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Abstract: This paper presents a model for design optimiza-
tion of pulp mill steam utility systems subject to variations
in energy prices and steam demands. A Scandinavian Kraft
pulp mill is used as case study to investigate investment
opportunities in lignin extraction and new turbines. The
model enables solutions to be identified that are more flex-
ible than the solutions that would have been identified
with a corresponding model using, for example, annual
average values for key input data. The results from the case
study show that lignin extraction has a potential to con-
tribute to flexibility in pulp mill electric power production
under certain conditions provided that the mill invests in
both lignin extraction and condensing turbine capacity.
However, the potential electric power production flexibil-
ity will vary over time. In the studied mill, with a capac-
ity increased to around 1.3 million tonnes/a of pulp, it is
estimated to vary between 15 and 30 MW. Furthermore, in-
vestment in new condensing turbine capacity only seems
to be attractive if electricity prices that are considerably
higher than the spot prices of recent years are assumed.
Such prices may occur if there is a clear value of tradable
electricity certificates or if future electricity prices rise sig-
nificantly.
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Introduction

Conventional early-stage techno-economic assessments
for screening of energy-related investment opportunities
in pulp and paper mills typically consider only one or a few
operating scenarios and fixed market prices for fuel, elec-
tricity, and mill products. For a traditional pulp or paper
mill, which is operated continuously at a stable produc-
tion rate close to its design capacity, this can be a reason-
able approach given that the core operational objective is
to maximize the quality and output of one single product.

Recently, the pulp and paper industry has started to
shift business models due to the rising demand for sustain-
able biomass-based fuels and products, which is driven
by renewable energy targets as well as increasing pres-
sure on industry to make their processes more resource
and energy efficient. Many pulp and paper mills are cur-
rently in the process of transforming into forest biore-
fineries, which, in addition to pulp and paper, also pro-
duce traditional energy by-products such as electricity and
heat, as well as biofuels, biobased materials and chem-
icals (Moshkelani etal. 2013, de Blasio 2019). A number
of studies have conducted comparative techno-economic
assessments of such new technologies and processes (see
e.g. Olsson et al. 2006, Benali et al. 2014, Lundberg et al.
2014, Mesfun et al. 2014, Mansoornejad et al. 2017, Akbari
etal. 2018). However, the best investment option for val-
orizing the by-products of the pulp and paper industry will
change as a consequence of variations in energy and prod-
uct prices, policy instruments, etc.

One of the anticipated benefits of the biorefinery con-
cept is that the diversified product portfolio will enable
mill owners to respond to changes in product markets
(Mansoornejad et al. 2012). Therefore, the value of techno-
logical options that provide such flexibility is assumed to
increase. Considering the potential benefit of manufactur-
ing flexibility, it could also be beneficial to invest in more
than one technology to enable optimization of the prod-
uct mix depending on the market situation. Svensson et al.
(2015) surveyed existing literature on flexibility, controlla-
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bility and operational reliability related to biorefinery pro-
cess design and also identified several reasons to better
consider such operability aspects in early-stage screening
of new biorefinery concepts.

One type of flexibility that is of special interest from an
electricity system perspective is the potential demand side
response of industrial plants on electric power markets
(Alvehag etal. 2017). With increasing shares of intermit-
tent electric power production capacity in the system, the
demand for technologies that can supply balancing power
to the grid is expected to grow. However, adjustments of
pulp and paper mills’ operation are typically slow. The po-
tential for mills to take an active role on regulating power
markets (typically requiring changes within 15 minutes of
activation order) is therefore expected to be limited. How-
ever, the increasing need for grid services such as demand-
side flexibility will also be reflected through the day-ahead
electricity spot market, which is expected to be character-
ized by larger price fluctuations in the future. For indus-
trial plants that are able to adjust their operation to varia-
tions in the electricity spot price, this can provide a busi-
ness opportunity.

A few previous studies have considered operational
flexibility in decision models for energy systems of pulp
and paper mills. Helin etal. (2017) investigated the eco-
nomic potential of demand side management in a mechan-
ical pulp and paper mill, assuming that the mill could ex-
ecute power regulating bids by down-ramping of paper
production. Their results indicated a notable capacity for
demand side management, but with an estimated ratio-
nal bidding price for regulating power that was signifi-
cantly higher than the underlying spot price. In the model
of Helin et al. the operation was optimized over a 24-hour
period and consequently no investment opportunities or
seasonal variations were considered. Furthermore, no de-
mand variations were considered. Panuschka and Hof-
mann (2019) developed a method for flexibility manage-
ment in a chemical pulp mill’s co-generation system. Their
model for optimization of plant operation included ther-
mal energy storage units to allow for smoothening of steam
demand peaks. Hourly variations in heat and electricity
demand over an 8-day period were considered, but vari-
ations in energy prices and seasonal demand variations
were not. Consequently, this type of model cannot be used
to optimize investments in the pulp mill energy system. Si-
itonen and Ahtila (2010) studied the effect of fluctuating
carbon prices on energy investments in a pulp and paper
mill and showed that the economic value can be signifi-
cant. However, Siitonen and Ahtila only considered vari-
ations in external market parameters and did not model
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process variations. Cakembergh-Mas etal. (2010) formu-
lated a model for assessing the economic benefits of dif-
ferent retrofit projects in a Kraft pulp mill and considered
monthly planning periods with varying steam demands
and prices. However, their model only considered operat-
ing benefits of various predefined configurations. Capac-
ities and investment costs of new equipment were cal-
culated only after the optimization, and more short-term
variations were not included.

An energy-efficient market Kraft pulp mill will typi-
cally have an excess of energy available from the combus-
tion of black liquor. Policy incentives for renewable elec-
tricity production (Thollander and Ottosson 2008, Erics-
son et al. 2011) have incentivized a number of market Kraft
pulp mills in Scandinavia to invest in condensing steam
turbines for generation of electric power. Alternative and
competing technologies and process solutions are also re-
ceiving increasing interest. In a recent article, Akbari et al.
(2018) compared different options for converting black
liquor into value-added products, and found extraction of
lignin as a product to be the most profitable pathway for
a Canadian pulp mill. Various approaches have been pro-
posed for extracting and valorizing the lignin from black
liquor (see Hubbe et al. (2019) for a recent review). The Lig-
noBoost process, in which lignin is precipitated from the
black liquor by means of CO, acidification (Tomani 2010),
is one of the most mature technologies for such lignin
extraction, with experience from commercial-scale opera-
tion in two Kraft mills up to date (Bjork et al. 2015, Wallmo
etal. 2016). Lignin extraction could contribute to pulp and
paper industry’s opportunities for demand side response
to variations in the electric power market (see e.g. Jan-
nasch etal. 2019). By extracting more or less lignin, the
steam production, and thereby the steam turbine power
generation, can be adjusted to respond to changing elec-
tricity prices.

To determine whether the value of flexibility is high
enough to motivate the cost of investing in two or more
technologies (e.g. both lignin extraction and new tur-
bines), it is necessary to properly model both design (in-
vestment) and operating decisions as well as variations
in process and market conditions. This is also required
to optimize the equipment size, in light of the variations.
The design optimization problem for steam utility systems
under varying steam demands is most commonly formu-
lated as a multi-period, mixed-integer linear programming
(MILP) model (see e. g. Maréchal and Kalitventzeff 2003,
Shang and Kokossis 2005, Aguilar et al. 2007, Chen and Lin
2011, Sun et al. 2017). Our own previous studies (Svensson
etal. 2014, Svensson 2014, 2015) showed that there can be
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avalue in flexibility of certain investments in pulp mill en-
ergy systems, and that a multi-period modelling approach
including investment as well as operating decisions is ap-
propriate for being able to capture this value in the invest-
ment evaluation.

Our previous studies (Svensson 2014, 2015) adopted
a mathematical model of a pulp mill’s steam utility sys-
tem as an example. This model did not represent an ex-
isting mill, and therefore no measurements were available
for validation of equipment performance models, or for
identifying the most important variations affecting the sys-
tem. For the purpose of the study, the only variations con-
sidered were seasonal variations in steam demand, which
were assumed to follow a smooth, continuous function
representative of seasonal variations for the type of sys-
tem studied. In reality, steam demand variations are due
to a number of factors in addition to seasonal variations.
These factors include differences in production rate, prod-
uct campaigns, or ambient temperatures. Furthermore,
such factors do not only affect the process steam demands,
but also, e. g., the steam production in the recovery boiler.
Market parameters such as electricity and biomass prices
also vary over time, which has a significant impact on the
optimal operation of the system.

The use of advanced modelling tools for considering
variations in design of industrial energy systems is asso-
ciated with a number of challenges when applied to real
industrial cases. These challenges are related to data relia-
bility, the wide range of sources of variations for which cor-
relations are often difficult to identify, uncertainties in cost
data, lack of documentation and technical specifications,
as well as poor correspondence between literature mod-
els and measurement data. In the study presented in this
paper, we applied the models developed in previous work
to a real industrial case study. We developed the model to
include more sources of variations and identified a num-
ber of necessary simplifications and developments to over-
come the challenges mentioned above.

