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for the efficient operation of a
chemical production site, both to allocate
realistic costs to the different businesses
on the site and to provide a true economic

incentive for energy conservation.

deam?’ isthat it islargely amesaningless question. Unless

seam s purchased from athird party according to some
contract price, Seam does not have acogt. Purchased fud hasa
cog. Purchased power has acost. Power exported from the Ste
and sold has avaue. Weter and chemicals purchased for deam
generation have codts. Labor and maintenance dso have costs

However, seam does not have adirect cogt. It issmply an

intermediary between the primary codts (e.g., fud) and the end
users. Yet somehow we need to digtribute to the businesses on
the Site the primary cogts that result from their use of steam.

Thebas'c problem with the question “What isthe price of

To andyze autility system, it isfirst necessary to develop a
dmulation modd (1), which can be done using commercialy
avallable software. The smulation modd should dlow part-load
performance of the eam system components It should provide a
dmulation of the complete materid and energy baance around the
deam system, and be cgpable of predicting the fud, power genera:
tion, water requirements, etc. for any condition of the Seam sys-
tem. The modd must take into account the operating condraints
around the sygtem, for example with repect to eam flows from
Seam generation devices and seam flows through seam turbines.

Once such asimulation model has been developed, it can
be subjected to optimization. The important degrees of free-
dom in utility systems are:

Multiple sleam generation devices. Each geam generation
device within the utility sysem can use adifferent fud or adiffer-
ent combination of fuds, and usudly hasits own efficiency thet
varieswith the geam load. Thefiring in the gas turbine combustor

and supplementary firing are two independent degrees of freedom.
Steam can Ao be generated from waste heat within a process.

However, such in-process seam generation will be assumed here
to be fixed according to the operation of the process.

Multiple seamturbines. Generdly, steam turbines have dif-
ferent efficiencies, depending on their Size, design, age and
maintenance. For agiven turbine, the efficiency varieswith
load. Hence, if there are two or more steam paths through the
utility system via different steam turbines connecting two steam
headers, thisintroduces additional degrees of freedom for inter-
nd flow digtribution.

Letdown gations. Steam can be transferred between headers
vialetdown gtations rather than steam turbines. Usudly, large let-
down flows indicate a missed opportunity for power generation.
However, in some ingtances, letdown station flows can be
exploited to bypass congtraintsin the seam turbine flows at one
leve in order to exploit the letdown flow at alower leve for
power generation. Also, if the letdown station involves de-super-
heating by injection of boiler feedwater (BFW), the temperature
at the exit of de-superhegting is an additiona degree of freedom.

Condensing turbines. Condensing steam turbines provide
utility systems with additiona degrees of freedom, generating
extra power, but rejecting heat to amosphere.

\ents. As with condensing steam turbines, venting steam
from low-pressure headers dso provides additiona degrees of
freedom to increase power generation. While thismight seem a
wagte of steam, if there isa ggnificant price differential between
the price of power and heat, it can be economic. Again, heet is
rejected to the aimosphere.

The optimization mode! for existing utility sysems can be
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used to make continuous and dis-
crete decisons. Discrete decisions
relate to the operational status
(on/off) of the devices. For exam-
ple it might be possible to switch
between asteam turbine or an eec-
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solve (2). Thisisfollowed by a
rigorous Smulation after each opti-
mization step. Thelinear optimization is repested, followed
again by rigorous smulation, and so on, until convergenceis
achieved. This procedure usualy requires no more than four or
five iterations to reach convergence (2).

Condder firgt the case where the steam heat loads for the
processes on a Ste are fixed and the objective isto cdculate the
cogt of the seam for the alocation of cogtsto the processes and
businesses on the Ste. Establishing the true steam cogts for an
exiging steam system requires amodd thet reflects, as much as
possible, the performance of the existing equipment and the
congraints in the exigting equipment and steam network. The
model should aso include the existing steam heating demands
for the various processes.

Thismodd should firgt be optimized, as previoudy described.
The codt to generate the geam in the utility boilers can be cacu-
lated from the optimized modd. Thiswill mainly be the cost of

Table 1. Fuel data for Example 1.

