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Abstract

Several studies show that substantial industrial energyngs can be achieved through process in-
tegration. The returns on such investments are, howeveertain because of uncertainties in future
energy prices and policies. This article presents a sttichasxed-integer programming approach
which enables the identification of robust process intégmahvestments under uncertainty. The
proposed approach is applied to the case of a pulp mill fockthie complete optimization model is
presented. The model is a scenario-based multistage stazheogramming model with the objec-
tive of maximizing the net present value of the investmenite model also enables the optimization
of investment timing. We show as one important result thapttobability distribution can be varied
rather much without a change in the optimal solution. Thiglies that the stochastic programming
approach is a valuable tool although the true probabilitethe future scenarios are not known.

Keywords: investment analysis, multistage stochastic programnsognarios, decision support
analysis, process integration.

1 Introduction

The cost-effectiveness of industrial investments in ene&fficiency is strongly related to constantly
changing energy market conditions, making decision-ngakéigarding such investments a complicated
task. In particular, the increased climate concern in $pd&ads to higher C®emissions charges. Al-
though such an increase of the emissions charges makesmeves in energy efficiency more profitable,
uncertainty about the future development of climate pefianight, however, make it more difficult to
evaluate the investments. In the worst case, no energyesffigiinvestments are made, although they
should be profitable, because of the difficulty of knowing tWtha outcome will be of the investment de-
cision. Blyth et al. (2007) conclude that in order for polityakers to promote low-carbon technologies,
some long-term certainty about the future policy developtns@ould be provided.

For strategic investments especially, profitability defseeon the future energy market. Electricity
and fuel prices, emissions charges and taxes are all exaroplenergy market parameters that are
highly uncertain, but directly influence the profitabilitftbe investments. In a stochastic programming
approach, the uncertainties are explicitly incorporatedn optimization model, and the investment
planning is improved. In stochastic programming it is assdinat, like in reality, investments are made
before the outcome of the uncertain parameters is revealael objective is to maximize the expected
net present value of the investments over all future scesaifihis kind of approach will provide better
information to base the decisions on. Several recent sutkaling with energy-related investment
decisions confirm the importance of accounting for uncetyaand timing (Blyth et al., 2007; Laurikka,
2006; Wickart and Madlener, 2007; Yang et al., 2007).
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This article presents a multistage stochastic programmingel for the investment planning of
process integration measures in a pulp mill. The objectaresmainly to present a complete model for
this kind of optimization, and to illustrate and discussniadelling issues that arise. Since the decision
problem is an engineering design problem, there are integeiirements on the variables. The objective
is the net present value of the investments which can be ntadaltple stages, making the economic
evaluation more complicated than if all of the investmenésexnmade at the same time.

The term ‘process integration’ is a wide concept that refersystematic methods for optimization
of production systems, primarily with respect to energycadficy and reduction of environmental ef-
fects. This paper gives a description of a stochastic progniaag model, which is also the mathematical
framework used in previous work by the authors on the opttion of process integration investments
under energy market uncertainty (Svensson E et al., 2008ddye, some new angles for the analyses
of results are provided which have not been presented inrthégus papers. These new results include
further analyses of the robustness of the optimal solutimh an evaluation of the investment timing
modelling.

In stochastic programming, the probabilities for diffdririure scenarios are assumed to be known.
For the kind of uncertainties that are dealt with here, aggioms can be made about probabilities, but
there is no way to define a ‘true’ distribution. In this papee present a case study of a pulp mill
for which we show that the optimal solution is actually notywsensitive to moderate changes in the
assumed probability distribution. Hence, the stochastigamming approach can be adopted also
when the probabilities for the future scenarios are not kfmwcertain, and the optimal solution can
be considered a robust solution. The robustness is closkyed to the integer requirements on the
decision variables, which result in the model having quete feasible solutions. This relation between
integrality and robustness is further discussed in Seetion

2 Thecasestudy

The model used for this study is the same as the one used iilopsework by the authors (Svensson
E et al.,, 2008a). The focus then was to illustrate what kindestilts can be achieved by using such
a stochastic programming approach for the optimizationnefrgy efficiency investments. Here, the
focus is rather on the underlying mathematical model thastitutes the framework of the proposed
optimization methodology.

The pulp and paper industry is the fourth largest induseiargy user in the world (IEA, 2007),
which makes it an important sector in the progress to miigdimate change. Cost-effective energy
savings have been identified in the pulp and paper sectowaralestudies (Axelsson and Berntsson,
2008; Martin et al., 2000; Mollersten et al., 2003). Thetesffectiveness of the proposed measures is,
however, depending on, for example, the electricity anddifael prices, which are uncertain.

The analyzed mill is a computer model of a typical Scandaraydulp mill. It was originally devel-
oped for the Swedish national research programme ‘The &Rasource Adapted Pulp Mill' (FRAM,
2005). The mill will increase its production by 25% in the nésture, which renders the opportunity
to make other changes in the process. The production irecregse has previously been studied by
Axelsson et al. (2006b).

When the pulp production is increased at a pulp mill, theveopboiler is often a bottleneck. To the
recovery boiler comes a process stream of black liquor fioenpulp digester which contains, among
other substances, pulp digesting chemicals, but alsonligtich is a biomass by-product in the pulp
production process. In the recovery boiler, the digestentbals of the black liquor are recovered.
In addition, the energy of the lignin is utilized to produdghipressure (HP) steam. The production
increase will lead to an increase of black liquor flow to theokery boiler, but also an increased steam
demand of the process.



Traditionally, a recovery boiler upgrade (RBU) has to beiedrout—-at substantial costs—to meet
the new capacity requirements, see Figure la. Howevere sitare HP steam can be produced in
the upgraded boiler, there will be a possibility to increttse electricity production. Alternatively, the
recovery boiler upgrade can be avoided by decreasing thiedoathe recovery boiler. This can be
achieved by separating lignin from the black liquor (Axels®t al., 2006b), see Figure 1b. The lignin
can be exported as wood fuel. In this approach, the steanugtiod cannot be increased, since the
heat of the separated lignin is not utilized. Without anyeotrocess changes, the steam demand of the
process will, however, still increase. Nevertheless,itigextraction will remain an interesting option if
enough steam savings are carried out to prevent the steaandefnom increasing.
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Figure 1: Two approaches to increased production. a) Uptgdbe recovery boiler to the new capacity
requirements. b) Debottlenecking the recovery boiler ipasating lignin from the black liquor.