The aim of this paper is to further develop and adapt
a model for design optimization of pulp mill steam util-
ity systems for application to real industrial problems. The
model is used to study how variations in energy prices
and operating conditions affect investment decisions in
a pulp mill’s production of fuels and electricity and the
mill owner’s willingness to invest in additional opera-
tional flexibility. A modern and energy-efficient Scandina-
vian Kraft pulp mill is used as a case study. The invest-
ments considered are a new plant for lignin extraction and
new steam turbines. Depending on the investment made,
a potential energy surplus at the mill can be realised ei-
ther as bark, lignin or electricity generation. The effects of
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variations are analysed by comparing the optimal invest-
ment when accounting for the varying conditions, with the
optimal investment obtained when only considering a sin-
gle operating and price scenario. By doing this, the paper
also illustrates how and to what extent lignin extraction
can contribute to pulp mills power generation flexibility
in response to daily variations in the electricity market.

The case study mill

The mill studied in this work is a large Kraft pulp mill with
an annual production capacity of 750 000 ADt (air dried
tonnes) of pulp. The mill has one production line, which
is operated in campaigns. Softwood campaigns of three
weeks duration are followed by one-week hardwood cam-
paigns, i.e., the mill produces approximately 75 % soft-
wood pulp and 25 % hardwood pulp.

During normal operation, the steam generation in the
recovery boiler is enough to cover not only the process de-
mand of steam, but also to produce an excess of heat and
power. The mill is a net exporter of electricity and delivers
excess heat to the co-located sawmill and the local district
heating network.

Over the years, significant efforts have been put into
improving the pulping process of the mill, to improve the
pulp quality and increase the production capacity. Addi-
tionally, the energy efficiency of the pulping process has
also been continuously improved. For example, the mill
has a very high degree of process heat recovery, and fur-
ther measures have been proposed to increase the use of
secondary heat for preheating of combustion air and feed
water to the boilers. While pulp is still the core product,
the mill has successively developed into a multi-product
plant, with electricity sales contributing significantly to
overall revenues. Consequently, it has become of greater
interest for the pulping company to further improve their
resource efficiency and develop a product portfolio that al-
lows for maximizing the combined revenues from a variety
of by-products.

The steam utility system

A simplified flow sheet of the mill’s steam utility system is
illustrated in Figure 1. The recovery boiler is the primary
steam production unit. The steam production in the recov-
ery boiler varies over time depending on variations in flow
and heating value of the black liquor (see also Process data
and capacity constraints for the pulp mill section). During
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Figure 1: Simplified layout of the steam utility system of the case study mill. Condensate return and feedwater systems are omitted for clar-

ity. Steam header pressures are approximate.

most operating conditions, the steam production from the
recovery boiler would be sufficient for covering the process
steam demand. However, to manage the steam balances
of the mill in the presence of variations in steam supply
from the recovery boiler as well as variations in process
steam demand, a supplementary boiler fired with bark is
also constantly in operation.

Lignin extraction

This study includes the possibility for the mill to invest in
a lignin extraction plant. The extraction of lignin enables
conversion of surplus energy from the wood raw material
into a value-added product by removal of lignin from the
black liquor in the evaporation plant via acid precipita-
tion. Extracting lignin would provide the pulp mill with an
opportunity to generate a new by-product that could po-
tentially be used for various applications (Gellerstedt et al.
2013, Téguia etal. 2017). Previous work has also shown
that lignin extraction may provide a great opportunity for
indirectly increasing the flexibility of the pulp mill’s util-
ity system in response to steam demand variations (Svens-
son 2014, 2015). It does so by providing a way to adjust the
load of the recovery boiler, thereby achieving a larger op-
erating range for steam production that does not rely only

on the limited capacity range of the bark boiler. Lignin ex-
traction has also been shown to be of interest for debottle-
necking the recovery boiler in case of a pulp production
increase (Axelsson etal. 2006, Laaksometsd etal. 2009,
Wallmo etal. 2009, Valiméki et al. 2010, Périn-Levasseur
etal. 2011).

Production increase

The pulp mill company is investigating the opportunities
for a strategic investment in a new production line, which
would significantly increase the pulp production capac-
ity. Different options for the pulp product of the new line
are being investigated. We consider one of these options,
where the new line extends the production capacity of
one of the pulp products currently produced in the mill.
However, all options are based on approximately the same
increase in pulp production (about 80 %). The decision
about the production increase is based on a number of cri-
teria, most of which are beyond the scope of this study.
The design of the new production line, and the resulting
mass and energy balances based on spreadsheet calcula-
tions made by a consultancy company, were therefore used
as input to this study. With regards to the steam system,
the new production line will affect mainly the amount of
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black liquor being processed and the demand for steam at
4 and 12 bar(a) (all of which will increase by approximately
80 % on average). In addition, a change is planned to re-
place the current use of high-pressure steam (61 bar(a)) for
soot blowing by 27 bar(a) steam. When the black liquor
heat flow increases as a result of the pulp production in-
crease, the existing recovery boiler becomes a bottleneck.
However, an older recovery boiler, that is currently not
in operation, is still available at the mill, and is planned
to be started up again in connection with the production
increase. However, the two recovery boilers together are
nevertheless insufficient to handle the entire black liquor
flow during high production after the production increase.
Therefore, a lignin extraction plant is planned as a debot-
tlenecking option.

In this work, an optimization model is used to deter-
mine the optimal capacity of the lignin extraction plant,
and the best investment in new turbine capacity given pre-
defined changes of black liquor heat availability and pro-
cess steam demands. It is assumed that the pulp produc-
tion increase is given, and not affected by changes in the
lignin extraction rate above that required for debottleneck-
ing the recovery boiler. This is a reasonable assumption if,
when increasing the lignin extraction so that the recovery
boiler is no longer a bottleneck, other parts of the process
such as the digester, evaporation or bleaching plants, also
have limited capacity for further production increase. It is
further assumed that if debottlenecking of the steam main
pipelines is required, this is included in the given pulp pro-
duction investment plan, and no further optimization is
considered.

Optimization model

The optimization model used in this work is a multi-
period, mixed-integer linear programming (MILP) model.
The MILP model is used to identify the optimal design
decisions (capacity invested in lignin extraction and/or
new turbines) considering an optimal response in steam
production and turbines operation given the investments
made and variations in prices and process steam demands.

The optimization model, which is described in the
following sections, was developed from previous models,
which were applied to model mill examples (Svensson
2014, 2015). However, the application of the optimization
model to a real mill revealed some requirements for ad-
justing some parts of the model. The changes were made
to consider additional operational constraints, to handle
lack of or uncertainty in equipment performance data, and
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to enable tuning of models to measured data. Furthermore,
the possibility to turn boilers or turbines on or off on a day-
to-day basis was excluded from the model after discussion
with mill staff, who considered it technically and economi-
cally infeasible to start-up and shut down boilers, turbines
and lignin extraction equipment for the purpose of opera-
tional optimization.
The objective of the optimization is to:

Minimize rInvCost + BarkCost — LigRev — ElecRev (1)
where the total investment costs InvCost are annualized
by the capital recovery factor r, BarkCost represents the
annual fuel costs for bark, LigRev the annual opera-
tional revenues from lignin extraction and ElecRev the an-
nual revenues from electricity production. The objective
is achieved by optimizing the investments, the steam pro-
duction in the bark boiler, the lignin extraction rate and
the steam flows through turbines.

Investment costs

The total investment costs InvCost may include invest-
ments in new turbines and a lignin extraction plant (Equa-
tion 2). The cost function Cost,(Y,) for investment in
equipment x is expressed by a piecewise linear function (in
n linearization intervals) of the capacity, Y,, of the equip-
ment (Equation 3). Cy,y (i) is the investment cost at the ith
breakpoint, of the piecewise linear function, Yx(i), is the
equipment capacity at that breakpoint, and k, (i) is the lin-
ear slope between Y, (i) and Y, (i + 1). The binary variable
z, is 1if investment is made in technology x, and 0 other-
wise. If investment is made in technology x, the equipment
capacity Y, must be within the valid linearization range of
the investment cost function, i. e. between starting point
of the first linearization interval ?X(l) and the end point of
the last Y, (n + 1). This is given by Equation (4).

InvCost = z Cost, (Y,) 2
0, Y,=0
Costy(Yy) = § Cinyx (i) + Ky (i) (Y, = Y, (D), €)
Y, () < Y, < Yy (i+1),i
zY,(1) <Y, <z Y, (n+1) (4)

Operational costs and revenues

The year is divided into time periods ¢, of duration d,
which represent the total annual operating time of the
mill.
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BarkCost is the annual bark cost as a function of the
bark price, pp,yi ¢» and use of bark as fuel in the bark boiler,
Qparks» both of which may vary between the time peri-
ods t (Equation 5). Similarly, the annual lignin revenues,
LigRev, associated with lignin extraction, QLig,t, are a func-
tion of the lignin price pj;q; in different time periods (Equa-
tion 6).

