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Abstract

This paper focuses on the thermo-economic analysis of a hybrid solar-biomass CHP combined cycle composed by a
1.3-MW externally fired gas-turbine (EFGT) and a bottoming organic Rankine cycle (ORC) plant. The primary
thermal energy input is provided by a hybrid concentrating solar power (CSP) collector-array 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 fluidized-bed furnace for direct biomass combustion. Thermal-energy storage
(TES) with two molten-salt tanks (one cold and one hot) is considered, as a means to reducing the variations in the
plant’s operating conditions and increasing the plant’s capacity factor. On the basis of the results of the
thermodynamic simulations, upfront and operational costs assessments, and considering an Italian energy policy
scenario, the global energy conversion efficiency and investment profitability are estimated for 2 different sizes of
CSP arrays and biomass furnaces. The results indicate the low economic profitability of CSP in comparison to only
biomass CHP, because of the high investment costs, which are not compensated by higher electricity sales revenues.
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1. Introduction

Hybrid concentrating solar power (CSP) and biomass-fired combined heat and power (CHP) plants can
contribute towards the goals of EU energy policy [1]. CSP technologies generate electricity by
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concentrating the incident solar radiation onto a small area, where a heat transfer fluid (HTF) is heated.
This thermal energy is then transferred by the HTF to a power-generating system to drive a
thermodynamic energy-conversion cycle. The integration of thermal energy storage (TES) can make CSP
dispatchable and facilitate the overall energy conversion process [2]. Nevertheless, solar energy is
inherently intermittent such that even with TES the capacity ratio of solar power plants is limited; many
hybrid solar/fossil-fuels plants are currently in operation to alleviate this aspect of solar power. Biomass
can be an interesting fossil fuel to consider for this application. Although biomass often exhibits seasonal
availability variations and there are issues concerning the logistics of supply, the hybridization of CSP
with biomass combustion is complementary, both seasonally and diurnally [3]. The performance of a
variety of system configurations of such hybrid plants under a variable solar input has been investigated in
literature to some extent. In the case of CSP-biomass hybrid plants with a steam-turbine inlet temperature
>500 °C and pressure >100 bar, solar towers emerge as the most suitable technology, 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 with PTCs and thermal source temperatures >430 °C, and
their integration with gas turbines. Most of the applications of this arrangement consider the use of solar
towers or dishes as solar collectors, and compressed air as HTF with an internally fired cycle
configuration [4]. None of the previous research in this area has addressed the integration of parabolic-
trough CSP and molten salt TES with biomass combustion in externally fired gas turbines (EFGT). 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 [22-24]. The influence
of part load efficiencies on optimal EFGT operation was investigated in Ref. [5], while the improved
energy performance and profitability of employing a bottoming ORC for both power and cogeneration has
been previously investigated in different energy-demand segments [6,7,25]. The literature on ORC
systems and working fluid selection for waste-heat recovery applications is also extensive [8,9,10]. In
particular, a combined cycle with a 1.3-MW biomass EFGT top-cycle and 0.7-MW bottoming ORC plant
was proposed in Ref. [11]. In the present paper, which goes beyond the work proposed in Ref. [11], the
energy performance and economic profitability of a 2-MWe hybrid CSP-biomass EFGT with a bottoming
ORC are investigated in in a CHP configuration, taking into account the influence of the heat demand,
biomass cost and the electricity selling prices for the solar and biomass fraction available in the Italian
energy framework. Two different CSP sizes are considered, with corresponding TES capacities. Baseload
operation (constant output power with a modulating biomass combustor) is also compared to a variable
CHP output (constant biomass reactor output). The aim of the paper is thus to propose a standard thermo-
economic methodology for energy balances and the financial appraisal of hybrid CSP/biomass CHP plants
in a number of energy-demand segments. The methodology adopts a combination of a solar-energy yield
assessment, a simplified representation of the load demands, a costs 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 plant are justified by the increased plant operational flexibility, conversion efficiency and
electricity sales revenues, in comparison to a 100% biomass-only fired power-generating plant.

2. Technology description and thermodynamic modelling

The proposed hybrid CSP-biomass EFGT configuration is shown in Fig 1. The solar-collector section
is based on ENEA technology [13] and produces heat at ~550 °C. This technology is based on PTCs and a
mixture of molten salts (sodium and potassium nitrates) both as the HTF and as the TES medium. These
salts are liquid at 240 °C and stable up to 600 °C [1,14]. PTC technology is the most widespread CSP
solution, and the proposed configuration adopts a receiver with a novel selective coating (high absorbance
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at solar wavelengths, low emissivity at higher wavelengths), is stable to 600 °C, with concentration
system and connectors tailored to for high temperatures and limited costs.

