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Abstract. As part of the Horizon Europe Project PYSOLO, this study focuses on the integration
of a 10 MW+ fast pyrolysis plant with a solar tower system equipped with a rotary kiln particle
receiver. Heated particles act as a particle heat carrier (PHC) for the endothermic pyrolysis
process, enhancing flexibility and allowing continuous operation compared to directly heated
solar reactors. The system’s design, techno-economic analysis and storage capacity optimi-
zation are performed considering two operation modes, solar-only and hybrid, in which biochar
is combusted in absence of solar energy. Results indicate that, due to the rotary kiln flow re-
gime constraints, its tilt angle has to be limited in a range between 0.5-2° to guarantee particles
being in rolling mode, thus penalizing the achievable solar field optical efficiency. On the other
hand solar-based pyrolysis can achieve carbon efficiencies close to 0.9 and, thanks to the
carbon stored in biochar, net negative emissions equal to -27.05 and -19.45 kgco2/GJow re-
spectively in solar-only and hybrid mode. Moreover, as the pyrolysis section has the most rel-
evant cost share, the system optimization pushes to maximise the pyrolysis plant operating
hours (and thus the bio-oil production) to reduce the CAPEX impact on the Minimum Fuel
Selling Price (MFSP). For this reason hybrid mode results in being the most convenient (i.e:
MFSP of 25.71 vs 21.36 €/GJouw).
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1. Introduction

According to the European Union (EU) the fraction of renewables in the EU energy mix is
expected to grow up to at least 42.5% by 2030 [1], an ambitious threshold that has driven
research and industry efforts in developing new ways of exploiting renewable energy sources.
Nowadays bioenergy provides 12.6% of the overall energy consumption [2] and can be con-
verted into higher density energy vectors either by a thermochemical or biochemical process.
Thermochemical conversion benefits from faster chemical reactions, suitability for a wider va-
riety of biomass feedstock, higher energy efficiency and advantages of scalability compared
to biochemical processes. Moreover, thermochemical conversion is not subject to seasonal
and environmental limitations as biochemical and allows year-long operation with better control
of operating conditions [3]. Based on the amount of supplied oxygen, a thermochemical pro-
cess can be classified as pyrolysis, combustion or gasification. Pyrolysis in particular has gath-
ered great interest due to its potential of converting any type of solid biomass into bio-oil, whose
most promising application is co-processing in Fluid Catalytic Crackers (FCC) in existing fossil
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refineries [4], and/or biochar, a way to concentrate stable carbon in large amounts and use it
in agriculture as soil amendment, as heat, as material in a variety of applications or as a carbon
sequestration medium [5]. The pyrolysis process is endothermic and requires an external en-
ergy source, such as direct combustion of part of the feedstock/products or electric heating, to
heat up the feedstock and break down the molecular structure of the carbonaceous material
[6]-[9]. The limit of conventional pyrolysis processes sustained by combustion is the loss of
part of the biogenic carbon as CO,, increasing the environmental impact and losing a valuable
asset, thus making the process more energy intensive and costly. In the literature, the adoption
of Concentrated Solar Power (CSP) as energy source to overcome those limits has been gain-
ing attention, considering different feedstocks, types of concentrators, reactors and process
configurations [6]-[9].

As part of the Horizon Europe Project PYSOLO [10], this analysis focuses on the integra-
tion of the pyrolysis unit with a solar tower system equipped with a rotary kiln particle receiver:
the particles heated in the tower are directly used as heat carrier (particle heat carrier, PHC)
in the pyrolyzer to provide the required thermal power for the endothermic pyrolysis process.
Compared to directly irradiated biomass reactors, the decoupling between solar receiver and
pyrolizer enhances flexibility and allows continuous operation with possible thermal energy
storage integration. On the other hand, the adoption of a particle receiver in place of a com-
mercial molten salts solar tower is meant to avoid the molten salts high corrosiveness, the high
solidification temperature that makes start-up and shut-down problematic causing high para-
sitic losses, and the need of a high temperature heat transfer surface thanks to the direct con-
tact between PHC and biomass.

