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HIGHLIGHTS

e A dual TES-biomass supporting system
for thermal solar power plants is
presented.

e Techno-economic and  operational
viability criteria are included in the
study.

e Seven operation strategies at five TES
levels are analysed and compared.

e The benefits of a balanced trade-off be-
tween TES and biomass support are
explored.

e Limiting biomass support allows a base-
load plant operation with a high solar
share.
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GRAPHICAL ABSTRACT

Hybrid CSP-TES-Biomass power plant Seven modular operation strategies
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This study evaluates the benefits of integrating a full renewable dual back-up system (biomass and Thermal
Energy Storage (TES)) in Concentrated Solar Power (CSP) plants. Two plants of 50 MW, capacity each are
modelled and simulated, based on Parabolic Trough and Solar Tower technologies, with the integration of a
biomass grate boiler in parallel to the power island. The Analytic Hierarchy Process is used as a Multi-Criteria
Decision Method to compare the performance according to technical, economic, and operational criteria of 7
operating strategies. These strategies have been defined for integrating the biomass block for five levels of TES
(No-TES, 5, 10, 15 and 20 h). The results show that the participation of biomass back-up favours the operation of
the system as a base-load plant, increasing the capacity factor (CF) up to 71%, the net electric efficiency up to
10%, and reducing the cost of generation down to 56%, compared to stand-alone CSP plants. For the considered
solar resource (Seville, Spain), reasonable generation costs (0.153 USD/kWh) can be achieved for a balanced
trade-off between biomass and TES while allowing a firm energy supply (CF > 80%) and reducing the required
flexibility to the boiler. In addition, generation with a high solar share (over 50%) can be achieved with the
proposed dual supporting system, favouring access to solar-driven incentives, as well as reducing the sensitivity
of the system to the risks associated with biomass supply.
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Nomenclature

Ay solar field reflection area (m?)

Co capital costs (USD)

Cn operation and maintenance costs (USD/year)
CF capacity factor (%)

CI consistency index

dnominat  Nominal discount rate (%)

dreal real discount rate (%)

Fa biomass costs (USD/year)

HHVpiomass biomass high heating value (MWhy,/tonne)
Ise solar field incident power (MWh/mZ/year)
LCOE levelized cost of electricity (USD/kWh)

Mgiomass biomass feed flow (tonnes/year)
Nth boilery biomass boiler thermal efficiency (% HHV)

Newoilery  biomass boiler global efficiency to electricity (% HHV)
Nes) power cycle efficiency (%)

N part-load efficiency (%)

Nen temperature variation efficiency (%)

Ne net electric efficiency (%)

Qu plant power output (MWh/year)

Qst solar field power output (MWh/year)

QTEs thermal energy storage power output (MWh/year)

RI random consistency index

TGEgiomass biomass gross thermal energy (MWhy,/year)

Abbreviations

AHP analytic hierarchy process
BC base case

CSP concentrated solar power
CF capacity factor

CAPEX capital expenditure

DNI direct normal irradiation
DSG direct steam generation

DHI diffuse horizontal irradiation
FB fluidised bed

GHI global horizontal irradiation

HTF heat transfer fluid
LCOE levelized cost of electricity
LF linear Fresnel

NREL national renewable energy laboratory
0S(i) operation strategy, i ranges from 1 to 7
O&M operation and maintenance

ORC organic Rankine cycle

PD parabolic dish

PT parabolic trough

SAM system advisor model

SCA solar collector array

SM solar multiple

ST solar tower

TES thermal energy storage

™Y typical meteorological year

1. Introduction

The supply of clean energy is a key factor in achieving sustainable
development goals adopted by the United Nations General Assembly in
2015. According to various scenarios, it is projected that by 2050 the
share of renewable energy in the total primary energy supplied will be in
the range of 43-67% [1-3]. According to the REmap scenario, the share
of renewable energy needs to grow from about 25% in 2015 to 60% by
2030 and 85% by 2050 to achieve global energy transition to low-
carbon technologies [1]. For electricity generation, 58% of that energy
is projected with a 41% share of wind and 31% of solar as the primary
sources [1,2].

The conversion of solar energy through photovoltaic (PV) systems
has had an essential deployment worldwide, mainly because of the
technology’s maturity and decreasing generation costs in the last years
[4]. However, as a non-dispatchable technology, an increase in the PV
installed power tends to generate instability and loss of inertia in the
distribution networks. Therefore, back-up systems such as batteries or
other energy storage technologies become increasingly necessary to
provide (quasi) dispatchable generation, e.g. with high ramp rates [5,6].
Unlike other renewable generation systems, Concentrated Solar Power
(CSP) is a flexible and (quasi) dispatchable technology for large Thermal
Energy Storage (TES) capacities, providing stability to the grid and
favouring the expected penetration of variable renewable energies, such
as PV and wind in regions with high direct normal irradiation (DNI).

The limitations due to the degradation temperature of the heat
transfer fluids (HTF) used in CSP applications have led plants to operate
their power cycles with low-pressure steam, significantly reducing their
electric efficiency [7]. On the other hand, because of the intermittency
of the solar resource, stand-alone CSP plants operate with reduced ca-
pacity factors (CF), in the range of 22-28% depending on the technol-
ogy, location and solar multiple (SM) [8,9]. These problems affect the
economic feasibility of the technology and have limited its deployment
to regions located within the so-called sun-belt with levels of DNI higher
than 2000 kWh/m?/year [10].

To face these challenges, commercial CSP plants include solar back-

up systems, such as TES, or non-solar back-up systems, generally based
on natural gas. TES allows CSP plants to increase their CF up to 29-55%,
depending on the storage size [11]. Nevertheless, this performance in-
dicator is still lower than base-load thermal power plants. Besides, the
use of natural gas is contradictory with the production of renewable
electricity, and it has been limited or banished [12]. As an alternative,
electricity generation based on biomass, either through combustion or
gasification has the potential to replace natural gas as a supporting
system [13-15]. Biomass energy can be considered carbon-neutral (e.g.,
agricultural residues) and constitutes a local and distributed energy
source as it can be stored [16]. However, it must tackle logistic issues
resulting from their intermittent availability and low energy density
[17].

CSP-biomass boiler hybridisation benefits from using common
equipment and infrastructure for heat exchanges, working fluids
compression, transport, and expansion, differing only in the heat source
to generate steam with similar pressure and temperature levels [18].
These hybridisation sources result in lower installation costs and higher
dispatch capacity with 100% renewable back-up [18,19]. Overall,
hybrid systems would allow better use of involved resources, especially
when they are in limited quantities. Considering hybrid CSP-biomass
plants, expansion to regions outside the sun-belt, e.g., with DNI levels
above 1800 kWh/mz/year, would be economically viable [20,21].