BarkCost = Z dyPharit Qpark,¢ ©)
t

LigRev = " d;PyigQuig, ©
t

ElecRev represents the annual revenues from electric-
ity production, Ey,;q (Equation 7). Electricity produced in
the steam turbines, E,,q, can either be used at the mill,
thus leading to reduced purchase of electricity from the
grid, or be sold to the grid. Variations in own consumption
of electricity due to variations in boiler and turbine loads,
e. g. air fans and steam condenser pumps, have been ne-
glected. The same electricity price, pej;, is assumed for
selling and purchasing electricity. The model could easily
be adapted for differentiated purchase/sales prices if the
mill electricity consumption is available with the time res-
olution of the model, by including an additional constraint
for the electricity balances of the mill.

ElecRev = Z dtpel,tEprod,t 9
t

A share of the total electricity production is eligible
for so-called green electricity certificates, which can be
sold to generate additional revenues. However, the price
for electricity certificates is assumed to drop significantly
in the near future, and this revenue is therefore neglected
in the base case. Appendix C describes the modelling of
electricity certificates for an alternative scenario that as-
sumes high prices of certificates.

The total electric power produced in the mill in a given
time period, Epyoq,, is given as the sum of electric power
outputs, Er;, of all turbines T (Equation 8).

Eprod,t = ZET,t (8)
T

Boiler operation, bark use and extraction of
lignin

Part-load operation of boilers is represented by the use of
marginal efficiencies that are estimated to be valid as long
as the boiler load is kept above the minimum load limits set
in the model. While boiler efficiencies typically decrease
at part-load conditions, the marginal efficiencies (i. e. the
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change in steam production divided by the change in fuel
input) are almost constant. However, the use of constant
marginal boiler efficiencies is based on the assumptions
that the minimum load of the bark boiler has been set to
have an acceptable efficiency over its full range of operat-
ing conditions.

The bark use, Qg iS consequently given by the
steam production in the bark hoiler Mgg)’f, the marginal
boiler efficiency ngp and the enthalpies of HP steam and
feed water, h; and hg, (Equation 9). (The steam headers are
numbered j = 1, 2,..., starting from the highest pressure.)
Lignin extraction reduces the steam production in the re-
covery boiler, Ml%r;,’f, from the reference steam production
Mffé)t, which also varies between time periods, mainly due
to variations in the flow and heating value of the black
liquor fuelling the boiler. The lignin extraction Qp;g, is
therefore a function of the resulting steam production re-
duction, the enthalpy increase over the boiler and the re-
covery boiler’s marginal lignin efficiency, ngg_1;c (Equa-
tion 10). Part-load efficiency effects of the lignin extraction
plant are assumed to be negligible.

Qparks = (hy - th)Mgg‘f? /Mg )
d
Quig = (hy — hpy) (queé,t - Mﬁg} )/ Nee-uc  (10)

Previous model versions have included an opportu-
nity to start and stop the bark boiler depending on the
steam demand. However, according to mill personnel, the
bark boiler is always required to be in operation for safety
reasons. Consequently, both the recovery boiler and the
bark boiler must always operate within the minimum and
maximum load limits, here defined by the minimum and
maximum steam production M"™ and M}"** (Equation 11).

min prod max
My, <My~ <My @

The lignin extraction, Qyg, is, furthermore, limited
by the available heat content of the black liquor, which
is directly proportional to the reference steam production
in the recovery boiler. The maximum lignin extraction can
therefore be expressed as prfé)t, where p is a constant pa-
rameter (Equation 12). The lignin extraction is also limited
by the capacity invested in the lignin extraction plant, Y,

(Equation 13).

0 < Qig; < PMg,t (12)

Quigt < Yii6 (13)

Turbine models

The turbine models are linear functions relating the power
output Er, of a turbine T in time period ¢ to the steam
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flow M2 through the turbine stages s (Equation 14). The
power output is a function also of the maximum inlet
steam flow to the turbine. For existing turbines, this maxi-
mum inlet flow, M7, has a known value and can there-
fore be incorporated in a generic constant, by o(M7%%).
However, for new turbines, the maximum inlet flow is a
variable to be optimized, M;".

Ey,- Z aT,sM;},I;E"' {bT’Ochap if T existing turbine
() br,M:™ + by, else
(14)

The estimation of parameters ar g, by, br; and by, is
described in Appendix A, which also discusses the valida-
tion of the turbine model for existing turbines.

After discussion with mill staff, it was considered un-
realistic to allow for turbines to be taken on and off op-
eration in different time periods. However, the opportu-
nity to replace existing turbines with new, more efficient
ones, should be considered. Therefore, the model includes
a variable y; representing the option to permanently turn
off existing turbines. If investments are made in new tur-
bine capacity, these new turbines are assumed to always
be in operation. If an existing turbine is kept in operation,
the binary variable y; takes the value one. Equation (15)
then ensures that the inlet steam flow is kept between min-
imum and maximum flow limits, where the parameter ,u’}‘i“
defines the minimum inlet flow to a turbine as a fraction
of the maximum inlet flow. A corresponding constraint for
new turbines is given by Equation (16). If, instead, an ex-
isting turbine is taken off operation, the variable y; takes a
zero value, which sets the inlet steam flow to zero accord-
ing to Equation (15), and thereby the power output of the
turbine is also zero as given by Equation (14).

min

MRy M < MBS <y MT®X for existing turbines T

(15)

HPMSP < MERD < MSP for new turbines T (16)

Finally, some constraints are added to represent max-
imum turbine extraction flows and maximum power out-
put. The extraction steam flow after turbine stage s(T) of
turbine T, M%’fst,t is given by Equation (17). For existing
turbines, the steam extraction is limited by a maximum
extraction flow, M’T“f;"‘e’“ according to Equation (18). Cor-
responding constraints for maximum extraction flows of
new turbines are not included. Since the maximum extrac-
tion flow should depend on the size of the installed turbine
capacity, it cannot be a fixed parameter. However, to in-
clude it as a variable would not make any sense as long as
there is not any cost associated with increasing its value.
Instead, for new turbines, the maximum power output,

E. Svensson et al.: Lignin extraction for increased flexibility in pulp mills =—— 539

Er, is limited by a design capacity, E7°* (Equation 19),
which in turn is used to determine the turbine capacity
used in the investment cost function, see further below.

M {MIT“;E if s(T) last turbine stage 1)
- MT%;B - MtTl,l;El,t else

M7, < MPX*" for existing turbines T (18)

Er; <Ep™  for new turbinesT (19)

In order for the linear formulation of the turbine model
(Equation 14) to hold with fixed coefficients, a turbine T
should be either a back-pressure extraction turbine or a
low-pressure condensing turbine. In principle, a wide va-
riety of different combinations of back-pressure and con-
densing turbines, which inlets and extractions connected
to different headers can be considered. While the above
turbine constraints are generic, some more specific con-
straints are needed to describe the investment opportuni-
ties for specific new turbines in the mill. For the case study
three main alternatives for new turbine investments were
considered, namely:

— TURBI: A back-pressure extraction turbine (BPETa)
with extractions at header 27, 12 and 4 bar(a).

— TURB2: A low-pressure condensing turbine (LPCTa)

— TURB3: A combined turbine with inlet at the high-
pressure steam header (header 1), extractions at
header 27, 12 and 4bar(a), and a condensing tail.
This is modelled as a combination of a 3-stage
back-pressure extraction turbine (BPETb) and a low-
pressure condensing turbine (LPCTb).

Additional constraints (Equations 20—22) are added to re-
late the maximum power output of individual turbines to
turbine capacities used in the investment cost function. In
practice, TURB3 is modelled as two separate turbines ac-
cording to Equations (14-19) above, with a constraint that
limits the inlet flow to the condensing stage to be less than
or equal to the outlet flow from the last stage of the high-
pressure section of the turbine (Equation 23).

Eppera < Y1urm (20)
Efpera < Y1urs: (21)
Eppemy + Efpcry < Yrures (22
Miptinas < Mibpr s (23)

Mass and energy balances

The steam header data are assumed to be constant and not
optimized by the model. The steam headers are numbered
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j =1, 2,..., starting from the highest pressure. Mass bal-
ances for steam pressure headers j are formulated in Equa-
tions (24)-(26). MY, MYY and M}*™ denote the steam
flows through the turbine stages s(T), expansion valves v
and atmospheric vent, respectively; the notation in() and
out(), refers to the inlet and outlet headers of turbines, tur-
bine stages and valves, as relevant, and is used to mark
subsets of turbines, turbine stages and valves, for which
the steam flows should be included in the mass balances
for a certain header. Mftmc denotes the process steam de-
mands and Mf;” denotes quench water added for satura-
tion purposes to steam header j.

The mass balances, as formulated in Equa-
tions (24-25), are not mill-specific, but still not fully
generic. In particular, it is assumed that turbines may only
have inlets at the highest-pressure steam header or the
lowest-pressure steam header, and the atmospheric vents
are only placed at the lowest pressure header. However,
the mass balances can be used to represent any number
of steam headers, valves and turbines, with inlets and
outlets of valves and outlets of turbines at any header.

