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Abstract: 29 

This study aims to investigate the performance and economic benefits arising from the integration of 30 

concentrating solar power (CSP) plants with anaerobic digestion processes. To demonstrate the capabilities of 31 

hybrid CSP-biogas plants, the CSP section of the Ottana solar facility (Italy) is considered as a case study. A 32 

simulation model for the performance analysis of the hybrid system is developed, and the effects of variation 33 

in the volume of the anaerobic digester and the biogas storage capacity on the main performance indexes are 34 

evaluated. Furthermore, two different operating strategies for energy storage management are compared and 35 

the possible requirements for energy curtailment are analysed. Finally, a preliminary economic analysis is 36 

carried out. The results demonstrate the benefits and improvements in plant capacity factor and efficiency 37 

arising from proper sizing of the biogas section. Conversely, oversizing of the biogas section results in 38 

significant curtailments in biogas and/or solar field energy production, due to the limited storage capacity. 39 

Consequently, the optimal configuration, even from an economic point of view, is achieved by a biogas section 40 

of a size that is able to supply part (in the range of 10%–65%) of the nominal thermal power input required by 41 

the power block. 42 

 43 

Keywords: 44 

concentrating solar power, hybrid solar-biomass plant, anaerobic digestion, organic Rankine cycle, biogas 45 

production. 46 
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NOMENCLATURE  

Symbols Subscripts 

A area [m2] AMB  ambient conditions 

AC annual costs [€/year] AD  anaerobic digester 

c specific heat [kJ/kgK] BB  biogas boiler 

E energy [kWh] BG  biogas 

h  specific enthalpy [kJ/kg] BS biogas storage 

IC initial costs [€] CT cold tank 

ṁ mass flow rate [kg/s] FL flaring 

Q̇ thermal power [kW] HT hot tank 

T temperature [°C] SF solar field 

U overall heat transfer coefficient [J/(m2 K)] Acronyms 

V volume [m3] CSP concentrating solar power 

Ẇ  electrical power [kW] CHP combined heat and power 

η efficiency [-] FVW fruit and vegetable wastes 

𝜌 density [kg/m3] HTF heat transfer fluid 

∆t operating time [h] LCOE levelised cost of energy 

Superscripts ORC organic Rankine cycle 

d design conditions PTC parabolic trough collector 

in inlet side TES thermal energy storage 

out outlet side  

 49 

1. Introduction: 50 

Concentrating solar power (CSP) is an effective technology for the conversion of solar energy into electricity. 51 

Unlike other renewable energy based technologies, CSP plants can provide flexibility for grid services, thereby 52 

facilitating the integration of variable-output renewable sources such as photovoltaic systems or wind turbines 53 

and contributing to the reliability of the transmission grid. However, the intermittent nature of solar energy 54 

limits the capacity factors achievable by these systems, and daily shut-downs are often unavoidable [1]. 55 

Although the inclusion of a thermal energy storage (TES) system can partially mitigate this drawback, the full 56 

dispatchability of these power generation plants would require very large solar fields and TES capacities, 57 

meaning that this is often unattainable [2].  58 

A possible solution to overcome these limitations is the hybridisation of a CSP plant with other dispatchable 59 

sources. CSP technology can be readily integrated with other energy sources, leading to many potential 60 

benefits. Hybridisation allows to increase the dispatchability and reliability of CSP, improve its efficiency and 61 

reduce capital costs through the synergic contribution of the different energy sources [3]. Hybridised CSP 62 

plants have different types and levels of synergy, depending on the hybrid energy source, the location of the 63 
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plant, the CSP technology and the plant configuration. A first hybrid solution is represented by the integration 64 

of a solar field with a conventional power plant fed by fossil fuels (coal or natural gas). A solar hybrid plant 65 

can utilise the existing infrastructure of a conventional power plant, thereby reducing the investment costs for 66 

the solar section [4]. In addition, although the solar contribution allows to reduce fuel consumption and 67 

therefore CO2 emissions [5], the contribution from fossil fuels is usually predominant, and the reduction in 68 

fuel consumption and CO2 emissions is therefore generally limited. Another interesting option for improving 69 

the dispatchability features without using a TES characterised by large storage capacity is related to the 70 

integration of the solar field with a suitable biomass boiler. Since both solar field and biomass boilers produce 71 

thermal energy with similar power outputs and temperature levels, these technologies are well suited for 72 

integration [3]. Moreover, since both of these energy sources are renewable and clean, this will result in a 73 

power supply with nearly zero carbon emissions. The possibility of sharing some of the system components 74 

(such as the power generation section), with significant savings in capital costs, may improve the attractiveness 75 

of small and medium power plants at distributed scale, which are usually characterised by lower conversion 76 

efficiencies and higher specific costs compared to large plants [6]. 77 

Several authors have analysed the potential of CSP-biomass hybridisation schemes from economic, 78 

technological and environmental perspectives. Peterseims et al. [7] investigated the generation potential and 79 

most suitable regions in Australia for 5–60 MW CSP hybrid plants using forestry residues, bagasse, stubble, 80 

wood waste and refuse-derived fuels, in locations characterised by high solar availability. The results 81 

highlighted the strong potential and the economic benefits arising from the realisation of such hybrid plants. 82 

San Miguel and Corona [8] used a standard life cycle assessment (LCA) methodology to investigate the 83 

environmental performance of a commercial 50 MW CSP plant in Spain that was hybridised with different 84 

auxiliary fuels (natural gas, biogas from an adjacent plant and biomethane withdrawn from the gas network). 85 