The TES section is a typical two-tank molten-salt system, where a higher temperature difference
between the two tanks of molten salts (260 °C instead of the 100 °C employed in conventional systems)
allows for reduced tank size and limited heat losses [15]. This technology 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, Italy) [13].

The solar collector field is sized to supply 50% of the total rated thermal input to the 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
normal irradiance (DNI) of 800 W/m2. Each solar collector measures 5.9 x 12 m with a useful
intercepting area of 67.3 m2. The Solar Collector Assembly (SCA) is composed of 8 collectors controlled
by a central driving unit, and each solar field line has 8 SCAs. The net photo-thermal efficiency is 65%.

The solar plant is sized assuming two scenarios of 1.3 and 5.0 hours of TES capacity (charging time 6
hr), with multiple solar ratios and total required ground area respectively of 1 - 1.5 and 21,253 and 32,300.
The required ground area is estimated assuming a distance between each collector line of 2.5 times the
PTC aperture size. The site of Priolo Gargallo (Siracusa, Italy, Latitude 37°08'04", Longitude 15°03'00",
30 m a.s.l., solar collector positioning N-S) has been selected, resulting in a DNI of 2,256 kWh/m2yr and
an effective radiance of 1,760 kWh/m2yr. Adopting the methodology proposed in Ref. [16] 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) and subtracting the rejected energy losses when exceeding the TES capacity of
the tanks (due to daily solar irradiance fluctuations) that amount to 12 and 13% in the small and large
TES-size scenarios respectively, the useful solar thermal energy input to the CHP plant is 8,229 and
12,202 MWh/yr for the two assumed CSP and TES sizes (Cases B,D and C,E in Table 3, respectively).
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Figure 1. Layout of the hybrid solar-biomass EFGT-ORC combined cycle power plant
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A detailed thermodynamic analysis of the EFGT with bottoming ORC is described in Ref. [11],
considering only biomass input fuel. The overall cycle pressure ratio is 12, and the TIT is 800 °C; this low
temperature allows a low cost for the heat exchanger material (steel). Combustion air in the furnace is
taken from the ambient for a more flexible regulation, since the circuit of the working air flowing into the
turbine and the circuit of the combustion air flowing into the biomass furnace are independent.
Furthermore, the gas exiting the turbine is pure air, without impurities coming from combustion. Since the
temperature of the compressed air entering the furnace is high (500 °C), a pre-heater for the combustion
air and intense flue-gas recirculation is adopted in order to obtain an acceptable value of the furnace
combustion efficiency.

The bottoming cycle of the combined cycle is realised by an ORC in recuperative configuration, with
the adoption of a Recuperative Heat Exchanger (RHE) and a “dry” fluid (toluene) as described in Ref.
[11].

The rated electric power is 2,083 kWe, with an auxiliary consumption of 6%, a thermal power output
for CHP of 960 kW at 104 °C, a condenser temperature of 40 °C (a low-grade thermal-energy demand is
assumed), a AT, of the CHP heat exchanger of 10 °C (resulting in a 60% heat recovery). The modelling
results report a net electric efficiency (electricity/input biomass energy at nominal solar energy input) of
23% for the 100% biomass (Case A) and 46% for the hybrid cycles (Cases B to E). The part load
efficiency of the biomass boiler in Cases B and D has been neglected, and a biomass furnace efficiency of
80% has been assumed, with LHV = 2.86 kWh/kg. The selected case studies are given in Table 1.

Table 1. Description of the five case studies considered in the present work

Case study A B C D E

Biomass furnace size (kW,) 9,050 9,050 9,050 4,523 4,523
Biomass input (t/yr) 25,694 22,865 21,462 13,999 13,999
Net electric generation (MWh/yr) 15,741 15,741 15,741 10,761 11,818
Equivalent operating hours (hr/yr) 8,040 8,040 8,040 5,496 6,036

Operating strategy. Case A: baseload with fixed biomass input; Cases B and C: baseload with modulating biomass boiler; Cases D
and E: variable with fixed biomass input.

3. Thermo-economic analysis

A profitability assessment of the hybrid CSP-biomass combined EFGT-ORC CHP plant is proposed in
this section. For each case study, the scenarios of: (1) only electricity generation, and (2) cogeneration of
heat and power, as well as a sensitivity analysis to the heat demand intensities 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 feed-in tariffs in the Italian energy market.

3.1 Costs assessment

The turnkey costs were estimated by means of interviews and data collection from manufacturers of the
selected technologies [11]. 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 [18-20], according to the lessons learnt from ENEA/Enel Archimede project [21]. In
particular, unitary PTC costs of 250 Eur/m2, TES costs of 25 kEur/MWh and a 30% cost increase for
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installation, piping and the HTF are assumed. The annual O&M costs are assumed 4% of the turn key cost
and the ash discharge are accounted for assuming unitary cost of 70 Eur/t ash.