Fuel 1 Fuel 2 Fuel 3
Coal Fuel Oil Natural Gas
Normal
Heating
Value, kJ/kg 28,000 40,000 52,000
Price $0.065/kg $0.12/kg $0.22/kg
$65.0/t $120.0/t $220.0/t
$0.0084/kWh | $0.0108/kWh | $0.0152/kWh
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M Figure 1. A typical site utility system for a CPI facility.

fud, but could indude other costs aswell. Having caculated the
cog of the highest-pressure steam, the modd will dso provide the
amount of power generated by expangon of the highest-pressure
geam to the next-highest pressure. The vaue of this power can
then be subtracted from the cost of generating the highest-pres-
aure seam in the utility boilersto give the cost of the next-highest
pressure sleam. The cdculation is repested for the next lower
pressureleve, and so on. Thus, the cogt of each deam leved isthe
cog of the next highest level minus the value of the power gener-
ated from the expanson from the next highest level. This modd
incorporates the performance data and congraints associated with
an actud sysem, rather than an idedlized modd.

In extreme cases, this gpproach to cogting steam might leed
to seam a low pressure having a negetive cogt. This can happen
if fue isreatively chegp and power isreatively expendve. This
isnot afundamenta problem, asit reflects the true economics.
The dte utility system is benefiting from the availability of aheat
ank for the low-pressure steam. However, it should be emphar
dzed that if the low-pressure steam has a negetive cog, this does

Table 2. Site configuration data for Example 1.

Ambient Temperature 25°C

BFW Temperature 110°C
Cooling Water Temperature 25°C

Site Power Demand 68.0 MW
Minimum Power Import 0 MW
Maximum Power Import 50.0 MW
Minimum Power Export 0 MW
Maximum Power Export 50.0 MW
Power Price $0.05/kWh
Cooling Water Price $0.005/kWh
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M Figure 2. Typical site utility system after optimization.

not necessarily mean that it is economic to increase low-pressure
geam consumption significantly. Aswill be seen later, the cost of
geamislikely to change as its consumption changes.

It should a0 be noted that variation in eectricity costs will
change the optimization and therefore the steam cogts. For this
Stuation, an average can be taken according to the relative dura
tion of the costs.

Congder now the seam prices for the exigting utility sysemin
Fgure 1 when the loads on the various steam heeders are fixed.
Thefudsin use are ummarized in Table 1 and the Ste configura
tion dataare given in Table 2. Thereisademand for very-high-
pressure (VHP) seam from various processes on the gtetto drive
geam turbines on fixed drives with condensed exhaud. Thereare
adso demandsfor high-pressure (HP), medium-pressure (MP) and
low-pressure (LP) steam for process heating. In addition, seamis
expanded through various steam turbines

Figure 2 shows the same utility system after optimization.
The steam cost can now be calculated for the base case and the
optimized case. Table 3 presents the cogts of the

Congder now the case where
the steam price needs to be determined for a change in process
hest load, for example for the retrofit of a hest exchanger net-
work for increased heat recovery. Alternetively, a project might
involve an increase in hest demand as aresult of commission-
ing anew plant or expangon of an existing one.

The gtarting point isamodel for the steam system, again
optimizing for the existing steam hesting loads. It might be sus-
pected that the steam cost cdculated from the model for the
exiging steam loads can be used to provide steam cogts for an
increase or decrease for a given steam main. Unfortunately, this
is not the case. The optimum settings for the steam system
change once the loads for the steam mains change. Congraints
on the exigting equipment will aso be encountered, and dl of
this needs to be accounted for.

Condder again Figure 2 showing the existing Site utility sys-
tem (2). Supposethat it is possble to reduce the HP seam
demand. This could be done, for example, by improving the
hest recovery within the processes that use HP steam.

