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a b s t r a c t

The development of a base-case process is a fundamental step in an energy efficiency study to obtain reliable results.

However, this step is often overlooked and there are no clear guidelines for the systematic development of the base-

case. A methodology has been proposed to properly define and evaluate the complete process for a subsequent

in-depth energy analysis. It consists of two stages: definition and characterization of the process, and benchmarking

analysis. In this paper, the first stage is presented. The base-case should encompass the process and the utilities sys-

tems, i.e., steam and water, as they are the driving forces of the chemical transformations. A four-pronged procedure

is proposed to properly define and characterize a process and its utilities: data gathering, master diagram construc-

tion, utilities systems analysis, and simulation. The main objective is to build a computer simulation model to provide

detailed information on production, distribution, utilization and post-utilization treatment of steam and water. Pro-

cess inefficiencies are also identified, such as the low condensate recovery or the presence of non-isothermal mixing

points. The procedure has been applied to an operating Kraft pulping mill in Eastern Canada.
© 2010 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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a pinch analysis in a state of the art-mill. Axelsson et al. (2006)
1. Introduction

The analysis of the operation of the Kraft process has been
the subject of a number of recent studies. Klugman et al.
(2007) performed an energy audit in an operating mill with
three process lines of different construction period. The audit
consisted of identifying all energy and electricity consumers
and of comparing the results between the three lines. Energy
outputs such as effluents, power generated, steam venting,
district heating are also quantified. A detailed description of
several elements required for an energy study is shown by
Browne (1999). These elements include the identification of
steam consumers, efficiency of the equipment, overview of
pinch analysis and process simulation, control strategies, and

power house operation. Turner (1994) shows several elements
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required to perform a water audit. These elements include the
identification of water consumers, effluents producers, effi-
ciency of the equipment, and reutilization strategies. In these
works, some of the aspects required in the development of a
base-case process and evaluation of the energy efficiency are
highlighted. However, they consider water and energy inde-
pendently and fail to cast light on the interactions between
the different sections of the process and between the steam
and water systems. In addition, they do not present a struc-
tured approach for the base-case development and for the
evaluation of the different elements to be considered in an
energy and water study. Several noteworthy studies have come
from Scandinavia. Axelsson and Berntsson (2005) performed
nchmarking analysis.
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described two typical Scandinavian mills that vary by the level
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f water utilization with the objective of identifying opportu-
ities for heat integration. These models have also been used
o study the implementation of new evaporation technologies
nd process integration measures (Wising, 2003; Bengtsson,
004). However, the methodology used for the development
f these models is not presented. In addition, the analysis
ocuses only on the energy aspects of the process without
nalyzing options for water reutilization and the interactions
etween the steam and water systems.

The development of a representative, reliable and focused
odel of an operating process is a prerequisite to the opti-
ization and fine tuning of its energy performance. This
odel, referred to as base case process, should represent

he actual process in its current configuration and operat-
ng conditions. It should be able to support a rigorous and
etailed analysis leading to alternative, energy enhanced
rocess designs that can be implemented in confidence. It
hould not contain unnecessary details which could hin-
er its utilization without improving the usefulness of the
esults produced. This critical and preliminary task is not
lways given the importance it deserves even though it is the
oundation of all process analyses that may be later under-
aken.

Guidelines and targets that identify process inefficiencies
nd areas of most likely gains should be formulated at the ear-
iest stage of a retrofit project in order to channel efforts and
nsure success of the development, assessment and selec-
ion of energy enhancement options. This task is referred
o as benchmarking. A thorough and careful benchmarking
nalysis will later reduce the deployment of resources and
ommitment of expenditures.

A systematic stepwise method to construct a base case
odel that meets those criteria and to execute effectively the

rocess benchmarking step has been developed and applied to
Kraft pulping mill in operation. The definition and character-

zation of the base case are presented in Part I of this paper, the
enchmarking analysis in Part II. The anticipated sequence
f this work, i.e., the identification of potential energy sav-

ng measures, their technical and economic evaluation and
he formulation of an implementation strategy has now been
ompleted and presented by (Mateos-Espejel et al., 2010b).
he analysis has been based on a novel method which takes

nto account the interactions and synergies of all systems
hat impact upon the energy profile of the optimized process
Mateos-Espejel et al., 2010a,b).

