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Abstract

Utilities, such as steam and cooling water, are often shiayeseveral production areas at an industrial site. In
order to minimize the loss of revenue due to disturbancdsstpply of utilities, the optimal supply of utilities to
different areas has to be determined. It is not evident hdityutesources should be divided, as both buffer tank
levels, the connections between areas, and the profitabfldifferent products must be considered. This paper
presents a case study at Perstorp, the objectives of whidhtavédentify the utilities causing the greatest revenue
losses at the site, and suggest strategies for reducingssisising an on/off modeling approach including buffer
tanks between areas.
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1. Introduction or 'off’, i.e. either producing at maximum production rate

In the chemical process industry, companies must contin?f ot at all. Buffer tanks between areas are also included.
ously improve their operational efficiency and profitagilit 't & Productionarea has to be shut down due to a utility dis-

to remain competitive (Bakhrankova (2010)). This meandtrPance, buffer tanks will allow production to continue fo
it is of great importance to minimize losses in revenued certain period in downstream areas, before it is necessary

due to e.g. disturbances in operation. Plant-wide disto shut down these areas as well. This coarse model will not

turbances cause considerable revenue losses at industﬁé‘iptur,e aI.I th? variability, but has ShQW” to be usgfull|_n.pr0
plants (Thornhill et al. (2002); Bauer et al. (2007)). Sorhe c,V|d|ng |nd|c_at|ons of the effects of disturbances in utkt
these plant-wide disturbances are caused by utilitiey suc®n Production.

as steam or cooling water, that are used at most industrial The site-model specific steps of the UDM method for
sites. Earlier studies have been performed on the synthesi®/off modeling including buffer tanks have been described
of utilities to satisfy the demand, for example in Papouliaspreviously (Lindholm (2011)). Here, the method is ap-
and Grossmann (1983), Maia et al. (1995) and Maia anglied to an industrial site at Perstorp using this modeling a
Qassim (1997). The study described in this paper focusgsroach. The objectives are to obtain an indication of which
on how disturbances in the supply of utilities affect produc utilities that cause the greatest revenue losses at the site
tion. A general method for handling disturbances in uéifiti and to suggest strategies for reducing these losses. Furthe
has recently been proposed by Lindholm et al. (2011b). Thenore, the results obtained when using on/off modeling in-
method is called the utility disturbance management (UDMXluding buffer tanks are compared with those obtained with
method. In the present study, this framework is applied t@n/off modeling without buffer tanks, as reported by Lind-
an industrial site at Perstorp. The site that is studied prokolm et al. (2011a). The results of the case study provide
duces specialty chemicals and is located in Stenungsunihsight that could be useful in future studies at the Pepstor
Sweden. To complete all steps of the general method, site, such as continuous production modeling of the sitle wit
model of the production site is needed. Chemical plantsespect to utilities. They also provide an indication of g¥hi
are often complex, and thus difficult and time-consumingyutilities that cause the greatest losses, without havipgte

to model in detail (Kano and Nakagawa (2008); Niebert andorm extensive modeling of the site.

_Yovm_e (1999)). !—|ere, a S|mple_modellng approach_ls us’ed,’ Some background that is needed for completing the case
in which production areas at a site are modeled as either 'on : : ; .
study is presented in Sections 2 to 5, and the case study is

*To whom all correspondence should be addressed presented in Section 6.




2. Utilities and Availability

Utilities are support processes that are utilized in preduc
tion. Utilities are crucial for plant operation, but are not 3
part of the final product. Examples of common utilities in
the process industry are steam, cooling water and eldgtrici

of the tank stops producing until its downstream areas
have to be shut down.