Some synergies can be expected from the combined use of TES and
biomass as supporting systems to CSP plants. For instance, the solar
block (including TES) generation is influenced by the intermittency of
the resource, requiring a minimum irradiation level to start the opera-
tion: for the solar field to reach a minimum start temperature and for the
TES system to establish a charge-discharge strategy looking for a sus-
tained and efficient generation during transients and sun sets [22-24].
Moreover, biomass generation can be adapted to various operation
strategies, such as a base-load operation or complementary/variable
operation, to adjust plant generation to a specific demand profile
[25,26].

The back-up system rated capacity and operation strategy could
significantly impact the plant complexity, dispatchability, and
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performance. Thus, a comparative assessment is necessary to evaluate
this effect on the techno-economic and operational viability of the
proposed system. In this study, the benefits of integrating a dual back-up
system (biomass and TES) in CSP plants are addressed.

1.1. Previous work

The first operational CSP-biomass hybrid project worldwide is the
Borges plant, located in Lleida, Northeast Spain, with DNI levels around
1800 kWh/m?/year. The plant has a net installed capacity of 22.5 MW,
with a thermal back-up based on two biomass boilers of 22 MWy, each
and an additional natural gas boiler for start-up [18]. Biomass back-up
allows generation at half load (no sun) and up to 100% load in hybrid
mode to cover transients during the day [27]. In addition, the Aalborg
CSP plant in Denmark has been successfully operated for heat and
electricity generation using an organic Rankine biomass cycle [28,29].
Apart from these power plants, there are several studies evaluating the
feasibility of CSP-biomass hybridization in Australia [26,30-32], Brazil
[33-35], Europe [8,22,36], India [37,38], Indonesia [39], and Iran [40].

Peterseim et al. [32] evaluated and compared several combinations
of CSP technologies with various HTF and biomass back-up system al-
ternatives. Linear Fresnel (LF) with direct steam generation (DSG)
hybridised with a biomass fluidised bed (FB) boiler obtained the lowest
specific investment cost (3.4 MUSD/MW,). The performance of a 10
MW, parabolic trough (PT) biomass hybrid plant with natural gas sup-
port was studied by Servert et al. [36]. The plant achieved a lower
levelized cost of electricity (LCOE) than the stand-alone CSP plants and
reduced the biomass demand by 33%. Srinivas et al. [41] evaluated the
technical performance of a PT-DSG system hybridised with a biomass
boiler, showing an increase in fuel efficiency and a reduction in the plant
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thermal efficiency when solar share grows from 10% to 50%.

Other studies explored using a biomass FB boiler to superheat the
steam from a 50 MW, PT plant with 7.5 h of storage [10]. Bai et al. [42]
evaluated the performance of a 50 MW, PT-biomass plant with TES. The
boiler fulfils a double function, superheating the steam from the solar
block and generating it independently. The results showed an increase in
the annual solar-to-electricity efficiency of up to 18.3%, while biomass
accounts 77.4% of the total generation. Soria et al. [33] evaluated the
feasibility of PT-biomass plants for a semi-arid area in Brazil, where
configurations with low biomass boiler rated capacity and a SM of 1.2
were able to have high solar shares. Soares et al. [43] find an increase of
6.2% in global electricity efficiency for a mini PT plant hybridised with a
biogas boiler to drive an Organic Rankine Cycle (ORC).

Oyekale et al. [44] explored the benefits of biomass retrofitting of an
ORC-Fresnel plant in Italy. The results showed a marginal cost of energy
of 0.103-0.109 EUR/MWh and an increase in the net electric efficiency
of up to 5%. Peterseim et al. [26] evaluated a 30 MW, solar tower (ST)
biomass hybrid plant with 3 h of TES for Griffith, Australia. Generation
costs of 0.155 AUD/kWh and a reduction of 43% in investment
compared to a stand-alone ST plant was achieved. The analysis of per-
formance and economic benefits of the CSP-Biogas hybridised plant was
developed by Petrollese et al. [45] through a case study based on the CSP
plant in Ottana (Italy). Hussain et al. [46] found that CSP-biomass-TES
hybrid plants achieve a 6% increase in solar share and 3% in electrical
efficiency than CSP-biomass plants. However, higher generation costs
were incurred.

Table 1 summarises the information from these studies, giving spe-
cial attention to their operation modes. They demonstrate the feasibility
of CSP-biomass hybrid power plants and the growing interest in
assessing various combinations of these technologies and hybridisation

Table 1
Summary of literature studies on CSP-Biomass hybridisation, including TES (where applicable).
CSP TES Hybridisation Scheme Capacity Power Back-up Operation Strategy Remarks Refs.
Technology (MW,) Cycle
PT Yes (with7.5h  Biomass FB boiler in series 50 Rankine Variable following CSP profile Frequently start/stop cycles [10]
of TES) to power island
ST Yes (with 3h Biomass boiler in parallel 30 Rankine Fixed operation at full capacity  Griffith, Australia [26]
of TES) to power island
PT Therminol” No Biomass boiler in parallel 30 Rankine Cover transients in daytime/ Brazil, 30% biomass fil fraction [33]
to power island Fixed without DNI
PT, ST, Fresnel No Grate, FB, Gasification in 17.3-19.4 Rankine Continuous operation at full Australia, various technological [32]
parallel to power island load combinations
PT with No Biomass and NG boiler in 10 Rankine biomass fixed and Natural gas Spain, no TES [36]
Therminol parallel to solar field to cover transient
PT with DSG No Biomass boiler in parallel 50 Rankine Continuous operation at full Solar share is limited to 50% in [41]
to power island load daytime
PT Yes (with Biomass boiler in parallel 50 Rankine Variable following CSP profile/ Superheating CPS steam/Direct [42]
indirect TES) to power island Fixed without DNI steam generation
PT with DSG No Biogas boiler in parallel to - ORC Variable following CSP profile/ ~ Running ORC 12 to 24 h scenarios ~ [43]
the solar field Fixed without DNI
Fresnel with No Biomass boiler in parallel 5 ORC Modular following CSP profile/  Ottana, Italy, CSP plant retrofit [44]
Therminol to power island Fixed continuous operation
Fresnel with No Biogas boiler in parallel to 5 ORC Variable following GSP profile/ ~ Anaerobic digestor linked to [45]
Therminol the solar field Various biogas fractions biogas storage
PT Yes (with Biomass boiler in parallel 4-6.5 Rankine Fixed at nights and variable at Biomass only, CSP-biomass and [46]
indirect TES) to power island daytime to cover transients CSP-biomass-TES cases
PT and ST Yes (with up to Biomass boiler in parallel to 50 Rankine 7 operation strategies, continuous  Seville, Spain, Comparative, techno-  This
20 h of TES) power island operation, following load and economic and operational study

mixed

assessment

PT: Parabolic trough, ST: Solar tower, FB: Fluidised bed, NG: Natural gas; ORC: Organic Rankine cycle, DSG: Direct steam generation.
@ Mixture of Biphenyl and Diphenyl Oxide.
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modes that maximise their integration benefits. Most of these studies
assume that biomass and TES are competing and mutually exclusive
back-up systems. This study goes beyond this by analysing the synergy of
TES and biomass as a dual supporting system. Therefore, aiming to
resemble fully renewable base-load power plants. To the best of our
knowledge, there is no published work that addresses a detailed com-
parison of the impact of operation strategies on the overall performance
of hybrid power plants. This paper aims to fill this gap by conducting a
comparative techno-economic and operational assessment of seven
modular operating strategies using the Analytic Hierarchy Process
(AHP) as a multi-criteria decision method. This approach provides in-
sights of the benefits and challenges of integrating CSP and biomass in
various offsets, as well as expanding the use of these hybrid
technologies.