Improving energy efficiency in chemical processes has
ecome an important issue in times of volatile and increasing
nergy prices. In the case of the Canadian pulp and paper (P&P)
ndustry, it is also part of a strategy to remain competitive in
ace of emerging pulp producing countries at a time when the
emand for paper commodities, the traditional mainstay of
he Canadian industry, is shrinking.

A wide variety of enhancing techniques is used to improve
he energy efficiency of a feedstock transformation process.
he extent of internal heat recovery and the degree of water
eutilization are often the most important. A broad spectrum
f methodologies has been developed to address the problem

El-Halwagi and Manousiouthakis, 1989; Linnhoff, 1993; Wang
nd Smith, 1994; Dhole, 1998). In a typical Kraft process, the
arger the amount of water consumed and effluent produced,
he more energy is required for heating, cooling, and pumping.
team and water systems are usually analyzed independently,

lthough they are strongly interconnected (Savulescu et al.,
005; Leewongtanawit and Kim, 2008; Mateos-Espejel et al.,
2008). Thus, the focus of the base case model is the study of
steam and water systems.

The model developed must provide detailed information
on production, distribution, utilization and post-utilization
treatment of those utilities. The reliability of the base case
depends largely on the data used for its definition. Several
sources of information must be consulted and the data must
cover a range of operating conditions (e.g. winter and summer)
so as to represent the main process variations. Simplifications
introduced in the model must not modify the whole or sec-
torial configurations of the process which affect its energy
efficiency. A computer simulation must be designed as a tool
to evaluate improvement scenarios and as a source of data
for analysis (Lundström et al., 2007). Its level of details will
depend on its main purpose (Turon et al., 2005; Blanco et al.,
2006; Dahlquist, 2008)

The case study presented below is based on an operat-
ing Kraft pulping mill located in Eastern Canada. The mill is
part of an eco-industrial cluster and, in addition to making a
high grade Kraft pulp, it exports steam to a nearby sawmill
and treats the effluent of an adjacent town; district heating is
under consideration.

2. Context

The Kraft process is the prevalent manufacturing technology
by which wood chips are transformed into paper pulp, the
intermediate material from which a very broad spectrum of
finished or semi-finished paper products are made (Smook,
2002).

The core of the Kraft process is a chemical delignification
step performed in a digester where the individual cellulosic
fibers are separated to form the pulp. The delignification
agent (white liquor) is a mixture of sodium hydroxide and
sodium sulfide. After delignification the fibers are washed,
and chemically bleached. Finally they are drained, pressed
and thermally dried. A key characteristic of the process is
that the spent delignification liquor, the black liquor, sepa-
rated from the fibers in the washing step, is concentrated
and burnt in the recovery boiler to produce steam. The spent
inorganic chemicals form a smelt, composed of sodium car-
bonate and sodium sulfide, which is collected at the bottom
of the recovery boiler. The smelt is dissolved to form the
green liquor which is recaustified with quick lime produced
on site in a lime kiln, to regenerate the white liquor. A sim-
plified schematic of the complete Kraft process is given in
Fig. 1.

The Kraft mill studied has an average production of
700 adt/d (adt = air dried tons) of high grade bleached pulp.
The mill uses an 8 batch digester sequence for chemical delig-
nification and a five stage bleaching sequence which uses
different bleaching agents (ClO2, H2O2, NaOH) at different con-
ditions. The ClO2 is manufactured on site. The concentration
of the weak black liquor (BL) initially at 15% dissolved solids
(DSC) or in suspension is performed in two steps; first, the BL
is passed through a set of pre-evaporators driven by recycled
steam to raise its DSC to 19% and then it is sent to two parallel
trains driven by live steam to reach a final DSC of 75%. Dry-
ing is performed in two steps: first, the pulp passed through
a set of cylinders where water is evaporated by indirect heat-
ing, and then hot air is used to attain the final specification of

pulp consistency. A steam turbine is used to entrain the drying
equipment.
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gram
Fig. 1 – Simplified dia

3. Methodology

The objective of this methodology is to detail the informa-
tion required for the development of a base-case that will
be used for a water and energy study. The aspects treated
go beyond what is commonly encompassed in an water and
steam audit. Audits usually focus on the identification of util-
ity consumers and producers without specifying the type of
process evaluation that will be perfomed. Audits are applied
to water or steam but rarely include both systems in conjunc-
tion. The methodology presented deals with the water and
steam together, and in addition it integrates other subjects
critical to an energy efficiency study: data collection and treat-
ment, definition of the process boundaries, characterization
of steam and water networks and, the construction of a com-
puter simulation. These issues must be reigorously treated in
order to obtain a reliable simulation model that can be used
for a complete and detailed evaluation of the process.

