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Abstract: The objective of this study is to establish a thermodynamic model of an ORC (organic Rankine cycle) for power electricity.
A case study was proposed in an area where direct solar irradiation is abundant. The number of heliostats used in the system as a
function of the DNI (direct normal irradiation) was studied. The efficiencies of ORC and receiver, the power of turbine, pump,
evaporator and receiver as a function of thermodynamic parameters such as temperature, pressure at the level of different components
of the system are studied. The results obtained show that the number of heliostats used decreases when the DNI increases. For a DNI
of 700 W/m? to 500 W/m?, the number of heliostats goes from 280 to 60. ORC efficiency and turbine power increase respectively from
11% to 22% and from 20 kW to 50 kW when the condenser temperature decreases. Also it is noted an increase of receiver efficiency
when evaporator temperature increases.
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Nomenclatures net Net output
in Inter
Q Power [kW] Turb Turbine
w Power [KW]
A Area [m?] 1. Introduction
h Enthalpy [kJ/kg] . .
i Mass flow[kg/s] Since 1973 world energy consumption has been
n Efficiency [-] dramatically increased and global demand for energy
DNI Direct normal irradiation [W/m?] has increased significantly due to the continued increase
N Number of heliostat [-] of world population and the fast development of
ORC Organic Rankine cycle industry [1, 2]. According to Li et al. [3], current world
Indices electricity production comes mainly from the combustion
of fossil fuels which cause serious problems in terms of
air Air . . .. .
fied Fied air pollution, excess CO2 emissions and depleting energy
hel Heliostat resources. Most of the increase in average temperature
rec Receiver of planet observed since the middle of 20th century is
loss Loss most likely attributable to the increase of concentrations
p Pump of anthropogenic greenhouse gases. Between 1997 and
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2004, an increase of 70% of greenhouse gas emissions
was noted, mainly due to energy production and transport
leases. In addition, the price of fossil fuels is doubled
between 1996 and 2010. All of these conditions have
led to the implementation of research programs for
innovative solutions for new electricity power plants. It
is therefore urgent to generate more energy from low
enthalpy heat sources such as solar thermal, biomass,
geothermal [4-7]. Thermal energy is the largest source
of energy in the world [8]. The use of alternative clean
energy sources such as solar, geothermal, biomass, and
the development of efficient system of energy
conversion are part of the possible techniques to tackle
the problem of energy shortage and, at the same time,
mitigate the negative environmental impacts caused by
the excessive consumption of fossil fuels [2, 9, 10]. In
Africa particularly in Senegal where one have abundant
solar radiation, energy production methods using solar
energy such as solar photovoltaics, are extremely
popular, with many implementations already successful.
There are other methods of using low temperature heat
sources such as solar thermal energy for electricity
production. There are already many studies in the
literature on power plants using low pressure and low
temperature heat [11]. The awareness of the use of low
enthalpy heat sources has captivated energy researchers.
The ORC (organic Rankine cycle) system is a solution
for the production of electricity from low to medium
enthalpy heat sources in the range of 80 to 350 <C. It is
a technology that exploits low enthalpy heat. The ORC
is suitable for a wide range of applications, including
low enthalpy geothermal sources, waste heat from
industrial processes, biomass and concentrated solar
thermal. Due to the use of low boiling temperature
organic fluids as the heat transfer fluid instead of water,
the ORC is characterized by its ability to efficiently
convert low enthalpy heat into more economical useful
work compared to conventional Rankine cycle of steam,
particularly in applications ranging from a few kW to 1
MW [2, 12, 13]. In terms of working fluid, ORC uses
organic refrigerants with low condensation and low

boiling point; allowing it to use a low heat level with
low pressure and low temperature [11, 14]. These
organic fluids have interesting and advantageous
characteristic properties compared to a water/steam
system [15, 16]. According to Chen et al. [17], ORCs
and Kalina cycles have demonstrated their ability to
efficiently exploit such sources with an advantage due
to their less complexity and the less maintenance
required. The ORC is an ideal solution when the size of
the application is too small as in the case of our study.
A computer model is developed in the EES (Engineering
Equation Solver) software to model the system.

2. Methodology
2.1 Thermal Solar Field Coupled to the ORC

The combined system is composed of two subsystems:
solar field and ORC. The solar field is composed of
parabolic solar collector. The solar radiation received
by the solar field is transformed into heat. The primary
working fluid recovers heat at the receiver and passes
into evaporator ORC. A good part of this heat is
transferred to the organic working fluid R245fa. The
latter is brought to the enthalpy h,orc then driving the
turbine. The mechanical power is then converted into
electrical power by the alternator. The steam leaving
the turbine is directed to the condenser where it is
cooled. The organic fluid returns to the evaporator
ORC at temperature T5 through pump 2 and thus the
ORC system starts again. Pump 1 return the primary
fluid to the receiver at temperature Ty and thus system
begins again. A schematic diagram of a basic ORC
system with a solar thermal field is given by Fig. 1.