The process steam demands, Mftmc, are calculated ac-
cording to Equation (26). The reference steam demand,
M].I,’troc’ ref, represents the steam demands of the mill if
no lignin extraction or new condensing turbine is imple-
mented, i. e. the reference demands that are not affected
by investments or operating changes in the steam utility
system as optimized by the model. For the production in-
crease scenario, this reference steam demand is given by
the estimated future process steam demand. If lignin is ex-
tracted, washing water used in the lignin extraction pro-
cess is returned to the evaporation plant, causing an in-
creased steam demand there to evaporate the added wa-
ter. Therefore, in the model, a low-pressure steam demand
is added to the reference steam demand if lignin is ex-
tracted, which depends on the lignin extraction rate QLlg
and the specific increase in low-pressure steam flow per
MW lignin extracted, o. The potential effect of increased
condensate flows to the feedwater system due to this steam
demand increase is neglected. However, there will also
be an increase in steam demand for condensate heating
if the steam flow through condensing turbines, MtT“sﬂ;, is
increased compared to the reference turbine condensate
flow, Mf*f“’nd. The enthalpies, hg,, he, h;, refer to the
enthalpies of feed water, condensate water and steam at
header j.

prod prod _ 3 proc turb vlv
Myge +Mgge =M~ + Z Mz + Z Mv,t (24)
T:in(T)=1 viin(v)=
ext vlv qw
Y Mpg+ Y M+ MY
T,s(T): Vi
out(v)=j

out(s)=j

DE GRUYTER
1 . .
> My j=2. imax— 1
V.
— pProc in(v)=j (25)
turb t .
. Z MTIT;,t + M;,en J = Jmax
T:
in(T)=j

Mproc _ Mproc, ref

0 ifj <jmax
+ Lig turb refcond (hfw hcw)
Q" + My o — M —T =" else
t ( T,?T); T,s,t > (h6_hfw)
out(s)=cw
(26)

Some process steam demands, such as steam used for
feed water pre-heating, vary with boiler load. This boiler
load-dependency has been neglected in the model (see
Model simplifications and development needs section for
a discussion about this simplification).

Energy balances for steam headers are given by Equa-
tion (27), where hext represents the estimated enthalpy of
the extraction flow from a turbine stage. In reality, this will
vary with the steam flow through the turbine stage, but to
keep the linearity of the model, a constant estimated value
is applied.

vlv ext ext \i4
Z M hm(V) + Z Tsth M;,lt hqw
viout(v)=j T,s(T):
out(s)=j
vlv ext qw .
< ; M, + T%) MT,s,t+]Mj,[ )hj j>1 (27)
v:out(v)=j ,s(T):
out(s)=j

Model input data for the case study

The model was run with 352 time periods of 24 hours. The
remaining days of the year were excluded due to produc-
tion maintenance stop or disturbances with the assump-
tion that any operating costs or revenues related to fuel use
or electricity production could be neglected.

Process data and capacity constraints for the
pulp mill

Data for steam production and consumption at the mill
was collected from the mill’s data information system.
However, not all steam flows are measured and, conse-
quently, some steam demands were calculated from mass
and energy balances.

The heat content of black liquor fuelling the recovery
boiler varies over time. The main causes of this variation
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Figure 2: Reference steam production in the recovery boiler (RB) and process steam consumption at different pressure levels. Daily averages
according to measurements 2017. Days which deviate significantly from normal operation are excluded.

are the different raw material campaigns, which lead to
different compositions of the black liquor, and variations
in the pulp production rate. The operation of the recovery
boiler is determined by the need to process black liquor
for regeneration of cooking chemicals. The steam produc-
tion therefore varies according to the variations in flow and
heating value of the black liquor (see Figure 2).

Figure 2 also illustrates the variations in steam de-
mand. For the low-pressure (4bar(a)) steam demand a
slight seasonal variation can be noticed in addition to
the day-to-day variations. The demand as well as magni-
tude of variations are much lower for other steam pres-
sures.

As a source of data for the prospective new mill with
the new pulp production line, mass and energy balances
were available for four different operating scenarios. How-
ever, data for day-to-day variations were not available.
Since current variations in steam production and con-
sumption are due to a large extent to changes between
hardwood and softwood campaigns, and the new produc-
tion line will operate only on softwood, it is not reasonable
to scale up current variations to the new production level.
Instead, and partly due to lack of other information, we
chose to neglect any potential new variations in operation
above those already occurring at the mill. Consequently,
the production increase was modelled by adding a con-
stant demand of steam at the steam pressures needed for
the new production line and a constant increase in black

liquor heat flow to the recovery boilers (see Production in-
crease section).

More input data for the pulp mill is presented in the
Appendix section. This includes, e.g., performance data
for turbines (Appendix A) and boilers etc. (Appendix B).

Investment costs

The investment cost data used in the model is presented
in Appendix B, Table B.1. This includes the investment
costs for turbines and the investment cost for the lignin ex-
traction plant. Cost functions for turbine investments are
based on literature (Axelsson et al. 2006) and updated us-
ing the Chemical Engineering Plant Cost Index (CEPCI).
However, the investment cost function for lignin extrac-
tion from the same literature source is more uncertain,
since it was estimated at an early stage of technology
development before the first actual commercial-scale in-
vestments were made. In this analysis, the cost function
based on Axelsson et al. (2006) was therefore updated us-
ing CEPCI and thereafter adopted using a cost-correction
multiplication factor of three. This was based on more re-
cent indications from industry, ongoing research projects
and press releases from the first commercial plants (Stora
Enso 2013), all of which indicate that there are reasons to
expect the investment cost to be substantially higher than
suggested by the early estimations.
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Energy market data

It was assumed in this study that the mill will continue
to have a positive bark balance in all scenarios studied.
This means that the mill will continue to export bark, and
not have to purchase any additional wood fuel for opera-
tion of the bark boiler. We assumed a sales price of bark
that is about 20 % lower than the market price of wood
by-products in Sweden during 2018 (16 €/MWh (Swedish
Energy Agency 2019a)). In practice, the price for selling
bark varies over the year, mainly due to variations in the
demand for solid biofuels for heating purposes in Swe-
den. The price can be as low as 10 % of the market price of
higher quality wood by-products during extreme periods.
However, it is possible to store bark for short periods of a
few weeks. It was therefore assumed that during periods
of low market demands, the bark storage is filled, to allow
for selling the bark at a higher price once the demand in-
creases again (see also Uncertainty in market parameters
and costs section).

Lignin was considered to be valued higher than wood
fuels, due to its potentially more valuable uses, for exam-
ple as a raw material for production of biofuels, materials
and chemicals (Gellerstedt etal. 2013, Téguia et al. 2017).
Instead of explicitly modelling the direct operating costs
for chemicals and electricity consumption in the lignin
extraction plant, a net operating margin (= lignin price
— operating costs for electricity, CO, and chemicals) was
used. As a reference case, this operating margin was as-
sumed to be 20€/MWh, implying that the lignin needs to
be sold for a somewhat higher price to be able to cover
operating expenditures and still make the operating mar-
gin of 20 €/MWh. For comparison, the assumed lignin op-
erating margin of 20€/MWh is about 25% higher than
prices for wood fuels in Sweden 2019 (Swedish Energy
Agency 2019a) and in the lower range of estimated future
willingness-to-pay for biomass (Pettersson etal. 2020).
Note that changes in steam and power production due to
lignin extraction are explicitly included in the model and
therefore not reflected in the lignin value. Neither is the
value of the potential for pulp production increase cap-
tured in this value. This follows from the assumption that
the pulp production is given, and not affected by variations
of the lignin extraction rate.

For electricity prices, the reference price variation pro-
file was determined based on daily average prices from the
NordPool spot market (price area SE4) for the year 2017.
However, the spot prices were relatively low during 2017.
To construct alternative price profiles, new electricity gen-
eration capacity at the mill was assumed to be eligible
for green electricity certificates (Swedish Energy Agency

DE GRUYTER

2019b) (see Appendix C for more information) and the
higher electricity spot prices and certificate prices from
2018 were applied. Note that the price of green electric-
ity certificates is expected to drop significantly in the near
future (Energimyndigheten 2018) which is why revenues
from sales of certificates were not included in the standard
model and base case price profile. The different price pro-
files considered are shown in Figure 3.

Results

Model validation

The model was validated for current operating conditions
by running the optimization with data for 2017, a con-
straint that sets all investments to zero, and constraints
that fix the bark boiler steam production to the measured
values for the same year. Since the recovery boiler steam
production is fixed by default, the total steam production
and process steam demands are then given, implying that
the electricity production calculated by the model can be
expected to be close to the measured electricity produc-
tion. Figure 4 shows the calculated and measured electric-
ity production.

The small deviations that are shown between mea-
sured and calculated electricity production can be ex-
plained by the following arguments:

— The model optimizes the distribution of steam be-
tween the different turbines and assumes no unneces-
sary steam flow through let-down valves. In reality, the
turbines might not be operated optimally, and some
let-down valves might be open.

— The model uses daily average values for the steam
flows. In reality, the steam flows might vary signifi-
cantly during a day. The non-linear relation between
turbine efficiencies and steam flow might then cause
a different average efficiency compared to what is es-
timated in the model.

— Measurement errors could be an additional source of
deviations.

