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Abstract

The exploitation of low grade thermal sources is recognized as a feasible strategy in order to pursue the primary energy saving
target worldwide. This concept, adaptable to a number of different applications, is aimed at exploiting low-value heat fluxes that
would be wasted otherwise; additional useful electric power can be produced locally, with ORC energy systems; this is one of the
most promising heat recovery solutions.

In particular, the paper refers to the test bench developed in the laboratories of the University of Bologna; a prototypal micro-
ORC energy system is here investigated. The micro-ORC system presents a reciprocating three-piston expander operated with
refrigerant fluid. Heat is provided to the ORC from via hot water at low temperature, in order to simulate a constant low-enthalpy
heat recovery process. The system rejects unused heat via a water-cooled condenser, dependent on the external ambient
conditions.

The test bench layout and the real-time data acquisition system, developed in the LabVIEW environment, are here described. In
particular, the paper focus is on the system steady-state detection methodology. Starting from an experimental campaign, steady-
state operational points are identified through an appropriate literature approach. The measured quantities and calculated
performance have been post-processed in order to evaluate the influence on steady state detection, of different hot source
temperature set points. Moreover, the selected steady-state detection method is suitable for real-time implementation, due to its
simple formulation and the low number of variables required to be stored at time step of acquisition.
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1. Introduction

The Organic Rankine Cycle (ORC) is an advanced power generation technology commonly used to convert low
grade heat into electricity, for a wide range of power values (scales from a fraction of kW, to several MW,). ORC
technology results now mature and advantageous in many ways and it has shown a renewed interest over the last
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decades thanks to its flexibility and easy maintenance. At low temperatures, organic working fluids lead to higher
cycle efficiency than water and these kinds of fluids are preferable, leading to high turbine efficiency in both full and
partial load conditions. Almost all the units available on the market are in the medium to-high power range, while
micro-small size are still in demonstration phase, but their application could save primary energy and reduce
pollutant emissions [1]. Small and micro size ORCs are interesting for several applications, such as electric
generation in remote area, domestic cogenerative units or trigeneration applications, etc. Recently, there have been
many experimental investigations on small scale ORC, focusing on design optimization, fluid selection, expander
technologies, operating conditions, components performance or complete cycle, dynamic control and the
experimental analysis are useful for model validation and data-feeding [2]. In particular, process data employed for
benchmark analysis should be collected when steady-state conditions have been achieved, in order to get realistic
and meaningful results from experimental test. Data accuracy is of great importance for power plant on-line
performance monitoring and it is fundamental to implement efficient methods for online steady-state detection.
Moreover, power plants steady state is not a priori defined and a tolerable constancy of the mean values of
measurements, over a given period of time, depends on the nature of the system under investigation.

The issue of steady-state detection has been discussed by a number of researchers in the literature. For instance,
an available method is proposed by Kim & al. [3]. This technique is based on standard deviation calculated over a
time moving window. Steady-state is declared when the moving deviation lies under an established threshold over a
predefined time period. This approach requires storing past measurements over the whole moving window, which is
critical for real-time applications. Furthermore, using a normal average, instead of a weighted one, creates a delay in
the characterization of process measurement. This delay can cause detection problems in periods where the signal
varies in a short time period.

Another method, called R-fest, has been proposed by Cao & Rhinehart [4], based on a ratio of variances
evaluation: when this ratio is lower than an arbitrary value, the process reaches the steady-state condition. The
method does not need to store past measures and it is computationally inexpensive compared to Kim’s method [3].

Nomenclature P Electric Power [kW]
p Pressure [bar]
Subscripts PCB Printed Circuit Board
Cold Cold Source Q Thermal Power [kKW]
el Electric RV Reading Value
EVAP  Evaporator R Ratio of Variances [-]
EXP Expander s Estimated Variance [-]
f Filtered Value SP Set-Point hot source temp. [°C]
i Instant _ T Temperature [°C]
1S0 Isentropic v Measured Variance [-]
rre Reversible recuperation cycle v Volumetric flow rate [1/s]
Roman symbols X Acquired Value
FS Full Scale Greek letters
h Enthalpy [kJ/kg K] A Variation
Hot Hot Source P Density [kg/m?]
m Mass flow rate [kg/s] A Filter Factor [-]
M.ax ngllmum 1) Mean Squared Difference [-]
min Minimum n Efficiency [%]
ORC Organic Rankine Cycle