Their study demonstrated that the use of biogas rather than natural gas results in a significant improvement in 86 

the environmental performance of the installation, primarily due to the reduced impacts on natural land 87 

transformation, depletion of fossil resources, and climate change. Bai et al. [9] demonstrated the suitability of 88 

direct biomass combustion process for CSP hybridisation, highlighting how such hybrid processes contribute 89 

to ameliorating the thermodynamic system performance and the reduction of exergy losses within the steam 90 

generation process. Suresh et al. [10] developed a thermodynamic model for sizing a solar–biomass hybrid 91 

power plant based on a steam Rankine cycle. Their analysis revealed the importance of the proper sizing of 92 

the two sections to improve the power block efficiency, decrease the specific solar field area requirement and 93 

reduce the amount of biomass required. A techno-economic assessment of a hybrid solar-biomass power-94 

generation system configuration composed of an externally fired gas-turbine fuelled by biomass and a 95 

bottoming organic Rankine cycle (ORC) plant was proposed by Pantaleo et al. [11]. Higher global conversion 96 

efficiencies were obtained by the hybrid configuration compared to the sole biomass unit but also higher 97 

investment costs, due to the current costs of CSP section, which makes the hybridization configuration a cost-98 

effective investment only in the presence of a dedicated subsidy framework. 99 

 100 
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Based on the demonstrated potentiality of the hybrid concept, several hybrid CSP-biomass plant configurations 101 

have been proposed in the literature that differ depending on the desired plant size, the CSP and biomass 102 

technologies adopted and the goal, such as designing a novel hybrid system or investigating a retrofitting 103 

solution for an existing solar or biomass plant. The latter case is particularly relevant in the literature, and a 104 

number of recent studies have examined different hybrid schemes. Sterrer et al. [12] proposed the hybridisation 105 

of a CSP system with existing biomass plants based on an ORC power block operating in Salzburg, Austria. 106 

Parabolic through collectors (PTCs) were proposed for the indirect hybridisation of the system with the aim of 107 

maintaining thermal stability. Pantaleo et al. [13] also presented an hybrid CSP-biomass scheme for combined 108 

heat and power (CHP) generation, based on the incorporation of CSP into an existing biomass-only plant. 109 

Their hybrid plant consisted of a topping externally-fired gas turbine system, utilising thermal power from 110 

both PTCs and a biomass furnace in series. The exhaust heat from the gas turbine was then recovered as heat 111 

source for a bottoming ORC-CHP plant. The authors demonstrated the feasibility of the proposed system in 112 

terms of both its technical and economic performance. An analysis and comparison of different options for 113 

hybridising existing CSP plants with biomass through gasification for power generation was carried out by 114 

Milani et al. [14]. The results showed that all of the proposed configurations were feasible from a technical 115 

point of view, but for the same gasifier, different costs and technical performances were shown depending on 116 

the conceptual design chosen. In view of this, Oyekale et al. [15] proposed the retrofitting of existing CSP-117 

ORC plants with a biomass combustion process. A parallel hybridisation scheme was proposed and analysed 118 

in which both a solar field with TES and a biomass furnace were able to independently satisfy the fractional 119 

thermal requirements of the power plant. The results demonstrated that in comparison with the current 120 

performance of the CSP-ORC plant, an important increase could be obtained by the proposed biomass retrofit 121 

in terms of the electrical efficiency and the annualised plant operating duration, as well as a reduction in the 122 

levelized cost of energy (LCOE). 123 

From the foregoing, it could be inferred that the retrofitting of existing CSP plants with biomass systems (and 124 

vice versa) is a techno-economically favourable option. It is well known that various types of biomass are 125 

available (forest and agriculture residues, sugar crops, oilseed crops, etc.), as are different technologies for the 126 

energy conversion of biomass, such as direct combustion, gasification, pyrolysis, fermentation, oil extraction 127 

and anaerobic digestion. In particular, the latter is an efficient and sustainable option for treating organic waste 128 

materials, and produces a gas mixture (biogas) that is mainly composed of methane and carbon dioxide, which 129 

can be used to fuel boilers, diesel engines or gas turbines. In recent years, the hybridisation of CSP with biogas 130 

energy has attracted increasing amounts of attention, and its benefits have been highlighted by various studies 131 

[16]. In this regard, Kaushika et al. [17] proposed an integration between PTC and biogas plants and 132 

demonstrated the benefits of this hybridisation in terms of increasing the overall conversion efficiency and 133 

stability of the system. The improvements arising from this hybridisation in terms of power stability and power 134 

dispatchability were demonstrated by Zhang et al. [18]. Colmenar-Santos et al. [19] demonstrated the potential 135 

benefits in terms of improvements in operation time and better electrical production control arising from the 136 

hybridisation of CSP plants with biogas in comparison with salt storage systems. Furthermore, Soares and 137 
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Oliveira [20] analysed a biomass hybridisation scheme for a mini ORC power plant that was rated at 60 kW, 138 

with a heat source consisting of PTCs and a micro biogas boiler. The study was conducted as part of the 139 

REELCOOP project, which was co-funded by the European Union. The authors demonstrated that biomass 140 

hybridisation improved the technical performance of the system, increasing the annual energy yield by 6.2%. 141 

As discussed above, the hybridisation of CSP plants with anaerobic digestion biogas plants has shown great 142 

potential, but further effort is required towards the definition of methodologies and best practices to follow in 143 

the design stage of these hybrid plants, and in particular if an existing CSP plant is to be retrofitted.  144 

In this context, a novel configuration for the hybridisation of an existing medium-scale CSP power plant with 145 

a biogas system is proposed and analysed in this paper. Starting from the plant configuration of the CSP section 146 

of the Ottana solar facility (Italy), the effects of variation in the volume of the anaerobic digester and the biogas 147 

storage capacity on the average conversion efficiency and the overall capacity factor of the hybrid power plant 148 

are evaluated. Finally, a preliminary economic analysis is carried out to assess the economic benefits arising 149 

from hybridisation and the optimal configuration for minimising the energy production cost. 150 

2. Methodology 151 

2.1. Plant configuration 152 

In order to examine the potential techno-economic benefits arising from the hybridisation of a medium-scale 153 

