
EXPERIMENTAL  INVESTIGATION  OF  TRANSCRITICAL CO2  HEAT
PUMP  FOR  SIMULTANEOUS  WATER  COOLING  AND  HEATING

by

Jahar  SARKAR a*, Souvik  BHATTACHARYYA b, and

Mudali  RAMGOPAL b

a Department of Mechanical Engineering, Institute of Technology – BHU,

Varanasi, India
b Department of Mechanical Engineering, Indian Institute of Technology,

Kharagpur, India

Orig i nal sci en tific pa per
UDC: 621.577:66.045.1:532.529

DOI: 10.2298/TSCI1001057S

This pa per pres ents the ex per i men tal per for mances of a transcritical CO2 heat
pump pro to type for si mul ta neous wa ter cool ing and heat ing ap pli ca tions. Sys tem
be hav ior and per for mances such as cool ing ca pac ity, heat ing ca pac ity, and sys tem
co ef fi cient of per for mance (COP) have been stud ied ex per i men tally for var i ous op -
er at ing pa ram e ters such as wa ter mass flow rate, wa ter in let tem per a ture for both
evap o ra tor and gas cooler, and ex pan sion valve open ing. Per for mance is also com -
pared with pre vi ous test data. Test in di cates that the ex pan sion valve open ing has a
sig nif i cant ef fect as well near the full valve clos ing con di tion (up to 20°). Study
shows that both the wa ter mass flow rate and in let tem per a ture have sig nif i cant ef -
fect on sys tem per for mances. Test re sults show that, at gas cooler pres sure of 90
bar, the ef fect of evap o ra tor wa ter mass flow rate on the sys tem per for mances is
more pro nounced (COP in creases 0.6 for 1 kg/min.) com pared to the gas cooler
wa ter mass flow rate (COP in creases 0.4 for 1 kg/min.) and the ef fect of gas cooler
wa ter in let tem per a ture is more sig nif i cant (COP de creases 0.48 for given ranges)
com pared to the evap o ra tor wa ter in let tem per a ture (COP in creases 0.43 for given
ranges).

Key words: CO2 heat pump, transcritical, gas cooler, water cooling and heating,
valve opening

In tro duc tion

Re cently, nat u ral work ing fluid CO2 has be came a prom is ing al ter na tive par tic u larly
in heat pump ap pli ca tions due to its per for mance re lated var i ous ad van tages and eco-friend li -
ness. Some of the cur rent the o ret i cal and ex per i men tal in ves ti ga tions on sev eral heat pump ap -
pli ca tions of transcritical CO2 cy cle have been pre sented by Neksa [1] and Kim et al. [2]. 

Neksa et al. [3] and White et al. [4] ex per i men tally in ves ti gated the ef fects of dis -
charge pres sure, wa ter in let and out let tem per a tures on the heat pump wa ter heater per for -
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mances. Hwang et al. [5] ex per i men tally showed that the ac tual CO2 cy cle per formed sim i lar to
the R-22 cy cle when the same out side vol ume of the heat exchanger was em ployed for both re -
frig er ants. Yarral et al. [6] ex per i men tally in ves ti gated to ef fect of dis charge pres sure on CO2

heat pump per for mance for si mul ta neous pro duc tion of re frig er a tion and wa ter heat ing to 90 °C
for the food pro cess ing in dus try. Adriansyah [7] ex per i men tally stud ied the ef fect of dis charge
pres sure for si mul ta neous air-con di tion ing and wa ter heat ing. Stene [8] pre sented the ef fect of
wa ter in let tem per a ture for com bi na tion of space and wa ter heat ing. Cho et al. [9] stud ied the
per for mance of the CO2 heat pump by vary ing the re frig er ant charge amount at stan dard cool ing
con di tion to show the im por tance of re frig er ant charge to achieve better per for mance. Kim et al.
[10] have done ex per i men tal study on CO2 heat pump to study the ef fect of in ter nal heat
exchanger us ing wa ter as sec ond ary fluid for both sides with em pha sizes only on heat ing.
Cabello et al. [11] ex per i men tally eval u ated the en ergy ef fi ciency and op ti mal gas-cooler pres -
sures of a sin gle-stage transcritical re frig er at ing plant work ing with car bon di ox ide and showed
that Sarkar et al. [12] cor re la tion matches best with the test data of op ti mal gas-cooler pres sures.
How ever, ef fects of ex pan sion valve open ing and wa ter mass flow rate on sys tem be hav iours are 
scarce.

