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Abstract

This paper reports new results from studies of the isobaric heat capacities of 
OMEGA-3 “950” fish oil provided by SOLGAR INC (USA) at high temperatures 
and high pressures. The measurements were carried out on a differential 
scanning calorimeter (ITs-400) with an automatic data acquisition system in 
the temperature range from 298.15 to 473.15 K and at pressures from 0.098 
to 39.2 MPa. The coverage factor for the 95% confidence level for a two-way 
coverage interval is assumed to be 2. The expanded measurement uncertainty 
of heat capacity is estimated to be 2.4%, pressure is estimated to be 0.05% and 
temperature is estimated to be 15 mK. Experimental data on the fish oil isobaric 
heat capacity as a function of temperature and pressure are approximated 
by the correlation equation proposed in the work. At atmospheric pressure, 
the deviations between those calculated by the correlation equation and the 
current measured data on isobaric heat capacity are within the range of average 
absolute deviations (AAD) = 0.22% (standard deviation St. Dev = 0.28% and 
maximum deviation Max. Dev = 0.39%). Additionally, a comparison was made of 
the state parameters obtained during the experiment and the literature data at 
the studied parameters.
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1. Introduction

The increase in consumption of hydrocarbon 
fuels at a high rate of decline in its reserves, tan-
gible environmental consequences from its use, 
the energy dependence of a significant number of 
countries without their own reserves of oil, gas and 
coal, as well as overproduction in agriculture have 
formed a natural trend towards the search and de-
velopment of renewable energy sources in based 
on the processing of biological raw materials [1]. 
These include biodiesel fuel [2], produced primar-
ily by transesterification of vegetable oils or animal 
fats (including fish oil) in an alcoholic medium (often 
methanol or ethanol).

One of the most promising renewable sources of 
raw materials for biofuel production is microalgae. 
In terms of energy yield, microalgae are significant-
ly superior to palm and rapeseed oil, usually used 
for biodiesel production [3,4]. The use of microalgae 
for fuel production makes it possible to simultane-
ously solve economic, energy and environmental 
problems; at the same time, microalgae are a source 
of such useful substances as Omega-3 (eicosapen-
taenoic acid), Omega-6 (docosahexaenoic acid), 
Squalene, etc. Although production biodiesel from 
them seems promising, technologies for rapid and 
cost-effective conversion of biodiesel from wet mi-
croalgae are still lacking. Various types of extraction 
are used to extract valuable components from mi-
croalgae. The largest amount of Omega-3 and Ome-
ga-6 is found in fish oil. At the moment, supercritical 
fluid extraction with carbon dioxide as an extractant 
[5–7], carried out at temperatures above 323 K and 
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pressures of 25–35 MPa, is considered the most ad-
vanced method for their production [7]. Efficient 
extraction is characterized by maximum yield of the 
target component, as well as optimal process param-
eters in terms of energy consumption. At the stage 
of mathematical modeling of the extraction process, 
design and scaling of future technology, the prop-
erties of the corresponding thermodynamic systems 
are required. In particular, the heat capacity of both 
feedstock and extracts. Analysis of literature sources 
showed a limited amount of data on the properties 
of fish oil. Information on the properties of various 
samples of fish oil from various manufacturers is 
presented by data on composition, melting points, 
specific heat capacity and enthalpy at atmospheric 
pressure [8,9]. S. Sathivel et al. [8] reported the re-
sults of studying the melting point, enthalpy and spe-
cific heat of catfish visceral fat at different stages of 
the purification process. In [8], differential scanning 
calorimetry DSC 2920 (TA Instruments, New Castle, 
DE, USA) was used to measure the heat capacity 
and enthalpy of fusion. The heat capacity and en-
thalpy of fusion of fish oil, both raw and processed, 
depended on the type of processing. S. Sathivel [9] 
studied the thermal and transfer properties of un-
refined oils from sockeye and pink salmon heads. 
The degradation and melting temperatures of oils, 
as well as their heat capacities, were determined. 
Research [8,9] has established the influence of the 
composition, type of fish, and processing of raw ma-
terials on the heat capacity. Studies were carried out 
on the transport (thermal conductivity) and thermal 
properties (coefficient of thermal expansion) of fish 
oil samples (OMEGA-3 “950”) at pressures above at-
mospheric [10,11]. Existing calculation methods for 
determining heat capacity, based on the methods of 
corresponding states [12–14] and group components 
[15–17], predict heat capacity values at atmospheric 
pressure for individual representatives of fatty acids, 
binary, ternary and multicomponent mixtures, with-
out affecting the influence of pressure.