The base process simulation model is constructed in four
steps:

• Data gathering
• Master diagram
• Systems analysis
• Simulation

The systematic application of these steps will help iden-
tify inefficiencies in the steam and water systems prior to the
benchmarking analysis which will be the object of Part II.

3.1. Data gathering

The data to be collected should represent the thermal and
water behaviour of the process over a long period of time
(i.e., steam and water consumption for one year). This infor-
mation can be obtained from the data acquisition system
of the mill, from arechived data, and from the process and
instrumentation diagrams (PIDs). PIDs are very useful as they
contain details of the individual process units and process
streams (i.e., temperatures, flowrates, concentration). The
data collected should be particularly detailed for unit opera-
tions significantly affected by seasonal variations, changes in
pulp production or recurrent technical problems. After gath-
ering the data, a preliminary overall water and steam balance
is performed to identify inconsistencies or a lack of infor-
mation. The specifics about the production, utilization, and

post-utilization of steam and water are discussed later in Sec-
tion 3.3. The utilization of several sources of information helps
of the Kraft process.

to broaden the scope of the subsequent analysis as different
operating conditions can thus be evaluated and possible oper-
ational problems pinpointed.

The difference between the data on steam production and
consumption, and between water intake and water consump-
tion must be assessed to detect possible gross errors.

3.2. Master diagram

A master diagram where the steam and water utility systems
and all significant process streams are clearly identified is
extracted from the PID’s. The AUTOCAD software can be used
to perform this task. The diagram contains the details of all
process sections, and major unit operations, the recirculation
loops, and connection between sections.

This diagram is an essential tool for the development of
the computer simulation, as all process sections and their
interconnections are identified. In addition, it will be used to
construct the flow diagrams of the utilities systems, and to
evaluate factors affecting the feasibility of energy efficiency
measures such as the distance between the process streams
and unit operations.

3.3. Systems analysis

Both systems are defined in detail. Data reconciliation should
be peformed when large differences exist between production
and utilization.

Some very important characteristics of the utilities are
recorded at this stage:

• The various fuels used to produce steam
• Direct or indirect heating
• Percentage of condensate recovery
• Water temperature levels
• Water reutilization strategies
• Inefficiencies such as the utilization of make-up water with-

out preheating or utilization of pressure release valves
instead of cogeneration

• Sections with the highest consumption of water and steam.

This information is used as a guide to determine the level
of details required in the simulation in the different part of the
process.

3.4. Computer simulation
The process is simulated in a water-energy oriented perspec-
tive to study the interactions between the utility systems
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Table 1 – Average mill data for the overall production
and utilization of steam.

Mass flow (t/h)
measured data

Steam production description
Biomass boiler (BI) 64.7
Fossil fuel boiler (FF) 29.5
Recovery boiler (RB1) 89.0
Recovery boiler (RB2) 37.5
Desuperheating water 55.7
Total 276.4

Steam utilization description
Total MP 85.2
Total LP 170.2
Total HP 32.4
Total 287.8

Production − utilization −11.4 (4% diff.)
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Table 2 – Average mill data for the overall input and
utilization of water.

Vol. flow (m3/h)
measured data

Input water description
Treated water 2024.0
Screened water 1072.0
Total 3096.0

Water utilization description
Treated 1186.3
Screened 861.8
Total 2048.2

Input − utilization 1047.8 (34% diff)
nd evaluate potential energy enhancement measures. The
rocedure developed for the construction of the simulation
ncompasses: the modeling of the process unit operations,
he definition of the required level of details in the water and
team systems, the convergence of the simulation to a steady
tate and its validation.

The objective is to represent the unit operations as steam
nd water consumers. The starting points for the simulation
owsheet are the process master diagram and the utility sys-
ems flowsheets. The level of details used to describe specific
rocess sections depends on their potential impact on the
nergy efficiency of the process. The simulation is validated
y a comparison between simulated and measured data.

A real process is never in a true steady state; local adjust-
ents of operating conditions, equipment turn over, feed rate

ariations, etc. cause constant fluctuations which affect steam
nd water consumptions. Moreover, measured parameter val-
es contain noises or errors (random or gross) caused by

mperfections of sensors and recording equipment. A simu-
ation should hopefully represent a long term average state of
he real process.