A third method available in literature has been suggested by Jiang & al. [5]. Using wavelet-based multi-scale data
processing, the process trends are first extracted from raw measurements by eliminating random noise and
abnormalities. The process status at each time point is then analyzed according to the wavelet transform of the
extracted process trends. This method appears to be reliable for detecting rate of change in variables and estimating
the measurement status at a point in time; in this case, if measures are affected by nonrandom errors, the detection
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could be seriously corrupted; experience with the process is essential to determine key parameters and general
guidelines for its application need more studies [5].

Therefore, in this paper the second steady-state detection method, named as R-fest, has been applied to process
measurements data of the micro-ORC power generation unit, in order to obtain steady-state intervals and evaluate
the system performance.

2. Aim of the study

The general aim of this study is the definition and identification of ORC steady-state operational points. Once
steady-state conditions are identified, an evaluation of the system performance at different hot source temperature
set points is carried out. The ORC internal layout and the external sources circuits, with information about installed
sensors and developed real time acquisition system are described in Section 3. Section 4 presents the steady state
identification method and its application for three different test cases, performed at various superheated degrees and
at similar working fluid mass flow rate, maximum and minimum ORC pressures. Section 5, finally, presents and
discussed the efficiency indexes identified to compare at steady state conditions the ORC performance at different
hot source set point temperatures.

3. Experimental test facility

Figure 1 shows the test facility layout, including the micro-ORC and the external circuits for hot and cold water
supply, designed and set up in the laboratory. The system is rated for an input thermal power around 30 kW,. The
ORC consists of an evaporator, an expander, a gear pump, a shell and tube condenser and a recuperator heat
exchanger, for internal heat recovery after the expansion. More information about the system and its components are
available in [6], where a preliminary overview has been presented. The expansion machine is a reciprocating radial
pistons model, with mechanically driven admission and discharge valves. The expander is directly coupled to a
permanent magnet electric generator in a hermetical sealed case. Since no transmission is interposed, expander and
generator work at the same rotational speed, varying in the range from 400 rpm to 1800 rpm. The external surface of
the expander has been thermally insulated by means of mineral wool panels, in order to reduce heat transfer losses.

The ORC circulation pump is a prototypal volumetric external gear pump, driven by a three-phase motor that can
work at different rotational speeds (ranging between 250 rpm and 900 rpm) by means of an inverter. The system is
provided with a by-pass line at the outlet of the evaporator, which allows the working fluid to flow through the
external casing of the expander, by-passing the cylinders; this expedient is used during start-up operation, in order to
warm up the expander body and avoid thermal stresses due to a cold start-up. Actually, the working fluid is R134a
and the system is not provided with an external oil circuit. The electric load is simulated by a resistive load, for a
maximum electric output power equal to 3 kW. Thermal input is provided by an electric water heater (puffer in
Figure 1) and the pump P2 guarantees the water flow rate circulation (ranging between 1 /s and 2.6 1/s). The thermal
input power can be continuously simulated in the range 8 - 32 kW, by regulating hot water flow rate and heaters.
Through pump P4, cold water is extracted from a well and stored in a 300 liters tank. Cold water flow rate at the
condenser can be regulated via pump P3.

A stand-alone measurement system has been developed and it is able to detect temperature, pressure and mass
flow rate values of the ORC system and of the hot/cold water supply lines. The instrumentation for measurements,
signal conversion and analysis of the ORC system includes various sensors, listed in Table 1 and shown in Figure 1.
All temperature and pressure sensors have been calibrated at the laboratory in their operative ranges (see values in
Table 1). Additional information on the test bench set up are provided in [6].
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Figure 1 — Test bench layout

