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Abstract. Solar technologies stand out as effective solutions for decarbonising the building
sector. Among them, Concentrated Solar Power (CSP) systems offer the advantage of deliv-
ering flexible and dispatchable power. However, hybridisation with other renewable energy
sources is often pursued to extend the operational hours. Therefore, this study investigates
the complementarity of solar energy with biomass combustion within a small-scale hybrid tri-
generative plant. More precisely, the proposed system consists of a 240 kW peak thermal
power Linear Fresnel Reflectors solar field combined with a 130 kW, back-up biomass boiler
to supply heat to a 20 kWe/100 kW Organic Rankine Cycle (ORC) unit for the provision of
cooling, heating and electric power to 10 apartments. The hybrid plant also integrates thermal
energy storage tanks and a battery energy system to increase the solar energy self-consump-
tion and reduce the intervention of the grid. The performance of the hybrid system is analysed
through an advanced simulator developed by the authors in MATLAB/Simulink considering the
components’ inertia. The results reveal an increment in solar energy self-consumption
achieved by exploiting the low solar irradiance to bring the latent heat thermal energy storage
into its melting range, thereby extending ORC operation into nighttime hours. More precisely,
the system meets the entire annual thermal demand for space heating, cooling and domestic
hot water through renewable sources, consuming 2.25 tons of biomass. Electric demand cov-
erage, instead, reaches up to 81% with the inclusion of a 60 kWhe battery energy storage
system.

Keywords: Renewable Energy Sources Complementarity, Concentrated Solar Power, Hybrid
CSP-Biomass System, Organic Rankine Cycle, Combined Cooling Heating and Power

1. Introduction

According to IRENA, the global cumulative installed renewable electricity capacity needs to
triple from 2022 to 2030 reaching more than 11°000 GW to limit the surface temperature in-
crease to 1.5°C above pre-industrial levels [1]. This capacity addition would be dominated by
variable Renewable Energy Technologies (VRETSs), such as photovoltaics (PV) and wind tur-
bines, bringing pressure to grid stability as it is not designed to deal with the fluctuating nature
of intermittent renewable sources.

Compared to other solar energy technologies, concentrated solar power (CSP) can deliver
flexible and dispatchable power thus allowing the allocation of a large capacity of VRETSs.
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Therefore, despite being less economically appealing than other RETs, CSP systems have
recently attracted attention with special interest in their hybridisation with other vRETSs.

In the literature, hybrid plants combining CSP with wind, PV, and biomass systems have
been largely investigated at medium to large scales. For example, Liu et al. [2] conducted a
techno-economic analysis of a PV and CSP system integrated by electrical and thermal stor-
age systems under a constant 100 MW load demand. Similarly, Petrollese et al. [3] focused
on the optimal design parameters of a combined CSP, PV and battery system to minimise
energy production costs for a constant power output of 1 MW. Liu et al. [4], instead, analysed
twelve locations in China with two distinct load demand profiles to minimise the levelized cost
of energy (LCOE) including and optimising the size of PV, wind turbines, batteries, hydrogen
storage, thermal energy storage and CSP technologies. Results have shown that thermal stor-
age with batteries was more effective than hydrogen storage with batteries. Similarly, an eval-
uation of the LCOE of two 1 MW hybrid CSP/biomass power plants installed in Tunis, one for
power generation and the other for combined heat and power (CHP) production, has been
conducted by Soares et al. [5]. They reported a lower cost of energy in CHP configuration with
a value of 126.3 €/ MWhe compared to 175.4 €/ MWhe in power configuration only.

Contrarily, due to their reduced competitiveness, few works on hybrid CSP systems at
small scales are available in the literature. Costa et al. [6] performed an environmental and
economic analysis of an innovative CSP-PV system using a beam splitter for more efficient
use of solar irradiance for two locations in Europe. In a previous work [7], some of the authors
of the present study have investigated hybrid CSP-wind trigenerative systems for the provision
of cooling, heating and electrical power for residential applications, finding an improved renew-
able energy self-consumption and reduced grid reliance. Also in the case of hybrid CSP+PV
integrated with power-to-grid electric vehicles [8] the performance of hybrid CSP with vVRETs
resulted in limited energy production compared to user demand.

The literature review carried out has revealed that small-scale hybrid power plants based
on CSP technologies have been marginally investigated, and this work aims at filling the gap
by considering the hybridisation of a micro-scale CSP system with a biomass pellet boiler for
the full provision of user thermal energy demand by renewables.