CSP plant (nominal power from hundreds of kW to few MW) with a biogas production system, an existing 154 

solar power plant in Ottana (Italy) is considered as a case study [21]. This solar facility has three main sections: 155 

a solar field, where the solar energy is concentrated to heat up the heat transfer fluid (HTF); a two-tank direct 156 

TES section, where the HTF is stored; and an ORC unit, where the thermal energy is converted into electricity. 157 

The solar field is composed of six lines of linear Fresnel collectors connected in parallel and aligned along the 158 

north-south direction, with an overall net collecting area of 8400 m2. A commercial Therminol SP-I thermal 159 

oil is used as the HTF, and is also used as a storage medium in a two-tank TES system designed with an overall 160 

storage capacity of 15.2 MWh. The ORC unit is a Turboden 6HR Special, which is a 629 kW turbo generator 161 

based on a regenerative Rankine cycle and operated by an organic fluid (hexamethyldisiloxane, C6H18OSi2). 162 

Table 1 gives the main design characteristics of the existing CSP plant. 163 

 164 
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Table 1 – Design characteristics of the solar field, TES system and ORC unit at the Ottana solar 165 

facility. 166 

Solar field ORC unit  

Net collecting area (ASF) 8400 m2  Design HTF mass flow rate 11.05 kg/s 

Focal length of the collector 4.97 m Design inlet/outlet temperature  275/165°C 

Length of the collector 99.45 m Thermal power input (Q̇ORC
d ) 3100 kWt 

Design optical efficiency (ηOPT
d ) 65.5% Organic fluid C6H18OSi2 

Cleanliness efficiency (ηCLN) 98% Cooling inlet temperature  25°C 

TES system  Cooling outlet temperature 35°C 

Storage capacity 15.4 MWh Gross electrical power 664 kW 

Design hot tank temperature (THT
d ) 275oC Gross electrical efficiency 21.4% 

Useful volume of the tank 330 m3 Net electrical power 629 kW 

Aspect ratio 0.32 Net electrical efficiency 20.3% 

 167 

Starting with this solar plant configuration, the introduction of an additional renewable heat source, placed in 168 

parallel to the solar field and based on an anaerobic digestion process is proposed and analysed. In this way, a 169 

specified fraction of the thermal input required by the ORC unit is supplied by a dispatchable source (that is, 170 

the biogas plant), while the remaining fraction is satisfied by the solar field, depending on solar availability.  171 

Figure 1 shows the conceptual scheme of the solar-biogas hybrid system. Fruit and vegetable wastes (FVW) 172 

are used as a single substrate in an anaerobic digester for the continuous production of biogas. The latter is 173 

then sent to a storage tank, if present, or directly burned in a biogas boiler, where a given HTF mass flow rate 174 

(ṁHTF,BB) is heated up to the nominal solar field exit temperature. The HTF circulating in the biogas boiler is 175 

then mixed with the HTF mass flow rate circulating in the solar field (ṁHTF,SF) by means of a three-way valve 176 

located upstream of the hot tank (HT). Finally, the ORC unit is directly supplied by the HTF stored in the hot 177 

tank. In this way, the HTF mass flow rate feeding the ORC unit (ṁHTF,ORC) is partially independent of the 178 

HTF mass flow rates introduced into the HT by the solar field and/or the biogas system, and can be managed 179 

based on the operational strategy adopted and the state of charge of the hot tank.  180 

 181 
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 182 

Figure 1 - Schematic of the hybrid CSP-biogas plant. 183 

2.2. Mathematical model 184 

The mathematical models used to simulate the main sections of the hybrid CSP-biogas plant are discussed in 185 

this section. Specific models to evaluate the performance of the solar field, biogas system, TES section and 186 

ORC unit under both design and off-design operating conditions are developed in a MATLAB environment. 187 

Since a biogas retrofit of an existing CSP plant is analysed in this study, only the sizing of the biogas section 188 

is required. 189 

2.2.1. Solar field 190 

The solar field performance is evaluated on an annual basis by means of a specifically developed simulation 191 

model, starting with hourly data on the direct normal irradiation (DNI), solar position, air temperature and 192 

wind speed. Firstly, the actual thermal power incident at the receiver Q̇INC is calculated according to the 193 

following equation: 194 

Q̇INC = DNI ∙ ASF ∙ ηOPT
d ∙ IAM ∙ ηEND ∙ ηCLN (1) 

where ASF is the overall net collecting area, ηOPT
d  is the design optical efficiency, IAM the incidence angle 195 

modifier, ηEND the end-loss optical efficiency and ηCLN the surface cleanliness efficiency. Figure 2 shows the 196 

two IAM components in function of the longitudinal and transversal components θL and θT of the solar 197 

incidence angle θ [22]. End loss optical efficiency is evaluated as a function of the collector length, focal height 198 

and longitudinal component θL. The thermal power Q̇SF transferred to the HTF is calculated by applying the 199 

receiver energy balance: 200 

Q̇SF = Q̇INC − Q̇REC,L = ṁHTF,SFcHTF(THT
d − TCT) (2) 
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where Q̇REC,L represents the overall receiver thermal losses evaluated according to the specific correlations 201 

reported in [23]. Finally, a solar field control is introduced and the mass flow rate ṁHTF,SF is adjusted to 202 

achieve the design temperature of the hot tank (THT
d ), starting from the given HTF temperature inside the cold 203 

tank (TCT).  204 

 205 

 206 

Figure 2 – Transversal and longitudinal incident angle modifiers (IAMT and IAML, respectively) 207 

[15]. 208 

 209 

2.2.2. Biogas system 210 

As mentioned, the biogas is produced by an anaerobic digestion (AD) process using fruit and vegetable wastes. 211 

The choice of this substrate is related to the potential availability of these residues near to the plant location, 212 

although the proposed methodology can also be applied with other substrates. Unlike the other three sections, 213 

a suitable design for the biogas system is required in order to evaluate the yearly performance of the hybrid 214 

plant. Two main design parameters are introduced for the sizing of the biogas section: 215 

