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Abstract

Biomass is a renewable energy resource that demands a wiser utilization so that
its impact in easing the dependence on fossil-based resources (for energy and trans-
portation) can be as great as is expected to be. In the recent years a number of
innovative processes have been developed to enlarge the spectrum of products from
traditional forest industries with value added products such as biofuels, electricity
and green chemicals. In particular, the research in the field of bioenergy has been
recently intensifying further.

Traditional forest industries, such as Kraft pulp mills and sawmills, are already well
established processes with infrastructures for handling large quantities of woody
biomass on site. Obviously, such facilities can support the realization of bioenergy
innovations in many ways. Chemical pulp mills are often more attractive because
the nature of the transformation steps that take place in their subprocesses, which
can be readily shared as well. Another important aspect is that bioenergy innovative
processes have similar upstream biomass handling, at least at the initial stages of the
pretreatment process, e.g. size reduction. Then they differ mainly in the conversion
steps, some processes undergoing biochemical conversion and others following the
thermochemical one.

Accordingly, it is crucial to investigate the industrial sites from a holistic view and
optimize the entire woody-biomass productive chain with any given innovative pro-
cess in order to realize efficient utilization of the resource both from energy and
material perspectives.

The main focus of this thesis is to investigate the potential for resources saving
and/or increased productivity as the result of the optimized integration among the
processes considered in the industrial site and a common CHP utility. Different in-
tegration boundaries are investigated. At first the subprocesses within a Kraft pulp
and paper mill are considered and later the boundary is enlarged to include the
subprocesses of its supply chain and a wood-pellet plant. In addition, an innovative
conceptual option is investigated for extracting lignin and undegraded hemicellu-
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loses from Birch-wood Black Liquor (BBL) and for converting the hemicelluloses
into butanol through the conventional Acetone-Butanol-Ethanol (ABE) process.

The results of the investigations about the Kraft pulp and paper mill show that
significant margins still exist for reducing the energy usage and for increasing the
power generation in the mill. The design solutions of the integrated industrial site
that include the subprocesses of a Kraft pulp and paper mill, its supply chain and a
wood-pellet plant also reveal large potential for resources saving or increased power
production. Moreover, the replacement of the boiler-based CHP system of the in-
tegrated industrial site with Biomass Gasification Combined Cycle (BGCC) has
resulted in higher values of the evaluated economic indicator. Likewise, the investi-
gation about the lignin extraction process reveals a potentially profitable biorefinery
concept for Kraft pulp mills with only marginal effects on the mill energy balance.
The configuration changes introduced in the evaporation unit of the Kraft pulp and
paper mill play a significant role in minimizing the energy usage of the mill in all
the cases studied. The ABE process, however, requires both improved yield and
economy of scale in order to produce butanol to the current market price range.

Keywords: Kraft pulp and paper mill, process integration, pinch analysis, HEAT-
SEP method, optimization, CHP system, techno-economic, biorefinery.
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Introduction

CHAPTER 1

Introduction

1.1 Background

The lifestyle of modern society and the continuously increasing industrialization
(especially in the fast growing economies) have been significantly contributing to
the ever growing global primary energy demand, which mainly relies on fossil-based
fuels (about 80% [1]). A recent report from the Intergovernmental Panel on Cli-
mate Change (IPCC) indicates that the concentration of CO2 in the atmosphere
has reached a level that is almost 40% higher compared to the pre-industrial pe-
riod (280 ppmv in the mid-1800s against 394 ppmv in 2012 [1]), fossil fuel related
emissions being among the primary causes [2]. About 42% of the global CO2 emis-
sions in 2011 were the result of electricity and heat generation, and nearly 50% of
this quota comes from the emissions related to the industrial sector [1]. The GHGs
emissions from the industrial sector are of different nature and broadly classified
as direct (related to energy usage) and indirect (non-energy related usage of fossil
fuels). About 50% of the GHGs emissions from the industrial sector are direct emis-
sions [3]. In 2011, the emissions from industrial sector have accounted for about
40% of the global CO2 emissions [1]. The transportation sector is the second largest
source, accounting for about 22% of the global CO2 emissions in 2011 [1].

According to the different models reported in [4] for short-term (2000-2030) miti-
gation scenarios, the actions to increase energy conversion efficiency are considered
among the most significant options to stabilize the concentration of GHGs in the
range of 490-540 ppmv CO2-eq.

The improvement of energy conversion efficiency in energy intensive industries can
play a significant role in achieving the emissions targets, since the sector contributes
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for about 40% of the global CO2 emissions [1,5]. Thus, energy intensive industries
have turned their focus into maximizing the process to process internal heat recov-
ery, increasing the efficiency of component operation, integrating innovative process
pathways, and recycling of the waste streams. These actions resulted into new and
more complicated process configurations (featuring more design parameters) that
need to be investigated. The task of minimizing energy usage would require the de-
velopment of representative mathematical models of the processes, including their
utility network, and the formulation of appropriate optimization techniques that are
able to deal with the issues related to such complex search spaces.

The pulp and paper process is one of the main energy intensive industrial sectors
(the sixth largest energy user in Europe [6] and the consumer of about 50% of the in-
dustrial energy in Sweden [7]) and a major woody biomass purchaser. Consequently,
a large portion of the energy demand in pulp and paper mills is covered from biomass
resources (mainly from black liquor, a byproduct of the chemical pulping process,
which accounted for approximately 77% the global pulp production in 2012 [8]).
Hence, the GHGs emissions from the sector are not significant compared to the
fossil-based energy intensive industries. However, fine tuning the Kraft pulp and
paper mill processes, so that they can be operated with improved energy conversion
efficiency, could result in better resource utilization in the sector. Saved biomass
resources can then be used to replace fossil-based resources in other industrial sec-
tors or utilized in the transportation sector as biofuels obtained through innovative
thermo/bio-chemical conversion technologies in the so-called biorefineries.

A typical Nordic Kraft pulp and paper mill is used as the core plant for the process
integration cases studied in this work, so it is useful to present a brief description
of the flowsheet and a summary of recent studies concerning energy efficiency im-
provement measures and biorefinery concepts in such mills.

1.2 The Kraft pulp and paper mill description

Fibers in wood are glued together with lignin, and pulping basically consists in re-
leasing the fibers by removing the lignin. There are different techniques for pulp
production depending on the nature of the delignification process: mechanical, semi-
mechanical, and chemical. The mill considered in this study implements a sulphate
delignification technique and the description below refers to the Kraft pulp process.

The Kraft pulp mill is an energy intensive process by which wood chips are con-
verted into pulp. Pulp is the intermediate product from which different types of
finished paper products and other materials are made. The heart of the Kraft pulp
process is the digester (delignification step), where lignocellulosic wood fibers are
separated to form pulp with the help of cooking chemicals. The cooking chemi-
cals of the sulphate process are mainly composed of sodium hydroxide (NaOH)
and sodium sulfide (Na2S) dissolved in water, and this solution is termed as white
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liquor. After the chemical delignification step the digestion liquor is separated into
two streams, the spent liquor stream and the cellulosic wood fibers stream. The
wood fibers stream is washed, bleached, pressed, and dried in subsequent stages
to produce market quality pulp. The Kraft pulp mill may also have an integrated
paper machine for on-site paper production.

The relevant substances in the spent liquor stream are the cooking chemicals with
degraded sodium carbohydrate and the lignin component of the wood, which jointly
form high water content solution termed as Black Liquor (BL). The BL, which exits
the digester having 14-18% dry content, is concentrated in a multiple effect evap-
orator up to 70-75% dry content. The thick BL is subsequently burned in a RB
to provide the input heat to a steam Rankine cycle and process heat as well as
to recover the spent chemicals in the form of smelt (mainly composed of Na2CO3

and Na2S). The HP steam generated in the RB is expanded in a steam turbine to
generate power, but some of it is extracted at intermediate stages to fulfill process
steam demand at medium and low pressure levels. In order to satisfy the overall
heat demand of the mill, additional HP steam is produced in a biomass fired boiler,
by burning bark or other residues as well as oil.

The cooking chemicals that are collected from the bottom of the RB undergo a chem-
ical recovery loop that has several stages. The hot molten ash (smelt) is dissolved in
water or weak white liquor to form green liquor. Green liquor is mainly composed of
water, Na2CO3, NaHS,NaOH and traces of Na2SO4. The green liquor reacts with
lime (CaO) in the causticization process to produce white liquor as main product
(which is rich of NaOH) and calcium carbonate (CaCO3) as byproduct. Finally,
the white liquor is sent back to the delignification process whereas CaCO3 is fed to
an onsite lime kiln to recycle lime. Figure 1.1 presents a block diagram overview of
the Kraft pulp process.
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Figure 1.1: Scheme of a Kraft pulp mill (solid lines represent fiber processes and dashed
lines represent the chemical recovery processes)

1.3 Previous work

1.3.1 Efficiency measures in Kraft pulp and paper mills

Energy efficiency measures in Kraft pulp and paper mills have been studied by sev-
eral engineers and research teams as the overall conversion process is made of energy
intensive subprocesses.

The potential contribution from the pre-evaporation of the effluents in a Swedish
board mill, utilizing the excess heat from the mill itself, is investigated as a case
study in [9]. The results obtained by combining Pinch technology and the MIND
method showed that the proposed solution is cost-effective.

An energy audit of an existing pulp mill to investigate possible energy efficiency
measures is reported in [10]. The results showed that the studied pulp mill can be
energy self-sufficient, with a potential in electricity saving equal to 22% of the total
electricity use during the period of time in which the audit was made, provided that
all the machines were upgraded to or replaced by the most efficient counterparts
available.

Energy saving opportunities for Kraft pulp mills are discussed in [11] using a sys-
tematic approach based on energy audits and benchmarking against existing and
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new mills. The database in the study includes typical Nordic countries as well as
Northern and Southern America mills.

The potential for improving efficiency and reducing greenhouse gas emission in U.S.
pulp and paper mills is discussed in detail in [12]. The results showed a primary
energy saving potential of 31% (16% achievable in a cost-effective manner) and CO2

emission reduction potential of 25% (14% identified as cost-effective potential).

Pinch analysis is used in [13] to assess process steam and water saving potential
in a Canadian Kraft paperboard mill. Results showed a saving potential of 15% of
the steam generated in the boilers and a reduction of 6000m3/day in process water
consumption.

1.3.2 Biorefinery concepts derived from Kraft pulp and paper mills

Kraft pulp and paper mills are often referred as existing examples of biorefineries as
the chemical transformations that occur in the process, the conversion of lignocellu-
losic biomass into pulp and other intermediate products, can be readily re-directed
or shared so that value added chemicals can be produced along with (or instead of)
the ordinary core products. Besides, the increased global competition in the pulp
and paper industrial sector is pressing the traditional pulp producing countries to
focus on co-producing value added products in the so-called biorefineries [14]. Con-
sequently several researchers have investigated the options to transform the Kraft
pulp process into different biorefinery concepts.

Nowadays, many Kraft pulp mills are energy self-sufficient. In fact, investigations
made by several researchers show that Kraft pulp mills have the potential to become
net energy exporters. Previous studies about replacing the Tomlinson boiler of or-
dinary mills with air/oxygen blown high/low temperature gasifiers, for producing
syngas that can be utilized in gas turbines in the so-called BGCC configuration, have
shown significant margins for increased power production [15–17]. The reported po-
tential margins, of the BGCC cases as compared to the RB system, are large enough
to transform the reference mills from net power importers to net power exporters.

The concept of integrating a pelletizing plant with pulp mills in order to exploit
the secondary heat made available by the mills in the energy intensive drying pro-
cess of the solid biomass fuel has been explored in [18]. The results show that using
the energy of the exhaust gases from the recovery boiler in the drying process of the
pelletizing plant would allow the production of about 70 000 tons per year of wood-
pellets at the cost of 24.6 Euro per ton of pellets. The corresponding reduction in
CO2 emissions, compared to the standalone pellet plant, is estimated in the range
of 31 to 36 kg CO2 per MWh of the energy in the wood-pellets.
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The technical and commercial feasibility of dimethyl ether (DME) and/or methanol
synthesis from the gasification of black liquor is investigated in detail in the liter-
ature [19]. The integration of a DME or bio-methane production plant with black
liquor gasification in chemical pulp mills is also studied in [20] from the points of
view of conversion efficiency and biofuel production potential.

The comparison of methanol synthesis using pressurized and dry (with direct causti-
cization) gasification of black liquor is discussed in [21]. The paper further presented
the comparison of methanol production against other bio-refinery products (hydro-
gen, DME and bio-methane). Results showed that the production of methanol is
more than doubled in the case of pressurized gasification of black liquor. In ad-
dition, a potential for reducing global CO2 emissions by 117 million-tons/year can
be achieved assuming that all the globally available black liquor is used to produce
methanol with the proposed method.

The integration of an hydrogen production plant with black liquor gasification in a
Kraft pulp mill is also reported in the literature [22]. The results of that investi-
gation showed potential for a significant reduction in CO2 emission and concluded
that if the proposed process is integrated in all the chemical pulp mills in Sweden
it can result in a reduction of about 8% of the total CO2 emission of the country.

Fornell [5], in his PhD studies, has investigated the techno-economic and process
integration potential of different biorefinery concepts based on a model Kraft pulp
mill repurposed as an ethanol production plant (see [23,24] for further reading).

Investigations about producing biofuels and green chemicals through a biochemi-
cal conversion of the hemicelluloses extracted from the pulping wood prior to the
pulping process have also been discussed previously, see e.g. [25–27]. A study
performed on a mill with a throughput of 2000 tons of dry wood per day show a
potential for producing 0.038 million cubic meter of ethanol at a minimum selling
price of 491 USD per cubic meter [25]. Another study case about the production
of ethanol and acetic acid in a mill with a capacity of 1000 tons of pulp per day
show that ethanol can be produced in the cost range between 1.63 and 2.07 USD
per gallon, and acetic acid in the cost range between 1.98 and 2.75 USD per gal-
lon depending on the capital cost required for the equipment of the new process [27].

In a broader perspective, Kraft pulp mills can be part of an industrial park (where
other forest industries are also present) instead of being the background industry
for innovative bioenergy processes, as is the case in most of the pulp-mill-based
biorefinery concepts reported in the literature. A case study of such an industrial
park comprising of a Kraft pulp mill, a sawmill and a wood-pellet plant with the
option of a district heating network has been previously investigated in the context
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of industrial symbiosis in the Swedish forestry [28]. The focus of the paper was to
assess the potential economic benefit that may arise from such systems compared
to the standalone plants without considering any specific case.

1.4 Contribution from the current work

Most of the literature works summarized in the previous section focus on the inte-
gration of innovative processes to use the available biomass resource and the excess
energy in a chemical pulp mill. In some cases, novel conversion technologies may
also be considered as alternative routes to existing subprocesses in chemical pulp
mills, e.g. the gasification of BL is often considered as alternative technology to com-
bustion. In so doing, the investigations focus on the mill sections that are directly
related to the innovative process under consideration and often leave the rest of
mill subprocesses in their original configuration and operational parameters. Other
studies focus on improving the energy utilization by targeting specific section of the
mill, and might overlook energy saving potentials that can be obtained by consid-
ering wider boundaries.

The focus of this work is also related to both energy efficiency measures and biore-
finery concepts about Kraft pulp mills. The approach used is, however, to study and
propose integrated design solutions by using advanced integration and optimization
tools. System boundaries may vary from a subprocess within a chemical pulp mill
to the whole mill and beyond, including other related industries in the context of
integrated industrial site in which the different plants complement each other from
material and energy perspectives.
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1.5 Objectives and thesis outline

The primary objective of this work is the application of process integration and
optimization tools to investigate the potential for resources saving (by minimizing
the energy usage) and/or increased productivity in woody-biomass-based forest in-
dustries. A Kraft pulp and paper mill is used as the core plant. The approach is to
quantify the benefits that may derive from:

� the optimization of the configuration and of the design parameters of the multi-
effect evaporator, which is the major energy consumer in the Kraft pulp and
paper mill (Paper I)

� the optimized integration of an industrial site including a Kraft pulp and paper
mill and its CHP utility (Paper I)

� the optimized integration of an industrial site including a Kraft pulp and paper
mill, its supply chain, a wood-pellet plant and a shared CHP utility (Paper
II)

� the integration of a BL fractionation process, for the production of biofuels,
in a Kraft pulp and paper mill (Paper III)

Other objectives include:

� the economic assessment of the integrated design solutions (Paper II)

� the investigations about the systems and economic perspective of incorporating
the hardwood BL fractionation process in a Kraft pulp and paper mill (Paper
III)

The thesis is structured as follows. Chapter 2 presents the methods used for pro-
cess modeling, integration, optimization and evaluation. The summary of the cases
studied and the main findings are presented in Chapter 3. The most significant
conclusions drawn are summarized in Chapter 4.
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CHAPTER 2

Methodology

Process integration and optimization in the field of energy intensive industries usu-
ally require representative mathematical models that are able to reproduce the actual
plant behavior as close as possible. The emphasis on and level of modeling details
is somewhat predetermined by the intended objectives set for the integration and
optimization investigations. The main focus of the models developed in this work is
to simulate the considered industrial processes according to their mass and energy
balances. This section briefly presents the simulation software, the process integra-
tion and optimization tools as well as the process evaluation methods that are used
in this work.

2.1 Process simulation tools

The model for the Kraft pulp and paper mill is developed in the Simulink environ-
ment. Simulink is a graphical extension to MATLAB for modeling and simulation
of generic systems and uses a block diagram user interface with blocks and arrows.
The different processes occurring in the mill are represented by blocks, which can be
regarded from a pure mathematical point of view as transfer functions. These blocks
can be put in a sequence, to represent for instance a series of processes occurring
sequentially, or one within the other hierarchically, to represent internal sub-units,
according to the complexity of the represented processes. The arrows/signals that
connect the blocks are actually travelled by numerical vectors containing thermo-
dynamic state variables (temperature and pressure), physical quantities (mass flow
rate and other properties) and chemical quantities (mass fractions defining stream
composition).

9
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The model of the conceptual process for lignin separation and butanol production
presented in Paper III is developed in Aspen Plus. Aspen Plus is a commercial
software with a graphical interface for developing models and performing simula-
tions of chemical processes. In addition, it is equipped with a wide range of built-in
models to simulate the behavior of commonly used components and with a compre-
hensive database of substance properties. The property database and the built-in
models make Aspen Plus convenient for simulating processes containing mixture
streams that need separation and purification. Moreover, Aspen Plus allows the
user to customize the behavior of the built-in component models using FORTRAN
and/or Excel calculator blocks.

2.2 Process integration

Process integration (PI) is a broad subject about the way in which different sections
of industrial processes (such as reactors, separators, heat exchangers and utilities)
can be combined into an overall flowsheet. This integrated synthesis should hope-
fully lead to a further exchange/utilization of the available resources in a techno-
economically feasible manner in order to fulfill a particular objective. Examples of
the objective/s could be the minimization of energy usage, the reduction of environ-
mentally hazardous waste and the minimization of total cost (the sum of investment
and operation costs related to a specific production). PI can be roughly categorized
into mass integration and energy integration. Mass integration deals with the gen-
eration, separation and routing of species and streams throughout the process [29].
Energy integration deals with the allocation, generation and exchange of different
forms of energy (in particular thermal energy) throughout the process [29]. The
focus in this work is on energy integration using Pinch Analysis techniques and
therefore a brief description of the method is presented here. The reader is referred
to the literature in the field (e.g. [30–33]) for further details.

2.2.1 Pinch Technology

Pinch Analysis (PA) is a systematic approach that was initially developed to syn-
thesize efficient heat exchanger networks. Given a list of the thermal streams in the
process/plant under consideration, the strength of PA relies on the identification of
the energy recovery potential and of the Minimum Energy Requirement (MER) from
external utilities prior to the detailed design of the heat exchangers. The method
was first proposed in the late 70’s by Linhoff and Umeda and their co-workers and,
over the years, pinch-based approaches have been developed into standard method-
ologies for energy targeting and the design of thermal and chemical processes with
the associated utilities.

The first step to energy targeting consists in the systematic construction of the so-
called Composite Curves (CCs). The CCs are obtained by plotting the cumulative
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enthalpy flows of the hot/cold streams according to the temperature ranges in which
they are released/ required, as shown in Figure 2.1(a). When both curves are plotted
on the same temperature-enthalpy (T-H) diagram, they show the opportunity for
heat recovery as well as the heating and cooling duties required. In fact, the overlap
between the horizontal projections of hot and cold CCs on the abscissa of the T-H
diagram represents the heat recovery potential/target, while the non-overlapping
horizontal projections of the hot and cold CCs represent the cold and hot utility
targets, respectively.