With substantial steam savings it might even be possiblehiege an energy surplus at the mill.
Different opportunities for energy efficiency can be idéeti by using process integration methods.
Pinch technology (Kemp, 2007; Smith, 2007) is one such p®agegration method which was used
by Axelsson et al. (2006a) to identify the potential for gyesavings at the studied mill. The achieved
steam surplus can be used to increase the electricity pioduto further increase the lignin extraction,
or for district heating. High- and/or medium-pressure stazn be used to produce electricity in a
back-pressure turbine while low-pressure steam can beingedondensing turbine.

District heating (DH) can be produced from low-pressurarster from excess heat of a lower tem-
perature, for example hot water. The district heating p@edepends on the demand and the alternative
district heating production in nearby communities. Thergenerally a larger potential for profitable
excess heat cooperation between mills and energy comparsgsall district heating systems (Jonsson
et al., 2008) than in larger systems. Hence, we assume henerélsence of a small district heating
system nearby, and use the data for the small system stugi®ddmsson IL et al. (2008c).

The overall system consequences of process integratiorasu@an be understood from the above
description, complex to evaluate. The opportunities fecticity production, district heating, and lignin
extraction are closely related to each other, as well as enfapthe steam savings are taken. The
optimization formulation of the problem enables a modglini the system without knowing the overall
conseqguences of every decision. There is, for example, e Imere to know the exact amount of steam
savings that are needed to avoid the recovery boiler upglladtead, it is sufficient to set the required
lignin extraction rate and to model the relation betweearmsteavings and lignin extraction.



3 Theoptimization model

The objective of the optimization is to maximize the expdatet present value (NPV) of energy effi-
ciency investments at a pulp mill. The general assumptighasdecisions are made 'here-and-now’,
before uncertainties are resolved and any energy markagekabccur. We assume that a point in time
when investment decisions can be made is followed by a p@fadcouple of years, when no new
investments can be made. This gives rise to two stages ofrtigggmming model. The cash flow of
the second stage, that is the period when no investmentsecaradle, is a function of the previous in-
vestment decisions, the energy prices, and the operatoisiales. A model of this kind, with two types
of decisions where the second one is a reaction to the firselisgon the realization of the uncertain
parameters, is termed a recourse model. The model predemteds in fact a multistage model. This
means that after each investment period, new investmentbeaade. After each point in time where
investments are decided on follows a period with realizegtiof uncertain parameters and changed cash
flows. The uncertain parameters, typically energy pricespeodelled using scenarios.

As the problem at hand is basically an engineering desigblgmy it typically involves simulations,
experimental data, and catalogue selections to establésfuhctions connecting design variables and
the dependent characteristics and attributes of the deBiEgause it is, in practice, impossible to express
these relations as analytical continuous functions, tleesba variables are typically binary, expressing
a choice between discrete options, for which the dependhemacteristics can be established in advance.
Here, we additionally require the final optimization modelbe linear, as the solver intended to be
used is restricted to mixed-integer linear programmingL(®)Imodels. The model was formulated in
AMPL (Fourer et al., 2003) and solved using the MILP solvelLER (ILOG, 2006). The introduction
of binary variables into the optimization model increassscomputational complexity and thus the
solution time. The scenario-based modelling of the randanables further increases the number of
decision variables, making the model grow combinatorialih a corresponding considerable increase
in computing time. However, the model will remain a MILP mbdaso in the presence of recourse,
which is an advantage since there are algorithms for sothiagkind of models. The theory of stochastic
linear programming is covered in, e.g., Birge and Louved®97) and more recently in Ruszczyhski
and Shapiro (2003) and Kall and Mayer (2005). Stochastagiat linear programming is described in,
e.g., Louveaux and Schultz (2003) and Sen (2006).

The main parts of the model were developed for a general astichoptimization of investments
in energy efficiency measures. Those parts are not limitetlgaise of a specific mill or industry or
a specific set of measures or ways of benefiting from the impieed energy savings. However, parts
of the model have to be built upon assumptions about a speeife. The whole model is presented
here for the case of a production increase in the model pulpdescribed in Section 2. This enables
clearer explanations of the different parts of the modeictvimeans, for example, that energy savings
are supposed to be in the form of steam savings. Wood inpuptdpamill is of course primarily a raw
material for the pulp production, but wood by-products dse ased to cover the energy demand of the
process. The model mill studied here is, like many chemiaaket pulp mills of today, self-sufficient in
energy supply from the wood by-products and no additiongllifiimported. Hence, energy savings will
lead to a heat surplus at the mill since the wood input canaaldereased if the production is to be kept
constant. An obtained heat surplus will therefore, in sudlspenable an increased export of electricity,
wood fuel, or heat. For many other industries, energy savamg primarily enabling a decreased import
of fuel.

3.1 Thescenariotree

A scenario model is developed to handle the uncertaintidstime energy prices and policies such as
taxes. The characteristics of the uncertainties make itrantice, impossible to completely describe the



set of possible future scenarios, but also to know the piibtiad for different scenarios. The developed
scenario model is therefore kept simple. Since electriaitgd fuel prices are strongly linked, a few
consistent energy market parameter sets are being usedldiadblocks in a scenario tree. These
parameter sets can represent, for example, different emitétvels for CQ reduction. These blocks are
combined to form different scenarios, for which the probgbshould then be estimated.

The scenario model is based on a tool for generating consistergy market parameter sets (Axels-
son et al., 2007). The tool is used to create three diffei@mario building blocks, and present Swedish
conditions are used to form a fourth one. The different kdcate further described below, and their data
are given in Table 1.

