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Theoretical and experimental analysis of the impact of a
recuperative stage on the performance of an ORC-based solar
microcogeneration unit

Fabio Fatigati ', Arianna Coletta, Roberto Carapellucci and Roberto Cipollone

Department of Industrial and Information Engineering and Economics, University of L’ Aquila,
Piazzale Ernesto Pontieri, Monteluco di Roio, 67100, L’ Aquila, Italy

Abstract. Microgeneration ORC-based units driven by solar energy, which enable combined
heat and power generation (CHP), are a promising solution for decarbonizing the domestic
sector. However, the intermittent availability of solar energy, coupled with the variability in
user demand for domestic hot water (DHW), can lead the system to frequent off-design
conditions and a less reliable energy supply. Consequently, increasing attention has recently
been focused on the technological and design solutions for improving plant performance and
ensuring its continuous operation. This paper presents the results of an experimental campaign
carried out to investigate the possible advantages — in terms of efficiency and savings of
thermal energy in the upper source — of introducing a recovery heat exchanger (RHX) in the
basic configuration of a solar ORC-based system. Tests were conducted on a fully
instrumented ORC-based plant with two 12 kW electric heaters providing the thermal power
recovered through the solar collectors. The RHX is introduced into a recuperative branch that
can be bypassed by closing a dedicated three-way valve. The study aims to investigate the
behavior of the ORC unit in the absence of solar radiation (with the electric heaters switched
off) when the recovery unit is powered only by the hot water stored in the Thermal Energy
Storage (TES) tank. Another purpose of the present work is to evaluate the benefits introduced
by the RHX in reducing the temperature decrease of the TES hot water and, consequently,
maximizing the operating time of the ORC-based unit. In order to support the experimental
analysis, a comprehensive theoretical model of the unit was developed and validated against
experimental data. The model was used as a software platform to optimize the plant design and
recuperative branch configuration. The theoretical model was developed in the GT-Suite™
environment thus integrating a mono and zero-thermo-fluid-dynamic approach. In this way, a
physical representation of the entire ORC-based unit is performed allowing also to define an
optimal control strategy for maximizing plant performance under severe off-design and
transient conditions.

KEYWORDS: Recuperative solar ORC-based power unit; Domestic micro-cogeneration; Scroll
Expander; Theoretical model of micro-cogenerative ORC-based power unit; Plate Heat Exchanger;

1. Introduction
One of the most promising solutions to decarbonize the building sector, whose energy demand is
continuously increasing [1], is combined heat and power (CHP) generation using solar thermal energy.
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Solar energy is one of the most abundant [2] and easily accessible [3] sources of renewable energy: a
system for exploiting it is to convert solar thermal radiation to thermal energy through solar collectors
[4] and thermal energy to electricity via a bottoming power cycle. An Organic Rankine Cycle (ORC)-
based unit is the most effective technology for generating electricity from medium- to low-temperature
thermal sources [5], due to its stability and flexibility [6], simple layout, and low maintenance
requirements [7]. Both solar energy availability and thermal energy demand vary during the operating
time of the system [8]: the time lag between thermal energy demand and availability requires the
presence of thermal energy storage (TES) [9]. The upper thermal source can supply domestic hot
water or recharge the thermal storage tank, which is one of the main subsystems of the plant [10] as it
enables the unit to meet variable electricity and heat demands [11].

In recent years, the solar-based ORC technology has been the subject of numerous studies, many of
which have focused on the choice of working fluid and components [12]: Tzivanidis et al. [13] carried
out a thermo-economic analysis of an ORC plant considering nine different working fluids; Yang et al.
[14] proposed an energy, economic and environmental analysis of an ORC unit considering three low-
GWP working fluids; Sonsaree et al. [15] compared the power obtained and the environmental and
economic impact of a small-scale ORC-based unit considering three types of non-concentrating solar
collectors. Many studies have also focused on parameters optimization, control strategies, and
improved plant architectures: Cioccolanti et al. [16] investigated the overall performance of a
prototype ORC plant with a phase change material storage tank; Ochoa et al. [17] evaluated the
energy, environmental, and economic performance of two different configurations, basic and
recuperative; Javed et al. [18] compared the energetic and economic performance of three different
ORC plant configurations (regenerative, recuperative and basic) with four working fluids. Despite
theoretical and numerical analysis assessed that the effects of the recuperative preheating allow the
introduction of significant thermodynamic and economic benefits, few experimental analysis on this
topic have been provided, [19]. In [19] it was experimentally assessed that with recuperative
preheating a 9.9% increase in thermal efficiency can be achieved while producing the same power.
This is particularly important in CHP applications because of the limited enthalpy content of the hot
source.

