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ARTICLE INFO ABSTRACT
Keywords: The energy storage systems are one of the essential components of the renewable energy systems to manage the
Thermal energy storage energy supply and demand. The integration of a noval concrete thermal energy storage system with solar-driven

Organic rankine cycle
Concrete

Compound parabolic collector
District heating

organic Rankine cycle is studied in this paper. The Compound Parabolic Collectors (CPC) are used for absorption
of solar energy. The solar energy is then transferred to Thermal Energy Storage (TES) and Organic Rankine Cycle
(ORC) for heat storage and power generation. For evaluating the performance of porposed system, it is modeled
numerically, and a parametric study is performed to find the optimum parameters of TES for maximizing the
ORC working hour period. The results show that the increase in TES pipe length leads to an increase in TES
charging time and heat capacity up to 82 h and 660 kW with 1000 m? solar panel surface. Furthermore, the ORC
working hours is extended by 3:10 h in a day by using the optimized TES concrete section with the length of 2000
m and diameter of 0.4 m. Additionally, the employment of TES in solar-driven ORC system resulted in the
reduction of system power generation by 1.3% and an increment of heat generation by 0.49%.

power generated by the solar-driven thermal cycles [8]. Various energy
storage systems with different mechanisms were suggested to increase
the effectiveness of solar-driven power generation systems, such as
chemical batteries, pumped-storage hydropower, compressed air energy
storage, and thermal energy storage systems [9]. Integration of the TES
with solar power generation technologies results in providing electrical
power for longer time during off-peak hours as well as peak hours [8,
10]. Besides electric generation by the CPC system, the low-temperature
HTF can be used for district heating. The district heating demand is
usually higher in the afternoon, so using a TES system can be a solution
for providing solar heating energy continuously [11,12]. In this concept,
Lesko et al. [13] optimized a system with CHP and TES for district
heating usage and recommended a financially efficient operating con-
dition. Also, Zhang et al. [14] compared four different TES systems to
find the most efficient system to be used in domestic heating. In a more
comprehensive study, Xi et al. [15] accomplished energy, exergy, and
exergoeconomic analysis of a solar system integrated with TES for power
and freshwater generation.

Historically, the phase change material (PCM) storage systems are
commercialized and used to store solar thermal energy in solar energy
systems [16]. However, there are many challenges in using PCM storage

1. Introduction

The greenhouse gas emissions originated from powerplants in which
the fossil fuel is burnt for electrical power generation impose lots of
negative impacts on the environment [1]. Accordingly, different gov-
ernment bodies and research organizations are looking for alternative
and sustainable energy systems which can be employed for power
generation instead of existing thermal powerplants [2,3].

One of the efficient methods for sustainable electrical power gener-
ation is the integration of novel thermal cycles such as Organic Rankine
cycle [4] and Kalina cycle [5] with solar thermal collectors. In such
systems, the thermal energy absorbed by the thermal collectors will be
transferred to the proposed thermal cycle via a heat exchanger [6].
However, one of the main challenges of such solar-driven energy sys-
tems is the fluctuations in electrical energy generation rate at various
times of the day [7,8]. For the integrated configuration, electrical energy
generation by the thermal cycle starts at the sunrise, then increases at
noon because the maximum solar radiation is available for the collec-
tors, and it decreases to zero until the sunset.

The energy storage systems can be employed to rectify the electrical
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Nomenclature

CPC Compound Parabolic Collector
ORC Organic Rankine Cycle

TES Thermal Energy Storage

HTF High Temperature Fluid

CHP Combined Heat and Power

PCM Phase Change Material

LMTD  Logarithmic Mean Temperature Difference
Re Reynolds Number

Pr Prandtl Number

Nu Nusselt Number

S Radiation absorbed per unit area/W m~2
G Solar radiation/W m 2

a Absorptance of the receiver

C Concentration ratio

A Area/m2

h Heat transfer coefficient/W m 2K}

F Heat removal factor

D Diameter/m

k Thermal conductivity/W m 1K~}

U Overall heat transfer coefficient/W m 2K *
u Velocity/m s

t Time/s

m Mass flow rate/kg s~!
h; Enthalpy/kJ kg’1
0 Heat transfer rate/kW
€ Effectiveness
Subscripts

