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ABSTRACT

The Department of Energy and others have funded studies 1o assess the potential
forenergy savings using industrial heat pumps. The studies included classifications of

heat pumps, economic evaluntions, sand placement of heat pumps In indusuial

processes. Tinch technology was used in e placement studies 1o detcrmine the
placement, size, and type of bieat pumps for a given application. There sppears to be
considerable scope for heal pumping in several industrics, but, where maximum
process coergy savings are desived, it is important to consider heat pumping in the
context of overall process integration.

INTRODUCTION

A new perception of the potentisl for heat pumps in indusirial processes is
emerging fiom two studies now compleicd and » (hird that is under way. The studies
wre sponsored by the U.S. Department of Energy's Office of Industrial Programs(OIF)
and are directed toward determining the function of heal pumips with respect to
industrial processes. OIP has 1iad an ongoing program for W devetopment af
jidustnal beat pump techinology since 1975 lnitially this involved development of 8
few specificheat pump cycles that were designed o it specific pplications. A poitien
of the current effort is now directed loward determination of the general process
conditions heat pumps need to meet,

1o the first study, At the ldaho National Bugincering Laboistory (INEL), BO&G
1daho developed an spprosch (o establish maxintum economic tempesature lifis for
state-of~the-art heat pumps {1,2). In the second DOE project, TENSA Services of
Housten, Texas, studicd the optimum placement of heat pumps into sevesal lndustrial
processes, including chemical, petrochemical, lood, and pulp and papec (3). Thestudy
had two complementary goals. The [irst goal vas o determine the potcntiat for
state-of~the-art heat pumps and conditions that must exist Tor their successlul
jmplementation. The secomd goal was to assist DOB In defining resenrch and
development needs for advanced heat pumps {0 8 third cffoit, now under wry, OIP is
siudying 14 specific industrial sites in greater detail, This project involves several
contractors and will continue theough implementation at some of the siles.

This paper Is limited (o Industrial hest pumps, which include only those
integrated into industrial processes and exclude sl those used for space conditioning
including industrial and commercial space conditioning. Further, only heat pumps
used for process heating are considered. Those used for industrial cooling of
refrigeraticn are excluded.

Work supported by the LS. Depatment of Buergy, Office of Industrial Psograms,
under DOB Contract No. DE-AC07-1D01570.
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INDUSTRIAL HEAT PUMPS

There are many ways lo pump heat (4-10): the reverse Rankine cycle, rcverse
Brayton cycle, absorption cycles, mechanical vapor recompression, sieam cjectors,
and even magnetic cycles o name a few. Because of this, selecting the best beal pump

* for sn applicstion seems difficult; however, by calegorizing and genaralizing, many
* decistons relative to selection canbe made without considering all the vathons specific
designs.

It is useful to classify heat pumps into three major calegosics based on how the
beat pump messure of merit, the coefficient of peformance (COPM), has been
waditfonally defined. A generic installation of an elccirically driven heat pump from
the first category is shown in Figure 1(x). The portion included in the dashed line, the
heat engine or power cycle, is located at the power plant and work, W, isdelivered o
the heat pump by electsical transmission. The COP for thistype is traditionally defined
15 the heat delivered by the beat pump, Q2, divided by the work required to drive the
heat pump, W, Since sbout two--thirds of the prime energy from the fuel is lost at the
power plamt and in the electric teansmission sysiem, COPs must be sbove three for
“energy breskeven or the point sl which energy delivered eaceeds eicigy supplicd.

