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� A novel hybrid CSP/biomass combined cycle is modelled in Cycle-tempo.
� Input data for costs and profitability assessment are taken from real pilot plants.
� Thermal storage, collectors sizing and operational strategies are compared.
� CSP integration increases efficiency but not investment profitability.
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a b s t r a c t

This paper focuses on the thermo-economic analysis of a 2.1-MWe and 960 kWt hybrid solar-biomass
combined heat and power (CHP) system composed of a 1.4-MWe Externally Fired Gas-Turbine (EFGT)
and a 0.7-MWe bottoming Organic Rankine Cycle (ORC) power plant. The primary thermal energy input
is provided by a hybrid Concentrating Solar Power (CSP) collector array covering a total ground area of
22,000–32,000 m2, coupled to a biomass boiler. The CSP collector array is based on parabolic-trough
concentrators (PTCs) with molten salts as the heat transfer fluid (HTF), upstream of a 4.5–9.1 MWt
fluidized-bed furnace for direct biomass combustion. In addition, two molten-salt tanks are considered
that provide 4.8–18 MWh (corresponding to 1.3–5.0 h) of Thermal Energy Storage (TES), as a means of
reducing the variations in the plant’s operating conditions, increasing the plant’s capacity factor and total
operating hours (from 5500–6000 to 8000 h per year). On the basis of the results of the thermodynamic
simulations, upfront and operational costs assessments, and considering an Italian energy policy scenario
(feed-in tariffs, or FiTs, for renewable electricity), the global energy conversion efficiency and investment
profitability of this plant are estimated for different sizes of CSP and biomass furnaces, different operation
strategies (baseload and modulating) and cogenerative vs. electricity-only system configurations. Upfront
costs in the range 4.3–9.5 MEur are reported, with operating costs in the range 1.5–2.3 MEur annually.
Levelized costs of energy from around 100 Eur/MWh to above 220 Eur/MWh are found, along with net
present values (NPVs) from close to 13,000 to �3000 kEur and internal rates of return (IRRs) from 30%
down to almost zero when prioritizing electrical power generation (i.e., not in cogenerative mode). In
all cases the economic viability of the systems deteriorate for larger CSP section sizes. The results indicate
the low economic profitability of CSP integration in comparison to biomass-only plants, due to high
investment costs of the former, which are not compensated by the higher global energy conversion
efficiency and energy sales revenues.
� 2017 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Decentralized, renewable, cogenerative power plants can con-
tribute towards the EU energy policy targets of sustainable, secure
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Acronyms

A heat exchanger area
ANI Aperture Normal Irradiance (normal to the aperture

plane)
CHP combined heat and power
CSP Concentrating Solar Power
DNI Direct Normal Insolation (direct beam solar radiation on

a plane normal to the sun’s rays)
EFGT Externally-Fired Gas Turbine
FiT Feed-in-Tariff
HTF heat transfer fluid
HTHE High-Temperature Heat Exchanger (between the flue

gases and compressed air flow into the EFGT)

IAM Incidence Angle Modifier (optical characteristic affect-
ing performance)

IRR Internal Rate of Return
LCOE Levelized Cost of Energy
LM Logarithmic Mean (of the heat exchanger temperature

difference DT)
MM Hexamethyldisiloxane (working fluid of the ORC)
NPV Net Present Value
ORC Organic Rankine Cycle
PTC parabolic-trough collector
TES thermal energy storage
U overall heat transfer coefficient

Table 1
Case studies analysed in the present work.

Only biomass A

Solar/CHP operation Fixed CHP output Variable CHP output

Small-size CSP/TES B D
Large-size CSP/TES C E

Description of case studies. Case A: 100% biomass input with baseload operation;
Cases B and C: fixed power output with modulating biomass boiler to compensate
variable solar input; Cases D and E: variable output with fixed biomass input (50%
of nominal CHP output).
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and competitive energy supply [1,2]. In this context, hybrid con-
centrating solar power (CSP) and biomass-fired combined heat
and power (CHP) plants are a promising solution for the efficient
and dispatchable generation of heat and power. CSP technologies
generate electricity by concentrating the incident solar radiation
onto a small area, where a heat transfer fluid (HTF) is heated. This
thermal energy is then transferred to a power-generation system.
The integration of thermal energy storage (TES) in CSP systems
can make CSP dispatchable and increase their energy conversion
efficiency and flexibility [3]. Nevertheless, solar energy is inher-
ently intermittent, such that even with TES the capacity factor of
solar power plants is low; in response, many hybrid solar/fossil-
fuelled plants are currently in operation or under development to
mitigate this issue. As an alternative to fossil fuels, biomass can
be an interesting renewable energy option for hybridization [4].
Although biomass often exhibits seasonal availability and presents
specific logistic and supply constraints [5–9] it is complementary,
both seasonally and diurnally, with CSP and this hybridization
could contribute to overcome the individual drawbacks of these
primary energy resources and allows such plants to achieve either
base load or flexible operation [10]. In the case of biomass combus-
tion, high temperature heat is available and the possibility of com-
bined cycles is introduced which goes beyond classical solar
organic Rankine cycle (ORC) systems [11–13].

In the present paper, which goes beyond the work proposed by
the same authors in Ref. [14], a 2.1-MWe combined cycle with a
1.4-MWe biomass-CSP topping Externally-Fired Gas Turbine
(EFGT) and 0.7-MWe bottoming ORC plant is investigated, and
the energy performance and economic profitability of various con-
figurations of such a system in both power-only generation and
cogeneration mode are estimated taking into account the invest-
ment and operational costs, the influence of the heat demand
and the revenues from electricity sales. In particular, Feed-in-
Tariffs (FiTs) available in the Italian energy framework are
assumed, and resulting cost/performance data are elaborated tak-
ing into account the experience from the CSP pilot-plant built by
ENEA within the Archimede project [15]. In more detail, two differ-
ent CSP sizes and TES capacities are considered, and different oper-
ating strategies are compared including baseload operation
(constant output power with a modulating biomass combustor)
and variable CHP operation (constant biomass reactor output and
variable solar energy input). The case studies examined in the pre-
sent work are summarized in Table 1.

