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ABSTRACF INDUSTRIAL l lE/_r PUMPS

The Department o{ Er_gy and oilers have funded sludles lo assess the potenlial 1bare are many ways to pump heat (4- I0): tlm reverse Rlmkine cycle, levelse
i'orene_gy savingsusing indttstrial heat PUmPs.Tlesludiesie_:luded classifications of Brayton cycle, sbsorplion cycles, mechanical vapor rccompression, sleds e.}eclms,
iear pumps, economic evahmtions, and placement of hell pumps in industrial andevenmsgnedccyclestoHmneafew. Becaus¢ o| this, selectingtheheslbealptmq_
pwoocs.s,es. Pinch techtmlogy was used in II< plae_men4 studies to detenntn_ tlb¢ '_ for an applicatioH stems diflicult; however, by calegoriring and geH,,fallrJng, many
placement, site, as_dtype of heat pumps for s given application. 1_ appears lo be declsiom n:lative to selection cmlbemade wldmul consltleliHg ali the vaHtals sr,celtic
co_ider#ble scope for I_al p.mpi,lg in _vefal iiw:lustdes, bul, wheft maaimum deslgr_s,

process eSa;By savings ,,le desired, ii is impotlant lo consi¢ler be,at pumping in the II is useful lo classify I_at pumps into tltn_emajor categories based on how theheat pump measure of merit, the co¢fflclenl of I_lfom_at_e (COP), has beau
co_text of overall plocess iHlegrallon, t_aditionally defined, A genetic inslldlatlon of alielectrically dflven t_._tpr=mpham

tlm first ealegory is shown in Figure Ita), Tlm po=lion included in the dashed Ims, lhc
IN'I'RODUCI'IOH heat engine or powe¢ cycle, is located at the powet plant -,tidwalk, W, is delivered to

the hell pump by electtictl t__msmlssioo. The COP for this type is t, aditionally deft.cd

A new perception of the potenti,al for I_ll pumps in industrial p¢oces_s is as tlm l_eattlclivered by tlm heat pl|mp, Qz, dlvtdedbythew°_k|equi|exlt°d_ived_e
emeeging ham two studies now completed and i thhd that ts under way. "ll_estudies heat pump, W. Since about two-thirds of the prime energy from the fuel is Inst al the
im sponsored by the U.S, Dep.dment oi _¢rgy's Office ol'lndu.suial Programs (niP| power plant madin the electric transmlssion syslem, caps must be above three fnr
and a_e dir_ted toward delermining II_ function of beai pumps with respect to "e_¢rgy b_even" or the point at which energy delivered exceeds eHe_gysupplied.

i_iustrial processes, nIP has bad an tmgoing program fo_ tlw, developme;_t of TI_ secoml category Is composed o{ those driven by pdme heat Iluough a heat
it_lustHal Iear _mp technology since 1975, hdllally this h|volved development of a engi_te i|_leg|aled wllh the I_eatpump, Figure I(b)' "11_e_a_eusnally rerased In as heat
[ew specificbeatpurnp cycles that were desigr_:dto fitSpeCifiC-pplications, A po|don _unplifiers, I he heat engine could be a conventio|ml gas tutbir_ wilh exhaust heat
oi the current el|sH is now directed towIrd detemtiuatton of die general process recovery adding to the beat delivered by the Igat pump, or it could be a chemical heal
comlitions beat pumps need to meet. engine like lipaseused in absorption hest pumps, in any event lhc cap is t_aditionally

In the filst study, _1tlw.hlaho National _lgh_.'.'_rtngl.aboll_tory (INEL). EG&[i defined as the total I_at delivered, (Q_ . Qz)divlded by the prime heal supplied, ()
Idaho t_veloped m__ppmaeh to e$iablislt ma_intum economic lempelature It[Is Inr With this definition, the COP need only exceed unity to acltteve energy breakers.
state--of-the-ta hast pumps (I ,2), In t_msecond DOE project, TENSA Services o( lhc third category is composed oi Ihosed|iven by process heal, Figure I(c). In
llouston, Texas, studied the opdmum placemenl of I_al p.mps inlo several Industd al IImseheal pumps, the heal that drives the heat engine is at a lower lemperal me than the

= p|_oes_s,includingcl_emicaI,petrodmmtcat, loc_d,at_dPtdPa|+dPapet(3)' TImstudy heat delive+ed hy the heat pump. These are _efened to as heat Irmis{oiH+ersnr
had two complementary goals, The first goal was lo dclcrntit_e tlm polemtal Inr lemperstum ampliliers. "lhc COP in this case is Oadilionally dclined as lhc heal
slate-of-the-mt beat pumps and conditions that must exist fm their succemsIul delivered by the heal pump, Qz, divlded by fig process heat supplied lo lhc heal pump,

implementation. The mcoml goal was to assist DnB in defining research and Qt,pluslhep|ocessbeatsupplledtolheheatengble, Q _ Wilhtlfisdefinhiond+eCOP
develnpn_enl tw:eds for advanced heat pmnps I. a thtrd el{nal, now nndet way, nip is need o||ly exc¢,ed zero to achieve enelgy b_eakeven, asi it is physically iml_ssiblc to
stud/ing 14 specific industrial _ile.s in greater detail. Tlds project involves several achieve a C()P greater than 1,0.
contractor's Lnd will continue through tmplementalion at some oi"the sites. Ihom die above ii can leben thai _,for_ we_e told thai a Igal pump apldlcalio||

