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a b s t r a c t

Pyrolysis is a well-known thermochemical process used to treat various types of solid waste that is often
associated with an intensive energy demand. To this date, the heat source for pyrolysis has been mainly
through burning fossil fuels (e.g. coal or natural gas) or via electric heating. As a result, pyrolysis is still
considered an economically unattractive solid waste management technique. One environmentally-
attractive solution would be to integrate solar thermal energy, via concentrated solar power (CSP)
systems, into the pyrolysis process to reduce its dependency on fossil fuel.

In the current work, we investigate the pyrolysis of waste tires integrated with CSP using linear Fresnel
reflectors (LFRs) technology. The heat transfer fluid (HTF) is heated to elevated temperatures of 520 �C to
provide the necessary thermal energy for the pyrolysis reactor operating at 550 �C. Using System Advisor
Model (SAM) integrated with the Aspen Plus® tire pyrolysis flowsheet proved that solar energy in
Lebanon can provide on average 47.14% of the annual energy demands of the pyrolysis reactor. Energy
savings can decrease on average to 26.6% in winter season and increase to 60.8% in the summer.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The amount of solid waste is continuously increasing along with
the world population and the growing use of fossil-fuel based
materials. While the dependency on fossil fuel and non-renewable
resources is unsustainable on the long run, the harm can be
reduced by developing renewable and green-energy alternatives. In
2010, world production of tires was estimated at 17 million tons,
whereas in 2011, it was estimated that 1.4 billion tires were taken
off the road and needed proper solid waste management and
disposal [1]. These statistics will continue to rise with the annual
increase in the number of cars introduced on the road. Since tires
are non-biodegradable and have a life span of 80e100 years in a
landfill, and because they cannot be transformed into their basic
chemical components aftermelting as they are thermoset polymers
[1], waste tires are now considered a growing environmental and
economic problem. The current end of life options of these waste
tires include; material recycling and recovery, landfilling, and/or
incineration for energy recovery [2].

The disposal of tires via incineration and landfills are widely
considered as unsustainable solutions, and it is of utmost impor-
tance to consider alternative advanced technologies that minimize
the environmental impact in consonance with “circular economy”
concept [3,4]. Alternatively, if disposed in landfills, waste tires act as
a breeding hub for insects and microbes and a possible source of
uncontrollable toxic fires. Because tires have a higher calorific value
than coal (35e40MJ/kg versus coal 25e30MJ/kg, respectively), and
higher contents of carbon black [1], incineration can act as an
efficient technique to recover energy from waste tires. However,
large emissions of dioxins, PAHs, VOCs, heavy metals and particu-
late matter are produced whenwaste tires are burnt; therefore, this
option is often avoided to eliminate severe impacts on the envi-
ronment [5,6].

The reprocessing of waste tires, to obtain high-energy hydro-
carbons via pyrolysis, is considered a more sustainable waste-to-
energy approach. Pyrolysis of waste tires offers the potential to
yield high value-adding materials such as oils, chars, and hydro-
carbon gases, in addition to steel cords [7]. Pyrolysis is awell-known
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Fig. 1. A conceptual schematic of a LFR and the absorber tube.

Table 1
Energy demands for the tire pyrolysis reactor.

Temperature Pyrolysis heat requirements
(Feed rate of 150 kg/h)

(oC) (kW) (kJ/kg)

400 29.94 718.50
500 40.26 966.27
600 51.49 1235.71
700 63.57 1525.76
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thermochemical process used to decompose waste while recov-
ering desirable products. However, a major drawback of waste-tires
pyrolysis is its intense energy requirements. To this date, the heat
source for tire pyrolysis is mainly provided by burning fossil fuels
(e.g. coal or natural gas) or via electric heating. As a result, pyrolysis
is still considered an economically unattractive solid waste man-
agement technique [8]. Alternative heating techniques are being
investigated in literature to decrease the dependency on fossil fuels/
electric power, these include auto-thermal pyrolysis [9e12] and
concentrated solar pyrolysis [13e16]. In Auto-thermal pyrolysis, a
portion of the products (e.g. gas products or char) are recycled into
the furnace to supply necessary energy for the pyrolysis process.
This approach however reduces the process throughput and can
cause emission problems. One environmentally-friendly solution
would be to integrate solar thermal energy via concentrated solar
power (CSP) systems, into the pyrolysis process to reduce its
dependency on fossil fuels. Replacing fossil fuel-based energy with
thermal solar energy can result in reduced carbon emissions due to
the lower carbon intensity offered by such technology. In CSP, solar
energy can be directly stored as heat, instead of being transformed
into electricity, to be used by the pyrolysis process. Several studies
have been focusing on the use of concentrated solar power to
operate the pyrolysis of various feedstock materials [13e16]. Zeng
et al. [13], Zeaiter et al. [14], Sanchez et al. [15], and Li et al. [16]
studied the solar pyrolysis of different types of biomass numerically
and experimentally, with the solar energy directly supplying the
reactor with heat. There is yet no study in literature investigating
the integration of a CSP plant with scrap tires pyrolysis plant as a
step to reduce the pyrolysis dependence on high auxiliary thermal
energy.

