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Low-Grade Waste Heat Future Electricity use for HTHPs 

Source: Armstrong International (based upon ADEME "Excess Heat" study) 
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Sources: Armstrong+Combitherm, based on Refrigerant and HTHPs Product Datasheets 
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Chart 2: 
 

 
 
 
 
 
 

  



All shown Refrigerants have GWP < 10 & ODP < 0.0005 
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HFO-1234ze(E) 
(A2L) 

CO2 
(Al) 

Low Pressure (<20 barg) 

PRESSURE OF REFRIGERANT CIRCUIT (HEAT SINK t* > 100°C) 

Sources: Armstrong+Combitherm, based on Refrigerant and HTHPs Product Datasheets 

Very High Pressure (> 100 barg) 

HTHPs 10-years CO2 savings in tons vs. Scope 3 emissions 

CO2 Savings from HTHP - 10 years 

Scope 3 - Waste Heat Recovery System 
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Source: Armstrong+Combitherm, based on Refrigerant & HTHP Product Datasheets 
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Scope 3 in tons of CO2 in 10 years - HTHPs and Waste Heat Recovery Systems 
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Source: Armstrong+Combitherm, based on Refrigerant & HTHP Product Datasheets 
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CIRCULAR THERMAL" 
HOW TO PUT WASTE HEAT BACK INTO 
INDUSTRIAL PROCESSES AND BEYOND 

Armstrong 
EXPERIENCE MATTERS 

 
  



WHERE DOES THE ENERGY GOP
‘Simply tata,thoinstaw of tharmodynamicstollsusthat anergycannot ba destroyedor creatad-ita
Quantitywithin system romans stable. Whonanorgyputtwork,sometimesby converting from ono
form to another is degraded to a owen quay of non. So, anergy inan industrial pont degradedbut
ot destroyed,how doos eave the an?
‘Gurren, primary onoryisbrought nto lantin the formof sectriciyandfos fuss which are
Increasinglybingreplaced by renewables. Thesesouncesaremeasurable, soweknow the quantityof

Incoming primaryenergy. In typical factory.less than20%of incomingnergy ausedformoving things(motors converting lscriiy nto mechanical energy) onghtingthefacites. Duetoanargy ficiency, parc
of this energyoventualyends Up as wasteheat hat Increasesthe bulding'terionair temperature. Doss
hatmoa that theremaining 80%of the primaryenergy Used fon thermal §ong ntotheproducts bongmanufactured?Inmost Industries, only osmall ortonof thoprimary anorgy 1s converted into chemical
‘nengycontained inthe inl product. Furthermore,tho nputmaterialeused inmanufacturingaro usualy at
thosame often ambent)amperatune3UTP Products arewhan leauing tha plant. In fact the mojorty of
primaryamong ance up 2wasto heat thai tl frequently ost though tacks, cooing towers, and swage

Standand One-way Thermal System~—Single Process Usen
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HEATING AND COOLING IN INDUSTRY
Theheating and coolsequences thebasisofindustrial processes. Plantsavedesigned tofacilate the flow
of producta-and heating and coolingadiferentstagesoftheprocessoften ust compensate each other from
ananengyperspective.
coouna
‘Cooling isachieved byremovingheat fromafui. Onoextracted;thatenengy atypically wasted through
cooing towers tha release heatand watorvapor into theamasphare.Tho amount of energy extracted on
partof thecooing process canreprasontasmuchaa£13 of plant's heatingneeds.onevenmore
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An ai compres agood example: Up to5%ofanin comprassor's lectriol Input bocomes wast heat
6po ofthecompressorcooling Dependingon thoaishumidity sondensaton wi ddwast heat
hati tho squivelentof 5 020% fthecompressor lectrcal Input.Thesumof these wocon somtimes
roprosont morathan00%of the alocrctyusedbythe compressor.
The highest potenti for wast heat from cooling foundin factoriestha usedeop fratingprocesseson ica
cream frozenfood, and athen productathat ane coldorwhen leavingthe ant than raw materiaare when
ntening,By takingheat autoth product, thoygonorateaSgficant excessofwasts hotfromcooing This
‘onangycan uli not only tha own estingNeeds,ut50moof hoi nelghbon’ thermal domand,awel.
HEATING
Haating osos enongy to thaatmospherethrough inofficiencies in tities ganaration and dietribution
Thaaficiancyof atypicl steameyetom general ranges fromnomore than 60% 0amaximumof80%.
The remainingenergyIsusedforImportant (aks,such 08cryin productshoughwater vaporation.
ating productstrig achoca reaction, heatingMTGdehumiatyinga, heating water for

cloaring, and more.Butwhat happens t the anergyafta that? dryer, hich son of tho langest heating.
applcatonsi ndstry,5s much a3 0%of the anegy 8 leasednto th atmosphere through stacks
heformof very humic, low temperatureair (¢ 75°F 80°C)Thi 18rueormostother Industriel
appiaatons-andncortancases,auch0distlaton columns ondevaporators,theprocess GUEoftenhas.
obo coded