The relative position of the hot and cold CCs is dictated by the definition of the
minimum temperature difference ( ΔTmin) that is allowed for any possible heat
transfer among the streams, and the point of closest approach between the two CCs
is called the process pinch. The pinch location divides the overall process into two
distinct thermal regions [30,31,34] ;

� A net heat sink above the pinch temperature

� A net heat source below the pinch temperature

The following rules can be applied to the identified regions as a thermodynamic
corollary in order to achieve the maximum energy recovery potential [31,35];

� No cold utilities above the pinch

� No heat transfer across the pinch

� No hot utilities below the pinch

In fact, it is easy to demonstrate that the violation of one of these rules would result
in an increase of the requirements from the external utilities and, at the same time,
in a reduction of the internal heat recovery.

The other important tool in PA is the Grand Composite Curve (GCC), which visual-
izes the overall heat transfer problem as a thermal cascade that is obtained through
the Problem Table Algorithm [31]. The information required by the algorithm is the
same used for the calculation of the CCs, but the temperature ranges are now de-
fined according to a shifted temperature scale and in each range algebraic sum of the
thermal capacities of both the hot and cold streams is considered (Figure 2.1(b)).
The shifted temperature scale is obtained by adding ΔTmin/2 to the cold stream
temperatures and subtracting ΔTmin/2 from the hot stream temperatures, so that
the heat transfer driving force is at least ΔTmin. Thanks to the visualization of
the temperature ranges in which cumulated heat surpluses are made available and
cumulated heat deficits are to be covered, the GCC readily identifies the possibilities
for heat recovery through process to process exchange, as well as guides the selection
and placement of utilities [31,34]. A distinct feature of the GCC is that it provides
important information about the temperature levels at which the utilities can be
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supplied.

Figure 2.1: Hot and cold composite curves (a) and Grand composite curve (b)
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More advanced integration opportunities can also be investigated by the so-called
Integrated Grand Composite Curve (IGCC) representation, which extends the con-
cept of GCC to allow for the integration of other thermal streams such as those
involved in the systems supplying the external utilities to the process. In the exam-
ple shown in Figure 2.2, the IGCC visualizes how well the steam cycle streams from
a CHP system are exploiting the heat pockets formed in the GCC obtained from
the combined list of process streams and boiler/HRSG streams.

Figure 2.2: Integrated grand composite curves representation

Taking advantage of the abovementioned PA tools, targeting procedures can be
easily implemented in the design procedure of both heat exchanger network and,
on a broader level, process flowsheets. In particular, useful design guidelines and
algorithms (both ad-hoc and general) for the synthesis and optimization of energy
intensive industrial processes have been developed and codified in the literature, see
e.g. [36-38]. The HEATSEP method [39], which has been used extensively in this
work, is among the notable and versatile methods developed.

2.2.2 The HEATSEP method

In order to assist the development of an automated procedure for the synthesis and
optimization of energy systems, the HEATSEP method suggests to separate the heat
transfer section of a system by virtually cutting the thermal links between the basic
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system components. In this way, the temperature at the entry of a unit is free to vary
independent of the temperature at the outlet of the preceding component, and the
heat transfer section comprising all the thermal cuts can be represented by a ‘black
box’, in which the actual heat exchanger network configuration is left undefined.
However, the Problem Table algorithm has to be run for the potential hot and cold
thermal streams generated by the thermal cuts in order to check the feasibility of
the heat transfer. When the configuration and the design parameters of the basic
system components are optimized, the mass flow rates and the temperatures of the
thermal streams (i.e. the temperature at the boundaries of the ‘black box’) can then
be included among the decision variables.

As an example, an illustration of the heat transfer black box containing the thermal
streams from the multiple effect evaporators of a Kraft pulp and paper mill is shown
in Figure 2.3 (the grayed-out section shows the algorithm of the optimization routine,
see the next section for details).

Figure 2.3: The adiabatic heat transfer black box of the multiple effect evaporators model
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2.3 Process optimization

The optimizations are carried out using a single-objective Evolutionary Algorithm
(EA) routine based on Genetic Diversity Evaluation Method (GeDEM), which is
described in [40], and the Sequential Quadratic Programming (SQP) script “fmin-
con”, which is available in the MATLAB optimization tool box. The choice of the
optimization routine depends on the mathematical nature of the optimization prob-
lems (see [40,41] for further details).

The single-objective EA is used to optimize the multiple effect evaporators and the
hot utility requirement of the Kraft pulp and paper mill. This is due to the fact that
small changes in the decision variables may cause the pinch point(s) of the Problem
Table to move from one temperature level to another resulting in discontinuities in
the first derivative of the objective function (traditional optimization algorithms are
not able to deal with this kind of discontinuities [41]). Moreover, the objective func-
tion is expected to have a multi-modal behavior because the different combinations
of potential pinch points at the temperature levels of the different effects may result
into several local optima.

A traditional optimization algorithm (“fmincon”) is chosen to solve the optimiza-
tion problems set in all the total site integration scenarios considered in Papers
I and II, since no discontinuities are expected due to the mathematical nature of
the problems. The temperature levels of all the thermal streams are fixed, so the
heat transfer feasibility constraint is expressed by a set of inequalities (one at each
temperature level, see [41]) that are linear functions of the mass flow rates of the
thermal streams. The objective function is calculated as an algebraic sum of terms
in which specific enthalpy differences, derived from fixed steam conditions, multiply
the steam mass flow rates, so it is linear in the decision variables as well.

The optimization routines are interfaced with a Pinch Analysis routine that re-
trieves the information about the thermal streams from the developed Simulink
models. The Pinch Analysis routine checks the heat transfer feasibility within the
‘black box’ by calculating the composite curves of the hot and cold streams and by
solving the Problem Table algorithm according to Pinch Analysis rules [31]. A brief
description of the sequence of steps performed during the optimization procedure is
offered in the following text and depicted in Figure 2.4.

The starting values of the chosen decision variables, which are initialized in the SQP
script or (as a population of solutions) in the single-objective EA routine, are passed
on to the Simulink model and then the quantities related to the hot and cold thermal
streams are sent to the Pinch Analysis routine, which checks the condition according
to which “the accumulated heat made available by the hot streams has to be greater
than or equal to the accumulated heat demand of the cold streams at all tempera-
ture intervals in the thermal cascade”. The optimization algorithm finally calculates
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the objective function value and proposes new values for the decision variables (in a
search space limited by lower and upper bounds) that correspond to the solution(s)
to be evaluated in the following iteration of the search for the ‘minimum/maximum’
value of the objective function.

Figure 2.4: Optimization algorithms for the hot utility minimization (a) and the steam
Rankine cycle net power maximization (b)

2.4 Economic evaluation

The optimal design solutions of the integrated industrial site in Paper II and the
lignin separation and butanol production processes in Paper III are investigated
from an economic point of view using the Investment Opportunity (IO) potential
and the production cost of butanol as economic indicators, respectively.
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In Paper II the optimal design solutions of the integrated industrial site are eval-
uated from an economic perspective using IO as an economic indicator. IO is a
measure of the profitability of a design solution based on the algebraic difference
between the product revenues and resources cost:

IO=
∑

(products revenue)−∑
(resources cost) (1)

IO presents an overall estimation of the profitability without the knowledge of the
detailed investment cost of a design solution. The higher is the IO potential the
larger is the margin for investing in a design solution while the project cash flow
history remains positive at the end of the economic life time.

In Paper III the study estimates method together with the Hand method as well
as Aspen Process Economic Analyzer are used to estimate the investment cost. The
sets of equipment which are required by the conceptual process are sized based on
the mass and energy balance flowsheet developed in Aspen Plus. The evaluation
of the equipment cost is performed by estimating the purchase cost of unit oper-
ations, based on published data as well as in-house database information, and by
multiplying them with their respective Hand factor to account for piping, insurances,
installations etc. The capital cost is estimated according to the following expression:

Capital cost=
∑

[(Equipment purchase cost× hf × fm)]× fi× fb× fp (2)

Where;

hf - Hand factor, fm - material factor, fi - instrumentation factor, fb - building
factor and fp - place factor.

The cost of equipment for the components involved in the process are initially esti-
mated using correlations and data available in literature [42]. The initial estimates
are corrected to match the pressure and material requirement of the current process
using factors reported in the same source.
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CHAPTER 3

Summary of studied cases

3.1 The Kraft pulp and paper mill

Paper I investigates the potential for energy and resources saving in a Kraft pulp
and paper mill by applying advanced process integration and optimization tech-
niques to a mathematical model of the mill itself.
The model, developed in the Simulink environment, is a stationary design model
that reproduces the operation of a real Kraft pulp and paper mill. The analysis is
performed by selecting decision variables that most affect the energy utilization in
the mill and by formulating optimization problems related to:

� the energy usage in the most energy intensive sub-process of the mill (the
MEEV);

� the overall hot utility requirement of the mill;

� the integration of the total site including a CHP plant supplying the external
utilities.

It should be noted that the mathematical model of Kraft pulp and paper mill de-
veloped in Paper I is used as a base in the work that follows. An overview of the
Simulink model is presented in Figure 3.1.
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Figure 3.1: Kraft pulp and paper mill Simulink model

When the MEEV is considered as a standalone process, the results show that about
21% of the basecase live steam energy demand of the MEEV can be saved by adopt-
ing a new configuration and optimizing its design parameters. In terms of thermal
load, the hot utility requirement of the MEEV is reduced from 56.4 MW (basecase)
to 44.7 MW (optimized) and the cold utility requirement from 64.9 MW (basecase)
to 53.7 MW (optimized). The GCCs of the basecase and optimized MEEV are
compared in Figure 3.2.
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Figure 3.2: GCCs of the evaporation unit (basecase in red solid line, optimized in blue
dashed line)

When the MEEV is considered among the other mill processes, the hot utility re-
quirement of the overall pulp and paper mill can be reduced by 15% with a new
MEEV design, from 78.9 MW (Figure 3.3 basecase) to 66.88 MW (Figure 3.3 op-
timized). In addition, a reduction of about 25% in the cold utility requirement is
achieved in comparison to the basecase.

In both the optimization problems the chosen decision variables are the pressures
at which the evaporation units are operated, the target DM content of the BL in
each of the evaporation units and the temperature of BL entering the MEEV. The
optimal values obtained result in a more even distribution of the thermal loads in
the MEEV, which in turn generates multiple pinch points at the temperature levels
of all the evaporation units. Accordingly, the GCCs of the optimized designs are
shifted closer to the ordinate axis, causing a reduction in both the hot and cold
utilities (Figure 3.3 optimized).
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Figure 3.3: GCCs of the Kraft pulp and paper mill (basecase in red solid line, optimized
in blue dashed line)

3.2 The supply chain to Kraft pulp and paper mills

Paper II investigates the potential for resources saving and/or increased power
production in an integrated industrial site comprising the subprocesses of a Kraft
pulp and paper mill, its supply chain, a wood-pellet plant and a common CHP
system supplying the thermal and electric utilities of all the plants. The woodchips
input to pulp and paper mills comes in two forms:

� as one of the byproducts from sawmills and

� from the chopping of other low quality woody biomass that cannot be used
for the production of lumber

Therefore, the industrial processes included in the supply chain of pulp and paper
mills are sawmills and woody-biomass choppers. A scheme of the material flows in
the integrated industrial site analyzed in Paper II is presented in Figure 3.4. The
domestic wood harvested from the Swedish forest industry is considered to be made
of equal parts of timber and other low quality woody biomass on dry basis [43], and
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the Sankey diagram in Figure 3.5 shows the material balance of the biomass flows
in the supply chain to pulp and paper mills under this hypothesis (further details
are given in [43,44]).

Figure 3.4: Material flow connections among the integrated forest industries

Figure 3.5: Sankey diagram of biomass flow in the supply chain to pulp and paper mills
[43,44]

The flow connections among the plants and the mass balance shown in Figures
3.4 and 3.5 establish some of the basic constraints for the optimal design of the
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integrated industrial site. The pulp and paper production rate in the integrated
industrial site is kept equal to that of the standalone pulp and paper mill analyzed
in Paper I. The main differences in the utility requirements between the standalone
Kraft pulp and paper mill and the integrated industrial site are shown in Figure 3.6.
It appears that expanding the system boundaries to include the mill supply chain
and a wood-pellet plant results in an increase of the hot utility requirement of about
17.5% compared to the case of the pulp and paper mill alone; on the other hand,
the cold utility requirement is reduced by 62%.

Figure 3.6: GCCs of the integrated industrial site in Paper II (the red solid line) and the
Kraft pulp and paper mill (the blue dashed line)

3.3 The CHP system

The main purpose of the CHP system is to provide both the hot utility and power re-
quirements of the industrial processes with just one facility. If the hot utility demand
were to be supplied directly from the combustion of the available biomass fuels, the
exergy destruction would be too large, not to mention the technical constraints that
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could prevent the exchange of heat between the high temperature combustion gases
and process thermal sinks. Besides, some steam is required in the pulping process
and must be generated anyway.

Accordingly, the steam Rankine cycle of the CHP system is designed to exploit the
heat pocket/s formed by the boilers (or the gas-turbine exhaust gases in the case of
BGCC) and process thermal streams to generate electricity, while providing thermal
energy to the process at the required temperature levels using steam condensation.
The size of the heat pocket/s formed in the GCC is limited by the availability of
biomass fuel consumed in the boilers (or in the gasifiers in the case of BGCC), which
also determines the amount of power produced by the steam turbine.

The HP steam generated by the boilers (or by the HRSGs in the case of BGCC)
has three usages:

� it is expanded in a steam turbine for electricity generation until it is extracted
at intermediate pressures levels or reaches the lowest condensing pressure;

� part of the steam extracted at 4 and 10 bar and all the steam extracted at 30
bar are directly consumed (either mixed with the fiber line or used for soot
blowing in the boilers) in the pulp and paper process;

� the remaining part of the steam extracted at 4 and 10 bar is condensed to
supply heat to the process.

An amount of make-up water (1 bar, 5 ◦C) equal to that of steam directly consumed
must therefore be supplied to the steam cycle continuously . The thermal streams
associated with the generation of the directly consumed steam are taken into ac-
count among the process thermal streams in the IGCC representations.

On the contrary most of the steam is condensed and recovered within the steam
Rankine cycle of the CHP system. The following configuration changes are intro-
duced (or considered) with respect to the steam cycle in the CHP system of the
basecase Kraft pulp and paper mill:

� the maximum cycle pressure is raised from 60 (in the basecase) to 100 bar;

� a reheat is introduced at 30 bar to the maximum cycle temperature (450 ◦C);

� the steam in the basecase is expanded to 4 bar in a back-pressure turbine,
however the option of expanding the steam further down to 0.05 bar in a con-
densing turbine is explored in some of the scenarios evaluated for the integrated
design cases.

Two technologies are considered for supplying the primary heat source to the steam
cycles of the CHP systems of the integrated industrial sites:
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� boilers (Papers I and II)

� gas turbines in the so-called BGCC configuration (Paper II)

Depending on the technology and the steam cycle configuration considered for any
given scenario, the corresponding thermal streams of the CHP system are included
in the heat transfer black box of the industrial site during the optimization. Ac-
cordingly, several scenarios with different configurations of the steam Rankine cycle
of the CHP system and different objectives are evaluated in Papers I and II.

3.4 The lignin and butanol process

In Paper III a conceptual process for extracting lignin and hemicellulose from
hardwood BL and converting the hemicellulose into butanol is proposed and inves-
tigated.

In chemical pulp mills the hemicellulose fraction of the wood is an underutilized
resource and upgrading it through a techno-economically feasible process can gener-
ate additional revenue to the industry. The conceptual process considered in Paper
III produces mainly lignin (as a solid biomass fuel) and biobutanol (as a motor fuel
replacement/blend in Otto engines) from a stream of BL extracted from the digester
of the Kraft pulp and paper mill. Part of the organic substances in the extracted
stream are precipitated and filtered out to produce lignin and biobutanol through
the conventional hydrolysis and fermentation pathway, as shown in Figure 3.7. The
butanol producing micro-organisms usually generate considerable amounts of ace-
tone and ethanol along with butanol, thus the fermentative butanol process is often
referred as the Acetone-Butanol-Ethanol (ABE) process (see e.g. [45–48]).

The RB is often referred as the bottleneck hindering increased pulp production in
chemical pulp mills [49,50]. Extracting part of the organic substance from the BL
could help debottlenecking in such situations, but a possible drawback is the in-
creased energy demand in the evaporation unit of the mill. Thus, it is deemed
important to assess the impact of the extraction of organics from the BL on the
configuration and energy demand of the MEEV and on the RB thermal output.
This objective is investigated in detail using the mathematical model of the mill
developed in Paper I.

The investigations about the proposed process are carried out under the hypothesis
of extracting a stream from the digester that contains 10% of the organics from the
input biomass to the mill and 10% of the cooking chemicals, on dry basis. The
reason is that organics extraction above 10% result in local limitations in the Kraft
pulp and paper mill subprocesses, such as firing problems in the RB.
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Figure 3.7: Block diagram of the conceptual organics extraction and ABE process

The findings of the investigations about the lignin extraction process show that the
process can be economically feasible for lignin selling prices above USD 36/MWh
without the incentive from the hemicelluloses hydrolyzate. The production cost
reciprocity assessment between the lignin and BBLH (birch black liquor hydrolyzate)
indicates that lignin is produced in the cost range between 0-36 USD/MWh while
the corresponding cost range of BBLH varies from 28 to 0 USD/tonne.

The studies about the ABE process show that butanol is produced in the cost range
from 7.1 to 3.6 kUSD/tonne-butanol while lignin market value (which is assigned
in order to calculate the production cost of the other two process outputs) varies
between 30-50 USD/MWh. The corresponding production cost range of ABE is
between 5.6 and 2.8 kUSD/tonne.
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CHAPTER 4

Conclusions

The process integration cases investigated in this thesis are based on the data ex-
tracted from the developed mathematical models of the considered industrial pro-
cesses. The models are built in Simulink and Aspen Plus environments depending
on convenience. The Kraft pulp and paper mill model reproduces measurement
data taken on an actual plant, which is quite representative of the technologies used
in Swedish mills, whereas its supply chain and the wood-pellet plant are modeled
according to the features of typical Nordic forest industries. The conceptual de-
velopment of the organics extraction process is based on data from experiments
conducted in a real mill, and that of the ABE process is based on bench-scale ex-
periments. The main conclusions drawn in the appended papers are summarized in
the following text.

The investigations about the Kraft pulp and paper mill indicated significant margins
for improved energy utilization. The potential for reduction in the thermal energy
demand of the MEEV is mainly due to the optimized operating parameters, while
the contribution of the configuration changes introduced is minimal. The optimiza-
tion of the hot utility requirement of the Kraft pulp and paper mill also showed a
margin for the potential reduction in the hot utility demand similar to that of the
MEEV(see Figures 3.2 and 3.3).

The application of the HEATSEP method allowed for the dissolution of any prede-
fined thermal stream match or heat exchanger network between utility steam and
process streams (in this case the feasibility of the heat transfer interaction among
the mill streams is checked within the black box only). This has freed part of the
MP and LP steam, which had predefined thermal load matches in the real plant.
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Consequently, the integration of the Kraft pulp and paper mill with the streams of
the CHP system has resulted in excess steam generation when the recovery and bark
boiler are run at full load. In fact, about 50% of the black liquor energy is enough to
provide the hot utility requirement of the mill. In this situation there are two pos-
sible feasible outcomes according to different objectives, namely biomass resource
saving or increased power production. If resource saving is the chosen objective,
the outcome is to shut down the bark boiler and run the recovery boiler with the
amount of black liquor that is strictly sufficient to cover the thermal energy demand
of the mill. On the other hand, if increased power production is the objective, a
condensing steam turbine must be implemented in order to exploit the excess steam
generated by the boilers. In addition, it should be noted that the configuration
changes introduced in the steam Rankine cycle of the CHP system has also played
a significant role in the potential for increased power production.

The results of the studies about the industrial site featuring a Kraft pulp and paper
mill, its supply chain and a wood-pellet plant have also shown large potential for
resources saving or increased power production compared to the standalone plants.
In this case the option of replacing the boilers based CHP system with BGCC is
also explored. If power production is considered a priority, the BGCC should be
implemented. If otherwise resource saving is prioritized, there are two alternatives
complying with this objective. The first alternative saves the BL and 57% of the
BFM and utilizes the rest of the BFM in the bark boiler, while the second one
utilizes the BL in BGCC and saves the BFM. Any deficit in the electricity demand
of the integrated industrial site is assumed to be supplied from the grid. As regards
the economic evaluation, it can be concluded that the integrated designs perform
better than the standalone cases in terms of the IO index.

