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Abstract Title: Electrochemical compressor for a refrigeration system

(57) An electrochemical compressor (105) for a refrigeration system comprises:

(i) an inlet fluidly coupled to an evaporator to receive a working fluid (200) that comprises a condensable refrigerant

and an electrochemically active fluid;
(i) an outlet fluidly coupled to a condenser; and

(iii) one or more electrochemical cells (202) electrically connected to each other through a power supply, each
electrochemical cell comprising a gas pervious anode (205), a gas pervious cathode (210) and an electrolytic
membrane disposed between and in intimate electrical contact with both the cathode and the anode, wherein

(a) the anode, the cathode and the electrolytic membrane are configured to pass the electrochemically active fluid,

(b) the electrochemical cell is configured to disassociate the condensable refrigerant from the electrochemically
active fluid in order to prevent the condensable refrigerant from passing through the anode, the cathode and the

electrolytic membrane, and

(c) the electrolytic membrane includes a membrane having as porous microstructure and an ion exchange material

impregnated throughout the membrane.
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ELECTROCHEMICAL COMPRESSOR AND REFRIGERATION SYSTEM

CROSS-BREFERENCE TO RELATED APPLICATION
Thivapphication olaims priovity 1o LS Application N, 617200,714, flod on Deconber

5 2, 2008 and entited “Eleetrochomicel Compressor and Host Pump System,™ which s

inverporated heroin by roforonor in Bx entisly,

TECHNHIAL FIRLD

sstem that inclades a vapors

Loonmresyor conficured o

foss

BAUKGROUND

vigsration oyeles and host poops 18 10 vevoove hoat from a heat

15 volt at fow tenperatiss el & rogoet the hoat (0 2 hoat siak or reservolr at bigh
temperature, Whils many thermodvaande effeoly have buen exploited i the development of
host pamgs and refrigeration oyeleg, the most populasfoday s the vapor itmtt}.p;msiam approsch,
This spprosch & sometimes vslied mechantoal vefnperation beosuse o mcchaucs! compressnt is
wsed i the ovale,

20 Mechanical compressors acconn for approximately 3% of u housshold's energy

<

vequarements and thus consume 8 substantial povtion of most utilities” base load power, Any

g

drprovemend it officieney relatod o comprassar porfemancs can have significant bonefits

torms of energy sevings and this have siguificant posiiive sovironmental impact. T addition,

theve are inoressing thermal mansgament problems i alectronic clrauty, whick requive smathe

froc

25 heat pumping deviees with grater thavmal munsgemost capabilitie

Vapor comprossion reffigeration cyoles sonerally contain Hve imporiant compouss.

The fiest is 8 mochanicad comprossor that is usod o proasteizs o gaseous working fhad, After

waseading through the comprossar, the hot pressurizad warking Hluld s condonsed moa

condenser. The letent heit of vaparintion of the working Suid i giver v 1o 4 high tormparatues
30 roservelr ofton velled the sink, The Hauetied working fluid s then expanded at sulstantially

covstant suthalpy B & thormal expassion vabvivor sntfios, The conled liguid working fluid 18
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then prased through an evapoptor, In the eveperator, the working Haud sbeorby rut ot

vaporization from a low lenpsrature teservoir often called 2 source. The bt eloment

~

vapor comvpression rolvigeration gycle s the working Haid fself
I conventinnal vapor compression eveles, the working fhad solection is based so the

prapotios of the Buid snd the tomperatures of the heat source and sink. The fuctors in the

selection include the spenifle hout of the working flnid, i Istent hegt of vaporization, s specilie

volume aud Hs safely, The selection of the working fluld affects the coefficiont of performance

X

For o refhporstion oyek pporating botween 8 lower Hiniy, of souree tonperature, sud sa

wmer Hrad, o sink temperature, the maxioem officieney of the cvele is Hmited to the Carnent

efficioncy. The officiavey of a vefiperation cyele b gonenally dufined by s cooffizient of

o £ ,,

s i

performance, which is the quotisnt of the heit absorbed fromn the siak divided by the net wark

o

iy

o
i,
o
s
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SUMMARY

£ ™

fnone gonorsd aspoot,u rofigoration sysiam conveds host fron a finst heatrestervorr at a

refutively low tomperatere 1o @ acvond heat veservoir at relatively high tomperatare. The

A3

refrigoration 5y s closed loop that contaims & working Huid, wtlsast paatofithe

seorking Doid belng oivculated dirough the closed Toop. The veftigoration system ncludes a fust

heay transtor dovige that transfors hest from the Hrst hoat resorvoir to the working Boid, s second
hazat transfor doviee the from the working Suid o the scoond hout
expansion valve bebwes sopennd heat transsfor dovites that redueey prossure o

B3

working fludd, and an slecurochomiea! compressor between the first and second heat trans

devices. The electrochony

wnchides ong oo clectrochomical solls electrically

connecied fo cach other thraugh » power supply, sach electrochemical coll mcluding a gas

purvicus anode, & gas pervicus cathody, and an clectrolytic mombrane disposud bobweon and i

mtivnaty clectricnl vortact with the cathode and the saods
Implomentations van wcludi one o vavwrs of the fullowing foatures, For o

e,

ig orant that Bypasies the sledirg

2
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o other implomontations, the working fluid can molwde 8 condonsable rofvigorsnt, watey
angt i olectrorhendeaily sotive thid, v other maplomentationy, the working fhad ncludes s
gondensable refvigerant that s nod seater; and an electrochermically active fHald lnsome

»

tisipate iy the clecirachomical process.

tuplomentaiions, the condenssble 'i‘@ﬁ‘.‘.i_gt;?i‘a:ﬂt dirs Bot %
The workmy fluid can include carbenr dioxade. The werking fuid con fnclade o
fluororarbon gas. The glovirelytic membrane gan include 8 splid sloctolyte, for cxampde, v geb

The refigeration systeny can inclode o tomperatore seosor thenually ‘m:;*icd 1 OB O

o~

rote af the working Hoid, the fivst heat wansfer dovic, and the woand bost wasfor deviee, The

first hew Gansfor dovipe saninclyde a condenser, ThHe seeoud hoat invnsfer dovice can inclids an
CVERQIRIGT.

