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Abstract:

Solar energy is widely considered as one of thet mibiactive renewable energy source
to curb CQ emissions at residential level where micro-cogathen has a very
interesting potential. One promising applicationsofar energy is in combination with
Organic Rankine Cycle (ORC) plants due to the @bito utilize low-medium
temperature heat sources. However, because ofnthamittent availability of solar
energy, thermal energy storage (TES) systems grereel to improve the performance
of such systems and assure their prolonged operatibmedium temperatures, latent
heat thermal energy storage (LHTES) systems altoeffectively store and release the
collected thermal energy from the solar field. Hgare room for improvements exists
to increase their efficiency when in operation. Bos reason, in this work the authors
have numerically investigated the performance d &W. micro-solar ORC plant
coupled with an innovative LHTES system that isngoio be built and tested under the
EU funded project Innova MicroSolar. The novel LH,Edeveloped and designed by
some partners of the Consortium, is subdivided smanodules and consists of 3.8 tons
of high-temperature phase change material. In shisly the effect of the storage
volume partialization on the performance of theegmated plant is evaluated using a
fuzzy logic approach. Main aim of the storage managnt is to achieve a reduction of
the thermal losses and improve the plant overadiefhcy. Annual dynamic simulations
are performed in order to determine the optimatagfe volume needed in different
operating conditionsResults clearly show a remarkable annual increastectric and
thermal energy production of 8 % and 6 % respelgtiven comparison with the
configuration without fuzzy logic control: this aekement was obtained decreasing the
working LHTES modules in winter and conversely aasing them in summer.
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1. Introduction

The building sector accounts for about 40 % of fthal energy consumption and 36 % of £0
emissions in Europe [1]. In order to curb the sharéne sector on the final energy consumption
and the related environmental impact, the Europdsion is pushing towards an improvement of
the energy efficiency of buildings and an increase@enewable energy technologies penetration
into the grid [2]. Among the different renewableeggy technologies, Concentrated Solar Power
(CSP) plants in combination with CHP systems [3 &reseen as a valuable alternative to
substitute thermal and electric power generatiomffossil fuel. So far, a good contribution in this
direction has been given by the introduction ofamnirated evacuated tube collectors due to their
optimal compromise between cost and conversiorcieficy, all these advances have been
promoted by recent progress in manufacturing [4]. €ffectively convert the solar energy into
power, Organic Rankine Cycle systems are usualiypted at small scale [3]. Thanks to their low
maintenance and noise operation, as well as higabiley, ORC systems are receiving
increasingly attention from academia [5][6][7] andustry [8][9].

However, in order to achieve higher conversioncedficies and annual performance of ORC

systems, solar technologies with higher concewimatatio than CPC are required. Recently, many
researchers are focusing in this field. For exampfel et al. [10] assessed the performance of a
LFR-ORC system through a theoretical and simulastrdy. Results showed that supercritical

ORC systems is better than the subcritical onepedéently from the considered working fluid.

At residential level micro-cogeneration has a vengresting potential [11] and thermal power
output from ORC systems can be usefully recoveoedDiomestic Hot Water or Space Heating
purposes [12].

Owing to the fact that energy production from sathnologies and user demand are not always
simultaneous, thermal energy storage (TES) systamgequired to decouple them and usefully
extend the operation of solar plants. At presensibée heat TES are commonly adopted at low
temperatures range [13] whilst at medium-high tenapees range latent heat thermal energy
storage (LHTES) systems are preferred. For examillanfrida et al. [14] mathematically
investigated a LHTES in application to a solar po@&C over one week period. Authors found
that the proposed plant was able to generate pfawemost 80% of the simulated period with a
weekly average overall solar-to-electricity effiooy of 3.9%. At the same time, they pointed out
that appropriate control logics are required torowp the performance of the system over a more
extended period.

Managing LHTES efficiently is a crucial point in topizing the operation of solar energy based
ORC systems. Indeed, an increase of the working fhiet temperature to the expander of the
ORC unit entails higher electric conversion effig, but at the same time, it leads to higher
thermal losses from the envelope to the ambientebleer, in case of LHTES the collected thermal
energy can be efficiently recovered in the meltiegpperature range of the phase change material,
thus it is convenient limiting its proper operation this interval. For these reasons, under the
framework of the H2020 Innova MicroSolar projecb[ha consortium of three EU Universities and
six EU companies coordinated by Northumbria Uniwgrgl6] have designed a novel 2 kWe
concentrated solar ORC system coupled with a LH&gSpped with reversible heat pipes that is
going to be tested in the city of Almatret, SpaMith reference to the LHTES it consists of 3.8 tons
of Solar Salt, whose melting temperature is inrdregge 216 — 223 °C, subdivided into six modules.
In this paper the authors according to a fuzzydapproach investigate the effects of the storage
partialization and its smart management on theopmdnce of the overall plant. To the best of the
authors’ knowledge, some studies in literature eslEd the influence of TES partialization
[17][18], but none of them referred to LHTES. THere, the main novelties of the work rely on: (i)
the development of a fuzzy logic approach to LHT&8tems; and (ii) the assessment of the
influence of the smart management of the LHTEShenperformance of the small-scale integrated
plant.