The conceptual process for producing high grade lignin and butanol developed in
this work presents an alternative path for the utilization of the underutilized organic
portion of woodchips used in chemical pulping process. The economy of butanol pro-
duction through the proposed process has resulted in rather high production costs,
at least for the main case evaluated. The ABE fermentation yield from BBLH needs
to be improved to the levels already reported for pentose substrates in order to have
an economically viable process. According to the sensitivity analysis, an improved
fermentation yield together with an increased production capacity of the ABE pro-
cess can result in an economically feasible biorefinery concept based on Kraft pulp
mills. The economy of the integrated process has also shown a strong dependence
on the selling price of lignin, as lignin is the major product in terms of quantity.
The configuration changes introduced in the MEEV played an important role in
reducing the effects of the integration of the conceptual process on the energy bal-
ance of the BL evaporation sub-process. This has been confirmed by assessments
made about the impact on the hot utility requirement of the entire mill, especially
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when only the lignin separation plant is considered. Besides, dedicating one of the
MEEV units to the new process leads to reduced capital investment. As regards
the lignin separation process, it can be concluded that integrating only the lignin
separation and BBLH production processes presents an attractive solution resulting
in increased pulp production and increased revenues.
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Nomenclature

ΔTmin minimum temperature difference
ABE acetone-butanol-ethanol
BB biomass fuel mix boiler/ bark boiler
BBLH birch-wood black liquor hydrolyzate
BFM biomass fuel mix/ bark mix
BGCC biomass gasification combined cycle
BL black liquor
CC composite curve
CHP combined heat and power
DM dry matter
DME dimethyl-ether
EA evolutionary algorithm
GCC grand composite curve
GHG greenhouse gases
HP high pressure
HRSG heat recovery steam generator
IGCC integrated grand composite curve
IO investment opportunity
LP low pressure
MEEV Multiple-Effect EVaporator
MER minimum energy requirement/ maximum energy recovery
MP medium pressure
PA pinch analysis
PI process integration
ppmv part per million, volume based
RB recovery boiler
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SQP sequential quadratic programming
T-H temperature-enthalpy diagram
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" A Kraft pulp and paper mill is modeled and analyzed with process integration techniques.
" Modifications to the evaporation train and CHP system configurations are introduced.
" Three different heat integration boundaries are considered.
" Results show considerable potential for energy saving and increased power generation.
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a b s t r a c t

A great interest has been arising about the production of fuels and advanced chemicals from renewable
resources such as wooden biomass in the so-called biorefineries. Pulp and paper mills are often seen as
the most obvious fundamental module of such industrial sites, because of the common feedstock and the
chemical transformations that already occur in the process. In this paper the model of real Kraft pulp and
paper mill is developed and optimized from energetic point of view using process integration techniques,
in order to assess the potential for energy saving and to establish a starting point for future research on
biorefinery sites. Improvements to the configurations of the multi-effect evaporator and of the steam
cycle in the CHP system have been introduced, and three different levels of heat integration boundaries
have been considered (multi-effect evaporator, mill sub-processes, and total site). Results indicate a sig-
nificant potential for the decrease in thermal energy requirement and/or the increase in power produc-
tion for the same pulp and paper production.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The interest in improving the efficiency of energy conversion
and transfer in chemical plants has been growing due to several
reasons including rational utilization of resources, profitability
and concern for environmental issues.

Thus energy intensive industries, such as the pulp and paper
sector (which accounts for about 5% of the total energy use in
IEA member countries [1]), have turned their focus into maximiz-
ing the internal heat recovery among their sub-processes, increas-
ing the efficiencies of components and processes, recycling of
waste streams, and expanding their product chain with new
branches that can be easily integrated from the material and ener-
getic point of view. In this respect, the transformation of pulp and
paper mills into biorefineries can be seen as a natural evolution of
the same industrial site, because both types of plants require sim-

ilar feedstock and part of the chemical transformation steps can
readily be shared so that new chains for value added side products
can be incorporated generating additional revenues (see e.g.,
[2–5]). These modifications result in innovative and more complex
process configurations, which require advanced design and optimi-
zation techniques for material and energy integration analysis (see
e.g., [6–11]) to be really effective.

The aim of this paper is to develop a simulation model of a Kraft
pulp and paper mill and to investigate the configuration and the
design parameters of the complete industrial site with process
integration techniques, in order to provide the basic module of a
framework in which new biorefinery concepts can be modeled
and analyzed.

The benefits of applying process integration techniques to pulp
and paper mills have been reported by several authors in the liter-
ature (see e.g., [12–14]; see also [15–19] for recent advances in the
literature about pulp and paper mills). In the current work, the
HEATSEP method [20] has been applied to the flowsheet of
the model mill in order to achieve the maximum flexibility about
the properties and the matching of the thermal streams of the
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system. In fact, the HEATSEP method suggests to enclose the heat
transfer section of the system in a ‘black box’, in which the thermal
streams are completely free to interact (i.e. no heat exchanger net-
work is defined, so that stream mass flow rates and temperatures
can be varied with fewer constraints) provided that heat transfer
feasibility is verified.

The configuration and the process parameters of the model,
which is developed in the MATLAB/Simulink environment, are ta-
ken from the experimental data on a real pulp and paper mill in
northern Sweden. Previous studies performed in [13,21] are based
on the same experimental data and use a model developed in re-
MIND [22].

Three optimization problems are set to explore the potential for
thermal integration inside different system boundaries:

(1) the multi-effect evaporator is optimized as a standalone unit
to minimize the live steam consumption with respect to its
design variables (Section 3);

(2) the minimization of hot utility requirement of the pulp and
paper mill sub-processes, including the multi-effect evapo-
rator with its design variables (Section 4);

(3) integration of the thermal streams resulting in the minimum
hot utility requirement for mill sub-processes with a CHP
system, the design parameters of which are the decision
variables of the optimization problem (Section 5).

All the optimizations have pure thermodynamic objectives. The
synthesis of the heat exchanger network that realizes the heat
transfers among the optimized thermal streams is beyond the
scope of the current work. The results indicate the potential for en-
ergy saving and additional power generation that can be achieved
in the pulp and paper mill with respect to current operation.

2. The Kraft pulp and paper mill model

The model that is developed to investigate the potential energy
and resource savings by means of process integration techniques is
a stationary model that reproduces the operational flowsheet of a
Kraft pulp and paper mill (see Fig. 1). The model is built in the Sim-
ulink environment, which is a graphical extension to MATLAB for
modeling and simulating generic systems.

The flowsheet of the mill has been modified to allow the appli-
cation of the HEATSEP method. In fact, all the potential thermal
streams of interest were assigned a thermal cut and they were
freed from the heat transfer matches dictated by the real plant
flowsheet. For instance, if stream A is known to preheat stream B

in the real plant, stream A and stream B will be considered instead
as a free hot and a free cold stream, respectively, inside the heat
transfer black box. Moreover, their mass flow rate and/or initial
and final temperatures may be considered as independent vari-
ables of the model (and later as decision variables of an optimiza-
tion problem).

Some of the key design parameters of the model can be modi-
fied to alter

� the separate productions of pulp and paper (the required input
in terms of wood chips is then recalculated according to the
specifications on final products);

� the mass flow rates and the temperatures of some of the ther-
mal streams involved in the internal heat transfer;

� the mass flow rates and the properties of the steam that is avail-
able for electricity production by expansion in the steam
turbine.

The model is based on the configuration and the measured data
from a real plant, the mill owned by Billerud Karlsborg AB in Kalix
(northern Sweden), the main characteristics of which are summa-
rized in Table 1. The same measured data were already reported in
[13,21,23] and are critically rearranged here to establish a refer-
ence base case reflecting real plant operation. In the base case pulp
and paper production rates are 5.04 and 4.13 kg/s dry basis respec-
tively, and, accordingly, the input rate of wood chips is 21.24 kg/s
dry basis. The optimized cases refer as well to these operating con-
ditions. In the following subsections some details are given about
the modeling of the two sub-processes whose parameters are the
most involved in the optimization of the configuration and the de-
sign parameters of the mill: the multi-effect evaporator and the
CHP system.

2.1. Multi-effect evaporator model

Fig. 2 represents a scheme of the streams entering and exiting in
generic ith evaporation effect. The vapor generated in the effect is
calculated from Eq. (1). Vapor temperature at the exit of the ith ef-
fect is estimated by Eq. (2) as the sum of the steam saturation tem-
perature at effect pressure (pi) and a boiling point elevation term
(DTBPE,i). Eqs. (3) and (4) provide an expression for estimation of
the DTBPE,i due to the presence of solid substance as a function of
BL dry content (DMi) at effect outlet. Eq. (3) applies only to effect
1 (the one in which live steam is used) because of the much higher
change in dry content involved [24], whereas Eq. (4) is used for
the other effects and contains an additional correction factor

Nomenclature

BB bark boiler
Cp specific heat capacity (kJ/kg K)
CHP combined heat and power production
DM BL dry content (wt.%)
HP high pressure steam (maximum cycle pressure in bar)
HW hot water
LP low pressure steam (4 bar)
MP medium pressure steam (10 bar)
RB recovery boiler
T temperature (�C)
WW warm water
DTmin minimum temperature difference (�C)
_m mass flow rate (kg/s)
_Q heat flow rate (kW)

Subscripts
BL black liquor
BPE boiling point elevation
CC condensate cooling
CO condensation
EV evaporation/boiling
FH feedwater heating
H/C BL sensible heating or cooling
i/f initial/final
RH reheating
SAT steam saturation temperature at a given pressure
SH superheating
VO vapor generated in an evaporator effect
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depending on steam saturation temperature at effect pressure in
Kelvin (TSAT,i). The exit temperature of the BL is assumed to be
equal to the vapor exit temperature (TVO,i = TBL,i). Eq. (5) represents
the energy balance inside the control volume built around an
effect, in which the external heat flow rate _Qþ

i needed to concen-
trate the BL appears. The enthalpy of the BL is calculated from its
specific heat capacity, which is estimated from Eq. (6).

_mVO;i ¼ _mBL;i½DMi=DMiþ1 � 1� ð1Þ

TVO;i ¼ TBL;i ¼ TSAT;i þ DTBPE;i ð2Þ

DTBPE;i ¼ 130DM4
1 � 130DM3

1 þ 46DM2
1 � 1:1DM1 þ 5 ð3Þ

DTBPE;i ¼ ð6:173DMi � 7:48DM1:5
i þ 32:747DM2

i Þð1
þ 0:006ðTSAT;i � 100ÞÞ ð4Þ

_mVO;ihVO;i þ _mBL;ihBL;i ¼ _mBL;iþ1hBL;iþ1 þ _Qþ
i ð5Þ

CpBL;i ¼ 4:216ð1� DMiþ1Þ þ 1:675þ 3:31TBL;iþ1

1000

� �
DMiþ1

þ 4:87� 20TBL;iþ1

1000

� �
ð1� DMiþ1ÞDM3

iþ1 ð6Þ

2.2. CHP system

The HP steam generated by the two boilers (or by the RB alone)
has three usages:

� part is consumed in the process itself;
� part supplies thermal energy to some process cold stream;
� part is used for electricity generation by expansion in a steam

turbine.

Most of the steam is then recovered to form a steam cycle,
which is the core of the CHP system, but of course this is not pos-
sible for the fraction which is consumed in the process, since it has
mixed with some stream of the fiber line. A mass flow rate of
make-up water (at 1 bar, 5 �C) equal to that of consumed steam
must therefore be supplied into the steam cycle.

In the real plant, a steam Rankine cycle is operated with one HP
steam generation level at 60 bar and 450 �C. The HP steam is then
expanded down to 4 bar in a back-pressure turbine with extrac-
tions at three levels: a small amount is extracted at 30 bar (just
for soot blowing in the RB), MP steam at 10 bar and LP steam
4 bar. Both MP and LP steam are used both for supplying heat to
process streams and for direct mixing with process streams. MP
steam is required for soot blowing in the BB, preheating the cook-
ing and bleaching chemicals, steaming wood chips and drying in
the paper machine. LP steam is used for preheating and impregnat-
ing wood chips, drying in the pulp dryer and paper machine, and
supplying the live steam demand of the multi-effect evaporator.

In the model a different steam cycle configuration has been con-
sidered, because the potential benefits from increasing cycle effi-
ciency are to be investigated and the design parameters of the
steam cycles that are currently used in this kind of industry have
been constantly improving in the last years. HP steam is produced
at 100 bar and superheated up to 450 �C (still below the highest cy-
cle parameters that can be found in the largest real applications,
maximum pressure up to 120 bar, maximum temperature up to
540 �C as in case of traditional steam power plants). A reheat has
been introduced at 30 bar to the maximum cycle temperature
(450 �C). Moreover, the possibility of having an additional conden-
sation level in a condensing turbine at 0.05 bar (which corresponds
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Fig. 1. Schematic representation of the Kraft pulp and paper process.

Table 1
Current key characteristics of the real pulp and paper mill.

Wood chips input (dry basis) 21.24 kg/s
Pulp production (dry basis) 5.03 kg/s
Paper production (dry basis) 4.13 kg/s
Electricity generation 33 MW
Recovery boiler capacity 221 MW
Bark boiler capacity 39 MW
Steam generation in boilers at 60 bar
Steam medium pressure level 10 bar
Steam low pressure level 4 bar

Fig. 2. Schematic for mass and energy balance around an effect.
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to a temperature which is sufficiently above the typical ambient
temperature in northern Europe) has also been explored.

3. Optimization of the multi-effect evaporator

The multi-effect evaporator is one of the sub-processes in the
Kraft pulp and paper mill that require the largest amounts of heat,
which is directly supplied by LP steam. This makes it important to
optimize its design parameters in order to reduce the overall ther-
mal energy demand, and therefore the resources that are used to
satisfy it.

The purpose of the train of evaporation effects is to evaporate
water from the thin BL in order to increase BL calorific value before
combustion in the RB. In the real plant, LP steam from the CHP sys-
tem (live steam) is used to concentrate the BL up to 70–75% dry
content. An overview of the base case configuration is shown in
Fig. 3. To minimize steam consumption, live steam is used only in
effect 1 whereas the vapor generated in each effect is used to sup-
ply the thermal energy required for evaporation in the subsequent
effect. The evaporation train has seven units and an integrated
stripper that uses part of the vapor generated in effect 1. The BL
flow is mixed in the base case configuration, i.e. partly counter-
current (effects 1, 2 and 3) and partly co-current (effects 4, 5, 6
and 7) to the vapor flow. The pressure inside the effects decreases
sequentially from effect 1–7 ðp1 ¼ 1:71 to p7 ¼ 0:21 barÞ and so
does the temperature of the vapor according to Eq. (2). The temper-
ature of the BL stream follows the same trend as the vapor when it
flows from a higher pressure effect to a lower pressure one (i.e. co-
current to the vapor flow from effect 4–7). On the contrary, when
the BL flows from a lower pressure effect to a higher pressure one
(i.e. counter-current to the vapor flow) it may require intermediate
heating depending on the pressure difference between the effects,
as the corresponding temperature increase can be too high to be
compensated by the thermal energy supplied by the vapor of the
preceding effect. This is the case when the BL stream leaves effect
7 at a temperature of 64 �C (=TBL,7) and flows to effect 3, which is
at 0.94 bar (corresponds to TBL;3 ¼ 102 �C). The evaporation train
therefore includes a HEX between effect 7 and effect 3, as shown
in Fig. 3, which must be supplied by an external thermal energy
source. A technical issue also contributes to complicate the struc-
ture of the evaporation train. Intermediate BL (about 40% dry con-
tent) is extracted and mixed with the incoming thin BL (14% dry
content). This is done to avoid foaming in the effects by increasing
the dry content of the BL up to about 21% before it enters the first
evaporation unit [25] (which in the base case is effect 4).

A new sub-process configuration has been introduced and opti-
mized in the current work. The potential thermal streams that are
enclosed in the black box representation of the heat transfer sec-
tion as suggested by the HEATSEP method are:

� the streams of vapor from effects 2–7 and from effect 1 (after
subtracting the mass flow rate required by the stripper). These
are all hot streams, which can make available latent heat first, at
the evaporation temperature of the effect they come from, and
then sensible heat down to 20 �C;

� the streams of BL entering the effects, which can be hot or cold
streams according to the temperature difference between the
incoming BL and the temperature inside the effect;

� the thermal requirements of the effects, which can be repre-
sented as cold streams at constant temperature (the evapora-
tion temperature inside the effect).

Accordingly, the potential thermal streams that are identified in
the new configuration can be optimized without assuming any
predefined match among them, and, as a consequence, without
any predefined configuration for the vapor flow. An overview of
the new configuration is shown in Fig. 4. As it appears, this config-
uration cannot be described as neither co- nor counter-current
flow and, more importantly, the need for intermediate HEX is
avoided. The mixing of the incoming thin BL with the intermediate
one coming from effect 2 (in order to have a 21% dry content at the
inlet of effect 7) is maintained as a technical constraint.

It is worth noting that the numbering of the effects may make
the new configuration seem quite different from the base case
one. Actually, the numbering of the effects is almost irrelevant, be-
cause the dry content of the BL must always increase along the BL
path, while effect temperature (and pressure) can increase or de-
crease along the BL path according to how vapor flows are con-
nected to the effects. In the case of the new configuration, the
vapor generated in each effect is free to exchange with any other
sink and the vapor flow connections are dictated by the results
of the optimization.

In this section, the new configuration of the multi-effect evapo-
rator (see Fig. 4) is optimized as a standalone subsystem in order to
minimize its live steam consumption and to compare it with that
of the base case configuration in the real plant. The main design
parameters of the multi-effect evaporator are used as decision
variables in the optimization problem, in particular the values of
effect pressures and BL dry content at the exit of the effects. The
temperatures in the effects, which are also the temperatures at

Fig. 3. Schematic description of the multi-effect evaporator base case configuration.
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the boundaries of the heat transfer black box, are dependent vari-
ables since they are function of the effect pressure and boiling tem-
perature rise according to Eq. (2). The BL dry content at the exit of
effect 1 and the pressure of effect 1 are fixed as target values that
are equal to those of the base case configuration (71% and
1.71 bar). The BL temperature and dry content at the entry of the
evaporation train are also equal to those in the base case configu-
ration (TBL;thin ¼ 87:2 �C;14:4%).

The details of the optimization problem are as follows:

min f1ð�x1Þ

f1 returns the minimum live steam demand according to the Prob-
lem Table algorithm that is run with the multi-effect evaporator
thermal streams, which are in turn calculated as a function of the
following decision variables �x1:

DMi BL dry content at the exit of ith effect (i is integer variable
such that i e {2; 7}).
DM2 e [35.5; 50], DM3 e [32; 35.5], DM4 e [28.5; 32],
DM5 e [26; 28.5], DM6 e [24; 26], DM7 e [22; 24].
pi is the pressure of effect i(i is an integer variable such that
i e {2; 7}).
p2 e [1.4; 1.71], p3 e [1; 1.71], p4 e [0.2; 1.71], p5 e [0.2; 1.4],
p6 e [0.2; 1.4], p7 e [0.2; 1.4].

A minimum temperature difference DTmin = 4 �C is considered
for the heat transfer among the thermal streams of the multi-effect
evaporator, which are presented in Table 2. The subscript j stands
for an integer variable such that j 2 f1;ng, where n = 7, i.e. the
number of evaporation units. Tn+1 is the temperature of BL at the
exit of the mixing tank, which is a function of T2 and TBL,thin as well
as the mass flow rate of both streams (see Fig. 4).

The algorithm chosen to solve the optimization problem is a
single-objective evolutionary algorithm based on the Genetic
Diversity Evaluation Method (GeDEM) presented in [26]. The moti-
vation for this choice is given by the mathematical nature of the
optimization problem itself. In fact, small changes in the decision
variables may cause the pinch point(s) of the Problem Table to
move from one temperature level to another and this result in dis-
continuities in the first derivative of the objective function that tra-
ditional optimization algorithms are not able to deal with [27].
Moreover, the objective function is expected to have a multi-modal
behavior because the different combinations of potential pinch
points at the temperature levels of the different effects may result
into several local optima. The number of individuals in the popula-
tion was set at 200, with a mutation probability of 0.05 (due to the
discontinuities expected in the objective function), and the algo-
rithm was run for 10,000 generations. Decision variables are repre-
sented as real numbers, and intermediate recombination is applied
as crossover operator. The mutation operator changes at random
one of the decision variables of an individual. Objective function
values of unfeasible solutions were assigned a heavy penalty fac-
tor. The population of the new generation is selected applying a
pure elitist criterion according to a hybrid evaluation of the objec-
tive function values and the genetic diversity of the individuals in
the union set of current and offspring population (see [26] for more
details).

In the optimal solution found by the optimization algorithm the
live steam demand of the new configuration of the multi-effect
evaporator is 19.76 kg/s. In the base case configuration the live
steam demand is 21.48 kg/s, plus the 15.97 MW of the HEX load
that correspond to 7.06 kg/s of live steam energy equivalent. This
means that the overall reduction obtained in terms of thermal en-
ergy consumption is about 21%. The grand composite curves of the

Fig. 4. Schematic description of the multi-effect evaporator new configuration.

Table 2
Thermal streams of the evaporator effects.