TAKING A CIRCULAR APPROACH
Wiitho qualityof anengy containedinwastoheathasboon degrade the quantityof anengy t contains
58 vory sgficant Basedon ounstucies,from 50% to 80¥ofthoprimary anargyused night industries

{eavesthe lant oswaste heat atmediumtomporaturas  400°F200°C)onevenlaw temperatures 200°/<
0°) This maans tha 50% B0%.of this orang conbo reused nd tharafore, tha ralated Scope  omiasions
oudbeavoided. By applyingacinculanapproRcht IndUStl hermal wecan necoven that anergyand put
bacicto workinthe process

Circular Thermal~ System—Single Process User
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Formorathan40years, heavy industryhasusedProcess Integration (P),or Pinch, to maximizeplant thermal
offciency-mainly throughdinect heatrecovery.Thismethodconsistsofmappingandoverlapping coldand
hotstreamsinaplanttocalculatemaximum theoretical eatrecovery and minimum energy requirements.
fonthoplant.Tharesult is an deoldosignthatcanboadapted to thepractical realtisofthe ito basedon
oducated trade-off. In ight industries, anadditonal“heatexchanger network”  noodedfonrecovering

lowgrade heat from sources,stoning It,upgrading tfnecessary, and moving It toheatsinks.Through this
methodology. industriaplantscanrecovertheirwasteheatand significantlyreduce theinprimaryenergyuse
and CO2 emissions.WecollthisprocessCircularThermal®.

CIRCULAR THERMAL" IS AT THE HEART OF
ARMSTRONG'S DECARBONIZATION METHODOLOGY

Armstrong's methodology for thermaldecarbonization includesthreesteps: optimizethermal system
offcioncy,minimize anergydemandfrom process,and docanbonize thefaiitysprimary anergysources.
As part ofsystamoptimization,inculanThenmai™often delivensthe§roatostImpactwith positereturn
oninvestmont.

StepOne:OptimizeThermalSystemEfficiencyThrough Waste
Heat Recovery
Althoughthetheorybehind CircularThermal has longbeen racogrized, was frequently Ignoredin
newconstructionofindustrialplantadueto economics. In thepast fossi fuelswane conidaned cheap
andabundant,andfew wareconcernedabout CORemissions, 50 ftwas asyandconvenient to designand.
‘openatoono-waythormalsystems.Howovar, thisno ongentrue. in today'sworld, anergyIs ageopolitical
‘andbusinessrisk. fossi fuelsare increasinglyexpensive andsometimes unavallabie,renewable dlectrcity
8becomingcheaper,CO emissionshave aprice-—and thepaybackfonCircularThermal™is significantlyImproving, Once fossilfuels ana takenoff the tabl,recoveringwasteheatwi be the mosteconomical woyto
ocarborizothermalsystems.
Desteaming.
‘Steamsystems typicalygenerate and distributeheat at385°F/185°C(which s150peig/10borgsaturated
Staam)- evenwhen theprocessrequires 8muchlower heatingtemperature. Recoveringwasteheat to
gonanate owpressure stoam-which canthenbo compressedt higherprossuna-s technicallyfeasible.
Howoven, If thefinl Goal to oat aproduct ot much wontompoNatune,thiswil sul inexcessiveonorgyuse, partially duo totheminimum20% sss inherentto teamsystem.
That iswhywe considerhotwatertobethe bestheating lu up to 250°F/420°C. Destearingsabout
replacing steam systemswith hotwateronglycolonsfon optimizedwasteheatrecovers.By allowing acloser.
matchbetwoen heat generationand hostusewithin the proces,desteamingoptimizessystem ficiency.
‘ArmetrongInternational hasmore than acenturyof In-depthsteamsystomexpertise,andwe recommend
‘Gostoomingfon low grade heating.
In theory, usinghotwaterrequires langnhoa xchange surfaces—assensibleheat contains4105 timesloss.

