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 The development of thermal energy storage systems is key to increasing the deployability 
and reliability of concentrated solar power plants. Previous work from the authors studies 
the possibility of exploiting vapor-liquid phase change in closed and constant volumes as a 
thermal energy storage mechanism because of the higher heat transfer coefficients of the 
phenomenon with respect to solid-liquid phase change energy storage systems. The 
objective of this paper is to propose a new thermal energy storage condition based on vapor-
liquid systems for concentrated solar power plants. The reference case of the Khi Solar One 
power plant in Upington, South Africa is taken. Results show that increasing the critical 
temperature of the storage fluid allows for increased temperature differences and higher 
volume-based energy storage, while the decrease of critical pressure allows lower 
mechanical stresses on the energy storage system. The use of high critical temperature fluids 
such as ethylene glycol allows for an increase of the volume-based energy storage of around 
95% at same pressure conditions with respect to the base case. The use of low critical 
pressure siloxanes such as D6 results in a decrease of around 26% in the volume-based 
energy storage. The use of D6 on the other hand leads to a substantial decrease in the 
maximum pressure of the storage system, which drops from 8.2 MPa to 1 MPa, allowing 
the use of cheaper and less complex equipment. Both cases lead to a relevant increase in the 
maximum storage temperature, increased of 130 K and 55 K respectively. 
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1. INTRODUCTION 
 

Research in energy storage technologies is of paramount 
importance for the renewable energy storage infrastructure as 
well as industry. This is because storage systems allow to 
accommodate the mismatch between an intermittent energy 
supply and the varying energy demand [1]. Among others, 
thermal energy storage technologies show good prospects of 
becoming an efficient and simple way of storing energy [2].  

Latent thermal energy storage is the thermal energy storage 
mechanism based on the exploitation of phase change 
phenomena. Wide literature exists on the use of solid-liquid 
phase change materials in industrial application or for power 
generation [3-6]. Nevertheless, these materials show some 
drawbacks to their application, mainly related to the low heat 
transfer coefficients of the solid-liquid phase change [7].  

Previous work from the authors focused on the development 
and application of the concept of latent thermal energy storage 
based on the liquid-vapor phase transition in constant and 
closed volumes [8, 9]. Vapor-liquid phase change shows much 
higher heat transfer coefficients, although it also shows a 
decreased mass density of the systems because of the low 
density of the vapor phase, which impacts the storage capacity. 

The goal of this work is to propose an alternative approach 
to thermal energy storage in concentrated solar power plants 
based on vapor-liquid thermal energy storage. First, a 
generalized analysis of the thermodynamic behavior of fluids 
is developed in order to evaluate the optimal characteristics of 
the fluid of storage for the selected application. The results of 

this analysis are used to choose the fluid and assess its storage 
performances in closed and constant vapor-liquid thermal 
energy storage systems in the reference concentrated solar 
power plant. The case of the Khi Solar One power plant in 
Upington, South Africa is taken as reference. 

The following sections provide a presentation of the 
concepts of vapor-liquid thermal energy storage. Then, a 
generalized analysis of the fluid storage performances is done 
in a fluid-independent manner, in order to define the 
characteristics of the best suited fluids for the storage 
application. Then, the storage performances of the chosen 
fluids are shown and compared with the results of the current 
storage system in the reference solar power plant. 

 
 

2. VAPOR-LIQUID SYSTEMS IN CONSTANT AND 
CLOSED VOLUMES  
 

This section presents the principles of vapor-liquid thermal 
energy storage in closed and constant volumes. 