Subsystem Hot streams Cold streams

Ti (�C) Tf (�C) _Q (kW) DTmin/2 (�C) Ti (�C) Tf (�C) _Q (kW) DTmin/2 (�C)

Evaporator effects Tj 20 _QCC 2 100 129 �2999 2

Tj Tj _QCO 2 Tj Tj _QEV 2

Tj+1 Tj _QH=C
a 2

a Actually, this thermal stream can be hot or cold depending on initial and final temperature.
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base case and new configuration with the data about effect pres-
sures, dry contents (DM) and the corresponding effect tempera-
tures are presented in Fig. 5 and Fig. 6, respectively. From the
GCC of the base case configuration it is apparent that the thermal
requirement of effect 1 (the horizontal line at the higher tempera-
ture level, which is to be covered by the live steam) is lower than
the overall hot utility requirement of the evaporation train. More-
over, the heat loads do not appear to be evenly distributed among
the effects, and this contributes to increase the distance of the
curve from the ordinate axis, that is to increase the hot and cold
utility requirements. On the contrary, in the new configuration
the thermal requirement of effect 1 corresponds exactly to the
overall hot utility requirement of the evaporation train. The heat
loads are almost evenly distributed among the effects, so that a
pinch point can be found at the temperature level of each effect
(as it would happen in the ideal condition, so this is a demonstra-
tion of the optimality of the solution found). As regards to vapor
flow connections, only some hints can be drawn from the trend
of effect pressures and temperatures. In fact, effect 6 is the one
having the lowest temperature, so it is likely that its thermal
requirement will be mainly covered by the vapor coming from ef-
fect 7, the one at the immediately higher temperature level. In
turn, effect 7 will be mainly heated by effect 5, and the rest of
the temperature trend is descending from effect 1 to effect 5 as
in the base case configuration.

4. Hot utility minimization of plant processes

The results obtained in the previous section can be further
improved if the multi-effect evaporator is considered not just a
standalone sub-process, but as one of the energy demanding sub-
processes of the Kraft pulp and paper mill. This means that the
boundaries of the heat integration analysis are enlarged to include
the other plant sub-processes, in order to check whether some
internal heat transfer among the sub-processes can be exploited.
The purpose is now to minimize the overall hot utility requirement
of mill sub-processes.

The boundaries for this hot utility minimization include all the
sub-processes of the Kraft pulp and paper mill except for the boil-
ers and the CHP system. In fact, the boilers and the CHP system
represent the primary and intermediate thermal energy source
(hot utility) of the total site. All the thermal streams from the

selected sub-processes are then extracted from the simulation re-
sults and used as input to Pinch Analysis techniques. It should be
noted that CHP system thermal streams (i.e. those that are ex-
cluded in the model for total plant hot utility minimization) ac-
count only for the portion of the steam that circulates in the
steam cycle. The thermal streams required for the generation of
the steam that is directly consumed in the process (and must be re-
placed with make-up water) are taken into account as pulp and pa-
per mill thermal streams.

The hot utility requirement of the process in the base case con-
figuration has been calculated first for comparison. The list of the
thermal streams that are involved in the calculation can be ob-
tained by merging the streams listed in Tables 1 and 2. Most of
thermal streams have fixed temperatures at the boundary of the
heat transfer section black box and their mass flow rates depend
only on the pulp and paper production rates, which are set at the
measured ones. On the contrary, the thermal streams associated
with evaporator effects (Table 2) and steam generation (Table 3)
have both boundary temperatures and heat loads that depend on
the choice of the design parameters in the multi-effect evaporator
and in the CHP system. In base case calculation they are evaluated
at the base case conditions derived from the experimental data.
The thermal streams of the evaporator effects are evaluated at
the effect pressures and dry contents of the real plant. The thermal
streams for steam generation are evaluated according to the condi-
tions of the base case CHP system configuration, which is super-
heated steam at 60 bar and 450 �C without reheating. All the
streams from Tables 1 and 2 are then integrated with Pinch Anal-
ysis techniques and the DTmin/2 indicated for each stream is ap-
plied in the Problem Table algorithm. The values of DTmin/2 are
selected according to the nature of the stream, so that a reasonable
heat exchanger area can be expected for any of the possible
matches among the streams.

The hot and cold composite curves and the grand composite
curve of the base case are presented in Fig. 7. The main contribu-
tions to the shape of the grand composite curve can be identified
from the figure according to the temperature intervals. In the upper
range (from 140 to 450 �C) the shape of the curve is determined by
the streams related to steam generation, the horizontal segment at
about 280 �C being the heat of evaporation at 60 bar required by the
generation of steam which is directly consumed in the process. In
the middle range (from 60 to 140 �C) the curve is dominated by
the heat loads of the evaporator effects, which result in large

Base case configuration 

Hot utility requirement: 56400 kW 

Live steam demand: 21.48 kg/s
HEX load: 7.06 kg/s live steam 
energy equivalent. 

Unit          P(bar)   DM     TBL(°C)
Effect 1    1.710   0.710   129.5 
Effect 2    1.240   0.400   111.8 
Effect 3    0.940   0.339   102.2 
Effect 4    0.660   0.231     90.6 
Effect 5    0.500   0.252     83.7 
Effect 6    0.350   0.274     75.3 
Effect 7    0.210   0.294     63.8 

Fig. 5. Grand composite curve of the base case multi-effect evaporator configuration.
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horizontal traits at different temperature levels. Finally, the shape
in the lower range (below 60 �C) is determined by the cooling of
plant condensates and effluents and the preheating of water in
the HW and WW subsystem. The overall hot utility requirement
for the base case scenario is 78.9 MW. It appears that the largest
share of it is due to the thermal requirement of the multi-effect
evaporator (roughly 55 MW, which is about the same of the evapo-
ration train alone in the base case, see Fig. 5). This part of the mill
thermal demand can be reasonably satisfied with the condensation
of LP steam, which occurs at a temperature slightly higher than the
temperature of the cold stream representing the thermal require-
ment of the first effect. The rest of the hot utility requirement
(nearly 25 MW) is due to the generation of the steam which is di-
rectly consumed in the process. Because of the temperature range,
this part of the mill thermal demand can be satisfied only by the
high temperature heat released during combustion in the boilers.

The minimization of the hot utility requirement is performed
using the modified configurations of the multi-effect evaporator
and the CHP system, and by applying the black box representation
of the heat transfer section as suggested by the HEATSEP method.

The details of the optimization problem are given in the
following:

min f2ð�x2Þ

f2 returns the minimum hot utility demand according to the Prob-
lem Table algorithm that is run with the thermal streams listed in
Tables 1 and 2, which are in turn calculated as a function of the fol-
lowing decision variables �x2 :

DMi BL dry content at the exit of ith effect (i is integer variable
such that i 2 f2; 7g).
DM2 2 ½35:5; 50�, DM3 2 ½32; 35:5�, DM4 2 ½28:5; 32�,
DM5 2 ½26; 28:5�, DM6 2 ½24; 26�, DM7 2 ½22; 24�.
pi is the pressure of effect i (i is an integer variable such that
i 2 f2; 7g).
p2 2 ½1:4; 1:71�, p3 2 ½1; 1:71�, p4 2 ½0:2; 1:71�, p5 2 ½0:2; 1:4�,
p6 2 ½0:2; 1:4�, p7 2 ½0:2; 1:4�.
TBL,thin BL temperature in �C at the entry to the evaporator train.
TBL;thin 2 ½80; 120�.

The algorithm chosen to solve the optimization problem is
again the single-objective evolutionary algorithm used in the pre-
vious section, for the same motivations mentioned about the
behavior of the objective function. The number of individuals in

the population was set at 200, with a mutation probability of
0.05 (due to the discontinuities expected in the objective function),
and the algorithm was run for 10,000 generations.

The grand composite curve of the optimal design solution found
is shown in Fig. 8. The minimum hot utility requirement is lowered
to 66.88 MW, with a reduction of 15.3% from that of the base case.
From the comparison of the GCCs in Figs. 6 and 7 it is apparent that
the main contribution to the reduction of the hot utility require-
ment in the optimized case comes from the new design parameters
of the multi-effect evaporator, while the contribution from the
upper temperature range remains substantially unaltered. To be
more precise, the rise of the pressure at which steam is generated
from 60 to 100 bar and the introduction of the reheating at 30 bar
actually increases the hot utility requirement due to the thermal
streams in the upper temperature range. In fact, the reduction of
the hot utility requirement would have been equal to 18% if steam
generation had taken place in the same conditions as in the base
case. The GCC in Fig. 8 shows that the solution is very close to
the ideal condition in which a pinch point is present at each effect
temperature level, but in this optimal solution the design parame-
ters of the effects, in particular the pressure, have quite different
values from the solution found in the previous section. The order
of effect temperatures (from high to low) is now 1-2-3-7-6-5-4,
and this also reflects the most likely sequence of vapor flow con-
nections (from 1 to 2, from 2 to 3, from 3 to 7 etc.). Another aspect
that should be noted about the optimal GCC (but it is also present
in the base case GCC) is the considerable need of a cold utility
(about 43 MW, with a reduction of about 25% compared to the base
case). The hot streams that could be coupled to that have unfortu-
nately a quite low temperature (around 50–60 �C), so that the
exergy associated with the rejected heat from mill sub-processes
can hardly be recovered for other purposes. The final remark on
the results is about the optimal temperature of the thin BL, which
is found at the upper limit of the range allowed (120 �C, against
87 �C in the base case). This result on one hand is quite surprising,
because it may seem that the thin BL exiting the cooking digestion
step at 169 �C cannot be fully exploited as a hot stream down to a
lower temperature, but on the other hand the mixing of the thin BL
in the multi-effect evaporator with some thicker BL coming from
effect 2 must be considered. In fact, the temperature of the thicker
BL coming from effect 2 is of about 120 �C, and this means that the
mixing is nearly isothermal in the optimal solution (non-isother-
mal mixing causes exergy destruction and reduces the vertical dis-
tance between the hot and cold composite curves, hence it may

New configuration 

Hot utility requirement: 44704 kW 

Live steam demand: 19.76 kg/s 

Unit          P(bar)   DM     TBL(°C)
Effect 1    1.710   0.710   129.5 
Effect 2    1.710   0.397   121.6 
Effect 3    1.571   0.344   117.6 
Effect 4    0.330   0.306     74.4 
Effect 5    0.284   0.277     70.4 
Effect 6    0.200   0.251     62.1 
Effect 7    0.243   0.228     66.2 

Fig. 6. Grand composite curve of the new multi-effect evaporator configuration.

104 S. Mesfun, A. Toffolo / Applied Energy 107 (2013) 98–110



result in larger hot and cold utility requirements). After the mixing
the residual higher thermal energy associated with the thin BL can
be still exploited as a hot stream of the multi-effect evaporator.

5. Total site integration

The primary source of the thermal energy supplied to the Kraft
pulp and paper mill is the combustion in the boilers where BL and
bark are burnt. The thermal energy that is released during combus-
tion is stored in the product gases, which in turn is transferred by
radiation and convection (see the thermal streams related to RB
and BB in Table 4). This transfer can occur directly to the process
streams (as in the generation of the steam which is consumed by
the process), or it can occur indirectly through the steam cycle of
the CHP system.

The main purpose of the steam cycle is to absorb thermal en-
ergy from the combustion gases of the boilers, to supply the ther-
mal energy needed by the pulp and paper mill sub-processes at the
most suitable temperature levels (those corresponding to MP and
LP condensation levels) and to convert the difference between
the absorbed and released thermal energy into electricity by
expanding the steam in a turbine.

The sub-processes of the pulp and paper mill have therefore to
be integrated with the boilers and the CHP system in order to get
their thermal requirement satisfied. The boundaries of the heat

integration analysis is then further enlarged to include all the ther-
mal streams that are listed in Tables 1–3 in the black box represen-
tation suggested by the HEATSEP method, the streams involved in
the hot utility minimization being kept at the optimal conditions
determined in Section 5.

However, it is not straightforward to decide how this total site
heat integration should be performed, because the objectives to be
pursued can differ and lead to different results. If, for instance, the
minimum consumption of fuels (BL and bark) is prioritized, then
the result will be a design solution in which the hot utility require-
ment is satisfied by an equal amount of thermal energy from the
combustion gases (indirectly or partially directly transferred to
the mill sub-processes) with no electricity production from the
CHP system (and the steam cycle would have no reason to be
implemented). If, on the other hand, maximum power production
were selected as an objective, the optimization procedure would
search for a solution in which the maximum possible amount of
fuel (the amount of available BL is upper bounded, but that of bark
is not) is burnt to increase the thermal energy input to the steam
cycle of the CHP system. In this respect, it is worth noting that
the amounts of BL and bark that are burnt in the real plant accord-
ing to the experimental data are far more than sufficient to supply
the minimum hot utility requirement for the pulp and paper mill
sub-processes even after the portion of thermal energy converted
into electricity is considered. Please also note that an economic

Table 3
Thermal streams of mill sub-processes (including generation of steam consumed).

Subsystem Hot streams Cold streams

Ti (�C) Tf (�C) _Q (kW) DTmin/2 (�C) Ti (�C) Tf (�C) _Q (kW) DTmin/2 (�C)

Digester 169 TBL,thin _QBL;C
a 3.5 134 169 �16,703 3.5

66 51 1500 4 91 123 �5229 3.5
92 57 13,600 3.5 86 151 �16,003 3.5

Evaporation train auxiliaries 116 38 8500 3.5 76 104 �2600 3.5
81 81 2400 2

100 100 400 2
69 61 300 2
61 34 50 2

Bleaching plant 79 75 2200 3.5 64 69 �1600 3.5
91 84 1000 3.5 68 83 �1000 3.5
84 72 7500 3.5 60 76 �1300 3.5
64 38 28,600 3.5 66 74 �2600 3.5
56 38 5200 3.5
57 38 1500 3.5
51 38 600 3.5

Paper machine 110 110 400 2 5 31 �200 2.5
84 84 200 2 26 55 �400 2.5
80 59 1800 8 3 61 �6800 2.5
59 50 9500 8 77 96 �1000 2.5
50 40 7100 8 71 91 �2500 2.5

58 86 �1800 3.5
�3 39 �2400 8
28 95 �2700 8

Pulp drying machine 73 37 3600 3.5 42 80 �1100 8
50 40 3100 8 3 41 �5000 2.5
60 50 5200 8 3 56 �1500 2.5
69 60 7500 8 37 73 �5500 3.5

100 69 1800 8 �3 31 �3600 8
151 87 1500 3.5 31 54 �1100 8

HW and WW production 48 38 300 3.5 3 52 �53,400 2.5
49 38 1300 3.5 52 70 �22,600 2.5
48 38 300 3.5

126 125 900 3.5

Steam generationa 5 TSAT _QFH 4

TSAT TSAT _QEV 4

TSAT 450 _QSH 4

299 450 _QRH
a 4

a According to the configuration used in current work.
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optimization of the operational profit based on a given set of prices
for BL, bark, electricity and excess heat would anyway have one of
the two above mentioned outcomes.

As a consequence, the optimization of the integration among
pulp and paper mill sub-processes, boilers and CHP system must
include one constraint to avoid uninteresting results. Since the
choice of the constraint is completely arbitrary, five different sce-
narios are considered here according the chosen constraint and
steam cycle configuration:

1. All BL is burnt in the RB and the amount of bark taken from the
experimental data is burnt in the BB, steam expansion ends in a
condensing turbine.

2. All BL is burnt in the RB but no bark is used, steam expansion
ends in a condensing turbine.

3. All BL is burnt in the RB and the amount of bark taken from the
experimental data is burnt in the BB, steam expansion ends at
LP condensation pressure level.

4. All BL is burnt in the RB but no bark is used, steam expansion
ends at LP condensation pressure level.

5. No bark is used, the amount of BL burnt in the RB is limited to
that required to satisfy the pulp and paper mill minimum hot
utility requirement without releasing any thermal energy from
the condensing LP steam to the ambient, steam expansion ends
at LP condensation pressure level (of course in this case the
fraction of BL that is not burnt in the RB will undergo other pro-
cesses than combustion and the cooking chemicals will be
recovered in some other ways).

In all the five scenarios the chosen objective function to be max-
imized is the net power production from the steam cycle of the
CHP system.

The optimization problem is set in slightly different ways for
the different scenarios. For scenarios 1 and 2, it is set as follows:

max f3ð�x3Þ
f3 returns the maximum net power production. It is subject to

the constraints set by heat transfer feasibility inside the black
box enclosing the heat transfer section and those about the con-
sumed amounts of BL and bark. Decision variables �x3 are:

Fig. 7. Base case hot and cold composite curves (left) and grand composite curve (right) of mill sub-processes.

Hot utility requirement: 66880 KW 

Pulp and paper production rates are the
same as base case. 

Unit          P(bar)   DM    TBL(ºC)
Effect 1    1.710   0.710   129.5 
Effect 2    1.710   0.406   121.9 
Effect 3    1.000   0.355   105.8 
Effect 4    0.212   0.320     63.5 
Effect 5    0.278   0.280     74.2 
Effect 6    0.345   0.247     69.3 
Effect 7    0.790   0.224     98.6 

BL temperature (ºC):  
120, =thinBLT

Fig. 8. Minimum hot utility requirement of mill sub-processes.
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– _m10 cylce: the mass flow rate (kg/s) of the condensing MP steam
at 10 bar;

– _m04 cylce: the mass flow rate (kg/s) of the condensing LP steam at
4 bar;

– _m00cylce: the mass flow rate (kg/s) of the condensing steam at
0.05 bar.

For scenarios 3 and 4 the optimization problem set above is the
same except for the steam mass flow rate to the condensing tur-

bine, which is set to zero and excluded from the decision variables
set (this is because the condesing turbine is not considered in these
cases).

For scenario 5 a new decision variable is added to the mass flow
rates of the condensing MP and LP steam to express the amount of
the BL that is actually burnt in the RB. The new decision variable is
a real value in the range between 0 and 1 and multiplies the thick
BL mass flow rate coming from the evaporation train.

A traditional optimization algorithm has been chosen to solve
the optimization problems in all scenarios, since no discontinuities
are expected due to the mathematical nature of the problems. The
temperature levels of all the thermal streams are fixed, so the heat
transfer feasibility constraint can be expressed by a set of inequal-
ities (one at each temperature level, see [27]) that are linear in the
mass flow rates of the thermal streams. The objective function is
calculated as an algebraic sum of terms in which specific enthalpy
differences, derived from fixed steam conditions, multiply the
steam mass flow rates, so it is linear in the decision variables as
well. Accordingly, a linear constrained optimization algorithm
can be used to find the solutions of the five scenarios.

Table 4
CHP system and boilers thermal streams.

Subsystem Hot streams Cold streams

Ti (�C) Tf (�C) Q (kJ/kg) DTmin/2 (�C) Ti (�C) Tf (�C) Q (kJ/kg) DTmin/2 (�C)

CHP system 319 180 316 a 4 311 311 �1325d 4
180 180 2014 a 4 311 450 �511d 4
226 144 178 b 4 299 450 �353d 4
144 144 2133 b 4 181 311 �636a 4
33 33 2424 c 4 145 311 �793b 4

33 311 �1261c 4

Recovery boiler 1000 1000 2771e 10 Radiative heat transfer RB
1000 206 3926e 10 Convective heat transfer RB
65 50 303e 2 Smelt dissolver
65 10 267e 2.5 Scrubber water

Bark boiler 800 800 1940f 10 Radiative heat transfer BB
800 152 4355f 10 Convective heat transfer BB

a Q in (kJ/kg of 10 bar steam ( _m10cycle)).
b Q in (kJ/kg of 04 bar steam ( _m04cycle)).
c Q in (kJ/kg of 0.05 bar steam ( _m00cycle)).
d Q in (kJ/kg steam that circulates in the steam cycle).
e Q in (kJ/kg BL).
f Q in (kJ/kg bark).

Table 5
Summary of results for total site integration scenarios.

Scenario Steam thermal power (heat to process/
excess)

Electric power (MW)

MP (MW) LP (MW)

1 8.3 58.1 62.1
2 7.8 55.3 51.6
3 5.2 134.3/80 45.5
4 5.3 112.7/62 39.2
5 3.5 46.1 19.2

Fig. 9. Scenario 1 integrated grand composite curve (BL: 25.43 kg/s; Bark: 4.28 kg/s).
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Fig. 10. Scenario 2 integrated grand composite curve (BL: 25.43 kg/s; Bark: 0 kg/s).

Fig. 11. Scenario 3 integrated grand composite curve (BL: 25.43 kg/s; Bark: 4.28 kg/s).

Fig. 12. Scenario 4 integrated grand composite curve (BL: 25.43 kg/s; Bark: 0 kg/s).
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The optimal integrated total site solutions are summarized in
Table 5 and the corresponding integrated grand composite curves
are presented in Figs. 9–13. These curves are used to show in dif-
ferent colors the contribution of separate subsets of thermal
streams to the total site heat cascade. The blue curve represents
the streams of the CHP system steam cycle, whereas the red curve
represents all the other thermal streams (including those associ-
ated with the generations of the steam consumed in mill sub-pro-
cesses). This representation emphasizes how much the streams of
the CHP system steam cycle are able to exploit the heat pocket
formed by the streams from the boilers and mill sub-processes.
In fact, the aim of the CHP system is to avoid the exergy destruction
that would be caused by the direct heat transfer from the high
temperature hot combustion gases to the low temperature cold
process streams, and to convert this exergy gap into electricity.