Technologies such as linear Fresnel concentrators
are particularly suitable for ORC because they require
low investment costs and they work at lower
temperatures [18, 19]. ORCs appear to be a promising
technology for reducing investment costs on a small
scale: they can work at lower temperatures and the total
installed power can be reduced down to the kilowatt
scale. The ORC is a well-known thermodynamic cycle
that is practically used to convert heat into work [20].
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Fig. 1 Schematic diagram of basic ORC coupled with solar thermal field.

Kane et al. [21] studied the coupling of linear Fresnel
solar collector with an ORC of 9 kWe in cascade. An
overall efficiency (solar to electricity) of 7.74% was
obtained, with a collector efficiency of 57%.

2.2 Thermodynamic Analysis

The efficiency of the heliostat field determines how
much solar thermal energy reaches the receiver through
the DNI (direct normal irradiation) of the Sun. A portion
of the total solar irradiation arrived onto the heliostats
was lost to the environment, leaving the remainder for
the receiver in the form of usable heat. Thus the power
received by the receiver is given by [16].

2.2.1 Energy Balance of the Solar Field Subsystem

2.2.1.1 Solar Field

Solar irradiation received by the solar field is
converted into heat. The fraction absorbed by the

receptor is given by Eq. (1).

Qrec,in = Nfied- Qsun = Nriea- DNI. Aper. Nper (1)

However, there are always losses in the atmosphere
due to conduction, convection and reflection. This
power lost at the solar field level is noted Qm,loss. The
remaining power Qrec’net is transferred to the working
fluid or heat fluid transfer, i.e. the primary fluid. Eq. (1)
then becomes:

Orecin = Orecner + Orectoss

= mair(h7 - hs) + Qrec,loss
Receiver efficiency is given by:

Nrec = Q.Tec,net (3)
Qrec,in

The ratio between the net power and the energy
available on the heliostat field was used to define the
overall energy efficiency of the solar power plant

studied [16, 19-23].
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2.21.2 Pump 1

The primary fluid loses its heat at the outlet of
evaporator ORC. It is pumped towards the solar field
by pump 1. The balance equation is given by:

WPl = 1y (hg — hg) ®)

2.2.1.3 Receiver

The heat received by the receiver through the
heliostats is considered to be the useful part of solar
radiation. Thus, Eqgs. (1) and (2) of the energy balance
at the receiver level can be rewritten as:

Qrec,in = Mg (hy — hg) + Qrec,loss (6)
2.2.2 The Energy Balance at the Level of the ORC
Subsystem

2.2.2.1 Evaporator

In the evaporator, the heat of primary fluid coming
from the receiver is transferred to the organic fluid. The
energy balance is given by Eq. (7).

Qevap = Mair (hy — hg) + Moge fruia(ha — h3) (7)

2.2.2.2 Turbine

The power of the turbine and its efficiency are given
by Egs. (8) and (9).

Wrwrs = More, fruia (ha — h1) (8)
hy — hy

= — 9

nTurb h4_ _ h15 ( )

2.2.2.3 Condenser

In the condenser, the organic fluid leaving the
turbine is condensed. The heat contained in the organic
fluid is dissipated into the ambient environment. This
heat dissipation is given by Eqg. (10).

hy, — hs = hy — hq (10)

2.2.2.4 Pump 2

Liquid organic fluid is sent into the evaporator ORC
by pump 2. Energy balance and efficiency are given by
Egs. (11) and (12).

WPZ = my(hs — hy) (11)
_ hss — h, (12)

=y,

2.3 Case Study

A case study was carried out in a village in eastern
of Senegal. In this rural area the electricity network is
even not available. Likewise the price of the electricity
is unaffordable. Using solar energy as energy source
could be an alternative solution for Senegal because the
country is located in a high solar density area. In this
case of study, the power of the power plant depends on
the maximum consumption power which is determined
from the energy needs of the village. This maximum
power consumption is visualized through the load
profile and is equal to 60 kWe.

3. Results and Discussions

After carrying out the energy analysis of the different
components of the system, the results obtained using
EES software will be detailed and discussed.

Fig. 2 gives ORC efficiency as a function of mass
flow.

The air flow coming from the receiver is fixed
constant and the flow rate of ORC fluid is varied. Fig.
2 shows that more the flow rate increases, the
efficiency also increases. Indeed, when the flow rate
is equal to 1 kg/s, the efficiency is around 27%. This
is logical because for the efficiency EES takes  into
account the fluid flow speed and the Reynolds number.
In addition, ORC uses low temperature heat sources.