The aim of this paper is to propose a novel hybrid biomass-CSP
combined CHP system and to present a thermo-economic method-
ology suitable for the thermodynamic, thermal and financial
appraisal of such a plant in different energy demand segments.
The methodology adopts a combination of a solar energy yield
assessment, combined cycle thermodynamic modelling and energy
efficiency analysis, a simplified representation of the energy
demand, a cost assessment and a discounted cash-flow analysis.
The paper aims to evaluate if, and at what extent, the investment
costs for the CSP section of such a hybrid plant are justified by
the increased operational flexibility of the plant, and the increased
overall conversion efficiency and electricity sales revenues, in com-
parison to a 100% biomass(-only) fired power generating plant,
while also investigating the influence of TES on the solar share
and system’s profitability.

The originality of the paper lies on the adoption of a novel com-
bined cycle, featuring a parabolic-trough collector (PTC) array and
dual-tank TES coupled to a biomass-fired EFGT, which promises
the possibility of achieving high energy-conversion efficiencies
and solar shares in comparison to benchmark hybrid CSP systems.
Conventional CSP hybrid schemes proposed in literature are gener-
ally based on steam cycles and the biomass is used in a back-up
boiler instead of in a conventional gas-turbine [16,17]. In the pre-
sent study, a combined cycle based on an EFGT [18] and a bottom-
ing ORC unit allows for higher thermodynamic conversion
efficiency relative to conventional steam cycles. Furthermore, the
rated power output of the distributed plant considered here is
one order lower than typical steam plants (�2 MWe vs.
�10 MWe, or higher), which can greatly reduce the biomass supply
chain and storage issues [19]. The proposed scheme is also innova-
tive with respect to high-temperature CSP plants that usually make
use of a solar tower and gas-steam combined cycle [20]. In that
case, the solar power input is integrated with the gas-turbine com-
bustor utilizing natural gas, whereas fully renewable energy
sources are adopted here.

Another innovative aspect arises from the adoption of PTCs at
relatively high-temperature levels. The PTC is the most commer-
cially proven and low risk solar-collector technology and has better
optical efficiency in comparison with tower and Fresnel technology
[21,22]. In this work, we propose the use of PTCs with a binary
molten-salt mixture (sodium and potassium nitrates) as the HTF
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and thermal storage medium. The main feature of this technology
is that the maximum temperature in the receiver can be at or even
in excess of 500 �C (up to 550 �C). Molten-salt technology allows
one to increase the solar input by up to 50% compared to employ-
ing thermal oils as HTFs, which limits the maximum temperatures
to around 400 �C.

Key advantages of such solar-biomass hybridization for real
applications are: (i) lower space requirements for the solar collec-
tors and reduced biomass supply constraints due to lower fuel
input requirements, for a fixed plant size; (ii) possibility of adopt-
ing an EFGT-ORC combined cycle using solar PTCs instead of more
expensive solar towers or dishes; (iii) flexible operation of the sys-
tem when modulating the biomass contribution and possibility to
obtain dispatchable renewable energy from smart integration of
intermittent solar and programmable biomass sources; (iv) higher
conversion efficiency compared to CSP-only systems at the same
plant size/scale (i.e., better use of the solar energy input); and (v)
possibility of modulating the heat/power output ratio to match
on-site energy demand if smart operation of the bottoming ORC
unit is adopted (switch on/off or variable condensing temperature
of the bottoming cycle).

On the other hand, some major bottlenecks in the implementa-
tion of such a system are: (i) relatively high temperatures in the
PTC (up to 500–550 �C), which influences costs and energy effi-
ciency; (ii) reduced efficiency of the biomass furnace and of the
hot air heat exchanger when modulating the energy output to
match the solar input (due to part load operation); and (iii) high
solidification temperatures of the molten salts adopted as the
HTF and TES media, which requires suitable heating systems to
prevent freezing.
2. Literature review on hybrid CSP-biomass CHP

The hybridization of CSP systems has been widely addressed in
literature [23]. Hybridization of solar energy with combined cycles
offers specific advantages during the yearly operation. In fact, the
most demanding conditions for CCGT technology correlate well
to the optimal ambient conditions for CSP, which facilitates the
integrated behaviour and efficiency of the ISCC [16,24,25]. Previous
works [4,26] showed the convenience of ISCC (Integrated Solar
Combined Cycle) using PTC and direct steam generation (DSG) in
locations with hard climatology, but economic feasibility is ques-
tionable in other climates [24]. In Ref. [27], several ISCC configura-
tions were studied in order to find the best point for adding the
solar contribution in the heat recovery steam generator (HRSG),
finding that the best choice is to evaporate water with DSG at
the high pressure level without preheating or superheating. Similar
conclusions are found in Ref. [26] where the authors propose a
configuration with DSG in all the pressure levels even removing
the evaporators of the HRSG. The same authors also proposed the
inclusion of a solar multiple in the solar field in order to increase
the yearly solar contribution [28].

CSP hybridization can be performed by retrofitting an existing
plant or designing an original one [4,29,30]. Usually, there is more
flexibility in designing and optimizing a new system, addressing
the design challenges properly. It is thus required to simulate the
hybrid system, taking into account technological, thermodynamic
and economic issues [31–33]. For design purposes, particular sta-
tionary conditions for solar irradiance and ambient temperature
are usually adopted, even if these design points could be too opti-
mistic and do not properly reflect the fluctuating behaviour due to
daily and seasonal changes of solar irradiance. Some researches on
such hybridization systems make use of commercial simulation
tools or in-house developed software, which allows a detailed
description of all plant components and specific calculations on
the solar subsystem [34–36]. With respect to the latter, exhaustive
computations for the solar efficiency including mirror area, spil-
lage, blocking and shadowing effects, mirror-tracking strategies
have been proposed in literature [24,36,37]. These simulations rely
on the detailed model of each plant component, however the large
number of parameters to be simultaneously optimized makes it
difficult to extract direct information about the main losses in
the plant and to plan global strategies for the optimization of the
plant design and operation.