But what is such asteam saving actudly worth? The saving
in stleam from the HP mains means that it now does not need to

various steam levels based on the fud vaue of the

Table 3. Steam prices for fixed process steam loads for Example 1.

enthdpy difference between the seam mains, an

: P : -EWC.' ine modd : Price Based on Price Based on

|sentr0p|c e;flq d_&;’m Fu.rbme gamjmlng Price Based | _Ideal Steam Turbines Actual Steam Turbines

atyp'_Cd 85 _A)_ Isentropic e‘ﬂqency and 95/0 Steam on Enthalpy Base Base

machine efficiency) and the full smulation model. Level Difference Case | Optimized Case | Optimized
Tables Sthat the cost model on the VHP $8.32/t $8.32/t $7.94/t $8.32/t $7.94/t

fud value of the enthalpy difference between sicam [y $7.78/t $5.17/t | $4781t | $5.78/t | $5.321t

mains significantly over-predicts the prices of MP $7.26/t $2.21/t | $1.83/t $3.34/t | $2.61/t

lower-pressure steam levels. On the other hand, the  LpP $6.54/t -$1.47/t | -$1.86/t $0.17/t | -$0.55/t
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be expanded through steam turbines from the VHP level. This,
inturn, meansthat thereisasurplus of geam a the VHPleve.

Thefirgt obvious action to take is to reduce the steam gener-
ation in the utility boilers and accept asaving in fud costsasa
result. Unfortunately, the saving in fuel costswould aso be
accompanied by an increasein power cogts. This results from
the reduction in the flow of steam through the steam turbines,
and additiona power would have to be imported (or export
power decreased) to compensate. It is therefore not so sraight-
forward to determine exactly what the cost benefits associated
with a steam saving would be.

Another way to ded with the surplus of steam a the VHP
level crested by a steam saving would be to pass the hest
through an dternative path, say to the condensing turbine. This
would adlow additional power to be generated, with aresulting
cogt benefit. In acomplex utility system, the heat can flow
through the utility system through many paths. The flow
through different paths will have different cost implications.

In assessing the true cost benefits associated with asteam
saving, the eam and power baance for the site utility system
must be considered, together with the costs of fuel and power
(or power credit if power is exported).

If seam isbeing generated, rather than used, then the same
bas c arguments apply. For example, suppose HP steam was
being generated by a processinto the HP mainin Figure 2. The
project to improve the heet recovery in this process might lead

to an increase in the HP generation. Thisleads to a surplus of
HP steam, which in turn leads to a surplus of VHP steam. Then
the same arguments gpply asto what isthe mogt efficient way
to exploit the surplus of VHP steam.

The only way to reconcile the true cost implications of a
reduction in seam demand created by an energy reduction proj-
ect isto use the optimization techniques described earlier. An
optimization model of the existing utility system must first be
st up. Sarting with the steam load on the main with the most
expendve seam, thisis gradudly reduced and the utility system
re-optimized a each setting of the steam load. The steam load
can only be reduced to the point where the flowrate congtraints
arenot violated.

The concept of steam margind cost isused asan indicator in
the analysis. It is defined as the change in utility system operat-
ing cost for unit change in steam demand for a given steam
main (change in seam main balance) (3):

MPagrepn = ACOSY AMirepy

where MPgzay = marging price of steam, ACost = changein
cost and Ay, = change in steam flowrate.

It isimportant to emphasize that the change in the operating
cogt istaken between the optimum operation before the steam
demand change and the optimum operation &fter the seam
demand change for the current step.

A common approach to pricing steam starts with first cal-
culating the cost for the generation of high-pressure
steam in the utility boilers or heat-recovery steam genera-
tors (HSRGs) associated with the gas turbines. This is
usually dominated by the cost of fuel. Other costs include
those for auxiliary steam and power required for steam
generation, water and treatment chemicals, labor, and so
on. The cost of the fuel could be used as a first approxi-
mation of the cost of the high-pressure steam generation.
One approach to setting the price of lower-pressure
steam is based on the enthalpy difference between the
high- and low-pressure steam. The fuel value of the differ-
ence in enthalpy between two levels is calculated and
subtracted from the price of the high-pressure steam. If a
mix of fuels is being used, then a mean fuel cost weighted
according to the calorific value of the fuels can be used.
While this sounds reasonabile, it is completely inappro-
priate for all but the smallest utility systems, because it
does not recognize the potential for the high-pressure
steam to generate power by expansion in steam turbines.
Estimating the potential for power generation from steam
turbines by expansion between two different steam pres-
sures is not difficult. Starting from the highest-pressure
steam cost, if the pressure of the next-lowest steam level
is fixed, then the amount of power that can be generated
by expansion can be estimated based on an isentropic

Approaches to Steam Pricing: What Not to Do

efficiency model (3). Knowing the amount of power that
can be extracted allows the value of the power to be esti-
mated, and this can be subtracted from the price of the
high-pressure utility steam to obtain the price of the
lower-pressure steam. This seems to be more logical for
utility systems with power generation in steam turbines.