" This paper is llmhed to industrial heat pumps, which include o_dy those achieved a COl' of 2.0, lt may he considered as not woahwhil¢ II ii was electrically
tntegraled into ivxJtLstrialp_o<:esse-sand exclude ell those used for space co||dhioni.g driven, very worthwhile if it was a I_eatampliiier, and physically iv.possible ii"h was a
includ.ing iedustHal and commercial space conditioniHg, Furder, only heat pumps best transfom_er. Whi.le tl_euse oi three definitions of COP may seem awkward, a
used for process healing are considered, ahose used for b_dustrial cooling or categorization based tin Ihe._ defiHitim_s is convenient because ii is based n|t li.es

" m,frlgeratiGa are cacluded, basic ways that energy flows between the heat pumps and the processes, asi enetgy
flows are of pti,ne concern to process designers.

Mate|tsl flows in the process are another impoHat|t aspect of heat pmnp
htteg|atio||, Many heat pumps use special wo_king fluids which a_eis()laletl fins the

= Wmk supported by the U.S.Department o| E_e_By,Office of b_dustrial Pzograms, process by beat exchangers, qhese will be re[coed Io herein as cloned cycles [)lher
under DOE C(_t_act Ha, I)E-.AC07..IDOIS'/0. hast pmnps use heat ttas_sfer steeams (steam, fo_ex_mldC) n_ p_odo('t streams (a ,
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(al An eleclrically driven heal pump. (bl A heal amplifier tc) A heal trarlslol'mer

The heal engme is Iocaled oil.silo. 9 11/36

' Figure l, Ilca, l recovery heal pumps in a tcnciic h_dusldal aliplicadon.

hydmciubori, loieXiullple)l'{onldlep_'oo:ss_-swolkhlglluids, ']'hesealel_l'crrcdlotis COll[igulalion, Hole lhc similarhy with tile reverse Railkine cycle, '11i¢ al}so,bcr,

openoi"scmi-oFn cyclcJ, i Mccllaili¢ll v apoi. rccomprc_sion (MVlt) falls ind_ ofcn dose,Lcr, aild pUilip iii Ilie chclnical Ileal pM,lip replace lhc heat ¢nllilie and COlliprcssor

cycle ciicgory.] Figure '2shows lhrc_ coi-IliguialioiLt oi a reverse RllnkJric cycle heal In Ill_ nlechmdcal hclil pump, and dt evapmalor and condenser pcrfoim illciilical

pump illusWaiiilg cloud, semi4)i'_'n, and opcu I¢il pump cycles. Ileal flov.,s lo a_ld l'unctioll.l iu Ix)lh Figure 3(c) shows Ilie ahsorplton cycle used tiilhe hclil llal,sfoilllcr
f,oiii ill pioo¢_ lm iat_lcd _ iii lrlgul_ I. Stilcc II_ drivhll ,ncchanisn, ii nel shown, coii[ilu,tlions. Hole thai tile rolcl of die ahsoitli iii,Li dcllollx*-.i,alid ii< COlldCllSCllllill

lily @fIhc._Ccould be eilhcr elcclrically diiv¢li, prlnic IK:at d,ivcn, oi" pioccss heat eVallOlalor tl_¢ levelled,
dlivcn lu_ ascii I_rlronuai,c_ could, Ili_i.cfor¢, tie d¢l'i, lcd by lny of i1¢ ditto COPs 11¢ Ileal flows (Cit, Cii, QJ, lid CiI), and thercfole lhc COP.I, al_ die Snllie

liven above. OI die Ihr_e cycle coiii'iltu,liioi,s, til closed cycle is die ll_osl capiitd wllcil_i lhc heal punllls &n_ehcnlical or rn¢cllanical. °lilt clf_¢l._ nii lhc llroccs.'ics Ill¢

exl]cnsiv¢ , luilJ die lcl_l capliai exFnsivc ts llic OlX_ilcycle° also Ilia $1111ie.The oiily ili_liicc.l where dic procl_s_ iii: alrrcclcd al_ if lhc diivhllt
_liOilK:r advluliagc iii itlc ol<n cycles is Ihat tile IcnIp¢lalure lift iicioss til melhod ii chiiiigcd fronl elcclitclty lo prime Ileal oi. !o process liclll, or ii the c)'¢1c ii

conl[jle.s$or ii Iowci.lhlul IlK:closed cycle, which collld [csult iii less Ci)lllpiCssof li.ilk. (lilllt_l lo adnlil pro_ slll_anis halo lhc heal pulnll lO [icl &_iWOlkillg (luillS. While
[tor ¢lamDIc , rcl'cnrin t Io Filul_ 2(al, if die inlakc lemix;lalum (l¢lUFralulc of (_1) is open cycles am veiy coniuloii iri m¢¢liiuiical heal i,limps, Ihcy ale nel avaihlilh_ In
120_C and die delivery lcinpclllui¢ (lemi_raluil_ oi QI) is 140°C, lhc Icmix;rliui"e i:ui"rcnl chemical hcai put, aps I_causc oi. lhc Sl_clal prOlX'-Ilics iCllUiicd of die

¢lilClin t lhc couilllssoi, would be about il5°C and Ih_ lein[_lalur¢ leavhit lilt llllsolbcnl imd absorb,,le. Hew destitns ushlg, for cxtlnlllle, zeolilcs as absoit)culs lid

collil!lr...,Isof lboul 145°C for a llft acioss iii: coi, iplessof oi"]0°C. ltcfeninl lo l;lt- pi"occssSll_ailiS its flbsolh,'lI¢$ may chailgc lifts, however.

