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This paper presents a thermodynamic analysis and techno-economic assessment of a novel hybrid solarbiomass power-generation system conﬁguration composed of an externally ﬁred gas-turbine (EFGT)
fuelled by biomass (wood chips) and a bottoming organic Rankine cycle (ORC) plant. The main novelty is
related to the heat recovery from the exhaust gases of the EFGT via thermal energy storage (TES), and
integration of heat from a parabolic-trough collectors (PTCs) ﬁeld with molten salts as a heat-transfer
ﬂuid (HTF). The presence of a TES between the topping and bottoming cycles facilitates the ﬂexible
operation of the system, allows the system to compensate for solar energy input ﬂuctuations, and increases capacity factor and dispatchability. A TES with two molten salt tanks (one cold at 200  C and one
hot at 370  C) is chosen. The selected bottoming ORC is a superheated recuperative cycle suitable for heat
conversion in the operating temperature range of the TES. The whole system is modelled by means of a
Python-based software code, and three locations in the Mediterranean area are assumed in order to
perform energy-yield analyses: Marseille in France, Priolo Gargallo in Italy and Rabat in Morocco. In each
case, the thermal storage that minimizes the levelized cost of energy (LCE) is selected on the basis of the
estimated solar radiation and CSP size. The results of the thermodynamic simulations, capital and
operational costs assessments and subsidies (feed-in tariffs for biomass and solar electricity available in
the Italian framework), allow estimating the global energy conversion efﬁciency and the investment
proﬁtability in the three locations. Sensitivity analyses of the biomass costs, size of PTCs, feed-in tariff
and share of cogenerated heat delivered to the load are also performed. The results show that the high
investment costs of the CSP section in the proposed size range and hybridization conﬁguration allow
investment proﬁtability only in the presence of a dedicated subsidy framework such as the one available
in the Italian energy market. In particular, the LCE of the proposed system is around 140 Eur/MWh (with
the option to discharge the cogenerated heat) and the IRR is around 15%, based on the Italian electricity
subsidy tariffs. The recovery of otherwise discharged heat to match thermal energy demand can
signiﬁcantly increase the investment proﬁtability and compensate the high investment costs of the
proposed technology.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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The increased utilization of renewable energy for the displacement of fossil-fuel consumption is an essential component of the
transition to a low-carbon, sustainable energy future [76,77] and at
the centre of the European Commission's 2030 energy strategy [1].
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Solar and biomass are among the most widespread and promising
renewable energy sources, however, solar energy is inherently
intermittent and needs to be integrated with energy storage and
programmable generation systems in order to match energy
demand.
1.1. Literature review on hybrid solar-biomass and combined-cyle
power plants
A hybrid Brayton solar/gas-ﬁred plant in which a constant power output is ensured by natural-gas combustors was proposed in
Ref. [2]. In this context, biomass can be an interesting alternative for
compensating the ﬂuctuations of solar energy. On the other hand,
the necessity of a constant and reliable supply of biomass at an
affordable price is one of the biggest challenges for the development of biomass power plants [3]. Hybridization of solar thermal
with biomass combines two energy sources that complement one
each other, both seasonally and diurnally [4]. Speciﬁcally, Hussain
et al. [5] demonstrated that hybrid concentrating solar (CSP) and
biomass power plants are technically viable alternatives to conventional fossil-fuelled plants. San Miguel at al. [6] used the life
cycle assessment to highlight the environmental beneﬁts of CSP
hybridization by means of biofuels, instead of natural gas, including
the environmental balances of biofuel production and transportation. The thermodynamic potential and a comparison of
different types of solar-thermal collectors in the context of solar
power-generation and cogeneration applications is considered in
Ref. [78], where it is reported that the type of collector is strongly
inﬂuenced by the characteristics of the solar resource. Parabolic
trough collectors (PTCs) were found to be well suited to regions
with good direct-solar irradiance conditions, but less so when
diffuse irradiation accounts for a signiﬁcant fraction of the total
solar resource. Therefore they are considered good options for hybridization, as they have good summer performance but poor
performance at low solar radiation levels, therefore offering
promising options for integration with biomass energy during
winter or during the night. Mishra et al. [7] compared various PTCs
technologies in a solar biomass hybrid plant to choose the optimal
one to match the thermal output. Nevertheless, the thermal inertia
of biomass furnaces makes this technology suitable for base load
operation but not for load-following options to meet variable energy demand. The integration of thermal energy storage (TES) can
compensate these solar energy ﬂuctuations and energy demand
variations to overcome the individual drawbacks of solar and
biomass as primary energy resources, thus facilitating smart and
ﬂexible operation strategies [8].
Organic Rankine cycle (ORC) technology is based on the Rankine
cycle but employs organic working ﬂuids and is particularly suitable for the conversion of low-to-medium temperature heat [9] and
for employment in small-to-medium scale applications [77]. Many
thermodynamic and techno-economic feasibility studies on the
employment of ORC technology in CHP applications have been
reported in literature [10,79,80], including of working-ﬂuid selection [11] and optimal cycle design, as well as studies speciﬁcally
relating to solar applications [81,82], including with integrated TES
[83,84]. Many ORC performance optimization methods have been
proposed in literature. Conventional methods have been used in
ORC optimization problems as in Ref. [12], where the steepest
descendent method was adopted to minimize the ratio of total heat
transfer areas and total net power. However, these methods are
initialized in a way that can risk convergence to sub-optimal solutions. On the other hand, global optimization tools based on genetic algorithms (GAs) have been successfully adopted in heat
transfer problems for their simplicity and robustness [13]. Xi et al.
[14] analysed different ORC conﬁgurations with six working ﬂuids