Block I The Swedish energy market in the near future. Electricity sood fuel prices as well as
marginal power production technology and policy instrutneonditions are based on data from
the first quarter of 2006.

Block Il A ’business as usual’ (BAU) evolution of society.

Block 111 A’moderate change’ evolution of society where themissions charge is increased rela-
tive to the present value (corresponding to an assumedaterm the C@emissions cap). The
green power certificates are however assumed to drop in Ipgicause of the higher G@harge
which also promotes green electricity production.

Block IV A’sustainable’ evolution of society, i.e. the G@missions charge is further increased relative
to block Ill. Consequently, the green power certificatesfardner reduced in price as well.

Table 1: Energy market parameter sets for the four scenaiidifiy blocks.
Scenario Block

Price parameterss/MWh] I Il I v
Electricity price 38.6 57.3 60.8 619
Green electricity certificates 21.7 16.0 10.6 5.3
Lignin price 195 229 269 310
District heating price 21.3 253 295 33.7

Based on these four blocks, a number of possible scenagosoastructed. The ideas follow the
work by Adahl and Harvey (2007). The parameters are assumed to b&oofor periods of five years,
and the total calculation horizon is 30 years, which in thasecstudy corresponds to the economic
lifetime of the investments. The final scenario tree is thai®ed in Figure 2.

BAU denotes a 'business as usual’ development, with mirtentibn to climate issues. M1 denotes
moderate climate concern in the distant future while M2 desonoderate concern in the near future.
S1 and S2 describe a development towards sustainabilityeidistant and the near future respectively.
Finally path E denotes an extreme development towardsisabthty, where a radical change happens
in the very near future. The probabilities for each node éndbenario tree can easily be calculated if the
probabilities for each of the development paths are givdmeseé probabilities are of course not known,
but they can easily be changed to test different assumptions

Finally, we introduce some notation related to the scertagi®. The set of all nodes in the scenario
tree is denoted by, andR is the root node. A specific node in the scenario tree is edeto by its
node number, the parent of that node is given byn), and the level of that node is given t6yn),
where/(0) = 0. The levels of the scenario tree represents a time scaleevelaeh level corresponds to
five years.

We start by modelling the objective function which is to nraide the net present value. Then we
model the investment costs. After that, we move on to the fiteitron of a function for the revenue. The
necessary constraints, as well as the input data that adedege presented along the way.

5



Level 0: Node 0
(The root node)

2010

| Level 1: Nodes 1-3
2015

| Level 2: Nodes 4-7
2020

| Level 3: Nodes 8-12
2025

| Level 4: Nodes 13-18
2030

| Level 5: Nodes 19-24
2035

| Level 6: Nodes 25-30
2040

v BAU M1 S1 M2 S2 E

Figure 2: Scenario tree.

3.2 Theobjectivefunction: The expected net present value

The multistage model deals with successive decisions aggeéficiency investments, which generate a
revenue by enabling a decreased import of fuel or, as in #se study, an increased export of electricity,
heat, or wood fuel. The revenue is determined by the eneigg |l@vels of the different scenarios and by
the exports from the different options, that is, the poweragated by the turbines, the exported lignin,
and the district heating deliveries. Adjustments are maddhe residual value of investments at the
end of the analyzed time horizon. The objective is to maxintiie expected net present value, which is
defined by the following formula

maximize E[NPV]:= ) pr”
neN

<i fR(Oén,fn) B ((1+T)T4(n)7_1) fo(i,n’?;n7 5n)>
— (1+T)(€(n}1)7'+k (1+7“)T—1 )
wherepr™ is the probability of node:, fr is the yearly revenue, which is a function of the vector of
the exports from the different options;*, and the uncertain paramete¢$, in noden, and f¢ is the
total capital expenditure, which is a function of the vestof investment decisiong;”, ", andé™, in
noden. Further,r is the discount rate; is the time difference in years between scenario tree leaals

T is the calculation horizon in years corresponding to thenenuc lifetime of the investments. The
parameters, 7, and7 can be chosen freely. Here,= 5 years, whilel’ = 30 years and- = 0.093.
These chosen values ®f andr correspond to an annuity factor of 0.10, which has been iiikhtas

a reasonable value for strategic decisions concerningygsediiciency investments in industry (FRAM,
2005).

3.3 Investment costs

The investment cost of process equipment as a function efaizapacity is in many cases given by a
non-linear concave function. Since we desire a linear madeh investment costs have to be linearized.
The idea of the linearization procedure is to divide the popgint capacity into intervals in which the



cost function is approximately linear. The investment é¢@ghus modelled according to

N Cui — Cuyi—1
cosﬁ:cuoyZ+ZT£‘i, u €U, neN,
i€l w

whereU is the set of different technologies for energy exports agthe back-pressure turbine or the
lignin extraction, and,, is the set of linearization intervals for technology Further,y. is a binary
variable with valuel if investments in technology are made in node, and0 else, and:, o denotes

the base cost for technology The parametet,; denotes the investment cost parameter for technology
u at the end of capacity interval andk,; is the size of that interval. Finally;; denotes the installed
capacity within interval for technologyu in noden. The variableg); andJ;}; then have to fulfil the
following constraints for all options € U and all nodes € N.

ZZO =G,
zgzkuz < 53@ < Zg,z‘—lkuia 1 € I,
gZ’ZZi € {0’ 1}’ 1€ I,

wherez]); is an auxiliary binary variable that orders the intervidisr technologyu.

The linearization is implemented as an AMPL script, givir@jues forl,,, k,; andc,;. The user
only needs to provide the original cost function, error tatees for the linearization, and the range for
which the linearization should be valid. Here, an absoluterdolerance of 0.05 & and a relative
error tolerance of 3% was employed for the difference betvike piecewise linear approximation and
the original function. This input data results in the in@rsizes shown in Table 2. The different tech-
nologies of the sel/ are denoted by: BP (back-pressure turbine), CT (condensibine), LIG (lignin
separation plant), DH60 (district heating from low quali@y°C) excess heat), DH100 (district heating
from medium quality {00°C) excess heat), and DHLP (district heating from low-pressteam). The

Table 2: Interval sizesk{,; [MW]) of the investment cost linearization intervals.