2. Methods and models

The hybrid system under investigation combines solar and biomass energy sources to supply
heat to an organic Rankine cycle (ORC) unit for the provision of cooling, heating, and electric
power to 10 apartments located in central Italy. As depicted in Figure 1, the system comprises
the following key components:

e a 440 m? linear Fresnel reflectors (LFR) solar field, having a peak thermal power of
approximately 240 kWi, generating heat in the temperature range of 280°C - 320°C;

e a 130 kW biomass-fired boiler (BFB) using wood chips as fuel;

o a 20 kW /100 kW, regenerative ORC system, utilising toluene as working fluid;

e a 19tons NaNOy(6wt.%) / NaNO3(94wt.%) latent heat thermal energy storage (LHTES)
system, able to ensure 6 hours of ORC operation without sunlight by storing about 800
kWh, of thermal energy from the solar field;

e a7 m®sensible heat thermal energy storage (SHTES), acting as a buffer between the
ORC unit and the users;

e an 80 kW, single-stage cooling absorption chiller (ABS) using a lithium bromide-water
solution for space cooling during summer;

e adry cooler to dissipate excess heat from the ORC unit condenser;

o a 60 kWyg lithium-ion battery energy storage system (BESS), to reduce the power ex-
change with the external grid and increase solar energy self-consumption.
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Figure 1. Diagram of the hybrid solar plant

The hybrid plant works under various operating modes (OMs) devised to use solar and
biomass sources in series to run the ORC. The plant’s controls aim at satisfying the entire
thermal load, while electricity production is stored in the BESS or exchanged with the grid in
case of mismatches with user demands. Table 1 lists the possible OMs and the related oper-
ating conditions:

Table 1. Operating conditions of the CSP system for each OM

oM Sub-systems Operating Conditions
. BrB+ORC | O OO s Kale < = 016 ke
-3 LFR + LHTES + ORC if  PtirRout < 65 KWin tge;L;I:Is:zLoE;,;;f
-2 LFR recirculation if  PtLrRout < 65 kWi & TLFF;,;;;tr: Tm::TES1TO1|?;/2
: 7 Puustan= 0K & P < Pacscrn
1 LFR + LHTES if Pth.LFR,out < 65 kWi & TLFR;;;;tI: ;212834_-01;?;/2
3 LFR + LHTES + ORC ifthenPtE’.LngE;s><1 ;zukllv F;rtogl‘(g-ll—sL?TE:Isz SS(I\)/TS
4 LFR (defocus) + ORC . 305°C <Tuwmes <310°C wih f;ygtgrss/l:

The model is developed in MATLAB/Simulink [9] while user demand for space heating and
cooling is obtained from TRNSYS [10]. Hot water demand is calculated according to the Euro-
pean standard UNI EN15316-3, whereas electricity consumption - which excludes space heat-
ing and cooling loads, is assessed with a time step of 10 minutes as in reference [7]. Dynamic
models represent the plant’s components, except for the ORC unit, the dry cooler, and the
absorption chiller, due to their significantly lower thermal inertia compared to the TES and
piping systems.
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2.1 Modelling of the main components

The performance of the LFR solar field is evaluated in terms of its optical efficiency, 7,,., and
receiver efficiency, 1,..., as follows:

Nopt = nopt,max(e =0)IAM(a, 0) (1)

where 7n,,:max i the maximum optical efficiency, achieved when the incident angle 6

equals zero, and IAM is the Incident Angle Modifier, provided by a manufacturing company for
a downscaled system. The receiver efficiency, instead, is calculated through an improved one-
dimensional Forristall model as detailed in a previous work by some of the authors [11]. There-
fore, the thermal power output from the solar field P gy o, @amounts to:

PLFR,out = Asf *DNI - cos(0) - Nopt * Nrec (2)
where Ay is the area of the solar field and DNI is the Direct Normal Irradiance.

The biomass furnace is modelled assuming complete combustion with 20% air excess
and wood chip properties provided by [12]. The furnace’s dynamic behaviour is simulated by
applying the transfer function formulated in [12] to the following energy balance equation:

e - NCV + 1y he(Tp) + g - ha(Ty) = g - hg(Ty) + Qoss (3)

where m,, ms, my, h, , hf , hg are respectively the mass flow rate and the specific en-

thalpy of the inlet air, biofuel and exhaust gases, 0,,,s the heat losses by radiation, and NVC
the net calorific value calculated considering the fuel’s moisture and hydrogen content.

The performance of the ORC unit is evaluated in terms of electrical and thermal power
output by iteratively solving the system based on the changing operating conditions:

PORC,el = mf ' [nm “Ner * Ahp — Ahp/(nm ’ nel)] (4)

PORC,th,out =Mm* Cpc’ (Tout,c ’ Tin,c) (5)

where my is the organic fluid mass flow rate, n,, and n, the mechanical and electrical
efficiencies, Ah, and Ah, the enthalpy difference at the expander and pump respectively, while
e, Cper Tout,c @Nd Ty - are the cooling water's mass flow rate, specific heat, outlet and inlet
temperatures at the condenser.