. Case study

.1. Data gathering

or this case study there are two principal sources of informa-
ion: measured archived values for different years (2002–2003
nd 2005 for steam; 2006 for water) and the PIDs. The data were
xtracted from this sample for the two periods with the high-
st consumptions; winter for steam and summer for water.

A low and very tolerable discrepancy of 4% (Table 1) was
ound for the steam data averaged over the 2005 winter period.
his difference is within the range of process variability. The
igh cost of steam may have been a reason to maintain a
ood monitoring of all steam users. The same procedure was
pplied to the water system (Table 2) but a difference of 34%
etween water intake and consumption was observed. This

arge difference may be due to poor monitoring of water usage
erhaps justified by its low cost. This is not a good practice
owever since very large quantities of water are used in a Kraft
rocess at a temperature which is well above the intake tem-
erature. The cost of water heating is a significant share of

he mill energy bill. An analysis of the water streams in the
ID’s and a comparison to the current practices were used to
fill the gaps of the overall water balance and perform data
reconciliation. These results are presented in Section 4.3.

4.2. Master diagram

All specific constituents of the flow networks have been traced:
pulp, whitewater, black liquor, white liquor, green liquor, but
also water and steam as well as condensates and effluents.
Fig. 2 gives an overview of the master diagram indicating the
number of available PIDs from which each section was devel-
oped. The process has been divided into three major parts:
the steam system, the water system, and the pulping line.
Water is used for dilution, washing, cooling, and steam pro-
duction. Steam is used in chemical delignification, to heat up
the fresh water, to concentrate the black liquor and for drying.
The inputs to the process are the wood chips, the purchased
fuel to satisfy the process steam needs, the municipal effluent
from a nearby town treated by the mill and water. The outputs
are dryed bleached pulp for shipment to paper product manu-
facturing mills, steam for sale to a sawmill, flue gases from the
boilers, water returned to the environment and solid wastes.

The master diagram is a detailed description of how the
utilities are produced, used in the process and their post-
process utilization. In addition, it has been employed to
identify possible process interactions compatible with the
construction of a representative computer simulation dia-
gram.

4.3. Systems analysis

The energy efficiency of a P&P process is strongly related to the
proper management of steam and water. The data presented
in this section deals with the efficiency of the boilers, and with
the distribution of steam, condensates, water and effluents
within each process section.

4.3.1. Steam system
Initially, total steam consumption and condensate produc-
tion by each section was determined. Subsequently, all steam
driven unit operations as well as condensate producers were
located. For an energy study, the direct injections of steam
should also be highlighted.

Production. Four boilers produce the necessary steam for the
process: two use spent liquor as fuel (recovery boilers, RB1 and
RB2), one uses wood residues (biomass, Bi) and the other fossil
fuel (FF). They produce high pressure steam (HP = 3100 kPa),
part of which is used for soot blowing, for pulp drying and to

entrain the turbine that drives various equipment of the pulp
drying machine; the rest is depressurized by pressure release
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f the master diagram.
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Fig. 3 – Energy consumed by process department as a
fraction of the total consumption.
Fig. 2 – Overview o

valves (PRVs) and desuperheated to produce medium and low
pressure steam (MP = 965 kPa; LP = 345 kPa). The efficiency of
the boilers is computed by Eq. (1), results are given in Table 3.

� = ṁv(hout − hin)∑

i

ṁ
f

i
HHVi

(1)

�, efficiency of the boiler (%); ṁv, steam generated by the
boiler (kg/s); hout, enthalpy of the HP steam produced:
3160 kJ/kg (371 ◦C); hin, enthalpy of the feed water to the boiler:
582.2 kJ/kg; ṁc

i
, fuel feed rate used (kg/s); HHVi, high heating

value (kJ/kg). The efficiency of the recovery and biomass boil-
ers is clearly below the Canadian average. The causes of their
low efficiency can be a poor operation or deterioration of the
equipment. The fossil fuel boiler is fired to meet the needs
of the process beyond the steam production capacity of the
recovery boilers; it should only be used to absorb fluctuations
of pulp production rate or seasonal variations of the steam
demand.

Utilization. Steam is used for different purposes through-
out the process. Most of it is used as heat supply to process
operations, the largest consumers being wood delignification,
water deareation, black liquor concentration, and pulp dry-
ing including the turbine (Fig. 3). An appreciable proportion

is used for heating water, pulp, and whitewater as well as for
soot blowing in the boilers. MP steam is also sold to an adja-

Table 3 – Boiler efficiency and steam production.