Interval
1 2 3 4 5 6 7 8 9 10

BP 01 01 03 09 23 41 65 96 134 127
CT 0.2 03 08 14 23 34 48 5.8

LIG 1 1 3 5 8 12 17 23 30 25
DH60 100

DH100 16.3

DHLP 125

base costs and investment costs for each interval are gwtrelfollowing formulas.

i 0.6
CBP,O = 274, CBP,@' = 1090 (ijl kBpJ‘) s 1= 1, ey 10,
i 0.6
coro = T46, cori = 1960 (ijl kCT,]) : i=1,...,8,
i 0.6 )
CLIG,O = 882, CLIG,@' = 882 <Zj:1 kLIG,j) s 1= 1, ey 10,
cpH60,0 = 0, cpHeo,1 = 109kpHLP 1,
cpH100,0 = 400, cpH100,1 = 400,
cpHLP,0 = 970, cparp,1 = 30 (kpurp,1 +19) .



All investment options that are not included in the Eeare instead included in the skf, which

in this case study includes steam-saving measures andritees that are not improving the energy
efficiency of the mill. The recovery boiler upgrade (RBU) is@xample of the latter type of measure.
The RBU does not yield any steam savings, but to meet the @thproduction increase, the investment
is required if not enough lignin is extracted. The measufeth® set)M are assumed to be discrete
options, which can either be carried out at a fixed cost, gdingra fixed steam saving, or not be carried
out at all. For these investments in measures M, the investment costs are simply constants, such
that the investment cost in each node N is given by

cost), = by,
Iy, €{0,1},

whereb,, is the investment cost parameter for measurend the binary variable’, equalsl if measure
m is implemented in node, and0 else. The possible measures included in theléetre presented in
Table 3 along with their respective investment costs andltieg steam savings.

Table 3: Investment costs and steam savings for energyeeific measures.
Cost LPsteam MPsteam HP steam

(Om)  (Smrp)  (Smmp)  (Sm,nup)
Measure [l€] [tonnes/h] [tonnes/h] [tonnes/h]
1. New 3-stage flash 3500 3.1 16.1 0.0
2. New HWWS 600 12.5 0.0 0.0
3. Wood yard 0 2.6 0.0 0.0
4.  Shoe press 6000 11.8 0.0 0.0
5. Blow out 0 13.9 0.0 0.0
6. Blow down 0 -78.4 -39.5 102.5
7.  Convap? 9300 59.5 -19.3 9.3
8. Convap’ 9700 59.5 -19.3 9.3
9. Plvap? 11700 63.9 -14.3 9.3
10. Plvap? 10900 63.9 -14.3 9.3
11. Convaf 4400 0.0 0.0 0.0
12. RBU 29800 0.0 0.0 0.0
13. DH piping 6600 0.0 0.0 0.0

* A modern conventional evaporation plant

A process integrated evaporation plant

¥ Not adapted for lignin extraction

§ Adapted for lignin extraction

T Least-cost evaporation plant yielding no steam savings

Investments can only be made in the first levels of the soefiae. The reason is that late invest-
ments will not be analyzed correctly since the resultindhdbmsvs will be calculated for a too short time
period. Hence, investment decision variables are resttitti be zero (or they are simply not defined)
for high levels, according to

Uy = Ty, =0, uelU, meM, nec Ny,

whereN 4 is the set of nodes in which investments cannot be made. Hnsrfollows that als@;; and
2z are zero fom € N 4.



To summarize, the total capital expendityieis given by:

fe(@™, g™, ") Z by, —I—Zcuoyu+zcm Cusi= s Onis n € N. QD

meM uelU i€y,

3.4 Therevenue function

The total yearly revenue that is generated in each node iscidn of the exports for the different
technologies and the net export revenues. It can be exprasse

’Sn ZfEu 60éu, UEU,TZEN,
uelU

wherefr ,(£") is the net export revenue for optianin noden anda;, > 0 is the export for technology
u in noden. The factore is simply a unit conversion, which in this case equals 7.8 {@Bwar)/MW.
The function fg ,, represents the export revenues minus operating costsa ifusction of the energy
prices presented in Table 1. In this case, there is an opgratist only for lignin extraction and for the
heat pump. The functionfg ,, for different technology option&” and all nodes: € IV are given by

fE11G(E") = &ignin — (5.72 + 0.0162¢(. ),
feBP(E") = fEcT(€") = Lecs
fEpH60(§") = Eheat — 0357 ec.,
fEpH100(E") = fEDHLP(E") = &heat-

3.5 Massand energy balances and capacity limitations

The amount of generated power, extracted lignin, and delivdistrict heating is contained in the export
vector o]}, which is limited by the available steam surplus and the c@ypaf the equipments. In this
section, we formulate constraints to handle steam balaaxe®ll as capacity limitations for the different
options.

3.5.1 General constraintsrelating steam to power, heat, and lignin exports

The general constraint stating the required steam surplashieve a specific output of at leas} of
power, heat, or lignin is given by

oy < qupply, + 0 weU\L, n e N. @)
peP

Here, P denotes the set of steam pressure levels (LP, MP, and HP)sdedrthe parametey,, relates the
steam surplus of pressupeto the power, lignin, or heat output for technology optianThe parameter
qup Was calculated from process and equipment data such asedffies, enthalpies, and so on. The
values that were obtained are given in Table 4. Further, alnialvlepjjp denotes the flow of steam with
pressurey used for technology in noden. Finally, the variabley;! is the possible additional output for
optionu in noden, which can be achieved without any steam input.

In constraint (2),L denotes the set of the condensing turbine option and théctlistating options.
For these options, constraint (2) above is replaced by thet@ints (3)—(6), which are described in
Section 3.5.2. The reason for this is that the possibilitgdtiver district heating is limited by the district
heating demand which varies over the year. This requireseatime resolution for the different district
heating options, but also for the condensing turbine. Logsgure steam can either be used for district
heating or for the condensing turbine, which causes thadisieating demand variations to affect also
the condensing turbine option.