In the pres ent in ves ti ga tion, ex per i men tal re sults on the work ing pro to type of a
transcritical CO2 heat pump sys tem for si mul ta neous wa ter cool ing and heat ing are pre sented.
The cool ing and heat ing ca pac i ties and sys tem co ef fi cient of per for mance (COP) have been
stud ied for var i ous op er at ing con di tions (wa ter mass flow rates and wa ter in let tem per a tures of
both evap o ra tor and gas cooler) and ex pan sion valve open ings. Per for mance is also com pared
with pre vi ous test data [10].

Ex per i ments of a transcritical CO2 heat pump

De scrip tion of test setup

The work ing pro to type of transcritical CO2 heat pump sys tem for si mul ta neous wa ter
cool ing and heat ing has been de vel oped based on nu mer i cal sim u la tion [13] for a rated cool ing

ca pac ity of 3.5 kW. Test fa cil ity
lay out of transcritical CO2 heat
pump for si mul ta neous wa ter
cool ing and heat ing with in stru -
men tal po si tions is shown in fig.
1. Stain less steel was cho sen as
the ma te rial for all sys tem com po -
nents. A Dorin CO2 com pres sor
(model TCS113: dis place ment of
2.2 m3 per hour and rated speed of 
2900 rpm) was cho sen for the ex -
per i men tal in ves ti ga tion. On the
ba sis of min i mum and max i mum
pres sure ra tios of 80/50 and
120/26 bar/bar, re spec tively, a
Swagelok in te gral bon net nee dle
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Figure 1. Test facility layout of the transcritical CO2 heat pump



valve (model SS-1RS4) was used as the ex pan sion de vice, which can be used reg u late flow rate
and de gree of super heat. The sep a ra tor and re ceiver were de signed for a to tal vol u met ric ca pac -
ity of 8 L and 2 L, re spec tively. A fan-coil cool ing unit in clud ing a fan and a stor age tank was
em ployed for a heat trans fer rate of 6 kW to cool the warm wa ter to its ini tial tem per a ture at the
in let to the gas cooler. A wa ter bath with heater and pump was in cor po rated in the evap o ra tor to
sup ply wa ter at con stant tem per a ture and flow rate. The evap o ra tor and the gas cooler are coun -
ter-flow tube-in-tube heat exchangers, where CO2 flows in the in ner tube and wa ter in the outer
an nu lus (tab. 1). Mea sur ing ranges of in stru ments with  un cer tain ties are listed in tab. 2.

Test pro ce dure and test con di tions

In the ex per i men tal study, the ef fects of wa ter in let tem per a ture and mass flow rate in
gas cooler, and wa ter in let tem per a ture and mass flow rate in evap o ra tor were in ves ti gated by
vary ing them us ing heat dis si pa tion unit for the gas cooler and heat ing unit for the evap o ra tor.
Suc tion pres sure and dis charge pres sure were set at re quired level by si mul ta neous con trol of the 
to tal mass of CO2 (re frig er ant charge) in the sys tem and de gree of open ing of the ex pan sion de -
vice be fore vary ing the ex ter nal pa ram e ters. The to tal re frig er ant mass in the sys tem was con -
trolled by add ing CO2 from a high pres sure cyl in der or by vent ing it through the safety valve.
For cer tain test con di tions, con stant wa ter flow rates for both evap o ra tor and gas cooler were
main tained by pumps, in let wa ter tem per a ture to gas cooler was main tained by con trol ling fan
speed and wa ter in let tem per a ture to evap o ra tor was main tained by heater con trol. The com pres -
sor power in put was mea sured by us ing a power me ter, the re frig er ant mass flow rate was mea -
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Ta ble 1. Di men sions of gas cooler and evap o ra tor