In order to contribute to enrich the experimental knowledge on the benefits introduced by the
recuperative stage in the ORC-based power unit, an extensive experimental campaign was conducted
on an ORC-based test bench developed to bottom flat plate solar thermal collectors in
microcogenerative applications. A 135 L TES was adopted to overcome the high variability of solar
thermal source and the variation of Domestic Hot Water demand. The solar source was simulated by
adopting two electric resistances (12 kW each) so that the time required to heat the hot water stored in
the TES was feasible to perform a wide range of laboratory tests. Hence, two modes of operation, the
baseline mode and the recuperative mode, were examined to compare operating conditions, efficiency
and power. The extensive experimental database allows validation of a numerical model of the entire
ORC unit developed to support the experimental analysis. The model allows to accurately reproduce
the real plant performance, so once validated, it was adopted as a software platform to optimize the
ORC-based power unit.

2. Material and Methods

2.1 Experimental layout

In the experimental layout shown in Figure 1, two 12 kW electric heaters (a) heat the water in a 135
L Thermal Energy Storage (TES) tank (b) simulating solar radiation. The tank is pressurized with air
to avoid evaporation of the water, whose circulation outside the tank is entrusted by a dedicated
motor-driven pump (p). The working fluid (R245fa) enters the condition of superheated vapor in the
scroll expander (h) after receiving heat from the water in the evaporator (c): the mechanical power
produced by the scroll expander is converted into electricity, dissipated on a rheostat-adjustable
electric load. The ORC unit can operate according to two configurations, basic and recuperative. In the
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first case, the working fluid leaving the expander enters the condenser (1) directly and is cooled by the
tap water. Downstream of the condenser, a 3 L tank (m) acts as an oscillations damper; finally, a
diaphragm pump (e) driven by an asynchronous electric motor with inverter returns the fluid to the
evaporator. In the recuperative configuration (Figure 2), the working fluid leaving the expander does
not enter the condenser but the recovery heat exchanger (i), where it preheats the working fluid from
the pump before entering the evaporator. The switch from the basic to the recuperative configuration is
carried out by opening a dedicated three-way valve.
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Fig. 1. ORC-based unit configuration.
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Fig. 2. RORC unit configuration.

The hot water mass flow rate entering the evaporator is adjustable via a valve (d): the variable
thermal load on the evaporator allows for simulation of the fluctuations in the solar radiation
availability occurring during the day. The working fluid mass flow rate is adaptable by changing the
pump rotation speed; the expander rotation speed is not adjustable since it depends on the dynamic
equilibrium of the shaft, which is the same for the expander and generator.

The bench is fully instrumented: there are pressure and temperature sensors at the inlet and outlet
of each component, a Coriolis flowmeter (n) for measuring the working fluid mass flow rate, two
magnetic flowmeters (o) for reading the mass flow rates of the cold and hot water entering
respectively the condenser and the evaporator, a wattmeter (g) for measuring the power of the
expander, an optical probe in the scroll casing for measuring rotational speed, which transmits the
signal to an oscilloscope. Table 1 summarizes the measurement uncertainties.

An experimental campaign was performed to compare the unit performance in the two
configurations under steady conditions.

Table 1: Measurement uncertainties

Variable Sensor Type Measur_ement
uncertainty
Temperature Thermocouple +0.75°C
Pressure Pressure + 1.5% of full-scale
transducers
Mass flow rate Magnetic Flow + 0.15% measured
(R245fa) meter value
Mass flow rate (water) Magnetic Flow + 0.5% measured value
meter
Expander and Pump Wattmeter * 1% measured value
Power
ORC efficiency 1.7%
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2.2 Theoretical model

The model of the ORC power plant was reported in Figure 3 and it was developed in GT-Suite™
environment thus following an integrated zero and mono-dimensional thermo-fluid-dynamic analysis
approach. The approach adopted in [20] was followed adapting the model for a lower scale ORC
based power unit and introducing the recuperative section.