‘anergythanlatent heat. However, in practice, existingsteam heatexchangersarefrequently ovensized-that
8why doublingtho hoa exchange surfacesoftensufficient.Desteamingalsooliminatosthecondensate
rainagoissues inhanontto applcationsueingsteam fonheating < 242°F/100°C which 6ancreate vacuum in
heat exchangers.
Final. toavoid excessivelength oflangonwatanpipes, oatsouncesshould be Inked tonearbyhatsinks.
Thdecentralzedsystemdesign inherentto Circular Thenmal® systems-—asopposed tothehistorical
“contral stoamballon oom and distribULION NetWork”9pproach.
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HeatPumps.
ghgradswatehast co oftenbs recoveredusing rly ahotcxchangen—althoughthis can sometimes

betechnically challengingduetocontaminationofprocessairdischargedthroughstacks.However,vatahast i fe alate lower tempareurtothanheroosts oman. spo£radohestmuttbo
CpiradedtomomgradeheatThs quessadtions Eh radeanand GAEANOT aPurchhas TDcra amaho ——ore ——.
hetachnalogyusedinhotpushas axstad on 470years. Kisthasametechrclogy tht runs theendorssons ounhomes tne oi contin nou 100,Efclenc themas ant advantagePastDumb provide.Tha closriony rer atsPu ahaa pumypc abr etntsai 4154/01 thorlprtt does hf rt soc ovalConOORHoseohlna0k Howeetr,tor ohh pursegoom fra fo Brat eat ttPon eared omP87tamcanekdead armelSectfcaion shogun LSSSPS eyard AT 8wastsPeak upgrade oohnogy.
Closedcrult ect pumpsan ow vatablefon dum capactie (betwen L707 millon BTUpon hourpar.Cre. 02M tutsTressneat pump 0s AwErton of wankingfds a on af fornararlls dus orlatesylow rosea hehechou th ited envkonanta irpeetGHPauntTEAGogradaton <0 They oan Galvaoperates tho chmrand rocoveringow£700atahast < 170% 80% (608afk.somes produ Behlcoon anuPEnadng hathes a25 S500, ich showsfortn Fenenotone ow stun Seam necessary:
Trastoarmcanbousodton rast irfctionorapresse an temparatureoubaivareasedusing orscomprasanesvportof Mesharicalvapor Socom avonON) eyo.ThesecompressorerinSooutwaren featon,Insaddinel steam Somipommen fo odengniosses avdloakainthadowneens
‘steamsystem. Byrecoveringcondensate andflashsteambeyondheatexchangers andsendingthembackasnuttanaPghtemperaturehes th 0605a closed anaes
Storage
FT——Soret ymca as ho wateroreng oR Etermbeused ha Process. ATROGE SParRSA

Seamssoncotaiplat confront, aloeechrelogos 2overeatprobe dare
CircularThermal”System—MultipleProcessUsers
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Step Two: Minimize Energy Demand From Process
Theratobetween alectrictyandusefulheat utputofa hostpump iscalldCoefficientofPerformance(COP).
and tdopondsonthe temperature increase.Optimizing the COPIstheprimary reason to matchhotsounce
andheatsinktemperaturesascloselyoo possible.Whenever. heatpumpperforms Usefulwork by both
‘coolingthe sourceand heatingthe sink forexample, in dslationprocess)whil notusing monedlectriclty
16.0.0,thas amuch highonCombinedCOP(CCOP).
Thedesignofmanyprocesseswasbased onhigherulytemperatures thatanerelatively easy to obtain With
Stoo. However,analyzingtho actualsteamtemperature ntheheatexchangen following pressurereduction
producedby a control vaive)on dontifyingtheexacttemperaturerequirementsof hoprocess,oftenreveals
thatthaneededheatsnktemperaturaiamuch lowerthan expected.Consequenty,COP iimprovedwithout
Impactingplantprocess conditionsonproduct quality.
Host pumpsproducinglower output temporaturosroauire less lactriciy,50COP 6 higher.Tharesulting
permanantdecreaseof Opoxcost isworththeeffort. oven n casoswhereaddtionalCapex srequired
(manlyfondosteaming). Inthelong term, Opexcanbefunthendecreasedbyreplacingagingonend-of fo
processequipmentwithmodernequipment thatoffers highenanengyefficiencyon requines owenheating
tomporatures.
Incontaincases, thesamo usafulworkcan boperformedwithoutusingheata ail. Fonexampio, steamhao
aorusedfonhumidfying airin oakthoansor ndustiessuch aa pharma,whitho sam increasein air
humidityconboachievedusingadiabaticor electric humidifiers. Thos humidiensdo notuso less anergy
to ovaporatewateratatmosphericpressure,buttheydo allowdestoamingof Air HandingUnit (AHUS)This
liminatestheneedtogenerate medium tempenatunesteam using heatpumpswiththeresultinglowerCOP,
26wolla3theneed todistbuteIt aftorwands,wth theinherentsteamsystemlosses.