Unfortunately, even this approach has a number of
shortcomings. First, it assumes a single steam turbine in
each expansion. There will usually be a number of tur-
bines between each two mains.

Second, the efficiency of power generation is assumed
to be fixed. In practice, the efficiency of steam turbines
depends on the load. The load for some turbines can be
varied, and for these turbines, the efficiency will vary
according to the steam loads in various parts of the sys-
tem. Other turbines, perhaps on direct drives, might have
their loads (and hence their efficiencies) fixed.

Third, it does not account for the existing equipment
for power generation, either from the point of view of its
performance, or the constraints within the utility system.
Some turbines are larger than others and are likely to be
correspondingly more efficient. All turbines are con-
strained to operate between minimum and maximum
steam flowrates. Complex turbines involving extraction
or induction have constraints on the extraction or induc-
tion flowrates.
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Steam demand for a given main can increase as aresult of
an increasein production rate or decrease in order to improve
the energy efficiency of the Ste. The same gpproach can be
used to dedl with any context.

Thefirg sep isto optimize the operation of the utility system
for theinitid steam demands, asin Figures 1 and 2 (3). Next, the
geam main with the highest seam margina cost for the current
steam demand isidentified. The potentid for decreesing the
demand of thismain isthen determined by gradualy decreasing
the demand for thet Seam. At each gep in the reduction, the
whoale utility sysem isre-optimized. If acondraint on decreased
usage (or increased generation) is reeched, or the margind cost
for the sleam main changes significantly, the stepwise decreasein
the seam demand (or increase in Seam generdtion) is terminated.
The procedure is then repested for the seam main with the high-
es geam margina cog for the new conditions until no further
decrease in Seam usage (or increased generation) is possble

Condder again the utility system in Figures 1 and 2, but now
the steam |oads on the various Seam headers are varied. The
current process steam requirements will be examined for poten-
tid benefits of saving steam. Even for ardatively ample utility
system such asthis, there are many complex interactionsto be
explored in order to determine the true economic value of steam
saved at any one of the pressure levels.

Figure 3isaplot of seam margind price versus the poten-
tid steam savings. It features Sx segments: three for HP steam
savings and three MP segments. Saving LP steam has no value.
Within each segment, there are dight margina price variations,
usudly forming a stable trend, resulting from the nonlinegrity of
the steam turbine performance. The stepsin the curve are
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M Figure 3. Marginal steam price versus potential steam savings
when process steam loads change.

caused when, after optimization, further saving in steam aong
some path in the utility system is restricted by a congtraint, typi-
cdly alower bound on aflowrate.

An important point to emphasize is that when the process
steam load changes, the cost of agiven level of geam can
change, depending on the Size of the change in steam load. The
cogt of geam in this Situation not only depends on the costs of
fud and power, but aso on the utility configuration, equipment
performance and the congraints within the utility system.

Another important point to emphasizeisthat Figure 3 does
not represent the feagibility of steam saving within the process-
es. The steam savings, as represented in Figure 3, might not be
possible asfar as the processes are concerned. Thus, the proce-
dure should be interpreted as akind of “what if?" andyds, i.e,
what would be the economic conseguences of eventua steam
savingsin processes?

Fgure 3 demondratesthat it is, in generd, incorrect to attrib-
ute asingle economic value for seam at agiven leve. Itsvadue at
agiven leve depends on how much isbeing consumed, aswell
asfud cog, power cogt, and so on. These marging prices, togeth-
er with the limits on team saving, provide a strategy for energy
congervation on the Ste without modification to the utility system.
The step changesin the margind price dso provide indications
for potentid modificationsto the utility system. m
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