In the following study, the preliminary design and the techno-economic analysis of a 10
MW+4 fast pyrolysis plant for bio-oil and biochar production integrated with a rotary kiln particle
solar tower system are performed comparing different plant configurations (solar-only and hy-
brid). For each plant configuration, the storage capacity and the solar multiple (SM) are opti-
mized in order to minimize the minimum fuel selling price (MFSP), which is obtained following
a net present value (NPV) analysis. Being biomass made of biogenic carbon and thus being
carbon neutral, focus is given to the potential negative CO» emissions of both plant configura-
tions, which, by storing or using as soil amendment the biochar produced, can act as a carbon
sequestrator plant.

2. System Modelling

This section introduces the main modelling assumptions of the pyrolysis plant, of the rotary kiln
solar receiver and of the economic and profitability analysis.

2.1 Pyrolysis Plant

The configuration of the fast pyrolysis section is taken from Jones et al. [7], where a biorefinery
converting woody biomass into high-value liquid fuel was modelled. In a previous study [11],
the model has been replicated and slightly modified to account for the solar integration adopt-
ing Aspen Plus V14 [12] to compute mass and energy balances. The plant is sized to convert
a biomass input of 50 dry t/d (10 MWH on a lower heating value basis) and is divided into 5
main sections as shown in Figure 1:

e Biomass Pretreatment: for an efficient conversion, biomass is dried till reaching a moisture
content of 10% by a stream of hot flue gases and is then grinded to 2 mm particles to ease
the pyrolysis reaction. The biomass properties are summarized in Table 1.

e Pyrolysis: dried biomass enters the pyrolyzer and is converted by contact with hot PHC
and fluidizing gases. The temperature of the hot PHC is 609°C and the flowrate is con-
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trolled to maintain the reactor outlet temperature equal to 434°C. The fluidized bed pyro-
lyzer is modeled as a black box with fixed biomass input, replicating the yield and product
composition reported by Jones et al. [7] and considering the PHC as chemically inert.

Table 1. Properties of the adopted biomass (Poplar).

Elemental Proxi- Elemental Proximate
: mate - . ]
Analysis Analvsis Calorific Analysis Analysis Calorific Values
(%wt on (%WVt on Values (%Y%owt on dry | (%wt on dry
dry basis) dry basis) basis) basis)
C 50.94 :
H 6.04 Volatile Matters 84.88 HHV [MJ/kg] 14
(I\)l 401 '1970 Fixed Carbon 14.2 LHV [MJ/kg] 12.3
S 0.03 Humidity (dry basis)
Ashes 0.92 Ashes 0.92 30%

¢ Solid Removal: the products enter the cyclone filter, which is responsible for the separation
of volatile products from solids entrained from the reactor at high temperatures.

¢ Bio-Oil Recovery: quenching columns are used for the condensation of pyrolysis vapours
and collection of bio-oil. The non-condensable gases generate the so-called pyrogas,
mainly composed by CO, COzand CH4 whose majority is used as a fluidizing medium while
the remaining fraction is combusted to generate heat for the drying process. Bio-oil is then
filtered to remove solid particles along with a small portion of oil, generating the so-called
sludge.

o Solid Separator: the PHC is separated from the biochar and is sent to the cold solid Ther-
mal Energy Storage (TES) after a make-up to compensate for PHC losses.

Two different plant configurations are analysed, solar-only and hybrid. In solar-only mode
the pyrolysis plant works only when solar energy is available while in hybrid mode the plant
always works, compensating the absence of solar energy by burning the sludge and a fraction
of the produced biochar in a combustor, heating up the PHC.
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Figure 1. Assessed system scheme. Dashed lines represent hybrid system operation.
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To compare the performances of the two configurations, a series of key performance in-
dicators (KPIs) can be considered. The pyrolysis plant energy conversion efficiency 1,,,o—piant
is defined in Eq.(1) as the ratio between the products chemical energy (bio-oil, biochar, sludge)
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and the primary energy input, where rm,,,,; and LHV; are the mass flowrate and the lower
heating value of the i-th product, m,,;,,, is the biomass flowrate, Paux is the plant overall electric
consumption, neiret is the reference thermal to electrical energy efficiency (assumed equal to
50%), and Q'pHC,pym is the thermal power provided via the PHC to the pyrolysis unit.