2. Case study description
2.1. Technology and hybridisation scheme

CSP plants can be linear focus, such as parabolic trough collectors
and linear Fresnel or point focus, such as solar tower and parabolic dish
(PD) systems [9]. PT, LF and ST currently operate with TES from
different working fluids, such as thermal oil, molten salts, steam or a
combination of them [11]. In this study, the PT and ST technologies are
selected, because of their high maturity level, greater commercial
deployment, and interest in evaluating the synergy between solar field,
thermal storage, and biomass back-up [9]. For the back-up system, a
biomass grate boiler is selected, due to its high maturity and less
complexity concerning other technologies such as FB boilers or the
burning of syngas generated from the gasification process [32].
Although the hybridisation of CSP plants with syngas (produced in a
biomass gasifier) boilers could provide greater flexibility [47] than a
biomass boiler, it is not considered in this study because of its lower
maturity.

The hybridisation modes are defined mainly by the position of the
back-up system, which can be parallel, in-series or a combination, both
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to the solar field and the power island. Parallel schemes allow the back-
up system to provide the thermal energy required by the HTF or the
working fluid in a decoupled way. In-series hybridisation involves a
simultaneous operation of the solar block and the back-up system, either
to heat the HTF to nominal conditions or to superheat the working fluid
to increase the cycle efficiency [48].

Hybridisation in parallel to the solar field favours greater synergy
between the supporting systems, as the biomass boiler directly provides
thermal energy to the HTF. However, the location of the biomass boiler
next to the power island avoids an additional heat exchange, thus
increasing the biomass-to-electricity conversion efficiency. Further-
more, this kind of hybridisation offers greater flexibility in setting
operation strategies, as it decouples the biomass block from the heat
needs of the storage tanks. Therefore, in this study, a hybridisation mode
in parallel to the power island is selected. It allows both a simultaneous
operation to complete the required generation profiles and a decoupled
operation to extend production during low or no radiation hours. This
kind of operation prioritises generation from TES to cover transients and
slight load variations, which would reduce the operating pressure on the
biomass boiler and the complexity of the whole system [49].

2.2. Solar resource and design capacity

For this case study, a typical meteorological year (TMY) with the
solar data of 13 years (2000-2012) at a 10-minute resolution has been
used [50]. The series includes measurements of global horizontal irra-
diation (GHI), DNI, diffuse horizontal irradiation (DHI), ambient tem-
perature, relative moisture, air pressure and wind speed. The DNI design
point was set in 850 W/m?, which refers to 90% of the TMY values
(being the design irradiation used in several CSP plants in operation and
the scientific literature for Southern Spain) [50-54]. Poplar chips with a
higher heating value of 20.18 MJ/kg [55] are used as feedstock for the
back-up system. Fig. 1 shows the selected location. More details are
shown in the supporting information.

According to the previous experiences in the sector and regulatory
limitations, the recommended capacity for newly built plants is at least

2

A

b .

800 1200 1600 2000 2400 kWh/m?

Thism

Fig. 1. Description for the selected location (Seville, Spain): (a) Daily and monthly DNI profile; (b) Probability and Cumulative DNI density functions (elaborated

from own data and [56]).
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50 MW, [57]. Considering the benefits of scale economy, the investment
required for biomass plants decreases as their installed capacity grows.
However, at the same time, there is an increase in the uncertainty
related to biomass supply. The capital and operating costs of biomass
plants are significantly reduced for plant scales in the range of 20-50
MW, [58]. In this context, we have set hybridised configurations with an
overall nominal capacity of 50 MWe.

In this study, two configurations of CSP-biomass hybridised plants
with a net power output of 50 MW, are assessed: 1) a PT plant with an
indirect TES system (Fig. 2); and an ST plant with a direct TES system
(two-tank molten-salts) (Fig. 3). A biomass grate boiler with a capacity
between 25 and 50 MW, (depending on the operating strategy) is in
parallel to the power island in both configurations. The design of the CSP
blocks was carried out considering previous designs operating in Spain.
As the main reference for the design of PT, the Andasol-2 plant (Granada)
with 7.5 h of TES capacity and 50 MW, of installed power was selected.
This plant started operation in 2009, with an estimated solar resource of
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2136 kWh/m?/year and an expected annual electricity generation of
158 GWh/year [59]. For ST, the Gemasolar plant located in Fuentes de
Andalucia (Seville) was selected, with a TES capacity of 15 h and an
installed power of 19.9 MW,. Gemasolar was the first commercial tower
plant to include molten salt thermal storage worldwide. The plant
started operation in 2011, with an estimated solar resource of 2100
kWh/m?/year and an expected generation of 80 GWh/year [60,61].

In the following sections, the selected configurations and the basis
for their design and assessment are described, including the technical
and economical design parameters, the biomass operating strategies of
the boiler, and the criteria for the comparative performance evaluation
(Ranking). In the results section, the optimisation analysis between SM
and storage capacity is shown. The annualised performance results of
the case studies are discussed according to technical, economic, and
operational criteria, including the results of the operation strategies
ranking. Finally, a set of conclusions is provided.
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Fig. 2. CSP-Biomass hybrid concept illustration for parabolic trough configuration.
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3. Methodology
3.1. Technical design

In the PT-based configuration, the solar field includes several loops
located in parallel and formed by four solar collector arrays (SCA) each
[59]. Each SCA is made up of 12 solar modules and receiver tubes
through which thermal oil (Therminol VP-1) circulates, used as HTF. In
each loop, the HTF increases its temperature from 293 °C to 393 °C and
it is sent to the solar steam generator, or the TES block once the power
island requirements have been covered. The EuroTrough ET150 model
has been selected as a solar collector due to its high optical performance
and low installation cost [62]. The Schott PTR70 model has been selected
as the receiver tube because of its high reliability, low cost and
compatibility with a wide variety of solar collectors [63].

