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Scroll expanders are widely adopted in small-scale Organic-Rankine-Cycles-(ORCs)-units integrated with
renewable energy sources for low power residential Combined Heat and Power Production (CHP). These ex-
panders are often connected to variable direct loads without the possibility to impose its speed externally.
Despite the effect of electric load variation on expander speed is known, a minor attention is focused on its
impact on the plant operability and regulation. To fill this gap, a wide experimental analysis is carried out on a
solar micro-cogenerative ORC-based power unit equipped with a 1 kW hermetic scroll expander connected with a
variable electric load. The experimental behaviour of the ORC-unit was assessed for different values of load
resistance (from 20 Q up to 80 Q). Results show that properly acting on the load resistance the ORC-power unit
can be improved up to 50 % in terms of efficiency and power production. Moreover, if the expander is properly
designed its self-regulatory capability allows to achieve similar performance of an equivalent speed-controlled
expander tested on the same plant. Finally, a new theoretical model reproducing the impact of main oper-
ating quantities on expander behaviour was developed and experimentally validated paving the way to a novel
model-based control approach.

1. Introduction

The most important challenge of these recent years is certainly the
strong impact of human activities on the climate change, [1]. Therefore,
the main driver of the research is the reduction of greenhouse gases
emissions, focusing the attention to carbon dioxide CO». To pursue this
aim a universally agreed common commitment is to achieve a net zero
emissions target by 2050, [2-4], eventually compensating the “hard to
abate” sectors with Carbon absorption by biomasses. The transition to a
zero or to a low-carbon emission economy is synthetised by the so-called
Sustainable Development Goals (SDG) of the UN Agenda 2030 which
widens the efforts toward a sustainable development which introduces
social and economic aspects, as well as a much wider environmental
compatibility of human actions. Goals n. 7 and 13 directly address to a
CO, emissions while n. 12 focus the attention to a responsible con-
sumption and production particularly interesting on the domestic sector.
In fact, concerning the energy use in buildings, in 2020 reversed in the
atmosphere 2.7 billion of tonnes of CO3 [5] corresponding to the 17.5 %
of the whole total emissions [6]. To reduce its environmental impact, it
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is fundamental the adoption and a better exploitation of renewable
energy sources to replace fossil fuel which still accounting for a share
higher than 80 % of the total energy supply [7].

An interesting opportunity for local cogeneration in the residential
sector is offered by the integration of Organic Rankine Cycles (ORCs)
power unit with pre-existent thermal heating and storage systems based
on the exploitation of solar energy. Under this light, ORCs-units are
highly competitive for the retrofit of existing solar installation for the
domestic hot water (DHW) production, [8]. Also
biomass-fired-ORC-unit [9,10] and ORC-geothermal CHP systems
[11-13] represent a reliable solution to reduce the fossil fuel utilization,
[14]. Generating units based on Organic Rankine Cycles (ORCs) indeed
allow to exploit low thermal hot source, thus ensuring an effective
cascade utilization of heat with a significant reduction of carbon emis-
sion, [14].

Small scale CHP-ORC units frequently operate in severe off design
and transient conditions so Thermal Energy Storage (TES) systems are
usually adopted, [15] whose aim is to ensure the unpredictable demand
of heat and favour a continuous thermal energy recovery during
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daytime. Despite TES employment, ORC-units frequently work far from
the design conditions when the electrical energy is produced in absence
of solar energy, during night-time or low solar irradiation, [16], dis-
charging the thermal energy stored. This situation applies again when
biomasses [17] and geothermal energy [18] are used to feed the unit,
due to other constrains concerning the energy availability. Unfortu-
nately, at off-design working conditions, mainly at low load, perfor-
mances are seriously compromised in terms of efficiency and, therefore,
of electrical energy produced. A reduced level of thermal energy feeding
the unit, in fact, produces a lack of stability (usually a wet saturated fluid
inside the expander), temperature levels among hot and cold sources too
close, uncertain starting conditions and, more generally, energy per-
formances degradation, [19]. Main variables which affect a proper
working of the unit are: (a) the working fluid mass flow rate; (b) the ORC
maximum pressure and temperature; (c) heat available at the hot source
and its temperature. To answer to the off design of these quantities, an
important literature has been produced in the past years in terms of
control strategies of the unit. In Ref. [20] it was seen that a proper
control of pump and expander speed allows to overcome the fluctuation
of heat source and the best results are achieved regulating the evapo-
rating temperature. In Ref. [21] the main control parameter is the
superheating degree at expander inlet, performed through an integra-
tion of a feedforward and a classic feedback PI (proportional and inte-
gral) regulation action. In this case, main operating parameter was the
Working Fluid (WF) mass flow rate while a regulation of the input heat
(via the flow rate of a carrying medium) allows to control expander
intake pressure. Also, in Ref. [22] the pump speed was chosen to set the
WF mass flow rate to achieve a desired evaporating temperature, adding
a derivative action to a PI feedback regulation. In Ref. [17] control
strategies on superheating degree and shaft power are examined
exploiting feedforward and feedback control actions. An interesting
result was a response time of 12.3 s and 7.8 s having fixed suitable set up
for the superheating degree and shaft power, respectively. Expander
speed add a further degree of freedom in the control of superheating
degree [20] and expander maximum pressure [23]. If the unit is con-
nected on the grid, expander speed variation can be achieved through a
regenerative inverted but the cost of the unit increases, increasing Pay
Back Time, PBT, the most important economic parameter to widen the
market penetration.