Zi mprod,i ' LHVprod,i

. P, .
Mpiom = LHVpiom + (ne‘:h::f) + QPHC,pyro

Npyro—plant =

(1)

The solar plant is defined by its solar optical-to-thermal efficiency n,,;_, Which takes into
account both solar field and receiver efficiency.

n =7 n ] — Qrec . QPHC,rec (2)
sol—th opt,SF thkiln Ah -DNI Qrec

The carbon efficiency &cis defined in Eq.(3), where y; .04 and yc »iom are the carbon mass
fractions of the i-th product and of biomass, while the emission to oil ratio (ETO) and the net
negative emission to oil ratio (ETOnet) are defined in Eq.(4), where ETO is the ratio between
pyrolysis plant yearly CO, emissions and bio-oil production while ETOnet considers that bio-
genic COzemissions are climate neutral, computing the negative emissions associated to hav-
ing stored carbon inside biochar.

_ YiMprod,i"YCyprod,i
€ = Mpiom"YC biom (3)
3 44
€co2 Mchar,i " Yc,char * /12
ETO = —2 ETOpe = — (4)
0il, | net 0il,

The resulting bio-oil and biochar temperatures, flowrates and compositions together with
the system overall carbon balance are reported in Table 2, while the main technical assump-
tions and preliminary design results considering Bauxite as PHC are reported in Table 3. In
solar-only mode, €. can be seen as the sum of bio-oil, biochar and sludge contributions to the
carbon balance, while in hybrid mode €. will depend on how much sludge and biochar will be
burned throughout the yearly simulation.

Table 2. Bio-oil, biochar, sludge and flue gases flowrate, temperature, elemental composition and car-
bon balance.

Flow Tempera- | Composition [% mass] % C
Component o .
[kg/h] ture [°C] c H fo) N Ashes | PHC | Yield
Bio-Qil (9) 1732 54.4 416 |78 |506 00 |- - 69.0
Biochar (20) 246 25 831 |17 |66 |14 |71 - 19.6
Sludge (10) 59 54.4 383 |72 |466 |- 24 54 |22
Flue gases (18) | 4555 71.7 2.1 1.7 | 347 1615 |- - 9.2
Table 3. Main technical assumptions and preliminary design results.
Parameter | Value Parameter | Value
Biomass Flowrate (30% HR) [kg/h] 2930 Pyrolyzer Net Thermal Request [MW] 1.66
Pyrolyzer Outlet T [°C] 434 Pyrolyzer Heat Loss [MW)] 0.1
PHC T Hot [°C] 609 Overall Electricity Consumption [kW] | 353.2
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2.2 Solar Field and Receiver

Rotary kilns are widely employed for several industrial processes due to the uniform particles
mixing, that ensures homogeneous temperatures at the outlet. The solarization of rotary kilns
presents challenges related to: i) the effective penetration of the solar radiation inside the kiln
to assure homogeneous temperature distribution, especially for significant length, ii) the limi-
tation of the re-irradiation losses from the kiln aperture, iii) the cooling and the cleaning of the
kiln window aperture and secondary mirror (if present) and iv) the selection of an optimal tilt
angle considering the trade-off between solar field efficiency and process parameters (e.g. bed
motion, particle mixing, residence, etc.) [13] [14].

The particles flow regime in the rotary kiln depends on the Froude number, defined in Eq.
(5) as the ratio between centripetal and gravitational acceleration, where wy;;,, and Dy, are
respectively the kiln rotational speed and its diameter. To correctly operate the rotary kiln max-
imizing the particles mixing, the Froude number has to range between 10~* and 1072 in order
for the particles to be in rolling mode [15], where two distinct regions can be discerned: the
shearing region, called the active layer, formed by particles near the free surface, and the
passive or plug flow region at the bottom where the shear rate is zero [16] [17], as shown in
Figure 2.

