries by integrating
membrane technology. During the dissemination process it was proposed to continue the Annex by
extending and deepening its scope. In particular, the areas of pre-treatment and fouling/cleaning
require further investigation while emerging membrane processes and water/wastewater treatment
for biorefineries should be included in the Annex work. Furthermore, the focus of the Annex should
be extended from membrane processes in lignocelllulosic biorefineries to membrane processes in
biorefineries using other raw materials since the process challenges are similar. Overall, the Annex
succeeded in creating a network of highly motivated and scientific excellent academic and industrial
research partners and laid the foundation for the integration and optimisation of membrane
technology for energy-efficient biorefineries.
INTRODUCTION
The global society has started a journey from using fossil-based raw material to the utilisation of
climate-smart sustainable raw materials. In particular, lignocellulosic biomass has been identified as
an abundant and renewable resource which can be used for production of fuel, platform chemicals
and value-added materials within the concept of biorefineries. One of the critical success factors for
lignocellulosic biorefineries is the energy and cost efficient purification and concentration of the
biomass components on an industrial scale. In most mature chemical processes separation accounts
for 60 to 80% of the total process cost 1 and is related to a significant part of the overall industrial
energy demand, e.g. in the United States, chemical separations account for 45 – 55% of the overall
industrial energy demand with thermal separation processes requiring 80% of this energy 2. Thus the

1
2

Ragauskas, A.J. et al. The path forward for biofuels and biomaterials, Science 311 (2006) 484-489.
Sholl, D.S. and Lively R.P., Seven chemical separations to change the world, Nature, 532 (2016) 435-437.
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development of energy and cost efficient separation processes is of utmost importance for the
sustainable success of biorefineries.
In current petro-chemical refineries distillation is the unit operation that dominates the separation
concept as most compounds are volatile. In contrast to petro-chemical compounds, most compounds
derived from biomass are non-volatile. Therefore, molecular size, charge and solubility are the main
separation characteristics of extracted biomass compounds, which makes membrane processes a
natural key separation technique in biorefineries.
Much effort has been put into the development of processes using biomass feedstocks. i.e.
lignocellulosic biomass, instead of fossil-based raw materials. However, research in this area is
mostly focused on development of selective reaction pathways, while downstream processes, so far,
have gained less attention. This is quite natural since the reactions decide whether a chemical process
is possible or not, whereas the separation “only” decides whether a chemical process is profitable or
not. Unfortunately, most biochemists are not aware of this when developing new processes on benchscale using various sophisticated separation processes. Once the process is to be scaled up, all too
often it turns out that the process is not economically feasible because the separation stages are too
expensive for the biomass-based products to be competitive with alternative fossil-based products.
On the other hand, membrane technologists focus often solely on the membrane processes while
neglecting the overall biorefinery concept. The results from the Annex work should bridge some of
these gaps.
Membrane processes have been identified as high selective energy-saving processes and as such they
have been anticipated to become key components in future biorefineries. In recent years, membrane
technology has established itself on large industrial scale, e.g. sea desalination units can produce
500.000 m3 of fresh water per day. The fact that the performance of membrane processes decreases
with increasing concentrations matches with the need in biorefineries dealing with commonly
relative diluted process streams, which means that large volumes of water need to be removed.
Guiding principles for the energy requirement for evaporation is 30-40 kWh per m3 water removed,
for ultrafiltration < 5 kWh/m3 and for reverse osmosis < 10 kWh/m3. In order to minimise energy
demand, the aim is therefore to maximise the dry content by membrane filtration before using energyintensive drying techniques, such as evaporation and spray drying, used for final drying. An added
benefit of membrane filtration is that often a concentration and purification duty can be combined in
one process and thus by achieving a higher volume reduction, the product purity is improved as well.
For typical diluted process streams in biorefineries, volume reduction factors of 95 to 99% can be
commonly achieved.
Since the energy requirement of membrane processes increases with increasing concentrations, it is
not only important to optimise the operating conditions of the membrane processes but also to define
the optimal final concentration achievable by membrane processes from a techno-economical point
of view. This optimal final concentration defines then the change-over concentration between
membrane processes and classic concentration technologies and is as such a critical parameter in the
development of the overall biorefinery concept.
Purpose and Objectives
The purpose of Annex XVII is to support the integration of membrane processes in lignocellulosic
biorefineries by providing instructive guidelines how to design and operate membrane plants and
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thus to optimize their energy-efficiency and to maximise their fractionation ability in the concept of
biorefineries. The purpose of Annex XVII was achieved by the following objectives:
•

Establishing a network of experts involved in projects with the aim of recovering valueadded components from biomass.

