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a b s t r a c t 

After the establishing of Montreal Protocol Agreement, industries are seeking alternative refrigerants to 

replace HFCs with high GWP. Meanwhile, the efficiency of vapor compression refrigeration system still re- 

mains as a challenge. In this study, we propose an electrochemical compressor for the vapor compression 

refrigeration cycle running with ammonia or carbon dioxide as its working fluids. The single unit elec- 

trochemical compressor prototypes for both refrigerants were developed and their performances were 

demonstrated with a potential isothermal compression efficiency of 90%. The system level performance 

was modeled for both refrigerants with coefficient of performance of 5.1 for ammonia refrigeration and 

3.9 for carbon dioxide refrigeration. The scaled-up compressor design with improved gas distribution 

channels and internal heat exchangers was also demonstrated for the system. Since the electrochemical 

compressor does not use any moving parts, it does not need to use lubrication oil as well as produce 

any noise or vibration. Moreover, it can potentially approach an isothermal compression for even higher 

energy efficiency and thus improve the system performance. 

© 2019 Elsevier Ltd and IIR. All rights reserved. 

Étude expérimentale sur la compression électrochimique d’ammoniac et de 

dioxyde de carbone pour un système frigorifique à compression de vapeur 

Mots-clés: Compresseur électrochimique; Membrane échangeuse d’ions; Froid à l’ammoniac; Froid au dioxyde de carbone 
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1. Introduction 

The refrigeration industry is currently facing a main environ-

mental challenge because of using high global warming potentials

(GWP) refrigerants and low efficient systems. The direct environ-

mental challenge mainly involves the utilization of high GWP HFCs,

which are widely adopted in 170 million refrigerators and freezers

in the United States ( US DOE, 2016 ). Most of the currently used

HFCs are greenhouse gases with high GWP, which means the re-

lease of these gases into the atmosphere would cause the rise of

earth surface temperature. In October 2016, country leaders around

the world have agreed to pass the Montreal Protocol Kigali Amend-
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ent, aiming to phase down HFCs by 80% by the year of 2050

 Montreal Protocol Handbook, 2016 ). Therefore, HVAC industry is

ctively seeking alternative refrigerants with low GWPs to replace

igh GWP HFCs. On the other hand, the efficiency of small-scale

ooling appliances has always been holding back by the mechan-

cal gas compressors in the system, typically with isentropic effi-

iency of 65%. The mechanical compressors are the major energy

onsumer in the vapor compression refrigeration cycle (VCRC) and

heir efficiency enhancement is saturated due to limitations in heat

ransfer and manufacturing tolerances. The electrochemical com-

ression technology is developed to address these challenges. The

lectrochemical compressor (EC) has a great potential of achiev-

ng an isothermal compression efficiency greater than 90%, and it

orks with environmentally friendly refrigerants such as ammonia

NH 3 ) and carbon dioxide (CO 2 ). It also operates without using lu-

rication oil and does not cause any noise and vibration. 

https://doi.org/10.1016/j.ijrefrig.2019.05.009
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijrefrig
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijrefrig.2019.05.009&domain=pdf
mailto:yhhwang@umd.edu
https://doi.org/10.1016/j.ijrefrig.2019.05.009
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Fig. 1. The working principle of electrochemical compressors. 
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Nomenclature 

COP coefficient of performance 

CO 2 carbon dioxide 

DC direct current 

E cell voltage V 

EC electrochemical compressor 

F Faraday’s constant 

HFC hydrofluorocarbon 

HVAC heating, ventilation and air conditioning 

GWP global warming potential 

MH metal hydride 

n number of electrons transferred 

NH 3 ammonia 

P partial pressure Pa 

PEM proton exchange membrane 

Q cooling capacity W 

R ideal gas constant 

T temperature K 

U electric voltage charge V 

VCC vapor compression cycle 

W work input W 

Greek Letters 

η Compressor efficiency 

Subscript 

0 reference state 

EC electrochemical compressor 

The EC was first proposed and studied by General Electrics in

he 1980s ( Sedlak et al., 1981 ). The idea was based on charging

C voltage to an ion exchange membrane, which is mainly pro-

on exchange membrane (PEM), so that hydrogen molecules can

e pumped across the membrane. Nafion is typically used as

he PEM and the pressure of the compressed hydrogen can be

s high as 100 MPa according to the works by Lipp and Pa-

el (2011) and Bouwman (2014) . After their initial study, more

roups have worked on electrochemical hydrogen compressor and

mproved its performance ( Rohland et al., 1998; Strobel et al.,

0 02; Gardner and Ternan, 20 07; Onda et al., 20 07; Grigoriev

t al., 2011 ). However, the application in the past are only

imited to hydrogen purification and concentration for fuel cell

ystems. 