A wide literature is available on hybridization configurations
and strategies of CSP plants with fossil fuels (in particular natural
gas), while a limited attention has been paid on biomass-CSP
hybridization. In particular, none of the previous researches in this
area have addressed the integration of CSP, based on PTC and mol-
ten salt TES, with biomass combustion in EFGT, as proposed in this
paper.

In recent years, a number of hybrid CSP-biomass plants have
been developed [38–40], where CSP plants are connected to steam
turbines, using diathermic oil as HTFs, and are hybridized with bio-
mass boiler units that supply the required thermal energy to the
power block enabling electrical production during periods of low
solar input. In these applications, hybridization allows a continu-
ous operation of the steam turbine (avoiding daily start-ups and
shut-downs), thus facilitating a more efficient and profitable use
of the CSP plant section.

Srinivas & Reddy [16] simulated a solar-biomass hybrid regen-
erative steam Rankine cycle without TES, while Vidal & Martin [25]
proposed the integration of biomass gasification to a CSP facility; in
this case, the options of using syngas for hydrogen production, for
providing thermal energy in a furnace or for power generation in
an open Brayton-cycle were compared, with the biomass section
coupled to a tower-based CSP plant with a molten salt as the
HTF. A general multi-criterion approach for selecting the most suit-
able CSP technology for hybridization with Rankine cycle power
plants using conventional (gas, coal) and alternative (biomass,
wastes) fuels was suggested by Peterseim et al. [4], which included
key factors such as technology maturity, environmental impact,
economics and site-specific solar yield. In Ref. [26], the same
authors proposed a methodology for categorizing the level of CSP
hybridization depending on the interconnections of the plant com-
ponents, as applied to biomass, fossil fuel and geothermal hybrid
systems. Other solar-biomass hybrid configurations considered in
the literature are based on PTCs, backup boilers and Rankine cycles
[27,41,42], on the substitution of steam bleed regeneration with
water preheating by solar energy [43]. Fresnel collectors were also
proposed as solar technology for power generation in hybrid
renewable plants [28]. Despite of the lower efficiency with respect
to solar tower or linear parabolic collectors, Fresnel collectors rep-
resent a more economical alternative, suitable for easier integra-
tion in industrial or rural area (for example, on the roof of
existing buildings). Supercritical CO2 cycles were also proposed
as thermodynamic cycle for power generation from solar and bio-
mass energy sources. In Ref. [44], design and off-design thermody-
namic performance of the system were studied, considering
variable solar radiation levels and reporting a peak electric effi-
ciency of 40%. In this research, the integration of biomass made
the generation efficiency independent from solar radiation fluctu-
ations, facilitating an efficient and stable utilization of solar energy
and biomass. However, the biomass combustion efficiency was not
fully addressed and the high temperature of the cycle required air
pre-heating with correspondent reduction of conversion efficiency.
Moreover, no TES was considered, hence the solar energy share
was below 10%, as expected in such cases.

Several other hybridization strategies have been proposed in
the literature, such as a central solar tower collector coupled to a
4.5-MWe closed Brayton cycle where the solar fluctuation is com-
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pensated by a gas-fired combustion system in order to achieve a
stable operation independent of the solar radiation conditions
[45] and without thermal storage. The overall thermodynamic
cycle efficiency, solar conversion efficiency, solar share and power
output have been estimated on the basis of real data for irradiance
and external temperature, resulting in a relatively low solar share
(around 11%) in summer, mainly due to the lack of storage.

In Ref. [36], a hybrid mini-CSP and biomass system was pre-
sented and modelled. The solar field adopted PTCs, while a biogas
boiler was used in backup mode and a small-scale ORC power unit
converted heat to electricity. The results reported an improved
(from 3.4 to 9.6%) annualized global electric efficiency with
hybridization. On the other hand, the hybridization promoted
energy excess, mostly in the summer months, demonstrating that
hybridization significantly reduces, but does not eradicate, the
need for TES. In Ref. [46], the integration of a PTC-based CSP to a
CHP steam turbine plant fed by sugarcane bagasse was proposed.
Solar integration was considered for displacing the high-pressure
steam extraction of a condensing-extraction steam turbine via pre-
heating feedwater, and operation in a fuel-economy mode was
employed in order to save bagasse during the harvesting period
with use of the economized bagasse during the off-season. In this
study, the hybridization of CSP with biomass allowed base-load
power supply, while solar thermal load facilitated the rational
use of seasonal bagasse, improving the export of electricity to the
grid. In Ref. [47], a first attempt at an exergo-economic analysis
was proposed to assess the levelized costs of energy from thermo-
chemical hybridized gas-CSP plants, hybrid thermochemical fuel
conversion plants and for comparing them with corresponding
conventional single heat-source systems. In another study of inter-
est, a CSP heat source was adopted in Ref. [48] to drive a biomass
gasification process and to feed an IGCC plant. In particular, a two-
stage solar-biomass gasification concept was used, with a first
stage involving biomass pyrolysis, preheating and steam genera-
tion, driven by mid-temperature solar thermal energy via Linear
Fresnel Collectors (LFC) which can achieve higher efficiencies than
PTCs that operate at higher temperatures. Heliostats were adopted
in a second biomass gasification stage, and the gasified syngas as
utilized by an advanced gas turbine. By using concentrated solar
energy to drive the biomass gasification, solar energy was con-
verted to a fuel in the form of gasified syngas. The two-stage pro-
cess demonstrated an energy level upgrading ratio of 32.4%
compared to 21.6% in one-stage gasification mode, with respect
to no solar energy input.