Table 4: Production per steam surplys,§ [MWI/(t steam/h)].
Option LPsteam MP steam HP steam

BP 0 0.0406 0.0976
CT 0.1243 0 0
LIG 0 0 0.8110
DH60 0 0 0
DH100 0 0 0
DHLP 0.647 0 0

3.5.2 District heating constraints

The district heating demand curve is modelled as a finite munob time steps of given length and
district heating demand. We defideas the set of time steps, as the length of time stejy andv; as the
external demand in step Here, the demand curve is divided into 20 intervals, repriisg the twelve
months and eight additional time periods with an unusualij lor low demand. The numbers of the
parameters are given in Table 5.

Table 5: Data for the district heating demand parameters.
Step Month Demand Length Step Month Demand Length

() (v5) () @ (v5) ()
[MW] [h] [MW] [h]

1 Jan 21 720 11 Jul 1 720
2 Jan peak 41 24 12 Jul low 1 24
3 Feb 21 648 13 Aug 3 720
4 Feb peak 41 24 14 Aug low 3 24
5 Mar 21 720 15 Sep 10 720
6 Mar peak 41 24 16 Oct 10 744
7 Apr 10 720 17 Nov 21 696
8 May 3 744 18 Nov peak 41 24
9 Jun 3 696 19 Dec 21 720
10 Jun low 3 24 20 Dec peak 41 24

We defineX as the set of options directly limited by the external dem#mat is, the district heating
options. The variable.;; denotes the heat or power output of optio’ L in step; in noden, where
L includes the condensing turbine in addition to the distnigating options. Finally, we Ieiﬁj be the
low pressure steam flow of optian€ L in step;j in noden (replacingpy;,, for u € L). The following
constraints can then be formulated for all nodes N:

ol th < Zﬂgjtj, uwelL, (3)
JjeJ J€J
MZ,] S qu,LPﬁZj + 737 u € L7 J < J7 (4)
>y <y, jed (5)
ueX
Haigs Puj 2 0, uel,jeJ (6)

Constraint 6, ensuring positive values df; and gy, is based on no district heating being delivered
today and hence, the deliveries cannot decrease. As a oéslét above formulationy], will express a
yearly average of the district heating deliveries and oflleetricity produced in the condensing turbine.
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3.5.3 Steam balance constraints

The steam used to produce electricity, heat, or lignin isoofse limited by the available steam surplus.
Before we go on to the formulation of the steam balances, veel ne introduce two sets of binary
variables. The previously introduced, controls the investment cost and takes the valoaly in the
node where investments are made. The varialjjecontrols the available steam surplus and takes the
valuel in all nodes where the steam surplus for that measure isshl@il The same type of distinction
holds betweery;! andy;. While g;; controls the investment cosj; controls the availability of the
technology and id if option u is available to use in node, and0 else. The relations between these
variables are stated in the following constraints, whese &he variableg]’, andy.’ are introduced for
the possibility to deactivate investments:

x%:ygzo, meéeM, uelU, @)
alt = b 3P _ gpn), m e M, n e N\R, 8)

v =y + i — g, ue U, neN\R, ©)

Yy = U", ue U, neN, (10)

Uoy = Unis uelU, neN, (11)
0<ay, y: <1, meM,ueU, neN, (12)
e € {0,1}, mé€ M, ueU, néeN. (13)

The variables’, andy.’ need not be integrality constrained. In an optimal solutiese variables will
possess binary values, due to the above constraints anddhiétz) , 27, g/, andy,’ are required to
be binary. The deactivation possibility is used, for examiyl the case of reinvestments in technologies
that have already been invested in.

The steam balance on each steam pressurelfeigesimply stating that the use of steam for different
options y;,, or gy, ;) must equal the acquired steam surplus plus steam thatseg&r®m higher pressure
levels, minus steam that is passed to lower pressure ldvets,,, denote the steam saving at pressure
level p for measuren. The steam savings for each measure are given in Table 3hdrfuthe set of
options that reduce pressure (the back-pressure turbir@dmipressure-drop valves) is denotedchy
and the parametér,,, is a factor that is introduced due to the fact that when stegmassed from higher
to lower pressures, it will be superheated, and water willdbded to saturate the steam. This factor will
take the vaIueshBRMp = 1.040, hBP’Lp = 1.010, hV,MP = 1.174, and hV,LP = 1.027, where the
index V denotes the pressure-drop valves. For high- andunegressure steam, the constraints for all
nodesn € N are then

Z Pupp < Z Ty, S, HP

ue(UUQ)\L meM
Z PuMp < Z Ty Sm,MP + Z (pZ,HP_pZ,MP) by np-
ueU\(QUL) meM ueR

The steam balance for the low-pressure steam is expresgee bimilar constraint:

Zﬁzﬂ S Z x:LnvaLP + Z pZ,MPhu,LPa ] € :], n e N.
uel meM ueQ

Positive values of the steam flows are of course requiredepéxior rebuilt or replaced equipment,
where a decrease (relative to the present situation) cam.othe possible decrease of steam flow with
pressure for the optionu is denoted byl,,,,. Here, a decrease is possible for the back-pressure turbine
option only. The values (which correspond to the currentafsgteam) arelgp yp = 201 tonnes/h
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anddpp mp = 157 tonnes/h respectively. For all other options, the valud.gfis zero (see also the
constraint (6)).

Pup = —up, ue (UUQ)\L, pe P, ne N.

For some technology options it is possible to increase tiygubw;! without using any extra steam. This
is the case for the new back-pressure turbine, for which tiygud is increased compared to the old one,
simply because it has a higher efficiency. This is also truehie two district heating options that use
low quality excess heat and not steam. The maximum ‘steagi-futput is denoted,, and the variable
~2*, which was introduced in the constraints (2) and (4), dentite actual utilization of the ‘steam-free’
output according to

Yo < WYy, ueU, neN.