Boiler Average
(MW)

Max.
(MW)

Eff. � (%) Can. aver.
�a (%)

RB1 63 65 53 65
RB2 41 41 53 65
Bi 42 47 43 64
FF 15 25 87 64

Total 161 178

Max = maximum; Can. aver. = Canadian average; Eff. = efficiency.
a Francis et al. (2006).
cent sawmill. The steam pressure levels and the way in which
it is used are important to the elaboration of energy efficiency
measures. Steam can be either used for direct steam injection
or indirect heat exchanges as shown in Table 4. The utilization
of steam injection eliminates the possibility of condensate
recovery.

Post-utilization. The condensate recovery rate of the process
is 46.3% (109.9 t/h) as shown in Fig. 4. This is below the Cana-
dian average of 75% and even below the average for old mills
(the mill of the case study is in this category), which is 60%
(Bruce and Wilson, 1999). Replacing steam injection by indirect
heat exchange could significantly increase the rate of recov-
ery. The contaminated condensates, which contain traces of
compounds which could affect the efficiency of the boilers,
cannot be returned to the steam network but their energy con-
tent which is appreciable could be used to preheat fresh water
or other process stream below 100 ◦C. The recovered conden-
sates and cold make up water are mixed up and heated by
steam injection in the deareator (Fig. 5). This unit accounts for
12.6% of the total steam consumption. The amount of steam

required depends on the amount of condensate recovered and
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Table 4 – Direct or indirect steam utilization by process
section.

HP MP LP

Dir Ind Dir Ind Dir Ind

Delignification
√ √

Bleaching
√

Drying
√ √ √

Concentration
√ √ √

Recaustification
√

Deareation
√

Water heating
√

Boilers
√

Dir = direct heating; Ind = indirect heating.
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Fig. 6 – Simplified diagram of the production, utilization
he temperature of the cold make up water. It is important to
dentify the sections where condensates are not recovered.
ig. 6 depicts the distribution of steam to the process sec-
ions and the points of condensate recovery. The pulp washing
quipment and the lime kiln do not consume steam. In con-
lusion, the key issues to be considered in an energy efficiency
nhancement program for this mill should be:

Internal heat recovery
Condensate recovery
Boilers efficiency
Steam injections
Pressure steam levels

.3.2. Water system
ater is used for a broad variety of purposes: pulp washing

nd diluting, cooling, heating of a great variety of process
treams and for steam production. As mentioned earlier, there

s a large fraction of the water usage which is not accounted
or by the mill. Data reconciliation using the process simula-

ecovered
46.3%

Contaminated  condensate 
sewered

17.1%

For sale
3.6%

Clean condensate 
sewered 

3.4%

Steam injections 
29.6%

Fig. 4 – Distribution of condensates in the process.

Desuperheating

Water

Deareation
P = 340 kPa

T = 138oC

Gas

Venting

Fresh 

Water

LP

Steam

Feed Water 

Boilers
Condensate 

Recovered

Fig. 5 – Deareation system.
and post-utilization of steam.

tion and the ASPEN Water software was applied to generate a
representative set of data for the water system. Data reconcil-
iation has been previously used in the P&P industry prior to a
systems closure analysis (Jacob and Paris, 2003b; Brown et al.,
2004)

Data reconciliation is performed to generate a set of data
that satisfies all process equations and constraints from a set
of measured data that do not. It requires excess data values
(redundancy) distributed over the system considered. This can
be solved by the least squares method if the formulation is
based on linear equations (Jacob and Paris, 2003a). The soft-
ware requires the input of the water system diagram, the mass
flowrate for each water stream, and the level of accuracy of the
data (very low, low, medium, very high). Most of the individual
users, including the ones that are not monitored by the mill
were identified from the PIDs. The level of accuracy is typically
estimated from the redundancy of the data. However, due to
the lack of measured values, the accuracy was determined for
each process section from differences between the PID and
measured values and a comparison to the current practices for
an old mill (Carter and Gleadow, 1994). The larger the differ-
ence between the information sources the lower the accuracy.
The reconciled data encompass 94.2% of the feed water to the
process. The other 5.8% will be considered as unaccounted in
the water balance. Savulescu and Alva-Argaez (2008) reported
a percentage of 90% for their water study. The water informa-
tion given in this and the following sections is based on the
reconciled data.
Production. About 60% (1750 m3/h) of the feed water is
screened and chemically demineralized for steam production
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Fig. 7 – Water consumption distribution in the process.
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and for use in operations where it is mixed with the pulp,
for example in pulp washing, bleaching and drying; it will be
referred to as treated water. The remaining 40% (1160 m3/h) is
only screened and it is used for indirect cooling, steam scrub-
bing and housekeeping: it will be referred to as screened water.
The treated water is used at 3 temperature levels: cold (winter:
4 ◦C, summer: 20 ◦C), warm (44 ◦C), and hot (58, 62 and 71 ◦C).
The warm water is obtained by cold water heating in the con-
densers of the black liquor concentration unit. Hot water at
58 ◦C is produced by indirect heat exchange with the effluents
from the concentration section. To produce the rest of the hot
water the following procedure is followed: the temperature of
the warm water is increased to 53 ◦C by means of internal heat
recovery, then to 62 ◦C using direct steam injection in the hot
water tank. Part of the water at 62 ◦C is used by the process
and the rest is heated to 71 ◦C by indirect heat exchange with
steam.