2
Dy
— Wriln kiln (5)
29

r
Other relevant design parameters are:

e The Fill Ratio (FR), which is the fraction of the rotary kiln cross section occupied by the
particles determining the particle bed center angle §,.4 as shown in Figure 2. The FR can
be determined also using Eq. (6), where mpy is the design PHC flowrate given a certain
Solar Multiple (SM), t,..s is the kiln residence time, V,;;,, is the kiln volume and ppy is the
PHC bulk density. Typically FR ranges between 0.1-0.25 [13].

_ MpHC * Tres

FR (6)

B Viitn * PpHC

e The kiln residence time t,.¢, which depends on many factors like the kiln tilt angle 8y,
the kiln angular speed wy;;, and the kiln aspect ratio Ly ;;,,/Dyimm- The literature contains lots
of empirical correlations [16] and in this study the simplified correlation from Lee and Lin
[18] has been adopted, as shown in Eq. (7).

Ly 1
Tros = 0.19 -

@)

Diitn  Okitn * Wkiin
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Figure 2. a) Geometric considerations of the rotary kiln design (adapted from [15]) ; b) Flow regimes in
rotating drums with increasing Froude number (adapted from [16]).

e The dam height, which allows maintaining the particle bed inside the reactor with an almost
constant height along the axial direction to favour particle mixing and to increase the resi-
dence time [13]. The dam height (h,,.,,) has to be lower or close to the predicted bed height
and in this study is considered equal to the bed height (hy.4) [13], which can be found,
together with the kiln aperture diameter D,,,., once the FR and the kiln diameter have been
selected, as shown in Eq. (8).

Dyitn 3ped (FR)
haam = kzl ) {1 — cos [de]} I Dape = (Dyitn — 2haam) (8)

In order to preliminarily design the rotary kiln assuring the correct Froude number range,
equations (4) to (7) can be combined to explicit the rotary kiln diameter, which can be computed
once the Froude number, the fill ratio FR, the kiln tilt angle 6;;;,,, the PHC bulk density ppy¢
and the PHC flowrate 1y have been imposed, as shown in Eq. (9). In this analysis, a fill ratio
equal to 0.1 is chosen to increase the kiln diameter as much as possible to help achieve a
decent solar field optical efficiency, as discussed later. The design Froude number is chosen
so that its minimum boundary value is reached during the minimum solar plant partial load,
equal to 20%. Being E. « w? and being w o mpy at constant FR, the minimum Froude number
boundary value is increased by a factor of 25, reaching 2.5 - 1073. The kiln diameter is thus
obtained as:

1.52 mitpyc 215
Dyiin = (9)
Ppic Okin FR 2 g F;

Once the kiln diameter is obtained, it is possible to compute the aperture size according
to Eq. (7) and subsequently the thermal performance of the system, considering the following
simplified energy balance, where the contribution of reflective, radiative and convective losses
is considered:

QPHC = Qrec - Qrefl - Qrad_Qconv = Qreca - agAape (Tlfiln - T:mb) + hCVAape (Tkiln - Tamb) (1 0)

where a and ¢ are the effective solar absorptivity and emissivity, Ty, is the average kiln cavity
temperature, assumed for simplicity as the average temperature between the inlet and outlet
PHC temperature, and h., is the convective heat transfer coefficient that considers both forced
and natural convection contributions. The convective heat transfer coefficients are computed
according to the following set of equations [13]:
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he, = hn,cv + hf,cv (1 1)
k k
hf,cv = D—Nuf,cv = D—0.1967 . v&,ﬁfg (12)
kiln kiln
1 T, 1018 D \S
hn,cv = _Nun,cv =5 [0-088 *GT3- ( klln) ' [COS(Skiln)]2'47 (ﬂ> ] (13)
Dkiln kiln amb Dkiln
D
§ =112 - 0.982 (ﬂ) (14)
kiln
_ ﬁg (Tkiln - Tamb)D;iln

Gr (15)

v2

where the air thermal conductivity k, the dynamic viscosity v and the volumetric expansion
coefficient g are computed at T,, = T,,,,,;, as reported in [13]. The heat flux entering the kiln
aperture can then be obtained with Eq. (16):