With regard to solar collectors, PTC technology is currently the
most commercially proven and reliable option [49,50], allowing
medium-to-high temperatures with good thermal efficiency.
Nowadays, PTC is implemented using collectors like Eurotrough
and Solargenix, and it is a well-proven technology [51,52]. LFCs
are a more recent development compared to PTCs, but seem to
have some potential to reduce the Levelized Cost of Energy (LCOE)
of associated systems [50]. LFC technology is simpler, less expen-
sive and more compact than PTCs but also exhibits a lower optical
efficiency. A comparison of PTCs and LFCs in the context of hybrid
solar-natural gas application is provided in Ref. [53], where the
solar contribution was only used for evaporating water in a CCGT
(combined cycle gas turbine), increasing the production of the
high-pressure level of the steam generator. The economic analysis
reported specific costs of 200 Eur/m2 and 80–160 Eur/m2 respec-
tively, for PTCs and LFCs. The results also showed that the proposed
evaporative configurations could increase annual performance,
with the thermal contribution of PTCs shown to be higher, despite
LFRs improving the economic feasibility of the plant due to their
lower costs. Tower Collectors (TCs) [50] can reach very high tem-
peratures (high solar concentration) and potentially have better
performance than PTCs, but they have more complex management
(sun tracking algorithms) in the heliostat field [50] and limited
optical performance. All of these technologies could be coupled
to molten salts as HTFs to achieve the required temperatures but,
at present, PTC technology appears as the most reliable one [54],
and is selected herein.

In the case of hybrid CSP-biomass plants with steam-turbine
inlet temperatures >500 �C and pressures >100 bar, solar towers
emerge as the most suitable option, with direct-steam systems
preferred in plants without TES and molten salts preferred in
plants with TES. However, no attention has been paid to hybrid
CSP plants integrated with gas turbines, and featuring PTCs with
source temperatures >430 �C. Most of the applications of this
arrangement consider the use of solar towers or dishes as solar col-
lectors, and compressed air as the HTF with internally fired cycle
configurations [29,46,55].

Liquid storage media with molten salts or synthetic oils are the
most common option for high-temperature TES in CSP, and the
two-tank storage system is the most commercially mature tech-
nology. Several parabolic trough plants are under development or
in operation in Spain and the US use the indirect two-tank thermal
energy storage concept. These plants use organic oil as the heat
transfer fluid and molten salt as the storage fluid. The adoption
of a two-tank molten-salt TES presents lower costs per kWh of
storage capacity and reduced space requirements in comparison
to diathermic oil; in fact, due to the higher temperature difference
available for molten salts with respect to oil, the energy stored per
unit volume is higher. A two-tank direct storage (a system in which
storage material also acts as HTF) was used in early parabolic
trough power plants (Solar Electric Generating System I) [56] and
at the Solar Two power tower in California [57]. The same concept
has been recently re-considered by ENEA in an effort to develop a
new type of PTC power plant, whose demonstration was realized in
the Archimedes/ENEL CSP plant in Priolo Gargallo (Italy) [58,59]
and also forms part of the system proposed in the present work.
3. Technology description and thermodynamic performance
analysis

3.1. Plant layout and thermodynamic analysis

The proposed plant is a combined cycle composed of a topping
hybrid CSP-biomass EFGT and a bottoming ORC unit. A schematic
of the hybrid CSP-biomass EFGT configuration is shown in Fig. 1,
which indicates the main thermodynamic plant-design parameters
associated with the rated power output.

The heat input to the plant comes both from solar and biomass
energy. The solar section is based on PTCs with molten salts as HTF.
A TES system with two tanks (one cold and one hot) of molten salts
is adopted in order to reduce the fluctuation of the operating con-
ditions and increase the share of solar input. The topping cycle, an
EFGT, already proposed in Ref. [14] for the case with only biomass
as energy input, has been chosen for the present work since it is
well suited to accommodate for the solar energy input. Air taken
from the ambient is compressed in the inter-refrigerated compres-
sor to about 12 bar and exits the compressor at 180 �C. The com-
pressed air is heated firstly by molten salts flowing from the hot
to the cold storage of the CSP plant up to 500 �C. Then, air is heated
to 800 �C by hot gas produced in the furnace and is transferred to
the air flowing in the gas turbine in the High-Temperature Heat
Exchanger (HTHE). For a more flexible regulation of the combus-
tion process, combustion air to the furnace is taken from the ambi-
ent. In this way, the combustion air flowing to the biomass furnace
can be regulated independently from the air flowing in the turbine,
in relation to the fluctuations of the solar inputs or variation in the
biomass properties (mainly, moisture content, calorific value).



Fig. 1. Layout of the hybrid solar-biomass EFGT-ORC combined cycle power plant. Flow rate, temperature and pressure are referred to rated operating conditions.
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However, since the temperature of the compressed air entering the
furnace is high (500 �C), pre-heating of the combustion air is
needed in order to recover the heat of the exhaust gas. The com-
pressed air exiting the HTHE is expanded in the turbine. At the
design point, the turbine exit temperature obtained from calcula-
tions is equal to 394 �C.

As shown in Fig. 1, under rated thermal input from the solar
plant, the combustion air is pre-heated to 490 �C. Due to the
intense air pre-heating, the air-to-fuel ratio need to be relatively
high is order to avoid excessive temperature of the combustion
gas that may cause biomass ash melting point problems and possi-
ble corrosion of the metallic surface of the HTHE. For this reason,
the temperature of the combustion gas has been limited to
1040 �C, making also use of a low flue gas recirculation. In such a
way, considering that the maximum temperature of the com-
pressed air is limited to 800 �C, the metal temperature remains
at a value that allows for the use of nickel–cadmium based heat
exchanger. The high air to fuel ratio (air factor k > 2) guarantees
more efficient combustion with respect to the case without solar
input. On the other hand, the thermal losses caused by the sensible
heat of the combustion products exhausted to the atmosphere are
lowered during hours with solar inputs, due to the lower flow rate
of the combustion air.