The shape of the red curve in Figs. 9–13 derives from the com-
position of the optimized GCC of mill sub-processes (previously
shown in Fig. 8) with the radiative and convective heat transferred
by the combustion gases of the two boilers. The horizontal seg-
ment at 1000 �C represents the radiative heat in the RB and is fol-
lowed by an oblique segment representing the heat from
combustion gases down to 206 �C. In Scenarios 1 and 3 (Figs. 9
and 11) the BB streams are also present: the horizontal segment
at 800 �C represents the radiative heat and is followed by another
oblique segment representing the heat from combustion gases
down to 152 �C. The actual composition with the streams of mill
sub-processes occurs at temperatures below 450 �C, and the most
evident sign of it is the inversion of the slope of the oblique seg-
ments adjacent to the horizontal one at 311 �C (the evaporation
of the steam consumed by mill sub-processes).

The shape of the blue curves in those figures is the result of the
composition of the latent and sensible heat absorbed and released
in the steam cycle. In descending temperature order, the horizontal
segments represent: steam evaporation at 100 bar, the condensa-
tion of MP steam, the condensation of LP steam, the condensation
of steam at 0.05 bar (the last one is present in Scenarios 1 and 2
only). It should be noted that mill sub-processes do not make a
great use of MP steam, maybe it could be worth considering to
eliminate this condensation level (although some MP steam must
be extracted anyway for direct consumption in digester and paper
machine).

Maximum power generation is obtained in Scenario 1
(62.1 MW, +88% than in the real plant), with the same fuel con-
sumption of the real plant and the addition of a condensing tur-

bine. If the BB is shut down (Scenario 2), power production is
reduced by 17%, but the thermal energy released by the combus-
tion of BL only is sufficient to supply heat to the process and to a
CHP system that generates an amount of power that is still 56%
higher than the one experimentally measured in the real plant.
In Scenarios 3 and 4 steam expansion ends at LP condensation le-
vel, so power production is reduced and a large surplus of heat is
available from steam condensation at 4 bar (143.6 �C). When all
the available fuel is burnt (Scenario 3), power generation is
45.5 MW, +38% than in the real plant, with 80 MW of surplus heat.
If the BB is shut down (Scenario 4), power production is decreased
by 14% and the heat surplus by 23%.

Scenario 5 represents a very particular and interesting situation.
From the results of the previous scenarios it is apparent that com-
bustion of BL alone produces more heat than the thermal demand
of mill sub-processes, but in Scenario 5 the CHP system is re-
quested to supply exactly that demand. The results from the opti-
mization show that only half of the BL is enough to supply the
thermal requirement of the mill and to produce 19.2 MW of net
power. Provided that the spent pulping chemicals must be recov-
ered and sent back to the chemical loop to form the green liquor,
the remaining part of the BL can be used for other purposes. For in-
stance, it can be gasified to produce syngas, which can be used to
supply a gas turbine engine (e.g., in a combined cycle configura-
tion) for additional power production or chemically processed to
obtain liquid fuels for transportation (see e.g. [2,28,29]). Another
process which the BL can undergo is fractionation, which is used
to separate the lignin and hemicellulose content from the solution.
One example of fractionation is acid precipitation [30], in which BL
lignin and hemicellulose are precipitated and subsequently filtered
from a supernate which is a solution rich of Na+ and CO�2

3 ions. The
precipitate may then be processed to produce green chemicals and
fuels via biochemical and/or thermochemical transformations.

6. Conclusions

A detailed model of a Kraft pulp and paper mill has been devel-
oped in the MATLAB/Simulink environment to evaluate the poten-
tial for resource and energy saving by using process integration
techniques. Real plant flowsheet and stream data have been criti-
cally revised for the application of the HEATSEP method, in order
to obtain the maximum possible heat integration without any pre-
defined match among the hot and cold thermal streams, and some

Fig. 13. Scenario 5 integrated grand composite curve (BL: 12.7 kg/s; Bark: 0 kg/s).
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improvements have been introduced to the configuration of the
evaporation train and the steam cycle of CHP system. Three levels
of boundaries for the optimization of heat integration have been
considered: the multi-effect evaporator alone, mill sub-processes
considered as a whole and total site.

The optimized solutions show that a great deal of the potential
reduction in thermal energy requirement derives from a different
choice of the design parameters of the multi-effect evaporator,
while the changes introduced in its configuration play a much less
important role. A more even distribution of the thermal loads
among the effects is critical in lowering the hot utility requirement
of both the evaporation train alone and the mill sub-processes con-
sidered as a whole. The use of the HEATSEP method has also al-
lowed redefining of the steam balance between the CHP system
and mill sub-processes in the real plant, which is determined by
the predefined matches between condensing MP or LP steam and
process streams. The reduction of the thermal energy requirement
of the mill sub-processes, on one hand, and the improvements
introduced in the steam cycle of the CHP system (in particular,
the option of having a condensing turbine to expand the steam
down to vacuum pressure), on the other hand, make it possible
to reformulate a steam balance that is now completely internal
to the black box enclosing the heat transfer section of the system.
This leads to a substantial increase in power production, since the
thermal energy input due to the combustion of biomass fuel in the
boilers is much greater than mill requirement, even if the BB is
shut down. Another interesting option is to burn as much BL as re-
quested by mill sub-processes (about only 50%, while the CHP sys-
tem still produces a considerable amount of power) and use the
rest for some other thermochemical process. Future work will
see this model and these results being used as the fundamental
module for the evaluation of biorefinery concepts deriving from
the expansion of the production chain to other advanced chemical
processes.
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Abstract:
This paper investigates the possibility of combining different forest industries (a pulp and paper mill, its 
supply chain, and a wood-pellet plant) into an integrated industrial site in which they share a common 
heat and power utility. Advanced process integration and optimization techniques are used to study 
the site from both material and energy viewpoints. An existing pulp and paper mill is used as the site 
core plant and its pulp and paper production rates are kept fixed as they are in reality, while the other 
material flow links among the plants are based on the current industrial situation in Sweden. Different 
scenarios are evaluated in order to reflect the two main objectives that can be pursued (increased 
electricity production or biomass resource saving) and the two technologies that can be considered for 
the shared CHP system (boilers and product gas fired gas turbines). The corresponding non-
integrated (standalone) configurations are compared to these scenarios to quantify the potential 
benefits of the integration. Investment opportunity is also calculated for the considered scenarios as 
an indicator of the economic convenience.  

Keywords: 
Process Integration, Pulp and paper mill, CHP system, Optimization, Biorefinery. 

1. Introduction 
The search for securing reliable, affordable and, more importantly, clean energy supply 
requires innovative and efficient utilization of sustainable resources. Woody biomass, one of 
the most important and relatively abundant renewable resources, is expected to play a 
significant role in easing the dependence on fossil-based resources for energy and motor fuels. 
The entire productive chain, from woody biomass to end products (such as lumber, pulp, 
pellets, heat, electricity and biofuels), encompasses different process industries. A holistic 
evaluation of the different processes involved in the chain is crucial in order to investigate the 
potential for resources saving or higher profitability. 
Increased resources saving, i.e. getting a reliable share of resources without the need to 
compete with existing industries, would allow margins for innovative conversion technologies 
such as the production of biofuels through thermochemical (see e.g. [1–8]) and/or 
biochemical (see e.g. [9–12]) pathways. The potential for this can be investigated by 
implementing advanced optimization tools aimed at fine tuning the subprocesses of existing 
forest industries (from a material and energy perspective) and by using efficient process 
integration techniques to combine them with the subprocesses of other related industrial 
sectors, so that they all can share the same heat and power utility.  
Chemical pulp mills are existing examples of lignocellulosic biomass based biorefineries in 
which woody biomass is converted into pulp (a cellulose derivative) and other intermediate 
biomass products. Expanding the boundaries of chemical pulp mill to include other forest 
industries (such as sawmills and wood-pellet plants) could result in a better profitability and 
therefore boost the concept of biorefinery further. 
Industrial integration in Swedish forest industry is reported in [13] with the objective of 
reducing the environmental impact and increasing the profit. The issue is further discussed in 
[14] with the aim of assessing the total cost benefit of integrating forest industries (a sawmill, 



a wood-pellet plant and a pulp and paper mill). However, both works do not consider the 
scenario of a real integrated industrial site and the benefits that may arise from an optimal 
integration among the plants with a shared CHP system. The thermodynamic efficiency gain 
and the economic benefits of integrating a wood-pellet plant with a pulp mill is investigated in 
[15]. The focus of that paper is to exploit the excess heat produced in the RB based CHP 
system of the pulp mill for the drying process in the wood-pellet plant, but no alternative 
technologies for the pulp mill CHP system were considered. BL gasification is often reported 
in the literature as an alternative to the RB in the CHP system of pulp mills (see e.g. [16–18]), 
and the results of these studies showed potential for reduced resources consumption and 
increased overall energy efficiency. Several authors have also worked from different points of 
view on the integration of biofuel synthesis process in pulp mills through the gasification of 
BL (see e.g. [3,6,8,16]). The economic and energetic perspective of integrating solid biomass 
gasification process in a pulp and paper mill for the synthesis of biofuels and/or for power 
generation via a combined cycle has been discussed in [19].  
The main objective of this paper is to investigate the outcome of the optimal integration of a 
chemical pulp mill, its supply chain and a wood-pellet plant with a common CHP system 
supplied by boilers or product gas fuelled gas turbines. The analysis is based on mathematical 
models of the industrial processes considered. 
The paper is structured as follows. Section 2 presents the description of the considered 
industrial processes including a list of the thermal and power loads associated with them. In 
Section 3 the methodology used to perform the integration and the optimization is described 
and the setups of the optimization problems are presented in detail. The integration scenarios 
are also described in Section 3 with an explanation of the objective/s in each case. Section 4 
presents the main results followed by detailed discussion about the most significant outcomes. 

2. Description of the process integration model 
The process integration model is developed in MATLAB Simulink environment. The data 
used in the model are either experimentally measured in existing plants as well as in pilot and 
demo scale research facilities, or represent the typical Nordic countries forest industries. Each 
process has been considered in order to identify the potential thermal streams involved and 
the power required for its operation. In the following subsections brief descriptions of the 
plants and their processes are presented.  

2.1. Pulp and paper mill 
The pulp and paper mill model is based on data measured in an existing plant which is 
representative of the typical technologies employed in integrated chemical pulp and paper 
mills in Nordic countries. A detailed description of the mill model has been reported in [20]. 
Only the design parameters which are important for the integration among the plants are 
highlighted in this section. Pulp and paper production are 5.03 and 4.13 kg/s (dry basis), 
respectively, and these result in a woodchips consumption of about 21.24 kg/s (dry basis). In 
fact, a large portion of the woodchips fed to the digester of the pulping process (i.e. the lignin 
and part of the hemicellulose) becomes the organic content of the BL, which has a mass flow 
rate of about 18.05 kg/s (dry basis). In addition the mill consumes about 50 MW of electricity 
for internal operations.  
The thermal demand and part of the power demand of the mill are covered by an internal CHP 
system based on a BL and a BFM boiler. The BFM is made of 85% bark, 9% sawdust and 6% 
woodchips in dry wt. The mixing is done to avoid the issues in the combustion and/or 
gasification of bark alone ( low calorific value, high ash content [21,22], and high moisture 
content in case of gasification). The composition of the BFM has been maintained as a 
constraint during the allocation of the resources to integrated industrial site. 



The details of the CHP system model along with its steam cycle configuration have been 
reported in [20], and this model is simply adopted in this work without any modifications (the 
thermal streams from the boilers are summarized in Table 1 for quick reference). In addition 
all the thermal streams involved in the pulp and paper mill subsystems are presented in Table 
2. 

Table 1.  Boilers thermal streams [20]
Boilers Thermal Streams (hot/cold (+/-))  

Ti [°C] Tf [°C] Q [kW] Tmin/2 [°C]  
RB 1000 1000 3903 BLm 10 Radiative heat transfer RB

1000 206 5530 BLm 10 Convective heat transfer RB
 65 50 427 BLm 2 Smelt dissolver 
 65 10 376 BLm 2.5 Scrubber water 

BB  800 800 4311 BFMm 10 Radiative heat transfer BB
  800 152 9678 BFMm 10 Convective heat transfer BB

BLm - BL mass flow rate, kg/s dry 

BFMm - BFM mass flow rate, kg/s dry  

2.2. Supply chain to pulp and paper mills 
Deforested trees are trimmed onsite to remove the branches and tops prior to their 
transportation to sawmills, where they are further debarked, sawn and dried into wood boards 
(also called lumber). In this work, the term “total biomass” refers to the wood harvested from 
the forest excluding the logging residues which are left in the forest. Total biomass is made of 
“timber”, which refers to the part of the tree that is suitable for lumber production, and “wood 
logs”, or simply “logs”, which refer to the parts which are only good enough for the 
production of woodchips that are used in the pulping process or as fuel in boilers or gasifiers.  
The woodchips input to pulp and paper mills comes from the by-product of sawmills and 
from the chopping of wood logs (such as tree branches and toppings). The main product of 
sawmills is lumber, which accounts for about 47% wt. of the timber input on dry basis. In 
addition, sawdust (about 8% wt. of the timber input), bark (about 19% wt.) and woodchips 
(about 26% wt.) are produced as by-products. The chopping of wood logs produces 
woodchips (64% wt. of the logs input) and residues collectively referred to as bark (the 
remaining 36% wt. of the logs input). The industrial processes that are included in the supply 
chain to a pulp and paper mill are therefore sawmills and wood logs choppers. A schematic 
representation of the material flow among the integrated industries is shown in Fig. 1. 
The model of a typical sawmill in Nordic countries is taken from [23]. The timber, which is 
initially at 55-60% moisture content, is processed into lumber with a final moisture content of 
about 18%. Therefore, the process includes a lumber drying step which is carried out by 
heating outdoor air from a temperature of 2 C to 75 C and circulating it through packages of 
lumber placed in dedicated rooms called drying kilns. The drying process is assumed to take 
place at a constant temperature of 75 C, and is driven by the moisture content difference 
between the lumber surface and the drying air. The main reason behind the huge thermal load 
in sawmills is the continuous supply of heated air to the drying kilns to replace the humidified 
air.  
The thermal load is satisfied by burning BFM in a dedicated furnace and about 2.3 kg dry of 
BFM are burnt per dry kg of produced lumber. All the thermal streams in the reference 
sawmill model are presented in Table 2. The electricity consumption is about 690 kJ per dry 
kg of produced lumber.  



The model of wood chopping does not include any thermal stream, and the electricity 
consumption is about 81 kJ per dry kg of wood logs.  

2.3. Wood-pellet plant 
Wood-pellet plant produces densified wood fuels in the form of pellets from the biomass 
wastes of forest industries as well as from the chipping and grinding of dedicated woody 
biomass. The raw material is dried and fine grinded prior to the pelletization process. 
Sawdust, one of sawmill by-products, is a convenient raw material for pellet production as it 
has already undergone part of the pre-treatment during the sawing process, namely the size 
reduction.  
The drying process of sawdust is one of the largest energy consumers in wood-pellet plants. 
Sawdust, which is initially at 55-60% wt. moisture content and a temperature of 5 C, is dried 
to a final moisture content of 8 to 10% wt. using hot air as drying medium. In the dryer model 
the drying air, which is initially at 2 C, is heated to 250 C before entering the dryer, then it 
exits at a temperature of 110 C (the same as the final temperature of the sawdust [23]). As in 
the sawmill, the thermal demand of the drying process in the wood-pellet plant is supplied by 
burning BFM in a dedicated furnace, about 0.24 dry kg per dry kg of produced wood-pellets.  
In addition, the wood-pellet plant consumes about 460 kJ of electricity per kg of produced 
pellets in internal operations. The thermal streams of the wood-pellet plants are summarized 
in Table 2. 

Table 2.  Thermal streams of the industrial processes considered 
Process Plants Hot streams Cold Streams 
  
  

Ti 
[ C] 

Tf 
[ C] 

  Q 
[kW] 

Tmin/2 
[ C] 

Ti 
[ C] 

Tf 
[ C]    Q [kW] 

Tmin/2 
[ C] 

Pulp & Paper 
mill1          
Digester  169 121 23550 3.5 134 169 -16703 3.5 

66 51 1500 4 90.5 122.5 -5229 3.5 
91.5 56.5 13600 3.5 85.5 150.5 -16003 3.5 

Evaporators 129 20 6305 2 129 129 -41305 2 
129 129 30188 2 122 129 -1160 2 
122 20 5302 2 100 129 -2999 2 
122 122 27548 2 122 122 -27548 2 
104 20 3823 2 104 122 -6106 2 
104 104 24517 2 104 104 -24517 2 
64 20 2853 2 64 104 -15628 2 
64 64 36396 2 64 64 -36396 2 
70 64 2530 2 70 70 -39138 2 
70 20 3473 2 75 75 -34150 2 
70 70 39138 2 95 95 -23863 2 
75 70 2444 2 75.5 103.5 -2600 3.5 
75 20 3330 2 
75 75 34150 2 
95 75 12199 2 
95 20 3288 2 
95 95 23863 2 
120 95 15933 2 
115.5 37.5 8500 3.5 
81 81 2400 2 
100 100 400 2 
69 61 300 2 
61 34 50 2 

Bleaching Plant 78.5 74.5 2200 3.5 63.5 68.5 -1600 3.5 
90.5 83.5 1000 3.5 67.5 82.5 -1000 3.5 
83.5 71.5 7500 3.5 59.5 75.5 -1300 3.5 
63.5 37.5 28600 3.5 65.5 73.5 -2600 3.5 
55.5 37.5 5200 3.5 



56.5 37.5 1500 3.5 
50.5 37.5 600 3.5 

Paper machine 110 110 400 2 4.5 30.5 -200 2.5 
84 84 200 2 25.5 54.5 -400 2.5 
80 59 1800 8 2.5 60.5 -6800 2.5 
59 50 9500 8 76.5 95.5 -1000 2.5 
50 40 7100 8 70.5 90.5 -2500 2.5 

57.5 85.5 -1800 3.5 
-3 39 -2400 8 
28 95 -2700 8 

Pulp dryer 72.5 36.5 3600 3.5 42 80 -1100 8 
50 40 3100 8 2.5 40.5 -5000 2.5 
60 50 5200 8 2.5 55.5 -1500 2.5 
69 60 7500 8 36.5 72.5 -5500 3.5 
100 69 1800 8 -3 31 -3600 8 
150.5 86.5 1500 3.5 31 54 -1100 8 

HW and WW 
prod. 47.5 37.5 300 3.5 2.5 51.5 -53400 2.5 

48.5 37.5 1300 3.5 51.5 69.5 -22600 2.5 
47.5 37.5 300 3.5 
125.5 124.5 900 3.5 

Sawmill 
Lumber dryer 2 75 -2645 Lm  20 

Room heating 30 30 -353 Lm  20 

Pellet plant 
Sawdust drying 2 250 -6957 SDm  20 

Humid air cooling 80 60 
609

SDm  20      
    

Steam generation2     

Feed water (FW) preheating 5 SATT  
FWCS hm

 
4 

Evaporation (EV) at the  maximum cycle  pressure SATT  SATT  
EVCS hm

 
4 

Superheating (SH) to the maximum cycle temperature SATT 450 SHCS hm  4 

Reheating (RH) at 30 bar to maximum cycle temperature 299 450 RHCS hm
 

4 

1Pulp and paper mill thermal streams are adopted from [20] 

Lm - Lumber production rate, kg/s dry 

SDm - Sawdust mass flow rate, kg/s dry 

CSm - Mass flow rate of directly consumed steam, kg/s 
2Streams associated with the generation of the steam directly consumed in the pulp and paper mill (see the 
description of the steam cycle in the methodology section of this paper for further details). 

 



 
Fig. 1. Material flow connection among the integrated forest industries 

2.4. Biomass gasification and product gas (PG) utilization 
Biomass gasification is considered in this work as an alternative to the combustion of BL and 
BFM in boilers for CHP system. In this case the product gas is used to feed a gas turbine for 
power production, and the exhaust gases are further used in HRSGs to generate steam that 
drive the steam cycle of the CHP system. 
The modelling of complex gasification reaction kinetics is beyond the scope of this work. 
However, it is worth to illustrate briefly the gasification techniques considered in order to 
substantiate the choice of the operating conditions in the gasifiers and the potential thermal 
streams identified.  