Continuous production
Utility operation and production are considered to be
continuous. Areas can operate at any production rate

Utilities are often such that they only affect productioremh

their supply is interrupted or does not meet the specifica-

tions, i.e. when a utility parameter, such as pressure or tem

perature, is outside the limits required for normal operati In this study, on/off modeling including buffer tanks was

Utilities are often used plant-wide, and thus disturbarnices used.

utilities may affect several production areas simultarsgou

From a site-perspective, the problem thus becomes to tran8- General method for utility disturbance management

fer the variability from critical areas to areas where the-va A general method for reducing the economic effects of

ability does less damage (Qin (1998)). In this work, thedisturbances in utilities was introduced in Lindholm et al.

objective is to divide the resources at a utility distur&nc (2011b). The method consists of four steps:

such that the revenue loss caused by the disturbance is min-

imized. A disturbance in a utility is defined to occur when 1. Getinformation on site-structure and utilities

the measurement of a utility parameter is outside the limits 2

that are set for normal operation of that utility. '
The availability of a utility is defined as the fraction of

time all utility parameters are inside their normal limits.

Area availability is divided into direct and total availkbi

ity. The direct availability of a production area is defined

as the fraction of time all the utilities required in the area e case study at Perstorp presented in this paper fo-
are available. The total area availability is obtained when,;ses on the last two steps of the general method, when
also connections between areas are considered, such that@png the on/off production modeling approach including
area is only available if all the required utilities and ghu  p ffer tanks. A case study has previously been performed at
stream areas are available. The measures of utility and argds same production site using on/off production modeling
availability are used to estimate the direct and total reeen | ihout including buffer tanks (Lindholm et al. (2011a)). |
losses caused by disturbances in utilities. Section 6.5, the results obtained using on/off modelingy wit
and without buffer tanks are compared.

below the maximum limit determined by the operation
of utilities.

Compute utility and area availabilities

3. Estimate revenue loss due to disturbances in utilities

4. Reduce revenue loss due to future disturbances in util-
ities

3. Buffer tanks

Buffer tanks are commonly used to avoid the propagatio- Case study at Perstorp
of disturbances or to allow independent operation of pro6.1 Get information on site-structure and utilities

gu;:ftion unkits (Falanes ‘3”8 Skogestadd(ZOQS)). In this Stuq%ite Stenungsund is one of 13 sites owned by the enterprise

TLP: o tgnﬁs are kocate b etween pLO ;]J%tlc;fn arealf at .ahs'tﬁerstorp. The site consists of 10 production areas. The prod
ese bulfer tanks can be seen as both bufter tanks wit tnﬁ:ts of the 10 areas at the site are here denoted product 1-10

purpose to allow independent operation of production reay,r area 1-10 respectively. Internal buffer tanks exist for

and as inventories of products that can be sold on the mark%roducts 1-5. A flowchart of the product flow at the site is

shown in Figure 1. The utilities that are used at site Stenung
sund are listed below. Disturbance limits for these uiiti

In Lindholm et al. (2011b), three approaches for modeling @ave been determined by speaking to operators and other
site with respect to disturbances in utilities were sugegst

4. Site modeling

|
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1. On/off production without buffer tanks

Utilities and areas are considered to be either operatir (
or not operating, i.e. 'on’ or 'off’. An area operates at !
maximum production speed when all its required util-
ities are available, and does not operate when any |
its required utilities are unavailable. It is assumed the :qs".pzi

99:Po

95, ps

there are no buffer tanks between the areas at the si
This means that if an area is unavailable, downstrea
areas of that area will also be unavailable.

Ps

¢,

47.p;

. On/off production including buffer tanks \ P
The same modeling approach as approach 1, but buft
tanks between areas are included in the model. Tt

buffer tanks act as delays from when an area upstream

Site Stenungsund  /

Figure 1. Product flow at site Stenungsund.



staff at the site and looking into historical databases agd | Table 2. Utility availabilities at site Stenungsund.
books.

. _ Utilit Availabilit

e Steam (High pressure (HP) and middle pressure (MP)) Y (3;))

e Cooling water (Cooling water and four cooling fans) Flare 100.00
e Electricity Vacuum system 100.00
Water treatment 100.00

* Water treatment Instrument air 99.98

e Combustion of tail gas (Flare and two combustion de- Cooling fan 7 99.88
vices) Nitrogen 99.87

. Electricity 99.28

* Nitrogen Feed water 98.91

e Water (Feed water) HP steam 98.55

e Compressed air (Instrument air) COOI!ng fan 1 96.82
Cooling fan 2 96.82

e Vacuum system Cooling fan 3 96.82

. . - MP steam 96.76
A table showing which utilities that are needed at each Combustion device 9 96.06
area is shown in Table 1. Here some utilities have been di- Combustion device 7 94.18
vided into sub-utilities. Cooling water 92.33

Table 1. Utilities required at areas at site Stenungsund.

