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In this study, a novel approach for energy-efficient dissolution of gases in liquid is presented, which significantly reduces

the compression work. The core of the one-step process is the simultaneous operation of compression and absorption.

The liquid was injected into a cylinder filled with the gas, while a piston compressed the mixture during the injection time.

The solubility increases with increasing system pressure, so that the compression work of the gas phase is permanently

reduced on the one hand by the permanent reduction of the gas volume and on the other hand by the nearly isothermal

compression process. The approach is demonstrated in this study using liquid H2O and gaseous CO2 compressed up to

10 bar. The theoretical energy savings of the novel process compared to the conventional two-stage process is 41.2 % for

the selected fluids. A maximum energy saving of 40.8 % was demonstrated in the experiments. The results also show that

the energy saving depends on the curve of the piston speed and the injection time.
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1 Introduction

The CO2 dissolution in water or aqueous mixtures at differ-
ent temperature and pressure conditions is of great impor-
tance for various environmental, geochemical, industrial
and thermodynamic problems [1]. Fundamental experi-
mental data was obtained already decades ago [2], and
research on the dissolution of CO2 in pure water or in aque-
ous solution systems is still ongoing in recent years [3–5].
These data are needed in various research areas, e.g., to
quantify the feedback between ocean warming and CO2 sol-
ubility as an equivalent carbon emission [6] or for carbon
capture and storage concepts [7]. Many works are con-
cerned with subsurface disposal of CO2, where much of the
CO2 is dissolved in reservoir water. An overview of relevant
work in this area is given by Holloway [8].

Kaliyan et al. [9] give an overview of applications of CO2

in the food industry. In those technical applications, the
solution process of gas in liquid is realized in a conventional
way, in which the gas phase is compressed at an advanced
stage. Although in many cases the heat of compression is
dissipated unused, there are examples where heat recovery
can be used to increase the efficiency of the compression
process [10]. The processes for dissolving gases in liquids
are based on compression and subsequent dissolution of the
gas. The compression of the pure gas in a first step reflects
the fundamental inefficiency in terms of the heat of com-
pression generated in the isentropic process. Here, all the

energy spent on gas compression is partially converted into
heat.

In this study, a novel approach to simultaneous compres-
sion and absorption for energy-efficient dissolution of gases
in liquids is presented.

2 Concept of the Novel Approach

The currently existing processes for dissolving gases in sol-
vents are based on compression and subsequent dissolution
of the gas. In this case, the energy demand of the process
is dominated by the compression phase, which can be
approximated as an isentropic process. The idea of the pro-
posed concept is to perform the compression of a gas in the
presence of the solvent, which has a positive effect on the
energy demand of the compression process in two ways:
1) The effect of increasing solubility of the gas in liquid

with increasing pressure leads to a progressive dissolu-
tion of the gas during the compression process and thus
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to a reduction in the amount of gas that must be com-
pressed at any given time, assuming saturation.

2) Due to its high heat capacity, the solvent present can
absorb large amounts of heat without significant tem-
perature rises, which leads to an approximately isother-
mal process.

In the present study, this concept is demonstrated with
CO2 as gas and H2O as solvent. To implement the concept
for technical applications, an injector is integrated into a
reciprocating compressor to create a fine spray in the com-
pression chamber. The spray leads to a large increase of the
liquid surface and promotes the dissolution process of the
gas.

Fig. 1 shows the proposed operation of the reciprocating
compressor modified to perform compression with simulta-
neous dissolution. An example duty cycle begins with the
piston at top dead center (TDC). In the first step (a), the
compression chamber is filled with CO2 from a low-pres-
sure vessel (ambient conditions). Then the solvent is in-
jected (b) and the two-phase mixture is compressed (c) un-
til saturation is reached and only the liquid solution
remains. At the end of the cycle, the liquid solution is forced
out by moving the piston to TDC (d).

3 Theoretical Background

As described above, the concept of the presented approach
compared to conventional dissolution processes is the sup-
pression of a temperature increase of the gas phase due to
heat of compression and the continuous decrease of the gas
volume due to dissolution during compression. The ideal
process is defined below, with the following assumptions:
1) saturation at any time of the process, i.e., the smallest

possible amount of CO2 is in the gas phase,
2) isothermal conditions.

The various compression processes are shown schemati-
cally in a p-v diagram in Fig. 2.