In order to apply the concept of electrochemical hydrogen com-

ression to produce cooling and heating effects, researchers uti-

ized the unique property of metal hydride (MH), which allows

etal hydride to reversely react with hydrogen and generate ther-

al effect. In the past, there are mainly two major types of MH

eat pump that have been developed and studied ( Takeda et al.,

009; Muthukumar and Groll, 2010 ). The first type is called heat

riven MH heat pump. It takes advantage of the reaction pressure

nd temperature differences of two kinds of MH compound mate-

ials. The heat pump is designed by connecting two types of MH

eactors. When heated, the first reactor releases hydrogen at low

ressure and temperature (provided by waste heat or solar radi-

tion) and is utilized as a driving force to increase the hydrogen

ressure of the second reactor. The second reactor then absorbs

ydrogen at higher pressure and releases heat at higher tempera-

ure which can be used for heating purpose. On the other hand,

hen slightly cooled, the first reactor absorbs hydrogen at high

ressure and temperature, which therefore reduces the hydrogen

ressure of the second reactor. The second reactor then desorbs

ydrogen at lower pressure and temperature to provide cooling.

his type of the MH heat pump usually has lower performance
nd has COP less than 1 ( Zhong and Glanville, 2014 ). The compres-

or driven MH heat pump usually has two identical MH reactors

nterconnected to generate heating and cooling at the same time

y increasing the pressure of the hydrogen-absorbing reactor and

ecreasing pressure of the hydrogen-desorbing reactor with a me-

hanical compressor ( Takeda et al., 2009; Muthukumar and Groll,

010 ). The compressor driven MH heat pump has been studied by

arious groups and produced COPs ranging from 2.6 to 4.3 ( Kim

t al., 1997; Park et al., 20 01 , 20 02; Mazumdar et al., 20 04; Mag-

etto et al., 2006 ). 

Inspired by the compressor driven MH heat pump, Tao et al.

2015) studied the performance of electrochemical hydrogen com-

ressor coupled with MH for heat pump purposes. The EC works

imilarly as mechanical compressor to create a pressure difference

etween the absorbing and desorbing reactors. They concluded

hat the system is 20% more efficient than the mechanical com-

ressor driven system. 

Since most of previous eletrochemical compression researches

ocused on hydrogen compression, further studies are needed for

ompressing other fluids especially those can be applicable to

CRC. Therefore, this paper focuses on how to electrochemically

ompress natural working fluids such as NH 3 and CO 2 based on

he discovery by Tao et al. (2017) that the EC can also compress

ther types of gas refrigerants such as NH 3 and CO 2 , depending

n the kind of ion exchange membrane inserted in the compres-

or. The EC was evaluated based on its compression ratio, flow

ate and efficiency on the single unit. The scaled-up compres-

or with multiple units in parallel was modeled in the refriger-

tion system based on COP and cooling capacity. The compres-

or design was also proposed with heat exchangers embedded

o cool down the refrigerant on the discharge side, so that the

ompression process can achieve isothermal to further increase its

fficiency. 

. Working principle of electrochemical compression of NH 3 

nd CO 2 

Fig. 1 shows the working principle of any type of ECs. When

he ion exchange membrane electrode assembly (MEA) is charged

ith a DC voltage, the gas refrigerant molecules on one side of

he membrane are split into ions and electrons. The ions are

ransferred across the ion exchange membrane due to the voltage
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Fig. 2. Single unit electrochemical compressor structure. 
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charge while the electrons travel in the external circuit. Both ions

and electrons are recombined on the other side of the membrane

to regenerate the gas refrigerant molecules. If constant voltage is

provided to the MEA and an expansion device controls the gas flow

from the EC discharge side to EC suction side, the gas refrigerant

molecules are continuously consumed on EC suction side and re-

generated on EC discharge side so that a pressure difference across

the membrane can be maintained. Since the membrane remains

stagnant during the compression process, there is no moving part

involved so that no lubrication is required, and no noise and vibra-

tion are generated. 