For the new back-pressure turbingp = 1.3 MW. For DH60, the value isvppgo = 83.6 MW, corre-
sponding to the maximum heat delivery from a heat pump thes al available excess heat@if°C.
Finally, wpri100 = 16.3 MW, corresponding to the available excess heatd6f C. For all other options
the value ofw,, is zero.

3.5.4 Capacity constraints

The productiom! of power, lignin, and district heating for the different heology options is of course
limited to a maximum of the installed capacity. We define thgableg;}, as the available capacity in
noden for optionu. The constraints are then for all nodes N:

oy < By = Guly, ueU\L,
ur < B, wel, jelJ

The parametey,, states the current capacity for technology opticat the mill. Hereggp = 24.7 MW
andg, = 0 MW for all the other options. (The existing back-pressundine has a capacity of 24.7
MW.) The reason for subtractingy.7y;: in the case of the back-pressure turbine is that only the powe
output exceeding this level will contribute to an added mewg cash flow. The relation betwegf} and

the variable);; which is used in the cost function (1) can be stated similahasconstraints (7)—(13)
above which relate, to 27} andy;; to .. For all optionsu € U, we then have

Bl =0,

B =g+ 3 o, n € N\R.
s m

3.6 Combination constraints

Except for the specific data needed for this case, and thdaieys of some constraints to handle the
varying demand of district heating, a number of constraatge to be added to the model. These are
constraints that specify how process integration meastaese combined. The measures in the set
M are numbered according to Table 3. Technology options okété& are denoted by: BP (back-
pressure turbine), CT (condensing turbine), LIG (lignirrastion), DH60 (district heating from low
quality excess heat), DH100 (district heating from mediumaliy excess heat), and DHLP (district
heating from low-pressure steam).

Some investments have to be made immediately because abithegtion increase, which is planned
to be implemented in the beginning of the analyzed time getr the production increase, either the
recovery boiler has to be upgraded (RBU) or lignin has to Ipausged. For the RBU option, the only
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opportunity to invest is from start. Later, the opporturitiy RBU is foregone due to the long production
down-time. If RBU is not carried out, at least 53.6 MW of ligrtias to be separated in order not to
overload the existing recovery boiler. Furthermore, a nesperation plant is also necessary from the
start due to the production increase.

arie > 53.6(1 — 21y), n € N\R, (15)
11
i =1 (16)
m=T7

Large steam savings can be achieved by rebuilding the esamoplant, but a number of constraints
limits the actual potential. There can only exist one evapon plant at each point in time, either the
cheapest one with no actual steam saving (Cohyagr a more modern but conventional evaporation
plant (Convap), or a process integrated evaporation plant (Plvap) (sbkeB). To make it possible to
install Plvap, the hot and warm water system (HWWS) has t@beilt. Another constraint is that Plvap
cannot be combined with the new three-stage flash. This,dimeall nodes: € N the constraints

11
San <,
m="7

xg +afy —axy <0,

P +xg + 2y < L

Lignin separation cannot be implemented without investsi@ma new evaporation plant and the
evaporation plant has to be adjusted for lignin extractitfrthe evaporation plant is in fact designed
for lignin extraction, lignin has to be extracted with an ambthat equals the design capacity. This is
because the evaporation plant that is designed for ligrtimetion is designed for different flows than a
conventional evaporation plant. We then have the conss$rain

yrie — (x5 + ) <0, n € N,
N0 =0,
N = NP 4 \p(n) n €N,
— My (28 4+ &7) < A" < My (8 + &), n € N,
A" = Muia(1 — (zg + 27))) < ofig < A", n € N\R.

We have introduced/; ¢, a ‘big enough’ parameter, in the above constraints.

For an existing back-pressure turbine, the load cannotgehardependently for the high-pressure
part and the medium-pressure part, but the steam flow chag®tbe equal for both parts. When the
turbine is exchanged for a new one, the steam flow can chaeghy.fiAlso, if investments are made in
a new back-pressure turbine, the existing back-pressuosméuhas to be replaced. We introduthsp,
which is a ‘big enough’ parameter for the following congttai

(p%P,HP - pTéP,MP) - (P%%}Hp - P%(SV)MP> < MBPQI];(;T)Z), n € N\R, an

(PBp.P — PBP.MP) — <P%(g,)Hp - P%(Q)Mp> > _MBP?;I];(IZ}), n € N\R, (18)
Z ogp; > 98P (JBp — UBP) + neN. (19)
i€lgp
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Finally, there are a number of constraints related to thedppities for district heating deliveries.
If excess heat is used internally in the mill, either for mesintegrated evaporation or for a new three-
stage flash, excess heat is not available for district hgafihis means that Plvap cannot be combined
with DH100 nor DH60, and the flash cannot be combined with DiH1® any of the district heating
options are chosen, investments have to be made in dis¢@tiny piping. This cost for district heating
piping is assumed to partially be taken by the energy comp@ihys, once district heating is decided
on, the exports are not allowed to decrease. This yieldsahst@ints

Ty, <1, m € {9,10}, v € {DH60, DH100}, n € N,
=T + Ybrioo < 1, neN,
xrllBZyZ’ ’LLGX,TLGN,
ZQZZZQQ(”), n € N\R,
ueX ueX
ZO‘ZI = Z o, ny € N\R, na € N\R: p(n1) = p(na).
ueX ueX

4 Resultsand discussion

In order to solve the model, a discrete probability distiithu has to be assumed for the scenarios de-
scribed in Section 3.1. There are, however, no statistiésgic to base such an assumption on. Instead,
the assumed probability distribution will represent theisien-maker’s opinion or beliefs regarding the
future development of the energy market. This should, ofsmube based on sound judgement as well
as insights regarding the political agenda and the planegdlobment of energy market policy instru-
ments. Nevertheless, this is a difficult assumption to makeus, in order for the model to be of any
use, it is important to evaluate the robustness of the smlwtith respect to the probability distribution.