Table 3. Availabilities of areas at site Stenungsund.
1 2 3 4 5 6 7 8 9 10

Steam HP X X X X Direct Total
g‘ea_m MP XX xooxo X XX X Area availability availability
ooling water X X X X X X X X X X

Cooling fan 1 X (%) (%)

Cooling fan 2 X

Cooling fan 3 X 1 84.45 84.45

Cooling fan 7 X 2 84.45 84.45

Electricity X X X X X X X X X X

Water treatment X X X X X X X X 3 84.45 84.45

Flare X X X X X X X 4 87.24 84.45

Combustion device 7 X 5 87.24 84.45

Combustion device 9 X ’ '

Nitrogen X X X X X X X X X X 6 87.24 84.45

Feed water X X X X X X 7 82.37 80.27

Instrument air X X X X X X X X X X

Vacuum system X X X X X X X X X X 8 89.03 83.71
9 83.99 81.46
10 89.60 89.60

The time period August 1, 2007 to July 1, 2010 is con-
sidered, and the data has a sampling interval of 1 minute.
There has been one planned stop during the time periodownstream areas. If the estimated flow to the market be-
from September 15 to October 8, 2009. Data from this timg.omes less than zero, it is set to zero and the maximum pro-
period is not included in the computations. duction of the area(s) downstream is adjusted to correspond
the maximum production of the upstream area. The maxi-
mum production rates of all products at site Stenungsund are
Availabilities for all utilities can be computed directlging  available, but not the corresponding inflows to these areas.
measurement data and the disturbance limits set in the pr&he inflows are estimated from the maximum productionsin
vious step. In Table 2, the resulting utility availabilgiat the areas via a conversion factor, denatgdor the conver-
site Stenungsund for the time period August 1, 2007 to Julgion between produdtand;j. The conversion factors have

1, 2010 are listed. been obtained from personnel at the site. An estimation of
The direct and total area availabilities for all productionthe flows to the market becomes

areas are computed using utility measurement data, Table 1

6.2 Compute utility and area availabilities

and the flowchart of the product flow in Figure 1. The result q7" = max(0,q1 — qa¥14 — G5Y15 — G6Y16) Q)

is given in Table 3. ¢ = max(0, g2 — qs¥y26) 2)

6.3 Estimate revenue loss due to disturbances in utilities 5" = max(0,¢3 — qrys7) 3)
mo__

To estimate the revenue loss due to disturbances in utili- qi" = max(0, s — gsyas) 4)

ties, an estimate of the flows to the market of all products q5" = max(0, g5 — qoys9) (5)

is needed. The flows to the market are assumed to be con- " =q, 1=6,7,8910 (6)

stant over the time period. The flow to market of a product
at maximum production is estimated as the difference of thevhereg; is the maximum production rate of aréan the
production of the product and the inflows of the product tounit volume/time.



The direct revenue losg/", due to utilities is the loss a failure of the upstream area of duratigris given by:
each utility causes directly, because of reduced productio
in the areas that require the utility. This loss may be esti- MP steam
mated directly from the utility availabilities, the flows tiee ts = max (0, min (¢4, Va/qi")) @)
market, and the contribution margins of the products pro-
duced in the areas that require the utility. We get the direct Cooling fan 1

loss ts = max (0, min (L‘d, ‘/1/61%")) (8)
ts = max (0, min (ta, (Vi — tagl") /gi™")) ©)

JE = (1 =U) tior Y ¢"ps , . .
' Z t, = max (0, min (ta, (Vi — ta(gl” + gi™)) /gi)) (10)

Cooling fan 2

for l_JtiIit_y_ U, whe_r_1 areas require this utility a_ncU_;j” is the_ tg = max (O,min (td, VQ/qénz)) (11)
availability of utility w. p; denotes the contribution margin
for producti in the unit profit/volume and,,, the total dura- Cooling fan 3
tion of the considered time period. For this case studygther . in