Hence, after the Introduction, Section 2 brieflpods the methodology of the work, Section
presents a descriptior the model of the plant while Section 3.2 the fukgic control in detai In
Section 4 theeffects of the LHTES smart management on the padace of the integrated syst:
are reported and eventuallySection 5 the main cclusions drawn.

2. Methodology

A dynamic model of thenhova MicroSole plant is developed in Matlab/Simulinland the
performance of the integrated systassessed in terms electric and thermaefficiency and
energy production. Theontrol logic implemented into the model aimspaibdudng electricity at its
maximum, whilstthe thermal load is considered as ~product which can busefully collected by
final users. In addition, eascade¢uzzy logic controllemanaging the operation of the subdivic
LHTES system is designedlith the final aim of improving the global performance of the p.
Indeed, bythe results of previous simulatic [19], duringwinter and mid seasons the main con
system slowly charged the LHTES, but this energyg sstematically lost due to the low enthal
level. The smart cascade fuzzy logic control would haveredting potential on t overall annual
performance of the plaftecause it actpredominantly in reducing such los. Strasburg, France,
is considered @alocation for the simulatio, since it represents t@mperate climatdocation in
Europe with a radium level o solar radiation. Eventually, the obtathperformances of the
integrated system ammpared with those of the pl operating at the samambient conditions,
but withouta smart control management of the LHT

3. Simulation Models

3.1. The Innova MicroSolar Plant model

The Matlab/Simulink [20plant model works under quasteady state conditiorand the dynamic
perfamance of the integrated syster carried out for a whole yeavleteonorm database availal
in the TRNSYS libraryhas been used for weather (¢ in terms ofsolar radiation and ambie
temperaturdor the city of Strasburg, Frar.
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Figure 1Schematic of the integrated system under ang



The following main components have been included the model: (i) the LFR solar field; (ii) the
micro ORC plant; and (iii) the PCM thermal energgrage tanks equipped with reversible heat
pipes.

Specific subroutines for the LFR solar field ané t\CM storage tanks equipped with heat pipes
have been developed by the authors in Matlab irtiaddo the ORC unit. Details of the ad hoc
subroutines have been reported in a previous wpdomme of the authors [19].

Depending on the solar radiation and the statehafge of the LHTES the integrated plant works
according to different operation modes. Indeed,dia¢ghermic oil from the solar field flows to the
LHTES and/or directly to the ORC, depending onté@siperature and on the amount of power
collected at the receiver. On the contrary, whenpibwer produced by the solar field is low or zero
and the average TES temperature is within a giyaErating range (Jrc,on=217 °C and &rc o=

215 °C), the thermal energy of the TES can be tsedn the ORC unit and assure its operation for
a maximum of 4 hours with no suitable 1 reports set-points and threshold values of each
operation mode.

Table 1 Operating conditions for the different cgte@yn modes of Plant

Operation Mode Description Operating conditions
OM1 LFR supplies ORC ol=210 °C
OM2 System off -
OM3 LFR supplies TES ol = Tres at10 °C
OomM4 LFR supplies TES and ORCl = 210°C if Trgs av< 200 °C or
TTES,av> 280 °C
otherwise
Toi = Tres,avt 10 °C if Trgsav > 200 °C
OM5 TES supplies ORC oil flow rate 0.22 kg/s
OM6 TES and LFR supply ORC = 210 °C and oil flow rate 0.22 kg/s

In this work, the model of the LHTES is subdividedo six modules, each of them having a

distinct operation and temperature range. Accolgjrtge TES control unit monitors their state of

charge and sends signals to the main control sysierthoose which one works. Further details are
provided in the following section.

3.2. The fuzzy logic controller

The fuzzy logic controller has been implementedhenbasis of the following assumptions. First of
all, to ensure an effective LHTES charging, LFR traugpply oil with a temperature greater than the
storage (10°C is the temperature difference assuniate to the different temperature of each
module, the LFR shall check the maximum temperatdirdne current connected LHTES module

and shall supply all the connected modules witkraperature higher than that. Secondly, during
the discharging phase, corresponding to OM5 and QMfle ), the connected LHTESS must

have a temperature suitable for the ORC supplyelhethe control system of the storage allows
the connection only to the modules with a tempeeatigher than the temperature of the ORC inlet
oil. Third, the oil flow rate is split equally amgithe LHTES both in charging and discharging.