In sensible heat storage systems, the main parameter 
influencing the volumetric behavior of the liquid phase is 
temperature through thermal expansion. Dependency of 
specific volume with pressure is opposite and smaller in 
magnitude [10]. To keep constant specific volume in a liquid 
system at increasing temperature, large increases in pressure 
are required. To avoid pressure surges, expansion vessels are 
used to accommodate the variation of volume occupied by the 
storage medium in its operating temperature range.  
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In two-phase vapor-liquid systems on the other hand, the 
vapor phase shows the opposite behavior. At increasing 
temperature, the specific volume of the saturated vapor phase 
decreases. This is because, unlike the liquid phase volume, the 
vapor phase specific volume is a strongly decreasing function 
of pressure and in two-phase systems pressure is an increasing 
function of temperature. The effect of pressure is more 
relevant that the effect of temperature for the vapor phase. In 
two-phase systems, an increase in temperature thus leads to an 
increase in the specific volume of the liquid phase and to a 
decrease in the specific volume of the vapor phase. 

Because of the opposite behavior of the vapor phase and 
liquid phase volume, the variation of the vapor quality with 
temperature is not determined a priori in constant-volume 
processes but rather depends on the boundary conditions of the 
process itself. In particular, if the system specific volume is 
above the critical specific volume 𝑣𝑣𝑐𝑐 , the expansion of the 
liquid phase is not able to compensate the contraction of the 
vapor phase, and eventually the system transitions to a single 
vapor phase. On the other hand, if the total volume is below 

𝑣𝑣𝑐𝑐, at the same temperature and pressure the mass of liquid is 
larger than in systems with total volume higher than 𝑣𝑣𝑐𝑐 . In 
those systems, the expansion of the liquid fully compensates 
the contraction of the vapor phase, and the system eventually 
transitions to a single liquid phase. The transition point from a 
two-phase system to a single-phase liquid system in constant-
volume processes is referred to as countercondensation point 
and is highlighted in Figure 1. This condition is particularly 
relevant because at higher temperature the system shows the 
pressure surges typical of liquid systems with no expansion 
vessels to accommodate the volume increase. Figure 1 shows 
two processes for fluids with reduced volumes higher and 
lower than unity on the reduced volume/reduced temperature 
plane and the reduced temperature/vapor fraction plane for a 
generic fluid, calculated with the Corresponding State 
Principle. The pressure surge at temperatures higher than the 
countercondensation temperature can be seen, as well as the 
different behavior of the vapor fraction in the two processes. 
 

 

  
 
Figure 1. Reduced temperature, T_r, as a function of reduced volume, v_r, (above) and vapor fraction, χ, as a function of reduced 

temperature (below) for systems with total reduced volume below and above 1 for a generalized fluid, with highlight on 
countercondensation temperature 

 
 
3. STORAGE CONDITION FOR CONCENTRATED 
SOLAR POWER PLANTS 
 

This section presents the deployment conditions for the 
storage system. The benchmark architecture of the reference 
case is shown, as well as the proposed architecture. 
 
3.1 Concentrated solar power plants  
 

Renewable power plants are bound to play a major role in 
the decarbonization of the energy industry. Among renewable 
power plants, concentrated solar power plants offer the 
advantage of allowing the adoption of thermal storage systems 
instead of electrical storage systems, with significantly 
cheaper solutions. This allows deployment of more 
economical technologies to decouple the electrical production 
from the availability of the solar energy source. 

Concentrated power plants are divided into two categories 
based on their configuration: direct steam generation power 
plants, where water is used both as heat transfer fluid and as 
the working fluid, and indirect cycle power plants, where an 
intermediate heat transfer fluid collects energy from the solar 
receiver and transfers it to the working fluid in an additional 
heat exchanger [11]. The first solution allows for the reduction 
of exergy losses due to heat transfer and for a simpler 
configuration. On the other hand, although various thermal 
storage systems have been proposed, based on either latent [12] 

or sensible heat storage [13], steam accumulators, or Ruth 
tanks, are the only commercially available solution for direct 
steam generation plants [14, 15]. In plants with steam 
accumulators [16], during sunny periods excess steam from 
the solar collector is stored in pressurized tanks and is 
discharged during cloudy days or at night. Steam accumulators 
are a relatively simple solution and have been commercially 
adopted in a number of concentrated power plants [14, 17, 18]. 
 