The second category Is composed of thase driven by prime heat thiough a heat
engine integrated with the heatpuinp, Figure 1(b). These arc usually refered o as heat
amplifiess. The hieat engine could be a conventional gas tuthine with exhaust heat
recovery adding to the heat delivered by the heat pump, or it could be a chemical heal
engine like those used in absorption hest pumps. inany event the COP is traditionally
defined as the total heat delivered, (Qq + Qg)divided by the prime heat supplicd,
With this definition, the COP need only exceed unity to nchieve energy breakeven

The third category Is composed of those driven by process heat, Figure {(c). In
these beat pumps, the beat that drivesthe heat engine Isat a lower lemperatuse than the
heat delivered by the licat pump. These arc referred lo as heat teansfonmers or
temperature amplifiers. The COP in this case is traditionatly defincd as the heat
detivered by the heat pump, Qz, divided by the process heat supplied to the heat pump,
Q, plus the process heat supplied to the heat engine, Qy With this definition the COP
need only exceed zero 1o achicve energy breakeven, snd itis physically impossible 1o
achieve a COP greater than 1.0.

From the above It can be scen that if one were toid that a heat pump application
achieved a COP of 2.0, it may be considered as not worthwhile i it was clectricalty
diiven, very worthwhile if it was aheat amplificr, snd physically impossible ifit wasa
heat ransfomer. While the use of three definitions of COP may scem awkward, a
categorization hased on these definitions is convenient because it is based on thice
basic ways that encrgy flows between the heat pumps and the processes, and encrgy
flows are of prithe concem (o process designers.

Matciial Nows in the process are anothier impottant aspect of heat pump
Integration. Many heal pumps use special working Mluids which are isolated fiom the
process by heat exchangers. These will be referred to hiercin as closed cycles Other
heat pumps use hest Liansfer streams (steam, for example) or prduct streams (a
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(a) An electrically driven heat pump.
The heat engine is localed oll-site.
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Figuwe I Heat recovery heat pumps in a generic industrial applicaton.

hydrocaibon, forexample) froni the process as working fluids. These are referred toas
openor semi-opencycles. (Mechanical vapor recompression (MVYR) falls in the open
cycle category.] Figure 2 shows three confligutations of a reverse Rankine cycle heat
pump illustrating closed, semi-open, and open heat pumip cycles. Hoat floves to and
from the process arc labeled as in Figure 1, Since the driving mechanism is not shown,
any of these could be cither electrically diiven, prime heat driven, or process heat
driven and their perfonuance could, therefore, be defined by any ef the thrce COPs
given abave, Of tie three cycle confligurations, tre closed cycle is the most capital
eapensive, and the lcast capital expensive is ie open cycle,

Another advantage ol the open cycles is that the lemperature lift across the
compressor is lower than the closed cycte, which could result in less compiessor work,
For example, referring lo Figure 2(a), if the intake temperature (temperature of Q) is
120°C and the delivery tcmperature (temperature of Q2) is 140°C, the lempeimiure
entesing the compressor would be about 115°C and (e tempetature feaviug the
compressor about 145°C for a lift across the compressor of 30°C. Refening to Fig-
ure 2(c), if the inlet and delivery temperatures were the same (120°C and 140°C,
respectively), the it across the compressor would only be 20°C or two—thirds that of
the closed cycie. In some cases superior chacacteristics of the closed cycle working
(luid offsct ihis advamage, but in many Industrial applications, the open cycle heat
pumps enjoy a petfonmance advantage as well as a capital cost advantage. The closed
cycle is the most easily applicd because no special requirements are necded by the
process sticams; however, open or scmi-open cycles are usually much more cost
effective because of lower Initial invesiment and better clficiency.

Before lcaving the gencral discussion of heal pumps, something should be said
about similatitics and dilferences between chemical and mechanical heat pumps.
Figure 3(a) schematically represcnts (he familiar mcchanical, reverse Rankine cycle
driven by a heat engine, Figure 3(b) shows e somewhat fess familiar absorption
cycle. The absorplion cycle configusation shown is usually used in the heat amplifier
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configuration. Note the sintilarity with the reverse Rankine cycle. ‘The absorber,
desorber, and pumpinthe chemical heat pump replace the heat cngine and compressor
in tie mechanical heat pump, and the evaporator and condenser perfoim identical
functions in both. Figure 3(c) shows the absorption cycle used inthe heat uansformer
coufigurations. Note that the roles of the absoiber and desorber, and the condenser and
evaporator are reversed,