Overall, however, the model was judged to perform sat-
isfactorily, considering especially the limitations to accu-
racy set by using daily average values (Mean Square Error
=10 MW?, R? = 0.94). The modelled and measured total
electricity generation summed over all time periods con-
sidered differ by less than 2 %.
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Figure 3: Daily electricity prices during 2017 and 2018. Prices from the NordPool spot market (SE4). In one series, the monthly spot close
price for green electricity certificates is added to the electricity spot price. Sources: (Nord Pool 2017, 2018, Swedish Energy Agency 2018).
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Figure 4: Model validation. Calculated and measured total electric power generation.

Optimal investments for current pulp
production

First, the model was run with data representing pulp pro-
duction levels and market prices of 2017. For this case, the
investment cost for lignin extraction is too high in relation
to the value of lignin and no investment is proposed by the
model. Furthermore, the relatively low electricity prices in

2017 favours a reduced use of bark over electricity produc-
tion, which causes the model to set the bark boiler oper-
ation at minimum load for most of the time, providing no
incentives for investments in new turbines. When the bark
boiler is at minimum load, the large variations in steam
production from the recovery boiler due to shifting wood
campaigns end up in the existing condensing turbine (T6),
see Figure 5.
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Figure 5: Optimized electric power generation in existing turbines. Current operation of the mill.
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Figure 6: Comparison between optimized and measured steam production in the bark boiler for the reference case representing current

operation of the mill.

In reality, the bark boiler was operated well above the
minimum load from March to August, as seen in Figure 6,
while the model suggests minimizing the bark use during
those months. Currently, no optimization-based decision
support system is used at the mill for operating decisions
in the steam boiler and turbine system. However, fuel and
electricity prices are monitored continuously, and general

relations between bark boiler and turbine loads are used
together with rules-of-thumb to guide operational plan-
ning. According to mill personnel, the actual operation of
the bark boiler (and condensing turbine) is at least partly
explained by a low demand for bark on the biofuel market
during the summer period, which together with difficulties
associated with storing bark makes it better to combust the
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Figure 7: Optimized electricity generation, lignin extraction and bark use for the mill after the production increase and optimized investment

in lignin extraction.

bark on-site (see also discussion in Uncertainty in market
parameters and costs section).

Production capacity increase

Validation of required lignin extraction capacity

The model for the production increase was first solved for
four time periods representing different characteristic mill
operating scenarios (softwood/hardwood campaigns and
summer/winter conditions). For these four scenarios, de-
tailed energy balances were calculated for the mill with
a new prospective production line. The result obtained
by the model was that the production increase requires a
minimum lignin extraction rate of approximately 55 000
tonnes/year for debottlenecking of the recovery boiler.
This is a little lower than the lignin extraction capacity
assumed for the prospective new line’s energy balances
(60 000 tonnes/year). However, the prospected energy bal-
ances are not optimized and it is reasonable to assume that
the prospected capacity is somewhat over-dimensioned.
Furthermore, at least one of the scenarios include quite
substantial direct reductions of steam through let-down
valves in the energy balances, which can be completely
avoided if steam flows are optimized through the turbines.
Overall, the model results compare very well with the de-
tailed energy balances and were thus considered reliable
enough for further assessments.

Production increase — Reference case

This case applies the same basic assumptions as for the
case of current pulp production, but adds increases in
steam demands and black liquor heat representing the op-
eration of a new production line (see Production increase
section). Mill operating conditions were assumed to vary
according to data from 2017, and market prices for 2017
were assumed.

Figure 7 shows the optimized lignin extraction, elec-
tricity generation and bark use over the year. Due to low
electricity prices, relatively high lignin prices, and the re-
quirement to invest in at least a small lignin extraction
plant, this scenario strongly favours the investment in
lignin extraction. This results in a solution with invest-
ment in a 209 MW lignin extraction plant, corresponding
to a lignin extraction capacity of approximately 258 000
tonnes/year. This is more than four times the prospected
capacity of 60000 tonnes/year. Investment is also made
in a new 37.5 MW back-pressure turbine.

With this huge capacity of the lignin extraction plant,
the extraction rates become limited by the available black
liquor flow and the assumed maximum lignin removal
from black liquor as specified by Equation (12). This means
that care must be taken about the uncertainty in this limit
to ensure that stable recovery boiler operation can be
maintained. Nevertheless, according to the model, most
days of the year, the lignin extraction is maximized, either
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Figure 8: Optimized operation of new back-pressure turbine and steam vent resulting from shutting down the condensing turbine. Produc-
tion increase scenario with investment in a huge lignin extraction plant.

against the capacity of the lignin extraction plant (Equa-
tion 13) or against the available black liquor flow (Equa-
tion 12). Similarly, the bark boiler load is also typically
minimized. This means that the total steam production is
minimized, which leaves very little or no excess of steam
for condensing power production. As a result, the model
shuts down the existing condensing turbine in order to
maintain the high lignin extraction rates while avoiding
operating the turbine at too low loads. Note that the model
does not allow for on/off operation of the turbines, i. e., the
turbine must either always be on, or always off.

As a consequence of shutting down the condensing
turbine, there will be significant amounts of steam vented
to atmosphere during certain periods (see Figure 8). How-
ever, in some periods, depending on the operating condi-
tions, the minimum steam production is not sufficient for
covering the process steam demands. In these periods, the
load of the bark boiler is increased, and if this is not suffi-
cient, the lignin extraction rate must be reduced to allow
for more steam production in the recovery boiler.

Production increase — Higher electricity prices

The results above indicate that with the applied assump-
tions there is little value in generating electric power in a
condensing steam turbine considering that not even the
existing condensing turbine is utilized. However, electric-

ity prices were low during 2017. To analyze the effect of the
electricity price the model was run with electricity prices
from 2018. Here, we also included the 2018 prices of trad-
able green electricity certificates for any electricity gener-
ation above the currently established normal year produc-
tion (see Appendix C). Note that the price level for certifi-
cates observed in 2018 are not expected to be represen-
tative of future values. Nevertheless, these were included
to simulate a price scenario with significantly larger price
variations over the year.

In this case, electricity production is strongly favoured
over lignin extraction. The optimal investment in lignin
extraction is at the minimum capacity required for debot-
tlenecking the recovery boilers (39.2 MW) and investment
are made in both a new back-pressure turbine (50.9 MW)
and in a new low-pressure condensing turbine (16.5 MW).
A clear trend can be seen over the year with increas-
ing electricity production and decreasing lignin extraction
rates due to increasing electricity prices (see Figure 9).
In particular, the price of tradable green certificates in-
creased substantially during the second half of the year
(see Figure 4). Lignin extraction even goes down to zero
in periods when no debottlenecking is required, typically,
during hardwood campaigns when the black liquor heat-
ing value is lower.

These results represent an especially interesting case
for two reasons. Firstly, during the second half of the
year, operation of the lignin extraction plant contributes to
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Figure 9: Optimized electricity generation, lignin extraction and bark use for the mill after the production increase and optimized investment
in lignin extraction plant assuming a low investment cost for lignin extraction and electricity prices from 2018.

adapting the mill electricity production to electricity price
variations. The variations in lignin extraction are not ex-
plained directly by electricity price variations, but above
a certain electricity price, lignin extraction is no longer
kept constant at maximum rate. In fact, the lignin extrac-
tion rate is reduced at high electricity prices, either until
the point where no more steam can be accommodated by
the condensing turbines, or until the minimum needed for
debottlenecking the recovery boiler is reached. Secondly,
since the optimal operation varies over the year, the invest-
ment decision needs to be optimized to obtain the flexibil-
ity to respond to market variations. Therefore, the capacity
of 39.2 MW for lignin extraction is required even if the an-
nual production of lignin reaches only 28.5 MW. This sce-
nario is therefore a good example of when a simpler model
assuming annual averages would not have been able to
predict the value of investing in larger new steam turbines
in combination with the investment in lignin extraction.

Power generation flexibility to varying
electricity prices

The results presented above (for the scenario with produc-
tion increase and 2018 prices) indicates that under cer-
tain conditions it could be profitable for a mill to invest
in steam turbines for condensing power generation even if
also investing in the lignin extraction plant. This way the

mill gets increased flexibility to steer energy production to-
wards either biofuels or electricity, depending on the mar-
ket prices. It should be recognized that these operational
adjustments are likely to be slow, and that this flexibility
is probably only obtained for variations on hourly to daily
scale.

Some of the variations in electricity generation given
by the model are due to variations in electricity prices, but
the variations in electricity generation are also a result of
varying process conditions. To estimate the magnitude of
the power generation flexibility for the mill if it invests in
a lignin extraction plant and a new low-pressure condens-
ing turbine, the model was solved with fixed investments
according to the solution presented in Production increase
— higher electricity prices section, i.e., investment in a
39.2 MW lignin extraction plant, a 50.9 MW back-pressure
turbine and a 16.5 MW low-pressure condensing turbine.
The model was then solved once with a constant high elec-
tricity price, and once with a constant low electricity price.
This way, two distinct operating modes were simulated,
one in which fuel use is minimized given the investments
made (by maximizing lignin extraction and minimizing
the load of bark boiler), and one in which electricity gen-
eration is maximized. The resulting electric power genera-
tion over the year is shown in Figure 10.