For the electrochemical compression of NH 3, the EC uses H 2 

as a carrier gas to bring NH 3 across the ion exchange membrane.

When both NH 3 and H 2 are fed to the anode, two chemical reac-

tions take place at the same time ( Eqs. (1) and 2 ). The first reac-

tion is the split of H 2 into protons ( H 

+ ) and electrons ( e −). NH 3

molecules then combine with protons to form the ammonium ion

(NH 4 
+ ), which gets transferred across the ion exchange membrane

( Tao et al., 2017 ). 

These reactions in anode are: 

H 2 → 2 H 

+ + 2 e − (1)

2N H 3 + 2 H 

+ → 2 NH 

+ 
4 (2)

When NH 4 
+ reaches the cathode side of the membrane, it is

converted back to NH 3 and proton, proton will then receive an

electron and reproduce H 2 at higher pressure ( Eqs. (3) and 4 ). 

These reactions in cathode are: 

2 NH 

+ 
4 → 2N H 3 + 2 H 

+ (3)

2 H 

+ + 2 e − → H 2 (4)

The standard voltage charge in order to make the reactions

happen is 200 mV. And for each H 2 molecule transferred across,

there are two molecules of NH 3 accompanied. Therefore, the over-

all compression reaction ratio is shown as follows: 

2N H 3 + H 2 ( at P 1 ) → 2N H 3 + H 2 ( at P 2 ) (5)

The hydrogen carrier gas can be removed by either phase sepa-

ration at the condenser outlet or absorbed by MH electrode at the

cathode side of the proton exchange membrane. 

The electrochemical compression of CO 2 works in similar prin-

ciple to that of NH 3 . Except that O 2 is used as a carrier gas to

bring CO 2 molecules across the ion exchange membrane. The ion

exchange membrane in this case, conducts negatively charged an-

ions instead of positively charged ions. When both CO and oxygen
2 
O 2 ) are fed to the cathode side of the membrane, facilitated by the

aRuO 3 catalyst, only one chemical reaction takes place ( Eq. (6) ),

hich is the combination of O 2 and CO 2 to form the negatively

harged CO 3 
2 − ion ( Vega et al., 2012 ). 

This reaction in cathode is: 

 2 + 2 CO 2 + 4 e − → 2 CO 

2 −
3 (6)

The CO 3 
2 − ion is then transferred from cathode to anode under

he voltage charge. When the ion reaches the anode, it is converted

ack to O 2 and CO 2 ( Eq. (7) ). 

This reaction in amode is: 

 CO 

2 −
3 → O 2 + 2 CO 2 + 4 e − (7)

The standard voltage charge to make this reaction take place

s around 1.2 V. And for each O 2 molecule transferred across, there

re two molecules of CO 2 accompanied. Therefore, the overall elec-

rochemical compression process can be represented in the follow-

ng reaction ( Eq. (8) ). 

 2 + 2C O 2 ( at P 1 ) → O 2 + 2C O 2 ( at P 2 ) (8)

The O 2 carrier gas can be handled by either phase separation

t the gas cooler outlet or absorbed by perovskite electrode on the

node side of the anion exchange membrane. 

. Experimental study and results of NH 3 and CO 2 ECs 

The experimental setup and results of single unit EC are dis-

ussed in detail next. And the system performance with EC for

CRC is modeled and COP is calculated and compared with the

onventional system. The concept of electrochemical compression

f both NH 3 and CO 2 has been experimentally verified. With the

erification on a single EC unit, the scaled-up design of the EC

tack is presented at the end. In order to verify the feasibility

f electrochemical compression for both refrigerants, two condi-

ions should be met. The first is the transfer ratio between the

efrigerant molecule and carrier gas molecule. The second condi-

ion is that the compression ratio and voltage charge must satisfy

he Nernst relationship. In this work, we have successfully veri-

ed both conditions and the experimental study is discussed in

etail. The electrochemical compression unit is mainly composed

f gas distribution channels and ion exchange membranes with

askets for preventing leakage. Fig. 2 shows the single EC unit

tructure. The gas distribution channels evenly distribute the gas

efrigerant and the carrier gas on the surface of the membrane

lectrode. The channels are made of either graphite or stainless

teel to facilitate electric conductivity. From preliminary investiga-

ion, we found out that due to corrosion issue, the graphite chan-

els are only suitable for operating conditions with voltage under
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Fig. 3. Test facility for EC discharge stream concentration measurement and its schematic diagram. 
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00 mV, while the stainless-steel channels are good for high volt-