The heat Nows (Q, Qz, Q. and Qu), and therefore the COPs, are the sane
whetber the heat pumps are chemical or mechanical. The elfects ninthe processes are
also the same. The only instances where the pracesses arc alfecied are if the diiving
method is changed from electriclty to prime heat of to process heat, or if the cyele is
opened Lo admit process sticams into the hicat pump ta act as working Nuids. While
open cycles are very commion in mechanical heat pumps, they are not available in
current chemical heat puraps because of the special propeitics tequited of the
absorbent and absorbate. New designs using, for exaniple, zeolites as absotbents and
process sticams as absoibates may change this, however.

. Qo
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Heat
engine
w
Q4 Evaporalor

Q)

{a) Mechanical

(b) Chemiical heat amplifies (c) Chemical heat lransformer

Figure 3. Chemical and mechanical beat pump configurations.
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In summaty, industiial heat pumps used to provide process heat can be
categorized in terms of their COP's which is in accordance witliheat flows to and from
the heat pump and in accordance with how they aie diiven. Both nicchanical and
chemiical heat pumps can litinto any of the thece categotics. Another calegotization
involves the relative isolation of the heat pump lfrom the process strcams. These two
gencral categories scem to have thic most infllucnce on heat pump integration into
industrial processes.

PROCLSS INTEGRATION OF HEAT PUMPS

tu the sccomd and third studics meantioned in the introduction, pinch technology
(11-16) is usced to cvaluaic possible uses of heat pumps i industiial processes. Other
spproaches o process integration could have been used for the cvaluation, bul pinch
technology was found to be a simple and el fective approach. Tlie use of tiis approach
assuincs that the process can be hieat integrated, that is, beat can be cascaded from a
heating utility down tirough the unit operations to the cooling utilitics as depicted in
Figuse 4(a). Insome processes liealintegration is not practical because of capital cost,
opetational fimitations, salcty, or other reasons.

The following is a very beicl introduction to pinch technology and an equally
bricf overvicw of implications for process ilegration of heat pumps (3,17,18).

Piuch Techaology

If heat flows in processes like that shown in Figure 4(a) are placed on a
temperature versus heat flow plot, lines like those shown in Figuie 4(b) result, The
arrowheads designate the scuse of the heat Nows. Those pointing downwant and to the
lefi reprresent streams being cooled, (Horizontal lines iepresenn condensing streams.)
Thosc pointing upward and to the right represend strcais being heated, (Horizontal
lines represent evaporating stricams.) Whea these heat flow lines are added together,
1wo lines like those shown in Figure 4(c) resuil, which ate referred to as the composite
curves. The two lines can be shifled hotizontally until they just louch as shown. The
point al which Uiey touchis called the "process temperatute pinch” from which comes
the term “pinch technology.” The pinch divides the process into an arca above the
pinch requiring heat and referred to as a “sink " and anarca below the pinch giving up
heat, referred 1o as the “source.” The hotizontal distance between the lines at the top is
the thermodynamically minimum heating utility, Qy, and the horizontal distance
Letween thie lines at the bottom is the thenmodynamically minimum cooling utility,
Qc

1£ e hivrizoutal differcnce between (e lines on (he composite curve are plotied
on the same axcs the so called grand composite curve (GCC) shown in Figuse 4(d)
results. The GCC is particularly useful in illustrating the effect of heat pumps on the
process. The process lemperature pinch is where the line justtouches the vertical axis
on the GCC. Duth the heating and cooling utititics can be reduced by pumplog heat
fiom the sousce below the pinch to the sink above the pinch,

Heat Pupps and the GCC :