3

The electrochanical comprossor ca include & cathode pas space pn & sonsle

of the cuthode; and an anode gas spice on & doselectrolyie side of the snode. The

steptrochenteal comprassor can include & first sloctrochemically active roaste that tneverses the

anode and cathode ssecond nowels

ctrochermcal vouts that bypassos the goode and cathode; and
a vorabined that combines the somponents that ave wavorsed the fiest aud sootnd rouitex

The refrigoration systom van alse include & moechsnionl compressoy, The mochusnioal

compressor can be i serles with the clootochemial compreeasor. The mechanical comprassor

can he between the clectiochondesl comprossor sad the fiest heat Waosfer device. The

mechanival comprossor can be bebween the electochemical comprsssor and second heal tansier

,

i anethey goneral jypegt, an clectiochension! comprossar mohudes an miet fudly
corupled o an ovaporatr o receive a v ’&inﬁ fhutd that comprises s condeasuble refiigerant and

an electrochomically active Suidy an outlet Huidly conplad to o condenser: and pae o wmors
elocirochomical oolls eloctrivally connonted to vach othior through & powsy supply. Bach
eleatrochomicad vell includes  gaw purvious anode, ¢ pus porvious csthode, and an slosteolytic
mombrane disposed between gnd In mtimats slocivical contact with the cuthode snd the suods.

The anade, the cathode, and the eleetrobetic memitwane are configured to pasx the

clestrochemically setive fhad, The clectrochonmoal colbas configured to disass

onnde cally active floid to provént the condonsable

refrigersm from ;i\‘mt ﬂfﬂ?{}}.{gh the anode, the cathode, and the olgetalyiic mombrane,. The

L
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heat reservolr ab a velubively low tomperating 1o a second bost reservalr af relatively §

stectredytie mombrane incledes ¢ mombrane having & porous nuorostructiey and an lon sxvhange

3

Uimprognated throughout the membrane.

sieris

o

Implomentations can include one o wore of the following features. For cxangple, the

Rt
'M
%
£
g
=
e
pg
%
%
o

supregnated merob

TR

Gusloy sumber of greater then 1000 scconds,

Vhe fon exvhange mombrsng can by able to withstand & pressure gradion between ¢ side

{':

adjecent tho unode and a side adiprent the cathads. The fon exchanps mumbrane can be ablo

o

sithstansd & pressure geadiont of at lesst 30 pst betwoen a side adjacent the anode and 5 side
adispent the cethods,
The won exchange mombrane con inchsde 8 synthetic Huorepabamer of

teiraflyoroethylene, The synthetic fuoropobemer can be sn expanided polyistrafiumosthylens

harving & poraus migrostausture of polymerie fibsils. The don oxchange muterial van substantially
impecgnate the membrane so-as 1o vendor an fntbrior volums of the oy erabune substantially
oeelasive: Thedon exchange matoriad can b mpormeabde to gas. The fon exchangs mutoriad
The fon exchangs material can b solscted from a

can be pormeabio to up consisting of

perfuorinuted sulfinde stid vosiy, porflinrivated mrtw«w*n acid resin, polyvinyt aleohol divinyl

e A

benzone, styrene-hasad polynices, and matal salts with or without & polvmer,

o

The anode, the cathods, and the clectrolytie membrane con be confipursd to pas

Py

7>

glerwochemscally active Hatd hibe working i ircindes loss then 50% af witer,

- &

The ote oy more sleetrochemical cells ot be convectad 1o pavallel with cach other,
A fivat clectrechemically sotive routs oo bo dofined by the snode, the clectrabytic

nugnbrang, snd the w:iwéc; and A second non-clectrochumical reaie bypasses the anede, the

The comywessor can nchide g combiner that combines the components of the working
fuid that hoee teaversed the fivst, voute, the seonad routs, o hothe the Bestand seoond routes,

The fonn oxehange material coninglude ¢ Bauid electvolyie smbedded w e niatrix, The ion
exchange matorid can inchude an snionic exehange membrans and he anode gas spacn opertes

at a higher prossure than the cathods

Knesaof foss than $.02% v

The potous micnrhrane canhave o total th

v another goneral aspect, g mathod of reltigerstion mchudes conveving heat from a fiss

sanperature by ciroulating s working fhuid through a vlosed loop thit is thermally conplied 0 the
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First heat roscrvoir a1 2 first portion sud is thermudly coupled to the sevond heut reserved #t o

second portion. The conveying telndes transfaving heat from the working Huid at the sevond

ooy pottion T e second heat veservonr Petng at lonst somvie of the working foid

3

sing Huid by expanding the working

fan 8 fac

reduving s prossurg of thoe at loust partd

fluid at a substay st azrﬁhaig\;s: sind transforring eat fom the fisst hoat reservolr o the

working fluid ut the fisst loop portion tnchuding vaporizmg st loast some of the working figd,

The conveying also includes nereasing g prossure of the working faid by dissoviatingan
o) g i -

sleptrochendesity active fludd from g condensable refriperant seithin the worldug Suid fo ensble

the Sonlonsahie refviporant o sepanie fram the clectrochomically dotive fuid, clectrachenucally

arged partic
nohomizally active Shald to pass through
tal gradiont

fy

diont, e;:}m:.i:ff_si:.%zs;sfn_%{;a§ E}-" de~ionizing the

sarged partivies with the tomized

N

zod plocirothemionlly yotive Buld. The

& devdonized sloctrochemically active

rv(ﬁ

fheid with

thic condeisitile refriporant to form a préssurized working fuid that flows o the

aeted foop portiowy

¥

Implomentations can include ang or move of the Tollowing features, For oxanwple,

dissosiating the slectrochenically active fhud from the condorsable vefriperant van include

passing the working fuid theough an spode geospree 10 thoreby dissociate

>

active thad from the condensabls refrigerant within the working Suid, Electochemically
ioniang the clestochenueally active fludd by suipping charged panticles Som the