Based on the above, the main goal of this work 
is to provide accurate and reliable data on the heat 
capacity at high pressure (up to 39.2 MPa) and high 
temperature (from ambient temperature to 473.15 

K) (Cр=f(P,T)) for a fish oil sample in various thermo-
dynamic calculations. The studied range of tempera-
tures and pressures exceeds the known experimen-
tal data, which is the novelty of the work.

2. Materials and methods

OMEGA-3 “950” fish oil sample was provided by 
SOLGAR INC (USA) (nD

25 = 1.4792, р4
25 = 904.8 kg/m3). 

The sample was used without further purification. 
According to the manufacturer, the sample was ob-
tained by molecular distillation of fish oil from deep-
sea fish of the cold seas (anchovy, mackerel, sardine, 
herring). The sample description is given in Table 1.

Equipment and procedures. Measurements of the 
fish oil isobaric heat capacity were performed using 
a differential scanning calorimeter (DSC) (ITS-400) 
with an automatic data acquisition system (Fig. 1).

The operating principle of a scanning calorimeter 
is based on the method of monotonic heating of a 
sample in an adiabatic mode, the fundamentals of 
which are outlined in the work of Platunov [18]. The 
essence of the method for measuring the heat ca-
pacity of a substance when using the installation (IT-
s-400) comes down to determining the delay time of 
the set temperature on the heat meter for the ref-
erence and test substance. The sample is heated at 
such a rate that, within the permissible temperature 
difference inside the sample, all its layers are heated 
at each moment of time with almost the same tem-
perature, coinciding with the heating rate b0 of the 
base point of the sample. The thermal diagram of 
the calorimeter is shown in Fig. 2.

A sample of substance 1 is placed in a metal am-
poule 2 and heated by a heat flux Q(T) through a 
heat meter 3. The side surface of the ampoule and 
the heat meter are surrounded by an adiabatic shell 
4. With a stationary thermal field in the heat meter 
3, the heat flux QТ(t) passing through the heat meter 
is determined by the formula:

Table 1. Sample purity information

Chemical name Provider Initial purity, % Final purity, % Method of analysis
OMEGA-3 “950” (eicosapentaenoic acid 
(EPA) 53.05% (wt.), docosahexaenoic acid 
(DHA) 39.79% (wt.), excipients 7.16% (wt.))

SOLGAR INC 
(USA)

99.0 99.0 Gas-liquid 
chromatography

 ),()()( ttktQ TTT ���

where kT(t) − thermal conductivity of heat meter; 
θT(t) − temperature difference in the working layer.

(1)
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Fig. 1. Schematic diagram of the unit: 1 – measuring cell; 2 – ITS-400 heat capacity meter; 3 – MP-600 deadweight 
pressure gage tester; 4 – separating bellows assembly; 5 – vacuum pump; 6 – LIQUOPUMP 312/1 fluid-flow pump; 
7 – vessel with test substance; 8 – analog-to-digital converter; 9 – personal computer.

The heat balance equation for the ampoule with 
the sample is written as follows:

Fig. 2. Thermal diagram of the IT-s-400 device: 1 – test 
sample; 2 – metal ampoule with lid; 3 – heat meter; 
4 – adiabatic shell; 5 – adiabatic heater; 6 – block base; 
t1, t2 – thermocouples. ATCS – automatic temperature 
control system, RH calorimetric heater.