An easier and low-cost arrangement is when the generator (me-
chanically linked to the expander) is connected to an electric load often
represented by a battery. In this case, the expander speed is constrained
by the torque balance on the expander shaft, [24], and it cannot be
considered as a degree of freedom. For a given electric load value,
expander speed increases with WF mass flow rate (because of the in-
crease of the shaft torque imposed by the expander), and consequently
with pump speed which supports a greater flow rate delivered. More-
over, for a given pump speed (a given WF mass flow rate), the expander
rotates faster when the load impedance increases, [24]. The same
conclusion is reached in Ref. [25] where the effects of the electric load
variation on the performance of ORC-based unit are assessed. As it was
expected from a reversible behaviour, decreasing the electrical load
resistance produces a reduction on the expander speed, under constant
output power conditions. An increase of expander intake pressure and
torque and a decrease of the superheating degree were also observed. In
Ref. [26] it was found that as the electric load resistance gets lower, the
generated current grows due to the electric generator characteristics
(Voltmaster Electric AC Generator, AB30L type, manufactured by
WANCO INC), the corresponding torque requested by the generator
increases since the proportional relation between its current and torque.
By the same authors, in Ref. [26] it was observed that for a fixed rotation
speed, the power output of the unit decreases with the increase of
electrical load resistance. With an electric load of 20 Q the power output
of the unit was 557 W while for an electrical load equal to 75.5 Q the
power of the unit decreases up to 80 %. Also, in Refs. [27,28] a reduction
of the expander speed with the current absorbed by the electric load is
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observed. Furthermore, an optimum value of the generator output was
found as a function of the electric load finding the optimum of the whole
unit performance, [29].

All these results were experimentally observed, and no additional
efforts were presented from a theoretical approach. Theoretical moti-
vations explaining these results based on physically consistent re-
lationships are still not available. For a more comprehensive theoretical
base, other relevant quantities could be linked together with the elec-
trical load variations such as expander maximum pressure, pressure
ratio, working fluid (WF) mass flow rate, etc... A theoretical tool able to
represent all these operational properties including the load variations
would give to the designer a reliable approach to optimize the working
condition the unit. Within this aim, even few percentage points of
improvement (power produced, efficiency, etc ...) would be particularly
appreciated considering the limited electrical energy recoverable. A
model-based control strategy which includes the electrical motor speed
controlled by varying an electrical load could rule the unit to its
maximum performance.

To fill this gap, in the present paper, a wide experimental analysis on
the behaviour of the solar-assisted ORC-based unit for different elec-
trical load conditions imposed to the generator was deeply assessed.
Subsequently, the operating region of the unit on which the speed was
varied via the electric load was experimentally compared with the case
studied in Ref. [30] where a Sliding Rotary Vane Expander (SRVE)
having a similar power size had the speed continuously controlled by a
regenerative inverter so, decoupling the connection to the grid with the
shaft speed of the expander and electric motor. The comparison allowed
to define the pro and cons of the different expander performances and,
definitively, efficiency and power produced by the unit. Such analysis
allows to discover novel aspects in terms of expander self-regulating
capability.

Finally, a theoretical model of the unit which includes the effects of
the electrical load variation has been developed and validated. The full
unit operability was reproduced, and a robust electrical load control was
added together with the others control strategies more oriented to the
thermodynamic variables of the unit (i.e. maximum operating pressure)

2. Materials and methods
2.1. Experimental test bench

To deepen the effect of the electric load variation connected to the
generator driven by the expander and, consequently, of the plant
behaviour including the electricity generation, an in-deep experimental
analysis was carried out on a fully instrumented test bench on which a
unit was operated. The test bench (Fig. 1) was conceived to be integrated
to 15 m? flat plate solar collectors (FPTC). The solar section was simu-
lated through the adoption of 2 electric resistances (a) of 12 kW each.
Electric resistances provide thermal power to 150 L of water stored in a
Thermal Energy Storage (b). Such choice is due to reduce the time to
heat up the water thus performing a high quantity of test in a day
ensuring proper repeatability of the results. The hot water inside the
reservoir is provided through a dedicated pump (c) to the hot side of a
Plate Heat Recovery Vapor Generator (PHRVG) (d). Thanks to a regu-
lating valve (e) the hot water flow rate can be set. It provides the thermal
power to the Working Fluid (WF) flowing in counter flow on the cold
side of the PHRVG. As working fluid, a R245fa is selected and mixed
with POE ISOVG68 oil to lubricate the pump and expander. The oil is
mixed in a share of 5 % of the mass of the working fluid (5 kg). The
working fluid mass flow rate is controlled thanks to a diaphragm pump
with a volume displacement of 6.1 cm? (f). R245fa was used as working
fluid, in spite of the more recent pure fluid (n-Octane, R113, R123,
Cyclohexane, and Toluene), [31] or mixture (butane/pentane, hex-
ane/acetone, R1234ze(E)/R245fa), [32,33], to have the possibility to
compare the results and appreciate the improvements with respect to
previous research which used the R245fa fluid. Moreover, due to the
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(b)

Fig. 1. Views of ORC-based unit test bench (a) and (b).

high performance when applied to small scale ORC-based power unit
[34,35], R245fa is widely adopted in literature giving a wide database
for experimental comparison.

Thanks to a dedicated inverter the pump speed can be varied to set a
proper mass flow rate which guarantees a superheating degree of the WF
at PHRVG outlet between 5 °C and 20 °C according to the thermal power
of the heat source. The superheated vapor of WF enters a 1 kW hermetic
scroll expander (g), derived by simple arrangements from a compressor.
The scroll shares the shaft with a generator and both these components
are enclosed in the same casing. The expander is connected to a resistive
electric load through an AC/DC converter. Hence, the expander gener-
ator produces a three-phase voltage at variable frequency (according to
the shaft speed) which is converted in DC voltage by an AC/DC con-
verter and then dissipated on a variable resistive load (h). For the case at
hand the electric load was varied from 20 Q up to 80 Q. Once a specific
value of it is set, the electrical current flowing is known and therefore
the electric power dissipated.