• The design thermal power of the biogas boiler (Q̇BB
d ), hereinafter expressed in relative terms compared 216 

to the ORC thermal power input under nominal conditions (Q̇ORC
d ); 217 

• The daily operation time of the biogas boiler (ΔtBB), expressed in hours. 218 

Based on the assumption that the biogas boiler always works under nominal conditions, the daily volumetric 219 

flow rate (VBG) of biogas is calculated by the following equation: 220 

VBG =
Q̇BB

d ∙ ΔtBB ∙ 3600

ρBGLHVBGηBB
  (3) 
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where ρBG and LHVBG are the density and lower heating value of the biogas, respectively, and ηBB is the 221 

nominal biogas boiler efficiency. A suitable design of the anaerobic digester is therefore required to meet the 222 

biogas demand. In this study, the reactor is designed in accordance with the experimental results obtained from 223 

a pilot-scale AD system fed by FVW [24]. The main parameter used for the performance assessment of the 224 

AD process is the volumetric methane production rate (γV), defined as the ratio between the daily volumetric 225 

CH4 production and the digester volume. According to [18], the CH4 production rate can be expressed by the 226 

following equation: 227 

γV =
BoSo

HRT
(1 −

K

(0.013TAD − 0.129)HRT − 1 + K
) (4) 

where Bo is the ultimate methane yield, So is the influent total volatile solids (VS) concentration, HRT is the 228 

hydraulic retention time, K is a kinetic parameter and TAD is the reactor temperature (here, set to 35°C, 229 

corresponding to mesophilic conditions for the digester). Consequently, the required digester volume is 230 

determined as: 231 

VAD =
VBG ∙ xCH4 

γV
 (5) 

where xCH4 is the mole fraction of CH4 in the biogas. Obviously, the AD produces biogas continuously, 232 

meaning that for ΔtBB values lower than 24 hours, storage for the biogas is required in order to avoid flaring. 233 

A low-pressure floating biogas holder is used, for which the biogas storage volume (VBS) is evaluated as a 234 

function of the daily operation time of the biogas boiler: 235 

VBS = VBG

(24 − ΔtBB)

24
 (6) 

After the design stage is complete, the annual performance of the biogas system is evaluated using the mass 236 

and energy balance equations. It is assumed that the mass content inside the digester remains constant, meaning 237 

that for the entire operating period, the mass flow rate of feeding substrate (ṁFVW) is equal to the sum of the 238 

mass flow rates of the biogas produced in the anaerobic digester (ṁBG,AD) and the discharged digestates 239 

(ṁDIG): 240 

ṁFVW = ṁBG,AD + ṁDIG (7) 

The energy balance is used to calculate the thermal energy required to keep the reactor temperature constant. 241 

According to [24], by neglecting minor contributions to the overall energy balance (such as the heat absorbed 242 

by the produced biogas), the heat (Q̇AD) required to keep the reactor temperature constant has two different 243 

components: the energy required to heat the feeding substrate from the ambient temperature to the digester 244 

temperature, and the energy required to balance the thermal losses: 245 
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Q̇AD = ṁFVWcFVW(TAD − TFVW) + UADAAD(TAD − TAMB) (8) 

where TFVW is the temperature of the available substrate, UAD is the overall heat transfer coefficient between 246 

the digester and the ambient temperature (TAMB), and AAD is the surface area of the reactor.  247 

In the case where an external biogas storage is introduced, mass balance of this component is required in order 248 

to take into account the difference in the biogas mass flow rate produced by the anaerobic digester (ṁBG,AD) 249 

and that burned by the biogas boiler (ṁBG,BB): 250 

∂mBS

∂t
= ṁBG,AD − ṁBG,BB − ṁBG,FL (9) 

where mBS is the mass of biogas stored in the dedicated holder and ṁBG,FL is the biogas mass flow rate that is 251 

flared, in the case where the volumetric content of the biogas inside the tank exceeds the design storage volume. 252 

Furthermore, it is assumed that the storage system is managed to ensure a completed charging/discharging 253 

cycle. Biogas storage is introduced because the mass flow rate continuously produced by the AD is lower than 254 

that required by the biogas boiler, and complete charging of the biogas storage is therefore imposed before the 255 

biogas boiler is started up. The biogas boiler is subsequently kept in operation until the biogas storage is 256 

completely discharged. Finally, the HTF mass flow rate circulating in the biogas boiler (ṁHTF,BB) is calculated 257 

starting from the energy balance of the biogas boiler, by assuming a boiler efficiency of 90% and an outlet 258 

temperature for the HTF equal to the design hot tank temperature (275°C): 259 

ṁBG,BBLHVBGηBB = ṁHTF,BBcHTF(THT
d − TCT) (10) 

All the main design parameters used in both the design and the operating phases of the biogas section are listed 260 

in Table 2. 261 

 262 

Table 2 - Main design data for the anaerobic digestion power plant. 263 

Biogas  Anaerobic digestion   

Methane content (xCH4) 55%vol Process temperature (TAD) 35°C 

Lower heating value (LHVBG) 15.4 MJ/kg Specific CH4 production (Bo) 0.43 Nm3/kgVS 

Biogas density (ρBG) 1.28 kg/Nm3 Hydraulic retention time (HRT) 30 days 

Boiler efficiency (ηBB) 0.90 Kinetic parameter (K) 0.9 

Fruit and vegetable waste (FVW) Reactor aspect ratio 0.4 

FVW composition 
TS = 8.7%wb  Insulation layer (rock wool) 0.1 m 

VS = 86%TS Air convective heat transfer 

coefficient 
10 W/m2K 

Volatile solid content (So) 75 kgVS/m3 

 264 

2.2.3. TES system 265 



12 

A two-tank direct TES system is considered: one is called the hot tank, and stores the hot fluid, while the other, 266 

called the cold tank, holds the exhausted cold fluid coming from the ORC unit. The TES system is modelled 267 

by considering the mass and energy balance for each tank (it is assumed that there is no thermal stratification 268 

inside each tank), as expressed in the following equations:  269 

∂mHT

∂t
= ṁHTF,BB + ṁHTF,SF − ṁHTF,ORC (11) 