B Beam

D Diffuse

G Ground reflected
a Aperture

r Receiver

L Loss

re Radiation

c-a Cover to ambient
r-c Receiver to cover
tl Storage tank loss
a Air

u Useful

s Storage

amb Ambient

i Inlet

] Outlet

systems, for example, suitable heat transfer between heat transfer fluid
and storage material directly affects the total cost and effectiveness of
the system [17,18]. Concrete plays a vital role in the building con-
struction industry, it mainly consists of cement and gravel, which are
cheap and readily available [19]. The concrete also has a high heat
capacity, and it can be used as the thermal storage material in a TES [20,
21]. Researchers recently started using concrete as TES for different
applications [22]. The concrete TES can store energies with
high-temperature differences, which is a suitable energy storage me-
dium for concentrating solar power plants [21,23]. At the industry level,
companies such as Energy Nest work on different TES projects and
develop a compact, high energy density, small footprint, and low energy
loss system with 50 years of lifetime [24]. It is also evaluated for storing
the heat from nuclear power plant to produce electricity [25].

Numerical simulation has started to be used recently to evaluate the
concrete TES. John et al. [26] assessed the concrete material’s thermal
resistance in various temperatures when it is used as TES for storing
solar thermal energy. Based on their results, the concrete is capable of
being used at a temperature of up to 600 °C, which makes it economical.
However, they also concluded that reaching higher temperatures can
lead to losing the concrete mechanical strengths. In another study,
Doretti et al. [27] numerically investigated the modular concrete TES
arrangement to improve the system’s overall performance. This study
considered a concentrating solar plant HTF output injected inside a
modular concrete TES system with several arrangements. They
concluded that a mixed configuration between parallel and series can
maximize the operation within the defined constraints. Also, Vignesh-
waran et al. [28] experimentally and numerically investigated a
cement-based TES, their configuration was shell and tube, and it was
filled with cement with 22 hollow tubes with five fins for every tube.
They used air inside this setup and investigated the response with
experimental and numerical methods. They found that this kind of TES
could be suitable for high-temperature usage in air systems.

The major limiting factor that solar electricity generation posses is its
availability during the day when the sun is shining. So, the main
contribution of this study is about effective extension of the solar energy
usage time by designing a novel system with concrete TES, ORC, and
CPC while it is expected to be economically viable. Moreover, there are
physical constraints in using concrete TES systems, such as the HTF

temperature change during working hours, the system’s space re-
quirements, and the storage length. Such parameters significantly affect
the design and performance of the system. While there are different
publications about the optimization of the concrete TES systems [29], a
systematic approach for concrete TES selection is missing. So, the con-
crete TES selection procedure is also demonstrated in this work for the
selected case study which can be used in other cases by implementing
the same procedure. Finally, a transient model is developed for this
study for the plant response to improve the precision and reliability of
the results.

2. System description

The solar power generation system with TES proposed in this study
consists of three main sub-systems: solar thermal collectors, thermal
energy storage, and organic Rankine cycle. The CPCs are employed for
the absorption of solar thermal energy in this study. The thermal energy
storage includes the underground heat exchanger, which can be made of
concrete buried at the bottom of solar field foundations. For conversion
of solar thermal energy absorbed by CPCs or discharged by TES, the ORC
is employed. The whole system block diagram can be seen in Fig. 1. As it
is demonstrated in this figure, the solar thermal energy absorbed by CPC
collectors will be transferred to the solar system working fluid resulting
in an increase in its temperature. Then, the working fluid flows through
the flow rate ratio valve, where the working fluid flow will be divided
into two parts: one flows through concrete TES, and the other one flows
through the ORC heat exchanger. If the solar system fluid flows through
concrete TES, some of its heat energy will be transferred to concrete.
When it leaves the TES, if the fluid temperature at the outlet of TES is
higher than 137 °C, it flows through the ORC heat exchanger for dis-
charging its remained heat to ORC working fluid. Otherwise, the
working fluid flows into the high-temperature fluid storage (HTF),
which controls the temperature of the solar system working fluid at
various times of the day.

As mentioned, when the solar system temperature is higher than
137 °C, it flows through the ORC heat exchanger and transfers heat with
the ORC working fluid to vaporize it. Then, the vaporized ORC working
fluid passes through the turbine resulting in electric power generation.
The electric power will be transferred to the consumers via the grid.
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Fig. 1. The block diagram of the proposed system.