The difference in electric power generation between
the two operating modes in Figure 10 would be the poten-
tial production flexibility given this investment package.
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Figure 10: Resulting optimized electric power generation for a given investment (39.2 MW lignin extraction capacity, 50.9 MW back-pressure
turbine, 16.5 MW low-pressure condensing turbine) assuming a constant, high electricity price (max electric power generation) or a con-

stant, low electricity price (max lignin extraction).
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Figure 11: Load-duration curve of potential power generation flex-
ibility for a given investment (39.2 MW lignin extraction capacity,
50.9 MW back-pressure turbine, 16.5 MW low-pressure condensing
turbine), calculated as the difference in electric power generation
between an operating mode with maximized electricity production
and an operating mode with maximized lignin extraction and mini-
mized load of the bark boiler.

To highlight the distance between the two curves, the dif-
ference in electric power generation is plotted and sorted
according to magnitude in a load-duration curve, see Fig-
ure 11. Figure 11 shows that the potential power generation
varies between approximately 15 and 30 MW, and that it is
above 20 MW for about 3/4 of the year.

Influence of variations on optimal solution

Could the results presented above have been obtained by
a simpler investment model accounting only for annual
average process conditions and market prices? For some
of the scenarios this is likely. However, whether the vari-
ations influence the results or not depends on a number
of different parameters and assumptions and it is difficult
to predict a-priori if the more advanced model proposed in
this paper will give a different result than a single-period
model.

To illustrate the differences that can result from using
this model compared to a single-period model, a few sce-
narios with different combinations of lignin and electric-
ity prices were investigated in some more detail. For ev-
ery such scenario, the multi-period model was solved, as
well as the corresponding single-period model using an-
nual average process data. The solutions obtained were
compared with regards to optimized lignin extraction ca-
pacity, optimized new turbine capacity, and annual bark
use, lignin extraction and electricity generation. The re-
sults are shown in Table 1.

In the price scenarios with higher lignin prices and
electricity prices from 2017, the annual-average model
identifies a lignin extraction capacity and an annual elec-
tricity production that are similar to the results from the
multi-period model. The single-period model does slightly
underestimate the new turbine capacity required to reach
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Table 1: Comparison of optimization results for multi-period and single-period models under different price scenarios.
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Single-period annual averages
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2017 15 39.2 48.0 336 39.1 1295 0 0 530 45.8 1426 39.2 48.3 329 35.2 1314
(no cert) 20 209.3 247.6 407.4 37.5 893 202.3 249.1 329 33.6 887 202.3 249.1 329 33.6 887
25 210.4 248.0 407.5 37.4 892 202.3 249.1 329 33.6 887 202.3 249.1 329 33.6 887
2018 15 39.2 18.9 761 72.2 1521 0 0 823 64.4 1583 39.2 0 823 64.4 1583
(inclcert) 20 39.2 35.1 758 67.4 1482 0 0 823 64.4 1583 39.2 48.3 823 50.9 1469
25 134.4 159.4 760 37 1189 0 0 823 64.4 1583 82.8 102 823 35.9 1342

this annual electricity production. However, the most
notable difference between the single-period and multi-
period model results in these two scenarios is that the bark
use is significantly underestimated. In the multi-period
model, the bark boiler load is used to cover steam deficits
in time periods when the recovery boiler steam produc-
tion is low compared to the steam demand while in other
time periods, steam is produced in excess and vented.
In the single-period annual average model, on the other
hand, the bark boiler operation can be exactly matched
to balance the constant recovery boiler steam production
and process steam demands and no heat is lost for vent-
ing.

Table 1 also shows that the single-period model fails
to capture the required capacity for lignin extraction for
off-loading the recovery boiler. By averaging the heat flow
to the recovery boilers over softwood and hardwood cam-
paigns, the available recovery boiler capacity is falsely
determined to be sufficient. Consequently, the optimum
lignin extraction capacity is determined to be 0 MW for
several scenarios using the single-period model. To im-
prove the quality of the solution from the single-period
model, it was also solved with an additional constraint
requiring that the capacity of the lignin extraction plant
should be greater than or equal to 39.2 MW. The resulting
solutions are shown in Table 1. However, with this con-
straint, the single-period model instead underestimates
the turbine capacity required to reach a certain annual

electricity production. Note especially that the condensing
turbine investment is overlooked in the 2018 scenario with
20 EUR/MWh lignin price. Furthermore, this model cannot
reliably predict the annual lignin extraction given a certain
lignin extraction capacity, which is particularly apparent
in the 2018 scenario with 15 EUR/MWh lignin price, where
the annual lignin extraction is zero despite the forced in-
vestment.

Discussion

Uncertainty in market parameters and costs

No detailed assessment of the bark balances was made in
this study. The use of bark as fuel in the bark boiler was
simply associated with an alternative cost representing the
lost sales of bark on the fuel market. After optimization,
we checked that the resulting bark use can be covered by
the bark available (roughly estimated) at the mill. As men-
tioned in Energy market data section, the price for selling
bark is characterized by significant seasonal variations,
since the bark is mainly used for heating purposes, and
the demand therefore varies significantly with the outdoor
temperature. In our model it is assumed that bark can be
stored at the mill site, to allow for sales at a higher price
level. However, while bark can be stored for short peri-
ods of up to a few weeks, there are challenges associated
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Figure 12: Electricity price duration curves for current (solid line) and possible future conditions in 2030, 2040 and 2050 (dashed lines).
Current electricity prices refer to spot prices for Swedish price area SE4 for year 2018. Future prices represent modelled scenarios for the
short-term marginal electricity generation cost for the same price area in different years assuming strategic collaboration between sectors.
Data is extracted from results generated using the model presented in Géransson et al. (2019).

with longer storage such as risk of self-ignition. In real-
ity, there might therefore be incentives for burning bark
at the mill instead of storing it when the demand is low.
This could, for example, be part of the explanation for the
results shown in Figure 6. Currently, effects related to vary-
ing bark demand, bark balances and storage are not cap-
tured in the model. Possible developments could be ex-
plicit modelling of bark generation and storage capacity,
or a price model representing the seasonal demand varia-
tions, or a constraint representing different maximum bark
exports during different time periods.

The market for lignin is also highly uncertain. The
value of lignin could range from its fuel value to signifi-
cantly higher values, especially in potential future appli-
cations. However, the latter might also require additional
investments at the mill for further processing of the lignin.
Depending on the application considered, and the corre-
sponding assumed value of lignin, the market demand will
also be different. In our model runs, we have tried differ-
ent values of lignin, but in this article, we have not shown
any results from these sensitivity analyses. The assumed
lignin value is quite high for a wood fuel, but not very
much higher. However, even with this modest lignin value,
a very large lignin extraction capacity (209 MW), which
corresponds closely with the assumed maximum lignin re-
moval from black liquor, is identified as the optimal solu-
tion for the production increase (see Production increase

— Reference case section). A more important uncertainty
with regards to the lignin extraction investment is the cap-
ital cost, which has a strong influence on the optimal so-
lution. In our model, an increase of this investment cost
would quickly lead to results where the lignin extraction
capacity is simply minimized.

It should be noted that without investment in a low-
pressure condensing steam turbine, the possibility for flex-
ible electricity production is drastically reduced. The elec-
tricity production in the back-pressure turbines is closely
connected to the process steam demand and not flexible in
the same way. With the electricity prices assumed in this
work, investment in a low-pressure condensing turbine is,
however, only favourable if rather high prices are assumed
for green electricity certificates. Considering that prices of
such certificates are expected to drop significantly in the
near future, the power generation flexibility of pulp mills
might not become very pronounced after all. Nevertheless,
the mill is considering investment in a condensing turbine.
Such a decision could be explained by the large uncertain-
ties related to investment in lignin extraction, in combi-
nation with the above discussed difficulties to sell excess
bark. The investment cost assumed for the condensing tur-
bine in the model may also differ from the costs assumed
by the pulping company.

The spot price for electricity can also be expected to
change in the future. In Figure 12, the daily average elec-
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tricity spot prices from 2018 are plotted as a price dura-
tion curve, which is compared to examples of possible
future scenarios for short-term marginal electricity gen-
eration costs based on models developed by Géransson
etal. (2019) with a 3 hour resolution. In the future sce-
narios, the shares of intermittent electric power gener-
ation from solar and wind increase due to successively
more stringent targets on greenhouse gas emissions as
well as an assumed cost reduction for wind and solar
power plants. This leads to more hours with low prices
(when it is windy and/or sunny), but also to higher prices
when the capacity is limited. For these particular sce-
narios, it was assumed that there will be strategic col-
laboration between the electric power generation sector,
an electrified steel plant, the electrified transport sector
in the form of passenger electric vehicles, and residen-
tial heat supply, which enables severe price peaks to be
avoided.