∂mHThHT

∂t
= ṁHTF,BBhHTF,BB

out + ṁHTF,SFhHTF,SF
out − ṁHTF,ORChHT − UTESATES(THT − TAMB) (12) 

∂mCT

∂t
= ṁHTF,ORC − ṁHTF,BB − ṁHTF,SF (13) 

∂mCThCT

∂t
= ṁHTF,ORChHTF,ORC

out − (ṁHTF,BB + ṁHTF,SF)hCT − UTESATES(TCT − TAMB) (14) 

where mHT and mCT are the masses of HTF stored in the hot and cold tanks, respectively, hHT and hCT are the 270 

average HTF enthalpies inside the hot and cold tanks, respectively, UTES  is the overall heat transfer coefficient 271 

between the stored fluid and the ambient air (determined by considering the convective air heat transfer and 272 

the thermal resistance of the wall) and ATES is the external area of the tank. The TES heat losses due to 273 

imperfect insulation of the tanks are calculated by the last two of these parameters multiplied by the 274 

temperature difference between the stored HTF (THT or TCT) and ambient air (TAMB). 275 

Since the hot tank is the heat source for the ORC unit, its mass and energy contents play a fundamental role in 276 

the definition of the operating strategy adopted for the turbo generator. In this study, it is assumed that the 277 

daily start-up of the ORC unit occurs when the HTF mass stored in the hot tank is able to continuously supply 278 

the ORC unit at nominal conditions for at least two hours.  279 

Moreover, when the hot tank is completely charged (for example during summer days), suitable control over 280 

the HTF mass flow rate is required. Two different operating strategies are evaluated and compared: 281 

a) Biogas priority: the thermal power rate of the biogas boiler is kept constant while the thermal power 282 

produced by the solar field is reduced through mirror defocusing in order to satisfy the energy balance 283 

of the TES section. The lack of solar field production gives the defocusing energy losses. 284 

b) Solar priority: the biogas boiler operates at part-load conditions in order to rearrange the HTF mass 285 

flow rate circulating in the biogas system (no variations in the boiler efficiency has been assumed). 286 

Mirror defocusing is used only when the biogas boiler is completely switched off and the HTF mass 287 

flow rate produced by the solar field exceeds the maximum allowed value. 288 

2.2.4. ORC unit 289 

The ORC performance is evaluated through a calculation of the net conversion efficiency and the consequent 290 

net power production of the turbo generator. The ORC unit is designed to produce a net electrical power of 291 

629 kW with a net efficiency of 20.3%. On the other hand, the ORC unit is often forced to operate at part-load 292 

conditions with a consequent decrease in efficiency. The main reason for fluctuation in the ORC performance 293 

is due to a reduction in the inlet HTF mass flow rate. Due to the large variability of the solar radiation, the HTF 294 
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mass flow rate circulating in the solar field varies widely during the day, and the inclusion of a TES system 295 

can only partially mitigate these fluctuations. The ORC is therefore often fed with a reduced mass flow rate 296 

due to the limited mass of HTF stored, and the effect on the ORC efficiency is shown in Figure 3(a). A 297 

minimum HTF mass flow rate of 40% of the nominal value is imposed to avoid efficiency values that are too 298 

low, with the consequent shut-down of the turbo generator. Together with variations in the HTF mass flow 299 

rate, fluctuations in the HTF inlet temperature also occur, mainly due to unavoidable heat losses and the 300 

stratification of temperatures in the two storage tanks, with a significant effect on the ORC conversion 301 

efficiency, as shown in Figure 3(b). Obviously, the variations in the HTF mass flow rate and inlet temperature 302 

have an important effect on the HTF outlet temperature, and thus on the HTF temperature inside the cold tank, 303 

which feeds the solar field. Finally, the ORC performance also depends on the ambient temperature. Since the 304 

condensing heat is removed by dry coolers, the water temperature at the condenser inlet is directly related to 305 

the ambient temperature. Starting from the ambient temperature, the cooling water inlet temperature is 306 

calculated by assuming an approach temperature of 10°C. The effect of variation in the ambient temperature 307 

on the ORC efficiency is also shown in Figure 3(b). Overall, the net power produced by the ORC unit (ẆORC) 308 

is calculated as: 309 

ẆORC = ηORCṁHTF,ORCcHTF(THT − THTF,ORC
out ) (15) 

where ηORC is the actual ORC net efficiency, ṁHTF_O is the HTF mass flow rate feeding the ORC unit, THT is 310 

the temperature of the thermal oil stored in the hot tank and THTF_O,o is the HTF outlet temperature. The last 311 

of these parameters also depends on the HTF mass flow rate and the hot tank temperature. In fact, an increase 312 

in the temperature difference between the inlet and outlet sides of the ORC unit occurs with a reduction in the 313 

HTF mass flow rate, as shown in Figure 4.  Consequently, the operation of the ORC unit with a reduced HTF 314 

mass flow rate leads to a dual effect on the system performance: a decrease in the net energy conversion 315 

efficiency, and a reduction in the HTF outlet temperature, and thus in the mean cold tank temperature.  316 

 317 

Figure 3 – Effects of (a) HTF mass flow rate and (b) HTF inlet temperature and inlet water 318 

temperature on the net efficiency of the ORC. 319 
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 320 