Al this point it would be useful to examing how the addition of a heat pumptoa
process aflects the grand composite curve for that process. For the purposes of this
papet, the hicat pump will rely cliicfly on latent heat changes, as in a reverse Rankine
cycle heat pamp. The effect of the heat pump is to add onie hot streaim above the pinch
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and one cold stream below the pinch. These are shown by the dashed fine in the new
grand conipusite curve in Figure de. The effect on the grand composite curve is
dramatic. That pottion of the curve above the termperatuie of the heat pump outlet is
shifted tothe left by the amount of heat delivered by the beat pumip, That postion of the
cutve below the temiperature of the hieat pump infetis shifted (o the leftby the amount
of heatreccived by the heat pumip, The magnitude of the shifls is equalto the potential
reductioninhotand culd utilities, and sepresents encrgy (and possibly capital) savings.
Of course cnicegy must be capended to lift the heat, and capital must be expended to
install the heat pump.  The differences between these savings amd expenditures
determine to a large eatent the benefits of the heat pump to the process, although other
benefits such as emission reductions and product quality improvement as in lumber
drying (19)) can also accnue to the process.

The electrically deivenbical pumpis shown elative to the grand composite curve
inFigure 5(a). A beat batance shows that the net reduction inthe heating utility will be
equal 1o the heat delivered above the pinch, Qg, which is equal (o the heat removed
from below the pinch, Q4. plus the electricity requited to drive the heat pump, W
(assuriing 109 percent cfficiency indie electiic motor aid geartbox). Theseduction in
the cooling utility is just the amount of heat removed from below the pinch, Q.
Reduction can be stated algebraically as AQpr = Q= Qi + Wand AQ¢ = Q).

The clectrically drven heat pumps are the most common types inuse today, ad
they arcusually ol the MY R type, which are dominated by the compressot as shownin
Figure 5(b). These heat pumps reduce process thermal energy requirements and use
more expensive electiic encrgy, This means that their operating costs (and therefore
the heat pump 1ift) asud capital costs must be very low, which usually makes the simple
MVYR type the most attractive,

A licat amp'ifice Is shown refative to e grand composite cueve in Figute 6(a).
fia this case the net reduction in the heating wiility is cqual to the beat deliveced ahave
the pinch by the heat pumip, Q, plus the heat exhausted above the pinch by the heat
engine, Qq, minus the heat sequired to diive the heal engine, Q. A heat balunce
(assuming idcaf condidons) shows tie net reduction in the heating utility to be AQy =
Q2 + Q4 — Q3. The net reduction in the cooling utility is simply Q or expressed
algebraically AQe=Q). Because Q3- Qa=Wand Q=Q+ W, AQ=Qi + W-W=
Q4. which means that the heating utility and the cooling utility are bothi reduced by the
samc amounl,

Steam cjectors ace leat amplifiers commonly found in use today (3).
fiigure &b) is a diagram of such a hieat pump witls the heat flows ideonficd. Inthese
devices the heat cogine and hicat pump aie combined in one simple picee of equipment.
Thiis simplicity tends to make them altsactive in spite of theis low theimal elficiency.
Steam cjection is sometimes refcrred 1o as theanal vapor recompression or TVR,
Other beal amplifices using gas turbine cogine drives have been installed in industial
processes, but these are oflen oo capilal expensive 1o be cconomically attraclive at
today ‘s cnergy prices, However, sometimes the tuibine exhaust can be used directly in
a drier above the pinch which can be cost effective (8).

A heat uansformer is shown elative to the grad compuosite curve in
Figure 7(a). In this case the heat engine is located below the pinclt, ‘The net reduction
in the heating utility can be cxpressed as: AQyy=Qy. The uei reduction in the couling
utility can be expeessed as: AQe=Q) + Q3 - Q4. Because Qy-Qu=Wand Qy =Q.-
W, AQc = Qa2 -~ W + W = Qz. Again the net sreductions in the heating and cooling
utilities arc equal.
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(a) Genetic process (b) Stearn heal llows

Figure 4. Process cnergy targeting using Pincli technology.

(c) Composite cuives

(d) Grand composite curve (€) Ellact ol heal pumps
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{b) An electrically driven mechanical vapor recompression heat pump being
installed

Figuie 5. Electrically diiven heat pumps.