In ST configuration, the solar field is formed by heliostats with a
reflection area of 144 m? each, with an on-axis inclination, which im-
plies that the vectors corresponding to the solar rays and the receiver are
perpendicular to the plane of the heliostat [64]. IDEAL focusing method
has been selected, in which focal length is equal to the distance between
the centroid of the heliostat and the image plane of the receiver [65].
Heliostats surround the tower with a cylindrical receiver at the top,
through which molten salts (60% NaNOs, 40% KNOj3) circulate, oper-
ating at temperatures in the range of 290-565 °C [64]. The solar field
geometry, tower height, and receiver area were calculated using the
National Renewable Energy Laboratory (NREL) SolarPilot optimisation
algorithm as a function of the SM selected for each case [66].

The TES block is based on two-tanks molten salts, a system widely
used for sensible heat storage in CSP plants [9]. In the case of PT, it is an
indirect system since the HTF, and the storage fluid are different, which
implies an additional step (heat exchange). For ST, it is a direct storage
system, with molten salts working as transfer and storage fluid. The
relationship between the SM and the thermal storage capacity is crucial
in the design of CSP plants. Therefore, it is included in the design of
hybrid CSP-biomass plants with TES. A high SM value implies a large
solar field reflection area, meaning greater electricity generation [64].
However, as the SM increases, so do installation costs. That may reduce
the system profitability if there is no adequate storage capacity, which
effectively manages this additional incident power. In this study, the
relationship between SM and storage capacity for both technologies base
cases (without hybridisation) is obtained through a parametric optimi-
sation analysis (discussed in Section 4.1).

The biomass back-up system is based on a grate boiler, which gen-
erates steam of the same quality as in the CSP block. The power island is
based on a conventional Rankine cycle that uses water-steam at 100 bar.
It consists of a series of heat exchangers that allow the generation and
superheating of steam from the thermal oil energy in the PT configu-
ration and molten salts in the ST configuration. The steam expands in a
conventional turbine generating a gross power of 55 MW, with an
alternator efficiency of 90%. The electric efficiency of the power block
has been set at 39.0% for PT and 41.2% for ST (evaporative cooling
system) [64,65]. Efficiency is higher for ST technology than for PT
because of the higher exchange temperature of molten salts [67].

The biomass back-up net efficiency is given by the boiler thermal
efficiency and the power cycle efficiency (common to the CSP block).
The thermal efficiency variation due to boiler operation at different
loads is included in the model by a correlation based on [68]. A loga-
rithmic growth of electric efficiency is assumed for operation at loads
ranging from 5 to 100 MW,. This model is consistent with reported ef-
ficiency for a similar biomass plant operating in Spain [69]. For further
details see Figure S2.1 in the supporting information.

The power yield (10-minute resolution) of the solar field and TES
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Table 2
Technical parameters of the PT-biomass and ST-biomass configurations
[51,59,60,65].

Parabolic Solar Tower
Trough
Solar Field
DNI design point (W/m?) 850
Solar multiple (SM) To be calculated”
Solar collector array (SCA) 4 -
assemblies per loop
Collector type EuroTrough -
ET150
SCA length (m) 150 -
SCA aperture (m) 5.75 -
SCA reflective aperture area (mz) 817.5 -
Heliostat reflective area (m?) — 144.4
Heliostat focusing method - IDEAL
Heliostat canting method - On-axis
Heliostat field geometry - From optimisation
Tower height - “
Receiver area -
Receiver type (geometry) Schot PTR70 Cylindrical
Heat transfer fluid (HTF) Therminol VP-1 Molten salt (60% NaNOs,
40% KNO3)
HTF hot temperature (°C) 393 565
HTF cold temperature (°C) 293 290
Reference optical efficiency 78% 54 %"
Reference thermal efficiency 72% 91 %"

Thermal storage

Full load hours of TES 0-20 (with a step of 5)
Configuration Two-Tanks
Tank height (m) 12

Dispatch schedule Summer peak
Storage fluid Hitec solar salt Molten salt (60% NaNOs3,
40% KNO3)

Power island

Design gross output (MW,) 55

Gross to net conversion efficiency ~ 90%

Net output at design (MW,) 49.5

Working fluid Steam

Boiler operating pressure (bar) 100

Condenser type Evaporative

Cycle conversion efficiency 39.0% 41.2%
Hybridisation

Technology Grate boiler

Net output at design
Hybridisation scheme

Minimum operation load
Biomass boiler thermal efficiency

Depend on the operation strategy
Parallel to power island

40% of full load

81% at full load®

# To be calculated trough parametric analysis included in Section 4.1.
® Annualized value.
€ Nepoitery = 0-134*In[operationload(MW)] + 0.285.

blocks are simulated through System Advisor Model (SAM) version
2018.11.11, a software developed and validated by NREL and used in
the scientific literature for the evaluation of new CSP concepts [70-72].
Then, the resulting datasets are exported to an in-house tool, in which
the biomass back-up generation is calculated according to the conditions
set out for each operation strategy. The resulting performance of the
power island integrates the generation from both blocks, including the
variation of the turbine efficiency (e.g., part-load operation and ambient
temperature). The summary of the technical parameters is shown in
Table 2 and further details are provided in the supporting information.

3.2. Economic design

The economic design is based on accepted practices for PT [73] and
ST [74,75], considering a conservative scenario (i.e., the substantial
reductions projected for 2025 [76] are not considered in this study).
When necessary, the 2018 exchange rate of the European Central Bank
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Table 3
Economic input parameters for PT-biomass, and ST-biomass configurations
[73-75,77-79].

Parabolic Solar Tower
Trough
Direct capital costs (DCC)
Site improvement cost (USD/m?) 25 16
Solar field (USD/m?) 150 140
HTF system (USD/m?) 60 -
TES system (USD/kWhg,) 62 22
Biomass boiler (USD/kW,) 750
Biomass handling equipment (USD/kW,) 330 330
Other equipment related to biomass (USD/kW,) 270 270
Contingency related to biomass equipment 30% 30%
Fixed solar tower cost (MUSD) - 3¢
Solar tower cost scaling exponent - 0.0113
Receiver reference cost (MUSD) - 103"
Receiver reference area (mz) - 1571
Receiver cost scaling exponent - 0.7
Balance of plant (USD/kW,) 90 290
Power cycle (USD/kW,) 910 1040
Contingency (% of DCC) 7 7
Indirect capital costs (ICC)
EPC and owner cost (% of DCC) 11%
Total land cost (USD/m?) [80] 1.145

Operation and maintenance costs (O&M)
Fixed cost by capacity (USD/kW,-year) [73,81] 65°¢

Variable cost by generation (USD/MWh) 5
[33,81]

Biomass cost (USD/GJ) [55] 3.27

Financial parameters

Analysis period (years) 25

Real discount rate 10%

Inflation rate 2.5%

Receiverheight Heliostarheight
2 2

scalefactor

scalefactor- |:Towerheight—
& Costrower= Fixedcostroyer-e

b _ AreaReceiver
COStReceiver = Referencecostgeceiyer- {}W
ecetver

¢ Base case, for the other cases: O&Mfixedcost =—0.078-(TEShours)?
+5.36-TEShours +65 (adapted to TES capacities from values reported in [73,81]).