 ).()()()()()()( 00 tQbtCbtCttk disaaTT ������ ��� (2)

Here the indices T, a and 0 refer to the heat meter, 
ampoule and sample. Са(t) – heat capacity of the am-
poule, С0(t) – heat capacity of the sample, b0 – av-
erage volumetric heating rate of the sample, Qdis(t) 
– dissipated heat flux. It must be taken into account, 
since in real conditions it isn’t possible to ensure 
complete thermal insulation of the ampoule.

If we assume that the magnitude of the dissipat-
ed heat flux is proportional to the temperature dif-
ference:

 ),(tqQ Tdisdis �� (3)

then (2) can be represented as

 ).()()()()()( 00 ��� btCbtCttK aaTT ����� (4)

Here KT(t) = kT + qdis and Са(t) – installation parame-
ters that are functions of temperature only.

For small temperature differences on the heat 
meter, the equality is well satisfied τT(t) = θT(t)/ba(t)  
allowing to record the delay time τт(t) of the am-
poule temperature relative to the base of the heat 
meter. In this case, provided that ba(τ) = b0(τ), calcu-
lation formulas take the following form:

 ),()()()( 0 tCtCttK aTT ����

 ),()()( tCttK a
'
ΤT ���

 ).()()()( 0 tCtCttK "
a

"
TT ����

(5)

(6)

(7)

Constants of the measuring device KT(t) и C0(t) 
are determined from experiments with an empty 
cell (index «’») and with a cell filled with a standard 
liquid (index «”»). Here τ′Т(t) – delay time in an ex-
periment with an empty ampoule, τ″Т(t) – the corre-
sponding delay time in experiments with a reference 
liquid, τТ(t) – delay time on the heat meter in exper-
iments with the liquid being studied. The solution of 
Eqs. (5) – (7) has the following form:
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Considering that
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For the specific isobaric heat capacity of the liq-
uid under study we obtain:
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In Eq. (11) cp(p,t) and cp" (p0,t) – specific isobaric 
heat capacities of the test and reference liquids, m0 
and m0ʺ – respectively, the masses of the test and 
reference liquids. The calculation expression for 
determining the isobaric heat capacity in the rela-
tive version of the adiabatic dynamic s-calorimeter 
method is the modified (11) for studies under excess 
pressure in a cell of constant volume [19–21]:
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where cp(p,t) and cp" (p0,t) – specific isobaric heat ca-
pacities of the test and reference liquids at pressure 
p and atmospheric pressure p0 and temperature t, 
J/(kg·K), respectively; ρ and ρʺ – densities of the test 
and reference liquids at pressure p and atmospheric 
pressure p0 and temperature t, kg/m3.

The measuring cell shown in Fig. 3 is first pre-
weighed on a VLA-200M analytical balance, then 
connected to the pipelines, and inserted into an ITS-
400 calorimeter. Next, the system is evacuated using 
an NVR-5DM vacuum pump, allowing the substance 
being studied to flow from the calibrated flask into 
the pipelines and measuring cell.

The pressure within the measuring cell is created 
using a LIQUOPUMP 312/1 fluid-flow pump. Once the 
desired operating pressure is achieved in the mea-
suring cell, the pump is turned off, and the pressure 
is maintained by the pressure generation system. 
The measuring process commences once the ITS-400 
measuring unit has cooled to the initial operating 
temperature. Once the measuring thermocouples, 
connected to a personal computer via amplifiers 
and a PCL-811S analog-to-digital converter (ADC), 
are calibrated, the measuring program begins. The 
thermocouple interrogation time, measurement du-
ration, and temperature settings are pre-set. During 
the heating phase, different sections of the mea-

suring unit are gradually heated at a constant rate 
until they reach equilibrium. The measuring thermo-
couples detect when the temperature mark is sur-
passed and record the delay time, which is displayed 
on the PC monitor (Fig. 4). The measuring process 
concludes upon reaching the specified temperature. 
From the obtained thermograms, the temperature 
dependence diagrams of the delay time can be plot-
ted, allowing for the calculation of heat capacity.

