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Benefit from Steam-halance
Optimization Strategies

Replace control valves with thermocompressors to
prevent steam venting and gain overall efficiency

Fablo Matas-Valiente
BP Amoco
Castellon Refinery. Spain

he improvements Lo the steam
engine that James Watt regiz-
tered as a patent m 1769 lies at
the origin of the industrial revo-
lution [, His “invented methad
of lezzening the consumption of steam
and fuel” [E] 3 morored in today’s
quest for optimized steam systems.
Such optimization in modern refineries
and chemical plants iz stll nat a airaple
or intuitive task. This is especially true
when conzsidering the complexity of
multiple steam  subsystems (steam
maing), each maintained at 1= own
pressure, and the presence of stoam
turbines, waste-energy and aneillary
steam  generators, [\u'r_-Hsuﬁ--mdunjng’
valves and vents to the atmosphere,
However, innovative technology can
be uged to oplimize exasting steam sva-
tems and to design new svstems for op-
timal performance. For the sake of
brevity and generality, most of the key
wdeas 0 this work are explmned by
simple coneepls, such as pressure and
temperature. The discussion excludes
advaneed thermodynamic caleulations,
in a bid 10 make this article accessible
to engincers who lack a specialized
background in utilitics management.

Steam-balance operation

Each steam main in a petroleun: refin-
ery or chemical plant may possess ei-
ther an abundance of steam {excess-
ateam mode) or a shortage of steam
(deficit-stearn moded at a given mo-
ment, thus existing in an unbalanced
maode, Steam systems oflen inelude an
ancillary steam penerator to supply
makeup steam. The pressure in the

steam mains 15 mamtained and the |

balanee restored by the additional
steam produced by thiz generator. A
steam main iz balanced when all users
drawing steam from the man are sup-
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plied with sufficient steam at all times,
and when there 15 no need to venl any
excess steam to the atmosphere,

Excess steam, detected by an in-
crease in the steam-main pressure, is
commanly venled to the atmosphere
by a pressure-controlled walve fo
maintain a balance in the steam main.
In an extreme case of excess steam,
pressure-reliel valves prolecting the
mains will he actuated, venting steam
to the atmosphere and preventing
overpressure and physical damage to
Lthe steam syatem.

A steam deficit is indicated by a de-
crease in the steam-main pressure. To
achieve a balanced steam man in the

| absence of an ancillary steam genera-

tor, it is necessary io inject steam
from another available source of
steam. The most comumon soures 15 an-
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other main at a pressure immediately
higher than that of the one in a deficit
condition. The pressure in the unbal-
anced main is frequently restored by
injecting steam from the higher-pres-
sure maing through a throttle valve.
Although this strategy addresses the
immediate steam-deficit, it is not the
optimal way to operate the steam syva-
Lerm, for reasons discussed below,

The steam enthalpy at a thrattle-
valve inlet can ke assumed equal to
that downstream of the valve, =0 no
energy s losl across the valve, How-
ever, throttling degrades the guality
of energy.

Druring the throtthng of high-pres-
sure (HP) steam to low-pressure (LP)
steam over a valve, energy is con-
verted from mechanically useful steam
pressure to thermal energy, resulting
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in steam superheating at the valve
outlet, This ability of HP steam to be a
source of more mechanical energy
than LP steam may, of course, be put
to groater use by powering a turbine,
which, in turn, can be uzed to dove
pumps ar compressors normally dei-
ven by eclectric motors, Therefore,
when a steam turbine iz used to ex-
pani steam, part of the HP-steam en-
ergy 18 applied toward a decrease of
pleciricity consumption in the plant,
This well-established practice has
more economic benefit than the sieam
supcrheating that resulls from using a
throtele valve, as shown below.

The saturated exhaust sicam from a
turbine will have a lower temperature
than the superheated steam in a throt-
tle-valve outlet and may need to be re-
heated to mateh the ontlet condition of
the throttle wvalve replaced by the
steam turbine. Considering that elec-
tricity iz energy of a higher guality
than thermal encrgy, and is conse-
gquently more expensive, the cost of the
electricity saved by operating a turbine
ingtead of a electric motar to drive a
pump or a compressor is much higher
than the cost of the fuel that would be
vequired o superhest the turbine-
steam exhaust to the same lempera-
lure as the throttle-valve outlet.

This idea is expressed in the theo-
retical comparizon depicted in Figure
1. In the case of the throttle valve, no
mechanical work is recovered and all
the energy of the expansion is uzed to
superheat the 100 lons/d of LP steam
to 160°C. In case of the turbine-super-
heater combination, 100 kW of me-
chanical energy iz recovered in the
turbine. This iz based on the agsump-
tion that 1 tonfday of HP steam pener-
ates 1 kW of elactricity, al an electric-

FIGURE 2.
Example of a single,
low-pressure steam

system
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steam expanded
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FIGURE 4.
Complex steam
system with one
boiler and two
steam-main

pressures
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ity price of 20.042KWh. The clectrie-
ity menerated by the turbine is there-
tore able to replace 1004 of electric-
ity otherwize  procured  from
MOre-EXPENAIve Biurces.