The pump was modelled through a look-up table as the model environment does not allow to adopt
a physical model as well as for the expander (d) [23]. On the other hand, the Heat Recovery Vapor
Generator (HRVG) (c), the recuperator (b) and the condenser (e) can be modelled through physical
model following the same approach of [23].

The software platform ensures an accurate reproduction of the heat exchanger geometry, layout and
material. Concerning HRVG model, it is divided in Master and Slave sections thermally connected
[21]. The Master section represents the heat transfer between the working fluid and the HRVG
whereas the Slave section takes into account the fluid boundary conditions on the opposite surface of
the HRVG. HRVG is discretized in multiple flow volumes and thermal mass components connected in
series or in parallel according to the considered configuration. Each flow volume sub-elements are
connected to thermal masses which thermally interact with fluid sub-volumes on either side.
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Figure 3: ORC-based power unit model

Concerning the heat transfer coefficient, the correlations of Dittus-Boelter [22] were used for the
single phase and supercritical case. For the two-phase case, Plate, Yan, Lio, Lin [23] correlation was
used for the condensation, whereas Plate Kandlikar [24] for evaporation. Through element (f), the 3 L
plenum upstream the pump can be modelled, while element (n) allows considering the working fluid
mass charge and the initial conditions. Concerning the boundary conditions, through element (g) the
pump speed can be introduced to set the desired mass flow rate. The inlet temperature and mass flow
rate of the hot source are introduced through the element (h), whereas through the component (i) the
outlet pressure can be entered. Similarly, the mass flow rate and temperature of the cold source are
introduced in element (m), whereas component (1) fixes the outlet pressure. It is worth noting that for
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the considered plant architecture the expander speed is not externally imposed but depends on the
equilibrium on the shaft. A linear dependence of the speed with the working fluid mass flow rate and,
consequently, on the pump speed is observed. Therefore, this experimental law was introduced inside
the model to consider this dependence. Consequently, in the case considered, the expander speed
cannot be assumed as a boundary condition. Nevertheless, the model structure also allows this
possibility to be handled in the case where the expander speed is externally imposed.

3. Results

3.1 Experimental results

The experimental analysis was performed on the ORC-based plant with (RORC) and without
(ORC) the regeneration stage under steady-state operating conditions over a wide range of working
points. During the experimental analyses, the electric heaters were switched off to simulate the
absence of solar radiation: the energy content of the hot water feeding the evaporator from the tank is
not restored and gradually erodes as the tests progress. The reduced energy availability at the upper
thermal source corresponds to a reduced need for the mass flow rate of the working fluid, which under
steady-state conditions is reduced by acting on the pump rotation speed.
In Figure 4(a) the RORC and ORC powers (1) are reported. It can be seen that the power values of the
ORC unit in the recuperative configuration are higher than those in the non-recuperative configuration
for the entire range of mass flow rates (Figure 4(a)): the maximum power values in the two cases are
380 W and 320 W respectively, but if the RORC-based unit value is obtained with a working fluid
mass flow rate of 43.5 g/s, the ORC-based unit requires a mass flow rate of 48 g/s. Moreover, for the
same mass flow rate, the power values obtained from the RORC-based unit system are higher by
percentages, increasing from about 20 to 40% as the mass flow rate increases.

P(R)ORC = Pexp - Ppmp (1)

P
(R)ORC
NrR)ORC = (2)
HwW € pHW (THW, in — Thw, out)

This is because RORC-based unit has the best performance in terms of power thanks to the expander
(Figure 4(b)), as the power values absorbed by the pump do not depend on the plant configuration but
only on the mass flow rate of the working fluid, as Figure 4(c) shows. The power values of the
expander in both cases are included within the same range of 300-550 W, but the curve relating to the
ORC unit is shifted to the right: with the same mass flow rate, the power obtained by the RORC
expander is greater. Furthermore, as the mass flow rate increases, the electrical power absorbed by the
pump rises: this is why the curve relating to the ORC system power (Figure 4(a)) is not only moved to
the right but also shifted downwards.