Heat exchangers Gas cooler Evap o ra tor

Con fig u ra tion Co ax ial, sin gle pass, 14 rows Co ax ial, single pass, 9 rows

In ner tube OD/outer tube OD 6.35/12 mm 9.5/16 mm

To tal length of tub ing 14 m 7.2 m

Ta ble 2. Ranges and un cer tain ties of mea sur ing in stru ments

Pa ram e ters Mea sur ing in stru ments Ranges Ac cu racy

Pres sure Dial pres sure gauge 0-160 bar ±1.5% of full range

Pres sure loss Dif fer en tial pres sure gauge 0-4 bar ±1.5% of full range

CO2 mass flow rate Coriolis mass flow me ter 0.2-10 kg/min. ±0.1% of full range

Wa ter mass flow rate Mass flow me ter 0.5-20 kg/min. ±0.5% of full range

Tem per a ture Thermocouples (T-type, K-type) Cal i brated range: 0-150 °C ±0.5 °C

Power in put Power me ter – ±0.1 kWh



sured by a Coriolis ef fect flow me ter, the pres sure of the re frig er ant were mon i tored by us ing
pres sure trans duc ers, pres sure drop in the heat exchangers was mea sured by dif fer en tial pres -
sure trans ducer and re frig er ant and wa ter tem per a tures at all re quired lo ca tions were mea sured
by us ing T-type and K-type thermocouples. All the mea sure ments have been done at
steady-state con di tion. The prin ci pal sys tem per for mance pa ram e ters un der steady-state,
namely, power in put to the com pres sor, cool ing ca pac ity, heat ing ca pac ity, and sys tem COP
have been com puted from the mea sured data. The un cer tain ties of cool ing ca pac ity, heat ing ca -
pac ity, and sys tem COP, es ti mated by er ror anal y sis, are ap prox i mately ±5%, ±5%, and ±6%,
re spec tively. Re peat abil ity tests were con ducted of var i ous sets of op er at ing pa ram e ters (one
such test re sult is shown in fig. 2) and showed that most of the data points for sys tem COP are
within the un cer tainty ranges (±6%) of the test loop mea sure ments in most cases [14]. Fig ure 3
shows the vari a tions of cool ing ca pac i ties in re frig er ant and wa ter side with dis charge pres sure
at suc tion pres sure of 35 bar. Mass flow rate of wa ter and its in let tem per a ture in gas cooler and
evap o ra tor are kept con stant at 1.5 and 2 kg/min. and 33 and 29 °C, re spec tively. The
comparision be tween cool ing ca pac i ties in re frig er ant and wa ter show that the max i mum de vi a -
tion is 11%, which is within the max i mum heat gain in the evap o ra tor of 15%.

Re sults and dis cus sion

The per for mance of the CO2 heat pump sys tem in terms of cool ing or heat ing ca pac ity
and sys tem COP (cool ing + heat ing out puts di vided by com pres sor power) con sid er ing both
cool ing and heat ing as use ful out puts are stud ied for var i ous valve open ing, wa ter in let tem per a -
tures and mass flow rates. Max i mum mea sured cool ing and heat ing ca pac i ties (not nec es sar ily
si mul ta neous) of the sys tem have been re corded as 3 kW and 5 kW, re spec tively. The trend for
ex per i men tal data of this study matches fairly well with a pre vi ously re ported ex per i men tal data
[10], al though, ab so lute COP val ues are rel a tively lower (by about 10%); this could be at trib -
uted to use of in ter nal heat exchanger in pre vi ous case and the pre vail ing dif fer ence in test con -
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Figure 2. Repeatability analysis for suction
pressure of 35 bar

Figure 3. Comparison between cooling capacity
in refrigerant and water



di tions and the test fa cil i ties. Steady-state per for mance of the sys tem is pre sented in terms of
sys tem COP.