2.4.1. BL gasification 
BL is a by-product of the pulping process and contains about 50% wt. organics and 50% wt. 
inorganics (mainly the cooking chemicals) on dry basis. The BL, which comes out of the 
digester at about 14.4% dry matter (DM), is concentrated in a multiple-effect evaporator to 
about 71% DM prior to its gasification (or combustion). The technology considered for the 
BL gasifier is similar to that of the pressurized oxygen-blown entrained flow reactor 
developed by Chemrec AB [24]. In this study, however, the reactor model is air-blown [2,16] 
and operated at a temperature of 975 C and a pressure of 19 bar. The benefits of operating the 
gasifier at this pressure is twofold: first, the product gas is not to be pressurized before 
entering the gas turbine combustor and, second, any excess air from the compressor of the gas 
turbine can be used as oxidizing agent in the gasifier. According to the design and 
configuration of the Chemrec reactor, the product gas after the reaction zone gets quenched by 
a spray of water and the weak liquor bath at the bottom of the reactor. The product gas at 
reactor exit is therefore saturated at the operating pressure (the saturation temperature is 
181 C in this case), which means that its latent heat can be used to generate MP/LP steam in a 
counter-current condenser [25]. The cooking chemicals are recovered as smelt, mainly 



composed of Na2CO3 and to a lesser extent Na2S, that falls into the bottom of the reactor and 
gets dissolved in the weak liquor bath to form green liquor [26]. The green liquor exits from 
the bottom of the reactor as saturated liquid at the operating pressure and is cooled on its way 
to the chemical recovery process of the pulp and paper mill by exchanging heat with the weak 
liquor entering the gasifier to replace it.  
The thermal energy requirement of the gasification process is supplied by a partial oxidation 
of the BL which is regulated by the amount of air supplied to the reactor. In this case the 
equivalence ratio is controlled by the gasification temperature, which in turn is calculated 
from the overall energy balance of the reactor assuming a heat loss of 2% on the LHV of the 
BL input. According to the operating conditions and the chemical equilibrium calculations, 
the product gas after the cleaning process is predicted to have a molar composition of 55.4% 
vol. N2, 17% H2, 14% CO, 13% CO2 and 0.6% CH4. Consequently, about 67% of the total 
energy that comes with the BL is recovered as chemical energy in the product gas. 
In the gasifier model, the cooling of the saturated product gas from 181 C to 40 C has been 
identified as hot stream. In addition the process consumes electricity to pressurize the BL feed 
stream from atmospheric to the operating pressure. The power consumption and the thermal 
streams of the BL gasifier are presented in Table 4. 
During BL gasification, the sulphur content of the BL is split between gas and condensed 
phases, which subsequently results in higher demand of lime in the causticization process and 
of thermal energy in the lime kiln. The expected increase in the energy demand of the lime 
kiln due to the replacement of the RB by the high-temperature BL gasifier is estimated to be 
around 16% [18]. In the basecase, i.e. with the Tomlinson boiler, the lime kiln energy demand 
is supplied by the tall oil recovered from the puling process of the reference mill. It is 
assumed that the amount of tall oil produced is enough to balance the expected increment of 
energy demand in the lime kiln.  

2.4.2. BFM gasification 
The considered BFM gasifier is a pressurized air-blown circulating fluidized bed reactor 
operated at a pressure of 19 bar and a temperature of 950 C, as the one developed by Sydkraft 
AB [27] in Värnamo, Sweden. The gasification pressure has been chosen according to the 
same criterion stated in the description of BL gasification. As a pre-treatment, the BFM needs 
to be dried and reduced in size in order to make it suitable for feeding and gasification. The 
BFM, which is available at 55-60% wt. moisture content, is dried to a moisture content of 8-
10% wt. using hot air as drying medium (the dryer model and its operating conditions are the 
same as used for the wood pellet plant). The dried BFM is then pulverized in a hammer mill 
with a final sieve size of 1 mm. Sieving is essential in order to homogenize the size 
distribution of the biomass particles before the gasification process [4]. The hammer mill 
power consumption is about 342 kJ per dry kg of milled BFM. 
The reactor energy demand is satisfied by the partial oxidation of the BFM and is controlled 
by the supply of oxidation air to the process. In the model, the equivalence ratio is regulated 
by the gasification temperature, which in turn is calculated from the overall energy balance of 
the gasifier assuming a heat loss equal to 5% of the input fuel LHV and correcting this value 
to take into account char residuals. According to the operating conditions and the chemical 
equilibrium calculations, the product gas after the gas cleaning process is predicted to have a 
composition of 47% vol. N2, 8.7% H2, 22.8% CO, 12.5% CO2 and 9% CH4 (on dry basis). 
Thus, the corresponding chemical energy contained in the product gas accounts for about 73% 
of the energy in the BFM. The product gas from the reactor is recovered at a temperature of 
about 800 C [28] and most of its sensible heat is used to generate MP/LP steam in a gas 
cooler. The power and the thermal streams of the BFM gasification process are summarized in 
Table 4. 
  



2.5. Gas turbine 
Industrial gas turbines are usually designed to be fed with natural gas (NG), which has a much 
higher calorific value compared to that of the product gas from biomass gasification (45-50 
MJ/kg against 3-6 MJ/kg) because it is composed of 50 to 65% vol. of inert gases. 
Apparently, the product gas mass flow rate to the combustor has to be much larger (about 10 
to 17 times larger in this case) in order to achieve the design turbine inlet temperature (TIT). 
As a consequence, the amount of exhaust gas flow that needs to be expanded in the gas 
turbine expander would become very large, leading to an excessive pressure increase at the 
expander inlet and then in the combustor. There are several techniques reported in the 
literature to cope with this situation and the main ones are listed here (see, e.g., [29–32] for 
further reference); 

Reducing the TIT by reducing the fuel supply. The drawback of this technique is that it 
lowers the performance of the gas turbine and the power production.  
Accepting the pressure increase in the combustor while maintaining the same mass flow 
through the expander. The increase in pressure is however limited by the surge limit of the 
compressor. 
Reducing the air supply to the combustor (by bleeding air from the compressor and/or by 
adjusting the inlet guide vanes (IGV) to minimize the air intake) while maintaining the 
pressure ratio at the design value.  
Enlarging the expander inlet nozzle size. This is nonetheless a permanent modification, and 
returning back to natural gas operation mode may not be easy. 

For the sake of simplicity the third option, that is reduction of air supply to the combustor by 
bleeding air from the compressor, has been adopted in the gas turbine model developed (the 
advantage is that the air bled can be utilized in the gasifiers). The strategy is to have the same 
reduced mass flow rate through the expander as in the case of the chosen natural gas fired ISO 
rated aero-derivative gas turbine. The TIT and the compressor pressure ratio (CPR) are also 
kept at their rated values. The results of the gas turbine model simulations are summarized in 
Table 3. 
 

Table 3.  Gas turbine parameters ISO rated and simulated results

  Fuel CPR 
Air flow 
[kg/s] 

Fuel 
flow 
[kg/s] 

Air 
bled 
[kg/s] TIT [ C] 

Exhaust 
Temp. 
[ C] 

Net Power 
[MW] 

ISO rated NG  19 69.50 1.50 0.00 1250 595 27.82 
Simulated BLPG  19 45.82 25.18 22.38 1250 614 26.99 
Simulated BFMPG  19 58.73 12.27 9.46 1250 604 26.75 
 

The exhaust gases exit the gas turbine at fairly high temperature and are used as a heat source 
to generate HP steam in HRSGs. The temperature of the exhaust gases at HRSG outlet is set 
at 152 C in order to avoid acid gas condensation risks on the surface of the steam generator 
heat exchangers. The thermal streams of the HRSGs and the net power production of the gas 
turbines are reported in Table 4 as functions of the biomass fuel fed to the gasifiers. 
 
 
 
 
 



Table 4.  Thermal and power streams of the BGCC 

Unit/ stream description Thermal Streams (hot/cold (+/-)) 
 Power 

[kW] 

  
Ti 
[ C] 

Tf 
[ C] 

Tmin/2[ C
] Q [kW] 

 

BL gasification  
Product gas cooling 181 40 20 BLm 4315   
BL gasification air preheating 45 390 20 BLm 718-    
BL pump  BLm 21-  
BL gasification air booster 
comp.      BLm11-  

BFM gasification  
Product gas cooling 800 375 20 BFMm 1793   
BFM gasification air preheating 45 390 20 BFMm 616-    

BFM drying air 2 250 20 BFMm 8430-
 

  
Humid air from dryer 110 45 20 BFMm 2373   
Hammer mill  BFMm 342-  
BFM gasification air booster 
comp.      BFMm9-  

Gas Turbines       
Air bled aftercooling (BFM GT) 428 40 20 BFMm831    

BFMPGPower       BFMm5807  
BLPGeheatingPr 40 130 20 BLm269-    

Air bled aftercooling (BL GT) 428 40 20 BLm907    
BLPGPower       BLm2704  

HRSG       
BFMHRSG 604 152 20 BFMm7744    
BLHRSG 614 152 20 BLm 3706    

BLm - BL mass flow rate, kg/s dry 

BFMm - BFM mass flow rate, kg/s dry 

3. Methodology 
3.1. Integration strategy 
The main objective of this paper is to investigate the potential for resources and/ or energy 
savings deriving from considering a large integrated industrial site for biomass processing 
served by a common CHP system instead of several separated plants having their own 
utilities. The integrated site comprises a pulp and paper mill, its supply chain, a wood-pellet 
plant, and one of the two options considered in the previous section for the common CHP 
system that is either BL and BFM fired boilers or BL and BFM based gasification systems in 
the so-called Biomass Gasification Combined Cycle (BGCC).  
The core of the integrated site is the pulp and paper mill described in the previous section and 
the strategy for the material stream integration with the other plants is to maintain its 
production of pulp and paper as it is today. The other material streams of the supply chain are 
calculated backwards from the woodchip demand of the mill by imposing additional 



conditions which are needed to eliminate the degrees of freedom due to stream mixing and 
splitting. These conditions are; 

The amount of woodchips required to form the BFM is calculated so that no residual bark 
is left (i.e. all the bark coming from the sawmill and the wood chopper is used to form the 
BFM); 
The total biomass input to the site is calculated to obtain the amount of woodchips required 
by the mill and by the formation of BFM; 
The proportion between the stream of logs to the wood chopper and that of timber to the 
sawmill is considered equal in order to reflect the current biomass market situation in 
Sweden [33]. 

Finally, wood-pellet plant production remains fixed by the available amount of sawdust (i.e. 
the amount of sawdust left after the BFM has been formed).  
The HEATSEP method [34] is applied to the overall process integration model in such a way 
that thermal cuts are assigned to the potential hot and cold thermal streams of the processes in 
the plants (in this case both the initial and final temperatures and the thermal load of the 
streams are known). The heat transfer interaction among the thermal streams is assumed to 
occur in a black box without any predefined heat exchanger network. The heat transfer 
feasibility within the black box is checked by evaluating the composite curves of the hot and 
cold streams by solving the Problem Table Algorithm according to Pinch Analysis rules [35], 
that is the accumulated heat made available by the hot streams has to be greater than or equal 
to the accumulated heat demand of the cold streams at all temperature intervals in the thermal 
cascade. 
As a result of the integration with the CHP system shared by all the plants in the site, the heat 
transfer black box includes; 

the thermal streams listed in Table 2 (pulp and paper mill, sawmill, wood-pellet plant),  
the thermal streams from the combustion of BFM and BL (for a CHP system based on 
boilers) summarized in Table 1 or the thermal streams from the gasifier(s) and the gas 
turbine exhaust gases (for a CHP system based on BGCC) presented in Table 4, and  
the thermal streams of the steam cycle, which are subject to the optimization process. 

The amounts of available BL and BFM are the limiting constraint on the size of the heat 
pocket created by the high temperature hot streams from the CHP system in the GCC 
representation of the thermal cascade. The steam cycle is designed and optimized to exploit 
this heat pocket to produce power while supplying the hot utility demand of the industrial site 
using condensing steam at suitable temperature levels. The Rankine steam cycle is assumed to 
be operated with a maximum pressure and temperature of 100 bar and 450 C. The 
configuration of the steam cycle is as follows; 

steam generation at the maximum cycle pressure, 
steam superheating to the maximum cycle temperature and reheating to the same 
temperature at 30 bar, 
two or three condensation pressure levels depending on whether a condensing turbine is 
included in the analysis or not. 

It should be noted that the pulp and paper mill subprocesses consume steam at 10 and 4 bar 
both directly (part of the extracted steam is mixed with the fiber stream and needs to be 
replaced continuously by a make-up water stream during the steam generation process) and 
indirectly (part of the extracted steam is condensed to supply process thermal loads and 
remains in the steam cycle). Therefore, the choice of the condensation pressure levels is 
predetermined by these technical requirements (see for e.g. [20] for further details). As a 
result, the decision variables regarding the steam cycle are; 

the mass flow rate of steam condensed at 10 bar that remains in the steam cycle, 



the mass flow rate of steam condensed at 4 bar that remains in the steam cycle, 
the mass flow rate of steam condensed at 0.05 bar (in case a condesing turbine is included 
in the analysis). 

The generation of the steam that is directly consumed in the pulp and paper mill subprocesses 
is accounted among the process streams and the associated thermal streams are presented in 
Table 2.  
Different scenarios are considered in order to explore a wider range of options for the optimal 
integration of the industrial site in terms of thermodynamic efficiency and operational 
profitability. 
In Scenario 1, the most straight forward case, all the resulting BL and BFM are burnt in the 
respective boilers to generate HP superheated steam at the maximum cycle pressure and 
temperature.  
In Scenario 2, all the BL and BFM are instead gasified, and the product gas coming from the 
gasifiers is used to feed a gas turbine. In this case HP superheated steam is generated in 
HRSGs. 
In Scenario 3, all the BL is gasified and the resulting product gas is used to fuel a gas turbine 
to generate power that would hopefully be sufficient to satisfy the requirement of the 
industrial site, whereas all the BFM is saved. In this case, the saved BFM can be either simply 
sold or gasified into high quality syngas (for e.g. using oxygen/steam blown reactors instead 
of air) and catalytically converted into value added chemicals and biofuels [19]. 
In Scenario 4, the amount of BFM that is strictly required to supply the hot utility demand of 
the integrated industrial site is burnt in the BB to generate HP steam, while the surplus BFM 
and the BL are saved for other processes (e.g. the spared BL can undergo biochemical 
transformation into biofuels, as in [36], or thermochemical conversion into a high quality 
syngas suitable for biofuel synthesis). 
In Scenario 5, BFM is used to supply the hot utility demand of the integrated industrial site 
using the BGCC pathway, with the intention of saving the BL for other processes. In this case 
if the BFM were not sufficient to supply the hot utility demand, part of the BL is gasified to 
supply the deficit. 
In all scenarios any deficit in the electricity supply to the integrated industrial site is assumed 
to be covered by the power grid. 

3.2. Set-up of the optimization problems 
In all the considered scenarios the objective function is the Rankine cycle net power 
production, which is to be maximized.  

In scenarios 1, 2 and 3, the steam mass flow rates at the three condensation pressure levels 
(10, 4 and 0.05 bar) are the chosen decision variables.  
In scenarios 4 and 5 the condensing turbine is excluded from the analysis because the 
consumption of the available fuels (BFM and BL) is limited just to cover the hot utility 
requirement of site processes. Thus, the decision variables related to the steam cycle are 
the mass flow rates of the two higher condensation pressure levels (10 and 4 bar). 
However, in both scenarios additional decision variables are used to control the BL and the 
BFM consumption in the CHP system by means of real values in the range between 0 and 
1 that multiply their available amounts. 

4. Results and discussion 
The optimal results of the scenarios described in the previous section assume a greater 
significance if each of them is compared to a corresponding standalone case in which the 
plants are considered separately and each served by an own furnace/CHP system to satisfy 



their respective thermal demands. In order for the comparison to be fair and for the benefits of 
the integration to be clear, the resource usage must be the same as that of the integrated site. 
However, since BL or BFM may be differently utilized in the standalone cases, these are 
either simply saved or burnt/gasified to produce power according to the objectives of that 
particular scenario. In the following subsections the integrated cases will be labelled with the 
letter “I” and the stand-alone cases will be labelled with “SA”.  

4.1. Optimal integration results 
The net power production of the scenarios evaluated for the integrated case are presented in 
Table 5, and the amounts of BL and BFM saved in each of the integrated cases together with 
their corresponding standalone cases are summarized in Table 6. Positive net power 
production shows the surplus power which can be exported from the industrial site whereas 
negative net power production indicates the amount of power that needs to be purchased from 
the power grid. 
Figures 2 to 6 present the corresponding IGCCs of the optimal results of the integrated 
scenarios described in this section. The red curve represents the GCC of the thermal streams 
of boiler or gas turbine flue gas (depending on the technology considered) and the thermal 
streams of the integrated processes. The blue curve represents the GCC of the steam cycle 
thermal streams and shows how well the steam cycle is exploiting the heat pocket formed by 
the profile of the red curve. The patches in those figures indicate the magnitude of power 
generation from the steam and gas turbines (in green color) and the power consumption of the 
plants in the integrated site (in brown color). 

Table 5.  Net power production of the integrated and standalone cases [MW] 
Scenario 1 2 3 4 5 
Integrated case (I) 77.76 123.27 2.11 -39.50 69.36 

Standalone case (SA) 36.72 61.57 -24.40 -24.40 -16.43 

Table 6. The amounts of BL and BFM saved in the integrated and standalone cases [kg/s, 
dry] 
Scenario 1 2 3 4 5 

Integrated case (I) BL 0.00 0.00 0.00 18.05 11.68 
BFM 0.00 0.00 15.96 9.21 0.00 

Standalone case (SA) BL 0.00 0.00 0.00 18.05 18.05 
BFM 0.00 0.00 11.48 1.05 0.00 

 

Scenarios 1 and 2 (Figs 2 and 3) present the cases where all the BL and BFM available are 
consumed to supply the hot utility and power requirements of the integrated industrial site 
using different pathways. The expectation for positive net power production that can be 
exported to the power grid is reasonable in both scenarios due to the large potential coming 
from the biomass fuels calorific content. Actually, about 78 MW and 123 MW of excess 
power are produced in the integrated cases 1I and 2I, respectively. In both of the 
corresponding standalone cases all the BL and some BFM is consumed in the pulp and paper 
mill, but additional BFM has to be consumed to supply the sawmill and the wood-pellet plant 
thermal loads in their dedicated furnaces [23]. This results in a total BFM consumption of 
4.48 kg/s dry (about 28% of the total BFM available). The remaining 72% of the BFM is set 
to be used in a BB based CHP system (case 1SA) or in a BFM fuelled BGCC (case 2SA), 
both operating according to the same steam cycle configuration described in the previous 
section to produce power. It is apparent from the results of scenario 1I that the net power 
production is increased by 111%, compared to its corresponding standalone case. In case 2I, 



where the BGCC replace the boilers based CHP system of case 1I, the net power production 
further increases by 58% compared to case 1I. This shows that the gasifiers based combined 
cycle presents a better alternative should power production become a priority. Moreover, the 
net power production of scenario 2I has increased by about 100% compared to its 
corresponding standalone case. 
In scenario 3I (Fig. 4) only the BL is consumed in the BGCC pathway to supply all the hot 
utility demand and as much as possible of the power demand of the integrated industrial site. 
The corresponding standalone case is the same as case 2SA described above, except for the 
remaining 72% of the BFM is saved instead. It is worth noting that case 3I is barely self-
sufficient for power production (the surplus is about 2.11 MW only) and has a BFM 
consumption that is 28% lower than that of case 3SA, which has instead a power deficit of 
about 24 MW. 
In case 4I (Fig. 5) the BB is set to burn enough BFM just to provide the hot utility demand of 
the industrial site, while all the BL is saved for other process. On the other hand, in case 4SA 
the pulp and paper mill is assumed to shut down its RB and to use only the BFM fuelled BB 
to supply heat to the steam cycle of the internal CHP system. In so doing the objective of 
saving all the BL is maintained in the standalone case as well and a fair ground for 
comparison against the integrated one is established. The BFM consumption in case 4SA is 
calculated by simulating the pulp and paper mill model with zero BL consumption and 
obtaining the amount of BFM required to produce the same thermal output to the steam cycle. 
The BFM consumption in the pulp and paper mill is then added to the BFM needed in the 
sawmill and the wood-pellet plant furnaces. This resulted in an overall BFM demand of 14.9 
kg/s dry, which is about 93% of the total BFM available. Compared to case 4I, the BFM 
consumption of the standalone case is 121% higher, whereas the deficit in net power is about 
38% lower. Apparently, power production and biomass saving are conflicting objectives in 
this scenario and, if power production is not a priority, case 4I presents a better alternative 
that allows to save about 51% of the BFM compared to the corresponding standalone case.  
In case 5I (Fig. 6), the BB based CHP system of case 4I is replaced by the BFM gasifier based 
combined cycle with the same intention of saving all the BL. However, it turned out that in 
this design solution the utilization of all the available BFM was not sufficient to meet the hot 
utility demand of the industrial site. This means that part of the BL has to be gasified as well 
(the optimal solution shows that 35% of the available BL is consumed in addition to all the 
BFM). Case 5SA is the same as case 4SA (which consumes 93% of the BFM available) 
except that in case 5SA the remaining 7% of the BFM is set to be gasified to produce power 
in order to establish a fair comparison ground. Accordingly, case 5SA results in a net power 
deficit of 16 MW, whereas the integrated case produces a surplus of 69MW. However, case 
5SA saves 35% more BL compared to its integrated counterpart.  