ge charge from 1.2 to 1.6 V. Therefore, graphite channels can be

sed for NH 3 EC, while stainless steel channels can be used for

O 2 EC. When both sides of the membrane electrodes are charged

ith a voltage, it pumps refrigerant and carrier gas mixture in

 fixed transfer ratio across the membrane to the other side. On

he other side, the gas distribution channel discharges refriger-

nt and the carrier gas mixture at an elevated pressure. Experi-

ental studies were conducted to measure the transfer ratio be-

ween the refrigerant gas and carrier gas. The testing setup and

chematic diagram in Fig. 3 show that both gas refrigerant and car-

ier gas pairs (NH 3 /H 2 and CO 2 /O 2 ) are fed with controlled flow

ates. The carrier gas stream goes through the humidifier first and

hen merges with the refrigerant gas. They are both mixed in the

nline static mixer and fed to the inlet of the EC. The compressor

akes the mixture stream on the inlet and discharges the mixture

n the outlet at an elevated pressure. Finally, the discharged mix-
ure stream is fed to a gas chromatography for concentration anal-

sis. The concentration ratio of NH 3 /H 2 must be equal to 2.0 to

eet the proposed stoichiometric coefficient in Eq. (5) . Similarly,

he concentration ratio of CO 2 /O 2 must be equal to 4.0 to meet

he proposed stoichiometric coefficient in Eq. (8) . The GC analy-

is results are shown in Table 1 . The gas transfer coefficient rep-

esented by the concentration ratio for NH 3 /H 2 is 2.0, which sat-

sfies the proposed Eq. (5) . And the transfer ratio represented by

O 2 /O 2 concentration ratio is around 4.0, which satisfies the pro-

osed reaction Eq. (8) . The reason for CO 2 /O 2 to be less than 4.0

s that there would be additional side reaction with water which

rings down the stoichiometric coefficient as the catalyst selec-

ivity on CO 2 and O 2 is not 100%. An improvement on the cata-

yst selectivity is currently undergoing and will be updated in the

uture. 

The second condition needs to be verified is the pressure ra-

io and voltage relationship. If electrochemical compression is truly
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Table 1 

Gas chromatography test results of ECs. 

Compression/ 

carrier gas 

Voltage 

charge (V) 

Suction side gas flow rate 

(sccm) 

Discharge side gas composition 

(mol.%) 

Transfer ratio 

(mol/mol) 

Compression gas Carrier gas Compression gas Carrier gas 

NH 3 /H 2 0.2 100 50 0.61 0.30 2.0 

0.2 100 50 0.83 0.40 2.0 

0.2 100 50 0.74 0.37 2.0 

CO 2 /O 2 1.2 50 50 0.88 0.24 3.6 

1.2 50 50 0.73 0.21 3.4 

1.2 50 50 0.88 0.23 3.8 

1.2 50 50 0.61 0.16 3.9 

Fig. 4. Partial pressure ratio versus voltage charge based on Nernst equation for 

NH 3 EC with H 2 as a carrier gas. 
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taking place, the pressure ratio across the membrane and voltage

charge would satisfy the Nernst Equation ( Tao et al., 2017 ). When

the membrane electrode can maintain a pressure difference due to

electric voltage charge, the pressure difference and voltage charge

are in natural log relationship as shown in Eq. (9) . 

 Nernst = E 0 + 

RT 

nF 
ln 

p 2 
p 1 

(9)

where the p 2 and p 1 represent the partial pressure of each gas in

discharge and suction stream. 
Fig. 5. Partial pressure ratio versus voltage charge based on
Therefore, the Nernst equation can be derived for both NH 3 and

O 2 ECs, respectively. 