The fuzzy logic controller has been designed adngrtb a cascade approach to accomplish the
following tasks: (i) select the number of modulesbe connected with the plant; and (i) manage
each module based on a priority scale set outéptavious decision.

In general, the performance of the plant can befrefin the partialization of the LHTES. However,

the management is strictly related to the ambiadtaperating conditions of the whole plant and to
its peculiarities. For example, based on the deraf the plant extensively discussed in [19],
when the solar radiation is high and the LHTESasfally charged, connecting a high number of



modules allows to mitigatdhé temperature overheatiof the LFR solar fiel, thus avoiding the
inefficient defocusing of some mirrors. On the cant, when the solar radiation is low (OM, it is
conveniento connect and char@s less modules as possiblaéeiiefore, a close retionship exists
between the outlet temperatwéthe diathermic oil from the LFR solar fieand the number of
modules to be connecteBor thisreason, a logarithmic functioshown inFigure 2 has been
chosento correlate the diathermic oil outlet temperatfran the solar fielcwith the number of
modules that have to workhe LFR outlet oil temperature ranges between 2166€eponding to
operation mode OM1, and 305°C, i.e. the maximurowadd temperature before defocus The
logarithmic function has begmreferredsince it leads to bbw number of moduleto be connected
at low temperatures, whilsat high temperatures it ireases quicklyto preventthe risk of
defocusing.
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Figure 2 Logarithmiaorrelation between number of modules and LFR dugaperature

The fuzzy logic decision criteria is based on tabove-mentionedogarithmic functiol, used to

defined the membership functio(related in this case with the number of moduas presented in
Figure 3 it provides aoutput a not integeralue correlatedvith the final number of modules |

varying the oil temperature.
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Furthermore, n order to take into accot more accurately thehanges in the diathermic
temperature, a second param, i.e. its derivative with timejs included in the fuzzy logi

Therefore, theaelative membership functii of the controller adda modult if the derivative is
positive (T_LFR derivativegreater than 0.1 °C/m) or keeps the same number of modLif the

derivative is zero, and finally reduces the number of modules in ca is negativi according to
Figure 4
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Figure 4derivative component of the first fuzzy logic colir

Once the number of modules be connected with the plant assessed by t first fuzzy logic
controller, a secontlzzy logic controller in cascacis appliedin order to establish the workir
priority on the basis of the storage state of chzThe priority of charging habeen chosen on the
basis of the melting temperature range of the twdeBCM, but also orthe ORC turn on/off set
points (OM5) and orhe ability of oi-heat piped-HTES “chain” to exchange the heat efficien
among each otherhe criteria for priority are as follov: (i) it is not convenient charging a thern
storage at low temperature, tho the corresponding thermal losses are negligand at the same
time the high difference in temperature betweenPRG& and the LFR outlet temperature facilite
the thermal exchange (preventing the defocus Indeed, rarelythe received energy incises to
the point that LHTESemperatures suitable for the ORGupply, it is often loy, and thus, it has
been chosen a low priority. Thew priority also occurs wherhé LHTES is at high temperatt
since the thermal losses are high, whilst the OR@ does not benefit of this increase
tempeature. Moreover, the LHTE is less prone to receive thermal energy at highpeatures
because of the low temperature difference betwkerPCM and the | and, therefore, a seriol
risk of LFR defocusing exist$ii) The highest priority occurs whenever the LHTES medwus ¢
temperature close to the melting temperature rarfigae PCN. In this case, indeethe thermal
energy inputcan be exploited to n the ORC unit in OM5 and OM6. (iilvhenthe LHTES is at
mid-high temperaturealthough th storage is in melting phase with good thermal emgk
properties, thermal losses aignifican and the temperature difference between the PCMtlza
outlet tenperature of the diathermic oil from the LFRquite low it is not very convenient i
charge the LHTES, thereforenaid priority is assigned. Thmmembership functions of tkrsecond
fuzzy logic controller areestablishecand thecharging of the LHTES modes occurs with the
priority shown inFigure 5
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Therefore, according to the two cascade fuzzy lagiotrollers described abc, a matrix of
identification of the modules to be connected wilig plant and their priority is define All the

identification codes are managed In ad-hoc routinewhich sorts the six outputs coming from
respective fuzzy logicontrollers ancacts on the oil flow ratédy directing it into the selected
modules of the LHTES.

4. Results and discussion

In order to better appreciate the influence of teveloped cascade fuzzy logic control,
performance of the plant imvestigated for a whole year with an hourly timeg. Table 2
compares the yearly performance of the plant and withoutsmart manageme.