In the current work, we investigate the pyrolysis process inte-
gratedwith CSP using linear Fresnel reflectors (LFRs) technology. To
the authors’ knowledge, this is the first that such an integrated
approach is being studied or considered. The LFRs have a simple
and low-cost design, capable of working at high temperatures. They
are only commercially used for power generation purposes [17]. In
this research, an LFR field is modeled to concentrate solar radiations
to a fixed linear receiver where a heat transfer fluid (HTF) is heated
to elevated temperatures of 520 �C. The hot HTFwill be used to heat
the pyrolysis reactor in the pyrolysis process. Seasonal variations
are incorporated into the analysis using the System Advisor Model
(SAM, from NREL) to determine annual process energy savings and
overall fossil fuel energy reduction.

2. Solar energy field

Linear Fresnel Collectors (LFC) have become attractive as they
present benefits due to their simple design, robustness and low
operating and capital costs [18]. While they have been in use for
decades, their main application remains in the sector of power
production using steam turbines. Their main advantage is their
ability to transfer heat at very high temperatures. LFR’s consist of
long, narrow (flat or curved) mirrors that reflect solar radiation to a
linear receiver, in this case a raised absorber/evacuated tube [19]
will be employed, as shown in Fig. 1. The receiver is usually a fixed
cavity that consists of a number of small pipes [20,21]. A heat
transfer fluid (e.g. molten salt) is pumped through these pipes and
heated by the reflection of a series of linear primary reflectors and
concentrated by a curved secondary reflector to achieve a desired
outlet temperature [22]. The ability of the collectors and molten
salts, as heat transfer fluid, to withstand very high temperatures
makes them suitable to be considered as heat source in the tire
pyrolysis process.

Different LFR configurations can be found in the literature. These
studies differ in providing various Fresnel receiver configurations or
heat transfer fluids. For example a proposed design called the
compact LFR, offers two receivers for each mirror [23]. Such
arrangement gave the advantage of minimizing beam blocking
between the adjacent reflectors. Singth et al. [24] investigated four
trapezoidal cavity absorbers for LFRs, by altering the coatings and
arrangement of the absorber tubes. While a LFC with a V-shaped
cavity receiver was studied by Lin et al. (2013) [25] and Abbas et al.
(2012) [26] offering a multi-tube Fresnel receiver with a bundle of
tubes parallel to mirror arrays. This last configuration allowed
higher flow rates of heat transfer fluid and better overall heat
transfer performance. Furthermore, Grena and Tarquini [27] pro-
posed the use of molten salt, containing sodium and potassium
nitrates, as a suitable HTF for solar applications working at high
temperatures, due to good heat transfer properties, chemical
stability, low cost and low environmental impact [28].

3. Tire pyrolysis process flowsheet

The process under investigation was modeled in Aspen Plus®

where 150 kg/h of waste tires are processed [29]. The pyrolysis
reactor was simulated between temperatures ranging from 400 �C
to 700 �C. The energy demands for the pyrolysis reactor obtained
from the Aspen Plus® Flowsheet simulations as heat duties of the
reactor heater, and they are summarized in Table 1.

These energy values are in good agreement with the results
reported in literature [30,31].

In the current work, the flowsheet was further modified to
accommodate the energy source coming from the solar field. This
was achieved by introducing a heat exchanger (unit B7) and a
preheater (unit B8) on the tire feed stream as shown in Fig. 2. More
Information about the process and kinetic modeling can be found
in the work of [29].

4. Modeling approach

In the current work, it is proposed to pump the heat transfer
fluid (HTF) from the solar system directly into the first heat



Fig. 2. Solar pyrolysis flowsheet reactor with modified feed line.

Table 2
Assumptions and specification used in model.

Assumptions/specifications Value

Target loop outlet temperature (HTF) 520 �C
Irradiation design 950W/m2

Design-point ambient temperature 30 �C
Design-point wind velocity 4m/s
Design loop inlet temperature 400 �C
Reflective aperture area of the collector 470.3m2
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exchanger in the pyrolysis process line (Unit B7 in Fig. 2). The duty
of which is to preheat the shredded tire feed to the highest possible
temperature before it is being fed to a preheater (Unit B8) that will
increase its temperature to that required in the pyrolysis reactor.