Table 1 — Acquisition system specifications

Physlc'al Layout point Sensor Calibration O.u tput Accuracy Input module
quantity range signal
) NI9213-
ORC 2,2,3,4,5,6,8, T-type thermocouple 0-90 °C +80mV 05K Thermocouple
Temperatures 9 .
input
2,8,9 0-20 bar o NI9207-
ORC Pressures 3.4.5.6 Pressure transducer 0-10 bar 0-5V 0.25 % FS Voltage Al
ORC mass flow 0.05-1kg/s* | 4-20mA | 03 %RV *
rate - NI9207-Current
7 Coriolis mass flow meter 101300 Al
. - } 3
ORC density ke/m? * 4-20mA | 0.1 kg/m
o water 10,11 +80mV 05K NI9213-
Co?d water K-type thermocouple 0-90 °C Thermocouple
12,13 +80 mV 05K input
temperatures
Hot v:ﬁz:ltteer flow 10 Magnetic flow meter 0-6.4 /s* 4-20mA | 0.5%RV*
Cold water flow 12 Magnetic flow meter 0-981/s* | 420mA | 0.5%RV* | NI9207-Current
= PCB ted voltage transd Al
Electric current ) o R e 0-400 V 04V 0.1%RV
and voltage P S 0-5A 0.2 % RV
current sensor

* Provided by sensor manufacturer

Sensors have been located at inlet and outlet branches of each ORC components, allowing a complete
thermodynamic characterization of the ORC; mass flow rate and temperature values are measured in the hot and
cold water circuits, to evaluate the heat exchanged between the ORC system and the hot and cold sources. A
National Instrument CompactRIO platform is used to collect the experimental data measured by all the sensors. A
real-time acquisition software has been developed in LabVIEW environment; a front acquisition panel allows the
ongoing monitoring of the ORC system operating parameters during the tests. Directly measured data are updated
with a time step equal to 1 s, while electric current and voltage signals are acquired with a 10 kHz frequency;
thermal power flows are calculated in terms of enthalpy difference between the inlet and outlet of the considered
component and directly showed in the front panel. The enthalpy values are calculated as functions of temperature
and pressure measured values, using the thermodynamic library CoolProp [7], which has been integrated in the
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acquisition software. The ORC power, the exchanged heat flows, the cycle and expander efficiency values, pressure
drops, and other operating variables are calculated in real-time. Moreover, all the ORC thermodynamic states in the
measuring sections are visualized on temperature-entropy and pressure-enthalpy diagrams, thus the thermodynamic
cycle can be on-line monitored. All the data acquired and evaluated have been collected and post-processed to
identify the steady-state system conditions, as described in the following sections.

4. Steady state identification methodology

The R-test approach has been applied as steady-state identification method. As deeply described in [4] and
summarized below, this method is a modification of the primitive statistical F-test; R represents the ratio of two

estimated variances, calculated by means of two different approaches on the same set of data, according to eq.(1):
=5
R=1 (1)
The first estimated variance term in eq.(1) is evaluated, at each time-step i, as:
(2-211) v%;
st = S @
where v£; is an exponentially weighted moving variance (based on the difference between the data and the estimated
average), calculated according to eq.(3,4):

Xpi = Axg + (1 —2A1) X514 (3); Vi = (g —xpim)? + (L= 2) vF iy “4)

where X ;, is the filtered value of the process measurement at the i-th time step x; and A, is the filter factor. The
filtered value depends on the filtered value at the previous time step x;_, and it provides an estimation of the data
mean value.

The second estimated variance s, in eq.(1) is calculated based on the mean squared difference of successive data 67,
as:

6fi = A —x-1)* + (1 = 23) 8¢, (5); s2 = 2% ©6)

where 1, and 45 represent filter factors. Larger 4 values mean that fewer data are involved in the analysis, which
has a benefit of reducing the time for the identifier to catch up to a process change. But, larger A values increase the
variability on the statistic and confounding interpretation. On the other side, lower 4 values undesirably increase the
time to identify a process change, but the precision increases [4]. In this study, the filter factors have been set equal
to A;,=0.2, A,=0.1 and A5=0.1, as suggested in [4].

At each time step, the calculated R value is compared to a critical value Reriicas, to evaluate if the system is
operating at steady-state or transient-state conditions: when R < R..iicar OVer a predefined time period, this time
period can be considered as steady state. The statistical threshold of decision is chosen according to the physical
description of the process and a preliminary data analysis.