3 . ¥
%

eleatrochemically active fluid can include slectirochomically tomizing the \.L»Zﬂ»“&i‘t‘”‘mih

gotive fuid within 2 gas porvicus anode adjacent the anede ¢

cleetrochumically active fluid to pasy through the clectrolytie membrane oun include snabling the
whzed ¢ iaais"s‘?s{:ﬁ&;mi.-&Tti.,-. active Duid to onter the dlectrolvic membrane that Ty disposed

hobwoen the gas pervious anode and & gas porvigus cathode,

Pumping the charged particles to oroste the sloctie potontial gradiont acrose the

3

clectrelytic mcrabrane con dnclude pamping elocirons feorn the ges porvions sueds le thegas

X 0

M
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porvicus eathods o oreate the eloctrie potontial gradiont between the gaw porvious snnde and the

o

wally active Huid acrass &

2L

gas pervicus vathude, ssd muping the Jonized dlevtrochem:
cheetrolytic raombrane using the clectvie poteatial pradiont can mohede punynog the fondeed

cohomicatly sotive fuid wethe gas porvicus eathods.

_v

Electrochenuonlly de-onizing the sloctvochonucally gotive fuid can inshade combining

3

cathoddy with the onizsd dectrocheniicully

the pumped churged particd

agtive flald, sud pressuring the destowized olectrochemivally sotive Ruoid cany include prassuring

the deslonized slocteochenseally sotive thad within o

1@ space that s adacent the gas

porvits cathode and 1 maintamed ot o higher prossure than e anode gus space

wde controlling the srmownt of hest coteayed

P
£
Pty
L]
T
o)
=

tage applind tx pump the charped particles to oroats the

nwwre of e g

potential gradisnt uoross the olactralytic mentbrane,

Thews ars seveml srantmn & refhigeration

systern, If carhon dioxdde munages o leak ot of the systom, and make s way up to the ozong
t‘"‘i e plteavielet radistinn does ot break up
rachicals that help (o doploto the ozone layer, Thorefwg, carbon dioxide does sot deplate the

orone faver

¥

s v noted a fow probdloms axsooied with the use of carbon.

Y

e

Morsover, whi T vy

systemng, for example, requiring operating of ligher prossere and higher

comprosser ompontture: these openting reguirements arg found 1o be more advantageous

sutemotive spplications. The very high cycls prossurs visul b fluid de

the cve

S

& allowing minsneization of the systons for the sams hest puniping power

%
“

requairomnents. Furthormore, the dgh outied terparatire of the compressor can gwumritwi

»

psting of & utemobile windshiolds and can oven be w

wator hsativg in howe usage. I fuel ool Lﬁ;ﬁspfi‘i‘ ations fnvelvis

¥

from hydrocarbon souross such @

mixed gas stroam with carbon div
cleptrades have boen developod and are compmercially avisladde (och as WL Gore &

yolatos Ineoderies 36 PRIMEA &

bl b with suifable electrochemical porfrmanes with

1 and carhon dioxide gas streams

&
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expansion valve 120 between the first snd second heat transfor devives,

The vapor comprossion refrigen

T uss an slorirochenvcal vomprossor and

"l

therefors i3 modular (hat i, & can be of diffvrent sizey without Himitation). The vapor

comprossion refrigeration system is eloctnically driven and thus fully slectronically contmiled,

\ 1.

The vapor comprossion refviporstion syston oan be considorad essentindly notseloss, and thus s
foxs noisy than convotinus! mechanical refrigeration systans. Th vapor compression
refrigeration system s oo offichont than conventions! mechanical refrigiration systams,

P
g < A

SORIPTHON

Fig. 1 is block disgram of wn exoroplary reftiporation systom that defines o closed loop

'?'

that contsing woworking Suid and inchudes an eleotrochenscal compr

Fig. 2 i block diapram of ax elocirochemise 3 s working

i~

fluid that cun be ysed In thet eftiparation syatimo! Fig L

Figs, 3A-30 aro blook disgrams of electrochamical comproasorns that inclade o phaality

of gloctrochemica! vells and can bewsed jo the eeftigaration sstem of B L
Flg, 44 15 a How chart of & procadurs perfored by the refuigeration system ot Fig. L

Fig, 48 g fow chart of & procedurs porformad by 8 control systony within the

refrigeeation system ot Fig L

A pi{iw‘ “\~ B

L Block dingrsim of ag

Fig, Sis sy getation system Hhat defines & closed loop

f(

that contalng avorking Hud and elades an dlectrochamical compressor and s mechamical

comprosser in pagatiel with eachother

COMPTesans in series with cach other

DESURIPTION

Reforring fo Fig, L an ﬁ\"m;*im sofrigoration svstimn 1068 dofings a closed ooy that

z 4
e
Py
e,
RS
T
.
joo]
po
o
o
pos
=
y.“
~
food
-
£
ool
bes
m
poses
o
%)
ey
40
5
Z'}
=
/
¥

contuins aworking fuid, The sy im*;}g\t se 1D that lacks

ni*cztt*‘mh\,socxm 1 tha fravstors hoay fromy v fivas heat reaorvedt {a Deat

4]

PHEEVIETE DRYTE,

SOUCCS OF @}‘i}js* 1o e topledy o the workiog Baid, & socond beat tripnfor dovies TES that

transfors host from the working Buid to 8 second heat reservoir {3 hest sink), sl 8 thermuostgtic

3

~3
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wncludes oo o more sonsors {for sxample, tomporsture ssosorsd 128, 130 placed along flow
paths betwsen components of the system 100 to provide fradback o a coutrol systen 135 tatis
also coupled o the comprossor 103, the fivst hoat transfer dovice 118, and the soeond hest

tranafer devige 115,
The working Tuld vontained within the closed loop of the systom 100 dneludes st loast &

first component that i clectrochemically sotive and thenofory takes part in the clectrochemival

process within the comgressor 108, The working Hesdincludes s lpast & soconsdt component tha

1 & condensable rofrigerant that can be used for the hint purap application under coustderation

The condensable roftigorst 1§ any suttable condonsable conmposition that doos not include witer.

ssid helow, the condensable rofi

crant rypasses the eloctrochenucs! process within the

N

Addisionally, the working fuld mcludes a third component thut is water to hyilise an jon
sxvchange mengbeans within the x;':{}_r;‘:;}fes;sms* 143 {d\ disgussed below). Water can bo considered a

comfaminant afsome voly impact bost exchange

performance nfthe o ¢ thivd compeniat of the working fuid cmebe
redused for oxanmple, £ & minimal anount that (5 pocded © provide snough hydeation o ote of
more components of ths a;;,res;e;arii‘?ﬁ..