The heat of the gas exiting the gas turbine is recovered in a Heat
Recovery Vapor Generator (HRVG) and transferred to the ORC unit.
The air exiting the HRVG is still at a temperature that is suitable for
cogeneration. Hence, its sensible heat is recovered in a Heat Recov-
ery Boiler (HRB) for industrial or residential use. In this work, the
air is discharged to the atmosphere at 80 �C, assuming that the
gas exiting the turbine is pure air without any impurities coming
from the combustion process.

The bottoming cycle is an ORC unit in a recuperative configura-
tion (see Fig. 2). In particular, this sub-system contains a pump (6-
1) that supplies the fluid to the recuperator (1–2). The recuperator
pre-heats the working fluid using the thermal energy from the tur-
bine outlet. The evaporator produces the evaporation of the
organic fluid up to the ORC turbine inlet conditions 2 and 3, by
recovering the heat from the topping cycle (F-G). Thus, the vapor
flows in the turbine (3–4) connected to a high-speed electric gen-
erator. At the exit of the turbine, the organic fluid goes to the hot
side of the recuperator (4–5) where it is cooled to a temperature
a little higher than the condensation temperature. Finally, the con-
denser closes the cycle (5–6).

Several methodologies have been proposed in literature to
select the optimal working fluid, including mixtures and statisti-
cally advanced fluid theory [60,61] or thermo-economic optimiza-
tion and cost component approaches [62]. In this case, since the
temperature of the heat available from the topping cycle is rela-
tively high, siloxanes and toluene can be considered as suitable
candidates as organic fluids for the ORC cycle thanks to their high
critical temperatures. Toluene has been preferred here to siloxanes
as the ORC working fluid because, as described in [14,63] it was
proven to give the better efficiency in energy recovery applications
from hot gases exiting at 390 �C, due to its improved heat recovery
coefficient. The evaporation pressure has been limited to 10 bar in
order to avoid excessive volumetric ratio that affects negatively the
turbine efficiency.

3.2. CSP sizing and energy yield assessment

The solar collectors are based on the ENEA technology [58] con-
sisting of PTCs making use of sodium-/potassium-nitrate molten
salts as the HTF as well as the TES medium. These salts are liquid
at 240 �C and stable up to 600 �C [64]. PTC technology is the most
widespread CSP solution [65,66], and the ENEA configuration
adopts a receiver with a novel high efficiency selective coating that
is stable up to 600 �C [67,68]. This technology is proved to be well
suited to produce steam up to 550 �C.

The mirrors (1-mm thin coated glass supported by a sheet-
moulding compound support panel) have a reflectivity of 95%.
The TES section is a typical two-tank direct storage system, where
the high temperature difference between the two tanks containing



Fig. 2. Layout and T-s diagram ORC plant.
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the molten salts (260 �C instead of 100 �C of conventional systems)
allows reduced tank size and limited heat losses [68]. This technol-
ogy was firstly tested at lab scale in a PTC facility at the ENEA
Casaccia Research Center (Rome, Italy) and then demonstrated in
the Archimede demonstration plant in Priolo Gargallo (Syracuse,
Sicily, Italy) [58,59].

The solar collector field is sized to supply 50% of the total rated
thermal input to the hybrid solar-biomass plant. It is assumed that
the compressed air is heated in the PTC field up to 500 �C, which
corresponds to a thermal energy input of 3670 kWt. The required
area of the solar field is evaluated assuming a standard direct nor-
mal irradiance (DNI) of 800 W/m2. Each solar collector has useful
intercepting area of 67.3 m2. The Solar Collector Assembly (SCA)
comprises eight collectors controlled by a central driving unit,
and each solar field line has eight SCAs. The net photo-thermal effi-
ciency is 65%.
3.2.1. CSP section sizing
The solar plant is sized assuming two scenarios of 1.3 and 5.0 h

of TES capacity (6-h charging time). In the first case, TES operate
only as energy buffer to reduce the variability of the source and
recover the energy produced by the solar field and not used.
Instead, in the second scenario, TES is used to increase the solar
energy utilization factor. The technical specifications of the solar
field with the two different TES sizes are reported in Table 2, where
the solar multiple represents the ratio between the solar collector
intercepting area with and without TES. The required ground area
is estimated assuming a distance between each collector line of 2.5
times the PTC aperture size.
Table 2
Characteristics of the solar field and of the thermal energy storage.

Case study Cases B and D Cases C and E

Design TES capacity [h] 1.3 5.0
Number of lines – total SCAs [–] 2–16 3–24
Intercepting area [m2] 8609 12,914
Required ground area [m2] 21,523 32,300
Intercepted solar power [MWt] 6.89 10.33
Available thermal power [MWt] 4.48 6.72
Solar multiple [–] 1.22 1.83
Thermal power to the TES [MWt] 0.81 3.04
TES capacity [MWh] 4.8 18.3
3.2.2. Solar energy yield assessment
Many models are available for the estimation of the solar radi-

ation at different locations and the resulting CSP energy yield [69].
In this paper, the Hottel model [70] is adopted to calculate the
average monthly reduction coefficient A of the monthly direct nor-
mal irradiance MDNI (kWh/m2 month) [71].

The Aperture Normal Irradiance (ANI, in W/m2), that is the
effective irradiance normal to collectors’ aperture plane, is a func-
tion of the incidence angle hi on the collectors’ plane, the incidence
angle modifier IAM, the row shadow losses and the losses from the
ends of the collectors, according to Eq. (1) [72–74]:

ANI ¼ DNI � cos hi � IAM � ð1� f EndLosses � f RowShadowÞ: ð1Þ
The DNI and the average Monthly Direct Normal Irradiance

(MDNI, in kWh/m2 month) is taken from [71], selecting the site
of Priolo Gargallo (Siracusa, Italy, Latitude: 37�0800400, Longitude:
15�0300000, 30 m a.s.l., solar collector positioning N-S). Fig. 3
shows the hourly plot of DNI (with an average value of
257W/m2) and of ANI (average value of 201 W/m2). The annual
DNI for the site is equal to 2256 kWh/m2 year, and the annual
ANI is equal to 1760 kWh/m2 year with a loss of 22%, as reported
in Table 3.

