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CONSIDERATIONS ON A GEOTHERMAL ELECTRIC POWER
GENERATOR BASED ON ORGANIC RANKINE CYCLE
AS A PART OF A SMART-GRID
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Taking into account the new trends in the renewable ener gy applications and the availability of the geothermal water resources
in Oradea, the authors present in this paper a study regarding the possibility to integrate a geothermal generator into a smart-
grid. The operation of the geothermal generator is modelled and smulated for a large domain of variation of the thermal agent
to cover all available geothermal global parameters. The importance of the study results from the actual trend in the
development of the smart-grids that comprises different kind of renewable sourcesto obtain a higher energetic autonomy and to

offer a moreflexible use of the electrical energy.

1. INTRODUCTION

It is obvious that the use of the solar and wind energies
are more and more used both in public and private
applications, such as [1-3] and so on. Despite of this fact,
these energies could be predicted with a good approximation
but they are not completely available or they encounter a
high variation that depends on the stochastic meteorol ogical
conditions. Such problems can be solved using auxiliary
expensive electric power storage units [4, 5]. An example of
a clean power plant operating with hydrogen based on the
Rankine cycle is presented in [6]. In areas with geothermal
potential, the storage of the energy obtained from renewable
energy sources can be changed with a thermal generator that
uses geothermal waters to produce dectricity. The geothermal
energy sources are more predictable, offering a quasi-constant
level of power energy during the whole year period [7]. An
evauation of the geothermal exploitation systems is
described in [8].

The operation of the geothermal generators uses different
types of thermodynamic cycles. An important thermodynamic
cycle is organic Rankine cycle (ORC) due to its high
efficiency compared with other traditional Rankine cycle
and also for the small size of the thermal generator that use
ORC. ORC thermodynamic cycle keeps its high efficiency
even for a large variation domain of the therma fluid
temperature [9, 10]. Worldwide, severa experimental ORC
equipment of small electric power were redlized: 0.5 kW
[11]; 1 kKW [12-14] or 3 kW [15-17].

The mechanical power produced by a ORC thermal
machine drives a synchronous electrical generator that will
be main component of the smart-grid, playing a master role
for the electrical quantities.

Real solutions have led to mathematical relationships that
have been implemented in simulation models. The thermal-
mechanical-electrical assembly was realized in a simulation
with variation in maximum range of input values for
geothermal water. The research of the authors could be used
to design low power geothermal electric generators, used as
main power generators for smart grids in isolated small
communities that dispose of geothermal water resources [10].
With the help of the simulation results, one can aso estimate
the financial costs of a proposed system, due to the fact that
the investment amortization lasts long periods of time.

Another important contribution is the fact that the authors
gave a specia attention to the generalization of electrical
energy solutions with synchronous motors and models of
ORC systems.

2.MODEL OF THE GEOTHERMAL ELECTRIC
POWER GENERATOR

The equipment operating under the organic Rankine
cycle (ORC) is converting the heat into work and then into
electricity. The working principle of this equipment is
similar with the classic seam Rankine cycle (SRC) but water
asthermal agent isreplaced by an organic substance capable to
evaporate at much lower temperatures, such as refrigerants.
In this study the working agent is R245fa, recommended for
the heat source temperaturesin the range (80-120) °C[18, 19].

The heat source of this equipment is usually represented
by geothermal energy, solar energy or waste heat from
industrial or other processes. In this study the heat source is
considered the geothermal energy. The interaction between
the ORC equipment with the hot and cold sources is
presented in Fig. 1.
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Fig. 1 — Theinteraction between thee ORC equipment
and the heat sources.

The heat is partially transformed into electricity and
partially evacuated into the environment by the equipment
with the principle scheme presented in Fig. 2.

The low pressure vapors (2) are condensed by thermal
power extraction (P.) in the condenser (C). At the outlet of
this process results low pressure liquid (3) that is compressed
by the pump (P) by absorption of the mechanical
compression power (P) and the high pressure liquid (4) is
feeding the evaporator closing the working cycle. The
compression power is negligible by comparison with all the
other involved mechanical and thermal powers.
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The working process of the ORC equipment is presented in
the temperature-entropy (T—S) diagram of R245fa, in Fig. 3.
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Fig. 2 — The principle scheme of the geothermal ORC system:

Ev — evaporator;

Ex — expander (or turbine);

G — electric generator;

C — condenser;

P — pump;

0 N — thermal power of the heat source;

Pm  —mechanical power;

Pe — electrical power;

Qc — thermal power evacuated in the environment;
Pc — mechanical compression power of the pump;

—_

— high pressure vapors;

2 — low pressure vapors;
3 — low pressure liquid;
4 — high pressure liquid.
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Fig. 3 —the ORC cycle in the T-s diagram of R245fa.

The diagram is provided by the Engineering Equation
Solver (EES) software.

The thermal calculation of the ORC cycle was realized
with the EES software, following the procedure presented
in [9, 20].

3.ORC SIMULATION
WITH TRANSFER OF THERMAL POWER
IN ELECTRIC POWER

The model of the geothermal electric power generator is
based on (1) with mechanical power [9-21]:

P (t) =Qy(t)/act), (1)

where

a(t) =0.0033-t2(t)—0.8316 -, (1) +61.973 (2

and t, is the variable temperature of the geothermal water
for the working fluid R245fa.

In the block diagram presented in Fig. 4 the “P” block
implements expression (1) of the mechanical power for the
case when the input variables [2] come from the INPUT
functions generator.

According to Fig. 5, the real values for Qu(t) vary
between 30-75kW and t,(t) is the geothermal water

temperature with variations between 93-120 oC, and are
introduced into the simulation by means of the predefined
function generator, properly created for correlation with the
real ones. Time may be as long as possible, but for
experimental tracking through simulation a relatively short
time is chosen, when inputs vary over the range of all
possible values.