3.2 Reference case: Khi solar one 
 

The reference case in this work is the storage section of the 
Khi Solar One Concentrated Solar Power Plant in Upington, 
South Africa, operated by Abengoa [14, 17, 19]. The Khi Solar 
One power plant uses steam accumulators as its energy storage 
system [20]. Excess steam from the evaporator is throttled and 
stored in pressurized Ruth tanks. High-pressure and base-
pressure tanks are used. First, the high-pressure tanks are filled. 
After the maximum allowed pressure is reached in the high-
pressure tanks, the base pressure tanks are filled. When the 
thermal input to the solar collector decreases, e.g. at night, the 
saturated steam from the base pressure tanks is superheated by 
the high pressure steam in a heat exchanger. 

Al Kindi et al. [21] performed a rating simulation of the 
current architecture. The results obtained are summarized in 
Table 1. In this simulation, the upper and lower boundary of 
the storage conditions are given by the maximum pressure 
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allowed in the storage tanks and the minimum pressure at 
which the turbine can safely operate [22]. From this simulation, 
it is possible to calculate the storage density of the current 
technology, which is equal to 223 MJ/m3. 
 
3.3 Proposed architectures 
 

In this work, two alternative architectures are proposed, as 
shown in Figure 2. The power block layout is unchanged in 
the two configurations. The main difference between the 
alternative and the current case is the storage system, which is 
a closed volume in vapor-liquid equilibrium with an internal 
heat exchanger instead of the steam accumulator. This adds the 
possibility to bleed the excess steam from the superheater 
instead of the evaporator. During nominal operating 
conditions, the steam from the solar tower is bled and 
condensed in an internal heat exchanger in the two-phase 
storage tank. When the thermal input to the solar tower 
decreases, the feedwater is diverted from the solar tower to the 
hot storage tanks, where it is superheated. The actual 
conditions of storage in terms of temperature depend strongly 
on the fluid that is chosen for heat storage and are discussed in 
the following sections. 
 

 

 
 

Figure 2. Proposed layouts for concentrated solar power 
plants 

 
The two alternatives differ in the type of accumulators that 

are implemented. While in the first architecture high-pressure 
and base-pressure accumulators are used, as in the reference 
case, in the second architecture only one type of accumulator 
is used. The first architecture is thus based on the current 
solution, with a change in the thermal storage system. 
 
 
4. GENERALIZED ANALYSIS OF HYPOTHETICAL 
STORAGE FLUIDS 
 

This section presents the generalized approach for the 

selection of the most suited fluid for storage. A parametric 
analysis of hypothetical fluids in different conditions is shown, 
and the results of this analysis in reduced form are discussed. 
 
4.1 Rationale 
 

In order to evaluate the optimal fluid for storage, a fluid-
independent approach is adopted. A fluid-independent 
approach allows presenting a generalized analysis of the 
storage performances by isolating the effect of specific 
parameters of the fluid themselves. In this work, the 
Corresponding State Principle in the Lee-Kesler approach is 
used [23, 24]. This approach allows to isolate the effect of the 
critical temperature 𝑇𝑇𝑐𝑐, critical pressure 𝑃𝑃𝑐𝑐 and acentric factor 
𝜔𝜔. The effect of these parameters is analyzed in a differential 
manner, evaluating the variation of the heat storage 
performances at different values of the critical parameters. 
Once the most suitable critical parameters are found, an 
effective search for the fluids that are the closest to the best 
performing conditions can be done. The three effective 
parameters, 𝑇𝑇𝑐𝑐, 𝑃𝑃𝑐𝑐 and 𝜔𝜔 are thus assumed for the hypothetical 
fluids that are simulated. 

Previous work from the authors [8] shows that the acentric 
factor 𝜔𝜔  has a relevant impact on the thermal storage 
performances. The higher the acentric factor, the higher the 
complexity of the fluid and the higher the storage on a volume 
basis. Since in the Lee-Kesler approach the reference complex 
fluid is n-octane, with an acentric factor equal to 0.398, in this 
work an acentric factor 𝜔𝜔 of 0.4 is chosen. 