Vari a tion of suc tion and dis charge pres sures, and re frig er ant mass flow rate for cer tain
re frig er ant charge with var i ous valve open ings of the nee dle valve at steady-state are shown in
fig. 4. Mass flow rate of wa ter and its in let tem per a ture in gas cooler and evap o ra tor are kept
con stant at 1.5 and 2 kg/min. and 32.3 and 32.9 °C, re spec tively. At smaller valve open ings, the
pres sure dif fer ence across the com pres sor is much larger due to ac cu mu la tion of CO2 in the gas
cooler and the cor re spond ing re duc tion of CO2 in the evap o ra tor. As the valve opens from the
com pletely closed po si tion (mea sured in an gle turned from the closed po si tion), ini tially re frig -
er ant mass flow rate in creases rap idly due to large re duc tion in pres sure ra tio which fur ther
slows down con se quently re frig er ant mass flow as well. Valve open ing plays a strong role at a
nearly closed po si tion (nearly up to 20°). The vari a tion of other pa ram e ters with valve open ing
(re frig er ant charge and other con stant pa ram e ters are sim i lar as in fig. 4) as shown in fig. 5
shows that the sys tem gives max i mum heat ing out let tem per a ture and min i mum cool ing out let
tem per a ture for some op ti mum valve open ing and the op ti mal val ues can vary be tween 20 to 40° 
de pend ing on the op er at ing con di tions.

Ef fects of wa ter mass flow rate to evap o ra tor on the per for mances are shown in fig. 6,
for suc tion pres sure of 40 bar, dis charge pres sure of 90 bar, evap o ra tor wa ter in let tem per a ture
of 29 °C, gas cooler wa ter in let tem per a ture of 33 °C, and wa ter mass flow rate of 1 kg/min. With 
in crease in wa ter mass flow rate to evap o ra tor, the cool ing ca pac ity in creases due to in crease in
wa ter side heat trans fer co ef fi cient and both the heat ing ca pac ity and com pres sor work in crease
mod estly due to mi nor in crease in the suc tion tem per a ture (in crease in de gree of super heat from
15 to 16.2 °C) and also dis charge tem per a ture from 124 to 126.5 °C. Wa ter out let tem per a tures
of both evap o ra tor and gas cooler in crease with in crease in wa ter mass flow rate to evap o ra tor.

Ef fects of wa ter mass flow rate to gas cooler on the per for mances are shown in fig. 7, for
suc tion  pres sure  of  40 bar,  dis charge  pres sure of  90 bar,  gas cooler wa ter in let tem per a ture of
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Figure 4. Variation of suction and discharge
pressure and mass flow rate with expansion
valve opening

Figure 5. Variation of water outlet temperatures
with expansion valve opening



33 °C,  evap o ra tor  wa ter  in let  tem per a ture  of 29 °C, and wa ter mass flow rate of 1.5 kg/min.
With in crease in wa ter mass flow rate in gas cooler, heat ing out put in creases mod estly due to in -
crease in wa ter side heat trans fer co ef fi cient and re frig er ant mass flow rate in creases, which en -
hances the cool ing ca pac ity, al though the ef fect on com pres sor work is in sig nif i cant and hence the
sys tem COP in creases. With in crease in wa ter mass flow rate to gas cooler, wa ter out let tem per a -
tures of both evap o ra tor and gas cooler de crease. Re sults show that the ef fect of wa ter flow rate in
evap o ra tor is more pro nounced on the per for mances (COP in creases about 0.6 per 1 kg/min.) com -
pared to the ef fect of wa ter mass flow rate in gas cooler (COP in creases about 0.4 per 1 kg/min.).

Fig ure 8 ex hibit the vari a tions of per for mances with evap o ra tor wa ter in let tem per a -
ture for suc tion pres sure of 40 bar, dis charge pres sure of 90 bar, mass flow rates of wa ter in gas
cooler and evap o ra tor of 1 kg/min. and 1.5 kg/min., re spec tively, and wa ter in let tem per a ture to
gas cooler of 33 °C. With the in crease in wa ter in let tem per a ture to evap o ra tor, suc tion tem per a -
ture as well as dis charge tem per a ture in creases, which en hance both cool ing and heat ing ca pac i -
ties; how ever com pres sor work in creases in sig nif i cantly due to de crease in re frig er ant mass

flow rate and hence sys tem COP in creases. Wa -
ter out let tem per a ture of evap o ra tor in creases
due to dual ef fect of in crease in cool ing ca pac -
ity and wa ter in let tem per a ture; whereas wa ter
out let tem per a ture of gas cooler in creases due
to in crease in heat ing ca pac ity.