After the expansion of ORC working fluid in the turbine, it flows through
a condenser in which it will be cooled down until it condenses. The
cooling down process in the condenser leads to rejection of heat to
coolant water and increases its temperature. Therefore, hot water can
also be produced and used for district heating requirements. For the
simulation of this system, a 1000 m? solar panel has been assumed for
this study and the length and diameter of the TES system are optimized
for the best performance and durability.

3. Mathematical modeling

Each component shown in Fig. 1 is considered as a control volume,
and the first law of thermodynamics is applied to perform energy
analysis for the proposed system [30,31]. The main equations applied to
each control volume can be listed as follows [31]:

- Mass equation:
> =Y . 1)

- Energy equation:

DO+D W= riche =) rivh )
The following assumptions are overall assumptions made for the
mathematical modeling of the system [30]:

- Pressure-drop due to friction in pipes is neglected
- The LMTD method is employed for the calculation of the heat
transfer in the heat exchangers

3.1. Compound parabolic collector

In the mathematical modeling process of the compound parabolic
collectors, the absorbed solar irradiation per unit area of the collector is
obtained by Ref. [32]:

8= GcepepTepTepcss + GerepTenTerep@®p + GepeTecTepcaAG 3

where Gepc, 7., Tcpc and a are solar radiation, the transmittance of the
CPC cover, the transmissivity of CPC, which accounts for reflection loss
and absorptance of the receiver, consecutively. The calculation of
aperture area and the useful energy absorbed by the CPC collector is
obtained from Equations (4) and (5) [32]:

AH
c="0

x )

Qu =F [SAa _ArUI(Tl - Ta)] Reol Nyow (5)

where Qy, Fr, S, Aq, Ar, Up, T; and T, are absorbed useful energy, heat
removal factor, absorbed radiation, aperture area, receiver area, heat
loss coefficient, the fluid temperature at the inlet, and ambient tem-
perature, respectively. Moreover, the ny,, and n.,; are the number of CPC
in rows and columns in the solar field, respectively. The heat loss co-
efficient and the heat removal factor can be defined by Ref. [32]:

A 11
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where m and ¢, are mass flow rate and specific heat of CPC working
fluid, respectively. The rate of energy loss in the HTF storage tank is
given by Ref. [32]:

Qu=(UA)(Ts — Tum») (12)

where (UA), and T, are storage tank heat loss coefficient, storage tank
area and ambient temperature, consecutively. The new storage tank
temperature for the next time step will be calculated using Equation (13)
[32]:

At
T_w=T++— [O.

(MCP).;

The thermal load, which indicates the amount of heat transferred to
ORG, is defined as:

—0— 04 13)
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Or=ncy(Ts. i —Tepc . o) 14
Finally, the CPC’s overall efficiency is:

r’ — QL(
PC TG AL

(15)

The specifications of the CPCs for the solar thermal energy absorp-
tion system is presented in Table Alin Appendix A.

3.2. The thermal energy storage system

As shown in Fig. 2a, the proposed TES base material is concrete in the
center of which a long tube is installed. In practice, the proposed system
can be buried under the foundation required for the solar field. There-
fore, the sizing of the TES is in direct relation to the dimensions of the
solar field in this study.

The long tube is simulated using 2D axis-symmetric conduction
model and the control volume for discretization is shown in Fig. 2b. The
inside radius (Ri) equals 0.025 m, while the outside radius (Ro) and
length (L) of the TES are considered variables in this study. The waste
heat from the exterior wall is neglected, and the heat conduction is
formulated by using Equation (16) [33]:

oo
r or rdr +

Where the a is the thermal diffusivity and is given by Equation 17 [33]:

The heat transfer between the fluid and the inner wall is calculated
using the convection heat transfer equation (Equation (18)) [33]. The
pipe is discretized in one dimension, and each discretized element
parameter has been solved in various timesteps.

T 10T

Z a6

q=hA,(T, —T,) 18)

where, h is the convection heat transfer coefficient, A, is the inner
surface of the TES pipe, T,, and T} are the inner surface temperature and
fluid bulk temperature, respectively. The heat transfer coefficient is
calculated using Equation (19) [33]:

_ Nupky
D

h

(19

where Nup, is the local Nusselt number for the pipe, k is the fluid thermal
conductivity and D is the pipe diameter. For having the flow regime to be
turbulent for most of the time in the pipes, the pipe diameter is
considered to be 5 cm in this study. For fully developed and turbulent
flow in a smooth pipe, Nup is calculated using the Gnielinski [34]
(Equation (20)) correlation which is valid when 0.5 < Pr < 2000 and
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3000 < Rep < 5 x 10°.