The reliability and accuracy of the data on the 
measured heat capacity of the test sample and the 
adequacy of the installation are confirmed by mea-
surements of the heat capacity of liquids with well-
known and reliable, available experimental data. In 
order to validate the precision and reliability of the 
heat capacity data obtained for the sample of OME-
GA-3 "950" fish oil, measurements were conducted 
on reference fluids with known heat capacity values 
– water [22] and n-heptane [23]. Additionally, exper-
imental heat capacity data for 1-butanol [24] were 

Fig. 3. Measuring cell. 1 – cap; 2 – cap nut; 3 – gasket; 
4 – body; 5 – fitting.

 
Fig. 4. Time dependences of temperature: 1 – base 
temperature, 2 – ampoule temperature, 3 – sample 
temperature, τ* – moment of heater switching on.
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also considered. The results demonstrated a high 
level of agreement between the test measurements 
and the reference data CP(P, T) for water [22], with a 
deviation of AAD = 0.25% in the temperature range 
of (333 to 453) K at a pressure of 24.5 MPa. Similar-
ly, the deviations for n-heptane [23] and 1-butanol 
[24] were within AAD = 0.43% and AAD = 0.88% at 
pressures of 9.8 MPa and 18.38 MPa, respectively. 
Dodecane was used as a reference liquid when mea-
suring the heat capacity of a fish oil sample at at-
mospheric pressure [22]. When measuring the heat 
capacity of a fish oil sample at pressures above at-
mospheric pressure, a relative measurement meth-
od was used, where the reference substance was 
the sample itself at atmospheric pressure р0. 

The small deviations observed are consistent with 
the experimental uncertainties of the method used. 
The strong agreement between the present mea-
surements and the reference data for the heat ca-
pacity of the liquids verifies the accuracy and reliabil-
ity of the experimental setup utilized in measuring 
the heat capacity data for OMEGA-3 "950" fish oil.

3. Results and discussion

The measured values of the fish oil isobaric heat 
capacity depending on temperature and pressure in 
the temperature range from 298.15 to 473.15 K and 
at pressures from 0.098 to 39.2 MPa are presented 
in Figs. 5 and 6.

Experimental data on the fish oil isobaric heat ca-
pacity as a function of temperature and pressure are 
approximated by an Eq. (13):

Fig. 5. Dependence of the fish oil isobaric heat capacity on 
pressure P, MPa: 1 – 298,15 K; 2 – 373,15 K; 3 – 473,15 K.

 

Fig. 6. Dependence of the fish oil isobaric heat capacity 
on temperature at pressure P, MPa: 1 – 0.098; 2 – 9.8; 
3 – 19.6; 4 – 29.4; 5 – 39.2.

Table 2. Polynomial coefficients aj for calculating the fish 
oil heat capacity in the temperature range from 298.15 to 
473.15 K and pressures from 0.098 to 39.2 MPa

Polynomial coefficients aj

a0, kJ/(kg·K) 0.7717
a1, kJ/(kg·K2) 3.313·10-3

a2, kJ/(kg·K·MPa) -3.718·10-4

a3, kJ/(kg·K2·MPa) -1.74·10-5

a4, kJ/(kg·K3) 1.095·10-6

a5, kJ/(kg·K·MPa2) −
St. Dev, % 0.28

AAD% 0.22

As can be seen from the Table 2, the correlation 
Eq. (13) represents the current data on the fish oil 
heat capacity within the limits of their experimental 

uncertainty                                                             including 

high pressure Cp values. At atmospheric pressure, the 
deviations between those calculated by the correla-
tion Eq. (13) and the current measured data CP(P,T) 
are within the limits of AAD = 0.22% (standard devia-

tion St. Dev = 0.28% and                                                               .  