Based on our results, the pulp mill will only exploit
operational flexibility towards the electricity market if the
prices are high enough during a sufficient length of time
to motivate investment in a condensing turbine and also
low enough during a sufficient length of time to not simply
maximize the utilization of that turbine capacity through-
out the year. Figure 12 indicates that in 2030, the price be-
tween approximately 1000 and 4000 hours is estimated to
be at a similar level to the prices of 2018, which were used
in our model. However, for about half of the hours of the
year (4000 hours and above), the prices are estimated to
be notably lower, which means that it will be less attrac-
tive for the mill to invest in a condensing turbine. Admit-
tedly, the price peaks are also higher in the 2030 scenario,
but only during a limited number of time periods, and are
therefore not expected to significantly increase the willing-
ness to invest in electric power generation capacity in the
mill. The scenarios for 2040 and especially 2050, involve
many hours (>3000) of prices that are significantly higher
than the prices of today, while also showing many hours of
low (and very low) prices. Under such conditions, the high
price periods might motivate investment in a condensing
turbine, while the low price periods would favour lignin
extraction.

No optimization runs were performed for the future
price scenarios. Such a long-term perspective would re-
quire reconsidering a number of other assumptions in the
model, e. g. future development of bark and lignin prices,
future investment costs, and future financial incentives.
Because of this uncertainty, and the large number of pos-
sible future scenarios, it was determined that such sim-
ulations would not add a significant value to the current
study.
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Model simplifications and development
needs

Our previous models (Svensson 2014, 2015) allowed for
starting and shutting down boilers and turbines as a re-
sponse to daily variations in steam demand. However, po-
tential costs or difficulties associated with starting and
stopping equipment were not considered, and even if the
steam demands and energy prices fluctuate significantly
between days, it will not be technically or economically
feasible to frequently start-up and shut down boilers, tur-
bines and lignin extraction equipment. For this work it was
therefore decided to not allow for any on/off operation of
equipment. Further work could be motivated to include
the costs and time required for start-ups and shut-downs in
the model, to enable on/off operation for more long-term
operating scenarios, such as seasonal variations. It could,
for example, be motivated to have a boiler in operation
during winter, but shut it down during summer.

The models of turbines and boilers could potentially
be further developed also in other respects. Examples in-
clude how to constrain the steam flows through individ-
ual turbine stages and extractions. For example, a min-
imum extraction flow might be as relevant as the maxi-
mum extraction flow used for existing turbines. Similar
constraints for new turbines should also be considered,
but need to be associated with some cost function to be
relevant. The effect of variations in cooling water temper-
ature on the power output of condensing turbines should
also be included in future models. Other examples of po-
tential future developments include a more detailed mod-
elling of steam condensates and boiler feed water prepa-
ration systems, as well as internal steam demands of the
boilers and own electricity consumption that depends on
turbine and boiler loads.

As described in Model input data for the case study
section, the model was solved for 352 days of one year.
Some of the other 13 days were excluded because of a
maintenance stop at the mill, where the entire production
was stopped. The remaining days were excluded because
measurement data deviated too much from normal opera-
tion for different reasons, which lead to violations of con-
straints in the model. For example, days were excluded for
which the daily average of a boiler or turbine load was less
than the minimum load limit set in the model. In reality,
the load has probably not been constantly below the mini-
mum load, but for example, a boiler may have been out of
operation during part of the day, and at part-load during
the rest of the day, which leads to the observed constraint
violations when averaging the measurement values. Bet-
ter model accuracy could be obtained by dividing these
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days (and other days with big changes in operating condi-
tions) into shorter periods. However, this improvement in
accuracy was considered to be negligible in comparison to
other large uncertainties affecting the model results, e. g.
prices and investment costs.

The current version of the model has a time resolution
of one day, and process data as well as prices are averaged
over these time periods. While this approach leads to some
problems since conditions may change significantly dur-
ing a day, there are other challenges associated with us-
ing shorter time periods. One challenge is related to the
computational effort required if solving the model with sig-
nificantly higher number of time steps, especially since
some model instances are already cumbersome to solve
on a standard desktop computer. However, this could be
handled by modelling time slices as, e. g., representative
hours. Since no storage is considered in the model, this
would be rather straightforward modelling-wise. However,
identifying the representative time slices could be difficult
due to the large number of varying parameters, with dif-
ferent and sometimes uncertain degrees of correlations.
Furthermore, while it would be beneficial to use a higher
time resolution to capture, for example, hourly electricity
spot price variations, this is not necessarily advantageous
for capturing different process conditions. Changes in the
process, such as a change in production campaign to an-
other type of raw material, may take several hours to prop-
agate through the different process units. For a single hour
during such a transition, it is likely that steady-state bal-
ances do not accurately represent the system. While it may
be motivated to put large efforts into identifying represen-
tative time slices (of various duration) for an energy sys-
tems model used, e. g., in regional energy policy planning
or scenario analysis (see e. g. Poncelet et al. 2017, Reichen-
berg et al. 2018), this is more doubtful for investment op-
timization in an individual mill where other uncertainties
(such as investment costs) are likely to be more important
for the investment decisions.

Conclusions

This article presented a novel modelling approach for in-
vestment decision optimization in pulp mill energy sys-
tems, which considers the value of a diversified energy by-
products portfolio for achieving a more flexible system.
The proposed model explicitly considers potential opera-
tional flexibility towards variations in energy prices, steam
production and process steam demands. It was applied to
a case study of a large Kraft pulp mill assumed to plan for
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a significant production capacity increase. For the exist-
ing design of the steam system, the modelled operation
was validated against measured values before the model
was applied to investigate possible investment options. It
was shown that the multi-period approach suggested here
may identify solutions with more flexibility than the solu-
tions that would have been identified with a correspond-
ing single-period model.

The results from the case study suggest that lignin ex-
traction has a potential to contribute to flexibility in pulp
mill electric power production under certain conditions
provided that the mill invests in both lignin extraction and
condensing turbine capacity. At each given point in time,
the potential power generation will, however, be limited
by the mill’s internal energy balances and demand for off-
loading the recovery boilers. The potential electric power
production flexibility will therefore vary substantially over
time; in the studied mill it varies between 15 and 30 MW.

The optimal investments in the mill depend on sev-
eral factors such as the lignin price, the electricity price
and the magnitude of variations in electricity price. The
optimal investment also depends on capacity limitations
in boilers and existing turbines, variations in steam de-
mand and black liquor flow and composition, as well as on
the assumed investment costs. Depending on the prices of
lignin and electricity, it will be preferable to maximize ei-
ther the lignin extraction (favoured by a high lignin price
and low investment cost for lignin extraction and/or low
electricity prices) or the electricity generation. Note, how-
ever, that based on our assessments, investment in new
condensing turbine capacity only seems to be attractive if
assuming that new electricity production will be eligible
for tradable green electricity certificates with a price well
above the expected future value of such certificates. How-
ever, with large variations in electricity price, it will some-
times be beneficial to extract as much lignin as possible
while sometimes it will be more favourable to extract less
lignin and produce more electricity. Under the right condi-
tions, such variations may therefore motivate investment
in new turbines, despite the fact that these will not be fully
utilized, and despite the fact that the lignin extraction pro-
cess will not be continuously operated at maximum load.
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Table A.1: Data for existing and new turbines.

E. Svensson et al.: Lignin extraction for increased flexibility in pulp mills = 553

Property/coefficient Turbine

T T3 T4 T5 T6 BPETa/b LPCTa/b
Inlet header, in(T) 1 1 1 1 1 6
Extraction headers, out(T) 4,5 2,6 3,4,6 cond 2,4,6 cond
arq IMW/(kg/s)] 0.4902 0.2726 0.3936 1.0421 0.2838 0.6344
ar, IMW/(kg/s)] 0.1638 0.3714 0.0791 0.1735

ar3 [MW/(kg/s)] 0.1712 0.1726

by o [MW] -5.4536 -5.8090 -7.1326 -2.6924

br, MW/ (kg/s)] -0.1057 -0.0554
by, [MW] 0 -0.0605
M7 [kg/s] 42 50.8 56.4 52.1 var var
pmin -] 0.61 0.54 0.79 0.23 0.5 0.25
MPT** [kg/s] 15.7 6.2 7.4 52.1

M5 [kg/s] 28 46.3 11.2

MT5* [kg/s] 42.5

h$3 [M)/kel 3.033 3.231 3.105 2.417 3.239 not used
h$* M)/kg] 2.872 2.871 3.027 3.057

% M)/ kgl 2.859 2.876

hew [M)/Kkel 0.088 0.088
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Appendix A. Turbine model
parameters and validation

The parameters arg, by, by and by, in the linear tur-
bine model (Equation 14) are coefficients estimated by as-
suming that part-load operation is achieved by throttling
the inlet steam flow to the turbine. A simplified model of
the power production as a function of steam flow based on
the isenthalpic pressure reduction over the inlet valve and
turbine constants is assigned, and finally linearized using

the isentropic efficiency as a tuning parameter to match
the linear model to daily averages of measured flows and
power outputs. (Days when turbines were out of operation
or were subject to other major operational disturbances
were excluded from the data set.) The resulting turbine
model parameters are presented in Table A.1. (Inlet and ex-
traction headers are defined according to Figure 1.)

Given measured steam flows, the model predicts the
power output of the existing turbines T3-T6 (Figure 1) with
sufficient accuracy considering the inherent uncertainty in
measurement data (Figure A.1). The reason for the poorer
accuracy of the condensing turbine T6 is mainly that the
influence of variations in the temperature of cooling water
used in the steam condenser is not accounted for in the
model.