¢ _ Qrec _ QPHC + Qrad + Qconv
rec Oanpe

Aape (16)

The rotary kiln energy balance and its size, determined by the flow regime constraints, are
thus strongly bound. The kiln aperture diameter and the corresponding heat flux are reported
in Figure 3 for different tilt angles and different Solar Multiples (SM, i.e. QPHC/prm), consider-
ing bauxite as PHC. Results show how increasing the tilt angle, which is expected to be ben-
eficial for the design of the solar field, reduces the allowed aperture size and increases the
required heat flux to values that may be unfeasible. For the selected case the tilt angles need
thus to be limited below 4-5° (i.e. fluxes below 2-3 MW/m?). To compensate for the aperture
diameter reduction, an increase of rotational speed is needed to maintain constant the design
Fr number.

For the solar field design, Seville (37.39° N, 5.99° W) is selected as plant site and a design
DNI of 900 W/m?is assumed at solar noon on June 21™. The design is performed with SolarPI-
LOT [19], considering a flat plate receiver geometry and a square aperture shape with a size
equal to the kiln aperture diameter. As in SolarPILOT it is not possible to simulate a circular
aperture, a correction coefficient of 0.94 to the obtained optical efficiency is applied: this value
is an average value obtained by exporting the solar field from SolarPILOT to SolTrace [20] and
then changing the receiver from square to circular.
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Figure 3. Kiln aperture diameter and corresponding heat flux at the receiver aperture for different tilt
angles considering bauxite as PHC.
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The tower height is varied between 60 and 120m in order to maximise the power absorbed
by the PHC in design conditions. The consumption associated with the particle lift is also in-
cluded in the auxiliaries calculation, according to Eq. (17). The other set of assumptions
adopted for solar field design is reported in Table 4, consistently with [11], while the values of
effective absorptivity and emissivity adopted for the rotary kiln simulation are taken from [13].

Mpuc9Hiow

17
Niift (17

Pyipe =

For every SM the best performing plant in terms of solar-to-thermal efficiency is selected

and the optical efficiency for every combination of Azimuth and Zenith angles is computed with

SolarPILOT: the obtained matrix is then used for the yearly analysis, performed with hourly

resolution using DNI data from the SolarPILOT database. The off-design thermal performance

of the rotary kiln is computed assuming constant temperatures and, as first approximation,

constant radiative and convective losses, with reflective losses proportional to the incoming
solar radiation.

Table 4. Design assumptions for the receiver and solar field design.

Parameter Value Parameter Value
Design DNI [W/m?] 900 PHC inlet/outlet temperature [°C] 434/609
Design Point 8201I:rJI:2§’n PHC Bulk Density [kg/m®] | 2000
Heliostat size [m?] 16 PHC Mean Heat Capacity [J/kg K] 1124
Heliostat focusing type At slant PHC Mass flowrate, SM=1 [kg/s] 8.79
Heliostat error [mrad] 3.07 Design kiln Fr number [-] 2.5-103
Heliostat reflectivity [-] 0.95 Design filling ratio [-] 0.1
Receiver acceptance angle [°] 75 Effective cavity emissivity [-] 0.9
Lift efficiency [-] 0.80 Effective cavity absorptivity [-] 0.95
Design power to the PHC, S[II\\AA\I\;] 1.76 Wind speed at receiver height [m/s] 10

2.3 Economic and Profitability Analysis

The economic and profitability analysis are carried out for an N"-of-a-kind plant, with assump-
tions and methodology consistent with NREL [7] and explained in detail in a previous study
[11]. The method takes into account fixed and operational costs, requiring the calculation of
the yearly discounted cash flows and aims at identifying the Minimum Fuel (bio-oil) Selling
Price (MFSP) to have a NPV equal to zero at the end of the plant lifetime. The main economic
assumptions are reported in Table 5. With respect to the previous study [11], the pyrolysis plant
CAPEX has been slightly adjusted adding the bio-oil filter cost (~0.3 M€x19 [7]), which was
previously considered as part of the plant utilities CAPEX. The biomass cost has been updated
while the rotary kiln receiver cost has been taken from the correlations developed by Buck et
al. [21,22,23].