All input and output quantities are obtained with the
blocks: “OUT P Q” and “OUT P Q m th” (see Fig. 4). In
the block diagram presented in Fig. 4, a power generator
was connected to the thermoelectric generator via a block
P—P1, used to put in evidence the efficiency of the
mechanical conversion:
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Fig. 4 — Block diagram of a geothermal electric power generator
based on organic Rankine cycle.
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Fig. 5 — Thermal power QO(Z) and temperature

t,(¢) for geothermal water as functions of time.

In Fig. 5 is presented the simulation results when the
authors imposed a temperature variation between 93 and
maximum 120 °C for a period of 50 s. During this variation,

the thermal power Q,(¢) increases from 50 to 75 kW.
Instead of the required thermal power Q,(z) for geothermal
water (see Fig. 4), it can be used flow rate m,, [kg/s]:

Oy (t) =1iny, (1) ¢y, - Aty )

where the notations are: ¢, = 4.1863 kJ/kgK and At,, [°C]
is the variation of the hot water temperature, usually
At, == (15...20)°C.

The flow rate i, shown in Fig. 6 can be expressed with
the next relation:

i (0 =——p(0), ©
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Fig. 6 — The flow rate in dynamic evolution.

In Fig. 6 one can see that the flow rate 7, of the thermal

agent takes values between 0.7 and 0.98 kg/s for the same
simulation conditions mentioned for Fig. 5. The simulations
results depicted in Fig. 5 and Fig. 6 give a good evaluation
for the designers not only on the quantity of the involved
thermal power but also on the quantity of the thermal agent
that must be assured during the conversion process.

4. ELECTRIC POWER GENERATOR STAGE

The power generator is implemented for the simulation
with a standard three-phase synchronous motor used as a
power sine wave generator. In order to evaluate the quantity
of the produced energy, a three-phase resistive load has
been connected to the generator. In Fig.7 is shown a
dynamic evolution for input geothermal power.

Electrical quantities are viewed from the stator point of

view Qo(t)and output electric power P, (¢). The output
power variation it is between P, =3+8kW, when the

thermal power variation it is between QO =50+75kW.
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Fig. 7 — Geothermal power Q,(¢) and electrical power P,(1).

Synchronous motor [22, 23] operate in generator mode,
from the thermo-generator presented in Fig. 4. Dynamical
model works in simulation for the classical [24, 25] rotor
reference frame (q—d frame).

Electro-mechanical power P, is input and with internal

constructive parameters of the synchronous machine it is

realizing the components on the axis of the rotating
orthogonal reference frame:

3 . .
Pl = Pm :E(Dr(}\,dlq _}\.qld), (6)

where: o, rotor angular speed; A is the flux linkage in the q

or d axe of the qd0 reference frame; i is the current flowing
out of generator.

The inverse transformation matrix from qd0 reference
frame in to abcO three-phase system is:

cos0 sin 0 1
cos(6 - 23—75) sin(0 — 2?71) 1

[quO(e)}l =

(7

cos(0 + 23_n) sin(0 + ZTR) 1

The values of currents and voltages of the three-phase
system are:
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It is required by convention for the three-phase
symmetrical system:

Vo =%(va+vb +V;)=0

(10)
. r,. . .
g ==(g+ip+ic)=0
3 (1
When there are balanced conditions:
Va =Vpsinogt (12)
. 2
Vp =V sin(ost - _n)
3 (13)
. 2
Vp =V sin(ost + —n)
3 (14)
Peak nominal line to neutral voltage is:
Vim = (\/E/\/E)VRMS (15)
where Vgys =400 V is fixed in parameters setup.
ig =Imsinogt (16)
. . 2
Iip = Imsin(ogt — _n)
3 (17)
ie = Imsin(a)st+2?n) (18)
The peak nominal current is:
lin=(2/7/3)(Py /Vwis)- (19)

The voltages on the three-phases V,, Wy, V., from Fig. 4
are obtained from the OUTPUT block, placed between the
generator and the load is used for dynamic measurements.
The internal structure of the dynamic measurement OUTPUT
block is shown in Fig. 8.
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Fig. 8 — The internal structure of the OUTPUT block.

With dedicated blocks, dynamic values for voltages and
currents are measured, both instantaneous values and RMS
values. The simulation results of the output variables can be
seen in Fig. 9.

The stationary electrical power at Py=4 kW is
sufficient for the maximum load of an isolated small
community.

The outputs voltages on the three-phases power generator
are presented in Fig. 10, when is used simulation block-
diagram from Fig. 4, with the v,, W, V¢ oscilloscope.

There is a stabilization of the waveforms for the three-
phase symmetric generator system after a time of 0.3
seconds, when the electrical load is resistive.
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Fig. 10 — The outputs voltages
on the three-phases power generator.
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5. CONCLUSIONS

The geothermal electric power generator is based
analytically and it is modeled for real modules.

Mathematical expressions for ORC are determined
experimentally and are entered in functional blocks in the
simulation, which are substitute for the real model. Input
data are constant or continuous functions whose variation
is within the maximum range accepted by the real
installation. The synchronous generator introduced in the
simulation is taken from a real model with all the
constructive parameters included.

The modeling system was partially validated, within the
limits of some values in both the thermal-mechanical and
mechanical-electrical conversion. The simulation across
the range of variation possible provides complete design
information. Various thermal sources can be identified,
but the purpose of the work was directed to the geothermal
water available to the medium thermal power.

For a geothermal water source, with the maximum limits
of the temperature variation comprised between 93 °C and
120 °C, the authors obtained a thermo — mechanical — electric
conversion with an electric power of 4 kW according with
the maximal requirements required in the research project
carried on by the authors.
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