adopting GA to maximize exergy efﬁciency, while Wang et al. [15]
examined the effects of some thermodynamic design parameters
on the power output and heat exchanger areas. Other ORC optimization problems have been solved by means of gradient-based
methods [16], where a hybrid solar-biomass plant supplies heat
to the ORC plant.
The performance of hybrid solar-biomass plant conﬁgurations
under a variable solar input was studied by Srinivas & Reddy [17],
who simulated a solar-biomass regenerative steam-Rankine cycle
without TES, while Vidal & Martin [18] proposed the integration of
biomass gasiﬁcation in a CSP facility. In this case, the options of
using syngas for hydrogen production and heat generation in a
furnace, vs power generation in an open Brayton-cycle were
compared, with the biomass section coupled to a tower-based CSP
plant and a molten salt (MS) used as the heat transfer ﬂuid (HTF). A
general multi-criterion approach for selecting the most suitable
CSP technology for hybridization with Rankine power plants using
conventional (gas, coal) and alternative (biomass, wastes) fuels was
suggested by Peterseim et al. [19], including key factors such as
technology maturity, environmental impact, economics and sitespeciﬁc solar yield. In Ref. [20], the same authors proposed a
method for classifying CSP hybridization depending on the interconnections of the plant components, and including biomass,
fossil fuel and geothermal sources. Other hybrid solar-biomass
conﬁgurations are based on PTCs, backup boilers and Rankine cycles [21] using thermal oil as HTF [22] or MSs [23], the substitution
of steam bleed regeneration with water preheating by solar energy
[24] or Fresnel collectors [25] to increase temperatures. Some applications of CSP plants combined with gas turbines consider the
use of solar towers or solar dishes with compressed air as HTF in
internally ﬁred cycle conﬁgurations [26]. More recently, Bai et al.
[27] simulated a solar-biomass power generation system integrating a two-stage gasiﬁer using two different types of solar collectors applied to drive thermochemical pyrolysis and gasiﬁcation
processes. In another study of interest, a mini hybrid CSP plant
combining concentrating solar energy and biomass to drive an ORC
was considered [28], in which PTCs were coupled to a biogas boiler
used as backup. The results reported an improved annualized
global electric efﬁciency with hybridization (from 3.4% to 9.6%).
Integration of a PTC-based CSP to a CHP steam turbine was reported
in Ref. [29], where a steam turbine plant was fed by sugarcane
bagasse. Solar integration was considered for displacing the highpressure steam extraction of a condensing-extraction steam turbine via feedwater preheating; operation in a fuel-economy mode
was employed to save bagasse during the harvesting period with
use of the economized bagasse off-season. In this case, the hybridization of CSP with biomass allowed base-load generation,
while solar thermal input facilitated the rational use of seasonal
bagasse.
The use of biomass has been widely investigated in the literature
as it provides added socio-economic and environmental beneﬁts,
especially when the organic by-products are also utilized [30]. In
the case of small-to-medium scale CHP plants, this includes dualfuelling of biomass and natural gas in externally/internally-ﬁred
gas turbines [31]. Applications in the tertiary and industrial sectors have been investigated in Ref. [32], while residential end-users
have been analysed in Ref. [33]. The inﬂuence of part-load performance on optimal EFGT operation was investigated in Ref. [34],
while the improved energy performance and proﬁtability of bottoming ORCs has been investigated in different energy-demand
segments from technical [35,80] and exergoeconomic [36] points
of view. The literature on ORC systems and working-ﬂuid selection
for waste-heat recovery is also extensive [37]. Oyewunmi et al.
[38,39] analysed the effect of working-ﬂuid mixtures on the efﬁciency and power output of ORC systems by using the molecular-
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based statistical associating ﬂuid theory (SAFT), speciﬁcally, the
SAFT-VR Mie equation of state for the prediction of the workingﬂuid properties (The interested reader can also refer to extensions of these approaches to a group-contribution version of SAFT
referred to as SAFT-g Mie [85,86], which can be used for simultaneous working-ﬂuid design and overall ORC system performance
optimization). Economic analyses have also been performed by the
same authors, in Ref. [40] in relation to the use of working-ﬂuid
mixtures, and in Ref. [87] in relation to supercritical cycles. More
 et al. [41] investigated a small solar-powered ORC
recently, Prattico
plant in a rural application with a focus on optimizing the heatsource temperature, while a combined cycle with a 1.3 MW
biomass EFGT topping cycle and 0.7 MW bottoming ORC plant was
proposed in Ref. [42]. Furthermore, previous research from the
same authors has addressed the integration of PTCs and molten salt
TES with biomass combustion in externally ﬁred gas turbines
(EFGT) [43], estimating the proﬁtability of such hybridization options in the Italian energy policy framework.

1.2. Contents of innovation of the proposed plant
This paper progresses beyond the hybrid EFGT þ ORC system
proposed in Ref. [43], presenting a novel CHP plant based on independent “power blocks” (PBs), which comprise: electric power
generation (gas turbine and ORC), thermal energy sources (biomass
furnace and CSP plant), and energy storage (a thermal storage as
depicted in Fig. 1). The proposed conﬁguration is characterized by a
high degree of ﬂexibility and can be integrated to additional (and
different) power blocks such as gen-sets, electric energy storage
(electric batteries), wind turbines or photovoltaic modules. The
main novelty is the connection of thermal sources (exhaust gas
from the topping cycle and from the CSP) and thermal sinks (bottoming ORC and thermal users) to the TES that can compensate the
ﬂuctuations of the solar input as well as electricity and/or heat
demand.
Several TES typologies can be used to recover heat from relatively high temperature: a critical review of technologies and materials is proposed in Ref. [44]. In this work, considering the range of
temperatures available from EFGT and PTC [44], the two-tank
technology that uses MSs as HTF and heat storage medium has
been selected. This technology, referred as 'sensible heat storage'
with direct heating, has the advantage of a relatively low-cost
medium for storage and ﬂuid vector, and indirect heating arrangements that need additional heat exchangers for charge and
discharge of the thermal storage. Even if low cost material is chosen, the size of the TES needs to be optimized to minimize exergy
losses when heat is recovered from the thermal sources to the
storage and when the heat extracted from the storage is transferred
to the bottoming thermal sinks.
The selected MSs mixture determines the operating range of the
TES. The minimum temperature at which the MS mixture remains
liquid in the cold tank determines the minimum temperature of
heat storage.
The novelty of the proposed plant scheme relies on the hybrid
combined conﬁguration that offers promising opportunities for
ﬂexible operational strategies and coupling of solar and biomass
sections. In particular, the adoption of a combined cycle with a
biomass ﬁred EFGT and a bottoming ORC that is fed by solar energy
and heat discharged from the topping turbine, potentially allows an
independent operation of the system with only one of the two
sources, which could occur in case of low solar radiation, high
biomass costs or modulation of the electric output for load
following. Moreover, the high temperature of the cogenerated heat
allows matching on site thermal energy demand or coupling to
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Fig. 1. Power blocks and energy ﬂows through the proposed plant.

another ORC that can operate at lower temperature, so increasing
the electric efﬁciency or ﬂexibility of the heat/electricity output.
The paper is structured as follows: in the second section, the
thermodynamic description of the topping EFGT, bottoming ORC
and of the solar plant, including the TES, is provided, and the
simulation model adopted to predict the performance of the solar
system connected to the TES is also described; in Section 3, energy
and exergy balances of the system at design condition are reported;
in Section 4 the energy yield analysis in different plant locations
and thermal storage size is presented; in section 5 the costs
assessment and the hypotheses for the economic analysis are
presented, while the results are reported in Section 6 and the
conclusions are drawn in Section 7.
2. Plant description
In this section, the combined-cycle system components are
described. Fig. 2 shows the plant layout of the three blocks that
compose the proposed conﬁguration and which are detailed
hereafter.
2.1. Biomass EFGT section
The topping cycle is a biomass-ﬁred EFGT (Fig. 2(a)). The thermodynamic cycle is characterized by an inter-refrigerated
compression (A-C) with overall pressure ratio of 10; a gas-gas
heat exchanger (High Temperature Heat Exchanger, HTHE) transfers the heat of the ﬂue gas exiting the biomass furnace to the
compressed air (C-D) that is heated to a turbine inlet temperature
(TIT) of 800  C. This relatively low temperature is chosen to keep
low the cost of heat exchanger that can be made of steel. The air is
then expanded in the turboexpander (D-E): the turbine outlet
temperature is 390  C. The heat of the air exiting the turbine is
recovered and transmitted to the molten salts ﬂowing in the heat
exchanger indicated as Heat Recovery Molten Salts Heat Exchanger
(HRMSHE) in Fig. 2(a). Since the minimum temperature of the cold
tank is 200  C, sensible heat can be further recovered from the gas
for cogeneration. The thermodynamic cycle is represented by mean
of a Temperature-entropy diagram, shown in Fig. 3.
The air in the biomass combustion is taken directly from the
ambient. Since the two gas circuits (circuit of the working air
ﬂowing into the turbine and circuit of the combustion air ﬂowing
into the furnace) are decoupled, the proposed scheme allows a
ﬂexible regulation of the air-to-fuel ratio, taking into account the
furnace characteristics, the lower heating value of the biomass, its
moisture content, etc. It is also possible to have a partial ﬂue gas
recirculation, in order to lower the temperature of the hot gas
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entering the HTHE and avoid that high metal temperatures deteriorate the molecular structure of the MSs.
2.2. CSP and TES sections
The solar collectors are based on the ENEA technologies of PTCs
largely described in Refs. [45e47], while a numerical simulation of
the PTC performance is proposed in Ref. [48]. The main characteristic is the use of MSs as HTF instead of synthetic oil. This presents
two main advantages: lower environmental impact and ﬁre risks
and higher maximum temperature that can be raised up to about
500  C. The main drawback of MSs is the risk of freezing that occurs
at about 120  C; however, they can be considered liquid only at
temperatures higher than 200  C [49]. A mixture of MSs (lithium,
sodium and potassium nitrates) is chosen for both the HTF and the
TES medium. This scheme is generally referred as “Direct Heating”
TES [50] because it does not need a heat exchanger to transfer heat
from the solar plant to the thermal storage, so avoiding the related
costs. MSs ﬂow in the solar collectors during the day but also at
night, because continuous recirculation can avoid freezing in the
circuit. However, heat losses from the solar collectors are generally
low at night. In the event of a lack of heating from the sun, the
temperature can be restored using some heaters inside the two

tanks.
Minimum and maximum temperatures of the PTC are therefore
equal to those of the TES: the max temperature is limited to 370  C,
in order to recover heat from the EFGT while the min temperature
cannot be lower than 200  C to avoid risk of freezing for the molten

Fig. 3. T-s diagram of the EFGT plant.