The R-test method has been here applied to the ORC mass flow rate and to all ORC measured temperature and
pressure variables acquired with sensors of Figure 1. The ORC steady state occurrence, after a change in a set-point,
is declared when all selected variables, directly measured along the ORC circuit, reach stable condition in terms of
the R-test, over a predefined time window.

For example, Figure 2 presents the organic fluid max and min temperature variables (T, and Ty) and the expander
inlet and outlet pressure (p, and p3) in a time window of a selected test, carried out with constant hot source
temperature set point (equal to 85°C). The shown quantities have been identified as key variables representative of
the ORC thermodynamic operation, i.e., T, and Tgvalues depend on the hot and cold source respectively, p, is
influenced by the ORC pump set-point regulation, while p; is also related to the condenser. More in detail, Figure 2
shows the key variables variation caused by a sudden increasing step of the ORC pump rotational speed set-point.
Figure 3 shows the calculated time profile of the R parameter, for each of the selected key variables. A steady state
operating condition can be declared in the highlighted time interval (shown in grey in figures), when the R values
drop below a given Reiica. On the basis of a preliminary analysis of the ORC behavior in several performed tests
with various set-point changes, the value R..iice=12 appeared to be a good threshold; this value has been identified
for the ORC in study, by considering the transient behavior of both temperature and pressure. Moreover, Figure 3
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highlights how the ORC highest temperature 7> results a limiting quantity, strongly influenced by the hot source
temperature behavior, while the R values evaluated for Ty, p, and p; result more stable in the presented time
interval.
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Figure 2 - ORC key variables in a time window: (@) max temperature & expander inlet pressure; (b) min temperature & expander outlet pressure
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Figure 3 - R values vs time of ORC key quantities

4.1. Steady state operational points

An experimental campaign has been carried out in order to measure ORC thermodynamic performance at
different hot source set-point conditions, after steady-state is reached. In the framework of a post processing
analysis, all the measured and calculated instantaneous data acquired during various tests, have been averaged in the
identified steady-state intervals. The minimum considered time widow was 100 seconds, while smaller intervals
have not been considered for data collection. Table 2 lists all the averaged values of the measured quantities for
three selected steady-state intervals of the set-point (SP in table). The selected operational points are characterized
by similar values of cold source temperature T,,, organic fluid mass flow rate g, and ORC max pressure p,, as
reported in Table 2.

The obtained hot source temperature T;, and the ORC max temperature values T, are close to the SP conditions.
The cold source condition affects the value of the ORC minimum pressure pg (similar to ps and p3 except for the
pressure drops through the heat exchangers); the maximum pressure p, (similar to pg and py) depends on the ORC
pump rotational speed regulation (in the performed tests it was progressively varied up to a fixed set value), which
in turns directly affects the mgp. value.

Table 2 — Experimental averaged measured data for three different steady-state Set-Points

Steady state #1 #2 #3 Steady state #1 #2 #3

SP [°C] 65 75 85 SP [°C] 65 75 85

T10 /°C] 64.7 74.5 86.8 Tg [°C] 23.0 22.9 23.1
V19 [Vs] 2.63 2.63 2.65 Tq [°C] 34.5 40.35 47.9
T4, [°C] 17.9 17.7 17.6 p, [bar] 14.3 144 14.1
V4, [Us] 2.79 2.86 2.75 p3 [bar] 6.16 6.09 6.05
Mgrc [kg/s] 0.10 0.10 0.09 ps [bar] 6.02 5.95 5.92
T, [°C] 64.6 73.8 86.0 Pe [bar] 6.01 5.94 591
T, [°C] 41.7 51.2 63.8 pg [bar] 14.3 14.4 14.1
Ts [°C] 243 24.7 25.6 Po [bar] 14.3 14.4 14.1
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Figure 4 shows the thermodynamic cycle on the 7,s diagram for R134a, obtained in the three selected steady-state
set-point conditions; the hot and cold source temperature drops in the evaporator and condenser are also shown. It
can be seen that T, is very close to the hot source max temperature (difference is within the range of 1°C); due to the
similar p, values, the different hot source set-points cause different ORC superheating degree.
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Figure 4 — T-s diagram of the cycle, based on averaged values during steady-state conditions for three different hot source temperature set-points
5. Performance indexes and preliminary results in selected steady-state conditions