The critical temperatures of the hypothetical fluids are 
chosen in order to cover the operating range of the current 
technology in the two-phase region and are thus all higher than 
569 K (Table 1). For the parametric analysis, three critical 
temperatures of 600 K, 700 K and 800 K are chosen. The 
choice of the critical pressure is not relevant, as reduced 
pressure can be calculated directly from reduced temperature 
in the two-phase region. The reduced pressure can be thus 
analyzed independently from the choice of the critical pressure, 
making the critical temperature the only variable. 
 
Table 1. Summary of results obtained by Al Kindi et al. [21] 
 

Current technology 
Maximum plant temperature 800 K 

Minimum storage operating temperature 468 K 
Minimum storage operating pressure 1.4 MPa 

Number of base-pressure units 16 
Maximum base-pressure storage operating 

pressure 4.0 MPa 

Number of high-pressure units 3 
Minimum high-pressure storage operating 

pressure 3.9 MPa 

Maximum high-pressure storage operating 
pressure 8.2 MPa 

Maximum storage operating temperature 569 K 
Total energy stored 232 MWh 

Total storage volume 3743 m3 
Storage density 223 MJ/m3 

 
The minimum operating temperature of these systems is 

assumed to be the same as the minimum temperature of the 
current layout because of the operability limits on the turbine. 
The maximum operating temperature needs to be lower than 
the critical temperature, in order to stay in the two-phase 
region and avoid countercondensation. A trade-off between 
maximizing the operating temperature range and minimizing 

273



 

the total specific volume needs to be found, as it is convenient 
to work at specific volumes lower than the critical volume, as 
shown in [8]. The maximum operating temperature is thus 
defined as 95% of the critical temperature, which is a good 
trade-off between maximizing the temperature range and 
minimizing the specific volume of the system. The specific 
volume of each process is thus calculated as the saturated 
liquid phase at the maximum operating temperature, which 
thus coincides with the countercondensation temperature. 
 
4.2 Results of the generalized analysis 
 

A summary of the inputs is given in Table 2. The three 
processes, as well as the saturation curves of the three fluids, 
are represented in Figure 3 in the reduced volume/temperature 
plane. The reduced volume of the process is the same for the 
three processes. This is because the reduced temperature at 
which the volume is calculated is the same for the three 
processes, and since it is a saturated condition, also the 
reduced pressure at countercondensation is the same in the 
three cases. For this reason, the three processes are on the same 
constant-reduced volume in the reduced volume/temperature 
plane, where each of the three considered processes ends at its 
countercondensation temperature.  
 

Table 2. Summary of the process parameters of the three 
hypothetical fluids 

 
 Fluid 1 Fluid 2 Fluid 3 

𝑇𝑇𝑐𝑐 [K] 600 700 800 
𝜔𝜔 [-] 0.4 0.4 0.4 

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 [K] 570 665 760 
𝑇𝑇𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 [-] 0.95 0.95 0.95 
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 [-] 468 468 468 
𝑇𝑇𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 0.78 0.67 0.59 
𝑣𝑣𝑟𝑟 [-] 6.51e-4 6.31e-4 6.19e-4 

 

 
 

Figure 3. Temperature as a function of reduced specific 
volume and saturation curve for the three fluids with critical 

temperature equal to 600 K, 700 K, and 800 K 
 

The influence of critical temperature is mainly given by the 
larger temperature differences that can be reached. Since the 
reduced volume of the constant-volume process varies very 
little, the internal energy itself is very slightly affected. The 
different storage performances are strongly a function of the 
temperature differences that can be reached. The process for 
the fluid with the highest critical temperature shows a variation 
of reduced internal energy on volume basis 𝛥𝛥𝑢𝑢�/𝑃𝑃𝑐𝑐  that is 
approximately twice the variation of the fluid with the lowest 
critical temperature, which is reflected on the temperature 
differences of the two cases. This is shown in Figure 4. 