From the known hourly ANI distribution and the total reflecting
surface, it is possible to evaluate the collector efficiency distribu-
tion, the thermal energy collected and absorbed by the heat trans-
fer fluid. The energy that can be stored in the storage system is the
collected energy minus the network thermal losses. Not all the col-
lected energy can be stored in the hot tank because of the storage
capacity; part of this energy is dumped when the tank is full. With
this procedure, it is possible to evaluate the energy transferred as
heat input to the thermodynamic cycle and the annual energy bal-
ance of the solar plant.

Adopting the methodology proposed in [26] and assuming
an annual system availability of 95%, collector thermal losses
of 50 kW per line, network losses of 60 W/m (300 m pipe
length), the useful solar thermal energy input to the plant
results 8229 and 12,202 MWh/yr for the two assumed CSP
and TES sizes (Case Studies B/D and C/E, respectively), as
reported in Table 3. The rejected energy results of 6.15% and
9.44% of total collected energy on annual basis respectively
for Cases B/D and C/E, while network losses and solar field



Fig. 3. Hourly DNI and ANI at the selected site of Priolo Gargallo [70].

Table 3
Monthly DNI, average monthly reduction coefficient A, monthly ANI and thermal energy output from the solar section.

Month DNI A ANI Available energy (Cases B and D) Available energy (Cases C and E)
[kWh/m2] [–] [kWh/m2] [MWh] [MWh]

January 124 0.48 60 279 414
February 145 0.61 88 413 613
March 183 0.76 139 650 964
April 206 0.86 178 830 1.230
May 247 0.92 227 1.063 1.576
June 253 0.92 233 1.088 1.613
July 264 0.92 243 1.136 1.684
August 235 0.90 211 989 1.466
September 190 0.80 152 711 1.055
October 168 0.67 112 525 779
November 123 0.52 64 300 444
December 117 0.45 53 246 365

Total 2256 1760 8229 12,202
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losses are around 0.27% and 4.0% of the total collected energy
in both cases.

Table 4 reports the rated performance results from the thermo-
dynamic simulation with and without CSP.
Table 4
Rated performance of the proposed case studies as resulting from the simulation.

Parameter Unit EFGT + ORC Hybrid
Biomass-
Only

CSP +
Biomass

EFGT electric power output kWe 1388 1388
ORC cycle power output kWe 700 700
Total electric power output (ISO) kWe 2083 2083
Auxiliary consumption

(in % of rated power)
% 6 10

Available thermal power output (CHP) kWt 963 963
Biomass consumption kg/s 1 0.5
Biomass thermal power

(referred to LHV)
kWt 9050 4523

Thermal power produced by CSP plant kWt – 3673
Overall electric efficiency

(referred to biom. LHV)
% 23.0 46.0
3.3. Thermodynamic analysis results

The modelling results report a net electric efficiency (defined as
the total generated electricity as a fraction of the input biomass
energy at nominal solar-energy input, delivered to the grid, not
considering auxiliary consumption) of 23% for the 100% biomass
plant of Case A (no solar contribution), and of 46% for the hybrid
cycles of Cases B to E. An energy breakdown of the plant at the
rated operating conditions (baseload with solar input of
3673 kW) is given in Fig. 4. The thermodynamic analysis has been
carried out by means of Cycle-tempo [75] and considering the total
thermal input as the sum of the biomass thermal power (given by
the rated power of 4523 kWt referred to the biomass LHV) and the
thermal power of 3673 kWt delivered by the solar plant to the
EFGT, as detailed in Table 4.

It appears that 25% of the total energy input is converted to
electrical power, while 8% can be used for thermal uses from gas
exiting the HRVG and a further 18% can be used from the heat
rejected at the compressor intercooler. The heat rejected at the
condenser, and the heat exhausted to the atmosphere from the
gas exiting from the furnace and from the air exiting the HRB can-



Fig. 4. Overall plant energy balance; share of rated thermal and electrical power outputs with respect to the total thermal input (sum of the Biomass thermal power,
4523 kWt, and CSP thermal power, 3673 kWt, as detailed in Table 4).

Table 5
Overview of the five case studies considered in the present work.

Case study A B C D E

Biomass furnace rated thermal power [kWt] 9050 9050 9050 4523 4523
Biomass input [t/yr] 25,694 22,865 21,462 13,999 13,999
Net electricity generation [MWh/yr] 15,741 15,741 15,741 10,761 11,818
Equivalent operating hours [h/yr] 8040 8040 8040 5496 6036

Fig. 5. Monthly primary energy contribution from biomass and solar source in four
different months of the year for the proposed case studies.

Table 6
Main characteristics of the plant heat exchangers.

Component Low-end DT High-end DT Heat flo
[K] [K] [kW]

Intercooler 15 132 1590
Condenser 18.96 8.96 2377.4
Air pre-heater 125.67 34.56 2396.7
ORC recuperator 25.0 36.5 410
HRVG 33 176.19 3155.7
HTHE (gas–gas) 30 241.31 3654.4
HRB 10.0 64.9 708
Solar salts (HTF)-gas 110.0 50.0 3660
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not be used for cogeneration because their temperature is too low
for further thermal uses. In generating these results, the part load
efficiency of the biomass boiler in Cases B and D has been
neglected.