The electrical power produced by the generator represents a load for
the expander and brings in equilibrium the common shaft. In fact, in
steady conditions, the torque produced by the expander must be equal to
that requested by the generator, apart from the mechanical losses being
the speed the results of the equilibrium of the torques applied to the
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shaft. Of course, a chain of efficiencies must be considered starting from
the electrical power feeding the load. So, the rotating speed of the
expander cannot be set directly as it would be more suitable for many
reasons.

Concerning scroll expander its intake volume is 12 cm® while the
built in volume ratio is equal to 2. For the case at hand, the expander
speed is not imposed externally through an inverter but depends by the
torque equilibrium on the shaft. WF exiting the expander flows in the hot
side of Recuperative Heat Exchanger (RHX) (i) before to enters the
condenser (j). In this way, it preheats the WF flowing in the cold side of
RHX before it enters the PHRVG. This allows to perform a recovery of
thermal power which anyway it would be wasted at the condenser. The
WF exiting the condenser was gathered in 3 L receiver (k) which has the
role to damp the mass flow rate fluctuation and avoid cavitation phe-
nomena being located upstream the pump.

Concerning the measurement instruments (Fig. 2), upstream and
downstream each component a pressure and temperature transducers
are placed to reconstruct the thermodynamic cycle. The working fluid
mass flow rate was measured through a Coriolis Mass flow meter (1)
whereas the hot and cold-water flow rate are measured via a magnetic
flow meter (m). The expander and pump power are measured by a
Wattmeter (n) placed upstream the AC/DC converter while the expander
speed thanks to a magnetic probe introduced inside the casing of the
machine and reading the results on a dedicated oscilloscope (o) (Fig. 3).
Element (p) represent the Electric control unit where the WF and hot
water pump speed and the electric resistances are controlled. The un-
certainty of measurement of the adopted instrument are reported in
Table 1.

The same test bench was used in Ref. [30] considering another
expander type. This was a Sliding Rotary Vane Expander, SVRE, me-
chanically connected with an electric asynchronous generator electri-
cally connected with a 50 Hz network. Thanks to a regenerative inverter
the speed of rotation of the expander (and of the electric motor) was
externally controlled and considered as a degree of freedom. To analyse
the effects of the different configurations on the operating range, the
experimental data referred to the case at hand (scroll connected to a
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Fig. 3. Experimental expander intake pressure as function of load resistance
and mass flow rate of WF.

Table 1

Measurement uncertainty.
Variable Sensor Type Measurement uncertainty
Temperature Thermocouple +0.75 °C
Pressure

Pressure transducers
Magnetic Flow meter
Magnetic Flow meter
Wattmeter

+1.5 % of full-scale
+0.15 % measured value
+0.5 % measured value
+1 % measured value

Mass flow rate (R245fa)
Mass flow rate (water)
Power

variable load) was compared with that explored in Ref. [30].

3. Results

3.1. Experimental analysis of the effect of the electric load and WF mass
flow rate on ORC-based unit operability

To assess the impact of WF mass flow rate and electric load variation
on the ORC-based power unit operability, a wide experimental analysis
was carried out. The performance of the unit was observed setting an
electric load and varying the working fluid mass flow rate according to
the thermal power available at evaporator to guarantee a superheating
degree between 5 and 20 °C. The analysis was repeated for different
values of electric load ranging from 20 Q up to 80 Q.

The wide data set allows to outline operating map expressing the
main operating quantities as function of electric load (L) and working
fluid (WF) mass flow rate. In Fig. 3, it can be seen the expander intake
pressure as function of these two parameters. For a fixed L value (y-axis),
the expander intake pressure increases with WF mass flow rate in
accordance with what seen in Ref. [30]. Keeping constant, instead, the
WF mass flow rate (x-axis), it can be observed as the expander intake
pressure diminishes when L increases. Observing for instance a working
fluid mass flow rate equal to 45 g/s, Fig. 3 shows as a steep expander
pressure variation from 10.2 bar up to 9.3 bar is achieved varying L from
20 Q up to 40 Q.

Increasing L beyond 40 Q, a pressure reduction is also observed but
its slope is significantly weaker with respect to the one observed for
lower L values. This can be noticed also in correspondence of other WF
mass flow rates. Indeed, varying L the intake pressure sees a significant
variation between 20 Q and 40 Q while a weaker reduction is observed
for L exceeding 40 Q. These results can be explained observing Fig. 4
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Fig. 4. Experimental expander speed as function of load resistance and mass
flow rate of WF.

reporting the expander speed as function of WF mass flow rate and L. For
a given WF mass flow rate, between 20 Q and 40 Q, the expander speed
increases as the L increases. The speed increase with L becomes weaker
for a load variation higher than 40 Q. Indeed, considering the previous
WF mass flow rate equal to 45 g/s, increasing L from 20 Q up to 40 Q the
expander speed grows from 2200 RPM up to 2800 RPM. The rapid in-
crease of speed with L observed in this range explains the high reduction
rate of expander intake pressure. This is since expander speed produces

an increase of expander permeability o (eq.(1)) which expresses the

capability of the machine to be crossed by working fluid, [30]. Perme-
ability, indeed, can be evaluated as the ratio between the WF mass flow
rate and the expander intake pressure, [30].