[77] is used. The summary of the economic parameters is shown in
Table 3. The direct capital costs related to the biomass block were taken
from NREL and the US Environmental Protection Agency reports
[78,79]. The potential risk of integrating the biomass back-up is
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considered by increasing (twofold) the contingency for this block. Land
cost of 11,450 USD/ha [77,80] is set for the installation of the plant.

3.3. Operation strategies

The biomass back-up system can adopt strategies ranging from
continuous base-load operation (fixed power throughout the year) to
modular operation at a variable load that matches the solar generation
profile. In this study, 7 modular operation strategies are proposed and
assessed, in addition to the base case (BC) that does not include a back-
up system (8 cases in total). In operation strategies 1, 2, 5, 6 and 7 (OS1,
0S2, 0S5, 0S6, 0S7), the biomass block has the same installed capacity
as the CSP system, whereas strategies 3 and 4 (0S3, 0S4) have half
capacity. 0S4 and OS7 allow base-load operation along the year, while
the other operation strategies only operate on days when generation
from the solar block is expected (forecasted). In all cases, generation will
stop when the demanded load is below its minimum operating load.

In OS1 and OS2, the biomass block complements system generation
up to nominal power during a preferential schedule (pre-defined). Both
strategies differ in OS1, including multiple daily starts, while there is
only one for OS2. OS3 and OS4 have a variable load operation with
multiple daily start-up of the biomass block, keeping generation for 24 h
a day at a minimum of 50% of the system nominal power. Similarly, in
0S5 and 0OS6, the biomass block operates at a variable load with mul-
tiple daily start-up, ensuring generation along the whole day. During
pre-defined preferential schedules, the biomass block completes and
extend the system generation at full load, operating at its minimum load
the rest of the time. OS7 has been designed to achieve a firm energy
supply (base-load). In this strategy, the biomass block has a continuous
operation throughout the year. The summary of these strategies is shown
in Table 4.

3.4. Method for ranking operation strategies
The operation strategies ranking consists of 4 consecutive stages:
i) selecting the evaluation main criteria and sub-criteria,
ii) obtaining results,
iii) criteria comparison and weighting, and

iv) alternative scoring for each criterion.

In this comparative analysis, technical, economic, and operational

Table 4

Biomass back-up system operation strategies.
Parameters 0s1 082 0S3 0S4 0S5 0s6 0S7
Dominant operation mode Following load Sustained Mixed Mixed Following load Following load Mixed
Allows all-day generation - - v v v v v
Allows all-year operation - - - v - - v
100% biomass mode (at nights) - - v v v v v
Multiple daily starts v - v v v v v
Variable load operation v v v v v v v
Preferential generation schedule 07:00-21:00 07:00-18:00 - - 07:00-15:00 07:00-21:00 -
Boiler nominal power (MW,) 49.5 49.5 25 25 49.5 49.5 49.5
Minimum operating power (MW,) 19.8 19.8 10 10 19.8 19.8 19.8
Operating power (Preferential schedule) (MW,) 49.5 49.5 25 25 49.5 49.5 49.5
Operating power (rest of day) (MWe) - - 25 25 19.8 19.8 49.5
Operating power (100% biomass mode) (MW,) — - 25 25 19.8 19.8 49.5
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[ Biomass boiler operation strategy ranking criteria ]

[ Technical criteria ] [

Economic criteria

J [ Operational viability criteria ]

v' Capacity factor (C1)

v' Solar share and biomass
utilization (C2)

v Net electric efficiency (C3)

v LCOE (C4)

v Installed costs sensitivity (C5)
v Biomass cost sensitivity (C6)

v Technology maturity (C7)
v Biomass boiler flexibility
(C8)

Fig. 4. Operation strategy ranking criteria.

viability evaluation criteria have been included. Each is divided into
several sub-criteria, as shown in Fig. 4.

The technical criteria include strategy performance referred to CF
(C1), solar share (C2), annual biomass utilisation and net electric effi-
ciency (C3). The CF reflects the time fraction that a plant operates at full
load [82]. This criterion is used to evaluate the contribution of the back-
up system in the generation of the hybridised plant. The solar share
allows determining the portion of electricity generated per year from the
solar resource. In reference, the annual demand for biomass is an inverse
parameter; the lower the solar share, the higher the use of biomass. The
net electric efficiency (I)e) allows evaluating the effect of biomass
integration on the conversion performance of the whole system at an
annualised scale [32,44,83].

Economic criteria have as a central point the LCOE evaluation (C4)
since this parameter includes information related to capital expenditure
(CAPEX), operation and maintenance (O&M) and others financial pa-
rameters (see supporting information). The sensitivity to variation in the
installed costs (C5) and possible fluctuations in the biomass cost (C6) are
also analysed. LCOE expressed in USD/kWh is one of the most used
parameters in economic performance evaluation for this kind of power
plants [84-87]. Technical and economic criteria are calculated accord-
ing to equations (1) to (5).

On

CF=——"——" 1
PNy rion-8760 )
Solarshare = MJOO 2)
O,
TGEgiomass
MBiomass = 77— 3
? HHVBiamax: ( )
n.= o %)
MBioma.&x'HHVBiomas.x + I.&/ 'A.vf
Co + ZL [CutFal _
LCOE = = L[ +dnomina] 5)

Z On
n=1 {1+ dpeql]”

Criteria related to operational viability include the technological
maturity of the whole system (C7) and the operational flexibility
required for the back-up system (C8). The data referring to technological
maturity are evaluated according to their use in operating plants,
development phase projects or concepts analysed in the literature. The
boiler flexibility is analysed according to the generation profiles ob-
tained for different TES capacities and DNI seasonal variations.

AHP is the multi-criteria decision method most used in the analysis of
decision problems related to renewable energy systems [88]. Several
studies apply it to evaluate solar energy systems, both photovoltaic and
CSP [89-92]. The method allows a paired comparison of the decision

Table 5
Saaty’s discrete 9 value scale [94].

Intensity of Definition Explanation
importance
1 Equal importance Two criteria contribute equally to
the objective
3 Moderate importance Experience and judgment slightly
favour one criterion over another
5 Essential or strong Experience and judgment strongly
importance favour one criterion over another
7 Very strong or A criterion is favoured very strongly
demonstrated importance over another; its dominance is
demonstrated in practice
9 Absolute importance The evidence favouring one
criterion over another is of the
highest possible order of
affirmation
2,4,6,8 Intermediate values When a compromise between

between two adjacent values is needed

scale values

criteria, to later apply a prioritisation scale on the set of alternatives
[93]. For pairwise criteria comparison, a Saaty scale [94] is used with
values between 1 and 9, representing the importance of one criterion
over another, as shown in Table 5. Equation (6) represents the matrix
resulting from the pairwise criteria comparison process.