! i . tr = t 12
are 1 501 921 sampling points (planned stop not included), 7T (O’mm( a: Vs/ 47 )) (12)
which gives a total time of about 25 000 hours of the entire Feed water

time period. t,1 = max (0, min (4, Vl/qénl)) (13)
The total revenue loss due to utilities includes both the - (O . (t Vo) mg)) (14)

direct revenue loss and the indirect revenue loss due to re- 2 — MaX (% T Atd, ¥2/ 46

duced production in areas that are dependent on the areat = max (0, min (¢4, V3/¢3")) (15)

that require the utility. Here, only downstream effects of ; — max (0, min (ta, Vs /¢&")) (16)

disturbances are considered, since a product of an upstream

area at the site often can be sold on the market when it camnvhereV; is the buffer volume in the buffer tank for product
not be delivered to its downstream area(s). At site Stenung-at the start of the failure, an;j” the demanded inflow for
sund, buffer tanks for products 1-5 may thus be utilized taarea;j to be able to produce, given W = q;yi;, as in (1)-
reduce the indirect loss of products 4-9. (5). For feed water failures that affect area 6, simultaseou

For areas with more than one downstream area, a dedgilures in area 1 and 2 are taken into account toget
sion must be taken regarding which areas that should be pri- The indirect revenue losg;* due to utilityu can then be
oritized when the available buffer volume is not enough tceStimated as
provide all areas during the entire disturbance duratidwe T gid _ o m
actual decisions, taken by the operators at the site at the oc w Z Z(td ti)g;"pi
currences of the disturbances, are not known for the entire fa

set of measurement data. Also, since the real site does n@jr all areasi downstream of buffer tanks, and all distur-
have on/off production, the areas were not shut down emance durations; for the utility during the entire time pe-
tirely due to small utility disturbances. To get an estinfte riod. ¢; is the time area can run during each disturbance,
the revenue loss for the selected time period, the suggestiand is given by (7)-(16).

is to apply the same decision rule at each disturbance de- Summarizing both direct revenue losses and indirect
tected in the measurement data. At site Stenungsund, onysses at buffer tanks we get an estimate of the total loss
the buffer tank for product 1 has more than one downstreargiot — jdir 4 jid que to utilityu. In Table 4, utilities are
area. Here, the choice has been made to prioritize dowrsrdered according to the revenue loss they cause, starting
stream areas in order area 5, area 6, area 4, based on pi@jth the utility that causes the greatest loss.

itability measured as profit per time unit for the entire pro-
duction lines downstream of the buffer tank. 6.4 Reduce revenue loss due to future disturbances in utili-

Disturbances in different utilities affect areas at site-St ties

nungsund according to Table 1. Disturbances in utilities th On/off production modeling including buffer tanks gives
affect an area upstream of a buffer tank, but not all downtwo strategies for decreasing the revenue loss due to utili-
stream areas of the tank can be handled using the availaties. The first is to choose good stationary buffer tank lev-
volume of the buffer tank. At site Stenungsund, the utili-els (proactive disturbance management), and the second to
ties that cause such disturbances are middle pressure (MFgntrol the product flow properly at the occurrence of a dis-
steam, cooling fans in area 1-3 and feed water. DownstreafHrbance (reactive disturbance management). Below, these
areas might or might not be able to run during the entirdwo strategies are discussed.

failure, depending on the flows that are demanded by these

areas, the duration of the disturbance and the level of th€hoice of buffer tank levelsGood choices of stationary
buffer tank at the occurrence of the disturbance. For disbuffer tank levels can ensure that the site can run even at
turbances in MP steam, cooling fans in area 1-3 and feed failure in one or more areas. In this case study, it has been
water, the time; that the downstream aré@&an run during chosen to only consider downstream effects of a disturbance



Table 4. Utilities ordered according to the loss they causesold to the market. This must be taken into account to eval-
uate if the buffer tank levels are appropriately chosen. The

Direct loss Total loss constraints from disturbances in utilities give one pidws t
Cooling water Cooling water has to be taken into account when choosing desired buffer
MP steam MP steam tank levels.