_ (f/8)(Rep — 1000)Pr
P 127(7/8) 7 (P2t — 1)

(20)

Where f is the Darcy Friction Factor, Rep is the Reynolds number for the
pipe, and Pr is the Prandtl number. Since the pipe flow regime is tur-
bulent, the f can be calculated using Petukhov [35] correlation as pre-
sented by Equation (21).

£=1(0.790 In Rey — 1.64)7> (21)

In addition, Therminol is used as the solar system working fluid, the
thermophysical properties of which are obtained from the equations
provided in Table A2 in Appendix A.

The error for the iterative method used for simulation of TES is err <
10~ for each time step, then it continues to the next time step till the
end of 1 h.

3.3. The organic rankine cycle

For simulation of the ORC power generation system, the first law of
thermodynamics is employed and applied to its components as follows
[301;

QHEX = mun‘ (he - hz) (22)
QCond = Mope (hx - he) (23)

where M. , QCOHd and Qggy are ORC working fluid mass flow rate, the
rate of heat transferred from ORC condenser to domestic water for dis-
trict heating and the rate of heat transferred from solar thermal energy
absorption system to ORC, respectively. In addition, the ORC turbine
and pump power generation and consumption rates can be calculated
using Equations (24) and (25) [30]:

W, =ity (h; — h,) 24

WP = morz‘(he - hl) (25)
W, and Wp are the ORC’s turbine power generation and pump power
consumption rates, respectively. The overall electrical power generation
rate using ORC can be calculated by Equation (26) [30]:

We =m0, (W: = Wp) (26
where 7,, 1, and W, are electrical efficiency, mechanical efficiency, and

electrical power generation rate, consecutively. The constant parame-
ters of the ORC system are presented in Table A3 in Appendix A.

(b)

Fig. 2. The schematic diagram of (a) the proposed concrete TES cut section, (b) concrete conduction heat transfer control volume.
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3.4. System integration

Fig. 3 shows the calculation flow chart of the present study. After
system initialization, the calculation for every time step starts from the
CPC system, and the results will go to TES and then ORC systems. After
reaching the desired amount of time, the program will be finished.

4. Validation

Two strategies are considered to validate the concrete TES model
developed in this study. According to the description presented in the
methodology, the TES module is separated into two sections: the pipe
where the solar system working fluid flows through and the concrete
where the heat will be stored. Each of the models developed for these
two sections is validated against the empirical correlations [33].

The flow inside the pipe is validated against the Gnielinski correla-
tion with the LMTD temperature difference for the entire length of the
pipe. The wall boundary condition is considered a constant temperature
wall. The simulation repeated for different Reynolds numbers and pipe
lengths, and the results were validated in each case. For instance, Fig. 4
shows the dimensionless temperature variation along the pipe length.
The simulation results presented in Fig. 4 are compared with the stan-
dard engineering usage of the correlation (for Gnielinski). Therefore, it
can model the heat transfer between the solar system working fluid and
the concrete inner wall.

The concrete heat transfer model results are validated against the
first law of thermodynamics. In our case, the outer wall is considered an
insulated wall, and the inner wall is considered a wall with constant heat
flux at various time steps. The amount of stored heat will be calculated
from Equation (27) [33], and it will be compared with the amount of
conducted heat inside the concrete. The most critical parameter for TES
accuracy is the number of nodes in the radial direction. Fig. 5 shows five
different outside diameter error trends when the outside diameter of the
TES medium increased. By increasing the outside diameter, the error
increased significantly. After increasing the number of nodes in the
radial direction, the computational load of the model also increases.
Therefore, there will be a trade-off between the speed of solving the

Start

]

Setting initial values | Calculating Mixture
for all parts d Temperature
—»|  CPCsystem Temp>410K
calculation
YES
CPC outlet temp. ORC sysF em
calculation
A v
TES system ORC system data
calculation Output
v ) 4
YES
TES outlet temp. End of period? Finish
NO

Fig. 3. System calculation flow chart.
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Fig. 4. Comparison of the heat transfer in a simple pipe (Gnielinski versus
this study).
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Fig. 5. The TES simulation error in various outer diameters.

model and accuracy. For this study, the number of nodes is set by
keeping the maximum error below 2% for all cases.

qs=mC, (Tﬁnal - Tinitial) (27)
5. Result and discussion

The solar system is simulated by using the conditions provided in
Appendix B.