To model the solar thermal system, the System Advisor Model
(SAM) software from the National Renewable Energy Laboratory
(NREL) is used. The work was conducted by simulating the opera-
tion over a time span of one year to be able to accommodate
seasonal variations in temperature and solar irradiation and their
subsequent effects on energy production. The objective of this work
then became the simulation of an integrated Concentrated Solar
Power (CSP)ePyrolysis plant to study the possibility of reducing the
usage of auxiliary thermal energy in the pyrolysis process.

As shown in Fig. 3, the heat transfer fluid (HTF) runs into the
evacuated tubes which are being heated in the solar field. The HTF
then flows into the pyrolysis process and into the thermal storage
tank where excess thermal energy is stored. SAM then calculates
the HTF flow entering the heat exchanger of the pyrolysis process.
The shredded tire feed is fed counter-currently into the heat
exchanger before entering the pyrolysis reactor/preheater.

The location was set to Aabdeh in Lebanon (34.51� N, 35.96� E)
that is often exposed to a decent solar energy throughout the
year. The plant capacity was adjusted to meet the pyrolysis heat
requirements for 150 kg/h waste tire feed. It was estimated at
approximately 46.196 kWht for heating the waste tire feed to
550 �C, assuming 90% field efficiency.

The heat transfer fluid (HTF) is a key feature in the development
of this model as it requires unique heat transfer properties to be
able to absorb and store thermal energy. Additionally, the fluid
must be able to withstand high temperatures for pyrolysis
requirements. The HITEC solar salt is a nitrate salt and has an
operating range of 293 �C to 593 �C, suitable for a plant operating at
500e550 �C. This was selected as the HTF of choice for the simu-
lations. Table 2 presents the assumptions and specifications used in
Fig. 3. Schematic diagram of the linear Fresnel CSP system.
setting up the model in SAM. These specifications mostly relevant
to the current pyrolysis plant capacity and requirements.

The solar multiple factor (SMF) and thermal energy storage
(TES) capacity are major factors in designing an efficient solar field.
The thermal energy storage uses the same HTF, Hitec Salt, to store
the excess heat in the hot tank. The tank volume is expected to
increase proportionally with number of operational full load hours
and thus should be optimized for techno-economic feasibility. SAM
has a control dispatch feature that includes turbine power, solar
dispatches and fossil fuel. These can be manipulated to suit specific
plant demands. On the other hand, the SMF represents the solar
aperture area as a multiple of the power block rated capacity.
SAM determines the necessary aperture reflective area required to
supply the design thermal input. It also calculates the power/
thermal output under various operating conditions including,
direct normal radiation, ambient temperature and wind velocity.
Logically, increasing the solar field area increases the systems
energy output, however oversizing the solar field will proportion-
ally increase the capital cost.

The parametric tool was used to run simulations, recording
hourly data and generating detailed diagrams. The effect of thermal
energy storage and the number of collectors on the thermal energy
utilized by the pyrolysis are shown in Fig. 4 and Fig. 5.

The thermal energy production increased sharply with the
number of collectors up to a value of eight after which this increase
rate started to flatten (Fig. 4). Similarly, a plateau in the energy
output is observed at a TES value of 40 h when the number of solar
collectors was increased from 1 to 8 (Fig. 5). Table 3 summarizes the
solar field variables that were optimized in SAM.
5. System integration

In this work, an improvised approach was used to integrate the
different simulation platforms into a unified connected system that
automatically run simulations and exchange data as shown in Fig. 6.

This system is categorized into two parts: SAM simulation with
“lk script” runs the solar system and saves data to a CSV file.
MATLAB with VBA excel and Aspen Plus run the waste tire pyrolysis
simulation and retrieve the results that are plotted and analyzed in
MATLAB.
Fig. 4. Thermal energy produced versus number of solar collectors.
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Fig. 5. Thermal energy produced versus TES.

Table 3
Optimized variables in SAM.

Field Variables Optimum Results

Thermal Energy Storage (TES) 40 h
Number of loops 1
Number of collector modules per loop 8
Actual aperture/Solar field area 3762.4m2

Fig. 6. Data transfer flowsheet of the integrated solar tire pyrolysis system.