Utilization. Screened cold water is used for housekeeping,
cooling in the ClO2 making section, and gas washing. Treated
cold water is used as make up in the deareator, for the produc-
tion of ClO2, and to seal vacuum pumps. Warm water is used
in the pulp washers and for dilution in the recaustification.
Hot water is used for washing in the bleaching stages and for
dilution in the pulp drying and chemical production sections.
Fig. 7 presents the distribution of water consumption in the
process. With almost 50% of the total consumption, bleaching
is the largest consumer. Water usage impacts the energy con-
sumption and this effect must be taken into account in the
formulation of energy enhancement measures. For instance,
bleaching represents 15.6% of the total energy consumption
because steam is used for pulp bleaching and to produce the
hot water required in this section (Fig. 3). Water reduction in
bleaching will, therefore, directly reduce the consumption of
steam and the production of effluents. The non-process sec-
tions encompass the consumption of cold water for house
keeping, filters cleaning, air conditioning, pump sealing, and
floor hosing.

Post-process utilization. The post-process utilization of efflu-
ents consists of their direct recycling within the process and
the usage of their heat content for internal heat recovery. The
objective is to reduce water and steam consumption. Part of
the bleaching effluents (49%) and drying filtrates (60%) are
recycled to the pulp washing and bleaching sections respec-
tively. The effluents from concentration at about 70 ◦C are used

to heat up the cold water before it is sewered. All screened
water used and the effluents produced by the vacuum pump
Fig. 8 – Distribution of sewered effluents in the process.

seals, and by the recaustification, delignification, and boiler
sections are directly sewered. Fig. 8 gives the origin of the sew-
ered effluents. The temperature of the effluents coming from
the bleaching and drying sections is about 70 ◦C, however their
energy content is wasted. Ways to reuse these effluents in the
process or to recovery their heat content by heat exchange
must be considered.

Fig. 9 is a simplified diagram of the water system. A sec-
tion for non-process uses has been included; it represents
most of the cold water consumption (screened and treated).
The delignification and concentration sections and the boilers
are non-water users, but they receive steam by direct injec-
tions and produce effluents. The unaccounted water and, the
water input with the wood chips and the water output with
the pulp is also taken into account. The effluents from the
boilers include the water evaporated in the flue gases and in
the deareator. The effluents from pulp drying section effluents
include the water evaporated from the pulp. The overall con-
sumption of steam and water is presented in Tables 5 and 6.
The measured data values will be compared with the results
of the simulation in the next section. Several factors affect the
performance of water and energy systems. Some of them con-
cern to the overall process, such as fossil fuel utilization and
cogeneration, and others are linked to specific practices, for
example direct heating, non-isothermal mixing, and effluent
reutilization.

Fossil fuel utilization: The need for fossil fuel is caused
by the low efficiency of the boilers and insufficient inter-
nal heat recovery. The Kraft process generates most of its
energy requirements by BL combustion and, in theory, it could
be energetically self-sufficient (McIlroy and Wilczinsky, 1999).
The utilization of fossil fuel in the case study is a sign of poor
energy performance.

Cogeneration: The utilization of throttling valves to depres-
surize the HP steam wastes the potential of producing power,
which can be an additional revenue to the mill.