It is worth noticing as the mass flow rate for RORC-based unit and ORC-based are defined to have a
comparable maximum temperature (Figure 5(a)) and consequently a similar superheating degree
(Figure 5(b)) of working fluid exiting the evaporator. Figure 5(a) reports the maximum temperature of
the working fluid as a function of the mass flow rate. Hence, for a given temperature the mass flow
rate of working fluid is lower in the case of RORC-based unit.

The adoption of the regeneration stage ensures to reduce the thermal power needed by the hot
source for a given working fluid mass flow rate. As can be seen from Figure 6(a), the thermal power
of the hot source in case of RORC-based unit increases from 6.5 up to 10 kW whereas in ORC-based
unit from 8 up to 12.5 kW. Thus, keeping the working fluid mass flow rate constant, the thermal
power of the hot source is always lower in RORC-based unit. This is due to the thermal power
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internally recovered through the recuperative plate heat exchanger. As a result, the plant efficiency
(Figure 6(b)) (2) of the recuperative unit is higher over the entire mass flow rate range due to the lower
thermal load at the evaporator, where the working fluid enters after being preheated in the recovery
heat exchanger. The efficiency values of the case of recuperative unit vary between 4-5% in the range
of flow rates considered, while those of the ORC are between 3-4%. The maximum efficiency — 5%
and 4.1% respectively — occurs in both cases at a mass flow rate value of about 40 g/s which
corresponds to the design operating conditions. Therefore, the plant efficiency improves up to 25%
with the adoption of the recuperative stage, in agreement with what has been observed in experimental
analyses reported in the literature, [19].

The amount of the thermal power exchanged at recuperative heat exchanger can be seen in Figure
7. Figure 7(a) reports the thermal power absorbed by the working fluid in the recuperative heat
exchanger and in correspondence of the evaporator. Its impact on the total thermal power recovered by
the working fluid is reported in Figure 7(b) where it can be seen as this percentage varies between 14
and 18% reaching a maximum in correspondence of the design point (40 g/s). It interesting to observe
how the maximum efficiency is achieved in correspondence to the operating conditions in which the
maximum impact of thermal power recovered at recuperative heat exchanger is achieved.
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Fig. 4. ORC power (a), expander (b) and pump (c) power as a function of mass flow rate.
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In Figure 8(a) the working fluid temperature at inlet and outlet side of HRVG are reported in the
case of the recuperative or the simple recovery unit. It can be observed as with the adoption of the
regeneration stage the temperature of the working fluid entering the evaporator varies from 40°C up to
50°C whereas in baseline ORC case is always lower than 20°C. Such benefits allow to reduce the
thermal power needed by the working fluid in presence of a recuperative stage. Recuperative stage
introduction allows also to reduce the temperature of the working fluid at condenser inlet (30 °C) with
respect the ORC case (50-70°C). This plays a positive benefit on the reduction of plant minimum
pressure thanks to the lower thermal power to exchange at condenser in presence of a recuperative
stage. Indeed, in Figure 9(a) it can be seen how in this case minimum pressure is lower than the one
achieved in the case without recuperative stage.
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Fig. 5. R245fa maximum temperature (a); superheating degree at the evaporator outlet (b).
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Concerning the maximum pressure, linear relation of the pressure increase with mass flow rate is the
same in the two recovery units. This is in accordance to the permeability law which puts in relation the
ORC maximum pressure and the working fluid circulating inside the system, [26]. It was seen as this
property is defined by volumetric expanders. Indeed, permeability a is defined as the attitude of a
volumetric machine to be crossed by the working fluid, hence, it can be expressed as the ratio of the
working fluid mass flow rate and the expander pressure difference between intake and exhaust side

Q).