4. Comparison with literature data

Correlation Eq. (13) was used to compare the 
present heat capacity data for fish oil with pub-
lished experimental data [8] and with calculations 
using the method of corresponding states [12−14], 
and group components [15−17]. When calculating 
using methods [12−17], knowledge of the compo-
sition and critical parameters of the substance is 
required.
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where, CP(P,T) is isobaric heat capacity at given P 
and T, kJ/(kg·K); ai (i = 0.5) are fitting parameters (5 
experiment repetitions). The optimal values of the 
obtained fitting parameters along with the statistics 
of deviations are given in Table 2.
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The fish oil sample studied is a mixture of two 
unsaturated fatty acids (EPA + DHA) in a ratio of 
0.609:0.391. Heat capacity calculations using meth-
ods [12,14−17] were carried out for mixtures of 
these acids.
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where the values of the Pitzer acentricity factor (ω) are calculated according to the additivity rule for group 
composition [12]. - Filippov [14]:
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Filippov’s criterion A is calculated based on the 
increments given in [14];

- Ruzicka [15]:
 
� ��� � ,1 ii

k
i cn

R
C

(16)

where ni is the number of group bonds of type i; Δci is 
the heat capacity per group bond of type i; k is the to-
tal number of group bonds in the molecule. The values 
of the group component of the heat capacity are de-
termined by the formula ∆Сi,k = a+b(T/100)+d(T/100)2, 
where a, b, d are temperature dependence constants;

- Ceriani [16]:

where T is the temperature, °C; C is the average car-
bon number of all the fatty acids in the lipid; U is 
the average number of double bonds for all the fatty 
acids in the lipid.

Comparison of data from [8] with the calculation 
using correlation Eq. (13) extrapolated to a tempera-
ture of 293 K and atmospheric pressure showed the 
following: for example, the specific heat capacity of 
raw fish oil differs from the data according to Eq. 
(13) by 8%, degummed by − 6.7%, neutralized by − 
7.27%, bleached by − 4% and deodorized somatic fat 
by 0.36%, respectively. At the same time, the heat 
capacity of fat varied depending on the type of pro-
cessing from 1.69 to 1.97 kJ/(kg·K). Significant devia-
tions in the heat capacity data [8] are caused by the 

Calculation of the heat capacity CP of fish oil at 
atmospheric pressure is considered using the equa-
tions: 

- Bondi [12]:

 � ���� ),( TBANC kkkk
l
ip (17)

where Nk is the number of groups k in the molecule; 
Ak and Bk are parameters obtained from the regres-
sion of the experimental data; k represents the 
groups of component i; 

- Zhu [17]:
 ,106.61004.11064.2794.1 223 UCTCp ���������� ��� (18)

presence of impurities in them, such as phospholip-
ids, free fatty acids, aldehydes, ketones, water and 
pigments. The heat capacity of deodorized somatic 
fat (CP = 1.837 kJ/(kg·K)) according to [8] (the unsatu-
rated fatty acids content is about 68%) is close to the 
calculated heat capacity of Eq. (13).

Figure 7 shows the calculated according to 
[12,14−17] and experimental data on the heat ca-
pacity of the studied sample of fish oil at atmospher-
ic pressure. As can be seen from Fig. 7, the calculated 
CP data using the method of [14] are systematically 
higher than current measurements by an average 
of 6.36%. Figure 8 shows the percentage deviations 
(deviation graph) of the heat capacity at atmospher-
ic pressure between the correlation Eq. (13), as well 
as the present and other calculated data [14−17]. 
Deviation statistics are summarized in Table 3.