Cl.lcla Cl.j
crc*? .. Y

My = (6)
clo? .. od

M, represents the criteria pairwise comparison matrix, j shows the
number of comparison criteria, C1*? shows the dominance of criteria 1
over criteria 2, while C%! shows the reciprocal value. The matrix data is
normalised by dividing each deal with the sum of its column, thus
obtaining a new matrix My. Finally, each criterion’s eigenvector is ob-
tained through the average of all the data of each row of My.

A dedicated survey with the participation of several external experts
in CSP technologies and the authors was carried out to improve the
judgment. Participants rated the criteria and completed a form filling
the scores of a pairwise matrix. These scores are averaged and converged
in a single matrix, from which the criteria weights are obtained. The
resulting matrix is considered acceptable when its consistency ratio
<10%; otherwise, the included value judgments were reconsidered. In
the evaluation of the alternatives, a specific prioritisation order is
established for each criterion. The scale score is defined according to the
strategies position in each criterion, assigning values ranging from 0.125
for the worst-located strategy to 1.000 for the best-located strategy and
0.125 increments for each position improvement. Criteria with quanti-
tative results, such as techno-economic parameters (C1-C6), are valued
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according to the corresponding simulations and economic analyses. For
the operational viability criteria (C7, C8), a qualitative assessment is
established based on the literature and daily generation profiles.

The total score for each strategy considering all the evaluation
criteria is obtained according to equation (7). Finally, the strategy that
achieves the highest score is considered the best alternative in this
analysis, the rest of the alternatives are ranked according to the same
criteria.

AHPye =Y Fpw; )
j=1

F; represents the score assigned to the strategy according to its location
in criterion j, n represents the total number of criteria; wj represents the
weight of criterion j. Further details on AHP methodology are included
in the supporting information.

4. Results and discussion
4.1. Solar multiple effect

The optimal SM for each TES capacity has been obtained, prioritising
the minimum LCOE for plants operating at the maximum CF that can be
achieved at that point from the parametric simulations, as has been done
in [95]. Parametric optimisation analyses have been performed to

4.00 T
—&—Parabolic Trough
—-Solar Tower

350 f
F LCOE (USD/kWh)

3.00 f

250 §

Optimal solar multiple (SM)

0 2 4 6 8 10 12 14 16 18
TES capacity hours (h)

20

Fig. 5. Optimal solar multiple (SM) values for various TES capacity based on
the minimum LCOE and maximum CF.
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calculate these values, the SM value has been varied from 1.0 to 3.4 and
the TES capacity from O to 18 h. The optimal SM ranges between 1.2 and
3.0 for ST and 1.0-2.8 for PT. Although for ST, higher TES capacities
imply lower LCOEs. In this study, thermal storage has been limited to 20
h, because from this capacity the LCOE reduction tends to stabilise (as
seen in Fig. 5). Moreover, 20 h is an achievable storage capacity ac-
cording to the current state of molten salt technology (i.e., Atacama-1
project in Chile with 17.5 h of TES [96]). Fig. 5 shows a linear rela-
tionship between these parameters, so correlations can be established as
input parameters in the design of the configurations to be assessed in the
following sections (see further details in the supporting information).

4.2. Annualised performance results

The technical and economic criteria are analysed on an annualised
basis for 8 different cases shown in Table 4. The impact of TES is ana-
lysed from O to 20 h with a 5-hour step (detailed results are shown in the
supporting information).

4.2.1. Capacity factor and biomass use

Capacity factor varies between 19% and 21% for No-TES base cases,
up to 100% (=~ 435 GWh/year) in the full-biomass strategy (0S7), as
shown in Fig. 6. The TES and biomass block specific impacts on elec-
tricity generation are more significant when they act as the only back-up
and decrease as increasing the other system participation. Results show
greater effects of TES in ST and biomass in PT. For instance, when TES
capacity increases up to 20 h, CF increases by 36% and 46% for the PT
and ST base cases, respectively.

The impact of biomass without TES varies with the operation strat-
egy. For example, for PT with OS7 (full-biomass), CF increases up to
79%, while for OS2 (low-biomass) to 13%. Only OS7 allows delivering a
firm power supply to the grid (FC > 80%) at any TES capacity. These
generation levels are also achieved for ST configuration in 0S4, OS5 and
0S6 with TES of 15-20 h.

Not surprisingly, the full-biomass strategy (OS7) obtained the lowest
solar share, only reaching a mainly solar generation after 15 h of TES.
The rest of the strategies had an intermediate behaviour between BC
(100% solar share) and OS7. In this interval, as thermal storage in-
creases, its effect on the solar share decreases. Nonetheless, there is a
value of TES that secures solar shares over 50% for ST (>5 h) and PT
(>10h). OS7 is the strategy with the highest biomass use. Besides, it also
has the largest biomass savings due to TES, with a potential reduction
above 100 kt/year at 20 h of capacity.

Literature reports CF between 37% and 51% for CSP-biomass hybrid

(b)

100%

Max boiler capacity 1223
141.0 MW,, (PT) 125;

0, 4
90% 133.5 MW,, (ST)

80% -

70%

60%

50% -

40%

30%

20% -

s ——0S2-ST ----- 0S2-PT
1221] ——0S4-ST - 0S4-PT
10% -
——OS7-ST - 0S7-PT
0% : , . :
No-TES 5h 10h 15h 20h

Fig. 6. (a) Capacity factor (CF) and (b) Solar share for various operation strategies at different thermal storage levels (BC: Base case, OS2: Operation strategy 2, 0S4:
Operation strategy 4, OS7: Operation strategy 7, PT: Parabolic trough; ST: Solar tower).



R.E. Gutiérrez et al.

plants without TES [18,33,97] which coincides with the results obtained
in this study for strategies 1 to 6 with CF between 32% and 61%.
Similarly, several studies report solar shares less than 30% for CSP-
biomass hybridised plants [26,98]. Including thermal storage systems,
solar shares up to 88% have been reported [18].

4.2.2. Net electric efficiency

Fig. 7 shows the net electric efficiencies on an annualised basis for
the most representative operating strategies. The results show that back-
up participation and electric efficiency follow the same trend. OS7 with
intensive use of biomass presents the highest efficiency levels, standing
at around 24% without thermal storage. These increases could be even
higher for biomass boilers with fixed operating strategies, where ther-
mal efficiency is not penalised by part-load operation. TES system re-
duces overall electric efficiency since it replaces a portion of the biomass
back-up electricity generation. However, increases in TES favour a

26%

Biomass Share
= 0%
1 0% - 64%
1 22% - 79%

24% A

22% + 084-ST

20% A

iency

18% -
Low to Mmedium biomass
16% -

Net electric effic

No-biomass

14% -

Base Case - PT Base Case - ST

12% +

10%
No-TES

5h 10h 15h 20h

Fig. 7. Net electric efficiency for various levels of biomass utilisation in CSP
hybrid configurations. (OS4: Operation strategy 4, OS7: Operation strategy 7,
PT: Parabolic trough; ST: Solar tower).
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greater convergence of the extreme values while smoothing the effect of
the biomass fraction on the overall efficiency of the system.