,,,e2(c),tr.,¢i,,ictanddel_+e__e.,i_,a,.=s*:= _l._.ai,le(ilO°C,,cdI.t0"C, _ Q2
i1_¢clotcd cycle. Iii sonic casc._superior cliaracicrtslics of lhc cloud cycle wo,ki,ll 03 ' ' -

pumps enjoy a pc, furmancc ad vailtage aswell asa capital costadvalltage. "['he closed
cycle is fig most easily applied b_eau,,_ no spcciid requilemetllS are nccdcd by tile

,,o==,,<o.,,_.o,.o_oor=o,-o,_,,:,<,o=oo:,.,,,:,,.,o,oco-<, _o"__¢lTcctive because of lowci lifilial invcslmciil and bclici, e ffici¢l,cy.
Before Icaviul lhc gcnc Ill discu_ion oi"Ileal Inlmps, somelhilil should bc said IJQ1

iiboul simLla, ilics and diffcren_s b_lwcen cliemical and inechiulictt hciil pumps.

Figure 3(al scllcnladcally reWc_lll_ lh<: femiilhii, uiccllanical, reverse Railkill¢ cycle ta) Mechanical
drivcii by a heat ¢llli,l¢. lrlgUm 3(b) shows II1¢ llonlcwllal less f_lliiliar abso_lilion

cycle. "lllc libsoiTIlioil cycle COliJ'igulalion showii is usually u._d in lhc he,_l axllplificr

uo,  o,o,o 7 cooo  ,o,oo
(al Closed cycle (bl Send-open cycle tc) Open cycle

(bl Chemical heat arr_plilier tc) Chemical heat llanslo,mer

= Figulc 2. Closed, scnll-opcn, alv.,t open myers. Rald,d,¢ cycle I_cat pump

Conl]gui'iltion. Filu,e 3, Chc.nltc_ lid lllccllaliical t_ill iilllllp colifiltutalioiis.



In suumlacy, indosUial I_a( pulul_s used lo provide process heat tau _ alld ota; cold _;tfcalu bcluw lhe piuch 'lhcse ale _lmwt_ by lhc tl_shml liue iu lhc ucw

, categorized in terms or(heir COPs which is in accotdaucc wilhhcat flows to and frm,, grand composite curve in Figure .|e. "ll,e eflect o,I the graud col.posite curve is
the l_al pmnp alld hl acct+tdance witll how they am d, iveu. BoO, tucch,'udcal a,d (hanlalJc. +lllnt pOllif)ll oflho curve above lhc lclltpelalule oi" lhc heal lUlmp ottlllcl Js
clcnficalheatpumpscanlitiulomlyolthcthtcecalcgolies. Anollmr calegoliz.ation shifted Io lhc left by the anmunt of heat delivered by lhc Imat punq), 'lllal po+tauri tfr the
i,ivtflv_ lhc felalivo isedation of _lmlmat p.mp fio,u lie process streams. Tlmsc two cu,ve below lie Icmpelatute of the Ileal pump iidel is shifted It+tlm Icfl by tile amvu,fl
gcnclal categories seem to have tlm most iulluct+c¢ on heat pump iu|eglation iulo of heat received by tlm beat pump, The nlagl,itude ol'lbe shills is equal to the polcutial
indusuial p,oce.sses, mductiou ill hot alld cuhl u,iliti_, a,xl represents ene,gy (autl possihly capital) saviors.

Of course clergy must lye expe.ded to lilt tlm heal, aud capital musl be exlm+ldcd Iu
PROCESS IN'I'EGRATION OI; liEKF I'LJMPS iustall lie heat pump. "11m differences between Ihese savi,lgs al_ eXlmlldJlurt:s

dele rminc to a large exletll tlm |x:ncfils of the hcat pump to lhc pto,_ess, although shut

I,l tlm sccoiv.I _ld third studies meulimlcd iii lhc illll'oductJOll, phlcll Icchnology belmfils st,,cll ,_'_mnission seductio=lsa,_J [uoducl qualily improvement as i,I luml_er
( I 1-16) is used to evalume possil)lc uses ofl_eat pumps h= industlial processes. Other dlyi,lg (I 9)) can also aecru.c Io tile process.

al>pioaclms to process iulcgradot| could have been u_d for tlm cvaluadou, bul pil|ch "llte electrically driven Ileal lamp is sl,owtl iclalive to lhc grand composite cut ve
IccluKIIogy was fou,ld IObe asimple and clfeclivc approach. "Ille use of lilts approach in Figure 5(ai. A heat balauce sliows that tlm llcl teductiml iii die healing utilily wall bc
,,ssumes that the process call I_ heat h_tcgtalcd, that iv, heat ca,i be cascaded item a equal to lhc heat dcl[veled above the ptllch, el, which is eq,,al Io tile heat tenloved

heating utility down throuq,h the unil ol_ratious to lhc cooling utilities asdepicled in from below lhc pinch, Q I, plus lhc electricity requited to drive the heal puinp, W
F'igum 4(ai. in some procc.sSCsI_a( iutcgratiou is t,o! practical Lx:causcofcapilal cost, (assurllillg 10<)porte,ii el'ficicilcy iii the ¢lecllic motet al_ geaibox), qlIc leductiml iu

ot'_:tational limitations, safes.y,or olhet rca._;ulls, th,_ coolillg utility is just lhc amount oi heat removed I'(Olll |_:low rbe I|i,,ch, Ql.
Tlm folhlwing is s very brief ilfi.tt'_JucrlioIl lO piuch IccluIology and an equally Reduction call be staled algcbeaically a.sAQI I = Qz = Q t I- W aud AQ(: = 01.

