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Abstract

Concentrated solar power systems are characterized by strong transients and require proper control
guidelines to operate efficiently. In this context, a dynamic model of a 5 kWe solar ORC system is developed
in the Modelica language to investigate the possible advantages of coupling a concentrating solar power
system with a thermocline packed-bed storage. The models of the solar field, the thermocline storage and the
ORC unit are described and integrated in the open-source ThermoCycle library. A first regulation strategy is
proposed and implemented into a controller unit. Results of a three-day simulation using real meteorological
data are finally analyzed and discussed.
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1. Introduction

In the last 30 years the power generation industry has been affected by a significant growth of small capacity
intermittent renewable on-site power plants, promoting a progressive transition from a traditional centralized
structure to an horizontal one (Resnick institute, 2012). In such a new envisaged distributed energy scenario,
micro (3 — 20 kWe) and small (50 — 200 kWe) capacity concentrated solar power (CSP) plants can play a key
role for remote power applications (Price, 2002). The relatively low cost of storing thermal energy represents
one of the main advantages over PV technology (Peters, 2011). Among power generation technologies in the
range of few kWe to few MWe, organic Rankine cycle (ORC) power units have been proven to be a reliable,
mature and viable technology (Verneau, 1979) characterized by a simple system structure, easy maintenance
and cost-effectiveness (Angelino, 1984). In the early 1980’s, a 150 kWe solar ORC system was built
demonstrating the feasibility of the concept (Larson, 1983). Recent studies have investigated the potential of
small capacity solar ORC systems highlighting the commercial potential for a power range from 100 kWe to
5 MWe (Price, 2002; Prabhu, 2005). Up to now, the only commercial solar ORC power system is the n-
pentane 1 MWe Saguaro plant in Arizona, showing an overall efficiency of 12.1% (Canada et al., 2006).
Progress has been recently presented in the micro power range. Kane et al. (2003) presented experimental
data of a 13 kWe cascade hybrid ORC system based on scroll expander technology, using HFC-123 and
HFC-134a as working fluid with a measured solar efficiency of 7.7 %. Within the framework of the
Powersol project, a 5 kWe solar ORC unit using Solkatherm36 as working fluid was installed in 2009 in
Almeria with an expected solar efficiency of 7% (Rodriguez et al., 2006). Different prototypes from 1 to 3
kWe solar ORC systems expanding HFC-245fa via a scroll expander have been installed by a cooperation
between researchers at MIT, at the University of Liége and at the non-governmental organization STG
International (Orosz et al., 2010; Quoilin et al., 2012). An experimental facility to test a 3 kWe ORC system
for solar applications using HFC-245fa as working fluid and scroll machine as the expander technology has
been recently designed (Georges et al., 2013) and built at the university of Liége under the Sun2Power
project framework. The first presented experimental results show a maximum power output of 1.8 kWe with
a measured expander isentropic efficiency of 68% (Dickes et al., 2014).
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In this contribution, a dynamic model of a 5 kWe solar ORC system, based on the Sun2power concept, has
been developed in the Modelica language (EImgqvist et al, 1997) to investigate the possible advantages of
coupling the solar system with thermocline storage. Dynamic modeling tools have been recently used to
assess the performance of small solar ORC systems under transient conditions. A Modelica model of a novel
solar flash-ORC system working with complex molecules fluids coupled to direct thermal energy storage
(TES) was presented by Casati et al. (2012). Ireland et al. (2014) developed a detailed Modelica model of the
STG international solar ORC system to investigate the performance of different ORC control strategy over a
four reference days. In this work, the presented dynamic model, based on the ThermoCycle library (Quoilin
et al, 2014), is characterized by a simplified model of the ORC unit and focuses on assessing the possible
thermodynamic advantage provided by the installation of an indirect thermocline storage system. A
simulation over three reference days is performed and the results are used to analyze the benefits and
drawbacks of the proposed control strategy.