Figure 4 – Effect of HTF mass flow rate on the HTF temperature difference between the ORC inlet 321 

and outlet side. 322 

3. Results and discussion 323 

In this section the results obtained for different sizes of the biogas production section are reported and 324 

discussed. As mentioned above, the main parameters used for the design of this section are the biogas boiler 325 

thermal power Q̇BB
d , and the corresponding daily operating time ΔtBB. The effects of these parameters on the 326 

volume of the AD and the biogas storage are shown in Figure 5. Obviously, an increase in both the size of the 327 

biogas boiler (shown in Figure 5 as percentage of the thermal power input of the ORC) and its operating time 328 

leads to an increase in the required biogas flow rate, and consequently in the volume of the digester . It is worth 329 

noting that the mass flow rate of the feeding substrate depends on the volume of the reactor, meaning that large 330 

amounts of FVW need to be available to supply the AD for very large reactor volumes. 331 

 332 

 333 

Figure 5 – Volumes of (a) the anaerobic digester (𝑉𝐴𝐷) and (b) biogas storage required (𝑉𝐵𝑆) as a 334 

function of biogas operating time (𝛥𝑡𝐵𝐵) and biogas boiler size (�̇�𝐵𝐵
𝑑 ). 335 
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As shown in Figure 5(b), apart from the case of continuous biogas boiler operation (ΔtBB=24h), intermittent 336 

operation of the biogas boiler requires careful design of the biogas storage section. For a given value of Q̇BB
d , 337 

a decrease in the biogas boiler operating time leads to a decrease in the daily biogas consumption, but 338 

simultaneously leads to an increase in the biogas storage capacity since the AD operates 24 h per day. Overall, 339 

as shown in Figure 5(b), the biomass storage volume has a maximum value for ΔtBB=12h. 340 

3.1. Annual performance  341 

The main annual performance is evaluated using the meteorological dataset obtained using Meteonorm 342 

software for the location of Ottana. Based on the current plant performance (which includes only the CSP 343 

section), the expected production of solar field thermal energy during a typical year is about 5.2 GWh, with a 344 

plant capacity factor of about 16% and a yearly ORC operating time of lower than 1700 h. A significant 345 

improvement in the plant operating time can be achieved by the hybridisation of the plant through the 346 

introduction of the biogas section. The results of applying two different operating strategies in the hybrid 347 

system are presented and discussed in the following sections. 348 

3.1.1. Biogas priority case 349 

Figure 6 illustrates the hybrid plant capacity factor and the yearly ORC operating time as a function of the 350 

biogas boiler size and operating time. As can be seen from Figure 6 (a), the highest capacity factors (about 351 

93%) are obtained for continuous operation of the biogas boiler (ΔtBB=24h). However, even with a continuous 352 

biogas boiler operation, a 100% capacity factor cannot be reached due to the degradation in ORC performance 353 

at high ambient temperatures, and especially in summer. Furthermore, as shown in Figure 6(b), a significant 354 

rise in the ORC operating time can be achieved from hybridisation of the CSP plant. In particular, a marked 355 

increase in the operating time is observed for a biogas boiler of size greater than 40% Q̇ORC
d  (very noticeable 356 

for ΔtBB=24h). In this case, the HTF mass flow rate produced by the biogas boiler is equal to the minimum 357 

HTF mass flow rate required by the ORC, with the possibility of directly feeding the turbo generator if the 358 

temperature in the cold tank equals the design temperature (165°C). However, this does not result in a 359 

corresponding increase in the capacity factor. In fact, in the case of a biogas boiler sized for the ORC minimum 360 

load, two main effects influence the system performance and thus the plant capacity factor: (i) a reduction in 361 

the cold tank temperature due to the higher HTF temperature difference occurring at the ORC evaporator (as 362 

shown in Figure 4); and (ii) a reduction in the ORC net efficiency. In particular, Figure 7(a) shows the influence 363 

of the power and operating time of the biogas boiler on the ORC conversion efficiency. In general, an increase 364 

in the mean ORC efficiency is observed with a rise in both the size of the biogas boiler and its operating time, 365 

thanks to the higher thermal power availability (both in terms of HTF mass flow rate and hot tank temperature) 366 

and the consequent reduction in the use of the ORC unit under part-load conditions. However, as already 367 

observed in the previous figure, a discontinuity occurs at a value of Q̇BB
d  equal to about 40% of Q̇ORC

d , with an 368 

important reduction in the ORC efficiency. In fact, in this case, the biogas boiler is able to directly supply the 369 

ORC unit, but the latter very often operates at its minimum load. 370 

 371 
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 372 

Figure 6 – (a) Plant capacity factor and (b) yearly ORC operating time as a function of the size and 373 

operating time (𝛥𝑡𝐵𝐵) of the biogas boiler. 374 

 375 

Figure 7 – (a) Annual average ORC efficiency and (b) solar field defocusing losses as a function of 376 

the size and operating time(𝛥𝑡𝐵𝐵) of the biogas boiler. 377 

Another important aspect that strongly affects the performance of the hybrid plant involves the storage capacity 378 

of the TES system, which was originally designed for the CSP section alone. However, the additional thermal 379 

energy produced by the biogas section and sent to the TES system increases the number of times the hot tank 380 

overcharges, and hence the requirements for energy curtailment of the solar field energy production, in the 381 

case where a biogas priority strategy is chosen. In this regard, Figure 7(b) shows the annual energy losses due 382 

to mirror defocusing, expressed as a percentage of the expected annual solar field energy production. As can 383 

be observed from the figure, the main defocusing losses occur at high values of the biogas boiler power and 384 

for continuous biogas boiler operation, reaching 100% defocusing losses at Q̇BB
d =Q̇ORC

d . In the latter case, no 385 

energy is produced by the solar field, since the ORC unit is only supplied by the biogas system. This is an 386 

unwanted drawback of the strategy adopted for the management of the TES section, which gives priority to 387 
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biogas production rather than the solar field. Minor solar field energy curtailments are observed for values of 388 

ΔtBB lower than 12–18 h, even for high values of the biogas boiler power output.  389 