mWF
a=

= (eq.1)
pexp.in 4

The volumetric expander, in fact, it can be seen as a revolving valve,
so, the higher it is the speed, the lower is the pressure difference at its
sides for a given working fluid mass flow rate. So, considering that the
pressure at expander outlet can be retained constant (it is defined by the
cold source properties quite constant for the case at hand), the perme-
ability growth produces a diminution of the expander intake pressure.
The permeability growth with L can be noticed in Fig. 5. Here, it can be
clearly seen that for a given myy the permeability rapidly increases from
0.044 up to 0.048 kg/(MPa-s) enhancing L from 20 Q up to 40 Q,
whereas a weaker reduction is noticed for L larger than 40 Q. This ex-
plains the weaker expander intake pressure variation after this value. A
direct consequence of permeability increase is the reduction of expander
pressure ratio (Fig. 6). In fact, when the permeability raises the expander
intake pressure diminishes leading to the decrease of expander pressure
ratio, [30].
This observation allows to provide a theoretical explanation about
the effect of L variation on plant operability. Indeed, it is known in
literature [24-27] when the electrical load decreases, the absorbed

current increases leading to a growth of the expander torque and a
reduction of expander speed.

As definitive conclusion it appears that.

a) The most important parameter influencing the inlet expander pres-

sure is the WF mass flow rate and L values. For L values greater than
30-40 Q, the effect of this parameter is weak.
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b) L can be used as controlling parameter of the revolution speed of the
expander. If WF flow rate increases due to the need of recovering
more heat from the hot source, the electric load must be decreased.
For a specific unit, the electric load variation vs WF flow rate is
inversely proportional and presents a trend which is easily sored in a
look-up table.

c) The concept of fluid dynamic permeability allows to understand
some relationships between WF flow rate, inlet expander pressure
and, therefore, all the properties if the unit which defines the energy
performances of the unit. Being the electric load a dominant

parameter on the expander speed, its variation is the easiest way to
set up the best conditions for the expander.

load [ohm]
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3.2. Experimental analysis of the effect of electric load and WF mass flow
rate on expander performance

The variation on the operating quantities of the unit caused by the
load and WF mass flow rate variation produces significant effect on
expander, and consequently, on ORC-unit performance. In Fig. 7, the
expander power as function of L and WF mass flow rate is shown.
Reducing the load resistance for a given WF mass flow rate, the expander
power grows. This is results is a consequence of the trend observed for
pressure ratio which increases reducing L for a given WF mass flow rate
(Fig. 6). On the other side, keeping constant L, the increase of WF mass
flow rate produces a growth of expander power. This is due to the in-
crease of pressure ratio with WF mass flow rate (Fig. 6). Therefore, the
maximum expander power is observed in correspondence of high WF
mass flow rate and low L values. The maximum expander power is equal
to 650 W and is achieved in correspondence of 20 Q and a WF mass flow
rate of 55 g/s. Hence, for the considered plant size, setting a WF mass
flow rate (for a given thermal power available at evaporator) the
expander power increases reducing L. This means that the expander
pressure ratio (which increases with L reduction) has greater effect on
power than the expander speed (which decreases with L reduction). The
expander power (eq.(2.1)) is indeed defined by the difference between
the indicated power and the power lost due to friction, [31].
Pe)q) = Ping — Plosses (eq21)
The indicated power represents the power provided to the machine
mobile components by the working fluid and it coincides with the area
of the indicated diagram representing the inner chamber pressure trace

as function of its volume. Indicated power can be expressed as eq.(2.2),
[31]:

N
Ping = Z WDexp fpld‘/l
i=1

(eq.2.2)

Ping increases with pressure inside the chamber and expander speed.
When L diminishes the expander intake pressure grows (Fig. 3) thus
enhancing the pressure inside the chamber. This provides an increase of
Ping despite the reduction of expander speed (number of cycles per
second) caused by L reduction. So, the effect on indicated power of the
pressure ratio growth is higher than that of expander speed decrease.
Moreover, the expander speed decrese has a positive benefit on friction

80
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Fig. 7. Experimental expander power [W] as function of load resistance and
mass flow rate of WF.
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power reduction thus giving another contribution on expander power
increase with L reduction.

In terms of expander efficiency (Fig. 8), the maximum value is
observed always for electric load resistance of 20 Q but for lower WF
mass flow rate. This is since in this condition a pressure ratio (2.8-3)
closer to built-in volume ratio is achieved than cases at higher L. and WF
mass flow rate. In fact, if the expansion ratio is close to the built-in
volume ratio under and over expansions at the expander outlet are
minimized.

Expander efficiency was evaluated considering as reference trans-
formation ana adiabatic isentropic expansion (eq.(3)), [30]:

Pep
_ .3
ﬂw myr (hexpjn - hexp.out.is) (eq )

as it is defined widely in literature even though the denominator does
not fully apply to volumetric machines since expansion happens inside a
finite volume and the adiabatic isoentropic expansion in not a reference,
as it is for dynamic machines.

Fig. 9 introduces the volumetric efficiency of the expander, defined
as in equation (4), [30]:

_ PepinVepin®@exp

Mot = (eq4)

mwr

It can be observed from Fig. 9 that higher values of volumetric effi-
ciency are achieved for high values of L. This is due to the increase of
expander speed (Fig. 4) when L increases. Expander speed growth, as
matter of fact, plays a positive effect on the reduction of clearance gap.
Moreover, the reduction of pressure ratio achieved simultaneously for
high L leads to diminution of volumetric losses. Pressure ratio is indeed
the main driver of pressure losses through the clearance gaps, so, its
reduction provides positive benefits on volumetric efficiency.

