
PEER-REVIEWED KRAFT RECOVERY

The buildup of non-process elements
(NPEs) can cause a wide variety of

operational problems in a closed cycle
mill [2], including:

• Formation of scales and deposits
• Corrosion of process equipment
• Increased levels of inert chemical 

species in the recovery area leading 
to energy losses and capacity 
decreases.

• Catalytic decomposition of peroxide
by transition metals.

NPE removal should proceed in a man-
ageable and controlled fashion. Full mill
dynamic simulation of NPE behavior pro-
vides a systems approach to quantify the
effects of recycle strategies on various
NPE concentrations and to evaluate dif-
ferent purging options or “kidneys.”

NPEs that form water-soluble com-
plexes in alkaline solutions will accumu-
late over time in the recovery cycle.Since

The major sources of chloride enter-
ing the mill are the wood, bleaching
chemicals for elemental chlorine free
(ECF) mills, caustic makeup, and saltcake
makeup.Typical values for chloride in as-
fired black liquor are about 0.2 to 0.5 Cl
wt % dry solids for inland mills with an
open bleach plant. For ECF mills that
recycle bleach plant effluent or for
coastal mills that use sea-borne logs, the
chloride content can reach 3 to 5 wt %
dry solids in the as-fired black liquor [9].

Wood chips are the major input vec-
tor for potassium. Softwoods typically
contain 0.8 to 1.5 wt % K dry solids. For
mills that pulp hardwood or use whole
tree wood chips, the potassium concen-
trations are typically 2 to 5 wt % K dry
solids [3]. The defined chloride and 
potassium levels in the chips for the 
ecocyclic pulp mill are 200 and 
700 g/ton

90
bleached pulp respectively

These are typical values for wood chips
from central Sweden.

sodium chloride (NaCl) and potassium
chloride (KCl) are highly water soluble,
the chloride anion (Cl-) will build up over
time in a tightly closed mill. Potassium
(K+) also builds up in a tightly closed
cycle mill because potassium salts are
even more water-soluble than their sodi-
um analogs [3].The buildup of potassium
and chloride in the recovery area will
lower the eutectic temperature of recov-
ery boiler dust, and can lead to plugging
problems in the upper boiler.

MAJOR INPUT VECTORS
The major sources of NPEs are typically
the wood chips and make-up chemicals,
with minor input from the process water.
Bleaching chemicals will be a major input
vector to the recovery area in mills that
recycle bleach plant effluent to the
brownstock washing. Several studies
have been performed to determine chlo-
ride and potassium balances in the recov-
ery area [4-8].
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ABSTRACT: As kraft pulp mills recycle more of their water, non-process elements (NPEs) will accumu-
late, causing potential operating problems. “Kidneys” used for controlled removal of NPEs can help main-
tain efficient operation of a highly closed kraft mill. It is critical to determine the dynamic effect of process
changes on NPE levels in order to optimize closure strategies and evaluate different “kidney” options. 

We built a dynamic full-mill model that can represent general dynamic kraft mill behavior regarding NPE
build up. It is used to test different mill recycle schemes and “kidney” strategies for NPE removal. The over-
all mill dynamics are assumed to be controlled by the liquor and pulp storage tanks. The model uses an equi-
librium module based upon SOLGASWATER to predict the partitioning of NPEs between the aqueous and
fiber phases. We based the equilibrium model upon a combination of literature thermodynamic data and
mill-tuned results, and it is fully integrated into a commercial process simulation program (WinGEMS).

In this first paper, we demonstrate the dynamic impact of chloride (Cl-) and potassium (K+) levels on the
sticky dust temperature in the recovery boiler due to the shutdown of a NPE chip kidney. Simulation results
show that with “normal” chloride and potassium inputs, an open bleach plant, and no electrostatic precipi-
tator (ESP) dust purge, the sticky dust temperature drops from 800°C to 580°C in 250 days. In a case with
bleach plant filtrate recycling and an ESP dust purge of 16 kg/ton90, the sticky dust temperature drops from
760°C to 700°C, reaching steady state in 80 days. In a case with high input chloride levels, a NPE chip kidney
can alleviate sticky dust problems in the recovery boiler. The slow process dynamics indicate the NPE chip
kidney can be safely shutdown on a periodic basis.

We based the mill model on specifications defined in the “Ecocyclic Pulp Mill (KAM)” program [1]. The
aim of the program is to develop a completely ecocyclic system for high-quality paper products that effi-
ciently use the energy potential of biomass.