 Nernst = E 0 + 

R T EC 

nF 
ln 

( (
P H2 , discharge 

P H2 , suction 

) 1 
2 

∗
(

P NH3 , discharge 

P NH3 ,suction 

)) 

(10)

 Nernst = E 0 + 

R T EC 

nF 
ln 

( (
P O 2 , discharge 

P O 2 , suction 

) 1 
2 

∗
(

P CO 2 , discharge 

P CO 2 ,suction 

)) 

(11)

The tests were performed with discharge side valve closed to

et the pressure build up until it is no longer increasing. While

H 3 EC was charged with four different voltage levels (50, 100, 150

nd 200 mV), pressure ratios and voltage charges were measured.

ote that even though the system has reached steady state and the

ressure is no longer building up, there is still measureable cur-

ent across the membrane to overcome the back diffusion of gas

olecules. The major error source would be leakage of the elec-

rochemical compression cell body. Different trials at same volt-

ge charge may generate various pressure level at 5% of error. The

xperimental uncertainty is shown in Figs. 4 and 5 . The resulted

elationship satisfies the natural log Nernst equation as shown in

ig. 4 . Similarly, when CO 2 EC was charged with three different

oltage levels (2.2, 2.3, and 2.5 V), the pressure ratios were mea-

ured and calculated, and the natural log Nernst relationship was

atisfied as shown in Fig. 5 . 

As Fig. 4 shows, the EC is able to compress NH 3 from 0.1 to

 MPa in a single stage, showing a compression ratio of 10, which

s considered to be sufficient for NH 3 refrigeration cycle. On the

ther hand, the highest pressure achieved by EC for CO 2 compres-

ion from 0.1 MPa in a single stage was 0.62 MPa. In this case, a

ultiple stage unit needs to be built to have enough discharge

ressure for CO transcritical refrigeration cycle. The CO EC is still
2 2 

 Nernst equation for CO 2 EC with O 2 as a carrier gas. 
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Table 2 

Performance comparison between the conventional CO 2 refrigeration system and the EC CO 2 refrigeration system. 

System Rated COP Rate COP improvement [%] Rated compressor power [W] Isentropic compression efficiency [%] 

Conventional CO 2 refrigeration system 2.4 Baseline 88 65 

CO 2 EC refrigeration system 4.0 67 51 85 

Fig. 6. Current density vs time at constant voltage charge (50, 100, 150, 200 mV) 

with cathode valve closed, current density decreases eventually stabilizes to reach 

steady state. 

Table 3 

Electrochemical compressor size comparison. 

Compressor type EC CO 2 Conventional 

MEA area (cm 

2 ) 400 N/A 

Size (cm 

3 ) 20 × 20 × 120 45 × 25 × 70 
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nder development to improve its performance. The compression

fficiency for the CO 2 EC is yet to be optimized in order to reach

0% by improving membrane electrode assemblies. 

The data presented in both Figs. 4 and 5 were measured at

teady state. It takes about 30 min for the electrochemical com-

ressor to go from transient to steady state. The steady state is

etermined when current is no longer decreasing and pressure is

o longer increasing the discharge side of the compressor ( Fig. 6 ). 

. Discussion on system performance and prototype design 

For both electrochemical compression of NH 3 and CO 2 , steady

tate modeling was performed to determine the coefficient of per-

ormance (COP) in the VCRC. With the ideal Nernst voltage calcu-

ated in Eq. (9) , the ideal compression power input can be calcu-

ated by multiplying the ideal Nernst voltage and the current as

hown in Eq. (12) . 

 Nernst = U Nernst ∗ I (12) 

The actual compression work is calculated based on the ac-

ual voltage charge multiplied by the current. And the compres-

ion efficiency ( ηEC ) is calculated based on the calculated Nernst

ork ( W Nernst ) divided by the measured compression work ( W EC ).

he current is cancel out and the compression efficiency can be

xpressed by the ratio of ideal Nernst voltage ( U Nernst ) and the

easured voltage charge to the EC ( U EC ) as shown in Eq. (13) . 

EC = 

W Nernst 

W 

= 

U Nernst 

U 

(13) 

EC EC 
And the system COP can be calculated from the total evapo-

ator cooling capacity ( Q cooling ) divided by EC work input ( W EC )

 Eq. (14) ). 

OP = 

Q cooling 

W EC 

(14) 

The NH 3 compression efficiency was measured and calculated

o be 90% at 50 mV of voltage charge. The NH 3 refrigeration cycle

as then modeled at 5 °C evaporating temperature and 45 °C con-

ensing temperature. For a 200 W cooling capacity, the COP of the

ystem is calculated to be 5.1. 