•

Bringing together and sharing information on the present state of sustainable and energyefficient separation methods to be used in biorefineries.

•

Developing guidelines for design and optimization of membrane processes in biorefineries.

•

Survey of fouling and cleaning of membranes in biorefineries.

The objectives of Annex XVII were realised by performing the following subtasks:
Subtask A. Recovery of biomass components
Lignocellulosic biomass is composed of carbohydrate polymers (cellulose and hemicelluloses), an
aromatic polymer (lignin), pectin, protein and extractives. Depending on the raw material, the
composition and the content of various compounds vary. Biomass is commonly extracted in neutral,
acidic or alkaline water solutions.
Extraction of biomass results in a complex, multicomponent mixture. The molecular mass of
different biomass components is commonly overlapping which complicates separation. Moreover,
the molecular mass distribution of different components is usually wide. Techniques used in research
laboratories (e.g. size-exclusion chromatography) are excellent for producing small quantities of pure
substances. However, these processes are difficult to scale-up, which limits production levels.
The objective of this subtask was to present a synthesis of methods to isolate biomass components,
on a laboratory and industrial scale. Energy requirement, process cost and purity of product streams
using a variety of separation configurations were studied in conjunction with subtask C. Potential
fouling substances were identified in conjunction with subtask D.
The leader of subtask A was Manuel Pinelo, Technical University of Denmark, Denmark.
Subtask B. Sustainable and energy-efficient separation methods in biorefineries
Membrane processes have been used in pulp and paper mills since the late 1960s treating process
streams containing dissolved biomass material. The majority of applications have been aimed at the
treatment of bleach plant effluent, fractionation of spent sulphite liquor and black liquor, and
treatment of white water in paper mills. Replacement of fossil based raw materials with biomass will
accelerate in the future, increasing the need of energy-efficient separation processes. Experience of
membrane process applications in pulp and paper mills will then be a valuable knowledge base in
the development of separation processes in tomorrow’s biorefineries.
The objective of this subtask was to compile a survey of membrane applications in the pulp and paper
industry and in biorefineries. Influence of module design, membrane material and operation
conditions on energy requirement and costs was studied.
The leader of subtask B was Maria Norberta de Pinho, Instituto Superior Técnico, Portugal.
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Subtask C. Design and optimization of membrane processes in biorefineries
Separation accounts for a considerable amount of the cost of chemical processes. Optimization of
membrane processes in biorefineries in order to reduce investment and operating costs is thus a
prerequisite for the implementation of new biobased chemicals produced from non-food renewable
raw materials, such as wood and agricultural residues. Furthermore, for biorefineries it can be
foreseen that separation processes with several separation stages combined for recovery of chemicals
and energy give maximal economic benefits while maintaining the high quality of products and
minimising fresh water consumption. Operating parameters that need to be optimized include feed
concentration, permeate flux and module hydrodynamics.
Energy requirement in membrane plants is mostly associated with electricity used for pumping.
Membrane plants are equipped with a feed pump to deliver the inlet pressure of the plant, and
recirculation pumps to compensate for the frictional pressure losses and to maintain a certain
circulation flow in the membrane modules. The energy required by the feed pump to deliver the inlet
pressure usually dominates in reverse osmosis and nanofiltration plants, whereas the energy required
in the recirculation pumps to maintain a certain cross-flow velocity dominates in microfiltration and
ultrafiltration plants. A decrease from 24 to 4 kWh/m3 achieved by reducing the cross-flow velocity
in an ultrafiltration plant treating wastewater in a pulp mill 3 is only one example of the importance
of optimization of operating parameters in membrane plants.
The fractionation of substances in biorefineries must be performed in a number of subsequent stages,
using a cascade configuration including membrane, as well as other separation processes. The
objective of this subtask was to demonstrate how the design of processes in biorefineries influences
product quality and costs.
The leader of subtask C was Ola Wallberg, Lund University, Sweden.
Subtask D. Fouling and cleaning of membranes in biorefineries
Reduction of fouling and efficient cleaning is of great importance when a membrane process is
implemented on an industrial scale. There are three main fouling mechanisms: cake layer formation,
pore blocking and adsorption. Cake layer formation and pore blocking can occur if the solute
molecules are large enough to be retained by the membrane. If, on the other hand, the solute
molecules are small enough to enter the pores they may be adsorbed onto the pore walls of the
membrane. The adsorbed molecules can then reduce the effective pore diameter resulting in an
increase in membrane resistance. The influence of different parameters on fouling is often application
specific, and the development of cleaning procedures is usually a matter of trial-and-error.
Cleaning has a great impact on the cost of membrane plants as energy is needed for heating of the
rinsing water and cleaning solution. Furthermore, cleaning reduces the lifetime of the membrane and
shut-down for cleaning reduces the operation time. The objective of this subtask was to compile
information about fouling phenomena and cleaning methods in applications where biomass is treated.