I snmie Baplementations, the fiest covapotient (vhich iy electrochomically active}
fncludes hydrogon () and the second componont {which 18 condonsable refiigoranty intludes
carbon dioxide (U In thisinmplomentation, the components sre prosat in the proportion of
sppraximatedy oux part hydrogen and four parts of carbon dioside by volume, The relative

proportions of Bydrogen and carbon dioxide are governed by the desived relative offf

slectrochendeal comprossor WIS and the systom 100, The quantity of water waintained inthe

working fuid {8 governed by the thickuess of mombrases staployed in o comprassey 103, the
equivalent woight {actidity} of the o oxchange media einployed i the compressor 108, and the

st of hydrogon in the seston 108 Thinner mombranoxof highor equivalont waight {that is,
fowaer soidiny) cnaploved in systoms o with kewer roton capability roquire less water, In goperad,

duden foss thay 30% of water, but can nelude loss than Z0%, loss than 1896,

fheworkimg fluid wagd
or less than Pewater, depending on the applicahion,
T should he noted thet while hydrogen is boing wsed privaasily sy the sleetrochenrcally

srtive cnmprnat of the workd

Huid, hydrogen also possesses usehul heat wansfer prapertic
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ports couplod 1o respestive condaits LIS, 117 that conain the working floid of the 3

rgen s dow density, lgh \pfcc‘n ¢ heat, and thevmal conductivity make it 8 supenisr coolant.

Hydrogen gas can bea vo hoat fransdor medium ndustrially oy for example, hebing

genotators, Tho prossuce drogen gas within the working Hoid thas enbances the
senotators, Thop yen gan within the working Haid thag enhances the

’F

S

porfprmance of thee > reftigerant; and provides thormal exchangs opportanitios at

onductive surfioos of the Buid conduits and the hest rens ey

"
ML
o
=
(/
:u
/-'
E.,
e
'“4“'

Eocnd
<

by
m
[l

A
& A
355
=
oS
&
fity
foses

“nh

c’
[#3

The Arst heat transtor deviee 110 iocindes an ovaporator that scts s heat oxchanger that

places e working Baid e heatexchange relationship with the fiast heat reservoir or sonree of

heat Ul oxamiple s sourve Thad) The Thst hoat ransfor dovice 110 bivludos trdot and owtles

povts coupled o respective conduits 11 112 that contain the working fhad of the

The second heat trassfor devize TS includes 1 condenser that acts ay u hest ex *hamg'*r that

places the working fhad 1o s heat exchange redasionship with the sseond heat veservor or heit

3

sink {for oxample,  sink fidd), The second beat toamsfer dovice TS ingl

udes fndet and ouilet

The oxpansion valve 12001 o ortfive that i able controls the smount of w orking fhnd

flow, The valve 128 cun inclode o iCmparstare sorsing bulb Hiled with @ stmadsr oy as i 1he

ru

working fluid that causes the valve to open against the spring pressure in the valve bady as the

temperature on the bulb increases. As tenpeniures i the evaporstor LU decrosse, so does the

$hse
L

prossure i the bulb and tharofore on the spring ausing the valve © close,

sorte Fig 4 the elvetrochenucs! corpressor 165 s a dovios that raises the

prossure of & component of the working Tuid 200 by an electrochamival process. Accordingly,

£ (RAPe:

o R i

onent of the working Haid maest be olectrechemically avtive. Iy partivular, the
ically sotive component {the fisst component’ must be fontzable. For example, the
;sctive component 1 oxtdizablo st a gas porvious anode 205 of the comprossa

ible ata gas porvicus gathads 210 of the comprosser 108,

'y,

e i which the comprosser 108 molndes only one cxompdary coll 202 13 shown

. Howeser, the slectrochension! osmpressor 108 oun inplude g };zim"‘aﬁﬁi}:}? af

stertrochenical colly 302, as shows 1 Figs 340, In somis implenientations, the

clectrochomical Somprossor 103 (v an anoudar stack of elecirochomical oedis elocteioally

<

comected G series sach as, for exanple, the cells generally deseribed in UK. Patent, No,

&
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C{Netdvachl and m UK. Fatent No, 3488,674

Bach coll 202 includes the anode 203, where the clectrocheoroally sotive component

O3 of the working Buid s oxidized; the cathode 210, whore the clootrochenseslly ¢

componens BC of the working Thaid §s veducsd] and an cloctrolyte 215 that serves 1o ennducs the

fomie spevies (RO from she anode 203 to the cathode 210 The clectralyte 213 pan be an

tpermenble sobid don exchange wembrase having 8 porossniorpstructore and wy lon exchangs

o

rsterial rapregnated through the wembrane such that the clectralyvie 315 can withstand an

E3 £

2

sypreciible prosdare gradiont botween ity snonde and cathade side

Lo The oxamples provided hgre
employ impermesble ton exchange mombranes, and the clecirochenvically sotive component of

3

Theworks

ing fluid i remized with the working fuid after pompressicn and thus the prossurs of

the svorking fugd 200 4x olevated prior to the condemation phase of the vefrigeration prosess.