Similarly, the CO 2 system performance was modeled for the

ranscritical refrigeration cycle at 5 °C evaporating temperature and

7 °C of gas cooler outlet temperature with gas cooler pressure at

0 MPa. The steady state modeling results of conventional CO 2 re-

rigeration system and CO 2 EC transcritical refrigeration cycle are

hown in Table 2 . Both conventional and electrochemical refrigen-

ation systems were modeled at same cooling capacity and opera-

ion conditions. Based on the baseline calculation, the conventional

O 2 refrigeration system with 200 W of cooling capacity has a COP

f 2.4 with 88 W of rated compressor power and 65% isentropic

ompression efficiency, while the CO 2 EC transcritical refrigeration

ystem has a COP of 4.0 with 51 W of calculated compressor power

ith 85% isentropic compression efficiency. With heat removal, the

O 2 EC compressor efficiency can even reach 90%. The higher com-

ression efficiency is due to no irreversible friction loss. 

The size of the compressor comparison is listed in Table 3 for

 10.5 kW air conditioning unit. For future improved development

or a 10.5 kW air conditioning unit would involve improving mem-

rane current density, which is directly associated with flow rate.

ur target is 1 A/cm 

2 at the 1 V of DC voltage charge. The target

urrent density is achievable by replacing graphite bipolar plates

ith stainless steel, which has less electric resistance, and improv-

ng the catalyst doped on the membrane electrode. Another fu-

ure development would be reducing the bipolar plate thickness

o 1 mm, which can be achieved by stamping. If all of the tar-

ets are achieved, a 10.5 kW air conditioning unit would require

 EC with size of 20 cm × 20 cm × 40 cm for CO 2 compression.

he size is comparable to a conventional CO 2 compressor at simi-

ar capacity ( Emerson Climate Technologies, 2016 ). Moreover, there

ill be enough surface area for heat exchange which would en-

ble isothermal compression. Heat can be removed by either pas-

ive cooling or active cooling. 

And based on the Nernst equation ( Eqs. (10) and 11 ), the semi-

sothermal compression efficiency is calculated at constant temper-

ture, which means the compressor discharge gas temperature is

qual to the gas cooler outlet temperature without excess amount

f superheating. The semi-isothermal compression can be achieved

y removing heat from the membrane discharge plate by utilizing

ts large surface area. And it is modeled by considering the low-

red compressor discharge side temperature as compared to what

ould have been after the isentropic compression process. The po-

ential for electrochemical compressor to reach a semi-isothermal

ompression is based on its unique design. In general, it is very

ifficult for mechanical compressors to achieve isothermal operat-

ng condition due to limited surface area for heat removal ( Wang

t al., 2008 ). The electrochemical compressor compresses refrig-

rant with layers of membranes. The refrigerants are evenly dis-

harged over a surface area of 20 cm 

2 W 

−1 , which provides large
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area for heat removal. The isothermal effect is especially effective

for CO 2 compressor because it will also contribute to reducing gas

cooling pressure. 

The semi-isothermal compression process can be approached

by using inter-stage cooling. The CO 2 transcritical refrigeration cy-

cle with three inter-stage cooling is shown in P-h diagram ( Fig. 7 ).

The superheated CO 2 leaving the evaporator is going through three

separate compression and inter-stage cooling to achieve the final

gas cooler out temperature before entering the expansion valve.
Fig. 7. CO 2 transcritical refrigeration cycle with three inter-stage cooling. 

Fig. 8. EC units stacked with inserted heat exchangers to reduce the discharge re- 

frigerant temperature and overall compressor power consumption. 

Fig. 9. The EC gas distribution channels. 

Fig. 10. Serial connection for EC units. 
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his approach could reduce gas cooling pressure and improve the

ompression efficiency so that the system COP is improved. 