Fig. 2. Layout of the power blocks that compose the plant: (a) EFGT; (b) CSP with TES; (c) ORC plant.
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salts.
The CSP consists of one or more lines of collectors in a cascade
conﬁguration: the number of collectors of each line is evaluated to
raise the temperature of the salts ﬂowing in the receiver from 200
to 370  C, with a standard direct normal irradiance (DNI) of 800 W/
m2 [51]. The solar collectors considered in this work have been
lengthily tested in the ENEA facilities [52], and are characterized by
a width of 5.9 m and a length of 12 m that determines a useful
intercepting area of 67.3 m2, equal to the 95% of the geometric area.
The collectors are controlled by a central driving unit and form a
Solar Collector Assembly (SCA). A single SCA includes eight collectors for a total length of 96 m. The collector axis is supposed to
have a N-S orientation and an E-W track axis. Within such hypotheses, the average photo-thermal efﬁciency of the solar collectors is hsol; PTC ¼ 73% which includes a cleaning efﬁciency of 95%
and a solar ﬁeld availability of 99%. For each collector line,
considering the cross section of the receiver and assuming a ﬂuid
velocity of 1.2 m/s, a MS ﬂow rate of 6 kg/s is obtained and the
overall length is 506 m. This means that each line is composed by 6
collectors of 96 m, with an intercepted area of about 3230 m2 per
each line and thermal power output of 1.885 MW. The results of the
design of the solar collectors' line are summarized in Table 1.
Considering the scheme of Fig. 2, the share of energy input
(solar/biomass) can be chosen considering the local availability of
biomass and solar energy.
2.3. ORC section
The bottoming ORC recovers heat from MSs ﬂowing from the
Hot Tank to the Cold Tank of the TES as shown in Fig. 2(c). Since the
heat is available at high temperature (from 370 to 200  C) a recuperative conﬁguration with superheating is chosen for the organic
cycle. A pump (6e1) compresses the ﬂuid up to the evaporating
pressure and supplies it to the recuperator (1e2) that preheats the
working ﬂuid. Heat is supplied to the ORC plant in a heat exchanger
between MSs and organic ﬂuid heat recovery Vapour Generator
(HRVG) (2e3) and then electric power is produced by the expansion of the organic ﬂuid in the turbine (3e4). Finally, the hot
organic vapour exiting from the turbine preheats the ﬂuid entering
in the recuperator (4e5) and condenses in a water condenser (5e6)
until the inlet pump conditions. Selection of the working ﬂuid is a
crucial aspect in ORC analysis. Dry ﬂuids, with a positive slope of
the saturation curve in the T-s diagram, show a better thermal efﬁciency [53] with respect to other working ﬂuids. Among dry ﬂuids,
Toluene is chosen because it shows a relatively high critical temperature and good performance at temperature ranges higher than
300  C [54]. Moreover, Toluene has good environmental and safety
properties, with both ozone depletion potential (ODP) and global
warming potential (GWP) equal to zero.
The ORC parameters have been designed in order to meet the
operating conditions of the MSs. A single-objective genetic algorithms (GA) based optimization is performed, to maximize the
thermal efﬁciency of the cycle. A GA procedure starts from a
randomly initial population that through genetic operators and
stochastic selection, mutation and crossover, generates other populations by combining the best individuals [13]. The process ends
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when the global optimal value of the objective function is found.
GAs involve a search from a population of solutions and not from a
single point, hence convergence to sub-optimal solutions is
prevented.
An in-house code in Phytoon language has been adopted for the
parametric single-objective optimization process. In the code, a set
of equations have been implemented to model each ORC component. The thermodynamic properties of the organic ﬂuid have been
evaluated by means of Coolprop library [55]. The objective function
was the ORC thermal efﬁciency maximization:

_
W
pump

_
hORC ¼ W
exp 
Q_

(1)

ORC;in ;

_
_
where W
exp and W pump are the expander output power and pump
input power, and Q_ is the thermal input of the molten salt stream
in

coming from the Hot Tank (370  C) and the returning temperature
to the Cold Tank (200  C). In this study, the evaporating pressure
Pev, the turbine inlet temperature TTIT and the pinch point temperature difference (DTpp ) in the HRVG are considered as optimization parameters. The optimization problem has been solved
under the following constraints: 0.4Pc  Pev  0:9Pc , where Pc is
the
critical
pressure
of
Toluene;
TTIT < THOTTANK ;
7 K  DTPP  10 K; minimum temperature difference in the RHE
recuperator, DTmin; RHE  5K. Only subcritical cycles have been
considered. Further thermodynamic assumptions for the ORC cycle
are summarized in Table 2.
The convergence in the single-objective optimization problem
was reached after 13 generations, each generation made by 200
individuals. The T-s diagram of the cycle is shown in Fig. 4 where

Table 2
Basic calculation hypotheses for the ORC plant.
Description

Value

Pump isentropic efﬁciency
Pump mechanical efﬁciency
Turbine isentropic efﬁciency
Turbine mechanical efﬁciency
Electric generator efﬁciency
Condenser temperature

0.75
0.96
0.80
0.96
0.95
40  C

Table 1
Performance of a single line of solar collectors under rated conditions.
Description

Value

Intercepting area (m2)
Ground area (m2)
Overall photo-thermal efﬁciency
Thermal power output (MW)

3230
8075
0.73
1.885
Fig. 4. T-s diagram of the ORC plant obtained from the optimization.
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Table 3
Results of the optimization process.

_ c ðT  T
Q_ av ¼ m
g p;g F
amb Þ;

Description

Value

Evaporating pressure
Turbine inlet temperature
Pinch point temperature difference in HRVG
Cycle thermal efﬁciency

21.7 bar
322  C
7.06
30.4%

(5)

_ and c are the mass ﬂow and speciﬁc heat at constant
where m
g
p;g
pressure of the air working in the turbine, respectively. The heat of
the air exiting the turbine is recovered in the HRMSHE (Fig. 2(a))
and transferred to the MSs to supply heat to the TES. The thermal
ﬂow Q_
that can be recovered in the HRMSHE is determined by
rec

the red line represents MSs temperature proﬁle while the blue line
represents the cooling water temperature proﬁle, respectively.
Results are summarized in Table 3.
Under the optimal set of operating conditions, the cycle thermal
efﬁciency results equal to 30.4% and the ORC electric efﬁciency is
hel; orc ¼ 29%, considering electric generator efﬁciency. The state
points in Fig. 4 are correspondent to the state points in Fig. 2 (c).

3. Design-point performance
This section analyses the design point performance of the plant.
Considering the scheme of Fig. 2, the share of biomass and solar
energy inputs can be chosen considering the resources local
availability. The aim of this section is to determine the rated power
for the different plant components and to set properly the overall
solar ﬁeld size. For a better understanding of the energy conversion
process, a ﬁrst law energy analysis is ﬁrstly carried out; then, an
exergy analysis is carried out in order to detect the main causes of
irreversibility for the plant and to suggest the most proﬁtable
modiﬁcations to improve the energy conversion efﬁciency.