3

Nordin, A.-K. and Jönsson, A.-S., Case study of an ultrafiltration plant treating bleach plant effluent from a pulp and paper mill,
Desalination 201 (2006) 277-289.

IETS, Industrial Energy-Related Technologies and Systems
5

ANNEX XVII MEMBRANE FILTRATION FOR ENERGY-EFFICIENT SEPARATION
OF LIGNOCELLULOSIC BIOMASS COMPONENTS
The leader of subtask D was Chris Dotremont, Unit Separation and Conversion Technology, Vito,
Belgium.
MAIN FINDINGS
The work in the Annex resulted in the foundation of an academic/institutional and industrial network
of interested experts with a high scientific profile from 5 IETS countries.
The Annex resulted in a regular exchange and sharing of information between the Annex partners
related to sustainable and energy-efficient separation methods to be used in biorefineries.
Furthermore, the collaboration between some of the Annex partners was intensified by joint projects
and additional projects were conducted by individual Annex members to strengthen the scope of the
subtasks in the Annex. With reference to the subtasks these are in particular:
Subtask A - “Recovery of biomass components” – A successful investigation on the recovery and
purification of D-xylose by selectively removing the inhibitor hydroxymethylfurfural (HMF) by diananofiltration [5] and a study on the enzyme removal in lignocellulosic biorefineries [4] plus a
literature review combined with an overview presentation [23] on the subtask were conducted by the
Technical University of Denmark.
Subtask B - “Sustainable and energy-efficient separation methods in biorefineries”: A master thesis
on the recovery of hemicellulose/lignin from bleaching effluents of a sulphite pulp mill was carried
out in a co-operation between the Technical University of Lisbon and Cellulose do Caima (both
Portugal) and Lund University [11]. Furthermore, under the same subtask pilot and optimisation
trials with microfiltration and ultrafiltration for the extraction of hemicelluloses from
thermomechanical pulp mill process water were conducted in a joint project between Alfa Laval
Nakskov and LiqTech (both Denmark), Stora Enso Kvarnsveden (Sweden) and Lund University [1,
6, 7, 18,19, 24]. Additionally, the state-of the art of membrane technology in pulp-based biorefineries
was reviewed by the Technical University of Lisbon and also by the University of Lund [9, 10].
Subtask C - “Design and optimization of membrane processes in biorefineries”: A study on the
optimisation of ultrafiltration for the combined concentration of arabinoxylan and removal of NaOH
under the influence of air sparging to increase capacity was carried out at Lund University [2, 13].
Subtask D - “Fouling and cleaning of membranes in biorefineries”: Membranes fouled with foulants
from lignocellulosic biorefineries were investigated in a joint effort between the Technical University
of Denmark and Lund University [3]. Additionally, the efficiency of different cleaning protocols
including enzymatic cleaners for membranes fouled by biorefinery process water was analysed at
Lund University [12]. Additional findings related to fouling and cleaning of membranes in
biorefineries were reviewed in a report by Vito (Belgium) and in an overview presentation by the
University of Lund [14].
More general finding covering various aspects of the Annex were presented in several presentations
[16, 17,21-22, 24] and general publications [8].
The all key findings of the Annex were presented in a public workshop/summer school organised by
the Lund University together with the European Membrane Society to strengthen the dissemination
among those interested in the field. The book of abstract of the event has been made publically
available as reference database through the workshop/summer school webpage
http://www.lth.se/membranportalen/english/ems-summer-school-2017/ and the Annex webpage
http://www.lth.se/memprobio/. Furthermore, the Annex webpage has been continuously updated and
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contains the latest overview on the publications prepared as part of the Annex as reference for the
wider public.
IMPLICATIONS
The importance of fouling and cleaning has emerged as the most important issue when it comes to
membrane processes in biorefineries. Cleaning has been largely neglected in the past and mainly
been seen as a measure that reduces the lifetime of the membrane. However, cleaning has a great
impact also on energy demand, and further reduces the operation time of the membrane plant.
When cleaning membranes, high requirements on water quality are imposed. An insufficient supply
of high quality water makes it impossible to rinse the membrane adequately when cleaning. The need
of high quality water adds additional costs to the operation costs of membrane plants in biorefineries.
The difference in performance between different commercial membranes has been illustrated in pilot
trials and highlighted the importance of membrane screening in process development for
biorefineries
It was further observed that not only extractives and lignin foul membranes, but also polysaccharides
are potential foulants.
The findings of the Annex will thus have important implications on the development and
establishment of membrane processes in current and future biorefineries.
CONCLUSIONS AND RECOMMENDATIONS
Some recommendations for people who intend to use membrane processes in biorefinery
applications:

•

Evaluate the performance of a number of membranes on lab scale before moving to pilot
trials.

•

Develop an appropriate cleaning protocol for every new application.

•

Ensure that there are sufficient amounts of high quality water available for cleaning during
the pilot trials.

The Annex XVII work succeeded in creating an initial co-operation platform between IETS members
interested in membrane filtration for energy-efficient separation of lignocellulosic biomass
components. However, until now, this co-operation has been limited to 5 of the current 10 IETS
member countries and thus one of the main aims for the future should be to integrate further IETS
members in the Annex work. In due of the dissemination process it was realised that the focus of the
Annex on lignocellulosic biomass alone is too restrictive and challenges and potentials of membrane
processes in many other biorefinery concepts using other raw materials are of similar nature. Thus,
a more general scope of the Annex covering “Membranes processes in biorefineries” should be
considered. Another aspect discovered during the dissemination process was that some aspects of the
current Annex require further in-depth investigations and other key aspects have so far been excluded
from the Annex work. To overcome this an extension of the current Annex with an adjusted structure
will be proposed.
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PARTICIPANTS
The Annex members, representing 5 IETS member countries, are summarised in Table 1.
Portugal

Austria
• AEE – Intec (Institute)
Belgium
• Vito nv (Institute)
• KU Leuven (Academia)
Denmark
• Technical Univ. of Denmark
(Academia)
• Alfa Laval Nakskov A/S
(Industry)
• LiqTech International A/S
(Industry)

• Instituto Superior Técnico
(Academia)
Sweden
Holmen AB (Industry)
Innventia (Institute)
Lund University (Academia)
SP Process Development
(Institute)
• Södra Innovation (Industry)

•
•
•
•

CONTACT INFORMATION

Annex Manager:
Professor Ann-Sofi Jönsson
Department of Chemical Engineering, Lund University, PO Box 124
SE-221 00 Lund, Sweden
E-mail: ann-sofi.jonsson@chemeng.lth.se
Tel: +46 46 22 282 91

Deputy Annex Manager:
Professor Frank Lipnizki

Department of Chemical Engineering, Lund University, PO Box 124
SE-221 00 Lund, Sweden
E-mail: frank.lipnizki@chemeng.lth.se
Tel.: +46 46 22 282 92
Manager Task A:
Associate Professor Manuel Pinelo
Department of Chemical and Biochemical Engineering, Technical University of Denmark
Søltofts Plads, Building 227, Room 044, 2800 Kgs. Lyngby, Denmark
E-mail: mp@kt.dtu.dk
Tel.: +45 45 25 29 50
Manager Task B:
Professor Maria Norberta de Pinho
Department of Chemical and Biological Engineering, Instituto Superior Técnico
Av. Rovisco Pais-1, 1049-001 Lisboa, Portugal
E-mail: marianpinho@ist.utl.pt.
Tel: +351 21 841 7488
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Manager Task C:

Associate Professor Ola Wallberg

Department of Chemical Engineering, Lund University, PO Box 124
SE-221 00 Lund, Sweden
E-mail: ola.wallberg@chemeng.lth.se
Tel.: +46 46 22 246 41
Manager Task D:
Dr. Chris Dotremont
VITO NV, Boeretang 200, 2400 Mol, Belgium
E-mail: chris.dotremont@vito.be
Tel.: +32 14 33 56 97
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