5.1. TES parametric analysis

To evaluate the impacts of the TES pipe length on the charging and
the discharging process, the TES temperature in three different pipe
lengths is studied. In the charging process, the initial temperature of
25 °C is considered for the medium (concrete). When the hot fluid flows
through the pipe, the charging process begins and continues until the
temperature difference between initial and inlet temperature reaches
99%. After that, the discharging process is started when the fluid with
the initial TES temperature flows through the pipe. Three main pa-
rameters, such as the fluid outlet temperature, mean temperature of the
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TES, and the temperature in which the TES reaches 99% charging time
(which is an indicator of storage capacity), are presented in Fig. 6 for
each pipe length.

Fig. 6a shows the charging and discharging process of the concrete
TES system for the pipe with 500 m long and 0.4 m outside diameter. As
demonstrated in this figure, during the charging period, the outlet
temperature is always higher than the TES mean temperature, and it
takes approximately 40 h for TES to be fully charged. Fig. 6b and c
indicate that increment of TES pipe length to 1000 m and 2000 m results
in an increase of charging time to 56 h and 82 h, respectively. Moreover,
the outlet temperature of the fluid and the TES mean temperature are
getting closer by increasing the length and becoming almost the same for
1000 m of TES pipe. When the pipe length increases to 2000 m, the
outlet temperature of the fluid will be lower than TES mean temperature
at different times during the charging, and it remains higher than TES
mean temperature during discharging period. Therefore, it can be
concluded that the increase in pipe length leads to an increase in
charging time (Fig. 6d), and the quality of the energy stored in the TES
results from the increment of heat capacity of the TES.

For estimating the maximum heat which can be stored in the TES
with 2000 m pipe, the heat transfer rate between the solar system
working fluid and the concrete at different times are presented in Fig. 7.
As it can be seen in this figure, since the maximum temperature differ-
ence is happening in the early hours of the charging process, the
maximum heat transfer of approximately 660 kW is achieved at the first
timestep. Then, it starts to decrease until the temperature difference
between concrete and the fluid is approximately zero, and the TES is
fully charged (at 82 h). After that, the discharging time begins, and the
heat will be transferred from TES to the solar system working fluid.

The isothermal lines around the pipe in the TES at various radial
distances from pipe center are demonstrated in Fig. 8a. As it can be seen
in this figure, the temperature difference between isothermal lines de-
creases by the increase in distance from the pipe center. This confirms
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Fig. 7. The TES heat transfer rate during the charging and discharging process
in the TES.

that the HTF temperature change reaches the outer layer later than other
layers. The solar system working fluid mean temperatures for various
longitudinal sections of the TES pipe are also shown in Fig. 8b. There is a
significant temperature difference between the inlet (0 m) and the outlet
(2000 m) sections of the pipe in the middle of charging time (from 10 h
to 30 h). However, by the increase of the TES temperature, the tem-
perature difference between these sections becomes negligible (at 82 h).
During the discharging time, it can be seen that there is a significant
temperature difference among inlet and outlet sections between 90 h
and 130 h. Also, it should be noted that by increasing the length of the
TES, the temperature shifts towards the right, which is more stable for
the ORC system.
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Fig. 6. The TES mean temperature and fluid outlet temperature at various times during the charging and discharging process in the TES when (a) L = 500 m and D,
=0.4m (b) L =1000 m and D, = 0.4 m (c) L = 2000 m and D, = 0.4 m (d) all lengths.
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working fluid in different longitudinal sections of TES.

5.2. Whole system parametric analysis

In this section, the impacts of various TES parameters on the per-
formance of the complete system are investigated. Fig. 9a indicates the
ORC electrical power generation duration when different TES pipe di-
ameters are used. In this figure, the total length of the pipe and the mass
flow ratio of the ratio valve equals 1000 m and 0.75, respectively. By
increasing the TES pipe diameter up to 0.4 m, the power generation
duration by ORC increases significantly to about 4.5 h. However, by
increasing the TES pipe diameter from 0.4 m to 0.6 m, the power gen-
eration duration is not changing significantly.