Both the LHTES and the SHTES are simulated using a dynamic model due to their high
thermal inertia having a relevant impact on the performance of the entire plant. The tempera-
ture variation and heat exchanged by the phase-change material (PCM) of the LHTES are
calculated based on the IEA Task32 guidelines [13], while for the SHTES the following energy
balance is calculated:

ATSHTES _
MuwCow " = Pncoit = Penonw = Pensu = Penaps,in = Pn,sHrESs loss (6)

where m,, and c,,, are the mass of the water inside the SHTES, while P.j, coi1, Penpuw,
Penshs Penaps,in @nd P sures0ss @re the thermal power exchanged by the coil, required for
domestic hot water, space heating, by the absorption chiller, and losses of the SHTES, respec-
tively.
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2.2 Modelling of the balance of the plant and the control logic

The pipes are modelled using a one-dimensional longitudinal advection equation, and the per-
formance of the absorption chiller is represented by a polynomial curve derived from the data
reported by the manufacturer [14]. Hot water from the SHTES provides heat to the generator,
and - known the cooling demand required by the users and the COP of the absorption chiller
for given operating conditions, the thermal power required by the absorption chiller is calcu-
lated and then subtracted from the energy content of the water in the SHTES according to
equation 6.

The control logic of the plant has been conceived to limit biomass consumption while en-
suring the full provision of thermal demands. Hence, the ORC system operates at part-load
conditions powered by the biomass boiler or the solar field whenever the condenser’s thermal
production surpasses the thermal demand, or at full load to meet the peaks in electricity re-
quirements.

3. Results

Simulations are performed for a solar year with a time step of 1 minute considering the plant
installed in Ancona, a seaside mid-town in central Italy. Figure 2 and 3 illustrate the trends for
a typical winter and summer day respectively.
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Figure 2. Power exchange and temperature trends of system components on a typical winter day

As can be noticed in Figure 2, during the early morning of a winter day, the ORC operates
fuelled by the biomass boiler generating electricity surplus which the BESS stores. The LHTES
records a temperature around the melting point throughout the first half of the day, therefore,
the biomass boiler engages twice to maintain the tank’s water temperature for space heating
(SH) and domestic hot water (HW) requirements, and once for the coverage of electric de-
mands. Meanwhile, the LFR recirculates to raise the PCM'’s temperature, ultimately enabling
the storage’s utilisation to cover the evening’s peaks. Conversely, during the summer day de-
picted in Figure 3, the higher availability of solar power obviates the need for boiler activations.
The LHTES temperature remains above the melting point throughout the day, leveraging the
afternoon’s peak sunlight hours to store excess heat collected by the LFRs, while the ORC
operates nearly uninterruptedly.
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Figure 3. Power exchange and temperature trends of system components on a typical summer day

Figure 4 and Figure 5 depict the plant’s electrical and thermal energy supply on a monthly
basis. As anticipated by the daily trends, the contribution of biomass combustion peaks in win-
tertime while dropping below 5% in summer. Independently from the source employed, the
ORC is responsible for supplying between 35% and 70% of electricity demands, thus not suf-
ficing the entire load despite producing nearly double the amount in excess. This behaviour is
justified by the control logic imposing the operation of the unit to maintain the SHTES within a
desirable temperature range regardless of the current electrical demand, in order to maximise
solar energy self-consumption for space heating, cooling and domestic hot water.
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Figure 4. Monthly electric energy supply

Additionally, the figures detail the components’ contributions to the ORC electrical and
thermal production. The unit’s utilisation of heat from the LHTES appears negligible during the
coldest months, however, it is noteworthy that the PCM’s contribution surpasses that of the
heat directly received from the solar field, proving the hybrid plant capable of enhancing system
flexibility for load-shifting. Furthermore, the boiler's inactivity during summer increases the ho-
listic value of hybridisation.



Cioccolanti et al. | SolarPACES Conf Proc 3 (2024) "SolarPACES 2024, 30th International Conference on
Concentrating Solar Power, Thermal, and Chemical Energy Systems"

Monthly Thermal Supply Monthly Thermal Supply
T T T T T T T T

) T 3 100 F7 . T . T
285 | ——LFR 1 95 —— LFR —— PCM —— BFB|
27 f|——pcH L g 90 -
25.5 ||~ BFB / * 1 85 -
24 L |-~ - - DEMAND ' J J so b

Coverage [%]
«
(=]

I h 1 = +
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12

Figure 5. Monthly thermal energy supply

Considering the entire year, the CSP system supplies 66.5% of thermal demands, while
the boiler provides the remaining 34.5%. As a consequence, the annual biomass consumption
amounts to 2.25 tons, largely attributed to winter's space heating requirements.

4. Conclusions

The performed analysis shows the suitability of hybridising a CSP-ORC system with a biomass
pellet boiler for the provision of cooling, heating and power to 10 apartments in a location in
central Italy. The proposed hybrid system configuration makes possible to increase solar en-
ergy self-consumption by increasing the LHTES role during the cold season compared to the
CSP system alone.

During summertime, the solar energy collected by the CSP is able to provide the required
input to the ORC unit to almost fully satisfy the cooling demand, greatly limiting the operation
of the biomass-fired boiler.

Compared to previous studies performed by some of the authors, which considered CSP-
wind and CSP-PV hybridizations, the present configuration is able to fully satisfy thermal en-
ergy demands by renewables with a significant reduction in CO2 emissions. Nevertheless, it

still results in a significant electricity excess sold to the grid, which could be reduced by more
advanced control logic as the scope of future works.
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