q = Myr 3)
Apex}o

It was seen that the higher is the expander permeability the lower is the ORC maximum pressure for a
given working fluid mass flow rate. Indeed, volumetric expander behaves as a revolving valve.
Observing Figure 9(b), despite the ORC-based unit maximum pressure growth with mass flow rate is
the same, the maximum pressure is different in RORC- and ORC-based cases. Indeed, in the first case
the working fluid mass flow rate is lower for a given working point thanks to the introduction of
recuperative stage.
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Fig. 7. Thermal power absorbed by the working fluid (a) and percentage of heat absorbed in the
recuperator (b).
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Considering for instance the point at which the working fluid has the highest temperature (100°C),
the working fluid mass flow circulating within the plant is 40 g/s and 45 g/s in the case of a
recuperative and of a simple cases, respectively. This means that RORC-based unit has a maximum
pressure of 9.5 bar whereas that of the ORC-based unit is 10.5 bar. Reducing the maximum pressure
yields benefits not only on the expander efficiency (and consequently on the whole plant efficiency),
but it also brings an economic benefit as the plant material faces lower mechanical stresses. In
addition, although the ORC maximum pressure is lower in RORC case, reducing the ORC minimum
pressure prevents this reduction in pressure ratio from affecting the power output of the expander, as
can be seen in Figure 4(b).
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Such results demonstrate the suitability of recuperative stage adoption in the case in which the plant is
driven exclusively by the thermal power stored in TES. Indeed, the higher plant efficiency obtained in
presence of a recuperative stage allows involves a slower decrease of the temperature of hot water
stored in TES thus providing a higher power produced during the plant activation.

10
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3.2 Model Validation

Thanks to the wide experimental data set (Table 2), the model of the ORC-based plant was validated
to demonstrate their accuracy. In Table 3 the errors between the experimental and theoretical data are
reported for the main quantities analyzed. Concerning the working fluid mass flow rate, the maximum
relative errors are equal to -1.8% whereas for ORC maximum pressure and temperature maximum
relative errors are respectively equal to -2.7% and 10.5%.

Table 2: Experimental quantities

Experimental

quantities Units 1 2 3 4 5 6

mass flow rate g/s 50.7 459 414 493 178 23.0

Unit maximum pressure bar 104 9.7 90 101 50 59
Unit maximum temperature °C 108.0 104.3 105.9 104.3 91.4 905
Unit minimum pressure par 15 15 14 15 12 13
Unit minimum temperature °C 20 202 178 23 146 137
Temperature at RHX inlet (hot side) °C 82 65.6 76.7 783 69.2 67.7

Temperature at RHX outlet (hot side) °C 33 303 311 348 29 284
Temperature at RHX outlet (cold side) °C 533 442 503 53.0 44.6 429
Expander power W 583 565 546 563 271 347
ORC unit power W 360 386 404 354 256 314

For what regards the ORC maximum and minimum temperature the maximum absolute errors are
respectively equal to -5°C and 9.6°C. The maximum absolute errors of the hot side inlet and outlet
temperature at the regenerator are equal to 5.7°C and 4.5°C. On the other hand, the modelled cold side
outlet temperature differs by 6.1°C. Hence, the low maximum errors demonstrate the robustness of
the model in the prediction of the whole behavior of the ORC plant. Consequently, the model can
catch the ORC plant performance in terms of power and efficiency with maximum relative errors of -
14.7 % and 10.7% respectively. Hence, the model accuracy can be retained satisficing considering the
wide operating range analyzed.

Table 3: Errors between experimental and theoretical data

errors

1 2 3 4 5 6

mass flow rate [%] -1.0 -0.9 -1.3 -0.4 -1.6 -1.8
ORC maximum

pressure [%] -1.9 -0.1 -0.2 -2.7 -2.1 -1.8
ORC maximum

temperature [°C] -1.6 25 1.6 -5.0 0.8 0.7
ORC minimum

pressure [%] 15 -1.2 0.6 -4.9 9.3 10.5
ORC minimum

temperature [°C] 5.3 4.5 6.6 2.1 8.2 9.6

Temperature at RHX

inlet (hot side) [°C] -1.8 5.7 2.0 -5.3 2.9 2.3
Temperature at RHX

outlet (hot side) [°C] 4.2 4.2 4.5 0.5 2.5 3.3
Temperature at RHX
outlet (cold side) [°C] 2.0 6.1 4.3 -1.8 6.9 7.3
ORC unit power [%] -5.4 -38 -100 -117 -127 -14.7
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ORC efficiency [%] 44 25 92 114 90 107