 



 
Fig. 2. Integrated grand composite curve: Case 1I 

 
Fig. 3. Integrated grand composite curve: Case 2I 

 



 
Fig. 4. Integrated grand composite curve: Case 3I 

Fig. 5. Integrated grand composite curve: Case 4I 



Fig. 6. Integrated grand composite curve: Case 5I 

4.2. Economic evaluation of the optimal cases 
The optimal solutions are also evaluated from the economic point of view by using 
Investment Opportunity (IO) as an indicator of the potential operational profit. IO is an index 
of the profitability of a design solution based on the difference between the algebraic sum of 
resource cost and product revenue. The higher is the IO value the wider are the margins for 
investing more money in a design solution while the cash flow history of the project remains 
positive at the end of the economic lifetime.  

)enseexpresources()revenueproducts(IO  

Table 7.  Costs/ prices of resources and products [23,37]
Resources Price Unit 
Timber 1.5 SEK/kg dry 
BFM 181.2 SEK/MWh 
BL1 250 SEK/MWh 
Products   
Lumber 3.5 SEK/kg dry 
Pulp 5.8 SEK/kg dry 
Wood-pellets 300 SEK/MWh 
Electricity 800 SEK/MWh 
1Internal data base 

The annual potential IO is evaluated as an economic indicator of the integrated and standalone 
cases assuming 8000 hours of annual operational time and the results are presented in Fig. 7. 
In all the cases the integrated IO is found to be greater than the standalone IO, showing that 
the integrated cases present better economic performance, with margins in the range between 



155 to 395 MSEK. Cases 2I and 5I, in particular, have resulted in high IO potential due to the 
large amount of power produced by the gas turbines. If power production is not a priority, 
cases 3I and 4I present better alternatives at lower IO values while allowing larger margins for 
saving resources which can be utilized in innovative conversion technologies. 

 
Fig. 7. Annual IO potential for the integrated (IOI) and standalone (IOSA) cases 

A sensitivity analysis about the IO potential as a function of electricity price (assuming that 
the selling and purchase price is the same) is further performed for the cases that represent the 
extreme situations in regards to the possible objectives pursued by site integration i.e. 
maximum power production (case 2I, where all the BL and BFM are consumed) and 
maximum resources saving (case 3I, 0% BL 100% BFM, and case 4I, 100% BL 57% BFM). 
The results (Fig. 8) show that electricity prices above 508 SEK/MWh (i.e. the abscissa of the 
point where the lines of cases 2I and 3I intersect) make case 2I more favourable than case 3I, 
focused on BFM saving, whereas prices above 560 SEK/MWh (i.e. the abscissa of the point 
where the lines of cases 2I and 4I intersect) make case 2I more favourable than case 4I, 
mainly focused on BL saving.  

 
Fig. 8. Sensitivity of the annual IO potential towards electricity price for cases 2I, 3I and 4I 



In regards to resources saving, case 3I (BB technology) presents better IO potential compared 
to case 4I (BL based BGCC technology) for electricity price greater than 708 SEK/MWh. At 
the current electricity price (800 SEK/MWh which is close to the abscissa of the intersection 
point) the difference in the annual IO potential between the two cases is marginal compared to 
the difference in the resources saving potential evaluated according to the lower heating value 
of the saved resources (340 MWth (3I) against 416 MWth (4I)). The resources saving potential 
of case 4I compared to 3I, both evaluated according to the prices of resources in Table 7, is 
2.14 times larger. 

5. Conclusions 
The discussion of the results in the preceding section shows that an integrated industrial site 
featuring a pulp and paper mill and its supply chain presents a significant potential for 
resources saving and/or increased power production compared to standalone plants. This 
potential derives mainly from the integration of the industrial processes (pulp and paper mill, 
sawmill and wood-pellet plant) with a common CHP utility. The considered different 
scenarios also help to assess the impact of the technology (boilers or gasifiers) used in the 
CHP system on the magnitude of the potential for resources saving/increased power 
production.  
Cases 1I and 2I prioritize increased power production over resources saving, and case 2I 
presents the design solution producing the highest power surplus. 
On the other hand, cases 3I and 4I focus on resources saving rather than increased power 
production. Surprisingly, the results from case 3I shows that the chemical energy content of 
the product gas from BL gasification is enough to supply the thermal load and, marginally, 
the power requirements of the integrated site without the need of supplementary BFM 
feeding. Conversely, according to the results of case 4I, about 43% of the available BFM is 
enough to supply all the thermal and 35% of the power requirements of the integrated 
industrial site.  
From the economic point of view, the integrated cases perform better than the standalone ones 
in terms of IO potential. Another significant observation is that the annual potential IO tends 
to be higher in the scenarios that implement BGCC technology due to the large amount of 
power produced by the gas turbines in those cases. Finally, the sensitivity analysis about the 
IO potential shows that the lower end of the electricity price range in which the objective of 
increased power production is more convenient than that of resources saving is still much 
lower than the current electricity price.  
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Nomenclature
m  mass flow rate, kg/s 
BB biomass fuel mix boiler 
BFM biomass fuel mix 
BGCC biomass gasification combined cycle 
BL black liquor 
CHP combined heat and power 
CPR compressor pressure ratio 
DM dry matter 
GCC grand composite curve 



GT  gas turbine 
HP high pressure, bar  
HRSG heat recovery steam generator 
I integrated case 
IGCC integrated grand composite curve 
IO investment opportunity, MSEK/year 
IOI investment opportunity integrated 
IOSA investment opportunity standalone 
LP low pressure, bar 
MP medium pressure, bar 
NG natural gas 
PG product gas  
Q thermal load, kW 
RB recovery boiler 
SA stand-alone case 
T temperature, °C 
TIT turbine inlet temperature, °C 
HW hot water  
WW warm water 

Tmin minimum temperature difference, °C 

Subscripts
BFM  biomass fuel mix 
BL  black liquor 
CS  consumed steam 

fi /  initial/final 
L  lumber 
SAT  saturation 
SD  sawdust 
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Abstract 

The hemicelluloses fraction of black liquor is an underutilized resource in many chemical 

pulp mills. It is possible to extract and separate the lignin and hemicelluloses from the black 

liquor and use the hemicelluloses for biochemical conversion into biofuels and chemicals. 

Precipitation of the lignin from the black liquor would consequently decrease the thermal load 

on the recovery boiler, which is often referred to as a bottleneck for increased pulp 

production. The objective of this work is to techno-economically evaluate the production of 

sodium-free lignin as a solid fuel and butanol to be used as fossil gasoline replacement by 

fractionating black liquor. The hydrolysis and fermentation processes are modeled in Aspen 

Plus to analyze energy and material balances as well as to evaluate the plant economics. A 

mathematical model of an existing pulp and paper mill is used to analyze the effects on the 

energy performance of the mill subprocesses.  

KEYWORDS:  Techno-economic analysis, black liquor fractionation, butanol fermentation, 

process integration, pulp and paper mill

1. Introduction

The sulphate or Kraft process is the dominant production method of chemical pulping and 

accounted for approximately 75% of the global pulp production in 2012 (FAOSTAT 2014). 
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Sweden is the largest producer of chemical wood pulp in Europe with a total of 8.1 million 

tonnes in 2012 (FAOSTAT 2014). This results in approximately the same amount of black 

liquor (BL) as a by-product. Currently, the BL is used as a fuel in the recovery boiler (RB). 

The RB is an important part of chemical pulp mills as it provides the thermal energy and power 

demand of the mill while also playing a key role in the recovery process of the pulping 

chemicals. The latter is very crucial for the overall economy of the Kraft process. The BL 

contains pulping chemicals, lignin and degraded hemicellulose. The hemicellulose fraction of 

the BL is an underutilized resource in many chemical pulp mills. Extracting that fraction could 

be one way to generate a sugar feedstock amenable to biochemical conversion to fuels and 

chemical intermediates, such as ethanol, butanol, succinic acid and lactic acid. Hemicellulose 

have a low heating value (13.6 MJ/kg) compared to lignin (27 MJ/kg) (Van Heiningen 2006) 

and therefore recovery of hemicelluloses from lignocellulosic material followed by 

biochemical conversion into value-added products may bring a better process economy of the 

plant. The highest content of hemicelluloses is found in hard wood, for instance, birch wood is 

composed of 40% cellulose, 37% hemicelluloses, 20% lignin and 3% extractives (Vakkilainen 

& Välimäki 2009). During the chemical pulping of birch wood about 50% of the organic 

content (the cellulose and part of the hemicellulose) is converted into pulp and the remaining 

part ends up in the BL. The figures confirm that the hemicellulose is an underutilized resource.  

In some cases the RB is referred as a bottleneck towards increased pulp production (Pettersson 

et al. 2012; Vakkilainen & Välimäki 2009). The extraction of lignin from the BL can help 

debottlenecking in those situations. Fractionation of the black liquor therefore represents an 

interesting business opportunity for chemical pulp mills. The benefits of separating lignin from 

the BL of pulp and paper mills to increase pulp production have been discussed by several 

authors in the literature (see e.g. (Vakkilainen & Välimäki 2009; Olsson et al. 2006; Axelsson 

et al. 2006)). The advantage is twofold:  it opens the opportunity for increased pulp production 
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without altering the ordinary pulping and chemical recovery processes, and lignin can be sold 

as a fuel by itself thereby increasing the products. The pre-extraction of hemicelluloses from 

pulp wood prior to pulping for the production biofuels and green chemicals have also been 

previously reported, see e.g. (Huang et al. 2010; Mao et al. 2010). 

One subject of this study is to assess the techno-economic feasibility of the recovery of 

hemicelluloses from the BL and its subsequent conversion into butanol via the conventional 

ABE process. Butanol can play an important role in alleviating the dependence on fossil 

derivatives for transportation fuel. N-butanol with molecular formula C4H9OH and boiling 

point of 118 C has energy density about three-fourth of gasoline. This makes it superior to 

ethanol as a biofuel, and more importantly it can be produced from more sustainable feedstock, 

than bio-diesel for instance (Dürre 2011; Green 2011). In addition, butanol can surpass the 

blending limit of ethanol with gasoline for regular vehicles (which is usually less than 10%) 

without inducing significant impact on the Otto engine performance. The production of butanol 

from BL is not mentioned in the literature; however, commercial production of bio-butanol 

through fermentation of sugars has been used previously, see e.g., (Ni & Sun 2009).

The production butanol from hemicellulose substrates through the conventional ABE process 

is hampered by low yield as compared to starchy substrates (rich in sugar content such as corn 

and molasses) because hydrolyzate derived hemicelluloses contains low sugar which is mostly 

dominated by xylose. However, the need for efficient solvent recovery remains an issue 

regardless of the substrate as butanol concentration in the fermentation broth puts a limit on the 

Clostridia strains (maximum concentrations tolerable 10-12 g/l butanol or 20g/l ABE (Qureshi 

et al. 2001; Ezeji et al. 2004a; Lu et al. 2012; Xue et al. 2012; Qureshi et al. 2007; Ezeji et al. 

2007)). Recent developments regarding solvent recovery techniques can be found in (Qureshi 

& Blaschek 2001; Xue et al. 2012; Qureshi et al. 2001; Kraemer et al. 2011; Qureshi et al. 
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2005; Ezeji et al. 2004b; Jin et al. 2011; Groot et al. 1992). Gas stripping is reported as the 

most promising recovery technique both from economic and operability viewpoints (Ezeji et 

al. 2004a; Jin et al. 2011; Lu et al. 2012; Xue et al. 2012; Qureshi & Blaschek 2001).

In the current work a conceptual process for the production of high grade lignin and ABE 

solvents from Birch-wood Black Liquor (BBL) is developed. The new process is assumed to 

be integrated in an existing pulp and paper mill. The model is then used to evaluate the energy 

and material balances of the system for different process conditions. An economic evaluation 

of the new process is made based on published price data.  

The paper is organized as follows. Section 2 presents a brief description of the experimental 

data up on which the conceptual process is based and the corresponding Aspen Plus model 

developed. The methodologies for economic and process evaluations are also presented in 

Section 2. Section 3 summarizes the main findings and the discussions about the most 

significant outcomes. 

2. Material and method 

2.1 Process description 

The fractionation plant considered in this work produces butanol from BBLH via the 

conventional ABE fermentation process, while high grade lignin is separated as an 

intermediate product. A model is developed in Aspen Plus in which the material and energy 

balances are obtained. The input data to the lignin separation and BBLH producing process are 

based on the experimental data carried out in an existing pulp and paper mill. The input data to 

the ABE fermentation is also based on experimental trials conducted on BBLH and the 

downstream processes (namely product recovery and purification) are based on the literature. 

The plant is assumed to run 8000 hrs/year and the butanol production capacity is fixed by the 

amount of BBLH available.  
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In order to extract lignin carbohydrate complexes (LCC) for the production of biofuels (or 

green chemicals) via hydrolysis and fermentation pathway, a BBL stream at about 13% DM is 

rerouted from the digester of a pulp and paper mill. The extracted stream is composed of 

organic and inorganic (mainly alkali) substances. The organic content in the extracted stream is 

equivalent to about 10% of the total organic substance present in the pulping wood and the 

inorganic matter is also about 10% of the total cooking chemicals charged, both on dry matter 

basis. It is also considered important to minimize the effect of the degradation of the 

hemicelluloses in the digester.  

The diverted stream is then sent to one of the multiple effect evaporator units of the pulp and 

paper mill, to increase its solid content up to 25-30% DM before its pH is lowered by injecting 

CO2. The decrease in pH causes the LCC in the diverted stream to precipitate. The precipitate, 

which accounts for about 30% of the total dry solids extracted from the digester, is then filtered 

to separate it from the alkali rich solution that comes along with the diverted stream from the 

digester. The alkali rich solution is returned back to the chemical recovery cycle of the pulp 

and paper mill, whereas the LCC stream with about 50% DM undergoes the hydrolysis and 

fermentation pathway to produce butanol and high grade lignin as main products, and acetone 

and ethanol as co-products. The hydrolysis is carried out using diluted sulfuric acid in agitated 

reactor which is maintained at about 100 C for one hour. Alkali free lignin, at about 65% DM, 

is filtered out of the stream exiting the hydrolysis reactor and the rest of stream is let into the 

downstream processes. The pH of the hydrolysate is increased from about 1, in the hydrolysis 

reactor, to about 5 prior to its admission into the fermenter by dissolving lime mud (CaCO3)

which is freely available in the pulp and paper mill. Overview of the process is shown in 

Figure 1. 



6

The BBLH stream is the feed for the ABE fermentation process which was refitted with the 

BBLH experimental data: ABE fermentation (batch) of BBLH using Clostridium

acetobutylicum ATCC 824 conducted at a temperature of 37 C and in agitated reactor set to 

200 rpm. The pH was controlled to 5.1 using automatic addition of 4% NH4OH during the 

entire period.

Figure 1 Process flow diagram (lignin separation plant within the broken line boundary) 

2.2 The Aspen Plus model 

The Aspen model is a steady-state flowsheet based on a stoichiometric reactor approach. The 

total fermentation time considered is 200 hrs and stripping starts after 20 hrs. In order to render 

a continuous process, the overall productivity in the model is maintained using average mass 

flow rates over the total fermentation time. For the same reason, the substrate intermittently 

added during the fed-batch fermentation process is simulated as a continuous addition using 

averaged mass flow rates over the entire fermentation period.  
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The BBLH stream (pre-fermentation) contains about 38.5 g/l xylose, 3.4 g/l acetic acid, 0.1 g/l 

furfural, 0.5 g/l hydroxymethylfurfural (HMF), 3.8 g/l phenolic (acid soluble lignin (ASL)) and 

2.1 g/l formic acid. In addition about 65 g/l of gypsum is present in the hydrolysate. Moreover, 

flash evaporators are required to concentrate the BBLH up to 100 g/l sugar concentration for 

the main feed stream and up to 500 g/l of xylose concentration for the intermittent feed stream. 

The fractional conversion of the sugars in the BBLH to ABE solvents is based on unpublished 

experimental data and on the fermentation stoichiometry fitted in the model. The precipitation, 

hydrolysis and liming processes have also been modeled based on experimental data conducted 

in a real pulp and paper mill. According to the model 30 vol. % of the carbon in the pentose 

sugars of the substrate is converted to ABE, 20 vol. % to CO2 and the rest into acids.

The ABE process solvent recovery system considered in the model is based on gas stripping 

technique as previously described (Qureshi & Blaschek 2001) and is accomplished by 

recirculating fermentation byproduct gases through the broth. According to the model, the 

fermentation gases produced are more than that of required for the gas stripping process and 

therefore part of it is bled-off. The selectivity of the stripping process for a specific compound 

is calculated according to Eq (1). 

)()x/(x/)y/(yySelectivit 111

Where:

y- The concentration of a compound in the product condensate (wt. %) 

x- The concentration of that compound in the fermentation broth (wt. %) 

The ABE are selectively removed during the fermentation process. In the fed-batch 

fermentation (20–200 h), butanol selectivities were reported in the range of 10–22. Acetone 

and ethanol selectivities ranged over 6.69–12.72 and 4.45– 11.16, respectively  (Ezeji et al. 
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2004a). The solvents are recovered by condesing the gases flowing out of the fermenter to a 

temperature of 2°C in a condenser.  

Several authors have also published experimental results of biobutanol production via 

fermentation of starchy substrates with in situ gas stripping. The composition of the product 

condensate i.e. concentration fractions of acetone, butanol and ethanol to the total ABE in all 

the reports fairly agree, see e.g. (Ezeji et al. 2004a; Lu et al. 2012; Ezeji et al. 2007) based on 

fed-batch mode and (Ezeji et al. 2004b; Qureshi et al. 2007; Ezeji et al. 2007) based on batch 

mode fermentation. 

The product separation and purification process is composed of five distillation columns, all 

based on RadFrac unit operation of Aspen Plus, and a triple phase flash decanter. The final 

product purity targets are set to 99.9 wt.% for butanol and acetone and 97 wt.% for ethanol. 

The triple flash decanter and two of the distillation columns are used to separate the 

heterogeneous butanol-water azeotropic mixture according to the configuration reported in the 

literature (Luyben 2008). In addition the final composition of the high grade lignin is set to 

65% DM. 

2.3 Economic evaluation 

The proposed processes are evaluated from an economic point of view by using the cost of 

butanol production as an economic indicator. The study estimates method together with the 

Hand method is used to estimate the capital cost. The pre-requisite for using the study 

estimates method (that is a flowsheet diagram of the process) is fulfilled. Accordingly, the sets 

of equipment which are required by the process are sized based on the mass and energy 

balance flowsheet developed in Aspen Plus. The evaluation of the equipment cost is performed 

by estimating the purchase cost of the unit operations, based on published data as well as in-

house database information, and by multiplying them with their respective Hand factor for the 
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equipment type to account for piping, insurances, installations etc. Moreover, since the 

fermentation process is assumed to be operated on a fed-batch mode a schedule for rendering 

continuous operation is assumed and evaluated during the economic assessment. The capital 

cost is estimated according to Eq. (2). 

)(fff)fhtcospurchaseEquipment(tcosCapital pbimf 2

Where:

fh - Hand factor, mf - material factor, if - instrumentation factor, bf - building factor and pf -

place factor. 

The cost of equipment for the unit operations involved in the process are initially estimated 

using correlations and data available in the literature (Brown 2007). The initial estimates have 

been corrected to match the pressure and material requirement of the current process using 

factors reported on the same literature. The estimated costs are based on the chemical 

engineering plant cost index (CEPCI) 460 (year 2005) and are reported here after being 

adjusted for inflation for the year 2011 (CEPCI 586).

2.4 Process integration and impact assessment methods 

The strategy for the process integration has been to extract 10% of the organic content of the 

BL and fractionate it according to the processes described in section 2. In doing so two 

integration boundaries are considered during the economic and the hot utility requirement 

assessments: 

the integration of the lignin separation and BBLH production process (the section of 

Figure 1 inside broken line boundary); 

the integration of both the lignin separation and BBLH production process and the 

conventional ABE process (Figure 1).
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Furthermore, the impact of conceptual processes on the Kraft pulp and paper mill has been 

investigated using: 

a mathematical model of typical Nordic mill (the impact of the integrated processes on the 

evaporation unit and the RB); 

the model mill and Pinch technology (Kemp 2007) (the impact of the integrated processes 

on the hot utility requirement).  

During the hot utility assessment the thermal streams of the integrated processes are added to 

the heat transfer black box of the model mill according to the HEATSEP method (Lazzaretto 

& Toffolo 2008) principles. In this case the results present the change in the MER due to the 

integration of the new processes without considering the synthesis of HEN to realize it. 

3. Results and discussion 

3.1 Material balance 

This section presents the input-output structure of the model developed. The composition of 

the extracted stream is used as the basis for determining carbon dioxide, sulfuric acid and lime 

mud demand of the precipitation, hydrolysis and liming processes, respectively. In addition, 

water is added to dilute the sulfuric acid, initially at 72% H2SO4, to 4% H2SO4 concentration in 

the hydrolysis reactor.