brief overview of implicatiolls for lUOCeSS iutegraliml of Ileal pumps (3,1 7,1 8). Tlm electrically thivel| I_al pumps are lhc most comlnosl types iii USeIt_lay, |uul
they a_e usually of dm MVR type, which atc dominated bi, the compressor a.,_slmwu iu

_itl_;Ll_]_¢c_tgtogy. Figure 5(bi. "lllese heat puiups reduce prtx:ess thermal ene=gy letlui,cme,|ls £uld lISt

If heat flows in processes like that showll i_= Figure 4{ai a_e placed on a more exl_Clxsive electric energy. This means Ihat their opetatiug costs {_=d thelcftue

tcmpe=ature versus Imat Ilow plot. Ihies like those slaws h=Figure ,t(b) result, 'llm tile heat pump Iii't) a_v.lcapital cosls must bcvel 7 low, which usually luakcs lhc sil,lde
artt)wheadsdcsigu_ielheseltscollhehcal Ilows. Those pt)intingdownwald amllolho MVR type lhc most nit,active.

_cfl tel_re_el_l slleatlls beillg cooled. (I Iotizm_tal lilv,:s lepleselll Cl_ude,Lsillg slteanls,) A heat anlp'tlicr Is shown relative to tlm grand ctmlptlsile curve iii Figulc (:,(ii).
Tllose poillltng upwa_rd.and to dm righi _eprcsem streams being healed, (I lorizont,'d hl this case die net rcductioll iii lie hca(illg Utility iS equal to (he heal delivered eh,rc
lilacs represent evapo|attug streams,) When these I_at fl¢lw lines ale added t_gedlcr, the pillch by the heat pump, Q2, plus the beat exlmusled above lhc pil_ch by the hem
lwolit_esliketlloseshowuiuFigure4(c)resuil,',¥hichalctefertcdtoasthccomposite enghle, Q4, mhlus (lie heat =etluitcd to thive tl_ heat engiuc, Q]. A heat bahmt:e
curves. 'lq_e two lilies can be shifted holi_.outally ui]lil they just Iouch as showtl. "ll|e (assuming ideal cot_didotts} shows the net reduc(jolt in tt=c healiug tllilily lo be t_(.,)li =

pointatwlftchd|ey[ouchiscalledthe"processteml_eratu=epinch"f|om whichcomes Q;z + Q4 - Q]. "1"1_:nel reductiou iii tlm cooling utility is simply QI or expressed
-' tlm term "piitch lectmology. '° Tlm pinch divides the process trite al= area above d_e algebraically &Qc=QI. Because Q]- Q4 =Wiuld Qz=QI +W, d_Qit =QI + W- W .=

pinch requiring heat and referred to as a "sh_k" a_d au area below the pioch giviug up Q I, which meal,s thai tlm heathlg utility attd the cooling utility ale both reduced by lilt
t_eal,_efenedtoasthe"source."'llmholizoutaldistaucel_etweenthelirmsatlhetopis sal+m amtlUil{,

the thelmody,_an_ tally miliinulm heating utility, QII. arid the hori_'.onlal distalvce Stem_; ejectors are beat amplifiers commtudy I'o_u+d iii use Ioday {5).
between the litres at tl_. bottom is the thetmodyuamically nfillimum cooliug utility, Figure 6_b) is a diagram o(such a heat pump wilh lhc heat l}ows idcllllficd. Iu Ihc.se

Qc. devices lhc heat engiue and hca_ pump ale combil_cd iii one sinlple piece uf e<ll,iplncut.
: If the hori_outal differel_ce betwee,l the lines oil the composite curve a_e plt>tied "lllis simplicily tcnds to make tlmlu alttaclive it+ spite of Ibcir raw Ihcunal elficieuc),.

on the same axes the so called gralld composite curve (GCC) showu in Figure 4td} Steam ejection |s sometimes referred Io as thermal vapor recompression or TVR.

results. The GCC is pallicularly useful in illustrating the effect of I_al pumps ou die Other heal amplifiers using gas tutbln¢ engine drives have been iltstalled iii industrial

process. The process temperature pillch is where lhc laue just touches lhc verlical axis processes, but Iheso are often too capit_ expeusi vc Iu I_ econoluically attractive at
o_l the GCC. 71.1o111lhc heater aud cooling utilities call be reduced by pumphlg heal Ioday's c_etgy prices, I lowever, somethucs lhc tulbtne c_dmusl tau be used di,eclly iii

flue tl_e source below tlm pinch lo the _il_k above lhc ph0ch, a drier above lhc pinch which cal_ be cost e_'fective (8).
A heat tmtlsfornlet is shown relative to tl_ gral_l cunq_stt¢ curve irl