 
 

Figure 4. Reduced volume-based internal energy variation as 
a function of reduced temperature for the three processes for 
fluids with critical temperature equal to 600 K, 700 K, and 

800 K 
 

 
 

Figure 5. Reduced pressure as a function of temperature for 
the three processes for fluids with critical temperature equal 

to 600 K, 700 K, and 800 K 
 

The behavior of pressure with respect to temperature can be 
seen in the temperature/reduced pressure plane in Figure 5. As 
the critical temperature increases, the reduced pressure at the 
minimum temperature decreases sharply. Since the maximum 
reduced temperature is the same, the reduced pressure at the 
maximum temperature is the same. This leads to a greater 
variability in terms of pressure for systems with larger 
temperature differences, as it is expected. 
 
 
5. FLUID CHOICE AND STORAGE ANALYSIS 
 

This section shows how the results of the parametric 
analysis are used to choose the optimal choice of fluids for the 
concentrated solar power plant thermal storage section. Result 
of the application of those fluids are then presented. 
 
5.1 Rationale of fluid choice 
 

Results obtained from the parametric study in Section 4 
show that: 
• high critical temperatures allow for larger maximum 

operating temperatures and larger temperature differences 
at same maximum reduced pressure, 

• low critical pressures allow for lower pressure variations 
in the operating range of the system. 

To apply these principles, two fluids have been chosen. The 
first fluid is chosen in order to maximize the critical 
temperature 𝑇𝑇𝑐𝑐 , in order to achieve the highest possible 
maximum temperature and the highest possible temperature 
difference. The second fluid is chosen in order to minimize the 
critical pressure 𝑃𝑃𝑐𝑐 , in order to decrease the variability of 
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pressure in the process and reduce the mechanical stress on the 
tank. The two fluids that are chosen are ethylene glycol and 
cyclic siloxane dodecamethylcyclohexasiloxane (D6). The 
properties of the two fluids are summarized in Table 3. 
 
Table 3. Summary of the properties of the case study fluids 

 
 Ethylene glycol D6 

𝑇𝑇𝑐𝑐 [K] 719.00 645.78 
𝑃𝑃𝑐𝑐 [MPa] 10.51 0.961 

 
Table 3 shows a comparison of the characteristics of the two 

fluids. Ethylene glycol shows a critical temperature that is 
around 75 K higher that D6, which results in higher maximum 
temperatures of storage and larger temperature differences. On 
the other hand, the critical pressure of D6 is 10% of the critical 
pressure of ethylene glycol. It is important to note that while 
for ethylene glycol degradation and thermal instability 
phenomena are a serious threat at high temperatures [25], 
numerous works show the stability of various siloxanes such 
as D6 at temperatures up to 673 K [26-28]. The properties of 
the two fluids are calculated with REFPROP, ver. 10.0. 
 
5.2 Thermal energy storage performances 
 
5.2.1 Ethylene glycol 

To have a reasonable comparison with the current 
technology, the first proposed architecture is chosen for 
ethylene glycol. The same number of high-pressure and base-
pressure tanks and the same constraints as in the current 
architecture in the reference case are used in the proposed 
architecture. The maximum pressure of the base tank in the 
proposed case is taken equal to the one from the base case, as 
well as the minimum and maximum pressures for the high-
pressure tanks. The minimum temperature requirement 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 
for the current architecture is considered as the minimum 
temperature for the base-pressure tank. This allows for direct 
comparison of the performances of the fluids with the same 
equipment. The high-pressure tanks and the base-pressure 
tanks undergo different processes. The processes can be seen 
on the specific volume/temperature plane in Figure 6. 
 