2. System description

2.1 Overall system architecture

A schematic layout of the micro solar ORC system proposed in this contribution is shown in Figure 1.
Among the available concentrated solar technologies, parabolic trough collectors are selected since they
allow for a temperature range that fits the working conditions of the ORC power system. The presented
concept features a two loop system with a packed-bed thermocline storage unit. The power unit integrated in
the solar power plant is a 5 kWe non-recuperative Rankine cycle using HFC-245fa as working fluid (WF).
Referring to the left side of Figure 1, the heat transfer fluid, Therminol 66, is pumped through the solar field
where it gets heated up to the nominal temperature T}, ,,,,, Of 175°C. The fluid is then sent to the evaporator
(d) where thermal energy is transferred to the ORC power unit to produce electricity. At the evaporator outlet
(e), the heat transfer fluid (HTF), at the nominal temperature T, ,,,,, 0f 140°C, is sent back to the solar field
(a) to be heated up again. However, because of the intermittent nature of solar irradiance (day/night,
cloudiness), CSP plants are characterized by strong transients and mostly operate in off design conditions. To
better match heat source availability to power generation requirement, a thermal energy storage (TES) tank is
coupled to the system with an effective storage medium formed by the HTF and a packed-bed of solid filler,
brick in this case. Following a predefined regulation strategy, thermal power is stored during excessively
sunny periods to be later used during night or unfavorable meteorological conditions. A detailed description
of the control variables and of the selected regulation strategy is reported in the next section. Furthermore,
technical details and design data of the micro-CSP system are reported in Table 1.

Tab. 1: Technical data of the micro-solar ORC system.

Technical data SF

PTC SopoNova Aprc 52 m? To nom 140 °C

HTF Therminol 66 Lprc 3.66m Ty nom 175°C

Nprc 25 SM 15 Ty min 170 °C

Technical data ORC

WF R245fa Nexp,is 70% ATh o0 10K

Qevmax 46 kW Nop.is 50% ATy ca 5K

Wnet,nom SkW nORC,nom 10% pinChev 25 °C

Tea 35°C P.4 2.5 bar Pey max 33 bar
Design data Thermal storage

Filler mat.  Brick Tres € [140; 175]°C Krier 5 W/m.K

Eporosity 0.22 Capacity 3h30 CPrilter 830 J/kg.K

Viank 8 m? AUgnpioss ~ 0.15 W/m2K Pris 1.2 bar
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Fig. 1: Schematic layout of the micro-solar ORC system coupled with the thermocline storage

2.2 Control parameters and strategy
As illustrated in Figure 1, three independent control variables can be operated to regulate the power plant:

e The speed of the solar loop pump (Xsr) which controls the HTF mass flow rate rge circulating in
the solar collectors.

e  The speed of the power loop pump (Xpy,) which controls the HTF mass flow rate mp,, circulating
in the evaporator of the power unit.

e The heat power Q.,, transferred to the ORC working fluid in the evaporator.

Although Q,,cannot be controlled directly in practice, it is assumed to have a perfect control on the ORC
pump rotational speed in order to achieve the desired heat exchange rate in the evaporator. Furthermore, by
adjusting the relative speed of the two pumps in the solar loop, the charge and discharge processes of the
TES can be regulated. Indeed, three different scenarios can be recognized:

o if mpy = mygp : the same mass flow rate circulates in the solar loop and in the power loop, there is
not any HTF circulating through the TES. The stratified tank is neither charged nor discharged.

o if mpy < mgp : the HTF flow rate is higher in the solar loop than in the power loop. The
difference of mass flow rate enters the tank at the top and the TES is charged;

o if mpy > mge : the HTF flow rate is smaller in the solar loop than in the power loop. The
difference of mass flow rate enters the tank at the bottom and the TES is discharged.

Different control strategies can be conceived to operate such a system (Bayon et al, 2013). In this work, a
first approach is investigated and its logic is illustrated in Figure 3. The three control variables are regulated
to keep the temperature at the outlet of the solar field, T}, , and at the outlet of the ORC evaporator, T, , as
close as possible to their nominal values T}, ;o aNd Ty, 0. INdeed, thermocline TES systems take advantage
of the thermal stratification due to the density gradients which arise as a result of the temperature differences
(Powell and Edgar, 2013). If a temperature inversion occurs, i.e. if the HTF enters at the top (bottom) of the
TES with a colder (warmer) temperature than the temperature in the upper (lower) zone of the tank, the
density gradient is inverted and buoyancy forces induce an undesirable mixing of the fluid within this zone.
As depicted in Figure 2, this mixing process between the denser fluid layer and the layer below continues
until equilibrium is reached to an intermediate temperature, resulting in a decrease of the TES exergy
efficiency. Therefore, it is of primary importance to maintain a two-zone temperature profile inside the
stratified tank even in case of fast transient conditions in the solar loop. This is achieved by providing a
temperature at the TES ports (T}, and T,) close to the nominal value.
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Fig. 2: Temperature inversion in a thermocline system in case fluid at a temperature colder than Ty nom enters at the top of the
TES, resulting in a degradation of the temperature profile.