After the turbine expansion, how-
ever, the LP steam is 30°C colder than
the steam expanded through a throttle
valve, Passing this LP steam at 13070
through a [urnace Lo raise its tempera-
ture to 160°C costs $17/4d in a furnace
that iz 85% efficient with fuel avail-
able at $1.65/G). Therefore, the total
savings ineurred by replacing a throt-
tle valve with a steam turbine and su-
perheating step is 834, given the as-
sumed electricicy and fuel prices. Note
that the furnace is not neceszarily ra-
quired in real applications and that
wasle heat may be used to superheat
the turbine exhaust,

When & refinery is in an exeess-
ateam scenario in one of the steam
maing, it is vsually uneconomic {de-
pending on steam  and electricity
prices) to expand HP steam through a
turhine to the lower-pressure, excess-
sleam mains while simultaneously
venting steam from the latter to main-
tain itz balance. In this case of excess-
LP steam, it would be economically
beneficial to shut down some turhines,
The continuous monitoring of turhine
operation, throltling, venting and sys-
tem loszes iz erucial for an optimal
steam balance and economical steam-
system operation (further discussion
on this in the next session accompa-

niez Figure 41, T'o further ensure goed |

economy and eptimize overall thermal
efficiency, the operation of a waste-
heat steam generator should be maxi-
mized compared to that of an ancillary
steam penerator that consumes valu-
able fuels,

Steam balance and design

The traditional approach to designing
a steam system s to install ancillary
steam gencrators that are able to gen-
crate steam at the maximum pressure
and temperature required by the
process. Consider a simplistic case
where the sleam pressure require-
ment iz only 200 kPag maximum. The
flowsheet emanating from the tradi-
tional approach o steam-system de-
sign is depicted in Figure 2,

When o new steam system is in-
stalled, the extra investment associated
wilh choosing steam generptors rated
at a higher pressure is relatively small
compared to the overall investment, LP
ateam required by the procoss can then
be supplied by expanding HP steam
from the high-pressure boiler over a
noncondensing, backpressure  steam
turbine, thereby obtaiming mechanical
energy from the HP steam o run
pumps and compressors or to generate
electricity (Figure 3.

Figure 4 shows a steam svstem
where some of the consumers require
1,300-kPag steam and others reqguire
only 200-kPag steam. The throttle
valve shown in the drawing is alzo
considered & turbine bypass valve,
One of the ways to optimize the steam
balance iz to maximize the ratio of
steam passing through the turbine {or
turhines) to the steam being throttled
across the valve, This stratepy maxi-
miges the mechanical energy pener-
ated in the steam turbine. However, if
more 1,300-kPag steam is expanded
than required by the 200-kPag steam
consumers, the system will vent 200-
kPag steam to the atmosphere. This
situation is usually uneconomical {de-
pending on steam and electrivity
prices) and the flowrate of steam ex-
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FIGURE 5. Operation of a traditional
steam-stripping column

panded 1in the turbine should be ree-
dueed to avoid venting.

Capital expenditure is an important
oomsideration when eonsidering a new
steam system, Az alluded to earlier,
stoam gencrators rated at higher pres-
sure are somewhat more expensive
than LP-sleam generators, However,
due to the fact that saturated HP
steam is at a higher temperature than
saturated LP steam, the heat-exchange
surface area required in heat exchang-
ers and reboilers is lower when using
HT steam. Furthermore, HE steam has
higher density than LP steam and
therefore requires  smaller-diameter
gleam maing. This represents further
gavings in capital expenditure.

Although this design  philosephy
leads to mimimuom nitial eapital in-
vegtment, it can fail in its ability to en-
sure the lowest longterm operating
eost. This is becanse it 18 uanally more

economically ellicient to use LP sleam |

than HP steam. Furthermore, by max-
imizing the ratio of LP-steam com-
sumers to HP-steam comsumers, the
amount of sbeam that can be expanded
through turbines te drive pumps or
compressors or to generate electricity
15 maximized as well. In summary, the
following rules should be followed:

1. Produce steam at the highest possi-
ble temperature and pressure.

2. Expand steam from a higher pres-
gure o a lower pressure by the most-
efficient means possible,

4. Apply steam to process applications
at the lowest economically attractive
pressure and temperature. For in-
stance, rebilers and steam preheaters
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‘When we pass through the colliery or iron districts
we often see clouds of steam blowing off to waste,
but there is much less than was formerly the case,
because low-pressure turbines worked by the exhaust
steam from other engines are coming into extended use
for utilizing what was formerly a waste product.’ 131

should be designed using tubes with
high surface-area and lower wower op-
eraling pressures, Lo use the lowest
steam pressure available,

However, to apply these rules fully,
a refinery would have to be designed
with as many steam-main pregsures
as there are steam CONSWIMErs FeqLir-
ing different pressures, using turbines
to expand steam from the maximum
pregsure to each maing’ pressure to
meet cach consumer’s steam demand.
This iz not feasible with the number of
different steam consumers in a typical
modern refinery. Accordingly, a eom-
promise i often made, and refineries
are designed typically with two or
three steam pressures.

The optimal steam pressure re-
gquired by a consumer often liez be-
tween two steam-main pressures. In
this case, the steam is supplied from
the immediately Thigher-prossure
steam main and the consumer’s con-
trol valve actuates, serving as a sort of
throttle valve,

Congsider, for example, a steam-sirip-
ping column in which the internal pres-
aure exceeds the LP-steam-main pres-
sure. Since LP steam cannot be uged, the
immediately higher-pressure main will
supply the steam. The stripping-steam
control valve, usually set as a flow con-

troller, will work as a throttle valve, ef- |

fectively letting down the steam from
the steam-main pressure to the pres-
gure in the column (Figure 5}

Thiz represents a lost opportunity
to generate mechanical energy. Com-
plicated arrangements could be devel-
oped using traditional technology to
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meet the required intermediaie pres-
sure, uging a mixture of LF and HP
steam while generating useable me
chanical energy (Figure 61, However,
while Lthese Nowsheet arrangemenis
are certainly  technically feasible,
they often are economically unaceept-
able becanse of the high capital in-
vestment required.

This dilemma introduces the alter-
native technology of static mixing-
devices called thermocompressors
(Fipure 7). They are often economi-
cally feasible, due to low initial and
aperating cost compared to turbines
and compressors.

Thermocompressors

A thermocompressor (or  controlled
gjector! 13 a device, without moving
parts, that is capable of compressing a
fluid from a low pressuve (P2) up to a
greater presgure (P3) using a stream
with an even higher pressure (P1) as
the driving force (Figure 8} The ther-
moeompressor uses the energy of this
metive stream, expanding it from from
F1to P3, to compress a fluid from P2 to
P3 twhere I'1 = P3 > P2). Table 1 con-
taing a brief descrigtion of the three
streams associated with a thermocom-
pressor.,

The flowrate ratio of Stream 1 io
Stream 2 iz a function of the pressures
utilized. A thermocompreszsoris a type
of comtrol valve, by virtue of the fact
that 1t ¢an  conlrol  pressures,
flowrates and other wvariables, like a
normal control valve. Thercompres-
sors achieve thiz by changing the in-
ternal nozzle-pass section, therehy
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FIGURE 7. Using a thermocompressor
for medium-pressure steam

TABLE 1. THERMOCOMPRESSOR |

STREAM DESCRIPTION
| Stream # | Pressure | Description |
VBN High | Molive stream |
2 Low Suction
3 Iedium Discharge

changing the motive-stream flowrate
and, consequently, the suction-stream
flowrate. The flow ratio varies for dif-
ferent valve positions,

An example of this technology being
applied 15 described next, Consider a
erude-oi] distillation unit in a refinery
that needs approximately 250 tonséd
of steam with & minimum pressure of
300 kPag. This required minimum
pressure is approximately 100 kPa
higher than the refinery’s LP steam
mains (200 kPag). Because LP steam
cannot be directly nzed for this duaty,
the sleam-pressure requirement for
these consumers is currently met by
throttling 1,300-kPag steam (Figure
91 As an alternative to this approach,
a thermocompressor can be uzed to
withdraw some LP steam to supply
the eonsumers of 300 kPag-medium-
pressure (MP) steam (Figure 101, The
motive stream for the thermocompres-
sor will be 1,300.-kPag =team, resuli-
ing in a decrease in HP-steam demand
compared to the traditional setup
shewn in Figure 3,

Consider furthermore thal  the
gteam demand for these consumers
can oscillate from 170 to 250 tans/d,
and that the thermocompressor will
be operated by controlling the dis-
charge-pressure to 300 kPag. The ex-
pected flowrate ratio for this set of
pressures is approximately 1.0, im-
plying that for each ton of LI* steam
used, one ton of HP steam will be
needed a8 o motive foree. Therefare,
the steam demand for this duty can
change from the current 250 tons'd of
HP steam to 125 tons/d of withdrawn

| HF steam main, 1,300 kPag

a00-kPag
sbaam ta
superheating
fumace and
EONSUMErs
{=irippers)

FIGURE 8. Basic operation of a thar-
MOCOMAPressor

‘In short,
| expect almost totally
to prevent
waste of steam'141

‘A reducing valve is,
from a thermodynamic
point of view,
an invention of the devil' t51

LP-steam plus 125 tons/d of motive
HP-steam. The extra 125 tons/d LE-
steam demand created by the ther-
mocompressor, met by expanding an
extra 125 ton/d of HP-steam through
the refinery's HP-LP steam turhines,
alao results in the recovery of addi-
tional mechanical energy.