It is worth to be notice that all the analyses were carried out for a
comparable superheating degree as observed in Fig. 10. Indeed, for all
the considered range, the superheating degree of WF at expander intake
varies between 8 °C and 18 °C ensuring and effective starting point for
an expansion in gaseous phase. As aforementioned, expander is the key
component of the ORC-based power unit, hence, it significantly affects
the whole ORC-based power unit performance. Indeed, as it can be
observed from Fig. 11, the power produced by the unit reflects the
expander power trend. Indeed, the maximum power is achieved for low
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mass flow rate of WF.
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Fig. 9. Experimental expander volumetric efficiency [%] as function of load
resistance and mass flow rate of WF.
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Fig. 10. Experimental superheating degree [°C] at expander inlet as function of
load resistance and mass flow rate of WF.

L values and high WF mass flow rates.

An aspect that should be remarked, is that when a low L is consid-
ered, also in correspondence of small WF mass flow rate (low thermal
power available at evaporator) a significant power can be achieved.
Indeed, considering that in correspondence of design point (50 g/s) the
produced power is 400 W, if the WF mass flow rate diminishes up to 50
% (25 g/s) the power decrease is limited to 25 % for a load resistance of
20 Q. This aspect is made possible in this condition thanks to the
capability to maintain large expansion ratio also for low WF mass flow
rate (Fig. 5).

In Fig. 12, the ORC-based power unit efficiency is reported as defined
in equation. (5), [30]:
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Fig. 12. Experimental ORC-based efficiency [%] as function of load resistance
and mass flow rate of WF.

PORC

Norec = (eq.5)

MaWCy Hw (THw,in - THW‘aut)

The maximum value (5.5 %), is achieved in correspondence of WF
mass flow rate between 20 g/s and 30 g/s. Anyway, in correspondence of
L values between 20 Q and 40 Q, efficiency changes between 3.5 % and
5.5 % over the whole WF mass flow rate range. Anyway, efficiency for a
huge part of the operating range assumes values higher than 2.5 %. This
unit presents an efficiency in line with the best literature results
[36-38]; the relatively low value is explained by the reduced tempera-
ture distance between hot and cold temperature sources.

In Fig. 13, the ORC-based unit operating range was reported in terms
of power as function of permeability and hot water temperature at
PHRVG inlet. Reducing the hot water inlet temperature, if permeability
diminishes, the expander power can be maximized. Indeed, reducing the
hot water inlet temperature from 110 °C up to 80 °C, if the permeability
diminishes from 0.046 kg/(MPa-s) up to 0.032 kg/(MPa-s) the power
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Fig. 13. Experimental ORC-based unit power [W] as a function of hot water
temperature and plant permeability.

reduction can be limited in a percentage of 25 % (from 400 W up to 300
W). For higher permeability value, the power reduction presents a high
rate with the reduction of the hot water temperature. To associate the
permeability value to L and WF mass flow rate Fig. 5 can be used.
Indeed, Fig. 5 represents the permeability as function of the L and WF
mass flow rate. Hence, Figs. 13 and 5 can be used together as a map to
ensure the best power value for each hot water temperature.

In Fig. 14 the efficiency of the unit is reported. It is interesting to
observe that decreasing the hot water temperature from 110 °C up to
80 °C, the plant efficiency can vary in a narrow range close to the
maximum value (5 %). This can be obtained properly reducing the
expander permeability. As for power case (Fig. 13), through the com-
bined observation of Fig. 14 with Fig. 5, WF mass flow rate variation
provides the required permeability.
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Fig. 14. Experimental ORC-based unit efficiency [%] as a function of hot water
temperature and plant permeability.
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3.3. Experimental analysis of the effect of electric load and WF mass flow
rate on ORC-based unit operating range

The operating range of the unit speed controlled by the electric load
was compared with a case in which the same unit operated with a SVRE
(of the same power size) mechanically linked with an asynchronous
electric generator electrically connected with the grid (50 Hz) and
equipped with an inverter which allowed to decouple the expander
speed with that imposed by the grid on the electrical machine. Such
latter configuration was deeply characterized in authors previous work,
[30].

The comparison here performed aims to show the different operating
behaviour of the two expander configurations (Fig. 15). Fig. 15 reports
on a plane the net power produced by the unit having in the x-axis the
hot water inlet temperature to the PHRVG and in the y-axis the fluid
dynamic permeability. Iso-power lines are reported; in the top part the
performances of the SVRE, in the bottom part the ones given by the
scroll expander. In the first case, expander (SVRE) speed is controlled by
an inverter regardless the electrical connection of the generator with the
grid. In the second case, the speed is varied via the electric load con-
nected to the generator. In Fig. 16 the iso-efficiency lines are reported.

Results reported in Figs. 15 and 16 outline that in case of speed
controlled SVRE, the operating range in terms of power and efficiency is
wider with respect those achieved with hermetic scroll. Anyway, the
power values are significantly higher for scroll expander since this ma-
chine, despite have a similar size of SVRE [26], presents a lower
permeability. Indeed, the fluid dynamic permeability seen by the scroll
expander varies in the range 0.025-0.055 kg/(MPa-s) whereas SVRE
presents higher values (0.06-0.11 kg/(MPa-s)). This means that the unit
with the scroll expander can work with lower mass flow rate to ensure
the same expander pressure difference values with respect to SVRE case.