Here, we will begin with a uniform probability distributioto arrive at some general results. In
Section 4.2, we then test how much this distribution can la@ghd without altering the optimal solution.
Then, in Section 4.3, the modelling of investment timingl Wwé further elaborated.

The model was, as mentioned earlier, formulated in AMPL avidesl using CPLEX, which is
a solver for mixed-integer linear programs (MILP). The catgpion time was 58 CPU seconds on a
computer with a 2.0 GHz AMD Athlon processor for the basicegaesented below.

4.1 General results

The optimal solution, under the assumption of a uniform phility distribution (illustrated as alter-
native B in Figure 3), is characterized by a lignin extractiate that is just enough to avoid that the
recovery boiler is upgraded, that is 53.6 MW of lignin (see donstraint (15)). The remaining steam
surplus is used for electricity generation and districtimga Steam savings are achieved through energy-
efficiency measures 2-6, 8, and 13 (these numbers refemimghltie 3). Furthermore, all investments
are made in node 0 and the lignin extraction, the electrgdtyeration, and the district heating deliveries
are kept at a constant level throughout the analyzed timiedror

We also compute the optimal solution for each scenario,ithahe solutions that are achieved by
setting the probability to 100% for one scenario at a timendlof the obtained solutions implies any
investments after the initial ones are made. Interestjnige/scenarios M2 and S1 both render the same
optimal solution as the one achieved with a uniform prolighilistribution (alternative B in Figure 3)
and scenario S2 renders a very similar solution (altereafivin Figure 3). However, in the optimal
solution for scenarios BAU and M1 no lignin is extracted afids&am surplus is used for electricity
production and district heating (alternative A in Figure 3he optimal solution for scenario E is on
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the contrary to use the steam surplus for maximum ligninaekion and only to slightly increase the
electricity production (alternative D in Figure 3).
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Figure 3: The main investment alternatives and their cheriatics.

There are of course more solutions than those illustratédgare 3, although they are not optimal
for any of the scenarios. Nevertheless, it is quite obvibas the number of feasible solutions is limited
and in fact rather few. This is of course a consequence ofritegér requirements on, mainly, the
decision variables for the energy-efficiency measures. cbimstraints on how the different measures
can be combined, and the requirement on the immediate pioduacrease also limit the number of
feasible solutions.

4.2 Sensitivity of the optimal solution to probability distribution variations

To analyze how robust the solution is to changes in the as$ymmadability distribution, we sought to
find how much the probability could deviate from a uniformtdimition without altering the optimal
solution. Obviously, the probabilities for scenarios M21&1 can be up to 100%. However, for BAU,
M1, S2, and E, there exists a probability level (between 17Aghl®0%) for which the solution switches
from alternative B to some other solution.

We found that, if the probabilities for the rest of the scésmwere kept equal, the probability for
scenario BAU can increase to 80% before the solution swstétmen alternative B to A. Whether this
number indicates robustness with respect to the probab#isumption for the BAU scenario has to be
judged by those who will make the decision on investments,lhbwever, reasonable to believe that
someone who believes in a higher probability than 80% fouaiitess as usual’ development would not
carry out this kind of analysis at all. Table 6 shows the bpeakt probabilities for all scenarios.

As can be seen in Table 6, the breakpoint probabilities fenao E are substantially lower than
the breakpoint probabilities for the other scenarios. Tdiet®n switches first, at 42% probability for
scenario E, from solution B to solution C, and then, at 51%mfiC to D. These levels of breakpoint
probabilities might seem low, indicating that the solutiemot robust to changes in the probability of
this scenario. On the other hand, considering the extremgepties of this scenario, already the value
of 17%, which is the probability in the uniform distributioshould be regarded as quite high. In fact,
zero probability could be reasonable for this scenario.

Here, we have varied the probability distribution by ingieg the probability of one scenario, while
decreasing the probabilities of the other scenarios umifprThe probability distribution may, however,
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Table 6: Breakpoint probabilities for the respective sciesaat which there is a change in the optimal
solution. The optimal solutions are denoted by letters AeEbading to Figure 3.

Scenario Breakpoints (solutions)
BAU 80% (B— A)
M1 99% (B— A)
M2 (no switch)
S1 (no switch)
S2 85% (B~ C)
E 42% (B— C) 51% (C— D)

be varied in several other ways. Nevertheless, our tests stad it is difficult to find other solutions than
the ones illustrated in Figure 3. As an example, all prolighiistributions having an equal probability
for scenario BAU and E while the other scenarios also are ggdmuniformly results in the optimal
solution B.

To summarize, the optimal solution seems to be robust toggsaim the assumed probability distri-
bution. The analysis is straight-forward and can easilydpeated for each new case study. It is also
important that the results of the analysis is evaluated eyd#tision-makers of each case.

It should be noticed, however, that the robustness propatiyholds when the assumed probability
for each of the scenarios is far from its respective breakpalue. This is to a large extent a conse-
guence of the integer requirements on the decision vagableich is the reason that there are quite few
solutions to the optimization model. Close to the breakigoithe optimal solution is naturally more sen-
sitive to a variation of the probability assumptions. Atgbdreakpoints, the optimal solution changes
rather drastically, for example from a solution with no RBlJone with RBU but no lignin extraction.
Remember that the investment cost for the RBU alone is alB@ME, which means that there are high
values at stake if the wrong decision is made.

4.3 Timing of investments

The multistage modelling of the investment decision pnoblenables the study of the timing of in-
vestments. In the above example, however, the optimalisnltiirned out to involve only immediate
investments made at the root node of the scenario tree. ar twderify that the timing issue has been
modelled correctly and to render the achievement of a swlwihere investments are allowed at more
than one node possible, the above example was changed stithetproduction increase was assumed
to be planned for year 2020 instead of year 2010.

A production increase the year 2020 corresponds to makm@ribduction increase investments in
level 2 of the scenario tree. The increased production kglhtbe in effect from level 3. Some parameters
will possess different values before and after the produadticrease. This applies to the steam savings,
smp, and the costs,,,,, of the energy-efficiency measures, but also the maximuearstfree’ output of
the export optionsyw,,. A node indexn, is therefore introduced for these parameters.