AApppplliiccaattiioonn:: This study supports efforts to control non-process elements in closed cyle mills.
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DYNAMIC MODELING 
A combination of steady state process blocks interspersed with
tank, tower, and equipment delays are used to simulate full-mill
dynamic behavior. Two blocks, a plug flow block to represent
pure delays and a perfectly mixed tank (CSTR) are used to sim-
ulate the dynamic mill behavior. Large tanks such as the white
liquor storage tanks and the weak black liquor storage tank are
not expected to exhibit either perfectly mixed flow behavior or
perfect plug flow behavior. In these cases, hybrid storage tanks
combining the elements of perfectly mixed flow and plug flow
behavior were constructed.The strategy of using a combination
of steady state and dynamic blocks to represent mill wide
dynamic behavior of NPE buildup is thought to be adequate
because of the slow dynamics involved. TTaabbllee  II shows tank,
tower and equipment volumes used in the simulation.

Calculations for the prediction of potassium and sodium par-
titioning between the liquor and fiber phase are performed with
MetEQ,a general equilibrium engine for the calculation of multi-
component, multi-phase systems. MetEQ is based upon the
Gibbs free energy minimization program SOLGASWATER [10]
and is fully integrated into WinGEMS. Process operating condi-
tions and species concentrations are directly imported from
WinGEMS. Pertinent thermodynamic data for all chemical reac-
tions considered are imported from an external Excel work-
sheet.The ideal Gibbs free energy minimization approach is fully
equivalent to competitive Langmuir isotherm models common-
ly used to represent pulp fiber sorption phenomena [11, 12].

Reliable thermodynamic data for pulp-cation interactions
are scarce, with only a few detailed studies for disassociation
behavior of the H+ ion with carboxylic and phenolic hydroxyl
groups present on lignin and hemi-cellulose available [13, 14].
The relative sorption/desorption equilibria of potassium and
sodium have been determined [15].We used these results com-
bined with mill data to tune formation constants for sodium-
potassium-fiber interactions to reproduce mill results.These mill
tuned formation constants can be viewed as modified formation
constants where temperature and ionic strength effects are
lumped into the overall constant.

The NPE chip kidney currently under development in the
Ecocyclic Pulp Mill program at STFI and Chalmers removes
NPEs from the chips by using an acid or chelating pretreatment
step. Current bench scale results have shown approximately
80% removal efficiency of potassium and chloride from the
incoming chips. A simple split calculation simulates the chip
kidney.The mill simulation contains the pulping, recovery area,
brownstock washing, with O

2
delignification, and a bleach plant

with a Q
1
(OP)DQ

2
(PO) bleaching sequence.

Potassium and chloride enrichment factors used in the
recovery boiler model are 1.6 and 2.5 respectively.The model
predicts hydrochloric acid emissions using the HCl-SO

2
rela-

tionship presented in [16]. The ESP dust purge for the open
bleach plant calculations is set to zero.The ESP dust purge for
the bleach plant filtrate recycle case is set to 16 kg/ton

90
in order

to maintain the Na/S balance.

LIMITATIONS OF THE CURRENT APPROACH
Ionization equilibria are typically obtained very rapidly (within
the order of a few seconds).The calculations used in the simu-
lation assume equilibrium has been established, and when deal-
ing with highly water-soluble components, this assumption is

I. Tank and tower volumes.

2000 TON
90

/DAY WinGEMS

FIBER LINE VOLUME (m3) MODEL

Digester 10,000 Plug flow
Blow tank 4500 Plug flow
Displacement liquor tank 2500 CSTR  
Unbleached storage tank 11,000 Plug flow
Filtrate tanks 1200 CSTR
Bleached storage tank 11,000 Plug flow
Brownstock spill tank 300 CSTR
Bleach spill tank 300 CSTR
O2 delignification towers 1330 Plug flow
Q1 tower 670 Plug flow
(OP) and (PO) towers 1340 Plug flow
ClO2 tower 2340 Plug flow
Q2 tower 330 Plug flow

CHEMICAL RECOVERY

Weak black liquor 12,000 Combination
Intermediate black liquor 1200 CSTR
Strong black liquor 2500 CSTR
Spill tank 2500 CSTR
Dirty condensate 800 CSTR
Soap 700 CSTR
Green liquor settling tank 2500 CSTR
Green liquor storage 6000 CSTR
Lime mud storage 1600 Plug flow
Weak wash 3500 CSTR
White liquor storage 8000 Combination
Spill tank, causticizing 1200 CSTR
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3. Case I: Dynamic effect of NPE kidney shutdown on

potassium and chloride concentration in as-fired black
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4. Dynamic effect of cases I, II, and III on recovery boiler

sticky dust temperature.
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5. Case III: Dynamic effect of NPE kidney shutdown on

potassium and chloride concentrations in as-fired black

liquor.

justified. If there are significant mass transfer effects, or if deal-
ing with components that form precipitates slowly,equilibrium
calculations will be in error. Algorithms have been presented
that combine reaction kinetics or mass transfer with multi-com-
ponent, multi-phase Gibbs free energy minimization [17, 18],
and these algorithms could be implemented if more detailed
simulation of a unit operation or process area is required.While
equilibrium calculations are a simplifying assumption, they pro-
vide insight into the process and establish system boundaries.