 
 

Figure 6. Temperature as a function of specific volume and 
saturation curve for ethylene glycol in the base and high-

pressure tank 
 

The choice of the specific volume at which to consider the 
constant-volume process is related for ethylene glycol to the 
maximum operating pressure. The specific volume of each 
process is taken as the saturated liquid volume of each process 
at its maximum temperature. The final temperature of the 
heating process coincides with the countercondensation 
temperature of the process itself. Figure 6 shows that, as in the 
base case, the high-pressure tank fundamentally serves the 

superheating process, which allows for higher thermal 
efficiencies in the power section of the cycle [14]. In Figure 7 
the volumetric energy storage of each tank is represented. 
 

 
 

Figure 7. Volume based internal energy variation as a 
function of specific volume and saturation curve for ethylene 

glycol in the base and high-pressure tank 
 

Figure 7 shows that the high-pressure tank, although at 
higher temperature, has a lower energy storage capacity than 
the base pressure tank. This is mainly given by two factors: the 
first is the lower overall specific volume of the system, which 
results in lower mass, and the second is the lower temperature 
difference achievable. As in the current architecture, the 
specific energy stored can be calculated as an average of the 
storage of the two tanks, weighted on the number of high and 
base pressure tanks themselves. The calculated total energy 
storage capacity is around 434 MJ/m3, approximately 95% 
higher than the base case. This is mainly because of the larger 
temperature difference that is exploited, both in the base and 
in the high-pressure tanks. Moreover, the maximum 
temperature achieved is 130 K higher than in the base case, 
resulting in higher turbine efficiencies in the discharge process. 
Figure 8 shows the pressure variation in the two vessels as a 
function of temperature. 
 

 
 

Figure 8. Pressure as a function of temperature for ethylene 
glycol in the base and high-pressure tank 

 
As can be seen, the pressure variability is approximately the 

same in the two pressure vessels, as the pressure difference is 
around 4 MPa for both vessels. Although at lower temperature 
the base pressure tank would be under vacuum, with a 
minimum pressure of 0.08 MPa, the structural requirements 
for the maximum pressure of 4 MPa cover widely the vacuum 
condition [29]. Degradation and thermal stability phenomena 
are not considered. 
 
5.2.2 D6 

D6 is a cyclic siloxane of which applications are widely 
investigated as working fluid in the Organic Rankine Cycle 
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field for their good stability, low toxicity, low flammability, 
and relatively low cost [30-32]. The maximum application 
temperature of the cyclic siloxanes, such as D6, has been 
identified to be between 623 K and 673 K [26, 28]. These 
limits are given mainly because of thermal stability and 
decomposition. For safety reasons, the maximum temperature 
allowed is kept on the low side of 623 K. Given the low critical 
pressure of D6, it is not reasonable to consider the same limits 
in pressure for base and high-pressure tanks, as unrealistic 
conditions of supercritical storage would be found. For this 
reason, a single storage condition has been identified, as in the 
second proposed architecture, with a pressure limit of 1 MPa, 
which is a common threshold in commercial pressure vessels. 
The specific volume of the constant volume process is thus the 
one calculated at 623 K and 1 MPa. Figure 9 shows the process 
in the specific volume/temperature plane. 
 

 
 

Figure 9. Temperature as a function of specific volume and 
saturation curve for D6 

 
Since the maximum pressure is above the critical pressure, 

the maximum temperature is above the countercondensation 
temperature, which is around 615 K. Figure 10 shows the 
energy storage capacity of these systems. 
 

 
 

Figure 10. Volume based internal energy variation as a 
function of specific volume and saturation curve for 

D6Volume based internal energy variation as a function of 
specific volume and saturation curve for D6 

 
As can be seen in Figure 10, the energy storage is 

fundamentally linear with temperature and does not change 
drastically after countercondensation. The total volume-based 
energy storage is approximately 165 MJ/m3, resulting in a 
decrease of around 26% with respect to the current layout. The 
variation of pressure in the process is shown in Figure 11. 