Fig. 7. Average ambient temperature.
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5.1. SAM simulation

The optimized SAM model was used to simulate the integrated
solar pyrolysis system. SAM receives the solar data profile and
weather data obtained from Meteonorm and it includes the tem-
perature profile, irradiation profile and sunshine durations on an
hourly basis for the whole year. According to the solar plant design,
SAM calculates the mass flow rate and temperature output of the
hot molten salt. These values in addition to the ambient tempera-
ture are transferred to Aspen Plus® simulation through the
integrated system framework of MATLAB® and VBA Excel.

5.2. Pyrolysis simulation

MATLAB® is the center platform that integrates SAM results
with the waste tire pyrolysis plant. The code in MATLAB® calls the
csv files generated in SAM and retrieves the saved data (HTF mass
flow rate and temperature, ambient temperature and the time
elapsed). VBA Excel then transfers MATLAB® data to Aspen Plus®

where the waste tire pyrolysis simulation is carried out for a
defined period. The results from Aspen Plus®, including auxiliary
power needed for the feed to reach the target temperature of
550 �C and the utilized solar power in heating the feed, are then
transferred back to MATLAB® for further analysis.
6. Results & discussion

6.1. SAM simulation results

The hourly ambient temperatures from SAM were used to
calculate the highest and lowest average temperatures per month
as displayed in Fig. 7. The average ambient temperature is at
minimum levels in winter (i.e. December, January, and February),
as expected, with a minimum value of 7.1 �C in January, while high
temperatures are reached in July and August (summer). This
variation in ambient temperature is expected to play an important
role in the energy requirements throughout each season of the
year.

The solar irradiation intensity represents available energy
that can be converted to thermal energy through the solar
concentrator system. Fig. 8 illustrates the average irradiation
intensity received throughout the day for every month of the year.
During the period of November to February the maximum solar



Fig. 8. Average solar irradiation intensity in W/m2.

Fig. 10. Monthly average hot molten salt (HTF) mass flow rate in kg/h and the period of
HTF delivery.

Fig. 11. Monthly Averaged Hot molten salt (HTF) mass flow rate in kg/h.
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irradiation is at its lowest (370e487W/m2) with sunlight duration
of 8 h. In contrast, the period from May to August is characterized
with very high solar irradiations of 837e912W/m2 and 14 h of
daylight. This variation in solar irradiation and duration will be a
key factor in determining yearly power savings for the pyrolysis
plant.

The temperature and mass flow rate for the hot molten salt that
is used as the heat transfer medium in the solar plant are calculated
in SAM on hourly basis. These values are transferred to the hot
molten salt stream in the pyrolysis plant simulationmodel in Aspen
Plus, this stream is used to heat the waste tire feed to the nearest
possible value of the target feed temperature.

As can be seen in Fig. 9, the HTF temperature at the inlet to the
pyrolysis plant is maintained at high values (400e520 �C) through-
outthe year and follows a bell-shaped distribution consistent with
ambient temperature and solar irradiation plots of Figs. 7e8.
During the first week of January, the temperature drops, and
auxiliary heating is used to keep it at 400 �C (i.e. at the design loop
inlet temperature, Table 2). Furthermore, the increase in tempera-
ture in the mornings (8e9 am) is due to switching the HTF from the
hot storage tank as a heating source at night, to run directly on HTF
heated by the solar field during the day (when there is ample solar
energy) and vice versa in the afternoons (3e4 pm). It can also be
seen that for, constant energy demand, when switching to solar
Fig. 9. Monthly averaged hot molten salt (HTF) stream temperature at the inlet of the
heat exchanger.
heated HTF at higher temperatures less HTF mass will be sent into
the pyrolysis heat exchanger thus increasing the energy storage in
the hot tank. As a result of this energy balance, the profile of the
HTF stream temperature (Fig. 9) is the opposite of that of the HTF
mass flowrate (Fig. 11).

From Figs. 10 and 11 it is obvious that the optimized solar plant
maintains a high supply flowrate of HTF (>600 kg/h) to the pyrol-
ysis plant to heat up the feed for most times of the year except in
Fig. 12. Solar and auxiliary power utilized to run the pyrolysis process at 550 �C from
January to December.
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very bad weather conditions where irradiation is at its minimum
and the storage supply of 40 h of full load becomes exhausted.
During these periods the solar plant cannot supply the needed
power for pyrolysis, this can be seen in Fig. 10 where HTF flow rate
of 0 kg/h was obtained mainly in the winter months as molten salt
was not circulating in the pyrolysis plant for more than half of the
Fig. 13. Average hourly solar power per month ne

Fig. 14. Solar power utilized by the pyrolysis plant (a) and
general operation period (17 days per month). The unit used to
report time in Fig. 10 is a representative unit, equivalent to the total
time (hours) when there is no flow of molten salt to the pyrolysis
plant (i.e. 0 kg/h). At the times when no HTF circulates the pyrolysis
reactor, the plant depends purely on auxiliary heat sources to run
the pyrolysis.
cessary to run the pyrolysis reactor at 550 �C.

thermal energy delivered into storage (b) in January.
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7. Energy savings

The HTF mass flowrates and stream temperatures calculated in
SAM are used as inputs with the ambient temperature for thewaste
tire pyrolysis simulation model in Aspen Plus®. These values are
then used in Aspen Plus® to simulate tire pyrolysis at 550 �C and to
obtain the power savings profile.