Combustion device 9 Cooling fan 1 If upstream disturbances also are taken into account, dis-
Combustion device 7 Feed water turbances that affect a downstream area of a buffer tank, but
Cooling fan 1 Combustion device 9 not all upstream areas, will impose high-level constraimts
Electricity Combustion device 7 some buffer tanks.

HP steam Electricity

Feed water HP steam

Nitrogen Nitrogen Control of the product flow At the occurrence of a distur-
Cooling fan 3 Cooling fan 3 bance, a decision must be taken on how to control the prod-
Cooling fan 2 Cooling fan 2 uct flow if the area that suffers a failure has more than one
Instrument air Instrument air downstream area. A guideline for how to control the product
Cooling fan 7 Cooling fan 7 flow when a disturbance occurs is obtained from the simple
Flare Flare on/off site model with buffer tanks, where the suggestion is
Vacuum system Vvacuum system to run the areas according to equations (7)-(16). Since the
Water treatment Water treatment

disturbance duratioty, is not known a priorit is replaced

by the estimated disturbance duratigg in the equations.

upstream of a buffer tank. Thus, only lower constraints orThe suggestion in Lindholm (2011) is to let the operators

the buffer tank levels will be imposed, and there will be aat the site estimate the disturbance duration at the occur-

trade-off between handling as many failures as possible an@énce of a disturbance. This suggestion of the control of

minimizing inventory at the site. This work does not focusthe product flow can be recomputed if the estimatie of the

on computing the costs of the inventories to achieve the omdisturbance time changes.

timal trade-off between utility disturbance managementan Over time, contribution margins for different products

cost of inventory. Here, another strategy for choosing th&ould change, which makes it necessary to change the pri-

trade-off between these is used, which is described belowsritization order of areas. Also, the order can be chosen

Optimal choice of inventory is discussed in e.g. Silver et al differently depending on what is the most suitable measure

(1998), Newhart et al. (1993) and Hopp et al. (1989). of profitability at the site. Measures that could be used are
Choosing the buffer tank levels to handle the longest disprofit/volume or profit/time.

turbance durations for utilities will often give unneccesa

ily high buffer tank levels at normal operation, since distu 6.5 Comparison of on/off production modeling with and

bances of such long durations often are very uncommon. A without buffer tanks

suggestion is to choose the levels so that a certain pegntaThe direct revenue loss caused by disturbances in utilities
of all disturbances in utilities are handled. In Figure & th is the same for on/off production with and without buffer
levels that correspond to handling 90 % of all disturbanceganks. In Table 5, utilities are ordered according to the es-
in utilities at site Stenungsund are given, based on measurgmate of the total revenue loss they cause for on/off pro-
ment data from the considered time period. As a comparigyction with and without buffer tanks, in descending order.
son, the average buffer tank levels over the considered time

period is shown in the figure. It can be seen that the ave Table 5. Utilities ordered according to the total revenue
age buffer tank levels over the selected time period are We,OSS thev cause

above the levels required to handle 90 % of all disturbances y '
in utilities. However, the buffer levels are not chosen only on/off On/off with buffer tanks
to handle disturbances in utilities, but to handle all distu

. S Cooling water Cooling water
bances at the site and to provide inventory of products to be g g
MP steam MP Steam
Cooling fan 1 Cooling fan 1
Feed water Feed water
Combustion device 9  Combustion device 9
EVX ) M 8% —===—1 B Combustion device 7 Combustion device 7
5% 5% 10 % Electricity Electricity
Product 1 Product 2 Product 3 HP s_team HP steam
Cooling fan 2 Nitrogen
— Minimum level to Cooling fan 3 Cooling fan 3
handle 90 % of utility Nitrogen Cooling fan 2
30% b= = = = = = disturbances . .
- N evel Instrument air Instrument air
R ——— verage leve. H H
L 10% g 1. 3007 - Tuly 1,2010 Cooling fan 7 Cooling fan 7
Product 4 Product 5 Flare Flare
Vacuum system Vacuum system

Figure 2. Buffer tank levels at site Stenungsund. Water treatment Water treatment
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