3.1.2. Solar priority case 390 

As observed in the previous section, a possible drawback of hybridising CSP plants is the risk of frequent 391 

overcharging of the TES system during high insulation periods. The biogas priority strategy manages this 392 

overproduction by reducing the solar field thermal power through mirror defocusing. Conversely, the solar 393 

priority strategy reduces the thermal power delivered by the biogas boiler, with a consequent reduction in its 394 

HTF mass flow rate production. This approach allows to also exploit the storage capacity of the biogas storage 395 

(if present), since any biogas not burned can be stored and used in a subsequent period. Obviously, since the 396 

biogas digester operates at a constant mass flow rate, overcharging of the biogas storage could arise from 397 

adopting a solar priority strategy, and flaring of a portion of the biogas produced via anaerobic digestion may 398 

therefore be required to avoid overpressures in the biogas vessel. 399 

 400 

 401 

Figure 8 – Comparison of the plant capacity factor obtained by following a biogas priority strategy 402 

(BG) and a solar priority strategy (S) as a function of the size and operating time (𝛥𝑡𝐵𝐵) of the 403 

biogas boiler. 404 
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 405 

Figure 9 – Comparison of the (a) ORC operating time and (b) ORC efficiency obtained by following 406 

a biogas priority strategy and a solar priority strategy as a function of the biogas boiler size and 407 

biogas operating time (𝛥𝑡𝐵𝐵). 408 

The results for the plant capacity factor obtained by following the solar priority strategy are shown in Figure 409 

8, and are compared with those achieved by the biogas priority strategy. As expected, no difference is found 410 

in the case of 24-hour operation of the biogas boiler, since, as shown in Figure 5(b), no biogas storage is 411 

introduced for these design conditions, regardless of the size of the biogas boiler. There is also no variation in 412 

the system performance for the case ΔtBB = 6 h, where the low use of biogas results in a very low risk of TES 413 

overcharging and therefore negligible defocusing losses. Conversely, an increase in the plant capacity factor 414 

is obtained by using the solar priority strategy for the cases ΔtBB = 12 h and ΔtBB =18 h, compared with the 415 

performance obtained in the previous section. The increase in the plant capacity factor becomes more and more 416 

noticeable with the increasing size of the biogas boiler, reaching seven percentage points for a size of 100% of 417 

the nominal ORC thermal power input. This improvement in the system performance is mainly due to better 418 

management of the two storage systems, which leads to a rise in the thermal energy available for the ORC unit 419 

and a consequent increase in the ORC annual operating time. This is illustrated in Figure 9(a), where, starting 420 

with a biogas boiler of size equal to 40% of Q̇ORC
d , a positive deviation from the ORC operating time obtained 421 

with the biogas priority strategy is observed. Conversely, a degradation of the mean ORC efficiency is shown 422 

in Figure 9(b), in particular for a biogas boiler with size in the range of 40%–60% of the design value for the 423 

ORC thermal power input. Under these conditions, the change in the plant management allows to increase the 424 

operating time of the ORC unit at its minimum part load, with a consequently lower conversion efficiency. In 425 

addition to the variations in the plant capacity factor, the introduction of a different operating strategy leads to 426 

variations in the losses produced by overcharging of the storage system. Unlike in the previous section, there 427 

is a curtailment in the energy produced from biogas (due to biogas flaring) by following the solar priority 428 

strategy, when both the hot tank and the biogas storage system are fully charged, and the biogas produced by 429 

the anaerobic digestion is neither used nor stored. However, as shown in Figure 10(a), mirror defocusing is 430 

still required in the solar priority case in order to maintain the mass balance of the hot tank during periods of 431 

very high availability of solar energy, even if the solar field energy production must be reduced only after the 432 
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shutting down of the biogas boiler. Unlike in the biogas priority scheme, these losses are strongly reduced, 433 

reaching a maximum of 5% of the yearly energy produced by the solar field. On the other hand, as shown in 434 

Figure 10(b), there is a significant reduction in the potential energy produced by the biogas section for the case 435 

ΔtBB = 24 h, that is, when the biogas storage is not included and almost 20% of the biogas must be sent for 436 

flaring for a biogas boiler of large size. A biogas energy curtailment is also observed for the case ΔtBB = 18 h, 437 

although these losses are observed only for large biogas boiler sizes, reaching a maximum value of 5% of the 438 

overall biogas energy production. 439 

 440 

Figure 10 – (a) Solar field defocusing losses and (b) biogas energy curtailment as a function of the 441 

size and operating time (𝛥𝑡𝐵𝐵) of the biogas boiler. 442 

 443 

3.2. Preliminary economic analysis 444 

Finally, the cost-effectiveness of the hybridisation of existing CSP plants with biogas systems is evaluated 445 

using a marginal economic metric. The marginal levelised cost of energy (LCOEM) is used as the main 446 

economic index, and is calculated as: 447 

LCOEM =
ICBG + ∑

ACBG
(1 + i)n

N
n=1

∑
ECSP+BG − ECSP

(1 + i)n
N
n=1

 (16) 

 448 

where ICBG are the initial costs related to the additional capital investments required by the biogas section, 449 

ACBG are the annual costs associated with the operation of the biogas section (including the biomass costs), 450 

ECSP+BG is the expected annual electrical energy produced by the hybrid CSP-biogas plant, ECSP is the annual 451 

electrical energy produced by the CSP section alone, i is the interest rate and N is the plant lifetime in years. 452 

The initial and annual costs are calculated as: 453 

ICBG = cADVAD + cBSVBS + cBBQ̇BB
d  (17) 
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ACBG = cO&𝑀ICBG + cFVW ∑ ṁFVW

8760

t=1
 (18) 

where cAD, cBS and cBB are the specific costs of the anaerobic digester, biogas storage and biogas boiler 454 

respectively, cO&𝑀 are the annual operating and maintenance costs (expressed as a percentage of the initial 455 

costs), and cFVW is the specific FVW cost (including transportation). This economic analysis was applied to 456 

the existing Ottana solar facility, and Table 3 lists the main assumptions used for the calculation of the marginal 457 