3.3 Theoretical results

Once the theoretical model was validated, it was used as a software platform to develop operating map
for a wide set of working conditions. The RORC-based unit power and efficiency are evaluated when
the hot water flow rate varies from 6 L/min up to 18 L/min and the hot water temperature changes
from 90°C and 110°C. The aim of this analysis is to find how to operate the RORC unit under severe
off-design conditions typical of the analysed application.

In Figure 10(a), the RORC unit power is reported as a function of working fluid WF mass flow rate for
different hot water flow rate Quw when the hot water HRVG inlet temperature is equal to 100 °C. It
can be observed as the RORC power trend assumes a maximum for a WF mass flow rate which
increases with Qgpw. Indeed, when Quw increases from 6 L/min up to 18 L/min the WF mass flow rate
allowing to achieve the maximum RORC power grows from 38 g/s up to 45 g/s. This is due to the fact
that the higher is the Quw the larger is the thermal power available for the RORC unit for a given
Tuw.in. Therefore, to ensures that the working fluid enters the expander with a proper superheating
degree (15-20 °C) the mass flow rate should be increased with Qyuy. It is important to observe that
with Qpuw also the RORC unit maximum power increases. Indeed, maximum RORC power grows
from 300 W up to 400 W when Qpw ranges from 6 L/min up to 18 L/min. Anyway, the difference of
maximum RORC power between the case when QHW is respectively equal to 12 L/min and 18 L/min
is low as the maximum RORC power are respectively equal to 360 W and 400 W. Moreover, also the
operating range in which the RORC power is higher than 200 W is similar. Therefore, when the plant
is driven exclusively by TES hot water in absence of solar power restoring the TES enthalpy content,
Quw should be set equal to 12 L/min. Indeed, this choice allows to reduce the TES temperature
decrease rate thus enhancing the RORC operating time.

——— Quw=6L/min —— Q=12 L/min ——— Q=12 L/min
(a) (b)
500 5
400 =4
2 300 53
o &
- =
E E
3 200 =
(@) =1
& O
C =
100 o1
0 0
20 30 40 50 60 70 20 30 40 50 60 70

WF mass flow rate [g/s] WF mass flow rate [g/s]

Fig. 10. RORC-based unit power (a) and efficiency (b) as a function of flow rates of working fluid and
hot water.
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Fig. 11. RORC unit power (a) and efficiency (b) as a function of flow rate of working fluid and hot
water temperature at HRVG inlet.

The RORC-based unit efficiency presents a similar behaviour of that observed for the power. The only
difference is that the maximum efficiency is achieved for a slightly lower mass flow rate with respect
to the case of RORC power. For instance, the WF mass flow rate maximizing the RORC unit
efficiency is 40 g/s when Qpw is 18 L/min. Under the same conditions, the WF mass flow rate that
maximizes the ORC power is equal to 45 g/s. However, these mass flow rates are close, so an
intermediate mass flow rate can be chosen to optimize both the power and efficiency of the unit
without a regeneration stage.

A similar analysis was conducted also varying the Tpw.i, keeping constant the Quw to 12 L/min. Also
in this case, the RORC power produced by the unit (Figure 11(a)) and the efficiency has a maximum
value increasing with Tyw i, Moreover, the WF mass flow rate for which the RORC power is achieved
grows with Tpw s As matter of fact, when Tuw,i, grows from 90°C up to 110°C the RORC maximum
power raises from 250 W up to 500 W. The same applies for RORC-based unit efficiency as it grows
from 3.5% up to 4.5% when Tpw, increases from 90°C up to 110 °C. Similarly to the previous case,
also when Tyw,, was varied the WF mass flow rate allows to achieve the maximum power and
efficiency are not the same but are closer. An important aspect to remark is the variation of Tyw i,
produces a higher variation on both RORC unit power and efficiency. Therefore, from the point of
view of sensitivity analysis, the Tyw i, variation plays a greater impact on the RORC performance than
Quw . Consequently, Quw should be reduced as much as possible to delay the Tyw i, reduction when the
plant is exclusively driven by the TES tank.