Fig. 3 gives the number of solar thermal collectors as
a function of the DNI.

Fig. 3 shows the variation in the number of
heliostats as a function of the DNI. It is noted that the
number of heliostats varies inversely as a function of
the DNI, that due to when the DNI increases, the
number of heliostats necessary for better functioning
of ORC decreases. However, if the DNI is equal to
547 W/m?, the number of heliostats is around 65
heliostats. This is reassuring insofar as DNI is
abundant in the study area.
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Fig. 2 ORC efficiency as a function of mass flow.
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Fig. 3 Number of solar thermal collectors depending on the DNI.
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Fig. 4 gives ORC efficiency and receiver efficiency can be optimized as a function of the evaporator
as a function of air temperature at the evaporator inlet. temperature. Likewise, it is noted that receiver efficiency
By fixing the air flow at 1 kg/s, Fig. 4 shows that increases with evaporator temperature. When evaporator
ORC efficiency decreases when the air temperature at temperature inlet increases then Q,..c ne¢ also increases.
the evaporator inlet increases. Thus ORC efficiency So Fig. 4 shows the evaporation temperature at which
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Fig. 4 ORC and receiver efficiency as a function of evaporator inlet air temperature.
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Fig. 5 Variation of pump power, turbine power, evaporator power and ORC efficiency as a function of ORC condensing
temperature.

the organic Rankine cycle must operate to be optimized Fig. 5 gives the variation of the power of the pump,
in power as a function of the temperature of the hot the turbine, the evaporator of the ORC and the
source. This result confirms the fact that ORCs allow efficiency of the ORC as a function of the condensation
low temperature heat recovery, i.e. below 300 <C. temperature of the ORC.



Thermodynamic Modeling and Energy Analysis of Organic Rankine Cycle with a 7
Power Capacity of 60 kWe

340 | L | | T | | | |
320 f----Wtub --=<--Qrec  ---#--QEvap
300 cccgmmpmm i m @ mm e mm g mmrmmm *
280
260
240
220
200
180
160
140
120
100
80
60
40
20
0 ] ] ] ] ] ] ] ] ]

2200 2300 2400 2500 2600 2700 2800 2900 3000 3100 3200

v

B s Lt T T =

|Qdot;Evap ; Wdot;turb & Qdot;rec;Loss [kW]|

LIRS L L L P L L B L B

Evaporation Pressure [kPa]|

Fig. 6 Evolution of turbine power, receiver power lost and evaporator power as a function of evaporation pressure.
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Fig. 7 Evolution of ORC efficiency and efficiency receiver as a function of the condensing pressure.

Fig. 5 shows that the pump power is almost constant Likewise, evaporator power and turbine power decrease
for condenser temperatures below 70 <C. ORC efficiency when the condenser temperature of ORC increases. For
increases as the condenser temperature decreases. certain temperatures, the condenser behaves as a hot
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source and becomes incapable to condense the organic
fluid. It is therefore necessary to cool the condenser.

Fig. 6 gives the evolution of the turbine power,
receiver power and evaporator power as a function of
evaporation pressure

The pressure ratio between evaporation pressure
P.yap and the condensation pressure Pg,nq is kept
constant and fixed at 8. Fig. 6 shows that if one increase
Pevaps Pcona also increases but it is noted that turbine
power, receiver loss power and evaporator power
remain constant. So the pressure ratio has no effect on
the power.

Fig. 7 gives the evolution of ORC efficiency and

receiver efficiency as a function of condensing pressure.

Mass flow rates of URC fluid and air are set at 1.5
kg/s and 1 kg/s respectively. Likewise, evaporator
pressure is equal to 90% of the critical pressure of fluid
organic, i.e. 32 bar. Fig. 7 shows that ORC efficiency
and that of receiver vary inversely. ORC efficiency is
equal to 0.27 when the pressure of the steam expanded
in the turbine increases to 4 bars before arriving in the
condenser. On the other hand, receiver efficiency
increases considerably up to 0.4, which would be due
to an increase of power at the receiver level.

4. Conclusion

At the end of this study one managed to show the
feasibility of the project in a country where DNI is
abundant. The effects of thermodynamic parameters
such as temperature and pressure were analyzed. The
number of heliostats used in the system as a function of
the DNI was studied. ORC efficiency and receiver
efficiency, turbine power, pump power, evaporator
ORC power and receiver power as a function of
thermodynamic parameters at the level of the different
components of the system are studied. The results
obtained show that the number of heliostats used
decreases when the DNI increases. For a DNI of 500
W/m?, the number of heliostats decreases from 280 to
60. ORC efficiency and turbine power increase
respectively from 11% to 22% and from 20 kW to 50

kW when the condenser temperature decreases.
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