Chemical heat pumps of this type [Figure 3(c)] have beeninstalled in Europe (9)
and a mechanical beat punp ol tiis type was developed by Mechanical Technolngy
Tnc. (MT1) inthe U.S. under DOE sponsorship (7). Negotiations for installation of the
MTT heat pump are under way at this writing. A conceptual diagram of the MTTheat
pump is showan in Figure 7(b).

The big advantage of heat transformers is usually considered Lo be that nelther
printe cncrgy nos valuable process heat [rom above the pinch s required todrive them,
However, they tend Lo be large becausc of low driving teniperatures. Although heat
amplificrs use prime cnergy (say stcam or natural gas), they can reduce the prime
cuicigy requirements (steam of natural gasy of the total process and, inthatsense, have
1hie same overall effect as the heat ransfonners. A decision as lo which should be used
should be based on (a) process characteristics, (b) capital and operating expeiditure
versus total process capilal and operating savings, and () other beuefits which may
accrue.

Unii Opeations Yersus Inlegrated Processcs

As used here, a vnil operation Is a device that performs a chemical and/ar
physical action on a process sircam,  Examples include digtiltation coiumas,
cvaporsators, dryers, seactors, cte, Fudhermore, anintegrated peocess as defined heve
cousists of a healing ulility, a cooling utility, al a colicction of onc or more unit
processes, integrated lor energy management. Asl industsial plant consists of onc or
more inlegrated processes.

State-of-the-ait heat pumps are applicable to many unit processes that involve
Jatent heat changes, such as distillation columns, However, to achieve minimum
cncrgy consumpiion the itie grated process should be considered as a whole, This will
be illusteated in the following analysis.

First, a stand-alone unit operation will be examined, Figure 8. Many unit
operations ¢.g., theamal separation processcs, receive heat, Qg at a given lcmpenture
and reject nearly the samie quantity ol heat, Qg at a lower temperatuze. Therefore the
heat added at the hot cnd «inply cascades through and is rejected at the cold end. A
stand-alane unit operation of this type exhibits a pinch within the unit operation at
some intcucdiale (emperature as shown in Figure 8(a). 1f a heat pump is placed

Ay,

(a) A heal ampliller relalive to a grand composile cuive
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(b) An examplo vl a sleam ejactor which Is often used as a heal amplifier

Figure 6. Hecat amplifiers.

around the unit operation, the hot and cold wtilitics required by the unit eperation will
be reduced by Q2 and Qy, as shown in Figure 8(b). I this situation aheat pump placed
ou a stand-alone unit operation can be beneficial, and indeed, this is a common
practice in industry today. Vendor-supplied distiliation columns oi cvaporators oficn
cmploy & heat pump to reduce the cnesgy use ol the uuit,

lowever, comparative or greater enieigy savings may be possible by integration
of the unit operation inio the process rather than by coupling the unit process with a
heat pump. Figure 9 shows two source and sink diagrams for an inlegraled process
with one unit operation separated oul. 1o Figuse 9(a), the unit operation is located
across the process pinch. The high temperature heat required to effect the separation
crosses (he process pinch and is rejected below. Figure 9(b) shiows the same unil
aperation locaied entirely above the process pinch. Rejecied heat from the unit process
shown is used ta drive anotber unit process (not shown) localed above the pinch,
thereby reducing the heating utility requirement over Figure 9(a). The cooling utility
mequirement Is also reduced because less heat is belng transferred across the pinch.
Similasly, a unit opecation piaced enthioly betow the pinch will also result infower hot
andcoldutilities.  The impli-ations o this analysis are importait. 1{nunitoperstion
is located across the pinch, an empt should b made to modify the process to nlove
that unit operation either abos : or below the pinch. There are times, of course, when it
will not be possible to shift a1 nit operation relative to U process pinch. However, in
Wis casc, as with the stai-ilone case, there is potential foc heat pumps. If a unit
operativn must be located across the process pinch, thien, as show in Figure 10(a),
hicat puinp placed arourd ihat unit operation can offer significant encrgy savings,