Fig ure 9 ex hib its the vari a tion of per for -
mances with wa ter in let tem per a ture to gas
cooler for suc tion pres sure of 40 bar, dis charge
pres sure of 90 bar, mass flow rates of wa ter in
gas cooler and evap o ra tor of 1 kg/min. and 1.5
kg/min., re spec tively, and wa ter in let tem per a -
ture to evap o ra tor of 29 °C. As the wa ter in let
tem per a ture to gas cooler in creases, the heat ing
ca pac ity de creases due to de te ri o ra tion in heat
trans fer prop er ties of CO2 in gas cooler and the
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Figure 8. Variation of system performance with
evaporator water inlet temperature

Figure 7. Variation of system performance with
gas cooler water flow rate

Figure 6. System performance variation with
evaporator water flow rate



re frig er ant exit tem per a ture in gas cooler in -
creases, which in creases the va por qual ity in
evap o ra tor in let and hence cool ing out put also
de creases, how ever, com pres sor work is nearly
in vari ant due to neg li gi ble change in re frig er ant 
mass flow rate and de gree of super heat and
hence sys tem COP de creases sig nif i cantly.
With in crease in wa ter in let tem per a ture to gas
cooler, wa ter out let tem per a tures of both evap -
o ra tor and gas cooler in crease. Re sults show
that the ef fect of wa ter in let tem per a ture to gas
cooler on the sys tem per for mances is more sig -
nif i cant (COP de creases about 0.48 per 10 °C)
com pared to the ef fect of wa ter in let tem per a -
ture to evap o ra tor (COP in creases about 0.43
per 10 °C wa ter in let tem per a ture).

Con clu sions

An ex per i men tal study on a transcritical CO2 heat pump sys tem for si mul ta neous wa ter cool -
ing and heat ing has been car ried out to study the sys tem be hav iour and per for mance for var i ous
op er at ing con di tions. Mea sure ments for var i ous ex pan sion valve open ings show that valve
open ing has a sig nif i cant ef fect near the fully closed po si tion and re sult shows some op ti mum
valve open ing to give max i mum per for mance. Com par i son with the pre vi ous test data shows
rea son ably good agree ment with a max i mum de vi a tion of 10% and the trends are fairly sim i lar.
The cool ing and heat ing ca pac i ties and COP in crease with in crease in wa ter mass flow rate to
both evap o ra tor and gas cooler; how ever, ef fect is more pro nounce in case of evap o ra tor mass
flow rate (COP in creases by 0.6 per 1 kg/min., whereas 0.4 for gas cooler). Wa ter out let tem per -
a tures of evap o ra tor and gas cooler in crease with in crease in evap o ra tor mass flow rate and de -
crease with in crease in evap o ra tor mass flow rate. Cool ing and heat ing ca pac i ties and COP in -
crease with in crease in wa ter in let tem per a ture to evap o ra tor, whereas trends are op po site for
gas cooler wa ter in let tem per a ture; ef fect of gas cooler wa ter in let tem per a ture is more pro -
nounce (COP in creases by 0.48 per 10 °C, whereas 0.43 for gas cooler). With the in crease in wa -
ter in let tem per a tures to both evap o ra tor and gas cooler, wa ter out let tem per a tures of both evap -
o ra tor and gas cooler in crease.

No men cla ture

tevw,i –  evaporator water inlet temperature, [°C]
tgcw,i –  gas cooler water inlet temperature, [°C]
Psuc –  compressor suction pressure, [bar]

Ac knowl edg ment

The fi nan cial sup port ex tended by Min is try of Hu man Re source and De vel op ment,
Gov ern ment of In dia is grate fully ac knowl edged.
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Figure 9. Variation of system performance with
gas cooler water inlet temperature
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