Table 3 reports the averaged electric power P,; produced by the ORC in the selected steady-state conditions and
the correspondent expander enthalpy variation Ahgyp. Steady state #2 presents a higher value of P,; compared to #3,
due to a higher value of g, (see Table 2), despite a lower expander enthalpy variation. Various efficiency
definitions have been considered to compare the steady-state operational points; the selected indexes are defined as
in egs. (7-10):

Norc = :;ZPP = moR;’(illz-hg) N

Miso.pxp = mORC'Z;lEXPiso - mORC'(I:lZl_hZiSO) o

Ncarnot = 1 — ;Ciﬂﬂ =1- % (9)
Hot,max 10

N = 7;21:: T TCold,n:IiflRC |nLCold,min T TT’;;RC. Tz "

Tcold,min~THot,max THot,max T12-T10 T10

In particular, nogc represents the ORC gross efficiency, evaluated as the ratio between the electric power
generated at the expander and the recovered thermal power at the evaporator; 7;5, gxp 1S the expander isentropic
efficiency, defined as the ratio between the electric power and the isentropic power (i.e. the ideal power considering
an isentropic expansion); N¢qrnot 1S @ simple Carnot efficiency, evaluated with respect to the max and min external
sources temperature values; and 7;; is an irreversibility recuperation cycle efficiency, defined according to [8]. This
parameter is the ratio between the ORC efficiency and the efficiency of an ideal reversible recuperation cycle 7,
made up of an isobaric heat absorption, an isentropic expansion and an isothermal compression. The introduced
efficiency parameters have been evaluated for the identified steady-state points as collected in Table 3; the steady
state #3, characterized by a highest superheating degree, presents the highest values of 150 gxp> Ncarnot and Nore,
but the lowest value of 1. Indeed, the superheating degree increase causes an increase of the cycle losses, as
thermal dissipations along the cycle and pressure drops.

Figure 5 presents a comparison of the efficiency indexes, normalized with respect to the maximum values, for the
considered steady state conditions.
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Table 3 — Electric power, expander enthalpy variation and efficiency values in the considered steady state conditions

SP [°C] Ahgyxp [KI/kg] P [kW] Nisoexp [%] | Ncarnot [%] Norc [%] i [%]
Steady state #1 65 8.45 0.73 38.25 13.85 3.67 50.46
Steady state #2 75 9.45 0.79 38.92 16.34 3.98 46.02
Steady state #3 85 11.22 0.77 39.51 19.22 4.20 40.81

L0 A Miso,EXP

Ni Ncarnot

Steady state #1 (SP=65°C)
Steady state #2 (SP=75°C)
Steady state #3 (SP=85°C)

Norc

Figure 5 — Behavior of the normalized efficiency parameters
6. Conclusions

An experimental test facility has been developed to fully characterize the energy performance of a micro-ORC
energy system. All temperature, pressure and mass flow values at the internal ORC system and in the external
circuits are measured. All the available data are collected and used in real-time in order to evaluate the system
performance through an ad hoc developed acquisition system. In this paper, a steady-state identification method has
been selected, described and applied. The chosen R-fest method offers a simple formulation for on-line application
and showed a good efficacy in steady-state detection. For each observed variable, the method requires simple
calculation of three filtered values, to be stored, and one comparison is required in each time-step. Therefore, this
method has been implemented in the acquisition system for a real-time steady-state identification. The R-test method
has been applied to a limited number of set-points, to elaborate the corresponding ORC performance. The organic
fluid maximum temperature has been identified as the most critical quantity for steady-state detection. The results
for the three considered set-points show how the increase of superheating causes an increase of the cycle efficiency,
a slight increase of the expander efficiency, but also an increase of the cycle irreversibility. The steady-state
detection method will be applied for a test campaign, investigating various operating points of the system.
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