Fig. 9b demonstrates the effects of the TES pipe length parameter on
the ORC power generation duration. The results presented in Fig. 9b are
for the TES pipe diameter of 0.4 m as the optimum obtained from the
Fig. 9a. As it can be clearly seen in this figure, by increasing the TES pipe
length from 500 m to 2000 m, the ORC power generation duration in-
creases significantly from 3:38 to 5:22. Additionally, an increase in TES
pipe length from 2000 m to 2500 m resulted in a minimal decrease in
ORC power generation duration.

04:45
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7

The impact of mass flow ratio of the ratio valve (see Fig. 1) on the
ORC power generation duration is shown in Fig. 9c. With the mass flow
ratio increasing between 0.3 and 1, the ORC power generation duration
increased up to 3 h. Therefore, it can be concluded that for achieving the
maximum ORC power generation duration, the solar system fluid should
flow through TES all the time after leaving the CPCs (See Fig. 1).

Using the analysis provided for Fig. 9 the optimum conditions of TES
operation would be inferred which are the TES pipe diameter, length,
and mass flow ratio of 0.4 m, 2000 m, and 1, consecutively. Fig. 10
indicates the solar system working fluid temperature variations at the
inlet of the heat exchanger (see Fig. 1) and ORC power output during ten
days of the system continuous work without and with TES (with the
optimum condition), respectively. Each bar chart in Fig. 10 indicates the
ORC power generation for the period of 10 min. As it can be seen in
Fig. 10a, there are 19 bar charts in Figs. 10a and 38 bar charts in
Fig. 10b, the values of which are approximately 100 kW and 50 kW,
respectively. In addition, it can be concluded that the ORC generates
power for nearly 3.16 h and 6.33 h of the day without and with TES (see
Table 1). In addition, the mixture temperature fluctuation is due to the
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Fig. 9. ORC’s daily electrical power generation duration in different (a) TES pipe diameters (b) TES pipe lengths (c) mass flow ratios.
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Fig. 10. The solar system working fluid temperature at the inlet of heat exchanger (see Fig. 1) and ORC power output at various times and days when (a) TES is not

employed, (b) TES is employed.

Table 1

The system outputs at day 10 with and without TES.
Parameter Without TES With TES
ORC power generation rate [kWh] 331.5 327.2
Condenser heat [kWh] 3907.8 3824.2
ORC daily working hour [h] 3:10 6:20

system threshold for starting the ORC power generation unit which is
137 °C. When the system starts, this causes a high temperature drop for
about 10 min and the ORC heat exchanger temperature will be 81 °C.
The temperature of HTF will increase after passing through the CPC but
after mixing with TES outlet, it will not reach to 137 °C and the ORC
system will not start till the mixture temperature reach 137 °C which
usually takes a 10-min cycle.

Fig. 10b indicates that it takes about three days for TES to be fully
charged, and during this period, the electrical power cannot be gener-
ated by ORC, as there is no feed to the ORC system because of low
temperature during the first 72 h, the temprature will not fluctuate
during this period. After this period, the ORC power generation begins as
the solar system working fluid reaches its desired temperature. By
referring to Tables 1 and it can be inferred that the employment of TES
doubles the ORC working hours compared to the system output without
TES. Furthermore, the power generation of ORC decreased by 1.3%, and
its heat generation increased by 0.49% by using TES. Hence, by adding
the TES, the electrical and condenser outputs have not changed signif-
icantly, but the hours in which the ORC is working and producing
electrical energy have doubled. So this system can ideally extend the
hours of operation and make it suitable for use in domestic areas in
district heating in which the power is also needed in the afternoon.