Conventional CSP plants present annualised efficiencies between
14% and 15% [9,18], values in agreement to those obtained in this study
for stand-alone CSP plants (base cases). Concerning CSP-biomass
hybridised systems, to our knowledge, literature mainly reports peak
efficiencies rather than average efficiencies on an annual basis, as it has
been done in this study [18,30].

4.2.3. Capital costs

Fig. 8 shows the installation costs. Only the options without TES and
20 h are shown to highlight their impact on the specific costs (sizing) of
various components (e.g., solar field, HTF). Firstly, base cases invest-
ment for PT and ST are shown, followed by the additional investments
from the biomass block (25 MWe: OS3 and 0S4; 50 MW,: rest of stra-
tegies). The specific investment for the base cases of PT and ST without
TES was 3010 and 3936 USD/kW,, respectively. Adding 20 h of TES
implies an additional investment of 7577 USD/kW, for PT and 4845
USD/kW, for ST. For both technologies, the inclusion of the biomass
block (25-50 MW,) implies increasing investment in the range of
1170-2357 USD/kW,. Thus, a 50 MWe biomass boiler comprises 43% of
the total investment for a hybridised PT plant and 37% for ST plant, in
both cases excluding TES.

The first PT-biomass hybrid plant in operation since 2012 reported a
specific investment of 7786 USD/kW, [99]. In this study, the investment
required for a similar plant (OS4) was 4180 USD/kW,, even considering
the conservative approach used for the economic design. It is interesting
to observe that PT plants without TES and medium use of biomass (0S4)
reach higher generation levels than stand-alone plants with 20 h of
storage, all this with a 61% lower investment.

4.2.4. Levelized cost of electricity

The main impact on LCOE is the biomass price. Therefore, the higher
the biomass back-up share, the better the economic performance of
hybrid systems, which in general means a reduced TES capacity. The
full-biomass non-TES strategy shows the best LCOEs: 0.106 USD/kWh
for PT and 0.116 USD/kWh for ST. On the other hand, strategies with a
high installed capacity but a low biomass share (e.g., OS1 and 0S2)
report the highest LCOEs because the limited electricity output from the
biomass block does not compensate for such large increases in its
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Fig. 8. Detailed installed costs and investment per capacity for a CSP-biomass plant without TES and 20 h of storage capacity: (a) Parabolic trough, (b) Solar tower.

(0S1-0S7: Operation strategies 1-7).
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Fig. 9. LCOE for various operation strategies at different levels of thermal
storage. (a) Parabolic Trough; (b) Solar Tower. (BC: Base case, 0S2: Operation
strategy 2, OS4: Operation strategy 4; OS7: Operation strategy 7).

installed costs. Fig. 9 shows that while higher thermal storage increases
the LCOE, this effect is smoothed out for ST and strategies with low
participation of the biomass back-up system (i.e., OS1 and OS2). For the
cases without TES, the OS7 LCOEs were 55% and 57% lower than the
base cases for PT and ST. For 20 h of TES, these differences were reduced
to 26% and 14%, respectively.

Commercial ST plants with 12 to 15 h of TES present LCOEs between
0.17 and 0.24 USD/kWh [9]. A similar PT-biomass plant currently in
operation in Spain has an LCOE of 0.309 USD/kWh [77,99]. The
improvement in economic performance, considering the involved
technologies learning curve, is included in this study through a sensi-
tivity analysis. A reduction in PT and ST plants LCOE by 37% and 43% is
expected by 2025 because of the decline in installation costs, mainly
solar block components [76].

4.2.5. Sensitivity analysis
The sensitivity of the LCOE to the variation of the installation costs
(+£40%) and feed biomass cost (- 50, + 100%) is shown in Fig. 10 for the

11
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8 case studies considering O h, 10 h, and 20 h TES capacities. Each area
corresponds to LCOE variation for a set of strategies with a specific
storage capacity. In all areas, the upper limit coincided with OS2 results
and the lower limit with OS7; the remaining cases are located in the
inner zone. Among the higher solar share operation strategies (0S2), a
greater LCOE sensitivity to installed costs variation is observed. Simi-
larly, low solar share plants (OS7) present a greater sensitivity to the
variation of biomass feed costs. Even considering a more extensive range
for biomass cost variation, its effect on the LCOE was considerably lower
than that of the installed costs.

The inclusion of TES systems has the potential to alleviate both ef-
fects, especially for ST cases. As biomass costs and storage capacity in-
crease, the base cases (conventional CSP plants) become increasingly
attractive. As thermal storage increases, the differences between stra-
tegies sensitivities are reduced while their order of location is main-
tained. The areas included in the figures show the different TES effects
on the LCOE, depending on the analysed technology. For all PT cases,
greater storage implies a greater LCOE, while for ST, this is only true for
medium to high biomass share.

4.3. Technology maturity and biomass boiler flexibility

Technological maturity for energy systems can be assessed according
to the worldwide number of plants and installed capacity considering
both commercial operation and commissioning. Since the two consid-
ered supporting systems in this study can work independently, their
maturity is assessed separately, leaving the complexity associated with
their integration as a separate factor. As part of the dedicated survey, the
biomass block installed capacity and the generation profiles are dis-
cussed and rated according to the defined operating strategy.

For the operational flexibility analysis, December 2nd has been
selected as the reference day, with an accumulated DNI of 6.31 kWh/m?,
representing the 50% percentile of the TMY series in Seville. For this
day, the cases without TES and 10 h of capacity are analysed, as shown
in Figs. 11 and 12. Operation flexibility is analysed based on the biomass
boiler requirement to achieve short response times, high ramp rates, and
multiple daily starts to complete the required generation profiles. Stra-
tegies with boiler sustained generation present a lower operating
complexity (0S2) since steam generation is constant, allowing base-load
operation. On the other hand, strategies aimed at following the CSP
generation profile (OS1, OS5, 0S6) require multiple daily starts and high
ramp rates, which are considered to penalise their efficiency and in-
crease their complexity.

0S3, 0S4 and 0OS7 present a constant load operation most of the
time, with multiple starts and load variations of different intensity
during the day transients. The required ramp rates depending on the DNI
variability. Therefore, they are considered mixed strategies in this study.
Due to their lower installed capacity, OS3 and OS4 present lower
operating requirements. The inclusion of large TES capacities reduces
the boiler operation intensity for all operation strategies, as shown in
Fig. 12.