The steam savings;,,,, after the production increasé(f) > 2) are the same as those given in
Table 3. The steam savings before the production incréése € 2) are given in Table 7 below.

Since the purpose here is to illustrate the modelling of ithéng issue, detailed input data is not a
requirement. To simplify, most of the investment costs e measures are therefore assumed to be the
same before and after the production increase, which cagdsenable if the investments are made with
the planned production increase in mind. The evaporatiantphowever, needs to be rebuilt for the
production increase, and hence the evaporation plant mesagu = 7-10) are included with different
values for both costs and steam savings before and afterddeagdion increase. The cost§,, after the
production increase/(n) > 2) are the same as those given in Table 3. The costs beforedtaqtion
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increase {(n) < 2) are given in Table 7 below.

Table 7: Investment costs and steam savings for measur@®iké production increase.

Cost LP steam MP steam HP steam
() (S%LP) (Snm,MP) (Snm,HP)
(ttn) <2) (¢(n)<2) (6n)<2) (Un) <2)
Measure (k] [tonnes/h] [tonnes/h]  [tonnes/h]
1. New 3-stage flash 3500 2.5 12.9 0.0
2. New HWWS 600 10 0.0 0.0
3. Wood yard 0 2.1 0.0 0.0
4.  Shoe press 6000 9.4 0.0 0.0
5. Blow out 0 111 0.0 0.0
6. Blow down 0 -30.7 -22.3 41.8
7.  Convap? 6400 47.6 -15.4 7.4
8.  Convap? 6800 47.6 -15.4 7.4
9. Plvap? 7700 51.1 -11.4 7.4
10. Plvap? 7300 51.1 -11.4 7.4
11. Convaf 4400 0.0 0.0 0.0
12. RBU 29800 0.0 0.0 0.0
13. DH piping 6600 0.0 0.0 0.0

#7189 See Table 3

Finally, the ‘steam-free’ output of the export options;,, will not change for the back-pressure
turbine. For DH100 and DH60, the values will b€, = 13 MW and wpye, = 66.9 MW for
n € N such that(n) < 2. The values fo¥(n) > 2 were given at the end of Section 3.5.3 above.
Perhaps the most obvious model change when moving the froducecrease is that the constraints
(14)—(16) will change, according to

‘%12:0, TZENE(TZ)#Q,
af1g = 53.6(1 — ay), neN:ln)>2,
11
Ziﬁzzl neN:{ln)=2.
m="7

The optimal solution now involves investments in two stadeshe root node, investments are made
in steam-saving measures, in a new back-pressure turbiae€gandensing turbine, and in district heating
from low-pressure steam as well as fra®0°C heat. In nodes 4—7 (at level 2) additional investments
are made. For all these nodes, investments are made in @ igparation plant, in an evaporation plant
with increased capacity adapted for lignin extraction,disb in the shoe press, which was not invested
in from the start. As is the case for the immediate produdtionease, lignin extraction turns out to be
a better alternative than a recovery boiler upgrade.

At this level, after the production increase, investmemtgetbeen made in exactly the same energy-
efficiency measures and export options as was made in theapsolution for the immediate production
increase. The total capacity of the turbines and the didteating is, however, substantially higher,
which means that not all the capacity is used. Rememberteatéam load of the turbines will decrease
when lignin is extracted, which will be the case at the timehef production increase. The potential
for using steam for district heating will also be decreasHtk results thus imply that, in this case, it is
beneficial to make early investments in turbines althougly thill be used to their full capacity only for
ten years. Here, there is no reason to wait with energy «ffigientil the production increase.
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Moreover, the steam load of the back-pressure turbine @saragher dramatically when lignin is
extracted. Due to the constraints (17)—(19), a new investrimethe turbine is thus required. Since
the load decreases, however, a capacity increase is nasaggeand the investment will be minimal.
Although this is obviously a shortage in the turbine cost alling, we will not make any definite
changes to the model or input data here. A simple analysigslioat the investment cost for the
changed steam load conditions could be around 5@0dfore the optimal solution changes. It could
be argued, that since the turbine is rather new (10 year@)thenproduction increase was known when
the turbine was first installed, the possibility of contirgdl the steam flows independently could have
been built in from start, making the constraints (17)—(¥)undant for the new turbine. The discussion
makes it clear, however, that the modelling, solving, aralyaing process may need to be iterated.

Although the investments are similar for all the nodes 4-tiefeel 2), the investments in node 7,
which is part of the scenario E, differ slightly. In this se€n, the wood fuel prices are higher compared
to the electricity prices, and lignin extraction is morefjieble. Hence, the lignin extraction capacity
is a few MW higher in this scenario than in the others. Thiec the electricity production and the
district heating deliveries which are slightly decreased.

To summarize the latter results, they show that with the ggegd model, it is possible to arrive at
optimal solutions where investments are made at more thaipaint in time, and these investments are
evaluated correctly. The importance of employing an iteegbrocedure to update the model based on
achieved results is also illustrated.

5 Conclusions

This article presents a multi-stage stochastic programgmiondel for the optimization of process inte-
gration investments under economic uncertainty. The megpa@pproach enables optimization of com-
binations of measures for which the outcome is directly atiréctly affected by the implementation
of the other measures as well as on uncertain market conslitio

Uncertainties are modelled in a scenario-based approadhshtiv that the probabilities for the
different scenarios can be substantially changed withthetiag the optimal solution. This implies a
robustness of the solution obtained with respect to thenaasdyprobability distribution, which definitely
is an advantage in dealing with the kind of uncertaintied #ra present in this model. Robustness,
however, is not a general property. The model should thexedtways be solved for some different
probability distributions around the one the decision mdiaieves in, in order to check for robustness
in the probability range of interest.

Furthermore, the model enables the optimization of thengnaif investments, although for the case
study presented here, we find that investments should be imawlediately. A change of the conditions
for the case study results in a model for which the optimalitsmh involves investments at more than
one point in time.
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