LCOE. Figure 11 shows the marginal LCOE for different values of the size and operating time of the biogas 458 

boiler, following the two proposed operating strategies (biogas priority and solar priority). Continuous use of 459 

the biogas boiler (ΔtBB=24h) gives the lowest marginal LCOE, except at high values of the biogas boiler 460 

power, where the influence of the energy curtailment becomes predominant and a decrease in the biogas 461 

operating time is recommended from an economic point of view. For a biogas boiler with a size in the range 462 

80%–100% of the design ORC thermal input, the lowest marginal LCOE is reached by using the biogas boiler 463 

18 h per day and following a solar priority strategy. A further decrease in the daily utilisation time of the biogas 464 

boiler is not convenient, although it can avoid the need for energy curtailment. 465 

Overall, the lowest marginal cost is reached for a biogas boiler of size equal to about 500 kW (15% of Q̇ORC
d ). 466 

However, only minor changes in the marginal LCOE are observed for sizes of up to 65% of Q̇ORC
d . In fact, the 467 

marginal LCOE values obtained in these cases vary from 141.6 €/MWh to 146.6 €/MWh, and a more detailed 468 

economic analysis is required to determine the most profitable biogas configuration. On the other hand, Figure 469 

11 demonstrates that the greatest economic benefits from the hybridisation of a CSP plant with a biogas plant 470 

are obtained from the introduction of a biogas section that is able to guarantee continuous operation of the 471 

power block under minimum part-load conditions. The marginal LCOE values obtained in these cases are in 472 

line with typical LCOE values achieved by biogas systems based on anaerobic digestion (120–150 €/MWh 473 

[25]). It is worth noting that the investment cost for the CSP plant at the Ottana solar facility was around 5 M€ 474 

(without considering civil construction works), with an expected annual electrical energy production of about 475 

0.92 GWh. Hence, the current LCOE without considering annual costs is about 515 €/MWh. The marginal 476 

LCOE obtained, which represents the cost of the additional energy produced via hybridisation, is about one 477 

third of the current energy production cost.  478 

Finally, it is important to highlight the amount of fruit and vegetable waste required by the anaerobic digester 479 

in order to guarantee the desired production of biogas. Figure 12 shows the daily demand for FVW as a function 480 

of the biogas boiler size and the operating time, which is independent of the operating strategy chosen. If the 481 

optimal design is chosen for the biogas section from an economic point of view, a daily amount of FVW of 482 

about 40 t/day is required. Obviously, a lack of FVW availability could be a strong constraint on the 483 

hybridisation of the CSP plant, and a detailed investigation of the availability of waste resources around the 484 

location of the plant is therefore required. 485 
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Table 3 – Main cost assumptions [24–26]. 486 

Initial costs  Annual costs  

Anaerobic digester (cAD) 450 €/m3 O&M (cO&𝑀) 3% of ICB 

Biogas storage (cBS) 40 €/m3 FVW cost (cFVW) 4 €/t 

Biogas boiler (cBB) 180 €/kW Other parameters  

  Annual interest rate (i) 7% 

  Plant operational lifetime (N) 20 years 

 487 

 488 

Figure 11 – Marginal levelised cost of energy obtained by following a biogas priority strategy (BG) 489 

and a solar priority strategy (S) as a function of the biogas boiler size and biogas operating time 490 

(𝛥𝑡𝐵𝐵). 491 

 492 

Figure 12 - Daily FVW demand as a function of the biogas boiler size and biogas operating time 493 

(𝛥𝑡𝐵𝐵). 494 
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4. Conclusions 495 

The capabilities of hybrid CSP-biogas plants were assessed in this study based on technical and economic 496 

performance metrics, and a case study of the existing solar ORC system of the Ottana solar facility was 497 

presented. The latter includes linear Fresnel collectors integrated with a double-tank thermal energy storage 498 

system, and uses thermal oil as heat transfer fluid and storage medium. Here, a parallel hybridisation concept 499 

with a biogas section was considered, in which the biogas is produced by an anaerobic digester coupled with 500 

a suitable biogas storage system. 501 

To properly size the biogas section, two main design parameters were introduced: the power of the biogas 502 

boiler and its daily operating time. The main annual performance of the hybrid CSP-biogas plant was 503 

investigated by varying these two parameters. Starting with the expected performance for the current plant 504 

configuration of the Ottana solar facility (with only the CSP section), significant improvements in the plant 505 

capacity factor and in the overall ORC efficiency can be achieved by hybridisation with biogas. However, 506 

oversizing of the biogas section results in a remarkable increase in the energy curtailment of the solar field 507 

and/or biogas energy production, due to the restricted TES capacity and consequent degradation in the plant’s 508 

performance. This drawback could be counteracted by the implementation of a suitable operating strategy. In 509 

particular, the results of this study demonstrate that the use of a solar priority strategy in which the biogas 510 

power production is mainly managed in order to avoid overcharging the TES systems can achieve better 511 

performance in terms of minimising the energy curtailment, allowing to better exploit the biogas storage 512 

capacity, if present.  513 

The best configuration, even from an economic point of view is achieved by a biogas boiler that is designed 514 

for continuous operation and is a suitable size to supply part (in the range 10%–65%) of the nominal thermal 515 

power input required by the ORC unit. The marginal LCOE values obtained in these cases (141.5–146.5 516 

€/MWh) are in line with typical LCOE values for biogas systems based on anaerobic digestion (120–150 517 

€/MWh).  518 

However, in-depth economic analyses will be required in the future to determine the optimal biogas boiler size 519 

based on variations in the sale price of electricity, which could reward flexible operation strategies and the 520 

operability of the biogas boiler under part-load conditions. In fact, these hybrid CSP-biogas power plants can 521 

improve their profitability thanks to their ability of providing ancillary services to the grid as well as to operate 522 

in electric load following mode.  523 
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