Direct heat transfer and non-isothermal mixing: The direct
injection of steam and the mixing of streams at different
temperature levels are common practices to achieve tar-
get temperatures. However, these measures cause an energy
degradation, which is generally ignored (Savulescu and Alva-
Argaez, 2008). In the case study this occurs in the mixing of
cold and hot water to produce the necessary warm water and
in the direct steam injection into the hot water tank and the
deareator. The impacts of these practices on the energy effi-
ciency of the mill should be evaluated
Reutilization of condensates from the concentration section:
These condensates generally have a low contamination level
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Table 5 – Steam consumption and condensate recovered by process section.

Process section Steam consumption Condensate recovered

GJ/adt t/h t/h

Delignification 3.99 54.3 20.3
Bleaching 1.75 23.8 15.6
Concentration 4.2 55.5 30.2
Drying 4.76 63.1 34.5
Water heating 1.54 20.3 9.3
Recaustification 0.57 4.9 –
Deareation 2.66 35.8 –
To sell 0.69 8.4 –
Boilers, and other equipments 0.98 6.4 –

Total process consumption 21.14 272.5 109.9
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Sankari et al., 2004), and they can be reused in other sections
f the process. Since their temperature is above 70 ◦C, they
ould be reused to replace hot water, thus saving water and
team.

The detailed definition of the utility systems and the
aster diagram are the structures from which the simu-

ation has been constructed. The analysis performed gives
n overview of the current energy efficiency of the process.
t this stage, only some process inefficiencies are identi-
ed, but this is the starting point for the benchmarking
nalysis.

.4. Computer simulation

he method presented to construct a computer simulation
ncludes all characteristics of the steam and water systems
inpointed in the previous sections. All steps taken for the
evelopment of the simulation are aimed at facilitating the
ater-energy analysis.

CADSIM Plus has been used to simulate the process. It
ontains models of all standard P&P unit operations, typical
omponents (fibers, dissolved solids, water, steam, bleaching

hemicals) and representative operating conditions as default
alues (temperature for delignification, pressure and pressure

Table 6 – Water consumption by process section.

Process section Wa

m3/adt

Water intake
Treated water

Delignification & Washing 10.1
Bleaching 30.7
Concentration 1.0
Drying 10.7
Recaustification 2.0
Deareation 4.8
To sell –
Boilers 0.2
Non-process uses 4.6

Screened water
Bleaching 24
Recaustification 4.6
Non-process uses 11.1

Delignification – water in chips 1.6
Water evaporated – (flue gases, drying, deareator) –
Drying–water out with pulp –
Unaccounted 6.4
Total process consumption 110.1
drop in the concentration section, consistency at the input and
output of each section).

4.4.1. Simplifications and required level of details
The utility systems have been simulated in detail
(Figs. 6 and 9). Sections, such as bleaching, drying, black
liquor concentration, and recovery boilers that directly affect
steam and water consumption, were also modeled in detail.
Simplified models were used for the recaustification sec-
tion and lime kiln which are not large consumers of steam
(Table 5). Missing information and non-matching boundary
data were estimated by partial heat and mass balances.
Several simplifications were introduced:

• Combining or regrouping duplicate equipment such as
tanks, washers, screeners, sieves, knotters, and mixers.

• The eight batch digesters were represented as only a single
continuous digester.

The following components were specified for each stream
as appropriate: water, fibers and total dissolved solids (organic
and inorganic materials). A detailed composition of the dis-

solved solids was not necessary as its impact on the energy
balance is negligible.

ter inputs Effluents

m3/h m3/adt m3/h

295.7 0.7 19.4
896.6 34.6 1008.3

28.2 15.8 459.9
312 8.3 241.7

58.6 – –
138.7 – –

– – –
4.4 – –

134.0 4.6 134.0

700.6 24 700.6
132.8 4.6 132.8
323.8 11.1 323.8
46.3

– 1.8 52.6
– 0.07 2

186.9 6.4 186.9
3212.2 110.1 3212.2
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Fig. 9 – Simplified diagram of the production, utilization
and post-utilization of water.

Table 7 – Overall production and utilization of steam.

Mass flow (t/h)

Simulated
data

Measured
data

% diff.

Steam production
Biomass boiler (BI) 64.8 64.7 0.1
Fossil fuel boiler (FF) 27.5 29.5 6.9
Recovery boiler (RB1) 88.8 89.0 0.2
Recovery boiler (RB2) 55.8 55.7 0.1
Total HP steam production 236.8 238.9 0.9
Desuperheating water 35.8 37.5 4.7

Steam utilization
Total MP utilization 84.8 84.0 1.0
Total LP utilization 155.1 168.3 7.9
Total HP utilization 32.6 32.4 0.6
Total steam utilization 272.5 284.7 4.3

tion loops: water reutilization in pulp washing, bleaching and
Direct injections of steam and mixing of streams of dif-
ferent temperature in tanks or process lines have been
highlighted.