Table 5. Main economic assumptions.

Parameter Value Parameter Value
Computed CAPEX Pyrolysis . . 5
Plant (Solar-only Mode) [M€] 20.07 Receiver Specific Cost [€/m?] 76300 [24]
Computed CAPEX Pyrolysis o 1.0274
Plant (Hybrid Mode) [M€] 21.44 Tower Specific Cost [€/m ] 148.4 [21]
Biomass Cost [€/ton] [10% RH] | 23.85 [25] The”‘s"s('ag?i‘zrgz ssttgfn?f] 1000 [22]
Electricity Cost [€/MWheL] 100 Bauxite Particles Cost [€/kg] 400 [26]
Heliostat Field Cost [€/m2] 133 [19] Particle Elevator Cost [€ s/m kg] 53.55 [27]
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3. Results

As explained in section 2.2, for every solar multiple the rotary kiln receiver tilt angle and the
tower height have been optimized, while the kiln aperture diameter, considering the large mass
flow rates and the given AT, is determined by the constraints on the required flow regime. An
example of the obtained solar-to-thermal efficiencies is reported on the left in Figure 4 for all
the considered SM and tower heights.

Results are reported only for tilt angles equal to 0.5° and 0.9°, which represent the best
performing cases. This is clearly shown on the right in Figure 4, where the main results for SM
equal to 3 and for two tower heights (80m solid line and 100m dashed line) are reported: as
the tilt angle grows, the constraint on the minimum Fr number requires a reduction of the kiln
diameter and thus of the kiln aperture, which on one side guarantees higher thermal efficien-
cies but on the other reduces the solar field intercept factor and thus the optical efficiency. The
compromise between these two opposite trends allows to identify the best solar-to-thermal
efficiency.
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Figure 4. (Left) Optical-thermal efficiency for different SM and tower height for 2 different tilt angles.
(Right) Trend of the solar filed efficiencies and size and rotational speed of the receiver for different
kiln tilt angles and SM=3.

The main design results for the best performing solar plants in terms of solar-to-thermal
efficiency for every SM are reported in Table 6. As it can be observed, increasing the SM the
tower height increases in order to minimize cosine losses. On the other hand, since both kiln
and aperture diameter are extremely sensible to variations in tilt angle due to the constraints
on the required flow regime, the optimal range of tilt angles remains constant for each SM
analysed in order to get a decent optical-thermal efficiency. To compensate for the reduction
in kiln diameter increasing SM and maintain a constant Fr, the kiln rotational speed decreases.
The optimized solar plants reported in Table 6 are then coupled with the pyrolysis plant and
the storage size that minimizes the MFSP for each SM is identified, both for the solar-only and
for the hybrid modes.
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Table 6. Main design results for the optimized solar cases.

SM [-] 1 2 3 4 5 6
Q PHC [kW] 1760 3520 5280 7040 8800 10560
PHC Mass Flowrate [kg/s] 8.94 17.88 26.82 35.76 44.70 53.64
Optimized variables
Rotary Kiln Tilt 8, [°] 0.7 0.5 0.5 0.5 0.5 0.5
Tower Height [m] 60 80 100 110 110 110
Results
Kiln Diameter [m] 3.63 5.48 6.44 7.23 7.90 8.50
Aperture Diameter [m] 2.50 3.76 443 4.96 5.43 5.84
Kiln Rotational Speed [RPM] 1.1 0.90 0.83 0.79 0.75 0.72
Heliostat Area [m?] 3073 6083 9141 12199 15287 18391
Optical Efficiency [-] 0.724 0.735 0.728 0.724 0.719 0.715
Thermal losses [kKW] 254 554 788 1012 1230 1444
Thermal efficiency [-] 0.873 0.862 0.868 0.872 0.876 0.878
Solar-to-thermal efficiency [-] 0.631 0.633 0.632 0.632 0.630 0.628