Appendix B. Model input data

Valves inlet and outlet headers are defined according to
Figure 1.

Reference process steam demands, MP©%™

ot
steam production in recovery boiler(s), Mg;f are illus-
trated in Figure B.1 for the projected future production lev-
els.

The extra steam demand in the evaporation plant
when lignin is extracted, o, is 0.0234 kg/s LP steam per MW
of extracted lignin. The maximum lignin extraction rate as

a function of the reference steam production in the recov-

and
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Figure A.1: Prediction of turbine power using the linear turbine model compared to measured values. Calculated and measured power values

are based on the same measured steam flows through turbine stages.
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Figure B.1: Reference steam production in the recovery boilers (RB1+ RB2) and process steam consumption at different pressure levels.

Projections for mill after production increase.

ery boiler, p, is 0.723 MW lignin for every kg/s of HP steam
produced. This corresponds to a lignin extraction rate of
0.182 tonnes/ADt, which is in the same range as values
reported in literature (Valimiki et al. 2010, Wallmo et al.
2009).

Other model data are shown in Tables B.1-B.2.

Appendix C. Modelling the
eligibility for electricity certificates

Essentially all electricity generated at the mill is renewable
since it is based on the biobased wood raw material. In

Sweden, renewable electricity production can be approved
for award of tradable green certificates during a time pe-
riod of 15 years (Swedish Energy Agency 2019b).
Production plants where the generation capacity was
taken in operation more than 15 years ago can be approved
for new awards of certificates if the electric power genera-
tion capacity is increased. In that case, a fixed award factor
will be determined based on a demonstrated increase in
normal year production, which represents the share of pro-
duction eligible for certificates. This means that if the stud-
ied pulp mill increases its electricity generation capacity,
it will be approved for a new award of electricity certifi-
cates, and a new award factor will be established. Note that
if the award factor is determined to be, for example, 20 %
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Table B.1: Investment cost data.

E. Svensson et al.: Lignin extraction for increased flexibility in pulp mills = 555

Investment cost parameter Lignin extraction

Back-pressure turbine

Condensing turbine

r[1/y] 0.2

X LIG TURB1 TURB2 TURB3

Y, [MW] [33, 73, 113, 153, 216] (10,28, 46, 64,82] [4,8,12,16,20] [10, 34, 58, 82, 106]
Cinvx (D) [10° €] 3.0 Y, (1) 1.3Y,()°¢ 2.3Y,()°¢ 2.3Y,()°¢

Ky () [€/MW] Cinex (+1)~Cinvx ()

Yy (i+1)-Y, ()

Table B.2: Performance data for the boiler.

Boiler parameters Rec. boiler Rec. boiler Bark boiler
b RB1 RB2 BB
Mo | et ] 0.92° 0.92° 0.88
M [kg/s] 100 60 12
Mg‘ax [kg/s] 180 105 30
hrw = hqw [M)/kel 0.504

#Marginal lignin-to-steam efficiency = Steam output decrease/heat
content of extracted lignin

the mill will be awarded certificates for 20 % of its electric-
ity production independently of whether the electricity is
generated in the new or in the older part of the plant. Ev-
ery month, the mill reports its actual electricity production
and receives certificates for the share of the production cor-
responding to the award factor. The current award period
for the studied mill expires in 2022. For evaluation of an
investment that will be made today or later and therefore
mainly operate after 2022, it is therefore reasonable to as-
sume that the award factor will be 0 % if no new installa-
tions in electricity generation capacity are made.

However, if investments in, e.g., new turbines are
made so that the electric power generation capacity is in-
creased, the mill can be approved for a new award period.
In the model, the electricity that is eligible for certificates,
Eerts» generates revenues at a certificate price of peeyt . To
consider the revenues from sales of green certificates in
the model, Equation (7) is replaced by the following con-
straint:

ElecRev = Z dt(pel,tEprod,t * Peert,t Ecert,t) (C1)
t

In the case of a new award period, a new award fac-
tor will be determined. To correctly determine E. ,, the
award factor, based on an increase in normal year pro-
duction would therefore be needed. However, in the pro-
posed modelling framework, it is not straightforward to
obtain the normal year production, since this would de-
pend on the investments made and the full capacity of po-
tential turbine investments might not be utilized under the
varying prices and steam balance conditions. The model

would quickly become highly non-linear, if all dependen-
cies were included explicitly. As a simplification, any elec-
tricity production above the daily average corresponding
to the current established normal year production, E, of
ca 800 GWh is assumed to be eligible for certificates. This
leads to the constraint formulated in Equation (C2).

E

Ecer <E - .
t,t = “prod,t

2 d

(€2

Note that this constraint is only valid if the elec-
tricity production summed over each month is actually
higher than the monthly reference production. Other-
wise, the revenues from electricity certificates would be-
come negative in the model, while in reality, the mill
would simply not receive any certificates and the rev-
enues would be zero. With respect to modelling, this
could be further improved, by introducing monthly peri-
ods and “bigM”-constraints to avoid negative values of the
monthly sums of E ., .. However, since the price of certifi-
cates is assumed to drop drastically in the near future, the
electricity certificates were not included in the standard
model formulation. Therefore, it was also decided that it
was not worth the added model complexity to further im-
prove the modelling of this special case.

Nomenclature

Abbreviations

ADt Air-Dried tonnes

BPET Back-Pressure Extraction Turbine
CEPCI Chemical Engineering Plant Cost Index
LPCT Low-Pressure Condensing Turbine
MILP Mixed-Integer Linear Programming
Indices

b boiler

i linearization interval
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j steam headers

s turbine stage

t time period

T turbine

X potential technology/equipment for invest-
ment (turbines or lignin extraction plant)

1% expansion valve

Parameters

arg slope of the linear function that describes the
power output of turbine T as a function of the
steam mass flows through the turbine stages s

bro intercept of the linear function that describes
the power output of an existing turbine T as a
function of the steam mass flows through the
turbine

br, constant in the linear function that describes
the power output of a new turbine T as a func-
tion of the steam mass flows through the tur-
bine and the maximum inlet steam flow rate

br, constant in the linear function that describes
the power output of a new turbine T as a func-
tion of the steam mass flows through the tur-
bine and the maximum inlet steam flow rate

Cinvx()  investment cost at the i" breakpoint of the
piecewise linear cost function for investment
in equipment x

d; duration of time period ¢

E, current normal year electricity production re-
ported in the electricity certificate system

h; enthalpy of steam at header j

h.w enthalpy of cooling water

hey enthalpy of feed water

h‘}xst enthalpy of extraction steam from the stage s
of turbine T

k, (i) slope of the i" linearization interval for the
piecewise linear cost function for equipment x

Mipin minimum steam production in boiler b

M} maximum steam production in boiler b

M{fé,t reference steam production in the recovery
boiler in timer period ¢t

M}.ptm‘:’ref reference process steam demand at header j
in time period t without investments or oper-
ational changes

M7 maximum inlet flow of existing turbine T

M7t maximum extraction flow after turbine stage s

of existing turbine T

refcond
Mt

n

Phark,¢
Peert,t

Pelt

plig,t
r

Y, (@)

Mp

min

HT
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reference condensate flow from condensing
turbines in time period t without any invest-
ments or operational changes

number of linearization intervals

bark price in time period ¢

price of tradable green electricity certificates in
time period ¢

electricity price in in time period ¢

lignin price in in time period ¢

capital recovery factor / annuity factor
capacity/size of equipment x at the i" break-
point of the piecewise linear cost function for
that equipment

marginal fuel-to-steam efficiency of boiler b
maximum lignin extraction rate per mass flow
of high-pressure steam produced

minimum fraction of the maximum inlet flow
to the turbine T that can go through the turbine

Variables and variable functions

BarkCost
Cost,

E prod,t
E T,t

E?ax
E

cert,t

ElecRev
InvCost
LigRev

prod
M
M;e

cap

M
ur|

MT,s,t

M7,
M3
e
M;/ent

QBark,t

QLig,t
Yy

annual fuel costs for bark

investment cost for equipment x

total electricity production in in time period ¢
electric power output of turbine T

design capacity of new turbine turbine T
electricity production eligible for tradable
green certificates in time period ¢

annual revenues from electricity production
total investment costs

annual operating revenues from lignin extrac-
tion

steam production in boiler b in time period ¢
process steam demand at header j in time pe-
riod ¢

maximum inlet flow of new turbine T

steam flow through stage s of turbine T in time
period ¢t

extraction steam flow after turbine stage s of
turbine T in time period ¢

quench water added for saturating the steam at
header j in time period ¢

steam flow through expansion valve v in time
period ¢t

steam vent to atmosphere (from low-pressure
steam header) in time period ¢

bark fuel used in the bark boiler in time period
t

lignin extracted in in time period ¢
capacity/size of equipment/technology x
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Zy binary variable, which is 1 if investment is
made in technology x and 0 otherwise

Yr binary variable, which is 1 if the existing tur-
bine T is kept in operation, and O otherwise

o specific increase in low-pressure steam de-
mand for black liquor evaporation when lignin
is extracted
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