Li_l.£utop__a_td..llt¢.G.C_ Figure 7(ai. lt_ dds case lhc heat engln_ is located below lhc pillch. "llm i_t _etluclion

+ Atthis petal it would be u.scfultoextunine howthe addllion ufaheatpumploa intlml_alinguli_ity can be expres_d as: 6QII= Qz. The nel reduction ii_the cooliug

process affects Ihe g_,'md composile curve for |hat process. For d_e pis'poses o1"Ibis utility cat| be expte._ed as: &Q¢ = Q t + Q]- Q4. Because QJ -Q.t = w at_ Q I = Qz-
pnpe,, tl_e hcal pulul:l will sly chicfly oil latelll heat cha_lges, as ill a reverse Ra:lkilm W, AQc = Q2 - W + W = Q2. Again tl_ t_et reductions iu the heatillg slid coulter
cycle heat Immp. The cffccl of die heat pump is to add ol_e hot stream above lhc pil_ch utilities n_reequal.

[,,o,o,,,,,yI

. c3 (

: I 15..: I-7-- f/ca

= t +o,++,+,]
{a} Genet,c ;3_ocess (b} Steam heal Ilows (¢) Composfle curves (di Grand composite curve (e) Ellect ot heal pumps

Figur_ 4, Proccss el_etgy targeting usiug Pinch Icchuology,
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ra) An electrically driven heat pump relaUve to a grand composile curve ta) A heat amplifier felalive Io a grand composlle curve

I . . (b) An examplo oi B steam ejeclor which tSoften used as a hual amplifier

E_/_p_[ !! Pigur¢ 6. Ileal aJnplifiers.
I ,

(b) An eleclfically driven mechanlcal vapor lecompresslon heat pump being arum',d lh_ unil Ol_rallotl, tlm hot and cold ulilltles re(IU'rod by lh¢ tUlil Ol',craUoll will
be reduced hy Q2 _ludQ I,ssshown hl Figure 8(b). 11,lhls siluation al,eat p_mtp placed

inslalled on a sta,,d-aloP,¢ uuil operation cml be beneficial, and indeed, this is a common

pcac, icein iodustry today, VefKJor-supplied dislillalion columns o, evaporators ohcn
Figt,,¢ 5. Electrically ddven heat pumps, en,piny i heat pump to reduce tlm cne_gy use oi tlm uldt.

l iowevcr, comparadv¢ of greater cu¢=gy sayinl_smay b_ possible by iiilegration

Clmmical heat pumps el'dlts type tR gum 3(c)l have bccn installed hl Europe (9) oi" tlm uilil operntio, i,llo the proc_s rather thau by coupling tim u.it process will, a
a mecha, dcal heat pump oi d4s tyix_ was devclo_d I)y Mecha,licaJ Tcclu|ology beat pump. Figure 9 shows two source _J_dsiuk diagrams for a. integ, alcd process

inc. (hfr]) h, tlm U.S under L)OEsponsorship (7). Negotiations for h_slaJlatlo,I oi=he wlth mm u,lit operation separated out. Iu Figure 9la), tlm u,,it ol}eratiotl is located

MTI heat pump are urger way al Ihis wriling. A concel)lual diagram of die M']'[ heat acioss tl_ p_'ocesspinch. "Ric high len,peralllre I_¢etrequired to effect II_ separation
pump is shown in l_gurc ?(b). crosses lhc process phlch _u_dts rejected below. Figure gr,b) sliows the same ui,it

1"1¢ big advantage o( heat transl'om_crs is usually considered to L_ thai =_chher opcratio,_locatod erztircly above d_cprocess piuch, Rejected heat from tlm u.it process
prime energy nor'valuable process heal [rum abuvc tic pi,_h is requited toddvc IJ_cm. shown is used lo d=ive _moU_r unit pro_ss (no(shown) located above It¢ pinch,

: llowcver, It_y Icnd to be large l_:causc of low driving lerur, e.ratures. AlUiough heat d_crebyrcducirlg d_e healing utility rcquimmenl over Figure 9(a). "111ccooling utility

amplifiers useprime clw.rgy (say slcam of natural gas), thcy cal, reduce dm iuimc mquilmucnt is also reduced L_ca.se less beni is bclug Iransl'errcd across tlm piuch.
eflclgym(luirmlicnls(sleam ornatural gas)olrthclotalp#ocess afid,il,dlats(:nse, have Siulihuly, auuit Ol_cratlonpiaccdculliely below tl_cph,eh will also result hilower hot

- tile same overall clTcct r_ tlm heat u'ans fnnhcrs, A decision as to which slm,ld be used =uzdcold utilities. The bupU,'adons oi" this anal ysisarc lmporla.I. 11"au=li; operation

should bc b_._cdon ta) process characteristics, (b) capital and operating cxpc,vJiture is located across lhc pi,lth, a) attempt should L_ made Io modify tl_cp[occss to merc

versuJ_to(=l proccsscallilal and operztingsavin_, af=d(c ) other bc,_¢lits whh:hmay dlatunitoperadoneilherabo_ :orbclowtheph'|ch. Tlemamthnes, ofcourse,whcnil
accrue, will not be possible to sl_il'l a _nii operation rehztivc to lhc proccs._pal,eh. I lowcvcr, in

dlis case, as with die st_u_-Jone case, there is potential for Imat pumps, If a unit

i J._tjj.._p_rations Versus hltegL_,3J_ operaliun must be located across tie process pindl, tl_n, as showll in iSgur¢ 10(a). aAs used here, a ul_it ope[aden is a device thai Performs z chemical _md/or beat pump placed uoul_J that unit ultra, iu,| can offer significant e,_c_gysavings,