Salient results relating to all five selected case studies are sum-
marized in Table 5. The 100% biomass-only plant (Case A) as well
as Case B and C, which have fixed power outputs with a modulat-
ing biomass boiler to compensate the variable solar input, have
biomass boiler thermal loads of 9.05 MWt. Cases D and E, in which
the plant has a variable output with a fixed biomass input (50% of
nominal CHP output), have lower biomass boiler thermal loads of
4.52 MWt. The corresponding net electricity generation from the
plants amounts to 15.7 MWh/yr in Cases A, B and C, which also
have a little over 8000 operating hours per year, 10.8 MWh/yr in
Case D (close to 5500 h/yr), and 11.8 MWh/yr in Case E (close to
6000 h/yr). The primary energy inputs from the biomass and solar
sources in different months of the year are reported in Fig. 5. From
Fig. 5, it can be seen that the primary solar-energy contribution is
generally small in all cases.
w Log. DTlm UA U A
[K] [kW/K] [W/(m2 K)] [m2]

53.8 29.6 45 656.8
6 13.3 178.2 1000 178.2
2 70.6 34.0 30 1132.0

30.4 13.5 60 225.0
7 85.5 36.9 300 123.1
5 101.4 36.1 30 1201.9

29.4 24.1 100 241.1
76.1 48.1 55 874.5
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Finally, Table 6 shows the results of the calculations regarding
the heat exchangers. The overall heat transfer coefficients are esti-
mated for the different cases on the basis of the values suggested in
Ref. [75]. All the surfaces are evaluated considering the operating
conditions with solar input (Case B), except than the HTHE that
has been designed considering the operating conditions with only
biomass (Case A). It appears from these results that the gas-gas
heat exchangers, as expected, need the largest heat transfer sur-
faces and, therefore, represent the largest costs of the plant.

4. Thermo-economic analysis

A profitability assessment of the hybrid CSP-biomass combined
EFGT-ORC CHP plant is performed in this section. For each case
study, the scenarios of electricity-only generation and cogenera-
tion of heat and power, as well as a sensitivity analysis to the heat
demand intensity and the biomass purchase price, are considered.
A basic strategy is assumed here of electricity fed into the grid,
given that CHP plants are eligible for FiTs in the Italian energy mar-
ket where this study is focused.

4.1. Costs assessment

The turnkey costs were estimated by means of interviews and
data collection from manufacturers of the selected technologies
[14]. In particular, the following sources have been considered:
Saturn 20 Solar Turbines; Turboden for the ORC genset; Uniconfort
for biomass boiler, hot air genset and heat exchanger (maximum
temperature of 800 �C). For the CSP section, PTCs and TES costs
were derived from NREL cost figures [76–78], according to the les-
sons learnt from ENEA/Enel Archimede project [15]. In particular,
unitary PTC costs of 250 Eur/m2, TES costs of 25 kEur/MWh and a
30% cost increase for installation, piping and the HTF are assumed.
The capex and opex cost items are summarized in Table 7. The
annual O&M costs are assumed 4% of the turnkey cost and the
ash discharge are accounted for assuming unitary cost of 70 Eur/t
ash. Personnel costs are included at a rate of 268 kEur/yr [14].
Table 7
Capex and opex costs assumptions for the hybrid combined cycle.

Case study A

Turnkey cost (kEur): 4700
– PTC field and CSP installation –
– TES –
– Gas turbine 1200
– ORC genset 1200
– Biomass furnace 1000
– HTHE for EFGT 600
– Civil work, grid connection, engine, development 700

Upfront cost [kEur/kWe] 2.26
Opex (incl. fuel) [kEur/yr] 2285

Fig. 6. LCOE as a function of the biomass purchase price (left) and energy balan
From Table 7, the total predicted turnkey cost is lowest at
4.7 MEur for Case A, which is the biomass-only plant (Case A) that
does not have a solar field, and is highest at 9.5 MEur for Case C,
which features significant TES and a fixed power output with a
modulating biomass boiler and a variable solar input. From the
results in this table it can be seen that variable power output
hybrid plants and, even more so, plants with a smaller TES capacity
are generally associated with lower turnkey costs. This is also
reflected in the upfront specific costs (in kEur/kWe), which vary
from 2.3 kEur/kWe for the biomass-only plant (Case A) to
4.5 kEur/kWe for the hybrid plant of Case C.

Opex, on the other hand, varies from a high of 2.3 kEur/yr for
the biomass-only plant (Case A) to a low of 1.5 kEur/yr for the plant
of Case C, given the larger volume of biomass (fuel) required in the
former. The results reveal that variable power output plants are
generally associated with lower operating costs, whereas the
degree of available TES in the plant (Case B vs. C, and Case D vs.
E) does not have a significant effect on this cost component (to
within a few% points).
4.2. Energy revenues and financial assumptions

The financial appraisal of the investment is carried out assum-
ing the following hypotheses: (i) 20 years of operating life and
FiT duration for renewable electricity; no ‘re-powering’ throughout
the 20 years; zero decommissioning costs, straight line deprecia-
tion of capital costs over 20 years; (ii) maintenance costs, fuel sup-
ply costs, electricity and heat selling prices held constant (in real
2017 values); (iii) cost of capital (net of inflation) equal to 5%, cor-
poration tax neglected, no capital investments subsidies. Electricity
is sold to the grid at the feed-in electricity price available in the
Italian energy market [79], which is 180 and 296 Eur/MWh respec-
tively for biomass electricity (assuming the use of lignocellulosic
by-products in the form of wood chips from forestry harvesting)
and CSP electricity. These figures are valid in the considered power
size range, TES size, adoption of best available technologies for air
emissions abatement, and use of agricultural by-products from
B C D E

7684 9450 7284 9050
2863 4294 2863 4294
121 456 121 456
1200 1200 1200 1200
1200 1200 1200 1200
1000 1000 600 600
600 600 600 600
700 700 700 700
3.69 4.54 3.50 4.34
2186 2099 1532 1549

ces as resulting from the thermodynamic modelling (right) of Cases A to E.



Fig. 7. NPV (left) and IRR (right) for Cases A to E as a function of biomass supply cost for electricity-only generation scenario.