4.4. Ranking of operational strategies

Evaluation criteria weights were obtained as a result of the pairwise
comparison process. Table 6 shows greater relevance for technical and
economic parameters. LCOE and CF stand out as the main criteria, with a
weight of 26.1% and 16.7%, respectively. In comparison, the biomass
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Fig. 10. LCOE sensitivity of Parabolic trough and Solar tower hybrid configurations for various operation strategies at different TES capacity levels: (a) + 40%
uncertainty in total installed costs, (b) —50%, +100% uncertainty in biomass cost. (BS: Biomass share, 0S2: Operation strategy 2; OS7: Operation strategy 7).
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7: Operation strategies 1-7).
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Fig. 12. Power output profile for ST-biomass plant with 10 h of TES (P50% day based on DNI). a) OS1, b) OS2, ¢) OS3 and 0S4,

Operation strategies 1-7).

Table 6
Main criteria and criteria weights.
Main Criteria (MC) MC Weights Ranking Criteria (C) Criteria
(%) Weights (%)
MC1: Technical 34.9% Cl1: CF 16.7%
performance C2: Solar share and 9.3%
biomass utilisation
C3: Net electric efficiency 8.9%
MC2: Economic 47.2% C4: LCOE 26.1%
performance C5: Installed costs 11.5%
sensitivity
C6: Biomass cost 9.6%
sensitivity
MC3: Operational 17.9% C7: Technology maturity ~ 13.1%
viability C8: Biomass boiler 4.8%

flexibility

boiler flexibility was considered the least relevant criterion with 4.8%.
The consistency of the judgments expressed in the pairwise matrix was
verified by obtaining a consistency ratio of 7.2%, less than the 10% limit
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d) 0S5, e) 0S6; f) 0S7. (0S1-7:

recommended for this kind of study. The ranking of operation strategies
for CSP-biomass is shown in Fig. 13. The detailed results of the evalu-
ation of criteria, rankings of strategies by criteria and the associated
scores are included in the supporting information.

Alternatives with a medium or intensive biomass share (0S3, 0S4,
0S5, 0S6 and 0OS7), achieve the highest scores in criteria such as CF, net
electric efficiency and LCOE. On the other hand, as the biomass share
decreases (BC, OS1, 0S2), the strategies present a better performance in
criteria such as solar share, greater positive sensitivity to the variation of
investment costs and less negative sensitivity to the variation in the
biomass cost. The operational viability criteria favour strategies with
less operational complexity and greater technological maturity. The
base cases stand out due to their large deployment at a commercial level,
0S2 because of a smoother operation of the back-up system and 0S4 due
to its operational similarity with the only commercial CSP-biomass plant
in the world.

0S4 and OS7 were the best-scored strategies in the ranking, because
of high performance in technical and economic parameters. Neverthe-
less, 0S4 was favoured by higher solar shares and greater operational
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Fig. 13. Operation strategies scores by Main Criteria. a) Parabolic Trough; b) Solar Tower. BC: Base case, 0S1-7: Operation strategies 1-7.

viability, thanks to its lower installed capacity and lower operating in-
tensity on the biomass boiler, especially at large TES capacities. OS3 and
BC were placed with a balanced performance in most of the criteria,
highlighting for BC the highest operational viability and the best eco-
nomic performance of OS3 among all the cases. 0S4, OS7 and OS3 were
the CSP-biomass hybridised cases in which a higher overall performance
is observed compared to a conventional CSP plant (BC).

0S6, 0S5, 0S2 and OS1 occupy the last positions in the ranking. For
these operation strategies, hybridised plants achieve lower performance
than conventional CSP plants (BC). OS6 and OS5 present a rather pos-
itive performance in technical criteria. However, they are penalised in
operational viability, because of their following load mode. All these
strategies, especially OS2 and OS1 score low in economic performance,
because of the investment associated with a high-capacity biomass
boiler and the added generation, which does not justify its high instal-
lation costs.

5. Conclusions

Two configurations of concentrated solar power (CSP) plants with a
dual supporting system (biomass back-up and thermal energy storage,
TES) were modelled and assessed with 7 operation strategies (0S1-7).
Additionally, base cases without biomass back-up system were assessed
for comparison. Relevant synergies were identified between solar and
non-solar back-up systems for a 100% renewable generation, consid-
ering technical, economic, and operational performance. The main
findings are summarised below:

o The biomass supporting system contributes to increasing the capac-
ity factor (CF) of a conventional CSP plant (19%> CF < 21%),
bringing it closer to a base-load plant. Firm energy supply (CF >
80%) can be achieved for biomass blocks with the same installed
capacity as that of the CSP plant and a full-biomass strategy (0S7).
However, this is also feasible for medium biomass strategies (0S4,
0S5, 0S6) provided that it is combined with large TES capacities
(>15h),

The thermal storage supporting system (TES) increases the solar
share of the hybridised plant, mainly for biomass-intensive strate-
gies. Nevertheless, except for the full-biomass strategy (0S7), all
cases reached a solar share above 50% with 5 h of TES. Up to 51% of
biomass reduction can be achieved at very large TES capacities (20
h). A higher TES share also implies a reduction in the annualised net
electric efficiency of up to 6%.

The higher the biomass share, the lower the levelized cost of elec-
tricity (LCOE) because of the lower operating cost of the biomass
system compared to TES. This effect is favoured in the strategies
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aiming at base-load operation. OS7 without TES achieved the best
economic performance, with LCOEs of 0.106 USD/kWh for parabolic
trough (PT) and 0.116 USD/kWh for solar tower (ST). Moreover,
very large TES capacities (20 h) implies an increase in generation
costs in hybridised plants up to 89% for PT and 41% for ST.

e Medium and full biomass strategies (0S4 and OS7, respectively)
ranked among the best strategies. OS7 performs better on most of the
considered technical and economic criteria. However, the smaller
size of the biomass supporting system in OS4 favours the solar share,
lowering the uncertainty of biomass supply while improving its
operational viability. On the contrary, strategies with an extensive
biomass support system and limited operation (i.e., OS1, 0S2) ach-
ieve the worst performance because the limited additional genera-
tion to the CSP plant did not balance the additional capital
investment.

To sum up, biomass-intensive operation strategies achieve firm en-
ergy supplies, resulting in the lowest generation cost and highest electric
efficiency. However, a high biomass load increases the risks associated
with supply. The interest of having a dual supporting system (biomass +
TES) lies on the possibility of overcoming these limitations while
ensuring a firm supply at a reasonable cost (e.g., 0.15 USD/kWh) with a
high solar share (>50%). Therefore, the proposed dual supporting sys-
tem can be particularly interesting for locations where solar and biomass
resources are moderately available.
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