In Figure 11 the pressure surge at temperatures higher than 
countercondensation is shown. An increase of 0.4 MPa 
between the countercondensation temperature and the 
maximum temperature is seen. Because of the low critical 
pressure though, the pressure surge itself is minimal. For 

comparison, water has a very similar critical temperature to D6, 
around 674.1 K, and a critical pressure of 22.1 MPa, 
approximately 23 times larger. For a process at same reduced 
volume as the one considered and among the same reduced 
temperatures, the pressure surge would be around 10 MPa 
instead of 0.4 MPa. As in the ethylene glycol case, the 
structural requirements given by the 1 MPa operating pressure 
are by themselves enough to cover the requirement for vacuum 
in the pressure vessel generated by the decrease in temperature. 
 

 
 
Figure 11. Temperature as a function of specific volume and 

saturation curve for D6 
 

The decrease of the energy density in the D6 case can be an 
acceptable drawback. The required field for the thermal 
storage section of Concentrated Solar Power plants is a 
negligible part of the plant itself. The sharp decrease in 
maximum pressure on the other hand allows for much simpler 
and cheaper storage tanks, and higher deployability. This is 
because the cost of these components is mainly related to 
safety measures for high pressure and wall thickness. The 
maximum storage temperature is increased by around 55 K, 
resulting in better efficiencies during discharge. 

A summary of the results obtained in the two cases is shown 
in Table 4. 

 
Table 4. Summary of the results obtained for ethylene glycol 

and D6 
 

 Ethylene Glycol D6 
Minimum storage 
temperature [K] 

468.0 base pressure, 
646.6 high pressure 468.0 

Maximum storage 
temperature [K] 

648.1 base pressure, 
699.9 high pressure 613.0 

Minimum storage 
pressure [MPa] 

0.09 base pressure, 
3.90 high pressure 0.03 

Maximum storage 
pressure [MPa] 

4.00 base pressure, 
8.20 high pressure 1.00 

Specific volume 
[dm3/kg] 

1.34 base pressure, 
1.67 high pressure 1.96 

Storage variation 
w.r.t current layout 

[%] 
94.62 -26.1 

Maximum storage 
temperature 

increase w.r.t. 
current layout [K] 

130.9 55.0 

 
 

6. CONCLUSIONS 
 

In this work the concept of thermal energy storage through  
closed and constant-volume vapor-liquid systems is applied to 
the Khi Solar One concentrated solar power plant in Upington, 
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South Africa. A generalized analysis of the performances in a 
fluid-independent manner is performed to assess the influence 
of the critical temperature and pressure, and thus choose the 
most suited fluids for storage. The results are applied with the 
objective of (i) maximizing the critical temperature and (ii) 
minimizing the critical pressure. Two fluids, ethylene glycol 
and D6 siloxane are chosen to comply the first and the second 
objective respectively. It is shown that: 
• increasing the critical temperature of the storage fluid 

allows for increased temperature ranges of storage, and 
thus better storage on a volume basis; 

• decreasing the pressure of the storage fluid allows for 
decreased mechanical stress on the vessel; 

• the use of ethylene glycol, with a critical temperature 
around 65 K higher than water, allows at constant 
mechanical stress an increase in storage of around 95%. 
This is mainly given by the increased maximum 
temperature of storage, which is 130 K higher than in the 
current layout. No thermal stability or degradation 
analysis is performed; 

• The use of D6 as a thermal storage, with a critical pressure 
around 23 times lower than water, leads to a decrease in 
volume-based thermal storage of about 26%, with a 
decrease of 7.2 MPa in the maximum pressure in the 
storage vessel. The maximum storage temperature is also 
increased by around 55 K. 
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NOMENCLATURE 
 
𝑇𝑇  Temperature [K] 
𝑃𝑃  Pressure [MPa] 
𝑢𝑢�   Volume-based internal energy, [kJ m-3] 
𝑣𝑣  Specific volume [m3 kg-1] 
𝜔𝜔  Acentric factor [-] 
 
Subscripts 
 
𝑐𝑐  Critical 
𝑟𝑟  Reduced 
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