Fig. 8. NPV (left) and IRR (right) as a function of heat demand (equivalent h/yr) and biomass supply cost in CHP scenario.
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local and sustainable supply chains [79]. The electricity generation
is calculated at 8040 operating hours per year. Cogenerated ther-
mal energy is sold at a price of 80 Eur/MWh.
5. Energy performance and profitability assessment results

Fig. 6 shows the energy performance, specifically in terms of the
global electricity efficiency and solar share, and LCOE at different
biomass supply costs, in the case of electricity-only/power-genera
tion production. The global electricity efficiency is the ratio of elec-
tricity annual sales and biomass energy input, while the solar share
is the percentage of solar energy input on a yearly basis. Further-
more, the profitability assessment results are shown in Figs. 7
and 8, which report respectively the Net Present Value (NPV) and
Internal Rate of Return (IRR) as a function of the biomass supply
cost, for both electricity-only and cogeneration scenarios (in this
case varying the equivalent heat-demand hours, which represent
the ratio of annual thermal energy delivered to the load and ther-
mal power of CHP plant).

Of interest is to observe the emerging LCOE values, which are
from around 100 Eur/MWh to above 220 Eur/MWh. Moreover,
NPV values from close to 13,000 kEur to�3000 kEur and IRR values
from 30% down to almost zero when prioritizing electrical power
generation (i.e., not in cogenerative mode). The hybridization of
the biomass EFGT with CSP increases the global electricity effi-
ciency, due to the reduced biomass requirement, but reduces the
NPV and IRR in all scenarios. In fact, despite the increased global
energy efficiency of the solar input, and the higher electricity sell-
ing price of the solar based fraction on respect to biomass based
one, the investment costs of the PTCs with molten salts as HTF
are very high and make this investment not competitive. This is
more evident at higher solar shares (Cases C and E, in comparison
to Cases B and D) where the larger PTC solar-array areas (and con-
sequently higher investment costs) make the investment less prof-
itable. Moreover, the option of fixed biomass furnace-load
operation and variable electricity output (on the basis of the vari-
able solar-energy input) of Cases D and E is also less profitable than
the corresponding cases of baseload operation (Cases B and C),
despite being more efficient for the higher solar share. Only in
the case of variable energy output with fixed biomass input (Cases
D and E), the investment profitability increases with the solar sec-
tion size (from Cases D to E) and this is due to the higher revenues
from electricity sales that compensate the relatively higher invest-
ment cost for the solar PTC. This is more evident at higher biomass
supply costs.

In general, the results indicate the reduced economic viability of
CSP integration into biomass-only plants, due to high investment
costs of the former which are not compensated by the higher glo-
bal energy conversion efficiency and additional sales revenues, but
alternatively, the same finding implies an improved economic via-
bility of integrating biomass-firing in combined thermal-CSP
plants.
6. Conclusions

A thermodynamic and economic analysis has been performed
on a hybrid (solar-biomass) combined cycle featuring by a PTC field
with molten salts as the HTF delivered at a maximum temperature
of 550 �C, upstream of a 4.5–9 MWt fluidized-bed biomass com-
bustor, with thermal energy storage. the heat sources drive an
EFGT top cycle and a bottoming ORC unit with a total of
2.1 MWe and 960 kWt generated, of which 1.4 from EFGT and 0.7
from the bottoming ORC. The thermodynamic modelling has been
performed assuming two different CSP sizes, storage levels and a
fixed or modulating biomass combustor operation mode. in partic-
ular, the CSP collector array covers a total ground area of 22,000–
32,000 m2, and the two molten-salt tanks considered can provide
4.8–18 MWh (corresponding to 1.3–5.0 h) of thermal energy stor-
age as a means of reducing the variations in the plant’s operating
conditions, increasing the plant’s capacity factor and total equiva-
lent operating hours (from 5500–6000 to 8000 h per year). On the
basis of the results of the thermodynamic simulations, upfront and
operational costs assessments, and considering an Italian energy
policy scenario (feed-in tariffs, or FiTs, for renewable electricity),
the global energy conversion efficiency and investment profitabil-
ity of this plant are estimated for different sizes of CSP and biomass
furnaces, different operation strategies (baseload and modulating)
and cogenerative vs. electricity-only system configurations.
upfront costs in the range 4.3–9.5 MEur are reported, with operat-
ing costs in the range 1.5–2.3 MEur annually. Levelized costs of
energy from around 100 eur/MWh to above 220 Eur/MWh are
found, along with net present values (NPVs) from close to 13,000
to �3000 kEur and internal rates of return (IRRs) from 30% down
to almost zero when prioritizing electrical power generation (i.e.,
not in cogenerative mode). The energy performance results present
higher global conversion efficiencies when using CSP integration
but the thermo-economic analysis reports a lower NPV and IRR
of the investment when integrating solar energy, in the selected
rage of biomass supply cost (30–70 Eur/t), and this is due to the
higher investment costs of solar vs. biomass sections that are not
compensated by the relatively higher selling price of solar-based
vs. biomass-based electricity. A baseload operation strategy, which
maximizes the electricity output and compensates the solar energy
fluctuations with a modulating biomass furnace, proves to be the
most profitable hybridization option (despite being less efficient
in terms of global energy performance) in comparison to a strategy
with a fixed biomass consumption rate and variable electricity out-
put on the basis of solar radiation levels in all cases the economic
viability of the systems deteriorate for larger CSP section sizes. The
results indicate the low economic profitability of CSP integration in
comparison to biomass-only plants, due to high investment costs
of the former, which are not compensated by the higher global
energy conversion efficiency and energy sales revenues. However,
these results could be significantly different if a flexible operation
of dispatchable hybrid solar-biomass CHP will be properly
rewarded in a future energy framework and a proper integration
of renewable on site CHP operational strategies and demand
response solutions will be incentivized, in light of increased flexi-
bility of energy systems and enhanced integration of intermittent
and programmable energy sources, active network management
and demand side management options. Future researches regard
different CSP-biomass hybridization configurations, in order to
increase energy conversion efficiency and flexibility, such as solar
energy input feeding directly a bottoming ORC instead of integrat-
ing the biomass energy stream to the topping EFGT.
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