3.2 Energy revenues and financial assumptions

The financial appraisal of the investment is carried out assuming the following hypotheses: (i) 20 years
of operating life and feed-in tariff duration for renewable electricity; 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 2016 values);
(iii) cost of capital (net of inflation) equal to 5%, corporation tax neglected, no capital investments
subsidies. Electricity is sold to the grid at the feed-in electricity price available in the Italian energy
market [12], which is 231 and 420 Eur/MWh respectively for biomass electricity (including the High
Quality CHP premium) and CSP electricity (subsidy plus electricity selling price). These figures are valid
in the considered power size range, TES size, adoption of BAT for air emissions abatement, and use of
agricultural by-products from local and sustainable supply chains [12]. The electricity generation is
calculated at 8,040 operating hours per year. Thermal energy cogenerated is sold at 80 Eur/MWh.

4. Cost of energy and profitability assessment results

Figure 2 reports on the energy performance (global electricity efficiency and solar share) and Levelized
Cost of Energy (LCE) at different biomass supply costs (in the case of electricity-only production). The
global electricity efficiency is the ratio of electricity annual sales and biomass energy input, while the
solar share is the percentage of solar energy input on a yearly basis. The profitability assessment results
are shown in Figures 3 and 4, which report respectively the NPV and IRR as a function of the biomass
supply cost, for electricity-only and cogeneration scenarios. The hybridization of the biomass EFGT with
CSP allows a higher global electricity efficiency to be achieved, given the reduced biomass requirements,
but increases the LCE and reduces the IRR in all scenarios. In fact, despite the increased global energy
efficiency of the solar input, and the higher electricity selling price of the solar-based fraction, the
investment costs of the PTCs with molten salts as HTF are very high and make this investment not
competitive, in particular at small scale as in the proposed application. This is more evident at higher solar
shares (Cases C and E, in comparison to Cases B and D) where the larger PTC areas (and consequently
investment costs) make the investment less profitable.
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Figure 2. LCE as a function of the biomass purchase price (left) and energy balances as resulting from thermodynamic modelling
(right) for Cases A to E
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Moreover, the option of fixed biomass furnace operation and variable electricity output (on the basis of
the solar input energy fluctuation) in 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. The NPV, as
opposed to the IRR, increases when increasing the solar share (Cases B and C) because of the higher
revenues from electricity sales; this is more evident the higher is the avoided biomass supply cost.
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Figure 3. NPV (left) and IRR (right) for Cases A to E as a function of biomass supply cost for electricity- only sales scenario

NPV as function of biomass cost (kEur) - CHP 2400 heg

24620

mp SEB NEC NEp NE

18242

13.22213.8%

1457 24.551
1227802
15830
12 518
11763
10323
I I I y
30 50 70

Biomass cost at the plant (Eur/t)

12440

BA51

IRR as function of biomass cost () - CHP 2400 heg

S0%

Hp ®Wp Ec HEp BE

19% 18%

15% 15%

30 50 70
Biomass cost at the plant (Eur/t)

Figure 4. NPV (left) and IRR (right) at equivalent heat demand of 2,400 hours/year and biomass supply cost in CHP scenario

5. Conclusions

A thermodynamic and economic analysis has been performed on a hybrid (solar-biomass) combined
cycle featuring by a linear parabolic trough collector field with molten salts as the heat transfer fluid
delivered at a maximum temperature of 550 °C, upstream of a 9 MWt fluidized-bed biomass combustor,
with thermal energy storage. The heat sources drive an externally fired gas turbine top cycle and a
bottoming organic Rankine cycle. Both electricity-only and combined heat and power generation
scenarios have been considered at a proposed scale, based on an application in the Italian energy market.
The thermodynamic modelling has been performed by considering different CSP sizes, storage levels and
biomass combustor operation modes. The energy performance results report higher global conversion
efficiencies when using CSP integration and the thermo-economic analysis reports a higher NPV of the

179



180

Antonio M. Pantaleo et al. / Energy Procedia 105 (2017) 174 — 181

investment when integrating solar energy, due to the avoided biomass supply costs and the higher value of
solar-based electricity. However, the IRR decreases when increasing the solar share because of the high
investment costs of the parabolic trough collectors. A baseload operation strategy which maximizes the
electricity output and compensates the solar input energy fluctuations with a modulating biomass furnace
proves to be more profitable option (but less efficient in terms of global energy performance) in
comparison to a strategy with a fixed biomass consumption rate and variable electricity output.
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