Such aspect can be seen in Fig. 17 showing the expander pressure
difference as function of WF mass flow rate for scroll expander (a), and
speed controlled SVRE (b). Considering for instance an expander pres-
sure difference of 8, scroll expander needs a significantly lower mass
flow rate (45 g/s) with respect SVRE case (60 g/s). Hence, when a scroll
expander is considered (Fig. 18(a)) a similar power of the SVRE (Fig. 18
(b)) can be achieved but with a lower WF mass flow rate. In fact, in these
points the scroll expander produces 650 W whereas SVRE 700 W.
Anyway, the lower WF mass flow rate of the scroll expander involves a
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Fig. 15. Comparison between operating range (Power [W]) of ORC-based unit

with SVRE and Scroll as function of hot water temperature and plant
permeability.
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Fig. 16. Comparison between operating range (efficiency [%]) of ORC-based

unit with SVRE and Scroll as fucntion of hot water temperature and plant
permeability.

lower pump power consumption as can be noticed from the Back Work
Ratio (BWR) (eq.(6)) shown in Fig. 19. BWR expresses the ratio between
pump and expander power and for the scroll machine (in the considered
points) is 25 % (Fig. 19(a)) whereas for SVRE is 45 % (Fig. 19(b)). This
explains the reason of the higher net plant power values achieved in case
of the use of the scroll, [31].

P
BWR =22 (eq.6)

Pexy

Such results show that if the expander sees a proper permeability,
good performances can be achieved even though the expander speed is
not externally set through an inverter. In fact, for the case at hand, the
low thermal power of the heat source leads to low WF mass flow rate.
Thanks to the lower scroll permeability, large pressure ratios can be
ensured even in these conditions. Indeed, for the considered case when L
is 20 Q, for a given WF flow rate higher pressure ratio is achieved with
respect to larger L leading to higher power production (Fig. 18(a)). Thus,
when L is low, machine presents a low permeability. The permeability
increases with the growth of L (40 and 80 Q) thus enhancing the mass
flow rate which can be elaborated for a given pressure ratio. Conse-
quently, when the WF is high due to the growth of heat thermal source, L
growth ensures to enhance the machine permeability thus minimizing
the expander intake pressure (ORC maximum pressure). So, varying L,
the same ORC-based unit could be able to follow the variation of the heat
source thermal power. This allows to explain a new perspective in
literature.

Indeed, in Ref. [29] it is claimed that to guarantee proper operation
of the unit, the electric load resistance should match the expander power
output. Hence, the analysis developed in the present research demon-
strates what is the impact of load variation on the unit from the point of
view of the relation between the main operating quantities (WF mass
flow rate and maximum pressure). It should be kept in mind that the
variation of L cannot be always possible. Indeed, the electric load
resistance in final application is fixed or its variation limited by external
factors. Anyway, as Fig. 16 shows, for a given WF mass flow rate range,
there is only one value of electric load resistance allowing to optimize
the machine performance.

Therefore, if L is properly set “a priori” according to the expected
thermal power of heat source (and consequently WF mass flow rate), the
unit can operate properly because the expander presents an adequate
permeability. Indeed, as it happens for the considered case, despite
scroll expander speed is not fixed, it shows a self-regulatory capacity
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Fig. 17. Expander pressure difference in case of scroll expander connected to resistive electric load (a) and SVRE connected to inverter and electric network (b).
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Fig. 18. Expander power in case of scroll expander connected to resistive electric load (a) and SVRE connected to inverter and electric network (b).
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Fig. 19. Backwork ratio in case of scroll expander connected to resistive electric load (a) and SVRE connected to inverter and an electric network (b).

characterized by the linear variation of pressure ratio as function of WF
mass flow rate. This aspect is demonstrated by the fact that scroll
operating area (Figs. 15 and 16) is inclined with respect to the hot water
axis. When hot water temperature diminishes, the unit reduces its
permeability without an external speed control. This self-regulatory

capability is due to the speed reduction with WF mass flow rate
observed when a volumetric machine is connected to a resistive electric
load (Figs. 4 and 6). Thus, when the thermal power of hot source de-
creases forcing the WF mass flow rate to decrease, the reduction of
permeability allows to ensure high value of pressure (and consequently
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of pressure ratio) thus achieving high expander power production.
Indeed, it can be observed that also for low temperature values which
justify (20-30) g/s of WF mass flow rate, a power of the order of
200-250 W can be produced.

Differently, for the SVRE case, the operating range appears like a
cone (Figs. 15 and 16). When the expander speed can be externally set as
in this case, the permeability of the machine can be controlled and the
slope of the linear relation between pressure ratio and WF mass flow
regulated, [30]. Anyway, even reducing the expander speed, the lower
permeability of SVRE involves a smaller pressure ratio of scroll
expander. Hence, the external speed control allows to provide a wider
permeability variation with respect to the scroll case where the
permeability variation is more effective despite it is constrained in a
narrower range. This demonstrate that the expander speed should be
always associated with a proper expander permeability with respect to
the operating range.

Therefore, in case of connection of the expander with an electric load
the following observation can be outlined.

- The electric load should be set according to the expander power
output, so low electric load should be set for small WF mass flow rate
to achieve large pressure ratio;

- A proper expander permeability allows to achieve high performance
even if the expander speed is not externally controlled. Indeed, scroll
expander present better performance than a more permeable ma-
chine (SVRE) despite it is directly speed-controlled. This means that
the self-regulatory capacity of the expander allows to operate prop-
erly for a certain working range;

The SVRE external speed control, anyway, allows to widen the ma-

chine operability and to further improve its performances; a proper

permeability should be defined.

3.4. Theoretical relation of the effect of the electric load on an ORC-based
power unit and operating range increase

Besides the experimental analysis, a theoretical equation reproduc-
ing the relation between all the involved operating quantities is devel-
oped. Such relations aim to predict the effect of the variation of the
independent variable (WF mass flow rate and expander load) on the
plant operability. For a typical configuration involving the connection of
expander generator with a resistive load, to the best author knowledge a
mathematical representation of the effect of load variation on the main
operating parameter (ORC maximum pressure, expansion ratios, WF
mass flow rates) is still an open point. Indeed, there are several exper-
imental analyses [24-29] reporting the effect on the plant performance
but a theoretical relation allowing quantitatively to reproduce this effect
is lacking. Hence, to fill this gap, in the present paper a theoretical
analysis was carried out to support and explain the experimental results.