Keeping the solar field outlet temperature close to T}, ,,,,, is achieved by controlling the solar loop mass flow
rate Mgy Vvia the pump speed Xgz. On the other hand, T, .., at the evaporator outlet is reached by adjusting
the heat transfer Q.,, in function of the evaporator HTF supply conditions. The power loop pump speed Xpy,
is regulated to control the charge and discharge of the TES, as shown in Figure 3. In case of excessively
sunny periods, the thermal power collected by the solar field Qg can be greater than the maximum
admissible thermal power of the ORC, Qeymax- IN this case, the mass flow of the power loop 7itpy, is
adjusted to transfer Qq,,max iN the evaporator. As a consequence ripy, < mhge and the excess mass flow rate
enters the stratified tank at the top and the TES is charged.

In case of unfavorable solar conditions, the DNI can be too low and the minimum threshold T}, ,,,;, is not
reached. If the TES is charged the power is extracted to adjust the temperature at the inlet of the evaporator,
T4, close to Ty 1min. On the other hand, if the TES is not charged and the solar field outlet temperature T, is
lower than Tj, ,,,;,, the power loop mass flow rate mpy, is set equal to mge and the TES is neither charged nor
discharged.

g adjusted to
reach Ty pom

if Ty < Tb.min [f Tb = 7‘b.nu‘n

if Ttop,TI-.‘S € [Te,nom; Tb,min I if Ttop,TES < Te.nom if QSF S Oev.maz if QSF > Qev,max

':f Ttop,TES > Tb,min
N A/ /
Qev =0 Qev = Qgp Qev = Qev.nmx
mPW = mrd,mm tpw = Ty mPW e mSF mPW = mo""-"‘“‘
— TES discharge - NoTES - NoTES — TES charge

Qev = Q;v

mPW = mPW.nmx
— TES discharge

Fig. 3: Schematic illustration of the proposed control strategy
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3. Dynamic Modeling

In order to investigate the proposed control strategy under transient conditions, a dynamic modeling of the
conceived system has been developed in the Modelica language (EImqvist et at, 1997). The models used in
the frame of this project are based on the open-source ThermoCycle library (Quoilin et al., 2014). This free-
access library is dedicated to the modeling of thermal systems and has been under development at the
University of Liege since 2009. Thermo-physical properties of the fluids are computed with the open-source
CoolProp library (Bell et al., 2014), also developed at the University of Liége, and coupled to the
ThermoCycle library through the CoolProp2Modelica package.

3.1. Solar field

Each parabolic trough collector is modeled by an absorber tube discretized in N,,;; cells of constant volume
connected in series. This one dimensional (1D) discretization along the axial axis is justified by the large
ratio between diameter and length of the heat collection element. The heat absorbed by the HTF in each cell,
Qups.i» is calculated by expressing the thermal energy balance i.e.

Qabs,i = QSun,i - Qloss,i (Eq 1)
. DNI opt-A

QSun,i = % (Eq. 2)
Qmss,i =@;. L (Eq.3)

where QSun,i is the solar energy reflected onto the i cell of the absorber tube ( Eq. 2), and Q,Oss‘i is the heat
loss related to the same cell (Eq. 3). Appc is the surface area of one parabolic trough collector, DNI is the
solar direct normal irradiance, n,,, is the optical efficiency and L; is the cell axial length. ¢; is the linear heat
loss from the absorber and is given by Eq. 4:

Q; = A0 + Al- (THTF - Tamb) + A2- THTFZ + A3. THTF3 + A4 -DNI - IAM - COS(Q) " THTFZ + 1/ VW :
(45 + A6(Tyrr — Tamp)) ~ (Eq. 4)

This correlation relates the heat loss to the HTF temperature, the ambient temperature, the wind speed and
the solar irradiance. Further information concerning this correlation can be found in the open literature
(Burkholder et al., 2009; Ireland et al. 2014).