, physical actiou o, a process slremn. Examples include di:;lilla,!on column.% II'tlK:u,dtopcratio,liscnltmlyono,msidoot'll,:ltinch, thcnahcatpu,upplaced
cvapm_tors, dryers, reactors, ctc, l'_uf|hcm,om, a_tintegrated process, asd¢l'incd he,'o aromxJ ,hal u_ti( will also bc ez,tlrcly ou o,_cside of lhc piJzch. Pumpinl_ heat from
cousists oi a he_ting udlity, a cooling utilily, afKi a collcctiml of one of more uult so,,rcelo soulcc or sillk lo siidr, wdl no4save cucrgy ([5); thcrcl'orc, aheat pump o,t a

proccs_s, iutcgra;cd for ¢ncrgy manngcmcnt. AJl industrial lthmt consists o1"one or si=idle, prol_=ly articulated urlil opcralio,| will likely I_, unaltlactive., llowevch this
= more integrated processes, does no( mca, thai thcm is no piace for beat p,unps in wcll.-desllmcd, l)ropedy
- S(atc',-ol'-thc-a,t heat pumps am applicable to =l=arlyu,tit pIoccsses dial involve [,tegrated proce.sscs, hKl_d, 11¢r¢i_;still good potential I'ol heal pumps asshown in

lalcnt heat ch.'mgcs, such as distillation columns, tlowcver, Io achieve minimum Figure 10rb). i1"two unit operations are located on opposite sides of lhc piIIch, tl_:tl a

¢,¢rgy coflsumpliof, lhc Juteglared p|ocess shouhl bc considered _ a whole, "|his will hca! pump placed b,ctwccn tlm two ca. again oi'lcr significa,=4c,_crgy saviugs, li iseven
_- bc illus,,.ted if=tl_ I'ollowing analysis, l..ossiblc/or a heat pump lo receive IK:al hum several unit oix:r_lio;Ls below lhc pinch

First. a _and.-aJo_lc unit opclation will be cxami,_:d, Figure 8. Mealy unit =u_ li|cn deliver Ix:at lo several uuit otx;rations above lhc piuch,

°lX:r;zd°'_s C'g. lhc{real scparatiofl p=occsscs,motive heat, QII, al agivcn Icmpc,aturc 11its analysis shows tlm irnporla,_e oleo.sided=ld an c,,tirc ifltcgralcd process
and reject marly the same quandty o/heat, Qc, _,ta lower temperature, "lllcrel'ore the before placing a Ix_al pump. While tlm pracllc_ of placb,g heat pm;Ips on hldividusl

- heat added ai d'm i_otend ..imply cascadesthrough and is rcjcctcd al the cold end. A unit operations will show energy sara,agsii"the unit Ol_radon is not heal Integrated,
sl;uKJ-alofm unit opcrauun o("tills ly[_ e_Jlil)its a pinch wit.dh tlm unit operatio,i al Figure 8rb), tills ;)racdcc will save cnclgy o_dy i,, beat h|legrated process('..¶if dm unh
some m|enncdiale tcmpcralurc as show==in Figure 8ta). I1"a IK_a!pump is placed o_eration ts Iocaled acrossd_¢ph,:h, Figure lO(a). ]l'unll opera,iu,as arc t ,,',,cd above

=

=
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ht=atpump driving energy. "llds means that processes thai exhibit a long thi,_"nose" n./
' / dieOCCcurv¢ wall Ix:most nmcnable Iocnergy savings thrn.gh use ofl_cat p.mps Of

u [ Heal _._---;v from which beat can be pumped are also e_©mial.
. - Pi.cb The study performed for DOE by TENSA Services, I.c,, at_.l refencd [o in the

hztroductimt evaluated 26 processes using lhc pinch approach outlined above, Some

Oi good arid some poor cncwgy saving pn_ibiliflc.s through heat pumps wcto lo.hd.
Sample GCCs aic shown iii Figuce t I, Note the long tilh_ noseontile I:x_nz¢no, tel uene,

xylene process shown in Figure I I(a). On this process a potcnl.ial reductions of 20

IX_ICCilIiii healing utility was round with a llft oi 25°C, 43 pc=cent with a lilt of 80°C

°C and 66 pe:rccnl with alift of L00°C. In the urea process, Figure 1lib), a Ileal p.mp lift

OCOi o[30°C hasIlw. I_lential of saving 15 parent aud a lift of 65°C may save 50 r._'_ccntif
an eco_K)mically fca.sableheat pump could be fou.d for this lift. Additional savings

Figure g, l lear flow iii a u_dto pc{alien widi a_d without a hcat pump, wnuld rcq.irc a lth o("130°C, which is prob.bly not fc_iblc, The snap process, Fig-ulc l I(c), rcqui_c_ a lift of about 135°C lo obtain any sara.gs ai all, which is i)fohahly
not fcasibl_, ll_e particular lunmonia process evaluated {Figure 11(d)l had nohcali.g