If hie unit operation is entirely on one side of e pinch, then a heat pump placed
around that unit will also be entlecly on osie side of the pinch.  Pumping heat from
source (o souice or sink 10 siuk will not save cnergy (15); thess fore, a heat punip on a
single, praperly integrated anit operation will tikely be unattriactive., tlowever, this
docs not mean that there is no place for heat pumps in weil-designed, properly
inlegrated processcs. lndeed, there is still good potential for heal pumps as shown in
Figure 10(b). 1{iwo unil operations are located on opposite sides of the pinch, ten a
hicatpump placed between the two canagain offer significark cnergy savings. ltiseven
possible for a heat pumnp to reccive heat from several unit operations below the piach
and then deliver heat lo several unit operations abave the pinch.

This analysis shows the importance of considering an entire integrated process
before placing a heal pump. While the practice of placing heat pumps on individual
unit operations will show energy savings if the unit operation is not heat likegrated,
Figure 8(b), this practice will save encigy oaly in hieat Integrated processes if the unit
operationis located across e pinch, Figure 10(a). I unit operations are ! ated above

i oo won ' it " " i Ao
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and below the pinch in an integrated process, the heat pump should be pumping heat
from the unit operation betow the pinch Lo the it operation abave the pinch, Fig-
ure 10(b)

In gummary, in the encrgy casceding hicrarchy of many heat integrated
processes there caists a process (emperalure pinch dividing the process into a heat
source end & heat sink. Heat pumps can ofien reduce (e heating and cooling utllity
requirements by picking up heat from the heat source below the pinch and dellvering
heat to the heat sink above the pinch,

ECONOMICS OF INDUSTRIAL HEAT PUMPS

in ordes to reduce process heating requirements, heat pumps work against the
temyperature gradient, and die temperature Jift must be as low as possiblc lo minimize
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Figure 9. Integration of a unit operation within an industrial process.
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Intzgrated ue” sation with a heat pump.

heat pump driving energy. This means that processes that exhibitalong thin*nose” on
the GCC curve will be most mnenable toenergy savings through use ofheat pumips. OF
coursc; a substantial beating utlity that can be reducced and a substantial heat source
from which heat can be pumped are also essential.

The study performed for DOE by TENSA Services, Inc., and referred to in the
introduction, cvaluatcd 26 processes ustng the pinch approach outlined above, Some
good and some poor eneigy saving possibilities through heat pumps were found.
Sample GCCsare shown In Figurc L1. Notethe long thin nese o the benzene, tolucte,
xylene process shown in Figure 1i(a). On this process a polential reductions of 20
perccitt in heating utility was found witha lift of 25°C, 43 perceit with a lifi of 80°C
and 66 percent with alift of 100°C. Inthie urea process, Figure 11(b),a heal pump lift
01 30°C has the patential of saving IS percent and a lift of 65°C may save 50 prscent if
an cconomically feasible heat pump could be found for this tift. Additional savings
would require a lift of 130°C, which is probably not feasible. The soap process, g~
e L1(e), requires a lift of about 135°C lo obtain avy savingsat all, which is probably
not feasible, The particular wnmonia process evatunied (Figure § 1(d)) hixd no heating
utility requirement and licat pumps wese, therelore, of no value. Of course other
criteria besides the GCC must be used to inally place a hieat pumip, but it can be seen
from Figure 11 that long thin noses on the GCCs are good indicators ol heat puinping
potential.