Assuming that CO2 is an ideal gas, which is a reasonable
assumption for the relevant pressure range, the pressure in
the compression chamber as a function of the stroke dis-

tance from the bottom dead center (BDC) can be expressed
by Eq. (1), where VH2O(h) is the amount of solvent in the
compression chamber at the stroke position h. It is assumed
that the solvent is introduced either at the beginning or dur-
ing the compression process.

p hð Þ ¼
n0

CO2
R T0

A hstroke � hð Þ þ kH R T0 � 1ð ÞVH2O hð Þ (1)

The work for compression can be calculated by Eq. (2),
where the residual amount of CO2 in the gas phase is given
by Eq. (3).

W ¼
Zpp

p0

Vdp ¼
Zpp

p0

n pð ÞRT0

p
dp (2)

n pð Þ ¼ n0
CO2
� kHVH2O p (3)

As already mentioned, the common method for the dis-
solution of CO2 in a solvent is the compression of the gas-
eous CO2 followed by dissolution. Therefore, in terms of
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Figure 1. Schematic duty cycle of the process.

Figure 2. Schematic representation of the compression process-
es in the p-v diagram.
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energy saving, the process to be compared is isentropic
compression. The work for the isentropic compression is
calculated using Eqs. (4) and (5).

Wis;CO2
¼ gp0 V0

g� 1

pp

p0

� �g�1

g

� 1

 !
(4)

Wis;H2O ¼ VH2O Dp (5)

The solubility of a substance depends essentially on the
chemical properties of the solute and the solvent (pH,
polarity of the molecules, chemical bonds) and on physical
properties such as temperature and pressure. In this case,
we are concerned with the analysis of the dissolution of
gases in a liquid, in particular CO2 in water. This subject
was studied in detail in the early 19th century by William
Henry [11]. According to Henry’s law (Eq. (1)), the amount
of a given gas dissolved in a liquid at constant pressure is
directly proportional to the partial pressure of the gas at
equilibrium with the liquid.

p ¼ kH Tð Þx (6)

where p is the partial pressure of the solute in the solu-
tion, x is the concentration of the solute in the solution,
kH(T) is Henry’s law constant as a function of temperature,
usually expressed in (atm mol–1). The effect of the tempera-
ture is expressed by the Van ’t-Hoff equation, shown in
Eq. (2),

kH Tð Þ ¼ k0
Hexp �C

1
T
� 1

T0

� �� �
(7)

where C is a constant measured in (K) and T0 is the stan-
dard temperature. A large collection of values for the Henry
coefficient in water can be found in [12].

Using Eq. (8) and the two reference cases defined previ-
ously, a measure can be defined to evaluate the experimen-
tal results. This measure is called the process efficiency h.
An efficiency of h = 1 corresponds to the ideal case, while
an efficiency of h = 0 represents the isentropic gas compres-
sion.

h ¼ 1� DW
DWis

(8)

with

DW ¼Wexp �Wideal (9)

and

DWis ¼Wis �Wideal (10)

4 Experimental Setup

The compression/dissolution was performed as a batch pro-
cess. A cylinder was filled with CO2 at atmospheric condi-
tions. Water was injected into the cylinder while compres-
sion started with a piston. In the final step, the liquid water/
CO2 solution is ejected at a final pressure of 10 barg.

In this work, an acrylic cylinder with a total length of
725 mm and an inner diameter of 125 mm was used. A high-
pressure piston pump was used to pressurize the water up to
60 bar. A pressurized atomizer (full cone) with a diameter of
1.70 mm and a spray angle of 60� was applied. The differential
pressure changed during the experiment between 59 bar (start
of compression) and 49 bar (end of compression) and conse-
quently, the flow rate of the water, which was determined
experimentally, varied between 0.12 L s–1 and 0.13 L s–1.

An unloader valve and a pressure sensor were installed
upstream of the nozzle to control the liquid pressure
upstream of the atomizer. In addition, a solenoid valve was
mounted in the line to control the liquid injection time. The
maximum stroke used in this study was 600 mm, resulting
in a total volume of 7.36 L. The internal pressure was mea-
sured with a pressure sensor (0 to 16 barg) and the internal
temperature was monitored with a K-type thermocouple.
Downstream, a pressure relief valve was placed to measure
the pressure curves up to 10 bar. The solution was then col-
lected in a membrane expansion vessel where it can be
stored under high pressure.

The compressor is equipped with several sensors for mea-
suring the process parameters, temperature, and pressure
during or at the end of the compression process. In addi-
tion, there is a magnetostrictive sensor for piston position
on the hydraulic side of the compressor. With this sensor,
the piston speed can be determined over the stroke and the
measured process parameters can be assigned to the respec-
tive piston position. The characteristics of the experimental
setup are shown in Tab. 1.
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Table 1. Characteristics of the experimental setup.