The theoretical model is based on the permeability concept, which
defines the attitude of a volumetric expander to be crossed by a working
fluid. Authors widely assess this concept for volumetric machine whose
speed is externally controlled, [30]. In Ref. [30] authors also represent
the case in which the expander is connected to a constant electric load.
In this work, the constrain of fixed load was removed and this further
degree of freedom was considered making the analysis more
comprehensive.

The first step of the model is the same of the permeability theory
developed in previous work, [30]. Starting from the expander volu-
metric efficiency equation (eq.(4)) equation (7) can be achieved, [30]:

_ Pexp.in VCXP-,i'l Dexp
Myot

Ty (eq.7)

Rearranging the terms the density of the working fluid at the
expander inlet can be represented (eq.(8)), [30]:
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”exp .

= P .8
Pexp.in Vexp.inwexmeF (eq )
Combining eq.(8) with the ideal gas relation corrected by
compressibility factor (eq.(9)), a relation expressing the relation be-
tween the expander intake pressure and working fluid mass flow rate is

found (eq.(10)), [30].

pexp,in = ZRTpe)q)m (qu)
ZRTNeyy .
- 1
pexp‘m Vexp.ina)exmeF (eq 0)

This relation, developed by the author in Ref. [30] represent the
general permeability equation. Anyway, according to the case consid-
ered, between expander speed and the other involved quantities
different relation exists.

In fact, for the case in which the expander speed is externally set
through an inverter, it is independent from working fluid mass flow rate.
On the contrary, when the expander is connected to a resistive load
varied in order to change the expander speed, as it was seen in Ref. [30]
a linear dependence exists between expander speed and working fluid
mass flow rate. This causes that the expander speed is not a degree of
freedom, depending on WF mass flow rate. Hence, if the electric load is
kept constant, the expander intake pressure (ORC maximum pressure)
depends only on the WF mass flow rate.

The situation changes for the case at hand as the electric load
resistance variation is considered. Indeed, as literature shows and the
present experimental analysis confirms, a variation of this parameter
causes a modification of the expander speed for a given working fluid
mass flow rate. This means that in the case that the pump speed and the
electric load were varied, two degrees of freedom defines the expander
intake pressure. Hence, the permeability relation should be integrated
considering also this effect which was not considered up to date.

In this way a novel form of the permeability relation can be outlined
(eq.(11)):

ZRT)) oy (L, ) .
Dexpin = Vimmr

n (eq.11)
e)q;,inwexp (L~ mWF) q

In Fig. 20, it can be seen as the expander intake pressure quite lin-
early increases as function of WF mass flow rate for a given electric load
resistance. More in detail, in correspondence of a given electric load
resistance, volumetric efficiency and expander speed present a linear
growth with WF mass flow rate as Figs. 21 and 22 respectively show.

This means that for volumetric efficiency and expander speed, two
linear fitting equations can be set up (equations (12) and (13)), where
slope (k) and the y-axis intercept (q) depend by the electric load
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Fig. 20. Experimental expander intake pressure trend as function of WF mass
flow rate and electric load.
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Fig. 21. Experimental volumetric efficiency as function of WF mass flow rate
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Fig. 22. Experimental expander speed as function of WF mass flow rate and
electric load.

resistance (L):

Myol = k'l (L)mWF + qy (L) (eq12)

Dexp =k (L)wr + qo (L) (eq.13)

Equations (12) and (13) express respectively the relation of volu-
metric efficiency and expander speed on the two degrees of freedom
considered. These are the mass flow rate and the electric load. It is
important to observe that also the volumetric efficiency presents a
dependence on these parameters. Indeed, volumetric efficiency depends
on the expander speed for volumetric expanders. This relation repre-
sents a novel aspect for the permeability calculation.

In Figs. 23 and 24, ky, k, and q, are reported as function of L as the

k|l [%-s/g]
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Fig. 23. k, of volumetric efficiency as function of electric load.
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Fig. 24. k, and q, of expander speed as function of electric load.

experimental data offer. It can be observed that ky, k, and q,, linearly
increase with electric load resistance as it can be seen in Figs. 23 and 24,
respectively. Concerning qj it slightly varies as function of L, hence a
constant value equal to 41.1 [%] is assumed from experimental data
evaluating the volumetric efficiency in percentage values.

Hence, the linear dependence of ky, k, and q, with L can be expressed
through equations (14.1), (14.2) and (14.3) respectively:

k,(L)=kyL+A (eq.14.1)
km(L) = kmLL +B (eq.14.2)
do (L) = kquL +C (eq143)

where k1, kqr and kg1 are respectively the slope of k; and k, and q,
with electric load, whereas A, B and C are the corresponding y-axis in-
tercepts. Then, combining equations (12) and (14.1) the volumetric ef-
ficiency as function of load resistance and working fluid mass flow rate
can be drawn (eq.(15)):

yot = (kL +A )iy + q, (eq.15)

It is important to mention that volumetric efficiency is expressed in
eq.(15) as a percentage value, hence, in the following symbol [%] is
assumed as unit of measurement for volumetric efficiency.

Similarly, combining equations 13 and 14.2 and 14.3 also expander
speed can be written as function of electric resistance and working fluid
mass flow rate (eq.(16)).

Oexp = [korL + Bliwr + kgoi L 4+ C (eq.16)
in Table 2 the fitting parameters are summarized.

Both equations (15) and (16) shows a linear dependence with
working fluid mass flow rate and the resistance load, so it can be
introduced in the permeability relation (eq.(10)) thus achieving equa-
tion (17) which can be solved analytically.