4. Conclusions
This paper reports the results of experimental tests conducted on a small-scale ORC-based unit for

solar micro-cogeneration to compare the performance in terms of power and efficiency of the basic
configuration (ORC) with the regeneration stage (RORC). RORC is obtained favoring a thermal
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recovery between the working fluid leaving the expander and the same fluid leaving the pump before
it enters the evaporator (HRVG). The unit was fed by the hot water inside the reservoir which is
usually inserted in conventional flat plate solar collectors. The testing activity was done without
restoring the energy inside the reservoir, being finalized to use the hot water available to produce
electrical energy after having fulfilled the hot water demand for domestic use. According to this
choice, the hot water temperature decreases as the electrical energy generation proceeds, entraining the
unit to even more severe off design conditions. Experimental data show that:

1. Since the hot water enters the evaporator at higher temperatures in the RORC configuration,
the RORC system operates with a lower R245fa mass flow rate: it varies between 31 and 43
g/s in the RORC unit and between 48 and 33 g/s in the ORC unit;

2. For the same working fluid mass flow rate, the power obtained by the expander in RORC
mode is higher, the degree of superheating and the maximum cycle temperature being higher.
The electricity absorbed by the pump depends only on the mass flow rate of the working fluid
and not on the type of configuration.

3. The power obtained at the same mass flow rate of R245fa is always higher for the RORC
configuration: for a working fluid mass flow rate of 40 g/s, which is the value in the design
condition, the power obtained by the RORC unit is 380 W, that obtained by the ORC unit is
about 270 W.

4. The efficiency of the RORC-based unit is higher throughout the range of mass flow rates
considered, since the working fluid arrives preheated in the evaporator: at 40 g/s, the
efficiency is 5% for the RORC unit and 4% for the ORC unit.

The extensive experimental data set allows validation of a theoretical plant model developed in the
GT-Suite™ environment. The low errors between experimental data and predictions demonstrate the
suitability of the model to be acted as a software platform for plant optimization.

Once validated, the model was used as a software platform to analyze the RORC behavior under a
wide set of operating conditions. The RORC-based unit can produce up to 500 W with an efficiency of
4.5 % when the hot water temperature at the HRVG inlet is 110 °C and the flow rate is 12 L/min. In
addition, variations in hot water temperature (90°C-110 °C) have a greater effect on the power and
efficiency of the RORC than changes in Quw (6 L/min -18 L/min). Therefore, Quw should be reduced
as much as possible to delay the decrease in Tyw i, when the RORC-based unit is supplied exclusively
by the TES tank in the absence of solar power.

Nomenclature

Symbols

(a) Electric resistances n- efficiency

(b) TES- Thermal Energy Storage Tank  p-density [kg/m?]
(c) HRVG- Heat Recovery Vapor

Generator

(d) Regulation valve Subscripts

(e) Working fluid pump exp-expander

(f) Pump electric motor and inverter HW- Hot water

(g) Wattmeter and oscilloscope HRVG- Heat Recovery Vapor Generator
(h) Scroll Expander in-inlet

(i) Recuperator ORC-Organic Rankine Cycle
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(1) condenser out-outlet
(m) 3 liters tank pmp- pump
(n) Coriolis Mass flow meter wf-working fluid
(o) Magnetic flow meters
(p) hot water pump Achronyms
C, -Specific heat at constant pressure WF-working fluid
[J/(kgK)]
- mass flow rate [kg/s] HRVG-Heat Recovery Vapor Generator
P- Power [W] ORC-Organic Rankine Cycle
p-pressure [Pa]-[bar] PHX- Plate Heat Exchanger
HW- Hot Water
Greek letters RHX- Recuperative Heat Exchanger
a- permeability [kg/(s-MPa)] RORC- Organic Rankine Cycle with recuperative stage
Ap-pressure difference [bar] WEF-Working fluid
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