Ny

Hovwsvss, @ poemeabie ton sxchange membrane s also Raxible with the working fhnd traviesing

e amidisctons) and sequential path theough clectrode sssemblhiog st iner

The active components of the working fluid disselve futo the fon v
pxohange membwane sid the gas i the working Sud waverses throauh the on mchane

membrang,

Ax anidther exareple, the elostrolyte 213 van bemade of ¢ solid eloctrolyte, fov oxamplts v
gel hat 1g any solid jelly~ltke material that can bave propettios ranging from soft and woak i
fard snd toogh and being defined ss 2 substantially dilute crosshinked systom thet oxinbits no

florw when m the steady-state. The solid cluctnivie can be made veby thin, for mmg\ix i an

agth o the gol, Altorattvely, the

o t

have a thackness of foss than 8.2 mmy to provide additional strer

solid electrolyte can bavew thicknessof fess than 82 mm 1 s retnRuced with one or som

refforeing layers ke a polyvtetratloorocthylene (PTFE} mewbrave (having a thicknes

0.04 nom o fess) depending on the applications and the tor exchange raedia of the olse
2 8 EMy R
Fach of the anode 288 and the cathods 210 can bo s oloctiocatalyst such as ';ﬁ"aiti'i}tii.‘;'l. oF
patiadium or uny other suitable pandidute satalyst, The electrolyte 215 van be a solid pobymer
cleptrotyte suad wn Naflon (radomad for an jon oxchumgs mombrane manufictved by the L B
DrePoat DeNeowows Company) ov DoreSeloet (rademued Bor a composite 1on sxehange
nembrane manufaciuved by WL Gore & Associstes Iney. The catabysts {that s, the anode 303

4 -

st the cathode 2101 are intima tely honded o sach side of theele sofrelvie 215, The snode 203

B84
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nchodes an anode gas spacs (o pax diffusion media) 207 and the vathode 210 includex 2 vathode
gas space (v gas diffusion media) 212, The sleetrodes (the anods 208 and the cathode 21 of

the eoll 202 can be gonsidered s fhe clectmentalbytie staciure that 18 bonded 1o the solid

clectradyte 218, The combination of the clectrolyte 213 Hwhich can be an ton exchange

.,a

moembrane) sud the clectrades (the anode 208 and the ontbeds 2107 s reforred o ax s mombyane
Addpacont the snode gas space 207 woan anode cuerent colloctor 209 and adiacent the
cathodde pag space 212 18 g cathode wrent collectr 14, The anade calloctor 209 and the

'(

ot 21 e olectriesily ditven by the power supply 2300 The anode coligetnr 2

S

o8
[
o
e
Z
£
7
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)
E
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and the L:e‘if;‘m}(*}@ collector 314 sre porons, slectronicaliv conductive sirgetures that can be woven

arbon sloth or pressaed carbon Hher or

ks

(%]
k)
P
passt 1
P“f“
M
e
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nrtal soreons {also wvasishle from T

o~

variations thevcel The poves i the current'c aiiu. o 208 214 aerve iy taotlitats the Sow ol

sotive sloctrodes 203, 214,

ganes within the gas spacey 207, 212 adjacant o the res
Orater surfaces of the collegtors 28, 2 14 are connectod to respestive bipolar plates 231,

+

cls, then thold

e rirtaln the gases withis the ol 302, Additionally, if the sl

4 thit provide Gued bard

202 s provided i s stack of

welar plates 231, 226 sepavate the spode and

oy

cathode gases within sechof the adiacent volls in the coll stack from cach other and Rioilitate the
conduction of gleirivity from one cell to the nest el in the coll stagk of the compressor. The
Dipalar plate 221, 236 can bo obtained from o manber of supphiors inclading Tech Bieh

ER e s s b g §
Ehassachusetts

E& aedomark or lon Fower Ine. Commercially avatdable assembliss are designed for

©

PRIV
pxypon reductionon oae eleoirads sad therefore the elostrodes {the anode 2038 aud cathode 24
raay need 1o he madified for hvdrogen reduction,

3

Hydropen reduction ot the cathads 210 sctually reguives lowery loudings of progious mstal

catalysis and also is §

Foasd e with aliorngtive lower sostoutalests

,,;

of assemblios enmyploved o the sy

e .ﬁmﬁi_ coll componenis,

Ax mentioned above, the contro! system 135 iy coupled o the compresser 103, the fird

dovice 11, and the sosond host transfor dovice 115, The contral sestem 135
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coupled toone or meny wenporature sonsors 125, LG, 144, 148 placed within the systom 100 1o
monitor or nwasure e temperature of varfous featurss of the system 108, For examply, the

torpevature seuser 128 can be conligured to mossare the ey s Hadd within

the comdnit 111 and the tomperstare seusor 130 ca boe confl

the working fuld within the conduit 137, As another exsmple, e
be placed acer rspretive hoat transfer devicss THE 118 o morsre the tomperaturs st wiich the
svorking fhusd within the

heat fravsfor dovice oporades, o measurs the ton

casare the heat souree Suid tomperature or heat sink Haid

be o poneral system including sabscomponants that porform

ent 135 ielndes the power mz;?gt«i v 250 {xuch as, for

<

exr rii?’i{‘z\, A ""ﬁfi‘:a{‘}f} Aot

power to-the comprisaor 188

'{

v, the contnl system 135 sar include ong or morg of diglial slegtronic oiveuiiry,

Moo

computey hardware, firtowaee, and sedbware: The consrel systom 133 gan slst inchude

appropriale wpat and Gput diviCes, & conyItSE progossor, aid 8 computor program wtdust

tangibly coabodied i a machingrcadable stovage device for excention by @ programmable

+ 2

axsor, The procodure eothodying theso ke id below) may be perforraed by a

Yo
progranable processor exeruting & program of nstruchoms o porfonn destred fonctions by

operating on input deta and gonerating spproprisie cutput. Generally,

fustrnetions and daty Trom a readeonly memory andfor 2 random acos

Crogram mstructions and dats inchade all

dovicos sutiable for angibly ombedying sormput

ﬂiﬂi}'?‘«h semizonductor v nonY dey

%

formaof nonsvolatile memory, inchuding, by way of e

such gs ERFROM, BEPROM, and flash menory dovicns) magnetie disks such g8 ntermal haed

o

3

oy and romovable disks; slagnoto-aptionl disks; and CD-ROM & oy of the for

nay be supplomented by, or mcorposated in, speeiaiby-designed ASICs {application-s