The EC prototype was designed while focusing on the stack de-

ign and gas distribution channel design. The multiple EC units

re stacked in series for increased pressure lift, and in parallel

or increased flow rate. The electrochemical compression process

equires energy input into the compressor in the form of volt-

ge charge of 1.2 V, which heats up the device at 500 Wm 

−2 and

rings up the temperature of CO 2 discharged. And increased dis-

harge temperature of compressed fluids would eventually com-

romise the performance of the compressor by increasing its en-

rgy consumption. A proper compressor heat removal technique

uring the compression process could lead to energy savings

s high as 28% ( Coney et al., 2002 ). Traditionally, ideas about

njecting the refrigerant in liquid or vapor phase to the compressor

hamber have proved to be effective to reduce the discharge tem-

erature and improve the compressor performance ( Wang et al.,

008 ). However, the drawback of this idea leads to additional work

equirement to compress extra amount of refrigerant and poten-

ial lubricant wash out causing severe wear in compressor parts.

ther ideas about externally cooling the motor or actively cooling

he shell have also been proposed ( Wang et al., 2008 ). However,

he compressor usually has limited surface area for heat removal
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Fig. 11. Exploded view of three EC units stacked in parallel. 
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hich makes it very challenging to cool down. In the EC, how-

ver, each unit in the stack has large membrane surface area avail-

ble for heat removal. Therefore, as an example, microchannel flat

ube heat exchangers can be inserted to cool down the discharged

efrigerant temperature so the compression process can approach

emi-isothermal process ( Fig. 8 ), and not having a significant im-

act on the compressor volume. The basic concept is embedding

he heat exchanger next to the discharge sides of each individ-

al EC unit, so the discharge gas temperature can be reduced. The

mbedded heat exchangers can also serve as a gas cooler to pre-

ool the CO 2 refrigerant before it enters the real gas cooler in the

ystem. Inter-stage cooling can be achieved with multiple stages

f compression coupled with heat removal ( Fig. 9 ). As the elec-

rochemical compressors are stacked up in parallel with multiple

nits to increase flow rate, the performance does not change as

ach unit is treated as an independent system. 

The gas distribution channels in the EC needs to be de-

igned to uniformly distribute refrigerant across the membrane

nd minimize the pressure drop associated with flow distribution.

ig. 9 shows the example channel design with two inlets on both

ides of the plate, connecting to the channels for better flow distri-

ution. The gas distribution channels supply the refrigerant on the

urface of the membrane electrode. It not only serves as a flow

istributor but also as a mechanical support for the membrane

lectrode. It is made of stainless-steel to prevent any corrosion is-

ue when O 2 is present as a carrier gas for CO 2 compression, and

erves as an electric conductor for electron transport. 

In order to achieve inter-stage cooling, the compressor stack is

esigned to have units connected in series, so that the outlet of the

ne unit is connected to the inlet of the next unit. The connection

s demonstrated in Fig. 10 . As shown in Fig. 10 , the low-pressure

efrigerant coming in at the inlet of the first unit is pumped across

he membrane to the outlet. The pressure increases at the outlet

nd the flow at medium pressure level is cooled by the heat ex-

hanger to the inlet of the second unit. The membrane pumps the

edium pressure refrigerant to the second outlet with pressure in-

reased to higher level. If more cooling is required, then another

eat exchanger is attached to the outlet of the second unit and so

n. The exploded stack view with three units in parallel is shown

n Fig. 11 . Future work will be focused on the multiple-unit-stack

esign and flow distribution analysis. 
. Conclusions 

In this paper, the electrochemical compression concepts of both

H 3 and CO 2 are proposed. The experimental study verified the

easibility of both compression mechanisms. NH 3 electrochemical

ompression would achieve a measured isothermal compression

fficiency of 90%, at a compression ratio of 2.7 and 50 mV of volt-

ge charge. The compression ratio can also go as high as 10 with

 single stage compression. Therefore, it is feasible for NH 3 EC to

chieve the desired pressure lift with single stage in the NH 3 vapor

ompression system for refrigeration purpose. CO 2 electrochemical

ompression currently can achieve a compression ratio of up to

.2 with a single stage compression. However, multiple stages

ust be connected in series to achieve the desired pressure lift.

ith inter-stage cooling potentially done by microchannel heat

xchangers, the compressor can approach isothermal compression

or more energy savings with CO 2 as refrigerant. The scaled up

ompressor design discussed in this paper with improved gas

istribution channels and internal heat exchangers will improve

he system performance and is part of the future study. In conclu-

ion, the electrochemical compression of NH 3 and CO 2 show great

romises for the vapor compression cycle in refrigeration and heat

ump systems. The EC can compress natural refrigerants without

sing any moving parts. And the EC can potentially improve the

fficiency of the vapor compression systems. 
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