3.1. First law analysis at the design point
Let's consider ﬁrst the EFGT including the biomass furnace
Fig. 2(a). The rated lower heating value (LHV) input produced by the
biomass combustion is:

_
E_ biom ¼ m
biom LHVbiom ;

(2)

_
where m
biom is the biomass ﬂow and LHVbiom is lower heating value
of the biomass equal to 4.18 kWh/kg. The biomass combustion
energy is partially transmitted to the compressed air ﬂowing in the
HTHE. The biomass furnace efﬁciency is expressed by:

hfur

Q_ HTHE
¼
:
E_

(3)

biom

the MS temperature in the Cold Tank. Considering a Cold Tank
and
assuming
DTmin ¼
temperature
TCOLD TANK ¼ 200  C,
20 C between hot and cold ﬂuids at the cold end of the HRMSHE,
the temperature of the gas exiting the heat exchanger results TG ¼
220 C and the heat ﬂow recovered is

Q_ rec ¼ m_ g cp;g ðTF  TG Þ:

We will assume that, at the design point, the heat ﬂow Q_ rec will
be entirely delivered to the bottoming ORC cycle and no thermal
energy will be stored or discharged. Further heat can be recovered
from the air exiting the HRMSHE at the temperature TG ¼ 220  C
and used to serve on site heating demand.
We consider the additional solar contribution to the thermal
input of the ORC Power Block (ORC_PB). It is worth noting that in
the proposed scheme the share of the solar input can be varied in
relation to the local disposability of the energy sources, solar and
biomass. The total thermal input to the ORC at design condition is:

Q_ orc;in ¼ Q_ rec þ Q_ th;sol;ORC

The net electric power output of the EFGT is:



_
_
_
_
W
net;EFGT ¼ hgen;el W t  W c;I  W c;II ;

(4)

_ is the turbine
where hgen;el is the electric generator efﬁciency, W
t
_
_
power output, W c;I and W c;II are respectively the power input of
ﬁrst and second compressor stages. The available heat ﬂow at the
turbine exit Q_ is the heat ﬂow that could be recovered when the
av

gas is cooled to the ambient temperature. Therefore Q_ av can be
evaluated from the gas temperature at the turbine exit TF and the
ambient temperature Tamb from:

PB

;

(7)

where Q_ th;sol;ORC PB is the additional thermal power delivered to
the ORC power block produced by solar plant. Then let's consider
the solar multiple (SM) of the solar plant. Considering a design
point value for the Direct Normal Irradiance (DNI), the thermal
power generated by the solar ﬁeld at the design point, Q_
;
th;solar field

is related to the total intercepting area Ac and the efﬁciency hsol; PTC
of the solar collectors that compose the solar ﬁeld by:

Q_ th;solar

field

¼ hsol; PTC $Ac $DNI :

(8)

The Solar Multiple (SM) is the ratio of the thermal power
generated by the solar ﬁeld at the design point, Q_ th;solar field , to the
thermal power input of the power block at reference condition
:
Q_
th;sol;ORC PB

SM ¼

Q_ th;solar
Q_

field

th;sol;ORC PB

This efﬁciency is about 79,6% due to the relatively high energy
losses for sensible heat of the exhaust gas and unburnt fraction of
the biomass.

(6)

(9)

:

Therefore, the SM is a measure of the excess thermal power
produced by the solar ﬁeld at the design point that cannot be
absorbed by the power block and should be delivered to the TES.
Therefore, the thermal power delivered to the TES at the design
point is:

Q_ th;TES ¼ Q_ th;solar

field

 Q_ th;sol;ORC

PB :

(10)

According to these assumptions, at the design point with
biomass þ solar input contribution, the combined cycle net power
output is:

_
_
_
W
el;tot ¼ W net; EFGT þ W net; ORC :

(11)

The net electric efﬁciency is the ratio of the produced electric
_
power W
el; tot and the sum of biomass and solar input power:
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hel ¼ _
E

_
W
el; tot
þ E_

biom

sol

(12)

;

7

 Scenario no. 1: 1 line of solar collectors, SM ¼ 1.885MW/
0.900 MW ¼ 2.1
 Scenario no. 2: 2 lines of solar collectors, SM ¼ 2 , 1.885MW/
0.900 MW ¼ 4.2

where E_ sol is the input of solar energy, evaluated from the part of
the solar thermal power delivered to the ORC power block:

Fig. 5 shows the scenario with SM ¼ 2.1. In such case, from Eq.
(7), the excess heat produced by the solar ﬁeld and delivered to the
TES is Q_
¼ 985 kW. The overall plant net electric power output

Q_ th; sol;ORC
E_ sol ¼

_
_
_
results W
el;tot ¼ W net; EFGT þ W net; ORC ¼ 2188 kWe while the
thermal power output available for cogeneration is Q_ cog ¼
2152 kWt at 220  C. In the case of no solar contribution [42] and
with a direct heat recovery of the heat available Q_ from

hsol; PTC

PB

¼ Ar $DNI:

(13)

where Ar is the reference area related to the part of the solar
thermal power delivered to the ORC. It is worthwhile to show that
SM ¼ Ac =Ar .
The energy balance of the whole plant is reported in the energy
ﬂow scheme in Fig. 5. As far as concerns the biomass input, the
same EFGT proposed in Ref. [42] with a thermal power input
¼ 9050 kW:The thermal input to the gas cycle is given by the
E_

th;TES

EFGT,Q_

av

0

¼ 2413 kW the gas can be cooled to 104  C. Conse_ 0
quently the W
net; ORC results 700 kW and the total electric power
0
_
output is W
¼ 2083 kWe and the thermal power output for
orc;in

el; tot

cogeneration is of 963 kWt. The modelling results report a net
electric efﬁciency of 21.5% for the 100% biomass case.

biom

heat ﬂux in the HTHE, Q_ HTHE ¼ 7201 kW; with a relatively low
efﬁciency of the furnace due to the sensible heat of the exhaust gas.
Based on the hypotheses detailed in Ref. [42], the net power output
_
of the EFGT, calculated from Eq. (5), is W
¼ 1388 kW while
net;EFGT

Q_ av is calculated from Eq. (6) results equal to 4043 kW.
The heat ﬂow Q_ is partly recovered and transferred to the MSs
av

ﬂowing in the HRMSHE. The heat ﬂow recovered is Q_ rec ¼ 1890 kW.
At the design point, we assume that such heat ﬂow is entirely
transferred to the ORC power block and does not contribute to the
energy storage.
We revert now to the solar plant. In this work, it has been also
assumed that the additional contribution of the solar ﬁeld will be
the 30% of the total rated thermal input to the ORC power block,
corresponding to a thermal power Q_
¼ 900 kW. The total
th;sol;ORCP B

input to the ORC resulting from Eq. (7) is hence Q_ orc;in ¼ 2780 kW
while, considering hel; orc of the optimal cycle, the electric power
_
is 800 kW.
output W
net; ORC

Let's then consider the solar ﬁeld assuming, at the design point,
a DNI of 800 W/m2. Under such conditions, a single line of solar
collectors generates a thermal power output of 1.885 MW. Then,
considering the thermal power delivered to the power block,
¼ 0.900 MW, the we can reasonably examine two
Q_
th;sol;ORCP B

scenarios:

3.2. Second law analysis
The main limit of the energy analysis is that it does not provide
information about irreversibility of the system. Exergy (or “second
law”) analysis, which is based on the second law of thermodynamics [56], provides information on inefﬁciency of the different
processes in order to identify components that cause the largest
exergy losses.
Exergy is the maximum work we can obtain from a ﬂuid until it
reaches
the
“dead-state”
condition
(T0 ¼ 298.15 K,
P0 ¼ 1 atm ¼ 1.01325 bar). Unlike energy, exergy is not conservative. Exergy per unit mass can evaluated as the sum of a “physical”
and a “chemical” component [57]:
ph

ex ¼ ex  ech
x :

(14)

“Physical exergy” (eph
x Þ gives the potential work that could be obtained from the ﬂuid due to its thermodynamic state (temperature
and pressure) and can be calculated from:
ph

ex ¼ h  h0  T0 ðs  s0 Þ;

(15)

where h and s represent enthalpy and entropy of the ﬂuid at the
considered state point and at the dead-state, respectively. In the
present work, the mechanical terms corresponding to kinetic and

Fig. 5. Energy ﬂows at the design point.
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Table 4
Exergy accounting for the plant components.
Component

Exergy input

Exergy output

Exergy destroyed

EFGT

Biomass

_
Mechanical power output W
EFGT ¼ 1623 kW

I_ ¼ 69781_ kW

biom
¼ 9593 kW
E_ x

Q
Thermal exergy to molten salts circui E_ x ¼ 8938_ kW
Q
Thermal exergy for cogeneration E_ x ¼ 98:1 kW

Solar collectors

Solar irradiance

Q
Thermal exergy to molten salts circuit E_ x ¼ 484:5 kW

I_ ¼ 664:7kW

Molten salts circuit

rad
E_ x ¼ 1149.2 kW
Thermal exergy

Thermal exergy to ORC

Q
E_ x ¼ 893.8 kW (from EFGT)

Q
E_ x ¼ 1270 kW

I_ ¼ 1083_ kW

Q
E_ x ¼ 484:5 kW (from solar collectors)

ORC

I_ ¼ 4235_ kW

Mechanical power output
_
¼ 846.5 kW
W

Q
Thermal exergy E_ x ¼ 1270kW

ORC

gravity potential energy will be neglected. “Chemical exergy” (ech
x _)
is a function of the material stream composition; for a gas mixture,
supposed ideal, it can be calculated as [58]

ech
x ¼

N
X

xi $ech;0
þ R T0
x;j

j¼1

N
X

xj lnxj ;

(16)

j¼1

where xj and ech;0
are mole fraction and standard chemical exergy
x;j
of substance j that compose the stream, respectively, evaluated at
the dead state. The chemical exergy can be evaluated from the
standard Gibbs free energy as shown in Ref. [59] that gives also the
values for several substances. For the biomass, the physical exergy
can be neglected since the biomass is delivered to the furnace at
ambient conditions while the chemical exergy can be evaluated
from its lower heating value (LHV) from:

ech
x;biom ¼ b $LHVbiom ;

(17)

where the coefﬁcient b can be evaluated from the chemical
composition of the biomass [60]. Here, we assume b ¼ 1:02_
Considering steady-state conditions, for every component of the
plant, a control volume can be deﬁned in order to identify mass,
work and heat ﬂows that cross the volume. The exergy balance can
be expressed as:

X
X
_
_
_ $e þ E_ Q ¼
_ $e þ W
m
m
x
x
act þ I;
x

(18)

out

in

Q
where E_ x is the net exergy transfer rate associated with the heat
transfer ﬂows Q_ i from heat sources at temperature Ti placed in the
surroundings:

Q
E_ x ¼



T
Q_ i 1  0 ;
Ti
i¼1

N
X

rad
E_ x ¼ Ar DNI



T
1 0 ;
Tsol

(20)

where Tsol is the solar temperature (4350 K) which is approximately
3/4 of the blackbody temperature of sun. The thermal exergy
transferred from the receiver to the working ﬂuid due to the incident radiation can be expressed as:
Q
E_ x;sol ¼ hsol; PTC A_r DNI


1


T0
;
Tlm

(21)

where Tlm is the log-mean temperature of inlet and outlet molten
salt stream ﬂowing in the receiver. It is worth to recall here that the
inlet temperature of the molten salts is the temperature of cold
tank and the outlet temperature should be equal to that of the hot
tank.
Considering the overall plant, there are two exergy inputs: the
rad
solar exergy input is E_ x given by Eq. (20) while the biomass exergy
biom
_
input E_ x
is related to mass ﬂow rate of biomass m
biom by:

biom
ch
_
¼m
E_ x
biom ex;biom :

(22)

The overall exergy output is given by the mechanical actual
_ act that is the sum of the mechanical power output
power output W
of the EFGT and ORC:

_
_
_
W
act ¼ W EFGT þ W ORC :

(23)

The subscript “act” recalls that the quantity is referred to the
actual irreversible process to be distinguished from the ideal
reversible process. As usual, in the present exergy analysis, friction
and electric losses will not be considered as they are not involved in
the thermodynamic conversion process. Therefore, it is possible to
deﬁne the second law efﬁciency from:

(19)
_
W

_
W
act is the actual rate of work produced by the component and
I_ ¼ T0 S_ gen is the “irreversibility” or the rate of work lost due to the
entropy rate generated, S_gen , due to the irreversibility within the
control volume as well as those associated to the irreversible heat
transfer with the heat sources.
For the solar ﬁeld we consider the radiation E_
¼
sol

Ar $DNI intercepted by the reference area Ar (see Eq. (13)). The
rad
maximum useful work rate available from radiation, E_ x can be
calculated from Petela's formula:

hII ¼ _ act
W rev ;

(24)

where:

_ biom þ E_ rad ;
_
W
rev ¼ Ex
x

(25)

is the reversible power output that could be ideally produced in a
_
_
totally reversible process. The difference between W
and W
is
rev

act

due to the sum of the irreversibility rate or destroyed exergy in the
M plant components:
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Fig. 6. Exergy balances at design point in the EFGT (top) and ORC (bottom).

_
_
_
W
rev  W act ¼ I TOT ¼

M
X

I_k :

(26)

k¼1

The analysis of the irreversibility rate I_k in the k component,
allows one to identify the root causes that originate the reduction of
the actual work rate with respect to the reversible work rate.
The exergy analysis results are summarized in Table 4 and, by
applying Eq. (25), it is possible to evaluate the second law efﬁciency
of the whole system that is equal to hII;ORC ¼ 0:37. The main source
of actual work reduction in the whole conﬁguration is the EFGT
whose irreversibility is 87% of the total exergy losses. At the same
time, Fig. 6(a) and (b) show exergy output and destruction in the
EFGT and ORC section, respectively. In particular, pie graphs on the
left-hand side show exergy output and irreversibility referred to
the exergy input, while the right-hand side pie chart show exergy
destruction proportion caused by each component of the cycle. The
second law efﬁciency for the main subsystems results equal to
hII;EFGT ¼ 0:35 for EFGT section and hII;ORC ¼ 0:67 for the ORC. In
Fig. 6(a) is it possible to see that the low value of the second low
efﬁciency for the EFGT depends mainly on the biomass exergy input

wasted in the furnace which accounts 77% of the total irreversibility, mainly due to the low temperature of the compressed air
ﬂowing in the HTHE and the exergy losses with the exhaust gas. On
the other hand, ORC can convert most of the thermal input exergy
in mechanical power and only the 33% is lost in irreversibility. The
main sources of irreversibility in the ORC are the turbine and the
evaporator that are respectively equal to 33.5% and 27% of the total
losses. Very low is the exergy destruction due the heat exchange
with the molten salt circuit of the TES, due to the choice of the
scheme with “direct heat exchange” in which molten salts act as
heat transfer ﬂuid and heat storage medium.
4. Annual energy analysis
The analysis of the yearly electricity generated by the solar/
biomass hybrid system has been carried out, considering different
values of SM and TES capacities. In order to analyse the inﬂuence of
the annual solar radiation on the annual energy plant production,
three different locations in Fig. 7(a) have been selected.
 Case P:Priolo Gargallo (Siracusa, Italy, Latitude 37 080 0400 N,
Longitude 15 030 0000 E, 30 m a.s.l.);
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Fig. 7. (a) Site map from METEONORM [61]. (b) Monthly ANI for each site [62].