The comraltor 135 receives intormution from covapononts {such ua the tenputatre
seosors and e congpressor 108 of the systidm 100 and controls dpevation of a procidrs (s

selw) that can efther muaintsin the heat spnree or the heat sink &t & relatively constant

senporature condition. Additionally, conralling the operation of an electrochenten! conyiressor

v
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108 consists of funing its curront on or off through the power supply. Altlomativedy, the

applind 1 the eloctrochonuical comprassor 1O8 tan Baoset fobe i proporiion f the hoat sourse
flnd tompevatere o the heat sivk Duid tomporstare. 10 some spphcations, such as elogtele cars

without infernal combustion engines, there reay besn advaniage fo aperating the vehicle air

¥

condifioning dystem oleotrically gnd doiving oach wihee! independently without a dontral motor

>

{oguired o drive the air conditioning systom)
The vefrigeration systeny 100 can also fnelude one-way valves 130, 155 at the swipat of

5

the comprossor 105, The oneoway vabve TR0, 155 can be any mochanicsl dovice, such av o check

vitbve, that notoalty allews Buid § sf;u wd o gast i Sow through 3Uin ondy one divestion {the

divection of the arrows). The valves spsurg propor delivery af the components of the

working fluld that exu the comprs

rodueing or avisding i ck-prossuse into this last ool tn the comprosser ,{BDMzgvit erefore ensuie

N

i ﬁfii{}i}:&ii Howeaf the Haids fad

piacesf% within @ sonduit 137 that sransporss the condensabls roffigorant that bypasses the

clectrochenucal provess,

o

The refrigeration systom 100 Can slse dnclude a dryer 160 that is configured toraraawt

seater from the working fadd poior o reaching e expansion valve 128 w0 reduce thechangeof

¥

water Trnozing within the valve 120 and potentislly clopping the valve 120, and o inoreage the

o) =

sificiney of the expansion procoss within the vabve 12

NG

Ruforring alve e Fig 34 i anothee implomentition, the slectrochomival comprossor 103

with each other with the fast

tnclpdes a pluvality of colls 30, 301, 302, 303 wevanged i sorios
cedl 300 revotving the bow prossass working fhoad 200 frore the vondut 11T ansd diventing the loew

(

g&i‘m&ig‘seﬁ‘ig vant along conduit 305, In tas implomentation, enly the

g
st
pung
=
o
%
s
73
jpoacs
i

300 diverts the

o s

fonw prossure rofiiporant slong the conduit 3050 An cutput 310 from the finst ooll 300 i & higher

&

prossure mixtwe of the electrochomically avtive componsat and walers the outpme 310 15 fod inte

s inpat 311 of the sscond coll 301, Likewise, ancutput 312 from 55 second coll 301 s fid tnto

an fnput 313 offthe thivd oudl 302, and ap outpnt 314 of the thivd coll 302 s fod info aninput 313

1.3

of the fourth coll 303, An cutput 318 frorn the fourth coll 303 carios dhe high prossure mixtes

of the slectrochonvoaily active component snd water, st this cuypagt {5 rolsed with the diverted

ek
V.3
ELa%
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antin conduit 303, av dise

sod abeve, and dircctod sleng oondudt 116 towaed the second

L

hoat fransfor dovige 115,

Az showtiin Pl 3A, the power supply i comected o the anode and gathads collector of

cach ol the colls 304, 301, 302, 303, In other taplomentations, the anode vollpctor of the celt

1

300 and the cathedy collontor of the ool 383 are the only collectors connectad to the power
suppdy. Inthix case, the ond pdates of gach coll soveive sl the curvent and the current s then

“eovveyed” across the cells

Vl

Refernng to Big, 38w anothor wnplomoentation, the cloctrochemeal © SEEE
Referong to Fig, 38, o another implomontation, the electrochs sorapressny 183

etudes s plarshty of colly 320, 321, 322 arvanged in sories with cach other, with the fust gell

320 rocgiving the low prossure working Thaid 200 frow the conduit 112 and diverting the low

pressure refrigerant along condnit 325, {o thiv zmp

N

mixed with the higher prossure mixtrs of the clesirochamically active mmpmmt sk water
divoated through ao sanput aftor sach of the colly 338, 321, 322 and sech ofthe colly 328, 321,

322 gt the dow prossure refrigerant, Thus, output 330 from the frst cell 320 158 higher

e mikipre ol the electrochomisally sotive component and water and this mixture s wd
with the diveried ey prossurd refrigorant raveling in the condiit 323 o o s mixtgre of the

<

higher prossure olectrocbamically active componst, the water, and the refrigerat that is

f .’~C

direcied 16w input 331 pf the second cell 321 Avctuipnt 333 Fom the second eoll 321 38 0
higher prossure nuxties of the clectrochemically aotive componant and water and this miztare 8
raixed with the diverted low prossyre refrigersst traveling in condudt 332 to form a mixture of the

ctrachemioaily sotive component, the water, and the rofrigerant that e

3¢ of the thivd coll 322 Lastly, an output 338 from the thind ool 322 vy
sure piinture of the clectachenically athive mti‘p{}‘m:i and water and this mikhurs
mived with the diverted low prossure rofrigerant traveling 1 conduit 3335 0 fornos mixtwre of the
chomipally achive component, the water, and the reftigerant that ix

dirvoted along condwt G towsard the second hoat transfor dovies 1S,

As shown in Pl 3B, the power supply is oonnested o the anede sollsctor of the first el
320 and 1o the cathade volleetor of the thivd ol 3230 Inthis cuse, the ond platex ofeuch oel

recsave ol the current and the current 18 then “conveved”™ adross the eelis, Inothee
smplementations, the anode collector and cathinde collector of suchs of the cells 338, 321, 32

conmected o the power supply.