Table 3. Summary of all the main isobaric data on the 
fish oil heat capacity, as well as their standard deviations 
(St.Err.), average absolute relative deviations (AAD) and 
maximum average absolute relative deviations (MAAD) 
with respect to Eq. (13) at atmospheric pressure

Authors St.Err, % AАD, % MADD, %
Bondi [12] 1.94 6.36 4.17
Filipov [14] 2.22 2.6 3.86
Ruzicka [15] 16.49 23.1 15.15
Ceriani [16] 33.13 23.1 46.55
Xiaoyi Zhu [17] 13.14 24.3 16.41
This work 0.15 0.11 0.19

Based on the data (Fig. 8, Table 3), we can con-
clude that, for example, calculations using the meth-
od proposed by Ruzicka [15] demonstrated devia-
tions from Eq. (13) of up to -15.15%. Such significant 
differences are probably associated with the size of 
the group component of double bonds. Calculation 
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Fig. 7. Heat capacity of fish oil at atmospheric pressure: 
dotted line – calculation using Eq. (13); 1 – Ruzicka [15]; 
2 – Bondi [12]; 3 – Filippov [14]; 4 – R. Ceriani [16]; 
5 – Xiaoyi Zhu [17]; 6 – this work.

 

Fig. 8. Deviations ΔCP = (Cexperimental − Ccalculated)/Cexperimental*100% 
of all available data on the fish oil isobaric heat capacity from 
Eq. (13) depending on temperature at atmospheric pressure: 
1 – Ruzicka [15]; 2 – Bondi [12]; 3 – Filippov [14].

using the method proposed by Filippov [14] showed 
deviations with increasing temperature ranging 
from −3.86 to +1.87%. The calculation according 
to Bondi [12] demonstrated deviations from 1.6 to 
4.2%. Significant deviations in the calculated values 
of Ceriani [16] up to 46% and Zhu [17] up to 16.5% 
are associated with the limited experimental data 
used in selecting the constants.

To assess the effect of pressure on the fish oil 
heat capacity and compare it with experimental 
data, the calculation equation proposed by Filippov 
[14] was used:

 
,

45,11
)17,0(37)(33,1077,7

�
�

��
�

����
�

Alg
R
Cp (19)

where ΔCp = Cp − Ср
0; χ = φ − 0,31 τ; τ = T/Tcr; φ = V/

Vcr; Ср
0 − ideal gas heat capacity, calculated using the 

method of Rihany and Doraiswamy [13]; Filippov's 
criterion A was calculated based on the increments 
given in [14]. Critical parameters are determined by 
structural composition based on group components 
according to [12]. The results of comparison of heat 
capacity under pressure are shown in Fig. 9.

Fig. 9. Deviations ΔCP = (Cexperimental − Ccalculated)/Cexperimental*100% 
of calculated data on the fish oil isobaric heat capacity using 
Filippov’s method from Eq. (13) depending on temperature at 
different pressures: 1 – 9.8 MPa; 2 – 19.6 MPa; 3 – 29.4 MPa; 
4 – 39.2 MPa.

The average error in calculating the heat ca-
pacity of fish oil according to Eq. (19) at pressure 
P = 0.098 MPa in the temperature range from 323.15 
to 423.15 K lies within ±5%. At pressures above at-
mospheric, with pressure increasing to 39.2 MPa, 
the calculated data (Eq. (19)) are overestimated rel-
ative to Eq. (13) by 5 to 17%. This is much higher 
than the corresponding error estimate calculated 
using Eq. (15) [14]. Deviations of the calculated data 
of Filippov's Eq. (19) from the correlation Eq. (13) 
are associated with restrictions on χ.

5. Conclusion 

Direct measurements of the isobaric heat capaci-
ty of a fish oil sample (OMEGA-3 “950”) under pres-
sure were carried out using a differential scanning 
calorimeter. New experimental data on heat capac-
ity were obtained at pressures up to 39.2 MPa and 
temperatures up to 473.15 K, which significantly ex-
pands the temperature and pressure ranges of liter-
ature data on the isobaric heat capacity of a fish oil 
sample. A correlation equation has been developed 
that represents experimental data on the heat ca-
pacity of fish oil with an error of less than 0.3% in the 
studied range of temperatures and pressures.
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