 Case M:
5 220 5100
 Case R:
6 490 5700

Marseilles (France, Latitude 431704900 N, Longitude
E, 28 m a.s.l.);
Rabat (Morocco, Latitude 34 000 4700 N, Longitude
W, 46 m a.s.l.);

The DNI for each site has been evaluated by means of the software Meteonorm that provides accurate and representative solar
radiation for any location on earth, using satellite data [61] has been
carried out. The methodology proposed in Ref. [62] has been
adopted to estimate the reduction coefﬁcient of the direct normal
irradiance DNI (kWh/m2 month) and aperture normal irradiance
(ANI) (kWh/m2 month) in Fig. 7(b).
The cases studies under investigation are reported in Table 5.
An hourly basis simulation on the solar ﬁeld productivity has
been carried out to analyse the energy performance of the system.
A minimum DNI of 200 W/m2 have been considered as operational
limit.
The TES capacity has been expressed in hours ts given by the
ratio of the maximum energy that can be stored ETESM AX to the solar
which is
contribution to the thermal input of the ORC, Q_

SM ¼ 4.2 (1 and 2 lines of collectors) have been considered.
Fig. 8 reports the time plot of the solar energy output, the
quantity delivered to the ORC, to the TES and dissipated, for the 21st
of June, in the case R1 for a TES capacity ts ¼ 2 h (i.e.,
ETES__ MAX ¼ 1800 kWh). When the thermal power produced by the
solar ﬁeld is higher than the max thermal energy to be supplied to
the ORC plant, the energy excess is delivered to the TES. If the stored
energy reaches the maximum (1800 kWh), the excess of energy is
dissipated. During the night, when solar energy falls down, the
stored thermal energy is supplied to the ORC plant.
The Annual Energy Production (AEP) is calculated assuming a
baseload operation of 8040 h per year for the biomass EFGT and for
the bottoming ORC, and the solar energy production is evaluated on
the basis of the TES capacity and the value of SM of the solar ﬁeld.
The electricity production is expressed in terms of equivalent
operating hours:

heq ¼

AEP
:
_
W
el;tot

(28)

th;sol;ORC__ PB

set to 900 kW:

ts ¼

ETESMAX
Q_ th;sol;ORC PB :

(27)

The thermal losses are neglected (adiabatic system) and when
the thermal storage is full, the excess energy is dissipated. For each
location, both the solar ﬁeld with SM ¼ 2.1 and that one with
Table 5
Acronyms of the examined cases.
Solar Multiple (SM)

Priolo

Marseilles

Rabat

2.1
4.2

P1
P2

M1
M2

R1
R2

The effect of the TES capacity on the equivalent operating hours
is shown in Fig. 9 while Fig. 10 reports the amount of the solar
energy dissipated in a year. As expected, the higher is the TES capacity the higher are the equivalent operating hours. On the other
hand, the dissipated solar energy decreases when TES capacity
increases. In Scenario 1, there is no dissipation of solar energy when
the TES has a capacity higher than 12 h while in Scenario 2 the
amount of dissipated solar energy increases to 5e10% according to
the location. Fig. 11 reports the percentage of electricity produced
by the ORC section as a percentage of the total electricity produced
in a year.
The inﬂuence of the TES capacity on the annual electricity
generation is reported in Fig. 12. In the scenario of single collector
line (SM of 2.1), increasing the TES capacity from 6 to 8 h has a
limited effect on the produced electric energy, with an increase
lower than 5%, while for TES capacity higher than 12 h the further
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Fig. 8. Energy performance of the solar plant connected to the TES for 21st June.

Fig. 9. Equivalent operating hours of the solar section at different TES capacity.

electric energy production is negligible, as from Fig. 12. In the case
of 2 collector lines, the inﬂuence of TES capacity on the generated
electricity is similar and, as also shown in Fig. 12, the advantage of a
TES with a capacity higher than 12 h is negligible.

5. Cost analysis and economic assumptions
The cost analysis has been carried out assuming investment cost
data from manufacturers and interviews to operators, as described
in Ref. [42]. In particular, the costs of the biomass furnace have been
taken from Uniconfort (Global biomass boilers) [63], the EFGT from
Solar Turbines (Saturn 20) [64], the PTC from the pilot Archimede
CSP plant [65] and TES [66] and from literature [67e70].
The component cost of the bottoming ORC plant has been
estimated according to correlations in Seider et al. [71]:

o
n
C ¼ ðFÞ $exp C0 þ C1 $lnðSÞ þ C2 $½lnðSÞ2

(29)

where S is the size factor for each component and C0 , C1 , C2 are the
cost coefﬁcients. The value used in the equation are listed in Table 6.
The obtained cost ﬁgures for the ORC are compared with data from
Turboden [72].
For the CSP section, the PTCs and TES costs are derived from
NREL cost ﬁgures [73], according to the lessons learnt from ENEA/
Enel Archimede project [65]. Unitary PTC costs of 250 Eur/m2 and
TES costs of 40 kEur/MWh are assumed. The annual operation and
maintenance (O&M) costs are assumed 3.5% of the turnkey cost. In
all scenarios, the biomass cost (wood chip) is 50 Eur/t at 40%
moisture content and a LHV of 2.8 kWh/kg. This relatively low cost
of wood chips in comparison to market price ﬁgures of 80e120 Eur/
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Fig. 10. Amount of dissipated solar energy in a year at different TES capacity.

Fig. 11. Percentage of electricity produced by the ORC section respect to the total annual electricity produced by the system, at different TES capacity.

t reﬂects the fact that high moisture content biomass locally produced and with a low collection radius is here considered, to be
dried via high temperature heat discharged by the cogeneration
plant, following the assumptions in Refs. [25,35,36]. The ash
discharge costs are accounted for assuming unitary cost of 70 Eur/t
ash. Personnel costs are taken as 268 kEur/yr [42].
The TES cost depends on its capacity, and in Table 7 the cost
ﬁgures of the optimal TES capacity of 6 and 12 h respectively for
scenarios 1 and 2 are assumed as described in the next section.
From Table 7, the total predicted turnkey cost is the lowest (4.7
MEur) for the biomass-only plant (ﬁrst column) that does not have
a solar ﬁeld, and is the highest (6.7 MEur) for scenario 2, with the
largest TES and SM of 4.2. The upfront speciﬁc costs (in kEur/kWe)
range between 2.3 kEur/kWe for the biomass-only plant to 3.1
kEur/kWe for the hybrid plant of scenario 2. The Opex varies from

2.28 MEur/yr for the biomass-only plant to 2.35 MEur/yr for the
hybrid plant of scenario 2, in consideration of the O&M costs for the
solar section.
The levelized cost of electricity (LCE) is calculated from:

LCE ¼

fa $ðIEFGT þ ICSP þ ITES þ IORC þ IEBI Þ þ CO&M þ CB
;
EG

(30)

where fa is the annuity factor given by:

fa ¼

1

r



1 l
1þr

;

(31)

and r is the discount rate, i the economic lifetime (years).

Please cite this article in press as: A.M. Pantaleo, et al., Hybrid solar-biomass combined Brayton/organic Rankine-cycle plants integrated with
thermal storage: Techno-economic feasibility in selected Mediterranean areas, Renewable Energy (2018), https://doi.org/10.1016/
j.renene.2018.08.022

A.M. Pantaleo et al. / Renewable Energy xxx (2018) 1e19

13

Fig. 12. Annual electricity produced by the ORC with solar input as function of TES capacity.