From Fig. 12, it is obvious that the power utilized from the solar
plant and that represent the power savings of the pyrolysis plant
was at its highest in August with amaximum savings of 20.26MWt.
The lowest power savings were in December with a minimum of
8.86MWt. These represent 60.77% and 26.60%, respectively, of the
total energy requirements for the pyrolysis reactor running at
550 �C. Fig.12 also shows that the dependence of the pyrolysis plant
on auxiliary power throughout the whole year.
(a)

 (b)

Required 

Used Sola

Fig. 15. Solar power utilized by the pyrolysis plant (a) and
A trend can be observed in Fig. 13 where the duration of the day
time power savings is shorter in winter months and it becomes
wider as it approaches summer, and this is expected since winter
day times are shorter than the summer day times. Moreover, the
average solar power utilized is minimal in winter and it increases
to reach highest levels in summer. These trends are in accordance
with the country’s irradiation profile of Figs. 7e8 where higher
irradiations and temperatures are available in the summer
months.

Sharp variations in the solar energy can be seen during the
winter months, whereas the solar energy delivered to the pyrol-
ysis plant became more stable during summer. This can be
explained by the fact that the pyrolysis plant is operating on
molten salt from the thermal storage system at times where the
available solar radiation is below the plant requirements, and
Thermal Energy

r Thermal Energy

thermal energy delivered into storage (b) in August.
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these periods are, on average, during winter times from 2:00 p.m.
to 9:00 a.m., and from 4:00 p.m. to 7:00 a.m. during summer
periods. The pyrolysis plant then switches to direct hot molten
salt feed from the solar field between 9:00 a.m. to 2:00 p.m. in
winter and 7:00 a.m. to 4:00 p.m. in the summer. Due to the lack of
proper radiation during winter, the day time irradiation is not
enough to allow storage. Consequently, molten salt is not circu-
lated in the pyrolysis process in winter nights and that explains
the sharp variations in solar energy.

The power savings provided in Fig. 12 are monthly data. To have
a better understanding of what times the pyrolysis plant is running
on solar energy, a detailed profile of hourly basis must be used. Due
to the large amount of data that covers the whole year (8760 h), an
hourly profile was generated for the months with highest (August)
and lowest (January) solar energy usage as a representation of the
solar power plant performance. This data is illustrated in Figs. 14
and 15.

The first week of the year, from the 1st to the 7th of January, was
the worst solar week in the entire year because no irradiation was
available for the first six days, the thermal storage ran out and the
waste tire pyrolysis plant had to operate on auxiliary power/fossil
fuel all the time for the whole 6 days. This was mainly due to bad
weather conditions that possibly brought heavy clouds for the
whole week blocking most solar irradiations. On the last day of this
week solar energy became available with instantaneous power
savings of about 28kwh which equates to 60.87% of the required
energy by the pyrolysis reactor. However, this solar energy was not
enough for thermal energy storage causing intermittent supply
throughout the month; a total of 9.54MWt was only produced in
January. In contrast, the month of August was the best solar month
of the year during which the pyrolysis plant was continuously
supplied with solar energy; a constant solar power of 22.6e28kwh
was maintained day and night throughout the whole month
generating a total of 20.26MWt. The comparison between the two
Figs. 14 and 15 shows the importance of the thermal storage unit in
obtaining stable supply without the dependence on solar radiation
conditions.
8. Conclusion

The current work investigates the integration of concentrated
solar thermal power with waste tire pyrolysis. The effectiveness of
this approach was studied and optimized in terms of sizing the
solar thermal field and molten salt storage, based on specific plant
location and the energy requirements of the pyrolysis plant. The
plant operation analysis showed that integrating solar energy with
tire pyrolysis can provide on average 47% of the annual energy
demands of the pyrolysis reactor. These energy savings can
decrease to 27% in the winter season and increase to 61% in the
summer. Implementing concentrated solar power to thermo-
chemical processes is a very promising technology that can be
used effectively to minimize the reliance of various thermal
applications on fossil fuel (i.e. pyrolysis, gasification, reforming
etc.).
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