Compressor parameters Value

Hydraulic cylinder

Piston diameter [mm] 140

Stern diameter [mm] 70

Stroke [mm] 600

CO2/solvent compression chamber

Piston diameter [mm] 125

Stern diameter [mm] 70

Stroke [mm] 600

Hydraulic unit

Motor power [kW] 7.5

Motor control Inverter
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5 Results and Discussion

5.1 Characterization of the Spray

A two-color phase Doppler anemometry (PDA) system was
used to characterize the spray. The axial and radial velocity
components and the diameter of each droplet were deter-
mined. The PDA system was operated in first-order refrac-
tive mode at a scattering angle of 30�. Two diode lasers with
green and yellow light, each with a power of about 150 mW,
were sent through the transmitting optics with a focal
length of 500 mm. The optical arrangement resulted in a
measurement volume with a diameter of about 240 mm and
a length of about 3500 mm. The receiving probe was
equipped with a lens with a focal length of 500 mm and an
effective spatial filter width of 400 mm. With the setup used,
a maximum droplet diameter of 300mm could be deter-
mined. The PDA system was mounted on a traverse system
in order to scan the spatial spray characteristics. At each
measured position, 40 000 samples were taken at a data rate
of about 10 kHz.

Results of the spraying process are presented in Fig. 3,
where the radial distribution of the SMD is shown for
different heights and two different inlet pressures. The two
inlet pressures represent the start of the compression
(60 bar) and the end of the compression (50 bar).

The results show that even when the pressure is changed,
there is no significant effect on the SMD. The spray exhibits
the highest SMD of 78mm near the nozzle at a height of
50 mm and drops to 64 mm in the radial direction. Further
upstream, at a height of 100 mm, the spray exhibits an
almost constant SMD of about 70 mm. This indicates a large
surface increase of the water in order to promote the CO2

dissolution.

5.2 Compression/Dissolution

The inlet pressure of the nozzle was set at 60 bar, resulting
in a flow rate of H2O of 9.9 L min–1. The injection time was
7.14 s in all cases, so the total amount of H2O injected was
1.8 L. In this quantity, the total CO2 volume of 7.14 L (stan-
dard conditions at the beginning of compression) is theoret-
ically completely dissolved at a system pressure of 6 bar.

In the present study, three different cases were investi-
gated, which were distinguished by a delay time in the injec-
tion of H2O after the start of compression. In case 1 there
was no time delay, in case 2 a time delay of 2.04 s and in
case 3 of 3.16 s. The pressure curves as function of the pis-
ton position are shown in Fig. 4 in comparison with isen-
tropic compression and the ideal case.

The results show that all cases follow the ideal case with
low pressure rise at the beginning of compression. Here, the
influence of the heat of compression is marginal compared
to the rapid pressure increase at the end of each test. There-
fore, the time delay between start of compression and start
of injection can be used to shift the H2O injection towards
the end of the compression.

The comparison of the work consumption is shown in
Fig. 5 for the calculated isentropic and ideal compression
process as well as for the three experiments. As expected,
the work consumption is highest in the isentropic case with
2943 J. The ideal case reduces the work consumption to
1736 J. Case 3 with the largest delay time of the H2O injec-
tion showed the best reduction in work consumption at
1749 J. This supports the finding that the application of the
present approach requires a focus on the final stage of com-
pression, where a large pressure rise occurs.

6 Conclusion

In the present study, a novel approach for energy-efficient
dissolution of gases in the liquid dissolution process was
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Figure 3. Radial distribution of the SMD at two heights and
two inlet pressures.

Figure 4. Pressure curves depending on the stroke.
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presented using the liquids CO2 and H2O as examples. It
was shown that simultaneous injection of a fluid with a
much higher heat capacity than the gas and compression
avoided a density change of the gas due to the heat of com-
pression. In addition, the continuous dissolution of the gas
in the solvent reduced the gas volume and thus the com-
pression work of the gas phase. The largest reduction of the
work consumption can be achieved in the final stage of the
compression. In the experiments, a high process efficiency
between about 88 % and 99 % was realized.
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In addition, the authors would like to acknowledge
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Symbols used

A [mm2] surface
c [K] constant
h [mm] position
kH [mol kg–1bar–1] Henry constant
n [mol] number of moles
p [bar] pressure
R [m3Pa mol–1K–1] ideal gas constant
T [K] temperature
V [mm3] volume
W [J] work

Greek letters

g [–] isentropic expansion factor
h [–] efficiency

Sub- and Superscripts

a absolute
g gauge

Abbreviations

BDC bottom dead center
PDA phase Doppler anemometry
SMD Sauter mean diameter
TDC top dead center
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