As thie fotcgolng discussion states, higher lifts mean greater energy savings.
However, because heat pumps move heat agalnst the temperature gradient, higherlifts
mean greater driving energy consumption. The limit on Jift is based on the economic
relationships between (1) tw value of the delivered hicat, (2) the value of the caergy
consumed, (3) and he capital cost of the Lieat pump installation. lndeed, heat can be
lifted over very large lemperature spans, but the cost is prohibitive. This is shown in
Figure 12 where tlie cost of encrgy supplicd by stale of the ant industrial heat pumps is
plotied against il 1o produce the continuousty rising solid lnes showing total cust of
process heat delivered, The total cost is compose:d of capital cost (the upper shaded
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area), maiatenance cost (the black arca), and operating cost (the lower shaded area),
The horiroital line represeats the total cost of Uie encrgy displaced by introduction of
the teat pump inclling both fuck costs and capital cosis of the displaced beat source,
Also included should be Ui costs associated with reduced cooling load, bath
operating and capital costs. This last item is often overlooked, because without a
comprefensive view of the process as provided by the approach described in the

. previous section, cooling utility capacity displaced by the heat pump is ofien

unknown. The cost of energy displaced (the hiorizontal Hine) is shown to be flat which
iz approaimaiely e foc most beatiog utilitics over the temperatuie range of interest
forindustrial beat pumips. The ittersection of e upper, sloping line and the horizontal
cost line defines the cconomic fimit on lift. Above this lift, the cost of pumping heat
would exceed the cost of encsgy displaced by the heat pump,

Projections of operating costs and capital costs, as they increase with ift, were
made for a number of heat pump conligurations {1,2). The curve in Figure 12 shows
the cust of cncrgy delivered by an clecuically driven, open, revesse Rankine cycle
(MVR).

Plots of the type shown in Figure 13 indicate that the cost of hieat delivercd by
hat pumps increases as the temperatuse over which the heat is lified increases. At
very juw lifis, COPs arc high, and the cost of heat delivered by beat pumps is very
cconomical. As lift increases, more encrgy is required (o boost tie hicat to the higher
delivery lemperatyres resuiting in higher operating cost. Capital cost of the heat pump
also increases because farger and more expensive components such as improved
compressors are required as lift increases, With sul) higher lils, stagiog is required,
which increases capital cost substantally, The DOE sponsorcd studics have shown
few heat pump applications with 1is greater than 30°C tiat with today 's energy prices
can be economically justificd by energy savings alone.
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Figure 13, Effect of oue hicat on a BTX process.

Siace limitatlons on lift are primarily econormic, lift capability can be increased
by cither lowering driving encrgy cost through performance improvement o1 by
lowering capital cost. Because increasing fift increases the amount of cnergy that can
be saved, it follows that decreasing eapital cost lncieases encrgy saving potential. Niis
escapes many people because they think of improved lif and energy saving capability
only intenns of lmproved hieat pump perfomance.

THREE EXAMPLES

To illustrate some of the poinits presented in (his paper, three cxatmples will be
given. Data for these examples canie from the study conducted by TENSA Scrvices
(3). The original pracess data seprescot actual plant data and have not beenaltered, In
cach case the process was oplimized with heat exchange tctwarking before heat
pumps were placed filo the system,

Be LN - TS![”Q!]E - K: ene (n]‘&)

The BTX process consists ol several disiillation columis integrated loseparatea
mixture of benzene, foluene, and aylene. Prelitiinary study shawed considerable
scope for energy reduction by additional heat exchange. This resulted in the grand
compositecurve shown in Figure 13(a). Thcnose in this case shows some potential for
heat pumping, so three cases were studied: (1) electric closed cycle, (2) elecnic
semi-open cycle, and (3) heat transfomier closed cycle. In cach case, the icat pump
was placed (o receive heal (rom the overhead of ot column and to supply heal to the
feed ol a second column. This Mustrates the pointof heat pumplig between two unit
operations on opposite sides of tie pinch. The clfect of all thice heat pump sysicms is
geuerally the same on the grand composite curve and is shown in Figme 13(h). Each
resulls ln a reduction in the hot utility of approximatcly 20 percent.