14
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Reforring o Flg, 30, 0 snother tmplomentation, the electrachenmeal comprassor 1835

el other, withoush of

f‘/

dee g plavality of colls 380, 351, 352, 353 avmnged i parallel with ¢

cesspre wenking Boid 200 from the congdpin 112

,...
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st enohofthe volls 330, 351, 352, 333 d-ivegﬂ:mg the low prossure refhigorsnt glong respogtive

condutty 3640, 361, 362, 363, In this implomentation, the low prossure refhigoran from oaeh of
thepudly 388, 381,382, 353 s miked topsther and passed froueh condult 364, and the high
progsare mixture of the electrochonycalby sctive component and water divected throngh

1,372, 373 of cach ol tho colle 3538, 35

wied passed thiough conduit 374, Those two nuixbures in the condit

with esch other and divected along the condedt 116 toward the second heat transtor devige § i“‘

suppdy an b connooted o the anode solloctr and to the cathode connector

- cells are shvwn i these dinwiy

% ds noted that any b of sells

sor 103, and the nurnber of colls can e selectod depending on the

3

R\,‘imw alao o Fia, 44, the system 100 porforms & proccthure 406 for ransforving hoat

frony the heat source at the firs %fuza‘s. transfor device 110 tothe heat stk ab the second heat
rransferdevice 115
Low prosswre workang Thad 260 Gehich s tepically & go sixnere of Bydrogen,

e

condensable refrigerant, sond water) ontors comprossos 103 {stop 405 A mixtee of hydropen

¢ refrigonint (step 4101 In particular, the hydrogen

~

andwator s dissociated Hom the pondinsald

> ion exchange media while the condensable

L

{n the foror of 3 pw

%

s diverted along & patd

¥

refrigerant does not, sepsarate from the

eloctrochomical path eough the reombrng olottrode sontdly (top d413). The dissociated

ks is then pumped soross the monthrane slectrede sssonibly of ¢
108 (xiop 420), In particular, slectrons are sirmpped from the hydvogon w the ?:3‘\*:}1'{@:&1 wealor
mvixture ut the snode collortor of the cell, and the yedrogsn loux are transported sovoss the anede,

sloptrolyie, snd toward the cathods dus to the dleuirizal potential applied soross the colletivn

he mergbrane

Trom the powersupply. Additionally, the hydrogen fon gas s prossarized agross

shectrade assembdy, Nexd the hedrogon fons ave recombined waith the olectrons st ihe cathode

cotloctor 1o refbrm hydvogen gas ata ‘ugi}(ﬁ pressure, amt this higher pressure Tydragey gas ds

]
5



&

,‘,,
L

vz
Lo

perfors 1 procedure 450 for contraliing the srownt of clectrical pots

5N

rocombined with the diverted condensable seftipon

working flaid {step 4351

Thuy, the electrochomical comprossor 108 vaises the prossure of the working Roid 208

snd delteers the higher prossure working Dutd 2000 the socomd hoat transfor devige (e
condensery 118 where the vondensable refhigorsnt s pwecipitited by howt oxchange with the sak

flutd (step 4331 The working fluid is then reduced in prossure 8 the ovpansion valve 128 {step

G40 Subseguently, the low prossure w u*"kmg Haid {5 delivered to the st heat trosfor doviee

{the evapomtor DI where the condonsed phase of the warki aifed by hoat exchange

with the seurve flud {Si‘{%}“‘ 445}

:j.

The ovaporator of g fhuid muy be partially in the
v partialby in the L‘ii.(gigi{‘}.’pﬁ"i&ﬂ‘ witest 115 retamod ﬁ‘@-m the svaporsior o the

congressor 1050 o the process, boat enorgy s transported from the o

o

torthe condenser and consegue m%x Cfroan the hestsowrce st g relatively vt tomperature o the

heat aink ot relativedy Bighes womperatare.

K

Beforring alsote Fig, 48, concurrentby with the procedure 400, the cowtrel s

~

T

&

poticutors of the sormpressiw 103, and therefore also somtrols the smount &F hest engrgy
tragsposted from the svapoerator 1o the condenser. The contral sys story §33 wooetves information
frove this ong of miove sonsors {for exarmple, TOmMPeratire oF prossure sonsots} in thesystem 10¢

fncicating physical charactoristios (such as wompetatare o pT{:&\Em‘@} at \m focations of the

e 3

i

or phivsival properties of the

sod gt the

stop 465) For oxample, the control systeny 138 can detormne that a

current applied to the compreasor 108 (and therefore the corrent apphied to the electrode

s A
3

cotiootors) nevds to be adjusied. As another example, the countrol systent 133 can determine that

o

a Hlow rate of one or more of the howt sink fhad and the heat soures Puid thet ranspont host from

s,

and to the devicss 115, 11 nonds to by adiusied, Ithe control systom 133 detornunes that a

tod, then the controel svatem 138 sonds g

sl property of the system 1 should be adiin

signal o the component that s sffected © adiust the particular property (stop 470). For sxample,

2t
Lot

the

al o the powser supply 1o adhnit the emount of curvent

a;‘p§ H_:Q the current eotlectors in the compressor 103, Otherwdse, the control sy

conpinues 1o receive Informating from the oo or more sensors {step 4553,



&

,‘,,
L

vz
Lo

o~y
&b
y

o suramary, the systom 100 includes an oloptrochonniont woll of the vomprossnr HES that

conmpresses an clectrochamivally active componeat of the working fuid, and romixes the

gomprossed {at high prossung) olectrochomicnlly sotive component (he ot componenty with the

,1,,

comdensable reftigenint (the second component) to olevate the prossure of the mised pas workdng

flutd in g vapor comprossion refrigerstion gvele. In this way, the clectrochemical comprosser

193 & cupalde of producing high prossnre hydrogon gax fron ¢ mined compevent working fud

having an clectrochormcally achive component sued as, hydrogon andoat leastoue condensablde

2
ot
poras}

veftigorant. In this arvangemen, hydeogen I compressed 1o 2 mach figher prossore thaa th

o

finad weorkang fhad prossure {that 1§, e prossurs of the romized working Buid), and because of

this, i‘}m_E}}-‘{i;‘g}_ggn when mixed with the lower pressurg condonsable rethigorsn is at the required

higher pressure. The oxsct prossure requiromicnts forthe hydrogen stroam depends on the

M,,
poos
R
bl
=
rz
/
m
poved
End
)

volume of coudunsubde rofrigorant buing pressurizad fo relation to the \*“;«E&:;.i'nc of i

desaivand ol ymmc Squires ixed working fhuid, and the targeted snsrgy

efficiency. The cheek ploved o roake sure the gas Tows are maintained

Ty the ftended dinsetiony snd that oo baok fow I sllpnved towiands the colis o the tow