StepThree:Decanbonize YounFacility'sPrimaryEnergy Sources
Theprimaryenergyneededto run CircularTharmal*systems selectricity,which canbodecarbonized
by usingrenewablepower.Theremainder of thanmaldecarbonization canba schievedby Switchingto
renewables,suchas biogas,biomass,solarthermal,hydrogen,ordirect lectrfication. Tissthe inal phase
ofArmstrong's three-step thermaldecarbonizationmethodology.
However,tsrialthatdecarborizationbeimplementedonly afterthepotential ofoptimizingandminimizing
hasboonexhausted.Switchingonewaythermal systoms~thatresultIn SO% to 80%ofprimaryenergyboing
Pelaasedntotheatmosphereaswastehoat-torenewables s a mistake. t ade osignificantwastageof
‘cance renewableenergythatis sssentil fondecarbonizing hand to-abate applicationsIn eavy Industry.
transportation,onbuildingsectors.

THE ADVANTAGES OF CIRCULAR THERMAL"
ARE SUBSTANTIAL
Averylargopercentageofthethermalenergycurrentlyusedinindustry canborecovonedbyappIYing
‘Girculon Thermal. Furthermore,thismethodologyshouldnot be limited to theboundariesofasingle
factory.While a growingnumberofIndustrial areasave applying a circularapproachtomateriale and
onengy gonenation, the sharingandupgradingofwastehaat across neighboring Industrial plants, hydrogen
loctrolyzons,datacontons,offico areas, ndies 1s atl 00rare. Thadovelopmentof transportablesolid

material thermalstoragecontainers (expandingopportunities on thephysicalmovementofwasteheat
ovenmedium rang distances(deal. using docanbonizod transportation. HoavyIndustrialplants havingan
excessof igh gradewaste heatcan shareit witight Industrialplantsor adistrictheating locatedtoneof
miles kilometers away.

 
  



ThePotentialForHeating AndCoolingInBuildings
Wasteheatrecoveryandreusecan alsobe envisionedfo buildingheating andcooling. However,applyingCircularThermal presentamoreof a challenge in buldingsthan tdogs in industryduetoonesignificant
iffanonce-timing. Industrialapplications demandroulan heating andcooling, at eastweekly, which mits
siz0requirementsfon thermal storage. CircularTherrmal™fonbuildingheating andcoolingwould require
Seasonalthermalstoragethatmaintains heatatapproximatelythe same temporaturefor as longassix
months. foneday,affordable, smallvolumoSeasonalthermal storagobecomescommercially avaiable, I
wilsignificantly increase theaverageyearlyCOPofhest pumpsused fonbullingheatingandcooling,thus
greatly reducingtheiryearlyprimary lectricalconsumption.
Buildingcoolingcan aineadybo used 85.8 heatsourcefor nearby Industries,whichneedhoa al yearong.
Such “districtcooling”systemsmightmake senseprimaniyin warmer clmates,wherecooling sneeded
mostoftheyearIn oldclimates, moreValuable heat sourcefrombuildings mightbo thesowago system,
Collecting “oncothrough heatedsanitarywaton fromshowers and taps.
‘Anothersourceforbuildingheatpumps i gaothermal-stthenshallow,onfrom lakesand rivers.Comparedto
ho ambientair, geothermal offers highertemperaturethatremains nalaivalystable throughout theyear.
Dring summer,thissource ioften cold enoughtobyFass theheatpumpscompressor,makingft possible to
runina-freecooling’mode.

CIRCULAR THERMAL” LOWERS THE BAR FOR
THERMAL DECARBONIZATION

Hostingandcooling In industry andbullingsrepresentapproximately 70%of currentglobal finalenergy
consumption.Byrecovering,Upgrading, androusing tre heatwastedin industrial plants,wocansignificantly
owen theban fonthermaldecarbonization andreducothe amountofrenowabioonorgyrequired to run
thesoplants nthefutune.Throughout theworl,transformationofexistingsites sinasdyunderway,andan
increasing numberofnewsystemsarebeingdesignedusingthe CircularThermal™ methodology.
‘Appiyingthisconceptbeyond theboundariesof asingleplant and tobuildingswil decreasetheneedfor
primaryanengy andhelpwith the decanbonizationofgabalenergysystems oven further.
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