Considering the systemith fuzzy logic contrcler, the thermal lossdsube loss due to the piping
and to the thermal storag€ES loss account for 22 % and 12 #@f the total energy availat,
respectively. InTable 2it is evident that the operation of the plant béeefrom the smar
management of the LHTES. While the thermal losdeth® tubes are higher in case of sn
management of the LHTES, the thermal losses of HHEES are almost 8 % loweMoreover the
higher thermal production of the solar fi (LFRyy) is reflected in more ORC operative hc
(ORGimeon @andhigher mean inlet temperature, consequently itlt®sn greater electric enert
generated (EE,; ORC) andhigheraverage ORC electric efficienc@RC ef). Operation hours of
the plant in OM5 and OM6 increase of % and 7.2% compared to thstandard control. The
proposed smart management allows indraising the temperature of the single mod, thus
achieving the melting temperature rangd the consequent use of the stored en

However, because of the intrinsic operation ofglaat in case of smart managemea higher loss
at the LFR solar field due to defocusing oc also. Insteada positive effect of the sme
management is demsimated by the augmentation of the working hourgperation mod«OM5
and OM6, consequence of the best thermal manageshéreé LHTES which cal store energy in a
little quantity of PCM thus causing a higher increase o temperature over the explcble
threshold fixed as 215 °C (just under the meltihngge)



Table 2annual energy balance and performance of the phatit and without the smart fuzzy log

controller.
LHTESS Single TES TES dividedin 6 modules  Variation,
no fuzzy logit with fuzzy logic %
LFR ou, kJ 1.64E+08 1.74E+0¢ 6.22
ORCip, kJ 1.12E+08 1.18E+0¢ 5.36
TES loss, kJ 2.00E+07 1.84E+0° -7.90
ORC time on, s 4.03E+06 4.26E+0t¢ 5.66
P Lrr lOSS, kJ 7.80E+06 9.88E+0¢ 26.73
tube loss, kJ 3.58E+07 3.97E+0 10.92
P conc ORC, kJ 7.20E+07 7.65E+0 6.20
EE 0w ORC, kJ 6.76E+06 7.29E+0¢ 7.86
ORC eff, % 5.86 6.73 14.76
OM5, h 92 101 9.51
OMS6, h 36 38 7.26

The analyses based on the yearly averaged valuestddearly show the exact influence of
developed fuzzy contrdbgic on the whole performance of the plant. Theref the trend of th
main performance parametersigwnin Figure 6andFigure 7on an average monthly ba:
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Figure 6 relative trends operformanceparametersbetween the configuration with and with

fuzzy logic.
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Figure 7 relative trends operformanceparametersbetween the configuration with and with
fuzzy logic.

Both Figures show theaviation in percentage of the performance paramdtercase of sma
management compared standard control without fuzzy logiAlthough the annual results fost
the fuzzy version, there are some adverse conditibat reduce its effe. In Figure 8 the
defocusing effect is empathized in the -season (P_LFR_dissjlue to the LHTESS temperatt
just below the meltingemperature. Sur conditionis more frequent during this period the year,
because in summer all the LHTES may be considestadiyt melted ancthen this behavior is
attenuatedPartialization significantly reduces tistorage losses (TES loss)wintel, as shown in
Figure 7, while a secondary effect is the ieaseof the oil temperature in the piping highlighted
the “tube diss” variable. éresult, the ORC electric efficienand energy generated rise likew
For sake of clarity, the monthly DIduring the year is also representedrigure 7 in order to show
the load of the plant over the y.

5. Conclusions

This paper aims at evaluating the annual performafen innovative micr-solar CHP plant used
in residential applicationsn case of smart management of the LHTES. In thepgsec
configuration the LHTES is divided into six modulasdits operation isnanaged according to
cascade fuzzy control logigvhile the main control system of the plant isigieed to maxirize the
annual electric energy production, this furthertoonaims at managing the LHTES system i,
but, as a consequenceaffects the thermal and electric energy productf the whole plant ove
the year. Hence, the performas of the integrated plant are then evaluated on atimhpbasis anc
compared to those of the plawith the LHTES without subslision into modules and sme
management. Ae main findings of tt comparison highlight that theroposed smart managem:
of the LHTES contributes to:

* a significant increase in the electric and thereradrgy production of about 8 % and €
respectively ger the yea

* a 6% higher thermal energy output from the LFR rsibdéd;

» thermal losses of the LHTES system lower than

* an electric efficiency of the ORC unit 15% higr

* aprolonged operation of the plewhen the TES supplies the ORGM5 and OM:¢);

* 26%higher thermal losses of the LFR solar field duédalefocusin, occurring especially
in mid-season.



Concluding, the adoption of a smart control managgnof the LHTES allows increasing the
performance of an integrated micro-CHP unit powebpgdsolar energy. Nevertheless, a further
investigation is required to better estimate thacéxpotential of the proposed approach and a
validation of the model is desirable during thelflooming experimental tests campaign.
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