3.2. Organic Rankine cycle system

The dynamics characterizing the ORC system are much faster compared to the ones characterizing the solar
field and the thermocline tank. For these reasons, the ORC power block is a simplified quasi-steady state
model which assumes constant performance parameters reported in Table 1. Such approach allows to
decrease the computational time and the complexity of the whole CSP power plant system model and to
focus the analysis on the dynamics concerning the solar field and the TES. In the ORC power block model,
the evaporating pressure is computed as a function of the HTF temperature in order to keep a relatively
constant pinch in the evaporator. The working fluid mass flow rate results as an output of the evaporator
energy balance.

3.3 Thermocline Storage

The thermocline system is modeled by a 1D, finite volumes approach: the tank is supposed to be cylindrical
and is discretized along its vertical axis in N.g,, isothermal cells. The model is based on previous work
(Galli, 2011) and has been improved to account for a filler material in case of a packed bed storage system is
used. Temperatures of the fluid and the filler material in a same cell are assumed equal (Bayon et al, 2013)
and a constant pressure is prescribed in the whole tank. The model simulates the conductive heat transfer in
the fluid, in the filler material and in the surrounding metal casing. It also accounts for the heat losses to the
environment and for the flow reversal in case of charge and discharge processes. However, the turbulence
mixing phenomenon due to the fluid introduction in the tank is neglected. Dynamics of the tank are evaluated
by expressing the mass and energy balances in each finite volume cell. Because of the numerical diffusion
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due to the finite volume modeling method (Powell et al., 2013; Casati et al., 2013), a high-enough number of
nodes N;.,, Must be chosen (>30) to be able to model the thermocline effect occurring in the tank.

This model has been validated, both in charge and discharge mode, based on experimental data from the
open literature (Zurigat et al., 1989; Pacheco et al., 2002).

3.4 Control unit

A control unit integrating the regulation strategy described in Section 2.2 is developed in the Modelica
environment. Inputs to the controller are temperatures, pressures and mass flow rates measured in key
locations of the system, as depicted in Figure 4. The solar loop pump (Xsz) is controlled by a single Pl
controller aiming to match the target temperature T}, ..., at the solar field outlet. On the other hand, Q,, and
Xpy, are computed through an algorithm section implementing the cascade sequence depicted in Figure 3.

[==

Controller

SOUrce

Fig. 4: Graphical user interface of the dynamic system model in Dymola

4. Results and Discussion

The dynamic model described in section 3 and controlled based on the scheme reported in section 2.2 is used
to analyze the performance of the presented solar power plant over a three day reference scenario. The
selected DNI data refers to Almeria in 1996, July 9" — 11". Mass flow rates defined from the aforementioned
control strategy are depicted in Figure 5. The solar loop flow rate, depicted in black, follows the DNI trend in
order to keep the temperature at the solar field outlet T, as close as possible to its nominal value T}, ;,om. FOr
high value of the DNI in the middle of the day, the maximum thermal power exchanged to the ORC
evaporator, Q.y,max iS reached and the power loop pump saturates. The mass flow in the power loop, 1py,
becomes smaller than the mass flow rate in the solar loop, mgr as a consequence the TES mass flow rate,
reported in green, results positive and the tank starts to be charged. This scenario can be observed for each of
the simulated days. At the end of each day or during unfavorable solar conditions (second day), the stratified
tank is discharged in order to keep the temperature T, at the solar field outlet as close as possible to the
minimum admissible temperature T}, ,,,;,,. This scenario can be identified in figure 5 by the fact that the TES
mass flow during tank discharge becomes negative.