=uxJbelow tic pinch in oJ_integrated process, tl_c heatpump should be pumping I_cat utility requirement and heat pumps wc_¢, therefore, of .o value. Of cour._ olhcr
from 11¢ unit operation below d_c pinch to lhc unil nitration above II_ pinch, Fig- criteria bc.,;idcsthe GCC must t_ used to finally piace aIK:a¢pump, but it c_ut hc sccu

urc iU(ht _ronl Figure [ l Ihat long thin nosca on the OCCs a.rcgood i,tdicalors of heat pumpiul&

In _umma='y, in the energy cascading hierarchy of many h_at t=degralcd potcntial,
proccs_s tiara exists a proc¢.ss temperature pincl, dividing choprocess into a heat As the fo=cgning discussion states, hag|mr lifts ii|can grcatcr e.crgy snvtngs,
source lu_ i l_.at _ink. I lcat pumps caJIoften reduce tl_ hci_,ing and cooling utility liowcvcr, Ix:cause heal I,UmpS move hca! against ely:temperature gradient, higher lifts

tm-lulrcments by picking up heal from dm If:at source Lx:low Ibe pinch and delivering mean grealer drivbig encrg), consumplion. The limb on lib is be,sod on the ¢cntmmtc
l_atto d_oheat sink above the pinch, relationships between ( I ) II_ value of tl_ dcllvercd heat, (2) tlm value of 0iu ct_crgy

consumed, (3) and tl_¢capital cost of tlm hca¢pump i=tstallation, hv.Jced,heat can be

ECONOMICS OF INDUEI'RIAL IIEAT PUMPS lifted over very large lemlx_ralur¢ spans, but tl_ cost is prohibitive, qllis is showu hi
Figure 12wberc the cost of e.crgy supplied bystale of lhc art [t_hlstnal l_catpumps is

in on.lcr ¢o reduce process bcadng requirements, heat pumps work again.sl the plotted agitn.sl lift to produce the conllnuously rising solid lll_...sshuwi.g ICl'delCos| Of

IcnH._raturc gradic.(, al_ dt¢ Icmperatur¢ lift must be as low as Possible to minimize pru<:¢ssheat delivered, ll_ total Cost ii compo_,JJ of capilal cost (ILK,.upper shaded



. ._,, (al Benzene, Toluene. Xylene (bl U_ea __--'J--"r_.__.._.

2ocJ _ Q C.'1

i (al WIIhout heat pump (bl Wilh heat pump

i Figt)m 13. Effect of ella heat on a BTX p[ucess, ,0 ....... ._.1__
60 250

1"teal lows {MMBtu/h 0

Since limitallorls on lift are primarily economic, li/I capabilily ear=be increased

tc) Soap td) Ammonia by eilllcr Ioweri.g dtivlng m)crgy cosl Ihrough l,Cdoml=lce imploveuler=t o= hy
luwerirlg capital co._l, Because incrcasilt 8 lifl irlcrea.,;estile arllotltll ¢.)(allergy thai cal_

['_gum i |, Gr;uv.I curlq_osiic out'yes I'or ruhr Jrrdtrsliial plocc.,ises, lte savcd, ii folh)w,s thai dccreashlg capital cost illciease$cl_ergy savhlg pokmtlal. "llAs

eacapes mauy people because they Ihtnk of improved lift arid energy savi¢=gcapability
u.ly itr teims of Imlltoved llcat PUmlrper folillant:c.

t 1"1tREE EXAMPLES

N_._.._ "lh ilhtstrale SOl'lie of the pot(Is prose(lied hl Ibis paper, 0tree exa.,lllC _ will be
given, Data for these examples came from th_ slndy eoltdlicted tly TENSA Services

, _ Capilal equiprnerll (3), "ll)e original p,_ecss data represent actual platr data a,kl have nel been altered, hr
.c: " _..-'..f._...//_/._._ _. each case dm process was optimized wllh heat exchaltge Ilelwmkir_g before hell

lolal CO$l__ _ pLiml_ were placed t.tO lhc syslem,

o ___. ._ l,_lZ.(__ -_'['uluene - Nylen¢ (B]2_ '

mixture of betlz.elle, toluene, and xylene. Prelimlftary study showed con,_idetable

SCOld;for energy reduction by addltio,ral Ileal exchange. This lesulted in lilt; grw')dO

coniposi(e curve show. in Figure 13(at, Tltc nose ilr this case shows some polcltiial for

"<elecfrlcily)i _ he,,t pl,li,plt,g, so three cases were studied: li)clecldc closed cycle, (2)clecltic

I fC_ Of a seco_td colmlm, "I'ltls Illuslrale$ (lte polllt of heat pmnphlg bcl weal)Iwo It(iii
' ope fa(lol|s on opposite sides of lie pitlch. The circe( of ali three Ileal pump syslenls iS

Lift generally (tie sonic on the gl_lil,_ composite CUlVea/ld is shOwll irl Figure 13(bi, Earl(
results iii a reductior= in tlm hot ulilJly of approximately 20 perccrtt.