A general lack of time dependent mill data of NPEs for
model validation purposes is also a limitation, but our engi-
neering approach should generate reasonable results.

RESULTS
SSttuuddiieedd  ccaasseess::
CCaassee  II: Shutdown of NPE kidney with typical K and Cl chip

inputs, an open bleach plant, and no ESP dust purge.
CCaassee  IIII: Shutdown of NPE kidney with typical K and Cl chip

inputs, bleach plant filtrate recycle, and ESP dust purge 
(16 kg/t

90
).

CCaassee  IIIIII:: Shutdown of NPE kidney with a typical K chip
input, a high Cl chip input, an open bleach plant, and no ESP
dust purge.

FFiigguurreess  11  aanndd  22 show the steady state values for chloride
and potassium in the white liquor for each of the studied cases.
The chloride and potassium levels should not exceed 5 g/L and
15 g/L respectively in order to avoid sticky dust problems in
the recovery boiler. For this mill configuration, those concen-
trations correspond to a sticky dust temperature of approxi-
mately 550°C. In Case II, the steady state potassium levels are
influenced to a greater extent than the chloride since the major
input vector for potassium is the incoming chips versus the
ClO

2
charge for chloride. In Case III, we would expect sticky

dust problems to exist in the case without the NPE chip kidney.
CCaassee  II::  NNPPEE  cchhiipp  kkiiddnneeyy  sshhuuttddoowwnn

FFiigguurree  33 shows the dynamic effect of shutting down the NPE
chip kidney on potassium and chloride concentrations in the
as-fired black liquor.The chloride response is highly dependent
upon the amount of chloride leaving the recovery boiler as HCl
emissions.The HCl concentration in the flue gas is expected to
be small because the recovery boiler is firing solids at 80%.The
increased levels of potassium and chloride will lower the melt-
ing point of recovery boiler flue gas deposits and can cause
potential plugging problems in the superheater and boiler
bank [19]. FFiigguurree  44 shows the dynamic effect of shutting down
the NPE chip kidney on the sticky dust temperature in the
recovery boiler.The sticky dust temperature drops from 800°C
to 580°C in 250 days.

CCaassee  IIII::  RReeccyyccllee  ooff  bblleeaacchh  ppllaanntt  eefffflluueenntt  ttoo  tthhee
bbrroowwnnssttoocckk

In this case, bleach plant filtrate from the (PO) stage of a
Q

1
(OP)DQ

2
(PO) sequence was recycled to the brownstock

washing area.We used an ESP dust purge of 16 kg/ton
90

. Figure
4 shows the dynamic effect of shutting down the NPE kidney
on the sticky dust temperature. The sticky dust temperature
declines from 760°C to 700°C, reaching steady state in 80 days.
The faster  response in Case II is due to the ESP dust purge act-
ing as an effective “kidney” for potassium and chloride.
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CCaassee  IIIIII::  HHiigghh  iinnppuutt  cchhlloorriiddee
In this case, we used a high level of chlo-
ride (600 g/ton

90
) as an input with the

chips. FFiigguurree  55 shows the effect of shut-
ting down the NPE chip kidney on chlo-
ride and potassium levels in the as-fired
black liquor. Figure 4 shows the dynamic
effect of the NPE chip kidney shutdown
on the sticky dust temperature in the
recovery boiler.The sticky dust tempera-
ture decreases from 670°C to 545°C in
150 days.The chloride levels continue to
increase after 150 days, but the effect on
the sticky dust temperature is negligible
after about 8 Cl/(Na + K) mole % in the
dust.

CONCLUSIONS
Simulation results show that sticky dust
temperature in the recovery boiler will
decrease from about 800°C to 580°C in
250 days with the shutdown of an NPE
chip kidney in a mill with no bleach plant
recycle and no ESP dust purge.The effect
of shutting down an NPE chip kidney on
the sticky dust temperature in a mill with
bleach plant recycle and an ESP dust
purge (16 kg/ton

90
) is 60°C over 80 days.

The dynamic effect of recycle and “kid-
ney” strategies on the sticky dust temper-
ature in the recovery boiler is significant
as shown in figure 4.

The time response of potassium and
chloride buildup provides insight into
operational strategies of an NPE chip kid-
ney. Since the overall dynamics are slow,
it is safe to periodically shut down the
NPE chip kidney, in regards to potassium
and chloride.

FUTURE WORK
We are currently integrating other NPEs
(silicon, aluminum, magnesium and phos-
phorous) into the full mill dynamic
model and will report on their dynamic
behavior in the recovery area in a subse-
quent paper. Mill dynamics of NPEs
should be tested and verified with mill
data. TJ
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