The energy « ?f‘ciﬁ&;ﬂcy of the svstem 100 depends on the svaitable surfacs arca of the
anode 205 and the cathede 210, and the curvent density and apovating voltage apphied o the cells
from the power supply. Higher current donsitiss vosull i groster the resisiive losses for the
systens 100,

o

The sire reduction of the comp v 109 is foasible heeanso of ity celludar desipn, and

Becwuse 11 iy operaling wsing an olsctrochomizal provess. Wan apphication requires significam

size reductions, e oloctrode (the snode and the cathode ) surfaces can be veduced, the apphied

S

£

current densibios and vollages can he nereased, and as s rosudt asmalior sass of cells can be

conployad in the comprsssor 108, Thiv would rosult an almost order of mugnitude reduction i
iz s waight for the system 18 compared fo convontional mechanical svstoms,

Ninge cooling sapaoiy s Hoked to spplied curvont and volings, ons sdvantage of this

o

tan mote vasily mnodulate om low capauity {that iy, Jow cunnt density ata
specific voltagey to v igh capadity. Asystem 10 designed o opaeate at Righ capagines actngdly

becomes more efficiont at loweratilizations, while, the oppoesite i tree for mechanical gy

I,
i
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Retorring alan to Flgs, S und 6 exemplary hybeid refrige

e
hag pos

e

o 350,600 definea

ol

closed loop that containg @ working fuud and include the same componsnts for sxamples, the
cleetrochenueal coraprossor, the hoat tnsfer devices, snd the thormostatie expansion valve) of
the system 100, Those systeyas 300, 600 alse nclude mechaniont conyressors 380, 688
operating in conjunction with the electtochemical conpassors 308, 605 ix a hybrid fushicn

?

Such g desizn by el for pee i olecttie vehicles, for example. The design of the systoms 300,

600 provides bigh eficiency service st low refrigorstion requiremonty and allows the mechanieal

segrvent of the westom 300, 500 1o ke over at constant and higher refriporation danands. The

syasses the slestmehemicgd

sl with the electrachenical

compiosser 503, For \m ﬁii‘{;i*’;‘y‘, the one way valves (such ax the valves 1L 185 vand the

& S
HODATHEC ¢ righ prossore cleotrochaonivally active component and the condensable

)

refrigorant {sach avthe condutts 182, 137} that ave fowd s the outpot of the compressor

omittod frdnts Ag shown m Fig, 6, the mechanizal comprossor 683 s in s sevies with

woskor BN,

The refrigoration svstom, 108, 304, 600 can work with » wide range of condonsable
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WHAT IS CLAIMED IS:

1.

An electrochemical compressor for a refrigeration cycle, the compressor comprising:
an inlet fluidly coupled to an evaporator to receive a working fluid that comprises a
condensable refrigerant and an electrochemically active fluid,
an outlet fluidly coupled to a condenser; and
one or more electrochemical cells electrically connected to each other through a
power supply, each electrochemical cell comprising a gas pervious anode, a gas pervious
cathode, and an electrolytic membrane disposed between and in intimate electrical contact
with the cathode and the anode;
wherein:
the anode, the cathode, and the electrolytic membrane are configured to pass the
electrochemically active fluid,;
the electrochemical cell is configured to disassociate the condensable refrigerant
from the electrochemically active fluid to prevent the condensable refrigerant from
passing through the anode, the cathode, and the electrolytic membrane; and
the electrolytic membrane includes a membrane having a porous microstructure

and an ion exchange material impregnated throughout the membrane.

The compressor of claim 1, wherein the impregnated membrane has a Gurley number of

greater than 10,000 seconds.

The compressor of claim 1, wherein the ion exchange membrane is able to withstand a

pressure gradient between a side adjacent the anode and a side adjacent the cathode.
The compressor of claim 3, wherein the ion exchange membrane is able to withstand a
pressure gradient of at least 30 psi between a side adjacent the anode and a side adjacent

the cathode.

The compressor of claim 1, wherein the membrane includes a synthetic fluoropolymer of

tetrafluoroethylene.

The compressor of claim 5, wherein the synthetic fluoropolymer is an expanded

polytetrafiuoroethylene having a porous microstructure of polymeric fibrils.

20



10

15

20

25

30

35

10.

11.

12.

13.

14.

15.

16.

17.

The compressor of claim 1, wherein the ion exchange material substantially impregnates

the membrane so as to render an interior volume of the membrane substantially occlusive.

The compressor of claim 1, wherein the ion exchange material is impermeable to gas.

The compressor of claim 1, wherein the ion exchange material is permeable to gas.

The compressor of claim 1, wherein the ion exchange material is selected from a group
consisting of perfluorinated sulfonic acid resin, perfluorinated carboxylic acid resin,
polyvinyl alcohol, divinyl benzene, styrene-based polymers, and metal salts with or

without a polymer.

The compressor of claim 1, wherein the anode, the cathode, and the electrolytic
membrane are configured to pass the electrochemically active fluid if the working fluid

includes less than 50% of water.

The compressor of claim 1, wherein the one or more electrochemical cells are connected

in parallel with each other.

The compressor of claim 1, wherein a first electrochemically active route is defined by
the anode, the electrolytic membrane, and the cathode; and a second non-electrochemical

route bypasses the anode, the electrolytic membrane, and the cathode.

The compressor of claim 13, further comprising a combiner that combines the
components of the working fluid that have traversed the first, route, the second route, or

both the first and second routes.

The compressor of claim 1, wherein the ion exchange material includes a liquid electrolyte

embedded 1n a matrix.

The compressor of claim 1, wherein the ion exchange material includes an anionic exchange

membrane and the anode gas space operates at a higher pressure than the cathode gas space.

The compressor of claim 1, wherein the porous membrane has a total thickness of less than

0.025 mm.

21



18. The compressor of claim 1, wherein the condensable refrigerant is not water.

19. The compressor of claim 1, wherein the working fluid includes water.
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