As discussed earlier, the MP-ateam
originating from the thermocompres-
sor will be less superheated than that
currently oblained from the throtile
valve, However, this is not an issue in
this case because the MFP steam is cur-
rently superheated in the crude Tor-
nace belore being uzed as stripping
steam, After a thermocompressor is
installad, the MP steam will absorh
the additional thermal energy re-
quired to mateh the previous throtile-
valve-derived level of superheat, from
the furnace fluegas waete-heat. In the
process, the furnace fluegas will be
cooled down elightly more and no
extra fuel consumption will be re-
quired in the furnace. The existing
throttle valve can be left onsite, avail-
able in case of a thermocompressor
malfuncthion or during maintenance.

Conclusions

Any steam-control valve with a signif-
icant pressure drop conld be replaced
by a thermocompressor that controls
pressure, flow or temperature in a
manner similar to that of a normal
control valve, while meeting the con-
sumer steam  demand by mixing
steam with two different pressures.
The additional LP-steam demand cre-
ated by the thermocompressor 1s ob-
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FIGURE 9. Using a control valve to
generate 300-kPa steam
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FIGURE 10. Using a thermocompres-
sor to generate 300-kPa steam

tained by expanding HP steam in a
turbine, thereby extracting mechani-
cal energy from the turbine and pro-
viding some of the refinery’s electric-
ity demand,

Spare steam-turbine capacity is re-
quired to make use of this opportu-
nity, however, to prevent the addi-
tional LP steam demand created by
the thermocompressor from being met
by the senscless expansion of HP
steam through a throttle valve, If
there is no spare turbine-capacity
available, the decigion to install a new
turbine to drive a apare pump or com-
pressor rather than using another
clectric motor should be based on the
electricity savings obtained by run-
ning the turhine. However, the higher
maintenance costs associated with
turbines should also be evaluated,

Another, more-tlexible, option is to
use 4 turbine to generate electriaty.
The operational flexibility associated
with this option comes at the cost of 2
higher investment in the electricity
generator connected Lo the turbine.

As a general rule, the replacement
ol sleam control valves with thermo-
compressors 1= more likely to be eco-
nomically viable in new projects than
in existing steam systems, The fact
that the price of a thermocompressor
is not much higher than that of a
normal control valve makes it an
attractive option.

The replacement of throttle valves
by turbines to throttle steam is desir-
able regardless of the efficiency of the
turhines installed. Inefficient turbines
produce less mechanical energy and
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henee  yvield higher-temperature  ex-
haust steam than more-efficient tur-
hineg, Considering the overall energy
balance, it will thercfore always he
more beneficial to operate a turbine
than a throttle valve. [n the extreme
case, a Lurhine with zero efficioney
would not produce any mechanical en-
ergy, thereby becoming, i effecl, a
throttle valve.

Consequently the marginal price
per mass unit of LP steam (used to
evaluate projects saving LP steam,
utilities cost profiles, and so on)
should be quantified as follows:
al If the vefinery has spare steam tur-

bine availability:

LP steam price = Price of one unib of

HP steam minus the electricity cost

saved by cxpanding one extra unit

ol HP steam through a theoretical

turbine (with the refinery's average

turbine efficieney),
bl If the refinery hag no spare steam-
turbine capacity;

LP steam price = HP eteam price.
¢t If the refinery 15 venung LEP steam

to atmosphere:

LP steam price = 0 (there would no

point in saving LI steam if the re-

finery were already venting it)
In some refineries or chemmeal plants,
the venting of LP steam to atows phere
cannct be avoided by conventional flow-
gheat or operativnal modifications. In
zuch a case, all LP steam consumed as
aresult of a thermocompressor installa-
Lion 15 steam that would otherwise hasve
been vented to atmosphere and subse-
quently have been made up by peneral-
mg more HP steam. Since HP-steam
demand i2 usually met by operating an-
cillary boilers that comsume valuable
fuel and feedwater, the cost 2avings as-
sociated wath cutling back HP-steam
demand in this fashion may be substan-
tial, resulting in the payback time of a
new thermocompressor being in the
order of only few months, [ |

Felited by eloon Theran
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