4.4.2. Data specification
The flowrates of steam were computed by specifying the target
temperature of a determined process stream. Specifying the
outputs from unit operations was avoided and instead, split
ratios, concentrations, or mathematical relations between
process streams were introduced. This procedure facilitates
the adjustment of the simulation if the production rate, ambi-

ent temperature or other operating parameters are modified.

Table 8 – Water intake and utilization.

Simulated data Meas

Water intake
Treated water 1749.7 2024.0
Screened water 1159.4 1072.0
Total water intake 2909.1 3096.0

Water utilization
Cold water 633.7 476.9
Warm water 332.8 142.0
Hot water 783.2 567.4
Cold screened water 1159.4 861.8
Total water utilization 2909.1 2048.2
Water in with wood chips 46.3
Direct steam injections 69.9
Unaccounted 186.9

Total water consumption 3212.2
An Excel spreadsheet was used to transfer parameter val-
ues to the simulation (T, P, flowrates) and to extract data
for subsequent analyses. This procedure helps identify and
compute variations in the consumption of steam and water
produced by the implementation of energy enhancement
measures or modifications to the operating conditions.

All unit operation models were taken from the CADSIM
libraries. Specific information was required to simulate the
equipments.

• Washers: displacement and dilution factors
• Digesters and bleaching reactors: reactions yield and heat

of reaction
• Recaustification and lime kiln: reaction yield, heat of reac-

tion and stoichiometry
• Black liquor concentration: target dissolved solids concen-

tration, and pressure
• Pulp drying: target pulp consistency
• Heat exchangers and deareator: target temperature
• Boilers: target temperature and pressure
• Pressure release valves: target pressure

4.4.3. Simulation strategy
The simulation diagram contains 22 main internal recircula-
drying sections, reutilization of white liquor and green liquor

Volumetric flow (m3/h)

ured data % Diff. PID % Diff.

13.6 – –
8.2 – –
6.0

24.7 690.5 151.6
134.4 224.4 32.6
38.0 1022.7 23.4
34.5 326.9 71.8
29.6 2264.5 22.2
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nd, condensate recovery. More than 130 individual pieces
f equipment have been simulated: digester, tanks, washers,
ryers, evaporators, flash tanks, mixers, boilers, deareator,
nd separators. Since this level of detail increases the num-
er of iterations for convergence, a simulation sequence was
stablished: first, all sections were simulated individually until
onvergence was achieved; then the sections were connected
o accomplish a global convergence.

.4.4. Simulation validation
he difference between measured and computed values for

he production of steam is 0.9% (Table 7). All individual steam-
sing operations have differences below 10%. Table 8 shows a
ifference of 6% between the computed water intake and the
easured value.

. Conclusions

he methodology presented fills an existing void of a struc-
ured approach for the development of the base case in energy
fficiency studies. The systematic methodology defines and
haracterizes the base case in a water and energy oriented
erspective.

The methodology integrates the stages required for the
evelopment and analysis of the water and steam systems
hat are the foundation of further more detailed analyzes. As
result of its application, a water-energy simulation model is

onstructed and insights about the overall energy efficiency
re obtained.

The nominal conditions of the process have been estab-
ished. The sources of information were measured data, and
ID’s. The construction of a master diagram based on all
ID’s is a novel approach to identify all water and steam
sers. Data reconciliation was used as a tool to overcome
he lack of measured data in the water system. It was also
ossible to identify procedures and operations that affect the
nergy efficiency such as: non-isothermal mixing points, the
ow efficiency of the boilers, utilization of fossil fuel, lack of
ogeneration and water reutilization. All unit operations were
imulated as steam and water consumers. A key characteristic
s that the level of detail for simulating the process sections
aries in accordance with their water and steam consump-
ion.

This procedure establishes the framework for water and
nergy analysis. Part II presents the benchmarking of the case
tudy, in which the efficiency of the process systems is deter-
ined and the potential for internal heat recovery and water

eutilization is estimated. Energy and exergy indicators have
een defined to take into account the quantity and quality of
he energy available and wasted in the process.
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