ZRT [((kyL + A )ritwr +g,)/100] .

Dexpin = 8 Myr (eq.17)
P Vepin | (korL + B)riwr + kgorL + C|
Table 2
Fitting parameters.
Parameter Value Unit
Ky 4710 %-s
g2
A 22.15.1072 %5
g
q 411 %
Kot 28.07-1072 RPM:s
&R
B 28.4 RPM:-s
g
kqor 4.85 RPM
Q
C 711.97 RPM
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To make consistent equation (17), volumetric efficiency is divided by
100 as equation (15) express volumetric efficiency as a percentage value
[%].

Results reported in Fig. 25 confirms the good agreement between
experimental and theoretical data, as confirmed by a low Mean Absolute
Percentage Error (MAPE) equal to 1.6 %. MAPE is evaluated as in eq.
(18), [39]:

N .
MaAPE— > Zu (eq.18)
N& vy

i

where N is number of experimental data and y and y;j is the i-experi-
mental data and the corresponding prediction, respectively. Indeed,
comparing the experimental and theoretical data of these two quantities
MAPE of 3.9 % and 3 % can be achieved for expander speed (Fig. 26) and
volumetric efficiency (Fig. 27) respectively.

4. Conclusions

In the present paper the effect of electrical load variation on the
operability of a 1 kW scale ORC-based power unit was experimentally
and theoretically assessed. The ORC-based unit plant was equipped with
a scroll expander connected to an electric generator. They were linked
together and the electric load “brakes” the speed of rotation of the
common shaft, ensuring the reaching of a steady state value of the shaft.
This is the case which happens when the unit charges an electrical
battery, representing a load whose variation influences the charging
intensity. So, speed of rotation of the expander and of the generator
depends on the shaft equilibrium and the electric load resistance was a
degree of freedom for the generating unit. Hence, to evaluate the effect
of load variation on plant operability, the ORC-based unit performance
is assessed varying the WF mass flow rate for different resistance values.

Experimental results show the following conclusions.

When the electric load resistance is reduced the expander speed di-
minishes leading to a reduction of expander permeability. This in-
volves a higher pressure ratio for a given WF mass flow rate thus
enhancing the power production. When the electric load is 20 Q the
expander power production up to 650 W with an ORC-power of 400
W and a plant efficiency close to 5.5 %.

Operating with low WF mass flow rate (to match an eventual low
heat source temperature) the adoption of small electric load ensures
high pressure ratio favoring a higher power production. If a larger
heat source at high temperature is considered, the larger WF mass
flow rates which can result at the HRVG needs to increase the electric
load to increase the expander permeability. Therefore, the electric
load resistance should be set according to the expander output
power.
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Fig. 25. Comparison between experimental and theoretical expander intake
pressure values.
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ciency values.

e A direct speed control allows a wider possibility to vary the pressure
ratio for a given WF flow rate. Anyway, the high permeability pre-
vents high power production for low WF mass flow rate. This means
that even if the expander speed is not independently controlled as in
the scroll case, having the expander a proper permeability and being
the electric load matched with the expander power output, the self-
regulatory capability of the expander makes the whole unit resilient
to severe off-design performances. Indeed, in the scroll case an effi-
ciency close to the maximum value (5 %) can be achieved for most
part of the operating range.

e A final contribution of the present work is a theoretical relation
allowing to reproduce the impact on electrical load variation on the
expander intake pressure, commonly retained the most important
regulating parameter. A novel analytical expression has been derived
which introduces the electric load charging the generator into a
previously derived model by the authors. In this way, a more general
and comprehensive model has been developed enriching the capa-
bility to use it as tool for the control of the unit.

Nomenclature

Symbols

A-y-axis intercept of the linear variation of k, with
electric load resistance [%-s/g];

B- y-axis intercept of the linear variation of k,, with
electric load resistance [RPM-s/g];

C- y-axis intercept of the linear variation of q, with
electric load resistance [RPM];

cp-scpecific heat at constant pressure [kJ/(kgK)]

h-specific enthalpy [kJ/kgK]

yi-experimental datum

Z-compressibility factor

Subscripts

(continued on next page)
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(continued)

ky-slope of the linear variation of volumetric efficiency
with working fluid mass flow rate [%-s/g];

kyi-slope of the linear variation of k, with electric load
resistance: [%-s/g-Ql;

ke-slope of the linear variation of expander speed with
working fluid mass flow rate [RPM-s/g];

ker-slope of the linear variation of k, with electric load
resistance: [RPM-s/g QJ;

L-electric load resistance [Q]

m-mass flow rate of working fluid [kg/s]-[g/s]

N-number of chambers

NM- Number of measurements

ORC-Organic Rankine Cycle

p-pressure

P- Power [W]

PHRVG-Plate Heat Recovery Vapor Generator

qy. y-axis intercept of linear variation of volumetric
efficiency with WF mass flow rate [%-s/g]

qe- y-axis intercept of linear variation of speed with WF
mass flow rate [RPM-s/g]

kqoL- slope of the of the linear variation of q, with
electric load resistance [RPM/Q];

R-specific gas constant [kJ/(kgK)]-[J/(kgK)]

V-volume of i-chamber
WEF-working fluid
yi- prediction of experimental datum ¥;

BWR-Back-Work ratio
exp-expander
HW-hot water

i-internal pressure of i-
chamber

In-inlet

Is-isentropic
Ind-indicated

Losses- power lost due to
friction

Pmp- pump

Out-outlet

vol-volumetric efficiency

Greek letters

o- permeability [kg/
(MPa-s)]

n-efficiency

p- density [kg/m’]
w-expander speed [RPM]-
[RPS]
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