The rate of heat and power generated by ORC when integrated with
TES and solar system is provided in Fig. 11 at various times during ORC
activation days. This figure indicates that nearly 600 kW of heat and 50
kW electrical power are generated continuously during the working
hours of the ORC. In addition, the energy flow diagram of the proposed
system is presented in Fig. 12. This figure is plotted using the data
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Fig. 11. The ORC heat and power output at various times during ORC acti-
vation days.

obtained from the model at the ORC activation days. TES waste is near
zero as we assumed it is buried under the ground. However, CPC systems
are usually located in an open area, and they are exposed to wind, and
open sky. So, we considered these losses in the CPC. Also, the ORC
systems could be installed in well controlled indoor space and the only
major heat loss would be through the condenser. The total heat dissi-
pation of the CPCs and ORC equals 225.2 kWh and 13.5 kWh, respec-
tively. The CPC system losses include the convective heat transfer of the
CPC pipes and the reversed radiation to the peripheral space. Also, most
of the energy in the ORC system is transferred to the condenser. This
happens because of the relatively low input temperature of the ORC
system, which keeps the system’s electrical efficiency lower than 8%.
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Fig. 12. The energy flow diagram of the proposed system.

The high amount of energy in the ORC condenser makes the system
more reliable during the winter because it can provide the energy for
space district heating (heating and hot water demand) in the houses.

6. Conclusion

This paper performs a parametric study for integrating concrete TES
with a solar-driven ORC system. The proposed system is simulated in
MATLAB software, and a detailed parametric study is performed to find
the optimum conditions of TES and the complete system. Finally, the
whole system with TES in optimum condition is compared to the solar-
driven ORC without TES. Since the structure foundation for the thermal
collectors in the solar field is usually built of concrete, the proposed
concrete bed TES can be embedded in the solar field to reduce capital
costs. Furthermore, the low-grade heat stored in concrete bed TES is not
affecting the mechanical strength of the foundations.

The main conclusions that can be drawn from this study are as
follows:

Appendix A
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- By increasing the TES pipe length up to 2000 m, the TES heat storage
capacity and duration of the charging time increased significantly to
660 kW and 82 h.

The maximum ORC working time period (=6:20) is achieved when
the TES pipe diameter, length, and three-way valve ratio equal 0.4 m,
2000 m, and 1, respectively. The ratio of one means that the solar
system working fluid should flow through TES before the ORC
system.

It takes almost three days for the TES system to be fully charged
when it is coupled to a solar-driven ORC. After that, it can produce
about 327.2 kWh of electrical power and 3824.2 kWh of heat for
district heating purposes.

The ORC daily working hours doubled from 3:10 h to 6:20 when TES
is added to solar-driven ORC. However, the power generation rate of
ORC decreased by approximately 1.3%.
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The specification of the Compound Parabolic Collector is mentioned in Table Al.

Table A1
Specifications of CPCs

Parameter Value
Working fluid Therminol VP-1
Working fluid pressure [bar] 4

Tube length (L) [m] 25

Cover material Glass

Cover tube emittance (g) 0.88

Cover tube outer diameter (D.,) [mm] 60

Cover tube inner diameter (D) [mm] 58

Receiver material Stainless steel
Receiver tube emittance (g;) 0.31
Receivertube outer diameter (D;,) [mm] 40

Receiver tube inner diameter (D) [mm] 38

Receiver tube thermal conductivity (k) [W/m.K] 16.06
Concentration ratio 3.608

Cover area (A;) [m?] 0.0707

The thermophysical properties of Therminol are included in Table A2.
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Table A2
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Therminol thermophysical properties. The Organic Rankine Cycle work-

ing parameters are mentioned in Table A3

Property

Value

Density (p) [kg/m®]

Viscosity (i) [Pa.s]

Thermal Capacity (Cp) [J/kg.K]
Thermal Conductivity (k) [W/m.K]

~ 0.8343T,, + 1081.6
0.0044¢(-0013xT)
2.7955T,, + 1493.1

~ 0.0001T,, + 0.1395

Table A3
ORC constant parameters

Parameter Value
Working fluid R245fa
Turbine isentropic efficiency 0.85
Turbine mechanical efficiency 0.98
Pump isentropic efficiency 0.9
High-pressure streams pressure [bar] 15
Low-pressure streams pressure [bar] 5
Electric machine electrical efficiency 0.98
Minimum Working Temperature [K] 400

Appendix B

It is assumed that the proposed system is installed in Shahrood city with parameters indicated in Table B1.

Table B1

The initial conditions of the solar system model
Parameter Value
Solar field area [m?] 1000
Geographic latitude 36.4°
Simulation start date (The beginning date of winter in Iran) 21st December
The average ambient temperature [°C] 2.7
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