Alkali free lignin as a biomass fuel and butanol as an alternative transport fuel are the main 

products considered. However, acetone and ethanol are also produced along with butanol as 

co-products. The material balance of the integrated process is presented in Table 1. 
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Table 1 Material balance of the model                      

Input Tonne/hr Output Tonne/hr 
Lignin separation and BBLH process  
Extracted liquor (30% DM)a 4.25 Recycled alkali (23%DM)a 2.90 
Carbon dioxide 0.56 Lignin (65% DM)a 0.61 
Sulphuric acid 72% 0.32 BBLH 5.63 
Lime mud 0.19 
Process water 3.84 
ABE process 
BBLH 5.63 Butanol 0.025 

Acetone 0.004 
Ethanol 0.003 

  Water 0.08 
  Off-Gas (CO2& H2) 0.06 
  Flash overheads 3.21 
  Waste broth (20% DM)a 0.45 
adry basis, Streams are as depicted in Figure 1 

3.2 Process Utility Requirement 

The lignin separation and butanol plant utility requirements are classified into heating (using 

MP (medium pressure steam), cooling (using water) and electricity. The steam is mainly 

required by the heaters and flash evaporators and to a lesser extent by the re-boilers of the 

distillation columns. For the cold utility, water is assumed to be the cooling medium which is 

mainly required by the coolers as well as the condensers of the distillation columns. The steam, 

cooling water and electricity demand of the process are evaluated in Aspen Plus and are used 

as the basis for the evaluation of the cost of utility during the economic assessment. The utility 

requirements of the conceptual processes are summarized in Table 2.  

Table 2 Utility requirements per tonne of dry lignin produced 

 Lignin separation and BBLH process  Entire processa  unit 
Steam MP 1.26  1.54  tonne 
Cooling water 0  26.5  tonne 
Power 164  210  kW 
aEntire process refers to the integration of both the lignin separation and ABE processes. 



12

3.3 Investment and operating costs 

The capital cost is estimated according to Eq. (2) and is accounted in the analysis using the 

annuity method, assuming 15 years plant life time and 13 % interest rate. The Hand factors 

used in the analysis are as follows: for the compressors 2.5, reactors 4, pumps 4, heat 

exchangers 3.5, pressure vessels 4 and fractionation columns 4. Moreover, the instrumentation 

factor is set to 1.55 (that is for central control and computerization), and the building factor is 

set to 1.11 (that is for new solid-fluid processing unit at an existing site). Accordingly, the total 

initial capital cost is estimated to be around 6.03 MUSD.

The required number of personnel is estimated using the data available in the literature  where 

fractions are assigned for personnel per unit operation per shift (Brown 2007). These fractions 

are multiplied with the number of unit operations of each type and with the number shifts and 

summed up to obtain the total number of persons needed. The fractions used in the analysis are 

as follows: for the compressors (0.09 persons /shift /unit), for the reactors (0.25 persons /shift 

/unit), for the distillation towers (0.25 persons /shift /unit), for the heat exchangers (0.05 

persons /shift /unit), for the centrifugal separators and filters (0.12 persons /shift /unit) and for 

the evaporators (0.15 persons /shift /unit). Assuming 5 shifts, about 15 personnel are required. 

This has been accounted in the production cost estimation by assigning kUSD 71.5 per person 

per year. This resulted in an estimated labor cost of 0.5 MUSD/year. 

The cost of the extracted stream is excluded from the economic evaluation because its organic 

content comes from the woodchips and the cost of woodchips has already been accounted in 

the pulping process. In such case the digester would be providing a pretreated feed stream to 

the proposed process as one of the mill subprocesses. In fact, the celluloses and part of the 

hemicelluloses in the wood are converted into pulp and the pulping is not impacted by the 
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extracted stream (Helmerius et al. 2010). The evaporation unit and the RB are the only 

subprocesses of the pulp and paper mill which are affected by the BBL fractionation plant. 

Table 3 summarizes the utilities and raw material prices associated with the lignin separation 

and the ABE process. It is worth mentioning that part of the cooking chemicals in the extracted 

stream is lost in the downstream processing. During the economic evaluation a NaOH make-up 

stream that accounts for the loss is evaluated. The amount of the cooking chemicals lost in the 

process is estimated to be about 5% of the total amount of cooking chemicals in the extracted 

stream (Olsson et al. 2006). 

Table 3 Prices for chemicals and utilities used in the analysis 

Utility and material usage Tonne/tonne-lignin1 Price (USD/tonne) 
MP steam 1.54 50 
Water (both utility and process) 32.74 0.2 
Carbon dioxide 0.56 52b

Sulphuric acid 0.32 71b

Make-up sodium hydroxide 0.16 280 b

kW/tonne-lignina (USD/kWh) 
Power consumption 210 0.045a

aLignin on dry matter basis 
bPrices adapted from the literature (Axelsson et al. 2006; Olsson et al. 2006). The prices are 
reported here after being adjusted for inflation using CPI (consumer price index) to the USD 
value of the first quarter of the year 2011. 

3.4 Lignin production cost 

One perspective of interest is to consider the option of integrating only the lignin separation 

and BBLH production plant (see Figure 1 the process inside the broken line boundary). In this 

case the BBLH is assumed to be sold as final product boosting the revenues.

Considering the fact about 60% of the capital investment is due to the ABE process, exploring 

this option is deemed interesting. The cost of production accounts mainly for the costs incurred 

by the investment, the purchase of raw materials, the utilities (MP steam, water, electricity, 

refrigeration etc.), and the labor. Since there are two products to consider in this case, the 
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reciprocity relationship between the production costs of lignin and BBLH is evaluated. Doing 

so has resulted in lignin production cost range of USD/MWh 36 to 0 for the corresponding 

BBLH price in the range of USD/tonne 0 to 28. Accordingly, the lignin price must be above 

USD 36/MWh in order the integration of the lignin separation process to be profitable without 

the incentive from BBLH.

3.5 Butanol production cost 

On the other hand, integrating both the lignin separation and the ABE processes results in an 

increased product portfolio. The cost of butanol production is chosen to be the basis for the 

economic analysis while the price of lignin is kept fixed, at least for the main case where the 

lignin price is set to 30 USD/MWh. The reason for this is that, the price of lignin is available in 

the in-house data base as well as in the open literature in a fairly similar range. The prices of 

solid biomass fuels in general are available in the quarterly report of statistics Sweden (SEA 

2014). That is not the case with the price of butanol. Nonetheless, the selling price of lignin has 

been a subject of a sensitivity analysis in the next section. 

For the economic conditions described in the previous section and a lignin selling price of 30 

USD/MWh, the butanol production cost is estimated to be 7.12 kUSD/tonne-butanol. The 

production cost reduces to 5.56 kUSD/tonne-ABE, if acetone and ethanol are included in the 

product stream. The major contributors to the production cost are the capital cost of the 

integrated processes (about 40% of the production cost) followed by the labor cost and the 

utility steam, with about 20% of the production cost each.  

The estimated cost of butanol is rather high compared to the current market price 1.03 to 1.61 

kUSD /tonne-butanol reported in (Mariano et al. 2013). The large difference in butanol prices 

between the current work and reported values results mainly from the low yield of solvents due 

to the toxic nature of the BBLH and from the low production quantity of butanol due to the 
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limitations related to the amount of organics that can be extracted of from the pulping process. 

In order to assess the impact of these aspects a sensitivity analysis is performed and the results 

are presented in the next section. 

3.6 Sensitivity analysis 

Sensitivity analysis of the most influential parameters towards the production cost of n-butanol 

such as the price of lignin, the solvent yield of the ABE process and economies of scale effects, 

are considered and the results are presented in this section. 

Lignin is the major product with respect to the quantity produced and this makes it an 

important parameter to the economy of the integrated processes. In fact, a huge part of the 

earning from the integrated processes is expected to come from the selling of lignin. According 

to the assumed economic conditions (i.e. 13% interest rate  and 15 years economic life time), 

butanol can be produced in the cost range of kUSD/tonne-butanol 7.12 to 3.6 for a lignin 

selling price in the range of USD 30 to 50/MWh. If acetone and ethanol are included in the 

product stream, the production cost reduces to the cost range of kUSD 5.56 to 2.8 /tonne-ABE, 

for the same lignin selling price range. These figures can be readily perceived from Figure 2a.  

Figure 2 Production cost sensibility towards lignin price, (a) the main case and (b) with 
economy of scale effect  
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In order to assess the economies of scale effect a case with 30% extraction of organics from the 

pulping process is evaluated on the top of production cost sensibility towards lignin price. The 

results showed about 42% reduction in the production cost both on butanol and on ABE as 

compared to the case with 10% extraction of organics (Figure 2b). It should be noted that 

extraction of organics above 10% would result in local limitations in the subprocesses of the 

pulp and paper mill, such as combustion problems in the RB. Therefore, if organics extractions 

above 10% are to be considered they must be supplemented by either increased pulp 

production or other technical measures in order to avoid the subsequent problems. 

The economy of biobutanol production through BBLH fermentation is largely affected by the 

low yield of solvents as a result of the toxic nature of the BBL substrate towards the C. 

acetobutylicum. However, there are reports for batch fermentation on pentose substrates where 

the yield is much higher than achieved from the fermentation of BBLH. A sensitivity analysis 

has also been performed to emphasize on the effect of the yield of solvents on the production 

costs (Figure 3a). A sugar utilization weight ratio of 0.3 (i.e. butanol to sugars in the substrate) 

has been reported previously (Mariano et al. 2013).   A production rate of 0.06 tonne/hr 

butanol corresponds to a conversion ratio of 0.3 gram of butanol per gram of xylose in the 

hydrolyzate during the fermentation. Should future breakthroughs on BBLH fermentation 

allow the yield to increase up to 0.06 tonne-butanol/hr or the corresponding yield on ABE 0.08 

tonne-ABE/hr (calculated according to the ratio of the solvents yield achieved from the BBLH 

experiments), the production cost of butanol would reduce from 8.9 to 2.97 kUSD/ tonne-

butanol and the production cost on ABE would reduce from 6.8 to 2.27 kUSD/ tonne-ABE.

Furthermore, in order to emphasize the economies of scale effects the 30% extraction of 

organics case is imposed upon the production cost sensiblity towards the yield of solvents. This 
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has resulted in production cost ranges of 4.17 to 1.95 kUSD /tonne-butanol and 3.2 to 1.5 

kUSD /tonne-ABE (Figure 3b). 

Figure 3 Production cost sensibility towards the yield of ABE, (a) the main case and (b) with 
economy of scale effect 

3.7 Impact of the extraction of organics on the evaporation unit and the RB 

The removal of hemicellulose and lignin from the extracted stream will afterward change the 

organics composition of the BL stream when it comes to the evaporation plant and later to the 

RB. The inorganics composition on the other hand does not change as much, except for the 

part that is filtered out with the LCC stream which is then directed to the lignin separation 

plant and later to the butanol production plant. In addition to the composition, the physical 

properties of the BL are expected to change. In this work, the physical properties of BL, such 

as viscosity and boiling point elevation (BPE), after the lignin removal are assumed to remain 

the same. The viscosity and BPE change are insignificant compared to an ordinary BL 

(Moosavifar et al. 2006). However, the composition and heating value have been recalculated 

based on data previously reported in (Vakkilainen & Välimäki 2009). In fact the same results, 

as reported, have been achieved by recalculating the composition of BL by assuming the 

organics removed to be shared according to the ratio of carbon to hydrogen in ordinary BL. 
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Ordinary BL is roughly composed of about one-third of organics, one-third inorganics and the 

remaining one-third water. 

According to the experimental results, up on which the model is based, about 30 wt. % (dry 

basis) of the extracted stream is separated as filter-cake after the CO2- precipitation. The rest of 

the stream is assumed to be recycled and mixed with the BL stream that comes from the 

digester before entering the evaporation unit. In addition the extracted stream is concentrated to 

about 30% DM in one the evaporator units after being mixed with a recirculated organics 

stream with about 60-70% DM content. 

The effect of hemicellulose and lignin separation on the pulp and paper mill is performed on a 

mathematical model of an existing pulp and paper mill with emphasis on the effect of the 

lignin separation in regard to the energy performance of the evaporation unit and the RB. A 

full detail of the mathematical model mill is reported in (Mesfun & Toffolo 2013).

Hereafter, the basecase refers to the ordinary pulp and paper mill process and the new cases 

refer to the pulp and paper mill process with the integrated lignin separation and butanol 

production plant. The evaporation unit with the basecase and new configuration is presented in 

Figures 4a and 4b, respectively. The impact of the new evaporation unit configuration on the 

live steam demand is evaluated over a range of the dry content of the recycled alkali stream 

and for different temperatures of the stream entering effect 3 (E-3, see Figure 4b). The stream 

entering E-3 is the mixture of the extracted stream and the organics recirculation, see Figure 

4b. The mass flow rate of the recirculated organic stream is also influenced by the dry content 

of the recycled alkali stream and the temperature of the mixed organics stream (Tmix_2), see 

Figure 5.
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Figure 4 Evaporation unit configurations, (a) the basecase and (b) the new case



20

Figure 5 The live steam consumption of the evaporation unit and the mass flow rate of the 
organics recirculation versus the dry content of the recycled alkali stream for different 
temperatures of the mixed organics stream (Tmix_2). Note the ordinate axes scale difference, 
(a) Organics recirculation at 60% DM and (b) organics recirculation at 70% DM

In the basecase evaporator operation the live steam demand is calculated to be around 6.75 

kg/s and is represented in Figure 5 by the broken line for comparison purpose. It should be 

noted that the basecase pressure level of the evaporator effects are kept constant during the 

analysis and no attempt has been made to optimize the system in anyway. In addition, the BL 

coming from the digester (BL, thin at 14.4% DM) has to be mixed with a recirculated BL from 

effect 2 (E-2) to achieve a target DM of 21% before it enters effect 4 (E-4). This is done in 

order to avoid foaming inside the effects (Olsson 2009). The target dry content (depicted as 

DMmix_1 in Figure 4a) is kept as a technical constraint in the new configuration as well.

The results presented in Figure 5 show the live steam consumption of the MEEV and the 

organics recirculation mass flow rate dependence on the dry content of the recycled alkali 

stream and the temperature of the mixed organics stream (depicted as Tmix_2 in Figure 4b). 

The dry content of the recycled alkali stream is directly related to the final quality of the lignin; 

the cleaner the lignin the more washing it requires, resulting in a more diluted recycled alkali 
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stream. In this case a dry content range between 12 and 23% DM is considered for the recycled 

alkali stream. Similarly, the evaluations have been made for three mixing temperature 

(Tmix_2) of the extracted organics stream and the organics recirculation stream (see Figure 4b 

for stream tags) in the range 80-120°C. The reason is that the temperature of the extracted 

stream is expected to be around 165-170°C, which is the temperature in the digester and the 

organics recirculation stream comes from the evaporation unit where the minimum temperature 

in the unit is about 65°C. Moreover, recent studies have shown that a BL temperature at 120°C 

entering the MEEV can improve the live steam consumption of the evaporation unit (Mesfun 

& Toffolo 2013). 

Accordingly, depending on the dry content of the recycled alkali stream and Tmix_2, the live 

steam demand is found to be ranging between 7.4 kg/s and 6.3 kg/s (that is from 10% higher 

than the basecase live steam to 7% lower). The live steam consumption decreases with 

increasing Tmix_2 because the higher is Tmix_2 the lower is the vapor thermal energy needed 

to concentrate the extracted stream as most of the water content will be vaporized when the 

stream enters into an effect with a pressure lower than its saturation temperature (the saturation 

temperature of water corresponding to 0.91 bar is 97°C). See Figure 5 the blue curves. 

Evidently, the same holds true for the organics recirculation rate which also decreases with 

increasing Tmix_2 (Figure 5 the red curves). 

It is obvious that with increasing dry content of the recycled alkali stream the live steam 

consumption of the MEEV decreases because the amount of water to be evaporated is reduced. 

On the other hand, the organics recirculation rate decreases with increasing dry content of the 

recycled alkali stream. This is because at higher dry content of the recycled alkali stream the 

water content of the BL stream entering the MEEV is reduced which in turn lowers the amount 

of the vapor generated in the evaporation units. And according to the configuration of the 
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MEEV shown in Figures 4a and 4b, the vapor generated in the evaporation units is 

subsequently used as a heat source in the effect with the next lower pressure level. So if the 

amount of the vapor generated in the effects is reduced its thermal energy content will not be 

enough to achieve the target DM of E-3 (i.e. 30% DM). Consequently more amount of 

organics recirculation is required to compensate the deficit, see Figure 5 the red curves. 

The MEEV is evaluated for two DM compositions of the recirculated organics stream (60 and 

70% DM) to investigate its impact on the mass flowrate of the stream. The results are 

presented in Figure 5 (60% DM (5a) and 70% DM (5b)). Shifting the dry content from 60 to 

70% DM has resulted in about 14% reduction on the mass flow rate of the organics 

recirculation.

The other subsection of the pulp mill which is affected by the extraction organics is the RB.  

All the thermal energy output of the RB comes from the combustion of the organic part of the 

BL. Therefore, altering the organic composition of the BL would have a direct consequence on 

the thermal energy output of the RB. The useful thermal energy output is found to be in the 

range of 53 to 30 MWth for an organics extraction in range of 0 to 30%. However, the fuel 

balance of the RB puts a limitation on the amount of organics that can be extracted for the 

integrated process. A 10% extraction of the organics in the woodchips, which is the case in this 

work, has resulted in about 15% reduction in thermal energy output of the RB. The thermal 

energy output refers to the useful energy left for steam generation after the subtraction of the 

energy requirement of the endothermic reduction reaction (the reduction of Na2SO4 to Na2S)

that takes place inside the RB. It should also be noted that, in all the cases, the BL is 

concentrated to 71% DM and fed to the RB at a temperature of 129 C. Moreover, the excess 

combustion air is kept constant at 5% during the assessment.  
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3.8 Impact of the extraction of organics on the hot utility requirement of the Kraft pulp 

and paper mill  

The impact on the hot and cold utility demand of the Kraft pulp and paper mill due to the 

integration of the conceptual organics extraction and ABE processes has been investigated 

using Pinch Technology. Two integration boundaries are considered: 

the integration of the organics extraction process for producing high grade lignin with the 

Kraft pulp and paper mill subprocesses (in this case the BBLH  is considered as final 

product);

the integration of the organic extraction and the conventional ABE process with the Kraft 

pulp and paper mill subprocesses (in this case the BBLH is used as a feed stream to the 

ABE process). 

As it has been emphasized in the previous subsections, the organics extraction process impacts 

mainly the operation of the multiple-effect evaporators in relation to its hot utility demand. 

Depending on the mixed stream temperature (Tmix_2), the organics recirculation stream and 

that of the recycled alkali stream DM contents, the live steam demand of the multiple-effect 

evaporators can be higher or lower than the basecase live steam demand (see Figure 5). Hence, 

the hot utility demand of the two extreme cases of the multiple-effect evaporator in regards to 

its live steam demand is evaluated and presented in Figure 6a. The condition of the streams 

which the two evaluated cases refer to is summarized in Table 4. Case I represents the scenario 

that resulted in highest live steam consumption and case II represents the scenario with the 

lowest live steam consumption. 
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Table 4 Streams condition used for Pinch Analysis (stream tags are as depicted in Figure 4b) 
Stream tag Condition 
 Case I Case II 
Tmix_2 [ C] 80 120 
organics recirculation  [% DM] 60 70 
recycled alkali [% DM] 12 23 

The details of the Pinch Analysis of the Kraft pulp and paper mill basecase process is reported 

in (Mesfun & Toffolo 2013) and is adopted in this work without further explanation. Results 

showed that the hot utility demand of case I have increased by about 8% as compared to the 

basecase and that of case II has shown a marginal reduction (about 2%) compared to the 

basecase.  

Expansion of the integration boundary to include the ABE process has resulted in 18% and 8% 

increase in hot utility demand for cases I and II, respectively, as compared to the basecase 

(Figure 6b). The increase in hot utility demand is mainly due to the flash evaporators and re-

boilers of the distillation columns which, according to the Aspen Plus model, take place in the 

temperature range of 85-105 C. The profile of the GCCs of the new cases in Figure 6b 

confirms this observation. Moreover, the changes in cold utility requirement due to the 

integration of the new processes remain marginal (Figure 6). 
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Figure 6 GCCs of the basecase and the new cases, (a) without the ABE process and (b) with 
the ABE process
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4. Conclusions 

The ABE fermentation yield from BBLH needs to be improved to levels reported for pentose 

substrates in order the process to be economical feasible.  

The configuration changes introduced in the MEEV played an important role in keeping the 

expected change in energy balance of the mill within marginal levels, especially when only the 

lignin separation plant is considered (Figure 6a). Besides, dedicating one of the MEEV units to 

the new process means reduced capital investment.  

Integrating only the lignin separation and BBLH production plant presents an attractive 

solution towards increased pulp production and increased revenues. 
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Nomenclature

BBL birch-wood black liquor 

BBLH birch-wood black liquor hydrolyzate 

BL black liquor 

DM dry matter 

HEN heat exchanger network 

LCC lignin carbohydrate complexes 

MEEV multiple effect evaporators 

MER minimum energy requirement 

RB recovery boiler 
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