Fi gum 12. Cost curves for electrically drive, open cycle I_at pump. "/'lte eleclric closed cycle, b_slcally a complessor and two Ileal excharlgers, has a
payback of 2.5 years. Wilh or_ less heat exchanger attd a sligl_tly smaller cmnpresaor,
the semi-open system has a payback uf only 0.7 years, The heat tra,|sfonller has a

area), mat.lena.ce cost (lhc black area), and ol'_r'illing cost (Ihu lower shaded area), payback of 1.5 years, The heat trarlsformer lt._l;:dirl !Ilia ct(ac was a state-of, tile. ad

"/'he lloAr.o=t{aI lifJe re|_resents lhc tolal CO_lof tlm energy displaced by hltfoduclJotl of I|lhtum bromide-water, ieversa absoIpt|ou syslel_l IFigure 3(c)1 Ihat tsar.daily u_s
the heat pump i_lt_ling bottl h=¢l coals and capilal tesla of tim displaced Deal source, only heat exchtmge,_ zmd no compressors. Comparing tlm heat lraet.sfonlter with the

Also inclu_led she.ld be the costs associated with reduced cooling load, both electrically dd_'gtL__le.m_l.tlt_ I1_ .inl]ue._2nCeor tt_ p.roce,s.:! t_ y/?r
operatingand capital costs. ']'Iris last tfern is often overlooked, because will|out = stream. Wlg(._ga.ics_,heatexchangers tend to be larger, and compiesToi_i'cnd lobe (_....._:comprehensive view of ¢l_eprocess as provided by lhc approach described iii the smaller. "l'l_relOrt.,,ff"t_ostfor heat transfer sur face begtn_ to domiilate compared wilh
previous s¢ctim=, cooling utifily capacity displaced by tlm I_at pump is ofle_ Omeompressorcost.'llaiswtltfavorsyatemsOlatreiylessot_lmatlransfersu_face, Ali

unlumwn, Tl_e cos( of allergy displaced (tlm hodzonlal Itr_e) is show. lo be flal which open cycle could be belier than a seal-open cycle utlder st,eh condilions, bul is n.I
L. appm,,tima(ely true rot" mnsr IK:athlg utililies over tl_ Icmperalum far,ge of i_)lereSt appropriate fo_ lira BTX separa(Iou process because rentixil_g lhc st(coins would

for industrial heat pumps, Tlmi.terseclioooftl_upper, sh)pirrglinea,_dihehorizonlai defeat tlm purpose of the process, A secoud Ileal pl, mp wa.._a!so tiled bclweett Iwtl
cost lhr: de fi_K:S(1_ economic tie,di o¢1lift. Above dds lift, lhc cost of pun|ping heal othei columns t. dm process but was ecmlo,nically utlattractive becrruse th_ 35"C lift
would exceed ti_ cost of energy displaced by the fleet pump. was Ion gleal,

Projectiott_ of operaling costs _u_dcapital costs, as they i_icrease wilh lift, wer_ _j_._g

m_Je (or a tmmber of heat pun)p cortfiguralio_.,_ (1,2). The curve iii Figure 12 shows '/'I_ process for evaporation atoll d_yi))g of geladn cot)stats of a dl)uble ell'ect

tl_ cost of elreigy defivcrcd by art electrically dliven, open, reverse R_u_kitm cycle evaporatorlotlowedbyaddrdevaporatora_tdadryi=rgtuimel, As ii exists, lhc process
(M VR). already had a heat p.mp (a steam ejeclor) nrl lhc 13rsi effect ovedlead, The a_tal)'sis t_f

__ Ploc,_ o/' lhc lype sIrOWll iii l'qgure 13 imlicnte lhal lhc cost of beat delivered by lhc process showed tllal ale heal pump was located entirely above the pi.cir, 'I'1=:
h,':al l.mrps Jncrea._s as the lemperalure over whid_ II_ I_at ia lifted irrcleases. At proce._ was modified lo rais_ tt_ i+resaure ilt lira evaporatioll train thelchy raising tile

very lo,..' lifts, COPs arc higll0 a.d the coat of heat delivered by Imal pumpa is very proems pinch lemperalure to a level al which the Imal pump was operati_tg across the
eco|lomical, As lifl ilrcrea.$cs, mom ener_y is required Io boost tt_ heat to lhc hlgl_r pinch. This, plus iruploved proc.¢_ ileal integration leduced tlm hol utilily by

: deJivetTlenrperalt_res_estlltir_ginldgl_eroperathrgeost. Capital co_l oflhe heal pump 40pen:ehi, .]]ds modified process is shown o. a gratrd eolnposile ct._,e irr
also increases because larger and more expensive eoml'_menls such _.,_implored lqgule 14(at. 'l'l_m was still polcntial for additional heal inlegiadon al_i heat

ctmrptesso_ am reqlA_ed as lift increa...es, Wilh still higl_r lt/ts, stagh_g I_ required, pumping, which Iogetl_r resulled in an additional 40 l_rcen( enel gy savings as shown
which hlcrea._.e._ capital cns( subsla_gJally. "Ilre DOE sponsored studies have shown itr Figure 14(10. l"nyhack for an electric, closed cycle system is 1,9 years, while foi au
fewhealpumP_pplicati°nswilhlthsgrealerthan30°Cthatwithtoday'_.e.ergyprices electric _unti--open system payback is 1,5 years, A heat tiansformer was llot

can be eco_tomically juslified by e.eigy savings alone, applicable III Otis case due Io Ilia low proce3s pl.eh lenll_ialure.

,li ,,,, .... '1' "rl_ ,,, ,,i_ ,iii lit ,l, irl, ,,rli,
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United Stat¢_
Government, Neither the United States Government nor any agency thereof, nor any of their

z- employees, makes any wairanty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product,or

< process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the

= United States Government or any agency thereof,
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