Table 6
Component factors used in Eq. (26).
Component

F

S

C0

C1

C2

Pump

2.7

pﬃﬃﬃﬃ
V H (m3s1m1/2)

9.0073

0.4636

0.0519

Turbine

1.0

6.5106

0.8100

0

Heaters/Cooler
Evaporator/Condenser

1.0
1.0

10.106
9.5638

0.4429
0.5320

0.0901
0.0002

:

:

W t (kW)
HTA (m2)
HTA (m2)

The ﬁnancial appraisal of the investment is carried out assuming
the following hypotheses: (i) 20 years of operating life and 20 years
duration of the subsidy for renewable electricity in the form of feed
in tariff (FiT); no ‘re-powering’ throughout the 20 years; zero
decommissioning costs, straight line depreciation of capital costs
over 20 years; (ii) maintenance costs, fuel supply costs, electricity
and heat selling prices held constant (in real 2018 values); (iii) cost
of capital (net of inﬂation) equal to 5%, corporation tax neglected,
no capital investments subsidies. In order to compare the investment proﬁtability in different location, the electricity sales revenues are calculated assuming the Italian subsidy framework. This is
due to the fact that there are no speciﬁc support mechanisms for
such hybrid solar-bi CHP systems in France and Morocco. In the
latter case, some capital grant support mechanisms could be
available, according to energy policy scenarios or speciﬁc CSP
Table 7
Capex and Opex costs. Optimized TES capacity is assumed.
Case study

Only biomass

Scenario no. 1

Scenario no. 2

Turn-key cost (kEur) I
- Biomass EFGT section IEFGT
- CSP section ICSP
- TES section ITES
- Bottoming ORC IORC
- Engineering, building and
installation IEBI
Speciﬁc upfront cost
(kEur/kWe)
O&M costs CO&M (kEur/y)
Biomass cost CB (kEur/y)
Total Opex (kEur/yr)

4700
2800
e
e
1200
700

5740
2800
807
216
1200
700

6780
2800
1614
432
1200
700

2.26

2.63

3.1

487
1285
2285

520
1285
2263

523
1285
2350

projects in development [74], while in the case of France there are
some feed in tariffs for biomass or solar installations which however do not speciﬁcally address hybrid conﬁgurations and
concentrating solar power [75]. With these assumptions, the electricity is sold to the grid at the feed-in electricity price available in
the Italian energy market for the whole plant lifetime [68], which is
180 and 296 Eur/MWh respectively for biomass electricity
(assuming the use of lignocellulosic by-products in the form of
wood chips from forestry harvesting) and CSP electricity [68].
These ﬁgures are valid in the considered power size range, TES size,
adoption of best available technologies for emission abatement,
and use of agricultural by-products from local and sustainable
supply chains. The same assumptions were made for the other two
locations, with the aim to assess the inﬂuence of different solar
radiation on economic performance. A sensitivity analysis to the
feed in tariff has been included to assess the inﬂuence of subsidies
on investment proﬁtability. The further revenues from sales of
cogenerated heat at high temperature (1890 kWt at 220  C) are
included in a speciﬁc sensitivity analysis, that reports the ﬁnancial
proﬁtability variation at different share of cogenerated heat sales to
match local thermal energy demand, and when varying the heating
selling price. The cogeneration option represents a signiﬁcant increase of revenue in case of high temperature heat demand availability. The Net present value (NPV) and the Internal Rate of Return
(IRR) are the economic indices assumed to appreciate the investment proﬁtability. The NPV is calculated from Eq. (32), being (CFi)dis
the discounted cash ﬂow in year l, and I is the total turnkey cost:

NPV ¼

l
X

ðCFi Þdis  I:

(32)

i¼1

6. Techno-economic results
6.1. Levelized cost of energy and sensitivity to TES capacity
The TES capacity for each site has been selected in order to
minimize the LCE, which is reported in Fig. 13. The LCE reaches its

Please cite this article in press as: A.M. Pantaleo, et al., Hybrid solar-biomass combined Brayton/organic Rankine-cycle plants integrated with
thermal storage: Techno-economic feasibility in selected Mediterranean areas, Renewable Energy (2018), https://doi.org/10.1016/
j.renene.2018.08.022

14

A.M. Pantaleo et al. / Renewable Energy xxx (2018) 1e19

Fig. 13. LCE as function of the TES capacity for the three locations and two solar-ﬁeld sizes (see acronyms in Table 2).

minimum value for a TES capacity of 6 h and 12 h respectively for
the single and double collectors line scenarios. This is due to the
trade-offs between the higher investment costs and higher production rate of the increased thermal storage size.
6.2. Energy performance and proﬁtability analysis results
The energy performance analysis and the proﬁtability assessment have been performed cassuming a TES with a capacity
respectively of 6 and 12 h for the scenarios with 1 and 2 lines of
collectors, which minimizes the LCE. The results are compared to
those ones of a plant with 100% biomass fuel already examined in
Ref. [42] and to the different hybrid conﬁguration analysed in
Ref. [43], which assumes the location of Priolo Gargallo for the solar
resource analysis (cases B and C of Figs. 14 and 15, respectively with
8600 and 12,900 m2 PTC area). In this case, the solar input from the
same typology of PTCs and TES is provided to the topping gas turbine at 550  C, so reducing the biomass consumption, but with a
PTC size about 2 times larger than in the conﬁguration here proposed. This justiﬁes the higher LCE of the conﬁguration of Ref. [43],
despite of the higher global electric efﬁciency (due to the higher
solar share). The global electric efﬁciency and the solar share at
different locations and SM are reported in Fig. 14. The solar share
represents the ratio of energy input from solar resource vs the total
energy input to the system. Fig. 15 reports the LCE for the proposed
case studies, and a comparison with the hybrid solar-biomass

Fig. 14. Energy performance results and solar share for the different scenarios. Cases B
and C represent the system conﬁguration proposed in Ref. [43] with small and large
PTC and TES size respectively.

system conﬁguration of Ref. [43].
For each case study, a sensitivity analysis to the biomass purchase price is considered. A baseload operation strategy is assumed
to estimate the annual electric output. This is the best operation
strategy in light of the feed-in tariffs (FiT) available for renewable
CHP plants in the Italian energy market. The NPV and IRR of the
investment when varying the biomass supply costs are reported in
Fig. 16.
The proposed hybridization of the biomass EFGT with CSP presents higher global electric efﬁciency (in comparison to only
biomass case), due to the solar energy input, in particular at higher
SM level. As can be seen from Fig. 15, LCE values are lower than in
[43], and the this is due to the lower solar section size and costs,
that balance the reduced conversion efﬁciency on respect to the
conﬁguration [43]. Rabat is the location with the lowest LCE, due to
the highest solar energy radiation and system producibility. However, all hybrid conﬁgurations present LCE higher than the one of
only biomass fuel, demonstrating that the proposed CSP hybridization needs speciﬁc subsidies to be competitive with other
renewable energy sources. For the only biomass scenario, LCE
values range between 100 and 170 Eur/MWh at different biomass
fuel costs, while for the best location of Rabat these values range
between 110 and 174 Eur/MWh.
NPV ranges between 14,000 kEur (Rabat at high solar ﬁeld size)
to 600 kEur (Marseille with low solar ﬁeld size) and IRR values
from 25% (Rabat at low solar ﬁeld size) down to 3.7% (Marseille at
low solar ﬁeld size). The hybridization of the biomass EFGT with
CSP increases the global electricity efﬁciency, due to the solar energy input, but reduces both NPV and IRR in all the scenarios. In
fact, despite the increased global energy efﬁciency of the solar
input, and the higher electricity selling price of the solar based
fraction on respect to biomass based one, the current investment
costs of the PTCs with MSs as HTF are very high and make this
investment not competitive. This is more evident at higher solar
shares where the larger PTC solar-array areas (and consequently
higher investment costs) reduce the IRR but not the NPV.
In general, the results indicate the reduced IRR of CSP integration into biomass plants, due to the high investment costs of the
former, which are not compensated by the higher global energy
conversion efﬁciency and additional electricity sale revenues.
However, these results are not completely reﬂected in the NPV
which is higher that the biomass-only case at the location of Rabat
and the larger solar ﬁeld (R2 of Fig. 16-a). Moreover, for biomass
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Fig. 15. LCE as function of biomass cost. Cases B and C represent the system conﬁguration proposed in Ref. [43] with small and large PTC and TES size. The black horizontal line
represents the scenario of only biomass EFGT þ ORC [43].