The yearly results and the economic performance of the best performing cases are re-
ported in Table 7. The optimal SM for solar-only and hybrid mode is equal to 6 and 3 respec-
tively and the CAPEX breakdown is reported in Table 7. The pyrolysis plant has a higher cost
in hybrid mode due to the presence of the solid combustor and it constitutes roughly 78% of
the total CAPEX, while the receiver cost constitutes roughly 17% of the solar plant CAPEX. As
the pyrolysis section has the most relevant cost share, the system optimization pushes to max-
imise the pyrolysis plant operating hours (and thus the bio-oil production) to reduce the CAPEX
impact on the MFSP. In the optimization of the plant operating in solar-only mode, the maxi-
mum storage size was limited to 24h and the pyrolysis plant is not able to achieve full equiva-
lent hours of operation during the year, thus affecting the Minimum Fuel Selling Price (MFSP),
which is higher with respect to the one in hybrid mode, equal to 21.36 €/GJoi.. On the other
hand the carbon efficiency, the ETO and the ETOner are in favour of the solar only mode since
no combustion is allowed. In any case both plants reach negative emissions, thus being suit-
able as carbon sequestrators in the future.

Table 7. Main results of the optimized Solar-Only and Hybrid cases.

Results Solar-Only Hybrid
Optimal SM [-] 6 3
Optimal Equivalent Storage Hours [h] 24 13
CAPEX Breakdown

Pyrolysis Plant CAPEX [M€] 20.07 21.44
Heliostat Field + Land Cost [M€] 3.42 1.70
Receiver Cost [M€] 2.58 1.48
Tower Cost [M€] 1.62 0.87
Thermal Energy Storage [M€] 1.03 0.72
Bauxite Particles Cost [M€] 0.49 0.28
Particle Elevator Cost [M€] 0.43 0.16
Solar Plant CAPEX [M€] 9.60 5.23

Total CAPEX [M€] 29.67 26.67

Annual Performance

Yearly Optical-Thermal Efficiency [-] 0.551 0.549
Fraction of Defocused Energy [-] 0.295 0.071
Pyrolysis Plant Equivalent Hours [h] 7053 8760
Pyrolysis Plant Efficiency [-] 0.786 0.786

Carbon Efficiency [-] 0.908 0.844

ETO [kgco2/GJo] 13.09 21.92

ETOnNeT [kgco2/GJoiL] -27.05 -19.45

MFSP [€/GJou] 25.71 21.36
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4. Conclusion

This study performed the preliminary design and the techno-economic analysis of a 10 MWH
fast pyrolysis plant integrated with a solar rotary kiln particle receiver, obtaining the following
results:

e Solar-based pyrolysis can achieve over 90% of carbon efficiency, resulting from about 70%
of the inlet biogenic carbon retained in the bio-oil and about 20% of the carbon in the bio-
char. Thanks to the carbon stored in biochar, the solar-only mode and the hybrid mode
achieve net negative emissions of -27.05 and -19.45 kgco2/GJol..

e The constraints on the kiln “rolling mode” flow regime, described by the Froude number
limit range, pose a challenge in obtaining good solar field optical efficiencies due to the
limited feasible tilt angles, which from the analysis should range between 0.5-2°, and gen-
erates challenging solar fluxes on the kiln aperture, whose diameter is constrained to the
Froude number. Possible paths to overcome this limit might be to introduce spiral lifters to
increase the PHC residence time [28]; to increase the PHC mass flowrate at constant ther-
mal power, thus reducing the AT; to consider the adoption of PHCs with low bulk density
and heat capacity; or to consider two kilns in parallel halving the mass flowrate.

e Though operating the plant in solar-only mode brings better environmental indexes (i.e
ETO: 13.09 vs 21.92 kgco2/GJow) thanks to the avoidance of biochar combustion, the lower
pyrolysis plant equivalent hours (i.e 7053 vs 8760 h) are a huge drawback due to the high
capital investment, thus increasing the payback time and reducing the NPV, favouring the
economics of the hybrid mode which has the lowest MFSP (i.e 25.71 vs 21.36 €/GJouw).
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