Theelectriccloscd cycle, basicalty acompressor nid wo heat exchangers, has a
payback of 2.5 years. With one less heat exchanger and a slightly smaller compressor,
the semi-open sysiem has a payback of ouly 0.7 years. The hieal ttansfonmcr lins a
payback of 1.5 years. The heat transformer used in this case was a state-of: the-art
lithium bromide-water, reverse absorption systetn {Figure 3(c)) that esscatinlly uses
only heat exchangers and no compressors, Comparing the heat Uansforier with the
elecurically driyen semi-open system demanstiates the influcnce of the process
strcam, Wlll@ganics at cxchangers tend to be larger, and comprcssais iend Lo be
smaller. ThereTore;Cost for heal transfer surface beging to dominate compared with
the compressor cost. This will favor systems (hat rely less oo hieal transfer surface. An
open cycle could be better than a semi-open cycle under such conditions, but is nol
approprate for the BTX separallon process because remixing the sticams would
defeat the purpose of the process. A secoud heat pump was also tied belween two
other columns in the process but was economivally unattractive beeause thie 35°C 1ift
was {00 greal,

selatin P

The process for evaporation and drying of gelatin consists of a double cftect
evaporalor [ollowed by a third evaporator and a drying lunnel, As it exists, ihe process
alecady had a beat pump (asteam cjector) on the first clfect overhead. The analysis of
the process shhowed that the heal pump was located ealircly above the pinch. The
process was modified to raise the pressure in tlic cvaporation train theichy raising ihe
process pinch temperature 10 a levet at which the beal purip was operating across thi
pinch. This, plus improved process heal integration reduccd the hot utility by
40 percent,  This miedificd process is shown on a gmud composite curve in
Tigure 14(a). There was stitl potcntial for additional eat Integration arxd heat
pumping, which together resulied in an additional 40 pereent encigy savings as shown
in Figure L4(h). Payback for an clectric, closed cycle systean is 1,9 years, while for an
clectric semi-open system payback is 1.5 years. A heal wansformer was not
applicable In this case duc 10 the low process pinch (emperature.
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Figure 14, Effcct of one heat pump on a gelatin evaporation process.

Sugar Refining

The last example, a suac re{inery, is a case where moge than atie hieat pump can
be added, The base case grand composite curve is shown in Figure 15(a). The process
iscssentially a five-cffectevaporalor and a vacunm pan and is currently highly encrgy
integrated. In such a systemy, (here Is very little scope for additiouat heat exchange.
However, the GCC shows great potential for heat pumps, with several very narrow
noscs tesulting from the five evaporator ¢ilfects, A first heat pump can be placed
around just the upper o pinch nose. The limit foc this heat pump is reachicd when the
acat lower nose just becomes pinchied. This is shown n Figure 15(b). This heat pump
requited an 11°C lift and shows encrgy savings of 39 percent with a payback of
0.7 years for a semii- apen cycle, At this point, there is still potential for heat puimping
around the upper thice ntoses. I ilis case, the temperature 1ift needed to span ali thice
noscs is small cnough (30°C) that a single slage licat pump can be clfcctive, Withthis
sccond heat purmp, an additional 40 percent of energy cun be saved at a payback of
1.8 years (Figuic 15(c)]. The combined cncrgy savings for boih these heat pumps is
64 percent with a payback of 1.0 year.

SN, o /Y - j Qo ]
. — —
a —, - 7
‘ _7 1 —
i Q a-

(a) Without heal pump (b) Wit ong hea) pump

-QH——-—._——-—.—-——-—]

Q
(c) With two heat pumps

Figure 15. Flfcet of onc and (wo heat purips on a sugar refining process.

- CONCLUSIONS

The wost important conclusion to be drawn from this work is thal there canbe a

place for industiial heat pumps in the process bidustries, eventin processes that are

s

highly cnergy integrated. However, to be most cffective, heat pumps should be
considered in a total process analysis.

The ongoing DOE prajects will esult in several heat pump insiallations and
should provide fusther Insight into the further application ol idustiial beat pumps.
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