Dickes et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

4 1000
4900
4800
_ 1700
B ]
2 1600
— m d
> dot,SF_ 500 g
‘0_? mdot,PW %—-
§ ‘ i.f. Mot TES] 400 S
= 02- 31;';; | ||~ pn 300
1 ¢ 3 5 4100
-0.6 4 it i : J
T 1 T T Ll = ] I T O
0 10 20 30 40 50 60 70 80 90

Time [h]
Fig. 5: Mass flow rates in the solar loop (in black), in the power loop (in blue) and in the TES (in green)

Temperature profiles in key locations of the system are depicted in Figure 6. Oscillations of the temperature
at the outlet of the solar field, T}, in red, when the nominal value is reached, are the results of the PI control
regulating the solar loop pump speed. As can be seen in Figure 6, at the end of each day T, decreases due to
the decrease of the DNI, but the temperature at the inlet of the ORC evaporator Ty, green line, is kept higher
than the minimum value by discharging the TES system. In the same manner, during the second day
discharging the TES system allows to dump the falling of DNI that causes a sharp fall of T),.

During working operation the temperature at the ORC outlet, T, in blue, is also kept close to its nominal
value, T, om, by adjusting the heat transfer through the ORC evaporator, Q..
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Fig. 6: Temperature profiles of the solar field outlet (solid red line), the evaporator inlet (green line), the evaporator outlet (blue
line)

Temperature profiles at different levels of the TES tank are given in Figure 7. For each day a different charge
load of the TES is achieved due to the variable solar condition. As can be observed the temperatures at the
end of each day keep decreasing due to the heat losses and thermal diffusivity effects. As explained
previously, the control strategy is developed in order to keep the temperatures at the tank ports close to the
nominal values in order to avoid any degradation of the stratified temperature profile inside the TES. A
dynamic representation of the temperature profile along the tank height is shown in Figure 8 and displays the
temperature profile at a time that corresponds to the middle of the first day.
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Fig. 8: Screenshot of the ThermoCycle Viewer display showing the temperature profile inside the TES tank at t = 5800 seconds

Finally, thermal and mechanical powers involved in the system are reported in Figure 9. The regulation
strategy is developed to keep the supplying temperature of the ORC evaporator as close as possible to a
nominal value. When the solar irradiance declines, the solar loop mass flow rate g, is decreased in order to
keep T, close to its nominal value. Once mg, reaches its minimum threshold the TES is discharged. Such
control strategy implies that the thermal power exchanged to the evaporator decreases close to zero at the end
of the day and increases again during the TES discharging as can be seen at the end of each simulated day in
figure 9. A better alternative would be to start discharging the TES as soon as the thermal power transferred
to the evaporator decreases below a certain threshold. Both the influence of the temperature and the mass
flow rate would be taken into account and a more constant thermal power through the ORC evaporator could
be achieved, leading to a more constant power generation.

70000 -
I M 4 800
60000 1766
50000 - 600
< 40000 oS00
g 400
£ 30000- S
o 300 &
20000 4
200
10000 - 1100
0 0

Time [h]

Fig. 9: Heat powers collected by the solar collectors (in cyan), transferred to the evaporator (in green), released in the condenser
(in blue) and the net electrical output of the ORC (in magenta)
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5. Conclusions and Future work

In this work, a dynamic model of a micro-solar ORC system is developed to investigate the possible
advantages of coupling a CSP system with a thermocline packed-bed storage. First, the different models and
the proposed control strategy are described. Then, simulation results over three typical summer days using
real meteorological data are discussed and analyzed. Benefits of using a TES system with a preliminary
control strategy to keep constant the temperatures at the outlet of the solar field and of the ORC evaporators
are demonstrated. However, the proposed TES discharging strategy can be improved in order to better
control the thermal power sent to the ORC evaporator. Furthermore, the modeling approach of the ORC unit
should be improved to be more realistic. Finally, future works also include investigation of off-grid
applications in which the net power generation of the ORC unit must meet a target non-constant profile.
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Nomenclature

Acronyms Subscripts Symbols

CSP Concentrated Solar Power cd condenser A Surface area

DNI Direct Normal Irradiance ev evaporator € Porosity

HTF Heat Transfer Fluid exp expander i Index

ORC  Organic Rankine Cycle is isentropic L Length

PTC Parabolic Trough Collectors max maximum m Mass flow

PW Power min minimum N Number

SF Solar Field nom nominal 0] Heat loss

SM Solar Multiple opt optical Q Heat power

TES Thermal Energy Storage pp pump T temperature

WF Working Fluid sC sub-cooling \Y/ Speed/Volume
sh superheating " Electrical power
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