Fig. 16. (a) NPV and (b) IRR as a function of biomass supply cost for the different scenarios, and including the results of conﬁguration [43] at small and large solar ﬁeld sizing (B and
C) and of conﬁguration [42] with only biomass section.

cost of 50 Eur/t or lower, the NPV and IRR of the system conﬁguration here proposed result higher than the correspondent values
of Ref. [43]. On the other hand, for a biomass cost of 70 Eur/t the
plant conﬁguration in locations as Marseilles or Priolo Gargallo
present negative NPV, except for the two collectors line scenario.
Finally, the LCE and investment proﬁtability is highly inﬂuenced by
the biomass cost, and at values higher than 70 Eur/t (which are
expected if no fuel source is available at low cost close to the premises of the plant) the difference between performance of onlybiomass and hybrid systems decreases remarkably. In conclusion,
solar hybridization of biomass CHP could be an interesting option in
case of suitable feed in prices for solar based electricity generation,

relatively high costs of biomass fuel supply and perspectives of cost
reduction for CSP capital costs.
In Fig. 17, a sensitivity analysis of IRR and NPV to the variation of
electricity feed in price is reported. Feed in prices of 20% lower than
the baseline correspond to average electricity costs for industrial or
large commercial consumers (150 Eur/MWh) in Italy, included
generation, transmission, measurement and dispatchment costs.
This scenario corresponds to on site power generation to match
local electricity demand with revenues achieved as avoided electricity purchase. As can be seen, this scenario is not proﬁtable with
the assumed investment costs and in light of the expected conversion efﬁciencies. A different result would be achieved when

Fig. 17. Sensitivity of NPV (a) and IRR (b) to the feed-in tariff.
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Fig. 18. Sensitivity of NPV (left) and IRR (right) to the equivalent operating hours in cogeneration option (top) and to the heating selling price (down).

using the cogenerated heat at medium-high temperature to match
on site energy demand. In this case, the further revenues from
thermal energy sales increase the investment proﬁtability, as reported in Fig. 18, and this is in agreement with the results proposed
in Refs. [37,43] for similar conﬁgurations. In particular, Fig. 18 reports the NPV and IRR when using the discharged heat from the
plant (2100 kWt at 200  C) to match heating demand (hot water at
70e90  C) and with the assumption to sell the thermal energy at 40
Eur/MWh (top graphs, variation of equivalent operating hours in
cogeneration mode in the range 0e5000 h/year) or to have 3000
equivalent hours/year in CHP mode operation (down graphs, variation of thermal energy selling price from 0 to 60 Eur/MWh).
7. Conclusions
A thermodynamic and economic analysis has been performed
on a hybrid (solar-biomass) combined-cycle system composed of
an externally ﬁred gas-turbine (EFGT) fuelled by biomass (wood
chips) and a bottoming organic Rankine cycle (ORC) plant. In order
to improve the system ﬂexibility, heat is recovered from the
exhaust gases of the EFGT via a thermal energy storage (TES), which
receives heat also from a ﬁeld of linear parabolic-trough collectors
(PTCs) with molten salts as the heat-transfer ﬂuid (HTF). Heat from
the TES is transferred to the ORC plant and to the thermal endusers, according to the heating demand proﬁle. The thermal input
to the EFGT is 9 MW, with a power output of 1.3 MW, while the ORC
plant has an electric output of 700 or 800 kW with or without the
solar hybridization conﬁguration. The thermodynamic modelling
was performed assuming two CSP sizes, and consequently two TES
sizes. The energy performance results report higher global conversion efﬁciencies when using CSP integration and the thermoeconomic analysis reports a higher investment NPV when integrating solar energy, due to the increased electricity generation and
higher solar-based electricity selling price. A comparison with a
previously proposed solar-biomass hybrid solution with a higher
temperature (550  C) of the CSP working ﬂuid and direct solar

energy input to the topping EFGT demonstrates a higher proﬁtability of the system conﬁguration here proposed. Another advantage of this conﬁguration is the availability of high-grade heat for
cogeneration from the bottoming ORC plant that can improve the
proﬁtability of the overall system when a suitable heat demand is
available, as reported in the sensitivity analysis. The future steps of
this research will focus on the quantiﬁcation of the technoeconomic advantages of the proposed system conﬁguration in
terms of higher generation ﬂexibility and implementation of demand response strategies. In particular, a more detailed analysis
should include speciﬁc simulation of thermal and electrical loadfollowing operating modes for the hybrid CHP system, in order to
match speciﬁc energy-demand proﬁles. Moreover, a key research
question arises from the need to assess off-design operation, partload and dynamic performance of the system components (EFGT,
CSP and ORC) and of the whole-system. Finally, a systematic procedure for the optimization of the size of the various components
on the basis of key techno-economic factors such as solar irradiance
and collector efﬁciency, biomass availability and supply costs, time
of use electricity prices and energy demand proﬁles would be
useful to support investment decisions in the future energy
systems.
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Nomenclature

Symbols
b: Availability
C: Cost
C: Velocity
CFi: Discounted cash ﬂow
Cp: speciﬁc heat
_ Power input
E:
EG: Total produced electricity
e_x : Exergy
Fa: Annuity factor
G: Gravitational acceleration
h: Enthalpy
I: Turnkey cost
_ Irreversibility
I:
l: Economic lifetime
_ Mass ﬂow
m:
_ Mechanical power absorbed/produced
W:
Q_ : Thermal power
s: Entropy
T: Temperature
x: Mole fraction
z: Geodetic height
Greek

b: Coefﬁcient
h: Efﬁciency
Subscripts
I: First law
II: Second law
0: Dead state
1,2,3…: State points of the ORC
A,B,C…: State points of the EFGT
Amb: Ambient
Av: Available
Biom: Biomass
C,I: First compressor stage
C,II: Second compressor stage
Cog: Cogeneration
CSP: Concentrating solar power
EBI: Engineering building and installation
EFGT: Externally ﬁred gas turbine
EL: Electric
Fur: Furnace
g: Gas in EFGT
gen: Generator
Int: Internal
Obt: Obtained
O&M: Operation and maintenance
ORC: Organic Rankine cycle
ORC_PB: Organic Rankine cycle power block
Rec: Recovered
Sol: Solar
T: Turbine
TES: Thermal energy storage
Th: Thermal
TIT: Turbine inlet temperature
Tot: Total
Superscripts
ph: Physical
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ch: Chemical
Abbreviations
AEP: Annual energy production
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
GA: Genetic algorithm
GWP: Global warming potential
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HRMSHE: Heat-recovery molten-salt heat exchanger
HRVG: Heat recovery vapour generation
HTF: Heat transfer ﬂuid
HTHE: High temperature heat exchanger
IRR: Internal rate of return
LCE: Levelized cost of energy
LHV: Lower heating value
NPV: Net present value
ODP: Ozone depletion potential
PTC: Parabolic-trough collector
RHE: Recuperative heat exchanger
SCA: Solar collector assembly
SM: SOLAR MULTIPLE
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